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Preface 

The International Conference on Vacancies and Interstitials in Metals, 

Jülich 1968, has been organized with the intent to give a general 

survey of our present knowledge on point defect phenomena in metals. 

Although the rapid development of this field in the early sixties 

seems to have slowed down, at present many of the fundamental problems 

are still unresolved. This holds especially for the problem of defect 

identification and the interpretation of annealing stages. Further 

progress is to be expected mainly from the application of experimental 

tools which give more detailed information about the structure of the 

single defect and from a better correlation of experiments in which 

the defects have been generated by different techniques e.g. quenching, 

particle irradiation, plastic deformation. 

For this reason, particular attention is focused on reviewing the 

information accumulated from equilibrium, quenching, irradiation and 

plastic deformation experiments employing the more common techniques1 

as well as to the search for new, more powerful tools for the study 

of interstitials and vacancies, 

The scientific program of the conference is based on about 25 invited 

lectures (with ample discussion time) which are thought to cover the 

essential topics of the field. Abstracts of these lectures, in so far 

as they have been received, are included in the present report. The 

full papers will be published in book form a few months after the 

conference. 

In addition to the invited lectures the organizing committee has 

received an unexpectedly large number of contributed papers, Only about 

30 of these papers can be presented orally. The other papers will be 

introduced by the invited speakers and will be open for discussion 

thereafter. Nevertheless, ~ contributed papers accepted have been 

reproduced in this pre-conference report and will be distributed to 

the conference participants before the beginning of the conference. 

This procedure is hoped to give a basis for fruitful discussions and 

individual scientific contacts at the meeting. Reproduction directly 

from the as-received manuscripts has been employed to assure early 

distribution of this report. 

Jülich, September 1968 J, Diehl, w. Schilling 

D. Schumacher, A. Seeger 
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I. DIFFUSION AND EQUILIBRIUM MEASUREMENTS 



Analysis of Diffusion and Equilibrium Measurements 

A.Seeger, Max-Planck-Institut fÜr Metallforschung, 

Institut für Physik, Stuttgart 

A b s t r a c t 

It has been customary to interpret high-temperature experiments 

on metals in which point defects are in thermal equilibrium (e.g., self· 

diffusion measurements, electro-transport, lattice parameter and thermal 

expansion measurements) in terms of monovacancies. The present paper 

reviews the following questions: 

(i) How can we decide whether this assumption is justified? 

(ii) If it is not justified, how can we nevertheless extract 

reliable information on monovacancies from such experiments? 

(iii) How can we obtain from high-temperature measurements on metals 

informatton on point defects other than monovacancies, e.g. 

divacancies? 

The review is divided into two parts. Part I gives a survey of the 

available approaches to the solution of these questions, and emphasizes 

the need for the further extension of experimental techniques. Part II 

illustrates the general concepts by a number of selected examples. 

I. If the Arrhenius plot of the self-diffusion coefficient is 

straight within the experimental accuracy, two pieces of information 

can be deduced, the activation energy of self-diffusion and the pre-

exponential factor. The magnitude of the preexponential factor allows 

us to judge whether the activation energy may be interpreted as the sum 

of the formation and migration energy of monovacancies or not. If the 

preexponential factor is too large for a monovacancy interpretation, we 

may expect that improved accuracy or extension of the self-diffusion 

2 



measurement~ will show up a curvature in the Arrhenius plot. Such a 

curvature may have three origins: (i) A significant contribution of 

more than two defects, e.g. monovacancies and divacancies. (ii) A tempe

rature dependence of the activation energies and entropies. (iii) A con

tribution of short-circuits (e.g., dislocations or grainboundaries) at 

low temperatures. 

Mechanism (iii) can be eliminated by confining the low temperature 

experiments to short penetration depths, by careful analysis of the 

penetration plots, and by use of nuclear magnetic resonance for the 

determination of self-diffusion coefficients. The various NMR techniques 

will be reviewed with particular emphasis on the relaxation in the ro

tating field. Mechanisms (i) and (ii) can be separated from the tempera

ture dependence of the self-diffusion isotope effect or by comparison 

of self-diffusion and electro-transport experiments. If these informa

tions are not available with sufficient precision, we have to resort 

to a least square analysis of the temperature dependence of the self

diffusion coefficient, which is affected differently by (i) and (ii). 

Equilibrium concentrations of vacant lattioe sites are usually 

lmown with less acouracy than the self-diffusion ooefficients. It will 

be discussed how the information contained in them can be used in con

junotion with self-diffusion data to determine the properties of 

vaoancy-type point defects. 

II. The general ideas outlined in I will be illustrated by 

examples which include Al, Ag, Au, Ni, and also some b.c.c. metals. 

3 
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EQUILIBRIUM MEASUREMENTS 

IN HIGH MELTING POINT MATERIALS 

M. Hoch 
Department of 

Materials Science and Metallurgical Engineering 
University of Cincinnati 

Cincinnati, Ohio 45221, U.S.A. 

ABSTRACT 

The energy and entropy of formation of vacancies in metals 
can be determined from measurements at temperature of proper
ties, which are influenced by the vacancies. Such properties 
are specific heat, heat content, thermal expansion, and elec
trical resistivity. These measurements are in contrast to 
property measurements on quenched samples. 

In all equilibrium measurements, a base line is established 
at low temperatures, where the vacancy does not contribute to 
the property measured. This base line is then extrapolated to 
high temperatures, and, from the difference between the actual 
measurement and the base line, the influence and concentration 
of vacancies can be deduced. From the equilibrium measurements 
only the specif ic heat and heat content data yield directly the 
energy and entropy formation of vacancies, and thus their con
centration at any temperature. In the other methods, only the 
energy is obtained directly1 the entropy is obtained only with
in a factor, which relates the contribution of the vacancy to 
the property measured: e.g. the volume of a vacancy compared to 
that of an atom, or the resistance increment due to a vacancy. 

To obtain heat content and specific heat at elevated 
temperature, three general methods are available: adiabatic 
calorimetry, drop calorimetry, and transient techniques. Adia
batic calorimetry is the most direct method to obtain specific 
heat. The method is limited to 1300 - 1400°K. Drop calorimetry 
has no temperature limitations; it yields heat content data. 
Because the contribution of the vacancies to the heat content 
even at the melting point is only five percent, very accurate 
data are required to obtain meaningful vacancy properties. 
Transient techniques, such as the modulation method, must rely 
on the accurate knowledge of the variations of the resistance 
of the sample with temperature. 

The present paper will concentrate on the discussion of 
the specific heat and heat content measurement at elevated 
temperature T>l000°K. 



To show the agreement between the various specific heat 
methods, and the apparent disagreement with other methods used, 
Table I shows the energy and entropy of formation of vacancies 
in copper and molybdenum and their concentration at the melting 
points (1356 and 2700°K). The methods using specific heat and 
heat content give identical concentration of vacancies at the 
melting point which are much larger than those obtained by 
other methods. The entropy of formation is large, indicating 
a very significant relaxation around a vacancy. This relaxa
tion probably involves not only the atoms next to a vacancy, 
but those farther away. The disagreement between the various 
methods is due to this large relaxation and will be discussed 
in detail. 

Experimental data for gold, platinum, aluminum, chromium, 
niobium, tungsten, and tantalum will also be discussed. 

Table I 

Energy and entropy of vacancy formation in Cu and Mo: 

Cu E 

ev 

1. 05 

1. 22 

0.7 

1.17 

Mo 

1. 77 

1. 86 

2.24 

L'iS 
k 

3.7 

5.25 

1. 5 

3.55 

3.95 

5.7 

Method 

0.5 modulation, Cp 

0.57 adiabatic calorimetry 

0.2 thermal expansion 

0.02 

1. 7 

1. 7 

simultaneous bulk and 
lattice expansion 

drop calorimetry 

drop calorimetry 

modulation, Cp 
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FORMATION ENERGY OF HEAT VACANCIES IN MOLYEDENUM 

AND THEIR CONCENTRATION 

V.Ya.Chekhovskoy, V.A.Petrov 

Institute for High Temperatures 
Academy of Sciences of the USSR 

Moscow,USSR 

Formation energy of vacancies in molybdenum-I,86 for

mation entropy of vacancies -7,8 and dependence of heat 

vacancies concentration on temperature have been f or the 

first time calcul.ated on the basis of experimental data 

on enthalpy of molybdenum obtained by "drop Ijl.ethod" for 

temperature range of I000-2850°K. The vacancies conßentra

tion at the molybdenum metting point has been found to 

amount to 2,9%. The results obtained are compared with the 

data calculated by other a.uthcrs, on the basis of data on 

trueheat capaci ty of molybdenum at high temperatures. 

More than 40 years ago Ya.I.Fre:nkel[I) predicted theoretically 

formation of point defects in crystal lattice. However, experimen-

tal study of heat vacancies has so fQr covered relatively 

few metals despite that different methods have been used for the 

purpose, connected with measurement of additional resistance, 

accumulated energy and change in the volume of annealed samples, 

heat expansion, electrical resistivi ty, heat capaci ty and etc. [ 2) 
Recently basing on data obtained on true heat capacity at high 

temperatures, formation energy of vacancies and their concentra

tion have been determined for potassium and sodium [ 2 ,3] , gra-



phi te [ 4) , le ad and hl umini um { 5} , t"uniten { 6, 7] , molyb

denum [ s] ' tantalum [ 9] ' niobium, platinum,copper, gold [ro] 
and cesium [rr] . 

A study of niubium [ I2] has shown that high temperature 

measurements of enthalpy can be successfully applied f or calcu-

1ating energy of vacancy formation and temperature dependence 

of vacancy concentration. 

The work has been continued in[r3J and thourough investi

gation of molybdenum entalphy and mean heat capacity has been 

carried out by the present authors in a wide temperature range 

from IOOO to 2850°K using "drop" method, The extreme temperature 

achieved in this investigation is only some tens degrees lower 

than the molybdenum melting point, 2890°K. The enthalpy of 

molybdenum has been measured with sever<'ta samples machine-tooled 

of molybdenum rods prepared either by the method of powder me

tallurgy or by metal remel ting in a vacuum are furnace „ Samples 
f o 

of different weight from 50 g J?lf IOO g were used, dependent on 

the temperature of investigation. Geometrical dimensions of the 

samples were as follows: diameter of I8 to 20 mm, height of 

25 to 40 mm„ Impuri ties in molybdenum amountedf~out 0,05%„ 

The samples under study were heated in a tungstenTheater furru!ce 

in an atm.osphere of pure argen„ 

The high temperature of the samples in the furnace was 

measured with disappearing - filament monochromatic optical 

pyrometers of on -48 or PyroluxII types, which were focused 

onto a cavity in the sample, imitating an ideal black body. 

The pyrometers were calibrated against ref erence temperature 
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lamps of class I. A copper block in an isothermal envelope 

was used as a calorimeter. The procedure of measurements and 

the description of the calorimetric 
1). • 

set-up are d~lt with 

in detail in [r4-I6J „ 

Fig.I gives the results of molybdenum mean heat capacity 

measurements against temperature { I3) • 

~ 

8 

1 

8 

H -Hz1J,15 

T-273,15 

T 
180 2000 2400 

Fig„ I 

24 experimental points were obtained altogether. Approxi

mately up to I700-I800°K, linear dependence of mean heat capacity 

on temperature was observed. Above this temperature, temperature 

coefficient of heat capacity was observed to constantl~ increase. 

Assuming, as in the case of vacancies' investigation using the 



results of true heat capacity measurement [3-IIJ , that 

the increase in mean heat capacity (and, consequentlg, in 

enthalpy ,6 H) in relation to extrapolated linear dependence 

(dotted line in Fig. I) at temperatures above I700-I800°K is 

due to vacancy contribution, it is possible to calculate 
F 

energy of vacancy formation E1v 
.c 

L\ H ~ E: A · exp (- f-;) (I) 

and the dependence of vacancy concentration on tempera'GlJ1re. 
p SF F 

Cv =A exp (-RE_;)~ exp( R 1 e :xp (- fi) 
(2) 

where A - entropy factor ; 
F 

Sff - entropy of vacancy formation; 

R - gas constant; T - temperature in Kelvin degree. 

In order to obtain a more accurate value of Ll H, linear 

dependence of mcüybdenum mean heat capacity on temperature 

has heen calculated with the method of least squares from 

experimental points below I700-I800°K where vacancy contribution 

can be neglected 

(pPac'I. N,-H;131s= 51/!18 + l 5 / 5j ·llJ-YT-213, lit.;i~~3) 
T - 813,15 ' / ~.: 

where Ht - H273 ,I5 - change in molybdenum enthalpy for the 

temperature interval from 273,r5°K up to T. 

Increase in mean heat capacity for each experimental point 

relative to extrapolated line(3) can be expressed through 

logarithm. of the respective increase in enthalpy in terms of 

reciprocal temperature value according to eq. (I) (ref .to Fig.2) 
f) E: 

fA1 !J fl ;- /h (// EvJ - /? T (4) 

where 

9 
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Since logarithm values of enthalpy gain for experimental 

points in Fig.2 fall onto a straight line, it is not difficult 

to calculate coefficients of equation (4), with least squares 

method, which 

in molybdenum 

allow to determine energy of vacancy formation 
F 

E1v = I.8p ev or 42.9 kcal/gr.at, vacancy con-

centration in molybdenum Ov = 50.9 exp 429•I02 
RT 

entropy of vacancy formation 

1 1 1 

s f 
V 

= 7.8 cal/gr.-at 

1 1 1 

and 

degree. 

~ol~ß,,.-~~'~~~~~'1.-~--'-'~~~'~~9:::-~---'-'~~~'~~1..,--~---1..'~~--JL1/ 
T 

Fig.2 

Final equation for molybdenum mean heat capacity for the 

temperature range of IOOO to 2890°K will assume the form. 

C =-51188 + l5f5Jl0-"11-21J.15/+ 218'il0
3 exn;__ 'tc9 lo

2
J 110 /1 ( 5) 

P ' / f 1 
1 '/ T-!!73/5 t'( R T / /!-ar. 0 1{ 

Values of mean heat capacity calculated from (5) are 

indicated by solid line in Fig.I. Arithmetic mean deviation 

of experimental points from the averaging curve is equal to 
Z.IE/ . ./ L.E 2 

' + 
n = o. 32%, standard error is V n _ 1 ::: - 0.40%, and 

doubled mean square error of mean heat capacity calculated 

from equation (5) amounts toC~ = ! O.I7%. With regard to 



enthalpy increase due to vacancy formation at molybdenum melti~ 

point being 5e8%, it is possible to estimate calculation error 

in energy of vacancy formation, as equal to I5-20%. 

The early high temperature investigation of molybdenum 

[r7-2rJ fail tobe of use for studying vacancifs, though the 

extreme temperatures of the measurement were as high as 

2400 to 2600°K. This failure is due to the fact that vacancy 

contribution into the mean heat capacity,even at so elevated 

temperatures, is comparable to experimental error, while 

relative increase in true heat capacity for molybdenum, due to 

vacancies, is several times the mean heat capacity. This is 

well demonstrated in Fig.3 which shows the results of direct 

measurement of true heat capacity for molybdenum [4,s,22] up 

to melting point. 

Fig.3. 

/'1 

1:1 

·1t 
4 /1 
\,-·~/ . / 
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/„/· I 
/. 

llJ[Jf] zoaa 

II 
'I 
'1 /1 

I 1 

I 1 

/ 1 
I 

I !. 
I . 
I / 

I 1 ' . 1 
1 J I / 

11/ 
l/l 21 
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/ 
./ 

f' 

1 

1 
1 
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1 

~I 
~I 
~I 

i-:1 
1 

1 

lr 

Temperature dependenc~ of true heat capacity of 
molybdenum I - [22) i 2 - true heat capacity as 

obtained by differentiating enthalpy equation[I3]; 
3 - [8] ; 4 - [ 4]. 11 
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Equation e:x:pressing dependence of increase in true heat 

capacity due to vacancies, is obtained, following differentia

tion of eq. (I) 
(E:}2 - L:J 

Ll 0, = R r2 fl e :X p ( R T / (6) 

Taking logarithm of eq. (6) we obtain 

f!n (TC:11 Cp) = f (f) (7) 

From this, following the above procedure, i t is possible to 

calculate energy of vacancy f orm.ation and vacancy concentration 

This has been done in [ 8) and the calculation resul ts are 

included into Table I. True heat capacity of molybdenum was 

measured in [s) by means of modulation technique for temperatu~ 

re range of 1300° to 2500°K, experimental points scatter 

being equa1 to :!: I%. Specimens under study were molybdenum 

wire of 0.03 to 0.05 mm in dia. The spesimen temperature was 

measured from electrical resistivity as determined in [23] • 
Molybdenum content in the specimens was not determ.ined. 

As no detailed calculation was carried out in [ '+,22] 

it seemed worth while to per.form. this in the present work, so 

as tobe able to compare the results of different studies.True 

heat capaci ty in [ '+] was measured wi th pulse technique for 

molybdenum rods or wire in the temperature range of II20 to 

2870°K. The temperature was measured with an optical pyrometer 

against a black bbdy model, with experimental points scatter 



being equal to ± 5%. Impurities in molybdenum under study were 

determined in weight per cent as follows: Fe • 0.25; Si :0.063; 

Cu = O.OI3; Cr = 0.0003; Ti = 0.02I; C = 0.008. The result 

obtained in [ 4] have been pl,otted and the plot is reproduced 

in Fig. 4. The linear portion of the heat capacity curve and 

its extrapolation (dotted line) can be clearly distinguished, 

which makes it possible to find an increase in heat capacity 

due to vacancies. Calculation resul ts. are included into Table I. 

e<at 
~·a~. 

Fig.4. True heat capacity of molybdenum in terms of tempe
rature [4] and extrapolation of linear portion. 

True heat capacity of molybdenum in [22] was studied with 

pulse technique in the temperature range of 200 to 2880°K, tem

perature being measured f~om electrical resistivity of the sam.p

le wire. The work contains no data on impurities included in 

13 
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the samples. Maximum scatter in experimental points 

amounted to ± 6% for temperatures below 2400°K, and to±IO% 

for the temperature interval above the figure. 

The measurement resul ts are presented b:i,. a smoothing 

curve, a portion of which (for temperature range of 400 to 

2400°K) was calculated from second power equation. It is 

natural that, wi th this wide scatter in experimental points, 

this equation can satisfactorily average measurement resultE 

but hardly describes the actual temperature dependence of 

heat capacity. Consequently, in this case, unlike that in 

[ 4,8 J , i t is rather difficul t to distinguish a linear 

portion of true heat capacity curve (Fig.5} and a linear 

portion in coordinates of Fig.6, according to eq.(7). 

Fig. 5. Temperature dependence of true heat capacity 
of molybdenum, as in [22] • 



10" 

fl6~r),.--~~~~J.'~~~~,.--~~~~~5~~~~.--~~~~~'~· ~~~.!..,T 

Fig.6. Illustration to calculation of energy of ma.lyb
denum vacancy formation 

I data from [4] 
2 - data from [22] 

Table I summarizes calculation results for all the above 

papers for the following quantities: energy of vacancy forma

tion, enthalpy factor, entropy of vacancy f ormation, and 
' ·, 

vacancy concentration. 
TABLE l 

-------------------------------------------7--F----------~-------------r------------------------' E. . E - E.F : : s : s F : c 
• V •-- ' • y • • ' ----------------------- • E f: • JI • • _v • v 
: : ~ : : : 1<a11 : R : 

Authors ev ,' r:rr at % • --„ · ' % • o • 0 • 2~ar. -gpav • • 0 

present work 11 86 42,9 50,9 7,8 3,9 2,9 

[ 8] 2,24 51,5 ~ 20 300 II,3 5,7 3,8 

[ 4] l,43 32,8 - 23 19,2 5,9 3,0 6,3 

[22] l,79 41 1 2 - 4 57,6 8 1 1 4 1 1 4,4 

[24] 2,01 46,2 + 8 

15 
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The results of the above studies are, on the whole, in 

fair agreement, desvi te coneiderable errors in irlitial measu

rements. In particular, energy of vacancy formation in molyb

denum in the above papers is in agreement with the present re

sults within ± 20%. Moreover, there is a fairly good coinci

dence of tbis value wi th that calculated in [24] . The low 

value for formation energy and comparatively high vacancy 

concentration in f 4) seems to be due to substantial impuri

ties in molybdenum under test [ 2] • 
Temperature dependence of vacancy concentration in molyb

denum, as evidenced by all the above studies,is presented in 

... 
10 

Fig. 7. 

1, 
1 ' 
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V~cancy concentration in molybdenum. 
1.-data from [8] 
2 -present data 
3 -data from [22) 
4 -data from [4] 
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THE DYNAMIC EQUILIBRIUM OF POINT DEFECTS IN METALS 

K„ Misek, P. Vasek 

Institute of Solid State Physics, 
Czechoslovak Academy of Sciences, 

Prague, Czechoslovakia 

The system of simultaneous differential equations, which 
describe the reactions between vacancies and impurities in 
f oCoC. metals, is used to the determination of equilibrium con

(~ tra tions of divacancies and impuri ty-vacancy complexes „ The 
)'t,~la tions between the local atomic frequencies and the entropy 
of' association are also determined. 

INTRODUCTION 

Much attention has been paid recently to the study of po

int defects [ 1] . Some authors were able to determine consis

tent sets of vacancy properties for gold' silver' copper r 2] 

and platinum [ 3] by combining experimental resul ts of annea

ling and self-diffusion studies with theoretical calculations. 

Also the application of chemical kinetics to point defect reac

tions in metals has advanced appreciably and some problems are 

solved in detail [ 4 ,5] • 

We are going to show how the kinetic equations may be used 

to derive formulae relating equilibrium concentrations of diva

cancies and impurity-vacancy complexes with the kinetic coeffi

cients, and local effective frequencies with association entro

pies. 
DEFECT REACTIONS IN THERMAL EQUILIBRIUM 

We shall confine ourselves to the processes which may be 

19 



symbolized by the following chemical equations: 

Vl + Vl 
Kl ::i.. 

v2 Vl 
K2 ~ Sink, 

""\ K T 
2 

v1 + J 
KJ 

~ cll' v2 
KlO ~ Sink, 

""' K4 
( 1) 

20 

V2 + J -- K2 ~ C21 
""K ' 6 

where vl denotes single vacancies, v2 divacancies, J un

bound substitutional impurities, c11 single vacancy - impuri

ty complexes, and c21 divacancy - impurity complexes. Ki are 

the rate constants. For these reactions in f.c.c. metals the 

differential equations may be written in the following way: 

'I 

av2/dt = - K2v2 
( 2) 

2 
+ K1V1 K5v2i + K6c21 - K1ofv2-v2<Ta)] 

di/dt = K4cll + K6c21 - K3v1i - K5v2i, 

dc11;at = K3v1i - K4cll - K7vlcll - K8c21 ' 
dc 21/dt = K5v2i - K7cllvl -(K6 + Ka) c21 • 



In these equations v1 , v2 , i, c11 and c21 are the concentra

tions of defects. The terms describing migration to sinks 

(with rate constants K
9 

and K10) take account of the fact, 

that after infinite time the equilibrium concentration will be 

reached, which corresponds to the annealing temperature T
8 

e 

When this system is in thermodynamic equilibrium at tempe

rature T , the left-hand sides of the equations will be zero. 

Because T = T(a), i.e. v1 = v1 (Ta)' there will be zeros in 

the paranthesesis near K
9 

and K10 • There are four unknowns 

in the resulting set of simultaneous nonlinear algebraical equ

ations, i.e. v2 , c11 , c21 and i ; the concentration of sin

gle vacancies v1 is supposed to be known. 

When combining the equations we can express the concentra

tion of divacancies by means of the other concentrations, e.g. 

which contains always some of the other unknowns. In order to 

get a better insight, we have to simplify the system (2). This 

can be done by excluding the reaction between c11 and c21 
(we put K7 = 0 and K8 = 0). This in fact corresponds to the 

assumption that E~v) ~· , which is a special choice, having 
11 

profound influence on the reactions studied. Then it is easy to 

show, that the following formulae hold: 

v2 = (Kl /K2) v2 
1 

(3) cll = CK3/K4 ) vl i 
' 

0 21 = (K5/K6)v2 i = (K1K5/K2K6) v2 
1 i @ 

21 



The formulae (3) are in fact identical with those deri-

ved directly from the mass-action law, applied separately to 

each of the chemical equations (1). 

Now we have to look how the formulae (3) will change 

when the total concentration i
0 

of impurities will be used 

instead of i • 

In dilute alloys, where i
0
))v1 , there is almost no dif

ference between i and i
0 

„ We can theref'ore use i
0 

inste

ad of' i in the formulae (J). 

When the total concentration of impurities is very low as 

in zone melted materials and the total concentration of vacan

cies high, i.e. v1 ) i
0 

, and eventually v2 >i
0 

, we have to 

look for the solution of the system (2) with the substituti-

on 

It may be shown, that the following formulae hold: 

v2 = (K1/K2) vi ' 

(4) c11 = K3K6 v1 i 0 / (K4K6 + KJ K6 v1 + K4K5 v2 ) , 

COMBINATION NUMBERS 

Alhough the kinetic coefficients are frequently used 

( 4 - 6 J , a general agreement in combination numbers has not 

yet been reached. We will recalculate them with the help of 

Fig.l, where three layers of atoms in the (111) plane are 
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shown. The diameters of the circles representing atoms change 

with the distance from the observer. Two lattice sites in the 

middle layer are vacant. There are 18 nearest neighbors of 

the divacancy, 4 of them common to both vacancies; each of 

them has 7 neighbors of its own. There are totally 14 

ways how to dissociate the divacancy. It will be formed when 

the second vacancy reaches one of the 12 nearest sites, each 

of which is accessible from 7 second nearest positions; so we 

get combination number 84 • 

Fig.l. A divacancy in f.c.c. lattice - (111) plane. 

The simple complex c11 may be formed also in 84 ways, 

and dissociated in 7 ways, as only the vacancy is mobile. 

Having in mind that the binding between two vacancies is 

strenger than between a vacancy and an impurity atom, we have 

to suppose that the impurity atom must occupy one of the 4 si

tes common to both vacancies in the complex c21 • It may be for-

23 



med in the following way (see Fig. 2a); The first vacancy has 

to reach one of the 12 nearest neighbour positions of an im

mobile impurity. Then the divacancy may have 6 different 

Fig.2. Association and dissociation of a c21 complex. 

orientations; the second vacancy can reach its final position 

in one of the sites which is nearest to the first vacancy and 

the impurity atom by 8 different ways. There are altogether 

96 possibilities how to form the c21 complex, and 4 how 

to dissociate it without dissociating the divacancy. This situ

ation is shown in Fig. 2b. These results are in agreement 

wi th [ 6] " 

When the reaction c11 + v1 ~ c21 takes place, the 

inequality ~-J ~ E~-V holds; the very complicated situati

on has been treated in detail by Doyama [5] . 

24 



MODEL WITH EINSTEIN FREQUENCY 

Let us suppose, that there is a single atomic vibration 

frequency in the crystal, whose temperature is well above the 

Debye temperature. Then the rate constants will be: 

( 5 ) 

K1 = 84 ')) exp (-~v/kT) 

K2 = 14 y exp ( - (~V + E~v) I kT ' 

K3 = 84 V exp ( - ~V I kT ) , 

K4 = 7 lJ exp (- <~v + ~V-J)) / kT , 

K5 = 96 )J exp (- ~V / kT ) 

K6 = 4 V exp (-(~V+ ~V-J)) / kT • 

When we introduce these rate constants into the system of equa

ti ons (3), we shall get the following formulae: 

v2 = 6 2 
vl exp ( ~V I kT ) 

cll = 12 v1 i exp ( ~V-J / kT ) 

(6) 
0 21 = 24 v2 i exp ( ~V-J / kT ) = 

144 v2 i exp ( B 
+ ~V-J ) / kT = E2V • 1 

We can see that these results are in good agreement with those 

of Damask and Dienes [ l J . The assumption concerning the 

single Einstein frequency is essential. 

25 



MODEL WITH LOCAL FREQUENCIES 

The authors of several recent papers [ 4 ,5] use the lo

cal effective frequencies in the vicinity of point defects when 

calculating the rate constants„ We shall confine ourselves to 

a simple model, where an effective frequency is used for each 

type of defect, i„e„ 

for the nearest neighbors of a single vacancy, 

for atoms the jump of which dissociates the di-

vacancy, 

f or atoms the jump of which dissociates the 

C11 complex, 

f or atoms the jump of which dissociates the c21 

complex. 

Then the f ormulae (6) will change to 

v2 :::: 6 ( )JlV / )} 2V ) v2 
l 

( B / kT ) exp E2V ' 
(7) )JlV * B 

0 11 
:::: 12 ( ; Vc > Vl i exp ( Erv-J / kT ) 

11 

)J2V * exp ( ~V-.I / kT ) 0 21 
:::: 24 ( I Yc > v2 i " 21 

Let us concentrate to the case of divacancy concentrati-

on. The formula for v2 can be directly compared with that 

used recently for the calculation by Seeger [ 21 „ He uses the 

f ormula 

( 8) v 2 :::: 6 exp ( .ll s2 / k) exp ( E~v / kT ) vf 
26 



A _ F 
where LJS2 - s2v 

parison of formulae 

and therefore 

2 siv is the association entropy. The com

( 7) and ( 8) gi ve s 

• ( 9 ) l} s2 = k • ln ( )J l v; / )}2V ) • 

Similar formulae can be deduced for other association entropi

es and local frequencies near other point defects, which all 

are analogous to that derived by Mott and Gurney f 7] . In or

der to see the significance of the frequencies, we have labe

led the 18 nearest atoms of the divacancy in Fig. 3 with the 

effective frequencies, which are different when the atoms have 

Fig.J. Effective frequencies in the vicinity of a divacancy. 

different neighbours. For example the 4 common neighbors have 
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the frequency '))2V ; when these atoms jump into the divacan-

cy, it moves. The other atoms jwnping into the divacancy disso

ciate it. Their frequencies are summarized in Table I. 

Table I. Nearest neighbours of a divacancy in f.c.c. lattice 

li're q. Number of Neighbour. Nwnber of atoms having frequency 
identical vacancies 'Y2v V1v Viv 'Y1v Ylv ),) 

))2V 4 2 1 2 2 5 

)) „ 
lV 4 1 1 2 2 6 

' 
Y1v 4 1 1 1 1 1 7 

'Y1v 4 1 1 1 1 1 7 

))lV 2 l 2 2 7 

It is obvious, that the neighbours of the different species are 

not the same, and this leads us to the conclusion, that the 

frequencies are really 

* identical with '))2v 
different. Which of these frequencies is 

is difficult to say; it is most probably 

' )JlV' if it is nearly equal to 

excluded. With the help of 

the data given in and 

(9) 

(3] 

' 'Y1v and are 

we can calculate f rom 

( see Table II) • 

Table II. Effective dissociation frequency of a divacancy 

Material Au Cu Pt 

))1vexp(~V / k) 1 X 1014 2 X 1013 3.5 X 10l3 

'2V / k 1„8 2 „2 2.5 

exp ( 6 s2v / k) 6„05 9.03 12.2 ·- ~ 

X l0l3 X 1012 .., 'V2v 106 2.2 2.8 X 10ll 
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Same authors suppose, e.g. Doyama [5] , that 

* Y 2v = '))1 V. In such case Ll s2v would be zero, but we have 

good reasons to suppose, that /J.s2V) o. ·:rherefore Y2v 
is different from )}lV" 

CONCLUSIONS 

Ne have used chemical rate equations to determine tl~ 

equilibrium concentrations of different point defects. It tur

ned out that the effective dissociation frequencies are related 

siwply to the association entropies of the coruplexes. The disso

ciation frequencies have been calculated for the divacancy in 

several rnetals, where values of association entropy are appro

ximately known. Tlle systemy of chemical equations usually used 

[6] llides the assumption on binding energies which is not al-

ways very realistic. 
REFERENCES 

[1] A.C. Damask, G.J. Diene§: Point Defects in Metals, 

Gordon & Breach, New York - London, 1963. 

[2] D. Schumacher, A. Seeger: Quenching of noble rnetals and 

nickel in "Lattice Defects in Quenched Metals", Academic 

Press, New York - London 1965, p. 15. 

( 3] D. Schumacher__, A. Seeger 1 0. Härlin: Vacancie s and Self

Diffusi on in Platinum, phys. stat. sol. ~' 359 (1968). 

[4] M. Doyama: Divacancies in Pure Metals, in "Lattice De

fects in Quenched Metals", Academic Press, New York -

London 1965, P• 168. 

(5] M. Doyama: Effects of Impurity Atoms on Quenching and 

Annealing Experiments, in "Lattice Defects in Quenched 

Metals", Academic Press, New York - London 1965, p. 185. 

(6] J .N. KauffmaUi G.J. Dienes: Effective Migration Energies 

Associated with Vacancies, Di-vacancies and Impurities, 

Acta Metallurgica lJ., 1049 (1965). 

N.F. Mott, R.W •• Gurnay: Electronic Processes in ionic 

crystals, Clarendon Press, Oxford 1958. 

29 



30 

Thermal and Radiation Enhanced Self-Dif~usion in 

Gold Single Crystals at Low Temperatures 

u. Ermert, Wo Rupp and R. Sizmann 

Sektion Physik der Universität München 

Abstract 

With an improved electrochemical sectioning technique we 
succeeded in removing about 20 R thick layers in a controlled 
manner from gold single crystals. With this techpique diffusion 
profiles of radioactive gold of only about 1000 X depth can 
be accurately determined. 

Thermal self-diffusion measurements in gold in the temperature 
range of 286 to 412°C yield 

D =(4•10-2 +0 • 02
1 ) exp (-1,75 + 0.02 eV/kT) cm2/sec. -o.o -

There is no interference with short circuiting paths. 

Radiation enhanced self-diffusion by irradiation with 3.o MeV 
a-particles 't~ a fl~x density of 51·101o/cm.Zsec,up to a total 
dose of 5•1o a/cm yields a practically temperatu~g i~depen
dent enhanced diffusion coefficient of D = 10 3 •1o- cm /sec 
in the region 60 to 15e0c. At lower temperatures (between 10 
and -18°C) the estimated enhanced diffusion coefficient is 
D = 6•1o- 17cm2/sec. Below -6o 0c no diffusion is observable. 

In the higher temperature region excess vacancies and inter
sti tials contribute to the enhanced dif~usion; in the lower 
temperature range it is likely that only interstitials promote 
the diffusion„ 

1«> Introduction 

Direct measurements of small self-diffusion coefficients in single 
crystals allow the extension of thermal diffusion studies to 

lower temperatures and the investigation of radiation enhanced 

diffusion in one-component systems$ 

A sectioning technique which allows the removal of about 20 R 
thick layers in a controlled manner frorn gold single crystals 

can be used on the basis of anodic oxidation of the metal and 
the subsequent dissolution of the oxide. (1) With such a rnethod 
it was possible to determine diffusion profiles of Au -198 atoms 



of only 200 R depth. The lower limit of the diffusion coefficient 
access~ble in that way was D = 5•10-19cm2/seco The low penetra~ 
tion depth of the diffusing atoms requires particular care in 
the surface ~reparation of the single crystal to avoid short 

circuit effects. 

In the temperature range of 286 to 412°C the thermal self-diffu
sion coefficient in gold single crystals was measuredo In a 
second series of experiments the enhanced self-diffusion by radia

tion with 300 MeV a-particles at a flux density of 5~10 10 a/cm2seo 

up to total doses of 5.1015 a/cm 2 was investigated in the tem

perature range of -18°C to + 150°c 0 

2o Experimental 

The experiments were made on <1l1> single crystal cylinders 

(~ 8 mm, length 4 mm) of 99099 % goldo For each diffusion ex
periment the V11}face was prepared in the following way: A 
layer of~ 200 pm was removed from that face by anodic oxida

tion in 35.8 n - H2so4 with a high current ~ensity (1 A/cm2 )o 

After that treatmentwhi.ch also resulted in a flattening of the 

surface, the crystal was electropolished at room temperature 
in a solution which consisted of : 34 g KCN, 1,5 g K-Na-fartra~ 
1.5 g K

3 
Fe (CN) 6 , 7 cm3 ammonia~ 2 cm3 H3Po4 and 1000 cm 3H2o„ 

The best current density for polishing was found to ~1 A/cm 2, 
After removal of a layer of 200 pm the desired surface finish 

was obtained. Tolansky interferometry allowed to estimate a re
sulting surface roughness to be <30 io 

Very thin ( ~10 R) layers of Au -198 were electroplated from a 

solution of: 6 mg KCN, 4 mg Au, 4 mg K3Po4 and 2 ml H20 on such 
prepared surfaces. For reasons associated with the determination 

of the depth of the diffusion profiles which will be described 

later, these layers were ring-shaped. This is achieved by cover

ing the rest of the surface before plating with Lacomit lacquer. 

The inner diameter of that Au -198 ring layer was 1o5 mmo The 
specific activity of the Au -198 used in the solution was 50 Ci/go 
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Thermal diffusion between 286 and 412°0 was accomplished in a 

temperature controlled vacuum furnace. The diffusion temperature 

was measured ± Oo7°C absolute with a calibrated Chromel-Alumel 

thermocouple and recorded continuously during the diffusion annea
lingo 

The experimental arrangement for runs of radiation enhanced 
diffusion is shown in Figo1 

Argon 

Au-Crystal 

+150° 

' ... 
··~· ••'•' •••••••••••••• , •• ' t •• 

+20° ·:· 

Fig.1 

The single crystal probe and an 1 Ci Po ..... 2110 a-source (Radio
chemical Gentre, Amersham,England) are oppositely mounted in 
a distance of 1 mm in the centre of an argon flooded chamber. 
The upper part of that chamber with the diffusion specimen is 

held by a thermostate at various irradiation temperatures from 

-20°0 to + 150°0, while the lower part with the polonium source 
is maintained at + 20°0. Two thermocouples control the tempera
tures at the surfaces of the gold probe and the polonium source. 

The active area (~ 7 mm) of the Po -2t0 source is covered with a 
5 ;um thick stainless steel foil which reduced the energy o:li' the 

emitted a-particles to 3.0 MeV. The energy and the strength of 

32 



~he Po-source was measured in a low geometry counting equipmento 

The flux density of the source was determined tobe 5.10 10a/cm2seco 

The determination of the actual diffusion pr0files was done by 

sectioning thin layers (minimal 20 R) from the specimen in the 
two stage process of anodic oxidation and the following dissolu

tion of the formed oxide. The gold crystal is the anode in an 

electolytic cell with 1m H2so4 acting as electrolyto During the 
determination of a diffusion profile for every oxidation step 

the current density and the oxidation time were held constant 

(j = 0 0 5 - 1.0 mA/cm2 , t = 6 min). The crystal which is mounted 
in a teflon-holder is brought after each oxidation step in 2 ml 
5 n HCl for d.iffiolving the produced gold-oxide. In a series of 
experiments this sectioning technique was tested and found to be 

reproduceable within ± 5% for the thickness of the removed cry

stal layer. For more details see (2). 

To measure directly the thickness of the removed layers from a 
diffusion specimen a spot of Lacomit lacquer (p 1 mm) was brought 
on the surface inside the e~troplated Au -198 ringo The lacquer 
spot prevents anodic oxidation and the repeated peeling process 

results in a step with the height of the rernoved layer. The step 
is then measured in a Tolansky multiple bearn interferometry rnicros
cope. By this technique the total removed layer of gold is rnea

sured; the thickness of the individual steps is obtained as the 

proper fraction of this total valueo This gives better values than 
the calibration of the thickness of the removed layers with the 
current density which is only an integral measurement over the 

t1t~l crystal surface. 

The concentration of Au -198 in the dissolved layers was deter
mined from the difference in the residual activity of the crystal 

before and after each sectioning step. The residual Au -198 
activity of the diffusion specimens after each peeling step was 

counted by rneans of standard NaJ (Tl) well scintillation crystal. 

A discriminator selected the 0.4117 MeV y-line of Au-198. Prior 
to the evaluation of the results all measured radioactivity data 
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were corrected for background and decay and were normalized 

for comparisono 

3o Results 

a 0 Thermal self-diffusion 

The appropriate diffusion equation for the thin instantaneous 
plane source of the diffusing radioactive gold is 

(a) 

with M0 : surface den~sity of the source (3). 

The measured radioactivity A(x) is the residual activity of the 
gold crystal after removal of a layer thickness x. 

00 

A(x) = (A0/M0)f O(x) dx 
X 

(b) 

(A = A(x=o) is the activity of the total diffusing material) 
0 

From a plot A(x) ?s 0 x we found by numerical differentiation 
with a least squares method (4) the slopes dA/dx, corresponding 

to the concentration c(x) 

(c) 

Thuss by plotting log A(x) vs. x2 equation (a) predicts a 

straight line with the slope - 1/4 Dt. Since the diffusion time 
is known we finally obtain the desired D(T) 0 (The diffusion time 

is the actual heating time correoted for the transient (T(t) 

during the heating and cooling period~ 
In Figo 2 and 3 two Ä(x)vs. x 2 plots are shown with the diffusion 
times 2 0 29•105seo and 1 0 08-104 sec at the diffusion temperatures 

285 0 4°0 and 349.7°0, respectivelyo The resulting difiusion 

coefficients are D(T = 285,9°0) = 6$5~10- 18cm2/sec and 

( 0 ) 6• -16 2; D T = 34907 0 = 2. 10 cm sec. 
Diffusion coefficients between T = 286°0 and 412°0 are plotted 
as an Arrhenius diagram log D vs. 1/T in Fig. 4.From a. straight 
line fit the resulting self-diffusion coefficient in this tem

perature range is 

D= D exp (-Q/RT)=(4•10-2 +0• 02 )exp(-1,75 +o.o2 eV/kT) cm2/sec. 
o -o.o1 -
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Eyen without thermal treatment the peeling revealed some back

ground profile of the radioactivity ~istribution in the crystal 0 

Although the radioactive gold was plated in a homogeneous layer 
thinner than 10 R we found in two independent test runs a steeply 

decreasing profile extending as far as 100 R (10% residual value) 
into the crystal 0 The main reason for this are spurious conta

minations of the crystal and the crystal mounting with radio
active gold. T_he background profile corresponds~roughly tp an 
apparent (thermal) diffusion coefficient of < 5•10-19cm2/sec 

in the typical diffusion time of 10 5sec applied in the experiments. 

b. Radiation enhanced self-diffusion 

In this case we have to take into account the (l~na&r) local 
variation of the diffusion coefficient as D = Dxx (the reasons 
for this are explained in the discussion) 0 Then the expected 

concentration profile is given by (5) 

(d) 

Hence, with c(x) prop. dA/dx = Ä(x) as discussed in the thermal 

case, 3.a, a plot log Ä(x) vso x/t should show a straight line 

with the slope - 1/Dx• That this happens is shown in the Fig. 5. 
From the slopes the values of 

the corresponding values Dx are 
calculated and presented in 
Fig 0 6 as a function of the 
irradiation temperature T. 
There is an additional experi
ment at -60°0 that is not in 

the Fig.5. In this case we 
observed no diffusion in an 

ir.radiation time t = 9.4•104sec; 
the resulting "profile" is 

essentially the background 

Ä(x) observed without any 

irradiation or thermal treat

ment. 
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'Jlhe .Arrhenius plot, Fig. 4 also shows the self-dif:fusion data 
of Gainotti and Zecchina (6)„ They agree very well with our re

sults in the overlap region between 400 and 350°0. Since we were 

able to extend the diffusion measurements to lower temperatures 
the total experimental acoessible range of the self-difiusion 
in gold spans now from » = 1.15°10-8 cm 2/sec (1048°0) to 
D = 6 0 5v10'"'18cm2/sec (286°0.)„ The deductions that oan be drawn 
from the non linearity of the T-dependence of D in this very 

wide region are recently fully discussed by A. Seeger and 

Ho Mehrer (7) 0 

It is often pretended that diffusion measurements at low tempera
tures are unreliable due to prevailing short cirouiting effects, 
for instance pipe diffusion along dislocations. (8) However, in 

our experiments there are no indications of severe enhanced 

diffusion paths from the log~oc) vso x 2 plots or the positions 

37 



38 

of the points in the Arrhenius diagram. Although we used two 
differently oriented gold single crystals the resulting diffusion 

coefficients were practically identical (see the practically 

coinciding points at T = 350°0 in Wig. 4)o 
In fact in the well annealed crystals we have to take into 
account a dislocation density of about to8/cm2• That corresponds 

to a mean distance between dislocation lines or a size of sub

graines of greater than 10 3~~ It can be shown that the.n diffusion 
profiles extending only 10 3~ into the crystals are insensibly 

effected by dislocation short circuiting paths. (for a detailed 

calculation see (2». Thus, the very fact of our little penetrating 
profiles ensures the measurements being reliable volume self

diffusion data. 

b. Radiation enhanced self-diffusion 

The a-irradiation produces vacancy-interstitial pairs; both de
fect species are capable of promoting the self-diffusion. The 
radiation enhanced diffusion coefficient is 

D d = D.•i + D •v ra J. v ( e) 

Here the products n1•i and Dv.v are the diffusion coefficients 
of the gold atoms by interstitial and wacancy motion, respeotively~ 

i~v are the concentrations of interstitials, vacancies. 
The first problem is to calculate the produced I and v as a 
function of the a-flux density, of the temperature and, last 

not least of the position x below the irradiated crystal surface. 

The mobile excess point defects are known to annihilate at sinks 
like dislocations, grainboundaries and of course the free surface of 
a crystal. Hence, the very surface,where the instantaneous source 

of the radioactive Au-198 is located is the place of zero e::iwess 

vacancy- and interstitial concentration. 

If i and/or v is linearly dependent on x, e.g. i =i 1• x~ v =v1•x, 
then the proper solution of the diffusion problem is (5) 

(d) 

with (f) 



The genetal solution of i(x) can be expanded into a power 

series i = i 1x + i 2x 2 + ••• ; then the range of x can be 
estimated where only the linear term i 1x is the dominant 
one. Inside this range eq,(d) is applicable. 

To obtain the splutions for i(x) and v(x) we have to deal with 
the f ollowing balance equations 

i)i/~t = Jo - k.iv kiisi + Di '?>2i/ ~ x2 
l (g) 

~/<>t = J - k.iv kvvsv + Dv tv/ "a x2 
0 l 

J
0 

is the Frenkel defect production term, kiiv is the binary 
recombination determined by the fastermoving interstitials (ki 

is the reaction rate coefficient), k.is. and k vs are the 
l l V V 

annihilation reaction rates of interstitials and vacancies, 
respectively, at inexhaustible and homogeneously distributed 

sinks with the sink densities s. and s • The (calculated) J due 
10 l 2 V -8 ~1 

to the flux 1ensity of 5°10 a/cm sec in gold is 6•10 sec • 
The temperature independe.nt ratio D./k. is iv2·10- 17 cm2 • D = 
10-2exp(-0.83 eV/kT)GM1 sec-'. 

1 1 
v 

At not too low temperatures and short irradiation times (mean 
transport length of both the vacancies and interstitials not 
small compared with the (stationary) depth of the resulting 

i or v diffusion profiles) the i and v distributions are stat
ionary: ii/ e>t = o, 'Jv/ ~t = 0, 

With the further simplification kisi/kvsv = Di/Dv (that means 
essentially s. = s ) the solutions of tbe equations (g) are 

l V 

i(x) = i
0 

+ i' /(ßeax + e-ax) 2 

v(x) = v
0 

+ v' /(ßeax + e-ax) 2 
and 

The coefficients are 

vo = -s/2 + Y(s 2/4 + J D./k.D ) 
0 l l V 

v' = - 12(v
0 

+ s/2)ß 

ß = (1/v
0

)(5v
0 

+ 3s + Y((5v0 + 3s)
2 

- v;) 
2 

(ki/2Di)(v0 + s/2) a = 
and i = D V /D., i' = Dvv'/Di 0 V 0 l 

(t) 

) 
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The seties expansion of equations (h) yields in the case 

A) s
2 > 4J 0 Di/kiDv 

v 1 = 12 ß(ß-1)(ß+1)- 3 .(J 0/]~).f(Di/kis) 
and in the case 
B) s = 0 

V 1 = 1 1 5 • ( J /D ) 3 / 4. ( D. /k. ) 1 / 4 0 

0 V l l 

The validity range of the linear 
of eq,(h) depends on D.D /J k. 
hundred angstroms abov! 4o0~.l 

approximation i(x) = i 1x 
and is in our case several 

(i) 

( j) 

The two cases A and B need further explanation. At high temper

atures are the transport lengths Li = V(Dit) and Lv = V(Dvt) 
in the order of several / µm. Then the interstitials and 
vacancies react with the dislocations like homogeneously dis
tributed sinks; the sink density s can be calculated from the 
dislocation density (case A). At lower temperatures the trans

port lengths Li and Lv are within the mean distance of the dis
locations. In this case there is no effective sink density 

(case B); the sink property of the surface is taken into ac-
count by the diffusion terms D. t>2(i v)/ C>x2 and the bolin-i,v 
dary conditions i(x=O) = v(x=O) = O. 

At still lower temperatures first the vacancies and then the 

interstitials become immobile, The consequence is that 

Drad = 2Dvv 1 at the higher temperatures changes to Drad= Dii 1 
and finally becomes o. 

In the case of mobile interstitials only, the solutions of the 
equations (g) are no langer stationary. The vacancy concentrat
ion continuously increases with time, because the mobile inter

stitials flow and annihilate in the surface and are lost for 
the recombination with the vacancies. After a while the inter
stitial concentration is suppressed so much by the increased 

vacancy concentration that the product Dii ~ 0: the enhanced 
diffusion ceases. 

The experimental results can be divided into two main classes: 
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(i) Above 50°0 case A is operative: the transport lengths of 

interstitials and vacancies are in the typical irradiation 

time of 10 5 sec Li-> 13•103 R, Lv > 1,4°103 R 

Then it follows from equation (h) that the bulk values (that 

means far away from the surface) of the radiation enhanced 

diffusion coefficients are D v = D.i = J D./k.s, hence 
V 0 l 0 0 l l 

D d = 2J D./k.s. This is a temperature independent quantity. ra o l i 

The coefficients Di:3 and Dvv 1 are equal to-~ J
0
Y(Di/kis), 

because ß(ß-1)(ß+1) is close to 1/12. Hence the experimental 

accessible Dx should equal 2J
0
Y(Di/kis) 

independent. Taat agrees well with the 

identical D values at 60 and 150°0. 
X 

and is also temperature 

observed practically 

From the measured Dx the radiation enhanced self diffusion 

coefficient in the bulk material can be calculated 

D = D2/2J rad x o 
( k) 

The numerical result is with 6·10-8 sec- 1 

value D ~5·10- 12 cmsec- 1 (see Fig.6) 

and the experimental 

X 

-'16 2 -1 2.10 cm sec D d = ra 

(ii) Below 10°0 the transport lengths are Li ( 2 000 5\ and 

Lv ~ 100 5\ • From this it follows that only interstitials 

contribute to the enhanced diffusion. The experimental mean 

Dx value is about 2.10- 12 cm sec- 1 (see Fig, 6). An analytical 

solution of the quasi stationary interstitial concentration 

i(x) is not available. The diffusion coefficient is time depen

dent; we have to use Dxt = J D~(t)dt in equation (d), where 

D~(t) is the instantaneous coefficient. An estimated mean value 

of the quasi stationary bulk diffusion coefficient is in tfuis 

case 
D2/J 6°10-17 2 -1 

D d~ = cm sec ra X 0 

(iii) At -60°0 the transport length Li = 10 R is 

small to allow any detectable enhanded diffusion rate, 

is in accord with the experimental result D d = 0, ra 

too 

That 

The conclusion is that in the experirnents on radiation enhanced 

self diffusion in gold there is evidence for an interstitial 
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promoted diffusion in the temperature region.at and below 10°0, 
and above -60°0. 
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(AbstrMt) 

Sclf-DiffU.sion nnd Inpurity DiffUsion in Lithiun. 

A. Ott and A. Lodding 

Physics Department, Chalmers University of Technology 

Gothenburg, Sweden. 

The diffusion of ten different netollic trocers in lithiun netol hns been 

investigotcd. The diffUsion coefficients, extropolated to the n.p., rnnge between 

o.bout 10-8o.nd 10-5cn2/sec, with the self-diffUsion vo.lue just o.bove 10-7 • The o.c

tivo.tion encrgies (in kco.l/nole) nre: Q11=12.6; QNa=12.6; QAg=12.9; QAu=10,5; 

Qz
11

=13.0; Q0d=16.1; ~fg::=14.5; °-ao.=12.7; Qrn=15.9; QSn=13.6: The nctivo.tion enor

gy found :fo:iJ the 6
Li tro.cer l:i.es o.bout ho.lf-wo.y between the differing resul ts of 

eo.rlior sclf-diffUsion oensurenent~ and satisfies the so.ne enpiricnl rules ds ot

her nlkali neto.ls. No sntisfo.ctory explanation of the inpurity diffUsion results 

:t.s providcd by nny existing theory. The inporta.nce of ion core difforenceo between 

inpurity and no.trix o.tons nppears greo.tly to outweigh thot of Yalency differences. 

Another insufficien·~ly understood resul t hns been obto.ined in int er-diffUsion of 

Li tracer in isotopically sepo.ro.ted lithiun: ·~ho diffUsivity in 6L:L oo.trix is by 

son~ .2.0% lower tho:a in 7 Li, 

For savero.l roo.son8 lithiun is an attro.ctive neto.l to investigo.tors of 

r.i.tomio mobilitics nncl binding cmorgies, ond of nel ting properties. The electron:i.c 

struci;ure is rolotivaly siLlple 7 the nelting point is low a:nd tho diffUsivity high. 

Also, the co.sy o.vnilnbility of sepo.rnted 7Li and 6
Li o.llows valuo.ble studios of 

isotope effects 7 a.nd the extrenely high Debyo-tenperature suggosts the possible 

oocurence of intarcsting quo.ntun.-effeots. 

Atom mobilities in solid o.nd liquid 1ithium have been studied nt this lo-

b t b th t t t t hn . ( 1 - 5 ) ora ory y erno ranspor , elec ro ro.nsport o.nd diffUsion teo iques • 

The present pnper repor'l:is :recent resul ts obto.inod in o. systenntio ix1vestigation 

of tracer diffusivi·i:iies in solid, crv.<lo:l.-monocrystalline li thium neto.l. 

The toohnique ha.s bccn described in deto.il elsewhere(G, 7 )• It has yieldeö. 

very good penetration profiles for nearly oll hitherto studied tracers. Results 

ho.ve hithorto bcon obtained (see Ta.ble 1) for ten oetals in isotopioally norno.l 

lithiun (a.bt. 7.5% 6
Li) and for two nGto.ls in nearly pure (95%) 6Li. Additional 

experinents with tracer (K, Be, Mg, eu, Ge, Pb, Sb and Bi) diffUsion in lithiun 
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Tnblo 1 •. Tracer dif:t'uoion in lithiun ncto.l. The pa.ranotors D
0 

o.bd Q refor. 

to tho .l\rrhenius equo.tion D=D exp(-Q/RT) • Tho rosulta in brook
o 

ets nre prelinino.:cy. 

Uo.tri:x: Inpurity Tonp.-rnnge :Qo Q 
00 cn2/aec %111 isotopo kcal/nole 

92.0 
6

11 60 - 170 n1=0.12±0.o; 12.62±o.21 

5.5 7Li 60 - 170 (D2=0.82D1 ) (12.62) 

92.5 
2211a 52 - 176 0.41:!:0.09 12.61.J:0.15 

92.5 110n.Aß 65 - 161 o.:n±o.13 12.8).IO. 25 

92.5 195Au 45 - 155 (n1=O.21.xo. 09) (10.49:1·0.;35) 

5.0 195 Au 85 - 130 (D2=1.oan1 ) (10.49) 

92.5 65zn 60 - 175 + 0.57-0.26 12 .'98±0. 24 

92.5 115~d 80 - 175 (2.35) ( 1 6 • 0 5±0 • 3 5 ) 

92.5 203rr .g 55 '= 175 (2.10) ( 1 4. 5 3±0 • 3 5 ) 

92.5 72aa. 110 - 165 (0.16) ( 12 • 71 ±o • 40 ) 

92.5 114rn 80 - 175 0.39±0.25 15.87±0.36 

92.5 113Sn 90 - 160 (0.06) (13. 65±0 .45) 

175 150 125 100 75 50 

100 1 
1 

1 
-T('C) 

1 
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are pnrtly in proc;ress, pnrtly in the planning stage. 

1) Self-diffusion, 

Our neasureoents hnvo been perforo.ed (B \vi th stable tracer isotopes and 

with Dass-spectroueter o.nnlysis. Our results can be coupared with those of four 

earlier noasureoents, three using ID:IR, one ·anpl'oying U"diffusion couple toch-

nique. AE scen in Tablo 2, our o.ctivation enerßY values fall roughly in the 

niddle of tho range of values covered by tho variOUß earlier investigators. 

Tnblo 2. Conparison of present result6(8 )with those of earlier inveeti

gations. 

Method Ref. D Q 
0 

Diffusion couple 9 0.39±0.04 13. 49±0.07 

mm 10 0.24-to.17 + 13.20-0.40 

NT.\R 11 -- 12 .o 
m.m 12 -- 11;79:!:0.2s 

Thin filn, slicinG 8 o.12±o.06 12.62±o.21 

To.blo 3. Conparison with rosults in other alknli netnls and with seoi

enpirical r0lations i...~volving nelting point antl heat of fusione 
~ 

IJetal Rof, D ' 
0 

Q Q/RT 
Iil Q_(Lr~. 

Li 8 o" 12 12.62 14.0 18. 3 

Na 6 0 .145 10.09 13.7 16.0 

K 13 0.31 9.75 14. 5 17.4 

Table 3 shows the agreenent with two seni-eopirical rules found valid 

for cost classos of netols sharing the so.ne diffusion oechonisos ns well as 

lnttice types. It co.n be soen thnt a sinilar nelting-point relntion holds for 

nll three invostigotetl nlknli netnls. A certain tendency appeo.rs to be present 

in relction to the lntent heat of nelting, suggesting that the relative diffe-

rence in nechanisn bP-tvreen -l;he solid und liquid stato is SL10.llest for lithiun; 

bowever, tho o.vailable datn on the heat of fUsion in Li show a considerable 

scatter. The values of L used in To.ble 3 are fron Metals Referenco Book(14 ). 
n 

Additional solf-diffUsion nensureuonts nre still in progross. Our nin is 

to. oxtond tho tenporature rnnge tlo\m to 35°c, in order to oheclc the o.ppnrent 

tendency (see fig.1) of the Arrhenius line to becone steeper at lowor teopern-
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tures. If the tcndcncy (in qualitative ac.reeocnt with tho rcsults obtained by 

Ailion and Slichter(12 )) is roo.l, then the presence of zero-point effects aeeos 

to be indicnted. 

Diffusivity hns also bccn studied in noarly pure 61i, with 7Li as traccr. 

Prolininnry results(8 )show that here the diffusion coefficiGnts o.re lowcr by 

o.bout 18% thnn o.t the corrospondine teopcro.turos in 7Li. \Yhilo n pnrt of this 

(< V7/6 °· ·1 :.x 8%) is no doubt due to the nass differcnce betwoen the two tracers, 

ncverthcless at least sone 10% seens to be an intrinsio difference between the 

two isotopically separated oatrices. Intuitive and seni-enpirical rensoning (e.g. 

the Lindenann fornula) woUld expect the Debye frequency of pure 6L:i. to lie by 

sooe 8% highcr than thnt of 7Li, i.e. quite the opposite tendency to thnt found 

in the present experinents. So far no satisfo.ctory expla.nation is available. 

2)Inpurity diffusion, 

Tho o.in of all hith0rto propoundod theoriGs of iopurity diffUsion has been 

the conputation, fron fundnnental physico.l paranet0rs, of the difference to=Q.-Q 
1 0 

between the nctivntion energy observod for inpurity diffusion nnd that för the 

oatrix self-diffusion. In Tnblo 4, the A,Q values are listed for all investigated 

inpurities in lithiun. Also listed are the Gddschoidt netallic radii, approxioate 

bUlk nodUli, nornal valences and periods of the elonent table. It can be at once 

seen, that the behaviour of ~Q shows very little systenatic dependence on any 

single one of these paraoeters. The progress Ag-Cd-In-Sn (group IB-IIB-IIIA-IVA 
1 

in period ) is fron l0w or negntivo öQ for univalent inpurities to high positi-

ve valHes for di- and trivalent, then apparently to sonewhat lower values for 

tetravalent 1.t-;ipurities, This behaviour, which is also con:firned. by Zn-Ga in pe-

riod 4 and Au-Hg in period 6, is very different fron the systenatics of inpurity 

diff'Usion as lmovm. fron 1,:J.ooe~paclced systens (16 ); in fcc and hcp L1atrices a,Q be

cooes incroasingly negative as tho oxoess positive oharge (inpurity relative to 
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) vertico.l 
roo.tri:x: o.tous increo.ses. The•• sequence Zn-Cd-Hg, ß!'OUp IIB, seens to revenl a 

striking oo.xiuun in tho positive ~Q in peri~d 5, suggested o.lso by Ag-Au on one 

ho.nd, Ga-In on the other •. .f>.·s to the vorio.tion of hQ with sizo o.nd elastio po.ro.oe-

ters, it seens to be either ra.ndon or fo.r froo sinple. 

Tnble 4. Correlo.tion between diffusion1resu.lts, atoo eizoa, ela.stio .o.oduli 

o.nd positious in the poriodic tcblov 

{J Q r B , Group Period 
lcco.l/nolo .Ä.-U kca.l/ Clil) 

Li 0 '!. 51 2.5 n„ 2 

Hn o.o 1.85 1.0 IA 3 
-Ag +0.3 ·- 1.40 21 -·- ~ IB 5 

Au -2.1 1. ·lo 35 Ill 6 

Zn +o.4 1.34 18 IIB 4 
Cd +3.5 1.50 11 ID3 5 
Hg +1.9 1 ;53 7 ID3 6 

Ge, +o .1 1. 37 12 IIIA 4 
In +3.3 1 .'61 e IIIA 5 
Sn +1.0 1.58 11 IVJA 5 

All theories hnve been based on the assunption that the defects responsi--

ble for diffusion are sinple vaco.ncies. Two oain lines of approo.ch ho.ve been en

ployed. Swalin(17 )cooputed DQ fron the inpurity-solvent differencea in aton aizes 

and elo.stic paraoeters, while la.zarus ( 18 )und LeClaire ( 16 ' 19 \o.sed their theories 

on electrostatic intero.ctions between vacancies o.nd inpu:rities •. 

2a) Disoussion in terns cf 11 elnstic 11 theory. Swo.lin 1 s theory obt~iua ~ 

o.s the eun of tho eloot:Lc binding enerßY het,-,oen vo.canGly o:nd..·inpuri tr~ J\ , a.nd 

o. notion ener{SY difforence, which we will denote by öE
0

.' The co.lcuJ.ntion, ori&i

nnlly dcveloped fcc syster:s, hns recently(2o, 1 )been o.da.pted for bcc oeta.ls. For 

lithiun ns nntri:x:, a cnrtt:d.n sir:plificntion is possible, owinß to· the fact thot 

all inpurities (e:x:cept the oJ.knli netnls) possoss considernbly area.ter elostio 

inocluli; it can cnoily bo shown tho.t for :Slo.pp:rox.3BLi tho enorl)Y terma, os pra-

(21 ) 
se~ted in ref. , booone 
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nnd ~Er~ 2 •10-3cK1 (r~+2r~r+rir
2-,·h:.3)-.:: 

0: o.05(r.-1.51 )(ri2+4.53r.-t6.04) 
J. J. 

( 1 ) 

(2) 

whoro B
1

. is thc bulk Eoc1ulus of thc sol vont, C anothc'r olo.otic oodUlus 
J). 

of Li, of tho orc1or of 1 kcal/cr~, x:
1 

a lattice conatnnt obtninablo fron 

flOlf-cliffuaion (J<,e!! 25), r. tho ator.lic rndius (coord.nunbor 8) of nn in-
1 J. 

purity aton; (in .A-u), nnd r tho oorrosponclinß raclius for Li. In tho sin-

plificcl troatnont fo:r an nllmli i:~ntri:x:, tho ir;purity radius in solution 

cr.m be put cqunl to the listecl Golclschnidt radius. 

In Te1bl0 5, tho oncrgics in Swnlin1 s thoory hnvc bccn calculntod 

\'fith tho ni<l of for!:mlC\o 1 nnd 2 (o:x:copt for No., whoro tho noro rir;orous 

forr~uln 1 of rcf. (33\ms used ). A cor1parison of thooe thoorotical prodic-

tions V1ith tho exporinontal results 0,,q
8 

vorsus&Q ) shows that th0 11 0last-
' v1 oxp 

ic" thoory c1ofinitoly fails to explain the cliffusion bohaviour of tho in-

vestiGated inpuritios, espocially those of thG 5th and 6th periods, 
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Tablc 5, Conparison of oxperi11ontal rosul ts vli th theorios. All 
enorgios in kcal/nole, 

,____,_. 

Iupurity -Eb äE /lQSw Zoff dE u /lE 6 Qoxp D hot, hor.;, 

Na 0.14 +o. 36 -f-0.22 1.85 -0.7 -40 -0,5 o.o 

.i"c 0,01~ -o .11 -0 .15 1.1 -0 .1 +90 +1.1 +0.3 

Au o,o.~ -0.12 -0 .16 1. 2 -0„2 +150 +1.8 -2. 1 

Zn 0.09 -0 .16 -0 .• 25 1.8 -0.6 +250 +3 .1 +O,I). 

Cd o.oo -0.01 -0.01 2.2 -1 .o +200 +2 •'~ +3.5 
Hg 0.01 +0.02 +0,01 2.4 1 -1.1 +210 +2.6 +1.9 
Go. 0,06 -0 • 1 t1r -0,20 3,0 -1.6 +380 +4.6 +O .1 
In o .o,~ +o .12 +o.08 3.4 -1.9 +320 +3.9 +3.3 
Sn 0,02 +o.08 +0.06 4.4 -2.7 +410 +5.0 +1.0 



2b )Dig_~uG.:üon in tcr:::_s of v.?.lcncy offcctG. Considerablo succoss ho.s 

bocn achicvcd for closc-pnckcd syGtoas by thoories basod on priao.rily olcctro

stntic intcro.ctions bctr.'ccn inpuritios and vncancios( 18, 16 ). Tho inpurity v10.s 

trco.tccl ns o.n oxooss poiwt cho.ri:;o, givon sinply by tho valoncy differoncc bo-

t~con soluto nnd solvent ntous; tho vacnncy wo.s such a chargo uith zoro valency. 

?ho potcmtio.l c1uo to a loco.lized oxcoss clmrgo vras first troatod by a linoarisod 

Thor::as-?orni nothod (22 j thon r.\oro rigorously by a self-oonsistont Ho.rtree nothod 

'.J.'he lo.ttor troatuont( 23
i
24 )introducos an oscille.tory potential ( 11 Friodel wiei:;le" 

\':uich nay in ccrta.in cases co.use a negative chnr&o to bo repollod by a noarest 

neichbour pooitivo charco. In univalent no.tricos, howcver, the Thor.iao-Formi po-

tonttnl is probo.bly justifiable ns an approxiuation. This leatls to an exprossion 

for the intoraction onergy inpurity-vacancy in o. univalent netal: 

(3) 

,„hero ö.z io thG oxceso chargo on tho inpuri ty, °' a oonstant of the order of 

unity (in our calculations we shall approxinato OC=1 ), c the oloctron charc;o, 

a tho noo.rest nei[;hbour <liste.neo and q the screening constnnt (for Li,approx. 

1.6 (A.-ut 1 • AccordinG to LoClaire(1G) for iI:;purity diffuoion 

() ) 

rrhorc ~ H is tho natio:o. enorgy difforcnce ancl C a teru invol vinß tho Bnrrloon·

Horrinc; corrclation, It has, howover 1 been pointed out by Barr & al. (25 )that 

in alkali netals the notion and corrolation terr.:s are likely partially to 

cn.ncel each other out: 
V/ 

L.\H - c = 6H/(o.44w
2 + 1) (5) 

9 
r1horo w

2 
iG tho froquoncy of ir:purity-vacancy junps nnd w

0 
that for oolvcmt 

ato111„vacancy juilps. For ir.;puritj.oo which attract vacancios one would thcn oxpoct 

the difference of the two terms to be only a frnction of 6 H • Lloreover, in 

the a1kali. meto.ls AH is likfüy tobe small in compariGon with öE(32 ). The ri

r;oroun LoCJ.air0 treatment is rather arduous and, accordinr; to certain authors(2B) 

1ikoly to leacl to an overostimate of both thcse quantities (a few results of 

tho 11 rigorow~' treatm<mt are presented in ref, (33) ). For these reasons we shall 

in tM.s discussion content ourselves with comparing the experimental ä Q with 

the quantity 4E. 49 



When assigning charges to the various impurities, we have made appropri

ate corrections (in analogy wi th the treatment by Ial (26 )) for. the electrostatic 

cffocts of different atott aml i.on coro sizcs. The rosulting effeotive valonoos 

~cff are listcd in To.ble 5. Via. fornula 3, thoy load to the~~ot. valuos in tho 

o.cljo.cent colurm. 

Frou Tnblc 5 it is obvious that •practicp.lly all tho prodictions of thio 

11hcterovalcnt 11 thoocy lcad to tho wrong oign and oo.gnitude of QQ , und that the 

o.ctivation cnorcios tlo not in a sit1plo way d0pend on zeff" It uay bo tonptinß' to 

nttributc thc fnilurc of tho thcory to tho use of tho Thoua.a-Fcrni potential in-

stead of tho oscillatocy solf~consistent Hartroe potontinl. Howovor, a recent 

o.ctual ceilculation of tho 11 Friedel wigslo 11 for Li (by Bienenstock & al. (27 )) 

app0ars to confirn that no serious error, and ·certainly none of sißrl,· is introduc

ed by thc Thouas-FertJ.i approxination. 

Ono is thus loc1 to ndnit oithor tlmt valenoy effeots are not of prinacy 

iuportanoe in deterninine öCl :for inpurities in lithiun, or that the vacanoy nodel 

~mployed is unrcalistic. 

20) Discussion in torms of coro potential difforences. To explain the oc-

curence of considorable öQ values also for inpurities with the snne valency as 

the r10.trix, LeClaire (19 )has extonded his theory to cover the effocts of differen-

ces in core potential, The nevr theory has boon rather successful for ciertain ho-

novalent inpuritios in close-packod uetals. Hitb.orto it has not been applied} to 

hotcrovalent iopurities, and certnin couplications frou ooulonb, exchange and 

oorrelation effects nay conplicato such an isoue, Hovrever, if the coulonb effeots 

are relatively snall, as indeed is sugecstec1 by the provious discussion, then the 

11 honovalcnt 11 theory no.y prove illuninatinr;, esp0cially as regards vertical systen-

atios within the various groups of the periodic table, 

LcClaire treats the honovalent ir.1purity as a square well potential U equal 

to thc oore potential differonce E?-E0 • Noßlecting the abovenontioned effects 
l. 0 

o.s woll o.s elastic intoractions, one nay obtain U :fron a sinplo foruula. 

E0 = F _,.. H/n +([I)/n (6) 
n 

whoro n is the vo.loncy, F nenn Forni energy, H hoat of sublir10.tion nnd !.I the oum 
n 

of n ionization potontials. 
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,\ccorcling to LoClairo thc inpuri ty co.n bc assicned an offective oharge 

(r1horc R is the raclius of tho Vfißner-8oitz sphere or, in J10Claire~ own usa.ge, 

the Goldscl:midt atooic ro.dius), which can be substitutecl into oq, 3, yiol<line 

~ =(U/2aq )(qR-1 )exp[ q (R-a)] (8) 

In the laot-but-ono colur.m of Table 5 fl E has boen co.lculatod for tho 

vo.rioun ir.1puritiGs via cq,8. It can be seen thnt in spite of the e.bove1.1entionod 

l ini tations, tho 1honovalont" theory is tho only ono to predict the correct siE:,"t1s 

(with thc oxception of Au). The prodiotod orclers of oogn:ttude aro QcceptablG for 

ccrtain of tho investieatccl inpurities, The agroeuont in other oasos (11 ~ Zn, Cd, 

Sn) is poor, but even in its present ir.iperfoct version the last-tientioned theore

tical appronch sugr,esia the relative inportance of 11honovalent 11 effects in 6Q. 

2d) §nliont points. AD foClaire has pointed out, his 11homovalont 11 theory 

does not explicitly take into account valency effects, nor those cluo to aton size 

differen4'.es nnd lattice distortions. It can "~arclly bo pernissible to p,erforn a 

sinple addition of ~R +AR t+ DQs, but such a procec1ure can be seen on tho· non nc w 

nhole to inprovc thc qualitative aereenont with experil;1onts. Especially a possi-

ble nnplification of the l~En tcrr.1 (o.e. if the proper bulk moduli to enploy are 

conoitlerably ßreatcr than tho listec1, oacroscopic 1 quantities) points in the 

corrcct tlircction; this nay rJ.ean that the neglect of the AH in the honovalent 

theory was an oversinplification, ancl that tho clistortiort of the lattico at tho 

saddlo point mieht have been important, Size effectFJ ooem also likoly to be res-

ponsible for tho c;onspicuous cliffcrencos between the inpurities of periocls 4 and 

5 in the sano eroups. Tho possibili ty of bounrl statos in periocl 4, sueeootod by 

I~arci\28 ), v1oulcl clocreaso the valoncy clifforences anc1 thus, unloss notion enereios 

are CC1..Asic1erablo, work in thc 11 wrong11 diroction. 

Tho nost strikinr~ ancl uncxpoctcd rosul t is probably tho creat difforencc 

four.ad bctwcon tho bohaviour of tho Aß traccr on onc ho.nd, Au on tho othor • .Aton 

sizc difforcnccs are hcro rulcd out. It has boon SUßßOGteu<29 ) that the tra~br 
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gold r:ÜGht be clissolved„,t:iainly in tr.ivalent form. Vfhile this would bring üEhet 

to tho right order of magnitudo (about -2 kcal/mole), it would also considor-

abl;/ incroase .D Eh , A similarly grGa t diffusi vi ty has been found for Au in . om 

Na(3o), and the question was raised, whether Au may not be an interstitial 

irnpurity; the atom radius ratio Au-Na aeemed favourable, However, the ratio 

is considerably arcator in Li, and it is also difficult to see why Ag should 

bohave so differently. Recent thermotransport studies by Thernquist(31) of Au 

in Li gave a heat of transport ~ossible to reconcile with interstitials. 

Hinto of an unconventional mechanism have also been seen in other thermo

transport studies of Li( 1
, 

2). One possibility suggested was thnt the region 

around a vacancy in Li is so relaxed, that it no longer constitutes a point 

defect. The relative importance of ~E1 would in such an extended defect 
1om 

probably be rather small, and the effects of motion energy, size and compressi-

bility would gain weight. At this stago it is hardly profitable to indulge 

in too much qualitative speculation; however, if the defect mainly responsible 

for diffusion in Li is not a simple vacancy, or if the mechanismsof impurity-

diffusion and self-diffusion are differGnt, then the whole problem has to be 

examined in new light, and the complete or partial failure of hitherto 

dev0loped theories is very understandable. 

Special aclmowledgement is due to Dr. J.N. Mundy (Ar.gonne ), who 

during his stay as a visitinp; scientist introduced the solid alkali diffu-

cion tochniquo in our laboratory. His collaboration has boen rnoat stimuJ.nt-

inß. V/c also acknor1ledge intere::-:ting discussions with profs, N.H. !1'arch 

( SllGffiold) and A. Bienonstock (Stanford). This research has been support-

od by tho Gwedü;h Cotmcil for Applicd Hooearch nnd by Statons Natnrvoton-

sli;,;apliga J11orsknine;or3.d. 
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filec:tro- ancl Therr·1otransport in Lithium. 

P. Thernquüit and A. lodding 

Physics Department, Chalmers University of Technology 

Gothonburg, Sweden. 

(Abotract) 

C1he mobili ties of defects and impuri tie::i in lithitw1 have been studied 

by observing tl'.e motion of inert latt:Lce JYtarkers, of stable isotopes or of 

racUoactive trn.cers, irn1ucoc1 by potential gradients (electrotransport) or by 

tempernture c;radientn (thormotransport ), The electrotransport e~-::pe;l'.'imonts on 

pure Li indicate an effective defect resistivity of ahout o.6 micro-ohmG/~ def., 

inass transport directed to\'m.rds the anode. The thermotransport expo:riments 

give a her:i.t of t:r:"ansport of about +8 kcal/mol; with mass transport towards the 

cold region, vrhilo the isotope effect of thermotransport is anol'l.alously directed 

towards the hot ree;ion. From the temperature characterictic~ of both electro

and therrnotransport one deduces an activation energy cJ,ose to that of self-

d i.ffusion ( 12. 6 kcal/mole). The thermotransport of 195 Au in Li enriche s the 

tracer in the cold region. The transport mechanism in lithimn appears to be 

governed by composite defects rather than 11 classical 11 vacancies. 

Among the methods employed at this laboratory for the studies of atom 

mobilities .in Dolid and liquid metals, those of electro- and thermotransport 

have ~roved particularly useful (1 - s). This report deals with investieations 

in li thium betrl8en 70°and 170°0. The resul ts will be presented from four main 

lines of investigatfon: 1)electrotrannport and 2)thermotransport in pure Li, 

both studied by an inert marker technique; 3)the Li-isotope de-mixing effect 

accompanying electro- and thermotransport in the pure metal; 4)the thermo

transport of a radioactive tracer (195Au) in Li, using a steady..stnte technique 

still in the stage of development •. · 

1 )E1ectrotransport of Iattice Markers. 

The experimental arrangement was a further development of a method 

by Wever (9 ), Huntington (10 ' 11), and Lodding (2) ~· Direct current was 

em-

pJ01;ed 

passed along cylindrical lithimn samples, force-cooled at both ends. 
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The motion of inert lattioe·markers (surface scratches) irt the hot portion 

of i;he samples was r:i.easured by means of a travelling microscope. !.Ta.rkers at 

the cold ends served as references. A more thorough deocription of the ex

perimental details will be r,iven in a forthcomine :publication(12 ). 

Electrotransport results are cohveniently expresoed in terms of the 

"effective valence 11 , z*, of the diffusing atom, defined by the relation 

( 1 ) 

where va is the migration velocity of the species e., due to a cµrrent density 

j; f is the specimen resistivity, and e the electronic charge. rx is an isotropy. 

factor (between 0·~·3 and 1 for :normal experimental condi tions) vrhich can be 

determined by comparin[~ the marker motion wi th the observed radlal dimension 

changes along the specimen. B is the 11mobility11 due to the self-diffusinn a 

mechanism, i.e. B =D/flcT, where D is the experimental self-diffusion coefficient, a 

f the Bardeen-Herring correla.tion (0.73 for vacancies in bcc lattices), k the 

J3ol tzwann constant ana. T the abs. temperature. In comparison wi th B , vrhich is a 

an exponential Boltzmann function, c< f' vary only slowly vri th temperature and 

can be expected to vary either slowly or exponentially; a logarithmic plot of 

v /j versus reciprocal temperature therefore should give a straic;ht Arrhenius m . 

line 1 from which the activation energy of the true electrotransport mobility 

can be computed. The Arrhenius plot is shown in Fig.1. The computed activation 

energy is shown to be 12.9 ± 0.4 kcal/mole. This is very close to the activatioh 

energy of tracer self-diffusion, 12.62 .± 0.21, as recently determined by Ott 

& al. C13 )• Therefore it seems reasonable to conclude that the mechanisms are 

in fact identical, and formula 1 represents not only a definition of z*, but 

also a valid form o:f the Nernst-Einstein relation. 

Several theorie8 of electrotransport have been developed, all leading to 

rather similar predictionri~- A formula due to Huntington (11 ) comprehensively 

takes into account the influence of effective e'.Lectron mass in imperfect elect:ron 

conductors. Huntington 1 s formula.: can be combined wi th one fi:rst given by 
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LoddingC14 ) (see also Piks(15 )), to obtain 

z* = z [ q*/q-~~( f"'/) )(m* /1 m~ l )j (2) 

Here z is the number of' free electrons por atom, q* a.nd q are, -respect

ively., the ionize.tion degree of the diffusing atom a.nd that of an atom a.t a 

lattice site, m* the effective mass of the electron, f the defect-free metal 

resistivity and _fthe effective resistivity of an atom at the saddle point, 

vrhich should be comparable to the effective defec"li resistivity. For self-trans

port in an allcali metal one may reasonably assume q* = q , m* = 1 m*/ and z = 1 • 

The effective valence z*, obtained from experimental vm via eq.1, thus con

veniently yields f' by means of 

.f* = 2.,~ (1 - z*'/z) (3) 

The results from all investigated samples give us the average values 

z* :::: 1.4 .± 0.2 anc1 J-lf = 0~62 .± 0.03 j-'-fl./'(, defects. Fic:;.2 showo the dependence 

of z* and j;r on temperature and inverse resistivity. The 11 effoctive resistivity" 

appears to be practically independent of temperature, while the slight decrease 

of (-z*) with rising temperature is to be attributed to the f term j_n the 

denominator in eq.2~ 

That f~ is independent of temperature has also been observed in other 

("2 17 18) recent self-transport measurements ' ' , while most earlier marker-type 

experiments suggested a decrease of J~ wi th rising temperature. JITo existent 

theory does require f~ in a pure metal to be temperature dependent, and 

attempts have been made to account of the non-constancy in the early experiments 

in terms of dislocations(21 ) or impurities(3 ). The constant value of j/t in the 

present investigation is gratifying and implies the possibility of evaluationg 

the true charge zq*/q of an impurity in lithium from z*, by linear extrapolation 

./ 
of eq.2 to f,,.. o. 

The negative sign of z* indicates that'the 11 electron wind" (second term 

in parenthesis, eq.2) dominates over pure coulomb forces, which is hardly un

e:x:pected in a good eleotron conductor. A strilcing result is, horrever, the low 
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11 effective resistivity 11 • The value obtained, 0.'62 9 is conoiderably lower than 

the theoretical estimate of vacancy resistivity in Li(16 ) (about 1~2/"~);t~ef.). 
(17 18) Recent electrotransyiort experiments on close-packed !Jletals ' have .shovrn 

:Ir much better agree~ent between f and f'v The present result is, however, com-

parable to that obta:Lned by St.tllivan (19 ) for sodiUln, (/':_ = 0. 44 µ.n/'ß def. 
.J t1a / 

The reaoon for theoe lovr values is still not quite clear. It has been pro-

posed (19 ) that the cadcUe-point confi[p,tration in a bcc metal should be re

assessed. A '1owering of r;" would also be expected for a vacancy if a· con

siderable relaxation is present in its vicinity. There are reasons to believe(2o 
that such is indeed the case in the allmli metals. 

2 )Thermotransport of Lattice I.!arlcers. 

The experimental set-up resembled that used for·electrotransport, with 

the main difference that alternating current was'used instead of direct current 

A short description has been published(6 ), a more detailed one is under pre

paration ( 12 ). 

Thermotransport (11 thermal diffUsion 11 ) results are usually described in 

a form derived from thermodynamic arguments: 

= -B Q* grad(tn T) 
9, 

(4) 

where Q* is an energy characteristic of the material and of the transport 

mechanism (the nomenclature differs in different laboratories, .but the term 

"heat of transport" will here be used for Q*). As in Section 1, .an activation 

energy for the dominant transport mechanism should be obtainable from the 

temperature behaviour of the marker displacement. Plotting 2 v T /grad T a 

vs. j_nverse temperature one indeed obtains an acceptable straight line (fig.3 ) •. 

A closer look reveals a tendency for increasing slope at lower temperatures. 

0 ~~ 
The pd.nts belov1 some 90 C (underlined in fig. 3) may, however, Vbeen particularly 

influenced by grain boundary effects, as well as by errors in tempcn::ature deter

mination, and it is probably correct to exclude them from the main phenomeno-
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logical discussion. This results in an activation energy of 12~5 .± 0.4 kcal/mole, 

again very close to the value 12.62 .± 0.21 from experimental oelf-diffusion(?). 

One may thus reaoonably aosume that thermotransport as well raf.l electrotransport 

are governed by the oame mechanism as self-diffusion, and Q* can be conoidered 

as nearly conotant. Combinin13 eq. 4 wi th v =IX v and Ba = D/fäT , measuring m a 
0( 1 and assuming f :::: 0.73, one ce.n calculate Q*. All calculated hea·ts of trans-

port are shorm as function of temperature in fig. 5; There is a considerable 

scatter, but at temperatures above 90°c certainly the :temperature dependence 

is small, if any. The mean value obtained is Q* = s.2 + 1~3 kcal/mole. 

From soUd-state atomistic as well as from statistic arguments <22- 25 ) 

(see also the review article on solid-state thermotransport by Allnatt and 

Chadwick(26 )) one expects 

* PEm EF (f +1 )EM - QD Qv == - == (5a) 

for the simple vacancy mechru1ism, and 

Q'lfi. 
I == EM + E 

F == QD (5b) 

for the simple interstitial mechanism. El'l and EF are, respectively, the 

energies of motion ru1d formation, QD is the self-diffUsion activation energy 

and /!' is a . constant near to uni ty. If the dominant transport mechanism is that 

of vacancies, as variouo evidence(2?, 28120 )from Na, i~e. the metal most siT11ilar 

to Li, seems to indicate, then one would from Q* =· +8'.2 deduce E~.~ to be about 

11 kcal/mole, i.e. the major part of QD"' This is cont:t>adtcted e.g. by the 

results obtained dilatometrically by Feder and Charbnau (2s), implying that in 

the alkali metals EM should be much smaller than EF. Even for close-packed 

metals eq.5a would predict neeative, or near-zero, heats of transport, and 

our high positive Cf value for Li thus seems altogether incompatible with the 

11 classical 11 vacancy mechanism. Vlhile the abovementioned evidence favours va-

cancies as the main mechanism in Na, the pre,sence of interstitia1cies is not 

excluded(2s, 2o)_. It seems possible that in the even more relaxed Li lattice 

intersti tial defects are more common. The thermotransport treatment by Lcdding (~ 
would indeed predict Q* eit nO:o for n-atom interstitialcies, which would permit 
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the contribution from such'defects to outweigh that from vacancies even·at 

superior concentrations of the lattcr. Another e:x:planation, proposed in 

ref. (6 ), may be that the region around a vacancy is so extremely relaxed, 

that two dj.fferent motion mechanisms may be combined wHh the same formation 

mcchanism. One vrould be the discrete jumps of single atoms into the relaxed, 

perhaps 11liquid-like 11 (
29 ), rec;ion, the other vroul.d ·entail spontaneous eo-

operative motion of all the atoms in the region, :moving the centre of the ex

tended defect only by small dinplacements. The lattcr motion woüld (again as 

a consequence of thc theory of ref. (25 )) give a greater Q* value than the 

former, causing the total heat of transport to be positive. 

3 )Isotone EffectG in the Electro- and Thermotransport of Li. 

A number of the oamples on which marker-motion had been observed were 

seetioned, and each section was mass-analysed to yield the variation, along 

each sample, of the isotope separation factor Qx , eiven by 

(6) 

where c are the concentrations, the subscripts 6 and 7 refer to the two Li 

isotopes, and the subscript zero to the concentration ratio of normal lithium. 

In a publication a couple of years ago(7 ) the isotope effect of thermotransport 

was reported for the first time, and a method of quantitative evaluation was 

given. The arguments led to the formula (valid for small isotope enrichments) 

'ö(vt) 1 Qx - 1 = ~~ o.- (-a)'(~r.T/M) (7) 

where t is the duration of e:x:periment, x the coordinate along sample, ~ ~J the 

mass difference of two isotopes of mean mass M, Ei.nd a. the "isotope factor", 

defined for lithium by 

(s) 

v6 and v7 being the respective migratl.on velocities of the isotopes. 
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It vras relatcid in ref. (?), and subsequent e:x:periments have confirmed (12 ), 

that the lieht iMtope vms enriched at the hot porticm of the specimen (i.e. 

the portion which the buJ.k motion was directed away from). The isotope factor 

was fou.nd to be a ... 1 = +o. 35 + 0.10 (the subscript referring to 11 thermotrans-
o 1 -

port" ). 

Quite recently we have also found an isotope effect (hitherto unre

ported) in electrotransport. This effect, althoue;h quite distinct, Y1as more 

dif-<'icuJ.t to n1easu:r:e C1_uanti ta.tively than was the one in thermotransport. The 

reason for this was, that in the DC experiments the ;;resence of a the:rmotrahs-

port effect was Ui"1.avoidab1&, and had to be subtracted from the total mie;rat:i.on 

effect to obtain the pure electrotransport behaviour. The procedure is illustra-

tetl by fig.5, shm'ling the variatfon, alon(; one of the samples, of total marker 

displ~cement and of isotope composition after a completed ru.n of some three 

\'1ee'.:s. The upper half of the figure (marker motion) FJhows ho\'/ the antisyrnmetric 

therrnotran8port contribution, knoYm by calibration frort separate AC rlms, is 

subtracted frort the experimental curve to yield the sy1mnetrical olectrotranG-

port contribution. In the lower half of the figure (ir:otope oeparation factor) 

the therr.iotransport contribution to Qx (the Gymmetrical curve) has been com

puted fro:m the gradient of the above marker-motion curve, using ath = +o.35 

in forr.rnla s. The electrotransport contx;ibution (anti-syrn1netrical curve) r:as 

also calculated via eq.s, tentatively assuming =+o.40. The resulting theo-

retical curve (vrholc-drm-m) is seen to agree in shape with the oxporill1e.ntally 

measured variation in isotope composi tion. The qua.ntitatj_ve evaluation 1s ob-

viously arduous, but the three hitherto investigated DC sa.mples have yielded 

ael = -0.45.±.0.20 (the index standine for i1e1ectrotra.nsport 11 ). Th.e sisn means 

tha.t the light isotope is enriched a.t the anode„ i.e. in the direction of 

bulk electrotra.nsport1 contrary to the reoul ts· of the AC experiments. 

The physical meaning of the isotope factor a has been diocussed by 

one of the present authors(3o), a.nd i.t ha.s been pointed out that if the bulk 

motion and the isotope effect are e;overned by the same mechanism 9 then the 

factor ha.s to be negative. The kinetic energy factor 1JK, first discuosed by 
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r::ullen (3o) (denotinG the share of kinetic ene:rgy at the saddle-point which is 

posl:lessed by the diffusing a.tom itself a.nd not by its surroundings; see also 

ref. (31 ) ) is by def;_ni tion :tdentica.l wi th (-2a). 

Positive a-values arA. thus strongly indicative of co~posite mechanisms. 

From the sign of our experimental ath one is led to infer, what has been sug

ge sted already in the prev·i.ous section, namely that two modes of motion are 

present. The "diserete jumps11 of single atoms give rise to an isotope effect, 

but contribute less to the bulk motion. On the other hand, the 11 cooperative 

motion" of extended defects favourises buJJc motion in thermotransport on account 

of their sizc(25 , 5 ), but elunes isotope effects because of the large effective 

mass of the moving species. 

The sign of a.91 is the same as for 11 discrete jumps", which is to be 

expected,as a single atom at the saddle-point should scatter electrons more 

than one performine a small position adjustment together with its neighbours. 

'föe discrepancy between theoretical and experimental 11 defect resir>tivity" in 

the alkalis might also be qualitatively tmderstood on this basis, as only one 

part of the atoms eiving rise to the experimental self-diffusion coefficient 

D is also contributing to electrotransport. Accordincly, if formula 1 is to 

have a meaning in terms of the microscopic mechanism, B should not correspond 
a 

to D, but to an effective share of the diffusion coefficient. 

This isotope effect of electrotransport in Li appears to be the first 

observed instance of the Haeffner-effect(3291 )in.any solid metal. 

4)Ther~otransport of Impurity Atoms in Lithium. 

If a temperature gradient is imposed on an initially homogeneous alloy, 

a de-inixingoccurs; Thermal diffusion phenon!ena have·been studied rather ex-

tensively in gaseous systems and :i.n liquid mixtures, but in spite of rapidly 

growing intereot (see revievr article, ref. (26 )) relatively little has hitherto 

been done in ool·i.ds. In the alkalio, to our knowledge no thermotransport of 

impurities has hitherto been investigated. 

From formula 4 the steady-state concentration o1 of dilute impurity 
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in a temperature gradfont can be obtained under the assumption of.identioaJ. 

mechanisms of inter-d:i.ffus:i.on and thermotransport,; In the stea.dy state the 

flux due to the velocity va is completely balanced by back-diffusion 9 i„e. 

-(D./fJ.rT)Q~~ grad(tnT)c. = D~grad c
1 1 1 1 w 

(9) 

and so 
(1n c. ) ** 

k ' (17~·)'1.- = Qi 
(10) 

·J(;Jf 
The 11heat of transpo:ct" Q. by its sign and magnitude j.ndicates the 

1 

tenclency of the alloy to segregate, and pertains to the pelative velocity 

V. - V of the impurity with respect to the matrix lattice, which, of course, 
1 a 

also move s unde.r solf-transport. To deduce a physical meaning via equations 

analogous to formnlae 5, the entity to be substituted is therefore Q~ , from 

· D. Q~ - DQ*" = D c~ 
1 1 i <Ji ( 11 ) 

In li thium, measurements of D and rf have been made (see ref. C13 ) and 

section 2 of this report), and a systematic study of impurity diffusion is in 

progress at this laboratory. It is therefore a logical step to extend our 

investigations to impurities in a temperature gradient. 

The experimental arrangement is a specialized vacuUJJl development of a 

standard steady-state method(33 ), utilizing a slicing and counting tecluiique. 

The high dif:fusivity of Li allows a rapid attainment of steady-state, per

mitting even relatively thic1c (approx.2 mm) samples. About 20 slices could be 

made (using the microtome procedure ,of ref. C13 )), giving excellent profiles 

of J.n ci vs. 1/T (c~ ;va'.r"'Jing over two orders of magni tude along the sample) in 

our test experiment with 195Au in Li. These measurements showed a migration of 

Au towards the cold end of the specimen (Q~ posHive). This is, via eqs.11 

and 5b, compatible with an interstitial mechanism. Further work on the thermo-

transport df Au and Ag impurities in Li is fn progress. 
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5 )Conclus:!.ons. 

Vlhile in i;[le~otJ~nsuort the sign of the isotope ef:t'ect does suggest 

the presence o:f some type of a vacanc;ir mechanism, the bulk .effoct in pure Li 

seems explicable only on the assumption that a cooperative mechanism ( 11 extended 

defect 11 ) is col'!'petine with 11 discrete jumpG11 into vacancies. 

The 11 discrete jm1p 11 mechanism is also impliecl by the reaul ts of electro-

:J:2.:_ensp9rt measurements, where no contradictfon is found bet\7een the bulk effect 

and the isotope effect. The small effective defect resistivi"liy obtained may, 

however, again be clne to the 11 cooperative 11 contribution to self-diffuaion. 

The fact that the activation enerr)ies of electrotransport, thermotrans-

port ancl self-clif:t'usion are fovnd to be practically the same suggests that the 

11 cooperative 11 and 11 discrete 11 r.lodes of motion are two manifestations of one kind 

of nefect. This defeot riay be either an extremely relaxed vacancy, or a type of 

a Frenkel-pair in which the interstitial moves as a group of two or more atoms. 

The p·onitive heat of transport of Au irnpurity in Li is compatible w:i:th 

an interstitial mobility mechanism. 
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DETERMINATION OF THE CHARGE AND THE RESIDUAL RESISTIVITY OF 
AOTIVATED IMPURITY-VACANCY COMPLEXES IN METALS BY ELECTRO

TRANSPORT 

Th. Hehenkamp, Ch. Herzig, Th. Heumann 
Institut für Metallforschung der Universität Münster/Westf. 

ABSTRACT 

In order to check different theories for electrotransport, which 
have not been confirmed quantitatively, electrotransport, diffu
sion and residual resistivity of antimony in gold have been pre
cisely measured. The results seem to best fit a model given by 
Huntington. A quantitative evalution is possible for the first 
time. The results yield a value of 3.3e for the scre•nedcharge of 
the activated· antimony-vacancy complex. It is assumed that the re
sidual resistivity of the antimony impurity which yielded 
6.66 ;u.flom/At.% is e.lmost identicalwith that of the activated com
plexes. It has to be concluded that the charge of the impurity on 
normal. lattioe positions does not differ significantly from the 
charge of the aotivated oomplex. Further,the results show that the 
correlation coefficient for jumpe between vacancies, the Sb-impu
ri ties and gold atoms does not vary in the limits of the experimen· 
tal errore. 

I. Introduction 
By means of electrotransport measurements one is able to obtain 
information about the mutualenergetic interactions between elec
trons or holes and point defects in activated states in solid me
tals. Such an activated state is the saddle-point configuration 
during a jump of an atom from one stable position in the lattice 
to another one. For a vacancy controlled diffuaion process such an 
activated complex ooftsists of the displaoed atom at the saddle 
point and the neighboring vacancy. For interstitial diffusion on
ly the displaced atom constitutes the activated complex. The cur
rent theoriea of electrotransport Yield in particular information 
about the residual reaistivity and the screened charge of such\acti· 
vated complexes. 
In a metal two foroea act upon a mobile atom resulting from passa
ge of high direot ourrents. The firet is the field force, the se
oond a friction foroe resulting from a momentum transfer from the 
eleotrone or holes to the activated complex. These two forces are 
oppoeite in sign1 in electron conductore 1 ) and produoe for mobil~ 
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atams a flux 
been treated 
Basvieux and 
and Adda and 

af matter, the electratranspart. This ~rablem hae 
thearetically by Huntingtan and Grane 2 , Fiks 3) and 
Friedel 4 ) and athers. Far a review see Verhoeven 5) 

Philibert 6 ). In all the theories the resulting for-
ce F is af the form 

F = E e zeff ( 1 ) 

E being the electric field and zeffe an effective charge which is 
the sum of the screened charge z'e of the activated atoms and of 
the charge Z resulting fram the mamentum transfer. The drift vela
city v is then given by the praduct of farce F and rnability B=~* 

D * . v = Frr J S e zeff (2) 

D* is the self-diffusian caefficient of the transparted species, 
j the current density, ~ (T) the specific resistivity at temperatu~ 
re T, and k Boltzmann's constant. The correlation factor f, intro
duced by Bardeen and Herring ?), takes into account the differenoe 
between the actual, statistical mobility and the mobility measured 
by means of the penetration af a radioaotive tracer. The theories 
mentioned above give the followingresults for zeff• 

.a~d N rn* 
zeff = z' - 1/2 z ~T NJrn*I 

zeff = z' - z 
4 fd N 

'.f T Nd 

LIZ 

zeff = 1/2 z - 1/2 z 1 ( Ll ~ 
~T d 

(3) Huntington and Grane 2 ) 

(4) Fiks 3) 

N e:iz+z 
bz+z)+ C (5) -4z +Ll~d Nd d 

Bosvieux and Friedel 4) 

These equations stand far the transport of substitutional impuri
ties. Here C is a correctian term which usually is small and ne
gative, ~~d the residual resistivity of the activated complexes, 
1. their concentratian, m* the effective electron mass, and z the 
vHlence of the matrix. The first term in these equations corres
ponds to the screened charge, the follawing ta the friction far
ce. In contrast ta eqns. (3) and (4) eqn. (5) has two terms far 
A ~d. Ll fdis assumed ta be independent of temperature in analogy 
to Matthiessen's rule. Except the specific resistivity ~(T) all 
factors determining zeff are therefore constant. A plat of zeff 
determined for different temperatures from eqn. (2) versus 1/~ 

shauld therefare be linear. An extrapolatian of this plot to 

1/~ = O should give the screened charge of the activated comple-
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xes according to eqns. (3) and (4). Logarithmic differentiation 
of the rewritten eqn. (2) with respect to 1/T yields 

d /. Q d 1 zeff ~T 
df,7T ln v J = - 'k + NT n T f ::: 

Q' - 'k (6) 

with D* = D
0 

exp (- ~), Q being the activation energy of diffu
sion. A plot of ln v/j versus 1/T yields almost the same activatior 
energy because of the small contribution from ln zef~ }(T) • The 

small difference Q - Q' =~Q' is essentially given by the depen
dence of zeff on 1/~ , since ~~T) is approximately constant at 
higher temperatures. Comparing the results of electrotransport 
measurements published so far with theory, it is obvious that in 
many but not in all of them~Q 1 is much larger than expected. The 

values for zeff therefore show a much stronger temperature depen
dence than 1/~ .So für nooe of the experiments yielded the expected 

linear dependence between zeff and 1/f. 
Wever S, 9) has proposed to attribute the large differences bet

ween Q and Q' to a dislocation pipe diffusion mechanisrn. On the 
other hand systematic errors might be involved in deterrnining the 

electrotransport. For example, in ~old Huntington and Grone 2), 
Gilder and Lazarus 10 ), Kuzmenko 11 und Herzig 12 ) using diffe
rent experimental techniques obtained widely varying results. 

Large errors can be introduced by measuring temperature and cal
culating from it the diffusion constant D in eqn. (2), particular
ly using data from literature. It is therefore essential to mea
sure diffusion and electrotransport simultaneously. Such rneasure
ments have been per-formed by Hehenkamp 13) and Gilder and Laza
rus 10 ). The simultaneously obtained D permits the determination 

of T from the well known Arrhenius plot. This indirect method 
10) 12) has been used and seems to be the best at present. 

II. Experimental procedure 

1) Materialsand rnethod 

The particular system and the method used for the present work 

was chosen for following reasons: 
a) the transport effect should be large in this system 
b) the rnethod should be as free as possible of systematic errors 

as mentionad above and should have great spacial resolution in 
order to measure the shifts vt = x quite precisely. 

The migration of antimony in gold was ohosen. For given T and j 
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v is particulary large for high values of D and ~,d,cf .eqns.(2) 
and (3), if the friction force predominates. According to Linde 14) 
d~i for impurities in the noble metals Cu, Ag,and Au satisfies 
appoximately the equation 

( 7) 

~z is the difference in valence of the matrix and impurity atom. 

Supposing 4~d and 4 ~i are camparable to a first approximation im
puri ties with a large valenne difference are expected to give a 
large transport effect. The same holds for D as has been shown for 
impurity diffusion in silver by Tomizuka and Slifkin 15 ). For an

timany in gold AZ = + 4. An experimental technique for simul• 
taneous deterrnination of diffusian and electrotransport has been 
described by Hehenkarnp 16 ). By this method systematic errors seem 

to be elirninated for suitable experimental conditions. The shift 
of the diffusion prafile by electratranspart is measured with 
respeet to a lattice-fixed reference system. 

c 
f--- Trans por lrichlung 

c. - - - - - - -..,,..-.,,....._-....... , 

Fig. 1 
Cancentration penetraQ 
tian curves f ar pure 
diffusion (dotted 
line) and for diffu
sian and electro
transpart 

Accarding to fig. 1 the sample cansists of three parts. The anti
rnony-gold alloy is placed between two 99,999 % pure gold specimens, 
These hollow cylinders are 5 mm in diarneter and 4 mm in lenght. 
The bare in the center has a diarneter of 2 mm. The planes xa = a 
and xk = a are the original welding interfaces. This arrangernent 
carresponds to the well knawn baundary condition of the infinitely 
lang sample. The flux of matter is given by a transport modified 

Fick's second law 
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where c is the volume concentration of the antimony impurity. 
For D and v independentof x the solution of eqn. (8) is 

c = c
0
/2 (1 - erf (x + vt) 2Pt (9) 

Since eqn. (8) is linear diffusion and electrotransport are addi
tive. Therefore the profile for pure diffusion (dotted line) is 
shifted by vt where-as the shape remains the same. The shift by 

electrotransport is given then by ]x~,k - xa,k/= jvt/. Every experi
ment yields two independent results for vt, one for the anode 

side of the sample, another one for the cathode side. The experi
mental data are evaluated by plotting the concentration profiles 
on probability paper. For constant D and v, i.e. for D and v in
dependent of c and isothermal conditions straight lines, the slope 
of which give a value of D,are to be expected. For electrotrans
port of impurity atoms it is quite necessary to check to what 
extent a variation of ~(T) along the specimen gives rise to an 
electric field gradient. Hehenkamp 16 ) has shown that an evalution 
according to eqn. (9) is only possible for very small impurity 
concentrations. The straight lines representing the penetration 

curves on probability paper fix the points x~ at c = c
0
/2. The 

problem is the determination of the reference system xafc = o. 
Transport of impurities offers the possibility to measure the 
concentration profiles by means of an electron microprobe. The 
applicability and the features of this instrument ror such pro
blems have been studied by Hehenkamp 16 ' 17 ) in detail, particu
lary for small impurity concentrations. The microprobe has also 
been used in the present work. 

2) Experiments 

The concentration of antimony was 0,255 At% for electrotransport 
specimens. The runs have been performed in a vacuum of about 
10-5 torr. During the run the temperature was kept constant to 

~ 2,5°c with a Pt/Pt/Rh thermocouple as sensing element by means 
of a current control. This thermocouple was placed inside the 
hollow specimens and electrically isolated from them. The tempe
rature measurement of the specimen itself was largely in error. 
The average current could be determined to about 1%. It was pos
sible to establish isothermal conditions along the specimen by 
placing thin graphite plates between sample and the pure copper 
electrodes. In order to avoid deformations and evaporation of 
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antimony from the alloy the whole specimen was placed inside a 

quartz tube, which surrounded the specimen tightly at temperature. 
The results show, that the temperature variation along the pene-

o tration curve is lass than 3 c. Therefore thermotransport·is 
negl~gible. 

For rnicroprobe analysis the samples were prepared by ernbedding 
into an electrically conducting epoxy, by grinding, and by po
lishing perpendicular to the welding interfaces. The surface is 

then etched by aqua regia. A second polish rernoves the etched 
portion of the surface in order to avoid analytiual errors. The 
welding interfaces, howewer, which are etched preferentially are 
still visible. Fig. 2 shows a few analytical points in the vici
ni ty of the welding interfaces, visible due to burning spots of 

the electron beam. The distance between these points is 50;um. 

'' ' 
Fig. 2 
Analytical points at 
distance 50;um in the 
vicinity of the welding 
interface 

rwelding interfaces 
By this preperation technique it is possible to fix the position 
of the analytical points with respect to the welding interface 

at xa;ic=o precisely to ± 2 ,,um using the internal optical rnicro
scope in the rnicroprobe analyzer. It is therefore possible to 
avoid all errors inherent in different techniques which use the 
shift of surface markers 2 , 1s-2o), since the transport is rneasured 

inside the specimen. Due to its nondestruotive nature the analy
sis can be repeated for the same specirnen. 
Fig. 3 shows a penetration curve on probability paper as an 
exarnple. For comparison both results the anodic as well as the 
cathodic part of the specimen are plotted with respect to their 

welding interfaces at SE = x~k = 0 in the sarne fashion. Antimony 
has been transported to the anode in gold indicating a friction 
force much larger than the field force. The shift is then 
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lx'a,k - xa,k 1 and can easily be obtained from the plot such as 
Fig.3. The penetration curves are straight lines for all 9 experi
mental runs and are almostps.rallel. This is a good check of the 
validity of the boundary conditions mentioned above for eqn.(9). 

In order to confirm the independence of D of concentration and 
to provide a reliable temperature scale the pure diffusion of 
antimony in gold was measured as function of temperature. Previous· 
ly these data were not available from the literature. The same 
metals as for the eleotrotransport measurements have been used 
in the same arrangement as in fig. 1. The diameter of these samp
les was6 mm. Different initial concentrations between 0,15 At% 
and 0,4 At% antimony were uhosen. The annealing temperature was 
measured with a platinum. thermocouple plaoed inside the bore of 

0 the hollow speoimen, to an aocuracy of about 1,5 c. The anneal 
was carried out under an argon atmospkere at 14 different tempe
ratures. The penetration plot on probability paper was linear for 
all runs indioating no detectable dependence of D on concentration 
up to about 0,4 At% antimony. Again the analysis was performed 
by means of the electron micropobe. Heating and welding time 
correotions have been made in the normal way. 

75 



III. Results and discussion 

In fig. 4 the results of the diffusion runs are plotted versus 
1/T. Fora least squares fit of the straight line the three lowest 
temperature data have not been taken into account, since an in
fluence of grain boundary diffusion could not be excluded. The 
data can be represented best by 

D ( 1 14 0 06 ) 10-2 (- 1,336 .t 0,005 eV) (cm
2

) = ' ± ' • exp kT sec (10) 

The average error of a single measurement with respect to the 

straight line is ± 4,7 ~. 
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Using eqn. (10) it is now possible to obtain the temperatures 
of the electrotransport measurements quite precisely via the 
simultaneously measured diffusion constants. Analysis of the pene
tration cmrves for electrotransport indicates almost the same 
margin of error as for pure diffusion. Hence the accuracy of T is 
about + 4°K. Table 1 shows all experimental data for electrotrans-
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ELECTROTRANSPORT OF ANTIMONY IN GOLD 

-----------~------------------------

Table 1 

r-----------------;----------r--------r--------------r---------------
1 2] 1 1 1 1 3 

l----~-I~~~-------J--~-[~~1--i--~-~~~t--~--~:~ _____ l __ ~:_[~-~~~~l-
, -8 1 1 4 1 -11 
1 A 2,11 • 10 r 1178 156 1 4,69 • 10 l 9,02 • 10 
1 

8 ' 1 4 1 11 
: K 1,855 10- 1 1168 147 : 4,69 10 : 8,51 10-
1 1 1 

: A 4,59 10-9 1055 222 : 1,91 105 : 2,44 

l K 3,93 10-
9 

1045 193 ! 1,91 105 l 2, 13 

1 9 1 104 ' : A 7, 79 10- 109 5 19 3 l 9, 25 : 4,02 

3,71 K 7,48 10-9 1092 178 : 9,25 10
4 l 

' 1 

A 

K 

A 

K 

1A 

K 

'A 

1K 

A 

K 

K 

A 

1'50 

1'43 

1'83 

1'62 

2,32 

2,79 

1'89 

2,01 

1 o-9 982 90 l 2, 72 1 o 5 l 7, 30 
9 

1 
5 ' 10- 978 90 : 2,72 10 : 7,30 

1 1 
1 o- 8 

10-8 

10-8 

1 o- 8 

10-9 

10-9 

10-9 

10-9 

10-8 

1166 

1155 

1186 

1203 

1067 

1061 

996 

1000 

1213 

1 104 ', 120 2,92 7,98 

11 0 

145 

171 

136 

132 

86 

89 

125 

104 ', 2,92 7,32 
' 1 

2,58 

2,58 

1'05 

1'05 

1'60 

1'60 

1'875 

1 1 '01 

1 ' 19 

2,39 

2,33 

1'05 

1'09 

1'29 3,11 

SE not visible 

zeff/f calculated from the data according to eqn. (2) 

Table 2 

10-11 

10-11 

1 0-11 

1 o-11 

10-10 

: ----;--r~~ i---T---~-1~::rF1~ 1:~:::r--1~<;)-=-~===-~:~;r=::::1~ 
i 1 1 1 ( )U n cm) 1 

: ---------------f-------------~--------------i----------------1--------
1 1 1 1 

: 1280 : 6,05 • 10-8 : 2,43 • 10- 10 13,42 : 33,04 
1 8 ' 11 1 1 1178 2,11 10- 1 9,26 10- 11,98 37,22 
1 1 

1155 1,62 10-
8

: 7,27 10- 11 

10-9 ,' 10-11 1095 7,77 1 3,72 

1045 3,94 10-9 : 1,98 10- 11 

978 1,42 10-9l7,74 10- 12 
1 
1 
1 

11,67 

10,92 

10,30 

9,52 

38,31 

41,40 

43,97 

48,3 
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port. The first column gives D for the anodic and cathodic part 
of the specimen, the second corresponding temperatures calculated 
from eqn. (10). In fig. 5 v/j is plotted logarithmically against 

1/T. The error in v/j is mainly due to the uncertainties in the 
localization of the reference system, i.e. the points x' k and a, 
x k• Due to the scattering of the data in fig. 3 the position a, 
x' k can only be fixed within + 5 ,um. The straight line, presen-a, -
ted in fig. 5, was caculated from least squares and yields 

J = (1,72 ± 0,30) • 10-5exp(- 1,228 !T0,002 eV) (~:~c) (11) 

The mean deviation of a single measurement is ± 6%. From eqns. 
(10) and (11) it ~an be seen that the pseudoactivation energy Q' 

of electrotransport is only 0,11eV less than for pure diffusion 
of ant~mony in gold. 

In order to caculate zeff from eqn.(2) f(T) has to be known. 
Therefore it was necessary to measure the residual resistivity of 
antimony in gold, which was not published previously. Starting 
with four different dilute antimony-gold alloys th~n wires were 
drawn. The specific electrical resistivities of these alloys and 
of pure gold have been measured up~o about 1000°0. These experi
ments, together with the measurements of D and v, are discussed 
in detail by Herzig 21 ). The obtained value 4~Sb = 6,66u cm/At% 
best correlates with observations of Linde 14 ) for cadmium, 
indium, and tin in gold. Friedef2~nd Blatt 23) have tried to 

calculate the scattering cross sections of impurities for elec
trons quantitatively on a theoretical basis. The theory of Blatt 
seems to give the best agreement with experimentel data of Linde, 
since it takes into account not only a valence effect but also 
an influence of a deformation of the lattice by the impurity. 
According t0 this theory antimony is expected to have an excess 

valence of z = + 3,71 in the gold matrix instead of + 4, as 
obtained without considering the increase in volume of the elemen
tary cell. For this excess valence the residual resistivity of 

antimony in gold is caculated in analogy to that of antimony in 

8ilver tobe 6,73;u!2cm/At% in best agreement with the experimen
tal result. 

Since ~(T) =Sftu(T)+4~Sbc is a function of c and varies along the 
penetration curve,there can be a remarkable electric field gra
dient in the sample for large values of c. It has, howewer, been 
shown 21 ) that for initial concentrations c

0 
of lese than 1 At% 
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antimony this dependence is almost negligible within el!iperimental 

error. Therefore eqn. ( 10·) is applicable. At c Aii ~(1 4fdc has a 
value of 0,851UOcm for c

0 
= 0,255At%. The correlation factor f 

is the only unknown quantity in eqn. (2). For this reason not 

zeff bus only zeff/f can be calculated. These values are listed 
for various temperatures in table 2, D and v/j are taken from 
eqns. (11) and (12) respectively. The transport is directed to

ward the anode. Therefore zeff is negative in sign. 
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In fig. 6 the calculated zeff/f has been plotted against 1/f(T). 
The data fit a linear dependence against 1/~in accordance with 
the theoretical expectation. The straight line is given by 

506 
5,0 - ~(T) ( 12) 

Since A f d is assumed to be constant, the linear rela tion can only 
be understqod in terms of the theoretical models, if f is also 
constant or mnly very weakly dependent ort temperature. This result 
is corroborated by the measurements of Rottmann and Peterson 24 ). 
Fora quantitative comparison of eqn. (12) with eqns. (3) to (5) 
they must be ~mvided by f. The residual resistivity A~d due to 
activated complexes ~sually is given for 1 At% of such defects. 
The valence of the gold matrix is assumed here tobe z = 1. The 
results are tabulated in table 3. 
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Comparison between experiment and theory 

Table 3 

Ll '?d/f 
assumption: f :::: 0,65 assumption: 
.1 .fo charge Ll fd =<lfsb = 6,66 (u0cm) 

( u0cm) (uS2cm) number f 

eqn.(3) 10,12 6,58 z' = 3,25 0,66 4 z 1 = 3,3 
eqn.(4) 5,06 3,29 z' = 3,25 1 '32 -'> z' = 6,6 
eqn.(5) 10,12 6,58 z = 6,5 0,66 ~z = 6,6 

From the slope of eqn. (12) values of~fd/f for the different mo
dels are calculated.(second column). The correlation factor has 
been determined for the diffusion of antimony in silver.F.b.IJ r.'tlf:Llil· 

Lidiard 25 ) gives a value of f = 0,64. In a recent study of 
Howard and Manning 26 ) correlation factors of several impurities 

in silver are computed. For every impurity a range of values is 
given consistent with the experimental facts. The smallest pos• 

sible value for antimony in silver is f = 0,51. For the diffusion 
of antimony in gold it seems quite reasonable to choose this fac

tor in the vicinity of o,65. With this assumption it is possible 
to calculate 4fd itself (column 3) and from the intersept of the 
ordinate the screened charge (column 4). lt has already been 

mentiöned that 4~d ist comparable with<lfsb at least to a first 
approximation. lt is assumed that the neighboring vacancy,in the 
case of a vacancy controlled jump process, does not influence 
the scattering of the electrons too much for a complex in the 
activated state. Whereas the theories mentioned above take into 
allJount only the soattering of the impurities am the activated 

state,~~i is determined for a substitutional or interstitial im
purity in a non-activated state. Assuming both are approximately 

equal, i.e.4~d~4fsb = 6,66 u cm/At%, it is possible to calculate 
f from the values in column 2 (column 5) and with these new data 
again z'. This assumption might be checked by the measurement 

of f. The measurements are planned. From table 3 the conclusion 
can be drawn that particularly the model given by Huntington is 
consistent with the experimental data. The screened charge of the 
activated complex is then 3,3 e. Therefore the charge in the 
activated state does not seem to be significantly different from 

that of the impurity on normal lattice positions. 
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A few data concerning the electrotransport of antimony in gold 
have been reported by Gilder and Lazarus 10 ). Experiments carrted 

out of two temperatures yielded zeff = - 140 e and~9d = 18u0cmjAt~ 
calculated from eqn.(4). These data seem to be in error when 
compared with the results of the present work, since D has not 
been measured previously and the correlation factor has not been 
taken into account. 
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Sustained Vacancy Supersaturation in Metals and Alloys 

D.A. Blackburn and J. Bleay 

Department of Physics, University of York, England 

Abstract: 

The constituents of an alloy subject to a temperature gradient 

do not move randomly but drift parallel to the gradient. It is 

shown that this flow may cause perturbations of the vacancy 

concentration of magnitude comparable with those produced in the 

Kirkendall effect,and that this effect may greatly be increased 

when an electric current flows parallel to the temperature gradient. 

Equations of vacancy flow, based on the assumption of equilibrium, 

are shown to be in error at lower temperatures in the diffusion 

range. 
Introduction: 

When a current of heat or of electricity flows through a metal 

the carriers of heat or of electric charge are scattered by the 

point defects present in the material. When such a flow takes place 

in a hot material, the scattering interaction can be strong enough 

to influence the diffusion motion of the defects so that a small 

bias, parallel to the direction of flow, is superposed on their 

normal random motion. Under realisable laboratory conditions of 

• 3 0 5 2 temperature gradient or current dens1ty (10 C/cm and 10 amps/cm ) 

the rate of drift (1,2) is normally some tens of microns/day, and 

corresponds to a bias of se.veral parts in 10 7 towards one atomic jump 

direction over another. 

In such conditions of atomic flow, a material is clearly not in 

equilibrium and the vacancy concentration in particular, may be 

expected to vary from its equilibrium value. While major concentration 

changes from this cause seem unlikely, the impc~tance of such effects 

82 



in the closely allied problem of Kirkendall diffusion (3) and the 

common use of equations of atomic flow based on the equilibrium 

assumption (4,5) suggest that the problem may be of some importance. 

We have therefore sought here to evaluate the effect of atomic f low 

upon vacancy concentration in some situations of experimental interest. 

Vacancy concentration in a system subject to flow conditions: 

Sustained variations from the equilibrium vacancy concentration 

are possible in any region of a metal where the atomic f low pattern 

introduces or removes vacancies; that is, in any region where the 

flow rate changes with position. If the magnitude of these concentrations 

changes is small, it will be determined primarily by the defect structure 

of the material, a vacancy excess raising the absorption rate for 

vacancies on dislocations, grain-boundaries etc., above the production 

rate, a deficit reducing it below this level. Thus highly faulted 

material should experience only minor changes of vacancy concentration, 

while effects in nearly defect free material will be relatively large, 

For subsaturations, then, or for supersaturations too small 

to cause vacancy condensation into dislocation loops or porosities, 

the vacancy concentration will be calculable from a knowledge of the 

atomic flow rates and of the number and distribution of the vacancy 

generating sites, 
As a model for calculation, we suppose that there exist, randomly 

distributed through the material, a number of fixed sites at which 

vacancies may be created or absorbed. A vacancy is thus created by 

thermal activation at one such site and then diffuses through the 

material making an average of p jumps before its arrival at another 

site where it is absorbed. 
Over small variations of vacancy concentration, we may suppose 

that the rate of vacancy creation will remain constant and equal to 

the equilibrium absorption rate appropriate to the temperature, The 

net vacancy loss rate per unit volume, when the actual atomic fraction 
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of vacancies is c and the equiJibrium fract ion is C ve' is then: 
V 

N (Cv -Cve )C N <y r; 
= p p 

where /;'is the vacancy jump rate and N the number of atoms per unit 

volume. q denotes the supersaturation, 

In a binary alloy with constituents A and B and diffusion by 

a vacancy mechanism, the rate of vacancy flow is: 

The rate of arrival of vacancies per unit volume within some closed 

region is thus: 

div Fv -- div 

If we assumea nearly steady state, or equivalently that 

Cve/V 
p >> J div Fv f , the conservation equation gives: 

p 
1:1 IV i div(F!i+ Fa) 

so the supersaturation may be computed for any situation for which 

the atomic flow rates are known. 

Specific cases of vacancy supersaturation: 

When an alloy is heated under conditions which cause atomic flow• 

some separation of its components will, in general, occur. Even 

under extreme experimental conditions however, this separation will 

be slow when compared with the lifetime of a vacancy so that, although 

atomic flow is taking place, the alloy will effectively retain its 

initial composition for some time and a nearly constant vacancy 

distribution will be maintained. 

We shall obtain expressions for the vacancy concentration in a 

homogeneous alloy during this initial state of separation in the 

case of a) diffusion in a temperature gradient, and b) diffusion in 

a temperature gradient with an electric field superposed. 
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a) A homogeneous alloy subject to a temperature gradient: 

Assuming that any deviations from equilibrium have only small 

effects on the flow rates, the rate of flow of component A is given 

by (.~6): 

+ 

where DA is the diffusion coefficientand Er an energy of transport 

defining the bias experienced by the A atoms while diffusing in a 

temperature gradient. A similar expression holds for the flow of 

the other component. 

Since the variation with temperature of DA may be assumed known 

in terms of the diffusion energy E~ and gradTis given, the evaluation 

of div FA hangs only upon the evaluation of CAand grad CA. For the 

purposes of this calculation however, the chemical composition of the 

alloy has been taken as constant: thus, CB/CA = K = constant, and 

CA is determined by the vacancy concentration: 

-- ( 
/ - Cv ) -,.,.-K 

The gradient of CA follows immediately from that of CV. 

For a system subject to a temperature gradient parallel to the 

x-axis, we find, on performing the implied differentiations: 

~FA - -NDA (srQ.d T)a. r T D 

~x - (1H<) Ra T 14- L ER (E11 -2.tt. T) 

- Cv(E: +E.~ )(E~ +E!-?Jff)] 
with comparable expression for ~FB. Combination of these equations 

t)x 
gives: 

di.v Fv --
and, 
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where: 

[x] = ~~ [E:(i:-~kT)-Cv(E:+t:;)(E~ +E:-~kT) 

- 1~Vi< [E! (E:-2kT)-C11(E~tE!)(E:+E:-21rD] 

~ [DRC~E!E: + DgCaE!E: ] 
E D 

since CA' CB >> CV and EA' EB >> kT. 

Figures (1) and (2) show the supersaturation and the divergence 

of the vacancy flow which 
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Figure (1), Vacancy supersaturations, computed for a temperature 

gradient of l000°C/cm., in the case of a fixed transport energy 

T EB = 0.1 ev for the slower diffusing component with values for the 

f . h IEATI aster component in t e range < 0.28 ev. 

might occur in a hypothetical case approximating to that of diffusion 

in a 50% brass alloy subject to a temperature gradient of l000°C/cm. 

The diffusion data used are those of Kuper et.al. (7 ), the values for 

the other parameters being taken arbitrarily as EMV = 0.4 EzD· inc, 

EF = 0 6 ED 
V ' Zinc, together with a vacancy diffusion frequency factor of 

1012 sec-land a mean free path of 109 jumps. A fixed value of 

D + 0.10 EZ. has been taken for the transport energy of the copper, while inc 

that for zinc covers the range !ET. 1 < 0,3 ED. which corresponds Zinc Zinc 

roughly to the range of known transport data ( 4 ) , 
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Figure (2). The data of Figure (1) expressed in terms of the 

divergence of the vacancy flow. 

It will be seen that quite large supersaturations and subsaturations 

are possible even at high diffusion temperatures. So large are the 

effects that in materials subject to a large bias, or diffusing at low 

temperatures, the mathematical approximations of the present treatment 

will be inadequate and even the vacancy flow equation will require 

modification. 

b) A homogeneous alloy supporting an electric current, while subject 

to a temperature gradient: 

Biased atomic motion under the action of an electric field has 

been demonstrated in a number of materials, the flow rates accessible 

to experirnent tending to be larger than those achieved in temperature 

gradients. While the high rate of flow allows the possibility of 

producing relatively large non-equilibrium effects, the difficulties 

of producing a flow divergence by variation of the electric field alone 

suggest that the situation may best be exploited by the superposition 

of a temperature gradient. 

For this case, with the electric field, E, parallel to the 

ternperature gradient, the flow equation is (8): 
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where ZAe is the effective electronic charge of an atom of component 

A while diffusing. For flow parallel to the x-axis, the gradient is: 

where the first term is that derived previously for a temperature 

gradient alone and the second deals with the additional effect of the 

electric field. Completion of the differentation leads to: 

or, neglecting kT and the term in CV/CA; 

.~F11 _ 
~X --

Thus: 

and, 

where, 

div Fv -

i [ I J 

[r] = [c~DRE: (E;3ro.«T- zReET) 

+ C8 D8 E: ( E: ~ -rtl d T - Z 8 e E. T ) ] 

The known values of ZA' ZB tend tobe in the range lzl < 20 (4), 

and experiments are commonly performed with E - 0.2 volts/cm. 

Figure (3) shows the divergence of the vacancy flux calculated for 

the brass-like material of the previous section with Er = -0,139 ev, 

-2 
ZA = 1, ZB = -5, and E = .:!:. 10 volts/cm. The ele~trical terms 

have been chosen relatively small to show the inter-relation of the 

thermal and electrical components of the divergence. 
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Figure ( 3). Modifications in the divergence of the vacancy flow produced 

by superposing an electric field of i_ 10-2 volts/cm, upon a temperature 

gradient of l000°C/cm. Computed for the case of ZA = 1, ZB = -5, 

T T 
EA = -0.139ev, EB = 0.1 ev. 

Discussion 

Atomic flow during diffusion in a temperature gradient or an 

electric field is a slow process, and is experimentally difficult to 

detect. The present calculations show, rather surprisingly, that 

it may yet cause appreciable disturbances of vacancy concentration 

in suitable materials. 
The magnitudes of the supersaturations derived in the previous 

sections depend directly upon values assumed for vacancy mean free 

paths and lifetimes and must, for an alloy, be in some doubt. 

However, the predicted variations of vacancy concentration in the 

lower range of diffusion temperatures are so large that flow rates 

estimated on the assumption of equilibrium must be appreciably in 

error for any reasonable estimate for the mean free path. At high 

temperatures the equilibrium assumption should generally give a 

reasonable estimate of flow rates, 

The importance of non-equilibrium effects lies less in their 

modification of the flow equations than in the possibility that 

conditions of supersaturation may lead to the formation of porosities 

in bulk material. This is a matter which could be of some industrial 
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importance, for example in hollow aircraft turbine blades which are 

subject both to high temperatures and to large temperature gradients. 

To assess the probability of porosity formation, there is no 

need to introduce estimates of vacancy mean free path or lifetime 

since direct comparision, in terms of divergence, may be made with 

experiments on diffusion in concentration gradients. It has been shown 

in a number of experiments on the Kirkendall effect, where the 

divergence of the vacancy flow was measured directly from the movement 

of markers, that the centre of the porous zone is characterised by 

-6 17 a divergence of the vacancy flow in the range -(2-6)10 N ~-2 10 

-3 -1 
cm sec In another analysis, the onset of porosity formation 

has been shown to occur at a divergence of about - 1016 cm-3 sec-l (3), 

The present calculations which,give divergences of + 1019 cm-3 sec-~ 

clearly suggest that many alloys are likely to show porosity formation 

in extreme temperature gradients and that almost all should show such 

effects when the gradient is combined with an electric field. 
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DIFFUSION OF COBALT AND OF GOLD IN DHCP AND IN BCC PRASEODYMIUM 
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ABSTRACT 

The thin-layer sectioning technique has been used to measure the 

diffusion of cobalt and of gold in dhcp and bcc praseodymium. The diffusivities 
-2 2 can be expressed as DA /dhcp Pr= 4.3xl0 exp [-0.85 eV/kT] cm /sec; 

2 u 
DA /bcc Pr= 3,3xl0- exp (-0,87 eV/kT] cm2/sec; 

u -2 2 
Dc

0
/dhcp Pr= 4.7xl0 exp [-0.79 eV/kT] cm /sec. 

The results are several orders of magnitude higher than the self

diffusion coefficients of praseodymium. They are interpreted as being due 

to a diffusion mechanism in which solutes in interstitial positions play the 

predominant role. 

INTRODUCTION 

A la.rge body of experimental data exists on solute diffusion in a 

variety of metallic solvents. A theoretical interpretation of some of these 

results (in noble metal matrices), has allowed insight into the interaction 

between point defects and solute atoms(l). Experimental results are very 

scarce concerning diffusion in rare-earth metal based systems. With the 

increasing availability of relatively pure metals of this family, we chose 

to verify whether their diffusion behavior conformed to that of the more familiar 

and extensively investigated metals, Praseodymium was the first metal studied, 

mainly because of the relatively extended range of its high temperature bcc 

structure (795° - 940°C). The present paper reports results concerning the. 

diffusion of cobal t and of gold in both the dhcp and the bcc phase of 

praseodymium. 

EXPERIMENTAL 

Praseodymium metal lumps, supplied by Messrs. Johnson-Matthey, were 

cast into high-purity magnesia crucibles in an induction furnace under purified 

argon atmosphere. The metallic impuri ty content was determined by spectros-
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copical examination (Table I); 100 p.p.m. oxygen were detected by vacuum fusion 

analysis in a platinum bath. The density of the cast, 10 mm diameter rods, 

was measured by the liquid displaeement method in monobromo - benzene; the 

values obtained were close to the theoretical X-ray density values, The rods 

were heat treated in evacuated silica capsules and then machined into 8 mm high 

samples, One of their surfaces was carefully polished and etched; the average 

diameter of the grains was above 1 mm. 

Small amounts (20-30 mg) of 99,99% pure gold and cobalt were neutron 

irradiated in the reactor at the Nuclear Research Centre-Negev, Gold was 

evaporated in a standard vacuum evaporator from a tantalum resistance filament. 

Cobalt was evaporated from a tantalum cup heated by high-frequency induction. 

The sample holder which was placed above the tracer isotope source during the 

evaporation procedure, was designed to mask the rim of the coated surfaces of 

the samples and thereby to reduce surface diffusion effects. 

Table I. Results of Spectrographic Analysis 

~ - . ' ·' . ~-- ____ ,_,_ 
---~- ---·-- ... ~~-

Element Concentration (ppm) Element Concentration (ppm) 

fe :wu Ta <10 

Mg 400 La <10 

Ni <10 Gd <25 

Al 50 Ha <50 

Cu 50 Er <25 

Yb <::.O Dy <SO 

::>m <25 Eu <25 

After the samples had been coated, they were wrapped in tantalum 
-5 foils and sealed in evacuated (2xl0 mmg, Hg) quartz capsules. A horizontal 

furnace was used for the diffusion anneal; the temperature was controlled to 

within ±1°c. During the diffusion anneal the srunple containing quartz capsules 

were placed in a massive nicke! block. The tip of a Pt/Pt-13 Rh thermocouple 

was inserted into a small hole drilled in this nickel block, at the same 

distance along the furnace axis as the sample. The temperature was continuously 

recorded and checked with a high precision manual potentiometer. 

Since the diffusion anneals were very short (10-15 minutes in some 

instances) considerable error could be introduced by the heating-up time, even 

though the samples were inserted into a pre-heated nicke! block. An additional 



small heating elem~nt was therefore placed in the bore of the nicke! block. 

Power in this heating element was turned on simultaneously with the insertion 

of the sample for about 60 seconds. The heating-up time was thus drastically 

reduced; it was also directly measured by carrying out an experiment similar 

to the one described by Peterson and Rothman(Z). 

No deformation whatsover of the samples was observed even after 

diffusion anneals in the high temperature bcc phase, A precision watch-maker 

lathe was used for sectioning the specimen. The aligrunent of the coated 

surface, normal to the axis of rotation was carefully checked, misaligrunent 

of this surface from the sectioned planes was estimated tobe less than 0.1°. 

After reducing the diameter of the samples by about 1 mm, 12 to 20 sections 

were taken from each sample. Although praseodymium is a soft meta! burring 

was effectively eliminated by the use of suitably shaped cutting tools. 

The chips were collected in a vacuum suction device on a 325 mesh nylon 

sieve. This procedure allowed the recovery of 98 to 99.5% of the material 

removed. The weight of the chips was determined to within 0.1 mg with a 

Mettler balance. No weight increase of the chips due to oxidation was 

observed for about two hours following the sectioning. The thickness of 

each section was calculated from the weight of the chips, the final diameter 

of the sample,and its measured density. 

The chips were transferred into glass vials and dissolved in equal 

parts of dilute nitric acid. The activity was measured in a well-type 

NQ-; (Tl) crystal, the bore of which closely fitted the glass vials. A 

standard Philips counting system with a single channel analyzer was used. 

Each section was counted twice and at least 10 000 counts were taken. The 

usual corrections for dead-time of the counting system, background and 

radioactive decay (in the case of Au198 ) were appli'ed. 

RESULTS 

A slightly modified version of a computer program described by 

1Vinslow(3) was used to treat the results. The concentration of cobalt, 

following diffusion in both phases of praseodymium, and the concentration 

of gold after diffusion in the bcc phase obeyed a Gaussian distribution 

(Figs. 1,2). The activity of gold was reduced in the first section of 

samples diffused in the bcc phase, owing to evaporation during the diffusion 

anneal in evacuated capsules. The diffusion coefficients were determined 

from the slopes of these plots. 
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Figure 1: Penetration Curves for the Diffusivities of Cobalt 

in DHCP Praseodymium 
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Figure 2: Penetration Curves for the Diffusion of Gold in 

BCC Praseodymium 



An initial steep decrease of activity of gold in samples which were 

diffusion annealed in the dhcp phase, was followed by closely obeyed Gaussian 

behavior. These properties of the penetration plots were more pronounced the 

lower the diffusion anneal temperature. Similar observations have been made 

by Dyson C4) who attributed them to the transfer of the tracer isotope through 

the oxide barrier at the surface, and by Kidson(S) who assigned it to the low 

solubi li ty limi t of the solutes in the mat rix. In the present case the diffusion 

coefficients were calculated from the straight portions of the log (activity) vs. 

squared (penetration) plots. 

The Arrhenius plots of the diffusivi ties thus calculated are shown in 

Figure 3, The activation energies and the pre-exponential factors, including 

data for tne self-diffusion of praseodymium are summarized in Table II. No 

values could be obtained for the diffusion of cobalt in the high-temperature 

bcc phase of praseodymium as a result of the very high values of the diffusi vi ties 

and tim limited length of the samples. 

TABLE II, Diffusivities of Gold Cobalt and Praseodymium in Praseodymium 

Solvent matrix Diffusing solute 2 Q eV/atom D (cm /sec) 
0 

DHCP a - praseodymium Au (4 ,3±i :~) xl0-
2 0,85±0.03 

BCC ß - praseodymium Au ~.3±~:!) xlü-
2 0.87±0,03 

DHCP a - praseodymium Co ~. 7±i :~) xlü-
2 

0.79±0.03 

BCC ß - praseodymium Pr 1.23±0,9 xlO -1 1.31±0.08 

The values obtained for the diffusion of gold in dhcp praseodymium, are 

less accurate than tne over values, although they obey the Arrhenius law, 

because they were deduced from only partially Gaussian penetration plots. 

Dyson et Al~4 ) report that diffusion coefficients, calculated from similar plots 

in the same way, were lower than those deduced from experiments in which the 

initial steep decrease was absent. It thus appears that the "true" diffusivities 

of gold in dhcp praseodymium are higher than those calculated here. 
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Temperature Dependence of the Diffusivities of Cobalt, Gold 
and Praseodymium in Praseodymium 

DISCUSSION 

A meaningful discussion of the diffusion of gold and of cobalt in 

praseodymium must be based on a comparison of the results with the previously 

obtained values of the self-diffusion of praseodymium(6). 

The diffusivities of gold and of cobalt are characterized by several 

features : 

a. Appreciably lower activation energies than the corresponding value 

for self-diffusion in bcc praseodymium. 

b. Pre-exponential factors, although of rather low value, remain well 

within the range associated with positive entropies of activation. 

c. Diffusivities of gold and of cobalt are much higher than the 

corresponding self-diffusion coefficients. This effect is especially noticeable 

in the low-temperature dhcp phase where the diffusivity of cobalt is 4 

orders of magnitude higher than the self-diffusion coefficient. 
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d. The diffusivity of gold is slightly decreased by the phase transfor

mation from the dhcp to the bcc structure while the diffusivity of cobalt is 

increased. 

In order to account for the present results we have examined several 

possibilities: 1- vacancy mechanism; 2- dislocation enhanced diffusion; 

3- combined substitutional-interstitial mechanism. 

VACANCY MECHANISM 

Previous investigations of cerium-lanthanum diffusion couple(7) have 

shown the presence of a Kirkendall shift and pore formation on the cerium side 

of the couples. These observations as well as the resul ts concerning self

diffusion (6) and rare-earth metal solutes diffusion in praseodymium, were 

interpreted as indicative of a vacancy controlled diffusion mechanism, 

The much higher diffusivities of gold and of cobalt, as compared with 

the self-diffusion coefficients of praseodymium in the bcc phase, are not 

inconsistent with a vacancy mechanism. Similar high diffusivities of transi-

tion metal solutes in gamma-uranium have been observed by Peterson and Rothman(Z). 

The present case, however, shows an additional feature, namely the 

small effect of the phase transformation from the dhcp to the bcc structure 

on the diffusivities of gold and of cobalt, as compared to the two orders 

of magnitude increase of the self-diffusion coefficients. One can argue that 

if gold and cobalt diffused by a mechanism similar to that of self-diffusion, 

the diffusivities of these solutes would be similarly affected by the change 

in the crystalline structure of the matrix. 

The electrostatic interaction theory developed by Lazarus(S) and by 

LeClaire (l) for the diffusion of impuri ties in noble metal solvents, predicts 

an increase of the activation energy for solutes with an effective negative 

charge. Monovalent gold solute atoms have a negative charge with respect to 

the three valent praseodymium solvent atoms thus qualitatively the present 

results are not in agreement with this theory. lt is well understood that this 

thoory cannot be applied in a straightforward way to the present system, since 

no information is available on a) the nature of the oscillatory potential of 

the solute atoms and b) the screening parameter which depends on the density 

97 



of states at the Ft:lrmi surface of praseodymium metal. 

Although, no conclusive evidence is available as yet, the present 

results are difficult to reconcile with a vacancy mechanism. To check this 

point more thoroughly one should verify whether the self-diffusion of 

praseodymium is affected by tne addition of the faster diffusing solutes, i.e. 

gold and cobalt. It is doubtful whether such an experiment can be carried out, 

since the solubility of gold and of cobalt in rare-earth metals is too low to 

permit the preparation of homogeneous solid solutions in which the solvent 

self-diffusion could be measured. 

DISLOCATION ENHANCED DIFFUSION 

Solute diffusion in aluminium(9) and in alpha-zirconium(lO) has been 

treated in terms of dislocation-enhanced diffusion, The diffusivities of 

different solutes in these two metals are associated with activation energies 

which are considerably lower than those for self-diffusion and with unusually 
. -6 -9 2 low pre-exponential factors of the order 10 - 10 cm /sec, Most of the solutes 

which have been examined have low solubilities in aluminium or zirconium. 

Similarly, the solubility of the transition metals, (gold and cobalt) in rare-earth 

metal solvents is limited. 

Hart(ll) has shown that, subject to certain conditions, dislocation 

enhanced diffusion can be expressed as 

Dm = g Dd + (1 - g) Di (1) 

where Dm is the measured diffusivity, Dd and Di the diffusivities along disloca

tions and dislocation-free bulk metal, respectively, The factor g is the 

fraction of time spent by the diffusing atoms in the dislocation region, 

For the diffusion of solutes which may segregate along dislocations 

g = F K 

where F is the site density in dislocations and K the segregation factor. 

According to Kidson(S), eq.(l) can be written 

(2) 
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and if one assumes 

DR, « Dd , Dm (3) 

D = g D = F K D m d d 

as 1015 cm„2 Taking the surface site density in praseodymium , p as the 

density of dislocations and Aas the number of atoms in the cross section 

of the dislocation 

Dm = p A K lo- 15 Dd = p A K lo-15 D~ exp (-Qd/RT) (4) 

where the diffusion along the dislocations is expressed in the usual form: 

Taking the ratio of eq,(4), written once for gold and once for cobalt, and 

assuming that the parameters D~ and Qd for both solutes are equal in the 

first approximation one obtains 

The segregation factor can be expressed as : K = exp (-W/RT) where W is 

the interaction energy between dislocations and solute atoms, 

(5) 

This energy has been calculated theoretically by Friedel(l2) on the 

basis of an elastic model: \'i = wl + w2 + w3' where wl and w2 are due to the 

differences in size and elastic constants of solute and solvent atoms 

respectively W
3 

is an electrostatic term, usually much smaller than the p:i;oceding 

ones. 

Using the formula given by Friedel(l2), and neglecting the last term 

w3, we have calculated the interaction energy w = wl + w2 for gold and cobalt 

solutes in praseodymium; the relevant parameters were taken from Gschneidner(l 3) 

The results are 

10.3 Kcal/mol 

= - 7.0 Kcal/mol 

The left and right sides of eq.(5) can be written 
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D -Co m 
D m-Au 

= 
Do 

m-Co 
Do 

m-Au 
(6a) 

(6b) 

According to the experimental results the ratio of the measured pre-exponential 

terms is : 
Do 
m-Co~ 1 

Do 
m-Au 

lt follows from eq.(5) that 

cn 
Agreement is very good as one can see by comparing the measured activation 

energies Q,(Table II) to the calculated values of W. In fact, the agreement 

is surprising in view of the large number of assumptions which had been made. 

According to eq.(4) 

D~ ~ 4xl0-2 = p,A,l0-15 D~ (8) 

The usual range of pre-exponential terms, consistent with positive entropies 

of activation 1s 

10-2 < o0 < D0 < 10 

Substituting these values in eq,(8) one gets 

4xlo12 < p,A < 4x1015 

A reasonable value for the number of atoms in the cross-section of a disloca

tion is A ~ 10, Thus the dislocation density should be 

1012 < p < 1015 

This is an exceedingly high density of dislocations in an annealed metal, even 

though precipitated oxides pin down dislocations. 

lt thus appears that although segregation effects along dislocations 

are able to explain the difference in activation energies of gold and of cobalt 

this model also leads to an unacceptably high dislocation density. Further 

100 



limitations of the dislocation enhanced diffusion model have been pointed out 

by Ballufi(l4) for solute diffusion in aluminium; these limitations are probably 

also valid in the present case. 

Results of recent indium solute diffusion experiments in praseodymium 

constitute another objection to the dislocation-enhanced diffusion model in 

our system. Briefly, the reasoning runs as follows: the solubility of indium 

in praseodymium being limited, segregation effticts along dislocations should 

be appreciable. Nevertheless, in contrast to the effects observed for the 

diffusion of gold and of cobalt, the diffusion of indium is similar to the 

self-diffusion of praseodymium, both with respect to the magni tude of the 

diffusivities and their increase by two orders of magnitude upon transformation 

from the dhcp to the bcc structure of praseodymium. 

lt is therefore concluded that dislocation enhanced dif fusion is unlikely 

to be the determining mechanism in the case of gold and cob::ilt diffusing in 

praseodymium, 

INTERSTITIAL DIFFUSION 

The noble metals have been observed to diffuse at extremely high rates 

in leadC4 ,s,lS) tin(l6 ,l7) indium and thallium(l9), In order to account for the 

high mobilities of Cu, Ag and Au in these metals, a cornbined substitutional

interstitial mechanism was proposed, which involves partial interstitial solubility 

of the diffusing solutes, 

Solute diffusion in these systems is expressed assuming an equilibrium 

concentration of vacancies: 

Ci Cs 
0 = ~c c 0 · + ~c c 0s m .+ i .+ 

l s l s 
(9) 

where Ci and Cs are the concentrations of interstitial and substitutional 

solutes, respectively, Di, interstitial diffusivity and Ds diffusivity by 

vacancy mechanism, 

Since 

the solute in 

D. >> D eq.(9) can be written for an appreciable fraction of 
l s 

interstitial position 
c. 

D :::: ....1.- D. = X. D. 
m C.+C i i i 

l s 
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thus, the measured diffusivity is entirely due to interstitials. 

Turnbull(ZO has summarized the conditions which favor the formation 

of this new kind of interstitial solutions: 1) a favorable size factor that 

is, interstitial sites delineated by the ion cores of the solvent matrix, which 

are large enough to accommodate solute atoms; 2) isoelectronic ion cores of 

solvent and solute atoms. 

In the dhcp and bcc structures the atomic radius of praseodymium is 

l.83R, and 1,84~ respectively. The ionic radius of Pr+3 as calculated by 

Zachariasen is only l.ooR. In the low temperature dhcp phase, delicated by the 

ion cores of the matrix, an octahedral site has a radius of l.ssR, while the 

symmetrical tetrahedral interstitial hole in the bcc structure has a radius 

of 1.3~. The atomic radii of cobalt and of gold are l.zsR and 1.4~, respectively, 

lt follows that, for the two metals in the two structure type.swith the excep-

tion of gold atoms in the interstitial sites of the bcc structure,the solutes 

can be accommodated as interstitials with little or no overlap of ion cores. 

Size factor considerations may qualitatively explain the decrease 

diffusivity of gold by the phase transformation from dhcp to bcc praseodymium, 

whereas tnat of cobalt is increased (Fig,3). 

lt was shown (eq.(10)) that the measured diffusivity is a product of 

two factors, Di the interstitial diffusivity and Xi the relative concentration 

of interstitial solutes. The neglect of the contribution of substitutional 

solutes seems justified in the present case in view of the !arge difference 

between self and solute diffusion coefficients. Probably, the phase transforma

tion to the more open bcc structure increased D. for both, gold and cobalt solutes. 
]. 

Similarly the diffusivity of interstitial carbon is higher in bcc - a Fe than 

in fcc-y Fe. The relative concentration of interstitials, x. , is affected by 
J,, 

the phase transformation, differently for gold than for cobal t. Since overlap of 

ionic cores occurs only for gold in bcc praseodymium, Xi for gold will be 

decreased by the phase transformation. The decrease in xi outweighs the increase 

in D. and the net result is a decreased diffusivity of gold in bcc praseodymium. 
]. 

The other criterium proposed by Turnbull(Zl) for interstitial solubility, 

nam@ly isoelectronic ion cores of solute and solvent, is not fulfilled in the 
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present case. Previously studied meta! such as Pb, In, Sn, and Tl, in which 

interstitial diffusion has been found, have a "d" character ion core. In 

contrast to this, praseodymiwn and other rare-earth metals have a "p" character 

ion core. In tiüs connection i t should be noted that interstitial-like 

diffusivity of gold was observed in sodium(ZZ) which fulfills the size criterium 

but which obviously has no "d" character ion core. 

Thus, if one is to accept the idea of interstitial solubility of noble 

and possibly other transition metals, the ionic size factor condition seems to be 

the determining one. lt also follows that interstitial diffusion of these 

solutes will occur in most, if not all, rare-earth metals. Preliminary results 

indicate that gold diffuses at very high rates both in fcc and bcc lanthanum(Z 3). 

Additional evidence for interstitial solubility, and thence aiffusion 

of cobalt in indium, has been found by Mossbauer effect experimentsCZ4) • it will 

be interesting to verify to what extent the interstitial solubility issshared 

by other transition meta! solutes, 

CONCLUSIONS 

Three possible mechanisms have been examined in order to explain the 

results found in tlle present study. Among these,the model according to which 

cliffusion by interstitial solutes determines the high diffusivi ties of Co and 

Au in praseodymium, seems the most plausible. This conclusion is based to a 

!arge extent on the analogy of the present findings with the results of diffusion 

of noble metals in lead, tin indium and thallium, If this conclusion is borne 

out by additional studies in rare-earth metal systems it is hoped that the 

conditions favoring interstitial solubility in metals will be further clarified. 
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DiffU.sion of Molybdenum and Oerium in Beta-Zirconium 

A.R. Paul, M.s. Anand, M.C.Naik and R.P.Agarwala 
Bhabha Atomic Research Centre 

Chemistry Division 
Trombay, Bombay -74 

Abstract 

Diffusion of molybdenum a.nd cerium in beta zirconium hae 

bee~1 studied by residual activity technique in the temperature range 

of sso0 
- 160o0 o. The results thus obt.ained show a non-linearity in 

the plots showing temperature dependence of difi'usivities as observed 

in the aelf a.nd impurity diffusion of niobium and vanadium in beta

zirconium and low values of D0 and Q in the low temperature range. 

On the basis of dual mechanisme operating, the diffusivi

tiea (D cm2/eec) in the above cases could be e:xpressed as a sum of 

two exponentials: 

D 99 10-4 exp(- 1.53 ev) n ~3 ( 2.97 ev) Mo/ß-Zr = 1. x kT +&::..u exp - kT 

D Ce/ß-Zr = 3.16 x 10-2 exp(- 1.: ev) +42„17 e:xp(- 3„: ev) 

The non-linearity in the Arrheniu~ plots has been explained on the 

basis of 1) axtrineic defects being introduoed by the presence of 

residual impur:J.ties, ii) enha.ncement due to the randomly oriented 

disloc~~iona and iii) vacancy-divacancy model. 
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INTRODUCTION 

Due to the importance of the refractory metals and the 

effect of impurities on their physical properties, considerable 

interest baa arisen in the last few yeara to study diffusion be

havior in theae metals. It has been obeerved that the frequency 

faotor (D0 ) and the aotivation energy (Q) for diffUsion of some of 

these metala ( l-9 ) in a-phaae, like a-zirooniwn, etc., are pretty 

low though diffusion obeys the Arrheniua relation D=Do exp(- iT>· 
With the beta phases of Zr,(B,!O)Ti(tl,l2)and 'Y-U,(t:3) a deviation 

from linearity behavior in plots of log D vs. 1 haa been observed 
T 

over a wide range of temperatureso In addition to this anomalous 

behavior, the diffUaion parameters (D0 and Q) in the low temperature 

range are also low. 

Though a large amount of data is available on impurity 

diffusion in ß-'ri(ll,i2) yet only a few traoers in ß-Zr have been 

etu1ied(S,lO) in a wide range of temperaturea. The present study 

deale with impurity diffUaion of molybdenum and cerium in the beta 

phase of zirconium over a temperature range of aso0 -t600°c. Resi

dual aotivity technique< 14 ) has been used to atudy the penetration 

profiles. This inveetigation has been oarried out to eluoidate the 

non-linearity behavior in the Arrhe:nius plots and to explain it on 

the baeis of various existing theories.< 15-20) 

Experimental Procedure 

Specimens of 1cm. x 4mm. thiok were machined from a high 

purity zirconium rod and the end faces were prepared flat and parallel. 

The zirco:nium used had the same analysis ae that published earlier.( 6) 
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Specimene wer~ all1lealed for grain growth in vacuwn at 1200°0 f or 

several days to give large graina (>3 to 4 mm). One face of each 

specimen was prepared for radioactive deposition as described 

earlier(6). Cerium from a very dilute HOl solution (almoet neutral) 
141 oontaining radioactiva Ce and molybdenum oxide from an aqueous 

solution containing a few dropa of ammonia and having 99Mo were de

posited on the spacimen surfacea. In order to convert ceriwn chlo

ride into the oxide and homogenise the deposit, the epecimena were 

annealed at 250°0 for about two hours. The thiokness of the total 

deposit on the specimen did not exceed in a.ny case more than 0.1µ • 

The specimens were then diffU~ion a:nnealed under vacuum in the tem

perature range of sso0 -1soo0o. For diffuaion annea.l upto 1100°0 the 

temperature of the vaouum furnace was oontrolled within ±2°0 while 

for 1100°-1450°0 the temperature variation was ±5°0. Above 1450°c, 

specimena were diffusion a:nnealed under a pressure of. one atmosphere 
0 purified helium and the temperature was oontrolled within ±10 c. 

Residual activity technique(l4 ) was used to study the oon

oentration profile. Uaing NaI (Tl) acintillation counter and pulse 

height analyaer, the activity ot the 0.75 Mev and 0.145 Mev r-radi

ation of 99Mo and 141ce respectively were measured. Gruzin•s resi

dual activity technique< 14 ) gives 

( 
din x2 

C Xn) = flin - <IX;= const. exp(- ~) (1) 

where µ (cm•1) is the linear absorption coef'ficient of radiation in 

zirconium, In is the total residual activity emitted after a thiok

ness Xn(cm) ia removed and t (sec) is the time of diffusion anneal. 
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The valuee of ,.U for 0.75 Mev 7 -radiation of 99Mo and 0„145 Mevr -

radiation of 141ce in zirconium have been calculated theoretically( 2l) 

taking into consideration the abeorption due to photoeleotric effect, 

Compton effect and pair production and was found to be 0.42 om-1 and 

1.60 cm-1 respectively. The graphical method< 22 ) of determination 

of f< givea almost identioal resultsa The valuea of f1 a.re very small 

so that p In << (- ~) and thus 
dXn 

C(Xn)=(- gi~)= conat. exp(- i ) (2) 

The diffusion coefficient •n•(cm2/sec) can be determined from the 
2 

elope of log C(Xn) vs Xn • 

Results and Disoussion 

The cha.racteristio plots of log C vs X~ for the diffUsion 

of molybdenum a:nu cerium in beta zirconium are shown in fig.1. 
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Table 1. Ditfusivity of molybdenurn and cer-
ium in beta-zirconium. 

Diffus.ing Tamp. Time(sec.) Diffusion coeffici-
species 'c ent. (cm7'sec.) 

~ 900 2·52 X 104 5·82 X 1Ö11 

950 2·52 X 10
4 1·08 X 'IÖ1

Q 

1000 2·52 X 10
4 1·91 X 1Ö1

Ü 

1050 2·52 X 10
4 

3·31 X 1ö
10 

1100 1·80 X 10
4 

5·13 x1ö
10 

1200 1·80 X 104 1-42 X 10-9 

1300 1.ao x 1cf 3·33 X 1Ö9 

1400 1-44 X 104 7.99 X 1Ö9 

1500 1·44 X 104 1 ·86 X 1Ö8 

1600 1-44 X 104 -8 
4·22 x10 

141ce 880 6-48 X 104 4-44 x1ö10 

910 6·48 X 10
4 6·86X1Ö1

Ü 

950 5.75 X 104 -9 
1·22 X 10 

1000 5. 76 X 104 -9 
2·39 X 10 

1050 5.75 X 104 446 x1ö9 

1100 5.75 X 104 -9 7.97 X 10 

1200 0·72 X 10~ 2·26 X 1Ö
8 

1300 0·72 X 104 -8 
548 x10 

1400 0·72 X 104 -7 
1·27X10 

1500 0·72 X 10
4 

2·74 X 1Ö
7 

1600 0.72X10
4 -7 

5.47X10 

111 Ce 

o Mo 

' 
!-Phase change 

4.0 6-0 80 100 
- 1- x104 
T°K 

Jt.g.2. 'f&mp&ra.tuH depandonaa of diff\leivity ot molybdem.J.S and 

oorium in airooni,um. 

12.0 

The error in D values ie eetimated to be nearly 8% „ Fig.2. ehows 
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the plots of log D vs f for the diffusion of Mo and Ce in ß-Zr. To 

compare the diffusion parameters of Mo and Ce in ß-Zr with those in 

a-zr, diffusion studies were also ~ carried out in the alpha 

phase and the corresponding temperature dependence of diffusivity 

plots in the o:-Zr are also given in Fig. 2. It is seen that while 

diffusivity in a-phase could be represented by the .Arrhenius type 

of relation following the expression: 

(eo 0 400 ) e 2 10-8 ( 1.07ev) DMo/o:-Zr u 0 -8 C = u.2 x exp - kT 

Dce/a-zr(650°-e5o0c) = 3„54 x 'J.0-7 exp(- 1 ·~ev) 

the plots of log D vs ~ for the diffusion in ß-Zr show non-linearity 

and give rise to a spectrum of activation energies. Similar to this, 

non-linear plots have been obtained for the self and impurity dif

fusion of Zr,(iO) Ob(lO) and V(S) in ß-Zr. The apparent activation 

energy obtained from the slopes of such non-linear plots at speci

fied temperatures is found to be always higher in the higher tempe

rature range than in the lower ones „ The analysis of the present 

plots indicate a linear relationship in the .Arrhenius plote upto a 

temperature of 1350°c or so for the diffusion of both the impurities. 

Deviation from the lineari t~· starte at ab out 1350°0 and becomes more 

pronounoed ät higher temperatures. 

It is seen from Fig. 2 tbat the diffusivity (Dß) of Mo and 

Ce in ß-Zr is always greater than the extrapolated values of dif

fusivity (Da) in a:-zr. The ratio Eß. at the phase transformation 
Da 

temperature (r>...J863°c) are 32 and 80 for Mo and Ce respectivaly. In 

fact similar resulte have been reported for the diffusion of Zr and 
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Sn(i), cr< 6>, .Ag(?) and v(B) in zirconium (table 2). 

'.i'he 

Table 2. D1ffus1vities of vanous irnpunt1es in a\eha 
and beta phases of zirconiurn at 863 C. 

lmpurity 
D cm2/sec. at 863 'c 

Rof. oc -phase ß-phase a a 
/0oc 

Zr 2·88X1Ö
12 6·24X1Ö1

0 217 

Sn 5.75X1Ö13 1.52x1ö10 
264 

Cr 4·05X1Ö
12 481X1Ö1

0 118 6 
Ag 3·25X1Ö

12 
2·68X1Ö1

0 83 7 

V 4-47X1Ö13 
1-00X1Ö11 

22 8 

Ce 4.73 x1Ö
12 3.75X1Ö10 80} present 

Mo 1.12 x1ö12 
3.55 x1ö11 

32 
work 

high diffU.sivity in body oentered cubio metals is e:xplained< 23 > on 

the basis that the lattice ia loosely paoked compared to the hexagonal 

and faoe centered oubio olosed paoked latticea" No quantitative e:x

planation has been reported herein. 

The eingle mechanism(iO,l5 ) model of diffUeion based on the 

temperature dependence of frequenoy faotor (D0 ) and aotivation energy 

(Q) has been applied by Lundy et al(lO) to the impurity and self dif

fueion of Zr and Cb in ß-Zr. A relation D(T) = C TB/R exp(- :T) was 

o~tained to describe the temperature dependence of diffusivity, where 

D(T) ie the diffUsion ooeffioient at an absolute temperature •T• and 

A, B and C are eonstants. Although the possibility of a temperature 

dependence of frequenoy factor and activation energy may not be ruled 

out on purely thermodynamic arguments yet its application to self and 

impurity diffusion in ~-Zr does raise aome difficulties in interpre

tation. 

On the assumption that, aimultaneoualy two modes of diffu

sion are operating in the present case, the diffusivity oould be ex

pressed as the aum of two exponential termss 

o o ) -4 ( 1.53ev ( 2.97ev) DMo/ß-Zr (900 -1600 0 =1.99 x 10 exp - kT )+2„63 exp ".."' kT 

111 



In the high ·tempera.ture range (>1350°c) for the diffusion of' 

Mo and Ce in ß-Zr, the values of frequency factors and aotivation e:n

ergies (2.63 om2/sec, 2.97 ev a:nd 42017 cm2/aec, 3022 ev respeotively) 

are normal in the sense that they eatiefy reasonably well the empiri

cal relationship( 24- 26 ) of Q with the melting point and give positive 

valuee of entropy of aotiva.tion„ Thue the normal va.luee of Do a:nd. Q 

obtained at high temperature suggest that the dif:fusion is prooeeding 

througb vacancies. On tbe other hand, the corresponding values of D0 

and Q (1.99 x 10-4 cm2/aec, 10~3 ev and 3.16 x 10-2 om2/aec, 1080 ev 

reepectively) in the temperature range of 863° to 1350°0 are extremely 

amall. Kidson(lS) has attributed the low values of Do and Q in self 

dif:fusion of beta zirooniwn to the dif:fuaion through temperature in

dependent extr:t:nsio va.cancies due to the interstitia.l impurity of oxy

gen. The extrinsic aotivation energy for the dif:fuaion of Mo and Ce 

in ~-Zr is more than half of the corresponding values from the intri

nsic region. It thus ca:nnot be aaid to repreaent simply the energy of 

migration of vaoancies if a large exoeas of nonthermal vacancies were 

preaent„ FUrthermore, the above model predicted the dependenoe of di

ffuaivity on oxygen oontent. Recently, Kidson< 17) haa quoted Graham•s 

work in which a little effect on the rate of solute diffuaion in ~.J.111 

due to the presenoe of oxygen content haa been reported„ Moreover, 

thie model,which has been treated more rigorouely by Le Claire< 27), 

asaumes the binding energy of interstitial impurity-vacancy complex to 

be about 103 ev. This value is rather large and hence Kidson•s modal 

may perhaps not be applioable in the preaent oaee„ 
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Another explanation for the low D0 and Q may be given on the 

basis of the enhancement of apparent volume diffuaivity which arises 

due to the significant contribution from grain boundariea and randomly 

oriented dislooationa. However, the contribution from the grain boun

dary is completely ruled out as tbe grains were pretty large (>3 mm) 

and plota of log C vs X~ were all straight lines. The diffueion 

through dialooationa seems probable as it does not affect the linea

rity of the plota of log O vs X~. The low activation energies (1.53 ev 

and 1.80 ev) for the diffusion of Mo and Oe in beta zirconium are well 

accounted on the mechanism of dislocations.( 17 ' 18 ' 28 ) Using Hart

Mortlook relation,< 29 ,3o) 

D = Dy + gk2Dd and D0 = g Dod 

(where D, Dv and Dd are apparent volume diffUaivity, volume diffuai

vity through dislocation free aingle crystal and through dislooation 

respectively. D0 and Dod are frequency faotors for apparent volume 

diffusion and dislocation diffUsion reapeotively; g ie the fraotional 

aite on dislocation and k2 is the segregation ooefficient for the im

puri ty under oonsideration in ß-Zr lattioe) a dielooation density of 

the order of 109 - 1011 linea/cm2 is required to account for the ex

perimental D0 valuea (1.99 x 10-4 om2/sec and 3.16 x 10-2 om2/aeo.) 

Though this value of dialooation density seems to be unuaually high, 

yet it may be possible due to martensitio o:-ß phase transformation< 31>. 
Recently,Peart and Askill(i9 ) have proposed that the non

linearity in the .Arrheniua plots for the self and impurity diffUsion 

in ~-Ti, ß-Zr,r-u and ß-Hf may be due to two competitive mechaniama 

of diff'uaion, one involving a simple monovacanoy aocompanied by die

location enhancement at lower temperatures and the other, involving a 
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divaoancy at muoh higher temperatures e Aocording to their analysis (l9), 

there ie an appreoiable oontribution of dialocation towarde apparent 

volume diffuaivity below a temperature of Td(Td~ o.7 Tm, where Tm is 

the absolute melting point of the solvent). For ~-Zr, Td comes out 

to be ~1230°C „ From T4 upto a temperature say Tc (the temperature at 

which the Arrheniue plot ohanges), the oontribution of monovacanciea 

is asaumed to be predominant. Tentatively,it is also equal to the 

temperature where the contribution of divacancies diffueion D2 to mo-
D2 o 

novacanoiea D1(i.e. D
1

) is about 10% • Above T0 upto the melting point 

of the solvent, divacancies play a significant role towards the appa

rent volume diffuaivity. They(l9) derived the following expressions 

f or the impurity diffusion in ß-1,ri and ß-Zrs 

where Q1 and Q2 are the activation energies for the diffusion through 

monovacanciee and divacanoies respectively, n10 and n20 are the oor
EF 

responding frequency faotors, K1 = :lI. is the ratio of formation 
F Ql 

energy for monovacanciea Eiv to aotivation energy for diff'uaion Qi• 

sF it K2 is the oorresponding ratio of entropy terma, 1.e.,_!!_; K3 = 
S1v E V 

the ratio of energy of migration of divacancies to the monovaoanoies 

and ~ is the corresponding ratio of the entropy terma, 1.e.,~, ~ 
S1v 

an orientation factor, • a.8 the lattice parameter, V1 the atomic vi-

bration frequency, f1 the correlation faotor and z1 , z2 are the number 

of nearest neighbour to a monovacancy and a divacanoy respeotively. 
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The relations derived by Peart and Askill(i9
) have been 

applied for the diffUsion of Mo, Oe,V and Nb in ß-Zr. The reeults 

obtained are given in table 3. Pig. 3 and 4 show graphioal represen

tation of the divaoanoy-monovacancy model applied to the diffUeion 

data of Mo and Oe in ,_zr. 
Table 3. Diffusion of impurities in zirconium. 

Experimental Predicte<l 

Solute Ot 140 Oz Üzo \:('t) Ef v 
F Et V Oz E1 V,:'.01 

Ce 1-84 3.94x1ö2 2.95 13.10 1330 1-10 060 0.74 2.79 

Mo 1.75 1.57x1a3 2.75 006 1350 106 060 0.70 2·71 
V 2.15 2·90X1ö2 3.41 41.00 1320 1·29 0.50 086 3.30 

Nb 1.74 2·51X1Ö
3 

2·72 025 1370 104 060 070 2·68 

All ener9ies have been expressed in ev and frequency factors in 

i 
i 
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9 
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Fig.i4 

» 
t 
6 

9 
0 r 

"""" . Cf'"·~ .~ " kT 

_,, 
7f,•w rli•"" 

Pig,3 and 4. Divacancy/vacanoy analyais applied to the diffuaion 

of Molybdemun and ceriuo in bat.a zirconium. 

020 

9680 
0.02 

61·55 

0.09 

It ie seen from the table 3 and Fig. 3 a:nd 4 that the experimental 

values of D20 and Q2 a::=,re in fairly good agreement with corresponding 

theoretical values. Although the above explanation baeed on divaca

noies seems quite plausible yet it appeare that vacanoy complexes 

which are in dynamic equilibrium with monovacancies and divacancies, 

may also be taking part in the diffuaion prooeaa. 

Baaed on an electron-concentration concept for the dif:f'uaion 

prooeae, Enge1( 20) has reported that the self and impurity diffuaion 

in metals a:nd dilute alloya depends on the lattice oonf'iguration and 
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the bond strength„ In tra.nsition meta.ls, electrons from unfilled 'd' 

and •f• levels and the outermost •s• level participate in the bonding 

process and the bond strength depends on the total number of electrona 

involved. Though in most of the metals, the electronio bonding pat

tern is independent of temperature and gives rise to only one value ot 

aotivatio:n energy, in oertain transition metals like ß-Zr, a ohange in 

the distribution of bonding electrons :may take place as a function of 

temperature resulting the non-linearity in the Arrhenius plots of logD 

vs ! for the self and impurity diffusion of Zr, Ob, Mo, Oe and V in 
T 

ß-Zr. Furtheremore, it is observed that the difference in activation 

energy Q for the diffusion of Cb and Zr in f3-Zr(lO) is 0.34 ev at 

1600°1<: and inoreases with temperature.Engel has attributed qualita

tively that 0.34 ev increaee in aotivation energy :may be due to the 

addition of one d-eleotron to the bonding strength of Zirconium lat

tioe (the electron dietribution of Zirconium along with other metals 

is given in Table 4). 
Table4 Etectron distribution corresponding to the 

graJnd state, bcc and hcp lattices of 
the vorious elements. 

Zr 4 r/- 5s2 4 cl 5s1 4 j- 5sp 

Cb 4 d' ss2 4 ct4 5s1 4 ,j' 5sp 

V 3 rJ3 4s2 3 d
4 4s' 3 ,j' 4sp 

c. 4 r 6s2 

Mo 4 et ss2 4 .? ss' 4 c1' ss;p 

•"Dittusion in body-~ cuhic m•fols" 
page 94, A. S. M (1965) 

The higher temperature values of Q for the diffusion of Mot Oe and Zr 

in ß-Zr are 2.97 ev, 3„22 ev and 2.82 ev reepeotively. Thus Q for Mo 

and Ce in ß-Zr is 0.15 ev and 0.4 o ev higher as oompared to the oor

responäing Q values for self diffusion of ß-Zr. 

According to qualitative analysis ba.sed on Enge1< 20> theory, 

it is seen that the total bond strength of the solvent lattioe inore-
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asea due to an increaae in the number of bonding electrona when moly

bdenum and oerium go into solid solution of ß-Zr. The increa.ae in the 

aotivation energy for the diffUaion of Mo a.nd Ce in ß-Zr by 0.15 ev 

and 0.40 ev reapectively is thus due to an inoreaee in the total num

ber of bonding electrons compa.red to pure ß-Zr lattice. Furthermore, 

the experimental results show that Q for diffUsion of Ce in ß-Zr is 

higher than that for Mo. The higher value of Q for Ce may be reeult

ing from an additional increase in bond atrength due to the inter

action and participation of •f9 electrona in the solid solution of 

ß-Zr lattice. 

The varioue exieting theoriea< 15- 20 >have been applied to ex

plain the experimental reaulta of diffuaivity of molybdenum and cerium 

in beta zirconium with conaiderable suocess. The observation that the 

material oan be completely homogenised by diffus1on prooess shows that 

there must be some bulk diffusion mechanism. The presenoe of 

Kirkendall effect( 32 ) and the pore formation< 32 ) in the ehemioal dif

fusion of zirconium and uranium eystem implies that the basic procese 

of diffusion is either through vacancies or interetitialcies which can 

be oreated or annihilated locally in the lattice. 

In view of the above discussion, it aeems tha.t the diffueion 

process obeerved in beta zirconium ie not through simple vaoancies. 
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On the Determination of Concentrations and Properties 

of Vacancy Defects from Quenching Experiments 

R. W. Siegel, R. W. Balluffi, K. H. Lie, and D. N. Seidman 

Cornell University, lthaca, N. Y., USA 

ABSTRACT 

A survey of the experimental and analytical techniques 
available for the determination of concentrations and 
properties of vacancy defects in pure metals from quenching 
will be presented. Perturbations to the equilibrium 
population of vacancy defects caused by quenching will be 
considered in relation to their effect upon the quenched-
in vacancy defects. The redistribution of vacancy defects 
as a result of vacancy interactions, the lasses of vacancies 
to existing sinks or by precipitation, and the generation 
of new defects due to deformation during quenching will be 
examined. The results of recent computer calculations of 
vacancy lasses in a multi-defect system will be presented. 
Next, experimental methods for the determination of the 
concentrations of quenched vacancy defects will be examined. 
Indirect techniques wliich utilize the measurement of a 
macroscopic property such as resistivity or length, for 
example, in which the change in the property per unit 
increment of vacancy defects must be known, as well as 
direct measurements such as electron or field-ion microscopy 
will be discussed. The problems involved in the interpretation 
of the experimental results from these techniques in terms 
of defect concentrations will be considered. Non-proportional 
variation of properties with order of vacancy cluster, non
uniformity of defect distributions and perturbations of 
the defect population by the observation technique will be 
discussed. Lastly, techniques available for the determination 
of the properties of single and multiple vacancies will he 
considered. Primary emphasis will be given to the problem 
of the determination of formation energies of vacancy defects. 
Possible curvature of Arrhenius plots will he considered 
in relation to both temperature dependence of defect 
activation energies and contributions from the various 
constituents of a multi-defect system. In addition, the 
determination of other characteristic properties of vacancy 
defects, such as resistivity and volume, by a combination 
of indirect and direct experimental quenching techniques 
will be considered. Throughout the discussion of the 
various topics mentioned, available experimental results 
will be considered where pertinent. 



Electrical Resistivity Measurements During Vacancy Annealing 

Abstract 

J, S. Koehler 
University of Illinois 

Urbana, Illinois 

The value of electrical resistivity measurements will be assessed 

and the major results achieved will be discussed. Annealing measurements 

after deformation, nuclear irradiation, and quenching will be considered. 

The results are most complete for gold so that it will be discussed first 

and the information resulting will be described. lt will be shown that 

the annealing observed in 99.9999% pure gold near room temperature after 

a fast quench from 700°C, after a few percent deformation at 4.2°K and 

after 3 MEV electron irradiation at 100°K can all be ascribed to vacancy 

migration. lt will be shown that divacancies dominate the annealing after 

a slow quench from 700°C. Differences in sink density account for the 

different behavior after fast and slow quenches. The influence of small 

amounts of impurity on the annealing behavior of gold will be described. 

M M F 
Finally values for EV, EZV' EV , Bzv' Pv etc will be given. 

A similar discussion will be attempted for aluminum, silver, copper, 

platinum, nickel and tungsten. In each of these metals the information is 

not complete. The available data will be summarized. An attempt will be 

made to evaluate the present state of affairs and to describe what new data 

will be required. 
F M 

Values for EV' EV' etc will be given where data exists. 
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Annealing in Quenched Metals 

K.P. Chik, Max-Planck-Institut fÜr Metallforschung, 
Institut für Physik, Stuttgart 

A b s t r a c t 

Of the three conventional ways of producing point defects in 

solids, namely, quenching, deformation and irradiation with energetic 

partiales, quenching is supposed to produce the simplest type of damage. 

In f.c.c. metals, only vacancy type of defects can be quenched in and 

in ideal case these defects should distribute homogeneously after 

quenching over the crystals apart from small volume of denuded regions 

near grain boundaries and dislocations. This relative simple situation 

simplifies the mathematical treatment of the problem, enabling a more 

sound interpretation of experimental results. Thus quenching experi

ments may provide valuable informations on vacancy properties. In spite 

of these facts, the interpretations of experimental quenching results 

are by no means simple and unambiguous. The complications arise from 

our lack of knowledge about small vacancy clusters and about the inter-

action between vacancy and impurity atoms. 

This review gives a survey of the present situation in annealing 

studies of quenched metals and is divided into three main sections. 

(i) Annealing at high vacancy concentration. This involves inevitably 

clustering of vacancies. The central problem lies on the study of nuclea-

tion process of vacancy clusters and their subsequent growth which de-

termine the whole annealing process. The appropriate nucleation models, 

the q1_·'3si::'..on of homogeneous and heterogeneous nucleation and the in~ 

fluence of impurities on nucleation will be discussed in some details. 

(ii) Annealing at low and intermediate vacancy concentration. At 

low vacancy concentration, the main type of quenched-in defects should 
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be mono-vacancies. A simple first order kinetic should prevail if 

only one type of defects is present and anneals out at infinite sinks. 

Experimentally, deviations from first order kinetics are observed in 

many cases. The possible causes for such deviations are discussed, such 

as impurity effects and effect of strain fields. 

(iii) Determination of vacancy parameters. The determination of 

important vacancy parameters such as migration energy, binding energy 

and binding entropy of vacancy defects is in fact the ultimate aim of 

studying annealing in quenched metals. 

The difficulties involved in deducing vacancy parameters from 

annealing experiments are discussed. Specific examples are given for 

the case of quenched gold. It will be emphasized that unambiguous re

sul ts cannot be obtained without a coordination among different kinds 

of experiments. Some new techniques are required to give a forward 

push to better understanding than that arrived at the present time. 
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KINETICS OF THE THERMAL VACANCY FORMATION IN PLATINUM 

F. HEIGL and R. SIZMANN 

Sektion Physik der Universität München, Munich, Germany 

Abstract: (Manuscript not yet received) 

It is well established that by rapid quenching platinum from a 
high temperature the thermodynamical vacancy concentration oan be 
frozen in, and than easily determineä at low temperatures by the 
change in residual electrical resistivity„ Such experiments yield 
the energy of vacancy formation and by proper annealing procedures 
the energy of vacancy migration„ 
The goal of the present investigation is to provide information 
on the thermal sources of vacanoies in platinum„ We applied a 
pulse heating technique with electronically controlled rise time 
(~ 1msec), duration of heating at a preset temperature (time 
intervals from 1 msec to infinite), and quenching in a rapid 
He gas stream (initial quenohing rate > 110 4 deg/seo)„ fille experiments 
were done on well annealed 99,99 % pure platinum wire, o,1 mm in 
diameter. fille residual electrical resistivity of the speoimen was 
measured in liquid nitrogen by a modified potentiometric technique„ 
The smallest detectible change in resistivi ty was 1, x 1o- 11 hcm„ 
The diagrams of the quenched-in resistance versus the pulse 
duration show a gradual increase of vacancy concentration up to 
the equilibrium value of the applied temperature„ The half time 
of the ~quilibrium adjustment is about 100 msec in most of the 
well recrystallized specimens, nearly independent of the temperature. 
The formation kinetics (time dependenoe and activation energy) 
unequivooally points to planar sources in the lattice (the 
surface of the speoimen is not the prevailing source, however). 
The results are discussed in terms of the primary vacanoy sources 
being dislocationa (or their jogs) 9 aligned in small angle grain 
boundaries. 
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VACANCIES IN GOLD* 

H. I. Dawson and K. B. Das 
Division of Metallurgical Engineering 

University of Washington 
Seattle, Washington 

u.s.A. 

ABSTRACT 

Electrical resistivity recovery spectra of lattice defects in 
99,9999 and 99.99% pure gold have been determined between -20° and +170°c. 
Defect structures were produced by quenching, quenching followed by deforma
tion, and by deformation. An extensive recovery spectrum with a characteristic 
substructure is observed in all cases. Most of the defect resistivity of 
quenched gold recovers between 35° and 125°c. In this range three processes 
are observed which shift to lower temperatures with increasing quenching 
temperature, impurity concentration, and dislocation density. It is sug
gested that these could be due to tri-, di-, and single vacancies respec
tively. The recovery below 35°c and above 125°c is enhanced by impurities; 
some small vacancy cluster nucleated at impurities during the quench, could 
become mobile, below 35°c, while the recovery above 125°c could be due to the 
release of impurity trapped vacancies. A comparison of the recovery spectrum 
of deformed gold with these results indicates that most of the recovery in 
Stage III could be due to small vacancy clusters, divacancies, and single 
vacancies, while Stage IV could be caused by the release of-trapped vacancies. 

INTRODUCTION 

The behavior of vacancies in gold is not well understood. Such basic 
quantities as the energies of motion and association of these defects are not 
precisely known. A supersaturation of vacancy type defects is readily obtained 
by quenching, but the precise quenched-in defect structure is not known. The 
most frequently used property in the study of the recovery of these defect 
structures is the electrical resistivity. The usual procedure is to measure 
the change in the quenched-in resistivity at a low temperature as a function of 
the annealing time at a constant annealing temperature. 

Several attempts have been made to simplify the conditions for the 
recovery process by usin~ high purity gold quenched with high speeds from rela
tively low temperatures, but the isothermal recovery remains complex. One 
cannot identify the defect species from the observed isothermal behavior nor 
can one decide whether they are monovacancies or not by a simple comparison of 
the observed migration energy EM for the recovery process, and the quaptity 
Q - Ef v· (Here, Q is the high temperature self diffusion energy and E1v the 

*Work supported by the National Science Foundation under Grant GK 1307. 
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formation energy of a single vacancy.) This complication arises from the 
possibility of a strong temperature dependence of the motion energy E~ of 
single vacancies, as recently discussed by stoebe and Dawson. 2 

Several values for EM have been determined,l,3 but the value of about 
0.70 eV, has been observed in several different investigations for a wide 
variety of e~erimental conditions, as has recently been reviewed by Wang, Seidman, 
and Balluffi. This energy has been observed to be independent of the amount 
of resist~vity due to the defects, if this lies between about 1.05 x lo-10 and 
1.5 x io- Qcm. Nor does it depend on the purity of the gold indicated by the 
ratio R of the resistivities at room temperature and at 4.2°K. It remains about 
0.70 eV for nominally 99.99o//o or 99.999o//o pure gold with R values between 380 
and 22500. Finally, this defect migration euergy is independent of the properties 
of the sinks at which the defects disappear. 

The identity ~f these dominating defects remains unknown. Wang, 
Seidman, and Balluffi assume that they are divacancies but suggest that they 
could also be trivacancies. Stoebe and Dawson2 have argued that the observed 
0.70 eV could conceivably be the value for the room temperature migration energy 
of monovacancies. 

Complications in the analysis of isothermal recovery curves can arise if 
more than one distinct pro~ess is involved during the recovery at that particular 
temperature. Isochronal recovery experiments have been performed after quenching 
but with the main objective of establishing the general temperature range in 
which the recovery occurs,5-7 or for the application

8
of the Meechan-Brinkmag 

method for the determination of activation energies. It has been observed 
that the electrical resistivity of quenched gold decreases during annealing at 
all temperatures between -4o0 and +150°c. This temperature range of about 200 
degrees is much wider than the restricted temperature interval in which a simple, 
singly activated point defect recovery process should take place during a typical 
isochronal anneal. 

Precise isochronal measurements have proved to be verx useful in the 
study of the substages of Stage I after electron L'radiation, ~ut similar studies 
on quenched gold are not encountered in the present literature. One of the main 
objectives of this paper is to report on some of the results of such a study. 

Vacancy-type def ects are also known to be produced by plastic deforma
tion, but there is no detailed agreement as to which portions of the resistivity 
recovery spectrum of deformed gold are caused by these defects. Af'ter a large 
deformation, one observes extensive recover~ between about -190° and -6o0 c, Stage 
II; and between about -60° and +100°c, Stage III. No definite Stage IV has been 
observed in gold. Stage II, which occurs over a temperature range of about 
150 degrees, is not caused by one process. Stored energy measurements by 
van de~ Beuke110 have provided direct evidence for a substructure in this stage. 
Seegerö,11 believes that this could be associated with certain multiple vacancies. 
Stage III is also about 150 degrees wide and cannot be interpreted as due to a 
simple, single process. Dawson12 observed three substages of Stage III in 
resistivity recovery experiments and concluded that the recovery above about 
-20°c could be due to di- and single vacancies. Corbettl3 has argued that 
single vacancies could be responsible for part of StagelII, while Stage IV, 
i.e., the small amount of recovery after Stage III, could be caused by the 
release of vacancies from traps. 
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It is noted above that vacancy-type defects have been considered in 
the literature for all of the point defect Stages II, III, and "IV. The other 
main objective of the present paper is, therefore, to discuss the recovery 
spectrum of deformed gold in comparison with that of quenched gold in an 
attempt to identify the recovery stages which are caused by the vacancy-type 
defects produced by deformation. 

EXPERIMENTAL PROCEDURE 

Specimens 

All of the present experiments were performed on wire specimens of 
0.25 mm diameter supplied by Cominco Products, Inc. Table l gives the purity 
analyses performed by the supplier. 

TABLE l 
Impurities in the Specimens used in this Investigation 

Nominal purity Impurities in ppm by weight 
Al Ca Cu Ge Fe ~ Si ~ Na In Total 

99.999fJ1/o (6N) l.O 0.7 0.5 1.0 0.2 5.0 0.3 8.7 
99.9gt, (4N) 1.0 1.0 3.0 0.5 3.0 0.5 3.0 3.0 5.0 1.0 21.0 

Before introducing the defects, the samples were always annealed for 
1 hour at 450°c in air. No attempt was made to obtain extremely large resis
tivity ratios, R, in order to be able to compare the present results with the 
majority of the existing data. After this annealing treatment, the R values 
were typically between 600 and 800 for the 6N samples and around 200 for the 
4N sa.mples. Just before the quench the specimens were heated (in air) by an 
electric current for about four minutes at the quenching temperature which was 
controlled to within +10 degrees. After the specimens were quenched in a brine 
solution below o0 c, they were transferred into a liquid nitrogen bath ~rithin 
10 seconds. The quenching speed was detected by an oscilloscope and photographed 
with a polaroid camera. Potential leads of the same material as that of the 
specimen were spotwelded on the sample at about 5 cm apart. 

Electrical Resistivity Measurements 

The electrical resistivity measurements were always performed at 4.2°K 
with a standard potentiometric technique using a Leeds and Northrup six-dial 
microvolt potentiometer in combination with a Keithley 147 nanovolt null
detector. The current through the specimen connected in series with a stand
ard resistor was controlled by manually keeping the voltage drop across the 
standard resistor constant, usigg a Leeds and Northrup K5 potentiometer. 
Resistivity changes of 1 x io-12 ocm could be detected. 

A~er introducing the defects, the samples were annealed by direct 
immersion in a liquid bath at the desired temperature controlled to within 
+o.02°c using a Lauda NBSD constant temperature circulator Pentane was used 
äs thermostat liquid for temperatures between -20° and +2o6c, distilled water 
between 20° and 90°c, and propylene glycol between 90° and 200°c. 
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Annealing was always performed at the same temperatures according to a 
schedule of 10 minutes at a series of increasing temperatures, T:L, T2, ••• Ti, 
Ti+l•••Tf, at 10 degree intervals. The resistivity at 4.2°K was measured after 
each 10-minute anneal. The resistivitg after annealing at the ith temperature 
is called pi. The resistivity at 4.2 K before the first anneal is Ps and that 
after the last 10-minute anneal, at Tr, is Pf. By plotting 100 x ( P1-Pr)/( P$-Pr) 
versus Ti one obtains an isochronal recovery curve, indicating the recovery in 
percent as a function of the annealing temperatures. If a substructure is present 
in this curve, it will be more readily observed by plotting the recovery rate r, 
given by 100 X {[( Pi-Pr)/(Ps -Pr)J - [(Pi+l -Pr)/( Ps-Pr)]} /(Ti+1-Td1-(T· T· )• 
The data points in the following figures are given by this 2 1+ 1+1 
expression and have an experimental error corresponding to the minimum detectable 
resistivity of l x lo-12 Ocm. They are connected with straight line segments to 
indicate the recovery spectrum. In each figure the total amount of recovery, 
!:i.'Po= ·p s- Pf, and other pertinent information is indicated. Tq is used for the 

quenching temperature, q8 for the quenching speed, and E for the amount of plastic 
elongation. 

EXPERIMENTAL RESULTS 

Recovery spectra of gold were determined from -20° to +170°c after defect 
structures were introduced by quenching, quenching followed by deformation, and 
by deformation. 

0 CURVE o 
6N 

A 

Tq" 763°C 
q,= l.l x I04 °C/s 
öp." 4.45 x 10~• n cm 

T, °C 

Figure l 

Recovery After Quenching 

Cil CURVE b 

6N 
Tq..,750°C 
q1 " UNKNOWN 
D.p."' 3.82 K r0- 9 n cm 

100 

In Figure l two recovery spectra 
of the quenched-in electrical resistivity 
of 99.99993 (6N) pure gold are plotted. 
The experimental conditions were nearly 
the same for the two cases, and essen
tially the same recovery behavior is 
indicated by the two curves. Both 
exhibit the same general substructure 
in an extensive recovery spectrum between 
-20° and +170°c. A small amount of the 
total recovery occurs below 35° and above 
125°C; more than 9c:P/o of the defect resis
ti vi ty recovers between 35° and 125°c. 
The regions below about 35° between 35° 
and 125°c and above about 125°c, will b~ 
referred to as regions A, B, and C respec
ti vely, and are indicated in the figure by 
the dotted dividing lines. 

Recovery spectra of quenched 6N gold. 
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Figure 2 
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Recovery spectra of quenched 6N gold 
for different quenching temperatures. 

.-----------121·---------
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Figure 3 

EI CURVE b 
4N 

T, ~ 763°C 
q 1 = 1.1x104 °C/s 
tip." 5.55 x 10·• n cm 

100 

Curve a: Same as curve a from Figure 1. 
Curve b: Recovery spectrum of 4N gold. 
The specimens of the two curves were 
quenched and annealed under identicaJ. 
conditions. 

Curve a from Figure 1 is 
reproduced in Figure 2 together with 
the recovery spectrum of a 6N sample 
quenched from a lower temperature. 'Ihe 
same generaJ. structure is present in 
both curves, but the main peak occurs 
at a lower temperatu.re in the specimen 
quenched from the higher temperature. 

The recovery spectrum of 99.9<J% 
(4N) pure gold is shown in Figure 3, 
curve b. Substructure is also observed 
in this extensive spectrum. For a com
parison, curve a from Figure 1 is also 
shown in Figure 3. The conditions for 
the quench as well as f or the subsequent 
annealing were identical for the two 
specimens as they were mounted side by 
side on the same holder during this 
experiment. If one divides the recovery 
in the regions A, B, and c, the resis
ti vi ty changes are as given in Table 2 • 
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TABLE 2 
Relative and Absolute Amounts of Recovery in the Various 

Temperature Regions for the Curves of Figure 3. 

Region A Region B Region C 
% lo-9 ncm % 10-9 ucm % io-9 ocm 

Curve 3a (6N) 2.9 0.13 93.7 4.17 3.4 0.15 
Curve 3b (4N) 14.o 0.78 70.9 3.93 15.l o.84 

The recovery in the regions A and C is enhanced, while that in region B 
is suppressed in the impure sample. One further observes that the recovery curve 
of this specimen in region B is shifted to lower temperatures compared to that of 
the purer sample. 

Recovery After Quenching and Deformation 

0 CURVE a 
6N 

A 

Tq ... 750°C 
(" 1.5% 
llp. = 1.5 X IO~t .Ocm 

Cll CURVE b 
6N 
Tq"" 750° C -t 

llp.=3.82xl0 ncm 

c 

Figure 4 compares the recovery 
curve a:fter quenching as previously illus
trated in Figure 1 (curve b) with the 
recovery of a specimen in which a defect 
structure was produced by quenching plus 
subsequent deformation at 4.2°K (curve a). 
The two specimens were mounted side by 
side during the entire experiment. They 
were quenched simultaneously from the same 
temperature with the same quenching speed. 
After quenching, the specimen on which 
curve a was measured was def ormed about 
1.5% in tension. If an unquenched sample 

80 100 

T, "C 

Figure 4 

100 is deformed this amount, about o. 35 x 
lo-'.7 n cm recovers between -20° and +170°c. 
The amounts of recovery in the regions A, 
B, and c, are given in Table 3. 

Curve a: Recovery spectrum of 6N gold 
a:fter quenching and 1.5% deformation. 
Curve b: Same as curve b from Figure 1. 
The specimens of the two curves were 
quenched and annealed under identical 
conditions. 

TABLE 3 
Relative and Absolute Amounts of Recovery in the Various 

Temperature Regions of Figure 4. 

Region A 
% 10-9 ncm 

Region B 
% io-9 ncm 

Region C 
% lo-9 n.cm 

Curve 4a (quenched and 13.0 
deformed) 

Curve 4b (quenched) 3.2 
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0.12 90.8 

1.11 13.0 0.195 

3.47 6.o 0.23 



Due to the 1.5% plastic deformation, the total amount of recovery ap 0 , 

has been reduced by a factor of about 2.5. Only in region A is there a larger 
absolute amount of recovery in curve a (quenched and deformed) than in curve b 
(quenched). There is no evidence in these curves that new recovery peaks occur 
due to the defonnation. 

@ CURVE o 
GN 
Tq i:::. 750° C 
!:ip„= 3.82xl6' .11cm 

T, °C 

Figure 5 

0 CURVE b 
GN 
( = 7% 
T11 ~ 700° C ("t1l~1~} 
•" 3% 
l:J.p. = Q97x 161 !lern 

Curve a: Same as curve b from Figure 4. 
Curve b: Recovery spectrum of 6N gold 
after 7% deformation at room tem:pera
ture, heated to 700°c for 2 seconds, 
quenched, and then deformed 3%. 

In Figure 5, curve b of Figure 4 
(quenched) is com:pared with the recovery 
spectrurn of a specimen which was treated 
as follows: First it was deformed about 7% 
in tension at room temperature. Then the 
sample was rapidly heated to about 700°c 
and held at that temperature for about 
2 seconds after which it was quenched to 
o0c. The specimen was then imm.ediately 
cooled and deformed about 3% at 4.2°K. 
The total resistivity change during 
annealing from o0 to 170°c is only 
o. 97 x 10-9 n cm. About one-third of 
this recovers in region A. The recovery 
indicated by curve b has been shi~ed by 
about 20 degrees to lower temperatures in 
region B, but in region C the recovery is 
quite similar in both specimens. If an 
unquenched sample is deformed 3%, about 
o.45 x io-9 ncm recovers between -20° and 
+170°c. As in Figure 4, there is no 
evidence for the occurrence of new peaks 
due to the deformation. 

Recovery After Deformation 

GN 

AIR ANNEALED 

( =-8% 

/J.p. = 2.29 x m-• .O cm 

T, °C 

Figure 6 
Recovery spectrumof 6N gold deformed 
8% at 4.2°K. 

The recovery spectrum of 6N gold 
deformed 8% in tension is plotted in 
Figure 6. The deformation was performed 
at 4.2°K after which the sample "WaS slowly 
wa.rmed up to -20°c before measuring the 
curve. An extensive recovery spectrum 
with 5 local maxima is observed between 
-20° and +170°c, and has been reproduced 
several times. 
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DISCUSSION 

Substructure After Quenching 

The present experiments on quenched gold are the first in which a sub
structure has been observed in the isochronal recovery of this system. 

While this system has been studied more extensively than any other, only 
a few isochronal curves have been published, and none of them have been measured 
with the explicit objective of establishing whether or not a fine structure exists. 
Bauerle and Koehler5 have measured the isochronal recovery of quenched gold, but 
in large temperature intervals of 20 degrees and with a long annealing time of 
1 hour at each temperature. With such an annealing schedule, the fine structure 
could not have been observed in any case. Their recovery begins at about -4o0 c 
and is not finished at +90°c. Clarebrough, Segall, Loretto, and Haregreaves7 
have observed an isochronal behavior in agreement with the results of Bauerle 
and Koehler5, but ag not report further details. The isochronal curve sho~m by 
de Jong and Koehler also shows one broad stage between 40 and about 150°c. The 
specimen was annealed for 3 hours at 4o0 c before this curve was measured in 
10-minute periods at 20-degree intervals. These large temperatUi.e intervals and 
the long anneal at 4o0 c, would have precluded the observation of any substructure. 

SchÜle, Seeger, Schumacher, and King8 measured several isochronal curves 
for 15 minute periods at irregularly spaced temperatures separated by 10 to 15 
degrees. Recovery occurs between -4o0 and +150°c, but no substructure is observed. 
These measurements were carried out in liquid oxygen ~rith a minimum detectable 
resistivity change of 3 x lo-11 ncm. This sensitivity which is more than an 
order of magnitude less than that of the present measurements at 4.2°K, would 
make the observation of substructure very difficult. It should also be pointed 
out that measurements designed to detect fine structure should use constant 
temperature intervals. 

The present results are in agreement with previous conclusions5-8 about 
the extent of the temperature rauge in which the recovery takes place. The 
observed substructure is not in conflict with these previous isochronal measure
ments. Rather, it supports the existing observations of a complex isothermal 
recovery behaviorl in that it reveals explicitly the basis for this complexity 
to be due to the occurrence of several processes. 

While this information seems promising for the ultimate objective of 
completely characterizing the nature and properties of vacancies in gold, more 
extensive experiments are needed before a detailed interpretation could be 
attempted. The present discussion will therefore be limited to a few qualita
tive remarks which seem justified by the presently available information. A 
detailed study of the problem is in progress in our laboratory. 

Region B 

More than 9CP/o of the recovery of 6N gold quenched from about 700°c occurs 
between 35° and 125°C (region B), This is also the temperature range in which 
most of the isothermal studies have been performed. 1 Undoubtedly, the most often 
observedl4 migration energy of 0.70 eV is due to the defects which cause this 
recovery, Their migration energy is independent of the quenching temperature, 

4 the purity of the gold, and the properties of the sinks at which they disappear.l 
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Their identity, however, remains unknown, but from the recovery spectra it can 
be observed that multiple processes are involved. 

If recovery processes are well separated, they will be observed as peaks 
in a recovery spectrum. If the temperature ranges in which they occur overlap 
considerably, the peaks will not be resolved. The precise shape of such a 
spectrum can depend very much on the exact annealing schedule. In region B, 
three maxima were observed in curve b of Figure 1 at 55°, 85°, and l05°c. The 
maximum at 85°c in curve a of the same figure is undoubtedly due to the same 
process as the peak at 85°c in curve b. Each of the two other maxima in curve b 
is determined by only one point. However, it is obvious from the shape of curve a 
around 6o0 c, that the process causing the local maximum at 55°c in curve b, is 
also present in curve a, although no peak is observed in this case. It is more 
difficult to decide whether the process which caused the ma.ximum at 105°c in 
curve b, is also present in curve a, but it will be assumed for the moment that 
this is the case. Thus certainly two, and perhaps three processes are causing 
the recovery in region B. For the discussion these processes will be labeled 
(1), (2), and (3) starting at low temperatures. 

In Figure 2 it is observed that the recovery in region B shifts to lower 
temperatures with increasing Tq• This observation is in agreement with the 
result of isothermal studies5 wllere it was observed that the time ri required 
for 5CP/o of the recovery to occur at a constant temperature, is reduc~d by a 
higher quenching temperature. This seems to be related to a larger probability 
for the formation of clusters if Tq is larger. These clusters are observed15 
as black spot defects when 5N gold is quenched from below 8oo0 c and subsequently 
annealed at l00°c. The black spots are formed as a result of the precipitation 
of vacancy type defects and could act as sinks for (further) recovery which 
tends to shift this to lower temperatures. It was also observed that the forma
tion of black spots is favored in impure gold as a result of heterogenecus 
nucleation at certain impurities.1 In agreement with this, is the observation 
in Figure 3 that the recovery of the impure sample in region B occurs at lower 
temperatures than that of the pure sample, although both specimens were quenched 
from the same temperature. In this case one can identify the recovery maxima 
at 65° and 95°c of curve b with the processes (2) and (3). Process (1) is not 
observed as a peak, although there is an indication for its presence in the 
shape of the curve around 4o0 to 6o0 c. The temperature shift is also in agree
ment with the result of Ytterhus, Siegel, and Balluffi17 that ri for isothermal 
recovery at 4o0 c after a 700°c quench, is smaller for samples haVing smaller 
resistivity ratios. The comparison of the two curves of Figure 3 is especially 
valid, since they were measured under identical conditions. The fact that ap0 
is larger in curve b (4N) than it is in curve a (6N) could be the result of an 
increased equilibrium vacagcy concentration at Tq due to a binding energy between 
vacancies and impurities. 1 

If three processes occur between 35° and 125°c, the question immediately 
arises why three different migration energies have not been observed in existing 
studies. This could be due to the fact that the actual values for the migration 
energies of these processes must be nearly the same. Since the three processes 
seem to respond in the same way to the addition of impurities, it is possible 
that they involve the migration of different defects to more or less the same 
sinks. Suppose that the main peak of curve b in Figure 1 due to process (2), 
has a ntlgration energy of 0.70 eV, and that the relative locations of the three 
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maxima due to the three processes are only determined by the differences in 
migration energies. The energies corresponding to processes (1) and (3) can 
then be estimated tobe about o.64 and 0.75 eV respectively. These values are 
close to 0.70 eV, and it would be difficult to separate them experimentally. 
This should especially be true, since the relative contributions of processes 
(1) and (3) are less than that of process (2), at least for the cases studied 
here. 

From the work of Kauffman and M.eshii19 one observes that the minimum 
and maximum values obtained for the migration energy EM a.fter a quench from 
700°c are abfut o.66 and 0.76 eV. EM values determined by Ytterhus, Siegel, 
and Balluffi 7 lie between about 0.65 and 0.77 eV for defect resistivities less 
than 5 x io-9 ncm, the range of the present investigation. In these cases, 
however, there is no systematic increase in ~ as recovery proceeds, but the 
variation is caused by random error. One observes in both experiments, however, 
that there is a trend of increasing energy with decreasing defect resistivity 
when one considers the entire range studied.17,l9 Extensive isochronal studies 
which cover this range are needed to investigate this aspect. It may very well 
be that the relative defect population in the three processes changes with 
quenching temperature. 

The study of the influence of dislocation sinks on the recovery of 
quenched-in defects is difficult, since dislocations anneal out during the 
heating of the sample in order to quench it. If the dislocations are produced 
a.fterwards by plastic deformation, this is likely to alter the quenched-in 
defect structure. From Figure 4 one observes that the total amount of recovery 
has been reduced remarkably by 1.5% deformation, although plastic deformation 
by itself always increases the resistivity of pure gold. This observation can 
be explained by the sweeping up of quenched-in defects by moving dislocations. 

Except for the plastic deformation in one of the samples (curve a) the 
two curves of Figure 4 were obtained under identical conditions. It appears 
that the recovery spectrum remains qualitatively the same a.fter deformation. 
The peaks due to processes (2) and (3) are clearly resolved in both cases, 
but process (1) is not indicated in curve a. 

The effect of a larger dislocation density on the recovery spectrum was 
presented in Figure 5, curve b. A larger dislocation density than that in the 
specimen of curve a (quenched only) must have resulted from the short annealing 
time (2 sec) at about 700°c prior to the quench of the deformed sample (E = 7%) 
which was deformed again 3% a.fter the quench. The recovery spectrum of this 
specimen (curve b) exhibits two peaks in region B with an indication for the 
occurrence of another process near 6o0 c. The recovery in this region occurs 
at lower temperatures than that of the undeformed sample quenched from approxi
mately the same temperature (curve a). This recovery is likely to be produced 
by the same three processes (1), (2), and (3) in both curves. Their occurrence 
at lower temperatures in curve b (quenched and deformed) could then be explained 
by the larger density of dislocations acting as sinks for the defects. Ytterhus, 
Siegel, and Balluffil7 quenched gold from 700°c and strained the samples between 
0.75 and l.o% at room temperature before measuring the isothermal recovery at 
4o0 c. The observed rl is a factor of about 10 less for the strained samples. 
This was also interpreted as due to an increase in the dislocation sink density 
or possibly to additional precipitation at vacancy type debris produced by the 
deformation. The observed ~ values, however, remained the same17 i.e., about 
0.70 eV, which supports the conclusion that the same processes occur in region B 
of both curves of Figure 5. 
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From these discussions one can conclude that three processes (1), (2), 
and (3) occur between about 35° and 125°c in 6N as well as in 4N gold quenched 
from about 700°c and in 6N gold quenched from the same temperature and deformed 
a few percent. The present information does not allow a definite identification 
of the defects in these processes. However, the vacancy type defects in this 
range cannot be associated with impurities, since very similar recovery is 
observed in 4N and in 6N gold (Figure 3). The defects must therefore be single 
vacancies and/or some small vacancy clusters, including the divacancy. There 
are several possibilities, but the simplest one seems to be that tri-, di-, and 
single vacancies are involved. From the analysis of the self-diffusion data in 
gold by Stoebe and Da:trson, 2 it appears possible that the migration energy of a 
single vacancy could be as low as 0.7 eV at low temperatures. Theoretical 
considerations lead to the conclusion that the migration energy of trivacancies 
could be close to that of the divacancy2°, 21 , and the divacancy should be more 
mobile than the single vacancy. The process at the highest temperature 
(process (3)) could therefore be due to single vacancies. Furthermore, since 
one expects that fewer trivacancies will be produced than divacancies during 
a quench from around 700°c, and the contribution of process (2) to the recovery 
in region B dominates that of process (1), these processes could be due to 
divacancies and trivacancies respectively. 

Regions A and C 

The recovery below about 35°c (region A) and above about i25°c (region c) 
amounts to less than lcY/o of the total recovery of 6N gold quenched from about 
700°c, This recovery is therefore difficult to study. It appears to be more 
significant, however, in impure gold (see Figure 3 and Table 2), and is 
undoubtedly associated with impurities. Perhaps some highly mobile small 
vacancy cluster nucleated at impurities during the quench, anneaJs out in 
region A, while impurity trapped vacancies could be released in region c. This 
could explain the impurity dependence of the recovery in these regions. This 
dependence makes it unlikely that the defects annealing-out in region A are 
produced by uncontrolled plastic deformation during the quench, From Table 3 
it follows, however, that the importance of the recovery in this region is 
somewhat greater in the quenched and deformed sample. Also, as has been 
observed in Figure 6, the largest peak after deformation occurs between -20° 
and about 35°c, the temperature range of region A. One cannot, therefore, 
exclude the possibility that part of the recovery in this region of the pure 
samples is due to plastic deformation. 

Substructure After Deformation 

The substructure observed in the recovery spectrum after deformation 
(Figure 6) is in general agreement with previous work by the author12 in which 
the so-called stages c(-10° to +25°c) and d(25° to 90°c) were observed. St~e c 
is also present in Figure 6. Due to the fact that the previous experimentsl 
were performed at 77° rather than at 4.2°K, the stages were less clearly resolved, 
and it now appears that stage d is actually a doublet as can be seen between 25° 
and 90°c in Figure 6. Upon close examination of the older data, one does observe 
an indication for this.12 

Identification of the Defects 

The temperature range of the present investigation covers the largest 
portion of stage III (-60 to +100°c) and includes Stage IV (above about loo0 c). 
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The recovery studied here occurs in the same temperatu.re range as that after 
quenching. The most obvious difference between quenched and deformed sa.mples 
is the difference in their dislocation sink densit~, but dislocations should not 
have a long range interaction with point defects. 2 Thus, if the same vacancy 
type defects are present in a deformed sample in a comparable concentration as 
that of the defects produced by quenching, one should be able to identify them. 
One expects these defects to occur between -20° and +170°c, the temperature 
range in which the quenched-in vacancy type defects disappear. The vacancy 
stages in a deformed sample could occur at slightly lower temperatu.res due to 
the larger dislocation sink density. 

Perhaps the most direct indication so far that vacancy type defects are 
migrating in this temperature range after deforma.tion is given by the experi
mental results of Korevaar23 and Dawson.12 These authors observed that the 
resistivity of quenched23 as well as that of deformedl2,23 gold with a few 
atomic percent copper, increases strongly and then decreases during isochronal 
annealing in this temperatu.re range using nearly the same schedule as in the 
present experiments. The large resistivity changes are due to changes in the 
degree of short range order of the alloys which are very likely caused by the 
migration of vacancy type defects. 

The apparent activation energy values determined in Stage III by various 
authors do not preclude the vacancy type defects from occu.rring in this tempera
tu.re range. Some of these results are given in Table 4. 

TABLE 4 
EM Values Determined in the Temperature Range of Stage III 

Investigator 

Manintveld24 
Korevaar23 
SchÜle, et al~ 

Dawson12 

Deformation 

Straining, 6% in tension at -183°c 
Straining, 15% in tension at -195°c 
Rolling, 50-85% reduction in 

thickness below -4o0 c 
Rolling, 83% elongation at -45°c 

EM( eV) for stage III 

0.69 + 0.06 
0.65 ~ o.o4 
0.71 ±. 0.02 

increasing from 
o.6 to o.8 as 
recovery proceeds 

The value of SchÜle, et al8, with the narrow limits of error, was 
determined by the Meechan-Brinkman method and cannot be interpreted as the 
migration energy for the whole Stage III, as this is not due to a singly 
activated process.12 One must also be careful with comparing results after 
rolling with those a~er straining. One can conclude, however, that the values 
in Table 4 are of the right magnitude for the migration of vacancy type defects 
to occur in Stage III when one compares these values with the 0.7 eV observed 
~er quenching.14 From previous work by the author it also follows that the EM 
values increase as recovery proceeds at increasing temperatures in this stage.12 

In Figure 7 the recovery curve b of Figure 5 is plotted together with 
the curve from Figure 6. Curve b in Figure 7 was measu.red on a sample which 
was first deformed 7%, heated at 700°c for 2 sec, quenched, and then deformed 3%. 
The dislocation density resulting from this treatment must have been larger 
than that in the other samples used for the quenching studies. It has been 
observed in Figure 5 that this results in a shi~ of the recovery in region R 
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to lower temperatures, but the deforma
tion did not produce new recovery peaks in 
this region. In view of the other obser
vat ions discussed to show that vacancy 
type defects could anneal out in this 
temperature range in a deformed sample, 
it seems quite possible that the processes 
marked (1), (2), and (3) on the curves of 
Figure 7 are respectively the same in both 
cases. Their occurrence at approximately 
the same respective temperatures would, 
under this assumption, indicate that the 

~20_'::----:0---:'::-'---':-~-':-~-:':-~-L--'-.l:6=..._'--__,_a-_, total sink concentrations in both samples 
120 140 160 180 

T,°C are about the same, which is not unreason-

Curve a: 
Curve b: 
Figure 5. 

Figure 7 
Same as Figure 7. 
Same as curve b from 

able. It is therefore suggested that in 
region B of the recovery spectrum of a 
deformed sample, tri-, di-, and single 
vacancies could become mobile just as was 
suggested for the recovery of a quenched 
sample. One observes in Figure 7 curve a, 
that the amount of recovery due to process 
(1) is larger than that of process (2), 

which is larger than that of process (3). The distribution is different in quenched 
samples (see for instance Figure 1). It is reasonable to expect that more small 
vacancy clusters will be produced by deformation than by quenching, since in all the 
models proposed for point defect production during deformation, the defects will 
occur in rows. With a positive binding energy between vacancies, one expects the 
formation of clusters from these rows. 

The largest peak after deformation occurs in region A. It was suggested 
that in this region of the recovery spectrum of a quenched sample, small vacancy 
clusters, nucleated at impurities during the quench, could become mobile. It is 
possible that this recovery in a deformed sample is also due to small vacancy 
clusters which should be readily produced by deformation. 

Little information is available about the recovery in region C of 
deformed gold. In Figure 7 it is observed that this recovery consists of one 
peak which occurs at the same temperature as one of the peaks observed after 
quenching. It is suggested therefore that this peak after deformation could 
also be due to the release of trapped vacancies. 

CONCLUSIONS 

The main results of the present study can be summarized as follows: 

1. After quenching gold from about 700°c, an extensive recovery spectrum 
occurs upon annealing between -20° and +170°c. This recovery spectrum has a 
definite substructure. 

2. In 6N gold more than 9Cf/o of this recovery occurs between about 35° 
and 125°C (region B). 
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3. Three processes (1), (2), and (3) occur in region B independent 
of the quenching temperature (between 680° and 763°c), the impurit~r concentra
tion (in 4N and 6N gold), and the dislocation density (introduced by 3% 
deformation a~er the quench). 

4. The processes (1), (2), and (3) shi~ to lower temperature with 
increasing quenching temperature, impurity concentration, and dislocation sink 
density. 

5. It is possible that these processes are due to tri-, di-, and 
single vacancies respective~. 

6. The amount of recovery below 35°c (region A) and above 125°c 
(region C) is increased by impurities. The low temperature region could be 
due to some highly mobile vacancy cluster nucleated at impurities during the 
quench, while the release of impurity trapped vacancies could cause the 
recovery in the high temperature region. 

7. The recovery spectrum of 6N gold deformed 8% exhibits 5 peaks 
between -20° and +170°c. Three peaks occur between 35° and 125°C (region B) 
and could be due to the same processes (1), (2), and (3) which cause the 
recovery in this region a~er quenching. 

8. The largest peak after deformation occurs below 35°c (region A) 
and could be due to some highly mobile small vacancy cluster, while the 
recovery above 125°C (region C) could involve the release of trapped vacancies. 
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ABSTRACT 

The influence of copper and magnesium impurities on the 

defect structure of quenched gold has been studied by electron 

microscopy. The magnesium additions resulted in an increase in the 

tetrahedra density but with higher impurity conce~trations the 

nucleation of tetrahedra was suppressed in f avour of dislocation 

loops. The efficiency of the impurities in promoting heterogeneous 

nucleation was much greater for magnesium where the observed effects 

were observed with concentrations of the order of parts per million 

whereas larger concentrations of copper of the order of a few percent 

are required. 

From these results together with those of other workers 

it is concluded that divalent impurities are more efficient as nucleating 

agents than monovalent impurities. These conclusions are accounted 

for by a model in which divacancy-impurity atom interactionslead to 

enhanced tetravacancy formation because of attractive interactions 

between free and trapped divacancies,and the model also accounts for 

loop formation when a high impurity concentration is present. It is 

suggested that the high tetrahedra density observed in gold quenched 

from a reducing atmosphere is due to the presence of interstitial 

hydrogen and these predictions have been investigated by examining the 

structure of quenched gold which had previously been annealed in an 

atmosphere of air, carbon monoxide,or hydrogen. 
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INTRODUCTION 

Recent experiments< 1- 5) have shown that the nucleation of 

tetrahedra in quenched gold is a heterogeneous process and that the 

size and density of the tetrahedra are determined by small impurity 

concentrations. Segall and Clarebrough( 1) found that the distribution 

of tetrahedra depended on the quenching atmosphere and showed that a 

pre-quench oxidising treatment produced a low density of large 

tetrahedra whereas quenching from carbon monoxide resulted in an 

increase in density with an associated decrease in size. These 

observations were accounted for by postulating that the nucleating 

impurity centres were neutralised by internal oxidation. Following 

these observations a number of workers have studied the eff ects of 

added impurities on the nucleation of tetrahedra. Meshii( 2) studied 

the nucleation of tetrahedra as a function of the immediate post-

quench ageing treatment and found that nominally pure gold and gold 

containing up to 0.5 at.% of silver, copper or iron gave identical 

results. The effects of small impurity concentrations on vacancy 

clustering were studied by Siegel(3) using electron microscopy and 

electrical resistivity who showed that air annealing resulted in a 

decrease in the density of tetrahedra 1 but in contrast to the work 

of Meshii found that the addition of about 20 ppm. of copper generally 

caused a marked increase in tetrahedra density although similar doping 

concentrations of iron and nickel appeared to have no effect. More 
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recently Quader and Dodd( 4) have reported that small additions 

(""0.1 at.%) of cadmium and zinc induce strong heterogeneous nucleation 

and a similar large effect has also been observed for magnesium(5). 

In addition to promoting enhanced nucleation of tetrahedra, these 

impurities in greater concentration also result in the formation 

of dislocation loops. 

In this paper the effect of copper and magnesium on the 

nucleation of tetrahedra in gold is re-examined together with further 

experiments on the effects of the pre-quench annealing atmosphere 

which lead to a nucleation model involving di-vacancy - impurity 

trapping. 

EXPERIMENTAL 

The starting material used in this work was Jo:hnson 

Matthey 99.999% pure gold and dilute alloys containing copper or 

magnesium were made by sealing and melting measured amounts of gold 

and solute element in a silica tube under vacuum~followed by an 

homogenising anneal at 900°c. The composition of the alloys after 

quenching was determined by mass spectrographic analysis to be Au-1500 ppm. 

Cu, Au-200 ppm. Mg, and Au-500 ppm. Mg, and no pick-up of silicon 

during the preparation was detected. All the specimens were rolled 

into strip 0.12 mms. thick and resistance heated in vacuum until a 

malten zone appeared and then automatically quenched into iced brine. 

Since it is well established(G) that the final distribution of 
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tetrahedra is strongly influenced by the immediate post-quench ageing 

treatment, care was ta.ken to ensure that the same pre-ageing and ageing 

treatments were used for each series of comparative experiments. 

Generally the specimens were pre-aged at o0c for 5 minutes and aged 

in boiling water for 1 hour. To study the effect of the pre-quench 

annealing atmosphere the specimens were annealed at 950°0 in either 

air, a mixture of 100~ hydrogen and 90% nitrogen or carbon monoxide. 

The carbon monoxide was supplied by Air Products and contained 8 ppm • 

. of hydrogen. Electron microscope f oils were prepared in the usual 

cyanide electrolyte and examined in an A.E.I. EM6G. 

RESULTS 

The effect of magnesium additions on the defect structure 

of quenched gold is illustrated in Fig. 1. 

Pure 200 ppm Mg 500 ppm Mg 

Quenched Gold 

Fig. 1. 
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From meaaurements on up to 20 random areas remote from grain boundaries 

the arithmetic mean tetrahedron side length was found to be _380 ~ 20R 

in the as-received gold compared with 160 ! 20~ in the alloy containing 

200 ppm. of magnesium with a corresponding increase in the tetrahedra 

density. However the addition of 500 ppm. of magnesium completely 

suppressed the nucleation of tetrahedra and the excess vacancies 

precipitated as dislocation loops about 2ooi in diameter and of roughly 

the same density as that of the tetrahedra in the 200 ppm. alloy. 

The effect of copper impurities on the nucleation of 

tetrahedra was examined by comparing a gold alloy containing 1500 ppm. 

of copper with the as-received gold which was shown by spectrographic 

analysis to contain approximately 4 ppm. of copper. However after 

quenching from vacuum and being held at the quenching temperature for 

less than 30 seconds to ensure that no oxidation of the impurity 

occurred, no detectable difference in the size and density of the 

tetrahedra was observed between the doped and pure gold (Fig. 2). 

Annealing the pure gold in air for 48 hours at 950°c 

resulted in a large decrease in the density of tetrahedra from (1.2 ! 0.2) 

x 1014 cm.-3 in the quenched as-received gold to (0.2 ! 0.2) x 1014 cm.-3 

in the specimena pre-annealed in air. After the air anneal some 

specimens were annealed in carbon monoxide for 30 minutes at 950°0 

and subsequently quenched from vacuum. As shown in Fig. 3, the carbon 

monoxide treated gold contained a higher density of tetrahedra by a 
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Air 

Quenched Au PreaAnnealed In 

CO 

factor of approximately eight than the air annealed specimens. A 

further six to eightfold increase in the density of iBtrahedra to 

( + ) 14 -3 1.9 - 0.2 x 10 cm. was observed on quenching the carbon monoxide 

treated gold from a 100~ hydrogen atmosphere after being held at the 

quenching temperature for 3 minutes. The mean tetrahedra edge length 

for the specimens treated in air, carbon monoxide and hydrogen were 

810 : 20~, 280 ± 20~ and 116 ± 20~ respectively. The density of 

tetrahedra in the quenched gold pre-annealed for 1 hour at 950°0 in 

the hydrogen atmosphere was (8.1 ± 0.5) x 1014 cm.-3. 
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In addition to stacking fault tetrahedra threedimenaional 

voids were also observed in the quenched gold specimens which although 

comprising only about 1% of the tetrahedra density follow~d the 

general tetrahedra distribution pattern with respect to the different 

annealing treatments. The hydrogen treated gold contained a relatively 

high density ( 1012 cm.-3) of small octahedral voids whereas the 

air annealed specimens contained a lower density of much larger voids 

together with occasional large Frank loops (Fig. 4). 

1 

Fig. 4. 

The air annealed specimens also contained large voids elongated along 

[110] directions (Fig. 5) in addition to the usual octohedral voids. 
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"Cigar" Voids In Ouenched Gold 

Fig. 5. 

DISCUSSION 

The results of the magnesium doping experiments together 

with the previously reported results( 4) of doping with zinc and cadmium 

indicate that small impurity concentrations of divalent impurities 

are very effective in promoting the heterogeneous nucleation of 

tetrahedra. However the results also show that further increase in 

the impurity concentration causes the nucleation of tetrahedra to be 

suppressed and the excess vacancies to be precipitated as dislocation 

loops. No detectable difference in the distribution of tetrahedra 

was observed between the as-received gold and a gold alloy containing 

1500 ppm. of copper and these results are thus in agreement with the 

observation of Meshii( 2). Concentrations of copper of an order of 
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magnitude greate~ than that used in the present work ( 4%) have however 

been shown to result in the enhanced nucleation of tetrahedra together 

with dislocation loops and helices(?). 

The heterogeneous nucleation of tetrahedra is due to an 

interaction between vacancies and impurity atoms which may arise 

from either electrostatic fields or strain fields associated with 

the solute atoms. The electrostatic binding energy is proportional 

to the valency of the impurity atom(S) and provided that this is 

greater than the valency of gold it is to be expected that electrostatic 

effects will be the dominant «:antribution to vacancy-impurity binding. 

The strong effects of the divalent impurities is evidence for this 

general type of model whereas the relatively weak effects of copper 

are in accord with a much smaller interaction due to lattice strain. 

Quader and Dodd( 4) measured the activation energy for the 

nucleation of tetrahedra and obtained a value of o.42 eV for zinc 

doped gold compared with 0.28 eV for pure gold whereas the activation 

energy f or loop nucleation in the zinc doped gold was much higher 

at 0.7 eV. The values obtained in this work indicate that the migration 

of the divacancy controls the nucleation of tetrahedra and that the 

increase in the activation energy in the presence of zinc impurities 

is due to divacancy-impurity binding. The value of 0.7 eV observed 

for loop nucleation may also indicate that the migration of mono-vacall.cies 

is controlling this process. It is generally accepted that the nucleus 
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of a stacking fault tetrahedra contains six vacancies which is formed 

by the combination of a divacancy with a tetravacancy and that the 

final tetrahedra density is determined by the concentration of 

tetravacancies(9). The tetravacancy itself is most probably formed 

by the combination of two divacancies since immediately after quenching 

the specimen contains relatively immobile impurities and mono-vacancies 

together with highly mobile divacancies. It is proposed therefore 

that the defect primarily responsible for the nucleatiort of tetrahedra 

is the divacancy and that the effects of srnall alloying additions are 

due to divacancy-solute atom interactions. 

The divacancy is doubly negatively charged with respect 

to the matrix and will be attracted to a solute atom containing excess 

positive charge. Consequently there will be a strong attractive 

interaction between divacancies and divalent impurities which will 

lead to a proportion of the divacancies becoming irnmobilised. Because 

of their reduced net negative charge the combination of the irnmobilised 

divacancies with free divacancies is more likely to occur than the 

combination of two free divacancies in analogy with the impurity enhanced 

re-combination of electrons and holes in semi-conductors. By the same 

argument combination of the tetravacancy-solute atom complex with a 

further divacancy is enhanced and since the def ects are not generally 

. (10) 
on the same crystallographic plane , three dimensional tetrahedra 

nuclei are formed. The density of nuclei will depend on the relative 
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concentrations of mobile and trapped divacancies which a.re determined 

by the solute concentration and further increases in solute content 

will eventually lead to the state where the majority of the divacancies 

a.re immobilised. In this situation the nucleation of defects will be 

determined by the combination of monovacancies with the immobilised 

divacancies which is more likely to lead to two dimensional nuclei 

than the divacancy-divacancy interactions. 

This model accounts for the experimental results on the 

effects of magnesium where an initial increase in the density of 

tetrahedra was observed f ollowed by the suppression of tetra.hedra 

nucleation and the occurrence of dislocation loops in about the 

same density. The monovalent impurities have similar effects on 

nucleation to the divalent impurities but much higher solute concentrations 

are required due to their relatively small interaction with divacancies. 

The concept of strong electrostatic interactions between 

divacancies and solute atoms leads to an alternative explanation to 

(1) 
that of Segall and Clarebrough of the effects of the pre-quench 

annealing atmosphere on the tetra.hedra distribution. These workers 

showed that a reducing treatment following an oxidising treatment 

restored the tetrahedra density and concluded that previously oxidized 

impurities had thereby been reduced. However, spectrographic analysis 

of our as-received gold showed that small quantities (5 ppm.) of 

calcium, silicon and aluminium were present which would give rise to 
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enhanced nucleation but which would be internally oxidised during 

air annealing. The occurrence of the elongated voids in air annealed 

specimens suggests that oxide particles are present since similar 

elongated voids have been observed in quenched aluminium( 11 ) and 

copp~J-~ere the presence of a small particle at one end of the void 

is clearly visible. However the oxides of these impurities will 

not be reduced by annealing at 1000°0 in hydrogen or carbon monoxide( 13) 

whereas the oxides of impurities such as iron, nickel and cobalt, 

which have little effect on nucleation, can be reduced in hydrogen 

0 at 1000 c, accounting for the observed resistivity changes. The 

increased density of tetrahedra observed after pre-quench reducing 

treatments is therefore more likely to arise as a consequence of the 

presence of hydrogen than the presence of reduced impurities. A 

divacancy associated with a proton has a greater probability of combining 

with a second divacancy, due to the reduced electrostatic repulsion, 

than has a free divacancy and thus the nucleation of tetrahedra is 

enhanced. The divacancy-hydrogen complex is also mobile which will 

allow tetrahedra to be nucleated irrespective of the hydrogen con-

centration and precludes the nucleation of loops. The results show 

that annealing in hydrogen results in an increase in the density of 

tetrahedra but the fact that a smaller increase was also observed 

following an anneal in carbon monoxide is notconclusive to either 

mechanism, since the carbon monoxide contained hydrogen as an impurity. 
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Vacancy-impurity atom interaction in Au-Pt dilute alloy* 
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Abstract 

An experimental investigation has been carried out on vacan

cy-impuri ty atom interaction in Au+l at% Pt alloy by quenching 

and aging experiments and by electron-microscope observations. 

A similar investigation has been carried out in 99.999% pure AU. 

From the experimental results obtained it is possible to con

firm that the interaction between the Pt atom and the vacancy is 

repulsive. The difference between the activation energy for for

mation of vacancies in Au+lat.%Pt and in 99.999 Au is +0.13+0.04 

eV, while the difference between the activation energy for vacan 

cy migration is -0.08±0.04 eV. 

In the electron microscope observations a higher number of 

faulted loops are found in the Au+lat.% Pt specimens than in 

99.999 Au specimens. 

Introduction 

The impurity-atom-vacancy binding energy has been determined 

by quenching and aging experiments in gold and in aluminium di

lute alloys by several authors 1 ). The binding energy gives some 

information about the diffusion of solute atoms in dilute alloys. 

In almost all cases the experiments show a positive binding en

ergy; there are no similar experiments on dilute alloys,in which 

the existence of a negative binding energy has been established, 

for example, by diffusion experiments. 

The gold-platinum system is well suited to such an investiga

tion. The activation energy for diffusion of platinum in gold is 

* Work supported by Gruppo Nazionale di Struttura della Materia 
del C.N.R. 
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about 1 eV larger than the self-diffusion energy in gold 2 ),and 

the charge op the platinum atom in gold(determined by magnetic 

measurements) is negative 3 ), i.e. of the same sign as the lat

tice vacancy. The change in the vacancy formation energy in 

the alloy is useful in comparing the Lomer 4 ) approximation for 

the total concentration of vacancies in a dilute alloy with 

the Shapink 5 ) approximation. 

As a result of the above considerations it was decided to 

carry out some quenching and aging experiments and some elec

tron microscope observations in Au-Pt alloys. 

Experimental 

Quenching and aging experiments were carried out on 0.12 mm 

diameter wires of Au+lat.%Pt and Au of 99.999% purity.The wires, 

resistance heated, were quenched by water from temperatures rang

ing between 500°C and 750°C. 

After the determination of the resistance change on quenching 

from 700°C the wires were again resistance heated for annealing. 

The annealing temperatures ranged from 70°C to 150°C. Both an

nealing and quenching temperatures were determined during resist

ance heating by comparing the observed resistance of the speci

men at that temperature with the annealed state at 20°C. 

The complete measurements were carried out by comparing the 

resistance of the specimen after each of several temperature 

treatments, with the dummy specimen. 

The wires were 16 cm long and the central portion (6-7 cm)was 

used for the measurements. The potentiometric contacts were made 

by spot welding two wires of the same materials but of less diam

eter. 

All the measurements were carried out at room temperature. 

For the electron microscope observations, thin foils 50µm 

thickness and 1 cm square, of Au+lat.%Pt and 99.999 Au were 

quenched from 940°C, after a suited pre-annealing, by sudden and 

forced immersion into a CaC1 2 bath at -5°C. The pre-aging time 

at -5°C was 1 min for all the specimens. 

The quenched specimens were annealed respectively at l00°C 
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and 200°C for 1 hour. After this treatment the specimens were 

electropolished and then examined with a Siemens Elmiskope lA 

at 100 kV. After any observation each specimen was heated by 

the beam and the thickness determined by measuring the slip 

trace wide. The thickness ranged between 800 Ä and 2000 Ä. 

Results 

Fig.l shows the quenching results for Au+l at.%Pt and 

Au 99.999 purity wires. 6p is the ~ae~ched-in resistivity in

crement and p 200 C is the resistivity of the wires. The straight 

-lines have been obtained as the best-fit of the experimental 

Pr 

~ r ~~~0c=(540±40) exp-1.~~ 
1Ö

3 

= 1.08±. 0.015 eV 

1Ö3~ /-
Au+99.999 

_M_=(141:!:7) exp- o.95 
~20oC KT 

I l 

E~ = 0.95± 0.02 eV 

1Ö4 
__J,__ o""'".9-......,...0.9 .... 5--~--1. ..... 0_5 __ 1.,.....1 __ U5 ·-~1.~2-

1 3 
T(oK) · 10 

Fig.l - Quenched resistivity in Au+l at.% Pt andin Au 99.999 

wires. 
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data and the results are tabulated below: 

Au+l at.%Pt ~P = (540±40) exp(- 1 · 08 ) 
P2ooc kT 

Au 99.999 

EF = 1.08±0.015 eV 
V 

F EV = 0.95±0.02 eV 

The activation energy for vacancy-formation is larger in the 

Au+l at.%Pt alloy than in pure gold by 0.13±0.04 eV. 

Fig.2 shows the isochronal annealing of the quenched-in re

sistivity respectively of Au+l at.%Pt and 99.999 Au wires both 

quenched from 700°C and heated at different temperatues for 

10 min. As it is seen in fig.2 the annealing out of the quen

ched-in resistivity occurs in one stage for both specimens,this 

stage being centred respectively at 90°C for the Au+l at.%Pt 

specimen an~ at 110°C for the pure gold specimen. Thus the acti

vation energy for vacancy-migration should be less in Au+l at.%Pt 

than in Au 99.999. 

o Au 99.999 
100 

i'] 
·2 

o-1.,9 ::> 

<l <l 0.8 c 80 
<ii ;::. ~ „ 
" -e 
C1' > 

"' ;:: ;:::. 
0 "' 0.6 .; 60 "' u 
0 :" c .,, 
c V> 

['! 
Au 1%Pr 

.2 "' "' 
"' 04 "' u u "' 40 "' X 

i.::: w 
Vl 
V) 

"' 0.2 u 
X 20 w 

122.5°C 

--" 
0 20 40 60 80 100 120 140 

0 10 20 30 40 50 

Annealing rernperarure, 
0

c 
Annealing time, min 

Fig.2 - Isochronal anneal Fig.3 - Determination of the migra~ 

ing of Au 99.999% tion energy for Au 99.999 

and Au+l at.%Pt,both and Au+l at.%Pt by the 

quenched from 700°C change-in-slope. 

and annealed at each 

temperature for 10 min. 
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Two methods were used to determine the activation energy va

cancy migration 6 ): 

i) isothermal annealing at different temperatures 

ii) ratio of the slopes after the sudden alteration of the anneal 

ling temperature during the annealing of the specimen. 

The activation energy is computed by the latter method using 

the formula: 

where R1 and R2 are the istantaneous annealing rates at tempera

ture T1 and T2 . 

The values obtained by this method are, 

for Au 99.999 

for Au+l at.%Pt 

M 
EV = 0.78±0.02 eV 

M 
EV = 0.71±0.02 eV 

The difference between these two values is 0.07±0.04 eV. 

Fig.4a) shows with a semilogarithmic scale the time ti as a 

function of l/T, for several cross-cuts in the isothermal anneal

ing curves (not reported here), for 99.999 Au and, in fig.4b for 

Au+l at.%Pt specimens. The cuts have been made at 0.7, 0.5, 0.3 

fractions of the quenched-in resistivity initial increment. 

100 

,min 

10 

a) 

t =11·1Ö9 
exp 0.79 

0.3 ' KT 

r = 29 · 1ö10 exp 0.78 o.s . KT 
-10 .!l.llQ. t0.7 = 2.1 10 exp KT 

Au• 1% Pt 

100 

t,min 

10 

1L~~~~~-:}2.~5~1~--3~~~lO;---+ 

T('K) ·10 

b) 

Fig.4.- a) Determination tof the migration energy for Au 99.999 

158 by the cross-cut procedure for isothermal annealing. 

b) Same as a) but for Au+l at.% Pt. 



The straight lines, obtained by best-fit of the experimental 

data,are parallel and this is check of the assumption taht a 

single process with a constant activation energy is oper

ative. 

The results are tabulated below: 

Au 99.999 to.3= l.1·10- 9 exp (0.79/kT) EM = 0.79±0.02 

2.9·10-10 V 
to.s= exp (0.78/kT) 0.78±0.02 

to.7= 2.1·10-10 
exp (0.80/kT) 0.80±0.02 

to.3= 3.2S·l0- 8 exp (0.69/kT) 0.69±0.02 

to.s= 1.4·10-8 
exp (0.69/kT) 0.69±0.02 

to.7= l.1·10- 8 
exp (0.68/kT) 0.68±0.02 

Au+l at,. %Pt 

eV 

eV 

eV 

eV 

eV 

eV 

The computed values for the activation energy are E~ = 
M = 0.79±0.02 eV for 99.999 Au, Ev = 0.69±0.02 eV for Au+l at.%Pt, 

the difference is 0.1±0.04 eV. 

Figs. Sa) and Sb) show micrographs of typical zones in 

Au+l at.%Pt and 99.999 Au respectiyely, quenched from 940°C to 

-s 0 c and aged 1 h:at l00°C . 

, '' 
L „• '• • lfi ,, 

. , 
' . . " 

Fig.S.- a) Micrograph showing stacking-fault betrahedra in 

Au+l at.%Pt quenched from 940°C to -S°C and aged 
159 

CT ~ 3·10 15 /cm 3 • The beam direction lh at l00°C. 
0 

is near to(lOO] and the marking indicates 2SOO A. 



Fig. 5 b) same as a) but for 99.999 Au specimen. CT~4 · 10 15/cm3. 

The beam direction is close to ~10] • 

The micrographs Ga) and 6b) show typical zones in Au+l at.%Pt 

and 99.999 Au respectively, aged lh at 200°C. 
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6a) 

6b) 

Fig.6.- a) Stacking fault tetrahedra and faulted loops in 
Au+l at.%Pt quenched from 940°C to -5°C and aged 
lh at 200°C. CT ~ 2·10 15 /cm 3 • The beam direction 0 
is close to [100] and the marking indicates 2500 A. 

b) same as a) but for 99.999 Au.CT ~ 2·10 15 /cm 3 • The 
beam mirection is close to [100]. 161 



In Fig.7 there are large faulted and unfaulted loops observed 

in a zone of a Au+l at.%Pt specimen, aged at 200°C for 1 hour. 

Fig.7. - Stacking-fault ietrahedra, large faulted and unfaulted 

loops in Au+l at.%Pt quenched from 940°C to -5°C and 

aged lh at 200°C. The beam direction is close to[lOO] 
0 

and the marking indicates 2500 A. 

The results are summarized in the Table 1. 

Table 1 

Specimen Aging Max.density Aver.dens1Aver.% Max.% 
type temperat. of SFT/cm 3 of SFT/cm fault faulted 

99 .• 999 Au ioo 0 c 4·10 15 1015 0.5 2 

Au+l at.%Pt ioo 0 c 3°101 5 1015 3 26 

99.999 Au 200°c l4·lol5 6·10 14 1 2 

Au+l at.%Pt 200°c 2.4·10 15 4°10 14 10 15 
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It is possible to conclude from these results that the 

size and density of· the tetrahedra in Au+l at.%Pt are not 

substantially different with respect to pure gold. 

In doped Au, however, it is possible to observe a 

larger number of faulted loops and a larger ''diffusion 

distance'' from grain boundaries c~2µm) (fig.8) as compared 

to pure gold (0.5 µm) in the same experimental conditions. 

F!g.8.- Large denuded zone 
in Au+l at.%Pt 
quenched from 

· Discussion 

940°C to -5°C 
and aged 1 h at 
200°c. The mark
ing indicates 
0.7 µ• 

From the above results we may conclude that the interac-

tion between a platinum atom and a vacancy, in gold, is re

pu1sive. In the Lomer approximation 4 ) the total vacancy con-

centration in a dilute alloy at thermal equilibrium is given 

by 

1) 

Where A is the preexponential factor, E~ is the activation 

energy for vacancy formation, c. is the solute concentration, 
l 

EB is the 
vi 

tion does 

vacancy-impurity binding energy. The previous rel~ 

not give any result for negative E~., because la~ge 
l 

the activation energy by B 
values of Ev.C-0.2, -0.3 eV) change 

l 
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some thousandths of an eV with respect to that of the pure 

metal. Shapink 5 ) has derived, on the Bragg-Williams approx-

imation the following equation for et 
B 

EF 12Ev c. 
. l 

et 
V exp( l ) 2) = A exp(- - ) kT kT 

with the same meaning of the symbols of 1). Equation 2)al

lows for the determination of negative values of E~.· The 
l 

validity of 2) may be determined by measuring the ac±ivation 

energy for vacancy formation (E~a) in alloys with a different 

impu:bity 

and EF 
V 

concentration, because the difference between 

should be proportional to the impurity concentration. 

From 2) B and from our experimental results we obtain Ev.=-1 eV. 
la.rger l 

7his value is rather compared with the difference between the 

activation er1ergy for diffusion of Pt in Au and tha.t for self-

-diffusion in Au, which is of the order of 1 eV, because the 

change in the activation energy for migration of a vacancy 

nearest neighbour to an impurity atom contributes to this dif-

f erence . 

The annealing-out of the quenched-in defects in dilute alloys 

generally results in a decrease of the recovery rate, and in 

a recovery stage above that of vacancy migration. The data 

subsequent dissociation of vacancy-impurity complexes. 

For negative vacancy-impurity binding energy the activation 

energy for escape jump of a vacancy, nearest neighbour of a 

solute atom with a solvent atom will be less than that in the 

pure metal7), This behaviour has been found in the present 

work, but we have not attempted to relate it quantitatively 

B to Ev.~ because other investigations are necessary to determine 
l. 

if the vacancy-impurity repulsion will increase the divacance 
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concentration. 

With regard to the electron microscope observations,Van Zui

lichen and Burgers 8 ) in a 95 Au - 5 Pt alloy observe no essen

tially different behaviour on quenching, as compared with pure 

gold. In our experiments the quenching rate and the pre-aging 

time were selected in such a way to have an high concentration 

of stacking fault tetrahedra 9 , 10 ). The doping by 1 at.%Pt do 

not change essentially this density (Table 1), so that it seems 

to exclude heterogeneous nucleation and therefore an attractive 

interaction between impurity atom and vacancy. 

However, two different effects were observed in Au+l at.%Pt: 

1) The proportion of faulted loops is larger than in pure gold, 

2) the diffusion distances from grain boundaries are very high. 

It seems to be possible to explain, tentatively, these ef

fects by the following arguments. 

The occurrence or non-occurrence of tetrahedra depends on 

the presence of a sufficient concentration of nucleill),i.e. a 

sufficiently high concentration of single, di- and trivacancies 

must pe present in thermal equilibrium to assure tetravacancy 

(in de Jong and Koehler model 11 ) or hexavacancy (in Chick model9) 

formation. In both the models the hexavacancy has been assumed 

to be the smallest vacancy cluster acting as the stable nucleus 

for the stacking fault tetrahedra. 

Now, if the atom impurity-vacancy binding energy is repu.lsive 

the vacancy in the neighbourhood of an impurity atom is repelled, 

consequently the probability to form divacancies increases, since 

the impurity concentration with respect to vacancies is high and 

the divacancy binding energy is positive. Thus a condition could 

be reached during the pre-aging, when (C 2vlC 3V)Au+l at.%Pt > 

>(C 2v/C 3v) 99 , 999Au' Under this conditions, the probability to 

nucleate loops increases.in the Au+l at.%Pt specimens. 

The high diffusion distance from grain boundary observed 

(Fig.8) probabl~ supports this view, since the divacancies are 

more mobile than single vacancies. 
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Abstract: 

Quenched niokel wires are investigated by eleotrioal 
resistivity measurements and transmission eleotrons microsoopy. 

Isochronal annealing ourves show 3 stages oentered 
about 60° c, 280° C and 540° C whose aotivation energies oorrespond 
to 0,85 eV, 1,40 eV and 2,2 eV respeotively. 

A dependence of the reoovery of these stages is observe~. 
In less pure niokel the amplitude of the last stage is muoh larger 
than the preoeding two stages. It seems that in niokel of lower puri
ty olusters form during quenoh whioh for bigher purity niokel most 
of them are formed during the anneal that ooours in the preoeding 
two stages. Tbis is oonsistent with the result of eleotronio mioros
oopy. 

-o-

I - INTROIDCTION. 

F:bom,.o_old-wo:rk and irradiation teohniques (1 to 9) 

so muoh information has been already obtained on point defeots in 

niokel. However, the diffioulties enoountered in quenohing pure 

niokel make tbis teohnique much less used. 

~n this study, results obtained on niokel quenohed under 

oonditions where oontamination is reduoed to the minimum are presen

ted. The experimental oonditions are desoribed and an interpre~ation 

of the obtained resul ts is proposed. 
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II - EXPERIMENTAL PROCEDURE. 

The starting material is zone melting refined nickel 

from the "Service de Ph;ysique du Solide" of the c. E. N. of Grenoble. 

They were about 4mm diameter bars whioh we have rolled and drawn. 

We used a quenching method as indicated by DOYAMA and 
( 13) ' 

KOEHLER • Two 0.05mm diameter and 4crn separation between poten-

tial contacts nickel wires are r.pot welded on a nickel support con

nected to the base of a, pyrex oapsule. The oapsule is 12 hours dega-
-6 sedat 400° C under a 10 atrnosphere vacuum, then filled with pu-

rified helium. Then it is permanently settled in a liquid nitrogen 

bath. 

The sample is then annealed in a temperature range over 

1200° C by electrical heating and q_uenched by switohing off. The 

computed q_uenching rate was higher than 30, 000° C/sec as checked. 

by cathode ray tube tracing. 

Sample heating for subsequent anneals was done by D.C. 

regulated power supply. The mean temperature is controled. by Thom

son bridge measurements of resistivity. 

The resistivity variations of thP- mAtal due to the heat 

treatments are measured at 77° K by a potentiometer method. 

The Cambridge type 44.248 potentiometer allows the mea

surement of tension variation greater than o.1JA..V corresponding to 

a 1o- 1~1l·cm resistivity. As far as the electron microscope obser

vations are concerned, 14)A thick, 1mm wide ribbons were quenched 

the same way at a rate greater than 20,000° C/seo. 
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'11ho samplos uoro v,ru1cc.leo. at 1000° C clul'inc 30 minuter::i, 

then at 1300° C for 10 minutes. r.J.lho :t'eLJistivlty-~ea:liio beJGwcon roon 

and lic;iuid ni·trogon ternperatul'e io 1w2.zurod. It is s 

r i' the ::resisti vi·~y clifference bct1ree11 tho s·~uclied. meta1 end 

the pe:rfeot metcü de:pencls only upon the 12.tt:loe defoots ancl. iro:pu:d.~ 

ties. 

l.IJ.Dll.KLEJT and Dil.ITTROV (9) clwckocl th~d; Jvho influcnoo of 

magnetio phenomcma a:re e:tt.rcmoly wce,k a;i; liq,u:Ld hydrocen to!npo:r.:1.:bu:co 

for nickel. Wo then thought, tha·t th0 :t•atio tl_ oould be chooon as 

a c:i.~i to:don fo:r buJ.k ptu•ity of our samples. Aooording JliO p'LU'o nic~col 

c'l.ata r i = 0 whcn ~ = 14. 1. 

We stud.iocl sorica of samples '.rh01'0 thc ratio t") rms 

13 and 1.3. 8 cor:r0oponcHn[) :res:pecti voly to a l'ElfJi~l.ua.l r0sis tiv'i ty 

of f i"" o.04r.n-cm and o.009]W1l-cm. 

Figure 1 sho1rs the i soohrornü [.,"l'BJ?hS of the reoovory 

f or thcse oamples b e twe on 20° c and 800° C after a quenoh from 

1300° c. T'.ae reoovory of tho qu.nnohed-in resir:rbi vi ty oocurs in 

tb:ree stages A, J3 and c. 

III.1.1 

For aamples whose l'GE.i:ldual i•esi sti vi ty ~ i i s 

o. 04r..n.-cm, otage A is oentered arou.nd 80° c. For purer niokol 

(r> i"' 0.009fAcn), stJ,ge A lies betwocn 50° C end 100° C wi·th a 

la:rger ampli tude. Figuro 2 showr~ recovory g:re.phs at 60° C a.nd 70° C. 
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Stage A follo1Ts a firot order kinotios (Fig. 3) suoh as : 

T'ne aoti vo,:tion energy for the migration of the corrosponding dofect 

is cqual to a 
+ 

0.85 - 0.05 eV 

III. 1 • 2 - ~t.fJ@ ~· 

It lios usually botwcon 210° C and 320° c. Its 

ampli tudo is only waakor ·bha.n stago A fo1~ ·~he purest so,L'lplo uhe:i:·o 

i t b"Proa.ds ov0r a s11a.llor toL1porature rc.mgc. 

Ita kinetics ord.er lies bot1roon 1 and 2 wi th an aoti va,
+ tion energy of 1. ~-0 - o. 02 eV. 

III.1.3 - StaPe C. 
--~-

Stase C haa ttf;u.a,lly a large:r ampli tude uhioh is 

substantially de::,iloted in the oaae of tho :purost r.rntal. It is com

por.rnd of tuo substa~::es, tho first one b0·bfo0n 340° C and 510° C 

and the second one b.~twcen 530° C and 730° c. Thoy oollapse :ln·~o 

one stage beyond 530° C for the :purost sample. 

III.2 - Eleotron mioroscone obzervlli=lo~~~ 

Sa:mples whose residual resistivity ia pi= o.051"'19_om, 
a.ro quenohec1 from 13 50° C and annea.led for a hour at 3 50° c. Fl'v,nok 

1 ( Fta. 4-) 
type dislooation loopa (Eurgel's veotor 3 (111)) are observed. Loo:ps 

aro not diatributod homogeneously ·~lu'ov.ghou·~ Ji;ho samples. We usecl 

those zonofJ rrhe:re the densi ty was tho hte;host to ma...K:e nome oompari

sons. The loop density is about 3z1o-10 loop per site oorresponding 

gror::ely to 3:::1 o-6 
vaoanoies per si te, whlle thoir mean size is about 

() 

500 A. Fie;u.1'e S sho;rs the loop aize ve,rlation versus samplo pu:d ty. 
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Fig. III - Test of first order kinetics in stage A ( P. = o, 009wJlcm) 
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Fig. V - Mean loop size variation versus sample purity, 

173 



IV - INTERPRETATION. 

The easiest stage to interpret is the stage B of our 

study. Many authors label as stage IV the stage of recovery of the 
(1 to 6 resistivity in nickel after irradiation cold work and quench ' 

10
' 

12
). That stage occurs slightly above 500° K with an activation 

energy between 1.4 and 1.5 eV. They attribute it to the migration 

of monovaoancies. oUr own results for stage Bare completely consis

tent with it so that we do believe that stage Band stage IV of the 

previous studies are similar. Let us notice that the amplitude of 

stage B looks praotically independent of the impurity content, and 

occurs in the same temperature range so that we could assume that 

the migration energy is affected by the impurity-vaoancy interaotion, 

only a little. 

As far as stage Ais concerned, we first note that its 

recovery corresponds for pure niokel to the half of the quenched-in 

resistivity. On the other hand, it is drastically reduced by impuri

ties. The temperature range, the activation energy (0.85 eV), the 

first order·kinetics induoe us to believe in the trapping of a well 

speoified defect towards fixed sinks. The number of jumps determined 

experimentally is 104. It is smaller than that expected if defects 

went only to dislocations. The simplest interpretation would be to 

think of divacancy migration towards small clusters formed during 

the quench. Impurity content dependence would suggest the difficulty 

for impurity trepped monovacancies to form divaoancies while quenching. 

MUGHRABI and SEEGER(12) also found a 0.72 eV activated 

stage between 50° C and 160° C. Eventhough the details are not simi

lar, they also call on divacancies to explain that stage. 

The temperature range of stage C suggest higher order 

defects which is consistent whith the 2.1 eV activation energy( 14). 
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The ampli tude for the less pure se,mple is too high for being only 

due to the recovery of clusters which are the combination of the 

previous defects migrating in stages A and B. We are then induced 

to believe that clusters were formed during the quench allowing them 

to grow afterwards. 
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VACANCY-IMPURITY INTERACTION DURING AND AFTER QUENCHING OF 

DILUTE SOLID SOLUTIONS OF COPPER IN NICKEL 

B. DEVIOT, H. OCTOR, S. SCHERRER 

Laboratoire de Physique du Solide, Ecole des Mines, Nancy 

France 

Abstract: 
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A 15,000° C/sec initial quenching rate does not retain 
vacancies in 0.08 mm diameter high purity nickel wires. Small copper 
ooncentration has been introduoed to do so. 

Plots of isochronal annealing show a oopper concentration 
dependence ; two stages are noticeable : 

- stage one (A) ; around 500° K, its amplitude inoreases with 
the copper content and follows a first order kinetios with a 1,53 eV 
activation energy. This stage is interpreted as resulting from 
vacancy-impurity complexes. 

- stage two (B) : between 800 and 1000° K, would be due to the 
annealing of olusters formed during the quenoh or stage A. 

A 0.25 eV vaoanoy-impurity binding energy is then deduoed. 

I N T R 0 D U C T I 0 N 
-:-:-:-:-:-:-:-:-:-:-:-

Difficulties found during the quenoh of high purity nickel 
and the strong influence of low content impurity lead to the syste
matic study of the role played by a well defined impurity on retai
ning vacancies during the quenoh. 

Copper was ohoosen for the following reasons : the 
oopper-nickel solid solution is regular at any concentration allowing 
a furtbsr study at high oopper-content ; the diffusion energy of 
infinitely diluted oopper in niokel is smaller than the self diffu
sion energy of niokel inducing a strong vaoanoy-impurity interaotion 



the atomic radii of the two elements are very close so that the 
interaction energy is of a pure eleotronio nature. 

In a first part, experimental conditions are briefly 
described ; then we discuss the isochronal curve dependence with 
oopper oontent as to specify the oonditions allowing to determine 
the binding energy ~-r· 

1 - EXPERIMENTAL CONDITIONS. 

The starting material is niokel having been twenty two 

times zone-refined. Its bulk impurity oontent is less than 20 p.p.m. 

Samples are 0.08mm diameter wires. They are welded on a 

nickel holder in a oarefully degase~ pyrex oapsule. The capsule is 

filled with helium and permancntly placed in a liquid nitrogen bath. 

The wire is electrically heated and quenched by switching off. All 

measurements are resistivity measurements using a potentiometer. 

Copper is electroplated on the niclcel wires. Copper dif

fusion and homogeneization of the alloy are done within the capsule. 

Diffusion time is determined from the diffusion constant of copper 

into niclcel. At 1400° K, the local fluotuations of conoentration 

are within one peroent the homogeneous ooncentration obtained after 

a 10 hour anneal. 

The copper content of a sample is extraoted from resis

tivi ty measurements. To do so, a series of samples has been prepa

re:8p1'eVl.ously reported and analysed by spectrooolorimetry ( 2). The 

resistivity increase compared to pure nickel is proportionnal to the 

atomic ratio of copper, when it goes up to 5.10-3 ; at 77° K this 

increase is 0.98 :!: 05 rv.J\. -cm per atomio percent. 

2 - COPPER CONCENTRATION INFLUENCE ON THE QUENCHED IN DEFECTS. 

2.1 - Ex:perimental results. 

The quenohing prooedure used has a starting oooling rate 

of 15,000° C/seo ; it is not suffioient to observe an effeot on pure 

niclcel. For quenohes from 1000° c, figure 1 gives the "quenohed-in 

resisti vi ty" ,1,p versus the oopper oontent C. „ It shows the role of 
J. 
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Figure 2 - ISOCHRONAL RECOVERY - CONCENTRATION Ci ,,, 1.4x10-3 



oopper to trap vaoanoies, predioting a high binding energy between 

vaoancies and impurities. 

To deal with this interaction, a study of the annealing 

of the quenched-in quanti ty L1 P has been undertaken versus concentra

tion. Different cases have been examined : 

-3 
a) .QO,EP_!r_a.:!:,o!!!_i.2, !.a!i.2. .Q.1_ ... _ 1!.. 4~1.Q. _. 

A quenoh from 1200° C induces a resistivity increase 

of 1.41x1o-3 f-U.11. -cm ; aooording to Seeger(3, 4), assuming an effi

cient quench, one should observe a variation of 6. Ox1 o-3 t-NJL~cm for 

pure nickel. 

Figure 2 shows the isochronal curve of the a,nneal. Two 

stages are distinguished : the first one, (A), between 500° K and 

600° K corresponds to the recovery of 2ofi, of the quenched-in quan

ti ty and a seoond one, (B), consequent beyond 150° K. Above 1100° K, 

all the resistivity coming from the quench is washed out. 

-3 
b) .Qo,EP_!r_a _!o!!!_iE_ E_a!iE. ~-·'"' _3.!. 2=!_1.Q. ~ • 

The resistivity b.P quenohed from 1200° Cis on the ave

rage 2.10x10-3 r'JL-cm. One finds again two sta.ges (figure 3), but 

stage A corresponds to an anneal of 55% of the quenohed-in resisti

vi ty. One has also to note that the annealed quanti ty is grea,ter than 

the quenohed-in resistivi ty AP , so as to say that after armealing, 

the resistanoe of the sample is smaller than before quenohing. 

-3 
c) .QO,EP2_1'_a_!o~i.2, E_a,!i.2, i\-"" _3.:.,9~.1Q _. 

Figure 4 shows that the trends already notioed i:n b) 

are oonfirmed. Stage A has an amplitude greater than the quenched-in 

resistivity. This faot has been checked over a large number of iso

chronal curves and these curves always out the temperature axis 

around 600° K. One also notices a deorease of the amplitude of stage 

B, which is displaced towards lower temperatures by about 100° C. 
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Moreover, du.ring the suooessive quenohes and annealing 

periods, the sample is getting purer ; the fact has been oheoked by 

quantitative ohemioal analysis on a sample having undergone fifteen 

oyoles. It leads us to say that during stage A vacanoies pull 

copper atoms in their migration. 

The atudy of stage A shows that its greatest part oan 

be described by a first kinetics. The activation energy determined 

by the method of Meeohan and Brinkman(S) is 1.53: .05 eV. 

The different workers(3, 6,?) having dealt with monovacan

cies in pure nickel define a stage IV whose mean temperature is 500°K 

and a migration energy of 1.50 eV. 

Thess various faots favor the migration of a vaoanoy-impu

ri ty oomplex in stage A(acoording to Quere(B), the migration energy 

of such a complex is close to that for a vacancy>. For smaller copper 

oonoentrations, these oomplexes, not numerous at the end of the 

quenoh, would migrate towards clusters already forrned during the 

quenoh whose recovery would only intervene during stage B. 

For the beginning of stage B, one finds a second order 

kinetics and an activation energy of 2.60 eV. At 821°K, for a copper 

concentration C. = 1.4x1o-3, the half-period of reoovery is about 
1 

two minutes ; in these oonditions, if we were dealing with a defect 

migration, it would only acoornplish ten jurnps before recovery. This 

is only oonsistent with a local rearrangernent which would stabili~es 

the oluster struoture ; let us add that at this ternperature, the 

shape of the isotherrnal ourves depends strongly upon the heat treat

ment whose aim is to anneal stage A. 

Thus, orte oan think that at the end of the quench no free 

vaoancies exist and that at small conoentration the vaoancies are 

essentially trapped into olusters. 

On the other hand, the higher the oopper content, the 

higher is the oonoentration of the vacanoy-impurity oomplexes. 
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This justifies the choice of C. "" 3„9x10-3 to determine 
J. 

the vacancy-copper binding energy ~::(f one assumes that in the 

case where we deal with oomplexes having only some constituents, 

the resistivity of a oomplex is the sum of the resistivities taken 

separately, the quenched-in resisti vi ty .6.? oorresponds to the part 

due to vacanoies. 

3 - THE VAC.ANCY-COPPER BINDING ENERGY IN NICKEL„ 

It is deduced from the appearent formation energy of 

vacancies in a dilute solid solution of ooncentration c .... 
J. 

-3 3„9x10 „ 

Figure 5 shows the classical diag.ram where the loga-

rithm of the resisti vi ty exoess LlP is plotted wi th respeot to 

the inverse of the absolute temperature. On the same g.raph is 

plotted the line for pure niokel computed from Seeger's data. One 

can note that between 800 and 1100° K, the quenohed-in resistivity 

L.lP is muoh more important than in pure nickel ; one determines an 

appearent formation energy of 1.1 eV. From Lomer(9) relationship 

and taking into aocount the formation energy in pure niokel of 

1„35 eV(3), a vaoanoy-impuri ty binding energy ~ ... 0„34:0„07 eV is 

deduoed„ However, if one wants to take oare of the value of the 

quenohed-in resi sti vi ty /i P a. t 1000° K for exampl e, by taking 

fv ... 4 p.>A-cm for resistivity, a binding energyi8
2 

... o„28:0„05 eV 

would be found„ 

Although the confidence intervals overlap, we think that 

the gap is due to Lom•r's relationship„ As a matter of fact, taking 

the high value of the binding energy into aooount, high order oom

pl exes oan exist besides free vaoancies and vaoanoy-impurity oom

plexes in a thermodynamioal equilibrium. 

If one admits Dorn and Mitohell•s( 1o) 

suming that the binding energy between a vacanoy 

atoma. is equal to twioe the binding energy EI; a 
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value of 0.25 



~ 0.05 eV is found for E8 which takes oare of both the appearent 

formation energy and the quenohed-in resistivity .4~ 

This oonsistenoy in the results oan justify, a poste

riori, the assumptions already given. 

\ 

\ 
\ 

\ 
\ 
\ 

g 9 '10 '1'1 '12. 11~4 
T 

Figura 5 - APPARENT ENERGY OF VACAJWY FORMATION. 

C 0 N C L U S I 0 N 
-:-:-•-=-:-:-:-:-:-

The role of oopper as a vaoanoy-getter during the quenoh 

is olearly put into evidenoe. In partioular, it favors the formation 

of complexes and olusters beoause of its strong interaotion with a 

vaoancy. 

A value for E8 was determined by a quasi-chemical model. 

It leads to a value ten times smaller than for the binding energy. 

Finally, one can note that the value of the binding 

energy ~-I measured is fairly consistent with the differenoe 

between the diffusion energy of infini tely diluted copper in nicke1(11
) 

and the self diffusion of niokel. 
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THE EFFECTS OF INDIUM ON THE RECOVERY OF QUENCHED-IN VACANCIES 

IN ZONE-REFINED ALUMINIUM 

BY 

* ** ** F. C. DUCKWORTH , T, R. RAMACHANDRAN AND J, BURKE 

ABSTRACT 

The recovery of quenched-in vacancies in a number of aluminium-indium 

alloys based upon zone-refined aluminium has been studied using resistivity 

measurements and transmission electron microscopy. Recovery is shown to 

occur in three stages; (a) solute-vacancy association, (b) the formation 

of prismatic dislocation loops, and (c) the annealing out of the loops. 

The kinetics of the first stage are analysed and for low quench telllJleratures 

found to be consistent with a modified Damask and Dienes theory. Considera

tion is given to the possibility of solute-vacancy association occurring 

during quenching. From loop density measurements the indium-vacancy binding 

energy is roughly estimated tobe o.27ev. 

1. INTRODUCTION 

When a dilute solid solution is equilibriated at a temperature T, the 

total single vacaney eoncentration CV is the sum ©f the concentrations of 

vacancies associated with solute atoms, CVi' and of vacancies having only 

solvent atoms as next nearest neighbours, CfV' Following Lomer(l) these 

are given by:-

= (1) 

= (2) 

* Oentral Electricity Generating Board, Berkeley Nuclear Laboratories, 
Berkeley, Gloucestershire, U.K. 

** Department of Metallurgy, University College, Swansea, Glamorganshire, U.K. 
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where A is the entropy factor, assumed tobe the same for free and associated 

sites, E~ is the energy of formation of a vacancy in the pure solvent, E~i 
is the solute-vacancy binding energy, C. is the solute concentration and 

J. 

kT has its usual meaning. It follows from equations (1) and (2) that the 

ratio CVi/CfV increases rapidly as T decreases particularly for high values 

of E~i' Thus unless thermal equilibrium between free and associated vacancies 

is preserved during cooling, quenching gives rise to an excess of free 

vacancies at the low temperatures. Recovery then comprises both solute-vacancy 

association to re-establish the partial equilibrium between the two species 

characteristic of the annealing temperature and the loss of vacancies to sinks. 

Several theoretical treatments of vacancy annealing in dilute alloys have 

been given( 2 , 3 , 4 ,5,6 ). Damask and Dienes( 2 , 3 ) and De Jong( 4 ) showed that 

association should be very much faster than vacancy loss, contributing a 

rapid initial transient to the complete recovery process. No experimental 

study of the association process has been reported. 

De Jong( 4 ) showed that the characteristic time of association increases 

with E~i/kT; thus a high binding energy and low annealing temperature are 

favourable to such a study. For association to be detectable experimentally 

requires that some physical property be sensitive to the difference between 

free and associated vacancies. In a study of the effects of solute additions 

on the annealing behaviour of quenched zone-refined aluminium it was found. that 

indium produced an additional initial recovery stage not found in either pure 

aluminium or in the other alloys studied( 7 ), and it seemed probable that this 

was due to solute-vacancy association, this process causing a substantial 

decrease in resistivity. Also, in earlier work it had been found that the 

indium-vacancy binding energy was about o.4eV(S). Thus this alloy appeared 

to be particularly suitable for a study of the solute-vacancy association 

process, andin this paper we report the results of the investigation. 

2. EXPERIMENTAL METHODS 

The alloys used contained 46, 60 and 375 atomic p.p.m. indium and were made 

from zone-refined aluminium and high purity indium. For the electrical 

resistivity measurements wires of O.Olüin. diameter were heated electrically, 

quenched into calcium chloride solution at -45°c and immediately transferred 

into liquid nitrogen. Annealing was carried out in alcohol-water baths for 

sub-zero temperatures andin silicone oil baths for higher temperatures, the 

temperatures being controlled to ~1°c. Recovery of the quenched-in defects 

was followed by resistivity measurements at 78°K. The initial quenched-in 
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resistivity, b.p, after a particular anneal was computed in relation to a 

reference state obtained by annealing at 24o0 c for 15 minutes. Further 

details of the alloy preparation techniques and resistivity measurements 
. . . ( 8) 

were given in a prev1ous paper • 

Specimens for electron microscopy were quenched in the form of 0.005in. strips, 

given the appropriate annealing treatments and electropolished in a solution 

consisting of four parts ethyl alcohol and one part perchloric acid. 

3. GENERAL RECOVERY CHARACTERISTICS 

A general survey was made of the recovery characteristics of the quenched 

Al-46 p.p.m. In alloy in order to identify the initial recovery stage with 

solute-vacancy association. Specimens were quenched from temperaturesTQ in 

the range 360-570°C and recovery was studied isochronally and isothermally. 

Fig. 1. Isochronal annealing curves (lOmins. at each temperature) 
for recovery of an Al-46 p.p.m. In alloy quenched from 
T = 574°, 470° and 414°c. The recovery curve for zone
:~rined aluminium q~enched from TQ = 470°c (broken line) 
1s shown for compar1son. 

Fig. 1 shows the isochronal annealing curves for TQ = 574°, 470° and 414°c. 

Recovery is seen to occur in three stages, subsequently referred to as I, II 

and III. The corresponding curve for a zone-refined aluminium specimen, 

quenched from 470°c, is shown for comparison. The outstanding feature of 

these results is that the alloy has an additional low temperature annealing 

stage (stage I) which has no counterpart in the pure metal. The first anneal

ing stage in pure aluminium, occurring just below room temperature, is known to 

be associated with the removal of vacancies by the nucleation and growth of 
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(C) (d.) 

FIG. 2 Dislocation loo~s in Al and Al-In alloys quenched from 60o0 c; 
(001) foil [200J reflection; (a) Al-60 p.p.m. In annealed at 20°c 
for 5 mins; (b) Al-60 p.p.m. In annealed at 5ooc for l hour; 
(c) Pure Al annealed at 5ooc for l hour; (d) Al-375 p.p.m. In 
annealed at ioo0 c for 2 hours. 

dislocation loops( 9,lO) and voids(ll), The presence of a strongly pinning 

solute should shift this stage to higher temperatures because of the 

effective decreased mobility of the defects. Thus stage II in the alloy 

should be due to the formation of dislocation loops. 

Thin film electron microscopy was performed to provide confirmatory 

evidence for this interpretation. A specimen of the 60 p.p.m. indium alloy 

quenched from 600°C and annealed for 5 minutes at room temperature, i.e. after 

the completion of stage I (see Fig. 1), showed a low concentration of 

loops (average diameter 200~ and density 1.1 x 1013 per cm3 see Fig. 

2(a) ) whereas annealing at so0 c, i.e. after stage II, produced a high 

density of small loops (average diameter 150~ and density 2 x 1014 per 
3 cm see Fig. 2(b) ). The loops were much smaller but more numerous in the 
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a.lloy compared with a similarly quenched pure aluminium specimen at the end 

of this recovery stage (shown for comparison in Fig. 2(c)). This would account 

for the greater residual resistivity in the alloy a~er this stage than in the 

pure solvent. It is also noticed from Fig. 2 that in the alloy all the loops 

are prismatic whereas in the case of pure aluminium about 95% are faulted. 

Increasing the indium content raised the requisite ageing temperature 

for loop formation. This is illustrated in Fig. 2(d) which shows a specimen 

of the Al-375p.p.m. In alloy annealed at l00°C. The loops had an average 

6 0 13 3 diameter of OOA and a density of 3 x 10 per cm • Ageing this alloy at 
12 3 room temperature produced a very low concentration of loops (1,5 x 10 per cm , 

average diameter 200~). A~er annealing for 60 minutes at 200°c all the loops 

had disappeared, demonstrating that the final stage of recovery around 200°c 

(stage III) is due to the annealing of dislocation loops by climb, as in pure 

aluminium. 

It is seen from Fig. 1 that lowering the quench temperature reduces the 

amount of resistivity recovered in,stage II. This is consistent with the 

behaviour of pure aluminium and is thought to be due to the fact that the 

vacancy supersaturation becomes inadequate to nucleate loops. 

0 • 
Isothermal annealing at 20 C for different quench temperatures produced 

the results shown in Fig. 3 illustrating the following main features:-

(1) a rapid resistivity decrease occurred during the first few seconds 

followed by a long 11plateau" for low values of TQ; 

(2) for higher values of TQ the rapid decrease was followed by a slow 

resistivity decrease; 

(3) the magnitude of the initial decrease increased with TQ. 

The fast initial reaction is readily identified as stage I of the recovery 

process. The third feature is consistent with the solute-vacancy association 

mechanism since the number of vacancies available for association increases 

with TQ due to an increase in the total defect concentration and a shi~ of the 

solute-vacancy equilibrium towards the dissociated state. (This conclusion is 

not altered if partial association of vacancies and solute atoms occurs during 

the quench. This possibility will be discussed in some detail later). Moreover, 

as TQ increases beyond that at which the solute atom concentration is in

sufficient to absorb the entire population of quenched-in vacancies (-500°c 

in this alloy), there should still be some free vacancies a~er association is 

complete. These should then be able to anneal out at sinks leading to a steady 

drop in resistivity following the initial association effect. This mechanism 
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Fig. 3 
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is consistent with feature (2) of the isothermal recovery curves. 

On the basis of these results we are led to the conclusion that stage~I 

recovery in the alloy, which occurs at about - 4o0 c and has no counterpart 

in the pure solvent, is due to solute-vacancy association. 

One further feature of the isothermal recovery behaviour (Fig. 3) which 

is worthy of comment is that the magnitude of the initial resistivity decrease 

appears to increase continuously with TQ' whereas it might be expected to 

saturate when the quenched-in vacancy concentration becomes equal to the 

solute· concentration. This may be due to the formation of high~ order 

indium-vacancy clusters. 

On the basis of the interpretation of stage I recovery in the alloy we 

shall now examine the kinetics of the process. 

4. THE KINETICS OF SOLUTE-VACANCY ASSOCIATION 

The isothermal rate of solute-vacancy association is analysed using the 

approach of Damask and Dienes( 2 ) modified to take account of the resistivity 
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effects. The basic assumptions, which will be considered in more detail 

later,are:-

(1) that only single vacancies, single solute atoms and 

solute-vacancy pairs are involved; 

(2) that no loss of vacancies to sinks occurs during association 

(3) that the distribution between free and bound vacancies existing 

at TQ is retained by the quench. 

At any time t of annealing at temperature T let the concentration of 

free vacancies be CfV' of free solute atoms Cfi and of pairs Cvi• 

The association process is represented by 

(3) 

with a rate constant 

(4) 

where ~ is the activation energy for vacancy migration in pure aluminium 

and v is the vibrational frequency. 

The dissocation process is 

the rate constant being 

= 

Thus the rate equation is 

= 

Now = 

and = 

7v exp(-(~ + E~i)/kT) 

c. 
1 

cv - c . V1 

(5) 

(6) 

(7) 

where Ci and CV are the total concentrations of solute atoms and retained 

vacancies respectively. 

Hence 

= 2 
-KlCfV (8) 
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Integration gives 

CfV = b + Y(l + d exp(-2YK1t)) (9) 

2K1 1 - d exp(-2YK1t) 

where 

b = Kl(cv - ci) - K2 

y2 = b2 + K2CV 

4K 2 
1 Kl 

and d is a constant of integration. This is determined from the boundary 
0 condition that at t = O, CfV = CfV' the free vacancy concentration characteristic 

of TQ and given by equation (1). It will be noted from equation (9) that 

the decay of vacancy concentration does not have a simple exponential time 

dependence. 

In practice the free vacancy concentration is measured in terms of its 

resistivity effects. Let the specific resistivities of free vacancies, free 

solute atoms and solute-vacancy pairs be p~V' pfi and Pvi respectively. The 

excess resistivity at any instant compared with a reference state in which 

the ~efect concentration is zero and all the c. solute atoms are in solution 
l 

is 

= 

= 

Defining y as the decrease in specific resistivity due to the association 

of solute atoms and vacancies 

gives l:ip = 

(10) 

(11) 

It is usual to express the results in terms of l:ip/tip with l:ip , the initial 
0 <ll) 

excess resistivity a~er quenching, computed from equation (11), the appropriate 

values of CfV and CV being derived from equations (1) and (2) for the particular 

quenching temperature. 

We have previously estimated the ratio of a bound vacancy to a free 

vacancy in the alloy tobe o.7(B); using this value, equation (10) gives 

y = 0.3prv· Tak.ing Prv as 2µQcm./~t.% pair concentration, the mean of the 
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values quoted by Takamura(l2)~ we obtain a value for y of o.6µncm/at.% pairs. 

However, this value of y is dependent on the value of pfV which is not very 

reliable. Since the predicted shape of the annealing curves is sensitive 

to y, an independent determination was made using the experimental data 

given in Fig. 3, Innnediately after quenching, equation (11) gives the excess 

resis\tivity to be 

A~er complete association, assuming that the quench temperatures are below 

that for which CV =Ci' then CfV = o, and the resistivity excess is now 

= 

and the change in ßp during association is 

0 (ßp) = 

= 

0 
yCfV 

F 
YA(l - 12Ci )exp(-E/kTQ) (12) 

Thus a graph of lnö(ßp) against l/TQ should be linear with gradient -E~/k, 
Values of o(ßp) were obtained from Fig. 3 and gave the results shown in Fig. 4. 

Fig-. 4 
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The line drawn corresponds to E~ = o.76eV and is seen to be a reasonable 

representation of the data. From the intercepts and taking A = 8 gave 
+ 

y = (0.5 - O.l)µ~cm./at.% pairs which is in good agreement with the value 

determined above. 

Using the above 

o.65ev(l3 ) and E~i = 
quoted values of y, A, 

o.4ev( 8 )' the shape of 

F . M 
p fV and Ev and taking Ev = 

the isothermal annealing curves 
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within stage I can be predicted for any set of quenching and annealing con

ditions from equations (9) and (11). To compare the theory with experiment, 

a resistometric study of isothermal annealing of the Al-46p.p.m. indium 

alloy was performed after quenching from 44o0 c, 502°c and 566°c. The 

theoretical annealing curves for the equivalent conditions were obtained with 

the aid of a digital computer, and these are shown together with the experi

mental curves in Fig. 5. 
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5. DISCUSSION 

a). Estimate of E~ifrom loop density measurements 

It is possible to make a crude estimate of the indium-vacancy binding 

energy from the loop density measurements made before and after stage II 

recovery. 

In pure aluminium loop formation occurs readily at room temperature. 

In the alloys studied only a low concentration of loops are formed at room 

temperature, the concentration decreasing with indium content, whereas 

copious loop formation occurs only after a higher temperature anneal, 50°c 

for the 6op.p.m. indium alloy and l00°c for the 375p.p.m. indium alloy. 

It is reasonable to assume that the loops formed at room temperature arise 

from the unbound vacancies and that higher temperatures are required to free 

the bound vacancies. On this basis the ratio of vacancies in the form of 

loops formed before and after stage II annealing is the ratio of CfV to CVi 
o . . () (). B 6 at 20 c. Using equations 1 and 2 gives EVi = 0.2 eV for the alloy con-

taining 6op.p.m. indium and EBv· = o.27ev for that containing 375p.p.m. indium. 
i 

These results are of course subject to large error. The loop density 

count after the room temperature anneal is likely to be a poor estimate of 

CfV because (a) of the errors in counting low densities, (b) of the loss 

to permanent sinks, (c) some defects may be too far away from loops to reach 

them in the time allowed, (d) some loops may be out of contrast or too small 

to be seen, and (e) the removal of the free vacancies from the system will 

cause vacancies tobe released from the traps. 

Errors (b) and (d) also apply to the estimation of CVi and are partly 

compensating. In any case the effect of (d) was minimised by using the same 

diffracting conditions and (b) by deliberately choosing areas remote from dis

locations and grain boundaries. Error (e) is likely tobe small in view of 

the high binding energy reported for indium and in view of the experimental 

observation that higher temperatures are required for substantial loop 

formation. Moreover, the error from (e) is opposite to those of (a) to (d). 

We consider that this result, although admittedly crude, is consistent 

with the previously reported high vacancy binding energy for indium in aluminium. 

b), Kinetics of association 

The agreement between the experimental and theoretical annealing curves 

is reasonable for the lowest quench temperature bearing in mind the uncertainty 

in the parameters used to compute the theoretical curves. 

The tendency for the agreement to be poorer with decreasing temperature 
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could well be a consequence of the experimental technique. The quenching 

bath temperature and the lowest annealing temperature were comparable and 

although transfer into liquid nitrogen was accomplished rapidly the specimens 

will have had an effective anneal prior to.the first measurement so that all 

given annealing times are in effect smaller than the real times. Such an 

error accounts for at least part of the disagreement between theory and 

experiment and we expect best agreement for the highest annealing temperature 

where this error will be least. 

We now consider the agreement for the lowest quench temperature in the 

light of the assumption used in the theoretical analysis. For low TQ' CY << C.and 

the value of E~i = o.4eV exceeds the divacancy binding energy of 0.17eV( 3 ), 
1 

Thus a vacancy is more likely to encounter a solute atom before another vacancy 

and the solute-vacancy pair once formed will be stable relative to the di

vacancy; thus we expect that divacancies will not be important for the low 

quench temperature. Similarly it appears unlikely that divacancy-solute 

clusters will be formed. The importance of solute clusterin,g is more difficult 

to assess. The solubility of indium is small and precipitation occurs implying 

that indium clustering will occur. If clusters are inherited from high 

temperatures this effectively reduces C., The annealing curves are not very 
1 

sensitive to c .. Solute clustering af'ter quenching should be a slower process 
1 

than association since association raust be a first step in solute diffusion. 

Also clustering occurs, if at all, during the loss of vacancies to sinks, i.e. 

in stage II. Thus we conclude that our first assumption, i.e. that only 

single vacancy - single solute atom association is involved in stage I 

annealing, is reasonable for low quench temperatures. 

The second assumption, i.e. no loss of vacancies to sinks during 

association, is also reasonable. De Jong( 4 ) showed that the number of 

jumps a defect makes before association is very rauch less than that required 

to reach a sink. Furthermore, the experimental evidence shows that higher 

temperatures are required for stage II than for stage I. 

The most questionable assumption is that of no association during the 

quench. A theoretical discussion of the reactions occurring during quenching 

has been given by Doyama(
6). According to this treatment there exists a 

* critical temperature T above which vacancy mobility is sufficient to maintain 

* solute-vacancy equilibrium and below which it is not. T varies with TQ' Ci 
B and EVi and the quench rate. The cooling rate was not measured in the present 

investigation but using reasonable values in conjunction with Doyama's results 

we estimate T* to be about 170°C for TQ ~ 44o
0 c. The ratio CVi/CV af'ter 
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quenching would thus be about 0.95 which is considerably greater than the 

figure of 0.28 used in our computations. The s~gnificance of this difference. 

may be illustrated by calculating the value of ßp/ßp a~er complete 
0 

association. This is 

( ::J (13) 

C~V/CV = a, say, is a constant numerical factor which, if no association 

occurs during quenching, is determined by TQ only. For TQ = 44o0 c, a = 0.72. 

Using this value and that of y derived from Fig. 4 gives (ßp/ßp )' ~ 0.8 
(~ F15 fi(R-). 0 

which is in good agreement with the resultsK ~This agreement does not 

necessarily prove the validity of the assumption of no association during 

quenching since y was determined on that basis. It does however demonstrate 

the internal consistency of the results because different sets of data 

were used to compute y and (ßp/ßp /). If association occurs during the 
* 0 * quench, a is determined by T being 0,06 for T = 170°C. To obtain agreement 

in this case requires that y = l.6µncm/at.% pairs and the ratio of the 

resistivities of a bound and free vacancy would then be 0.2. This value seems 

improbably low. 

* A further prediction of Doyama 1 s theory is that T is relatively 

insensitive to TQ so that a constant fraction of free vacancies is inherited 

irrespective of TQ' Increasing TQ increases CV and thus the number of free 

vacancies and the magnitude of the resistivity decrease during association 

increases with TQ. 

materially affected. 

The interpretation of Fig. 3 given previously is not 

This also applies to the derivation of equation (12); 

* the factor (1-12 C.) is replaced by a numerical constant related to T and 
i 

this constant when used with the intercept gives the value of y required to 

account for the resistivity change (ßp/ßp )1 • 
0 

'l'Qe situation for the higher quenching temperature is more complicated; 

the agreement between theory and experiment becomes worse as TQ increases. 

It is interesting to note that some of the effects of any uncertainty in pfV 

can be eliminated by comparing the rate of decay as a function of time. 

From equations (9) and (11), 

d (ßp) 

dt 
= (14) 

whereupon it will be seen that the rate of decay of ßp is independent on pfV' 
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Fig. 6 shows a comparison of the experimental curves (derived from Fig. 5(b)) 

and the theoretically predicted curves (from equation (14)) for the variation 

Fig. 6 
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) with time at -23°, -37° and -47°C after quenching from 502°c. 

Note that the agreement is now much improved particularly for the highest 

annealing temperature. It should also be noted that the predicted association 

rate is relatively insensitive to E~i' Thus studies of solute-vacancy associa-
B tion kinetics provides no useful information concerning the value of EVi' 

Doyama 1 s theory does not apply for the higher TQ because CV > Ci and 

only qualitative considerations are possible. It is known from previous 

quenching studies on aluminium that divacancy formation becomes increasingly 

important as TQ increases. Thus the assumption of single vacancy-single solute 

atoms interaction is likely to be increasingly in error at high TQ; this is 

consistent with the agreement being better for low TQ. Divacancy migration 

requires a lower activation energy than a single vacancy, the generally accepted 

value being ~ o.5oev(l3). The annealing curves are particularly sensitive 

to the migration energy of the important defect. If a significant amount of 

divacancy-solute association occurs a faster rate would result. This is 

consistent with the fact that the present theory always predicts a slower decay 

than the actual one and that the divergence increases with TQ. 
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6. CONCLUSIONS 

1. Vacancy recovery in quenched aluminium containing small additions of 

indium occurs in three stages, showing (i) solute-vacancy association, 

(ii) the formation of dislocation loops and (iii) disappearance of the 

secondary defects. 

2. The isothermal rates of stage I annealing for low quenching temperatures 

are consistent with the Damask and Dienes theory modified to allow for the 

resistivity of a solute-vacancy pair being less than that of a free vacancy 

and free solute atom. 

3. The present data does not preclude extensive association occurring during 
( 6) . . . . 

the quench as proposed by Doyama , but 1f this is the case an improbably 

high resistivity change must accompany association. 

4. Studies of the solute-vacancy association cannot be used to estimate 

values of solute-vacancy binding energies. 

5. Measurements of loop density a~er quenching and annealing indicate 

that the indium-vacancy binding energy in aluminium is high, confirming 

the results of earlier resistivity studies. 

REFERENCES 

L W, M. Lomer, "Vacancies and Other Point Defects in Metals and Alloys" 
Institute of Metals, 79, (1958). 

2. A. C. Damask and G. J, Dienes, Phys. Rev. 120, 99, (1960). 

3, A. C. Damask and G. J. Dienes, Acta Met. 12, 797, (1964). 

4. M. De Jong, Phil. Mag. 11, 1189, (1965), 

5, R. E. Howard and A. B. Lidiard, Phil. Mag. 11, 1179, (1965). 

6. M. Doyama, Phys. Rev. 148, 681, (1966). 

7, F. C. Duckworth and J, Burke, Brit. J, Appl. Phys. 18, 1071, (1967), 

8. F. C. Duckworth and J. Burke, Phil. Mag. 14, 473, (1966). 

9, C. Panseri and T. Federighi, Phil. Mag. l· 1223, (1958). 

10. p, B. Hirsch, J, Silcox, R. E. Smallman and K. H. Westmacott, Phil. Mag. 3 
897, (1958). 

11. M. Kiritani, J, Phys. Soc. Japan 19, 618, (1964). 

12. J, Takamura, 11Lattice Defects in Quenched Metals" (Academic Press Inc., 
New York), 521, (1965). 

13. M. Doyama and J, S. Koehler, Phys. Rev. 134, A522, (1964). 

199 



200 

Fault climb during growth of Frank loops in quenched silver 

and copper-aluminium alloys. 
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Abstract 

The Burgers vectors of the dislocations, bordering steps in 
the stacking fault in Frank dislocation loops in quenched silver 
and copper-aluminium alloys, have been identified by comparison of 
experimental images and images computed using the Head-Humble 
techniqueo Similar comparisons show that the edges of Frank dis
location loops in these materials are dissociated. Dissociation 
of the edges of loops, once aligned along <110>, hinders growth of 
the loops at the edges by simple vacancy addition, and growth 
continues by climb of the stacking fault. Fault climb is compatible 
with the observed Burgers vectors and particular configurations of 
the loops. 

I. Introduction 

The annihilation of vacancies by climb of dislocations is 
more difficult for dissociated than undissociated dislocations, 
since in the former case constriction is necessary for jog format
ion. However, climb of a dissociated dislocation may occur without 
constriction if the stacking fault climbs together with the 
partials ( 1 , 2). 

Fault climb has been treated theoretically by Escaig (2), 
but direct experimental evidence for fault climb is lacking. 
Cotterill (3), using the model of fault climb due to Schapink and 
de Jong (4), suggested that double loops in quenched aluminium may 
be an example of fault climb. However, the diffraction contrast 
associated with these defects indicates that they consist of two 
overlapping intrinsically faulted Frank dislocation loops (5). 

A complex form of Frank loop (referred to here as complex 
loop) in which one or more steps occur in the stacking fault, has 
been observßd in quenched silver (6), and recent results have shown 
that defects of this type are common in quenched copper-aluminium 
alloys, but are not found in aluminium (7). Thus the formation of 
this type of defect appears to be associated with materials of low 
stacking-fault energy. 

In this paper, the following will be shown from a comparison 
of experimental and computed electron microscope images: 

(a) Frank dislocations in silver and copper-aluminium alloys 
are dissociatedo 

(b) 

(c) 

(d) 

Steps in complex loops are usually faulted and bounded by 
1/6~10> dislocations along step edges. 

Occasionally unfaulted steps occur with 1/6~12> dislocat
ions along step edges. 

Configurations of complex loop occur in which two faulted 
steps, bounded by 1/6~10> dislocations, enclose a triangular 
region at the edge of the loop. 

Complex loops may form either by the union of two edges of 
neighbouring loops by their dissociation on a common {111} plane, 



or by climb of the stacking fault. The union mechanism is compat
ible with (a) and (b), but incompatible with (c) and (d)o However, 
fault climb is compatible with all four observationso 

II. Experimental 

Cominco 69 grade silver and two copper-aluminium alloys 
containing 9.4 and 1506 at % aluminium were used. Strip specimens 
15 cm long, 3 rmn wide and 125 µm thick för silver, and 75 f_ill thick 
for the copper-aluminium alloys, were heated electrically and 
quenched into silicone oii at 20°0 from an argon atmosphere (silver), 
and from a carbon monoxide atmosphere (copper-aluminium)o 

For these quenching conditions, the loops in all materials 
were generally large (edge lengths of 0.5f-m were common), and were 
present in low density (maximum density 5 x 1013/cm3) with 25% of 
the loops complex. 

The plane of the loops and the sense of the reflecting 
vector (g) were determined in the usual way (8), and simple and 
complex Ioops which intersected a foil surface were shown to be 
intrinsically faulted (9,10). 

III. Image Computation 

Dislocation images were computed using the Head-Humble 
technique (11 ,12), which can treat two dislocations and u~ to three 
faulted planes taking account of the true foil normal (FN). The 
configurations of faults and dislocations involved in the computat
ions are shown in Fig. 1. Fig. 1 (a) and (b) illustrate a section 
through a foil containing two parallel dislocations (D1 ,D2) bounding 
three faulted planes (1 ,2,3); the section plane containing the 
beam direction (~) and the line ~A~, where ~ is a vector along the 
dislocation line. The positive sense of the dislocations is out of 
the paper. Although the same planes are parallel in Fig. 1 (a) and 
(b), different situations are represented, in that the planes include 
acute angles in (a) and obtuse angles in (b). These different 
situations are treated by denoting the normal to plane 2 as down
ward in (a) and upward in (b). In treating a faulted step in a 
stacking fault, all planes are faulted and D1 and D2 are stairrod 
dislocations. For an unfaulted step, or two Frank dislocations 
which are not separated laterally to any great extent, the shear on 
2 is taken as zero and D1 and D2 are both Shockley or Frank disloc
ations. A dissociated Frank dislocation is treated by defining the 
shear on plane 1 (say) to be zero, planes 2 and 3 to be faulted 
{111} planes and D1 and D2 to be Shockley and stair-rod dislocations 
respectively. To treat overlapping Franlt loops, where the overlap 
is considerable, the programme is modified to treat the situation 
shown in Fig. 1 (c). Here, plane 2 is always parallel to plane 1, 
extends over all fields of the computed image, and is no langer 
bounded by D4 and D2• With the shear on plane 3 and the Burgers 
vector of D2 put to zero, the geometry reduces to overlapping 
faults with one fault terminating in the field. 

The computed images are made up of 129 profiles, each con
taining 60 points, with the variation in intensity obtained by the 
use of different combinations of single and overprinted characters 
(11 ). The dislocation runs from left to right, with the top of the 
foil on the right and the bottom on the lefto The programme is 
such that images can be computed for the whole length of the dis
location from top to bottom of the foil, or for any selected 
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portion (12). Computation of a selected portion of the dislocation 
line results in increased magnification in the computed image, and 
this is frequently needed to obtain adequate resolution of image 
detail. 

In the computations, 7% below and 15% above background 
intensity have been taken as the visibility limits. That is, 
respectively darker and lighter characters than those used for 
background intensity come into operation at these visibility limits. 
In all computations, the value of 0.1 has been taken for anomalous 
and real absorption. 

01 Plone 

On< 2 n• 2 

-------
(a) (b) (c) 

Fig. 1 Geometrical arrangement of fault planes and dislocations 
used in image computation 

IV. Contrast from Undissociated and Dissociated 

Frank Dislocations 

Computations of theoretical images for undissociated and 
dissociated Frank dislocations have shown that the contrast from 
dissociated dislocations differs markedly from that of undissociated 
dislocations (13), and that the details of the contrast are 
sensitive to the separation (S) of the Shockley and stair-rod 
dislocations (14). The main features of the contrast from 
dissociated Frank dislocations in bright field images, which dis
tinguishes them from undissociated dislocations are as follows: 

(a) 

(b) 
For 111 reflections, dark contrast occurs when ~·"9 f O; 
For 220 reflections, images are single and continuous, 
rather than double and dotted, with strong contrast on one 
side only. The strong contrast does not invert from side 
to side for +g and -g; ... ... 

(c) For 020 reflections, and g.~ = o, a distinct light band 
occurs between the edge of the image and the stacking fault 
fringes, and there is not clear reversal of contrast in +g 
and -g. For ~·~ :f: O, reversal of contrast in +g and -g -
depenus on the beam direction. A • 

A comparison of experimental and computed images, for edg0s 
of Frank dislocation loops in silver and copper-aluminium alloys, 
shows that the edges of these loops are dissociated. Some of the 
features of dissociated Frank contrast in copper-aluminium alloys 
are shown in Figs. 2 - 4o In each case i t can be seen that the 
computed image for the undissociated Frank dislocation does not 
match the experimental image. The computed images shown in each 
case for the dissociated Frank dislocation correspond to a value of 
S considered to give the best match to the experimental image. 
These images have been selected from images covering a wide range 
of separations. Oontrast along the edge of a loop for a 111 
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reflection, and a continuous image with strong contrast on one side 
for a 220 reflection, are shown in Fig. 2. The fact that the image 
does not invert from side to side on changing the sense of g for an 
022 reflection, and non-reversal of contrast for an 020 ref!ection 
are illustrated in Figso 3 and 4 respectively. 

Oontrast effects similar to those shown are observed for 
Frank dislocation loops in silver, and it is concluded that loops 
in copper-aluminium alloys and in' silver are dissociated. Image 
matching suggests values of S of approximately 60ö70 A in silver 
and in copper 9.4% aluminium alloy, and 140 -160 A in the copper 
1506% aluminium alloy. If these'values of S are taken as eg_uili
brium separations, the calculated values of Stacking-fault energy 
are in agreement with node measurements. 

V. Oomplex Loops 

Steps in complex loops always lie along <11 O> directions 
and can be clearly shown to be ste~s, for large step heights, by 
suitable specimen rotation (Figo 5). However, smaller steps are 
generally observed only by some change in contrast along a ~10> 
direction within the loop, e.g. fringe displacement and/or a change 
in intensity. The contrast at steps is, in general, more complex 
than the dark contrast for 111 reflections and the light contrast 
for 020 reflections shown by Tunstall and Goodhew (5) to arise from 
overlapping Frank dislocation loops in aluminium. Fig. 6 is an 
example of a complex loop in a copper-aluminium alloy showing dark 
contrast at the step for 020 reflections and light contrast for 111 
reflections. Oharacteristic configurations for cornplex loops in
volving a triangular region, or a step symmetrically disposed across 
the centre of the loop, are shown in Fig. 7 (a) and (b). For 
complex loops showing triangular regions, one edge of the triangular 
region was always coincident with one edge of the main loop. This 
is contrary to the behaviour of double loops in g_uenched aluminium. 

The Burgers vectors of dislocations bordering the steps in 
complex loops, in silver and the copper 9.4% Al alloy, were deter
mined by comparison of experimental and computed images (7). This 
involved computation of images for a large number of possible 
Burgers vectors and a series of step heights, but only a few 
examples will be given here.* 

Generally, it was possible to determine whether a step was 
acute or obtuse, or whether the dislocations bordering the step 
were of edge character. However neither of these facts was known 
for the loop sh2wn in Fig. 7(b). The loop is on (111 ), with the 
step AB along [1 01] , and the corners B and A clos e to the top and 
bottom surfaces of the foil respectively. The fringe shift across 
the step suggests a step height of approximately o. 75, 111 for an 
acute bend or Oo25 F 111 for an obtuse bend„ 

All possible Burgers vectors for a faulted or unfaulted 
obtuse step at a step height of 0„25, 111 were tested for two 
reflecting vectors by image computation and in no case was agree
ment obtained with the experimental images. 

* All examples given here involve an intrinsic fault in the step, 
or no fault, but the possibility that the fault in a step is 
extrinsic has also been tested and found not to fit the experi
mental images. 
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Oomparison or_eXJ?erimental and computed images ror the 
edge AB ( u :[011] ) or a Frank dislocation loop on ( 111 ) 
in a Cu 9„4% Al alloy. FN is [4251 and roil thickness 
(t) is 7,111• :j?, wand gare indicated. The experi
mental images are x120,ooö, a~d the line resolution (R) 
in the computed images is 30 A. 
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Fig. 3 Comparison of_experimental and computed images for the 
edge AD (u: ~oi) of a Frank dislocation loop on (111) 
in a Cu 9„4% Al alloy o FN is ~ 02) and t is 4 ~ 022" 
~' w and g are indicated. The 022 images are x200,ooo 
and the 2DO image x6o,ooo. R = 15 Ao An artifact 
causing contrast in all images is indicated by an 
arrow. 
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Oom~arisgn of experimental and computed images for the edge 
OB ( u : [1 01] ) of a Frank dislocation loop on ( 111 ) in a Cu 
15.6%Al alloy. FN is ~07] and t is 6„5; 0208 ~'wand g 
are indicated. Micrographs x200,ooo. R = 20 A. -
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Large ste:p in a complex loop in a Cu 9o4% Al alloy. x1 20,000 
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Fig. 6 
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Contrast at step in a complex loop in a Cu 9.4% Al alloy. 
x60,000 



For an acute bend the possible Burgers vectors of disloc
ation dipoles bordering the step are 1 /6 [1 011 and 1 /3 [1 01] , for a 
faul ted step; 1 /6 l1 '21] , 1 /6 [11 2] and 1 /6 [211] for an unfaul ted 
step; and 1/3 ~1~ if the defect consists of Frank loops slightly 
overlapping along AB. All these Burgers vectors were tested by a 
comparison of experimental and computed images, for a step height 
of Oo 75 f 111, and eight reflecting vectors. The Burgers vector 
1 /6 ~ 01] was the only one that gave good matching between the 
experimental and computed images for all reflecting vectors. In 
this case, it was possible to show that_ 1 /6 {1 01] is the correct 
Burgers vector from fine detail in the 200 image. Fig. 8 shows 
the 200 image of the loop in Fig. 7(b) and the computed images for 
the above Burgers vectors. The characteristic features of the 
experimental image at the step AB are the fine dark line, approxi
mately 30 A wide, in a lighter background in both dark and light 
fringes, and the shape of the dark fringes at the step. These 
features occur only in the computed image for the 1 /6 [1 01] Burgers 
vect2r. The step in this loop is thus bordered by 1 /6 [1011 and 
1/6 [101] stair-rod dislocations at a separation of approximately 
1 80 • 

Figo 9 (a) - (d) gives an example where the fringe shift at 
the surface intersection ODE (Fig. 9(d)) indicates an acute step 
with a step height of approximately 0.5f. 111. The lOQP is on (111) 
and is intrinsically faulted~ The step FD is along [110) so that 
the plane of the step is (111 ). The possible Burgers vectors for 
the dislocation dipole at the step are 1 ;'6 [11 o] and 1/3~1 O] for a 
faulted step, 1/6 (211}, 1/6 [1211 and 1/6 \1121 for an unfaulted step, 
and 1 /3 [111] if the defect consis ts of two Frank dislocation loops 
slightly overlapping along FD. Of these Burgers vectors, only 
1 /6 ~ 1 O} fi ts the experimental images, and the computed imagee for 
a step bordered by 1 /6 [11 o] and 1 /6 trro] dislocations at a separat
ion of 120 Aare compared with the experimental ima$es in Fig. 9. 
The magnification of the computed image in Fig. 9(b) is not 
sufficient to resolve the fine detail of the 200 image and this 
image and a computed image at higher magnification are given in 
Figo 9(d). 

Fig. 10 is an example of non-edge dislocations bordering a 
step (cf~ 022 image in Fig. 10(a)). In this loop, two steps occur 
along [011] • The loop is on ( 111 ) , is intrinsically faul ted and 
intersects the bottom of the foil along BO. From the fringe shift 
at the surface, the step HI is obtuse and fringe matching across 
the step FG indicates that this step is also obtuse. The possible 
Burgers vectors for the dislocation dipole at the step FG are 
1/6 [13Ql, 1/6 [103] ,_1/6 b 30] and 1/6 ~ 031 for a faulted step, and 
1/6 ~ 211 and 1/6~12] for an unfaulted step. The fringe shift at 
the step suggests a ~tep height of 0. 25 p 111 • Image matching 
indicated that 1/6 [130] and 1/6 b 121 were the only likely Burgers 
vectors, and a decision was made between them from a comparison of 
experimental and computed images for seven reflecting vectors. The 
most striking difference in tge images for these two Burgers 
vectors was obtained in the 111 image. Ex~erimental and C0!1I.f2Uted 
images of comparable resolution (Fig. 1 O(b)) show that 1 /6 b 1 21 
fits all detail of the experimental image. It is concluded !hat 
the ste~ along FG is obtuse, unfaulted and bordered by 1/6 ~121 
and 1/6L11~l dislocations at a separation of approximately 60 l. 

,,As shown in Fig. 7(a), a characteristic configuration for 
complex loops is a triangular region within the main loop with one 
edge of the triangular region along one edge of the main loop. 
Experimental and computed images for an example of this type in 
silver are given in Fig. 11. 
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Fig. 7 Complex loops in (a) silver, (b) Cu 9.4% Al. x 60,000 

Fig. 8 

208 

A 

1 /3 [1 01) 1 /6 [1 01] 

1 /6 [1 21] 1 /6 b 1 2] 

B : (057) 

w = 0.46 

1 /3 0 11] 

1 /6 [211] 

Oomparison of' experimental and computed images 1'or the step 
AB (u :[fo1]) in a complex loop on (111) in a Cu 9.4% Al 
alloy. The Burgers vectors corresponding to the various com
puted images are indicated. FN fä\ [379] and t is 6.5 .f 111. 
~' w and g are indicated. In all cases the separation of' 
the dislocations at the 0 step is o. 75; 111 • The micrograph 
is x200,ooo and R = 18 A. 
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Comparison of_experimental and computed images for the 
step FD (u :[110]) in a complex loop in a Cu 9o4% Al alloyo 
The loop is on (111) and the step on (111)o FN is [157] 
and t is 6J1. 11. ~'wand~ are indicated. The micro
graphs in (aJ, (b) and (c) are x98,ooo, and in (d) x320,000o 
All computed images are for 1 /6 [11 o] stair-rod disll?cations 
at a separatiop of 0.5 f111 • R for (a) - (c) is 30 A and 
for (d) is 11 Ao 
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Fig. 1 0 

Fig. 12 
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1 /6 [130] 1/6b12] 

Oomparison of ~xperimental and computed images for the 
edge FG (u : [011]) of a complex loop rirn (111) in Cu 9.4% 
Al. The Burgers vectors for the computed images are 
indicated and the separation of the dislocations at the 
step is 0.25/ 111 • FN is l123] and t is 7f111 • ~' w 
and ~ are in icated. The micrograph ip (a) is x90,ooo 0 

and in (b) x200,oooo R for (a) is 56 A and for (b; is 25A. 

Schematic illustration of a dissociated Frank loop 
above plane, ------ below plane 
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Comparison of' experimental and computed images f'or the edge GE ( u : [11 o) ) of' a 
complex loop oh (111) in Ag„ The Burgers vector f'or the computed images on the 
lef't is 1 /6 [11 o] and on the right 1 /3 [111] „ In all computed images the separation 
of' the dislocations alongg-E is 0„70Eo2o• FN is l418] __ and t = 21111" J?, wand
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gare indicated. R is 30 A f'or all !ef'lections except 20~ and 131 where R is 20 A 
änd 40 A respectively. All micrographs x100,ooo„ - -



The loop is on (111) and the 131 image shows that it does 
not intersect either surface of the foil. The triangular region 
EFG is bounded by ~ 01] (EF), [011] (FG) and {11 O] (GE) o The 
protrusion outside the main loop of the projection of the triangular 
region in Fig. 10 (b) and (d) indicates a large separation between 
the triangular region and the main loop. Further, the geometry of 
the triangular region and the above protrusion requirea that FG 
and GE, if faulted steps, must be acute. Discussion will be con
fined here to the edges GE and FE. The dislocations along these 
edges have edge character (Fig. 11 (a) and (e)). The possibilities 
for the Burgers vectors of dislocations ~long GE are 1/6 [11 o] and 
1 /3 [11 O] if GE is a Faul ted step, 1 /6 [11 2] if GE is an unfaul ted 
step, and 1/3 [111] if the contrast along GE is due to a triangular 
Frank dislocation loop overlapping a larger hexagonal loop. The 
contrast along FE is the same as that along BC for all reflecting 
vectors, so that the defect at FE is unlikely to be two overlapping 
Frank dislocations and is either an undissociated or dissociated 
Frank dislocation. 

Preliminary computations for the 1/6 (110] and 1/3 ~11] 
Burgers vectors for the edge GE, over a wide range of separations, 
indicated a separation of the triangular region from the main loop 
of approximately o. 70 p 020 • 

Oomputations have been made for tbe four possible Burgers 
vectors along GE, at a separation of 180 A, for eight reflecting 
vectors. Obvious discrepancies between the experimental and 
computed images, e.g. dark instead of !ight contrast in the 111 
image, dismiss the 1 /3 ~ 1 o} and 1 /6 [11 2] Burgers vectors, leaving 
the decision tobe made between 1/6 [110) and 1/3 (111]. The 
computed images for these two Burgers vectors are compared with the 
experimental images in Fig. 11. This co~aE!son indicates a faulted 
step along GE bordSJred by 1 /6 [11 o) and 1 /6 \11 o] dislocations at a 
separation of 1'80 A for the following reasons. On rotation from 
[809] to ~ 03] for the 020 reflection, the contrast along GE changes 
from

0
an unresolved dark band to resolved dark lines approximately 

100 A apart. This change in contrast is in better agreement with 
the computed image@__for 1/6 [11 o] than f'or 1/3B11] • The broad 
light band in the 111 image is similar in both com~uted irru:lges, but 
the width of the band is better matched by 1/6 B10J. The \202 image 
is continuous and !§. thus a better match wi th 1 /6 {11 o] and the 
intensi ty of the 131 image clearly favours 1 /6 t11 O] • Oomputed 
images for the edge FG similarly favour a Burgers vector of 1 /6 l011] 
for the dislocation dipole along this edge. Computed images for 
the edge FE indicate that this edge is a dissociated Frank disloc
ation with a separation of Shockley and stair-rod dislocations of' 
approximately 60 A. 

The complex loop in Fig. 11 thus consists of a triangular 
region bordered by 1/6 <110>stair-rod dipoles along the steps GE 
and FG and a dissociated Frank dislocation along FE. 

Because of the large amount of computation involved in 
positively identifying the Burgers vectors of dislocations at steps 
in complex loops, only a very limited number of cases have been 
fully treated. Oomplete computations of all possibilities enabling 
positive identification of 1 /6 <11 0) Burgers vectors have been done 
for seven cases. Complete computations have been done for the two 
cases found to involve non-edge dislocations and both of these 
indicate 1/6 <112)' Burgers vectors. Several other cases involving 
edge dislocations have been partially computed, and these also 
suggest 1 /6 <11 0) Burgers vectors. These numbers grossly over
estimate the i"'atio of 1/6<:112) to i/6.(110) Burgers vectors as a 
deliberate effort was made to find non-edge dislocations at steps. 
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VI. Discussion 

The steps in complex loops are large, varying in height from 
60 to 180 Ä. Only steps above a certain height would be expected 
to show detectable diffraction contrast and computations, for 
1/6 <112> Burgers vectors at obtuse unfaulted steps and 1/6 <119> 
Burgers vectors at acute faulted steps, indicate that steps 20 A 
high would be difficult to detect experimentally, and that contrast 
effects }n computed images became negligible at step heights less 
than 10 A. Thus the observed density of complex loops must be 
an underestimate. 

The presence of complex loops in silver and copper
aluminium alloys, and their absence in aluminium, suggests that 
their formation is associated with low values of stacking-fault 
energy. The methods suggested for the formation of these defects 
both involve the dissociation of Frank dislocations. Dissociation 
is involved directly in the union of loops, and indirectly for the 
climb mechanism by making the addition of vacancies difficult at the 
edge of a growing loop,. Diffraction contrast indicates that the 
edges of Frank dislocation loops in the materials used here are 
dissociated. In deciding between the two mechanisms, the relatively 
high incidence of complex loops favours the climb mechanism, since 
union of two loops requires that the dissociation be co-planar, 
which should be a relatively rare event, particularly for the low 
density of loops considered here. Only one example has been 
observed of a complex loop where the edges formed re-entrant 
angles consistent with the union of two polygonal loops. 

Only 1/6 <110) and 1/6 <112> Burgers vectors have been 
identified at step edges with the former being the more common. 
The 1/6 <110> Burgers vector is tobe expected for either union or 
fault clD~b, but 1/6 <112> is incompatible with union. The 1/6 ~112> 
Burgers vector at unfaulted obtuse steps is compatible with fault 
climb and will arise if the climbed region departs from a triangular 
configuration, so that the bounding defects for the climbed nucleus 
are a combination of 1/3 and 2/3 vacancy jog lines (15). Such 
steps would remain unfaulted as faulting would involve the formation 
of high energy stair-rod dislocations or the nucleation of extrinsic 
fault. 

The triangular configuration bounded by low energy stair
rod dislocations along two edges and a dissociated Frank along the 
third could only form by fault climb. Whilst some complex loops 
do form by union, it is considered that fault climb is the main 
meohanism for the formation of these defects. 

Fault climb occurs by the nucleation and propagation of jog 
Jines so that the formation of the large steps observed here may 
seern incompatible wi th the climb rnodel. However, steps must resul t 
if jog lines produce climb up and climb down in different portions 
of a loop. Combina tion of re~=ions which have climbed in opposi te 
senses gives steps which increase in height with continued climb, 
even though climb at all staßes involves the movement of jog lines. 

The regular forms of complex loop in Fig. 7 were common 
forms for this defect. Such configurations may result from climb 
of a dissociated Frank loop. For a dissociated loop, the favoured 
sense of climb at a particular edge is related to the sense of 
dissociation. For example, the favoured sense of climb at an edge 
dissociated below the plane of the loop will be above the plane. 
Fig. 12 illustrates a hexagonal loop for which alternate edges are 
dissociated above and below the plane of the loop. Nucleation of 
climb in regions 1, 2, 5 and 6 will give climb up in 1 and 2 and 
down in 5 and 6, and further addition of vacancies will unite 1 and 
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2 and 5 and 6 ana. give a step along AB where the top half of the 
loop, which has climbed upwards, combines with the lower half which 
has climbed downwards. This type of mechanism would produce the 
configuration of Fig. 7(b). Similarly, the configuration of Fig. 
7(a) could arise by climb up in region 1 and down in 4, 5 and 6. 
It is not necessary for the dissociated Frank dislocation to be 
constricted at any stage in the climb process (7). Continuation 
of climb in opposite senses results in changes in shape of the 
original hexagonal loop. 

It is considered that the present results provide evidence 
for fault climb under conditions of vacancy supersaturation as 
proposed by Escaig (2). It is likely that, in materials of low 
stacking-fault energy, nucleation and growth of Frank loops occurs 
in the same way as in materials of high stacking-fault energy 9 
until the edges of the loops are sufficiently aligned along <110> 
for dissociation to occur. Once dissociation has occurred, :further 
loop growth takes place by fault climb. 
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Abstract 

The annealing kinetics of quenched silver-gold wires have 

been investigated across the entire concentration range of solid solu-

tions. Immediately after the quench an initial increase in resistance 

which is attributed to the onset of short range order has been observed, 

followed by a decrease in resistance which is associated with the 

annihilation of vacancies. The same activation energy is calculated 

for the ordering and the annihilation processes, and has a minimum at 

approximately 50 at% gold. The defect is tentatively identified as a 

single vacancy and the number of vacancy jumps calculated for the com-

pletion of the process is consistent with the two mechanisms proposed. 

Introduction 

In the past decade efforts to describe and explain the behavior of 

the vacancy in fcc metals have resulted in a concentration of attention 

to gold and, to a lesser degree, silver, especially in quenching ex-

periments [1]. Although gold is relatively well-behaved, compared to 

silver, contradictory experiments and controversial theories have re-

sulted and are still unresolved [2]. 

*This work supported in part by U. S. Atomic Energy Commission, 
**Present address: University of North Carolina, Chapel Hill, N. C. 
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In 1960 Zener relaxation in the AgAu system was first reported [3]. 

At that time an extensive study of this phenomenon in the AgAu solid 

solution as a function of concentration was begun in this laboratory 

[4] in collaboration with experimenters elsewhere performing diffusion 

experiments in the same system [5]. This solid solution exists over 

the entire range of concentrations, and reliable thermodynamic and 

physical data are available for each pure component and various alloy 

concentrations. The AgAu system is therefore an ideal one for study 

and not subject to the limitations noted by Childs and LeClaire [6]. 

The quenching and resistivity studies reported here were initiated 

to complement these relaxation and diffusion experiments. Very little 

resistivity data were available for AgAu alloys, and most of that was 

for dilute concentrations, e.g., less than 1 at% Ag in Au [7]. Only 

recently have data been reported for more concentrated solid solutions 

of AgAu [8,9]. 

Nonetheless, the major ambiguities in the data from pure, as well 

as from impure specimens, still exist. For example, Meshii [10] ob

serves there is not only a discrepancy in the reported values of the 

migration energy of a vacancy, but there is also some question as to 

the identity of the migrating defect, as well as to the configuration 

of vacancies before and after quench. These problems persist, even in 

pure gold, as evidenced by a recent study of vacancies and divacancies 

by Kino and Koehler [11]. The problem is compounded in the alloy 

because of the possible formation of vacancy-impurity cömplexes in which 

the Ag appears to play an active part in inhibiting the motion of the 

defects, as evidenced by the work of Quere [12]. 
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The agreement between experiment and theoretical calculations 

supports the contention that the AgAu system is essentially a regular 

solid solution at elevated temperatures near the melting point. At 

lower temperatures there is an indication of ordering in this alloy 

which affects the degree of regularity of the solution and the vacancy 

behavior. Fraikor and Hirth [13] associate such an onset of ordering 

in AgAu with a temperature of approximately 600°c. This investigation 

shows a maximum short range order destruction at approximately S00°C, 

which compares favorably with the above value. 

The major purpose of this investigation was to determine the con-

centration dependence of the migration and formation energies of the 

vacancy and its role in AgAu solid solutions. The results were then 

to be compared with available diffusion and relaxation data in an attempt 

to further understand the behavior of the vacancy as well as the 

mechanism of the processes in which it is involved. 

Theory 

The methods of analysis of recovery data by which activation energies 

are abstracted have been concisely summarized by Doyama [14] and will not 

be repeated here, except to include pertinent equations when useful. 

lt is convenient to define the time required for a specified fractional 

recovery of some physical property as a relaxation time, ~. This relax-

ation time obeys an Arrhenius type equation of the form 

= ~o e 
E /kT 

m 

where E is the effective migration energy of a defect, in practice 
m 

calculated from the slope of the ln ~ vs l/T plot. This method is 

(1) 
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simple and direct and in general has fewer objections than other 

techniques. 

Similarly, if one assumes the defect is a vacancy and an excess 

concentration of vacancies is frozen in by rapidly cooling from a 

higher quench temperature, TQ, then the fractional concentration of 

vacancies is 

c (2) 

Therefore if the resistance is proportional to the vacancy concentration, 

the slope of a plot of quenched-in resistance vs reciprocal quenching 

temperature contains the energy of formation EF. 

Unfortunately Eq. (2) is not applicable to the quench behavior 

observed in the AgAu alloy because the increase in resistance upon 

quenching is not always proportional to TQ. In fact, the resistance 

is frequently lower following the quench, and is not always predictable, 

nor reproduc ib le. This phenomenon has been previous ly reported 1_ [. 8, 9, 15, 16 J 

and is assumed to be caused by the thermal destruction of short-range 

order (SRO) at a quench temperature above some value T', which is the 

lowest temperature at which such destruction is observed. At an even 

lower temperature T the order extends over langer distances and becomes 
c 

long-range order. Damask [17] states that AgAu alloys do not exhibit 

LRO, and Van der Sijde [8] indicates that T 
c 

should be approximately 

-50°C. Since annealing temperatures in this investigation are always 

greater than this value, LRO will not be discussed further. 

The effect of SRO on the resistance has been open to speculation. 

Some authors assume SRO increases the resistance [15], while Damask [18] 

indicates more experimental evidence is necessary to validate this 

218 



assumption. He further states that the sign of the rate of change of 

resistivity with an ordering parameter may be used to predict the 

effect of SRO. The analysis of Gibson [19] indicates that AgAu may 

have a positive value for this ratio, This implies that an increase 

in SRO will be accompanied by an increase in resistivity. The results 

of this investigation corroborate this conclusion. 

If it is assumed that the vacancies in the alloy even approxi-

mate their effect in pure gold, then the change in resistance caused 

by the annealing of vacancies is 2% of the change caused by SRO for the 

same anneal time and temperature [15]. Therefore, it is reasonable to 

separate the processes, and assume that Eq. (2) may be used to define 

a relaxation time associated with the defect assisted recovery of the 

destroyed SRO in the initial stage of the isochronal anneal. In the 

final stage, it defines the relaxation time of the defect annihilation 

process. The recovery of SRO should therefore be fast and require a 

smaller number of jumps in a localized region, compared to the defect 

annihilation process. 

The above technique is valid if Ern is not a function of Ta, the 

annealing temperature. It has been observed experimentally that 

decreases slightly with increasing T . Kino and Koehler [11] have 
a 

E 
m 

calculated a change in E of only 
m 

0.1 eV for a change in T a 
from 

150°C to 800°c. Since all annealing in this investigation was below 

1S0°c it is assumed that E is temperature independent. 
m 

Meechan and Brinkman [20] observe it is possible to determine the 

order of the recovery kinetics by a detailed analysis of the isothermal 
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recovery curve and a chemical rate equation of the form 

dn 
dt 

i -E /kT 
= -\> n e m (3) 

where n is the defect concentration, i is the order of the reaction, 

and ~ the jump frequency. This procedure finally yields the time de-

pendence of the property p whose recovery is being monitored, as 

where c 

1-i 
p 

is a constant and 

C(t + M) 
l-i 

Po 
M =-c- and t is the time. It is 

(4) 

possible to choose a value of M such that a plot of ln p vs ln (t+M) 

yields a straight line. The order of the reaction may be obtained from 

the slope. However Eq. (4) may be used directly to solve for i. Com-

paring Eq. (4) for two different time intervals for the same isothermal 

anneal yields 

(~J:-i - 1 
tl (5) 

(tY-i 
-- „ 

- 1 tl@ 

:;:l 

Experimental Procedure 

The alloy specimens used in this investigation were obtained from 

the Sigmund Cohn Corp. and Secon Metals Corp. in the form of 16 mil wires. 

The components were 99.999% pure prior to alloying. To assure the max-

imum reproducibility in the data each new specimen was given a 3 hour 

anneal at a temperature approximately 0.9 of the melting point, followed 

by a stepwise cooling extending over 12 hours. Following this initial 

treatment, the procedure was modified by reducing the stepwise cooling 

to 2 hours between quenches. 
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The resistance changes were monitored by standard potentiometric 

techniques at liquid nitrogen temperatures. The specimen was heated 

by direct current and quenched into distilled water at room temperature 

4 0 
at quenching rates of about 3 to 5 x 10 C per second, as measured from 

a Polaroid picture of the oscilloscope trace of the decreasing specimen 

voltage. The transfer to the oil or water annealing baths was as rapid 

as possible and seldom exceeded five seconds. The bath temperatures 

were maintained constant to within + .OS c0
• The quench temperature 

was determined from a prior calibration measurement of resistance ratio 

vs temperature. 

The isochronal runs were made to assist in the determination of 

the proper annealing temperatures to use for each stage of recovery. 

The time interval at each temperature during the isochronal was four 

minutes. The isothermal anneals were accomplished by removing the 

specimen from the constant temperature annealing bath, rinsing it in 

acetone for quick drying, and then carefully immersing it in liquid 

nitrogen for the resistance measurement. This was repeated at frequent 

intervals to obtain a smooth plot of the fractional recovery vs logarithm 

of time. 

Summary of Results 

The resistance changes following a quench were monitored in wire 

alloy specimens of the following atom percentages of Au in Ag 21.6, 

35.5, 53.0, 62.1, 72.8, 81.3, 82.6, and 91.2 Space restrictions limit 

the data presentation to a few representative plots. 
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Isochronal curves for several specimens are shown in Fig. 1 below. 
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Figure 1. Isochronal annealing curves 

Typical isothermal recovery curves are shown in Fig. 2 below. 
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Figure 2. Isothermal recovery curves. 



F'or clarity, only three of the six isothermal annealing runs performed 

on the 62.1% specimen are included in Fig. 2. The activation energy 

was calculated from the slope of the line obtained by plotting the in 

of the time required for a specified fractional recovery vs the anneal-

ing temperature for several isothermal recovery curves. One such typical 

Arrhenius plot, based on Eq. (1), for the 62.1% specimen is shown in 

Fig. 3 to the right. 

Discussion 

A derivative analysis of any 

of the isochronals in Fig. 1 re-

veals a complex annealing spectrum. 

Nevertheless, it is clear that 

they are all characterized by an 

initial increase in resistance 

followed by a subsequent decrease, 

with a broad, sometimes relatively 

flat maximum in the mid-tempera-

ture range. This type of behavior 

is in marked contrast to that of 

pure gold which simply exhibits 

a resistance decrease as the 

quenched in vacancies are 
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Figure 3. Determination of the 
migration energy from the iso
thermals in Fig. 2. 

annihilated at sinks. The seemingly anomalous initial increase in 

resistance following the quench is attributed to the onset of short range 

order (SRO), as previously discussed. Apparently the measured resistivity 

is the result of at least two competing processes, namely, the increase 
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caused by SRO, and the somewhat delayed decrease caused by vacancy 

annihilation. 

Isothermal recovery has been monitored for each of these processes 

i.e., on the low temperature portion (SRO) as well as on the high tem-

perature side (vacancy annihilation) of the maximum of the isochronal 

curve. 

These two stages of recovery are effectively isolated at different 

annealing temperatures, and this is illustrated in Fig. 4, below. The 

comparative rate and the competitive nature of the two processes is 

evident in the plot. 
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Figure 4. The details of the first stage of 
recovery are evident in the 51°C anneal; the 
70°C anneal primarily reveals the second stage. 

The 51°C curve is relatively flat for 30 seconds, but in 10 minutes 

shows a rapid increase to a maximum. Even after 1000 minutes there is 

little if any decrease, to signal the beginning of a second stage. In 

contrast, 70.5°C is hot enough to activate the second process before the 
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first is complete. Consequently, the maximum is depressed, but is 

achieved in one-tenth the time required in the 51°C anneal. 

Thus from an analysis of the isochronal curves a judicious choice 

of the temperature for the isothermals enables one to observe the 

kinetics of one process when the effect of the other is negligible, 

and vice-versa. Proceeding in this way, activation energies for each 

process were determined, and found to be the same within experimental 

error. The energies plotted in Fig. 5 below as a function of concentra-

tion therefore represent effective migration energies of the defect 

responsible for the recovery of both processes and are somewhat larger 

than those reported by Van der Sijde [8]. Formation energies are cal-

culated by subtracting these migration energies from the activation 
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Figure 5. Vacancy Migration and formation energies ~ 
concentration for AgAu alloys. Ern from this study are 
shown as 0>s. T ie a 's are values of EF determined by 
subtraction fro i diffusion energy of Ag, after Mallard, 
et al [5]. Tl e l!J's are values of EF calculated after 
Fraikor & HirlL [21]. 
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energy for diffusion of the Ag tracer from the data of Mallard, et 

al. [5]. For comparison purposes, formation energies have also been 

calculated from a theoretical consideration of the concentration of 

vacancies in binary alloys after Fraikor and Hirth [21], and are also 

shown in Fig. 5 by the broken line. 

Various other experimental features characteristic of the AgAu 

system are summarized below. The relaxation associated with the SRO 

process gave 
_e 

values between 10 
-11 

and 10 seconds, and the 

number of jumps for the process to go to half-completion was always 

3 5 
calculated to lie between 10 and 10 . The corresponding quantities 

-7 7 
for the annihilation process were 10 seconds, and 10 jumps. These 

values show order of magnitude consistency with those of similar re-

covery processes reported elsewhere [l]. Eq. (5) yielded values between 

1.0 to 2 for the order of the SRO process. Unfortunately, the data 

from the annihilation process were insufficient to make this calculation 

possible. 

An examination of the isochronal curves in Fig. 1, shows that the 

temperature of the "peak" decreases monotonically with increasing Au 

concentration, with the exception of the 82.6% specimen. This would 

imply that it is more difficult to destroy the SRO in the Ag-rich alloys. 

This conclusion is also supported by the fact that higher quench temper-

atures are necessary to quench out resistance (that is, destroy SRO) in 

the Ag-rich specimens. 

~onclusions 

The results of this investigation as discussed above are consistent 

with the idea that quenching destroys SRO, and the annealing induces 
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v;1.cancy assisted recovery of the localized regions of order, which 

apparently become more effective as vacancy traps as the Ag concentra-

tion increases. Higher temperature anneals break up the sublattices 

and eventually lead to the annihilation of vacancies at sinks. 

The migration energies shown in Fig. 6 are slightly less than the 

values for single vacancies cited for the pure components but higher than 

those generally quoted for divacancies. Since the migration energy 

might logically be expected to decrease with impurities it is reasonable 

to assume that the migrating defect in both the SRO and the annihilation 

processes is the single vacancy. 
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QUENCHING PLATINUM AND TUNGSTEN IN SUPERFLUID HELIUM 

by 

Ronald Gripshover, John Zetts and Jack Bass 

Department of Physics 

Michigan State University 

East Lansing, Michigan, U. S. A. 

We are quenching platinum wires into various liquids 
and in superfluid helium, and tungsten wires in superfluid 
helium. At high temperatures the resistivities quenched 
into fine platinum wires cooled in superfluid helium are 
consistent with those quenched into larger wires plunged 
into water and kerosene. However there is reason to 
believe that the platinum and helium interact in a manner 
which does affect the results obtained. The resistivities 
quenched into high purity 0.001 11 and 0.0012 11 diam tungsten 
wires ( R273oK / R4 .2oK > 600) are comparable to Schultz's 
published results. However some differences do exist. 

Although many properties of vacancies in f.c.c. metals 

are now known(l), little is known about the properties of 

vacancies in b.c.c. transition metals. Because these metals 

strongly absorb gases, to avoid contamination they must be 

maintained in an ultra-pure environment when heated. The 

technique of quenching fine wires in superfluid helium 

developed by Schultz and Rinderer (2 )( 3 )represents one means 

of maintaining ultra-pure atmospheric conditions when heating 

a wire, while still allowing the rapid quenching necessary 

for retaining measurable vacancy concentrations. We are 

planning to use this technique to study the properties of 

vacancies in some b.c.c. transition metals. To test out our 

equipment and experimental techniques, and for other reasons 
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given below, we are now measuring the resistivities quenched 

into platinum and tungsten wires. In this paper we compare 

the resistivities retained in platinum wires plunged into 

water and kerosene with those retained in platinum wires 

quenched in superfluid helium. We also present preliminary 

measurements of the resistivities retained in tungsten 

wires quenched in superfluid helium. 

A) Platinum 

5 00 0 16 MIL-WATER 

„o D 11 II - KEROSENE 
p 2 II -HELIUM 0 

A 0 • 
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u 
0 

0 0:1 ~ <J 0:: J.0 
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Figure 1: The resistance quenched into platinum 
wires as a function of quench temperature. To correct 
for differences in specimen size, the measured resistsnces 
are diVided by the resistance of the same wire at 293 K. 
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Figure 1 shows the resistivities retained in 0.016" 

diam,99.999 °'Jo pure platinum wires quenched into water 

and kerosene, and the resistivities retained in 0.002" 

diam,99.999 °70 pure pla.tinum wires quenched in superfluid 

helium. The wires were obtained from the Sigmund Cohn Co., 

and had resistance ratlos (R273oK / R4.2oK) of about 1,500 

for the 0.002 11 diam wires and 5,500 for the 0.016 11 diam 

wires after annealing in air. The 0.016" diam wires cooled 

to room temperature in about 0.025 sec when plunged into 

water, and about 0.18 sec when plunged into kerosene. The 

0.002 11 diam wires cooled at a rate between these two. 

At temperatures above 14oo°K the resistivities quenched 

into the 0.002 11 diam wires fall either on, or between, the 

resistivities quenched into the 0.016 11 diam wires. This 

implies that the helium quench and the liquid quench 

techniques are measuring the same quantity. However there 

is substantial scatter in the data, and at temperatures 

below 14oo°K the resistivities quenched into the 0.002 11 

diam wires .fall above those for the large wires. These 

two facts suggest that there is something occurring in the 

helium queJ\ch system which does not occur in the liquid 

quench sys~::em; it appears that there is some interaction 

between the platinum and the helium. This interaction is 

most clearly seen through its effect upon the residual 

resistivit"," of the fine wires. A 0.002 11 diam platinum 

wire havin · a resistance ratio after air annealing of 

over 1,500, had this ratio decrease to 1,050 after a short 

230 



series of anneals over superfluid helium. Similar increases 

in residual resistivity occurred in other wires upon 

annealing in either helium gas at room temperature or 

above superfluid helium. Subsequent annealing in air 

caused the residual resistivity to decrease again. We 

are continuing to investigate this effect. 

B) Tungsten 

The only previous quenching study of tungsten is that 

by Schultz( 3) who found Ef v = 3.3 + 0.1 eV ,and a vacancy 
-4 concentration of 1.1 x 10 

Kraftmakher and Strelkov(4 ) 

at the melting point. 
f obtained E1v= 3.14 eV from 

measurements of the specific heat of tungsten, but they 

obtained a vacancy concentration about two orders of 

magnitude greater than that found by Schultz. Jeannotte 

and Galligan( 5 ) estimated the energy of motion for vacancies 

in tungsten to be E~v = 3.3 eV from field-ion microscope 

studies of vacancy motion after irradiation. The sum of 

these values is Efv + E~v = 6.6 eV, in good agreement with 

one recent estimate for the activation energy for self-diffusion 

( Q = 6.6 ev(6 )) , but in disagreement with another (Q = 5.2 ev( 7 )). 

In order to confirm Schultz 1s results, and to obtain further 

information about the motion energy of vacancies in tungsten, 

we decided to measure the dependence of the resistivity 

quenched into fine tungsten wires upon quenching speed. 

Figure 2 shows preliminary results from this study. 
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Figure 2: The resistivities quenched into tungsten 
wires as a function of quench temp~rature. The circles 
represent the resistivities quenched into a 1.2 mil diam 
wire having a resistance ratio R273oK / R4 •2oK = 686. The 
triangles represent those quenched into a 1.0 mil diam wire 
having a resistance ratio R273oK / R4 .2oK = 622. The filled 
circles and t~isngles represegt quench speads varying rrsm 
about 20,000 K/sec at 2400 K to 39,000 K/sec at 3~00 K. 
The ope9 circles reBresent speeds varying from 17,000 K/sec 
at 2400 K to 23,000 K/sec a~ 3100°K. The open triangles 
represent a speea of 11,00CJ K/sec, nearly independent of 
quenching temperature. The dashed line shows Schultz•s 
published results based upon a temperature scale determined 
using the resistance of tungsten as measured by Jones and 
Langmuir ( J. and L.) ( ref. 8). The solid line shows 
Schultz 1s data according to the National Bureau of Standards 
(N.B.S.) scale used in the present study (ref. 9). 
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As can be seen from fig. 2, when transposed to the 

N.B.S. temperature scale the resistivities retained in 

Schultz's 0.0012 11 diam wires are in excellent agreement 

with the resistivities retained in our fast quenched 

0.001 11 diam wire, but are smaller than those retained 

in our fast quenched 0.0012 11 diam wire. The reasons 

for the differences between the resistivities retained 

in our fast quenched 0.001 11 diam and 0.0012 11 diam wires 

are not clear. It is tempting to say that our fast quench 

0.0012 11 diam wire resistivities are close to the resistivities 

of the equilibrium vacancy concentration, and that the 

other measurements represent situations in which vacancies 

are lost to sinks during the quench. The agreement between 

the fast and slow quench 0.0012 11 diam wire resistivities 

at lower temperatures tends to support such an argument. 

In addition, the large additional vacancy loss produced 

in the 0.001 11 diam wire by a change of only a factor of 

two or three in the quenching speed suggeststhat the 

resistivities quenched into this wire do not correspond 

to the equilibrium vacancy resistivities. On the other 

hand, this model does not explain why the resistivity 

retained in the fast quenched 0.001 11 diam wire stays 

below that retained in the 0.0012 11 diam wire at lower 

temperatures. This is particularly surprising because 

at high temperatures the resistivities retained in the 

fast quenched 0.001 11 diam wire are larger than those 

retained in the slow quenched 0.0012 11 diam wire. We 
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are attempting to investigate these matters further 

using additional quench speeds and new specimens. For 

the present we conclude that our results generally confirm 

Schultz's data, but that some differences remain tobe 

resolved. In particular, our preliminary data suggest 

that the equilibrium vacancy concentration in tungsten 

may be a. bit larger, and the formation energy a bit 

smaller, than the values yielded by Schultz's data. 
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VACANCIES IN GOLD AND MATTHIESSEN 9S RULE 

R.R. CONTE , J. DURAL AND Y. QUERE 

Centre d'etudes nucleaires de Fontenay-aux-Roses, 

92, France 

Abstract 

Deviations to Mattbiessen's rule have been observed 

for vacancies in gold. These deviations are consistent 

with a decrease of the Debye temperature. 

L Introduction 

Matthiessen•s rule states that the extra resistivity due to 

lattice defects 6_p is, in a metal, independan t of temperature. 

It is clear that this rule can be valid only if there is no inter .... 

action between these defects and the vibration modes of the metal. 

J;nversely, deviations to this rule. may give information about 

these interactions. 

Many such deviations have been observed, specially for 

irradiation defects in copper r~1 ' alloying elements in different 

metals [2J or irradiation defects in ~ uranium [3] . In this 

latter case the big observed effect is due to reasons other than 

changes of vibrational properties. 

This paper will describe some measurements of deviation to 

Matthiessen 's rule in the case of lattice vacancies. 

2. Experimeptal procedure 

1 r~oo We have used gold wires of diameter : 11 ~ • The ratio -·-
Pit-,'2. 

of gold before quenching was of the order of 650. The wires 

were heated by electrical current, quenched in water, and then, 

immediately cooled to lower temperatures. 
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The resistivity, which had been measured with a potentiometer 

before quenching at 4,2 and 77°K,was measured after quenching at 

these sa.me temperatures. The extra resistivity due to quenched-in 

vacancies could thus be determined at 4, 2? K ( Af4-- ) and at 77° K ( Llf:r:t). 

In one case tlf>T was measured over the range 4, 2? K - 3000 K 

in a regulated capsule described elsewhere [ 4]. Although the 

quenching temperature was evaluated by measuring the res~tance of 

the wire, we shall rather refer our results to the quenahed-in 

resistivity b.p* which will be considered as proportional to 

the concentration Cv of quenched-in vacancies. 

dp 
At 4,2? K, where olT is negligible, the precision on .1p4-

is as good as is allowed by the precision on the resistivity 

~ -2 Jl -1 measurement. At 77° K, where d.T is 0,9„10 r cm„° K , the 

precision on ßPy
1 

depends essentially on the equa,:lli ty of 

temperature for the measurements before and after the quenc~ 

A separate experiment performed on a dummy in the liquid nitrogen 

bath showed that in a period of 3 hours the resistivity was 

h . ± io-3„ constant only wit in 

3. Results 

We have plotted on figure 1 the difference Ll~=,== Ahi1 - LJf't 

versus the quenched-in resisti vi ty 6.Jt. It will be .noticed that 

b.2fr;i is always positive. 
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Figure 1 

Deviation to Matthiessen 's rule · A2
P Ap /::,() between 77 JT"f :.. µ FH - 14-

an d 4, 2? K, versus the resistivi ty .Ll)4, of quenched vacancies. 

4. Discussion 

Let us recall that the thermal part of the resistivity of a 

metal is given by Gruneisen 1s equation 

T{; 1~ Ts- d?L 
r,.,~K86 

0
(e-x--1)(1-e-i<.) 

where K is a constant depending on the matal and 

Debye temperature. 

e its 

As was noticed by Magnuson and Palmer [ 1 J , f'T T is a 

function of 

pTT 

If f,. 
of the Debye 

3fT 
or 

Jy, 

T 

e only, and can be written 

.,;:. f(f) . 
is al tered ( .f 1 

-4> PT+ SpT 
temperature, one has from (1) 

= - ~~ f (~) 

= _ tl 0 { T J f T + y. ) 
8 JT T 

(1) 

) by a change Ae 

(2) 
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If one then supposes that the extra resistivity of vacancies 

Af„ is the sum of an intrinsic resistivity independant of tempe

rature and equal to Afi:,.. and of a thermal term bfT Jone wri tes : 

and in particular 

(;{:) = t:ii~ . 
J:r-r =rr 

The fact that t:/-P was a1 ways found positive indicates 
)·::r:1-

( from eq. 2) that the change of Debye temperature due to the 

presence of vacancies is negative as expected from the elasticity 

theory [ 5 J Moreover the approximate lineari ty between .6.2 f:H 

and LJ fit- (see fig. 1), i. e. between dfT and Cv , indicates 

that / .69 j appears as proportional to Cv• 

As for the proportionality constant betwean J.e and Cv, 

no precise value can be deduced at the moment. pT being 

approximately proportional to T, equation (2) shows that 

d f„ ( = Ci}>T) should also be proportional to T. This is not 

the case ( see fig„ 2 ( 6 J ) . Consequen tly the values for A e 
which could be calculated from eq. 2 are not independan t o f T. 
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- ~)-

6,.'lpT(= 

vacancies in 

Figure 2 

4.fT - ~f<+ ) plotted versus T 

gold ( A.n. = 4,~„10-3 f .52. cm) 

for quenched-in 

It is clear that a more thorough study of ~z.f,. as a 

function of T is necessary to know whether ;1() is really tempe

rature dependant or whether the hypoth~is of a temperature 

independant intrinsic resistivity of vacancies is wrong. 
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PRODUCTION RATES OF FRENKEL DEFECTS DURING LOW TEMPERATURE 

IRRADIATIONS 

H. WOLLENBERGER 

Van de Graaff-Labor Aachen der Kerforschungsanlage Jülich 

Abstract: 

The measurement of Frenkel pair production rates provides a 

valuable tool for studying: 

1. Details of atomic displacement processes 

(threshold energy, multiple production) 

2. Interactions between interstitials and vacancies 

3. Interactions between interstitials or vacancies 
and other lattice defects. 

Published and unpublished results regarding these problems will 

be discussed with respect to conclusive interpretations and open 
questions. The following subjects will be treated in detail. 

Threshold energy determinations depend strongly on the sensitivity 
of damage rate measurements. The real threshold energies should 

generally be smaller than the reported values. From measurements 
of the energy dependence of the production rate in polycristalline 

specimens the displacement probability function can be obtained, 

which gives the integral effect of the angular dependence of the 

threshold energy. The angular dependence itself, however, cannot 
be evaluated in a unique manner from the displacement probability 

function. Meaningful measurements in single crystals require 

specimens with a thickness less than lo1u. Even with such thin 

crystals the information which can be obtained about the angular 

dependence of threshold energy is limited in principle. Moreover, 
the influence of secondary effects on the commonly measured 

electrical resistivity damage rate is large in very thin speci
mens. An investigation of both the energy and defect concentra

tion dependence of the production rate at various temperatures, 

as well as subsequent annealing behaviour provides valuable in

formation for the discussion of details of single and multiple 
displacement processes. 
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The interaction between stable interstitials and stable vacancies 

can be studied by damage rate measurements at low temperatures 

as a function of the irradiation induced defect concentration. 

The spontaneous recombination of vacancies and interstitials which 

originate from different production events reduces the damage 

rate with increasing defect concentration. The discrepancy 

between theoretical predictions concerning the spontaneous recom

bination effect and the experimental damage rates for heavy 

partiale and electron irradiations clearly suggests a remarkable 

influence of dynamically induced recombinations on the damage 

rate for heavy partiale irradiations. Recent results indicate 

the significance of such events also for electron irradiations. 
Moreover, Frenkel pair configurations seem to be altered by the 

dynamic events occuring during electron irradiation. The influence 

of the dynamic processes on the damage rates complicates the de
termination of the spontaneous recombination volume. 

The interaction between interstitials and vacancies as well as 

between these defects and foreign atoms or dislocations strongly 

affects the production rate at elevated temperatures. Therefore, 

configuration changes of interstitials and vacancies caused by 

certain annealing procedures can be studied by such measurements. 

Furthermore, it is possible to obtain information concerning the 

binding of interstitials and vacancies by various foreign atom 

species and dislocations. 

THEORETICAL ASPECTS OF PRODUCTION AND INITIAL DISTRIBUTION 

OF FRENKEL DEFECTS. 

G. LEIBFRIED 

Technische Hochschule Aachen, Germany 

(Abstract not yet received) 
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Annealing Stages in Irradiated F.C.C. Metals. 

w. Schilling 

Institut für Festkörper- und Neutronenphysik 
Kernforschungsanlage Jülich 

Jülich/Germany 

Abstract 

The annealing behaviour of Frenkel defects will be reviewed using mainly 
the results of electrical resistivity measurements. Special emphasis 

will be given to a discussion of the dependence of the observed annealing 

behaviour on irradiation dose• type of irradiating particles 9 irradiation 
temperature 9 and the effect of vacancy- 9 radiation- and impurity-doping. 

The principal points to be reported for the different annealing stages 

are the following: 

Stage I 

After electron irradiation of Cu 9 Al, Ag 9 Pt and Ni 9 stage I consists 

of a number of well defined subpeaks. Stages IA, r8 , Ic can be inter

preted as due to the collapse of close Frenkel pairs, stage I 0 and IE 
to correlated and uncorrelated recombination of freely migrating 
interstitials with vacancies. In addition to recombination reactions 9 

the freely migrating interstitials can be immobilized by reactions with 
other interstitials 9 impurities, or dislocations. These immobilization 

reactions lead to the retention of vacancies and interstitials in 

equal numbers above stage I. 

After fast neutron irradiation stage I generally shows less sub
structure 9 stage IE is almost missing and the fraction of interstitials 
surviving stage I is greatly increased. The same general features are 

observed after electron and -particle irradiation to very high doses 
where saturation effects during defect production have become of 

importance. 

The experimental data available at present indicate that Au shows no 
annealing stage similar to the stages I 0-IE that are observed in the 

other f.c.c. metals. 
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Stage II 

Stage II is more pronounced after low~ose heavy particle irradiation 
than after lo~ose electron irradiation. Recent high dose electron 
irradiations have shown stage II recovery similar to that observed 

for heavy particles. Stage II normally consists of a more or less 
continuous background annealing. Some substages may be superimposed 
on this continuum. Impurity doping usually gives rise to additional 

substages. Stage II occurs also in the recovery of other physical 

properties e.g. length change• stored energy, and elastic modulus. 
Possible interpretations which are in accordance with these ob
servations will be outlined. 

Stage III 

As stage III we define the next (larger) recovery stage observed 

in irradiated metals above stage I which shifts to lower temperatures 
with increasing dose. Using this definition 9 stage III has been clearly 
identified for Al 9 Cu• and Au. In Pt preliminary experiments indicate 

that the final annealing stage (usually called stage IV) shows the 
above mentioned characteristics. 

The activation energies found for stage III after different types 
of irradiation for Cu 9 Al and Au are in good general agreement. The 

kinetics indicate uncorrelated recovery of a freely migrating single 
defect for electron irradiated metals and correlated plus uncorrelated 

recovery after neutron irradiation. Impurities and the temperature 
of irradiation have relatively little effect on stage III recovery. 

The recovery of irradiated samples containing vacancies from a previous 
quench show that in Al and Pt the end of stage III overlaps with the 
recovery peak due to the removal of the quenched in vacancies. In 

prequenched Au both stages are almest coincident. 

Higher stages 

Whereas irradiated Al and Pt show complete recovery in stage III 9 

in Cu and Au a resistivity increment remains after neutron and 

high dose electron irradiation. Electron microscope studies have 
indicated that interstitial and vacancy clusters persist above stage 
III. Little information is available on the correlation of the annealing 
of these defect clusters with resistivity changes. 
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PHYSICAL PROPERTIES OF POINT DEFECTS IN METALS 

H. WENZL 
Physik-Department der Technischen Hochschule München, Germany 

and K. ISEBECK 
Atomic Energy Board, Pretoria, South Africa 

Abstract 

Structural disorder changes more or less all ]?hysical piroperties 
of a crystal. We shall discuss mainly the influence of defects 
induced by irradiation or quenching in the metals aluminium, 
copper and some others in view of the following remarks. 

1. In most cases the properties studied are proportional to the 
defect numbers or concentrations. In these cases a property 
change per defect or per unit concentration of defects ( 11 specific 
property") can be defined. Only then one can speak of the physi
cal property of a point defect. To be able to analyse correspond
ing meas-irements it is necessary to use as units not only the 
vacancy and the interstitials but also different types of 
multiple defects (e.g. the close Frenkel pairs) etc. The "annealing 
stage" technique provides a means to distinguish between these 
different types. Usually the defect numbers are not well known. 
Then we shall use the ratios of different property changes of 
this group as a me~sure for the specific properties of a certain 
defect (e.g. the ratio of stored energy, lattice parameter 
change, elastic modulus change, Debye-Waller factor change, 
neutron scattering cross section etc. and resistivity change)o 
These ratios do not very sensitively depend on the defect type 
because usually, by passing from one defect to another, the 
different specific properties change in the same sense, so that 
accurate measurements are necessary to discriminate between 
different defect types. 

2. Another group of physical properties is independent of the 
concentration of the "overwhelming" defect type and thus ];)"'ro
vides specific properties directly (e.g. magnetoresistivit~ 9 
Hall-coefficient, relative deviation from the Matthiessen rule, 
partly thermop:ower etc.). In spite of this advantage only few 
experiments have been performed until now. 

3. In other cases the local distribution of defects in the 
sample is important (e.g. neutron scattering cross section, 
pinning force of magnetic flux lines in superconductors etc.)o 
Then correlation functions can be used to describe the influence 
of the defects on the physical propertieso 
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THE INFLUENCE OF SPONTANEOUS RECOMBINATIONS AND SUB-THRESHOLD 

EVENTS
1

0N THE DEFEf?T PRODUCTigN 

Abstract 

AT LOW TEMPERA]URE ELECTROff IRRADIATIONS 

G. Duesing, H. Hemmerich, W. Sassin, and W. Schilling 

Institut f'ür Festkörper- und Neutronenphysik, 
Kernf'orschungsanlage Jülich 
Jülich, Germany 

The resistivity increase per unit irradiation dose in pure 

aluminum, copper and platinum containing Frenkel def'ects in 

different concentrations or quenched-in vacancies (Pt only) is 

determined. The highest electron doses achieved at 4.2 °K are 

~ 10
20 

electrons/cm2 . By means of' radiation doping and sub

threshold irradiation (Pt) it is shown that the build-up of' 

defects in these metals is governed by spontaneous recombination 

processes during defect production as well as by radiation 

induced recombination of close pairs resulting from nearby 

sub-threshold energy transfer to the lattice during irradiation. 

Approximate values for the cross sections of these processes 

are determined. 

Quenching enhances the number of spontaneous recombinations and 

gives rise to an apparent increase of the damage rate at low 

def'ect densities probably due to deviations from Matthiessen's 

rule, 

1. Introduction 

A considerable amount of' work has been carried out so f'ar in 

studying the build-up of defects produced in pure metals by 

electron irradiation, With the exception of one experiment, 

however, reported by Dworschak et al. /1/ the maximum Frenkel 

defect concentration introduced by electron irradiation has been 

small compared to that achieved by neutron irradiation 

experiments. /2/ 
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We have extended the defect ooncentrations to a level where 

radiation annealing processes play an important role in defect 

production. 

The following mechanisms are in principle able to influence the 

observed resistivity increase per unit dose: 

A) Radiation produced defects directly annihilate with adjoining 

defects which have accumulated during the irradiation or are 

introduced by doping. 

B) Sub-threshold recoil events induce partial annihilation or 

transformation of the accumulated defects. 

c) Athermal long range events like focussed collision chains 

or channeled high energy atoms are stopped at defects 9 thereby 

enhancing the damage production, 

D) Deviations from Matthiessen's rule give rise to a non

additivity of the residual resistivities of defects present 

prior to the irradiation and of defects produced during 

irradiation, 

The theory of radiation annealing given by Dettmann et al. /J/ 
takes into account mechanism A), The sub-threshold events B) 
are considered only to the extent as they induce recombination 

of interstitials and vacancies originating from different 

displacement events. 

In order to regard also the recombination by sub-threshold events 

of vacancies and interstitials present as close pairs we used a 

different approach, 

If only mechanisms A) and B) are operative we obtain the 

following equation for the production rate of Frenkel pairs of a 

certain type k : 

( 1 ) 

is taken as the concentration of the type of Frenkel defects 

that will anneal within a discrete substage of stage I, e,g, 

stage IA . Pk is the cross section for the production of type 

k defects, while c denotes the total concentration of defects 

of arbitrary types. v is the effective volume for spontaneous a 
recombination described by mechanism A). P1 k and Pk 1 are the 

, ' 
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cross sections for the transformation of Frenkel pairs from 

type 1 to type k and from type k to type 1 respectively due to a 

nearby sub-threshold event, 

Evidence for the existence of such processes will be given in 

Chap. J. 
Finally, P stands for the cross section for Frenkel pairs of k,o 
type k to collapse as a result of a sub-threshold recoil event. 

In these sub-threshold events the energy may be transferred either 

to .neighbo1' atoms of a Frenkel pair u.nder consideration or 

directly to its interstitial. 

With 

Thereby the 

and P= [); we obtain 
k 

d - ] 
cl'fc = Pf 1 - 2 vctJc). c - L F} 0 ck 

k, I 

damage rate is expressed as the 

(2) 

sum of two terms. 

If we use the theoretical result derived by Dettmann et al. /J/ 
for the concentration dependence of va' we arrive with 

v (o) = v 0 at a a 

(3) 

We have qua.ntitatively studied the mechanisms described in 

equation (1) by radiation doping experiments in aluminum, copper 

and platinum (Chap. J), by sub-threshold irradiation of platinum 

(Chap. 4) and by irradiation of previously quenched platinum 

( Chap. 5). 

In addition the mechanisms c) and D) have been investigated by 

electron irradiation of quenched platinum. The results are dis

cussed and compared with similar investigations by heavy 

particle irradiation /4-8/ in Chap. 5, 

2. Experimental Procedure 

The electron irradiations were performed at the low temperature 

irradiation facility of the Kernforschungsanlage Jülich. This 

facility will be described elsewhere /9/, 
The dimensions of the irradiated area were 5,5 mm x 2J mm. Up 

to 4 samples could be irradiated simultaneously, the beam in

tensity profile being homogeneous to about 2 % across the 

specified area at 10;U A/cm
2 

current density and increasing to 

10 % at 90 ,,,u A/cm
2

• To prevent excessive heating all samples 
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were made of thin foils, 10 to 30pm thick, and vertically 

mounted inside a duct carrying a stream of liquid helium at a 

velocity of approximately 10 m/s. 20pm thick stainless steel 

Windows formed two opposite sides of this duct providing a trans

mission path for the electron beam. 

The duct was a part of the sample chamber, the temperature of 

which could be regulated between 12 °K and 300 °K with an 
t1T -2 accuracy of y< 2 x 10 after the electron beam had been shut 

off by a beam stopper, Coarse isochronal annealing treatments 

were performed with temperature steps of 1.5 °K in the range of 

recovery stage I and temperature pulse lengths of 10 min 

duration. Neither the samples, nor the beam position had to be 

readjusted for the short test irradiations at 4,5 °K that inter

rupted the annealing treatment. Resistance measurements were done 

by standard techniques with an accuracy up to ± 1 x 10-5 . The 

sensitivity for the determination of resistivity changes 
-12f2. depended on the size of individual samples, ± 1 x 10 cm being 

a representative figure, however. 

All observed resistivity values were corrected for size effects 

due to surface scattering of conduction electrons using Fuchs' 

results as reviewed by E.H. Sondheimer /10/, In the case of 

aluminum, Dworschak et al. /11/ have measured~-l, the product 

of the resistivity and the mean free path of the conduction 

electrons, which determine the influence of the geometry on the 

observed resistivity and obtainedry.U= 8.6 x 10- 12J2cm2 . 
~l 

Using their method we deduced from our experiments for copper 

L J - 1 2J2 2 . l J - 12 r 2 q'o lcu. = 8. 2 x 10 cm and for pla tinum i;>o f Pt = 5. 3 x 10 ....i2. cm . 

For the determination of the irradiation dose the electrons were 

stopped in a Faraday cage after penetration of the sample chamber. 

Because of the increased divergence of the beam leaving the exit 

window and due to the emission of secondary electrons no precise 

absolute calibration of the flux has been obtained as yet. Com

paring our initial damage rates for aluminum, copper and platinum 

with the values known from the literature /19/,/13/ the error in 

our flux calibration is less than 20 %. Since we used the same 

irradiation geometry throughout all irradiation runs, the accuracy 

of all dose values with respeot to each other is determined only 

by variations of the homogeneity of the beam profile. The 

reproducibility of different runs under identical conditions was 
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found to be better than 2 %. 
Samples were out from pure rolled material, etched and spot

welded to small alumina frames bearing thin conducting metal 

layers that had been sintered on to the surface to provide 

electrical contacts. 

The aluminum and copper samples were annealed prior to 

mounting. The platinum samples were annealed after rnounting 

by resistance heating. Some of the platinum sarnples were 

quenched into water to retain an excess concentration of 

vacancies. 

The sp~cifications of the materials used are given in table 1 

Tab, 

material Al Cu Pt 

manufacturer Metals Cominco s. Cohn Heraeus 
Res.Corp. 

nominal 
5 N 5 N 5 N 5 N purity + 

nominal 
.µm 25 12,7 12,7 10 thickness 

av,resistance 
1600 2800 JOOO- JOOO-ratio Rzgs•K/ R+..s'K 9000 9000 

J, Defect Production and Radiation Doping in Aluminum,Copper, 

and Platinum 

J,1 Defect Production in the annealed Materials 

Radiation annealing has been observed in several metals 

irradiated with reactor neutrons /2/ and in copper with J MeV 

electrons /1/. 

We have rneasured this effect in aluminum, copper, and platinum 

irradiated with J MeV electrons at 4.5 °K. 

In well annealed high purity samples we found that the increase 

of the elec:trical resisti vi ty .1 f as a function of irradia tion 

dose jO shows a definite approach to saturation. 

In this paper, we generally assume that changes in resistivity 

are proportional to changes in defect concentration and that 

Llp·-p c 
> JF I (4) 
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where c is the concentration o:f Frenkel defects and S'F their 

resistivity per unit concentration. A possible exception to 

this proportionality is discussed in Chap. 5, 

Under this assumption, the de:fect production rates dc/d~ 

calculated from the observed dose curves decrease with in

creasing defect concentration, as shown in Figures 1 to 3, 

In platinum, extrapolating the observed damage rate to zero, 

the saturation values are :found to be Af?oo = 3, 75 ;u.Q cm for the 

resisti vi ty change and c°' = 0. 5 % for the concentration o:f 

Frenkel defects, using fF = 7,5 x 10-
4

12cm per unit concentration 

/13,14/- These values are considerably larger than the 

L)900 ::::i 2.49 ;uf2cm :from neutron irradiation /15/, which was 

obtained a:fter a damage o:f LlS' = 0. 55 .P f2 cm, The di:f:ference shows 

the great in:fluence o:f the energy o:f the primary knock-ons on 

radiation annealing. 

The corresponding values o:f our electron irradiation o:f copper 

(Fig, 2) are Ll?('O = 0.76,,uflcm and c00 = 0.3 'fo, using '?F = 

2.5 x 10-4 flcm per unit concentration. A somewhat di:fferent value 

o:ft:i900 = 0.9)-lRcm has been given by Dworschak et al. /1/ a:fter 

electron irradiation to e,q = 0, 28 pJ2 cm. The corresponding 

neutron irradia tion value is .:19,., = 0. 34 pf2 cm /2/ a:fter Llf> 

= 0.17 p.12. cm. 

Because o:f the nonlinear decrease o:f the damage rate in 

aluminum (Fig. 3) a reasonable extrapolation was not possible. 

A:fter neutron irradia tion to .i:\f = 0. 52 /.1J2 cm a value o:f .6~00 
= 0. 86 p.fl cm has been observed /2/. 

3,2 Doping Experiments 

Di:f:ferent samples o:f aluminum, copper and platinum were irradiated 

to di:f:ferent dose levels. A coarse isochronal annealing program· 

:followed each irradiation, At a limited number o:f temperatures 

(approximately 12,21,29,32,60 and 90 °K in the case o:f aluminum 

and copper, and 13,17,22,30 and 70 °K :for platinum), which were 

chosen to be situated between annealing peaks already known :for 

the materials used, the normal annealing program was interrupted. 

A short test irradiation at liquid helium temperature was em

ployed with the same electron beam parameters as in the preceding 

longtime irradiation, and then the annealing program continued, 
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Figures 1 to 3 
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Damage rate versus observed resistivity increment in samples 
which received different electron doses followed by partial 
thermal annealing treatments at the temperature levels indicated. 

253 



The radiation annealing observed during such test irradiations 

is influenced only by those types of defects that have survived 

the annealing treatment. Care was taken not to increase the 

resistivity remaining after the preceding annealing procedure 

by more than 2 % during any test irradiation. 

The results obtained for aluminum, copper and platinum are 

plotted in Figures 4,5 and 6. It should be noted, that for 

all samples tested and in the whole range of concentrations 

covered, the damage rate is increased after any partial 

annealing treatment. The fastest increase is caused by the 

annihilation of those defects which possess the lowest activation 

energies for thermal recombination. Apparently the close Frenkel 

pairs contribute more strongly to the radiation annealing process 

than the defects recovering at higher temperatures. 

J.J Isochronal Annealing Experiments 

The partial annealing procedure prior to a test irradiation 

described in the preceding section formed but a small part in 

a complete isochronal annealing program. Each sample was sub

mi tted to such a program, the details of which were given in 

Chap. 2. The results for copper and aluminum are plotted in 

Figures 7 and 8. 
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Fig. 7,8 Fractional resistivity recovery within certain 
annealing temperature intervals as a function of total 
resistivity increase resulting from 2,8 MeV electron irradiation 
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In these figures the amount of fraational reaovery found 

within seleated temperature intervals is given as a funation 

of dose as measured by the total initial resistivity inarement 

aaused by a 2.8 MeV eleatron irradiation. 

In the aase of aopper the first two annealing intervals 

aorrespond to an annihilation of types of Frenkel defeats 

belonging to the annealing stages IA and IB , whereas in the 

aase of aluminum we attribute to these intervals defeat types 

annealing approximately in stages IB and IC aaaording to the 

notation of Chaplin and Simpson /16/, 

The observed dose dependenae of the fraational annealing in the 

temperature range between 4,5 and approx. JO °K, where alose 

pair aollapse predominates, indiaates that the build-up of a 

given type of Frenkel pair during irradiation is to be aonsidered 

as the net result of transformation proaesses as well as of 

produation and reaombination proaesses. In partiaular the 

inarease of the lower substages in aopper with total defeat 

ao.naentration gives evidenae that Frenkel defeats are transformed 

during irradiation from different aonfigurations into those types 

whiah anneal in the substages mentioned above. 

To find further evidenae for this meahanism we have looked for 

the annealing behavior of the defeats in aluminum, aopper and 

platinum that were introduaed during test irradiations as 

desaribed in seatio.n J.2 Quantitative results will be reported 

at a later time, However, at the present we aan say that for 

those types of alose pairs whiah were removed prior to a 

give.n test irradiation ( and thereby built up anew) the ab

solute amount of reaovery was aonsiderably larger than in a 

virgin sample aontaining no doping defeats, but otherwise 

having reaeived the same treatment. Sinae we do not assume that 

the probability for direat produation of these alose pairs is 

inareased during the displaaement proaesses of the test 

irradiation, we have to asaribe the observed inarease of the 

favored types of defeats to the transformation of defeats that 

were introduaed earlier and survived the annealing treatment 

prior to the test irradiation in a more stable aonfiguration. 
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J.4 Interpretation of the Results 

J.4.1 Copper 

It is possible to describe the dependence of the damage rate 

on the concentration of defects and the results of the radiation 

annealing and doping experiments quite satisfactorily with the 

assumptiom that led to equation (J), Using this equation and 

denoting by c 1 the concentration of those defects which anneal 

out in the temperature interval from 4.5 - 12 °K, the production 

rate observed in the first test irradiation ( see Fig. 5) is 

d ~-c1 ) = P {t-2 vcJc-c1) • (C-c1 )} - [ !{
0 

ck 
)0 k k>1 , ( 5) 

Subtraction of equation (5) from ~quation (2) gives the 

difference in the damage rates between test irradiation and the 

end of the initial irradiation to be 

de 
d'fJ 

d(c-c„> 
d'P 

(6) 

As a first approximation the dependence of the effective re

combination volume v on the total defect concentration is a 
neglected and v ( c) replaced by v ( o) = v o • The amount of a a a 
type 1 defects which recombine by sub-threshold events is then 

de p 
- d.p 2 VCl

0
c1 (7) 

Multiplying equation (7) by qF , the first two terms on the 

right hand side give the resistivity changes per unit dose which 

were determined experimentally. The recombination volume v 0 
a 

contained in the small correction 2 Pva0t;~1 can be estimated 

roughly from the test irradiation data after annealing at 

temperature levels above stage I. 

Using equation (7) we have obtained values for P 1 ,o~~ which are 

plotted versus t:..p1 in Fig. 9. Similar derivations yield equations 

for P 2 LI ~2 and PJ LI f3 which are included in the same figure. 
'0 ,o 

The annealing temperature intervals given for the removal of 

defects, correspond to 1- below. stage IA , 2- within IA and 

J- within IB • 
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Cu Fig. 9 

delecls annealing out 
in temperature inlervaf/ 

Resistivity recovery by sub
threshold events per un~t dose 
(2,8 MeV) as a function of type of 
defect and fractional resistivity 
contribution present th$reof, 1 4,5-12°K 

Within the accuracy of our experimental data, the relations 

shown in Fig. 9 are linear,indicating that the cross sections 

Pk for radiation induced recombination by sub-threshold events 
,o 

are constants and do not depend on any of the A~ • This result 

holds for a variation of the total Frenkel defect concentration 

from 6 x 10-5 to 2.5 x 10-J. 

The three cross sections were determined to be approximately 

p 1 = 110000 
'0 

barn, P 2 '0 

the Pk s 

= 9500 barn and PJ = 5500 barn. Both ,o 
are constants and that their magnitude the fact that 

,o 
varies strongly with the annealing temperature intervals seem 

to justify our derivation. 

As a check on the consistency of our results we used the data 

obtained from the test irradiatio:nstogether with the recovery 

data and corrected the damage rate ~dd.VJ/.. found during the ~ormal 
r exp. 

build-up (Fig. 2) for sub-threshold recovery events. Doing so we 

obtain a virtual 

df( / 
dy; f exp. 

damage rate given by 

+ fF { f!t, 0 c/c) + Pi.,o C1Jc) + ~.o C3 (c) +-. „] 
which should be in agreement with the predictions of Dettmann 

et al. /J/ as it contains only spontaneous recombination events. 

To show the agreement a plot is chosen where, instead 

is given as a function of p ~ 
A9 as a function of ti9 , 

easily verified /17/ that 

df? 
of Cl'jö 

. It is 

(9) 
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are identical. In this plot one expects a straight line, if 

the data corrected for sub-threshold events are consistent with 

the theoretical predictions derived for spontaneous recombination. 

Cu 

1,9 

1,3 

200 400 

de/ect build-up 
experimental dat a 

Solid /lne represenls dp/d'f =pFP{t-2 V0 'c. !Va 'c) 2} 

600 800 1000 1200 
<p [10 17 e-/cm2} 

Fig. 10 Defect build-up in Cu before and after correction f~r 
radiation induced recovery caused by sub-threshold energy trans
fers. Solid line represents theoretical predictions /J/. Data 
are plotted according to equation (9). 

The lower curve in Fig. 10 is the result of such a correction, 

Higher contributions than P J, 
0 

.6.~3 were neglected, The devia tions 

from the predicted straight line behavior indicated by the solid 

line are immaterial. 

The uncorrected experimental data are also included in Fig. 10 

to demonstrate that the decrease of the damage rate during the 

defect build-up could not be explained by spontaneous re

combina tion only. 

We derive from Fig. 10 a volume for spontaneous recombination 

of v 0 = 125 atomic volumes. a 

J.4.2 Aluminum 

The cross sections for recombination of existing Frenkel defects 

due to sub-threshold recoil events are determined according to 

the procedure outlined in section J.4.1. Now P
1 

, P
2 

, and P 
,o ,o J,o 

have to be attributed to Frenkel pairs annealing 1- below stage 

IB, 2- wi thin IB and J- wi thin IC • Pk, 
0 

Afj'k values are plotted 

258 



in Fig, 11 as a function of 6~k, the resistivity contribution 

of type k defects to the total resistivity increment 

2,0 
Al 

T/ 2 12-21°K 

defects annealing out 
in femperafure inferval 

4}5-12'K 

#/t ,/ 3 

/! / + 

21-29°K 

0,8 

/ / ' / l 
; / 
V 

/ 
/i; 

/ ' 
/ ' r/ V , 

0,6 A / l 

/ 
T / 

q4 1;>// 

/ //i 
0,2 ,/ 

.5 1.0 1.5 20 2.5 l!.p1 (nll.cm) 

Fig. 11 

Resistivity recovery by sub
threshold events per unit dose 
(2.8 MeV) as a function of type of 
defect and fractional resistivity 
contribution present thereor. 

We find that the probability for recombination decreases with 

increasing thermal stability of the Frenkel pairs in agreement 

with the results found in copper. Contrary to copper, however, 

the cross section P2 depends somewhat on the total concentration 
'0 

of defects as is indicated by the curvature of curve 2 in Fig. 11. 

The cross sections are determined to be approx. P = 520000 barn, 
1'0 

P 2 = 70000 barn and PJ = 22000 barn . 
• 0 '0 

Furhter experiments with a better resolution are needed to clarify, 

whether this dependence can be explained by physical interaction 

between different types of defects or not. 

Using the same method as in the preceding section, we corrected 

the damage rate of Fig, J for sub-threshold recoil events by means 

of the data of Fig. 7 and Fig. 11. 
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Fig. 12 Defect build-up in Al before and after correction for 
radiation induced recovery caused by sub-threshold energy 
transfers. Data are plotted according to equation (9). 

The resulting curve in Fig. 12 is not a straight line. Any 

further corrections would have to account for the influence of 
0 defects that anneal out in the temperature range above 29 K 

(stage ID). We can conclude that such a correction would not be 

negligible by comparing the data given in Fig. 4 and 7 for alu

minum with that in Fig. 5 and 8 for copper . The radiation 

induced annihilation of defects for the 29-32 °K annealing 

range is much stronger in aluminum than in copper, giving rise 

to a correspondingly larger value for P 4 tl<flf 
,o 

Unfortunately 

an exact value for the influence of this type of defect can 

not be obtained by means of the test irradiations reported here, 

since thermal clustering of interstitials seems to take place 

during the annealing in the temperature range of 29 - 32 °K 

(stage ID)' thus obscuring the influence of this defect type in 

its original state. Irradiation doping experiments with smaller 

electron energies should help to solve this problem since this 

leads to a more favourable relative occupation of the different 

substages of stage I /16/. 

The results from radiation doping of platinum are discuss~d in 

Chap. 4 together with the results obtained from sub-threshold 

irradiations. 
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4. Sub-threshold Irradiation and Radiation Doping of Platinum 

The fraction of recovery induced by sub-threshold events on 

radiation annealing has been determined in platinum by two 

independent types of experiments: Sub-threshold electron 

irradiations and radiation doping experiments. 

4.1 Sub-threshold Irradiations 

In platinum, the energy of 1.4 MeV electrons is too small to 

cause displacements in an undisturbed lattice, i.e., 1.4 MeV 

electron irradiations are sub-threshold irradiations. 

The experimental procedure was the following: Annealed samples 

were irradiated above threshold with 3 MeV electrons. At various 

damage levels4f , the irradiation was interrupted for short 

1.4 MeV irradiations. Thereupon the 3 MeV irradiation was con

tinued. 

The result of these sub-threshold irradiations is a decrease in 

the radiation induced change in resistivity. This is plotted in 

the lower part of Fig. 13 as a negative production rate,-t.,(f/,:,lcp, 

versus the resistivity increase,~f, due to the 3 MeV irradiation. 

10 
Fig. 13. Production rate 
for 3 MeV electron ir-

9 

8 

7 

radia tion (top) and the 
recovery rate due to 1.4 MeV 
electron irradiation (bottom) 
of platinum as a function of 
the rad ia t i on d amage , Li '? 
due to 3 MeV irradiation. 
Half the 3 MeV radiation 
annealing is due to re
covery by sub-threshold 
collisions. 
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By normalizing this recovery rate with respect to the total 

damage Ll_?JMeV present during the sub-threshold irradiation, 

a cross section 

~ ::: - i:.L-1 
r d cp 1. + M e V .Ö ~ o: /"1 e V 

'(-----

is defined for the total recovery by sub-threshold events. 

(10) 

As will be shown below, ~ slightly depends on .df> and on the 

electron energy E. The value for .dfJMev= 2f.fJ.cm is 

er (E = 1.4 MeV) ;::::::::, 16000 barns. 
r 

As shown in Chap. J, mainly close Frenkel pairs are recombined 

by sub-threshold energy transfers. To check this conclusion in

dependently, radiation doped samples have been annealed stepwise 

to successively higher temperatures and after each annealing 

step have been irradiated with 1.4 MeV electrons. The resulting 

6 (T) is plotted versus the temperature of annealing immediately r 
prior to a given sub-threshold irradiation in Fig. 14. 
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Fig. 14 Cross section for recovery by sub-threshold events in 
platinum previously irradiated with J MeV electrons 
and annealed at the given temperature. 

The solid curve gives the mean temperature dependence of ()r (T) 

At low temperatures the curve has been drawn as a constant, taking 

into account that in platinum almost no recovery takes place up 

to 9 °K /18/. The figure shows that sub-threshold events mainly 
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cause annihilation of close Frenkel pairs. However, a small 

part of the recovery by sub-threshold events remains at the 

end of stage I ( about 22 °K for our damage levels) and even 

beyond. This small effect may perhaps be interpreted by the 

release of interstitials trapped in the neighborhood of 

vacancies or to radiation induced diffusion of insterstitials 

at 4.5 °K. 

A more detailed interpretation has to allow for the different 

configurations of close Frenkel pairs. According to eq.(2), 

H c-l ? 1 == ·- f: L p c ::::: - ~ p; . c~ {:: ! j 
ul 'f 1+ MeV F k. k 1 o k.. ·'T ' < '.:; C f 3 MeV I 

( 1 1 ) 

where J.(JMeV is the total resistivi'ty increase due to the 

J MeV irradiation and 
~ T> :..-;, .·cl 
/ I; -c . ( 1 2) T k,o c 

Isochronal recovery measurements not presented in this paper 

show that the fractions ck/c of close Frenkel pairs decrease 

with the increasing total concentration, c, of the Frenkel 

pairs. Using this and eq. (11), the recovery rate due to sub

threshold events should increase less than linearly wi thLlf. 

This is confirmed experimentally (Fig. 13, below). 

To check the independence of the Pk , we have plotted 

·-d~/.icp/ 1 . 4MeV versus the concentrat~on c 17 of those Frenkel 

pairs which anneal thermally below 17 °K. The results in Fig. 15 

show that the measured -dr/;,,{~ 1 . 4MeV is a linear function of c 17 . 
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1 -[!- · ßg ( 10-7 Q cm) 

Fig, 15 Recovery rate by 1.4MeV 
electron irradiation of 
platinum versus the 
resistivity of those 
close Frenkel pairs 
which are recombined by 
a 17 °K annealing. 

From recovery measurements it is known that most close Frenkel 

pairs recombine below 17 °K. 

Hence c 17 in Fig. 15 must cover most of the close Frenkel pairs 

contributing to recombinations by sub-threshold events. Thus, 
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the conclusion that recovery by sub-threshold processes is 

proportional to the close pair concentration c c.p. 

r{._::> 1 = p c · p = constant, (lJ) - d'fl 1. 4 MeV c. p • ' 0 c. p. ' c • p' 0 

is subject to only a small error since the fraction of close 

pairs not covered by c 17 is small and o;., is changing slowly 

above this temperature as can be seen in Fig. 14. This result 

is the same as that found in copper by a different experimental 

method. 

In order to use the sub-threshold irradiations to correct the 

radiation annealing observed at J MeV for the contribution of 

the sub-threshold events, 

be k.nown. 

the energy dependence of <:'? has to 
r 

A rigorous theory of ff would have to start from the probabilities 
r 

g,. (T) that by a sub-threshold energy transfer between Tand 
1J 

T + dT averaged over all directions on the atom i, the nearby 

interstitial at position j is recombined with a vacancy at 

position zero. By averaging the product of g . . (T) times the 
1J 

differential cross sections K. 
1 

(E,T) for a single energy trans-

fer, a mean value g (E) can be defined: 

'5 (E) = g (E) ~ (E) 
r s 

is the cross section for a single sub-threshold energy 
s 

transfer and has been calculated in the case of copper by Dworschak 

et al. / 19/, using da ta by Mott /20/. It was found tha t cr-s 
slightly decreases with E increasing from 1 to J MeV. 

As a first guess we assume that F (E) only weakly depends on E 

and that in platinum 'S' depends on E in the same way as in 
s 

copper. Then we expect 

ör (E = J Mev)_:; (E = 1.4 MeV) in platinum. 

Using this assumption, the 1.4 MeV recovery rate has been sub

tracted from the J MeV damage rate in the upper part of Fig. 1J. 

The figure shows that about 50'% of the decrease of the damage 

rate is due to recombination by radiation induced sub-threshold 

events. 

The remaining part of radiation annealing is caused by 

spontaneous recombinations and is described by eq. (8). 
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A plot of .P .J? versus 'f , correspond ing to eq. ( 9) is gi ven 

in Fig. 16. 
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Fig. 16 The upper curve is due to spontaneous recombinations 
and recovery by sub-threshold events, the lower one is 
due only to spontaneous recombinations. The slope of 
the lower curve equals v 0 

/ .fF' the initial value of 
f/Llf equals 1/P.f}. /a 

-4f'I From this figure and from )F = 7. 5 x 10 .;,..i. cm per uni t con-

centration /13/, the value for the spontaneous recombination 

volume v
0 

in platinum is found to be a 
v 0 = 48 atomic volumes. a 

4.2 Interpretation of the Radiation Doping Experiments in 

Platinum 

A second method to determine the contribution of recovery by ~ub

threshold events on radiation annealing is the radiation doping 

experiment described in Chap. J. 
The results for platinum are shown in Fig. 6. The damage rates 

are increased by partial thermal recovery of the radiation 

produced defects. With increasing annealing temperatures, the 

damage rate values of each sample tend to fall on a line which 

is common to all samples independent of the damage introduced by 

previous irradiation. This envelope is constructed in Fig. 17 

from the data in Fig, 6. Within the accuracy of our measurements, 
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the envelope is a straight line. 

11 

4 

0 2 6 8 10 12 16 18 20 

Fig. 17 Radiation doping experiments in platinum. Dn the 
envelope, radiation annealing is only due to spontaneous 
recombinations. On the lower dashed lines, small numbers 
of ·sub-threshold events are included. The lowest solid 
curve is due to the full amount of spontaneous re
combinations and recovery by sub-threshold events. 

The envelope contains only damage rate values for samples which 

have previously been annealed at such a high temperature that 

the '5" (T) value in Fig. 14 is negligible, This means that all 
r 

defects which are able to recombine by sub-threshold events are 

already annihila ted. The theo,retical expression ( 8) for the 

radiation annealing by spontaneous recombination processes des

cribes the observed envelope very satisfactorily yielding a 

spontaneous recombination volume of v 0 = 53 atomic volumes a 
a cross section for recovery by sub-threshold events of 

J MeV) = 14100 barns 

and 

Within the experimental errors these values are in good agreement 

with the values we have deduced from sub-threshold irradiations. 

Allowing for a small decrease of 6" wi th energy E would further 
r 

improve the agreement. 

Because of interstitial migration and clustering at the end of 

stage I, it still may be questioned if the envelope in ~ig. 17 

yields a good value of the recombination volume v 0 of free 
a 

interstitials. 
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To check this, all damage rates after 22 °K annealing have been 

approximately connected in Fig. 17 by a straight line and all 

damage rates after 17 °K likewise. The resulting cross sections 

6r22 and 6r 
17 

for annihila tion by sub-threshold events of all 

defects which are present above and below stage ID - IE 

(approximately 22 °K and 17 °K annealing temperatures, respectively) 

have been compared with the corresponding data from 1.4 MeV 

irradiations (Fig, 14). The results are 

J MeV irradiation : er 
r22 = o. 106' r 

cr r17 = 0. 206° r 

1.4 MeV irradiation 6"r22 = o.osc> r 
<5 o. 17 ('.')"'" r17 = r 

These data are in a very good agreement and indicate that the 

influence of interstitial clustering during the end of stage I 
annealing on our determination of v~ is negligible. 

5, Defect Production in Quenched Platinum 

5, 1 High Damage Concentrations 

According to the annealing model of Burger et al. /2/, an excess 

of vacancies injected prior to irradiation provides a constant 

number of additional recombination volumes and reduces the defect 

production rate by a constant amount for all values of <l~ (which 

are not too close to saturation). The larger the quenched-in re

sistivity,fQ , the larger the constant reduction of the damage 

rate should be, 

This is one of the effects we have found by doping with vacancies 

(Fig, 18) and it is the dominant one for i.\f~lo- 7....0.cm and 
> -4 

C ...,_, 1.5 X 10 • 
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Fig. 18 Damage rate of vacancy doped platinum samples compared 
wi th an unquenched sample. _fQ is the ~uenched-in resisti
vi ty. Initially, the damage rate is increased by the 
vacancy doping, At sufficiently high damage levels1 the 
damage rare is the same in a quenched sample after a 
damag,

2
4f 1) fV1 in an unquenched sample after a damage 

of<lfl) :::L.if +(f'F/4-fv)f'G?' 
This is schematically shown on the inserted figure. 

As a first approximation, the probability for •pontaneous re

combination of a newly produced Frenkel defect is given by the 

probability, v 0 c that the newly produced interstitial is a V 

annihilated by one of the vacancies present in the concentration 

c· plus the probabil i ty, v° C' tha t the recombina tion volume v' a 'I' 
of the newly produced vacancy contains one of the interstitials 

present in the lattice with concentration cI. 

Using cI + cV = 2 c + c~ with c~ being the concentration of 

quenched-in vacancies, the total decrease of the damage rate in 

quenched samples,according to eq. (J), is given by 
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As shown in Fig, 13, the contribution of recovery by sub

threshold events to the reduction of the damage rate is 

approximately the same as the contribution of the spontaneous 

recombinations. Using this, eq. (14) can be transformed into 
d p 0 Q - cnp- ~ p )F v a ( 4c + cV ) ( 15) 

Q 
With fQ = ~VcV' where ~V is the resistivity per unit concen-

tration of vacancies, eq. (15) yields 

- ~~:;::;'4 p V~ (4~+ 4f~V fQ) • (16) 

As illustrated in Fig. 18 (insert), eq. ( 16) predicts that the 

decrease of the damage rate will be the same in a quenched sample 

after a radiation damage, <lf(l), as it is in an unquenched sample 

after a damage of ,~ f' ( 2 ), when 

'10(2) = .6)1) + ) ) ( f F/ 4 ~ ) f Q' 

This theoretically predicted horizontal shift of the damage 

rate curves by quenching is to be compared with the results 

given in Fig. 18. 

( 17) 

The values of fv given in the literature /21 to 25,4/ differ 

appreciably. A good average value is ?v = 2.6 x 10- 4~cm per 

unit concentration. Using this value and ~F = 7,5 x 10-~_cm 
per unit concentration /13/, the ratio of the measured horizontal 

shift of the damage rate curve by quenching (Fig. 17) and the 

theoretical values of {fp/4fv} fQ lays between 0.8 and 1.5. 

Considering the accuracy of our dose ~easurement, this is a 

reasonable result. 

5,2 Low Damage Concentrations 

For low damage concentrations, the difference between the damage 

rates of quenched and unquenched samples (Fig. 17) is made up 

of two effects. 

The first is the reduction of the damage rate by pre-quenching 

as observed a t large df• 
The second is a damage rate enhancement which is strengest at 

the beginning of irradiation and fades away at higher damage 

concentrations, thus causing a faster radiation annealing than 

is found in annealed samples. 

This damage rate enhancement has been previously observed in 

269 





Matthiessen's rule as discussed below. 

During irradiation of a sample of residual resistivity f'o 

and quenched-in resistivity f~· the measured resistivity is 

( 18) 

Contrary to eq. (4) which is valid when one type of defects is 

dominant, the resistivity change df by irradiation is now com

posed of the resistivity 

( 19) 

of irradiation produced defects measured in samples without 

other defects and a termJdescribing the deviation from the 

additivity of resistivities: 

L'.lf =: ilfF +d, (20) 
The devia tion J is usually approxima ted by a Kohl er ex-

pression. Neglecting the contribution of fo for high puri ty 

samples, 
d' == ~ L'.l ff': • /t f ~ 

o( L\ f F + II) ) Ci. 

cf = «. L1 f ;= • 
Using this, the initial value of the rate of resistivity 

crease is given by 

(21) 

(22) 

in-

[#]
0 

= { I +oc) --~(~&i0 (23) 
The value of 'gi ves the relative enhancement of the initial 

resistivity change per unit dose by the deviation from 

Matthiessen's rule. 

By extrapolating the damage rate curves from highdf. values of 

[ o{L1.f1=/o(cp]
0 

have been obtained (Fig. 19). 

[d.r/drl-~

a [d ßJt/d'fl 

~ Af/d<fl 

Unquenched 

Fig. 19 Evaluation of 
the relative increment~ 
of the initial damage 
rate by pre-produced 
vacancies 
(schematically). o/ is 
the measured resisti-
vi ty, .Öfr= the re s l s t i vi ty 
of the radlation pro
duced Frenkel defects, 
The zero index Lndicates 
initial values. 
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From the difference of the extrapolations and the measured values 

of' [df/<.l'f]o the values ofo( have been calculated. 

Within the accuracy of our dose measurement, ~ linearly increases 

with fQ and has values in the range of 6 to 10 %. This result is 

in good agreement with the vacancy contribution to ~ which was 

found by Lengeler /26/ during neutron irradiation of cold-

worked copper, 

The relative increase of the damage rate ( which should be identic~ 

with our ~) found by Herschbach and Jackson /6,7/ is of the same 

magnitude, especially when taking into account that in their 

measurements /6/ the resistivity of one sample with respect to 

another one is uncertain to 10%. 

Swanson 1 s value /8/ of~is twice our value for the same fq• 
However, his Jf is a hundred times smaller than our smallest .Jf 
Considering our Fig, 18 by extension of the measurements to 

smaller Ll.~ our values of r<. migh t possibly be increased. 

6. Summary 

Low temperature irradiations have been performed on aluminum, 

copper and platinum, The defect build-up has been studied in 

annealed high purity samples and in samples doped by various 

irradiation and annealing treatments and by quenching. 

1 , Annealed samples show radiation annealing and irradiations 

have been made to high enough damage concentrations that 

saturation values can be estimated. Values of c_ = 0.5 % in 

platinum andc~ = O.J % in copper were obtained, In aluminum 

the decrease of the damage rate is strongly nonlinear and the 

saturation value cannot be reasonably estimated, 

2. The experimental data on radiation annealing can be described 

by a superposition of recovery by spontaneous recombinations 

and recovery by sub-threshold events. The spontaneous re

combinations can be described by the theoretical results of 

Dettmann et al. /J/. 
J, During sub-threshold irradiation of radiation doped platinum 

recovery of mainly close pairs takes place, 

4. From radiation doping as well as sub-threshold irradiations 

it has been observed that radiation annealing in platinum is 

due to approximately equal contributions from spontaneous re

combinations and recovery by sub-threshold events. 
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In platinum, the cross section for recovery by sub-threshold 

events is 6 (1.4 MeV)~16000 barns and CS ( 3 MeV)%14000 
r r 

barns, the spontaneous recombina tion volume v 0 .~ 50 a tomic 
a 

volumes, For copper, the corresponding values are 

6 ~3900 barns and v
0 = 125 atomic values. In aluminum r a 

(')'" i::::::. 7 1 00 barns , 
r 

5, Quenched-in vacancies in platinum reduce the damage rate for 

all .6f due to enhancement of spontaneous recombina tions, For 

small6yonly, this decrease in damage rate is masked by an 

apparent increase in the damage rate which can be explained 

by deviation from Matthiessen's rule. 
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THE STJl.GE III RECOVERY IN EIECTRON-IRRADIATED AUJMINUM* 

W. Bauer 

Jl.tomics International 

A Division of North American Rockwell Corporation 

Canoga Park, California 

ABSTRACT 

~ie have studied the irradiation-produced resistivity recovery of 

99,999gfo pure annealed and prequenched aluminum foils. The prequenched 

specimen exhibited two distinct recovery peaks, at 245 °K and 32o°K 

(Stage IV), whereas the unquenched specimen exhibited only one peak at 

255 °K (Stage III). The activation energy of the Stage III recovery, 

analyzed by the Meechan-Brinkman method, was found tobe 0.58 eV. The 

order of reaction kinetics was found to be a function of the recovery. 

The implications of these results on existing recovery models are dis-

cussed. 

*Based on work sponsored by the Metallurgy Branch, Division of Research, 

U.S. Atomic Energy Commission, under Contract No. AT(04-3)-701. 
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INTRODUCTION 

Although a relatively large body of experimental results and related 

analysis of the Stage III recovery of aluminum exists1-5, a number of problems 

remain to be solved. Some of these problems are matters of long standing, 

such as the identity of the migrating defect; others, such as differences in 

measured activation energies and dependence of activation energies on residual 

impurities, are of recent origin. In this paper we report the results and 

analysis of experiments designed to answer some of these questions. 

We list here the results of selected previous investigations particu

larly relevant to this work. Sosin and Rachal1, using the Meechan-Brinkman6 

method (MB), found the activation energy in Stage III after 80°K electron ir

radiation tobe 0.45 eV. They concluded that their results were consistent 

with interstitial migration in Stage III. At nearly the same time Federighi 

and coworkers2 investigated the Stage III recovery after neutron irradiation. 

They found an activation energy of 0.61 eV -- a value close to the single 

vacancy migration energy. Predictably, they concluded that the Stage III re

covery was due to the migration of vacancies. Garr and Sosin3 studied the 

Stage III recovery of pure and alloyed aluminum a~er electron irradiation. 

They made use of both the MB and the second order method for activation energy 

determinations. They found that the activation energy increased with decreas-

ing purity ranging from 0.46 to 0.63 eV. Since the nature of the recovery 

depends in a complicated way on residual impurity content, they reasoned that 

several recovery processes contribute to the stage. Specifically they sug

gested that interstitial migration, restricted by impurities, takes place in 

the lower temperature portion and vacancy migration in the higher temperature 

portion of Stage III. At this time it became apparent that more than just 

activation energy determinations was necessary to determine the nature of the 
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recovery processes. Accordingly, Budin and Lucasson4 investigated the re-

covery of electron irradiated specimens which were either annealed or quenched 

prior to irradiation. They found that the Stage III peak was approximately 

7o°K lower than the Stage IV peak, where the resistivity due to the prequench 

recovers. Also the Stage III peak of prequenched specimens was shifted to 

lower temperature and the Stage IV peak to higher temperature upon irradiation 

(for high temperature quench). They measured the Stage III activation energy 

to be 0.58 eV and found that the activation energy of the Stage IV peak could 

be raised by irradiation. They suggested that interstitial migration in Stage 

III could best account for their results. However, one of the problems that 

arise from this work was the need to reconcile the activation energy values 

with the work of Sosin and Rachal. This problem will be discussed later in 

this paper. Finally we turn to the results of Lwin et al.5, who also studied 

the Stage III recovery after electron irradiation. They investigated the 

activation energy using the slope change and Primak methods, finding a value 

of 0.62 eV. Using conventional methods they ascertained that the major portion 

of the recovery obeyed second order. Based mainly on the agreement in activa

tion energy with the single vacancy migration energy, deduced from quenching, 

they concluded that the Stage III recovery was due to vacancy migration. From 

their data they found the number of jumps of the migrating defect to be of the 

order of io3 -- a value some two orders of magnitude smaller than what one 

would expect from a simple model. Lwin et al. hypothesized that the small 

number of jumps is due to a large capture volume associated with the sinks 

(presumably interstitial clusters). They also found that the width of the 

Stage III peak is approximately 3o/o wider than predicted on the basis of simple 

second order. They attributed this widening to a natural spread in activation 

energy, 
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RESULTS AND DISCUSSION 

A. Irradiation-Prequench 

In this section we report on experiments designed to evaluate the effect 

of prequenching on the resistivity recovery after 1 MeV electron irradiation 

near lO°K. In these experiments one of a pair of specimens is quenched prior 

to the irradiation, then both specimens are irradiated and annealed together. 

The quenching procedure consists of heating the sample holder to 0°C, while 

the sample is resistively heated to an average temperature of 460°C, then the 

current is shut off, and the sample holder cooled to 4.2°K. While this pro-

cedure has the advantage of in situ quenching, irradiation and annealing, it 

suffers from the fact that quenching temperature is poorly defined due to the 

relatively short sample and resultant temperature gradient. The relevant ex-

perimental resistivity values are summarized in Table I. Here p is the re
o 

• d l • t • • t A 
4 ' 2 °K d A 

200 °K th • d • t • • d d • t • • t si ua resis ivi y, upR an upR e irra ia ion in uce resis ivi y 

increase near lO°K and after anneal at 200°K respectively, and b.p the quenched
q 

in resistivity increase. 

TABLE I 

SUMMARY OF EXPERIMENTAL RESUI1l1S 

Sample A Sample B 

ßpR 
4.2°K 

b.pR 
200°K 

l\pq b.pR 
4.2°K 

b.pR 
200°K 

b.p Po Po q 

Run x io-9 ohm-cm X 10-9 ohm-cm 

V 3.56 3.06 0.36 0.77 2.59 4.61 0.53 -

!VI 3,55 3.25 o.44 - 2.6 5.5 0.59 0.53 
1 

The slope of the isochronal recovery in the Stage III and IV region are 

shown in Figs. 1 and 2. We note that the unquenched specimen exhibits one 
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FIGURE 1 and 2. Slope of the isochronal recovery as a function of anneal-

ing temperature. Either Sample A (Fig. 1) or Sample B (Fig. 2) were pre-

quenched and both samples were irradiated simultaneously. 

peak near 255 °K (Stage III) and the prequenched specimen two peaks, at 245 °K 

and 320°.K (Stage IV). Several observations may be made: 

1. The Stage III recovery is enhanced and shifted about 10 °K to lower 

temperatures when an excess vacancy concentration exists in the 

lattice. 

2. The separation of the centers of Stage III and IV in the prequenched 

and irradiated sample is about 75°.K, but the stages definitely 

overlap. 
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3. These results are qualitatively in good agreement with the work of 

Budin and Lucasson4 who irradiated near lOO°K. This similarity is 

significant insofar that in the present work Stage I interstitials 

were not mobile during irradiation, whereas interstitials are 

highly mobile in the case of Budin and Lucasson. Thus, the role 

of interstitial clusters as potential sinks fcr vacancies is in-

hibited in their work as compared with this work -- yet the results 

are very similar. 

The results presented thus far can be explained quite simply by intersti-

tial migration in Stage III and vacancy migration in Stage IV. For the pur-

pose of this discussion the origin of the Stage III interstitial may be le~ 

lUlspecified, requiring only the presence of impurities during the migration 

of the Stage I interst:Ltial. Within this model cognizance has tobe taken 

that vacancies are mobile in the latter half of Stage III (item 2). This pro

vides a natural explanation of the large width noted by Lwin et al. 5. If the 

Stage III recovery is to be attributed solely to the migration of vacancies as 

suggested by Lwin et al., the difference in temperature between Stages III and 

rv must be due to the different nature of sinks. That is, a~er quenching the 

vacancies probably annihilate at grain boundaries or dislocations, whereas 

after electron irradiation perhaps irradiation produced clusters play a more 

important role. In light of i tem 3 above one would have to postulate that 

the interstitial clusters nucleate at impurities. 

B. Activation Energy 

We now turn to activation energy measurements. At this point it is per-

haps instructive to briefly consider the applicability of the various 
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activation energy measurement schemes to the Stage III recovery in aluminum 

in light of the above models. We shall discuss here only the MB, slope

change, Primak and second-order analysis. The first three methods, for a 

price, can in principle be used to detect non-unique activation energies in 

a recovery stage, as is tobe, perhaps, expected from one of the above models. 

The last method is of limited utility for a complicated recovery stage as 

shall be demonstrated later in this paper. The MB method demands that iso

chronal and isothermal recovery spectra be obtained from samples with the 

same defect configurations. Normally successive irradiation on the same 

sample whose recovery is complete are employed. A measure of how successful 

this approach is in Stage III in aluminum may be noted by the degree of re

produci bili ty of the activation energy in these experiments. The major limi

tation of the slope change method is experimental. This may be overcome by 

a large number of experiments. The Primak analysis requires independent 

knowledge of the frequency factor. 

Table II contains a summary of the activation energy determinations of 

this work using the MB and second order methods, and the temperature range 

over which the data could be fitted by a straight line. Figures 3 and 4 show 

the data analyzed by the MB method for the cases which resulted in the high

est and lawest values of the activation energy. The reader is referred to 

Ref, 6 for an explanation of the symbols. An example of the second order 

method is shown in Fig. 5, It is interesting to note from Table II that a 

much larger temperature range could be fitted with a straight line with this 

method. Unfortunately this is deceptive since it merely reflects the insensi

tivi ty of the activation energy to the order of kinetics, as will be discussed. 

It should be noted that Lwin et al. also noted the insensitivity of the Primak 

analysis to the order of kinetics. 
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TABIE II 

ACTIVATION ENERGY DETERMINATIONS 

Experiment Activation Method Run(s) Temperature 
Number Energy Range 

l 0.65 MB VI & VII 250 - 280 
2 0.67 MB VI & IX 235 - 275 
2 o.45 2nd Ord VI 220 - 275 
4 o.45 2nd Ord X - A 230 - 285 

5 o.495 2nd Ord X - B 230 - 270 

6 0.52 MB X & XI-A 235 - 270 

7 0.54 MB X & XI-B 235 - 265 
8 o.49 2nd Ord XII - A 240 - 300 

9 0.55 2nd Ord XII - B 240 - 300 

10 0.54 MB XII & XIII-A 240 - 285 

11 0.60 MB XII & XIII-B 240 - 285 

12 0.48 2nd Ord XIV 235 290 

13 o.46 2nd Ord XIV - B 235 - 290 

14 0.52 MB XIII - XIV-A 235 - 280 

Experiments 1 - 7 First Set of Samples 

Experiments 8 - 14 Second Set of Samples 

TABLE III 

ACTIVATION ENERGY DETERMINATIONS 

Figure Authors and 
Reference Text Reference Defect Source 

1 Lwin et al.5 Electron Irradiation 

2a Budin & Lucasson 4 Electron Irradiation 

2b Budin & Lucasson 4 Electron Irradiation 

2c Budin & Lucasson 4 Quench from 300 °C 

3a Garr & Sosin3 Electron Irradiation 

3b Garr & Sosin3 Electron Irradiation 

4 Sosin & Rachal 1 Electron Irradiation 

5 Federighi et al. 2 Neutron Irradiation 

6a DeSorbo & Turnbull7 Quench from 284°C 

6b DeSorbo & Turnbull7 Quench from 284 - 300°0 

7 Doyama & Koehler 8 Quench from 301°c 
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The results of Tables II and III are plotted in Fig. 6. In the left 

hand portion of the figure are the results of the present experiments and 

the average values of the activation energies as derived by the MB and second 

order methods. The MB values are to be preferred for reasons which will be 

discussed in the next section. The spread in the MB values is larger than 

can be accounted for by experimental error, but the average value of the 

activation energy is in good agreement with other authors. It is felt that 

the spread in activation energy values reflects the possible complexity of 

the Stage III recovery. This was further evidenced by indications of non-

unique energy determinations in sorne of the data. 
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REFERENCE 

FIGURE 6 

l FIGURE 6. Summary of 

activation energy determina

tions in this work and from 

other authors. See Table II 

for references. 

Also shown in Fig. 6 are the activation energy measurements in Stages 

III and rv of other authors. In general there seems tobe good agreement 

among the measurements after irradiation with the exception of Ref. 3b and 4. 

The discrepancy in the former case will be explained below in connection with 
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the second order process. The low value of Sosin and Rachal reflects the 

fact that the activation energy is sensitive to the state of the sample due 

to the complexity of the recovery process. In fact a close examination of 

their Fig. 7 reveals evidence for a non-unique energy. 

The average activation energy after irradiation (except Refs. 3b and 4) 

is 0.03 eV less than that of the quench measurements. In light of the uncer-

tainties involved, this difference is clearly not decisive in choosing be-

tween the above mentioned models. In connection with this it is important 

to point out that Budin and Lucasson4 found that the activation energy in 

Stage IV was increased slightly by irradiation. They attributed this to a 

"quench-purefication". That is, the admixture of single and divacancies 

a~er the quench was altered toward more single vacancies by the migrating 

interstitials -- providing further evidence for single vacancy migration in 

Stage IV. 

We now turn to a discussion of the second orde:- method. It can be shown 

from the kinetic equations that the activation energy can be derived from a 

plot such as shown in Fig. 5 only if p. refers to that portion of the unre
i 

covered resistivity which is uniquely characterized by that activation energy. 

Within the model that supposes that vacancies become mobile only near the end 

of Stage III, the asymptote of the stage or pre-irradiation value of the re-

sistivity is an inappropriate guide to p1 • In fact the appropriate value of 

the asymptote must be at some lower undefined temperature. This procedure 

has been carried out for Run VI with the result that the apparent activation 

energy increased from 0.45 to 0.54 eV when the asymptote was moved from the 

pre-irradiation value to 27o°K. The validity of the second order method also 

depends to what extent the Stage III recovery obeys second order. 
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c. Order of Kinetics 

The data have also been analyzed to determine the order of kinetics. 

For example the data of Fig. 6 serve as a test of second order. In the data 

shown in Fig. 7 we have analyzed one of the isothermal runs for the order of 

kinetics using the MB method6 • We have also used the !_ plot with essentially 
pi 

the same result -- second order. This is in agreement with other investiga-

tors. 

w 
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~ 
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RUNW 
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FIGURE 7 

FIGURE 7. The data of 

an isothermal run ana

lyzed f or annealing 

kinetics by the Meechan

Brinkman method. See 

Ref. 6 for an explanation 

of the method and symbols. 

Nihoul and Stals9 have pointed out that the above used methods for the 

determination of the order of kinetics are quite insensitive to changing 

order and only give some average value of the order. Accordingly we have 

analyzed the isochronal data of Run VI by the method of Fujita and Damask10 

based on the equation 

J,n [- :P exp (E/lcr) J = y tn Ap + J,n (K/µ.) • • • • ( 1) 

Here y is the order, ~p the remaining resistivity, K the frequency factor, 

and µ the heating rate. Our isochronal annealing schedule can be satisfactorily 
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approximated by a linear heat up rate as is required by Eq. (1). The result 

of applying Eq. (1) to the data of Run VI is shown in Fig. 8. The numbers 

above the arrows indicate the effective order, y, at that point of the re-

covery. Clearly the order is above two at the start of the recovery and tben 

decreases to below two as the recovery proceeds. Nihoul and Stals point out 

that reaction orders larger than two can not be explained within the framework 

of chemical bimolecular reactions. They show that diffusion limited bimolecu

lar reactions11 can give rise to orders larger than two. In fact one of their 

theoretical examples (their Fig. 7) exhibits an order dependence as a function 

of recove~y qualitatively similar to the results shown in Fig. 8. Their 

theoretical example was for initial concentrations of reactants which differ 

by la/o and for a relative volume occupied by the capture spheres of 0,1 (see 

the Waite11 theory). 
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FIGURE 8 

FIGURE 8. The isochronal 

data of Run VI analyzed 

for kinetics by the use 

of Eq. ( 1). (See Ref. 9 

and 10). 

It seems clear once again (See Stage I in copper12) that a diffusion 

limited bimolecular reaction will serve as an adequate description of a 
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recovery stage. Considerable work remains to be done, however, before the 

various parameters within the Waite11 theory can be evaluated with confidence. 

This type of analysis may serve as a useful tool in distinguishing between 

the different recovery models. 

SUMMARY 

In this paper we have presented new results and reviewed other data 

which bear on two recovery models for the near room temperature recovery in 

aluminum. The first model considered (Model i) allows interstitial migration, 

restricted by impurities, in the lower temperature portion of Stage III and 

the beginning of vacancy migration in the higher temperature portion of Stage 

III. The second model (Model v) attributes the Stage III recovery solely to 

the migration of single vacancies. 

The recovery results of the irradiated and prequenched samples presented 

here are in good qualitative agreement with Model i; whereas, considerably 

different sink configurations with interstitial clusters nucleating at im

purities have to be invoked for Model v. The activation energy measurements 

in Stages III and IV indicate similar results (necessary for Model v) but 

there is enough spread not to rule out a small difference. The order of 

kinetics are shown to be a function of recovery, the dependence being similar 

to what is expected from a diffusion limited bimolecular reaction. In the 

case considered the initial concentration of reactants differs by only lo/o -

further evidence for Model i. More detailed investigations of the reaction 

kinetics promise to be fruitful, especially in resolving the problem of the 

temperature difference of Stages III and IV. 
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Interaction of point defects with magnesium impurity atoms in 
neutron-irradiated aluminium 

C. DIMITROV-FROIS and O. DIMITROV 

Centre d'Etudes de Chimie Metallurgique 
15, Rue Georges Urbain, 94-VITRY. France 

Abstract 

The recovery of electrical resistivity of a series of aluminium
magnesium alloys (~ 0,3.lo-6 to 3200•10-6 atomic) has been studied 
after neutron irradiation at 78°K to doses of a few 1017 n/cm2. The 
presence of magnesium produces a considerable increase of stage II 
recovery, up to a constant value which is reached for concentrations 
higher than 1000.10-6. Stage III increases slowly without reaching 
a constant value, even for the highest concentration. A small stage 
III'appears just above stage III. The results are interpreted in 
terms of a model of interstitial-trapping by impurities 1 at 78°K, 
and detrapping in stage II. On the basis of this model, the following 
values can be deduced from our experiments : 

EB = 0,29 ~ 0,03 eV 
I~ 

P + Pv = 2,12 µncm/% 
IMg 

EB = 0,15 ~ 0,09 eV 
V~ 

I. Introduction 

Neutron irradiatir., at 78°K of an aluminium sample
1
containing 

a foreign element,prcJuces an increase of resistivity larger than 
in the pure metal (1,2). This extra-resistivity is eliminated, 
according to the nature of the foreign element, mainly in stage II 
(additions of Mg, Ag, ... ) or in stage III (additions of Cu, ... ). We 
have interpreted these results by assuming that interstitial defects, 
mobile at 78°K, are trapped by impurity atoms during the irradia
tion, and that the strength of the interaction, supposed to be 
elastic, depends on the ratio of the effective radius of the foreign 
element, to that of aluminium (2,3) (The effective radius is calcu
lated from the experimental variation of the lattice parameter of 
the solid solution, as a function of solute concentration). Fo~ .. Jn 
atoms whose effective radius is larger than that of aluminium (for 
instance magnesium)i or a little smaller1 introduce in the lattice 
compressive strains or small expansive strains and thus interact 
weakly with interstitials. The latter are trapped during irradia
tion, then released at annealing temperatures in the range of 
stage II. By contrast, foreign atoms whose effective radius is 
much smaller than that of aluminium introduce expansive strains in 
the lattice, and trap strongly interstitials, which are no rnore 
released at low ternperatures. 
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We have tried to obtain a more precise description by studying 
the influence of the concentration of one foreign element, n~-me1y 
magnesium, on the recovery behaviour of aluminium after neutron 
irradiation at 78°K. 

II. Experimental procedure 

2.1. e~mE!~§-~ng_!~~~g!~i!~n_22ng!i!2n§ 

Two series of dilute aluminium-magnesium alloys, and reference 
samples of high-purity aluminium, were irradiated at 78°K in the 
neutron flux of a nuclear reacto~, at slightly different doses. 
The atomic concentration of magnesium and the integrated doses are 
given in table I. 

Table I 

Irradiation Dose n/cm2 Magnesium atomic concentration 
(E > 1 MeV) xlo6 

M3 4.9xlo17 
.$ 0. 3 - 25 - 65 - 200 - 390 

83 3.6xlo17 
~ 0.3 - 390 - 1000 - 1100 - 3200 

The aluminium used for the preparation of the alloys and for 
the reference samples is a metal purif ied by double-electrolysis 
and zone-refining. Its total impurity content is smaller than 
5.10-6 and its magnesium content is smaller than 0.3.10-6. The 
techniques for preparing the alloys have been described previously 
(4). The concentrations of the alloys were determined by comple
xometry (5) or by atom!g absorption spectrometry, except fo~ the 
alloy containing 25.10 magnesium, whose concentration was deduced 
from its low temperature resistivity by reference to the curve of 
figure 1. 

The samples to be irradiated are polycristalline wires, 0.6 mm 
in diameter, wound on an isolating holder made of oxidized aluminium. 
Before irradiation, they are annealed at 490°C in a salt-bath, in 
an argon filled sealed tube. The duration of the annealing is 
5 minutes, except for the 3200.10-6 alloy which was annealed 
30 minutes. 

2.2. ~!~2iE!2~1-~~§!§i!Y!iY_fil~~§~E~ill~lli§ 

The introduction and elimination of defects in the samples 
was followed by measuring the variation of the resistance at 20.3°KJ 
R, relative to a standard

1
maintained at the same temperature, in 

liquid hydrogen. The measurements are made with a Diesselhorst 
type potentiometer, with a sensitivity of 0.01 µV. When the sample 
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60 

slope = 0,50 t 0,04 r .S2...c::m;at% 

Fig. 1. Influence of magnesiurn on the electrical resistivity of 
aluminium at 20.3°K 

is completely annealed, one determines the racio of resistivities 
at 20.3°K and 294°K ( p20.3/ p294)o and the resistance at 20.3°K, 
R0 . After an anneal of duration t at temperature T, the resistivity 
at 20.3°K, PT,t, is calculated by the relationship 

by 
at 

= RT,t (p20.3 i 
PT,t R • pi P 294 

0 294 ° 
inserting 
294°K (6)) 

= 2,664 

(p20.3/p~94)o ~ 

µncrn (ideal resistivity of aluminium 

(P:zo.3/ f>!z94)0 

1 - (f>20.3IP294)0 

III. Experimental results 

3.L. Intlu~ng~~Qt_ggng~nt~sti2n_2n~th~-E~9!~i!~g:!~~~~~~-!~~!~
~~Y!!Y_!!22!~~:!~ 

For a given dose, the resistivity incrernent ~p 1 measured after 
irradiation 1 first increas·es rapidly with the rnagnesiurn concentra
tion c, then increases more slowly, for concentEations larger than 
400.10-6 {fig. 2). 
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Fig. 2. Variation of the total resistivity created by irradiation 
as a function of magnesium concentration. 

The dashed portion of the curve was established by extrapola
ting the resulta for the dilute alloys, which were irradiated at a 
higher dose. The extrapolation was made by assuming that, for 
slightly different doses, the curves Ap = f (C) can be deduced from 
each other by an orthogonal affinity with respect to the axis of 
abscissae. The modulus of the affinity was taken equal to the ratio 
of the excess resistivity measured in the reference samp!7s of 
high purity aluminium, irradiated at the doses of 4.9.10 and 
3.6.1017 n/cm2, 

The recovery of the alloys and of the pure metal was studied 
by cumulative isochronal anneals of 30 minutes, at intervals of 
7.5°K. The following conclusions can be drawn from the recovery 
curves (fig. 3). 

3. 2 .1. ~t~g~ .f I 
This stage, very small in the pure metal, rises strongly for 

a concentration as low as 2s.10-6, It is subdivided in 3 sub-stages, 
which we have called IIbl, IIb2 and IIb3. By starting from low tem
peratures, one first observes sub-stage IIbl, which is hardly sepa
rated from sub-stage IIb2. The latter is represented in the dilute 
alloys by a sharp peakJwhose position (123°K) changes little with 
magnesium concentration. A slight shift ( 4 °K) to lower tempera
tures is observed for higher concentrations. Sub-stage IIb3 spreads 
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Fig. 3. Differential isochronal recovery curves (7.5°K - 30 win) 
a) pure aluminium and alloys of concentration 25.10- to 

200.10-6 (4.9.lo17 n/cm2) 
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from 130°K to 165°K and tends tobe absorbed 1 in the most concen
trated alloy, by stage III, which increases on its low-temperature 
side. Figure 4 shows that the resistivity which disappears in 
substages IIbl + IIb2 and substage IIb3 increases linearly with 
magnesium concentration, When this is smaller than 65.10-6, then 
tends to reach a constant value1above 1000.10-6 for sub-stages IIbl + 
IIb2)and above 200.10-6 for sub-stage IIb3. 

3.2.2. ~t~g~ !I! 
For small additions of magnesium, the resistivity eliminated 

in stage III seems to increase rapidly, then to remain nearly cons
tant in the range ot concentrations where stage II is increasing 
(25.10-6 - 400.10-6f. (fig. 48.). For larger concentrations, there 
is a regular increase of stage III, where._,,as stage II remains cons
tant, with a slowing-down for the highest concentration (fig. 4b) 

3.2.3. ~t~g~ !I!' 
Between 230°K and 300°K, the development of a new stage is 

observed~ This stage, which we have called III' increases progres
sively with magnesium concentration (fig. 4). 

This study was done with samples of a concentration of 
1000.10-6, irradiated to a dose of 5.5.1017 n/cm2. 

3.3.1. ~c!i~a!i~n_e~eEg~e~ 
We have evaluated the activation energy for the annealing of 

the defects, by the simultaneous use of the slope-change method, 
and by the comparison of an isochronal and an isothermal curve 
(method of Meechan and Brinkman). It was assumed that the concen-
tration C of a given defect varies as a function of time t, at E 
temperature T, according to a law of the form dc/dt = -F(C)K

0
exp(- KT)/ 

* At the present time, we cannot attribute with certainty this pla
teau on the curve to a concentration effect. The deviations of the 
experimental points, from a continuous increase, are largely 
greater than the differences observed between neighbour samples 
of the same concentration irradiated simultaneausly. However, 
the variations in the dose received by samples situated in dif
ferent positions in the irradiation container could give devia
tions of this order of magnitude, although somewhat smaller. 
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a) alloys irradiated to a dose of 4.9xlol7 n/cm2 
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wher~E is the activation energy of the thermally activated process. 

The experimental values of the activation energy determined by 
the two methods are given on the differential isochronal curve of 
fig. 5. 

l:::.'?.. ( n . .n..cm/K ) 
l:::.T 

M.B/Q32(E<!J,44eV 

04~!M.Bl 1,4 

1 

E. 59 

.,,-\ / . 
eVIM.Bl 

I Al • 0, 100 at'4Mg 

Q8 r1 
0,2)' 
0 0 

0,6 

100 

Irradiation dos.e 

E> 

E • Q55tQ07eV~ 0,45 mc 

0 043 l i 
'l.,:/fe-L 0,51 

0 

o~o o.44 \ 0.74 
'E , 0,43t0,03 eV 0.74 ! 

mc 'f-Y\ 
0,71 ' ·-"'-

150 200 250 

17 2 
5,5.10 n/cm 

Tll<l 
300 

Fig. 5. Activation energy values determined in an alloy with 
1000.10-6 magnesium - by the method of Meechan and 

Brinkman (M.B.) 
- by the slope-change method (the v~lues 

are given at the corresponding point of the curve and Emc 
is the mean value for a stage) • 

Stage IIb2 is characterized by a constant activation energy of 
0.40 ± 0.02 eV. A mean value of 0.43 ~ 0.03 eV corresponds to stage 
IIb3. Fig. 6 shows that an important fraction of stage III anneals 
out with a constant activation energy of 0.59 ± 0.02 eV. 

Within experimental error, the presence of magnesium atoms 
does not seem to change the value corresponding to the pure metal 
0.58 ± 0.03 eV (slope-change method) and 0.59 ± 0.02 eV (method of 
Meechan and Brinkman). Finally, a mean value of 0.74 ± 0.07 eV can 
be associated with stage III'. 
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Fig. 6. Determination of the actilation energy for stage III in an 
alloy containing 1000.10- magnesium (method of Meechan and 
Brinkman). 

3.3.2. Be~oyeEy_k~n~t~c~ 

We have tried the possibility of representing the kinetics of 
elimination of the defects during the different stages1 by a law 
analogous to that which governs a chemical reaction of order y. The 
curves show that no such law is obeyed for each of the sub-stages 
of stage II. For stage III, the results are similar to those obtained 
in pure aluminium, i.e. the recovery partially obeys second order 
kinetics (for the l~st 43 % of the stage). The amount of resistivity 
annealing out with second order kinetics is not substantially larger 
in the alloy than in the pure metal. It is thus difficult to explain 
by an amplitude dependence the shifting of this stage to lower 
temperatures1 whe~ the magnesium concentration is increased. It 
might be that the larger number of foreign atoms results in the ap
pearance of a new sub-stage,which becomes superimposed on the low
temperature side of stage III (fig. 3b). Finally, ,the last 60 % of 
stage III' can be represented by a law of order 1.3. 

3.3.3. ~u~~r_o! ju~p~ 

We have evaluated the number of jumps n corresponding to a 
50 % elimination of the defects during stages IIb2, III and III', 
by using the relation ~M EM 

n = z. v
0 

• exp k . exp - kT . t 112 
where t1;2 is the time required to recover one half of the extra
resistivi ty corresponding to a given stage~Mduring an isothermal 
anneal at temperature .T. The term Z.v 0 .ex?k (v 0 : frequency of the 
atomic vibrations of the lattice, Z : number of saddle-points around 
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the position of the defect1 and SM : migration entropy of the defect) 
has been taken equal to 10 4 s-1. The results are given in table II. 

Table II 

Stage II b 2 III b III' 

Activation 
0.40 + 0.02 0.59 ± 0.02 0.74 ± 0.07 energy {eV) 

Temperature of 113 123 187.5 245 anneal {oK) 

loglütl/2 ~) 4,78 3,32 4.68 2.44 

loglo n 0.97 ± 0.9 0.95 ± 0.8 2.85 ± 0.5 1.25 ± 1.4 

N.B. III b is the fraction of stage III which follows second order 
kinetics. 

IV. Discussion of results 

The variation, with magnesium concentration, of the total 
excess of resistivity)in samples irradiated at 78°1<; indicates 
(fig. 2) that, up to a concentration of 3200.lo-6, the number of 
defects obtained after irradiation keeps in6reasihg, that is, the 
effect of the foreign element is not "saturated''. The supplementary 
resistivity with respect ~o the pure metal may be assigned to a 
trapping by the foreign atoms of defects mobile at 78°K, or to the 
creation, in the presence of impurities, of a larger number of 
defects. It is not possible, at present, to reject one of theSe 
possibilities : it would be necessary to neutron-irradiate simulta
neously samQles of pure metal and of alloys at a suf f iciently large 
dose ('\/1017 n/cm2) and at a temperature sufficiently low to avoid 
free migration of defects (4°K). Such irradiations have been ~one 
by Swanson and Piercy (7), but to much smaller doses (N 2.101 n/cm2 ) 
and have given the same increase in resistivity for aluminium and 
for alloys containing magnesium. On the other hand, Snead and 
Shearin (8), by electron irradiation at 4.2°K, obtained a different 
increase in pure aluminium and in dilute alloys. 

We shall try and explain our results by a trapping mechanism, 
on the basis of the theoretical models which have been proposed for 
interpreting the recovery phenomena in irradiated aluminium, and 
we shall see how a mechanism of increased creation could be taken 
into account. 

4.1. !E~EE!Ug_Q~-g~~~2~2-IDQE!1~-~~-iEE~g!~~!QU~~~illE~E~~~E~-l2§~ßl 
4.1.1. ~t~g~ lI 

We have interpreted (3) the results obtained for stage II;with 
different alloys

1
by assuming that an interstitial-type defect, mo

bile at 78°K, is trapped by the foreign atoms. If stage III is 
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assigned to the migration of the normal interstitial (model I) , 
the defect trapped at 78°K would be a matastable interstitial ; on 
the other hand, if a vacancy-type defect is assumed to migrate in 
stage III (model 2) the trapped defect would be the normal 
interstitial. 

In the case of magnesium additions, the release of this defect 
takes place in stage II. The hypothesis of a detrapping is consis
tant with the small nurnber of jumpsJcorresponding to the recovery 
in stage II. The constant amplitude reached by stage II for con
centrations greater than 1000.10-6 implies, for both models, that 
the nurnber of trapped defects1 annihilating after being detrapped1 
is constant in this range. As a consequence of the importance of 
the resistivity annealing out in this stage, it must be further 
concluded, in model 1, that a large fraction of the interstitials 
created by neutron irradiation are metastable interstitials. 

The activation energy of the detrapping process iS considered 
to be equal to the sum of the migration energy of the free defect 
plus the binding energy defect-impurity atom. In our experiments, 
we may adopt1 as activation energy for detrapping)the activation 
energy of stage IIb2 (0.40 eV~ because this sub-stage represents a 
large fraction of stage II, and ics activation energy is constant 
and precisely determined. The free defect is assumed to migrate 
in the high-temperature part of stage I, w~th an activation energy 
of 0.11 eV (9). This leads to a value of E = 0.29 ± 0.03 eV for 
the binding energy interstitial-magnesium.1Mg 

In the range of very small magnesium concentrations, where the 
nurnber of interstitials is much larger than the nurnber of foreign 
atoms, it may be assumed that every magnesium atom contributes to 
the formation of an interstitial-impurity complex. In stage II, the 
dissociation of the complex leaves a free magnesium atom, and the 
interstitial annihilates with a vacancy. This results in a decrease 
in resistivity proportional to magnesium concentration, each foreign 
atom contributing a resistivity decrement. 

6 PII= P + Pv - PM 
IMg ) 

The initial slope of the curve(resistivity decrease 
a function of concentration)leadsto a value of 

by taking : 
6pII = 1.62 ~ 0.06 u.n.cm/at % 

it follows : 
PMg = 0.50 µ.n. cm/at % (fig. 1) 

p + PV 
lMg 

= 2.12 ± 0.10 µ.n.cm/% 

in stage II as 

Thus, one has to know the specific resistivity of a vacancy in 
order to determine that of the complex. The published valUes for 
PV range from 1.4 µ.n.cm/% to 3 u.n.cm/% (10,11,1,2). If the value 
is assumed to be PV > 2.12, then the computation h.as no sense. If 
Pv ~ 2.12, the published values allow the determination of an upper 
limit, by using the lowest value of PV : 

p ~ 0.72 µ.n.cm/at % 
lMg 
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4 .1. 2. §.t~g~ .!I.!. 
The main feature to be explained is the increase of stage III 

in a range where stage II is constant. Different interpretations 
rnay be proposed therefore : 

4.1.2.1. Existence of very strongly trapped interstitials, 
that would disappear in the ternperature range of stage III, and 
whose number would increase with rnagnesiurn concentration. This in
terpretation does not specify the nature of the trapped interstitial 
and would fit both rnodel 1 and rnodel 2. However it seerns more 
likely that the trend should be the reverse one, that is, the frac
tion of loosely bound interstitial should increase with magnesium 
concentration. 

4.1.2.2. In model 1, where normal interstitials are assumed 
to move in stage III, it may be considered that for increasing 
magnesium concentrations, an increasing fraction of metastable in
terstitials are converted into normal ones during irradiation or 
during migration after detrapping in stage III. From the constancy 
of the amplitude of stage II, one would then have to conclude that 
the increase in the number of trapped interstitials is just compen
sated by an equal increase in the number converted to stable 
interstitials. 

4.1.2.3. In model 2, where stage III is assurned to corres
pond to the disappearance of mobile vacancy-type defects recornbining 
with small immobile interstitial clusters, we may consider, with 
Federighi (13), that magnesium atoms enhance the nucleation of 
inters~itial clusters, during irradiation or during the dissociation 
of the interstitial-impurity complexes. The 11 saturation 11 of stage II 
then implies that the nurnber of detrapped interstitials which 
annihilate in stage II is constant, whereas an increasing fraction 
of the interstitials contributes to the formation of immobile 
clusters. 

In the last two hypotheses, the constancy of stage II results 
from the fact that two different physical processes cancel out 
exactly. Thus, both explanations seem rather artificial. 

4.1.3. E_t~g~ III' 

The recovery of our magnesium alloys has analogies with the 
aluminium-silicon alloys studied by Federighi (13), but there are 
marked differences for stage III' : in our case

1
this takes place 

at a lower temperature and with a lower activation energy than for 
silicon. This supplementary stage, whose importance increases with 
magnesium concentration can be attributed to a detrapping of defects 
trapped during their migration in stage III : these would be normal 
interstitials in model 1 or vacancy-type defects in model 2. 

The binding energy between these defects and magnesium atoms 
can then be rleduced from the activation energies of stage III' 
(detrapping) and stage III (fr~e migration). We obtain: 
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:t::B = 0.74 - 0.59 = 0.15 :!: 0.09 eV 
~Mg 

This value is in good aggreement with the vacancy-magnesium binding 
energy obtained by other methods (12,14). 

4 • 2 • !B2?:;:~~§~~L2;:~~:th2tt„2~~S!~~~2!::~L!!L:!:h!L~!!2Y~ 
A process of increased creation of defects in the presence of 

~oreign atoms can account for a part of the overall resistivity 
increase in the alloys. However, the same difficulty remains for 
explaining why, in the range of concentrations higher than 
1000.10-6, stage II keeps a constant value whereas stage III is 
still increasing. There is no apparent reason why the creation of 
defects annealing out in stage III should be favored at high 
concentrations. 

V. Conclusions 

5.1. The presence of magnesiurn atoms in aluminium samples 
irradiated at 78°K results in a rapid increase, then in a "satura
tion" of stage II recovery, in a slow increase of stage III, and 
in the progressjve formation of a stage III'. 

5.2. The model, based on the trapping of interstitials during 
irradiation at 78°K, which we had adopted after the study of various 
addition elements, is compatihle with the present results. If this 
model ~s adopted, the following values can be deduced from our 
experiments : 

EB = + 0.29 - 0.03 eV 
I Mg 

p 
l Mg 

+ Pv = 2.12 µ.n.cm/% 

p .:::: o. 7?.. µ • n • cm/% 
I Mg 

EB 0.15 + 0.09 eV = -
V Mg 

5.3. The present experiments do not bring new fundamental 
argunien.ts for the choice batween the recovery models based on the 
migration of, respectivelyi interstitials or vacancy-type defects 
in stage III. 

5.4. One of the important features of the results, namely the 
existence of a concentration range where stage II is constant and 
stage III is increasing, is not satisfactorily explained in either 
of the two models, and implies the consideration of supplementary 
hypotheses. 

302 



References 

1. C. FROIS and 0. DIMITROV. Comptes Rendus Acad. Sc. Paris 264 C 
(1967) p. 1923 

2. c. DIMITROV-FROIS and o. DIMITROV. Mem. Sc. Rev. Met.65(1968)j·~~5 

3. c. DIMITROV-FROIS and o. DIMITROV. Comptes Rendus Acad. Sei. 
Paris 266 C (1968) p. 304 

4. c. FROIS and o. DIMITROV. Annales de chimie Paris (1966) 1, p.113 

5. R. PRIBIL. Chem. Commun. Collection. Czechoslov. 11. (1954) p.466 

6. c. FROIS. Acta Met. 14 (1966) p. 1325 

7. M.L. SWANSON and G.R. PIERCY. Canad. Jt. Phys . .11 (1964) p.1605 

8. C.L. SNEADyand P.E. SHEARIN. Phys. Rev. 2:.i9. (1965) SA p.1781 

9.K. HERSCHBACH. Phys. Rev. 130 (1963) p.554 

10.R.M.J. COTTERILL. Phil. Mag. ~ (1963) p.1937 

11. R.O. SIMMONS and R.W. BALLUFI. Phys. Rev. 117 (1960) p.52-62 

12. J.I. TAKAMURA in "Lattice defects in quenched metals" (1965) 
p. 540. Ed. R.M. Cotterill et al. Academic Press. New York and 
London 

13. S.C..ERESARA, T. FEDERIGHI and F. PIERAGOSTINI. Phys. Stat. 
Sol. 11 (1965) p. 779 

14. F.C. DUCKWORTH and J. BURKE. Brit. J. Appl. Phys. 18 (1967) 
p. 1071 

303 



Elimination of point defects in neutron-irradiated aluminium, 

during deformation at 78°K 

0. DIMIT.ROV and C. DIMITROV-FROIS 

Centre d'Etudes de Chimie Metallurgique 
15, Rue Georges Urbain, 94-Vitry. France 

ABSTRACT 

Pure aluminium samples, neutron-irradiated at 78°K, have been 
deformed by compression at the same temperature. Deformation results 
in a decrease in low-temperature electrical resistivity, which 
corresponds to the elimination of a fraction of the radiation-in
duced defects which would recover in the range of stage III. This 
elimination is produced by the movement of dislocations through 
the metal. It is shown that the process involved is probably a 
destruction of interstitial clusters, freeing interstitial defects 
which disappear rapidly at the deformation temperature. 

I. INTRODUCTION 

In a series of studies of lattice defects in aluminium, we 
have tried to examine the interaction between point defects, created 
by an irradiation at 78°K, and dislocations introduced by a subse
quent deformation at the same temperature. We have also determined 
how the presence of dislocations modifies the recovery of irradiated 
aluminium. The study is made by electrical resistivity measurements 
at liquid hydrogen temperature (20.3°K). 

II. EXPERIMENTAL TECHNIQUES 

2.1. ~EE~9!~i!QD_2Qllg!i!QU2 
Two series of samples were irradiated at 78°K in pile-neutrons, 

to doses of 2.7 x 101 8 n/cm2 and 3 x 10 8 n/cm2 (E > 1 MeV). The 
samples are polycristalline wires of high-purity aluminium, the 
total impurity content of which is 3 parts per million. Before irra
diation they are annealed at 600°C in air for several hours. The 
values of electrical resistivity measured at 20.3°K before and after 
irradiation are given in table I for the series 84 (3.lol8 n/cm2). 

2.2. QQIDEf§22~QD-~EE~f~~~2 
Irradiated samples have been deformed by compression in liquid 

nitrogen by amounts ranging from 0.3 % to 37 %. The principle of the 
apparatus for low-temperature compression is given in fig. la. The 
wire is compressed between the plane surfacesof two cylindrical 
blocks of aluminium alloy, immersed in liquid nitrogen. The lower 
block has a flat-bottomed groove, 15 mm in width, in which the 
sample is placed. The groove is machined with precision and gives 
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Fig. 1. a. Principle of the compression apparatus 
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a final thickness of the sample,constant within 1/100 of a milli
meter. In order to reduce thermal leaks during compression, the 
cylindrical blocks are thermally insulated by plexiglas discs from 
the bottom of the liquid-nitrogen container and from the rest-plate 
of the hydraulic press. After deformation, the samples are fixed 
in liquid nitrogen on the holders used for measurements and anneals. 
We have directly checked that during compression the temperature of 
the samples is not raised by more than 1° above that of liquid 
nitrogen, and that the whole set of manipulation, except compression, 
does not produce a significant decrease in specimen resistivity. 

2.3. Q~f!~!~!2~_Qf_~h~-~~2~~~-Qf_2Q~EE~22!2n 
For square wires of side e 0 , the amount of deformation corres

ponding to a final thickness e would be 8 ~ Ln e 0 /e. However this 
formula cannot be used for our wires which have initially a cir
cular cross-section. We have established the relationship 

E = Ln eeo - ~ [ 1 - (§._) 2] (11 
eo 

by assuming that the cross-section of the compressed wire can be 
approximated by a rectangle plus two half-circles (fig. lb). 

2.4. g1~2tE!2~1-~~2!2t!Y!EY-~~~2~E~~~nt2 
The electrical resistivity at 20.3°K of the samples has been 

determined from the resistance values measured with a Diesselhorst
type potentiometer, with a sensitivity of o.ol µV. The intensity 
(1 A) of the sample-current is stabilized, and eventual changes in 
intensity are checked and corrected by measuring the potential 
drop across a standard, immersed with the sample in liquid hydrogen. 

Be~i~t~v~ty 2f_the_c2mEr~s~e~ ~a~ple~ 

The resistivity at 20.3°K of an irradiated and deformed sample, 
in a given state, pID' is determined by the relationship 

RID P20 3 ' 
p ID = - X ( i • ) 0 X p ~ 9 4 t2J 

RO P294 

where - RTD and R0 are the resistance values at 20.3°K of the irra
diated and deformed sample, in the considered state and 
af ter complete recovery 

- P~q 4 = 2.664 µncm is the ideal resistivity of pure alumi
niüm at 294°K (1) 

In the completely annealed sample, the measurement of the re
sistances at 20.3 and 294°K gives the ratio of the resistivities 
(by neglecting the termal expansion of the sample) , 
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(p20.3) = (-0-) 
P294 O R294 O 

and allows the determination of : 

'C 
(p20.3/P294)0 

l-(p20.3IP294)0 



Be~i~tivity Ef_t~e_iEr~dia!eg ~a~ple~ 

As a consequence of the shape-change during compression, it 
is not possible to use relation 2 in order to determine the re
sistivi ty of the irradiated sample before deformation. We have mea
sur.ed the resistance valuesat 20.3 and 77°K, which give : 

P20.3 

P77 
= 

R2o.3 

P;7 
From this ratio, we obtain the value p20 3 by reference to a curve, 
giving p20 3 as a function of p20 3;p1 ~, established with a series 
of irradiated samples, subsequentiy"annealed without deformation. 

III. EXPERIMENTAL RESULTS 

3.1. Y~f!~i!Qll_Qf_~±~2if!2~±-E~~!~t!Y!ty_!g_th~~!EE~~!~t~~ 

2~IDE1~2i_9y_~~fQffil~t!Qll_~t-Z~~~ 
A series of samples irradiated at 78°K to a dose of 3.lol8n/cm2 

have been given various amounts of deformation in liquid nitrogen. 
Table I gives the electrical resistivity measured before and after 
compression. 

Table I 

20.3(10-9 ncm) Po 
1.11 1.08 1.11 1.07 1.03 1.05 1.02 before 

irradiation 

20.3(10-9 ncm) PI 
188.58 186.30 188.98 192.82 191.25 194.38 187.76 af ter 

irradiation 

8 0 0.003 0.009 0.028 0.126 0.250 0.372 

20.3(10-9 ncm) Pro 
188.56 181. 22 180.38 181.13 183.47 191. 4 7 187.31 after 

deformation 

b. p (lo-9 ncm) - 0.02 - 5.08 - 8.60 -11. 69 - 7.78 - 2.91 - 0.45 

Figure 2 gives the relative variation of resistivity measured 
at 20.3°K, as a function of deformation E. The resistivity variation 
is defined by the ratio (~D- Pr)/p where ~ is the resistivity at 
20.3°K of the irradiated sample, a~d ~ the r~sistivity of the irra
diated and deformed sample, measured aßout 20 minutes after compres
sion. E is calculated by relationship 1 of section 2.3. 
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Fig. 2. Resistivity variation of the irradiated samples, by 
deformation at 78°K 

For small amounts of deformation (E < 0.03) a rapid decrease 
of e~ectrical resistivity is observed. This decrease is largest 
for s = .0.03 : it reaches about 6 % of the resistivity of the 
as-irradiated sample, pI. For larger amounts of deformation, the 
decrease in resistivity 5ecomes smaller and smaller, and the ini
tial value of resistivity is reached again for E about 0.4. 

3.2. B~SQY~EY_Q~-~EE~9~~i~g-~~g_g~~QEfil~g-2~illE!~2 

3.2.1. lS~c~r~n~l_r~c~v~ry ~UEV~s 

The study of the isochronal recovery and of the kinetics of 
elimination of defects has been done simultaneously with samples 
irradiated at 78°K (2.7 x 1018 n/cm2) and with samples compressed 
in liquid nitrogen after irradiation. 

The isochronal recovery curves obtained from the variations of 
electrical resistivity of samples annealed by steps of 60 minutes 
- 15° (fig. 3 a,b) show the effect of a deformation of E = 0.16, 
on the recovery of irradiated aluminium. Stages II and III, cor
responding to the recovery of radiation induced defects are found 
with little change. (For the relatively high dose used in our 
experiments, stage II is.very small and does not appear as a well 
individualized peak on the recovery curves). The amplitude of stage 
III is somewhat decreased in the irradiated and deformed sample. 

Apart from the two preceding stages, we find the stages obtained 

308 



4 

3 

a 
4 2 

/(\ 3 

2 

1 

~ _._._..__. 

b 
0 L_ •.....::J\,=.!:'"~-·-_/' ;· ·~ 

: ~---"i-_. _____ ._./ ~~.~·----._~·-·--
0,1 

0,08 

0.06 

0,04 

Q02 

0 

Fig. 3. 

100 200 300 400 
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a) Irradiated to a dose of 2.7 x 10 n/cm2 
b) Irradiated to the same dose and deformed (~ = o.16) 
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with a deformed unirradiated sample (fig. 3c). At temperatures 
higher than 250°K, a stage V appears, which is caused by the 
recrystallization of the metal or, when the amount of deformation 
is too small to allow recrystallization to take place, hg a 
rearrangement of dislocations. Finally, between deformation tem
perature and 110°K, we find ~he stage caused by the elimination of 
some of the deformation-induced point defects (1). 

Table II gives a comparison of the excess resistivity which 
is eliminated in the different recovery stages for an irradiated, 
an irradiated and deformed, and a deformed unirradiated sample. 

Table II 

Resistivity recovery (lo-9 n. cm) 

Irradiated Irradiated and Deformed 
deformed.8 0.14 - = 0.133 = E.: 

Stage II 6.22 9.26 2.45 

Stage III 154.84 129.29 4.89 

Stage V 0.78 14.07 6.75 

Total 161. 84 152.62 14.09 

From this table, it can be seen that, for comparable deforma
tion, the presence of radiation-induced defects results in the 
creation of a larger density of dislocations (increase in stage V). 

As for stage III, if we compare the excess resistivity elimi
nated in the irradiated and in the irradiated-deformed sample, we 
find that there is no increase, but a large decrease in the ampli
tude of this stage. Furthermore, measurements made on other 
irradiated and deformed samples show that for increasing amounts of 
deformation, there is a pregressive decrease in stage III recovery. 

Finally, it can be remarked that the amplitude of stage II in 
the irradiated and deformed sample is not smaller than the sum of 
those measured in the irradiated and the deformed samples. Thus the 
deformation has not resulted in the elimination at 78°K of defects 
which normally disappear in stage II. 

3.2.2. ß.eE.iE.t2y..!,ty _9:es:r~aE.e_c52r_Ee~p2n_9:i_!}g_t2 !h~ ~l_im..!,n~
tion of radiation-induced defects, durin3 deforma-
1~~ - - - - - - - - - - - - - - - - - ----

The resistivity decrease measured on the samples after defor
mation (Table I) is only a_lower limit for the decrease in resis
tivity corresponding to the elimination of radiatioh-induced defects. 
If we call, in algebrical values, 
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the variation in resistivity caused by the change in concen
tration of radiatioh-induced defects, during deformation 
the resistivity of the dislocations introduced by the 
deformation 
the resistivity of the point defects introduced by the 
deformation 
the total resistivity variation, which is measured experi
mentally 

we can write 

or 

/:;p = 

/:;p = 
I 

It is not possible to evaluate directly t,pI' because we do not 
know ßppo· On the other hand, ßp 0 can be derived from the recovery 
curves : it corresponds to the amplitude of stage V, which is the 
excess-resistivity remaining after the elimination of point defects. 
Thus, one can obtain a value which is nearer to t,pI than the mea
sured decrease ßp, by correcting the latter of the contribution 
of the dislocations, ßp 0 (table III). 

t;pC = t,p - t;pD 

Table III 

-
E: 0 0.003 0.009 0.028 0.126 0.250 0.372 

/:;p ( io-9.n..,cm) -0.02 -5.08 -8.60 -11. 69 -7.78 -2.91 -0.45 

ßpo ( io-911.cm) 0 2.52 4.75 6.68 12.69 21. 49 31. 54 

ßpc (lo-9.n.cm) -0.02 -7.60 -13.35 -18.37 -20.47 -24. 40 -31. 99 

Figure 4 shows the variation of t,pc as a function of the amount 
of deformation E. 

3.2.3. BeEo~eEy_k~n~t~c~ 
The lattice-defects introduced by deformation at 78°K do not 

modify appreciably the kinetics of recovery of the radiation-induced 
defects in stage III. It is found, as in undeformed irradiated 
samples, that the end of stage III recovery takes place with second 
order kinetics. However, the fraction of the recovery corresponding 
to such kinetics is a little smaller in the irradiated and deformed 
samples. It represents 49.5 % of the total amplitude of stage III, 
instead of 52 % in the undeformed samples (fig. 5). Furthermore, 
isothermal recovery curves obtained at 181.5°K show that the time 
t 1/2, corresponding to the elimination of the defects of stage III, 
is larger in the samples deformed after irradiation than in the 
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Fig. 4. Variation of the corrected resistivity decrease as a function 
of deformation amount. 

irradiated samples. This is in aggreement with the fact that, in the 
latter, the concentration of defects eliminated in stage III is 
larger and that the kinetics are partially of second order. 

The activation energies for stage III, determined by the method 
of Meechan and Brinkman are identical in both types of samples : 
0.61 ± 0.02 ev. 

IV. INTERPRETATION 

4.1. Q~g~f~±-2h~E~-Q~_th~-f~2!2t!YitY~~~~Qf~~t!2g~2~fY~ 
The increasing part of the curve representing the variation 

of resistivity as a function of the amount of deformation, for 
irradiated samples (fig. 2), is easily explained by the creation 
of dislocations and point defects during deformation : the increase 
in the number of lattice-defects created results in a resistivity 
increasing with the deformation. On the other hand, the decrease in 
resistivity observed for small deformations implies the disappea
rance of a certain fraction of the defects already present in the 
metal, tha t is '-radiation. induced de.fects. Thus, the global pheno
menon results from the superposition of the two effects. For small 
deformations, the elimination of irradiation defects is preponde
rating and for large deformations, the introduction of deformation
induced defects is the main effect. 
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We have considered two types of mechanisms for explaining the 
phenomenon found in the present experiments, namely the elimination 
of irradiation defects during deformation at 78°K. These are : 
mutual annihilation of point defects created by irradiation and 
point defects created by deformation, or elimination of irradiation
defects by the movement of dislocations in the lattice of the metal, 
during deformation. 

Low-temperature deformation of aluminium creates point defects, 
a fraction of which are eliminated between 50°K and l00°K (1). Such 
defects, being mobile at 78°K could annihilate some of the radia
tion induced defects. In order to check the validity of this 
hypothesis, we have evaluated the variations of resistivity invol
ved in the deformation, in the simpler case of small deformations. 
Table IV gives the initial slopes of a number of variations of re
sistivity, as a function of deformation. 

Table IV 

Irradiated and 

deformed Point defects 
samples Dislocations Point defects moving between 

50 and l00°K 

(~)c 
dE: 0 ( µncm) (dp) D 

dE: 0 ( µncm) (dp) PD 
de o ( µncm) (dp) m 

dE: 0 ( µncm) 

- 2.53 

(dp) c 
de o 
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0.84 o. 50 0.12 

represents a lower limit for the decrease in resistivity 
produced by the deformation of irradiated sample 
( f ig. 4) 
is the increase in resistivity due to the dislocations 
introduced by deforming an irradiated sample (fig. 4) 

is the resistivity of the point defects introduced by 
deformation. From experiments on deformed unirradiated 
samples, this represents 60 % of the resistivity of 
dislocations 
is the resistivity of the deformation-induced point defects 
which are eliminated between 50 and l00°K. It has been 
assumed that, as in the case of aluminium strongly deformed 
at 20°K (1), these defects represent about 24 % of the 
point defects moving at higher temperatures. 



It can be seen that the decrease in resistivity of the irradiated 
samples is about 20 times as large as the resistivity of the 
deformation-induced point defects which are able to migrate at 78°K. 
This excludes the possibility of this decrease being due to a 
mutual annihilation of deformation defects and irradiation defects. 
If these two types of defects have a comparable inf luence on resis
tivi ty one would have to adrnit that one deformation-induced defect 
is able to eliminate 20 irradiation defects or, conversely, if 
recornbination takes place in the proportion 1 to 1, one must than 
conclude that radiation-induced defects haveaspecific resistivity 
20 times as large as that of the antagonist deformation-induced 
defects. Both hypothests are very unlikely. 

4.2.2. Elimination of point defects by the movement of 
~i~l~c~t~o~s:tlir~u~h=tlie:l~t~i~e - - - - - - -

The movement of dislocations during deformation could result 
in the disappearance of radiation-induced defects by : 

- the recornbination of close pairs under the action of the 
strains existing in the proximity of dislocations 

- the absorption of individual defects on the jOgs of disloca
tion lines 

- the destruction of defect clusters, freeing individual defects, 
which then migrate and disappear. 

4.2.2.1. Close pairs 

For this hypothesis, one has to suppose that close·pairs exist 
in aluminium;irradiated at 78°K. If this is the case, their recom
bination must take place in stage II (3) . The results of our mea
surements show that the hypothesis of a recornbination of close 
pair during deformation has to be rejected : 

- The decrease of resistivity directly measured after a defor
mation of 8 = 0.028 (11.69 x lo-9 ncm~ and, a fortiori, the correc
ted resistivity decrease (18.37 x 10- Qcm) are larger than the 
excess resistivity which disappears in stage II in the irradiated 
samples (6.3 x lo-9 ncm). 

- The study of the recovery of irradiated and deformed samples 
shows that deformation does not result in the elimination at 78°K 
of defects which anneal normally in stage II (see section 3.2.1) 

4.2.2.2. Individual defects 

During their movement, dislocations could sweep the defects 
encountered and the latter could disappear by absorption on the 
jogs. Thus, one would observe the disappearance of a certain 
proportion of the defects moving in stage III, that is, according 
to the recovery model adopted, vacancies (4) or interstitials (5,6). 
In the case of vacancies, experiments of deformation after quenching 
show that this is not a very effective process. Thus, Wintenberger 
(2) finds that deformation at 20°C of a quenched aluminium sample, 
therefore containing vacancies, gives an increase in resistivity 
comparable with that produced in a non-quenched sample. The passing 
of dislocations through the metal does not result in an important 
elimination of individual vacancies. By analogy, one may think that 

this is also the case for individual interstitials. 
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4.2.2.3. Defect clusters 

Finally, one can suppose that the passing of dislocations 
destrays defect clusters present in the irradiated metal. In such 
a case, a decrease in resistivity will take place if the cluster 
can be absorbed by the dislocation or if the resulting defects are 
mobile at the deformation temperature and disappear at sinks. Thus 
the deformation of a quenched and aged aluminium sample, therefore 
containing vacancy clusters, produces a decrease in resistivity (2). 

In our experiments, made at 78°K, vacancies are immobile. This 
makesunlikely that the destrayed clusters are vacancy aggregates, 
for instance depleted zones (7). One is then led to the conclusion 
that they are clusters of interstitial defects. This interpretation 
of our experiments results in the consequence that, in aluminium, 
interstitial defects are mobile at 78°K and are~ble to form clusters 
during irradiation. Thus, this could hardly be an interstitial 
compelled to move on a straight line, such as a crowdion. 

It would be interesting to deform samples, irradiated at 78°K, 
at a temperature sufficiently low in order to have no long range 
migration of defects (for instance at 20°K) • One would obtain more 
direct arguments for one of the interpretations given in sections 
4.2.2.2. and 4.2.2.3. 

V. CONCLUSIONS 

5.1. The results of our experiments show that deformation at 
78°K of aluminium samples, irradiated at the same temperature, 
produces a decrease in electrical resistivity. 

5.2. This decrease in resistivity is the consequence of an 
elimination of radiation-induced defects by the movement of dislo
cations through the metal . 

5.3. Consideration of various possible mechanisms leads to 
interpret the observed phenomena by the destruction of interstitial 
clusters present in the irradiated metal . 

5.4. It follows from this interpretation that, in aluminium, 
interstitials are mobile at 78°K and are able to form clusters. 
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Effect of Deformation on the Recovery of Neutron 

Irradiated Metals. 

Abstract 

S, Okuda, S. Takamura and H. Maeta 

Japan Atomic Energy Research Institute 

Tokai-mura, Ibaraki, Japan 

The ~ecovery of point defects in F.C.C. metals after 

fast neutron irradiation at 15°K was studied by measure-

ments of residual resistivity. Especially, the effect of 

cold work before and after low temperature irradiation on 

the recovery spectrum was studied. Tile results seem to 

show the annealing of interstitial clusters in stage II 

in cold worked Cu. 
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1. In troduc tion 

There are various interactions through which the 

recovery process of' poin t d.ef'ects may be mod.if'ied. by dis-

locations; mod.if'ication of' activation energies f'or migration 

of' the poin t def'ec ts due to the s train f'ie ld. of' disloca tions, 

migration and agglomeration along dislocation lines or ab-

sorption into dislocation nodes or jogs, and trapping or 

also conversion of' one kind of' def'ects to another by dis-

locations. These interactions were stud.ied by comparing 

the recovery af' ter irradia tion of' annealed specimens and 

cold worked ones 1 "" 6 ). 

The recovery spectrum of' cold worked metals at low 

tempera ture are known to be d.if'f'erent f'rom those of' the 

irradiated at low temperature
2

). The dif'f'erence in the 

def'ect structure would be the main cause of' this d.if'f'erence, 

but the interaction of' the d.ef'ects with dislocations, 

especially with f'resh p~le-up dislocations might also play 

a role. The latter eff'ect can be stud.ied. by measurements 

of' recovery of' specimens cold worked. af'ter low temperature 

irrad.iation. This type of' measurements would also help to 

und.erstand the def'ect structure af'ter cold work. 

In the present experiments, the recovery spectra of' 

the residual resistivity af'ter neutron irradiation of' the 

previously cold worked specimen and af'ter cold work of' the 

neutron irradiated specimen at low temperature were mea-

sured and compared with those af'ter neutron irradiation 

of annealed. specimens. 
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2. Experimental procedures 

The specimens used were 99,999 % pure Cu and Au wires 

o·f 0.2 ,..._,. o.4 mm dia. Cu specimens were annealed at 900°c 

in vacuum, then following treatments were given: Treatment 

1, an annealed specimen was irradiated; Treatment 2, an an-

nealed specimen was cold worked at room temperature and aged 

a t 5o0 c, then irradia ted; Treatment 3 , an annealed specimen 

was first irradiated, then deformed by twisting ( 5 % surface 

shear strain) at 4.2°K without intermediate warm-up. In 

order to attain an accurate comparison, the specimens of 

Treatment 1 were simultaneously irradiated and isochronally 

annealed with the specimens of Treatments 2 and 3, :respectively. 

Au specimens were annealed at 980°C in air and given Treat-

ments 1 and 2. 0 In Treatment 2, ageing was done at 100 C for 

Au. 

The irradia tion was performed by the low tempera tur e 

irradiation facility (LlITL) 6 ' 7) set in the horizontal ex-

perimental hole of jRR-3 Reactor at the Japan Atomic Energy 

Research Institute. In this facility which is equipped with 

a fast converter, the fast neutron flux () 0.1 MeV) at the 

11 2 
specimens was 5 x 10 n/cm sec and the thermal neutron 

flux was expected tobe about 105 times less than that. 

Therefore, the specimens were irradiated by neutronswith 

fission spectrum. 
0 

After irradia tion a t l'V 15 K, the specimens 

were transferred to the double glass Dewar with precautions 

against warming. The deformation in Treatment 3 was done 

in this Dewar. The electrical resistivity was measured in 

liquid He by standard potentiometric method and the isochronal 
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annealing was performed with 6 minutes pulses at each an-

nealing temperatures. 

J. Results and discussions 

As it is shown elsewhere
8

), the damage rate in Cu was 

increased by cold work before irradiation in accordance 

with the previous results~). Differential isochronal recovery 

curves of Cu after 10 hrs. irradiation for Treatments 1 and 2 

are shown in Fig. 1. The curve for Treatment 2 in the figure 

is for the specimen cold worked 106 % (surface shear strain) 

before irradiation, but no significant difference was observed 

for the specimen cold worked 53 % before irradiation
8

). The 

recovery was slightly retarded in stage I and enhanced above 

0 
-vl50 K. 

In Fig. 2, isochronal recovery curves of Cu after 29 

hrs, irradia tion for Treatments 1 and J are shown. Their 

differential isochronal recovery curves and difference 

(~fdeform -Afanneal) are shown in Fi_gs. J and li,respectively. 

In the specimen of Treatment J, the resistivi ty increase due 

to the deformation was more than 15 % of that due to irra-

diation. Whereas there was considered to be a slight error 

in determining the form factor of the specimens of Treatments 

1 and J , no appreciable change in the general form of the 

curves in Figs. 2-li should.occur. It is seen that in Treat-

0 
ment J, recovery was retarded from above JO K and the amount 

of recovery in s tage I was reduced by abou t 20 % (Fig, li). 

(A corresponding reduction in stage I for Treatment 2 was 

only about J %.) Furthermore, in Treatment J, a recovery 
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0 peak at 130 K was observed which was not seen in Treatments 1 

an d 2 ( Fi g • 3 ) . 
0 Enhancemen t in recovery above ""150 K was 

similar in Treatments 2 and 3. 

The present results apparently show that considerable 

amount of the close Frenkel pairs were destroyed or trans-

formed into more stable defects by moving dislocations. 

Because the deformation was performed at 4·.2°K, no thermal 

migration of the defects was expected during th~ deformation. 

Further, the dislocation density was expected tobe much smaller 

in Treatment 3 than in Treatment 2, indirect interaction 

through elastic field of dislocations would not have played 

an important ro1e. Possibly, the direct cutting of close 

pairs by moving dislocations would be important in this aase. 

0 As for the recovery peak at 13 0 K, since this peak was 

also observed in the specimen only cold worked at 4.2°K 

without irradiation, this peak iS considered to be associated 

with the characteristic defects induced by cold work. It 

should also be mentioned that the retained resistivity 

after stage I in Treatments 1 and 2 was much large~ than the 

resistivity increase due to the present cold work in Treat-

ment 3. From the previous experiments, on the recovery 

after cold work 9 ), this peak was known not to shift in 

temperature for different degree of cold work, but seemed 

to be impurity sensitive. Therefore, this peak is possibly 

associated with an annihilation of di-interstitialsor inter-

stitial / o 1 ue te:rs pr<!>duced by eo ld work. S ince the dynamic 

modulus measurements during recovery af ter cold work showed 

d . 1 t' . . . . ·1 to) 1s oca 1on p1nn1ng in a s1m1 ar temperature range, some of 

323 



these interstitial clusters would move to dislocations and 

form pinning points in this stage, 

The present results seem to show that fresh pile-up 

dislocations do not have a large influence on the recovery 

process of point defects at least when measured by residual 

resistivity. 

For Au, differential isochronal recovery curves after 

10 hrs. irradiation for Treatments 1 and 2 are shown in Fig. 

5. In the figure, the curve for Treatment 2 iS for the 

specimen drawn 90 % (reduction in area) before irradiation, 

but no significant difference was observed for the specimen 

drawn JB % before irradiation 8 ). Experiments for Treatment 

J have not been done for Au as yet. 

Besides a similar effect of previous cold work on the 

recovery after irradiation as in Cu, a pronounced effect of 

previous cold work was observed for the recovery peak at 

J20°K in Au. As is seen in Fig. 5, by cold work, the J20°K 

0 0 
peak shifted in temperature to 290 K, but a peak at "-'235 K 

did not show such a large shift. Burger et al. ll) observed 

the recovery peaks at 2J0°K and JJ0°K in Cu after neutron 

irradiation which they 1·1amed as stage III 1 and III
2

, respec

tively. The peaks at 2J5°K and J20°K in the present results 

seem to correspond with these stages III1 and III
2

, respec

tively. According to their interpretation11 ), stage III1 

and III2 are associated with the annihilation of interstitials 

moving inside depleted zones
12

) and outside depleted zones to 

vacancies, respectively. Because of the difference in the 

range of migration, dislocation density would have rather 
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Fig. 5 Differential isochronal recovery curves of fast 
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before irradia tion (Treatment 1), /::;. : cold worke d 

and aged at l00°C before irradiation (Treatment 2). 

large influence on stage III2 , but not on stage III1 . The 

present results where only stage III2 shifted to lower tem-

pera ture by eo ld work, is in good agreemen t wi th this mode 1. 

A similar but less pronounced effect of cold work was also 

seen in Cu (Fig. 1). In Cu, the recovery peaks in stages 

0 0 III
1 

and III2 were observed at 230 K and JOO K, respectively, 

Invaluable helps given by the members of LHTL group and 

JRR-3 in performing the present experiments are gratefully 

acknowledged, 325 
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STUDY OF STAGE I IN IRRADIATED NICKEL 

G. de KEATING-HART, R. COPE, C. MINIER and P. MOSER 

Centre d'Etudes Nucleaires Grenoble, France 

I - .!,Dtroduction 

For progress to be made in the understanding of irradiation 

phenomena, it is necessary to devise appreciable improvements in 

present measurement techniques or to· perfect techniques as yet unapplied 

beoause of experimental difficulties or of the high cost involved. 

The experiments described here mark the beginning of ~f rorts made 

with this attitude at our laboratory at Grenoble. 

II - ~!J:itivity Experiments 

a) .El!Le Stucture of. Stage I 

We have aimed at seeing if the fine structure in the. region 

of stage I, which has been reported recently by different laboratories 

(1] ~J [3], is partially due to distorsion arising during isochronal 

thermal treatments in which the temperature changes are very sudden. 

To this end we have devised a different recovery procedure x 

We measure, to very high accuracy, the resistivity of a standard 

sample and of the irradiated sample during a strictly linear increase 

in temperature. This is not a new idea (4] but up to now, it has not been 

developped to any extent, no doubt because of the delicate nature 

of the operation and theoretical reasons such as fears of deviation 

from Mathiessen•s rule. This last important argument has lead us 

to always carry out both linear temperature increases and isochronal 

treatments and to compare the results. 

Figure 1 shows the results obtained during the recovery 

of an electron irradiated, monocrystalline nickel sample of high 

purity. lt should be noted that the fine structure is defined by 

a large number of experimental points ; this is because the curve 

was obtained directly as the difference between two continous re

cordings. 
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This curve shows a fine structure in two or three sub-sta

ges of stage I 0 and in numerous sub-stages of In• 

b) !af.1.uence of Electr~~ Beam Direction Qn the Recovery of a 

monocrystal 

We have simultaneously irradiated at 20°K three very thin 

(30 ~ ) nickel single crystals of high purity. The electron energy 

was of 3 MeV and the cristallographic directions of the incident beam 

were ( 1 00 > , ( 11 0 > and < 111 ). 

The experimental details of the preparation of the samples 

and the technique used for their irradiation has been discussed else

where [ 5] • We mention simply that the mean divergence of the elec-

tron beam within the sample was approximatly ten degrees. The resis

tivity increases werethe same for all three samples to within 1 %, 
this small discrepancy could have resulted simply from a slight in

homogeneity in the beam. 

Figure 2 shows the recovery of the resistivity increase 

of these three single crystals during the same linear temperature 

rise. It is seen that there is distinct influence of the bombard-

ment direction on the percentage of different stages . this is ' 
also shown in table I 

< 100 > < 110 > ( 111 > 
--------

IB 23°K 32°K I•5 I. 5 I.8 

IC 32°K 48°K 1 5. 5 11 • 4 12 „ 9 

ID 48°K 67°K 47.5 47.6 4s.3 

Another completly independent experiment has confirmed this 

distinot variation of IC and the trends in IB and ID+IE. This results 

will be' disoussed at the end of the article. 
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III - l,ll,ternal Friction Experiments 

The study has been undertaken for the following reason : In 

iron a very important magnetic after-effect band in the region of 

stage IE has been reported and attributed to the reorientation of 

the free interstitial (6 J. A corresponding internal friction peak 

has also been reported [7]. In nickel an equivalent magnetic after

effect has been found [s} and we wish to see if an associated inter

nal friction peak is presento 

1 - Neutron Irradiationsßt 28°K 

We irradiate six samples at liquid neon temperature (28°K). 
The retrieval and the mounting into the measuring pendulum is effected 

without warm-up or deformation of the sample. This very delicate teoh

nique is described elsewhere (9] i one diffioulty that had to be 

overcome was the elimination of parasitic internal friction peaks 

caused by adsorption of solid air onto the sample. 

2 - El~ctron Irradiations at 20°K 

On the contrary, in this kind of experiment the measuring 

pendulum is fitted into the irradiation cryostat which is evacuated 

of the liquid hydrogen coolant at the end of the irradiation. This 

elegant solution is very expensive because it only permi~s the 

study of one sample for the irradiation. 

b) Results 

Results are different depending on whether there is or not 

a magnetic field applied during the experiments. 

1 - ~ithout Magnetic Field 

Figure 3 shows the internal friction peaks in polycrystal-
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line nickel which has been irradiated at 28°K. 

At the very low temperature, three very distinct peaks are 

revealed which are reproducible from one experiment to another. 

They are situated at 34°K, 37°K and 44°K and disappear very rapidly. 

Further, at 54°K there is a characteristic dip andthen a plateau which 

emerges into definite peaks (59°K in particular). In the region of 

ambient temperature may be seen the peaks previously found by the German 

group [ro ]„ 

Figure 4 shows a preliminary result for a nickel single 

crystal which has been electron irradiated at 20°K. A study of the 

effect of crystal orientation is presently being made ; this will 

give information on the symmetry of the associated defects. 

2 - ~ Mawetic Field 

In iron it is well known that application of a magnetic 

field reduces the background noise by diminution of the Blech walls 

and this gives a much better resolution of the peaks. We have tried 

to repeat these experiments on nickel. In figure 5 are shown the 

results obtained with a longitudinal field of 400 oersted. The back

ground is reduced in modest proportions ; by contrast the system of 

peaks situated between 30°K and 60°K is strongly attenuated. This 

very different behaviour of nickel will be analysed further. 

IV - Discussions 

a) .fillalogy J2._etween 11).ternal Friction and Resistivi ty 

A comparison of figures 1 and 3 allows us to label the in

ternal friction peaks by giving them the names of the stages in 

the resistivity recovery positions at which they vanish. 

Thus the three large internal friction peaks (34°K, 37°K, 

and 44°K) vanish at the position of stage I 0 and we see that the 

resistivity ourves are not incompatible with the superposition of 

three processes at this position. 
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On the other hand it appears that the large complex stage 

ID in the recovery of the resistivity is not to be associated with 

an internal friction peak. 

In the viccinity of stage IE only small phenomena appear a 

dip at 54°K and a little peak at 59°K. 

b) Analogy between internal friction and magnetic after-effect 

The lower part of fig. 3 recalls the magnetic after-effect 

results of P. PERETTO (s] obtained under analogous experimental 

conditions with nickel of the same origin. 

With the objective of comparing one internal fri0tjon peak and 

one magnetic after effect band cause by a Snoek effect we advance t~ 

hypothesis that the defect responsible for each band of after-effect 

possesses a mechanical anisotropy of the same order as its magnetic 

anisotropy and then we trace the theoretical internal friction curve 

which is shown as a dotted line in fig. 3. The following comments 

arise 

The defects associated with stages IC
3

, IIB, IIIA, and IIIB 

possess comparable magnetic and mechanical anisotropies. 

We can say nothing about the defect IB in the internal 

friction because at this frequency the peak would appear at a tempera

ture (34°K) at which the stage IB is already recovered (fig. 1). 

It is important to note that the defect associated with 

stage IE and which possesses a strong magnetic anisotropy, does not 

cause any large internal friction peak and is therefore charact~rised 

by a very weak mechanical anisotropy. 

c) Atte!!UJj at genjificatl.2..!L9f the different st™ 

Previous work ( 8] (11] has shown that stage IB was asso-
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oiated with the annealing out of a partioular type of olose pair. 

Measurements on single orystals of resistivity as a function of 

incident beam direction does not yield a differenoe which is suffi

oiently clear to be analysed in detailo 

The interpretation proposed earlier by P. PERETTO [sJ for this 

stage was the recovery of a particular type of close pair (Fig. 6.) 
We must see if our recent experiments confirm this hypothesis. 

A) Resistivity experiments on single orystals ------------------------------------------
We see that stage I 0 is clearly favoured by a bombardment 

in the direction (100). Let us examine the possibility of interpre

ting this effect with the proposed close pair modele 

Four such close pairs exist around the<100) direction. 

They are situated on a oOne of half angle 0 ~ 18.5° as shown in 

fig. 7 ( Note that the split interstitials are represented by their 

centres of gravity and that the axis of the split does not enter the 

argument). 

Around one(110) direction there are two such close pairs 

disposed symmetrically on a cone whose half angle is e = 26.5°. 

Lastly, around the (111) direotion there are 6 close pairs 

of type I 0 situated on a cone of half angle$ = 38.5°. 

Thus we see that the probability of creation of a pair of 

type I 0 is significantly greater when the bombardment direction is 

(100) .It is not surprising that the other two direotions have 

probabilities of a similar order of magnitude because although there 

is a greater number of pairs possible for the (111)direction they are 

clearly more unlikely for this bombardment direction than for (110) 

Thusfor I
0 

tbe resistivity experiments confirm the structure 

which has been proposed for the olose pair. 



The internal friction experiments show that we roay associate 

three relaxation peaks with stage IC but if the pairs labelled a 

and c are able to give rise to a relaxation effect, this seems dif

ficul t for pair b. More precise experiments on the exact tempera-

ture of recovery of the internal friction peaks will permit us to 

clarify this point. 

3 - Stage ID 

The resistivity measurements show that a fine structure 

exists to this stage. It is of interest to establish that the diffe

rent types of defect anneal out at this stage without yielding a 

magnetic after-effect or an internal friction. If the corresponding de

fect is a close pair then it must be perBitted that the interstitial 

rejoins its original vacancy without involving a process of reorienta

tion on equivalent sites. 

In the internal friction curve the very reproducible dip 

situated at 54°Kand coincident with the termination of stage ID 

was able to be associated with migration to dislocations thus dimi

nishing the continuous background. 

4 - Stage IE 

Previous work [sJ,[11]has permitted the association of 

stage IE with the important band of magnetic after-effect corres

ponding to the free interstitial which would be in the split configura

tion in the < 100) direction. The work presented here would indicate 

that the corresponding mechanical anisotropy would be weak. This 

experimental result confirms the calculation of HUTTINGTON and 

JOHNSON ( 12) which shows that the distor$ion of the strain field 

is mmall for a ( 100) split interstitial in a f.c.c„ lattice„ 

d) Effect_ of a M.aenetic Field on the Internal Friction Peaks 

The supression of the internal friction peaks upon the 

application of an axial field of 400 oersted could be explained by a 
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change in the orientation of the magnetisation J
8 

• In the absence 

of a field, I lies parallel to the ( 111) diredtion and the three 
s 

equivalent (100) sites are only slightly disturbed by the torsion 

which promotes the relaxation. When a field is applied I is reo-
s 

riented away from (111> and so strongly favours one site that 

torsion is not able to promote a relaxation of defects with ( 100) 

anisotropy. 

Conclusion 

These experiments have yielded the most reeent results 

obtained at the "Centre d'Etudes Nucl~aires de Grenoble" on irradia

tion effects in nickel. 

An important effect has emerged concerning the direction of the 

particles incident on a single crystal ; this involves an increase 

in the numbers of a particular type of close pair. 

Also, an internal friction study has revealed the presence 

of numerous peaks and a model compatible with resistivity and 

magnetic after-effect is proposed. 
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ENERGY RELEASE and RESISTIVITY RECOVERY 

in COPPER DURING STAGE I RECOVERY* 

T. H. Blewitt, A. C. Klank, Terry Scott and M. Lucas** 

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

Simultaneous energy release and resistivity recovery during Stage I 

recovery have been made in copper irradiated in the CP-5 fast flux cryogenic 

facility as a function of the bombardment temperature. These temperatures 

have ranged from 20°K through 39°K. The stored energy was measured in situ 

by an improved Coltman-Blewitt1 ) method with the sample being the bulb of a 

stem compensated gas thermometer. A resistor was cemented on the bulb and 

the resistivity was measured by the usual lR drop method during the bom-

bardment and during recovery. The data of both properties were recorded 

automatically with the use of a digital voltmeter. This technique resulted 

in frequent readings of very short-time duration (of the order of tens of 

milliseconds) . 

The results were of considerable significance as the bombardment 

temperature greatly influenced the annealing kinetics. Bombardments at 20~K 

a.nd 24.5°K showed a single annealing peak centered at 41°K with a one-to-one 

correspondence between the resistivity recovery and the energy release. The 

resistivity recovery following bombardment at 31°K and 33°K was markedly 

different from the energy release. The energy release curves show two distinct 

peaks with the first peak centered near 39°K and the second peak centered near 

work was performed under the auspices of the u.s. Atomic Energy Commission. 

** Presently with the University of Sussex, Sussex, England. 
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Figs. 2a and 2b. 
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45°K. The resistivity increased by a factor of two during the initial part 

of the recovery, commencing at the bombardment temperature, continu.ing for 

several degrees, and then monatomically decreasing. A 28, 5°K bombardment 

showed the same results as the 31°K and 33°K bombardment but much less 

markedly so. After a 39°K bombardment, no Stage I recovery was observed. 

There can be little doubt the defect structure in a sample bombarded 

at 21~.5°K is vastly different from that in a sample bombarded at 31°K.* Because 

the absolute temperature at which these effects are· observed coincide with the 

onset of Stage I recovery, it is logical to attribute thisd.ifference to defect 

migration. Something more than simple annhilation is required, and. therefore, 

long-range migration of a defect, i.e. something greater than a few atomic 

distances, is suggested to account for the obvious clustering effects that occur. 

This conclusion would suggest that the two-interstj.tal model of recovery would 

require a rather extensive revision, if indeed it could be salvaged. Further-

more, it is equally clear the correlated recovery model cf.Walker and Corbett 

is not applicable. Please see Figs. la, lb, 2a and 2b. 

Perhaps a more serious implication to radiation damage studies that arises 

from this werk is the fundamental discovery tha.t the elect:rical resistivity does 

not always reflect the defect concentration. This requires a. serious re-

evaluation of the conclusions deduced from resistbrity measurements, particularly 

in regard to kinetic analyses. 

* Studies of dependence of the rate change of reststivity (a.amage rate) on the 

neutron dose show an effect of bombardment temperature that supports this 

conclusion. These wtll be discussed in a separate communication. 

l)Blewi.tt, T. H., Coltman, R. R. and Klabunde, c. s., J. Pbys. Soc. of Japan, !§,, 

Suppl. III (1963). 
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Effect of Annealing on the Lattice Parameter of 

Neutron-irradiated Aluminium and Copper 

U.Himmler,H. Peisl, A.Sepp and W.Waidelich, 

I.Physikalisches Institut der Technischen Hochschule Darmstadt 

and W.Wenzl, Physik-Department der Technischen Hochschule München 

Pure aluminium and copper crystals were irradiated in the low

temperature irradiation facility of the Munich Research Reactor 

at 4,6°K. After irradiation and thermal annealing lattice para

meter change was measured. In aluminium recovery stages equi

valent to that known from electrical resistivity, length and 

stored energy measurements were observed. The ratio bi.v/v / Li3 
= 3, 9. 1 o3 (.D. cm-1). The volume change per Frenkel pair 

fjv = 1,4±0,1 atomic volumes. In copper four recovery stages 
were resolved. Additional electrical resistivity and length 

measurements led to a ratio ~V/V /h~= (7,6 ± 0,2).103 (ncm)- 1 

in stage I and (5,4 ~ 1 ,0)·103 (ilcm)- 1 for all higher stages. 

Possible explanations for this difference are discussed. 

1. Introduction 

Defects in neutron-irradiated fcc metals have been investigated 

many times by measuring various physical properties of irradia

ted and annealed samples. Most information has been obtained 

from electrical resistivity measurements. Further insight can 

be expected by applying another method of investigation. E. g., 

defects give rise to a distortion of the crystal lattice and 

to a change of lattice parameter, which can be measured by 

the X-ray scattering method( 1 ,2). Comparing lattice para-
meter and length change one can separate effects due to distortions 

and due to the change of the number of lattice sites( 3 ). 
Simultaneously measuring the electrical resistivity change 
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enables one to compare the data with other measurement and 

gives furthermore the ratio of volume change to resistivity 

change, which is a characteristic value for a certain defect, 

undependant from the property change per defect. 

In the following we report about measurements of lattice para

me ter change in aluminium and copper after neutron-irradiation 

at 4,6°K and thermal annealing. 

2. Experimental 

The samples were irradiated in the low-temperature irradiation 

faciJ.ity of the Munich Research Reactor at Garching ( 4,5). As 
the X-ray diffraction measurements are not to be performed 

at the irradiation facility on the reactor bridge, it is 

necessary to transfer the samples without warming up from the 

irradiation crystat to the X-ray measuring cryostat. The samples 
are transfered to a liquid helium container and brought to 

the X-ray laboratory. There they are transfered to the measu
ring cryostat. All transfers are made with the aid of a spe

cially constructed transfer and transport cryostat. High accu

racy lattice parameter change is obtained from the shift of a 

high angle X-ray diffraction peak. 

21. Samples 

Pure aluminium foils (99,999%) of about 5x10x0,5 mm3 size were 
used for this investigation. To increase the reflected X-ray 

intensity they were produced by rolling them to 5% of its 
original thickness and then glowing above the recrystalisation 

temperature. 

Pure copper single crytals (99,999%) of about 5x10x2 mm3 size 
were used for the X-ray investigation and pure polycrystal 

copper wires (99,999%) for the electrical resistivity measure

ments. 
The samples are fixed to a sample holder allowing their free 

thermal expansion. 



2 2 Irradiation and sample transfer 

The samples were irradiated by the fast neutron flux in the 

reactor(6,7). After irradiat±on for about 50 to 100 hours 

and decay of the short-lived isotopes created in the sample 

and sample holder, the sample can be lifted without warming up 

into a transport cryostat which is shown in Fig. 1. The inner 

Fig. 1. Transport 
cryostat 

container can be filled with 0,5 1 

liquid helium and then the sample, 
which is fixed at the end of a 

10m stainless steel tube, can be 

lifted from the irradiation cryos

tat into the transport cryostat 

and immersed in the liquid helium. 

The liquid helium fil1ing lasts 

for half an hour, which is enough 

time to dismount the transport 

cryostat from the low temperatur 

irradiation facility and take it 

to another place. During transpor

tation evaporating helium blows 

out trough the opening at the bot

tom of the cryostat such preven-

ting air to enter into the cryos

tat. The transport cryostat is now 

mounted to a liquid helium contai
ner and the sample transfered into 

this container. Here it can be 
stored and transported to the 

measuring laboratory. The transport 

cryostat is again used to bring 
the sample from the liquid helium 

container into the measuring cry

ostat. 
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23. Cryostat for the X-ray measurements 

As the cryostat and the X-ray setup used for the aluminiUlll 

measurements has already been described in detail (8) only 

a short describtion of the improved experimental arrangement 

used for the copper measurements will be given. 

The cryostat used for the X-ray measurements is shown in 

Fig. 2. The sample holder is brought in a fixed position in 

the cone 5 inside the sample chamber, which is filled with 

helium gas as exchange medium. The cone 5 is cooled by a 

heat exchanger 6 according the evaporation principle (9). 
Liquid helium is pumped through a thin wa1led stainless 
steel tube 7 from a storage container to the cryostat. The 
enthalpy of the cold helium gas is further used to cool 

down some irradiation shields 1 and 2. The amount of li

quid helium pumped through the heat exchanger is controlled 

3 
4 
5 
6 

Fig. 2. X-ray rueasuring 

cryostat. 
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by an arrangement consisting 

of a thermocouple, potential 

measuring bridge, a galvanome-

ter, photo resistances and elec

tromagnetic valves. Thus every 

temperature between 4°K and room 
temperature can be obtained. An 

additional heating accelerates the 

heating process during thermal 

annealing programms. 

Two windows of berryllium 3 and 4, 
each 0,2 mm thick, permit entrance 
and exit of the X-rays. 

The cryostat can be seated on a 

commercial X-ray diffractometer, 

the axis of which had been bored 

through. The supply tube 7 fits 

in a liquid helium storage contai
ner situated under the diffracto
meter table. A special refilling 

equipment allows the storage con

tainer to be refilled. 



24. X-ray measurements 

The exact position -3-of a Bragg X-ray scattering peak was de

termined by a modified Siemens X-ray diffractometer. The shift 

Li.& of a high angle peak is a sensitive measure for the la ttice 

parameter change /J. a/a 

fi,S. = - ~ a/ a • tan .S-.. ( 1 ) 

As well for Al as for Cu with characteristic Co K X-radia-
a. 

tion the highest diffraction angle was obtainable using (420) 

and (400) planes respectively. The diffraction peaks occured 

in the back reflection region at about -S-= so0
, having a 

half width of about 15 1 • 

25. Annealing programm 

For isochronal annealing the crystals were warmed in steps to 

successively higher temperatures with an isochronal holding 

time of 10 min. An annealing programm performed with an un
irradiated sample showed that the thermal treatment had no 

effect to the position and intensity of the X-ray according 
to mechanical deadjustment. 

3. Results 

Fig. 3. shows isochronal annealing of aluminium, which had been 

irradiated for 55,6 hat 4,6°K by a total flux of 2°1018 fast 
neutrons/cm2 • The remaining lattice parameter change after 

thermal annealing at a given temperature measured at liquid 

helium temperature is given as a function of annealing tempe

rature. The total annealing lattice parameter change between 

4,6 and 300°K is /J.a/a = (4,4? ~ 0,4)•10-4• The 'annealing 
takes place in three distinct annealing stages: 
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Stage I: 10 - 50 OK, 42% recovery 

Stage II: 50 - 120 OK, 25% recovery 

Stage III: 120 - 250 OK' 33% recovery 

The half width of the diffraction peaks didn't change neither 

after irradiation nor during annealing. 
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Fig.3. Isochronal annea
ling of the relative lat
tice paramet~r change of 

aluminium after low-tem
pera ture neutron irradiation. 

Several measurements were performed in the case of copper. 

Simultanously with the irradiation of the lattice parameter 

sample, a sample with the same purity was irradiated for measu

ring the electrical resistivity change. Fig. 4. shows the 

change of residual electrical resistivity versus neutron irra

diation 
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Fig. 4. Change of electri
cal resistivity and rela

tive lattice parameter 

after neutron irradiation. 



flux in the upper part. In the middle the relative lattice 

parameter change is given from different samples irradiated 

for different times in the reactor. The lowest part of Fig. 4 
shows the ratio relative volume change b,.v/v = 3 ~ a/a to 
electrical resistivity change versus irradiation time. 
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~~ f',r-.... 
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l\ 
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P.o.- F'>-.[\ 
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Fig.5. Isochronal annealing 

of neutron-irradiated 

copper. Triangles and squa

res: rel. lattice parame

ter change, circles: el. 

resistivity change. 

Fig.5 shows annealing of the relative lattice parameter change 

/Ja/a measured at liquid helium temperature as a function of 

annealing temperature for two runs. For normalization the va

lues are divided by the total change /1 a
0
/a. The samples were 

annealed at such high temperatures that one could be sure that 
all defects had disappeared. Furthermore the lattice parameter 

of the annealed sample agreed with that of an unirradiated 

sample.Annealing of the electrical resistivity change after 

neutron irradiation at the same position in the reactor is 

shown for comparison in Fig. 5 too. The annealing of neutron 
irradiated copper takes place in four distinct annealing stages: 

StageI: 4 
Stage II-III: 60 

Stage V: 300 

- 60 °K 

- 300°K 
- 670°K 

Although the temperature regions of recovery are the same for 

lattice parameter and resistivity change, the relative height 

of the stages is different for the two different properties. 
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4. Discussion 

The volume change caused by defects in a finite crystal has 

been derived by Eshelby (10) tobe 

( J1 V /V) d i 8 t • = 4 n C y S / 3 .(1 = f • C ( 2 ) 

/J,V/V being the relative volume change caused by the distor
tion of the crystal lattice by a concentration C of defects 

with a distortion strength s. y = 3 (1 - G') / (1 + G") • S = 
Poisson ratio. This volume change is determined solely by 
lattice parameter measurements. Measuring the macroscopic 

volume change directly gives the sum of volume change ac

cording eq. (2) and the volume change by the change of the 

number of lattice sites. The total volume change is 

(3) 

Cv = vacancy concentration, c1 = interstitial concentration, 

fy = fr = volume change per vacancy or interstitial. 

For small changes in a cubic crystal A V/V = 3 /J,.L/L and 

( ~V/V)d. t = 3 ~a/a. Thus eq. (3) becomes 
lS • 

3 ( /:::,. L/L - /:ia/ a ) c Cv - c I ( 4) 

In the case that pure Frenkel disorder is present in the 

crystal one expects f1L/L = ~a/a, Cv = c1. If lattice sites 
are newly created or destroyed, the difference gives directly 

the concentration of lattice sites • 

. ·~ 
b 
'~ ·-.:, 

'· 

60 

40 

2 " 

0 0 

-....... 

~\ 
'~~ 
200 300 "K 

T----

Fig. 6. Annealing of low

temperature neutron-irra
diated aluminium. 

-.-. Length change and 

--- el. resistivity change 
from (11). 



In Fig.6. for comparison the annealing behaviour of the 

length change and the residual electrical resistivity mea

sured by Wenzl et al. (11) are given together with the lattice 

parameter data. Within experimental error all magnitudes are 

equal wi thin the whole annealing run. /J. L/L = /J,. a/a gives 

evidence that during irradiation and annealing only Frenkel 

disorder is present in the crystal. Recovery in each stage 

must be due tothe recombination of interstitials and vacan

cies, whatever the initial configuration of these defects 

might have been. 
In Fig.6 also lattice parameter change and electrical resis

tivity change shows the same behaviour. The annealing volume 

change divided by the annealing resistivity change 

( f:::.v/v) /li~= (3,9 ~ 0,6)•103 (Dcm)- 1 is the same for all 

three stages. The ratio ( D. V/V) / b.~ is a characteristic 
magnitude for a certain defect. In all three stages the same 

defects anneal, which are different in their configuration 
but not in their specific properties. Taking the value for 

the resistivily change by 100% defects obtained by Wenzl 

et al. ( 11) S F = 340 µQ cm, we can determine the volume 

change by one defect pair: 

/J.vF = 1,4 ~ 0,1 atomic volumes. 

As the value of ( fj,v/V) /~~ is the same in stage I and III 
this value should not be influenced by some overlapping of 

the defects' distortion fields in cascades created during 

neutron irradiation• 
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Fig. 7. 
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Fig. 7. shows the amount of annealing volume change versus 
annealing resistivity change in the various recovery stages 

for copper which had been irradiated for different times. 

Within experimental error three straight lines are obtained. 

The slopes of the straight lines are: 

3 fJ. a/a 

ß~ 
= 

+ 7,63 0,22 

5,53 + 0,23 (m.Ocm)- 1 

+ 5,34 0,59 

( 4 - 60 °K) 

( 60 - 300 °K) 

( 3 00 - 1 2 00 OK) 

As the points fit straight lines very well the specific defect 

property annealing in the different recovery stages must be 

independant on the irradiation dose. The ratio is nearly inde

pendant on the irradiation dose during irradiation, as shown 

in Fig. 4 lower part. 
The different slopes of the straight lines show that the de

fects involved in the different recovery stages are different 

in their characteristic properties. 

As the most simple model for the recovery process one could 
take the recombination of interstitials with vacancies. These 

defects exist in different configurations, thus giving rise to 

the different recovery stages. This model would lead to the 

following results. In Fig. 7 on the ordinate the volume changes 

per Frenkel defect pair are marked, according to the calcula
tions for different interstitial configurations of Seeger et al. 

(12). On the abscissa the resistivity changes per unit concen

tration of Frenkel defects according measurements of Iseler 

et al. (13) are marked. Thus for every temperature region a 
pair of possible values can be determined. 
If one assumes that the resistivity change per Frenkel defect 

does not very much depend on the configuration of the intersti
tial, wheras the volume change, or lattice parameter change 

respectively, depends on the configuration,a volume change 
per defect in the different temperature regions can be eva

luated: 
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4 
60 

60 °K 

300 °K 

/J:,. V]' = 1 , 4 a tomic volumes 
IJ.. V F == 1 , 1 a tomic volumes 

This explanation is not in agreement with the results obtained 

by Winkler et al. (14) from magnetorestistance measurements, 

which is sensitive on anisotropic defects or defect clusters. 
From this results formation of clusters during annealing must 

be taken into account. Vacancy clusters in neutron irradiated 

Cu have also been detected by Rühle (15) above room temperature. 

The following model would be in agreement with these results 

too. 

During irradiat~on vacancy clusters are formed in the depleted 

zones. Recovery in stage I takes place by different processes. 

The main process is recombination of closed pair Frenkel de

fects. According to Bauer et al. (16) also a transformation 

of interstitials to a more stable configuration takes place, 

probable by the action of a reaction partner. During this 

transformation the resistivity should be altered only little. 
The lattice distortion however should be remarkable reduced 

and so the volume change should be great. In the higher reco

very stages interstitials in more stable configurations are 

annihilated. At the same time the stable interstitials can 
form clusters, which is observed as an increasing of the 

magnetoresistance (14). By the free migration of the inter
stitials also growing of the larger clusters on account of the 

smaller ones is possible. 

The created vacancy and interstitials clusters anneal in 

stage V. 

To explain the different ra tios ( ~V /V) / /J.g in stage I and in 

the higher stages, the volume change by the stable intersti
tial Frenkel pairs must be smaller than by the Frenkel pairs 

which anneal in stage I. Further the formation of clusters 

from stable interstitials must give a smaller volume change 

than the transformation of unstable to stable interstitials. 
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Dilatometric Studies of' Radiation Damae;e in Me~ 

S. N. Buokley 

Metallurgy Division, A.E.R.E., Harwell~ England„ 

1o Introduction. 

Inability to resolve individual point defects in bulk metal has forced 

experimentalists to resort to various subterfuges for their identification 

and measurement of concentration, mobility and interaction. Sorne of these 

indireot techniques yield more clearly interpretable results tha.n others, but 

it is alwa.ys difficult to untangle the complications whioh arise from their 

interpla.y with co-existing defects. The less equivooal teohniques such as 

dilatometry unfou..tunately also tend to be relatively insensitive. 

Although dilatometry offers the distinct advantage of disoriminating 

between vacanoies and interstitials, it has not hitherto been regarded as an 

attractive method for studying defeot migration beoause specimens thin enough 

to be transparent to charged partiales of a few MeV energy are too delicate 

to aotuate conventional mechanical or electrical sensors. Vook and Wert(i) 

resorted to direct optical metrology, but resolution is inexorably limited to 

about a wavelength so total defect concentrations in a.nnealing studies need 

to be at least 1 o-3 ( compared with 10-5 for resistivit/ 2)), which oan only be 

realised by rather protracted irradiations. 

The present paper describes how this inherent insensitivity was mitigated 

by measuring the inhomogeneity of defect concentration instead of the average 

ooncentration. These concentration gradients were deduced by measuring the 

flexures induoed in thin crystal foils during irradiation by a 2tr MeV proton 

beam from a Van de Graaff aocelerator. Foil thioknesses were adjusted so 

that the bearn energy was attenuated by a t MeV in passing through; the E-1 

dependence of Rutherford scattering them resulted in an approximately linear 

20% gradient in Frenkel pair generation rate across the foil thiokness, and 

strains associated with the ensuing accumulation of defects flexed the foil. 
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2. Experimental Technigues. 

The experimental arrangement, which is illustrated in Figure 1 consisted 

of a sample holder horizontally coupled to the Van de Graaff flight tube and 

a sensitive optioal lever system1 and vertically coupled to cryogenic and heat-

ing equipment and vacuum diffusion pumps. 

Fig. 1. 

D 

'° l~~l '~ ' .... ··' ''· .dJtl~ 
V_-:-;:=------~-:_--::-~\ EJ 

'l MI J 
p 

Schematic diagram of the apparatus. 

V, Van de Graff flight tube with optional window W used during gas 

cooling; I insulator; D base of helium dewar; F pivated cold fin-

ger; M mirror; S light source illuminating fiducal line; L lense; 

C image viewing camera; P diffusion pump; Tc thermocouple; R 

radiation shield. 

The accelerator delivered a monoenergetic proton beam having a 4 x 2 mm elip-

tical profile. Energies of the incident and exit beams were deduced from the 

residual range in air. Specimens were 2 x 12 mm 5 to 81Jlll thick strips of foil 

partly severed down the length to create a 1U1 shaped circuit whose resistance 

could be measured to indicate the local temperature. Monocrystal foils were 

made by mounting 1 OO!Jlll thick slicea spark machined from 1 cm diameter crystal 

ingots on wax covered glass plates and then grinding them down to a uniform 

3öµm with diamond abraisive. .A;f'ter demounting and a preliminary electropolish 

to about 151Jlll the foils were etched while being held in a PTFE mask shaped to 

generate the required 'U' profile, then electropolished down to the required 

thickness, and finally annealed for 1 hour at 400°c while sandwiched between 

flat sapphire plates in a vacuum of 10-6 torr. Thicknesses were measured 

prior to annealing using a mechanical comparator reading to .± 2 x 10-6 cm„ 
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Some excessive thinning was evident near foil edges but this and other local 

inhomogeneities should not be prejudicial to the interpretation. The optical 

system system consisted of an illuminated fiducal line, a high grade 30 cm fooua 

lense, a pair of 2 mm square aluminised fragments of glass microscope cover 

slide cemented to opposite extremities of the specimen, and a television oam-

era coupled to a remote receiver. Sensitivity was such that 10-7 strain 

across the specimen thickness produced about 1 mm relative displacement of the 

final images. A stream of air issuing from an orifice very precisely aligned 

to be parallel to the plane of the foil cooled the specimen during the ambient 

temperature irradiations. Exchange gases quickly impaired the reflectivity of 

mirrors at low temperatures so,as previous experience bad demonstrated that 

cold foils could be slightly flexed without incurring significant irradiation 

creep, cooling during the irradiations prior to annealing studies was improved 

by direct thermal contact with a 5 cm radius cylinder pivoted to the base of 

the helium dewar. This and a short circuiting conductor between the cold 

finger and the specimen block and radiation shields bad to be disconuected 

before commencing the isochronal annealing studies. Specimen temperatures 

were controlled by a small electrical heater incorporated in the block and 

measured with a fine copper constantan thermocouple secured against the clamped 

end of the foil. Measurement of strain gradients avoids the usual necessity 

for re-cooling between annealing pulses, so temperatures were raised progres

sively by 4°K increments each held for 20 minutes durationo No attempt has 

been made to assign activation energies to the recovery kinetics because pre

liminary experiments, in which the thermocouple temperatures were compared 

with changes in eleotrical resistivity of the specimen, indicated the possi

bility of discrepancies of up to 7°K. Attention to radiation shielding should 

mitigate this error in future work. 

3. Experimental Results. 

The character of dilations manifest during proton irradiations at or 

above ambient temperatures was very sensitive to the metallurgical condi

tion of the specimen. Annealed foils initially developed a convex surface 
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to the incident beam, whereas cold rolled metal became conoave. Figura 

2 illustrates these differenoes in nominally 5N purity gold. 
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Fig. 2. Flexures of 5N and 4N purity gold during and after irradiation by 

12 -2 -1 0 0 3„2 x 10 2t MeV protons cm seo at 300 .± 10 K, A annealed 

orystal; B cold rolled metal. 

Tbe progressive flexure of the annealed oryst81, ourve 'A' gradually atten

uated during irradiation, and,after approaohing a maximum strain about 3 x 10-6 

16 -2 at 10 protons cm , slowly reversed to annul the initial deflection„ After 

75 minutes irra.diation the beam was switohed off and the crystal immediately 

began an additional transient flexure of magnitude 1 x 10-
6 over a period of 

35 minutes. Re-irradiation reversed the latter transient and this cyclic 

behaviour, oould be reproduced repeatedly. Cold worked metal, ourve 'B', 

exhibited a similar trend of attenuation, saturation and post irradiation 

transients in the conoave flexureo The magnitude of the transients tended to 

inorea.se 'lri th deoreasing metal puri ty. Y uranium for exarnple (figure 3), which 

contained 10 a/o molybdenum and batween 1 o-4 and 1 o-3 concentra-tion of inter

stitial impurities, sa.tura.ted after almost 1 o-4 strain and post irra.diation 

-6 tra.nsients were about 4 x 10 @ 
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Fig. 3. 
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All specimens, irrespective of purity or meta.llurgical condition devel-

oped conca.ve curvature during low temperature irradia.tions, but the kinetics 

of recovery of flexure of cold worked meta.l were significantly different from 

that of annealed metal. Compara.tive isoohronal annealing results on .5N purity 

copper are shown in figures 4 and ,5. 
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Fig. 4. Flexure of a 5N puri ty oopper crysta.l during irra.dia.tion by 6 x 101 2 

-2 -1 0 80 ( . ) . 2~ MeV protons cm sec a.t 12 .± K in set a.nd recovery during 

subsequent isoohrona.l annealing. 

Both annealed and cold rolled speoimens developed flexural strains of the 

-4 16 -2 0 order 1 .5 x 10 after 1 .5 x 10 protons cm dose at 12 K. About 700i~ of 

this stra.in had annealed out of the former by ,50°K., a.nother 10% gradually 
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reoovered between 50° and 230°K and flexure was back to zero at 280°K. Reoo-

very was however still incomplete because further warming reversed the direc

-6 tion of flexure leaving a 3 x 10 convex strain which did not disappee.r until 

temperatures approached 400°K. Strain recovery of copper which had been cold 

rolled prior to irradiation was similar to that of the annealed metal in so 

far as the principal stages were centred on about J.if)
0 and 250°K, but differed 

in that there was a 15% reversal of recovery between 50 and 6o°K, a further 

5i reversal between 200°and 260°K and no convex strain above 300°K. 
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Fig. 5. Flexure of cold rolled 5N purity copper during irradiation by 5 x 1012 

360 

1 -2 -1 0 0 ( ) 22 MeV protons cm sec at 12 .:!:: 8 K in set and recovery during 

subsequent isochronal annealing, A rolling directio~ parallel to 

flexure; B rolling direction transverse to flexure. 

4-.. Discussion. 

The flexural strains summarised in the preceeding section must be explic-

able in terms of strain gradienta induced by the irradiations and by subsequent 

annealing treatments. Conceivable dilation centres are trapped protona, i.e. 

interstitial hydrogen and single or multiple vacancies a.nd self interstitials. 

Concentration gradients will arise (a) because the frequency of Frenkel pair 

generation increases as protons slow down in penetrating the specimen (b) if 

the point defect sink diatribution is asynunetrical ( o) because of the t.endency 

for displacement and irradiation stimulated diffusion to be preferentially in 

the forwe.rd direction. Contributions 'b' a.nd 1 c 1 are ha.rd to evaluate pre-

cisely but as they will be trivial relative to 1 a 1 we shall omit thern from 



further discusaion. 

'a' arisea because the displacement cross section 

4 IT~ z2 Z~ ~ t varies inveraely with proton energy E 
M2 1 d E (3) 

whereas the mean energy E "' Ed ln~/\ E f of the recoiling nucleus is 
d 

Effect 

rela-

tively insensitive to proton energy. The denaity of defect production there:fbre 

increases approximately linearly as the proton decelerates. 6 d for 2i MeV 

-20 2 -2 protons is ab out 10 cm • A 1 µ ampere cm bea.m losing f MeV during penetra-

-2 tion will consequently generate some 1 .3 x 10 concentration of Frenkel pair• 

per hour with an approximately 200~ gra.dient of ooncentration between entry and 

exit surfaces. If each Frenkel pair produced 3/2 atom volumes dilation,speoi-

-20 -2 fic differential linear strains would be 6 x 10 per proton per cm or 

1 .3 x 1 o-3 per hour„ Experimental strains at 12°K (figures 4 and 5) were only 

-20 2 about 1 x 10 per proton per cm- but this discrepancy does not seem unrea-

sonable because some spontaneoua recombination is inevitable. The smaller 

convex flexures manifest during ambient temperature irradiations (figures 2 

and 3) are aimilarly explained by postulating that some of the now rapidly 

migrating interstitials esoape to the foil aurfaces leaving a residual concen-

tration gradient of excess individual and multiple vaoancies. The ourious 

transients evident after cessation of irradiation must be associated with the 

gradual elimiination of atrain centres. There are three posaibilities. 1. 

Escape of interatitial hydrogen to the surfaoe. 2. Escape of aelf interatitials 

3. Annihilation of vacanoies at dislocation lines, but not at foil surfaceso 

The first explanation aeems unlikely becauae for f'oila whose thicknesses were 

only 1 /5 of the mean proton range the probabili ty of non penetration by an 

initially monochromatic proton beam is <10-3. Linear strains due to retention 

in interatitial lattioe aites would therefore be expeoted tobe <10-24 per 

~ ~2 proton cm whioh is small compared with the experimental 2 x 10 strain per 

-2 proton cm Pos.s.ibility 3. ia untenable because in cold worked metal, where 

dislocation lines replace foil surfaces as the principal sinks, the direotion 

of the ambient temperature tranaient reveraes to become concave, whioh sig-

nifies dilation. Only self interstitials are consistent with all the evidence. 
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We expect annealed metal to shrink as interstitials are lost to the foil sur-

faces, but cold rolled metal can expand unidirectionally a,s interstitia,la drain 

into edge dislocations, because the 'isotropic' dilation of a free interstitial 

becomes concentrated in the Burgars vector direction of the climbing dislooa-

tion. Rolled metal foils have a preferred Burgers vector orientation parallel 

to the rolling direction which was the direction of flexure. 

The close similarity between the isochromal annealing kinetios of strain 

recovery in low dislocation content copper (figure 4) and numerous previous 

studies of radiation damage recovery using other techniques, principally elec

trical resistivity( 2)( 4), is re-assuring and consistent vdth the expectation 

that the majority of defects are destroyed by Frenkel pair recombinations. 

Remembering that only interstitials can contribute to the irradiation produced 

dilation we see that although about 70% are lost in stage 1 nearly 10% i.e. 

1 o-4 concentration survive to 250°K. The latter greatly exceeds the total 

impurity content (<10-5) so if interstitials can migrate at 60°K their reten

tion to 250°K must involve either a second lass mobile configuration(5) or 

the formation of interstitial pairs or larger groups( 6)(7). We are able to 

partly discriminate between these two possibilities because diffusion of 

interstitials to orientated dislocations in cold rolled metal should be 

manifest as a unidirectional expansion. Such an exPansion was in fact evi

dent between 50° and 6o°K in longitudinal sections and absent in transverse 

sections (figure 5) so, despite the absenoe of efficient dislocation pinning 

in internal friotion experiments at these temperatures, we surmise that an 

appreciable fraction of the interstitials created by irradiation are able to 

diffuse to dislooations. This does not of course preclude the first possi-

bility or trapping of some interstitials by impurity. The sensitivity of the 

ambient temperature effects in figure 2 in fact supports the contention that 

impurity catalyses interstitial aggregation and that part of stage III recovery 

between 280° and 330°K is assooiated with the release of interstitials from 

these traps. 
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Combined Measurements of Electrical Resistivity and Young's Modulus 

in Electron Irradiated Copper 

G. Roth1 ) and V. Naundorf2 ) 

Abstract 

Pairs of copper samples - one for electrical resistivity, the other 

for Young's modulus measurements - were irradiated simultaniously 
o 2o / 2 at 120 K with 3MeV electrons up to an integrated dose of 2xlo el cm • 

The effect of dislocation pinning and the bulk effect of point defects 
on Young's modulus E could clearly be separated. The following re
lation between the bulk effect ~E/E and the Frenkel defect concentra

tion cF was found: D:. E/E = -75 cF. 

Besides strong annealing in stages II and III (18o-3oo°K) and some 
annealing between 3oo-5oo°K, stage V annealing (5oo-6oo°K) also was 
observed. In stage III the resistivity annealed more than Young's 
modulus, whereas the converse occured in stage V. 

These measurements are discussed in connection with the electron 
microscopical observation of point defeot clusters after electron 
irradiation at 12o°K and heating to room temperature. 

Introduction 

Young's modulus can be changed during irradiation by at least two 
different mechanisms: Point defects can pin dislocations and thus 

enlarge the modulus. In addition they can influence the modulus 
directly,by the residual stress they produce in the lattice (bulk 

effect) /1/. 

The bulk effect was observed by Dieckamp and Sosin /2/ during 

electron irradiations, by König, Völkl and Schilling /3/ during 

l)Van de Graaff-Labor Aachen der Kernforschungsanlage Jülich 

2 )Institut für Allgemeine Metallkunde und Metallphysik der 

Technischen Hochschule Aachen 
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tX -irradiations of copper. In both experiments the concentration of 

point defects was not directly measured but only estimated from simi

lar irradiations. 

By simultaneous irradiation of a Young's modulus sample and an elec

trical resistivity sample we intended to reduce the uncertainty in~he 
determination of the modulus change per unit defect concentration. 

:B'urthermore the simultaneous measurement of the recovery of the 

electrical resistivity and the bulk effect of Young's modulus during 

annealing treatments following the irradiations should provide a 

sensitive means to detect differences in the recovery behaviour of 

these two properties. 

:B'or clear separation of the influences of dislocation pinning and 

tl1e bulk contribution to Young's modulus, the Frenkel defect concen

tration sliould be as large as possible. Since a liquid nitrogen 

cryostat was used, the irradiation temperature was above that of 

stage I and a much smaller damage production rate than in liquid 

helium irradiations resulted. Nevertheless, for producing point 

defect concentrations of about lo-4 in reasonable irradiation 

times, unusual high flux densities of 3xlo15el/cm2.sec (that are 

5oo;uA/cm
2

) were utilized. 

Experimental Procedure 

The sample material was prepared 

from 99,999% copper (ASARCO), 

which was rolled to o.o25mm thick 

foils. A Young's modulus sample 

(c)and an electrical resistivity 

sample (a) with shapes as illu

strated in Fig. 1 were mounted 

in a copper frame so that both 

were situated within the cross 

section of the electron beam of 

3 x 2mrn. The Young's modulus 

sample was eletrostatically ex

ci ted (electrode d) to flexural 

vibrations at 2.5 Kc and strain 
c -6 . amplitudes of c =2xlo • Resis-

(() 

Fig.l:Arrangements of the re
sistivity sample (a) together 
with the dummy sample (b) and 
the Young's modulus sarnple(c) 
on a rnounting frarne (i). The 
irradiated area of 2x3mm is 
denoted by dashed lines. 
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tivity was measured by a Kelvin bridge which yielded the ratio 

Rx/RN of the resistance Rx of the irradiated sample (a) and the re
sistance RN of a dummy sample (b) (measuring temperature 78°K). 

The irradiations were performed with the 3MeV Van de Graaff-accele
rator located in Aachen. In this irradiations current densities of 

5oo;uA/cm2 with a homogenity of about ±20% within the irradiated 
area of 3 x 2mm were achieved by using the direct beam of the acce
lerator. Under these conditions the irradiation temperature was 

about 12o°K. 

Before irradiation the samples were annealed in situ for half an 

hour at 9oo°K. 

Experimental Results 

Fig. 2 shows the electrical resistivity and Young's modulus behaviour 
with increasing electron dose (irradiation temperature about 12o°K, 
measuring temperature 78°K). The Young's modulus increases rapidly 
in an early stage of irradiation, reaches a maximum at a dose of 
about lxlo18el/cm2 and decreases at still higher doses. 
Isochronal anneals also were 

performed (cf. Fig. 3). Re
covery stages both of resis
tivi ty and Young's modulus 
were found between 18o-27o°K 

(atage II and III) and between 
5oo-6oo°K (stage V). Recovery 

between 3oo-5oo°K was conti
nuous without a clearly de

monstrated stage IV. In the 
following, the total tempera
ture range 3oo-5oo°K will 
therefore be called stage IV. 

Fig 2: Young's modulus and re
sistivity behaviour during 
irradiation with 3MeV electrons 
at about 12o°K (measuring tem
pe rature 78°K). 
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The resistivity was completelyannealed at 6oo°K. At the same tempe
rature Young's modulus had reached again its maximum value (b) of 
the early stage of irradiation. During further annealing up to 7Bo°K 
the resistivity remained constant, whereas Young's modulus decreased 

to its pre-irradiation value (a). 

Discussion 

a) Bulk effect 

The rapid increase of Young's modulus during the early stages of 

irradiation is typical for a dislocation pinning process /4/. Ac
cording to Fig. 2 this process is completed at a dose of about 

1 x lo18el/cm2 • Conversely, the decrease of Young's modulus above 
6oo°K can be attributed to dislocation depinning /5/. So it can be 
stated that in our experiments with doses of about lo20el/cm2 the 
dislocations are pinned during the first percent of the total dose 

and have no further influence to Young's modulus thereafter un
till the annealing treatment above 6oo°K. 

The further Young's modulus 
changes measured during irra

diation above 1 x lo18el/cm2 

and their subsequent anneal
ing between 78-6oo°K (cf. 
Fig. 3) are attributed to the 
direct influence of irradia

tion-induced point defects 

•Q.11 ------- !!! ___________ _ 

-o, 

0 ' 2 
•[el/cml] tot< 

400 100 800 
T ['K) 

on Young's modulus (bulk ef
fect). This is confirmed by a 

plot of AE/E versus resisti
vi ty increase (cf. Fig. 4), 
which confirmes that the de

crease of Young's modulus 
measured above lxlo18el/cm2 is 
proportional to the point de

fect concentration, as is ex
pected for a bulk effect. Fig. 3: Isochronal annealing (15

0
min

pulses, me~suring temperature 78 K ) 
of Young's modulus and the electrical 
resistivity together with their irra
diation behaviour. (a)pre-irradiation 
values, (b)condition of completed dis
location pinning,(c) completed irra-

1diation. 
1 
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The average slope ( A.E/E)/Af = -(25 ± S) x lo 4 [D.cm1 -l was obtained 
from four irradiations. Wi th fi: = 3 x lo-6 {..Q.. cm/at% Frenkel defect~ 
this resul ts in a ratio ( !J. E/E) / cF = (-75±20%). (The usual value of 

6 i 

~ F = 2.5 x lo- was increased by 20% to account for the deviations 
from Matthiessens's rule expected at the measuring temperatur of 

78°K). 

For comparison the corresponding value of (.6.E/E)/cF found by König 
et al. /3/ after 0(-irradiations of copper at 2o°K, was -130, and 

the value found by Sosin and Dieckamp /2/ after electron irradiation 

(in a revised form /6/) was -(14o ± 60%). The value, as calculated 
by Dienes /1/ was +5. So our result confirms the statement of König 

et al. /3/, that the measured bulk effect of Young's modulus is 

more than one order of magnitude larger and of opposite sign as the 

calculated value. 

König et al. /3/ concluded 
that this large bulk effect 
is predominantely caused by 

interstitials. On the other 

hand, the contribution to 
the electrical resistivity 

for interstitials and for 
vacancies seems to be of the 

same order of magni tude /1·1/. 

The following discussion of 
the annealing behaviour will 
make use of these above men
tioned contributions to 
Young's modulus and electri

cal resistivity. 

Fig. 4: The measured change 

of Young's modulus during 
irradiation at 12o°K, plot

ted versus the measured 

change of electrical resisti

vi ty (measuring temperature 

78°K). 
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b) Annealing behaviour 

Annealing of the resitivity and the bulk effect of the Young's mo
dulus is shown in Fig. 5a, the latter being determined relative to 
the Young's modulus value of the pinned sample (value (b) of Fig.3). 

From this figure it can be 
noticed that in spite of the 

5 r----..---.----.----.--.---...----.-100 

a 
qualitat±ve agreement between 
the annealing of these two 
proper~es, quantitative diffe

rences in the magnitude of the 

annealing stages exist: In 
stage II+III the resistivity 

anneals more strongly than 

Young's modulus, where~as the 
opposite is true in stage V. 

-80 r 
---+----+-___,f-------l-60 ..., 

In Fig. 5b the annealing of 

Young's modulus and resisti

vity are plotted together 
according to the data displayed 
in fig. 5a. In this plot the 

differences between the 
annealing of Young's modulus 
and resistivity are very 

significant, resulting in 

deviations of (~E/E)/~~ from 
its average value. The annealing s 

120• 
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5 

80-K 

4 3 

-100 

b 
-80 
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Fig. 5: Comparison of the isochronal annealing of resistivity 
and the bulk effect of Young's modulus. 
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5a) The two properties plotted versus annealing temperature. 
5b) The two properties plotted versus each other. This 

curve is constructed by combining the two functions 

shown in fig. 5a, at which the open triangles represent 
the measuring points and the filled triangles belong to 
further values, taken directly from the curves. 
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between 180-270°K is clearly divided into two stages, which are 
not detectible in the curves of fig. 5a because of the relative 
large separation between measurements. In spite of the lack of 

kinetic measurements in this work, the designation of the annealing 
between 180-240°K as stage II and between 240-270°K as stage III 
seems sure according to the results of a dislocation pinning 

experirnent perforrned with the same material/?/. In Tab. 1 are 

listed the slopes of (AE/E)/AS, measured in two annealing experi
rnents which were performed on the same sample after irradiations 

with nearly the same doses (run I: 1,8·1020 el/crn2 , run II: 2,0.1020 

el/cm2 ). The corrected annealing values are obtained by multiplying 

the measured annealing values by the ratio of the average irradiation 

value, obtained from all four irradiations (25.104 ..Il.- 1 cm-~, to the 

measured irradiation value. 

In the following these annealing values will be discussed with 
regard to the 1-interstitial model with vacancies rnigrating in 
stage III and the 2-interstitial model (for description of the two 

models see for instance /8/). The main difference of the two annealing 

models exists in the interpretation of stage III, while stage II 

generally is attributed to the release of trapped interstitials. 

First we will consider the 2-interstitial model, where stage III 

is attributed to the migration of a second interstitial confi
guration (interstitial-2). 

According to Tab. 1 the value of (~E/E)/~S measured in stage III 

is very small, being only about 30% of that of stage II. So that 
for a first interpretation within the framework of the 2-interstitial 

model, it can be stated that this interstitial-2 posseses a rnuch 

smaller ratio (AE/E)/AS than the interstitial-1. 

The radiation damage, still observed at the end of stage III, is 
caused in this model by immobile vacancies and an equal number of 

interstitials-1 or -2, which are deeply trapped, for instance by 

clustering. So the clusters found at room temperature /9/ ought 
to be of interstitial type (one cluster was observed on 400 produced 

0 
Frenkel defects. The mean diameter of the clusters was about 30 A. 
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Table I 

1111eaeured valuoe oorrected Talues averag 
of the 

run I run II run I run II i:f~!2 

Irr&.diation 
20.0 lo4 27.o lo4 25.o lo4 25„o 104 25 1e4 

v11lue 

Stage II 25„9 104 32„l lo4 32„3 lo4 29.6 104 'l lo4 
l8o-24o°K 

Btace III 7„2 104 9„e 104 9„o lo4 9„1 104 9 lo4 
240-270°1: 

Remaining 

ratio 29.6 104 4o.9 104 '37.o 104 '.57.8 lo4 37 lo4 

a.fter etageIII 

Stage IV 
20.0 104 25.8 104 25.o lo4 23.9 104 24 lo4 

:5oo-5oo°K 

Stage V 52.o 104 64.o 104 64.9 lo4 59 „ l lci~ 62 lo4 
5oo-6oo°K 

Ratioe (~ E/E)/6f • m•aaur®d during two 1rr&diat1ona an4 

their tollowing anneale, in [.il.oml-1 • The oorrected valuee 

are related to the average 25•lo4 [..n.o~ -l of all four 

meaeured irradiation values. The unoertainty of the aver&&• 

ed valuea (last oolumn) is about ! 2o~. 
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So it is concluded that these clusters containe a noticeable 
amount of all produced defects). 

Before further discussion of the annealing above room temperature, 

it will be asked, if some clue can be found in the measurements 
for the formation of these clusters. It seems reasonable to ask, 
if perhaps the very small (bE/E)/Af -value of stage III is even 

caused by this process: When the low (LlE/E) / 6~ value of stage III 
is considered to be caused by, a clustering process and not to be 
a characteristic property of the interstitial-2, then vice versa 

we can assume that the two interstitial configurations do not 

differ markedly in their (~E/E)/6$ -values. So the stage II value 
would also be adequate for the interstitial-2. In this case recom

bination during stage III ought to be small because of the small 
Young's modulus annealing. Therefore the resistivity annealing 
during stage III, which is about 40% of the total resistivity 

annealing, would predominantely be caused by clustering. This 

contribution to the electrical resistivity would be absent for 
the clustered configuration at the end of stage III and therefore 

the corresponding ratio (~E/E)/~S ought to be increased at least 
by a factor of 2. This conclusion however conflicts with the expe
rimental results (cf. Tab. 1), where during stage II a value of 

31·104[.Q.cmJ-1 was measured and after stage III only a slightly 

increased value of 37.104[.I2c~ 1 was measured. So it seems that for 
the case of two existing interstitial configurations the small value 

of (~E/E)/Ag, measured in stage III, is caused by a real property 
of the corresponding interstitial and not by clustering. 

On the other hand the measurements can be understood well when 
clustering is assumed to take place below stage III with no drastic 
change in the value of (6E/E)/Ag(which does not mean that the 

contributions AE/E and Ajare unchanged during clustering, but only 
that these two properties vary in a similar manner). Then the 
clusters could be formed either during irradiation or during 

annealing in stage II without strongly influencing the properties 
of the trapped configuration of the same interstitial-1 and could 
be observed at the end of stage III together with a corresponding 
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number of dispersed vacancies. By comparing the (hE/E)/AP values 
at ~ 

of stage II and the end of stage III (cf. Tab. 1) it is concluded 

that during clustering the (6E/E)/D.~ value has only increased by 
about 20% (in accordance with the assumption, made above). 

When taking into co~sideration also the annealing above room 
temperature, it can be stated that during stage IV the resistivity 

anneals more strongly than the Young's modulus, and causes a value 

of (bE/E)/~~ in stage V, which is almost a factor 2 larger than 
the corresponding value at the end of stage III (cf. Tab. 1). 
This can be explained with the assumption that during stage IV 

clustering of vacancies takes place in addition to recombination. 
The clustering would cause an additional decrease of resistivity 

whereas a concomitant decrease of Young's modulus could be 
neglected because of the small contribution of the vacancies to 
the bulk effect. The recovery above 500°K (stage V) then is caused 

by annihilation of clustered vacancies with clustered interstitials. 

Now the measurements will be discussed within the framework of 
the 1-interstitial model with stage III annealing caused by the 

diffusion of vacancies. The corresponding interstitials are 
assumed to be immobile because of deep trapping. From the fact that 

some radiation damage remains in the sample after stage III it can 
be concluded that a certain portion of the vacancies takes part in 
reactions other than recombination. Trapping and clustering are 

such reactions by which vacancies become immobile and thus can 
survive the stage III annealing. In the case of our high dose 

irradiations clustering seems favoured, for we have not observed 

any distinct step during the stage IV annealing as would be 
expeted for trapped vacanciess /10/. We do observe~ however, a 
stage V as is expected for point defect clusters. Therefore the 

small ratio (~E/E)/~g , which was observed in stage III, can be 
explained now by the additional decre~se of resistivity during 
clustering of vacancies. The radiation damage which then remains 

after stage III, in this picture, consists of clustered vacancies 
and a corresponding number of deeply trapped interstitia+s. 

Further it seems reasonable to assume that the state of "deep 
trapping" is synonimous with the clustering of interstitials. 
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Therefore the clusters found at room temperature should now 

be both of vacancy-and of interstitia~types. 

At this point it will be asked if there is a further clue from 
the measurementgfor interstitial clustering: In this connection 

the existing difference between the irradiation value and the 

stage II value of (6E/E)/A~(cf. Tab. l)shall be mentioned. For 
the 2-interstitial model this difference is clear because the 

irradiation value reflects the properties of both interstitial 

configurations where as the stage II value is only determined 
~ 

by the configuration-1. For the 1-interstitial model, however, 

the observed difference could suggest that clustering takes place 
during irradiation. Under these circumstances the clustered inter
sti tialS would posses a lower value of (AE/E)/~~ than the nonclustered 

interstitials which anneal in stage II. The consistency of this 

picture can be proved by considering the ratio (.6.E/E)/~S which 
still exists after stage II. In the present interpretation this 

value would be attributed to the clustered insterstitial configu

ration together with a corresponding number of still unclustered 
vacancies. A value of about 18.104 [.n..cm1-1 is derived from the 
240°K annealing data (cf. fig 5), which indeed is appreciably 

smaller than the stage II value of 31.104[(1 cllij - 1 (cf. Tab. 1). 

So it can be stated that within the framework of the 1-interstitial 

model the measurements can be interpreted by assuming that 
interstitial clustering takes place during irradiation, at which 
these clustejed interstitials have only about half the value 

of (~E/E)/6~ as the unclustered ones (together with the corres
ponding vacancies). 

The annealing above room temperature with its smaller slope of 
A E/E versus6~ in stage IV, in comparison wi th that of stage V, 

can be explained in this model with the nonuniformity of the 

size of the observed clusters /9/. Vacancies of the smallest 
clusters still possess nearly their full contribution to the 
electrical resistivity. They will recombine at first because 

of the lower stability of these clusters in comparison with 
larger ones. So the resistivity decrease per recombining Frenkel 
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pair will be larger in the early stages of annealing than in 
the following ones. An additional growth of large vacancy 

clusters by accretion of smaller ones seems reasonable for 
the conditions of stage IV postulated above. This reaction 

would cause a further d:rease of resistivity and so also can be 

cited for explaining the smaller ratio (AE/E)/~f measured during 
stage IV in comparison with stage V. 

Summary 

An average value (ÄE/E)/A~=-25 x 104[..Q.cill] - 1 was measured for 
Frenkel defects generated during 3 MeV electron irradiation of 
polycrystalline copper at 120°K. With an assumed ft== 3 x 10-6 

bo.cm/at% Frenkel defects] the following relation between bulk 
effect of the Young's modulus 6E/E aniFrenkel defect concentration 

cF results: 6E/E = -75cF. Deviations from the average value of 
( ßE/E)/Af were observed during various annealing stages. Most 
striking was the small value in stage III which is only 
9 x lo4 [llc~l- 1 • 

The annealing measurements were discussed in connection with the 

electron microscopical abservation of point defect clusters after 

electron irradiations at 120°K and heating to room temperature. 

The interpretations of the measurementSsuggest clustering of 
interstitials below stage III. Also clustering of vacancies seems 
certain. In this aase it cannot be decided if this reaction takes 

place during stage II!or during stage IV. Nevertheless some 
conclusions are given for each of the two possibilities: In the 

first aase the interstitials ought to cluster during the irradiation 

at 120°K, resulting in a ratio (ßE/E)/~g 9 which is about half of 
that of the unclustered interstitials (considered in connection 

with a corresponding vacancy). 

In the second aase it cannot be decided if clustering of the 
interstitials takes place during irradiation or during annealing. 

But again there are reasonsto suggest that clustering occurs 
below stage III. In thise aase the clustered insteristttial should 
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posses a slightly increased ratio (ßE/E)/6f when compared with 
the unclustered one. Additionally a second unclustered interstitial 
configuration should exist in this case with a much smaller 
(hE/E)/ßS value as the first interstitial configuration. 
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ELECTRON IRRADIATED PURE NICKEL OBSERVED 

BY ELECTRON MICRDSCOPY 

A. BOURRET 

C.E.N. GRENOBLE, B.P. 269 38 - GRENOBLE - FRANCE 

ABSTRACT -

Irradiation of pure nickel foils was carried out between 

-40°C and +10°C in vacuurn (10-S Torr) with 2 or 3 MeV electrons. 

Subsequentley observed "black dots" are interstitial Frank disloca

tion loops. There is a well defined critical dose above which agglo

rnerates are visible. The existence of a critical dose gives valuable 

inforrnation about the agglorneration process. 

These results prove that an interstitial defect is mobile 

below stage III. In the stage III temperature range there is a visi

ble agglorneration of interstitials which is interpreted either as a 

diffusion of loops by pipe diffusion or by diffusion of another in

tersti tial-type defect. 

I - INTRODUCTION -

Only very few metals have been studied by electron rnicros

copy. Irradiated copper has been recentley observed by SIGMUND et al. 

(1) who concluded that agglomeration is possible by homogeneous nuclea

tion and accumulation of defects which it produces~ electron irradia

tion is a good rneans to investigate directly some obscurities in the 

irradiation darnage process, especially the nature of interstitial 

migration. Stage III occurs between 80°C and 100°C in nickel : so it 

is possible to study the agglomeration before stage III. Subsequent 

annealing after stage III gives inforrnation about migration of defects 

in this ternperature range. 
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II - EXPERIMENTAL DETAILS -

Zone refined nickel (total impurities content : 40 ppm) was 

rolled to a thickness of 70 µ. From this foil, specimens were cut 

and annealed at 800°C for 20 hours in a purified helium atmosphere 

followed by slow cooling to permit outgassing. These specimens were 

then electron irradiated with 2 or 3 MeV electrons between -40°C 

and +1D°C in vacuum. An isolated aperture in front of the specimen 

delimited the exact irradiated area for reproducible dose measurement. 

The annealing treatements were carried out on the bulk specimens in 

silicon oil at +100°C. All specimens were electropolished in a mix

ture of 10 % perchloric acid in butylcellosolve at -10°C. Foils were 

then examined in an EM 200 Philips microscope fitted with a special 

goniometer stage. 

III - INTERPRETATION DF EXPERIMENTS -

It was possible to determine the size distribution the na

ture and the type (interstitial or vacancy) of the defects from the 

photographic enlargements. 

The size distribution results were obtained by counting 
0 

the number of defects with diameters within 10 or 20 A ranges. 

Corrections were made for the lass of loops near the feil surface 

Cthe stereo-method shows that there is a nearly denuded surface 
0 

layer of ~ 100 A) and also the invisibility of certain loop orien-

tations at a given diffraction condition. Measurement were always 
+ 0 

carried out using g • (200) and at a feil thickness of 650 A. 
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The nature of defects was studied by the analysis of the 

black and white (B.W,) dynamical contrast. The principle first 

developed by RÜHLE (2) is based an the following effect : the direc

tion ! going frorn the black to the white part of the image is the 

projection in a plane perpendicular to the beam of the burgers vector 

of a planar defect. Thus this direction ! is an intrinsic characte

ristic of the defect and is not dependant an the diffraction vector. 

The defect type (vacancy er interstitial) is determined 

by the stereo-technique (3), This technique is subject to numerous 
0 

errors, so the validity of results were tested using 50 A Co preci-

pitates in copper. These precipitates were found to exhibit a va

cancy character as is tobe expected (4). 

IV - EXPERIMENTAL RESULTS ---·------
IV-1 - Defect anal~sis -

Analysis cf the visible black dots shows them to be srnall 

Frank dislocation loops as illustrated an fig. 1. 

Fig.1 - Electron irradiated nickel (4,6 10 19 el/cm2 ) showing the 
B.W. contrast an a (001) feil. The ! vector is projected 
on (110) and (110) directions, therefore the black dots are 
Frank loop dislocations. Bright field. G m 
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Stereoanalysis shows these loops to be of the interstitial 
0 

type over the entire diameter range (40-120 A), There are no detec-

table vacancy agglomerates. 

IV-2 - QE_se .. _~~e,_nergy dependance. -

Three parameters are studied for different electron doses : 

M1 total number of visible loops. 

0 mean diameter loops defined by 

1~ (0) 0 d 0 
0 „ -----·----·-··-„··-.r r;ß (0) d 0 

0 

where ~ (0) is the diameter distribution function of the 

loops. 

NI the total number of interstitial agglomerated in a visible 

form. It is deduced from ~ (0) by 

Nr • 
4

; 2 J: ~ (0) o
2 

d 0 

where B is the effective surface of a defect. It is assumed 
0 

that B „ 2.32 A for Frank dislocation loop. 

All results are summarized in Table 1 for 3 MeV electron irradiation 

and Table II for 2 MeV electrons, at 10°C followed by annealing at 

room temperature. 
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Table I (3 MeV) 

··-
2 -3 -3 0 

Dose el/cm Ml cm Nl cm D A 

1. 0 1019 i n V i s i b 1 e 

2 .1 1019 1. 3 1015 0 .1 1018 27 

2.3 1019 6. 1 1015 1 • 3 1018 37 

4.6 1019 5.8 1015 2.0 1018 45 

~·----· 

Table II (2 MeV) 

2 -3 -3 0 

Dose el/cm Ml cm Nl cm D A 

1. 0 1019 i n V i s i b 1 e 

2.4 1019 2 .1 1015 0.4 1018 35 

5.3 1019 9.8 1015 1 • 7 1018 35 

--~ 

Fig. 2 gives more details on the distribution function corresponding 
0 

to results of Table I. Since the resolution limit is about 20 A 
0 

the results are subject to large errors in the 20-30 A diameter 

range. Therefore as the mean diameter is small after electron irra

diation counting results are only defined to ~ 30 %. 
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10 

A 

0.1 
50 

11 ~t 

A = 2.1•10 el. cm (3Mev) 
B = 2.3 „ ( " ) 

c = 4.6" • „ ( „ ) 

c 

D(A) 

100 

Fig. 2 - Diameter distribution function of loops created by electron 
irradiation at 3 MeV. There is a marked difference between 
A and B suggesting the existence of a critical dose. 

The following remarks can be made concerning Tables I and 

II 

1) There is a well defined critical dose below which black dots are 

invisible : this limit is found very clearly at 3 MeV between 

2.0 and 2.3 1019 2 el/cm • After irradiation at 2 MeV this limit 

is in the dose "' 2.1019 el/cm 2 This critical dose same range . 
cannot be explained by the resolution limit (see appendix). 

2) The mean diameter of loops increases as the dose increases. 

3) There is a ratio of 1.6 between the total number of interstitials 

agglomerated in a visible form after irradiation at 3 MeV and 2 MeV. 

4) The distribution function ~ (0) has an exponential form except for 

very small diameters : this is due only to the resolution limit of 

the apparatus. 

IV-3 - Reirradiation experiments -

Samples containing vacancy loops whose distribution function 

~ (0) was previously measured were electron irradiated at -30°C with 

a dose of 8.7 10 19 el/cm2 , in order to test if interstitials are mo

bile or not at this temperature. It appears clearly (fig. 3) that 
0 

the number of loops increases in the small diameter range CD • 40 A) 
0 

but decreases for larger diameters (0 • 90 A). This fact is easily 
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understood since free interstitials can give new small interstitial 
0 

loops CD • 40 A) but also can be annihilated in vacancy sinks decrea-

sing the number of vacancy loops (larger diameter). Therefore free 

interstitials are mobile at temperatures lower than -30°C, ie. defi

nitely below stage III. 

000 

100 

10 

60 

' ' 
' ' \ 

\ 
\ 

\ 
\ 

120 

\ 

' \ 

Fig. 3 - Distribution functions of loop diameter. 
A) Prior to electron irradiation : big vacancy loops only 
B) After electron irradiation, 8,7 1019 el/cm2, 2 MeV 

at -3o 0 c. 

IV.4 - Annealing experiments -

As previously observed (6) there is a visible agglomeration 

between 20°c and 100°c. This fact is illustrated in fig. 4. Table 

III presents a summary of additionnal results. 
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Table III 

El ectron Dose el/cm 2 
NI 

-3 
NI 

-3 energy cm cm 

(annealed at room (annealed I hour 
temp.) at I00°C) 

3 MeV 2.1 1019 0. 1 1018 0,6 1018 

3 MeV 2.3 1019 1 • 3 1018 2.0 1018 

2 MeV 2.4 1019 0.4 1018 1 • 0 1018 

- ·-

b/ 

Fig. 4 -
„, 2 

Electron irradiated nickel, 2.3 10 el/cm , 3 f1e.V 
a) annealed at room temperature 
b) annealed I hour at 100°C : the number of loops has 

markedly increased 0 

Bright field, G m Foil thickness : 650 A 

Therefore the agglomeration in the stage III temperature 

range is confirmed and is more pronounced for low interstitial con~ 

centrations. 
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IV-5 - Comparison with neutron irradiation (6) -

It is interesting to compare these results with those using 

neutron irradiation. Three main differences have to be pointed out : 

1) Afterneutron irradiation two types of defect are visible : inters

titial Frank dislocation loops and small tetrahedral voids which 

are vacancy agglomerates. 

2) There is no critical dose after neutron irradiation. The total 

number of interstitials agglomerated increases linearly for small 

doses (there is a saturation effect for high doses). 

3) The efficiency for visible agglomerate production is much lower 

for electron irradiation than for neutron irradiation. Therefore 

12 % of initial interstitials are agglomerated into visible loops 

after neutron irradiation compared with a mere D.3 % after elec

tron irradiation. 

V - INTERPRETATION DF RESULTS -

V.1 - Interstitial migration below stage III -

All the experimental results are coherent with a free inters

titial migration below -30°C, ie. at stage I. This fact is proved 

either by stereo-microscopy since agglomerates formed by diffusiun 

are of interstitial type, or by the reirradiation experiments where 

it is proved that an interstitial type defect is migrating below 

stage III. 

385 



V.2 - Agglomeration process -

Only interstitial agglomeration will be considered because 

vacancies d-0 not form visible agglomerates after electron irradiation. 

Vacancies are supposed immobile below 100°C so they act only as fixed 

sinks during agglomeration. Three processes can be invoked for 

agglomeration : 

- a purely random process. 

- a coalescence process. 

- a process cf elastic interaction between clusters ie. loops. 

These processes are discussed taking the experimental results into 

account. 

It is difficult to explain the existence of big agglomerates 

by a purely random process. The nucleation conditions are very homo

geneous after electron irradiation, so only very small aggregates 

are expected. If for exemple r 3 (tri-interstitial) is the first agglo

merate not mobile at room temperature, c
13 

will be high then cI
4

, Cr
5 

will decrease very rapidly (CI is the interstitial concentration). 

In this case a critical dose cannot be understood, because the number 

of each kind of agglomerate In will increase uniformly with the dose. 

A coalescence process similar to coalescence of vacancy 

loops under supersaturation conditions can be proposed. KDSEVICH et al, 

(7) has analysed this process for interstitials. Large loops grow at 

the expense cf smaller ones, but this implies that small loops shrink 

by emitting interstitials. If this process is plausible for vacancies 

it cannot be imagined to be valid for interstitials since the binding 

energy cf an interstitial to a loop is ~ 3 ev. as soon as the loop 

contains 10 interstitials (6). 
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VARLEY (9) has studied the influence of the elastic inte

raction. He proposed that a monointerstitial is attracted by a 

growing loop if it lies at a distance smaller than a radius r ; this 

radius was supposed fixed whatever the size of the agglomerates and 
0 

equal to 450 A. This is unreasonable for the smallest loops but is 

acceptable for !arger ones. The general results of VARLEY, an expo

nential form of 0 (0) for large D, an increase of the mean diameter 

with the dose are valid and are observed experimentally. But the 

initial growth of the loops remains to be explained. 

Therefore it is necessary not only to introduce an elastic 

interaction between point defects and a growing loop, but also an 

elastic interaction between loops. This interaction produces the 

displacement of entire loops either by glide motion or by conservative 

climb. At low temperature only glide has to be considered. This 

process was analysed in details in reference (6). It can be shown 

that as soon as NI is higher than a critical number NI,C (ie. a cri

tical dose) the agglomeration process can occur by mutual attraction 

of different loops. This process is only stopped by the annihilation 

of interstitials at vacancy sinks during agglomeration. Evaluation 

of NI,C is difficult because little is known about the PEIRLS NABARRO 

force in nickel, and the force necessary to remove the stacking fault. 

A very crude estimation of NI C based on the elastic limit gives 

4.6 to 20.10 19 interstitials/~m 3 • This is to be compared with the 

2 10 19 el/cm2 critical dose which gives approximately 2.2 10 19 free 

interstitials/cm3 able to agglomerate. Only very few regions in the 

specimen hold this density because most of the interstitials are 

annihilated at vacancies. This fact explains the small number of 

interstitials agglomerated in a visible form. 
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In the temperature range 20-100°C conservative climb is 

important and can explain the observed agglomeration. It would give 

a pipe diffusion activation energy of 0.8 ev. which is not unreaso

nable for nickel. But it is also possible that another type of in

terstitial defect is mobile in the stage III temperature range. 

Actually it is impossible to make a choice between these two possi

bilities J it is also possible that both processes occur simultaneous

ly but electron microscopy cannot yield more precise information. 

VI - CONCLUSION -

After the electron irradiation of nickel foils only inters

titial loops are visible, while vacancies remain in a small invisible 

form. These interstitial loops are formed by the diffusion of free 

interstitials during a low temperature stage where long range elastic 

interaction between loops is essential to explain the formation of 

big clusters. This process explains the existence of a critical dose 

because the formation of these loops requires a local density of 

defects higher than 10 19 to 10 20 interstitials/cm3 • 

In the stage III temperature range there is a visible agglo

meration of interstitials which is interpreted either as a diffusion 

of loops by pipe diffusion, or by the diffusion of an invisible 

interstitial~type defect. 
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APPENDI 

0 

The influence of a resolution limit of 2D A on counting 

results is discussed. The total number of i~terstitial NI measured 

is too small because loops of diameter 0-20 A are invisible. Eva

luation of the correction is made as follows. The distribution func

tion !ll (D) is supposed to be exponential as currently observed. 

D dD !ll (D) '" a exp-- dD 
Dm 

D 
m 

mean diameter of loops 

Therefore NI,D the true interstitial concentration is 

J: 2 D na 3 D exp- dD • D 
Dm 282 m 

As NI,O is proportional to the dose <P 

with u „ 

Dm „ u <P1/3 

AB2 1 /3 
(-) 

na 

If the resolution limit is D only part r of NI,O will be 

visible. This part is NI : 

NI 
na J D oo 

D2 D „ exp - 0 48 2 dD m r 

2 0 D 2 0 

NI 
A<P (2 r r 

2/3) 
r 

"' 2 + 
<1>1/3 

+ exp- 1/3 2 u u <P u <P 

NI versus dose <P is plotted on fig. 5 and compared with 
0 

true interstitial concentration NI,D for D „ 45 A. As can be seen 

the 

the resolution limi t does not affect the results and the error does 

not exceed 8 % for 
Dr 

< 1 ' 
Dm 
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Theoretical total number of interstitials NIO and NI versus 
electron dose if loops of diameter smaller tnan 20 ~ are 
invisible. This curve has been adjusted to fit the experi
mental results marked by crosses. It is clear that above 
2.1 1019 el/cm2 the experimental results cannot be interpre
ted without the concept of a critical dose. 
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Electron microscope studies of point defect 

clusters in electron irradiated copper 

G.P. Scheidler1 ) and G. Roth 2 ) 

Abstract 

Transmission electron microscopy has been used to measure 

the density and size distribution of visible defect clusters 

at 20° C in electron irradiated copper as a function of 

electron dose, irradiation temperature and impurity content. 

Preliminary observations of defect clusters due to electron 

irradiation are reported for gold, niobium and platinum. 

At a irradiation temperature of 120° K, the cluster density 

is nearly proportional to the Frenkel-pair concentration intro

duced by the irradiation. The cluster density decreases more 

rapidly with increasing irradiation temperature upto 23o° K 

than it does above this temperature. This abrupt change in 

the temperature dependence occures at the high temperature end 

of stage II. A comparison of pure (99.999) and impure (99.99) 

copper at 12o° K gave the same cluster densities and size 

distributions wheras at 23o° K the impure material showed 

a much higher density but with smaller average size of clusters 

than the purer material. Comparison of neutron irradiated 

copper with electron irradiated copper indicates that in the 

former,displacement cascades are an important mechanism leading 

to cluster formation. 

1) Institut für Reaktorwerkstoffe der Kernforschungsanlage Jülich 

2) Institut für Festkörper- und Neutronenphysik der Kernfor
schungsanlage Jülich, Van de Graaff-Labor in Aachen 
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Introduct-ion 

Transmission electron microscope observations have been carried 

out at room temperature on copper irradiated with 3 MeV-electrons 

at a temperature of 12o° K2 '). The specimens contained "black 

spots" similar to those observed in neutron irradiated copper. 

A typical photograph of electron damage in copper is shown in 

fig. 1. It was established that the black spots are caused 

by electron damage from measurements of the total number of 

clusters as a function of electron dose 2 ·) as shown in fig. 2, 

however, the mechanism of clustering of the generated point 

defects is not yet known. Interpretation of the results of 

damage rates 3 ·) 4 .) S,) leads to the conclusion that the 

generated interstitials migrate freely at temperatures of 

1oo° K. The free migrating interstitials can either recombine 

with vacancies, can be trapped, or can be converted into the 

d . . . 1 f . . 6 ' ) R d . f th secon -interstitia -con iguration . ecent stu ies o e 

recovery spectra of copper irradiated at12o° K and annealed 

in the rage of 120° - 600° K show differences in the recovery 

of the Bulk Modulus and electrical resistity which can be 

accounted for by the formation of interstitial clusters 

below stage III?.). 

In this investigation an attempt has been made to show the 

influence of various experimental variable~ such as dose, 

irradiation temperature and impurities on the formation of 

clusters in copper. 

Exper·imental Datails 

Copper foils so 1u thick were rolled from copper rods (99.99 % 

or 99,999 %) obtained from Johnson Matthey (99.999 %). Two 

strips 3 mm wide were joined together. A thermocouple was 

spot-welded near the irradiated area. Before irradiation the 

foils were annealed in vacuum (10- 4 Torr) at 600° C for 2 hours 

followed by slow cooling. The foils contained mainly (001) 

oriented grains following this treatment. 
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Fig. 1 

(Y) 1017 
E 8 
u 

6 -Ul 
4 ... 

(J) 
3 -Ul 

::l 2 
u 
0 1016 

'-
8 

(J) 6 
.Q 

E 4 
::l 3 z 

2 

1015 
1018 

Electron Irradiated Copper 
20 / 2 Dose 10 c cm 3MeV 

Irradiation Temperature 120 °K 

Observation at 293 °K 

Foil Orientation [100] 

/f 
~,,,....! 

( 
f/ 

t/ 

2 3 4 5 671019 2 345671020 2 3 4 5 

Jrradiation Dose ce-/cm2J 

Figure 2 Change in cluster density with dose for copper 

irradiated with 3 MeV electrons at 120° K. Cluster 

densities deterrnined at 293° K. The straight line 

drawn through the experimental points has a slope 393 
of 1/2. 



The irradiations were carried out with the Van de Graaff 

accelerator at Aachen. An area of 2 mm diameter was 
2 irradiated with an electron beam intensity of 5oo 1uA/cm • 

The foils were cooled in a liquid nitrogen cryostat during 

irradiation. The temperature of the specimens could be 

varied between 12o0 - 35o° K by regulating the nitrogen 

supply to the cryostat. After irradiation the foils were 

warmed up to 2o° C, thinned by electro-polishing and 

examined in a Siemens I microscope operated at 100 kV at 

a magnification of 80,000 using the "through focus" 

technique to ensure critically focussed micrographs. 

Prints were made at a standard magnification of 200.000 

for quantitative evaluation. Only grains of (001) orienta

tion were evaluated. We wish to emphasize that all cf the 
((.'(XC 

microscope oberservations,,rriade on specimens that have been 

annealed to approximately 3oo° K subsequent to irradiation 

at a different temperature. 

Results 

a) The dependence of the cluster density on the irradiation 

induced Frenkel defects. 
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Fig. 2 shows that the total number of visible clusters per 

cm 3 is proportional to the square root of the irradiation dose. 

Measurements of the electrical resistivity under the same 
. d' . d' . ?.) b . h . irra iation con itions ut wit out warming to room 

temperature El-Dw that the change in electrical resistivity 

is also proportional to the square root of irradiation dose. 

Hence the cluster concentration is nearly proportional to 

the Frenkel-pair concentration introduced at 120° K as 

shown in fig. 3, This comparison indicates that for each 

vi2ible cluster, on the average, 400 Frenkel defects have 

been introduced at 120° K. 
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tion is plotted against (a) Frenkel defect concentra

tion for the 15° K irradiation, and (b) Frenkel defect 
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The result of a 15° K irradiation of copper is also plotted 

in fig. 3, This feil was irradiated to a dose of 2,9 x 1019 

e/cm 2 . The change in resistivity due to irradiation was 
A -8("") , , 
~~= 24,0 x 1o ~~cm, and after ra1s1ng the temperature 

to 78° K gave .Ö~= 5,6 x 10- 8.!'l.cm.(resistivity measured 

at 4° K), These A~values correspond to Frenkel-pair 
. -4 -4 . concentrations of 2,2 x 1o and 9,6 x 1o respectively. 

The observed cluster concentration in this specimen was 

2,7 x 1o- 7 . The substantial departures of the points a. 

(as irradiated) and b. (after stage I annealing) in fig. 3 

from the linear relationship found for the 120° irradiations 

indicate that the cluster concentration is not simply a 

function of Frenkel-pairs introduced by the irradiation, 

nor that present after stage I annealing (in which close

pair annealing would be expected to eliminate Frenkel defects 

that do not contribute to cluster formation). On the other 

hand, this result indicates that cluster concentration for 

a given dose is a streng function of the irradiation 

temperature. For an irradiation at 120° K, it would have 

required a dose about 2 1/2 times that employed at 15° K 

to arrive at the cluster concentration observed. 

b) The dependence of cluster density on irradiation temperature. 
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A number of irradiations to a constant dose of 10 20 e/cm2 

were carried out at different temperatures. The visible 

cluster density decreases with increasing irradiation 

temperature as shown in fig. 4. Two stages are clearly 

distinguished. Between 120° and 23o° K a rapid linear 

reduction of cluster formation of nearly a factor of 1o 

is observed. In the stage between 23o0 and 325° K there is 

again a linear reduction in cluster formation; but the change 

is only about one-fifth that observed at the lower temperature. 

It is remarkable that the change of cluster formation from 

a strenger to a weaker temperature dependence coincides with 

the end of annealing stage II. Since stage II annealing is 

thought to be due to the release of interstitials from impurity 



traps, the streng temperature dependence of the cluster 

density for irradiation in the temperature interval of 120° K 

to 23o° K suggests that impurity trapping of iterstitials 

plays an important role in the cluster formation. The abrupt 

change in the temperature dependence at 23o° K must be due 

to a different mechanism of cluster nucleation. It is suggested 

that vacancy clustering during the irradiations above 23o° K 

is the mechanism which causes the change in the temperature 

dependence of the cluster density. Clustering of vacancies 

during the irradiation would give a reduced capture cross

section for annihilation of migrating interstitials, leading 

to increased retention of both vacancies and interstitials 

than would otherwise occur. This in turn would be expected to 

increase the number and/or average size of the clusters 

relative to that due to impurity trapping of interstitials 

alone. 

Both vacancy and interstitial clusters have been observed in 

the copper foils electron irradiated at 12o° K+), however, 

studies of the relative numbers of the two types of clusters 

as well as size distributions as a function of temperature 

have not yet been made to determine possible differences 

resulting from irradiations above and below 23o° K. 

c) The dependence of the visible cluster concentration on 

impurity content of the specimens. 

Up to now all experiments were carried out with copper of 

purity grade of 99,999 %. Copper of another purity grade 

(99.99 %) was also investigated because impurities act as 

nucleation traps. Two specimens of 99.99-purity were 

irradiated with dose 10 20 e/cm2 one at 13o° K and the 

other at 225° K. The results are plotted in fig. 5. 

+) M. Rühle (MPI-Stuttgart private communication) 
investigated these foils and found the nature 
of the clusters to be interstitial and vacancy 
clusters. 

397 



398 

1016 

"' E 
~ 
~ 1015 „ 

'" ::J u 
0 
~ „ 
.0 
E 
::J z 

1014 

Jrradiation Dose 11020 el /cm2 

1rrad1at 1on Temperatur e 
130°K 

a 
0 25 50 75 100 125 150 

Jrradiatian Temperature 

230°K 

e -Cu 9>\999'/, 

„ -Cu 99,99'/, 

b 

0 25 50 75 100 125 150 

D 1amet er af Clusters C 8. J 

Figure 5 Size distribution of clusters in 99.999 % and 99,99 % 

copper irradiated with 3 MeV electrons to a dose of 
2o I 2 o o 1o e cm at 130 K and 230 K. 

It is remarkable that the density and size distribution of the 

clusters is the same for specimens of different purity grade 

irradiated at 13o° K. This is particularly surprising since 

electrical resistanc~ indicates that the number of defects 

introduced by irradiation is higher in the impure materials 3 .) 

At the present time, we have no explanation for this result, 

and believe further studies on this are necessary. 

On irradiating both kinds of copper at 23o° K, noticable 

differences are observed in the number and size distribu

tion of clusters. The number of clusters in the impure 

material is approximately 5 times larger but the average 

diameter is smaller than in the case of the pure material. 



If one assumes that the visible clusters are dislocation 

loops as in the case of neutron irradiated copper8 ·) one 

finds in both cases nearly the same number of point defects 

in clusters in both materials. The higher total density of 

clusters in the impure material indicates that nucleation 

conditions are more favorable. 

d) Comparison of cluster formation of electron and neutron 

irradiated copper. 

On comparing the ratio of cluster concentration to the 

irradiation induced defect concentration of a neutron 

irradiated copper at 4° K and an electron irradiated copper 

at 15° K, as in table r, one finds that in neutron irr?diated 

copper the ratio is larger by a factor of 7, Comparison of 

neutron irradiations of the same dose indicates that room 

temperature irradiation gives a cluster density about So % 
of that resulting from a 4° K irradiation. For electron 

irradiation, the cluster density due to room temperature 

irradiation is less than 5 % of that resulting from a 15° K 

irradiation. 

This large difference in the efficiency of cluster formation 

for neutron irradiations at room te~perature as compared to 

electron irradiations must be associated with the formation 

of clusters more or less directly from the displacement 

cascades present in the neutron irradiation. It would be 

expected that a mechanism for the nucleation and/or forma

tion of clusters from displacement cascades would be much 

less sensitive to the irradiation temperature than the 

nucleation process believed to be operative in the electron 

irradiation case. It is probable that in the neutron irradia

tions, clusters are also nucleated in part in the same manner 

as occurs with electron irradiations. The relative importance 

of this impurity nucleation of clusters should be greater for 

low temperature irradiation than for room temperature. 
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Appendix 

Gold Stacking fault tetrahedra in foils of Gold electron irradiated 

at 18o°K and warmed up to room temperature have been observed -

as shown in fig. 6. The square shape of many of the clusters 

is the characteristic appearence of stacking - fault tetra

hedra in (001) oriented foils. 

The dose dependence of tetrahedra density is shown in fig. 7 

and size distribution in fig. 8. The form of the curve is 

like that observed by K.P. Chik after quenching of Gold. On 

the other hand one finds a lot of defect clusters where the 

form is not known specially in the range of o - 5o ~' they 
are also plotted in fig. 7. 

Niobium Defect clusters are also produced in Niobium irradiated at 5o°C 

with electrons; most of them are clearly resolved loops and 

are very stable~x~fter annealing treatments (i.e. 3 hours at 

8oo°C) the number of loops is only slightly reduced and bigger 

ones appear. 

Before irradiation the foils had been annealed for 1 hour at 
o -1o 1500 C (vacuum 1o mm Hg). 

Platinum x) Fig. 10 shows a photograph of electron damage in Platinum 

irradiated at 9o°K with 3 MeV electrons. 

x) 

All these investigations are still in progress. 

The irradiation of Platinum has been done at the electron 

irradiation facility at Jülich. 

xx) See fig. 9 
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Figure 7 Dose dependence of cluster density in gold irradiated 

with 3 MeV electrons at 18o° K. Triangles give the 

402 tetrahedra density. 
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Fig. 10 Electron Irradiated Platinum 

Dose ....... /J0 19 s,/(.AIVl 2 

Irradiation Temperature 90°K 

Foil Orientation (211) 
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Influence of Irradiatiori-Induced Defects in Aluminium 
and Co~per on Halleffect, Magnetoresistance and 
Deviations from Matthiessen•s Rule. 

K.Böning, B.Lengeler, J.-M.Welter and H. Wenzl 

Physik-Department der Technischen Hochschule München and 
Institut filr Festkörper- und Neutronenphysik der Kern
forschungsanlage Jülich. 

Abstract. 

The Hall effect R, magnetoresistance m and deviations d from 
Matthiessen's rule were measured in pure Aluminium and 
Copper after neutron irradiation at 4.60K and during annealing. 
Since the values of R, m and d sensitively depend on the defect 
type and are nearly independent of the defect concentration, . 
they could be used to investi~ate changes of defect configurations 
during irradiation and annealing which do not show up in the 
residual electrical resistivity. 

1. Introduction. 
The electrical transport properties of metals depend on the 
shape of the Fermi surface and on the scattering potentials 
for the conduction electrons /1,2,3,4/. 

The sirnplest electron transport property, the residual electri
cal resistivity, is given primarily by the product of the 
specific defect property (resistivity per unit concentration) 
and the defect concentration. Electrical properties as magneto
resistance, Halleffect and deviations from Matthiessen's rule 
provide a means to measure specifical defect properties inde
pendent of the defect concentrationi additionally they are 
sensitive to the strength and anisotropy of the scattering 
potentials. 

We studied the influence of neutron irradiation induced point 
defects in copper and aluminium on the transport properties. 
The aim was to investigate specific scattering properties of 
the defects and to detect possible configuration changes during 
annealing which usually cannot be seen by simple resistivity 
measurements. 

Low temperature neutron irradiation allows to induce scattering 
centers of different types in the sample in a reproducible way. 
However this mixture of different defect types complicates the 
interpretation of the measurements and the evaluation of specific 
property changes, even if one uses the "annealing stage" technique, 
because we are dealing with property changes which may sensi
tively depend on all the defects remaining in the sample after 
an annealing step and not only on those which are recovering 
(whereas activation enthalpy evaluations by resistivity measure
ments are to a first order of approximation independent of 
remaining stable defects /5/). 
Specific property changes can be uniquely defined for the defects 
of the last annealing stage, whereas for the other ones only 
qualitativ statements are possible at the moment. 
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This report intends to show the possibilities of the methods 
used and presents only a rough discussion of the results. 

2. Experimental Details. 

All our samples were of polycristalline material. Some data 
are presented in Table 1. 

aluminium copper 

form and dimension foiL g. 2 '0.05Lf wire 310·0.2~ of the sample 
M'!IYl'l ;Wlt»'t 

nominal purity 39. 999 % 99. ggg % 
provenance 

J)e9usso.. Asct'f'Go 

initial resistivity ;f 4-00 
.950 ratio 

?300 •1< / 'f t.6 "K 
(sit:e-effec+ Cü'Y"Y'. = 2if 60) 

transport property ftraVlS1rev.se f'Yt ec~Me-/ores is.J.. ,fov1~ifuoli11ttl mo.~0doresisf. 
studied 

-H a lt e fl ec./ Matthiesse11's -rute 

measurement 
± o. oo 5 t'v ± 0.1 fv accuracy 

irradiation dose 
1. 0 5 '/10 ;f g 

0. 60 . ;{QA&' 

at 4.6 °K 2. 52 . 110 11 g 
~t [ ,yi_ / (/»\ 

2 J E>0.111eV 

Table 1 

The samples were irradiated at liquid helium temperature in 13 the core of the Munich Research Reactor FRM (thermal flux 10 n/cm2 s, 
fast flux~1013 n/cm2 s for E> 0.1 MeV) /6/. 

The resistivity and Halleffect measurements were performed at 
4,6°K with the conventional potentiometric method in a cryostat 
containing a superconducting solenoid for producing variable 
magnetic fields from o to 3o kG. Further details are reported 
elsewhere /7/. 
No size effect corrections where performed for the Kohler 
according to a procedure suggested by Olsen /8/. They are 
significant only for the measuring points wi th '?o / ~o -wto..K 

(size effect correction > 3%) of aluminium. 

3. Copper: Longitudinal magnetoresistance. 

plots 

< 5% 

For a metal containing one type of scattering centers the relative 
increase of resistance L1.)'0 (B) ?o (8)- 5'o(O) 

~o ( 0) - ~o ( 0) 
in a magnetic field B depends according to Kohler's rule /9/ on B/?o(0. 
Furthermore the value 
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for a fixed value of B/~0 (0) is specific for the scattering 
configuration, independently of the concentration of scattering 
centers.The measured values of 6S'clB)/9Jo) versus B /'?0 (0) are 
plotted in Fig.1 for different irradiation and annealing condi
tions characterized by the zero-field residual resistivity 9,,(0). 
The differences between the curves indicate different scattering 
properties of the corresponding defects, which appears more 
clearly in Fig.2, where 

( 
B 8 l<G ) 

m '?o(O) == 3 · !/0 J2·vm 
is plotted versus 
Correct numerical calculations were done for isotropic point 
defects /10/. These results do not - until now - provide a basis 
for the interpretation of our experimental results and do not 
give us even qualitative understanding of the behaviour of more 
complicated - but realistic - defect structures in the samples. 

For the discussion of the results we use the relaxation time 
concept though it is not completely reliable /4/. The basic 
idea is that the increase of resistivity in a magnetic field 
is due to an orientation dependent (anisotropic) distribution 
of the free path of the electrons L'u=V.(t;. over the Fermi surface, 
where the variance of the velocity ~K of the electrons is a 
measure of the deviations of the Fermi surface from spherical 
shape and the variance of the local relaxation time ~K is a 
measure of the anisotropy (orientation-dependence) of the 
scattering process. 
Fora given value of B/90 (0), where 1/~(o) is proportional to 
the mean value of the free path «> , m will increase with increasing 
variance of the free path and vice versa /11/. Accordingly m is 
a specific defect property, depending on the scattering potential. 
If we deal with a mixture of different scattering types, a clear 
statement about the behaviour of m is difficult to make, unless 
one type is overwhelming, either because the corresponding 
defect concentration is quite high or because it has outstanding 
scattering properties. 

What does the experimental value of m tell about e in the case 
of copper? We distinguish between two regions of the Fermi sur
face: belly and neck /12/. The Fermi velocity is probably much 
smaller on the necks than on the bellies /13/. 
Before irradiation the overwhelming scattering centers contained 
in the sample are impurity atoms for which we guess that ~u is 
almost independent of the k-direction. In this case m reflects 
the si tuation 4<4 which is gi ven by the anisotropy of 't{ on the 
Fermi surface. 

During irradiation m increases: the anisotropy of e is increasing. 
So not only the concentration of the defects increases, but the 
type changes too, e.g. due to the overlap of cascades with de-
fect nests. After the high dose irradiation (20% of the nests 
are affected by the overlap) m furthermore increases during 
annealing in stage II/III. This indicates that now a type of 
defect with a very large anisotropy predominates. 
Without detailed calculations it will not be possible to cor
relate the measured m values with geometrical configurations of 
the scattering centers on account of the fact that we are 
dealing with an effective defect configuration, which is an 
average over different allowed orientations. If the defects 
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are distributed at random and the conduction electrons are 
scattered at random, too, this effective potential has cubic 
symrnetry, even if the individual defects do not have it. 

The defects remaining before stage V are vacancy /14/ and pro
bably interstitial aggregates in (111) and equivalent lattice 
plains. Their effective potential seems to have a quite high 
scattering cross section in (111) and equivalent directions and 
thus reduces the relaxation time on the necks, resulting in an 
increased variance of e (lN (( f:e) and increased m. 

4, Copper: Deviations from Matthiessen's rule. 
Simultaneously with the magnetoresistance we investigated the 
deviation from Matthiessen's rule at the same experimental 
conditions. 
Matthiessen's rule assumes the simple additivity of partial 
resistivities due to different types of scattering centers. This 
is only true if the scattering properties of the different 
defect types are quite identical /15/. In general we have to 
add a deviation term .6 to the sum: 

'?(T) = 'So + ß~o + 9T + 6 (~~o '?T) 
6~ ::: incre"-Se 

0 <>f -tesi s-livHy 
w i+n irrtteliotio11. 

where S'., is the residual resistivity before irradiation, ~T the 
resistivity due to phonon scattering. The phonon speotrum is 
only slightly influenoed by the irradiation; we assume that ~T 
is not changed. 

Figure 3 reports the measured A/~~ as a funotion of ~T for dif
ferent annealing stages. For ~PA~0 (above 50°K) A/Afo reaohes a 
certain saturation value (A/Af>0),.,,all • The value of ol=.(A/ti.f.)Nll,.,~ is a 
speoifio property of the oombined defeot-phonon soattering: 
it is a measure for the differenoe of soattering anisotropies 
of defects and phonons /16,17/. Figure 4 indicates the behaviour 
of d for different irradiation and annealing conditions which 
is comparable to the behaviour of m (see Fig.2). 

5, Aluminium: Hall effeot and transverse magnetoresistanoe. 

5.1 Preliminary remarks. 

We oan apply the same general ideas (Kohler's rule, plotting of 
the results, anisotropy of the free length, etc.) to the trans
verse magnetoresistance in Al as to the longitudinal one in Cu 
(chapter 3). For the Hall-effeot we work with the following 
assumptions: 

The Hall-parameter R is plotted against B/~0 (0), oorresponding 
to the Kohler diagram. In the low - ( B/f0 (0) ,..... w?: <<. -1..) 
and high - ( B/90 (0)"-'W'l:' » 1) field region (w = oyclotron frequenoy) 
the Hall-ooeffioient R is insensitive to small variations of 
B/~o(o), so that we do not need to fix a well defined value of 
B/9 0 ( o) to determine R0 (wt«:!.) and R 00 (wn>1) as i t was neooessary 
for the magnetoresistance ooeffioient m. Therefore ohanges in 
R0 and R~ oan be defined muoh more unambiguously. 
Only the high field Hall-coeffioient Roo = 1/e(n-- n~ is an 
unequivocal measure of the oonoentration of oonduotion electrons 
(eleotron-like regions of the Fermi-surface: en+, hole-like 
regions: en-; here n-.. - n+ =-1·n0 ; n0 = number of atoms per 
uni t-volume; e < o. /18, 19/). 
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In the low field Hall-coefficient R0 = r/ne /20/ (ne: true 
density of conducting electrons tirnes electronic charge; here 
n = 3·1110 ; e<O), r depends on the shape of the Fermi-surface and 
on the scattering potentials /21/ and is thus another specific 
defect property besides m. 

The Fermi-surface of aluminium can be divided into three regions 
/22,23/: a) the electron-like part in the third zone which is 
a monster of 36 tubular arms, b) the part in the second zone 
consisting of a 11 polyhedra" of 14 electronlike faces, and c) 
the 36 edges which behave hole-like for the Hall-coefficient. 
We assume that the velocity on the faces is greater than the one 
near the edges: 'ITe < 'lrp • 

Increasing scattering anisotropy may lead to a reduction of r 
and even to a change of sign, if the electrons in the 11 hole-like 11 

regions of the Fermi-surface are scattered more weakly than 
those on the other parts. 

5.2 Results and discussion. 

Figure 5 and 6 show the dosis and annealing curves for magne
toresistance m = ~~(B)/~0 (0), figure 7 and 8 the same for the 
Hall-effect R. The behaviour of a certain low-field value 
m0 (B/9o(o) = 4·10-;kG/.S2:cm) and of the low-field Hall-coefficient 
R0 (B/s>o(o) = 4·10;i.kG/.!2:cm) is summarized in figures 9 and 10. 

During irradiation m0 decreases slightly whereas R0 increases 
and even changes its sign. When the resistivity is about 10 
times the initial value, both coefficients saturate. This indi
cates that in this dose range only the concentration, not the 
scattering properties of the defects is changed. 

During annealing these coefficients do not change until the 
end of stage I where they decrease sharply and remain almost 
constant after stage II. Then m0 increases and R0 decreases to their 
original value. 

At the end of stage I the residual resistivity ~0(0) decreases 
comparatively little. But measurements of internal friction /24/ 
show that a large number of defects changes its configuration 
to a new type which determines the annealing at higher temperatures. 

The high-field Hall-coefficient R~ does not change within the 
accuracy though a reliable measurement would only be possible 
for 100 times larger magnetic fields than available to us (30 kG). 
Fora concentration of up to 10-5 frenkel-defects/atom there is 
6R@/R~ < 10-3 , so that the number of conduction electrons seems 
to remain fairly constant duriTig irradiation. 

We want now to discuss the behaviour of m0 and Ro in a very 
simple model. Assumptions: relaxa tion time model ( see remarks 
in chapter 3); Fermi surface not altered by the irradiation; 
separate relaxation times ~for each of the three regions of the 
Fermi surface ( t'J.F ~ faces of the 2nd zone; 't'1 e. ~ edges of the 
2nd zone; t'3 ~ third zone monster); '1l2 r: ( 'UJ.p and 'tH~"t'2 F for 
impuri ty a toms; before irradia tion the free pa ths ,,la. 5 ( A:z.F 
and correspondingly electron like behaviour ~>~ /20/ and a cer
tain value of m. The experimental changes of the two coeffi
cients m0 and Ro cannot be explained consistently by taking into 
account the 2nd zone only ; the "monster" must be included. 
Th~ variance of ~ is probably very small, so that we neglect 
the influence of the monster electrons on m0 and regard only 
their influence on R0 • 
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Fig. 5 Transverse magnetoresistance during neutron-irradiation 
at 4.6°K in Aluminium. The data are taken by successive measure
ments of log (~S'o(a) l'loCo) )as a function of log B/S'.(O} at different 
dose levels (1 till 8), The resistivity at each dose level can be 
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Possible and consistent changes of the free paths with 
m and Rare indicated in Table 2. 
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6. Conclusion. 

It was demonstrated that the magnetoresistance m, the Hall effect 
Rand the deviations from Matthiessen's rule d are indicating 
changes of the defect types and can be considered as specific 
defect properties. They are a measure of the scattering potential 
for the conduction electrons. 

The next work to be done is on the one side to perform experi
ments on single crystals and on the other side to improve 
the theoretical basis of the discussion. 
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RADIATION DAMAGE IN THIN :F'ILMS CAUSED DURING THEIR VACUUM 

DEPOSITION BY IHHADIATING WITH IONS OF THE EVAPORATION 

MATERIAL 

E. J:l'. Krimmel 

Institut :für Angewandte Physik 
Universität Tübingen 

Tübingen,Germany 

Radiation damage is caused in thin :films during their vacuum 
deposition by fast and monoenergetic ions o:f the evaporation 
material. The :f~ilims with uni:form thickness over an area o:f 
more than 10 cm contain a high and nearly constant damage 
rate throughout the total volume. Films o:f Cu, Au, Pt, Ni, 
Cr, Nb, Pt-Ir, Au-Cr and Fe-Cr deposited at room temperature 
and exceeding a critical thickness show radiation hardening. 
Depending on the thickness o:f the :film, sharp and pronounced 
annealing peaks o:f the electric resistivity were observed 
with Au, Pt, Cr and Ni whereby Au and Pt :films became so:ft 
but Cr and Ni :films did not change their mechanical hardness. 
The sur:face o:f the :films acts as a sink :for the lattice de
:fects. No radiation hardening was observed with Al and Ag. 

In an earlier paper describing a universal ion source :for 

producing ions :from solids 1 ) it was proposed to per:form ra

diation damage experiments irradiating a specimen by its own 

ions to avoid that the irradiating beam itself causes impu

rities. In this paper method and some first results shall be 

reported. 

Method 

To obtain well de:fined results one needs for these radiation 

damage experiments an intensive and monochromatic beam o:f 

high energetic ions. The ion source has to be universal and 

simple in its operation 1 ). An elektron beam of electrons with 

energies up to 70 keV and currents in the range o:f 10 mA is 

focused on to a solid T (Fig. 1) from which one intends to 

obtain ions. A plasma channel P is build up covered by a 

thin film o:f malten target material 2 ) as a result of the 

energy trans:fer :from the electrons to the solid T (Fig. 2). 

The sur:face of this film emits a high current of neutral and 

mainly single ionized atoms. Probably a big fraction of ions 
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originate in the plasma channel P. All positive ions are ac

celerated to a collecting specimen plate S which is negati

vely charged with regard to the solid T and the housing H, 

whereas the neutral atoms are emitted almost uniformly in 

all directions of the upper hemisphere. Hence there is no 

p 

Fig. 1 Fig. 2 

problem to separate the ions from the neutral atoms or to 

mix the beams of ions and neutral atoms to any wanted pro

portion. The energy spread of the ions was rneasured to be 

only a few electron volts. Thus for accelerating potentials 

in the range of 30 kV to 50 kV the ion beam can be conside

red to be monochromatic. Ion currents were measured up to 

26 mA. 

On the housing H films are deposited by neutral atoms only. 

These films show completely different properties if compared 

with films which are condansed at the specimen plate S by J) 

neutral atoms under simultaneous ion irradiation. The poly

cristalline films condensed in this way on the specimen plate 

S have always increased adhesive strength and hardness, posi

tive electrochemical potential, higher optical reflection 

and smaller electrical resistivity than films o:f the same 

thickness but deposited on the walls o:f the housing H. It is 

immediatly clear that these ef:fects are a result of the ir

radiation by ions. Hence a part of the proposed experiments 

can be performed in a simple way using the films condensed 

on the specimen plate S as samples which have su:ffered ra

diation damage due to ion impacts. 
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The films have a uniform thic~1ess over an area of more than 

10 cm2 . Due to the preparation technic the film contain a 

high and almost constant damage rate throughout the total 

volume. The film thickness can be chosen in any wanted range. 

Thinner films are also accesible to electronoptical investi

gations. By annealing measurements of the electric resisti

vity the resistance of the films can be chosen in a range 

convenient for the instrumentation so that other effects 

like thermoelectric potentials are kept small compared to 

the effect to be measured and therefore can be neglected. 

Parts of the solid S and films obtained by simultaneous de

position by neutral atoms on a glass substrate mounted on 

the wall of the housing H and kept on the potential of the 

wall were used for comparison. 

Al, Ag, Au, Ni, Pt, Nb, }l"e and Cr films were condensed a t 
-6 room temperature and at a vacuum of 3•10 torr. Under the 

experimental conditions Al showed no hardening effect due 

to ion irradiation, a very small effect was observed with Ag 

and in ascending order a very large one with Cr. Au, Ni, Pt 

and Cr :films were annealed in an oil bath to ensure a reli

able temperature measurement. Cu could not be treated in 

this way because o:f chemical reactions. Au and Pt films were 

also annealed in air with no difference in the results. Elec

trical resistivity annealing was measured over long periods 

of time at constant room temperature or during heating up 

the specimen and following cooling down. The adhesive strength 

o:f the films and their hardness was tested in a rough way by 

scratching the film with a steel needle loaded with different 

weights. By all experiments the ion current was kept at the 

same amount to obtain comparable results. 

Results 

1) Dependence on the ion energy: The energy of the ions was 

changed over a range beginning with 1 keV up to 70 keV. Un

der the experimental conditions no hardening effect could be 

observed by ion energies lower than approximatly 5 keV, in-
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dependently which material was used. It was concluded that the 

main observed radiation damage was produced by ions stopped 

from energies higher than 5 keV, whereas slower ions did not 

have any significant influence. Therefore experiments using 

slow ions were not carried out. For our experiments the ion 

energies were always chosen larger than JO keV. 

2) Active range of the ions: To test the penetration depth of 

the ions this mearrs the traveling distance along which an ion 

is active to produce the observed defects a film of the ma

terial to be investigated was precondensed on the specimen 

plate S by conventional methods. After this preparation the 

experiments were performed as described before. It turned 

out that the increase of adhesive streng.:th coul.d be observed 

only by predeposited films thinner than 600 j, If the prede

posited film exceed 600 i thickness no mechanical effect of 

ion irradiation with ions in the energy range between JO keV 

and 70 keV was observable. 

J) Electric resistivity annealing: Films produced un~er ion 

bombardement show generally an initial electric resistivity 

up to JO% less than corresponding f'ilms of the same thick

ness but condsnsed by neutral atoms only. Most of the samples 

were annealed immediately af'ter their production, thereby 

the dependence of the elec~ric resistivity on the film thick

nes.s was investie;ated. li'or convenience the resistivity annea

ling was carried out in the range between 25°c and 150°c 

using a constant temperature gradient of' dT/dt=~5°C/min. 

After the run the mechanical properties were retested. 

Films thinner than a characteristic thickness of' somewhat 

less than 100 i did not show any hardening due to ion irra

diation. It is concluded that the def'ects responsible main

ly f'or the hardening must have an active sphere about in 

this range. If' the f'ilm is too thin, the def'ects anneal im

mediately or generally cannot be produced. Comparing with 

the result of' minimüm ion energy (section 1) the type of' 

produced defects seems to agree with the modal of' SEEGERs 

depleted zones. 
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) -6 a Chromium: The films were produced by a vacuum of 3•10 torr 

and pressure connected by gold plateletts to the cables lea

ding to the instruments. After this preparation the fi~ms 
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were heated up. Fig. 3 

shows annealing dia

grams of three samples 

270 ~' 550 i and 700 ~ 
thick. A very pronoun

ced annealing peak of 

the electric resistivi

ty is observed with a 

temperature position 

depending on the thick

ne ss of the film. The 

peak is shifted to hig

her temperatures by in

creasing the film thick

ness. Hence in agree

ment with the obser-

va tio~ of a critical 

minimum film thickness 

the surface of the film 

must act as the main 

sink for the defects 

to be annealed. Also from 

this point of view it 

is not surprising that 

one does not observe 

strong effects by ir

radiating specimens 

with low energetic ions. 

Cooling the specimen 

back to room tempera

ture the slope is an 

almost straight line 

starting from the tur. 



ning point. This means that the main part of the defects is 

annealed and the straight line gives the temperature coeffi

cient of the electric resistivity of the film annealed up to 

the highest reached point of the annealing temperature. The 

!arge change of the resistivity indicates that the initial 
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defect concentration must be 

extremely high. Annealing of 

the Cr films in this tempera

ture range did not change their 

hardness. Films deposited by 

neutral Cr atoms without ion 

irradiation show completely 

different annealing slopes. 

Results by films of Cu, Ni, 

Au, Pt investigated less in

tensively shall be reported 

shortly. 

b) Nickel: Essentially the 

same type of slope (Fig. 4) 

as by Cr is observed with a 

400 i thick film. The peak, 

much less pronounced, occurs 

at approximately 130°c. De

creasing of the hardness could 

not be observed. 

c) Au, Pt, and Cu: Annealing 

peaks of Au films were obser

ved by 55°c (Fig. 5) and by 
0 thicker layers at 70 C re-

spec ti vely 100°C. The accu-

rate thickness of the films 

was not measured but was in the range between 100 i and JOO i 
All layers became soft after annealing as were layers deposi

ted by using neutral atoms only. Pt films annealed also on 

air showed annealing peaks at 200°c where the films became 

soft and a very strong annealing of the electric resistivi-
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ty was observed. No peak was observed by copper but softening 

was obtained before reaching 100°0. 

Reviewing the results: Au, Pt and Cu show similar behavior 

almost coinciding with annealing stages observed by other 

experiments4 ). However, they became soft at annealing tempe

ratures considerably lower than reported by other researchers. 

Ni and Cr did not become soft as it should be expected at 

least for Ni but in agreement with radiation hardening expe

riments observed by other work. 

0 Gold showed annealing peaks for thin layers at 55 C. Hence 

the temperature rise of all specimens during their depositi

on was much less than up to 55°0 performing all experiments 

under the same conditions. Going back after this statement to 

the results obtained with Cr: The deposition conditions by 

all Cr films were the same. Hence either dependi~g on the 

film thickness there are produced in each case mainly one of 

different types of defects which anneal at different but clo

sed temperatures or there are produced one or more types of 

defects but independend from the film thickness, thereupon 

the shift of the peaks is a result of the different average 

distance of the surface to the defects, the surface acting as 

the main sink for migrating defects. But then of course one 

has to modify the usually applied reaction equation to calcu

late the activation energy. The relaxation of the lattice in 

the neighborhood of the surface ahould not have such an in

fluence on the activation energy by films thicker than 200 i 
that the activation energy could be changed in a remarkable 

way. At the present it is assumed that the shift of the peaks 

is an annealing property and the dominant migrating defects 

are interstitials by Cr and Ni but vacancies by Cu, Au and Pt. 
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Point defects in cold worked f.c.c. metals 

Summary 

by 
A. van den Beukel 
Laboratorium voor Metaalkunde 
Technische Hogeschool, Delft, 
The Netherlands 

The changes of the physical properties, observed during annealing of cold 
worked f.c.c. metals prior to recrystallisation, are usually attributed to the 
annealing ~ut of point defects. Many models have been proposed which account 
for the production of point defects by moving dislocation mechanisms. One of 
them, Saada's model, is briefly discussed, because its quantitave prediction 
of the point defect concentration produced seems to be in agreement with many 
experimental results. 

The recovery spectra of the f.c.c. metals discussed, Al, Cu, Ag, Au, Pt, Pd, 
Rh and Ni are shown to consist of two main ranges, which are, however, in many 
cases not due to one single activated process. The two ranges are usually cal
led stage II and III resp.; for Pt, Pd and Rh they are often called III and 
IV resp. It is proposed to describe the corresponding phenomenological shape 
of the recovery spectra by a corresponding nomenclature: II and III resp. for 
the main stages. 

It is argued that stage II, at least in heavily cold worked metals, is not 
due to point defect-impurity interactions, but to intrinsic defects. Several 
interpretations of this stage (single interstitials~divacancies, close pair 
recombinations, dislocation rearrangements) can be ruled out almost with cer
tainty. It is suggested that stage II involves the disappearance of inter
stitial agglomerates. Some experimental evidence is available supporting this 
suggestion. 

The stage III annealing data aje compared with the results of quenching and 
irradiation experiments. Comparison is made difficult by the fact that acti
vation energies observed during these experiments are essentially effective 
values so that their physical significance is somewhat obscure as yet. However, 
a cautious comparison between the cold work and quenching data points to the 
conclusion that.vacancy type annealing plays apart in stage III recovery. 
This conclusion~corroborated by the fact that in dilute alloys of the f.c.c. 
metals considered often ordering or clustering phenomena are observed in the 
stage III range. The result of a comparison of the cold work and irradiation 
data is not incompatible with a vacancy interpretation of stage III for Al, Au 
and Pt, but introduces the so called stage III dilemma into the interpretation 
of cold worked Cu and Ni. Moreover, internal friction data for deformed Ni 
suggest that stage III recovery at least contains a part which is not due to 
vacancy type defects. 

Stage IV as a separate recovery stage is only present in impure Ni and, less 
clearly, in Cu. It is concluded that the assignment of this stage to single 
vacancy migration is not yet definitely established. 

Finally, three types of experiments are discussed which probably reflect point 
defect-dislocation interactions: the Hasiguti internal friction peaks and the in
creases of the flow stress and the elastic constants during annealing of some cold 
worked metals. These results can be commonly interpreted in terms of the arrival 
of point defects on the dislocations and their subsequent annihilation. 
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RECOVERY STAGES IN DEFORMED PLATINUM 

Sei MIURA>:<, Jin-ichi TAKAMURA 

and Nobuo OGASA>:o:< 

Department of Metal Science and Technology 
Kyoto University, Kyoto, Japan 

Recoverystages, and in particular stages III and IV are studied 
by resistivity measurements on platinum polycrystals deformed at 
-195°C. Two sub-stages have been found in stage III, on 10 min/20°C 
isochronal annealing, in the ranges of temperatures from -20°C to 80°C 
and from 100°C to l60°C. The former pronounced sub-stage with the 
activation energy of about 0. 7 eV is ascribed to the annihilation of 
normal interstitials to vacancies as well as the annihilation to disloca
tions, while the latter weak sub-stage with the energy of about 1.1 eV 
is due to the annihilation of divacancies to dislocations. lt is also 
shown that single vacancies are annihilated to dislocations at stage IV 
with the energy of about 1.4 eV. From both experimental data and 
machine calculations, the following values are suggested : 

EN + E~ - EN = o.54±o.o3ev, EN+ E~ = 1.54±o.o3eV 

EN = 1.41±0.03 eV, E~ = 0.13 ± 0,03 eV, E~ = 1.00 ± 0.03 eV 

EM =0.75±0.05eV, EPi = 0.40±0.05eV, EN = 0.90±0.05eV 

INTRODUCTION 

For deformed or irradiated fcc metals there have been much 
arguments on recovery stages, and in particular on stage III which 
is observed in the range of temperatures between 0 .1 and 0. 2 5 of the 
absolute melting temperature [1]. Corbett et al. [2, 3] and recently 
Federighi et al. [ 4] have suggested that vacancies move in stage III, 
while Li and Nowick [5] and Suzuki [6] have ascribed divacancy migra
tion to stage III. 

>:< Now at Dept. of Mechanical Engineering, Doshisha Univ., Kyoto 
>:<>:< Now at Sumitomo Electric Industries, Ltd., Osaka 
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The other model due to Huntington [7] claims that interstitials 
move in stage I and di-interstitials in stage III ; the latter suggestion 
was later supported by Jackson [8] and Dworschak and Koehler [9]. 
Sosin et al. [ 10, 11] and also Seeger [ 12] have insisted, from the 
second-order reaction characteristic of stage III, that normal inter
stitials migrate to annihilate with vacancies. This view was not only 
supported by Simson and Sizmann [ 13} for deformed high purity nickel, 
but also confirmed by Seeger et al. [ 14] from mechanical and magnetic 
relaxation experiments. On the ~ther hand, Dawson [15] and independ
ently Suzuki [ 16] have shown that the apparent second-order reaction 
determined by usual analysis can not be the conclusive evidence for 
the mutual annihilation of interstitials and vacancies, but could be the 
process which involves the simultaneous migration of different types 
of point defects. However, in most fcc metals such as gold, copper 
and silver stages III and IV are not easy to differentiate one another 
because of the overlapping of their recovery stages. 

In order to clarify the situation stated above, recovery experi
ments on platinum moderately deformed were carried out to differenti
ate the recovery stage, if any, into separate ·stages, bearing in rilind 
that platinum has a high melting point and the lar ge contribution to 
resistivity of point defects. 

EXPERIMENTAL PROCEDURE 

Specimens were polycrystalline platinum wir es (99. 999 % purity) 
0.4 mm in diameter annealed in air for 30 minutes at 900°C at which 
no measurable resistivity change of specimen was observed. For 
annealing above 900°C in air, however, the increase in the resistivity 
of specimen was observed, presumably because of the oxidation [ 17]. 
Tensile tests were carried out by the Instron-type machine with a 
strain rate of 0.01/min. Potential leads 0.2 mm in diameter were 
spot-welded on the specimen. If necessary, the quench was made by 
plunging the specimen into water just after cutting-off the electric 
heating current ; the temperature in the gauge length, i. e., the central 
9 cm of a 40 cm length was measured from its resistance, and the 
quenching rate was about 50,000°C/ sec. 

All resistivity measurements were carried out in liquid nitrogen 
and its temperature variation was corrected by a dummy specimen. 
The smallest detectable change in resistivity was about 2 X 10-11 ohm 
cm. The determination of the shape factor for resistivity of a speci-



men subjected to deformation was made by assuming that the specific 
resistivity of the specimen fully-annealed after deformation is equal 
to that before straining. In this way only, satisfactory reproducibili
ty was achieved for resistivity measurements. After deformation or 
quenching, specimens were isochronally annealed for 10 minutes un
less otherwise noted. As the bath for isochronal annealing, iso-pentan 
(-165°.-v 0°C), distilled water (20°.-v 80°C), Silicon oil (100°""" 300°C) and 
salt bath (320°"'"' 440°C) were used, and at temperatures above 440°C 
specimens were annealed in air. When Silicon oil or salt bath were 
used, special care was taken to wash and clean the surface of specimen. 

RESULTS 

1. Isochronal Annealing 

( 1) Deformation of Annealed Specimens 

Changes in electrical resistivity on 10 min/ 20°C isochronal 
annealing are shown in Fig. 1 for specimens deformed in tension by 
3o/o, 6% and 10% at -195°C. Six recovery stages a, b, c, d, e and 
f are found in each specimen, and the resistivity change in each 
stage increases with strain (Fig. 2). As a whole the recovery 
process is similar to that observed by Piercy [18] and Jackson [8], 
but stage c found in the present experiment has not been reported. 

(2) Deformation of Quenched Specimens 

To know the stage at which single vacancies are annihilated, 
quenched specimens were deformed and isochronally annealed. The 
quench was made from temperatures below 1400°C so as to freeze
in mostly single vacancies [8, 18, 19, 20]. The time of holdingthe 
specimen at the quench temperature was about 20 seconds and the 
time required for heating-up was about 2 minutes. 

The results are shown in Fig. 3.; The top curve indicates the 
recovery stages in a specimen quenched from 1310°C and subse
quently deformed in tension by 6 % at -195°C. The bottom is the 
reference curve of a specimen similarly deformed without the prior 
quench. In a quenched and deformed specimen, as understood from 
Fig. 3 and also from Table 1, a large increase in resistivity change 
is observed at stage d, while only a slight increase at stage b and 
little change at stage c are detected. lt is also noticed that stage 
b split into two sub-stages b 1 and b 2 in a quenched specimen when 
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deformed by more than 6 %. 

2. Activation Energies for Recovery and the Annealing Kinetics 

The determination of activation energies for stages b, c and d 
was made by the slope-change method for specimens deformed by 10 % 
at -195°C. The typical results are shown in Fig. 4. The energies 
thus obtained are not so accurate but enough to know the magnitude 
with an accuracy of ±0.leV; the values are 0.75±0.leV, 1.1±0.leV 
and 1.45 ± 0.1 eV for stages b, c and d, respectively. 

To determine the order of kinetics in stage b , isothermal an
nealing was made at 30°C that is the central temperature of stage b 
for a specimen deformed by 6% at -195°C. As indicated in Fig. 5, 

5.0 
Pf (99.999%) 

a ~ O,leV 

b (0. 7 ± 0.05JeV 
40 c (1, I ±0. IJ eV 

~ 2.0 ... 

/.0 

d 0.45 :tO. I J eV 

f 

oL1~-1__1~~-1~_J_~_J_~_J_~_t:~~~ ... =::l'l::=ih~>o..<1-__J 
100 200 300 400 500 600 700 800 900 -200 -100 0 

Annealing Temperafure (°C) 

Fig. 1 Isochroanl annealing ( 10 min/ 20°C) curves for platinum wires 
(0.4 mm diam.) stretched by 3 %, 6 % and 10 % at -195°C. 
Stages b and c belong to so-called stage III, and stage d 
corresponds to stage IV. Activation energies listed were 
obtained from the slope-change method (see also Fig. 4). 
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the linear relation approximately holds when the reciprocal of the 
recovery fraction is plotted against the annealing time except for the 
initial stage of annealing. The recovery fraction is given by 

f = t::..p / t::..p = ( p - p ) / ( p - p ) b 00 0 00 
(1) 

where p is the resistivity after each thermal treatment, and p
0 

and 
p

00 
are the initial and final reference values for stage b. The value 

of p
0 

was taken from a specimen annealed for 10 minutes at -40°C, 
i. e., the lowest temperature for stage b, while as the value of p00 

was adopted the resistivity of a specimen annealed at 100°C for 10 
minutes. lt is seen from Fig. 5 that the second order kinetics is oper
ating in stage b, except for the early stage corresponding to the first 
30 o/o decay at which the time law of t 2/3 does hold. 

To know the activation energy in stage d more accurately, iso
thermal annealing was made at 220°C and 250°C for specimens deform-
ed by 6 o/o at -l95°C. In this case, the resistivity of a specimen 
annealed for 10 minutes at l80°C was taken as the value of p0 in 
Eq. (1), while as the value of p00 was adopted the resistivity after 
annealing for 2 X 103 minutes at the isothermal temperatures. As 
seen from Fig. 6, reasonably straight lines are obtained when the 
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Fig. 2 Resistivity change vs. strain in platinum wires stretched at -195°C 
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Table 1 Resistivity change f:l.p at each stage in specimens deformed 
in tension by 6 % at -195°C 

t:l.p X 10-8ohm cm 
Specimen a b c d e +f Total 

#17 (quenched 
from 13 l0°C) 0.25 0.65 0.15 3.25 0.63 4.93 

#5 (annealed) 0.20 0.52 0.16 1.20 0.60 2.68 

#11 (annealed) 0.27 0.48 0.15 1.30 0.60 2.80 

Diff erence <0.05 ---0.15 ""o ,...2,0 ""o ,,... 2.2 

#17 ( To = /3/0°C, €=6%) 

Pt { 99.999%) 

4.0 Q 

b 

E 
u 3.0 c 
1 

E 
.c: 

1 

d 
0 

1 ~2.0 
<:J 

1 

e 

#5(€=6%) 1 

/.O 

-200 -100 0 100 200 300 400 500 600 700 800 900 

Annea/ing Temperature {°C) 

Fig. 3 Isochronal annealing curves for a specimen (bottom) full
annealed and for a specimen (top) quenched from 1310°C, 
which were deformed by 6% at -195°C. 
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Fig. 4 Determination of the activation energy for each recovery stage 
in platinum deformed by 10 % at -195°C. 
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Fig. 5 Reciprocal 
of recovery frac
tion vs. annealing 
time for stage b 
of a specimen 
deformed 6 % at 
-195°C. 

435 



logarithm of recovery fraction is plotted against t 112 • The activation 
energy determined by a least square method was 1.42 ± 0.04 eV. 

DISCUSSION 

1. Stage d Recovery 

Since the temperature of stage d ranges from 0.21 Tm to 0.33 
Tm, stage d is considered to correspond to so-called stage IV [21]. 
In the following will be described the reasoning that stage d is the 
process at which single vacancies are annihilated to dislocations with 
migration energy of about 1.4 eV. 

First, most quenched-in vacancies are annihilated at stage d in 
a quenched and deformed specimen, as clearly understood from Table 
1. The quenching temperature and the cooling rate were about 1300°C 
and 50,000°C/ sec, respectively, and with these conditions the concen
tration of divacancies tobe quenched in a specimen is only at most 1 % 
of the total vacancy concentration since the binding energy of divacan
cies may be smaller than 0.20 eV [22, 23]. Thus it is said that single 
vacancies move at stage d. 

Second, as seen in Fig. 6, the fraction of recovery at stage d is 
very well represented by the time law of exp (- t 112 ). This time law 
is generally accepted to show the rate of arrival of vacancies but not 
interstitials at dislocations, as first pointed out by Coulomb and 
Friedel [24] and later retreated by Bullough and Newman [25]. 
Wintenberger [26] and Panseri et al. [27] applied this law to their ex-

l 
f 2 ( f im e in min. ) 

10 20 

0 
250°C 

E= 1.42 t 0.04eV 
0.1 

Pf ( 99.999 % ) 
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periments in the form as 

C/C0 = exp [- 7rN{ 2Dµb 2 rgt / kT}l/2
], (2) 

where C and C 0 are the vacancy concentrations at time t and at 
t = 0, respectively, N the dislocation density, D the diffusion co
efficient, µ the shear modulus, b the Burgers vector, and r 0 the 
radius of a vacancy ( r 0 !::::!. b ). If the value of D1 due to Schumacher 
et al.[23] is adopted for the time at AP/APa = 0.5 in Fig.6, the 
density of dislocations from Eq. (2) is found tobe 1010,__, 1011/ cm2. If 
the value of EN = 1.42 eV determined from Fig. 6 is used, the dislo
cation density obtained from the following equation becomes 5 X 1ouy 
cm2 for a specimen deformed by 6 % at -195°C 

2 -1 / N = (D10 ZA. t) exp(E1v kT), (3) 

where Z= 12, and D10 = 3.5Xl013 /sec[23]. 

Third, the activation energy obtained from stage d is about 1.4 
eV, which is in the range of values determined as the migration energy 
of single vacancies by a number of investigators. From quenching 
experiments, Ascoli et al. [28], Bacchella et al. [29], Jackson [8], 
Polak [22] and Schumacher et al. [23] have obtained the migration ener
gies of 1.4 ± 0.1 eV in specimens quenched from temperatures below 
1400°C, whereas lower values of 1.1 ± 0.1 eV have been reported for 
specimens quenched from high temperatures above l600°C [8, 18, 19, 
20, 22, 23]. These energies, however, represent only effective ener
gies which are affected by various parameters such as EN, EN, E~ 
E~, Cv, and annealing temperatures. To know the effective energy 
to be determined from the slope-change method, machine calculations 
were made at a set of annealing temperatures of 400°C and 420°C for 
the quench from 1300°C, and a set of 320°C and 340°C for the quench 
from 1600°C, by varying parameters as EN = 1.3 ,..,_,i,5 eV, Ere = 1.0""' 
1.2 eV, E~ = 0.1"""0.3 eV. The sets of annealing temperatures were 
chosen to represent the center of the stage from the data of Jackson [8] 
and Schumacher et al. [23]. In the calculations the following reactions 
were considered : 

V1 + V1 ~ V2 , 
V1 ----? sinks, 

v;:< + V 2 ~ V 3 , 

V 2 --7 sinks , } (4) 

where affix >:< notifies the migrating def ect in the corresponding reac -
tion. As a tri-vacancy, for simplicity, only a type with bond angle 
60° was considered. The density of line sinks was assumed as 
5 X 10 7/ cm2, and the cooling rate was 5 X 104 °C/ sec. 
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Effective energies thus obtained were compared with those ex
perimentally determined. If one put a restriction that the difference 
of effective energies between the quenches from low temperatures and 
high temperatures is not less than 0. 25 eV as actually observed (8, 
22, 23], the best fit of computed values to the experimental data was 
obtained under the following condition : 

EN+E~-EN = o.5orv0.55eV. (5) 

lt is also to be noted that the value of about 1.4 eV has been 
obtained from irradiated specimens by Piercy (18], and Bauer and 
Sosin (30]. Considering all these situations andin particular the pres
ent value of 1.42 eV as well as the well educated value of 1.38 eV due 
to Schumacher et al. (23], the following value is suggested as a most 
reasonable value. 

Ere = 1.40 ± 0.03 eV ( 6) 

2. Stage b Recovery 

The temperature range of stage b and c lies between 0 .11 Tm 
and 0.21 Tm, and is thought to correspond to so-called stage III. lt will 
be described below that, in stage b, about a half of total interstitials 
are annihilated to dislocations in the early stage of annealing, and the 
remaining half to vacancies. lt will be also suggested that at least two 
types of interstitials such as mono- and di-interstitials move in stage 
b with activation energies of about 0. 75 eV and 0.90 eV, respectively. 

First, as seen from Table 1 and Fig. 3, resistivity change 6.p in 
stage b, in contrast to that in stage d, is little increased in a quenched 
and deformed specimen. This suggests that vacancies do not move at 
stage b. Since monovacancies move at stage d as described before, 
defects migrating at stage b must be divacancies or interstitials. How
ever, the value of the energy determined from the slope-change method, 
i. e,, 0, 75 ± 0.1 eV is too small as the energy of divacancy migration 
to explain the effective energies obtained from quenching experiments 
which were discussed in some detail in the previous section. Thus 
stage b is attributable to the migration of interstitials. 

Second, stage b obeys the second order reaction except for the 
initial stage of annealing (Fig. 5). As Seeger (12] suggested, the second 
order reaction is an evidence for the mutual annihilation of interstitials 
and vacancies. lt is also noticed that the initial stage up to the first 
30 % decay obeys the typical strain-aging law of t 2/

3
• This indicates 

that the migrating defects are not vacancies but interstitials, and also 
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that the annihilation of the interstitials to dislocations is dominant in 
the early stage of annealing. 

Third, when quenched-in vacancies are introduced in a deformed 
specimen the annihilation rate of interstitials to vacancies is expected 
to increase in accord with the decrease in the mean jump number for 
recombination which is expressed by ( a Z Cv )- 1, and this effect was 
actually observed in platinum by Jackson [8]. As seen from Table 1, 
the resistivity change at stage b in a quenched and deformed specimen 
(# 17) is slightly larger than that in a deformed specimen (#5 or #7). 
This difference corresponds to the concentration of vacancies eaten by 
interstitials which should be annihilated to dislocations if quenched-in 
vacancies have not been introduced. These facts also provide evidence 
for the mutual annihilation of interstitials and vacancies, since the 
dislocation density may be little changed in both specimens. 

Fourth, the activation energy obtained from stage b, 0.75 ± 0.1 
eV, is tobe compared with the value of 0. 72 eV determined from a 
deformed platinum by Jackson [8], and with 0. 7 eV for ion-bombarded 
platinum by Baker [31]. At present it is difficult to know more accurate 
value of the migration energy of interstitials, and machine calculations 
of the recovery stage have been made by adopting suitable models and 
energies. The details will be described in the last section (Fig. 7), 
but it is understood that at least two types of interstitials having differ
ent migration energies, say about 0. 75 eV and 0.90 eV, are involved in 
stage b which could be separated into two stages, depending on the 
vacancy concentration, as observed in a quenched and deformed spec
imen. These two types of interstitials may be mono- and di-intersti
tials, but impurities and in particular oxygen might be necessary to be 
considered since all specimens were heat-treated in air. 

3. Stage c Recovery 

Stage c has the activation energy of 1.1 eV. The reason that 
this stage has not been observed in platinum may be due to the small
ness of the step height and also due to the largeness of the degree of 
straining of specimens. Dawson [15] has studied the recovery stages 
in gold, sil ver and copper weakly deformed, and found that stage III is 
separated into two sub-stages b and c when the specimen is strained 
by 1 - 5 o/o. He attributed stage c to di-vacancies, but no conclusion 
for stage b was drawn. 

As seen from Table 1, the step height of stage c is not changed 
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Fig. 7 Computer result 
for recovery stages on 
10 min/20°C isochronal 
annealing in comparison 
with the experimental 
curve for a specimen 
deformed by 6 % at 
-195°C. The values 
adopted in the calculation 
are: 

EM= lV 1.43 eV 

EM= 2V 1.02 eV 

EB = 2V 0.13 eV 

EiY O. 75 eV 
M 

E2I 0.90 eV 

Erx = 0..40 eV 

N = 5 X 1010 / cm2 

when quenched. This indicates that stage c is not related to vacan
cies trapped by impurities, otherwise stage c should become larger 
with increasing quenched-in vacancies. Since other stages such as b 
and d are assigned to interstitials and monovacancies, respectively, 
the remaining possibility of assignment for stage c is most likely the 
divacancy migration. The obtained value of 1.1 ± 0.1 eV (Fig. 4) is 
very close to the migration energy of divacancies determined from 
quenching experiments described before. From Eqs. (5) and (6) one 
can obtain the value of EN. as 

EN.=0.95..__,,l.leV, (7) 

where E~ = 0.1 ....... 0.2 eV is assumed[22, 23]. For the determination 
of a more precise value, the results from machine calculations of the 
recovery stages must be taken into account, which will be described 
in the next section. 

4. Machine Calculations 

For the assignment of recovery stages and for the determination 
of the appropriate value of activation energy for each stage, machine 
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calculations have been made so that the calculated isochronal annealing 
curve may fit the experimental data. In the calculations the following 
reactions were taken into account. 

~ Il + Il ~ I2' 
K2 

K3 
V1 +V1 ~ V2, 

K4 

I2 + V1 !I1.. Il ' 
>:< K8 ,,, Kg 

I2 + V1 --=- I1 , I;'' + V2 --=- I1 + V1 , 
>:< Kio 

I2 + V2 ___,_ Ii + V1 (8) 

Ki2 Ki3 K14 
I Kll 

1 -- sinks, I2 sinks, V1 -- sinks, V2 ----=- sinks 

where affix >:< denotes the migrating defect in the corresponding reac
tion and Ks are the rate constants which are given as follows. 

K1 = 16 vexp{-Et'i/kT}, K2 = 3 2 v exp { - (EN + E~) / k T} 

K3 = M 84 v exp{ -E1v/kT}, K4 = 14vexp{-(EN+E~)/kT} 

K5 = 30 v exp{ -Et'i/kT}, K5 = 48vexp{-El\I/kT} 
) 

K7 = 48 v exp{ -EN/kT}, Ka 48 v exP{ -EN /kT} (9) 

Kg= 80 v exp{ -EN!kT}, 
, 

Klo = 16 v exp{ -E* /kT} 

K11 = (2/3P.--2 v exp{-EM/kT}, K12 = (1/gp,_2 v exp{ -EW/kT} 

Ki3 = A.2 v exp{ -EN/kT}, Kt4 (1/6) A.2 v exp { -EN/k T} 
I 

In the above equations, E~ = EN+ 0.05 eV was assumed. A number 
of sets of energies were examined, and a sample result is shown in 
Fig. 7 with the experimental curve. The values with which the experi
mental isochronal annealing curve of a specimen deformed by 6 % at 
-195°C is well represented are suggested as follows. 

Ei'$+ E~ - Ere = 0.54±0.03 eV, Ei'$+ E~ = 1.54±0.03 eV 

Ei\'r = 1.41±0.03 eV, EN- = 1.00 ± 0.03 eV, E~ = 0.13 ± 0.03 eV 

M +O 15 { Efi = 0.75±0.05 eV 
E = 0 75 { · V 

l · -o.05e E~=0.90±0.05eV 

(10) 

E~ = 0.40 ± 0.05 eV 

with the following def ect populations which may be typical in the present 
specimen deformed by 6 % at -195°C : 

C1v = 2.6 X 10-5 , C2v = 1.2 X 10-5 

Ci:r: = 4 X 10-6 , C21 = 3 X 10-6 (11) 

N = 5 X 1010 / cm 2 • 
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SUMMARY 

Recovery stages, and in particular stages III and IV have been 
studied by resistivity measurements on platinum deformed at -195°C. 
In stage III, two sub-stages b and c have been found. The results 
obtained are summarized as follows. 

( 1) In stage b, at least two types of normal interstitials such as 
mono- and di-interstitials move with energies of 0.75±0.05 eV and 
0.90± 0.05 eV, respectively. In stage b, about a half of total intersti
tials are annihilated to dislocations in the early stage of annealing, and 
the remaining half to vacancies. 

(2) Stage c was first found in platinum, and this stage is attrib-
uted to the migration of divacancies to dislocations. The migration 
energy of divacancies is estimated as 1.00 ± 0.03 eV. 

(3) Stage d corresponds to stage IV at which single vacancies 
are annihilated to dislocations with the migration energy of 1.41 ± 0.03 
eV. 

(4) From machine calculations of recovery stages, reasonable 
energies and typical defect populations are suggested as given in 
Eqs. (10) and (11), among which the values of E~ = 0.13 ± 0.03 and 
Eli = 0.40 ± 0.05 eV are tobe noted. 
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Matthiessen's Rule änd the Analysis of Annealing Data 

from Cold Worked Platinum. 

K. HÖE»ch 1 F~ Bell and R. Sizmann 

cektion Physik der Unive sit~t München 

Abstract 
0 

I. recovery sb'ge of cold - worked Pt centered about 250 C was 
analysed from rosistivity measuremnet for the evc.luation of the 
Pctivution energy and the roaction order. For this, especi2lly 
the ~nfluence of the measuring tempernture of the electric2l 
rnsjst2nce wes investigPted. !lthough there is n. rem2rkable 
violetion of Matthiessen rule the apparent reoction order deduc1ed 
from the measurements at 4,2°K and 77°K is almost the same. 
A critical review of the current techniques for the evRluation 
of the reection order is made. The consequences are: (i) the 
activation energy has to be evaluated with t~ reaction order inde ... 
pendent methods, (ii) the formal renction order should then be 
analysed from non-isothermal annealing data with the aid of the 
known activ;:i,tion energy. The recovery st 0-ge in Platinum is described 
by second order process and an activation energy of 1,35 eV. 

1. Introduction 

The analysis of annealing datr. represents a means of classifying 

rer•.ction defect species in terms of activation energy a.nd per ... 

haps reaction ordero Experimentally in metals is the measurement 

of the change in electrical resistance onQ of the most convenient 

techniques to determine changes in defect concentrntions. The aims 

of this investigation are (i) to proof that the apparent reaction 

kinetic is essentially independent of the very temperature where 

the electrical resistance is measured; (ii) to focus attention 

on the advQntages of non~isothermal evaluation methods of the formal 

reaction kinetics. 

2o Experimental 

Platinum wires with a purity of 99 9 99% were heav~ly deformed by 

dra.,,wing at room temperature. The logarithmic ratio of the cross ... 

sectional areas of a wire before and after deformation was abeut 2,2. 
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The wires were heated by passing a ourrent through them; the 

temper2tures in the isoohronal step annealing program were 

oontrolled eleotronically by com~aring the wire resistance at the 

annealing temperature with.reference resist~nces. The temperature 
0 ( + 0 ) steps were 10 C - 0,15 , the annealing times were 5,00 and 20,00 

minutes for two different sets of experiments. The ohange in ele~-
o trioal resistanoe after eaoh annealing step was measured at 4,2 K9 

0 0 0 77 K1 141 K and 193 K. The acouraoy of the measurement of the eillec-
+ tric2l resistnnce related to the total change in resistnnce was-

;!: 0 , 4 %s n t 4 , 2 ° K , t 0 , 7 fao a, t 77 ° K , :!: 1 1 5 %rn t 1 4 1 ° K and :!: 2 , 5 foo 
0 

at 193 K. 

~. Experimental results 

0 
Between room temperature and 450 C 

only one annealing stage appeared. 

Fig. shows the normalized resistance 
, R" - R ( change T E RT = resistan&e 

RA - RE 
after annealing at temperature T, 

RA= resist2noe at the beginning of 

the annealing stage, RE= resistance 

at the end of the stage) for two 

different specimens, heated with the 
.6. T _ 10"C . 

rates v 1=-- - $ , and with 
T 4 -1::1o·c 111

'
11 

v =AL : • The solid 
2 A 'b 20mln 

lines represents this set for the 

mensuring temperature of the electri

cal resist•nce 4,2°K, the dotted lines 
0 for 77 K. The annealing curves f or 

141° K and 193°K· prnctically ooincide 

with those of 77° K. The non-ooinciM 

---4.2°K 
----77°K 

o~/\-~-'-~~~-'-~~--"l>.o--""""<>----' 
25 160 240 320 400 

---T(°C) 

dence of the curves for a fixed heat~ Fig. 1 Isochronal step annealing curves 
ing rnte measured at ie and N

2 
tem- with two different heating rates. Mea-

suring temperatures 4,2° and 77° K. 
perntures indicates a violation of 

Matthiessen 's rule. This means that 

the change in the residual resistance caused by the defect reoovery is 

not identically with the resistanoe ohange measured at an elevated 
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0,10-----------+-

15 45 60 75 
-- (~vi- (He)- ~'1)-E(He»[µflcm] 

Fig. 2 Deviation from Matthiessen 1 s rule 

measuring ternperature. Fig.2 reveals this situation more clearly, 

Here, the difference of the resistance ch~mges (RT - ~~(RT - RE) :lle 

norrnalized to the total change rneasured at liqu~d We -- are plotted 

P.gainst (RT ... RE ) lle. 'l'he index iß'represents the measuring tempers.

tures 77°K, 141°K <md 193° I~. If Matthiessen 1 s rule holds this diffe

rence should be zero. Furtherc10re Fig. 2 irnlicates that (RT : RE ),,,.,. 

is not proportional to (RT "' RE) :Ue. The.t is the reason for the 

non- coincidence of the solid a.nd dotted lines in Fig.1. 'l'his fact 

influences the apparent annealing kinetics. 

4. Analysis of the annealing data. 

The analysis of annealing data consisiB of two pnrts; i) :::valuation 

of the activation energy, ii) Tests on the formal reaction order. 

ad i) if the defect concentration C obeys a diffe~rential equation 

of the type 

( 1 ) 
de 
dt 

F ( c) exp - E/kT 

with the activation energy E and any single valued function F(c). 
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E can be determined even if F(c) ie unknowne This can- be done by 

a) comparing two samples treated with different but arbitrary 

annealing histories b) heating one sample~with a particular 

annealing progrom. For case (a) it is necessary that for both sam• 

ples the initial defect concentrationsand their spatial distribu

tions are identioal. In general the evaluation of the aetivation 

energy for case (a) is much more aecurate ( finite time or tempe

rature differenoes ) than for (b) ( determination of slopes)o 

Nevertheless, even if two samples are availablep one should made 

tests with case (b) to ensure that there is no interferenee from 

unequal initial stateso It should be emph~ized that the evaluation 

of E • eurrent techniques are summarized in /1/ and /2/ • is not 

only independent of the knowledge of F(c) but even from the pro

portionali t~ of the defect eoncentration c to the measured physi

cal property. If the physical property g is eonnected single valued 

with ~ by g .g (e) than it !ollows from (1) 

(2) .!!g = F' (g) exp - E/k T dt 

That meanm that all techniques developed for (1) hold for (2), too. 

Espeeially in our case this means that any deviation from Matthiessen 1 s 

rule doeB not touch the evaluation of Ee 

ad ii) The analysis of the reaction kinetics aim at the determination 

ot F(c). The usual way is to try a fit of the experimental data 

with an integer reaotion order model. In aontrast to (i) now the 

aonnection between e and g ( the physical property) must be known 9 

For the electrieal resistance usually propertionality is assumed. 

With other words it is assumed that Matthiessen•s rule holdse 

For the evaluation of the reaction order two kinds of experiments 

may be performed: Iso " or non - isothermal temperature~time programs 0 

The following plots oan be made: 

a) differential methodss 

1') ln (-de ) l r . th 1 t t t - dt versus n e~ or 1so erma rea men s. 

ii) ln (. ~~ • r(T) exp E/kT) versus ln e for non -isothermal expe" 

rimente with heating rates dT/dt • f(T). For this plott E must 

be known indapendently. 
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Straight line segments w~l!l1 reveal the reaotion order n, if simple 

power law on is prevailing. 

b) integral methods: 

Assuming power laws or polynomials of F(c), integrals of the type 

~~(c) can be derived. 

i) ~F~) versus t for isothermal treatments. 

ii) Expression111 of the kind ln J;(Jf}; versus ln Jexp (-E/kT) .r(T) dt. 
In particular if :r(T) is coKe~~nt or only weakly dependent on T, 

lnjexp(- E/kT) f(T) dt is essentially - (E/k) • (1/T); an 1/T plot 

should result in a straight line. For isochronal annealing with 

constant temperature steps AT integrals can be derived for which 

exactly straight lines follow in an 1/T ... plot if the 11 right" 

reaction order is used. 

Especially oase bii) is of dominating interest 0 As it oan be shown easily 

the slope of the expected straight lines for an isochronal annealing 

program is given by - E/k. Now beoause E is determinable by methods 

independent of the knowledge of any reaction order , the assumption 

of a specific annealing model tested by method bii) oan be ohecked by 

the slope of the resulting straight line. If a straight line results, 

but in the ln ••• versus 1/T-plot the slope is not equal to - E/k 

the assumed kinetics is pro~ved to be wrong. This i111 the great advantage 

of non-isothermal annealing experiments. iut in contrast to /3/ we bel:iwe 

it to be hazardous to determine both activation energy and reaction 

order from these straight line methods. The objections to this technique 

are the following: (i) the reaction process may not follow a chemical 

rPte equation. If the renction are diffusion limited, no simple quan„ 

tities of the kind ln/./rc) can be derived, which will give straight 

lines in a 1/T plot. Therefo~the nctual data will produce a curved line 

in a plot of cAde bii) 0 But rccidentally it mey happen, that the expe

rimental dBta se-m to fit a straight line in an 1/T pl•t with one or 

other (wrong ) reMtion order il\ ln /dc/F(c) of case bii). ( An example 

of this situation will be shown later). iut the elope of the resulting 

straignt line yields naturally not the right activation energy, thus 

revealing the deceipt. (ii) In seme cases Matthiessen'111 rule can be 

violated such that the true kinetics are distorted to give accidentally d.. 

straight line in case bii)o Again this can be controlled by the a•tivation 

energy. 
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According to these objections we believe it to be important to evaluate 

first the activation energy and then to analyse the kineticso 

4cto Analysis of the activation energy. 

According to a technique developed in /1/ the activation energy was 

determined from the annealing curves of the two specimen111 isochronically 

heated with the rate111 4T/4t = 10°/5 min and AT/At= 10°/20 min 0 

( The techniques of /1/ were prefered to those given in /3/ becaume the 

appro~imations in /1/ are much better. This results from the unju111tified 

approximation /3/ of a step annealing curve by a lintar heating curve, 

which is displaced by AT/2 on the temperature scaleQ AT is the tempera. 

ture step of the annealing curve). 

The results are summarized in table 1. 

Table 1 

Measuring Activation 
temperaturel!I (OK) energies (eV) 

4,2 + 1, 34- 0,04 

77 1j35:!: 0,04 

141 + 1, 35„ 0,05 

193 
+ 

1 '35 ... 0,05 

regien of 
annealing 

1o% -90% 

10% „90% 

10% ... 90% 

10% „90% 

Some remarks should be given to the errors of the activation energy 

reperted in table 1o According to /1/, the acti·ration energy E can be de• 

termined for every ( RT - R~A· ~) - value of both annealing curves 0 

Therefor~,in principal one can extract as large a set of activation 

energies E. as one likes. This mmnes that in absence of a definite trend 
]. 

of E with annealing state the statistical errer of the mean value E can 

be made practically zero. iowever there may be a systematic error 

resulting from the uncertainty of drawing the 11 right 11 smoGth curve through 

the disoretely seperated experimental points obtained by step annealing. 

This uncertainties can be caused by errors in the resistivity data or 

the temperature values of the annealing curves; the resistivity errors 

can be transformed to ad8quate temperature errorso Thus,the systematic 

error in the determination of a particular value Ei is given by 

(3) (cf tf =(~~!~. t~J + (* 4.(tr;, y 
.i .ii, 
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fT11 and ÖT21 are the variationfil in T by drawing different smooth 

curves through the experimental points deterrnined at the heating 

rates AT/4t = 10° /5min and 4 T/tJ. t = 10° /20 min • From this the weighted 

mean value 

(4) [= 
~ (d1 ~i)i 

of the activation energy is obtained. The filysternatic enor of the rnean 

value is analogous JE;, A 
~ (d'l:i)Z ~ cfe,; 

~ (d' ~i)l ~ (<f ~h)2 Et o~y is given in table 1. It is seen that al thought the annealing 

( 5) 

curves measured at ie, N
2 

or higher temperatures appear to be differeni 

the resulting activation energy is identical. This is consistent with 

the rernarks of chapter (4),that the evaluation of the activation energy 

should be indtpendent of the reliability of Matthiessen•s rule. 

Fig.3 shows an example for the determination of the activation energy 

with only one sample~ This can be done according to /1/ at the points 

where isochronal steps llT with increasing temperature are changed to steps 

4T with decreasing temperature. The 

indicated (much less accurately) ener-

gies agree well with those of table 11 

an indioation that the assumptions 

made for the technique with two 

speciments, are essentially correct 

(see chapter 4). The results show 

that the activation energy is suffi

ciently constant over the range from 

10 - 9o% of the recovery stage. 
--<>-4,2°K 
---77°K 

4b. Analysis of the kinetics. 0,41---r--:'=c-,-<1x----r----1 

First the annealing curves are to be 

tested on simple chemical rate 

equations: 

(6) 

450 

Q2t----t----+-~_~1A~2+---~ 

"'1,40 

0'-.J'----':-:------::-'-::---_j__-,--:-;:::,,.0---J 
25 160 240 320 400 

T(°C) 

Fig.3 Evaluation of the activation 
energy. 



0,79 eV 

lnln C°!fe 

10-2~--~--~--~-___, ----1/J· 103 (oK-1) 
1,6 1,8 2,0 2 2 2(-i 2 L------'------'------"---'-----'-' 

__ _.., 1fT·103 (oK-1) 10- 1,6 1,8 2,0 2,2 2~ 

Fig.4 Test on first order kinetics. Fig.5 Test on second order kinetics. 

For isochronal step annealing the integration of (6) yields for f= 1 (first 

order kinetics) 

(7) 
/) J Ca, l E lf 

{HI Mt ca = c,onst - k · T 
.liiere Ca. _ R; -'Rr: • R a e 
~ ~ ' T and RT are the resistances at the beginning 
Ce - "Rr. - Ri: 

and the end of each annealing step. Fig.4 shows the resulto Only at the 

oommencement of the recovery stage the curves could be approximated by 

straight lines, but their slopes are far from M E/k with E = 1.35 eVo 

Therefore.simple first order kinetics can be excluded. With f= 2 the inte

gration of (6) yields ( with equal initial concentrations of the reacting 

defects) 

(8) ln{'0 
- ~) = c.onst - ; ·; a. 'e Ca, Ca. _ Rr - RE 

Now with the assumption of Matthiessen 1 s rule ~, - R n 
<Y A - IT,f! 

is the relative ~efect concentration at the beginning of each annealing 

step, CCe = ~r - ~E the relative concentration at the end of each 
()' A - t: 

step. Again the left hand side of equation (8) is plQtted versus 1/T in 

Fig.5 for both heating rates and the measuring temperatures of ~0. and N2• 

The experimental points coincide with two straight line segmentso Iilowever, 

onl~ the left one (>5o% of the total recovery) corresponds to the actiwatic~ 

energy 1.35 eV, the other straight line corresponds to E = o.92eV although 451 



the E • analysis has shonn that in that region the annealing procesm is 

still running with E = 1.35eVe At the beginning of the annealing stage one 

cannot expec~ the diffusion limited process to be of simple second order 0 

The trend of the deviation points to a higher order in accord with the 

theoretical expectation /4/o It may also be seen from Fig.4 and 5 hat 

although there is a violation of the Matthiessen'l!I rule (and even 1„ viola„ 

tion which is not proportional to (R 1 -1?,JJ.le) this deviation does not sensibly 

influence the reaction order. The diffedrence between curves meast ~ed at i/e 
and N2- temperatures tends to increase the apparent reaction order for the 

N2- curve with respect to the ie - curve. Jut this cannot be revealed 

iY the kinetics tests in Fig. 4 and 5 1 because the maximum difference between 

N2 and We curves does not exceed 3% of the total resistance change 0 This 

results from (i) the smalf deviation from linearity of the curve in Fig 0 2 2nd 

(ii) from the normalization of the curves which requires the difference to be 

zero at the beginning and the end of the recovery stage. 

The decisive role of the activation energy as a controlling factor in the 

determination of the reaction order is demonstrated by the following example. 

Considering Fig.5 one may assume that the true rea~tion process may be a modi

fied second order process. Therefo~ we have recalculated the annealing Process 

assuming a binary reaction with different initial concentrations of the 

reacting species. Then the integration of the rate equation yields 

( Ce+ 4-X J ( Ca. + ~) 
( 9) l l Co /f +X Co 1 +X 

:71 n (Ctt _ 4-X) (Ce + -1-x. ) L 
E A := ~ l ri s = c on st - k · y 

C0 1+X Co A+X 
Jlere the relative concentration is given by 

~t - 'RE 4 -1->< + -· 
( 1 '.)) Ce 'RA - RE .i )< 

c(J' /f + 
4 //-X 
~ X 

where X = c~/c~ is the ratio of the initial 

concentrations. C is the total concentration 

of both defect types ( C =CA+ c1 ). In (10) 

it is assumed that the specific contribution 

to the electrical resistance from both types 

of reactants are equal. Fig. 6 shows the 

ln ln f vs 1/T - plot of the experimental data 

\ 
\ 

~ 

ln tni:; \ He,v1 

\ 
\ 
\ 
\ 0,96 eV 

\ 

( ) 10-1 
according to equation 9 with x = Oo9• The 

\ 
\ 

straight line spans the region of 5 to 95 % 

of the entire recovery stage. ~ence for only 

a 10 % difference in the initial concentrationr 

the straight line in the plot seems to give 
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\ 
\ 

)( 

\ 
\ 

Yr103(°K4) 
1,8 2,0 2,2 2~ 

Fig.6 Test on second order 
kinetics with not equal initIBI. 
concentrations. 



evidence for the"right 11 kinetical reaction procese. .iowever, thil!I inter

pretation of the defect kinetice must be wrong, since the elope of the 

mtraight line does not correspond to the required activation energy of 

1.35 eV. (In fact it showe a elope with E = 0.96 eV.) This example dem on

s1mtee the ha~ard of evaluating simultaneously both kinetioe and activ

ation energy from annealing dah. by eo called "straight line methods". 

5. Deviations from Matthiessen 1 e rule 

If Matthiessen 1 s rule holde, the resistivity at a temperature T is given 

by 
( 11 ) 

g
0

is the residual resistivity at o°K due only to impurities and physical 

imperfections. In our oaee , where !So]) represente 

the residual resistivity due to defecte which anneal between 100° and 

450°c, :?ov h due to all other imperfeotiom1 and impuritie111. gi,{T)is the 

ideal part of the resistivity. 

Aocording to (11) for two different measuring temperatures T1 and T2 the 

equation 

( 12) f vi (r;, )- J;E (T:,) = J1) (Tz)- fiß1: (~) = S0 p(1') 
holds. fiß{T}is the resistivity measured at T after annealing step at 

zf.V;{means the annealing temperature at the end of the annealing stage 

( 5'o.D('tß6 }=(/ ). Fig • .2]shows that equation (12) does not hold. This 

deviation may result from two eauses: 

a) the ideal part of the resistivity 

Since for high measuring temperatures 

resistivity is given by the Grüneisen 

may be changed due to defectl!I. 

(N2 temperature and higher) the 

formula 

ideal 

T ( 13) e3 
wi th eR. ae the specific Grüneisef temperature ( e~ represents the phonon 

spectrum of the material). 

If the phonon spectrum is diaturbf~due to defects,from (13) results 

( 14) 

Therefore the difference 

(15) 't= {f't}{r) -i,;/rJ)-(ftJ(o)-ftJjoJ)= ftVt{r)-fttßc{r) 
should be proportional tofi(r}. Experimentally f.,;/o)is approximated by 
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!/if/, (liquid ie). Fig. 7 shows that this does not represent the experim

ental situation. 

b) Deviations from Matthiessen's rule. 

If Matthiessen 1 s rule is violated, (11) can be rewritten 

( 16) f {T) : fo + fi {T) + ö ( ~O 1 f i,) 

From ( 16) we obtain /. ,J., 

( 17) -z = Ü,;{r J-f;/rV-{"'M-J',J/•I} = (t.(!l,,~ ~(; 1-t1(S,, ~ ~tr!~-~{!,,~o)-a{s.; o» 
wi th 

r:'= fov + SoJ) ( il) 

The lef t side of 

equation (17) can 

be compared with 

a theoretical ex

pression derived 

by Kohler /5,6/. 

The so-called 

Kohler rule claims 

( 18) 

0.25 1 

1 
Llf2-z?;g- LI gHe,g 

~ l Ll~He,g 
... 
q> 

Q20 

0,15 

0.10 
I 

/ 
I 0.05 
I 
I 

77,oK I 

0 2 3 4 

Fig.7. Test on Kohler's rule 

Therefore, from (17) and (18) follows 

~ 
l. 

1~3°K 

5 

T 
! 

191K 

6 7 
g i(µOcrn) 

_ ~ ~ { ~ov + f(J:olrfo) }- fi, (T) ~ ~ fov ~i {T) 
( 19 ) 12- ('.1~3~(rJ+(J(fov+flo])(i9-J) - /Jo<,~{T)tpqov 
a) 12 shall be considered as a function of f'& (T) 

"?, ~ {T fo-r s~ -? rr 
(20) ~ ~ ß f 0p(#) = const f or 5'~ -?J o.o 

Comparing Fig.7 with (20). it folbvs that the experimental behaviour 
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can be described by the equation (20). 

b) rrz shall be considered liHI a function of fop(1'). At high measuring 

temperatures (e.~.otSi,»ßSO') we obtain from (19) 

(21) 

As it can be seen from Fig. 7, the temperature of liquid N2 is high 

enough in this sense. Since fj01/J)_ {f
1
;ß·1e)-JiJ//.1e)) , Fig.2 may 

be compared with equation (21) 0 Experimentally, iis not proportional 

to the resistance difference R,f - RE at liquid :W:e. Thus, the defect 

dependence of the violation of Matthiessen 1 s rule cannot accuratelf. be 

deecribed by Kohler 1 s rule. 
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SEPARATION OF ORIENTABLE POINT DEFEOT ANNEALING-PROM OTHER 
RECOVERY EFFECTS11 USINtl ELEOTRIOAL RESISTIVITY AND MAGNETO.., 
RESISTANCE DATA OBTAINED ON PLASTIOALLY DEFORMED NICKEL. 

W.Hellenthal and U.Lotter 
Physikalisches Institut der Universität, Münster, Germany. 

Abstract 
Isochronal annealing experiments in the recovery regions 

III and IV were performed on nickel wires after low (up to 8%) 
plastic deformation, using measurements of electrical resistivity 
and magnetoresistance (in an alternating field of small amplitude). 
The latter method is shown to be very sensitive to recovery 
processes, thus revealing numerous details. Annealing the samples 
in different magnetic fields permitted a separation of orientable 
effects from other recovery contributions occurring simultaneously. 
The former could be attributed to interstitials (annealing with 

E11\ = ( 1, 06 ± 0, 05) eV in region III) and vacancies (E~ V = ( 1, 55 ·± 
0,10)eV in region IV), stabilizing the magnetization locally by 
orientation resp. diffusion effects. For some temperature regions 
investigated, differentiations between recovery with a sequence 
of real primary substages and variations due to superposition 
of different types of processes resp. effects are shown to be 
possible. 

1 Introduction 
Recovery experiments on nickel have been published by a number 

of 1mthors, some of them after irradiation or c1uenohing ( e. g. 
(1,3,4,5)) but the ma.jority in oonneotion with plastio deformation 
[1,2,3,4,6,7,8,9,10]. Structure dependent physioal properties 
used were the average eleotrioal resistivity (e.g. D,3,6,7,BJ), 
ooeroitivity [9,10] ~nd the initial susceptibility [2]. In the 
re.nge of annealing temperntures between 20 a.nd 300 °c tvrn annealing 
stages (III and IV) were observed with relative variations of the 
physioal property used of only a few perc~nt (for the resistivity 
this order of magnitude appeared at 77 °K). By an analysis of 
the reoovery and comparison of results from samples with different 
types of lattioe defeot production as well as results from 
theoretical evaluations the stages III and IV have been attributed 
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to migration of interstitials resp. of vacancies to some adequate 

sinks. 

Other possibilities to obtain information, e.g. combination o~ 

observations with different physical properties at the same 

sample or by investigations of the variation of magnetic anisotropy 

effects during recovery [11,12], have only occasionally been used 

for plastically deformed material. As it has recently been pointed 

out [13,141 only a limited comparison of results from recovery 

experiments (differring in the amount of prestrain or sample size) 

might be possible. Resistivity measurements on nickel after low 

( ~10%) plastic deformation (15,16,17] he,ve shown alternating 

variations noticeably differring from the usual stage type recovery 

after large prestrnin. 

The results presented here were obtained during recovery 

experiments on nickel wires after plastic deformation up to ~~. 

Besides resistivity meesurements of high relative re9roducibility 

( 3•1 o-5) add_i tionally magnetoresista.nce date. could be obtained 

each time for th~ same structural state of the semples. The latter 

effect has the edvant2.ge to provide sufficient sensi ti vi ty for 

samples of sma.11 ferromagnetic volume and to sh01.v high structurnl 

sensitivity (including anisotropy effects) if one comrares with 

other magnetic properties. The aim of these experiments was to use 

the combination of the above mentioned experimental methods to 

resolve processes which hnve not appeared separately in the data 

published about highly prestrained materüü. Additionally, different 

magnetic field treatments during recovery were used to separate 

simultaneously occurring effects in the recovery spectrum end 

relate them to some possible mechanisms. 

2 Susceptibili ty and magnetoresist;:mce 

The variation ~ R of the electrical resisti vi ty of ferromagnetic 

metals is given by 

( 1 ) 

vvhile for the magnetization I\I the relation 

( 2) M = IvI cos ;J s 

holds. Here M is the seturation mRgnetization. ~ is the angle s 
between the direction of the magnetic field H and the loc~l 

nmgnetiza,tion; 'f the angle between the electrice.l current 2nd the 
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locFil magnetization. The subscript o refers each time to the 
initinl situation. In equation (1) and (2) the averaging comprises 

the whole volume of the sample. 
" Measuring M(H)-curves with decreasing field amplitudes H one 

finds s. dissppearance of hysteresis and (in the linli t of very 
sE1sll H) a linear relationship, from which the initial susceptibility 

XA may be evaluated. Simultaneous observation of the variation 
II 

of megnetoresistance with small H show a parabolic relationship 
A 

( c. f. fig. 1). For a gi ven peak value Hof the field the ampli tude 

fig. 1 

Field and time dependent 
verietion of the m8.gneto
resistance effect for 
structurally different 
ferromGgnetic material 
(schematically) 

1 
.... 
" E ·-.... 

t 
6R 

r 
&R 

-H 0 

H(t) 

alternating 

/ magnetic field 

magnetically hard 
(e.g. plastically 

1 deformed sample) 

\_ 1 Jl'.: ~ :/\,_ /\__ 
-H 0 IH time t 

magnetically soft 
(annealed sample) 

'!\!\ - - - -

~ 
-H o H time t 

of the magnetoresistance variation g R will be used to define a 
ma.gnetoresisti ve suooeptibili ty 

(3) 

At small fields and low temperatures ( 1 K11 large) the 
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magnetiz8 .. tion reversal is preferentially due to motion of 180° 

Bloch walls. For fi~ld amplitudes ft near but below the coercivity 

H
0 

this mechanism is mostly completed, while now rnotions of 71° 

and 109° walls and the onset of domain rotation are found (18]. 

Due to far-reaching magnetostrictive lattice distortions, which 

arise with the lAst mentioned processes, a noticeable sensitivity 

to lattice defect concentration and configuration may be understood 

(19,20] • As the magnetoresistance on nickel is a quadratic effect 

( c. f. eq. ( 1)) the displacement of 180° walls, which show only 

small interaction with defects, does not contribute a noticeable 

resistivity variation [21]. Thus x~ was expected to be a 

structure dependent property with larger sensitivity to sorne types 

of lattice defects than most of the usual data from magnetization 

measurements (e.g.XA·' H
0
). 

3 Experimental 

3.1 M_eihQdQ Qf_m~aQuE_erg_e~t-

In an external sinusoidal magnetic field H(t) with frequency f 

the variation of magnetoresistsnce S R(t) Plternates with a basic 

frequency of 2f due to the quadratic effect (c.f. fig.1). The 

smplitude of the 2f-signal is related to the magnetoresistive 

susceptibili ty Nfl. . To use X lt. as a structure derendent qua.nti ty a 
A 

particular set of measurements is done with alvrays the same H. 

The sanple is alimented with a constant current (c.f. fig.2). 

The time-dependent variation of the potential drop then follows 

i R(t). The signal thus obtained is measured by a compensation 

technique using a 2f-voltage derived from the driving-current for 

the sinusoidal field H(t) (c.f. fig.2). Fora more detailed 

description of the method see [22]. 

The average electrical resistivity R of the demagnetized samples 

was measured with a standard d.c. compensator enabling a relative 

reproducibility of better than 3•10-5. 

3.2 ~x2eE.ime~t~l_pE.0Qe~uE_e_ 

The samples for the recovery experiments were taken from nickel 

wire (99,99~ purity, supplied by Johnson, Matthey & Co.,London) 

with a diameter of 0,25 mm. After annealing near 1000 °c in a 

vacuum of better than 1 o- 5 Torr each specimen was deformed in 
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fig.2 

coil 

sample 

cryostat 

1 
1. 
1 

:----<t-5J--c:::::r-~1.~~ 0 
: /"\..J __ L ·-·-· ,)f j 

59Hz ' 2 f • 
1 ..&.. 1 
1 

1 

l
r-1§1 . _ . ..,.. __ . r- . _ ..... __ amplitude _; 
~ 1 control 

1 
1 

• 

[> 1-----t r'\.., CD 

Arrangement for the dynamicRl meBsurement of the magneto
resisi~2.nce vCJriation a111pli tua.e by compensation 
( schema.tically) 

liquid ni trogen wi th a remanent elongP.tion up to sy~. 'rhe isochronal 

anne2.ling tre8.tments wi th a duration of ten minutes each were 

carried out in an atmosphere of high purity nitrogen gas. 

Immediately after attaining a preset value of annealing temperature 

the samples were each time demagnetized using R coil that 

surrounded the heating device. 'di th the same solenoid the specimens 

could be submittea. to constant or altornating magnetic fields 

during the annealing treatments. 

The subsequent measurements of the magnetoresistive susceptiliili~ 

~~ was done in liquid nitrogen each time in an Alternating field 

wi th the same amr>li tudes H ( below coerci vi ty). The n.verage 

electricsl resisti vi ty was then measured after an adc1i tional 

demagnetizing procedure. 
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4 Results 

Recovery data from nickel wire after low plastic deformation at 

77 °K and subsequent isochronal annealing in the range of 
temperatures between 20 and 300 °c are shown in fig.3. The observed 

fig.3 
Isochronal annealing 
(10 min for each step) of 
two nickel wires (0,25 mm 
diameter) after straining 
of 8%. Measured are the 
magnetoresistive sus
cepti bili ty X.11., and the 
elegtrical resistivity at 
77 K (related to the 
value after annealing at 
299 °0) 

t 
3 

2 

% ! 
1,0 

- stage III--1------ stage IV----

100 150 

o-o samp/e A 

l:>--l> samp/e B 

200 250 •c 300 

o-o sample A 

l:>--l> sample B 

0 
20 50 100 

annealing temperature Ta 

phvsical quantities used are the average electrical resistivity R 
and the magnetoresisti ve suscepti bili ty X lt , measured in parallel 
experiments each time on the same ssmple. For comp0rison such 

results are plotted for two different samples with similar pre
treatment. The individuRl data were reproducible to better than 

the point size in the figures. Although the curves have not been 
adjusted they resemble eA.ch other wi th respect to the ampli ttlde of 
recovery as well as to the details of the small altornating 

variations. 
A comparison of the results of the two methods of measurement 
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used, shows the large structure-dependent sensitivity of ,.t;,~ 

varying by about a factor of 10 during recovery over the stages 
III and IV. The corresponding total decrease of the electrical 

resisti vi ty amounts only to .. 1%. 
Differring from the recovery behaviour of highly deformed 

material where only one or two large stages are observed, a number 

of details has been resolved with the measurements reported here. 

These include even some small rises of resistivity for consecutive 
annealing steps. The resistivity and %~ data vary in opposite 

direction in rnost of the conditions investigated. 
To obtain addi tiona1 informa.tion due to magnetically influencable 

fig.4 

stage III stage IV 

3 

1 
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" 0 

II: " 0 " a/ternating field 
~ " " 

0 0 constant field 

" 0 
1 0 
0 

0 
20 50 100 150 200 250 oC 300 

isochronal annealing temperature Ta 

Isochronal annealing of nickel wire ( after straining of 8%) 

in an alternating and a constant magnetic field 

recovery effects sorne samples were annealed for each temperature 

step in two runs of ten rninutes each, one with application of an 

alternating and the other in a constant magnetic field of suitable 
amplitude. After each of these treatments the samples were cooled 
down for the measurements of 411.. and R. The annealing behaviour of 

x~ thus observed gives two curves (fig.4) with analogously 
detailed variations but an additional partition in branches of the 

data between about 20 and 120 °c as well as between 200 and 270 °c. 
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Thecorresponding resistivity data did not show such a separation. 
<LC. .#vc 

The amount of spli i;~ing up 6.")l lt. 1 has been extracted and 
plotted in the figs.5 and 6. The orientation effect remains nearly 

fig.5 

10 

t ...... 
(/) 5 :!:;'. 

" c: ...,_ ::i 
g ct: . 
~ -e 
~ ~ 

0 50 150 

annea/ing temperature Ta 

110 100 90 80 °C 
-:-. ...... 
-IJ 

t 

4 ·---. M 
E1r = (1

1
06 ! 0,05) eV 

-J_Q: 
2 

c c ..... -.s 0 
2,6 2,7 28·10-3 °K-1 2,9 

' 
1/Ta; 

• o.,c.. cl c. . 
Difference Di.xp,. 1 between corresponding x~ data 
measured at 77 °K after isochronal annealing in an 
alternating or a constant magnetic field at the temperature 
T (upper curve). 
LSwer diagramm: evaluation of the orientable annealing 
contribution between 75 and 110 °e following SIMSON and 
SIZMANN [7] (the points being taken from the interpolation 
curve) 

constant in stage III up to its recovery in R simple stage over a 
relatively large temperature interval. The orientable effect 

between 200 and 270 °e rises and decreases in the same temperature 
interval. The evaluation of both (using figure 5 and 6) by the 
method of SIMSON and SIZIVIANN [7] gives for the orientable effect 

in the lower temperature region an order of reaction g~ 2 and an 
activation energy for migration of E = (1,06± 0,05)eV. For the 

other process g~1 and E = (1,55±0,10)eV wa.s obtained. 
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fig.6 
EvaluatLon of ß;v;t'e. 1 d..c 
data in analogy to fig.5, 
now for the temperature 
interval T = 250 to 270 °e a 
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5 Discussion 

6 

4 ,_ 

2 ,.... 

0 
1,83 

270 260 °C 250 
1 1 1 

„ __ 

·~ ·---„ 
E1~ = (1,55:!:0,10)eV 

1 1 1 1 

1,85 1,87 189°K-1191'10-3 . ' 
l/T0 . 
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The preceeding results show the recovery of nickel between 20 

and 300 °e after low plastic deformation to be resolved into 
severe.l well distinguishable processes. On the contrary the same 
material after high deformation (c.f. e.g. [7,B] ) gives only two 
stages (III and IV) without any noticeable substructure. This 

differring behaviour may be interpreted as being due to the high 
defect concentrFition and d.ifferent material struoture in the 
latter oase. By a varying influenoe on the local activation energy 

b=' interaotion between closely sited defects [26,27] the recovery 
of several defects then may overlap ~nd lead to an apparently 

unique stageo 
The sepA.r~ction of orienteble reoovery effeots during a.nnea,ling 
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from other contributions to the recovery spectrum ~ocurring 

simultaneously (c.f.fig.4) may be interpreted by the assumption 

that some lattice defects have an influence on the magnetoresistive 

suscepti bili ty t R. in a twofold way: 

One contribution to the hindrance of magnetization processes 

may be ascribed to the stress fields of the defects. Another 

contribution due to the same type of defects can arise by stabili

zation of the local magnetization through variations in the 

anisotropy axis distribution of anisotropic defects (orient2tional 

stabilizetion [23,24]) or by diffusion into energetically favorable 

positions with respect to the magnetoelastic energy (diffusional 

stabilization t25]). The latter effects can occur if their 

relaxation times at the temperatures of the annealing experiment 

are small enough compared with its duration. MagnetizPtion 

processes which imply local variations of the direction of 

magnetization would then be hindered. 

])efects (e.g. interstitials in dumbell configuration)which 

cause a pure orientational stabilization [11] generally show a 

reorientation and recovery at two separated temperature intervals. 

The occurance of a diffusion stabilization is directly associated 

with a far-reaching migration and thus with the annihilation of 

this particular type of defect (e.g.vacancy) [11]. 

The X11. data from a sample that has been annealed in an al term:tir:g 

magnetic field may be preferentially due to the first mentioned 

mechanism. After annealing in a constant external field an 

additional orientational or diffusional stabilization may grow 

effecti ve. For this reason differences ll.;t;:c. 1 d.c. between x,~ data 

which have been measured after a recovery of a sample at the same 

temperature, but under two different external field conditions 

mentioned may be used for the analysis of the annealing processes. 

The type of stabilizing defect just then contributing to the 

observed annealing effects in the Ll;t ;:c., d.c. curve may also be 

assigned to the variatit:ms in the R and x 11.. recovery. 

With the variation of such differences at a sequence of 

isochronal annealing temperatures stabilizing effects were observed 

in the temperature region from 20 to 120 °e as well as between 

200 and 270 °e (c.f.figs.5and 6). The preceeding considerations 

suggest to relate the effect at the lower temperatures to the 

orientational stabilization with a recovery of the defects 
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responsible above about 75 °e. Interstitials in dumbell ounli.gu.

ration which would be capable to show a relaxation phenomenon 

above 8.bout 0 °e ( SEEGER et al. (11] ) would be expected to entrain 

the observed effects. This interpretation is consistent with the 

order of renction g ~ 2 and the acti va.tion energies E111 as they 

were evaluated from the data presented here (c.f,fig.5), being 

within the limits of error in agreement with results from other 

authors using various methods for the observations of migration 

and B.nnihilation of interstitials (e,g, (2,7]) • 

The appearance of two well separated branches of the recovery 

of z rt. und.er a.ifferent magnetic field treatment during the 

annePling between 200 and 270 °e (fig.6) may be interpreted by a 

diffusional st,..,bilize,tion of the local magnetization by vacancies 

being individually isotropic defects. This interpretation is 

supported by the order of reaction g~ 1 as well as the a.ctivation 

energy for the migration g~IV evaluPted here, being consistent wi th 

results of other authors with different methods [2,3,7,9]. The 

variation of the field treatment splitting of the recovery curves 

between 200 and 270 °e (c.f.fig.6) may be interpreted as follows. 

Just above 200 °e the vacancies diffuse to neighbouring regions in 

the interior of the material where they can contribute a lowering 

of the magnetoelastic free energy. Thus metastable sinks arise 

locally. This effect increases with rising annealing temperature 

and the number of vacancies becoming mobile. Simultaneously the 

migration paths grow langer during the temperature interval of the 

annealing experiments and this leads to a disappearance of the 

defects by reaction with irreversible sinks. The latter competing 

effect entrains thus a decay of the magnetic stabilization and 

therefore of the aforementioned splitting up of the recovery 

curves. The superpositi.on of both effects is q_ualitatively consistent 

with the experimental results (c.f.fig.6) and was used as an 

argument for the evaluation procedure used for g and E~v· 
The results of the analysis of the splitting regions may be 

correlated with corresponding temperature intervals of the R as 

well as the X lt. :recovery ( figs. 3, 4). While the first mentioned 

a.nnealing contribution proceeds in a single step wi th only one 

defect involved each time, the description of the total recovery 

between 75 °e and 120 °e as well as 200 and 270 °e necessitates a 

consideration of some additional contributions. These could arise as 

466 



a cause of the following possibilities. 

a. Simultaneously with the effect influencing the orientable 

recovery another defect shows migration or rearrangement. 

b. During the recovery of one type of defects (e.g.interstitiBls or 

vacancies) some transient internel stresses may s.rise (28] which 

influence by magnetostriction ~~ as well as the average electrical 

resistivity R. A detailed discussion of such effects taking into 

account the distribution of magnetization vectors show a transient 

decrease in X p.. to be related wi th a rise in R. '.l:he superposi tion 

of such an effect on the undisturbed recovery curve may lead to 

the observed behaviour. 

A dec~sion between these two interpretations is not possible 

from the present experiments. lt should be noted that a contrib~ion 

a.ue to mechanism b. would be oonsistent wi th some resul ts from 

reoent reoovery experiments on copper [13,17). 

Acoording to generally aooepted models of point defeot 

production during plastio deformation these defects are sited in 

rows more or less widely spaoed (29]. Such a configuration favors 

a formation of aggregates of these. For the oonditions observed in 

these experiments divacanoies, vacanoy tetrahedra Pnd dislooation 

loops should be taken into consideration. Aooording to results of 

KRESSEL et al. [8] as well as SEEGIBR et al. [11] the migr2.tion and 

annihila.tion of divacancies might ·oe responsible for the stage 

between about 20 and 50 °e (c.f.fig.3), As their recovery begins 

even below 0 °e the oonoentration above 20 °e might expeotedly be 

too small to oontribute notice2,bly to the orientt=tble recovery effects 

observed here. A formation of vacancy tetre~lec1ra ;:ind/or dislooetion 

loops as it has been disoussed by SIEGEL et al. [30] oould show a 

preferential probability in a region of temperature where the 

long-range migration of monovacancies has set in. This would oocur 

in the upper part of the splitting region between about 240 and 

270 °c. The deorease of the XR ourve in this temperature interval 

(o.f.fig.3) whioh does not show a signifioant ooveriant analogon in 

the reoovery of the eleotrical resistivity could be ssoribed to 

vaoanoy 8gglomeration • These would be expected to increase the 

hindranoe of magnetization processes some more than the spatially 

distributed individual vaoancies would have done [31]. An 

agglomeration entrains a reduotion of the electrioal resistivity[3~. 
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