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H ABSTRACT 

May1966 

High purity copper. wires 	ere quenche3. to -196 0  C from temperatures 

greater than 1 0 ° C and less than 800 ° c in a static atmosphere of purified 

helium gas. 	The change in residual resistnce, measured at liquid 

helium temperature, was used to detect ret:ined defects and quenched in- 

duced damage. 	Considerable care was taken to ensure reproducibi1ity 

of the we11-annealed state, and the. quench'd-in increment characteristic 

• 	 of any particuiar'temperatUré. 	The temper:ture dependence of quench 

induced resistivity is interpreted ds indiating that the monovacancy 

formation enthalpy in nominally 99.999% pure copper is (1. 09±0. 0li)eV. 

If the activation enthalpy for . self-diff'us:lOfl is taken as (2.10±0.02)eV 

• 	then the monovacancy migration enthlpy is (1.Oi±O.06)eV. 	When the 

present resistivity data.are combined with the equilibrium measurements 

of R. 0. Simmons and R. W. Ballurfi, the rsistivity per atomic percent 

vacancies and monovacancy formation entrop:f are estimated to be 

• • 	
• 	(o.7±0.l.).iohm-cm and (O,8±0.5)k, 	respectire1y. 	• 

• 	 Isochronal recovery of copper quenched from 	700° C exhibits 

three annealing stages. 	Maximum annealing rates occur at about 



+2000, and +400 0 c. 	Numerous possib:Le processes are suggested to explain 

the observed recovery spectrum 	Det &led kinetic studies undea caie- 

fully controlled conditions are neces 	to comp!ete]y cJarify the 

reported. behavior. 	 . 

When copper single crystaj.s are gas quenched from vacuum and 

subsequently annealed under quite restrictive conditions, planar vacancy 

• 	aggregates are observed by transmission electron microscopy. 	The 

aggregates are identified as both. perfect and imperfect dIslocation 

loops. 	The presence of vacaicyloopswhich are large enough to be 

directly observed, is shown to he a sen;itive function of the nucleation 

processes and the availability of mobile defects in a sufficiently high 

concentration to support growth processes at higher annealing tempera- 

tures. 	... 	 . 	 . 	 - 

It is felt that the reported results are representative of 

vacancy behavior in nominally 99999% pure copper and that the diffi- 

cultiesarising from the numerous possible complicating features re- 

ported previously in the literature nave, for the most part, been 

minimized. 



I. INTRODUCTION 

A quantitative description and undersl;anding of the properties of 
'a 

vacancy defects has no 	been obtaLneci for 	number of pure face-centered 

:. 	cubic metals. 	This is mainly a conseq,uenc(! of: 	1) direct measurement 

of defect concentrations at elevated temperatures by a technique involving 

the simultaneous deterniinationof the relative linear expansion, 	L/LQ , 

and the relative x-ray lattice parameter e>:pansion,a/a0 , during 

equilibxium heating, 2) accurate determination of the temperature dependence 

sd of the' self-diffusion coefficient, D, by radio-tracer sectioning tech- 

• 	 . niques, 3) noneqUilibrium experiments in wbich the high temperature state 

is "frozen-in" by rapid cooling and the defects are then studied at 

lower temperatures. 	The information obtained 	y. these 'experiments has 

definitely aided the interpretation of more complicated phenomena such 

as radiation damage2  and cold work 
• 	 . 	 . 	 1,6 	 7,8. 

The results of equilibrium measurements, 	self-diffusion studies,. 

• and numerous quenching experiments9 ' 10  carried out with aluminum, silver, 

• and gold are in reasonable agreement although many of the details 'are 

still being debated. 9 	Experimentally, this is not the case for copper. 

For instance, the monovacncy formation enthalpy, iv-1
as estimated from 

high temperature equilibrium measurements by Simmons and Balluffi 11  has 

been disputed. 12 ' 13 	As a consequence of thLs situation and because the 

sd 
• accepted value of the activation entlialpy, 	

= - 	
, for self- 

diffusion in copper appears to be in questin, 	the corresponding 

sd 	f 
monovacancy migration enthalpy, as c.lcuiatd from Q. 	- 	

= 

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

unambiguous quenching experiments had yet bien conducted with copper.  
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• 	In contrast, theo'etica1 estimates of vacancy properties, primarily cal- 

culated for the copper lattice, have played an important role in the 

• 	interpretation of numerous point defct phenomena. 1  

In the following, a few basic re1ationhis are 'presented which 

allow one to describe the equilibrium vacancy population as a function 

of temperature. In addition, certain pertinent experimehtal results 

regarding vacancy behavior in copper are de:;cribed and discussed. These 

introductory remarks do not represent a.complete discussion of the general 

problem of vacancies in copper, but are maant to serve asa frame:ork 

• 	for the presentation and evaluation of the present quenching investigation. 

A. Vacancy Abundance 

The point defect structure present in i;herrnal equilibrium incopper. 

is thought to be, relatively simple. , Theoretical calculations predict 

that the formation enthalpy of a vacancy should be much 'smaller than 

that for an interstitial. 3  This conclusion is supported by stored energy 

measurements on irradiated copper 	ihich have been interpreted as in- 

'dicating that 	 Inadclition, equilibrium concentration 

measurements and quenching experiments are eonsistent with the belief 

that interstitial' defects are unimportant in thermal equilibrium. 3  

Therefore, assuming that only vacancy type lefects need be considered, 	' 

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

• 	' 	• ture is given by 	• 	. 	 ' 	 . S  

= C1 (T) + 2( 2 	- (T) 	3C3  c(T) +  

where the fractional concentration of the jh vacancy cluster is, 

according to equilibrium statistical mechanics,  
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C. = g. e,[ -AG/kT]. =g  exp[sJkJ exp t-H/kT] • (2) 

Here 	 and 	are, respe 3V l, the changes in Gibbs free 

energy, vibrational entropy, and ehtha].pr associated with the formation 

of the jth type defect, and g is the number of independent orientations 

of the jth cluster in the lattice. T is the temperature in degrees 

Kelvin and k is the Boitzrnann constant. 

The concentration of a particular vacancy cluster is generally 

considered in terms of a so-called binding energy. If AGV isdefine 

as the negative change in 'theGib'os free energyassociated withthe 

formation of a jth type cluster fromj isolated vacancies (e.g. )  

- (AG - 2G) ), then from Eq. (2) the fractional concentra-

tions of mono-, di-, and trivacancies.'are given b, 

C1 (T) =ep E-G/kT]  =.exp [sJk] exp:[ - H/kT].. . 

C2 (T) = 6Ci 2exp[iG/kTJ =6C' 2exDi-LS/k] exp[B/kT] (4) 

• 	C3 (T) = 2C1 3exp[LG,/kTJ = 2 	3expE ..SJk] exp[B,JkT3  (5) 

where and B2, B3v are the. entropies and binding energies, 

respectively. It was assumed that a divacancy consists of a pair of 

nearest neighbor vacancies and that the tri"racancy has tetrahedral 

symmetry with an atom in the center (after 3)amask, et al 
16) 

It is apparent from these relationship;; that the fractional con-

centration of divacancies and travacancies rises with increasing tempera-

•ture and increasing binding energy. On the other hand, for, a constant 

total defect populatIon the abundance of clusters increases at the ex-

pense of monovacancies with decreasing temperature. This situation 
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could possibly exist vhen a highly perfect crystal is rapidly quenched 

from an elevated tempera bure 

B. Thermal rauliorium Yea .3urements 

The accurate determLnatlon of the temerature dependence of any 

physical property of copper which is markedly influenced by the presence 41 

of vacancies during equilibrium heating, would in principle allow an 

estimate of (AN/N)T or a. quantity proporti')nal.to it and therefore under 

certain limiting conditions an estimate of AFI. The electrical re-

sistance of copper has been measured durin equilibrium heating by 

17 	 18 
Meechan and Eggleston and Gertsriken and Slynar. 	The results in 

both cases were described by an equation or the form .• 

• 	. 	 R(T) 	A + bT .+ cT2  +. d exp(-H/kT), . 	 ( 6) 

and interpreted. as indicating that AH=().9±0.0 eV and 0.6 eV, re- 

• 	. 	spectively. In the case of gold, the discrepancy between the formation 

enthalpy obtained by this technique 7 ' 19  and that obtained by, say, 

10 
quenching experimen+s is about 0.2 - 0.5 eV. In determining these 

energies it is necessary to know or estimate the temperature dependence 

of the resistance of the perfect crystal. The extrapolation of the low 

temperature behavior (i.e., a + bT + c) to higher temperatures is 

suspect because of poor theoretical knowledge of the contribution of 

anharmonic effects at thee higher temperabures. 20  Because of thi 

difficulty these values are generaly conidered to be unacceptably loz.1 

The most direct method of determining (AN/N)T involves the simul-

- taneous measurement' of the change in the K-ray lattice parameter, a, 

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

tures. The complications just outlined ar avoided in such experiments. 



-5.- 

These changes are related to the fractiona. concentration of vacancies 

by the equation1  

(N/N)T = 3[L(T)/L0 	 (7) 

It has been shown that the latt LCC relaxat on around the defect and 

lattice thermaJ expansion contrLbute equaly to LL/L 0  and ia/a0 21,22 

11 
Measurementà of this type. were made b y Simmons and Bailuffi on 

copper. From a knowledge of ANIN at the mEfiting point, the fractional 

concentrations C 1 , C2 , and C were calculated employing Eqs. (i), 

(3), (4), and (5) and assuming values of B,,vand B3. For B 2  < 0.5 eV 

and B3 < 1.5 eV; it was found that more than 90% of all vacant sites in 

copper are present as monovacancies. 

Since these binding energies are reasc'nable estimates (possibly 

even upper. limits), it was'conc1ued that the monovacancy is the pre-

dominant equilibrium defect, i.e., (AN/N)T  Ci.(T). The formation 

entha1py,1H, was .then'calculated from Eç.. (3) by assuming a value for 

the formation entropy, LSV,  and selecting a temperature at which 

(N/N)T is known most accurately. Therefore at 1075°C,  AN/N 

(1.9±0.5)x10, and assumingS 	= (1.3±o.5)k, Simmons and Balluffi
11  

IV 

obtained All = 1.17±0 . 11  eV. The formation enthalpy was not estimated. IV 

from the temperature dependence of (tN/N)T because these values were 

small and the data limited. The assumptiortS = (1.571-0 .5)k was con-

sidered well justified in view of previous experiments on other fcc 

metals and by theory.  

Ramsteiner et al. 	object to  this se].ection of AS , and favor a ' IV 

lower value of 6H 	 At 1083 0 C, 	= (2 C0 5)Xl0, and using the IV 

theoretical value ASf = ( o 5±0  2)k calcu1ted by Schottky et al 23 
IV 



these authors obtained LM-I = 1.05± 0 . 06 eV. They also considered the 
IV 

problem in terms of 

(N/N)T - C1 (T) + 2C2 (T) = C 	12C 	exp(Sk) exp(B2/kT). 

(8) 

Again taking'(AN/N) 1083 0 0, = ( 2 .0.5)xlO, using the theoretical values 

= (0.5±0.2)k and 	= (l.e0.2)k, 23  and the experimentally deter- 

mined binding energy B2 = 0. 13±0. 04 ev,24  they obtained ZSH = i.oG±o.o6
IV  

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

binding entropy of divacancies, in contrast to the formation entropy of 

monovacancies, effectively have no influence on the calculated value of 

the monovacancy formation enthalpy in copper.  

C. Self-Diffusion Experiments 

The tempei'aturedependence of•theself-diffusion coefficient of 

copper has been studied by a number of.investigators'. 2325  The results 

are summarized in Table I. 

• 	 Table I. Tempemature Dependence of Se Lf-Difftsion of Copper 

Temperature 
• 

Range ( C) 
sdD D 

o 
,sd 

= exp 	kT 

QSdV) D(cm2/sec) 

840 - 970 2.12±0.02 0.6 
800 - 980 1.96± ? 0.1 
80 - 1064 2.15±0.01 C 

d 062 
685 - 1062 2.05±0.02 0.117 

a Ref. 25 - Single Crystals 

Ref. 25 - Poly Crystls i 

c 	
Ref. 26. S 

d 	Ref. 27 - Single Crystals 

w 

/ 
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It has recently been pointed out, by Slifkin that for low values 

Sd 	sd 	-II 2 
of. D 	(i.e., D 	< 10 , cm /sec), diffus:.on along dislocations can con- 

tribute significantly to mass transport. Therefore in a,lnD versus 

l/T plot, the low temperature values tend to be relatively larger. 
I 8 Because of this, LeClair ''o has re-analyzed the accurate data of Kuper 

et al. 27  using only their high temperature results and obtained a value 

for 
Qsd  of 2.10±0.02 eV and D = 0.33 cm2/ec. 	, 

If it is assumed that self-diffusion at high temperatures in copper 

S. 
 is controlled by the motion of monovacancies, then the migration enthalpy 

LHm can be calculated directly from the relation 	
= Qsd ,_AH 

lv 	 lv 	 lv 
• 	 ,  

• 	, 	Ramsteiner et al.
13  favor a value of 2.12-

+ 	 sd
0.02 eV for Q. and therefore 

• set NIm = 1.06±0.08 eV consistent with NI1 	1.06±0.06 eV. On the
IV lv 	 •. 	. 

	

.11 	 sd 
other hand, Simmons and Balluff. have repeatedly favored Q, = 

2.05±0.02 eV and thu set IH = 0.88±0.13 eVconsistent with AH =iv 

1.17±0.11 eV. The limit of error is obtained by summation of the stated 

uncertainties in the individual values. 

D. Nonequilibrium Experiments 

Inrder to investigate many ofthe properties of point defects, it 

is often desirable to produce and retain them under nonequilibrium con-

ditions. Three important techniques have been utilized in introducing 

point defects under this condition, namely, quenching, plastic deformation, 

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

* 	 .•. 
quenching. 	 . 	 • 	 . 	 . 

'After quenching only vacancies will exi.t,hereas high energy radia-

tion and plastic deformation produce :;va ancies',interstitialS , 

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

equilibrium concentration of vacanci(s cha:racteristic of that temperature 

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

tures. Any physical pr perty that depends sensitively and proportionally 
V 

on the concentration of defects maybe used to measure the quench induced 

vacancy concentrations. The residuaL resistance is very sensitive to the 

presence Of imperfections because any disturbance of the ideally periodic 

lattice results in scattering of the conduction electrons and hence 

produces an increase in the electrical'resitance. The accurate deter-

mination of changes in the electrica:L resistance at 4.2 0 K has proven to 

be an extremely valuable parameter for the 'investigation of point defects 

in general, and vacancies in particular. Therefore, from the variation 

of quenched-in resistance with the quenchir.g temperature the enthalpy 

of formation can be' estimated directly. Such experiments, however, are 

complicated by:' 	. 	. . 

Small concentrations of rnetalic. :impurities present in so-called 

hign purity material, 1  

Gaseous contamination of the specimen from the atmosphere or 

quenching medium prior to and during the cjuench or retained during pre- 

11,13,28-36  
paration, 	 •. 	.' 	. 	' ' 	. 	 ' 

Thermal and mechanical strains accompanying rapid quenching 

techniques,
37-42 

 

4 •  Concentrations of multi-vacancy complexes present in thermal 

equilibrium at Tq 
 

.5. Loss of vacancies during the quench to permanent sinks (i.e., 

free dislocations, subgrain and grain boun(.aries, and free sur- 

28,29, 112_)46  
faces),'  



a 
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• 	
6. Formation of vacancies clusters (e.g. di- and trivacancies) at 

1 72,75 
the expense of monovacancies during the quench. 

28  29, ,.2, 116 
Experimental data 	 :Lnaicate that the perturbations caused 

by these factors increase with increasing quench temperature and in 

general result in the estimated value of the monovacancy formation enthal-

py being somewhat lower than the "true" value. These effects can, in 

• 

	

	
part, be minimized by careful selection and control of the experimental 

conditions. 

Assuming for just this reason, that conplications 1-3 have a 

negligible effect on the quenched-in vacancy concentration, the expected 

change in the electrical:  resistance of a •"wl1 annealed" crystal immediate-

ly after quenching from T can be representcI by 

[,~,R(Tq )] 	= 100 g []v dlv(T*) + 	
2v C2v(T*) 

+ 	] 	

(9) 

- 	 • 

where 

g = geometric factor of drnensioi cm, 

= resistivity per atomic percent of the jth type defect 

C(T) = fractional concentratLon of he jth type defect character- 

istic of some temperature T and a total vaeancy concentration of 

• f(TqT . Here -f(T1)  is the fraction of the equilibrium concentra- 

* 
tion, (LN/N)T, retained. The temperature T is defined as that tempera- 

ture, above which the concentration of the jth type defect is equal to its 

equilibrium value corresponding to the instuntaneous temperature and below 
• 	 •. 	 • 	

* 	• 

which the equilibrium - concentration characteristic of T is frozen-in. 



• 	Under the. limiting conditions 

f(Tconstant, 	 . 	( io) 

• 	. . 	. 	
(N/N) 	_.c.1(T),  

q 	 . 	. 
1/3 Lp1 	1/2 	2v 	

Lo3 	 (12) 

it follows that 	 .H 	 . 	. 	. 

• 	
R(Tq)]).2oK. 	A exP(H v/k'rq ) • . 	. 	 (i) 

• 	Here A = 100 g • f 6P1  exp(S\Jk),vriereS lv is the monovacancy 

formation enthalpy. Iw quenching temperabures and cluster binding 

energies favor conditions (io) and (ii), and the linear approximation, 

i.e 	= 	
where j < 3 1  is expectd to be true ithan about 

io% 53,54 Experimental results for alumlnLlm, 55  gold,6 siiver,2829 

and piatinujn2 indicate that thre is a united temperature range over 

which the above eOnditions are approximately satisfied, thus allowing 

a deteination of HV to be made from the temperature dependence of 

R(Tq ) 

The existing data from quenching experiments on pure copper are 

in many cases, inconclusive. The temperature dependence of the quenched-

in resistance has apparently been investigated in a number of labora- 

• 

	

	tories, however, some of these results have gone unpublished.
11  In at 

least one case, anomalously largeand errabic resistance increments 

65 
precluded any analysis. 	 . . 

Airoldi, et al. 66  quenched 0.0 mm diam. wire of nominally 99.999% 

pure coppe' in gaseous argon at an initial rate of 5X103  deg/sec. Over 

* It is presently thought that in the nobLe metals most of the vacant 

lattice sites present immediatel:.,r after a quench exist either as iso 

lated vacancies or in clusters o:t. order i < , if the temperature to 

which the specimen is quenched'is suffi2iently low. 
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a temperatureange from 600 to 800 ° C, thc increase in resistivity could 

be described by 

.11  

p(T) '= 1( 2.1±3)xl0 	ohm-cm] Exp (-l.0.leV/kT ) '. (i)' 

'This corresponds to about 0.2i Ohm-cm at the melting point, 1083 °C. If 

it is assumed thattheata are repesentstive of the equilibrium concen-

tr'ation of defects at the quench temperature, then by combining this 

increment with the directly measured concentration given by Simmons and 

Balluffi, 11  namely (N/N)1o83oc  2.0xIO, one obtains 	10 ohm-cm 

per atomic' percent vacancies. This estimate is about six times the upper 

67 limit expected frc n. theory.  

• 	Martin68  has quenched 0.1 mm diam. wires (99.999% pure coper) from . . 

temperatures up to 800 0b into methyl alcoh.Dlat -78 0 C'at an estimated. 

quenching speed of X103  deg/sec. The s:pecimen  was heated in vacuum 

prior to the quench. The quenched-in resistivity increments never ex-

• cêeded about 2X10 0 
 ohm-cm. ' This change is more than two orders of 

• 66 
magnitude smaller than that obtained by Ai:oldi etal. 	at comparable 

• temperatures even though the reported quenching rates are similar. 

• Budin et al. 3203  have reported on 0.1 mm diam. copper wires 

(99999%) quenched from.a hydrogen atmosphre at 2X103  deg/sec. The 

resistance increments were complicated byn reasonably large contribu-

tion from dissolved hydrogen. The increment of resistance proportional 

to the retained vacancy concentration was obtained from the difference 

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

An explicit relationship betieen Tq  and. C1, was not given. The data 

are interpreted in terms' of k\Fl =  a. :17±0.06 eV and 	= l. it ohm-cm 

per atomic percent vacancies. • The ajthors commented on .th& good aree- 
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ment between their est:Lmate of the formation enthaipy and that found by 

Simmons and Balluffi.  

The migration characteristics of vacancies can be investigated from 

a detailed analysis, of the kinetics associated with the disappearance' 

(i.e., to permanent sinks and by agrrregation) of quench induced defects. 

This is usually accomplished by determination of changes in the electrical 

resistance as a function of time, and temperature. The principle objeç-

'tives are (i) a characterization of the maLn annealing stages during 

isochronal recovery processes, (2) identifLcation of the migrating defect, 

estimation of its migration enthaipy, and, in the case of muitivacancies, 

an estimation of its characteristic binding energy, and (3) the identi-

fication of the operative vacancy sinks. .. The experimental situation is 

complicated:  

Because the observed recovery processes are extremely sensitive 

to the total thermal history of the crytal' 5759 	.. 

, Because of interactions betw'een quenched-in vacancies and im-

purity atoms, pre-existing dislocation, anL dislocation damage resulting 

i,34-36li2,.5 	- 

	

7-6O,7 	. 	. from quenching stresses, 	. ' , 	'  

Because of complicated interactions between the various types of 

vacancy defects both during the quench7275  and during low temperature 

59  annealing. 1 ,  

Unequivocal identification and quantitative assignment has been agreed 

upon in very fe;cases.  

For copper there is disagreement concerning the main annealing stages. 

The results and some of the pertinent; experimental conditions associated 

with the work (which the, writer israre of) are summarized in Table II. 

The data of Airoldi 	
66 i , et al. 	n

. 
 icat;e that rapid isothermal annealing 

:1 1  

g 
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is observed only at temperatures above 350  'C. Analysis of the anneailnL, 

kinetics gave activation energies of 1.3 el and higher. Martin68  found 

that o% of the quenched-in resistance annaled out after 15 mm. at room 

temperature and reported, the seldom mentioned information, that all the 

increment could be annEaled ouf. Bud'n and co-workers, 2 ' 3  quenching 

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

-100 °C and 0 to 100 °C. These authors concLuded that the low temperature 

activity was due to hydrogen, 	= OiL eV and the higher temperature 

stage was attributed to monovacancies, AIP=0.80 eV. From results 

obtained from resistivity measurements and; small-angle scattering of 

x-rays, Galligan and Washburn6  detected cnslderable amount of point 

defect activity around room temperaiure susequent to quenches from 

l070 °C Clarebrough et a1. 5  studied, in some detail, the effects of 

neutral' and reducing atmospheres. on 'the, isochronal annealing behavior,  

of copper. For specimens quenched from a arboXi monoxide atmosphere 

the resistivity decreases in two distinct stages of approximately equal 

magnitude The low temperature stage(-50 0  ioo°c) was attiibuted to 

divacancy annealing by analogy with results from silver. The higher 

temperature stage (200 ° to I50 ° c) was attrLbuted to the annealing out 

of submicroscopic vacancy clusters or disLDcation loops. A more compli-

cated annealing behavior.wasobserved'when specimens were quenched from 

an argon atmosphere (see Table II). This. complication appears to be 

due to oxygen contamination resulting in'the formation of stress induced 

dislocation loops during the quench (see Table III) 

The most complete kinetic data for quenched copper has been reported 

,. 
in a series of papers by Seeger and co-•orkers. 13, 24,69)70)171  Small- . 

angle scattering of x-rays md eiec;rical resistance results '(-20 0  to 
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• 	 250 °C) indicate the existence of two main E.nnealing stages, i.e., _200 

to 100 ° C and 100 °C to 200 °C. The upper stge has been explained by the 

migration of a single vacancy, 	= 1.08 eV The lower stage has been IV 

interpreted in terms of the annealing of dvacancies which are in local 

thermal equilibrium with single vacancie. The migration enthalpy and 

binding energy of a divacancy are believed to be Aig v = 0.67 eV and B2 = 

0.12 eV. These results have recently been summarized and discussed. 
12 

If the availatie annealing data are considered as a whole, they 

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

-80° c < T1  < 100 ° C, 100 °C < T < 250 °C, and 350 °C < T3  < 45o o c. The low 

tenerature activity is quite sensitive to T and the intermediate stage 

has been observed in only one'laboratory. ' The complications arising 

from gaseous contamination are quite marked and well documented in at 

least four different investigations. 3 ' 32 ' 35 ' 35  In at least two cases, 

non-reproducible quenched-in increments for approximately the same T q  

13,35 
have been reported. 

In the majority of quenching experiments, the recovery processes are 

9,61 
accompanied by the formation of vacancy aggregates. 	Their detection 

and identification re'of considerable imporbance in the understanding and 

57-59,62 
theoretical interpretation of recovery procsses. 	 Transmission 

electron microscopy of thin foils has proved to be a pow'erftl technique 

• ' • ' •, in the investigation of defect clusters of diametei' greater than about 

to 61,63 In addition, small-angle scattering of x-rays can, under 

certain conditions, 2  ' • be a revea1ing technique in studying the initial •, 

stages of vacancy precipitation. Cluster diameters in the range 10 to 

6oi can be detected by thismethod. 	• 

Copper is unique in that the ani ial stiges of vacancy aggregation 
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have been investigated by x-ray techniques. Analysis of small angle 

scattering measurements made on quenched copper annealed at, or slightly 

above, room temperature suggest that vacancy clusters have spherical 

shapës6  or perhaps are oblate ellipsoids. 2  Cluters were first detected 

• 	after about 30 mm. annealing at 25 °Cd rcached a maximum size of 30A 

6!i 	 .. 
after 2hrs. 	 ; 

Transmission electri microscopy observations on quenched and iso- 

thermally annealed copper are far from satisfactory but in some respects 

uite revealing. These results are summarized in Table III. The only 

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

74 
in rows along (110) directions. Smallman and co-workers concluded from 

their observations that these loops were of the Jones_Ivlitchell type 6  and 

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

• 	 develop during the quench because of: differential thermal contraction. The 

fact that the. loops were associated,with particles was subsequently yen-

fied by Barnes and Nazey. 3  These authors also showed that the observed 

geometry of the rows was consistent with that predicted by theory7  and 

that the loops were therefore produces by pnimatic punching. It has 

also been suggested that the punched J.00ps in copper are of interstitial 

. 

	

	character, and it is generally assumed that the precipitate particles 

responsible for the punchingarisè.from the tnternal oxidation of trace 

34,35 
• 	• 	. 	impurities during pre-quench 	 Both copper and 

77 its oxide can dissolve oxygen 	The absence of prismatic punching in 

. 	 • 	. 	 • 	 •: 	
. 	 35 crystals quenched from vacuum and carbon monoxide supports this 

argumen'L 	 . . 	. 	. 	 . 	• 

The generation of such defects can, in :?art, account for non-repro-. 

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

brough et al. 35  for specimens quenched intc water from an argon atmosphere. 

The first observable defect vdiich i thought to be characteristic 

of the "pure" metal is the so-ca:Lied black spot in bright field images. 

Prior to the contrast study of Bell et al., 	the results of which will 

constitute a part of the present report, little was really known about 

the nature of black spot defects or about their relationship 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 loops 70  , or that they might actually 

be unresolved •stacking fault tetrahedra consistent with energy considera-

tions 75 

'E. Present Investigatioa 

The present experimental Investigation on copper was undertaken in 

an attempt to: 1. estimate the monovacancy formation enthalpy, LH1 , 

under nonequilibrium conditions for comparion with equilibrium experi-

ments and theory; 2. obtain an estimate of the monovacancy migration 

• enthalpy from the relation Q- = where 
sd  is the experi- 

IV 

 mentally determined self-diffusion activation enthalpy; 3. obtain data 

from which the resistivity pexA  atomic percent vacancies, can be 

• evaluated in combination with equilibrium mcasurements and compared with 

theory, 4 investigate the isochronal ann alng behavior of quenchcu-in 

vacancies over a sufficiently wide range of temperature so as to provide 

qualitative information about ilefect moblifty and vacancy clustering 

phenomena; .  5. determine conditionfavora1le for detailed observation 

of vacancy aggregates (e g , voids, b1acc spots,or resolvable loops) and 

I 



- 

thereby investigate their nature and assess,their relative importance 

in recovery processes; 6. e:3tablish a basis for future detailed inves- 

tigations of vacancy annealing kinetics and nucleation and groth of 

• 	vacancy aggregates in quenched copper; and 7 provide information useful 

in the atomic interpretation of the . annealing of irraa.ated and cold-

worked copper. 

For these purposes, the ternpera;ure deoendence of quench induced re-

sistance was determined at 14 .2 °K. Changes inths quantity were measured 

as a function of time and temperature, and transmission electron micro-

scopy observations were made on quenched and isothermallyannealed foils. 

The experimental conditions were desirned so as to overcome formidable 

difficulties previously encountered. Becau:e of this,significant limita-

tions were imposed ,on the techniques and thus precluded conducting the 

two types ofmeasurements on the same specimen. It is felt that the 

• 

	

	present results are representative of. vacany behavior in nominally 

CO .999% pure copper and that difficulties f:com the numerous complicating 

features previously.cited have, for the mo;t part, been minimized. 

4 
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II. EXPERIMENTAL PROCEDURE 

A. Electrical Resistance xperiments 

High purity copper wires were quenched in a static atmosphere of 

helium gas from temperatures, greater than 40 0C and less than 800 0 c. 

Specimens were d.c. resistance heated in a positive preasureof purified 

helium exchange gas while the experimental chamber was embedded in liquid 

nitrogen. The temperature of the, specimen •ias detemined from the known 

temperature dependence bf,the resistane. 	uenching was accomplished by 

switchiflg off 99% of the input power. Quenching profiles were recorded 

oscillographically under constant current conditions. The residual 

• ... resistance, measured at liquid helium temperature by precision potentio-

metric techniques, was used to detect the quench induced damage. Pre-

quench annealing wascarried out in vacuum. Consideab1e' care was taken 

to ensure reproducibility of the weD annealed state Isochronal anneal- 

• 

	

	 ing studies were conducted subsequent to quenches from -.700 ° C. Speci- 

mens were resistance heated by electronically controlling the current 

• 	passing through them. The annealing progress from -200 0  to +500 ° C was 

followed by measuring the change in electrical resistance of the 

specimens at 4.2 ° K.  

• 	. 1. 	Material 	. 	 • 	: 	• 

• 	 The copper specimens'.were 0.005 cm diameter hard drawn wires •supplied 

• , , by Sigmund Cohn Corporation. The wire was prepared from grade A-58 copper 

of nominal 99.999+% purity obtained from the American Smelting and Re- 

• 	 fining Company. According to the' supplier, no impurities are detectable 

by spectrographic analysis with the following known limits of sensitivity 

(in parts per million by weight): Si < 0.1, Cr < 0.5, Fe < 0.7, Ni < 1, 
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As <2, Ag < 0.3, Sn < l, 	< l, Te <2, Eb < 1, and Bi < 0.1 Chemical 

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

* 
million.. Spectrographic analysis after draang showed that the wire 

contained 1 to 2 parts per million of iron and silver. No other metallic 

impurities were detected. The limits of senEitivity were identical to 

those originally employed by the American Sm€lting and Refining Company. 

Iou.nted and annealed specimens had ratios of resistance at 273 °K to that 

at liquid helium temperature from: ,I.50.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 present work, the quenching, and annealing' 

environments were designed so' as to minimizegaseous contamination. and 

mechanical deformation To this end, a system (see Figs 1 and 2) was 

established which would permit work to be carried out in a dynamic vacuum 

or a controlled helium atmosphere with the experimental chamber at 

temperatures between 4.2 0K.and 673 6K without necessitating moving the 

specimen 

The system was constructed from 30 stainless steel and Corning 7740 

glass. Joints we'e heli-arc welded, copper gaskets were used wherever 

'possible and parts were electropblishecl or chemically polished before 

assembly. For these reasons the experimental chamber and gas manifold 

were bakable to 400 0 c.  

The glass construction of the douhie dewi.r cryogenic system and 

experimental chamber permrt ted visual ubservaions of the copper wire 

* Lucius Pitkin, Inc , New Yor}, New iork 
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I. Mechanical pump 
Oil- diffusion pump 
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Fig. ] 	Experimental system: a. schematic of system; b. side view 
photo; c. front view photo. 
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Fig. 2 Details of experimental chamber and double dewar cryogenic 
facilities. Inset is a schematic of wire specimen and potential 
leads. 
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to be made under all experimental conition. 	This was a very desirable 

feature, :inasmuch. as temperature iriomoeiteities during heating experi- 

ments could he detected visually. 

Copper current and potenLial leads wer€ brought out of the chamber 

through vacuum tight feed-throughs. Furificd helium gas was stored in 

pre-baked stainless steel tanks and inl;roduced into the system through 

an all metal valve. The gas pressure was mcnitored either on a Hasting 

(Model DV-17) bakable thermocouple sensing element in the range 0-1000 

Hg or on a TJSGA (Te C1525) stainless steel compound gauge (3011-0-15). 

3 	Specimen Prej2aration and Itounling 

A 0.005 cm diameter wire specimen apprcximately 10 cm long was 

carefully chosen and inspected in'order to detect any shape inhomogenel-

ties which might have resulted from drawing and subsequent handling. A 

satisfactory wire was then caeaned in acetone and rinsed in ethyl alcohol 

The top( r4 1 cm long) and bottom ( 2.5 cmlong) of the wire were chemically 

polished in a solution of o% nitric acid, 25% glacial acetic acid, and 

25% phosphoric acid and carefully rinsed The cross sectional area at 

the ends was reduced by about 20% as '. re..ult of this operation, thus 

helping to promote a uniform temperature distribution along the gauge 

length 

The specimen was fixed inside,, the pyrex chamber as shown in Fig. 2 

(see ,  insert). Each specimen consisted of a straight gauge length bounded 

• by two curved end seL.tions which minimized restraints and also helped 

to establish a uniform temperatu .rq distribution. The gauge length 'was 	1. 

determined by two 0.0015 cm diameter wires, of the same material, and 

nominal purity as the 'sjDecimen spot welded about 5 cm apart Gauge' 
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lengths were reproduced within ±0.2 cm so a;3 to minimize effects result-. 

ing from differences in specimen geometry. 

.4. Pre-Quench Arnea1ing Treatments 

Prior to the introduction of .a new specimen the chamber and manifold 

were baked at a temperature of 1400 ° C for about 5 hours. After the sped-

ment was mounted and system evacuated for 8 to 10 hours ( 1x10 7  torr), 

the chamber was again baked to a maximum temperature of 300 ° C over rough-

ly a 6 hour period. The pressure never exceeded 5X10 torr during this 

interval and the maximum specimen temperabuae reached was estimated to 

be 200 ° C 

After bake-out the chamber was cooled to liquid helium temperature 

Vacuum annealing was accomplished under this conditipn by d.c. resistance 

heating using the known temperature variation of the resistance to deter- -, 

• mine the specimen temperature. Vacuum conditions in the regidn of the 

specimen were estimated to be <2X10 8  toir 

Hard drawn wires were given an initial high temperature anneal in 

order to promote grain growth and reduce the free dislocation density and 

thereby stabilize the spec.Lmen substructure For this purpose the wires 

were annealed at )4-00 ° C for 1 to 2 hours, 700 to 800 0 c for 30 minites, 

600 0 c for 1 hours, 500 °C for 2 hour.,, arid 4.00 °C for 8-10 hours 	While 

annealing at the higher temperaturé, 'wires wereexamined for tempera-

ture inhomogeneities and only those havinp a uniform temperature distri-

bution were retained for further use 

Before each quench cycle, wires were given an additional vacuum 

anneal of 15 min. at 500 ° C )  5 min. at 1 00 ° C, and 30 min..at 300 °C. This 

procedure was required to ensuresatisfactor.r reproducibility of the 

well annealed state (a. e effectively vacancy free, impurity and 
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dislocation concentrations constant). as interred from the residual re-

sistance at liquid helium temperatu:'e. 

The importance of such a reference base has been demonstrated by 

recent quenching work on goid4 6  The reci2e presented here allowed a 

base to be obtained which was sufficiently reproducible to allow analysis 

of quenches from above about 460 0C if considerable card and patience was 

taken in its, execution.. 	 : 

5. Quenching Procedure 

Both cryogenic dewars (see Fig. .. 2) were initially filled with liquid 

nitrogen. The residual helium gas from the previous quench-anneal cycle 

was. evacuated (l hr; z 1X10 torr) A titanium getter wire, located 

in the upper partof the chamber, was outgssed (T 150000 by resistance 

'heating for about .L hr. The chamber and g.s manifold were then isolated 

from the pumpu±ig. station by way of a high vacuum valve. Previously 

purified helium gas '(see Appendix I for purification details) was 

simultaneously leaked into the system. '  The gas pressure was slowly in-

creased to 2 Psi and the titanium getter wire maintained at a temperature 

of about 1200 ° C for 50 min in order to minimize the residual gases, other 

than helium, in the system resulting from the isolation step. 

Specimens were d.c. resistance heated under constant voltage condi- 

* 
tions. 	Load regulation was better than 0.02%. The temperature of a 

test wire was determined fromthe e*)erimentally measured temperature 

variation of the r"sistance. These data were normalized to a value of 

the 'resistance at 0 °C, thus the ratio of the resistance .at thequench 

Maximum power required was about :0 watts, i.e., 2.75 amps at 11 volts, 
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• 	temperatur (Tq ) tothat at 0 ° C could be conpared to the known ratios 

in order to establishTq• The data of Meechan and Eggleston 17  and of 

Leeds and Northrup79  were used as standards. The nominal purity of the 

copper in both these cases was identical to that employed in the present 

work. For additional details refer to Appendix II. 

The resistance at the quench temperature. was determined from simül-

taneous measurements of the voltage, drop across the specimen gauge length 

and across a 0,01fl standard resistor connected in series with the speci-

men. In general it took about 3 min.to bring the specimen to the desired 

temperature and it was equilibrated at the temperature for an additional 

,3tomin. " .. . ... 

• 	. Quenching was accomplished by switchirLg. off 99% of the input power. 

Quenching profiles were obtained from the change in specimen resistance 

during a querch by oscillographically recording the voltage drop across 

the gauge length under constant currentcoriditiOfls. For this purpose a 

silicon cont'rolled rectifier switching unit was placed in series with the 

power supply (see Fig. 3). The heating posrer was switched off and in 

lmsec a 100 ma constant current was establLshed Figure L. shows voltage 

time traces characteristic of this switching sequence for a fixed load. 

The importance .feture is that at no time Is additional energy brought 

to the siple Mechanical switching technLques failed to display this 

property with any degre€. of reliabiiity. The oscilloscope was triggered 

with an external pulse which wa electronially coupled with the constant 

voltage -4 constant urrent operation and dalyed 1.1 msec so as to ensure 

that a quenching curve was characteistic. Df the constant current state. 

The switching, constant current power sipply, and scope synchronizdtiofl 

circuitry is shown in Fg 



-30- 

a) 	 ' 	(b) 	 I 	(c) 	I 	I 	(d) 
Power 	I 	I 	i 	lExperimentoll 	I Standard 
supply 0 	I Switch 	I 	I chamber I 	I resistor 

(e)'I 	'I 	 I 	I 	(g) 
Oscilloscope j 	Voltage I 	Potentiometer 

divider 	I 

Current 	 (g) 
Potential 	 IPotentiometer 

MU 6-10688 

Fig. 3  Block diagram of components used for wire quenching cycles:. 
a. constant voltage power supply (Lambda Electronic Corp., Model 
LE-10FM); b. silicon controlled rectifier switching unit, i.e., 
constant voltage to constant current and coupled oscilloscope srn- 
chronization pulse; c. experimental chamber; d. constant temperature 
oil bath containing precision O.OLQ standard resistor (Leeds and North-
rup No. 4222-B); e. oscilloscope (Tektronix Inc. dual-beam scope Type 
502); f. precision voltage divider (xlo); g. potentiometer (Leeds and 
Northrup, Model 8691). 
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Fig. + Oscillographic traces of constant voltage 	7.2 volts) - con- 
stant current ( 100 ma) switching sequence for a fixed load: 
a. liisec  per division (1.8ft load); b. 10sec per division (1.89 
load); c. 0.lmsec per division (l.70 load). 
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Fig. 7 Circuit diagram of constant voltage —+ constant current 
switching unit. 
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Quenching curves could be approximated by an eqDonential cooling 

law of the form 

T(t) = T +T exp(-at) 	 (i) 

here T0  =,77 0 K and T = Tq_T0  a is the rate constant, and"t the time 

in seconds. Initial quenching rates of about 25X10 3  deg/sec were ob-

tamed (i.e., a = 28±3 sec). The time required for the specimen to 

drop halfway toliquid nitrogen temperature was between 20 and 25 msec 

and to R(273 ° K) was between 50 and 60 mse. Ty.ái quench.iprofiléS 

for T 	610 0 c are shown in Fig. 6. 
q 

• 	
Following a quench the helium gas :?ressure  in the chamber was 

reduced to ,a value corresponding to about 5004 of Hg at 14.2 ° K. The 

liquid nitrogen in contact with he experLmental chamber was removed by 

• 

	

	 pressurizing the dewar with hei;iiim gas and blowing the nitrogen out 

through a small tube which extended to tho bottom of the dewar. The 

- •" 	resistance of the specimen remained approximately constant and charac- 

teristic of R(77 ° K) during this step Standard techniques were then 

employed in transferring the liquid. heliun. 

6. Resistance Measurements • 	' 	•. 	 , 	- 

All measurements of the residual resistance were made at liquid 

• ,,' '.'' helium temperature in order to minimize the temperature dependent con-

tribution to the resistance. ;  This was esential in the . present work 

since the quenched induced resistance was quite small. 

• . ,• •, ' 	The voltage across the specimen and across a O.IQ standard re- 

sistor connected in series with the specimen were measured simultaneously 

(see Fig. 7). To this end, two Rubicon 6-dial microvolt potentiometers 

(del 2768) were e'pioyed. The galvanomeer used for the current determination 
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Fig. 6 Typical time-temperature characteristics during a gas ciuench. 
Here T 610 0 c, H is the potential drop across a 0.1 standard resis-
tor (0310 mV) and S is the potential drop across the specimen (0-140 
mV). (a) 20 msec per division; (b) 50 msec per division. 
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(a) 	 (b) 	 (c) 

Power 	 Experimental 	j Standard 
supply 	 chamber 	 I resistor 

W (d)6 	
I I 

	IPotentiom 

II (e) 
lvanometer 	I ThermalI

IcomDensator I  

(g) 	 Ce) 	
(• Photocell 	 I) 

amIifier 	Potentiometer 	 Galvanometer 

(f) 	 - 

Thermal 	 Current 	- 

compensator  
Potential 

MUB-10690 

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 O.l2 standard resistor (Leeds 
and Northrup No. 4221B); d. thermal compensator; e. Rubicon 6-dial 
microvolt potentiometer (Model 2768); f. Guildline thermal compensator 
(Model 5214A); g. Guildline photocell amplifier (Model 5214/9460); 
h. Guildline secondary galvanometer (Model s11/9461); i. Rubicon coil 
suspension galvanometer (Type 113495). 

/ 
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as a Rubicon coil suspension type (odel fl393) th a sensitivity 

of ip. V/cm. In determining sDecimen voltai'es, a Guiidiine photocell 

amplifier (Model 521)4/9 1160) ad secondary oalvanometer (Model s1i19 61.) 
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with a combined maximum sensitivity of 0.O].ji V/cm were used. Due to the 

very high sensitivity of the amplifier, 5m311 thermal emfs produce yery 

large signals. In view of this a Guild.iine thermal compensator (Model 

521)1-A) was áonnected in series with the input to the amplifier. There-

forea small èmf could b& introduced in the circuit to balance out para-

sitic voltages and thereby bring the electrical zero and mechanical zero 

of the galvanometer system into coincidence. 

The d.c. measuring current was maintained at 0.20000A and controlled• 

to ±2 parts in 10 by a solid state regu2.at3r whose circuit is shown in 

Fig. 8. The peak-tb-peak ripple was about 3.01%. A frequency, response 

test showed that thespecimen did not respond to the 60 period. No 

measurable self heating of copper wires was observed with this magnitude 

of current. 	 : 

A Thompson ernf, resulting from the fact that the specimen was at 

.20 K and the measuring equipment a.room temperature, was found to be 

constant over periods of time considerably Longer than necessary for 

making a measurement'. This emf did vary in magnitude (0.ip.V- O.p.V). 

depending on the liquid helium level and exchange gas pressure in the 

experimental chamber. The effect of this i.ttr variable was minimized 

by always making measurements at a gas pressure of 500p. Hg. Because of 

its stability with time, the Thompson emf was most easily accounted for 

by placing a precision therma]. compensator (see Fig. 9) in the specimen 

potential loop and thereby, balancing the emr out. 

The background noise level in the meas..iring circuit was at most 
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NOTES 	 To specimen and 

*The  input power was supplied by a 6-V battery 	
standard resistor 

 
**Th e  reference voltage source was a Evenvot Zener diode (Model 203-05) 

tTh e  operational amplifier,A,was a modified Brown Electronik Null- Indicator (see reference 128) 

MUS 106 91 

Fig. 8 Circuit diagram of precision direct current source. 
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Fig. 9 Circuit diagram of precision thermal compensator (±6tV). 



±0.002p. V and rapid fluctuations of i:hermai emfs were completely absent. 

It was estimated that the uncertainty in a potential reading, resulting 

r 

	

	 from the noncoincidence of the electrical zero andmechanjcal zero (when 

referred to the gaivanometer.) due to background noise and uncompensated 

thermal fluctuations in the specimen and ga.1vanometer pontential loops, 

was consistantly < 0.005 V and correspondEd to about 0.00)4% for typical 

values of the specimen resistance. This was attributed in part to the 

following favorable conditions, The temperature of the room was thermo-

statically controlled to within ±2 °C. Changes in room tempeature which 

might effect equipment performance were quite minimal. Standard resistors, 

low thermal selector: switch, and standard cell were .housed in a large oil 

• bath whose temperature remained constant to within ±0.02 °C over periods 

of 8 to 10 hours. High purity copper wire (99.999+%) was used throughout 

• the potential circuitry. . Extreme care was taken in making potential 

lead contacts, in thermal and electrical shialding, and in the selection 

of grounding points. 

It was possible for a single measureme:it ofthe residual resistance 

• to be made with an uncertainty of about ±xiO. c (i.e., < 0.01%) as 

determined from the previously quoted uncertainties in the measuring 

* 
current and specimen voltage, and a. statist:Lcal uncertainty of about 

±lx10 7c. 

This uncertainty is not meant to imply that the absolute value of the 

resistance is known to better than 0.01% since application of the manu- 

• 	facturer's specifications for aiJ. componerts would place an uncertainty 

of 0.02% on a measured valucof the resisiance for the calibrated 

accuracy and 0.014% for the limit of error case. 



7. Isochronal Annealin':  

1 	Subsequent to quenches from T 1  700 °C, a limited number of anneal:Lng - 

experiments weie conducted. Isochronal annealing consisted 'of heating the 

• , specimen for a fixed me (e.g.. t 	mm) at a series of increasing 

• 	teneratures, selected so that T/t remained constant. 

Specimens were resistance heated in 500 Hg of helium gas while the 

• 

	

	 experimental cheber remained, embedded in liquid helium. For this purpose 

the specimen was introduced as the ' tunknowri" resistance in a Honeywell 

• ' 	 Kelvin double bridge (M)del 1622). The bridge was operated in series 

with an external d.c power supply (see Fig. 10). The resistance of the 

specimen was brought' into coincidence with the present bridge resistance 

tandard by controlling the current through the bridge. This was accom-

pushed by taking'the error signal from the bridge, amplifying it, and 

using the amplified signal to drive the series power supply The tempere-

•ture of the specimen was again determined from the known temperature de- 

pendence of the resistance. ,  

Because of the rapid response time of the control system, a copper 

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

helium state. Care was,taken to avoid overshoot by selection of 

appropriate a nplifier gain conditions.' Temperature-rise time of the 

specimen was of the order of30msec. Figure 11 shows an oscillographic 

• 

	

	:, trace of the bridge error signal for a pulse from 4.2 0  to 273 °K. The 

"approach to the null position clearly demonstrates the absence of over- 

shoot. 	• 	' 	 ' 	' 

Deviations from the balance positlor during an anneal were monitored 

on a Brown electronic null detector (Mode] 10)4W1-G) having a maximum 

sensitivity 0f tV/cm. From the observed fluctuations from null it was 

il 
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(c) 
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(f)1 	I I cAm  Potential lead 
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* 	 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 542);  d. portable Kelvin double bridge (Honeywell Model 1622); 
e. experimental chamber; f. potential lead compensator; g. differen-
tial d.c. amplifier (Dmamics Model 6450); h. electronic null indi-
cator (Brown, Model lO4W1-G). 
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Fig. 11 Oscillographic trace of the bridge error signal for a pulse 

from 4.2 °  to 2713 ° K. 



concluded that the average tempeiatuie o the specimen, as determined 

from its resistance, could be controiled to within ±0 1 °C in the tempera-

ture range ..100 °  to +100 °C. Outside of this range the temperature regu-

lation was ±0.5 ° C. 

The annealing time was controlJ.ed by a Becinan pre-set digital 

counter (Model 5423). This unit was electnically coupled with a 

silicon controlled rectifier switching circuit which wa placed in 

series with the d.c. power supply (see.Fig. 10). The timer was actuated 

coincidental with the closing of the currenb loop. At the completion of,  

a preset.time interval a u1se from the. tirnr activated the open cir-. 

cuitry controlling the SCR. Tinie.intervals could be controlled to with-

in±0.l%. 	 •. 

The details of this circuitry will be published in the future 

along with information regarding advantages as well as limitations of 

the technique 80 

B. Electron Microscopy tperiments 

Copper single crystals of theRiesired orientations were grown under 

vacuum in graphite ;molds by a modified Bridman technique. Crystals were 

cut by spark erosion, chemically thinned to the appropriate thickness, 

• 	 pre-annealed in the quenching chamber under a dynamic vacuum, and gas 

• 	 quenched in a directed sp:ray of helium gas. Cooling profiles 'were 

• 	. 	recorded oscillographically. Quenched and isothermally annealed specimens 

were electropolished for examination in the electron microscope. High 

resolution dark-field electron microscopy techniques were used in the 

detection and identification of defect aggregates formed after vacancy 

precipitation. . Throughout all of the above procedures, precautions were 



taken to avoid, gaseous and metallic contamination, deformation, defect 

damage resulting from polishing, and ion damage in the microscope. 

1. Material and Specimen PreparatiOn 

Single crystals of copper were preptred from 99.999+% pure copper, 

grade A-58, supplied by the Amer:can Smeli;ing and Refining Company in the 

form of 1.88 cm diam. rod.. Sections of the as-received copper rod were 

cold rolled into 0.05 cm thick strips wLtl out any intermediate annealing. 

These strips were sheared to size (1.88 cm.x 25.4 cm), etched in dilute 

HNO to remove surface contamination, r:i.nr:ed in distilled water and ethyl 

alcohol. This material was then used as the charge for growing single 

• crystals with (iii) and (110) foil normal&. Polycrystalline strips were 

inserted into a previously outgassed,' split, graphite crucible (National 

Carbon Company ATJC grade) along with a seed crystal of the desired orien-

tation. Crystals were gro in a d:amic  vacu of about b10 6  torr at 

a rate of cm/hr. Induction heating was employed Seed crystals were 

prepared in a similar manner from suitabl3/ orientated, spherical single 

crystals. Orientations, were determined b' the standard Laue back reflec.-

tion technique and found to he. within a few degrees of the deired orien-

tations 

Single crystals were cut into 1 cm lengths using a servomet spark 

:cutter and then chemically thinned to 0.005 cm thickness in a solution 

of O% nitric acid, 2% glacial aceiic acii, and 25% phosphoric acid 

• . 	2. Pre-quench Annealing, Quenching, and Isothermal Annealing Technic.ucs 

Following chemical thinning, pecmes 0.005 cm x 1.0 cm x 1.88 cm 

were placed in a fused quarts suppo.t (see Fig 12a) which was deirned 

to minimize:  contact with the foil 'and to a'corimodate dimensional changes 

'i 	• 	accompanying heating and cooling. 	mpies were then annealed in the 
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quenchingchaber (see Fig. 12b) under a diamic vacuum (3x0 7  torr) 

for one hour at 800°C. Induction heating was employed. The temperature 

was then raised to the desired Tq  In early experiments the quenching 

temperature(was taken as the point where .  :Lodal melting (T 	1050 ° C as' 

shown by thermocouples spot welded to control specimens) was induced. 

Later Tq  was determined from p:Latinum-piatinum 10% rhodium thermocoiple 

vres (0.005 cm diam) which were spot welded to the edge of the crystal. 

The experimental' chamber was 'isolated from the vacuum system and 

s;ecimens quenched in a directed spray of purified helium gas which was 

precooled to 77 °K. For this purpose' the helium was admitted through a 

vacuum solenoid valve and the induction p:)w'er cut to zero simultaneously 

by electronic coupling (see Fig. 13).  Be2ause the efficiency with which 

the solenoid valve opened was quitti sensibive to the pressuie different'al, 

a capacitor discharge circuit (see Fig i's.) was incorporated into the 

switching operation thereby elimincting tiis pressure dependence The 

helium gas passed through two frit s ,  ( Kima:C Fritted Glass Ware' - extra 
coarse No 28280) which were 30 mm in dianeter and separated by a distance 

of about 2 cm The flow was directed per)endicular to the foil surface 

The specimen assumed a stable position he1ween the two frits 

Plat inum-plat inum 10% rhodium thermocouple wires (0.005 cm diam) 

were spot welded to control foils of the ame dimensions as the single 

crystals previously dicussed The thermil emf from the couple was then 

monitored oscillographically during the quench Temperature decay curves 

were photographed using a Polaroid camera. ' Because the induction heater 

HF ( 350 kc) saturated the oscilloscope amplifier, it was necessary to 

introduce a low-pass fter into the poLeiitial circuit in order to 

eliminate these frequeñies but se],ec'ted :;o'as not to cause 'distortion 
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Fig. 13 Block diagram of components used in carrying out foil que_ 
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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Fig. 14 Circuit diagram of foil quenching control power supply. 



of the desired decay curve. 

It was found that, for a given quenching temperature, fixed specimen 

size,and initial pressure of helium ;cas in the reservoir, quenching pro-

files were quite reprouc:Lble.. A temperature-time profile characteristic 

of the quenching conditions generally emplo:red in this work is shown in 

Fig. 15. The average queiching rate for th first 500 ° C is about 

5000 0C/sec. 	. 

Quenched specimens were 'annealed isotiermally at 0 °C or 25 ° C 

for various periods of time (i.e., z 20 sec to 2 :weeks) then heated to 

100 °C and isothermally annealed at this temperature for.either 1, 2, or 

3 hours. A constant temperature bath (i.e., ±2 °C) containing silicon 

oil (Dow Corning 70) was. used for the 100 ° C, annealing treatments. 

3 Preparation of Thin Foils 

Quenched and annealed specimens were olectropolished at room 

temperature in a o% distilled, water, 25%piiosphoric acid, and 25% 

ethyl alcohol electrolyte (<2vo]ts) to a thickness 3ust slightly 

greater than that necessary for good transmission of electrons. Final 

thinning was done in a 67% methyl alcohol and 33% nitric acid solution 

maintained at about -60 ° C (< 8, volts). A special specimen holder was 

used throughout so as to minimize foil bending which normally accompanies 

the thinning of very small foils 

It.. Observation and Identification of Defect; Aggregates 

As was previously reported, '  defect aggregates in quenched and 

annealed copper 4re generaLly lecs than 200A in diameter Because of 

d diffract:Lon,cont;r.st imaging 'gives very little this, normal bright fiel  

information about their shape ,(i.e., planar or spherica].)', their sense 

(i.e., vacancy or interstitial), or their c)-ystallography (i.e., lattice 	, 
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Fig. 15 Change in foil temperature as a function of time corre- 
sponding to an initial helium reservoir pressure of 20 psi. 



displacement vector and habit, plane). Thi3 is understandable in view,  of 

the fact that diffraction contrast i.rnages.of dislocations are 	bOA wide, 

• 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 •ioop is small, its strain field is altered (actually diminished), as 

a result of interactions 'between various segments of dislocation line 

surrounding the loop. , 	, 	• 

Because of the foregoing it is necessary to observe and identify 

small.defectaggegates by strain contrast imaging. Such images are 

obtained from defects when the crysti is near the ideal Bragg condition 

(s 0, where s is the deviation from the deal Bragg condition in re- 

* 	 , 	•: 	 I  

ciprocal space ) and appear as black-white "lobes" against the backgiound 

The parameter g b (where g is the ]ectplocal lattice vector corre-

sponding to the set of crystal planes respcnsible for diffraction and b 

is the lattice displacement vecto' of the aefect and is usually referred 

to as the Burgers vector) responsible for çhase changes in both the 

transmitted and diffracted beni by locally modifying s, is important in 

strain contrast imaging just as it is in the case of diffraction contrast. 

If g',• b is zero, weak or nocontrat is observed. Small localized strain 

fields which may not give rise to sicnificant  diffraction contrast can 

be detected by this mechanism 
63178,31,82 

Foils were examined in a Siemais flnuskop 1 microscope equipped 

with a double-tilting specimen stage Dark field observations were 

made by 	 tilting. 78  The use'o two"bendark field imaging techniques 

s is the distance of the rcJp]ocl isU ice point from the reflecting 

sphere and is taken to be pos]tivc if the real point lies inside the 

sphere 
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is of particular. importance in the. present investigation for two reasons. 

'(1) One desires to work at. or nea' the ida1 Bragg condition. The dark 

field image is s3nnmetrical about s. = 0 and therefore maximum diffracted 

intensity occurs at the center of the contc'ur corresponding to the reflec-

tion being imaged. Under this condition all defects giving rise to strain 

contrast can usually be observed (except o course if g . 	= o). (2) Dark 

field images,' obtained by tilting the in'in such a way that the diffrac-

ted beam passes down the 'center of the microscope column, have enhanced 

resolution with respect to the same'bright field image because of the 

lower level of inelastically scattered e]ectrons (i.e., background). 

* 
There are two additional experimental features related to this work 

which are worth noting. (1) The best condition for "seeing" black-

white, contrast is,as expected, against a gray bckgroimd (i.e., at 

thic.knesse's:,of nt0/4, where n is an odd integer and t is the extinction 

distance). (2) In resolving plate-like defects (e.g., prismatic loops) 

the habit plane of the defect should be nearly parallel, (or within 

about 15 0  )to the incident beam.  

The theory, of strain contrast as' formulated by Ashby and Brown8 ' 8  

predicts that, for a spherically. simme,tric inclusion and a planar defect 

whose displacement vector is normal to its habit plane, the image will 

• 	, consist of dark and light' lobes separated by a line of no contrast per- 

• • 	' ' . pendicular to the displacement vector of the defect. A spherically 

* 	' 
The application of and numerous difficulties associated with strain 

• . 	. • 	contrast imaging have recently been reviewed and discussed' by Thomas 

= 

	

	 and Bell. 81 The reader isreferreci to this publication for additional 

information.  

'I 
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• 	symmetric defect effectively has a d.isplacment vector, , normal to 

all diaTietric planes and the,refore acorre;ponding line of no contrast 

• 

	

	which is always perpendicular to the operat ing reflection, g. On the 

other hand, a plate has its ]rne of no conirast perpenaicular to a unique 

• 	 which is normal to the habit planeofthc defect and therefore inde- 

• 

	

	pendent of . The shape of the image, i.e., the direction of streaking 

of the black-white image, should be symmetrical about the line of no 

• 	 contrast. Figure 16a shows a schematic of this situation for the case 

• 	- 	of the planar defect. The theory does not account for the shape of the 

image when the displacement vector of a planar defect is not normal to 

its habit plane Sce such i defecU is quite commonly observed in 

quenched f.c.c. metals (i.e.., the perfect prismatic loop, a/2 (io (iii)) 

and anticipating the results, 'a schematic is presented in Fig. 16b in 

which the direction of. streaking is not. symrietrical about the line of no 

contrast but is skewed 

In addition, the theory predicts that in dark field the normal to 

the line of no contrast and direction of th operating reflection, g, 

are related by an acute angle on the white 3ide of the blaci -white image 

for a vacancy-type inclus.Lon (as in rig i6i) and by an acute angle on 

the black side of the black-white image for an interstitial-type lnclus.Lon 

(as in Fig l6b) 

These predictions were .origina.iy expected to be valid at or near 

the ideal Bragg condition (s o) 'and within half an extinction distance 

84 
of either surface of the roil 	Hoever, ecent work8  has shown that 

strain contrast images from defects should ,be observed at all foil depths • 

under s 0 condition and not just near the two .surfaccsas predicted by 

• 	•: 	 84' 	' 	 1•.. 
Ashby and Brown., 	 . 
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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, b, is normal 
to LC and the direction of streaking is parallel to the habit plane 
normal (or its projection). 



- 	
Identificaion of defect aggregates i.e., shape, sense, and lattice 

- S 

	

	 displacement vector) can be accomplished therefore by investigating the 

following features. A planar loop can be distinguished from a spherically 

* 
snnmetric defect, for example, since in the former case the line of no 

contrast would make various angles with different reflecting vectors whereas' 

in the lattice case the line of no contrast would be perpendicular to the 

operating reflection regardless of which v€ctor was operative. The sense 

of the lattice displacement due tp the aggegate can be determined from 

the angulr relationship between the normal to the line of no contrast 

• 

	

	and g. The actual lattice displacement vector of the aggregate can be 

determined by comparing the direction of t.e normal to the line of no 

• 	contrast to the projections of all possible displacement vectors onto 

• 	; the plane of the foil, e.g., an imperfect prismatic loop would have a 

line of no contrast perpendicular to a (113) direction lying in or pro-. 

jected onto the plane of the foil when observed under strain contrast 

conditions It is of course important to select crystal orientataons 
S . 

which avoid ambiguities in the analysis 

These criteria will be utilized in Se. III.D of the results. 
* 	 S 

The distinction between, say, loops and voids is more complicated 

than the spherical inclusion To observe voids one makes use of 
eff 

so-called mass thickness contrast (i.e., at a void to 	where 

is the extinction distance) and therefore observations must be made 

in very thin regions of the foil 

** As an example, in the [001] cubic oricntation both [111] and [110] 

projected vectors lie along the sune direction so it is not possible 

to distinuish between these displacement vectors. 
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III. E)ERThNTAL RESt JJTS 

Upon quenching copper wires from terperatures in the range 16o0 

to 670 ° C, an increase inresistiv:Lty uas cbserved uhich could be best 

described by the following relationship: 

p(T) = [( l.7± 0 . 2 )XlO 	ohni-c;n e: 	(l.O9±O.O eV/kT). 	(16) 

The quench induced resistivity for tempur..tures above 670°C  fell below,  

the values predicted by this relationship. 

The isochronal recovery of specimen quenched from 700 ° C exhibited 

three annealing stages. Maximum annealing: rates ere observed at about 

_)40 0 ,  +2000,. and + 1-00 ° C. Pulsing a quenched specimen to -10 ° C for 20 sec 

curtailed the low temperature recovery aciivity but annealing peaks still 

occurred at about the same temperatures 

When copper single crystals Q9re qucnched from l040 ° C and sub-

sequently annealed for 15 min at 0 ° C and then 1 hr at 100 ° C, randomly 

orientated, planar, vacancy aggregates were observed by transmission 

electron microscopy. Both perfect and imperfect loops were identified 

The maximum size of the imperfect loop raiely exceeded 125A, whereas 

the perfect loops ranged in size from 100 to 200A Annealing conam-

tions are reported hich resulted in no apparent resolvable loops by 

electron microscopy.  

A Formation Entniloy Data 

The temperature dependence of quench induced resistance was 

determined beten 460 ° C and 8O0C. The incremental resistance associated. 

with a particular quenching temperature, cenoted by R( L 	was determined 

from the difference between the reEistaac of a specimen quenched . 

from Tq  and the resistance of Uie sime specimen in the 
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• 	 well annealed state just prior to the quench. Therefore 	
• 

R(Tq ) = IR(Tq) - R0] °K (17) 

The correspondingchanges in resistivity have been calculated from the 

relationship 

p(O °C)R(T 
q

).  
p(T ). = 	

_ 	
(18) 

R(O ° C) 	,. 

where p(0 ° c) was taken as equal to 1.57±0.0cm, which is conistent 

with values determined duxing the present work and with the best values-

reported in the literature, for. copper 688  31(0 0 c) was measured .rior to 

the initiation of a quench series. The con;tancy of R(o °c) was checked 

periodically during the series 

The resistance' -  increment quenched into four different specimens is 

plotted on a lOgarithmic scale as a function of the inverse quench• 

temperature in Figs. 17 through 20. "The apparent vacancy formation en-

thalpy, deduced from the best straight line through the data (i.e.., for 

Tq•  < 670 0 c) by a least squares fit, is also shown As can be seen in 

;Fig. 17,  the absolute value of; d[log LB(T )/d(1/T) decreases with in-

creasing quenching temperature above 670 6C. 'Thefact that this is so, 

is clearly shown in Fig 21, where a portior of the same data is plotted 

on an expanded scale in terms of resistivity increments.- 

These results are compared in Fig 22. For this purpose the 

logarithm of the resistivity changes was plotted against the reciprocal 

of the quench temperature. In the limiting ease, the quenched-in incre-

ments are described by 
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Fig. 17 The logarithm of the resistance increment quenched into a 
copper wire, R(273 0K)/R4.2K) 450,  plotted as a function of the 
inverse quench temperature (1150°C < T q  < 800°c). 
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Fig. 18 The logarithm of the resistance increment cluenched  into a 
copper wire, R(273 0K)/R(4.2 0K) 	670, plotted as a fimction of the 
inverse quench temperature 450 0 c < T < 5900C). 



'I 

Quench temperature (°C) 

650 	 600 

1SIø1 

\A, 	 R(273°K) 650 

\ 	 R(4.2°K) 

580 °C<Tq <69O°C 

H f = I . I I eV 

1.08 	 1.12 	 1.16 

I/Tq  X IO 3  (°K) 

MU B-10699 

Fig. 19 The logarithm of the resistance increment quenched into a 
copper wire, R(25 0K)/R(4.2 0 K) 650, plotted as a ñmction of the 
inverse quench temperature -l50 °C < Tq  < 690°c). 
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Pig. 20 The logarithm of the resistance increment quenched into a 
copper wire, R(27 0K)/R(4.2 0 K) 	600, plotted as a function of the 
inverse quench temperature (L0°C < T < 7270C). 
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Fig. 21 Expanded plot of data shown previously in Fig. 17 illustra-
ting that the absolute value of d[log  ip(T )]/d(1/T) decreases 
with increasing quench tempenature above T 	670°C. 
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Fig. 22 Comparison of resistivity increments quenched into copper 
wire specimens. 



Tq) = [(l.14±o.3)xio 	Ohm-cm] exp (1.01±0.05 eV/:T q ) 
	

(19) 

1.: 
The stated error in the pre-exponentialterm, i.e., L\p(T -*), includes 

the estimated uncertainty in: a) p(0C) of 	2%, b) i(T - ) wici 

was taken as the maximum observed deviatiofl in the predicted values of 

AR(T) in accordance with the least square. calculation (i.e., z 20%), 

and c) R(O °C) of 0.05% .  simply added together. The uncertainty in the 

activation enthalpy includes the est:Lmated error in p(T >c)  (i.e., 

22%), th average error in p(T) over the temperature range of interest 

which includes both the average uncertainty in the least squares computed 

values (i.e., 	12%) and an average easur:Lng error of z 7%, and the 

average estimated uncertainty in the temperature of z 10 ° C. In arriving 

at the stated uncertainty, the values were treated as independent random 

errors. 

The data for the case 2(27 ° K)/R(4.2 ° K) 	0 favor slightly larger 

quench induced resistivity increments and therefore a correspondingly 

lower effective formation enthalpy. This is apparent when the changes in 

resistivity for a specimen having a i"esist&nce ratio R(273 ° K)/R( 11.2 ° K) 

of z 450 are compared to the increments qu€nched into specimens 'having 

resistance ratios of 60, as seen in Fig. 23. Since R(273 0K)/F(4.2 °K) 

is considered a measure of specimen purity, the inference is that this 

effect could be attributed to differences in the concentration or dis-

tribution of impurities or possibly only a certain impurity (re1.tive 

to specimens with higher resistance ratios). 

Data obtained from wires having resistance ratios z 600 and 650 

are compared in Fig. 24. In the temperature range where the three sets 

1 	 of data overlap, there appears tobe ood agreement. For Tq < 670 0 c 
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Fig. 23 Comparison of resistivity increments quenched into a speci- 
men having a resistance ratio R(273 0K)/R(4.2 0K) of 1+70 to those 
increments quenched into specimens having resistance ratios of 
65o. 
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Fig. 24 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 

• 	
P(Tq) = [(+.7±O. 2 )xOohm_c] e 	(a.o9±o.o eV/kTq). 	'. (iG) 

The stated errors were obtained inthe 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 of p(T.), 

i.e., 	10% and 	5%, respectively. '• 	 . . 	 •. - 

• : 	 B. Isochronal Annealing Data 

The isochronal recovery spectrum (-220 0  to oo°c) was investigated 

by annealing quenched specimens at'a constant rate of °C per minute. 

This was accomplished by annealing for fixed periods of time at successively 

higher temperatures according to the following schedule: 

-200 °C <:T<260 ° C; 	t= 5 mm, eT=20° C, 	, 

260 ° C < T < 500 °C, 	t = JO mm, T = 40 °C, 

where T is the annealing temperature. : The recovery progress was followed 

by measuring the change in residual e3ectricl resi.stance of the specimen 

at !. 2 °K 

The isochronal annealing of coper quenched from temperatures around 

700°C shows a rapid annealing process in the temperature range from -100 0  

to O ° C. Above 0 °C the recovery proceeds quite slowly. Approximately 60 

to 70% of the quenched in resistance anneals out by 100 °C. The onset of 

more rapidannealing occurs ;  above lOO °.0 with an apparent completion. at 

500 ° C Typical behavior is illustrated in 'ig 25 This specimen was 

quenched from 720 ° C; the resistivity increment quenched in was 

p(72o ° C) 	.5xl0 0 -cm. The. data bow the percentage of the resistance 

increase, R(Tq ) that remaneo after each cicle 

I 
I1 
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To illustrate this beh3vior in det 1, tne nJCiicd ceivtives of 

the curve dispiayed ifl rig 27 were calci tec and, are 	n as a functo 

of the mean temperatwre in Fig. 26. Thre peaks, indicating ma;:imum 

annealing rates, occ' at Lfj°,z  200 0 , an 	400 ° C. 

In order to ixhrestigte the e:rfect oL' quenching to a temperature 

around O ° C (a base empe:ru:te most commonLy used in quenching experiments, 

see Table iii) on tb isochronai recovery,, a specimen was pulsed to -10 °C 

from 4.2 0K for 20 sconds sosequent to a •iuench from 695°C. The re-

sistivity incrementi'quenche-in was'LP(695C) 	3.7Xl0
0 
 ohm-cm. The 

recovery curve and derivatives of th:Ls curie are shown in Figs. 27 and 

28. The lower temperatures annealing behavior which was previously evideit 

has been markedl curtailed, although the annealing maxima occur at about 

the semé temperatures as those in specimens which were not pulsed. During 

the pulse Z 17% of te quenched-Ln esitace recovered 

C. Experimental Acctracy 

when the ciuenched-n  resistivities are compared, as in Fig 22, 

the data can be contained within two error lines separated by ±17 ° C 

from the best straight line fitted to the ntire set of points. The 

average deviation was estimated tote 

It appears tLs if not all of the scatter can be attributed to the 

uncertainty in the quench,temperature. ma accuracy in the measurement 

- • Of the specimen resistance at 'Tq  and variabions in the specimen resistance 

at 0 ° C lead to a random error in the qu&nca temperature of about ±6 0 c. 

Temperature inhomogéneities present, along bhe specimen gauge length cer-

tainly are contributing to the scatter, although it is difficult to 

•estimate the extent of their contril:ution. In general, they have been 
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Fig. 25 Typical isochronal recovery curve for a copper specimen 
quenched from about 700 ° C to -196 °C. Heating rate was -i- ° C per 
minute. 
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Fig. 26 Negative of the numerical derivative of the isochronalL 
recovery curve shown in Fig. 25 versus mean annealing temper-
ature in °C. Derivative computed from: 

- 	 d[(T)/(Tq)] 

(T n n+l-T 	
) 	

dt 
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Fig. 27 Isochronal recovery curve for a copper specimen quenched 
from 697°C to -196 ° C, pulsed to -10 °C for 20

6 sec and subsequent-
ly heated at a rate of 4 0C per minute. 
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Fig. 28 Negative of the numerical derivative of the iso-
chronal recovery curve shown in Fig. 27 vs the mean 
annealing temperature in °C. 



considered as second ordr effects when employirg the average temperature 

*  as a measure of the truespecimen temperature. 10  It is concluded that 

the averge temperature, in the present case, is well-defined but the 

temperature at any particular point a] ong the gauge length is probably 

rather ill defined. This appears to be one of the largest weaknesses 

of the self-heating technique..under experimental conditions which are 

compatiblewith very rapid specimen cooling. 

Some of the observed scatter is undoubtedly due to differences in 

• . 	. 	 specimen substructure (i.e., in the vacancr sink density and impurity 

level and distrbution).and variations in the. temperature-time.character-

istics of the quenches. Attempts were made to minimize the contributions 

of these two factors by standardizing annealing cycles and routine 

monitoring of quenching profiles 

In the present case, where the quench induced increments were 

small [1B(Tq)/Ro]m 	26%, non-repioducibility of the base resistance, 

can result in very s±nificant uncertainties in B(T q )• When the 
0. 

prequench annealing routine, as chara.cterized in Sec. II.A 14., was used, 

• 	 : the base resistance was rep!roduoible to within an error of 0.1% (i.e., 

( 	• 	 -12 
about ± 24n) and a corresponding standard deviation of -.3X10 	ohm-cm. 

When this uncertainty is compared to the increments retained for the 

lawest quenching temperatures employed, the error in these values can be 

as large as o% It is worth noting, however, that the average error 

'. 	in the least squares :comp'ted values of iP(Tq) presented in Figs. 22 . 

,. and 24 are 12% and 5%, respectively. It is concluded that the observed • 1 

scatter appe.ars to be reasonably compatible with the known sources of 

experimental uncertainty 

Systematic errors may enter into the results because a) the 
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24. 

temperature versus resistance ratio; for c:)pper, deterrnied from the 

literature, were in error, b) gaseous contmination of uire specrriens 

occurred during heating in heliturL p ior to tne quench, and c) quenching 

strains perturbed the retained vacancy c:oncentration characteristic pf 

T. Controlled;heating and cooling experiments in helium gas demonstrated 

that the resistance of wire specimens remained constant during a cycle 

within the measurement error of the circuitry. In addition isochronal 

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

in 500t Hg of helium gas and no irregulrties during anneaing runs 

nor during control runs were observd that could be attributea to con-

tamination from residual mnurity g.ses or by the helium gas itself.  

41, 
Systematic investigatons of strains in quenched metals2  have 

demonstrated that,.ther effects are expected to be negligible for the 

present experimental cnditions (i.e., type of material, specimen size, 

and quencing mode) 

T 	Defect Agegates 

• 	., 

 

the electron mic:-og-raphs which are presented pertain to copper 

single crystals .quenchd from l040 ° C to 0 ° C; annealed at the latter 

temperature for17 min.ites; rapidly heated to 100 ° C; and isothermally 

• 	annealed at 100
6 C for 6C minutes. The electron microscopy observations 

pertaining to this annealing schedule have been previously reported 7  

anda critical evaluation of the contrast has been made.6?7881 The 

results are presented t this time along vith unpublished observations 

for clarification purj - ses and in orcier to integrate them more fully 

into the recovery pict;.re of quenched coper. 	 • 

It is important ;o note, that no evidence of resolvable defect 

aggregates was fourd mr the following (orditions 
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- 	 1. When specimens were quenched from 100 ° C and 

- 	 a. annealed at 25 °C for periods as long as two weeks, 

immediately (i.e., z 20 3ec) heated to 100 ° C and given 

isothermal anneals of vanicus duration at 100 ° C, 

annealed i to 2 mi.n at 0 ° C and then isothermally annealed 

at 100 ° C for 60 mm, 

annealed at z 25 ° C for aboit 2 weeks and then isothermally 

annealed at 100 ° C for 60 mi. 

2. When specimens wc:re quenched fiom 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 100 ° C are shown in Figs. 29 through 33. The results 

will be presented in light of the criteria established for observation 

and identification of defect aggregates in Sec. II.B. 

The fact that the line of no contrsstmakes various angles (ex-

cluding 180 0 ) with ope:ratirg reflection vectors (they are normal only 

for (220) and(fll) reflections) indicates that the defect aggregates 

are notherica1ly symmetrical. A spherically symmetric defect will 

always exhibit a line of no contrasb perpendicular to the operating 

which vector is operative. End-on reflection vector regardless of  

dislocation line images are also of the black-white UlobeU type, but 

the line of no contrast is always parallel to the operating reflection 

vector. 	Planar defects would be invisible or exhibit residual con- 

trast under this condition since then r . b = 0. The fact that this 

ondition is satisfied in the present care is demonstrated in Fig. 29 

where the operating reflection in ig. 25a is parallel to the line of 

no contrast of the majority of images which are visible in Fig. 29b and 
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Fig. 2 	Doru iled icr 	 c 	1 	. c 	an I a 
served aggregates are invisible or exhibit only residual 
contrast under g • 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 [0111, and the corre-
sponding set of defects is visible. 
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//1 t 
[iu] 

[ñol 

ZN -4393 

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

Fig. 50b 	Schematic of the five identifiable defect systems. 
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ZN -439 

Fig. 51 Dark field micrograph shoving strain contrast when 
a (220) beam is used. The primary defects appearing are 
perfect prismatic loops ahose displacement vectors are 
parallel to the operating reflection. 
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Fig. 32aDark field micrograph showing strain contrast images when 
the [111] beam is operative in a [1101 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 inclusionz b. Schematic of the three 
identifiable vacancy-type defect systems. 

(a) 



ZN -4 392 

3 	t)r: 	 ;tyji Cci 	 a:.e 5 Then the 
[OO] 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 (iii) planes which are normal to the plane 
of the foil. 
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therefore normal to the displacement vecto:' of 	those defects. 	Hence 

g 	b = 0, and no or very weak stran contast is observes, in F1C 	29a 

Strain contrast images,, from small stackina fault tetrahedra are con- 

siderably more complicated8l  than the images observed to date in quenched. 

• 	 copper, and can therefore be ruled out in the present case. 	It is thus 

concluded that the aggregates are planar. 

Since the operating reflection vecto:, g, is related to the normal 

to the line of no contrast through an acute angle on the white side of 

the image in better than 99% of the cases observed, for all foil orienta- 

tions,and for all opert'ing reflections, the aggregates are vacancy-type 

defects as expected 

The fact that the lines of no contra,t are in all cases perpendicu- 

lar to (110) or (iii) directions in or projected onto the plane of the 

foil (e g , see Fig 	30) indicates that the displacement vectors of the 

defects are of two types (a/2) (110) and (a0) (ill) and thus the aggre- 

gates are unresolvable prismatic loops of the perfect and imperfect type. 

In the following it is demonstrated that the necessary and 'suffi- 

cient conditions for the visibility of per:ect and imperfect prismatic 

• 	 vacancy loops 'are: 	(a) that the normal to  the habit plane of the defect 

• 	 must be nearly parallel to the 'foil surface, (b) that the lattice dis-. 

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

• 	• 	 foil, 	and (c)that 	g • bI> 0 (of course, 	 results in 
max 

strongest contrast). • Three examples are now considered. 	' 

If a (220) reflection is used in a ( 11) foil, the defects showing 

* 
This criterion is a necessary addition lecause the normal to the 

defect plane and the lattice displacement vector, of course, are not 

the same for perfect loops. 
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strongest contrast will be those whose disriacement vector is parallel 

to the operating reflection'vectdr as in Fig. 31, that is (a/2) (110) 

type. 	On the other hand, if a (iii) reflection is employed in a (110) 

foil, as in Fig.. 3?, the defects shoing gODd contrast will be those 

'hose displacement vector is of e' (a/3) (iii) type parallel to the 

operating reflection vector and designated as the A system in Fig. 32b. 

Two additional systems are also observed,, i.e., systems B and C having 

displacement vectors (a/2) [flO] and (a/3) [I1T],.respectively. Both of 

these systems satisfy conditions (a) and (b) for visibility. Since 

g bB = 1, as was the case for system A, B-type defects are in equally. 

good contrast. Hoever for system C, g. b, = 1/3, and therefore these 

defects give rise to very weak contrast. If a reflection such as (200) 

in a (110) foil is. used; then two (a/3) (ilL) systems are •resolved and no 

strong (a/2) (110) systems (see FIg. 33). This is expected, since the 

only perfect loops which strictly satisfy conditions (a) and (b) for 

visibi1ity e.g., (a/2)[ 110 ]( 1 ), ouid show at most only residual 

contrast because g . 	= 0 for this case. 

An important feature of the biack-whLte strain contrast image of 

a planar, vacancy precipitate is the direct:on of streaking; that is the 

major axis of the elliptically shaped: image pointing from black to white 

as previously illustrated schematically in :'ig. 16. The angular relation-

ship between the direction of straking and the characteristic line of 

no contrast depends upon whether the loop i:; of edge or mixed character 

and possibly upon the angular relationship between the displacement vector 

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

* 	 0 
The Images are, in general, poorly defined. This is probably because 

• the angle between the normi to the habi; plane and the foil surface 
could be as large as 20 in. this case.. 
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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'system as shom' 

schematica1ly in Fig. 30b). Two systems, A and E, are streaked in (lll 

• 

	

	 directionswith (a/3) (lll)'d.isplacements rectors; systems B and D are 

also. streaked in (iii) directions but have a(a/2)[1710] displacement 

• 

	

	 vector; lastly,' C is streaked in the [iTO] direction and has a corre- 

spbnding (a/2)[110] displacement vector. 

It appears that if both the displaceraent vector of a perfect 

'prisma1ic loop and the normal to the defect plane lie in the plae of' the 

foil (i.e., conditions (a) and (b) for vis:.bility are very nearly zatis-. 

fied), the direction ofstreaking can clearly be interpreted as being 

normal to the habit plane'of the defect and the strain image is corre-

spondingly skewed'ab'but the line of no contrast. This is expected, since 

the strain field of the perfect loop is noi maximized around b but about 

the displacements around the habit plane When the lattice displacement 

• 

	

	 . vector,, , is perpendicular to the habit p].ane (as for the (a/3)(111) 

imperfect loop), the strain image issnetrical about the line of no 

84 
contrast as expected from theory. 	•. The direction of streaking is there- 

fore normal to the habit plane The obvirn.s implication of these obser-

vations is that the direction of streaking under certain conditions becomes 

. a valuable to'ol in the determination of the hbit'plane of a small pre-

cipitate 

Case C which is illustrated in Fig.0b, where the displacement 

84 • 	• 	vector is well defined from tneory but wrere the habit plane and there- 

• 	 fore the character of the loop (i.e., edg.e or mixed) is in doubt,has been 

previously discussed in detaiJ8  nd nl rot be considered here 



• 	I 	It.should be noted that in certain irstances, strain contrast images 

were observed which are the reverse of thoEe expected for a vacancy-type 

defect 	These images occur wtien a (LLJ..) r€flection is operative (see 

Fig. 32) and were 'almost completely absent then higher order reflections, 

such as (220) and (311), were emoloerl T1is reversal of image could be 

associated, with defects near the top and bottom of the foil. A region of 

the foil where the conditions necesary for the application of the to 

beam dynamical theory are believed not ffco be satisfied, especially for 

lower order beams. The implications of this effect are presently being 

• 	

I 	 90 
investigated.by  Bell and Thomas. 

The imperfect vacancy loops appear to range in size from less than 

60A to a maximum of about 12A in diameter, as determined from their 

strain contrast image Perfect loops, in €eneral, appear to be larger, 

0 	 0 

ranging in size from' 100A to 200A in diameter. 	' 

Punched loops of the type reported in previous transmision inves- 

tigations on quenched 	 ueie not observed hen high puxitT 

single crystals were employed. Although in some early work, where poly-

crystals of lower nominal purity wee Used ;  some instances of so-called 

prismatic punching were found 

• 	 Control experiments carried out on unquenched, well annealed, single 

crystals produced the following important results concerning the tech- 

• 	 niques employed and defect aggregates observed: 

• 	 • 1. When the voltage conditions, as previously characterized 

• 	• • 	• 	Sec. II.B3), were adhered to, no polishing damage of the type reported 

by Essmann and Wilkens91  as observed. 

2. The'possibiiity that the strain contrast imagesobserved were 

the• result of so-called Pas1iley-Presland ion damage in the microscope 
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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. In addition, 

the density and size of defects observed in quenched foils were independent 

of the viewing time. 	, 
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IV. DISCUSSIOT 

The vacancy formation entlialpy. is obtained from the temperature 

dependence of quenched-in resistivity. In arriving at this estimate it. 

has been assumed that the loss of vacancies during the quench is approxi-

niately constant for T < 670°c and that the resistivity per atomic percent 

vacapcies ; istO the first approximation, independeift of the state of 

aggregation for low order clusters (i.e., j < 3). The loss of vacancies 

during an exponential quench is con iaered and the assumption regarding 

this point is chown to be retsonablc 

The resi'tivity per atomic pe cent vacancies and the monovacancy 

formation entropy are estimated, tinder the assumption that self-diffusion 

in copper occurs principally by the motion of monovacancies, an estimate 1  

of the migration enthalpy is also obtained. These results are compared. 

with theory. 	 : 

The isochronal annealing behavior of retained vacancies is quali-

tatively considered both with reference to previous experimental work 

reported in the literature and eledtron microscopy results obtained in the 

present investigation. Brief c'onsid.ertiori is given to the problem of 

divacancy formation during a so-called expnentia.l quench. It is shown 

that an appreciable fraction of the quenchd-in vacancy population is 

in the form of divacancies for the case 132  = 0. eV. Numerous processes 

are suggested to explain the .obse,rved recovery'spectrum. The many 

possibilities serve to demonstrate the complexities associated with a 

more detailed investigation of the kinetics.. 	. 	.. 
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A. Monovacancy Formation Enthalpy 

The retained vacancy concentration and distribution of the various 

defect clusters subsequent to a quench are very sensitive functions of 

the quench temperature, quenching rate, temperature to which the specimen 

is cooled, sink density and vacancy cluster binding energies. 

When a specimen is rapidly cooled fron high temperatures, sufficient 

time elapses during the quench so as to allw,  some fraction, f(T), of 

the initial equilibrium iacancy concentratiDn to migrate to sinks. Fur-

thermore, during the early stages of the qunch, the formation and break-

up of certain small vacancy clusters occur so rapidly that, for example, 

divacancies are maintained, at their equilibrium value appropriate for 

the instantaneous temperature. 8  Association of vacancies is therefore 

expected to occurdüring ; the querch, in addLtion to vacancy losses to 

fixed sinks. The extent ;tQ which vacancy agregation affects the 

quenched-in resistivity depenas on how appr'ciable the electron scattering 

cross section per vacant lattice site in th cluster is altered relative 

to an isolated vacancy. Such redistribution is not expected to have 

serious effects on the determination of the formation enthalpy from the 

* 	 temperature dependence of the quench induce'J. resistivity, since the 

linear approximation, 	 is expec bed to be valid to within 

53 
about io% for low order clusters.'' Thi;s is within the total un-

certainty iflP(Tq) in the present experime:its. The change in defect 

distribution during the quench can, however, markedly influence the lo'r 

temperature annealing behavior and therefor the ease by which large 

vacancy aggregates (e.g., voids, loops, etc.) are nucleated and grow. 

A more detailed discussion of the formatiQn of vacancy clusters during 
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the quench will be deferred at present. 

It was observed that forquenching temratures above 670° c, the. 

resistivity increase is less, than that predicted from. an  extrapolation 

of the low temperature lues (see Fig 21). In the present experiment 

• 

	

	the loss of vacancies during a quench must; involve the diffusion of defects 

to various sinks, i.e., free surfaces, gn,in boundaries, subgrain boundaries, 

and free dislocations. 	cperiments in which the quenching rate is deliher- 

• 	ately varied provide information about th migration of vacancies to this 

complicated sink structure at high temper:.tures where, under certain con-

ditions, the difficulties arising from tho clustering of vacancies should 

be minimized, relative to the low temperature annealing situation. Mon 

et al. 	and Flynn, Bass, and Lazarus c.nducted studies of this type on 

gold which demonstrated qu.ite clearly that the fractional loss of vacancies 

increased as the linear quenching rate wa reduced Flynn and coworkers 45 

concluded that the most probable sinks at high temperatures were either 

free dislocations or subgrain boundary walls. It was not possible to 

distinguish between the two cases because of a lack of knowledge of the. 

specimen substructure. More recently, BaJ.luffi and Seidman calculated 

the maximum expected monovacancy loss to'a measured .diislocation density 

in quenched gold employing a diffusion limited climb model. The time- 

• . . 

	

	temperature conditions were approximated as linear. The calculated maximum 

fractional loss was Z  36% for Tq  = 878° c and was 6% for a quench from 

• . 	680 c. Relatively good agreement was found between the experimentally 

observed losses and those which: were calculated.. 	. 

• 	 In an attempt to account for the observed losses in the present ex- 

periment, the maximum expected monovacancy loss to an assumed dislocation 

density was calculated on the basis of the diffusion limited climb model 



first proposed by Seian and Balluffi. 6 ' 	quenching tamperatures in 

the range 57 0  to 700 C were considered. and the experimentai nasured 

exponential time-temperature cooling hehaviDr employed. 

In the usual way, the problem is s:Lmpi5.fied by replacing the 'three 

dimensional dislocation network by a regu.la. 'array of straight parallel 

dislocations. Each dislocation was represeted by an infinite absorbing 

circular cylinder of radius 'r 1 . The problem can thus be reduced todiffu.-

sion between concentric circular cylinders •qith the outer cylinder being a 

'2  perfect reflector of radius R 1, wbere TrRd guals the dislocation density, 

Nd. The climb motion of: the dislocation which 'accompanies the absorption 

94 
of vacancies was neglected as it has been s)own that this motion does 

not cause any significant complication. In addition it was assumed, that: 

1. The dominate defect at ehe quench temperature was the monovacancr 

and therefore the loss of defects can bst be described in terms of the 

appropriate monovacancy properties. As can be seen in Table IV this condi-

tion is reasonably satisfied even for the high binding, energy model in copper. 

• ' 2. The concentration of monovacancies is altered only by the annihila-

tion of vacanc±es at dislocations of effectively fixed size and position in 

the lattice and therefore it is implicitly ssumed that there are no signi-

ficant interactions between vacancies durin€: the quench. 

3. The monovacancy diffusion coefficiEnt is independent of position in 

the lattice This condition which is expected to be satisfied if the speci- 

143 
men has a small diameter and high thermal conductivity so that thermal 

gradients are minimized 

The general diffusion equation under ccnsideration is 

lv 	
lvV c1 ) 	 (20) C)t 
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,C) ci ,  rCD 0 'Cd El  
(3) (9 • (3) 

C) > H 
0 0 C) O•H 

'a) . . 
* 

0 
0 

0 
0 <1 

'0 
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where D 	D1(t), so that Eq. (20) becorns 

c .  
t1 = D(t) 	c1 . 	 (21) 

The time-dependent mono.cancy diffusion ccefficient, 1) 1 (t) is given by 

D (t) = a 2  v 	exp(S/k) epH/kT(t)]: 	(22) lv 	o lv 

• .... 

Here a0  is the lattice parameter, V 1v  is the vibrational frequency of those 

atoms which are nearest neighbors to a vacancy, 	is the monovacancy 

• 	migration entropy and /2H is the monovacancy migration. enthalpy. T(t) IV 

was taken as the experimentally observed e<ponential time law,  

T(t) .= T+T.exp(t):;)  

wher T0  = 770K,,.. T = Tq _ T0, and Cx is the rate, constant, (se). 

The boundary conditions, including a time-dependent equilibrium 

boundary condition at the dislocation core, rd,  are: 

C(t) = exp(sS./k) e[_&I/kT(t)] ,t >0 r = rd 

• . 	•• 	[C/r] 	=0 	• 	. ., 	,. 	. 	. all t 	r = Rd 	(23) 

C 	.= C (T ) 	.. 	 ' 	t = 0' r < 'r < R lv. 	lvq 	• 	, 	 .d— 	—d 

where AS and. nZIV are' the monovacancy fo'mation entropy and enthalpy,IV  

respectively. It is possible to obtain a solution to this problem by a 

93 general method previously reported by Seidman et ai. 6 ' 	. The concentra- 

tion profile is 'accordingly given by.'  

C1(r,t') . C(Tq ) - 7r z f F(T) exp(a 2 :)dT 
n=l[o  
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(Rdafl ) J0(ra) Y,(r
2 	

) - J0(r a)Y0 (rd.aI) 1 	
2 • 	 x 	 - 	 x exp(-t'a ) 

L 	 j (r a ) 	j (lL ) • 	 o'd.n 	• 2 
	

ct 
l 	tn 

and by integration the mean concentration is 

22 
•- 00 	 t' 	 CXt a J R,a 

1(tT ) = Civ(Tq) 	
2 	

2 	f. F(T)exp(a2T)dT 	
I) 

	2 	
a 

Rd_rd. .n=l 	
[J2(ren
o)ld.an) 

• 	 (25) 
where 

= jt D
1 (t) d.t 	 (26) 

and J(x) and Y(x) are BesseL Functions of the first and second kind of 

order n. The a are the zeros of n.. 

Y(rda) Jl(Rdafl) - J(rda) Y1  () = 0 	 (27) 

and F(t) is given by 

F(t) = Civ(Tq) - e 	(S/k) 	[-/kT(t)] 	(28) IV 

Equations (24) and (25) were evaluated. on the IBM 6600 computor. The 

fractional loss of vacancies for various quenching temperatures was cal-

culated and the results are suiranarized in Table V. The indication is that 

most of the vacancies are retained (i.e., > qQ%) for quenches from below 	
* 

6750 c but that a substantial loss of defects accompanies higher quench 

• 	temperatures. 

• 	These calculations are interpreted as indicating that the fractional 

loss of vacancies during a quench was appro.mately constant (i.e., 

f(Tq ) 	onstant) for Tq  < 600 c. The: estLm.ted total equilibrium vacancy 
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: 	•: 	 •. . 	
: • 	: 	. 	•; 	•.• 	 • 	• 	. 	Table . V. •• Cacu1ated Fractional Loss of Vacancies to a 	• . . 	• 	: . • 

Regular Array of Dislocations During an 
Exponential quench 

Quench Temperature Fractional Loss 
(Oc) C(T) 	- iv/iv(Tq  

750 0.1213 

700 0 1062 

675 0.0891 

650 0 0822 

625 0 0702 

600 0 0620 

575 0057 

* 

Here Civ(Tq) is the equilibrium monovacany concentration at the quench  i t 

temperature, Tq  and. lv 
 is the calculated werage concentration retained 

after the quench 

Pertinent Data 

= 28 sec 1  

T0 	=77° K 

2v1 = a iv exp(ST/k) 
= 	SD If 	e(S/k) = 0. 2036 

lv  

11, 	 = 1 0eV lv 

=08k 
lv 

i=b 09 7  

= ixio8cm-cm 

= 
-8 

3xlO 	cm 

Rd 	
= (Nd)_V2 	6 1 >0Srm 

= 	c1 ( ioo'c) 
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0 

concentrations, which were calculated for assumed values ofand 2v 

(see Table iv), indicate that in the temperature range of interest the 

monovacancy is the dominate defect, :L. e., (N/N)T q 	c 1 (T0 ). Furthei', 

assuming that the resistivity per atomic percent vacancies is, to a first 

approximation, independent of the state of aggregation, it is concluded 

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

* 
represented by 	 - 	 • 	 - 

{P(Tq)J2oK 	A' exp C- 	 (29)
Cl 

where A'= (l.7±0 . 2)xl0  ohm-cm and 	1.09±0.0 eV, consistent with
IV  

the values predicted by specimens with R(27 K)/R( 1-.2 K) > oOO. The un- 

certainty in HV encompasses allestimate3.. values. If the data for the

fV  case R(273 ° K/R(.2 0 IS) 	450 are included, the.result is LH = 1.07 0.05 cv. 

As was previously demonstrated (see Fig. 23), these data are clearly biased 

toward higher quenched-in increments. Whil the origin of this difference 

is not clear, it is ternptin to attr:ftute ft to an impurity effect. Never-

theless the data are far too limited to per ue the point further. Finally 

• it is wortb, noting that similar behaior ha been reported in the case of 

quenched gold for R(273 0K)/R(.2
0 K) z 30056 and platinum for R(273 ° K)/R(.2° K) 

• 	75. 2  

It is of interest to cempare the present estimate of the monovacancy 

-formation enthalpy to that determined, from equilibrium measurements. 

ff 
Assuming S (1.5 05)k Simmons and Balluffi 11  obtained Liv=  1.17±0.11 eV.IV 

See Eqs (9) - (13) in Sec I-P 
** 	-.• 	•- A' 	100 	f 	. exp (LSj/k). • 	 • 	 S 
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With an ässigent, of 	= 0.8 Ic, their :'esu1t is brouht into better 

agreement with the present nonequilibrium stLmate. This alternate 

selection of the entropy term is not incon:;istent with theoretical cal-

• 	. 	culations for the copper lattice (see Ta'b1 vii). 

B. ivionovacancy Resistivity and !'o;mation Entropy 

• . 	. 	. Conclusions from the prcvious discuss:.on permit an evaluation to be 

made of the monovacancy. resistivity, AP 1 . For Tq 1077°C,  an extrapo-

lation of the measured temperature depend.erce of the. quenched-in resistivity 

predicts p(l075°C) = (i.4±0.2).xlO 8ohm-cm. This increment can be cx-

pressed as 

tp(b077Th)4. 20K = 100 [p1 Ci(T) + AP2vC2v(T) +  

(see Eq (9) ) 	The constants  zSpmay be slightly tcriperature dependent 

If it is assured that f(T q ) 	1 and therefcre that, this resistivity incre- 

ment is truly representative of the high t€nrperature equilibrium concen-

tration of vacancies, and again that tp. varies linearly with j 1 then 

[p(l077°C) 	2°K  100 lvlv(T* ) + 2C2 (T*) + 	j 

	

100 1v 	11075°c 	 (30) 

ploying the eerimenta1ly determined value of (/N)1077o=  (1 9±0 5)x10 

• 	•. 	
•: ' • • obtained from equilibrium measurements, 	it follows that thevacancy : 

• 	• • 	 resistivity at •.2° K is 	• . 	.. 	 • 	• 

lv = (0-75±0-35).tohm-cm/at.% vacancies 	 (31) 

• • •. ' The uncertainty is based on the error asisisg from the assumption that 

i.e., 10% on the 'stated crors Ln p( 10 77° c) of 12% and 	. 

• 	 • 	(N/N) 
10770 	

of 26. . • 	', 	•• 	• 	• 	 , 
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It is also possible to e3t ma-be the rno:'ovacancy formation entropy 

from the experimentally determined value of A' and th estimated value 

of p . The result is 
lv 

= (0.84-0.5)k. 	 (2) 
IV 

The uncertainty is significantly large because fThe coe p-ond±nl large-  - 

errors in A' and Ap 1v 

C. Monovcancy Migration iithalpy 

Provided that self-diffu9iofl occurs or ncipal]r by the mofion of 

monovacancies, an estimate of the, migration enthalpy, 	can be obtained
IV  

from the present data and the relationship 

	

,sd 	
v + 	v 

As. an indication of the relative contributicin to high temperature self-

diffusion that might be expected from.monovacancies and divacancies, the 

	

sd -sd. 	.  
ratio D lv 2v /D is considered. The tracer self-diffusion coefficient due 

•  

to monovacancies is given by 

sd DIV = a2 fivviv exp( _LSv/k) exp( _/kT) 	Civ(T) 	
( Li.)

IV 

• 	where a is the lattice parameter, f is the correlation factor, v is 
lv 

the vibrational frequency of those atoms which are nearest neighbors to 

a vacancy, andSv is themigration entropy. The corresponding diffusion 

doefficient due to divacancies is 

= ( . ) a '2v''2v em(J/k) e p( 	vT) 	c2 (T) 	(3) 

where it is assumed that the oily ator w1ich exchange with the defect arc 
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nearest neighbors,to bothdivacanCy sites. .'tere v2  is the vibrational. 

frequency of the four atoms which are nearesb neighbors to both vacancies 
-x. 	* 

in a divacancy. If it is assumed that v 	2v and 5m 
	2S = 2k, 

lv 	2v 	lv 	2v 

and since f1 z 0.7895  and f2 	 the desired ratio is given 

approximately by 

D/D 	Z rc1(T)/c2(T)1 	 - 	/kT] 	i 	 ( 36) 

sdsd 

 IV 

At the melting point of copper, the ratio of the diffusivities, D1/D2, 

is 2 and 7 for a low and high binding enrr model, respectively. 

These estimates, : along with the pertinent data and assumptions, are 

sununarized in Table VI. The existing exp:erinental determinations of B2 

favor the, low binding ene:rr model for copper (i.e., 0.1 < B2v 

These results are tentatively interpreted as indicating that high. temperature 

self-diffusion in copper occurs primarily by means of monovacaflCy migration. 

Therefore taking Q sd = (2.10±0.02) eV (also see Sec. I-c), it is concluded 

• 	 that 	= (l.0l±0.06).1T. The error was again obtained by summation. IV 

It is also possibleto evaluate the contribution of divucançies to 

high temperature. self -dif±\.sioii under the 'condition that the diffusion co- 

11,12 
efficient is given explicitly by 	 . 

• 	. 	. 	.. 	. 	. 	. 	. 	, 	. 	. 	.,•. 	.. 	. 	' 	... 	.. 	- 	 . 	 •. 

DSd = Dd + 	= D ecp (Qsd/kT) 	 (37) 

Eli 
If reasonable assumptions are again nide about divacancy properties in copuer, 

the quantity 	+ 	was found to be 1oered slightly, but the alterat on 

Since thenearest neighbor relaxation ir; e:ected to be treater around 
divacáncy than a monovacancy, and. because there is less straining of the 
lattice when an atom jumps into a d:Lvac[ncy than a monovacancy, these 
approximations are qualitatively reasonable. 
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Table VI. Estiation.of the Ratio of the Diffusivities 	a11Sa 
lv2v 

at the Ielting Point of Copper. (1083 ° C) for Low and. 
High Binding Energy Mod1s. 

• 	 B (eV) 	C 10 	C 	10 	C /c 	D/D 2v 	 lv 	•2v 	 lv 2v 	jv 2v 

0.2 	1.93 	 z 0.03 	z 64 	z 42 

0.4 	 1.70 	 z 0.15 	11 	 7 

Pertinent relationships and. assumptions: 

a 	(/N)T = C1 (T) 	2C 2-(T), (a/N)107o = (2 	10 

b 	C2 (T) = 6c 	exp (i.C/].T) 

-1 + F2. + ) (L/N,6G ) /kT) 
= 	C. C (T)  

• 	 • • 	lv 	 •, 24 exp(Gç'/kT) 

d. 	 = B 	- TSb ., 	 2'S 	- 	-1k • 	 2v • 	2v 	2v 	:2v 	• 	.x 	2v 	. 

e (Dsd /D)z 65 [C1)/C2(T) J 	for 	1 eV,
IV • 	 2v 

and. LZ 	O65ev 2v  

H. 



-100- 

sdll5 
is not appreciable and within the e>perimeiital uncertainty in Q. . 

Therefore the contribution, of divacancies ;o DSd  for this model does not 

'alter the present result. 

D. Comnarison with Theory 

Numerous theoretical calculations have been made of the,formation 

enthalpy, migration enthalpy and various oi;her properties of monovacancies 

as well as of vacancy pairs and larger agregates. In general, copper has 

been employed, as the prototype. All but the most recent of these investi-

gations have been summarized and discussed by Damask and Dienes. 1  Ivlany 

of the theoretical values derived for copper are collected in Table VII. 

These results have, in many instances, been quite helpftl in indicating 

the many possibilities which migh 'exist and., as such, have been a 

valuable guide in the interpretation of experimental results. Neverthe- 

• 	 less in view of the range of possible values in some cases, the acceptance 

and use of numerical results (especially fçr clusters) must be done with 

caution. In uoting previously, from theory, these considerations were ,  

• 	 implicitly assumed and it is in this same ;pirit that the present ±esults 

• 	have been evaluated and are now compared to theory. 

The reported estimates of the monovacancy fo'mation and migration 

• enthalpies fall in the middle range of the theoretical predictions (see 

Table vii). , On the other hand, the resistivity per atomic percent vacancie 

is about .a factor of two smaller than the generally accepted theoretical 

• 	. 	 . 	.11,1 
estanate; for copper of 1.7 tomn-cm/at.% vacancies. 	This disagreement 

• is not considered to be serious in v:iew of the large uncertainties 

associated with the individual quant:Ltie; thvolved and of the many assump-

tions required to obtain  the desired experimental result. The estimated 

14 



Table VII. Theoretical Estiniates of some Vacancy Properties 
in Copper 

• 	 Formation Formation Migration Binding Resistivit:y 
Defect 	Enthalpy Entropy Entsa1py Energy 

zJ(eV) B.(eV) (-cm/at.%) 

Monovacancy. ito 12a 159 
1 Q41  

• 	 09b 05h o.6b :. 

0.8c 
0.97 S 

0 97±0 25e 1 06 1 

10f . 	 . 	 . 

1.7 

0 6q 

Divacancy 	
. ,2•8h5 	

. • 0..35 0.3 	Oto 10% lessV 

• 

0•2k 
than 2p1  

02 to 
10r  

01002 

0.6 0.36u.. 

Trivacancy 	• 	 • •: .. 	 • 

k. 
. 	 1.9 

x 
0.5 to 2.9 

• S 	 • 05 to 1.O 1.1 to2.1 

• 

Tetravacancy 

. 	

. 	 • : k 
1.9 

u 
1 to 3 

• 	a. see reference 103 	. 	• ni. ee reference 11 
b. see reference 10 	 . 	. n. . 	 ee reference 115 	• • 

C. see reference 105 and 106 0. see reference 116 
d. see reference 107 • 	 p. see reference 117 

• 	e. see reference 108 	 • . 	 q. see reference 118 
f. .. see reference.109 - 	 S  • 	 r.. see reference 119 	. 
g. see reference 110 	 ., • 	 S. see reference 120 
h, see reference 23. 	 5 	 • 

- 	 t. see reference 121 
i. • 	 see reference 103 and ill 	•• u.. see reference 122 
j. see reference 112 V. see reference 5,54, and 123 
k. see reference 16 	• . 	 w. see reference 124 
1, see reference. 113 	

• • : 	
x., see. reference 16. and 125 
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value of the formation entrdpr is consist€nt with theory, although 

the present value is somewhat lrer than ,tat favored by Simmons and 

11 	 . 	 2 
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 Pnea1ing and Vacanäy Aggregation 

In gneral, the quenched-in defect structure and the manner in which 

it responds to thermal energy are quite complicated. Tbc fractional con-

centration of the numerous possible defect clusters (i.e., vacancy-vacancy 

clusters, as well as vacancy-impurity clustrs) after the qc-nch is uncer-

tain. For the most part, this is the esuJ: of our ignorance about the 

various properties of such clusters,(e.g., their characteristic binding 

energies). Recent machine calcilations for a TTtypical' t  noble metal7  have 

illustrated many of the important features of both homogeneous and .hetero-. 

geneous nucleation of clusters during the quench. The results indicated 

quite clearly that such alterations in the distribution of aggregates must 

be taken into account when detailed studies of defect mobilities and vacancy 

clustering phenomena are carried out.. Litt:Le is known about the spatial 

distribution of the defects although it is generally implicitly assumed 	. S 

that the distribution is random. Specific defects may anneal out in 

different tenerature ranges. In addition, two or more annealing processes 

may occur simultaneously and to a variety of sinks hich may be effectively 

fixed, (e.g., subgrain boundaries) as well as variable (e.g., stable vacancy 

aggregates) in character. These various sinks are, in many instances, com-

peting for the excess vacancy concentration. The effectiveness of a parti-

cular sink may depend strongly on its spatial distribution and possibly on 
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the annealing temperature. The fact that when the annealing temperature is 

sufficientJr low, vacancies cluster and the resulting aggregates constitute 

the major sinks supportsthis viewpoint. The importance of certri. impurities 

• 	 in promoting heterogeneous nucleation of vacancy aggregates was suggested as 

a result of electron microscopy investigations by Cotterill and Segaii °0 ' 9  

for the case of quenchedgold. This conciuoion was quantitatively substan- 

• 	 tiated recently. by Ytterhus et 	 These authors showed that small 

• 	. 	concentrations of.specific impurities, (i.e., < 	4xlO 	at 	played a 

dominant role in determining. the effective vacancy aggregate sink density, 

in gold and similar behavior is expected, in other noble metals. 

Therefore, descript:vely, the recovery of quench induced vacancics, 

as inferred from a ) theoretical 4  considert ons, b) measurements of the 

change in the residual rEsistivity and c) drect observation of precipitated 

aggregates by electroi microscopy, is eected to involve the annihilation 

of certain mobile vacancy clusters at a relatively complicated sink structure. 

IvIoile defects may combine with one another and depending on their character, 

dissociate into lower oroer defects There will be a general terdency for 

large clusters to be established:through aceries of additive events. When 

an aggregate reaches a "critical" size it becies a stable, immobile vacancy 

59 sink which then grows by the inward diffusion of mobile defects. 	In light 

of our present knowledge,' the "stable cluster t ' is by.necessity poorly defined.. 

For instance, it could be a) one of the numerous possible trivacancy or tefra- 

yacancy complexes, 99  b) merely a region in the lattice where locally the con- 

H •i centration of v.canciesis very high, i.e., a region of very low density, and 

c) an actual discrete void of the type suggested from small-angle scattering 

experiments264, and larger versions . of which have been observed directly in 

quenched aluminum by transmission cleetron ricroscopj 62,98 fed d variable 
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sinks compete for vacancies. Impurities are expected to play an important. 

role in promoting heterogeneous nucleation of stable clusters . As a con-

sequence of this picture, the correspondinLi form of any particular anneal-

ing curve, and therefore the migration proce ses, initial stages of vacancy 

clustering, final form of vacancy aggregates, and the processes associated 

with their elimination, is expected to be quite structure and impurity 

sensitive. In addition, as was pointed out ly Balluffi and Siégei, 9  

the actual shape of the annealing curve may rot, in fact, be related 

• 	 uniquely to the vacancy migration processes ;hich occur. It is therefore 

• 	evident that a comparisonof data obtained from different laboratories, 

usually involves a number of difficulties ano may be of limited signficance 

in many cases if sufficient information is not reported. The discussion 

• • 	which follows is presented in a spirit consistent 	 description. 

Several likely possibilities are presented to explain the observed anneal-

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

conclusions. 

The isochronal recovery behavior pertains to specimens quenched from 

about 700° C with a corresponding fractional retained vacancy concentration 

of (/N) 700 o 0  z5 Three annealing stages were observed with maximum 

annealing rates occurring at about 	000  and +000 C. For the con- • 

venience of discussion these stages will be referred to as Stage 

• Stage IVq  and Stage Vq  which is'co nsistent with accepted terminology. 

Stage IIIq ' annealing can be qualitatively considered in terms of the 

relative motion expected from inonovacancies, the dominant defect at the 

quench teperature. and for tha sake of ciiscusion divacancies. The mono-

vacancy diffusion coefficient is given by • 
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2 

D1 = 
	= a2  v1  exp(/k) exp'-/kT) 	 (38) 
1-2 	0 

where F1  is the average 

The corresponding expres 

2 	2 
a 	a 

0 	 0 
2 	- D= 	F2v _ 

number of jumps a mriovacancy makes per second. 

sion for divacancieS is 

V2v exp(AS 1 /k) exp(-H/kT). 	 (39) 

Here F2  is the average number of nondissocitive jumps a vacancy in a 

divanancy configuration makes per second.. II; one assumes as before that 

v =  2v and 	2? = 2k, then the rtio of the diffusion co- 
lv 	2v 	lv, 	2v 

efficient of a divacancy to that of a monovac:ancy at a te1eratureTa is 

•

z 0.03 éxp{ 	* L̂ J-L411 /kTJ. 	. 	( ho) 

• 	Taking 	1.0 eV, 	0.65. eV.ar,d T =, 233 ° K (i.e., -o°c), one 

obtáiñs D2/D - l.2xl06 .. Therefore for any realistic ratio of  IV 
• annealing would be completely dominated by dvacancy motion in this Cit- 

uation 	 . 	 . 

• 	 An equivalent way of looking at the problem is to consider the average 

number of jumps; n,' 	a particular defect would make during a given iso- 
jV 

annealing step. The average number of jumps made by a monovacancy, 

during a 5 mm. anneal at -0° C was estimated to be = 1x10 3, whereas 

a divacancy (assuming 	0.65 eV) would be expected to take 3x102  

Existing experimental results bye b e en interpreted as inaicating that 

0:6 	< 0.7 for copper .L), 	. 

Since the average number of ;umos rna:o by a defect in time T is n•=FjvT, 95  
it follows from Eqs. (38) aid (39) that 	 , 
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jumps on the average during the same interval of time. Therefore the 	
i 

dominant defectmigrating during Stage "q  is not expected to be the 

monovacancy but some higher order cluster. 

In view of the qualitative evidence against the monocancy contri-

buting significantly to Stage III q 
 annealing, the forrntion of vacancy 

clusters during an exponential quench ras considered. The siinule case of 

d.ivacancy formation was invest:Lgated. The details are presented in Appendix 

III. The general model considered was fist suggested by Koehler et 

and subsequently. eiloyed in the analysis. of results on quenched gold.850 

The following described. the main points of te model and presents the 

pertinent results of its application to this investigation. 

For quenching rates which are experimenally atbainable in the labora-

tory and compatible with the ass of, say, the present investigation, 

vacancies no doubt make a, large number of jnps during the initial part of 

the quench. The number of vacancy-vacancy collisions isufficiently high 

so that the thermal equilibrium concentration of divacancies is attained 

(as indicated by the kinetic equations which are used to approximately 

	

48 
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 interest proceed too slowly to 

satisfy the euilibrium demands. The actual concentration of defects.therc:- 

fore deviates from theuilibrium;values. The temperature at which this 

• 	 • 	 • 	 * 48 • 	 • 

	

deviation occurs is defined as T 	Any change in the vacancy distribu- 
- 	 •• 	 * 

tion which occurs below T is small. An estmate of T and the correspond- 

• 	• ing fractional concentration of the various vacancy cluster characteristic 

* 
of T is 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 negliib1e, (i.e. 

C + 2C= constant for all t and characteristic of T ) then the lv 	2v 	 q 

kinetic equation describing the time dependence of the monovacancy con-

centrat ion, C, is given by 

dC lv 2 	,. = .-2C 	K •r Lk. 	 -rl lv 1 	• 2v 2 

Here K1  and K2  are so-called rate constants and written as follows: 

K1  = 84v1  exp(S/k) exp(_iH/kT) 	 (42) 

K2  = 14 V2 expE(S + 	 + B2 )/kTJ (43) 

• 

	

	where 84 and l# are the appropriate combinatory numbers for the association 

of rnonovacancies and dissociation of divacancies, respetively. 

The associative rate of change of the monovacancy concentratior required 

to maintain the instantaneous equilibrium concentration of divacancies is 

obtained by differentiating the equilibrium texpression 

C2  = 6 C1 2  exp( ,/kT) 

dCi. 	dC2  
with respect to time and using the fact.that dt = -2 dt 

	The equili-• 

brium requirement can formally be written 

12C 	B • 	 1 

kT(t)2 	
•: e 	[GkT(t)j 

(dClvdt 'eq 	[1 + 48 (/N)T0  exp LLG/T(t) 172 	
' 	

. 5 

• 	 The temperature TA  is reached uaen the associative rate required by equili- 

brium just equal the associative term in Eq. (41) Thus, it can be shom 

that T is defined by the following equality for a so-called exponential 

1 1 
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-a 
• 	quench having a time constant a sec 

lDi(T )kT*2 l + 8(T/N)T e(Gv/kTX )]1/2 
	

* 

• 	: 	a(T
* 
 -T ) = • 	

q 	 • 	( K/sec). 

a •  B2  e(G/kT) 

0 

Values of T were determined for Tq  = 700 C and assumed divacancy binding 

energies. The ratios of the: divacancy concentration to the monovacancy 

* 
concentration, characteristic of T and total. defect population were cal-

culated and are summarized in Table ViII. In the case where the binding 

enerr is high 0.3 < B2  < oJ an appreciable fraction of the retained 

vacancies are in the form of divacancies. For the purpose of comparison, 

the relative fraction of vacancies which are in the form of divacancies 

when the reaction under consideration is allowed to go to completion at 

-0° C was also computed and tabulated. 

Stage "q recovery is 

from the literature in Sec. 

that in some instances very 

temperatures lower .than 0
0
C 

consistent with the general conclusions drawn 

I-D (i.e., -80 ° c 'CT 	< +100 0 C). The fact 
III q 

little recovery was reported for annealing 

can be attributed in part to the choice of T 0  

• (i.e., the tenerature to which the sp( --!cimen is quenched). As was illus- 	• 

tated clearly by the present pulsing ceriment (see Fig. 27), a signi-

ficant amount of recovery occurs at ,ternperatu:es around 0
0 C even when the 

• 	• time spent there is short:. Care must therefo:e be taken in any quantitative 

interpretation of quenched-in increments when quenching to, say 0 ° C. The 

time spent at T0  is usually qpoted as being much less than the' 20 sec 

employed in the present pulsing experinent, nevertheless it serves to 

demonstrate the point. Similar but more marked behayior has been observed 

for aluminm where time spent at temperatures as low as -i0 ° C appears to 

62  be' critical,  
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Table VIII 	Calcuatcd Vlue 	o e C itical Te'cj.atre, T , 

and. the 	lelative (oritribLit on of Divacncies to the 
Defect Population 

Calculatea (cV) D v cancy Bi 	ii 

uantite s 0 0 2 0 ) 0 

(N/N)T 	
X 100 5 02 5 0 5 05 5 27 

CI 

T 	(°c) '50 1)7 259 274  

x. 
c 	(T) 	2. x 10 C2V T  0 17 1 1 6 5 27. 2  

lv' 	/ 

* 

2C 	(T) 
2v 	Xl0 034 22 ii6 352 

2[C 	(_li.0°c)] 2v 	eq io2 2 37 59 95 8 99 6 

(LN/N)T 
CI 

. 	 . 	. 	. 	. •. S  . 	• . 	. . 	 • 	 . 	. .... . . . ... .... 

* 
See Appendix III, Table X 	for pertiiert parareters used in the 

calculation 

o 

S 	 . . .. 	 •.. 	 I :.. 	
.. 	 •• 	

. •. . 	•:. 	 • 	 • 	• 	.. 	 ., 
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Stage "q annaling of quenched 

silver where a low temperattre recove 

28 
Doyama and Koehier have tentatively 

copper can be contrasted to quenched 

y sGagc has also been reported.. 

id.eniiied the defect which migrates 

at temperatures below 0 ° C as the divacancy and estimated that. its binding 

enerr is between 0.3 and 0 eV. Detailed. .inetic studies have not been 

carried out on copper in this temperature region but the present annealing 

results indicate that such an investigation would be desirable. - 

Stage IVq  (centered at 20000) and. Stae Vq  (centered at 	
4000C) 

will be briefly discussed in light of the foalowing eerental obser - 

vations: 

Ramsteiner et al. 13  have observed an annealing stage in quenched 

copper in the temperature range from 100°  to 200° C (see'Table ii). The 

kinetics have been interpreted as indicating that the migrating defect is 

the monbvacancy. The activation entha.Lpy for the process was found to be 

1.0 to 1.1 eV. Similar observations and conclusions were reported by these 

• 

	

	authors10°  as a result of an investigation of the recovery processes in 

copper subsequent to cold work. 

Small angle-x-ray scattering experiTrents 	made on copper 

quenched from close to the melting poit and annealed at, or slightly 

above, room temperature have been interpreted as indicating the existence 

• 	of three densional vacancy aggregates (maximum dension 30). Clusters 

were first detected after about 30 man. annealing at 25 C. Recovery of 

the observed low temperature scattering phenomenon occurred at an annealing 

/ . 

	

	temperature of about 190° C. This recovery was attributed to either the 

dissociation of vacancy agglomerates and annealing out of the products 1  or 

to the reordering of the agglomerates (i.e., their collapse into prismatic 

loops).2 . It must be kept in mind thai; the atralysis of these x-ray data 



is made difficult because three dimensional 'roids cannot easily be dis- 

tinguished from small loops; nevertheless the presence of scattering 

centers which are initially about lOA in d:Laaeter is an experimental 

real 4 iy.
64 

 

3. The present results show that when eopper single crystals. are 

quenched from T z 10 14-0 ° C and subsequently annealed for 15 mm. at 0 ° C 

and then f or 1 hr at 100 ° C, randomly orientecL, planar, vacancy aggregates 

are directly observed by electron microscopy.. When these annealing con-

ditions are combined with those. outlined in sec. .III-D which resulted in 

no evidence of resolvable'aggregates, it se:eris quite clear that the presence 

of loops which are lirge enough to be detected by electron microscopy is 

apparently controlled by the so-called "pre.ging" treatment (i.e., in 

the present experiments the time at 0 ° c). Therefore, as expected, the 

final structure is a sensitive function of tl.e nucleation processes (i.e., 

• 	.. 	annealing at 0 ° c) and the availability of mobile defects in a sufficiently 

high concentration to support growth processEs at highei temperatures (i.e., 

annealing at 100 0 c).. The fact that voids have not been observed cannot be 

used as an argument against their existence. The detection of voids is dc-

pendent on "mass thickness' contrast (:L.e.,at a void the extinction distance, 

to, effectively approaches infinity). It has been estimated that voids can 

be detected by this mechanism only.when the defect is greater than about 10171 

of the foil thickness) 0  Considerable difficulty in detecting voids has been 

encountered by a number of authors, 10  but recently their existence was proven 

in quenched aluminum. 	It is possible that such defects may represent a 

necessary stage of vacancy, aggregation prior to loop formation, as has been 

suggested for some time. 102  The exact relationship between the void and the 

prismatic'.loop in quenched aluninum is still not completely clear, however. 
62 
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Recognizing the fact that the. thenrial hi;tory of wire siecimens used 

in the present isochronal annealing studies differs significantly from 

those employed in the above mentioned investigations, the following 

Dossibilities are suggested as processes whici might be contributing to 

Stage IVq  and Stage Vq  recovery phenomena. 

StagelV: 
q 

Diffusion of monovacancies to prismabic loops and/or stable three 

dimensional vacancy aggregates, 

• 	 2. Dissociation of relatively sniciil immobile clusters and the diffusion 

• 

	

	of the products to prismatic loops, and./or stable three dimensional vacancy 

aggregates and fixed sinks, 

• 	 3. Annealing out of three dimensional vacancy aggregates with products 

• 	contributing to the growth of prismatic loops, 

• 	 2. •  Collapse of three dimensional vacancr aggregates into prismatic 

loops 

Stage V 
q.. 	 . 

• 	 1. Growth of large prismatic loops at the expense of smaller ones and 

the evental annealing out of the loops. altogether, 

Annealing out of three dimensional vacancy, aggregates. 

The effects of impurity atoms are implicitly considered in terms.of (a) 

monovacancy migration occurring as a consequence of the defect having been 

"stabilized' s  to higher temperatures by interactions with impurities, (b) 

• 	immobile T'clusters' t  where clusters are of the vacancy-vacancy type and 

vacancy-impurity type arid (C) the existence oi' prismatic loops some of which 

could have originated as a result of prismatic punching. 

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 

temperatures. The many possibilities serve to demonstrate the complexity of 

the problem 



V. CONCLUSIONS 

1. The temperature. dependence of quench induced resistivity in- 

dicates that, the monovacancy formation enthc ipy in nominally 99. 999 

pure copper is (1.09±0.04) eV. 

• 2. If the activation enthaipy for self-diffusion is taken as 

(2.10.02) eV, then the monovacancy migration enthalpy is (1.01±0.0(S)eV. 

3. When the present resistivity data are combined rith equilibrium 

measurements of (N/N)T, the resistivity per atomic percent vacancies, 

ZSP lv' is (0.75±0.) ohm..cm and the monovacncy formation entropy,.S, 

is estimated as (0.8±0.5)k. . 	 . . 

i.. Isochronal recovery of copper quenched from 7 000 C to -196 ° C 

exhibits three principal annealing stages. Maximum annealing rates occur 

at about J- ° , +200 0 , and ++OO ° C., The dominant defect contributing to 

Stage III (-o ° c) recovery isnot expected to be the monovacancy but 

some higher order. cluster. ' Stage Vq (+l-OO°c) is attributed to the 

annealing out of prismatic loopsand possibly three dimensional vacancy 

aggregates. Numerous possibilities have bean suggested to account for 

Stage IVq  (+200 0C). Detailed kinetic studie 	 l s under carefully controled 

conditions are necessary to clarify Stage III and Stage IV q  as observed 

in the present investigation.  

' 	. . 	5. • When copper single crystals are quenched from T q  1040 0 C and 

subsequently annealed under quite restrictive conditions, planar vacancy 

•1 
' 	aggregates are observed by transmission electron microscopy. The aggre- 

gates are identified as both perfect and imperfect dislocation, loops. 

The presence of vacancy loops which are large enough to be directly ob 

served : has been shown to be a sensitive function of the nucleation processes 
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• 	 Appendix I - Purification of Helium Gas 	 • : 

Because of the importance of minimizin; complications which arise 

from gaseous contamination (e.g.,02,  N21  and H2 ), considerable care was 

taken in the preparation of the helium gas used in this study. High 

purity titanium sponge at elevated temperatures and silica gel at liquid 

nitrogen temperature were used as purificatiori materials. The basic 

design and operational parameters were deduced from an evaluation of the 

purification of helium gas conducted by.Malgiolio, et al. 6  'In line 

gas chromatrographic techniques with a seristivity of 1 to 2 partS per 

million by volume were employed by these authors in order to analyze. 

:the effluent helium gas for contaminants. The parameters selectedfor 

the present purification train are onsistent with conditions under 

126 • . . 	which no gaseous impurities were detected. 	 . 

A schematic of the purification systeth used in this investigation 

* 	- 
is illustrated in Fig. 314. 	Water pumped tank,helium with an initial 

impurity-level of 300 to 1400 ppm by volume was dried by passing thé gas 
• 	• 	• 	 • 	** 

through a high pressure dehydrafilter containing a Molecular Sieve 

cartridge. The gas was then passed over hot titanium sponge. For this 

purpose. two columns of metal sponge were emplpyed. The columns were 

located in separate tube furnaces. The temperature of the two furnaces 

was selected as optimum for the removal of oxygen (i.e., 70 0 c), and 

• 	* 	 •• 	•. 
Many of the features of this pirification train were first. suggested • 	

. 	127 
and successfully employed by Guinan and HLmmel. 

Trade mark, Linde Company, Union Carb id.e Corporation 
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I 

Fig. 34  Helium gas purification system: a. Schematic of purifica-
tion system; IL. tank of helium gas; 2. dehydrofilLter (Hankison 
Corp. ); 3. molecular sieve cartridge; 4. micro-metering regulator 
(Millaflow); 5. ±'urnace (Marshall Products Co. ); 6. column of 
titanium sponge (750 0 C); 7. furnace (Marshall Products Co.); 
8. column of titanium sponge (900 0 C); 9. liguid nitrogen dewar; 
10. column of silica gel; 11. compound gauge (3 0 _0 _100 ); 
12. vacuum manifold; 13. high vacuum system (Veeco 00!  series); 
l. stainless steel gas storage tank. b. photo of front view. 
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* 
hydrogen and nitrogen (i.e., 900 0 C). 	Upon exiting from the 900 ° C 

ftrnace, the gas was quenched to liquid nitrogen temperature and passed 

through a column of silica gel at this temp€:rature. Prior to each puri-

fication run the silica gel was baked under vacuum for 12 hours at about 

150 6C. The exit helium gas was stored at about 60 psi in stainless 

steel tanks whose inner walls had been chemically polished. The storage 

tanks were always baked at about 50 ° C while under vacuum for 24 hours 

prior to being filled. A constant flow rate of 5 cubic feet per hour 

was maintained by a calib:rated micro-metering regulator. The entire 

system was evacuated to bout D<i0 7  torr before and after each purifica- 

tion run. 

• . 	Attempts, were made to have the . purified helium gas analyzed, but 

the very high sensitivity:requirernent preclu:led the establishment of 

any reasonable estimate of the.impurity level. Mass spectrometer 

analysis showed that oxygen, hydrogen, nitrogen, carbon, monoxide, and 

water vapor were present in quantities less' than 5 ppm, as expected. 

The titanium sponge was initially and periodically activated by 

passing purified hydrogen gas through the columns at a temperature 

of about 950 ° C for 1- hours. ,• 	, ,. 
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Appendic II - Temperature Dependence of the Resistance 

In the present investigation copper spacimens were d.c. resistance 

heated. The temperature of a test wire wac determined from the known 

• temperature dependence of the resistance. The data of Neechan and 

Eggieston, 17  i.e., R(1636C)-R(950 0 C), and, Leeds and Northrup, 79  i.e., 

R(_200 C)-R(200 0 
 C), were used asstan 	ct aars. In the former investigation 

the 'precision of the temperature determinatLon was ±0.5 ° C. Leeds and 

Northrup79  quote values of the resistance in steps of one degreeand 

place an uncertainty in the'temperature of:0.05 ° C.' The nominal purity 

of' the copper used in boh of these cases was identical to that employed 

in the present work 

The two sets of data were internally consistent if one put 

R(0 ° C) = 0 08989 in the Meechan and EggJe ton case With this asslEn-

ment the resistance ratios, R(T ° C)/R(0 ° C), for the temperature range 

1630 to 810 0 c were fitted to an expression of the form 

R(T° K)/R(273 0K) = a+bT1+ cT2 	 (46) 

using a least squares criterion. • In this ec:uation T is the teperature 

in degrees Kelvinand the:coefficients a, b, and care 9.9820x10 , 

3.266<10 3 ( °K) and 9.05310 7( ° K 2 ), respectively. The average 

error in the computed ratios was 0.07%  which corresponds to n uncer-

tainty in the temperature of 0 5 °C and is therefore equivalent to the 

quoted experimental error 17  In view of thas, the calculated temperatuac 

dependence of the resistance was considered as a very good representation 

of the experimental data. , Therefore from the measured resistance of a 

test specimen at a particular temperature and from the ,ratio of this 

resistanàe to that measured at 0 ° C, the desired average specimen 
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Table DC 	Resistance Ratios, R(T ° C)/R(0 c), for high ?rnity Copper 

T 
rR(T0c)/R(o0C)1oS 	[(T°C)/R(0°C)13iC 

( 	c) (ohms) 

163 9 0 15275 1 693 1 7005 

179 0 15852 1 	6 1 7636 

207 7 0 16802 1 862 1 8717 

239 2 0 18c5 2 00)6 2 0112 

.269.8 0 1929 2 14 2 10 

6 0.21770 2 	8 2 	195 

370 6 0 23210 2 5320 2 5779 

1 i3 7 0 21933 2 777 2 7698 

50  2 0 2602 2 93 l 2 965 

497 2 0 2 8350  3 	L5 )9 3 156 

519 7 0 30555 3 )92 3 1 003 

600 3 0 32716 3 636 3 61r38 

651.9 0 3998 3 89 ) 3 896 

699.9 037159 4138 3 1357 

739 9  0.38979. 33)3 ) 	3385 

770 6 0 1020 19(6 I 

810 1 0 12307 70( 7011 

a 	Meechan and Eggleston17  

b 	(00C) = 0 o8989c 

C 	ER(T0K)/R(273OK)eale = abTcT2  

here 	a = 9 9820X102 

b = 3 2667<10 ( °K) 

c = 9 0538X107 (01(2) 
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Fig. 3 5  Ratio of the resistance of copper at temperature T, to 
that at 0 ° C plotted as a function of temperature. 



123- 

Appendix III - Formation of Divacancies During an Exponential Quench 

S 	
For quenching rates which are experimntal1y attainable in the 

laboratory and compatible with the aims of the present investigation, 

vacancies make a large number of jumps duing the initial portion of 

* 
the quench The nuither of vtcancy-v cancy and vacancy-cluster colli- 

sions is sufficiently high so that the thermal equilibriuir concentra-

tion of a number of the lower order aefect clusters is attained (as 

indicated by the kinetic equ3tions uhich are used to appro'matc1y 

describe the physical situation) 4809,87 eren o.uring the short time that 

the specimen is at a particular temperaturo. As the temperature de-

creases, .a point is reached i;here the reac.ions of interest proceed too 

• 	slowly to satisfy the.equilibrium demands; The actual concentration of 

the numerous defects therefoe devietes from their equilibrium v.ilues 

-x-L8 
The temperature at which this de:Lation occurs is defined asT . 	•The 

* 	. 	 •  
temperature, T , is a function of the order and nature of the cluster., 97  

as expected 

In the. following, the simple case of Ovacancy formation 

(i e , C 1  +C1 	C2 ) during a so-callcd exponential quench is 

• .., . considered. The experimental time-tempe:rat.ure relationship for a 	•; 

.5 	

• 	 S 	 S 	
-- 	 * 

- . •• 	uench from 700 C was used. An estimate of T and the corresponding 

Here à.:c.luster is .definedby example: 	 • 	., . 

divacancy 	 vie ancy- impurity 
trivacancy 	divacancy-impurity.  
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N. 

fractional concentration of divacanci.cs '::h racteristic of T i:ere 

determined for various assumed values of t e clivacancy binding cnerry 

in copper (i.e.,B2  = 0.1. 02, o., an c.4 eli). The enerai. model 

47 
considered uas first suggested by Kochier et al. 	and :as sthsequcntly 

46-so 
employed in the analysis of expe:cmenui results on quenched gold. 

If it is assumed that the d:Lstribution of monovacancies and di- 

vacancies is random and that the los; of vacancies to fixed sinks during 

• 	tne q,uencn is negllglb.Le (1.0., L/I\ 	- 2C2  = CO15L.W 	for CLI t 

and characteristic of T0 ). then the ::thetic ecuation descri)tha the 

time dependence of the monovc:ancy concerration, C 1 , is given by1  

• 	 dC  1v 	_ 	2.. + 	 - 

	

dt 	= 	1v i. 	2v2 	 'h 

• Iere K1  and : are so-called rate constants and xritten as foilo:s: 

K1  = 84v, exp(SJ;c) exo(:kT) 	 . 

	

ep[(S 	- 	e 	 32 )/1T 	(49) 

vhere 84 and 1 )4 are. the appropriate comhinaory numbers for the asso- 

ciation of moIovacancies and dissociation o divacancies. respectively. 

• 	.• 	The associative rate of change of the r.tonovacancy concentration 

• required to maintain the instantaneous equli.iorium concentration 01 a-

• 	vacancies is obtained by differentiating thc equilibrium expression 

	

c2 = 6 c, 	e('/;.zT 	 •. 	(o) 

d.0 	-.2dC 
wi-tb resDect to time and. usin, the faet thai 	

= 	2 	The 

equiiibrium requirement is formally l:ritten as 



(aClv 	l2C1(t)2 B2  e 	G/i.T(t)J - (ciT/dt) 

q = kT(t)2. [l+8(N/N)T exr (G/kT(t))] 

* 
• 	 The temperature T is reached. when the ascciative rate required by 

.x. 
• 	 equilibrium just equals the associative tejm in Eq. (47). Thus, T is 

defined by the following equality 

dT* lV 1  kT[l+48(AN/N)r exp(GkTX)]1/2 
- - 	 . 	(52) 

B2  exp[ (G + G2 )/kT 

Since T(t) is taken as the experimentally cbserved exponential time 

• 	• 	law. 	• 	 • 	 . 

	

T(t) 	T0  + T exp(t) 	• 	 .. 	( i5) 

it follows that dT/dt=(TT0 ) Therefore the desired T*  is the 

rootof. 	. 	• 	: 	• 	. 	. 

a(T - T0 ) - A(T) = 0 	 (53) 

where the ftmction A(T) is the right hana side of Eq (2) 

Equation (53) was evaluaed on the iBM 6600 computer. Computed 

values of T*, Civ(T) C2v(T) and C2v(T )/Civ(T ) for assumed di-

vacancy binding energies and T q  = 700 ° C are summarized in Table X.along 

with othe' Dertiient parameters used in the calculation. In addition, 

• 	the relative. fraction of vacancies which are in the form of divàcancies, 

• • is compared to that fractionwhich is expected if the reaction under 

• 	consideration was alloied to go to completion at -0 0 C.. 	. 
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Table X. Sunary of Calculated Results of the Critical 
Temperature, T, Divacaricy Co icentrat ions, 
Relative Contribution c' Divaancies to the 
Defdct Population, and Other pertinent Data 

Calculated 
DJ.vaccr Bindin; Energy (eV) 

Quantities 0.1 0.2 0.5 0•4 

(/N)Txio6  5.o24 5.050 5.268 
. 

CI 
• 5.070 

T( ° C) 150 197 .259 27 

c1(T*)x106 	 . 1 .92o 	. 66 3.15 

c2v (T* )xlo6  0.0085 0.055 0.292 . 0.928 

c2 ( T /C1 ( T* ) 	••. 0.0017 0.011 o.o65 0.272  

2c2(T*)/(N/N) 	.. 0 .003 4  0.02 	.• 0.116 	. 0.552 
AI 

[C2 (_O ° C)] q  0 .0595 1 2.419 2.625 

2[C 	(-o ° c)] 2v . 	. eq 	
: 0.025.7 ;0.594 • . 0.958. .0.996 

q. 

Pertinent relationships and assumptions: 

a = 28 (sec 1 ) . 

T=975°K 	. 	. . 

C. 	T0=77°K . 

d. k = 8.616x1o 5  eV/deg  

S  

e 	v1 	e(S/k) 	1 . 55Xi01 ( sec ) S  

Hm 	=1eV 
lv 	 . 

5 	 . 

AN/N = C 	± 2C2 .5 
5 

ATIf 	= 1.09 eV, 
• 	lv 	. 	 lv. 

0.8h 
. 

. . S. 

(2s 	- LS 	) • 	 .= -1k . 2v 	lv 	2v • 
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