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SAMEVATTING 

Puntfoutreaksies in Pt en Cu en sekere verdunde tegerings 
wat deur snel of termiese neutrone by 4 K bestraal is. is met 
behulp van n resistiwiteitsmetode ondersoek. n Versnelde 
toename in die resisttwiteit vrat as gevolg van bestraling 
in sekere van die legerings veroorsaak is. kon aan n 
wesenlike toename in puntfoutproduksie toegeskryf word. 
Hierdie net verband gehad met n meganisme waarvolgens 
verstrooiing van n vervangingsbotsingketting by on
suiwerhede plaasgevind net. saam rr.et die moontlike 
kemvorming van tussenruimtelike atoombondels by 
onsuiwerhede. 

Die herstelsubstadia van digbypare 1^. Ig en IQ. wat baie 
duidelik in materiaal voorkom wat met termiese neut'one 
bestraal is. is met snelneutronbestraling onderdruk. Dit kon 
verband gehad net met die hoë energie-oordragte ge-
durende bestralmg. wat aansienlike hoeveelhede bestra-
lingsuitgloeiing (spontane herkombinasie) kon veroorsaak 
het. Snelneutronkaskades het die bondeling van tussen
ruimtelike atome bevorder, en het die herstel van die 
tussenruimtelike diffusiesubstadia IQ en lg verminder. 

Alhoewel die vasvang van tussenruimtelike atome deur 
onsjiwerhede gedurende IQ en l E duidelik was, was dit 
minder doeltreffend in die geval van snelneutronbestraling. 
Hoêr onsuiwerheidskonsentrasies het die herstel van 
digbypare ook verminder. Wegbreking gedurende Stadium 
II het met beide die vasvangdoeltreffendheid van on
suiwerhede sowel as die effektiewe puntfoutkonsentrasie 
verband gehou. Die oorgroone onsuiwerhede |Au in Pt of 
Cu) het soos swak valle voorgekom, terwvl die kleiner 
onsuiwerhede (Cu of Ni in Pt) sterker "mixed-dumbbell"-
valle gevorm het. 

Die substadium 120 K in Pt het n unieke aktiverings-
energie * 0,37 ± 0,03 eV gehad, alhoewel dit nie voor
gekom het asof dit as gevolg van n onsuiwerheidsweg-
brekingsproses was nie. Dit was nie moontlik om n unieke 
aktiveringsenergie aan die stadium 360 K in snelneutron-
bestraalde Pt toe te ken nie. 

n Sterk resistiwiteitsretensie by temperature boka.it die 
van finale onsuiwerheidswegbreking dui die bondeling van 
tussenruimtelike atome rondom onsuiwernede aan; 
sodanige kernvorming kan gedurende bestraiing plaas
gevind het. Die hersteispektrum van die suiwer metale en 
die verdunde legerings kon konsekwent vertolk word 
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ABSTRACT 

Point defect reactions in Pt and Cu and certain dilute alloys 
were investigated using a resistivity method following 
either fast-neutron or thermal-neutron irradiation at 4 K. 
An enhanced irradiation-induced resistivity in certain of 
the alloys could be attributed to actual enhanced defect 
production. This was related to a mechanism involving 
defocussing of replacement collision chains at impurities, 
together with possible nucleation of interstitial clusters 
at impurities. 

The close-pair recovery substages \fil. Ig and IQ, strongly 
evident in thermal-neutron-irradiated materials, were 
suppressed by fast-neutron irradiation. This could be 
related to the higher energy transfers during irradiation and 
to significant amounts of irradiation annealing (spon
taneous recombination). Fast-neutron cascades favoured 
interstitial clustering and reduced recovery of the inter
stitial migration substages IQ and lg. 

Interstitial trapping at impurities during IQ and l E . although 
evident, was less effective in fast-neutron irradiation. 
Higher concentrations of impurities reduced close-pair 
recovery as well. Stage II oetrapping was related to the 
trapping efficiency of impurities, as well as to the effective 
defect concentration. Oversized impurities (Au in Pt or Cu) 
acted as weak traps, while undersized impurities (Cu or Ni 
in Pt) appeared to form deeper "mixed-dumbbell" traps. 

The 120 K substage in Pt had a unique activation energy 
* 0,37 ± 0,03 eV, but did not seem to be due to an 
impurity detrapping process. It was not possible to attribute 
tne 360 K stage in Pt with a unique activation energy in 
fast-neutron irradiations. 

A rtrong retention of resistivity at temperatures above final 
impurity detrapping indicates the clustering of interstitials 
around impurities; such nucleation may occur during 
irradiation. The recovery spectrum of the pure metals and 
dilute alloys could be interpreted consistently if the type of 
neutron irradiation, the concentration of impurities and the 
defect concentration were all taken into account. 
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1 . IRRADIATION-INDUCED DEFECTS IN METAL 

1.1 Introduction 

The importance of nuclear energy has been highly 
accentuated during the last decade due to the escalating 
search for alternative power sources. Since the components 
of nuclear reactors are, however, normally exposed to high 
ffuences of energetic particles (mainly neutrons), defects 
are produced in the metals involved, often resulting in 
detrimental changes to the mechanical and physical 
properties of such materials (radiation damage). Since the 
ultimate aim must be towards increased efficiency, which 
implies even higher fluxes and operating temperatures, the 
structural alloys of a typical reactor must necessarily be 
able to meet even more stringent demands. The under
standing of the effects of radiation damage and subsequent 
application in technology, involving development of 
suitable alloys for reactor construction, is essential for both 
the safe and economic operation of future high-power 
nuclear reactors. Considerable effort has gone into this field 
of research during the last decades, and although the entire 
picture relating to "radiation damage" in metals is not yet 
completely understood, a significant contribution towards 
material development has been made possible by such 
research. Earlier work done to investigate the basic causes 
of embrittlement, swelling, etc. in reactor materials, 
employed simulation techniques involving high-purity 
metals and simple-damage configurations, in order to 
facilitate the interpretation of the observed defect struc
tures! 1-3]. In an effort to close the gap between such 
"model" materials and actual technological application, 
the recent swing has been towards the investigation of 
more complicated defect agglomerates and the corres
ponding defect configurations in alloyed materials[4]. 

Due to the presence of the abovementioned irradiation-
induced defects (e.g. displaced atoms, transmutation 
impurities, etc.) the mechanical or physical properties of 
the metal may be altered significantly (e.g. the electrical 
resistivity may be influenced due to the rearrangement of 
conduction electrons around the extra scattering centre). 
Since this induced-resistivity change is roughly propor
tional to the number of induced defects, it provides a 
suitable means of monitoring irradiation damage, in 
particular at cryogenic temperatures (4 K) where practically 
all such defects are "frozen in" in the configuration in which 
they were created, due to inadequate thermal energy, 
which would allow defect migration. The addition of 
sufficient thermal energy to such an irradiated metal would 
cause certain of these defects (e.g. interstitials or displaced 
atoms) to migrate through the lattice and consequently 
undergo reactions with other defects present. Typically, 
one could have annihilation of such a defect at a vacant 
lattice site (vacancy) resulting in an equivalent restoration 
of the induced resistivity, whilst other possible reactions 
include trapping of such an interstitial at an impurity, or 
interaction with other interstitials where dissociation 
would then only occur at higher temperatures, until at 
sufficiently elevated temperatures (normally hundreds of 
degrees above room temperature) all the induced defects 

will have been removed, thus restoring the metal back to its 
original state. 

This study then, in particular, involves the investigation of 
defect structures (by means of an electrical resistivity 
method) in the face-centered cubic metals platinum (Pt) 
and copper (Cu) and their selected dilute alloys, following 
thermal-neutron and fast-neutron irradiation at cryogenic 
temperatures and the subsequent examination of defect 
kinetics up to ~ 750 K in these metals. 

1.2 Radiation Damage - Enargy Transfer 

The mechanism of defect production in metals can be 
attributed to energy transfers from the bombarding particles 
(neutrons, electrons, ions, etc.) resulting in the possible 
displacement of an atom from its original lattice position 
[5]. The separation of this displaced atom (interstitial) and 
its vacancy must then be sufficiently large to prevent their 
spontaneous recombination, and a stable Frenkel pair is 
formed. Since the threshold energy (ED) required to 
produce a Frenkel pair in a metal is » 25 eV. the resultant 
damage structure, and in particular the number of displaced 
atoms in a specific metal, will be dependent on the actual 
energy transferred by the bombarding particle to the lattice 
atom, i.e. the primary knock-on atom (PKA). Energy-transfer 
processes can be conveniently divided into two specific 
groups: 

(i) Relativistic process: e.g. electron irradiation where the 
maximum energy transferred (ET) to a PKA by an incident 
particle of energy E is given by 

E T = 2E(E + 2 mc 2) /Mc 2 1.2(1) 

where m = mass of the incident particle 
c = velocity of light 

and M = mass of the target atom. 

(ii) Non-relativistic process: e.g. ion irradiation where the 
maximum energy transferred by the incident particle is now 

E T = 4 M m E/(M+ m)2 1.2(2) 

In the case of fast neutrons, for example[37] where 
M » m, 1.2(2) reduces to 

E T * 4E/M 1.2(3) 

Typical calculations show that for Pt irradiated with 3 MeV 
electrons, ET * 130 eV while tor 1 MeV electron irradia
tion of Cu, Ej * 68 eVfrom 1.2(1). On the other hand, for a 
2 MeV fast-neutron irradiation of Pt, the transferred energy 
would be approximated by 1.2(2) as ET * 40 keV and for 
Cu as * 120 keV. 

As early as 1955, Kinchin and Pease[5) proposed that by 
making use of the above data, estimates of the average 
number of displacements (ft) produced per PKA of energy 
ET could be calculated by 

ft = E T / 2 E D 1.2(4) 

for ET > 2 ED. 
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It was soon realised, however, that although 1.2(4) was 
fairly accurate for relatively low-energy transfers, it 
presented overestimates for high-energy ranges. Modified 
versions of the above Kinchin-Pease formula have been 
devised, making use of computer simulation, whereby 
losses due to electron excitation (E.i) were taken into 
account[6. 7]. If the actual damage energy available for 
displacement is given as 

t = E T - E „ 1.215) 

then according to the theory of Lindhard ef»/|75|. the 
damage efficiency (17). defined as that fraction of primary 
recoil energy lost during atomic displacement is given by 

I 
n = = (1 + Pig(0) - ' 12(6a) 

ET 

and < = 1.2(6b) 
E? 

where the Lindhard parameters p( and E; can be calcu
lated from 

p/ = 0.133745 Z z / 3 A ~ 1 / 2 1-2(7a) 

and E? = 86,931 Z112 eV 12(7b) 

respectively and g(0 = {+0 ,40244 ^ / 4 +3 ,4008 £ 1 / 6 

1.2(7c) 
where Z — atomic number. 

and A — atomic mass of the target material. 

Allowing for corrections due to Ee, in 1.2(4). the resultant 
modified Kinchin-Pease formula is given by 

N = k ( E T - E „ ) / 2 E D 

= k í / 2 E 0 

« 0 , 4 Ê / E D 1.2(8) 

where k. defined as the displacement efficiency, has been 
approximated by the generally accepted[6,7| value of 0,8. 

Typical calculations involving estimates of E,| would imply 
that for Cu, where E T as 120 keV, then Ï * 75 keV while 
for Pt, for ET * 40 keV, I * 30 keV. 

An alternative model proposed by Robinson et a7[76] is 
dependent on the separation distance, between a vacancy 
and its interstitial, which is necessary to ensure a stable 
Frenkel pair. This model allows for spontaneous recom
bination of such defects, even at low temperatures, if they 
are located within a minimum recombination volume (V„) 
of each other. This vacancy capture model is usually 
limited to lower damage energies ( á 9 keV) so that the 
average number of displacements is now given as 

I 

where a and /? are functions of the recombination volume 
171. Typically for Cu: a = 58 eV and 0 * 1,3 x 10" 3. 

In recent studies involving initial damage rates in Cu due 
to high-energy neutron (2 MeV - 24 MeV) irradiation. 
Goldstone|77] has reported that equation 1.2(8) gave the 
best theoretical predictions of the number of displace
ments, while a study involving 16 MeV proton irradiation 
by Omar|78] indicated a better correlation with experi
mental data if equation 1.2(9) was used. The proton 
irradiations are expected to produce damage patterns 
intermediate to those produced by fast-neutron and 
electron irradiation. 

1.3 Detects dua t o Neutron Irradiation 

1.3.1 DEFECT PRODUCTION 

By reference to the above discussion, the concept of 
irradiation damage in metals, together with the expected 
defect configurations due to neutron irradiation, can be 
reviewed for comparison with damage patterns resulting 
from alternative methods of damage simulation. In the 
environment of a relatively low-powered nuclear reactor, 
the major contribution towards the production of defects 
in the structural materials can be allocated as follows: 

(a) Thermal neutrons 

During irradiation of a material these low-energy neutrons 
(E as 0.025 eV) are captured by the atomic nucleus. Within 
10""'4 s after capture this excited nucleus decays to a stable 
state with the emission of a characteristic spectrum of 
y-rays[8]. Although the total y-ray energy emitted for most 
elements is about 7 — 10 MeV perthermal-neutron capture, 
the actual recoil energy transferred to the atom will be 
dependent on the time and angular distribution of the 
gamma rays. Coltman et a/|8| have indicated by means of 
extensive calculations that in the case of thermal-neutron 
irradiation the mean primary recoil energies transferred to 
the PKA's are only 70 eV for Pt and 374 eV for Cu. Treating 
these as cases of low-energy transfer, equation 1.2(4) then 
implies that in Pt there would be about one to two. whilst in 
Cu roughly seven, defects created per thermal-neutron 
capture. Comparing these to typical calculations for electron 
irradiation in the previous paragraph, it can be seen that the 
defect pattern in Pt and Cu after thermal-r.eutron irradiation 
should closely resemble that after a few MeV of electron 
irradiation. 

(b) Fast neutrons 

For higher-energy neutrons (> 0,1 MeV), direct nuclear 
collision results in elastic interaction with the atom and 
energy transfers to this PKA are given by 1.2(2) as orders 
of lOkeV. It can readily be seen from 1.2(8) that each 
fast-neutron collision with a lattice atom should then 
result in several hundreds of atomic displacements. 

From the above comparisons, it is evident that large 
differences in the final damage patterns due to thermal-
neutron or fast-neutron irradiation will occur due to: 

(i) greater energies transferred per PKA by fast neutrons 
(many hundreds of times higher than for thermal 
neutrons); and 
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(ii) many more atomic displacements in the case of 
fast neutrons. 

Although there is still not complete unison in the actual 
dynamics leading to defect formation, the following 
principles seem to be generally accepted: 

(I) In the case of thermal-neutron or electron irradiation 
at low temperatures the PICA, originally with a mean energy 
(E) collides with other atoms and if energies are sufficient, 
one or more further direct disptecements will occur. As 
the mean energy is dissipated, e.g. due to lattice vibrations, 
displacements of atoms occur via focussing replacement 
collision chains, i.e. each atom takes the position of its 
neighbour, with the "surplus" atom being forced into an 
interstitial position at the end of such a chainj4j. It has 
been proposed that production of either single or dual 
displacement events is dependent on the crystallographic 
direction, with the < 1 1 0 > direction being favourable for 
low-energy focussing in fee metals, whilst greater energies 
are required for < 1 0 0 > and < 1 1 1 > displacements 
(9.941- The overall picture is thus one of simple defects 
(vacancies and interstitial* separated at most by several 
lattice spacings) homogeneously distributed throughout 
the metal. 

(II) The PKA resulting from high-energy particles or fast 
neutrons causes a local "explosion" on impact with other 
lattice atoms, which then travel out radially away from the 
impact area, with each such displaced atom causing its 
own series of displacements and collision chains [4.79.80J. 
A schematic representation of an original idea of such a 
displacement cascade can be seen in Figure 1.1 (a). In this 
case, however, no allowance has been made for focussing 
effects, whilst it had been suggested that this structure 
might be unstable at slightly elevated temperatures due 
to the pressure exerted by the shell of interstitialsjfK)). A 
more detailed picture is obtained from Figure 1.1(b) 
indicating the local layout following a fast-neutron 
collision! 18). 

figure 1.1(B) 
Schematic representation of interstitial atoms around a 
multiple vacancy during production of a displacement 

cascade, (fief. 80.) 

figure 1.1(b) 
Schematic representation of radiation damage by fast 

neutrons -lor the depleted zone model fftef. 18.) 

The energy transfer processes that can occur are: 

(i) transfer of energy only - focusons: and 
(ii) transfer of energy and momentum (i.e. matter) -

replacement collision chains. 

The processes differ in that for (ii). usually associated with 
higher-energy irradiation, the resultant interstitial is 
deposited at the end of the chain and relatively far from its 
vacancy - resulting in the depleted zone configuration 
indicated. The fine' situation can be regarded as a centrally 
situated depleted zone with an outer periphery of scattered 
vacancies surrounded by a concentrated layer of inter-
stitials. Such defect cascades will be homogeneously 
distributed throughout the metal. 

1.3.2 DEFECT CONFIGURATION 

Once an atom has been displaced from its lattice position 
during a low-temperature irradiation, it may occupy certain 
interstitial positions in the fee lattice. The two most 
prominent configurations! 10| are indicated in Figures 
1.2(a) and 1.2(b). viz. 

(i) The < 110> split interstitial or "crowdion" where two 
atoms (only one interstitial atom) are symmetrically split 
along the < 1 1 0 > direction about a vacant lattice site. Th>s 
configuration is generally regarded as being metastable in 
most metals, convening to a more stable configuration at 
higher temperatures|71|. 

(ii) The <100> split interstitial or "oumbbell". This is 
normally regarded! 111 as the more stable of the two con
figurations: and once again due to the repulsion exerted by 
the cores of the two atoms on each other, they arrange 
themselves in the form of a dumbbell, whose axis lies along 
the < 1 0 0 > direction, with its centre located at a normal 
vacant lattice site. 

In order to accommodate an interstitial in the lattice, 
neighbouring atoms have to be displaced, and due to the 
elastic properties of the lattice, these displacements 
spread out from the defect, resulting in displacement strain 
fields. The typical atomic separation between the defect 
atoms has been calculated to be ~ 0.6 lattice constants, 
whilst the four nearest neighbours of each are outwardly 
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(g) ( h ) 
Figure 1.2 

Interstitial end vacancy configurations in a face-centered 
cubic lattice. 

displaced, resulting in a total relaxation of ~ 2,0 and 1.4 
atomic volumes in Pt and Cu respectively[4|. These high 
relaxation volumes indicate that interstitials cause large 
lattice distortions which can result in strong interaction 
with other interstitials or lattice defects such as impurities, 
dislocations, etc. The prime effect of this elastic inter
action, resulting in lattice distortion, is thus an attraction of 
mobile interstitials to these other defects; thus, once 
mobility of an interstitial has been obtained due to the 
addition of sufficient thermal energy (e.g. in a thermal 
annealing program) interstitials may interact to result in the 
stable multi-interstitial configurations indicated in Figure 
1.2(c-e), i.e. di-, tri- and tetra-interstitials respectively 
(10,109,110]. Should the interstitial concentration be high 
enough, larger interstitial cluster» could eventually 
collapse to form dislocation loops. The di-interstitial of 
Figure 1.2(c) hjs been attributed a fairly high binding 
energy (~ 1 eV), while the energy required to dissociate a 

single interstitial from a tri-interstitial cluster is thought to 
be even higher (~ 1.5 eV). implying that such dissociation 
could normally only occur at relatively high temperatures in 
most metals[3,4,10]. Actual low-temperature migration of 
the single interstitial recuses activation energies of 
0.06 eV and 0,12 eV in Pt (~ 20 K) and Cu (~ 30 K) 
respectively, while calculations show that migration 
energies for multiple interstitials (up to three interstitials) 
would be very similar to those of the single interstitial. (This 
can be attributed to their relative ease of orientation.) 

The simplest point defect in a metal lattice is the vacancy, 
i.e. an empty lattice site, with nearest neighbours tending 
inwards towards the vacant site. In contrast with calcu
lations involving lattice relaxation due to the presence of an 
interstitial, various results pertaining to the vacancy are less 
consistent, and tentative relaxation values are given as-0,4 
and -0,2 atomic volumes for Pt and Cu respectively[4|. 
Figures 1.2(f- h) indicate typical multiple vacancy configu-
rations[4,10]. The migration energy of a single vacancy is 
several times higher than that of an interstitial; ~ 1,4 eVfor 
Pt and 0,8 eV for Cu[4]. It can readily be appreciated that 
even at relatively high temperatures, vacancies are still 
stationary. Although no experimental values are available, it 
is generally accepted that the migration energy of a 
divacancy — Figure 1.2(f) - is lower than that of a single 
vacancy, due to the general relaxation of the lattice around 
this structure; ~ 1,1 eV for Pt(21 J. Due to the relatively high 
migration energies of vacancies (and divacancies), vacancy 
clusters are not expected to grow at temperatures below 
room temperature in most metals. 

The final defect configuration that must be mentioned, 
arises from the trapping of a mobile interstitial at a sub
stitutional impurity. It is generally predicted, from theo
retical models[ 10] as well as from specific experimental 
results, that undersized impurity atoms tend to form stable 
complexes with interstitials - and do not dissociate 
thermally until approximately at room temperature in most 
metalsf 10.11,112—115j. Such a structure is termed a 
mixed dumbbell, where one of the regular dumbbell atoms, 
as in Figure 1.3(a), is replaced by the impurity, resulting in a 
maximum strain energy and binding energies of 0,5 -
1,0 eV, with the strength of the bond increasing with 
smaller impurity size, but within limit] 10]. Theoretical 
calculations! 10] have shown that reorientation of this type 
of defect, in a "cage-like" motion (indicated by the 
octahedron of Figure 1 3(a)), should be possible at 
activation energies lower than that of free interstitial 
migration, while actual rotation and dissociation, resulting 
in long-range diffusion, can only occur at higher tempe
ratures. Oversized impurities!4,10], on the other hand, are 
expected to act as weak traps, with the impurity located at a 
substitutional site as in Figure 1.3(b). Dissociation occurs 
at significantly lower energies than that of the mixed 
dumbbell, in fact, normally at energies just above free-
interstitial migration energy. 

1.3.3 DEFECT DETECTION - RESISTIVITY METHOD 

It has been established] 12] that a disturbance of the ideal 
periodic potential in a metal leads to the scattering of the 
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m 2 tc, N V, 
A P = c / /V k k / 2 ( 1 - Cos 6) Sin 9 dfl 

Figure 1.3(a) 
Schematic view of a mixed dumbbell configuration in the 
fee lattice formed by an undersized impurity (solid atom) 

and an atom of the host lattice. (Ref. 4.) 

Figure 1.3(b) 
Schematic view of the complex formed by trapping of a 
dumbbell interstitial at an oversized impurity (solid atom) 

in the fee lattice, (fief. 4.) 

conduction electrons; such a single type of defect would 
then result in a change in the electrical resistivity (Ap) of 
the metal given by 

n e 2 (2tr)2 Ti3 

Cpd 
1.3(1) 

where C = defect concentration 
p d = the resistivity change per unit concentration 
kf = the Fermi wave number 
n = number of conduction electrons 
m = effective mass 
N = number of atoms 

and V, = the atomic volume. 

In equation 1.3(1). C / V k k / 2 represents the rate of scattering 
from a state (with wave vector k into k under angle 9) and is 
furthermore only expected to c tange with the density of 
the conduction electrons in different metals, so that the 
specific resistivity change p d is independent of n. but 
sensitive primarily to the local variation of the potential 
and not to its absolute magnitude. From equation 1.3(1), 
the actual contribution to the residual resistivity depends 
on the type of defect and the metal involved, so that at low 
defect concentrations, one expects the increase in the 
residual resistivity to be proportional to the defect concen
tration, and is thus a convenient means of measuring the 
actual defect concentration. The value of the specific 
resistivity of a defect, in this case a Frenkel pair, pf, has 
been determined experimentally (e.g. electron irradiation 
[4], diffuse scattering[4], Huang scattering(4], etc.) and 
agrees well with the theoretically predicted values of 
9,5 ± 0,5 and 2,0 ± 0,4 y£l cm/at. % Frenkel defects 
for Pt and Cu respectively! 11,94]. 

The measurable electrical resistivity (PT) of a metal at a 
temperature T can be expressed by Matthiessen's Rule as 

PT = Pi + Po 1.3(2a) 

where p, = the temperature-dependent intrinsic resis
tivity due to electron-phonon interaction, 

and p 0 — the temperature-independent residual resis
tivity due to resident impurities, lattice 
defects, etc. 

The Gruneisen limitation[30| implies that 

lim pi = 0 1.3(2b) 
T - 0 

so that in this limit pj - • p 0 1.3(2c) 

In more general terms, the residual resistivity can be 
expressed as 

Cpd + P.mp + 1.3(2d) 

from which, at low temperatures and in the case of high-
purity metals, i.e. both p, and pimp-* 0, the resistivity 
contribution due to defects in the metal, i.e. Cp d (e.g. due 
to defects induced during irradiation as given by 1.3(1)), 
can be relatively large and is thus detectable. (In the 
discussion (paragraph 4) it will be shown that 1,3(2a) is 
only a generalisation and that this equation requires 
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modification in certain instances to allow for deviations 
from Matthiessen's Rule.) 

The low-temperature observation of the reaction kinetics of 
defects in irradiated metals by means of resistivity 
measurements is one of the most popular means employed 
by experimentalists mainly due to its simplicity of 
application and its high sensitivity to variations in defect 
concentrations. A disadvantage of this method, however, is 
that it cannot result in an unambiguous identification of a 
particular defect structure; but together with suitable 
variations in experimental techniques and further corre
lation with results obtained using alternative experimental 
methods of defect detection (e.g. field-ion microscopy 
[117-120], positron annihilation! 116], Mdssbauer effect, 
etc.), this method has resulted in significant contributions 
to the study of radiation damage in metal systems, parti
cularly at low temperatures. 

1.4 Investigation of Radiation Damage 

1.4.1 EXPERIMENTAL PROCEDURE 

The simulation of radiation damage is achieved by the 
exposure of the specific material to be investigated to a 
fluence of energetic particles. This is preferably performed 
at temperatures low enough to prevent migration or 
interaction of the resulting defects (~ 4 K in most metals), 
alternatively at preselected temperatures where the defect 
kinetics are known. 

From the preceding paragraphs it is evident that different 
types of defects, in various configurations, are produced in 
a particular material, depending on the nature of the 
irradiation, the particle energies involved, and the thermal 
energy to which the metal is exposed. During such 
experimental procedures, the contribution of these defects 
can be measured as a change in the residual resistivity at a 
particular reference temperature, if the material is in a 
suitable form, e.g. wire or foil. The experimental procedures 
followed in resistivity studies can be divided into two 
general groups: 

(a) Defect production 

In this case, defects are induced by irradiation of the metal 
under certain preselected conditions. The resulting 
increase in residual resistivity (Ap) is monitored as a 
function of the preselected parameter, e.g. time (normally 
related to total fluence), temperature, purity, particle 
energy, etc., keeping the effects due to the other varia
bles constant. 

(b) Defect annealing 

After the completion of a low-temperature irradiation, 
whereby the created defects have been rendered immobile, 
the sample is exposed to a specific temperature program. 
By the addition of this thermal energy to the material, 
thermal vibrations in the lattice increase, and should the 
energy supply be sufficient, migration of the defects can 
occur. Due to the low migration energy of the self-inter
stitial, this defect is normally the first to become mobile, 

and during its mobility can come into contact with other 
defects, resulting in defect interactions such as trapping 
at an impurity, or interaction with another interstitial to 
form a di-interstitial etc., normally with little or no change in 
the induced electrical resistivity (Ap). In contrast with this, 
the interaction of an interstitial with a vacancy results 
in annihilation of a Frenkel defect, restoring the lattice 
partially to its normal configuration and resulting in a 
decrease in the induced resistivity equivalent to an amount 
given by the specific resistivity due to Frenkel defects (pF). 
If this change in resistivity, measured for example at 4 K, is 
monitored as a function of an isochronal annealing 
temperature, a resultant recovery curve with various 
gradients is obtained, if the derivative of this curve is 
examined, then each such gradient will represent an area 
of accelerated annealing, each corresponding to a defect 
process with possibly different activation energies (Ea); for 
example, dissociation of an interstitial with an impurity at 
which it was trapped resulting in subsequent migration, 
and annihilation at a vacancy, occurs. Each such reaction 
requires a specific activation energy which for the above 
case can be expressed as 

E. = E d J , + E m 1.4(1) 

with Edit = energy required for the dissociation of 
defects. 

and E m = free migration energy of the defect. The 
above derivative curve or annealing spectrum can now be 
be subdivided into groups of similar defect annealing 
processes (e.g. Stages l - V ) according to the theory 
proposed by radiation annealing interpretation models. 

1.4 2 RADIATION RECOVERY - INTERPRETATION 
MODELS 

Two major models have been developed in order to explain 
the defect kinetics governing the recovery spectrum of an 
irradiated material, viz: 

(a) One-interstitial model( 13-15): whereby it is proposed 
that only one configuration of the self-interstitial need be 
taken into account to er.^vn three-dimensional interstitial 
migration, viz. in f t ; metals the < 1 0 0 > dumbbell con
figuration of Figure 1.2(b). In Pt, the migration energy of 
this dumbbell interstitial has been assigned a value of 
0,063 eV as obtained from calculations involving recovery 
during Stage I[16). 

(b) (Conversion) Two-interstitial model) 17-21,71 ] : pos
tulates that in irradiated fee metals, two configurations of 
the interstitial are required, viz. a metastable configuration 
- t h e < 1 1 0 > crowdion of Figure 1.2(a)- migrating freely, 
yet one-dimensionally during Stage I (typically with a 
migration energy of 0,063 eV in Pt); as well as the stable 
< 1 0 0 > dumbbell which can only start to migrate freely 
(three-dimensionally) at higher temperatures (Stage III) 
and has been assigned a migration energy of 0,72 eV in 
Pt[21-23). This model requires the conversion of the 
metastable configuration to the more stable one at tempe
ratures below Stage III; such conversion can be either 
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thermal - by addition of sufficient thermal energy, or 
athermal - by some trapping process, e.g. at an impurity 
or at another defect. 

The recovery processes observed during the annealing 
program of most irradiated metals can now be generally 
interpreted according to the above models, and although 
discrepancies occur in both interpretations! 15,21], 
insufficient experimental evidence is as yet available to 
enable exclusion of either model. The particular case of the 
recovery of defects obser/ed in pure Pt, irradiated at 4 K 
and subsequently isochronally annealed, will be cited as 
an example: 

(I) In the temperature range 5 K to 30 K (Stage I) recovery 
occurs in five substages and these are distinguished 
according to the nomenclature of Corbsttef a/(13,14] and 
Sonnenberg [ 16.52] as l A to l E respectively. Substages U. 
IB and l c are identified as close-pair recovery substages and 
represent intrinsic recovery due to the recombination of 
Frenkel pairs where the interstitial and vacancy are so close 
together that the energy barrier for migration is lowered 
appreciably by their mutual interaction!29j. The collapse of 
such close interstitial-vacancy pairs has been shown to 
follow a first-order reaction[29] whereby the time-
dependent change of defect concentration is given by: 

dC 

dt 
= C v 0 exp (- E r ê c/kT) 1.4(2) 

where C — the concentration of close Frenkel pairs 

v 0 = the attempt frequency 

k = the Boltzmann's constant (0,862 3 x 1 0 ~ 4 

eV. K" 1) 

T = the absolute activation temperature 

and E r e c — the activation energy for recombination of 

a close pair given by 

Er.c = E m - E i n t 1.4(3) 

where E m = the migration energy of the free interstitial 
and Ejm — the interaction energy between the Frenkel 

pair. 

!t was originally suggested] 13] that E i n I was dependent 
on the relative position of the interstitial to its vacancy 
and that l A , for example, would be due to recovery of those 
clof 3 pairs whose donation towards E,n, v as greatest. It is 
now generally accepted|29) that the > iteraction energy 
(E i n t) decreases with increasing dista~.e between defect 
pairs and thus that I*, IB and lc art tiue to the recovery of 
those close pairs with interstitials at increasing distances 
from their vacancies. 

Actual free migration of the interstitial commences during 
substage In (three-dimensionally in the case of the one-
interstitial model and one-dimensionally in the case of the 
two-interstitial model) and since this migration can be 
related to a thermal diffusion process, the total number of 
jumps (n) associated with the interstitial at temperature T, 
and for a time t (seconds), can be found from 

This implies] 16] that in Pt for substage l D (~ 22 K) with 
E m = 0.63 eV and v„ «s 1.8 x 1 0 1 3 s"1 and a holding time 
of t = 300 s, each interstitial has only made approximately 
20 jumps, and thus, normally IQ is associated with the 
recombination, in a relatively small number of jumps, of 
interstitials with their own vacancies (correlated recovery). 
Substage l E {•— 27 K) is then normally assigned the same 
migration energy (E m = 0.063 eV) as In. and from 1.4(4) 
it can be calculated that the interstitial now performs 
hundreds of jumps (~ 9 000). This substage is subse
quently associated with interstitial recombinations with 
vacancies other than their own (uncorrelated recovery). 
The recovery in these two initial migration substages ( ID 
and IE) can now be interpreted along similar lines for 
the two-interstitial model, whereby l D is attributed to 
recombination of the one-dimensionally migrating 
crowdions, which have been generated by propagation 
along < 110> directions from their own vacancies (on-line 
crowdions), whilst the recovery in substage l E is due to the 
recombination of off-line crowdions. In this latter case, 
the crowdion has been formed in a configuration whereby 
one-dimensional migration causes it to bypass its own 
vacancy - resulting in possible annihilation at foreign 
vacancies(24,25,71 ]. 

According to both the above models, the interstitial (i), 
migrating during Stage I has the possibility of undergoing 
a variety of reactions 

(i) i + V c — 0 correlated recovery (lD) 

(ii) i + V u -" 0 uncorrelated recovery (lE) 

(iii) i + I — li impurity trapping 

(iv) i + i — Í2 . . . . i + i n ~* i n + i interstitial-interstitial 

reactions 

1.4(5) 

n = tv 0 exp(- Em/kT) 1.4(4) 

where Vc = the vacancy of the Frenkel pair - correlated 
to the migrating interstitial 

V u = a foreign vacancy - uncorrelated to the 

migrating interstitial 

and I — a substitutional impurity. 

Since (i) and (ii) result in annihilation, it is the trapping 
reactions of (iii) and (iv) together with other possible 
reactions that lead to the retention of vacancies and 
interstitials in the lattice, so that at the end of Stage I, 
recovery is incomplete. 

(II) The recovery above ~ 30 K in Pt (Stage II) is particu
larly sensitive to the presence of impurities in the metal. 
The dissociation or detrapping of the interstitials (from 
such impurities) and their subsequent annihilation at 
vacancies may be observed in this temperature region. 
In the case of the two-interstitial model, conversion of 
metastable crowdions to dumbbell configurations should 
occur during Stage II, since the energy necessary for 
conversion is expected to be higher than that of free 
migration of the crowdion(26], i.e. Ec > Em; so that a 
second type of interstitial now exists, to which is assigned 
the migration energy of ~ 0,72 eV in Pt. Consequently, 
it follows from 1.4(4) that this interstitial should only 
become migratory well above 200 K. The two-interstitial 
model then interprets the prominent recovery substage 
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at ~ 300 K in Pt, as due to migration of this converted 
interstitial|26-28]. Since this is a recovery stage due to an 
intrinsic defect, they have relabelled it as Stage III. The 
one-interstitial model, on the other hand, cannot explain 
this stage in terms of an intrinsic defect, and as such, has 
attributed it to interstitial detrapping from an impurity and 
consequently included it in Stage l l | 16.53]. 

(Ill) Although Sonnenberg ef a/] 16,53], in support of the 
one-interstitial model, have located vacancy migration in 
Pt as low as 420 K. Seeger et a/f 2 7 I have attributed 
recovery in the range between 420 K and 550 K as due to 
the decay of small interstitial clusters. Both models agree 
that the final migration stage above ~ 550 K can be 
attributed to vacancy migration, so that the following 
reactions should be possible|53]: 

(i) V + i n — in_i vacancy annihilation at an interstitial 
cluster 

(ii) V*2 + i n ~* >n-2 divacancy annihilation at an inter
stitial cluster 

(iii) V + V — V2 divacancy formation and higher-order 
clusters 

(iv) v*2 -* 2V divacancy dissociation 

|v) V, + S — S trapping of (multiple) vacancies at 
sinks, e.g. dislocations 

(vi) Vj -f- I —' Vjl trapping of (multiple) vacancies at 
impurities. 

In view of the above, it has been proposed that equally 
valid experimental arguments in favour of either the one-
(4.15) or the two-[21,24-28] interstitial model can be 
presented. In the case of Pt. in particular, the controversy 
regarding the recovery stages between 300 - 550 K has 
still to be satisfactorily resolved. 

1.5 Motivation for This Study 

The interpretation of radiation damage in materials using 
resistivity measurements (paragraph 1.3.3) was seen to be 
one of the most popular means of examining defect kinetics 
in irradiated materials] 1-4]. Although this method is very 
sensitive to defect concentration changes, it cannot always 
identify a particular defect type unambiguously. For this 
reason, the interpretations of recovery kinetics using a 
resistivity method should preferably be verified using 
variations in experimental techniques when possible. The 
experimental facility available allowed for low-temperature 
(4 K) resistivity methods with a high degree of accuracy; 
and since successive experiments using the same sample 
were possible, investigations involving the change of only 
one experimental parameter at a time could be performed. 

(a) Defect production 

Earlier studies(31.32] had revealed that thermal-neutron-
irradiated specimens of certain dilute Pt-Au alloys had 
higher defect production rates than the pure Pt. Similar 
observations had been made in electron-irradiated dilute 
Al alloys(87] as well as neutron-irradiated Al alloys(85| or 

Cu alloys(33]. Since a controversy arose as to whether the 
observed enhancements were due to actual defect 
production or to some other effect, e.g. deviations from 
Matthiessen's Rule(33], a more detailed investigation into 
the defect production of neutron-irradiated Pt and dilute Pt 
alloys could possibly offer suitable interpretations. 

(b) Fast-neutron and thermal-neutron irradiations 

Extensive annealing studies involving simple defect 
configurations (i.e. due to electron irradiation) have been 
reported in the literature for many fee metals and dilute 
alloy systems] 1—4]. In particular, isochronal annealing of Pt 
and dilute Pt-Au alloys was studiedfl6.51-53.55], fol
lowing electron irradiation: more recently(31.32] it was 
shown that studies involving thermal-neutron irradiation of 
similar Pt-Au alloys could be explained using interpre
tations practically analogous to the electron irradiation 
cases. In order to study the effects of more complex defect 
configurations due to fast-neutron irradiation in Pt and 
its alloys, a direct comparison of the isochronal recovery 
spectrum of the two types of neutron irradiation for 
equivalent defect concentrations in the same samples 
would provide useful information on the different types of 
defect configurations. 

(c) Effects of impurities in fast-neutron-irradiated metals 

The trapping and detrapping effects of impurities during 
annealing of irradiated materials are possibly the most 
important aspect of studies of radiation damage due to the 
direct relation to the technological importance of alloy 
application in reactor structural materials. The ability of 
certain impurities to act as deep traps (undersized 
impurities) for interstitials, whilst others (oversized 
impurities) detrap at relatively low temperatures(3,4,112-
115,131-134], is consequently an extremely important 
aspect of radiation annealing kinetics. Consequently, a 
detailed study of such effects in both thermal-neutron-
irradiated and fast-neutron-irradiated Pt could provide 
useful information on the above processes. The materials 
selected for such a study, and some of their related 
properties, are given in Table I. 

TABLE I 

Fee material» selected for this study. (Ref. 30 and 135.) 

BASE 
METAL 

ALLOY 
METAL 

ATOMIC 
NUMBER 

ATOMIC 
MASS 

AV/V„ 
(%) 

Pt 
Au 
Pd 
Cu 
Ni 

78 
79 
46 
29 
28 

195.09 
196,97 
106,40 
63,54 
58,71 

+ 10,99 
- 4,01 
-20,11 
- 23,39 

Cu 
Au 

29 
79 

63,54 
196,97 + 47,59 

http://studiedfl6.51-53.55
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(d) Defect concentration dependence 

Annealing studies involving resistivity measurements using 
various defect doses have primary importance in that any 
recovery stages due to free migration of an intrinsic defect 
(resulting in uncorrelated recovery) will be represented by 
a dose-dependent temperature shift of the relevant stage 
[29]. In addition, important information on other defect 
processes, e.g. impurity detrapping. clustering effects, etc., 
are available from such dose-dependence studies. In 
particular, apparently contradictive observations regarding 
the dose dependence of certain impurity-detrapping 
substages in Cu. e.g. during Stage 11(35,72,114], are 
expected to have an explanation in their relative defect 
concentrations! 60.61 ] . 

(e) Activation energies 

In the particular case of Pt, controversial substages exist at 
~ 120 K and ~ 360 K (paragraph 1.4.2). Examination of 
activation energies relating to the defect processes 
governing such recovery could supply information more 
specific to the types of defect kinetics occurring. Several 
methods (paragraph 2.5.3) of activation-energy deter
mination could be used as a cross-check on the accuracy of 
such determination in fast-neutron-irradiated Pt. At the 
same time, activation energies for the free migration 
substages IQ and If could be determined for comparison 
with similar calculations in electron-irradiated Pt[52,104]. 

(f) Compatibility of experimental data with diffusion 
theory 

Theoretical calculations of primary transfer energies have 
shown (paragraph 1.2) that electron irradiations (~ 3 MeV) 
and thermal-neutron irradiations of Pt, should result in 
practically identical Frenkel-pair production (i.e. ~ 1 - 2 
defects per event). Consequently, the diffusion theory 
developed(l08,142.143j. and successfully applied(144] 
to the correlated recovery of electron-irradiated Pt, should 
be compatible with the results of thermal-neutron-irra
diated Pt. A theoretical fit using a model for three-
dimensional interstitial migration could be made to 
substage l D of such data for a low-defect concentration 
experiment in order to verify such compatibility. 

The experimental procedures for this study, in particular, 
sample preparation and assembly, experimental instru
mentation and methods, together with data accuracy and 
corrections, are presented in paragraph 2. The experi
mental results are given in paragraph 3 and the inter
pretation and discussion of the results in paragraph 4. A 
specific attempt has been made not to discriminate 
between models available for interpretation unless such a 
model is directly relevant. 

2. EXPERIMENTAL PROCEDURES 

2.1 Specimen Preparation 

(-•1 Pure platinum 

Reference-grade Pt (Sigmund Cohn) wire, ~ 0,1 mm 
diameter, was used as the starting material for all the 

pure Pt samples. Suitable lengths of this material were 
selected and chemically cleaned as follows: 

(i) The wires were degreased in petroleum ether for 10 
min; 

(ii) Chemical etching was performed in concentrated HCI 
for 30 min followed by a rinse in distilled water 

(iii) A further surface etch was performed in concentrated 
HNO3 for 30 min and the wires were again rinsed; 

(iv) Final removal of all traces of acid was ensured by 
boiling in distilled water for 30 min; 

(v) The wires were then dried after a final wash in pure 
alcohol. 

These wires were then purified by resistance annealing at 
1 975 K for 10 min at 175 torr air pressure (1 torr = 
133,3 Pa) and allowed to cool to room temperature over a 
period of approximately three hours. The ends of each 
specimen were discarded and the remaining wires 
annealed at 875 X for a further 3 h and furnace-cooled. 
This cleansing and annealing procedure ensured that no 
excess vacancies were induced into the metal by quen
ching, and at the same time reduced the possibility of 
surface contamination due to handling. 

(b) Dilute platinum alloys 

Various concentrations of dilute platinum-gold (Pt-Au) 
alloys were prepared using solid 5N Pt (Heraeus) and 5N Au 
(Sigmund Cohn) wire. Suitable amounts of each starting 
material, which had been chemically cleaned as above, 
were melted in an electron-beam furnace at 7 x 10~* torr. 
Dilute platinum-copper (Pt-Cu) alloys were also prepared 
under similar conditions, using the same Pt starting 
material and 6N Cu (Asarco) wire. Further dilute Pt alloys 
containing either nickel (Ni) or palladium (Pd) were 
prepared from solid 5N Pt (Goodfellow) metal using 5N Ni 
(Leico) wire and reference-grade Pd (Heraeus) metal under 
the above conditions. The solid alloys were cold-rolled to 
~ 1 mm diameter and then drawn to a final preselected 
diameter (varying from 0,10 to 0,15 mm) by means of 
diamond dies. The drawing procedure was facilitated by 
annealing the specimens at 1 025 K for 30 min at 10~ s torr 
between draws, as soon as the effects of work hardening 
became apparent. 

(c) Pure copper 

The starting material in this case was 5N Cu (Asarco) w i r e -
0,25 mm diameter. The metal was initially degreased in 
petroleum ether, then etched in dilute HNO3 for 15 min and 
finally rinsed and dried as above in order to remove surface 
contamination. Further purification of the copper was 
obtained by electron-beam zone refining, after which the 
impure ends were discarded. The remaining metal was 
drawn to ~ 0,1 mm diameter by means of diamond dies. 
The final wires were then annealed at 1 275 K for 2 h at 
5 x 1 0 " * torr. 

(d) Dilute copper-gold alloy 

Solid 5N Cu (Asarco) and 6N Au (Johnson Matthey) were 
used to prepare a suitable dilute Cu-Au alloy in the electron-



beam furnace. This alloy was then drawn to a final diameter 
of 0.15 mm by means of diamond dies. Any work hardening 
was relieved by annealing the specimens at 775 K for 1 h 
at 5 x 10""* torr. 

Specimens which showed any sign of surface deformation 
during individual microscopic examination were discarded. 
(A notable exception was a dilute Pt-0,13 at. % Ni alloy 
which showed signs of surface deformation, but was 
retained as a specimen.) Once preparation of the alloys had 
been completed, certain specimens were selected and 
suitable lengths from either end of such a specimen were 
submitted for content analysis by means of an atomic 
absorption method. 

The residual resistance (R„) of each sample was deter
mined by means of standard potentiometric measurement 
in liquid helium (4,4 K) and the equivalent residual resistivity 
(p0) of these samples could then be calculated from 

Po = R 0 — = R 0 G 

a P273 K 
for G = — and G = 

I R273 K 

2.1(1) 

2.1(2) 

where G, defined as the geometric factor, is the ratio 
between the sample cross-sectional area (a) and its length 
(I). The value of P273 K I S taken as 9,59 and 1,55 ftfl cm 
for Pt and Cu respectively!30]. The corresponding residual 
resistivity ratios (RRR) were then calculated from 

RRR = 
P295K 
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2.1(3) 

The selected samples were then mounted in their 
respective multisample holders. Certain selected physical 
properties and the corresponding annealing treatments of 
those samples used are indicated in Table II. 

The specific resistivity due to the addition of Au in Pt 
(p ) — 0.95 pfl cm/at. % agrees well with the value 
obtained in earlier studies[16.31,32] and indicates 
uniformly distributed substitutional alloys|52). Similarly 
the value of p " — 0.53 / i f t cm/at. % according to Lengeler 
eta\33] would imply that the gold concentration in the Cu 
sample was of the order of 100 ppm, and thus similar to the 
samples employed by Aspeling et e/(34.35]. 

2 .2 Sample Assembly 

The selected samples of pure metals and corresponding 
alloys were mounted in four multisample holders as 
indicated in column 1 of Table II. A cross section of a typical 
multisample assembly is shown in Figure 2.1. Each such 
sample-holder assembly consisted of twelve multibore (6 
or 7 bore) alumina tubes, each ~ 25 mm long, through 
which the respective sample wires were threaded[31]. 
Potential and current leads (consisting of thermocouple 
purity copper wires) were then welded onto the respective 
ends of each sample. The completed sample subassembly 
was then annealed at 1 025 K (Pt samples) or at 775 K 

TABLE II 
Specimen material: physical properties and annealing treatments 

S N 
A U 
M M 
P B 
L E 

M 
E 
T 

A 
L 
L CALLOV W I R E * Po RRR 

PRE-ANNEAL S N 
A U 
M M 
P B 
L E 

M 
E 
T 

A 
L 
L CALLOV W I R E * Po RRR 

S N 
A U 
M M 
P B 
L E A 0 (at. %) (mm) (1<T 9 Ocm) TEMP TIME AIR PRESS. 
E R L Y <K) (min) (torr) 

1 8 Pt _ _. 0,10 2.6 3 960 1 975 see text 175 
1 b Pt Au 0,017 -. 0,10 13,9 7 4 0 - . 
1 c Pt Au 0,048 1 ± 0 , 0 0 5 0,10 35,2 290 I - 1 025 30 1 x 1 0 - 5 

1 d Pt Au 0,285 J 0,10 269,9 38 J 

2 a Pt - - 0,10 2,9 3 540 1 975 see text 175 
2 b Pt Cu 0.06 -1 0,10 123,1 8 3 - . 
2 c Pt Cu 0,11 1 ± 0 , 0 1 0,10 119,3 86 1- 1 025 30 1 x 1 0 ~ 5 

2 d Pt Au 0,20 J 0,10 204,2 50 J 

3 a Pt - - 0,10 3,0 3 420 1 975 see text 175 
3 b Pt Pd 0,14 1 0,12 211,3 4 8 , 
3 c Pt Ni 0,13 1 ± 0 , 0 1 0,12 (381,1) (27) 1 - 1 025 30 1 x 1 0 ~ 5 

3 d Pt Ni 0,26 J 0,12 286,7 36 J 

4 a Cu - - 0,10 1,7 1 000 1 275 120 5 x 1 0 - 4 

4 b Cu Au 0,01 0,15 12,4 136 775 60 5 x 1 0 ~ 4 
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Figure 2.1 
Cross-sectional diagram of a multisample assembly 

(Cu samples) for 1 h at 5 x 10" 5 torr. The subassembly was 
then inserted into a copper thermal-conducting sheath 
around which a thermocoax heating element had been 
wound. After connection, the heater was thermally and 
electrically insulated by means of several layers of quartz 
wool and this entire assembly was installed in a stainless 
steel capsule which was then sealed at the lower end. The 
upper end of the capsule was connected to a stainless steel 
capillary tube (3,0 mm OD and ~ 13 m long) which con
tained the copper connection leads required for sample 
and heater current supplies. A vacuum connection at the 
top end of the capillary allowed the samjle capsule to be 
evacuated or purged with helium as required. Each 
completed multisample, consisting of four specimens 
{each ~~ 500 mm long) which could be either irradiated or 
annealed simultaneously, was then installed on the 
cryogenic irradiation facility (CIF)[36| and the corres
ponding wires were connected to the instrumentation 
leads by welding. 

2.3 Cryogenic Irradiation Facility 

This facility(36] consists of a closed-cycle helium liquefier 
in conjunction with an irradiation loop mounted together 
with its accessories on a mobile bridge. By moving the CIF 
trunk against the reactor vessel, irradiation of samples at a 
temperature (selectable from 4,4 K and higher) is possible 
with a choice of either a thermal-neutron or a fast-neutron 
(> 0,1 MeV) spectrum (Figure 2.2). Thermal neutrons are 
obtained by using a graphite tank as moderator, whereby 
the energetic fast neutrons in the original mixed specfum 
are practically eliminated (Figure 2.2(a)). Similarly, the 
insertion of a boral shoe around the trunk tip, as indicated in 
Figure 2.2(b), results in the capture of thermal neutrons and 
a fairly pure spectrum of fast neutrons is then available. 
Values of the fast and thermal fluxes determined recently 

by foil-activation analysis[65] indicate that on the thermal-
neutron side (graphite tank) a spectrum of 5 x 10 ' ° and 
2 x 10 7 neutrons cm~2.s~' thermal and fast neutrons 
respectively was present, whilst on the fast-neutron side 
(boral shoe) the related values were 2,4 x l O 1 1 and 
1,4 x l O 1 2 neutrons cm~ 2 .s - 1 for the thermal and fast 
neutrons respectively. The fractional damage, due to either 
the fast neutrons (F*F) or thermal neutrons (PT) in these 
spectra, in the case of Pt and Cu, can be estimated from 
Coltman et a/|8] and Horak et a/|37] by either 

(TF 4>F E F 

PT = 

Of <DF EF + O T d>r I T 

0J d>r I T + o> 4» F I F 

2.3(1) 

where O = the absorption or scattering cross section 
d> = the neutron flux 

and I = the mean transferred energy 

of either thermal (T) or fast (F) neutrons respectively. The 
neutron fluxes used for this work, together with the 
estimated fractional damages due to the corresponding flux 
component (fast or thermal) in either Cu or Pt are indicated 
in Table III. The values used for ffT and (TF are from reference 
8, whilst the values for E correspond to those calculated 
in section 1.2 for the respective metals, where a mean 
fast-neutron energy of ~ 2 MeV has been used. It is 
obvious from these calculations that for all practical 
purposes the fast-neutron spectrum for both metals can 
be considered as pure, while there is a small admixture due 
to fast nejtrons (~ 7 % in Pt and ~ 3 % in Cu) in the 
thermal-neutron damage data. 

The actual concentration of Frenkel pairs (CF) obtained due 
to a neutron irradiation for a time (t) at the above indicated 
fluxes (<J>) can be calculated[37] as 

CF = 4 > . t . a . N . f 2.3(2) 

where N is the average number of Frenkel pairs created 
per event according to either equations 1.2(4) or 1.2(8). 
The term f is a temperature-dependent survival fraction 
(taken as 1,0 for a low-defect concentration irradiation at 
4,4 K). In the case of mixed fluxes, however, corrections 
should be made to 2.3(2) giving a better generalised 
estimate as 

C F = t . Ï 4>|. ff,. Ni 2.3(3) 
i = 1 

where, in the present study, the relative parameters(37) are 
denoted by i = 1 (mean thermal spectrum) and by i = 2 
(mean fast spectrum). The relative correction is not greater 
than 7 % due to the admixture of fast neutrons in the 
thermal-neutron flux in the case of Pt, as given in Table III. 

Experimentally, a linear relationship between the irra
diation-induced resistivity (Ap) and the actual Frenkel-
defect concentration (CF) is used, so that for simple 
defect production 

A p = p F C F 2.3(4) 
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Figure 2.2 
Trunk position against the reactor vessel for la) thermal-neutron and fb) fast-neutron irradiation. 

TABLE III 
Neutron flux data and relative fractional damage. 

FAST-NEUTRON 
FACILITY 

THERMAL-NEUTRON 
FACILITY 

FRACTIONAL DAMAGE RATE 
(P) FAST-NEUTRON 

FACILITY 
THERMAL-NEUTRON 

FACILITY 
Pt Cu 

FAST-NEUTRON 
FLUX ( > 0.1 MeV) 
(n .cm~ 2 . s - 1 ) 

1,4 x 1 0 ' 2 2x 10 7 0.999 0.998 

THERMAL-NEUTRON 
FLUX (0,025 eV) 
(n .cm - 2 . s~ 1 ) 

2.4 x 1 0 " 5 x 1 0 1 0 0.930 0,970 

where p? is the specific resistivity due to Frenkel defects 
as derived in paragraph 1.3.3. In the case of the fast-
neutron-induced defects, such defect concentrations can 
be calculated from 2.3(4) only if the following assumptions 
hold for defect conglomerates: 

(i) resistivity contributions of trapped interstitials are 
equal to those of free interstitiels, and 
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(n) resistivity contribution of a defect complex is equiva
lent to the sum of the individual defects in the com-
plex|38.39.68.69]. 

For the flux conditions indicated in Table III. thermal-
neutron irradiation of Pt at 4.4 K would require a trtal 
fluence of ~ 1 0 1 6 neutrons c m - 2 to obtain an induced-
defect concentration of one to two ppm. whilst the same 
defect concentration can be induced in the sample by a 
fast-neutron fluence almost 100 times lower. In the case of 
such low-defect concentrations it can be seen from 2.3(4) 
that the iesistivity change (Ap) must be measurable to a 
relatively high degree of accuracy ( ~ 1 0 ~ 1 2 f i c m ) to 
enable observation of experimental results within a 
measurement error of ± 0.01 %. 

2 .4 Instrumentation Description 

A schematic diagram of the electronic instrumentation 
used for the measurement and control of the various 
experimental parameters involved in this study are shown 
in Figure 2.3. 

Figure 2.3 
Schematic layout of measurement and control 

instrumentation. 

2.4.1 SAMPLE POTENTIAL MEASUREMENT 

The potential wires (four pairs) of each multisample were 
connected to the low-thermal emf 12-position sample-
selector switch (Otto Wolf) and to the coupler of the 
Hewlett Packard scanner system. The potential of each 
sample could be selected remotely via a stepping-motor 
interface to the Nova 2 minicomputer, or manually selected. 
The current necessary for sample-potential measurement 
was obtained from the North Hills Model TC-602 CR power 
supply, modified to allow a current stability of 2 ppm. A 
digital-to-analog converter facilitated computerised 
remote control of the selected current value through a 
particular sample. At the same time, a current-reversing 
switch (also remotely controllable) allowed current 
direction through the sample to be changed in order to 
eliminate any thermal emf's present in the circuitry. 

Accurate low-temperature potential measurements of the 
samples could then be made by means of two alternative 
systems. 

(A) Manually by means of a Tinsley Type 5545A Stabau-
matic potentiometer (which had its own stabilised current 
supply) facilitating a resolution of 10 nV. as detectable on 
the Keithley 147 nanovolt null detector. Using a measuring 
current of 100 mA (at 4.4 K) this system would then be 
capable of a measuring resolution of ~ 1 0 ~ 1 3 i l c m in 
the pure Pt samples. 

(B) Remotely by using the Keithley 140 nanovolt 
amplifier which allowed a final measuring resolution of 
10 - 50 nV dependent on the gain factor selected. 

The optional selection between these two systems could 
be done either manually or remotely by means of the 
indicated auto switch. System A which had a better 
resolution, and thus a lower experimental error, was 
generally used for runs involving potential measurements 
related to low induced-defect concentrations. System A 
had the disadvantage that measurements were manual 
and time-consuming and exposed to operator error. System 
B, on the other hand, although it had lower resolution, 
facilitated fully computerised remote-controlled measure
ment. The major advantages of this system are: 

(i) speed of measurement; 
(ii) statistical determination of measurement stability and 

reproducibility; and 
(iii) direct availability of analysed data by incorporation of 

the necessary computer software. 

More general potential measurements (including values 
from temperature sensors, flux indicators, times, etc.) were 
recorded via a Hewlett Packard precision digital voltmeter 
incorporated in the scanner system. This scanning system, 
toqether with the hard-copy recorders (e.g. teletype, paper 
punch, plotter) were also remotely controllable. 

2.4.2 TEMPERATURE CONTROL 

The actual temperature of the samples, during a pulse, was 
controlled by means of the multisample heater and the 1 8 -
90 series ether temperature controller, based on a 
semiconductor-rectified power supply. Temperature 
feedback was obtained by using precalculated and 
calibrated potential values of one of the samples (normally 
the pure metal)[31 ] . This system, selectable by the in-out 
switch, was capable of controlling the (vacuum-insulated) 
multisample at any preselected temperature between 4,4 K 
and ~ 750 K. Temperature rise times (i.e. the time required 
to raise the sample temperature from 4,4 K to the target 
temperature) were approximately 25 s in the case of the 
low-temperature pulses (< 200 K), whilst for higher 
temperatures approximately 25 s was allowed to reach the 
target temperature from ~ 15 % below this temperature. 
Sample temperature during an annealing pulse could be 
controlled well within 1 % of the target temperature, whilst 
overshoot was always within this limit. The actual sample 
temperature during such a pulse was directly available 
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by means of on-line computer calculations involving 
comparison of pre-irradiation calibration data to the 
actual sample resistances as monitored on the Hewlett 
Packard system. 

2.4.3 PRE-IRRADIATION TEMPERATURE CALIBRA
TION 

After installation on the CIF. each multisample was 
calibrated(31] in order to obtain a representative resistance 
vs. temperature curve in the range 4 K - 800 K. (The pure 
copper and copper-alloy samples were only calibrated up to 
500 K.) This calibration was performed using the two 
heaters in the upper cyostat (4 K - 300 K) as well as the 
annealing furnace (300 K - 800 K) of the C!Ff36] All 
relevant data obtained during such a calibration (e.g. 
temperatures and corresponding resistances) were stored 
on the digital computer for later use. The main purpose 
of this procedure was to obtain a set of resistivity data 
points which could be used later during the experimental 
procedure (after the necessary corrections due to irra
diation-induced resistivity had been made) for actual 
temperature control of the multisample heater as well as for 
on-line temperature calculation during a pulse. 

2.4.4 RESISTIVITY-TEMPERATURE CALCULATIONS 

During a temperature pulse, actual sample temperatures 
were calculated by means of two different methods: 

(a) Gruneisen-Bloch theory! 30) 

Sample resistivity (pr) measured during the pulse at 
temperature (T) was corrected to obtain the intrinsic 
resistivity of the metal (p,) by 

P\ = PT - Po 2.4(1) 

where p 0 is the residual resistivity measured at 4,4 K. The 
Gruneisen-Bloch equation which relates this resistivity of 
most metals to temperature (with a fair degree of accuracy) 
is given as: 

C T 5 0R/ T z 5 

Pi = ( ) / dz 
M$H 9n o ( e : - 1 ) ( l - e - z ) 

2.4(2) 

where C = a constant 
M = the atomic mass 

and 0R — the characteristic temperature of the metal's 
lattice resistivity analogous to the Oebye characteristic 
temperature {60) of the specific heat of a solid lattice. 

If during a calibration run, 0R is regarded as a constant, then 
2.4(2) can be used to obtain a temperature calibration of a 
single variable defined as 

C(T) 
K ( T ) = - — 2.4(3) 

4 M 

which then typifies electron-phonon interaction in the 
metal and is obtainable by integration. If we now regard the 
Gruneisen function given by: 

0 „ T 4 * R / T 

G( ) - 4(—-) / f(z)dz 2.4(4) 
T 6H o 

^ VR 4 
where j \ ——) approximates a high-temperature limit of 

2.4(2). then 2.4(2) can be rewritten as 

P, - — — G( ) -
?« T 

This modified version of the Gruneisen-Bloch theory is a 
very convenient and fairly accurate method of calculating 
sample temperatures from a known p, if the precalibrated 
values of K ( T ) are available. (A more detailed discussion of 
this method has been given in reference 30.) 

(b) Direct Method 

Although the method in (a) is generally more accurate 
at higher temperatures, it can consume a great deal of 
computer time due to the integration and iteration 
processes involved, which are dependent on the actual 
temperature to be calculated. A direct comparison of the 
experimentally obtained intrinsic' resistivity with the 
calibration curves of resistivity versus temperature (which 
are now stored as a series of least-squares polynomial fits) 
gives temperature calculations accurate to within ± 0,2 % 
at higher temperatures and even better agreement at lower 
temperatures. The major advantage of this direct method is 
the fast response time and virtually immediate availability 
of sample temperatures, allowing corrections to be made. 
if necessary. This method was principally used during 
low-temperature pulses where temperature differences 
between pulses were relatively small, while for higher 
temperatures, either of the two methods could be used. 

These methods of temperature calculation from sample 
resistivity have the distinct advantage over conventional 
methods of temperature measurement and control (using 
thermocouples or semiconductor devices) in that any 
side-effects due to neutron irradiation were precisely 
measurable and thus by means of suitable corrections, 
annealing programs were closely reproducible for 
individual experiments. 

2.D Defect Production and Anneal ing- Experimental 
Techniques 

The techniques used in this study involving the observation 
of irradiation damage in the neutron-irradiated metals 
by means of changes in resistivity, as discussed in para
graphs 1.3 and 1.4, can be described under two general 
experimental procedures. 

2.5.1 PRODUCTION RATE EXPERIMENTS 

In these experiments, the effect of a neutron flux (either 
thermal or fast) on the residual resistivity of the various 
specimens irradiated at 4,4 K, was measured. The major 
parameters, viz. the neutron fluence (4>t) and the increase 
in residual resistivity (Ap) were monitored in the following 
manner. 
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The calibrated multisample (as described in paragraph 
2.4.3) was purged with helium and pushed to the bottom of 
the CIF trunk and allowed to cool to 4,4 K. Measurement 
instrumentation was zeroed to exclude effects of thermal 
emf s in the measuring circuitry. The sample capsule was 
evacuated and a test pulse (to approximately room tempe
rature) was performed using the sample potential values 
and temperature settings obtained during the calibration 
process, in order to ensure correct functioning of all system 
components. Once the test pulse had been completed and 
the heater switched off, the sample was purged with helium 
and allowed to cool to 4.4 K. The actual loop temperature 
could be measured continuously by means of germanium 
sensors positioned two metres above the sample in the 
helium return flow and thus well clear of the neutron flux 
during an irradiation. Once this temperature was stable 
within 5 rrK, individual sample potentials could be 
scanned remotely according to the following procedure. 

A sample was selected and identified by its position on the 
selector switch, and a pre-calculated current (~ 100 mA) 
was passed through the multisample. The sample potential 
together with other relevant parameters (e.g. sample 
current magnitude and direction, time, temperature, 
instrumentation offset, etc.) were recorded and the sample 
resistivity calculated. Current direction was then reversed 
and the measurement and calculation repeated. The mean 
of these absolute resistivities calculated was taken as the 
res'dual resistivity value (p0) in order to exclude the effect of 
any thermal emf's in the sample circuitry. This procedure 
was repeated at pretimed intervals, until the absolute 
deviation in the mean resistivity did not exceed ± 0,005 %• 
Such a deviation was taken as an indication of the stability 
of the system and sample environment which had been 
disrupted during a temperature pulse. A final scan of all 
samples for both positive and negative current directions 
was then made and recorded as the pre-irradiation residual 
resistivity value (p 0). 

The CIF bridge was then moved against the reactor vessel 
and the neutron irradiation at 4,4 K (as determined by use of 
the graphite tank - thermal neutrons, or the boral shoe -
fast neutrons) was commenced with simultaneous acti
vation of the electronic timer. During irradiation the 
samples were monitored continuously and the resistivity 
induced by the irradiation, given by A p = p,„-p0, with 
respect to irradiation period was recorded. (Here pm is the 
resistivity measured during irradiation.) The predetermined 
flux values of the neutron spectra as indicated in paragraph 
2.3 enabled direct comparison of the irradiation-induced 
resistivity in terms of total fluence. At the end of the 
irradiation, the CIF bridge was withdrawn in preparation for 
further experimental procedures. 

A variation of the standard production rate experiment 
described above, involved the observation of the effect of 
certain irradiation-induced defects on such a production 
rate in fast-neutron-irradiated Pi metals. After completion 
of the standard irradiation to an induced resistivity (Ap), 
the samples were annealed at 400 K until no further change 
in resistivity (measured at 4,4 K) was observed. This 
resulted in the retention of all irradiation-induced defects 

that normally annihilated above 400 K. The samples were 
then re-irradiated at 4.4 K under the previous conditions 
until the same induced resistivity (Ap) had been added. 
The effect of this irradiation doping was then observable by 
direct comparison of the two sets of production curves. 

2.5.2 ISOCHRONAL ANNEALING EXPERIMENTS 

The initial procedure is identical to that given in paragraph 
2.5.1. Irradiation was ceased as soon as the predetermined 
value of induced defect concentration (Cp) according to 
equation 2.3(4) had been achieved. The final value of the 
irradiation-induced resistivity (Ap 0 ) as measured out of 
core was then recorded as A p 0 = p i r f - p 0 (where p i r ( is 
now the residual resistivity measured at the end of the 
irradiation and out of the neutron flux). 

The multisample was then evacuated to a suitable vacuum 
(— 10~ 3torr at the top of the capillary, equivalent to 
~ 10~ 2 torr at the sample position) and the first tempera
ture pulse was performed. Actual sample temperature 
during the pulse was calculated according to the procedure 
in paragraph 2.4.4 whilst deviations from a pre-set sample 
potential could also be viewed on the Nanovolt Null 
Detector and X-Y Recorder. Annealing was for a 5 min 
holding time, during which all relevant data was auto
matically recorded. The heater was then switched off and 
the vacuum broken, allowing the sample to cool to 4,4 K. 
The residual resistivity of the sample (pr) was then 
measured and recorded according to the same procedure 
as above. The percentage resistivity retention (f%) after 
such a pulse to temperature T, could be obtained from 

Ap 
1% = x 100 2.5(1) 

Ap 0 

where A p = PT; - P 0 

Samples were thus simultaneously isochronally (5 min 
holding times) annealed, according to the following 
program: 

(a) Pt and Pt alloys: from 7 K to 30 K with A T = 0,5 K 
and from 30 K to 750 K with AT = 0,05 T. 

(b) Cu and Cu alloys: from 30 K to 400 K with A T = 
0,05 T. 

After the completion of an isochronal-annealing run and on 
obtaining the resultant recovery curves (i.e. values of 
resistivity retention vs. pulse temperature), the multisample 
was annealed in the CIF furnace at 775 K for 1 h at 
10~ 3 t t r r , to restore the residual resistivity to its initial 
value in preparation for a subsequent irradiation run. 
Isochronal recovery curves of the same sample could thus 
be investigated for different influencing effects, e.g. 
different flux types, different induced-defect concentra
tions, radiation doping, variation of holding times, etc. 

2.5.3 ACTIVATION ENERGY DETERMINATION EX
PERIMENTS 

(a) Isothermal annealing 

In order to apply the Meechan-Brinkman method of 
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activation-energy analysis (refer paragraph 3.7). the sample 
was irradiated at 4,4 K with fast neutrons to the same 
induced-defect concentration as a previously completed 
standard (5 min holding time) isochronal anneal. The 
sample was then isothermally annealed at a particular 
temperature, preselected at random, using the following 
sequence of holding times: 2. 3, 5. 10. 20.40 and 80 min. 
Residual resistivities were measured at 4.4 K following 
each anneal. Such isothermal curves were completed for 
the Pt samples to investigate activation energies during 
substages l 0 and l E . the 120 K substage and the 360 K 
substage. By suitable selection of further isothermal 
temperatures, a set of isothermal curves (isotherms) in 
these regions facilitated activation-energy calculations 
by the method of isotherm comparison. 

(b) Change of slop* method 

This procedure which consists of a combination of 
isochronal and isothermal anneals was also used to 
determine the activation energies in the abovementioned 
substages in the Pt samples. The sample (irradiated as 
above) was isothermally annealed for four steps of 5 min at 
a preselected temperature (resistivity values at 4.4 K were 
taken between each step). The sample was then similarly 
isothermally annealed but now at a slightly higher 
temperature, recording the resulting resistivities as above. 
This procedure was continued until the temperature region 
to be investigated had been covered. 

(c) Variation of holding time 

The method followed was identical to that of the 
isochronal-annealing experiments (paragraph 2.5.2) 
except that although the sample had been irradiated to a 
similar defect concentration as that of a standard isochrone 
(5 min holding time), the annealing program was followed 
using holding times of 30 min. 

2.6 Data Correction and Error Determination 

2.6.1 CORRECTIONS DUE TO TRANSMUTATION 

In the non-elastic (n,y) reaction resulting from thermal-
neutron irradiation of a metal, the decay of the resultant 
radioactive nucleus to a ground state, usually accompanied 
by the emission of an energetic ^-particle and dependent 
on the particular half-life, can result in the formation of 
impurity atoms in the lattice. These can contribute towards 
an increase in the metal's resistivity, and should this 
resistivity contribution due to transmutation (p,) be 
significant, it will result in errors of calculation of defect 
concentrations from equation 2.3(4)|8,34,40,411. 

In the case of Cu, the following decay reaction is important 
in the formation of the impurity atoms Zn or Ni: 

«Cu ^ "Cu £ EL" f* = 12.8h. 

Calculations by Coltman el al\6\ have shown that the 
fractions of thermal-neutron captures (f) which produce 
transmutation can be given as 6 4 N i (f = 0,48) and 8 4 Z n 

(f = 0.29) respectively, and are significant. Experimentally, 
the rate of increase of resistivity due to these transmutation 
effects alone, after the completion of an irradiation, can be 
obtained by the observation of the absolute resistivity (after 
annealing due to close pairs has been excluded) as a 
function of time. The values of residual resistivities of the 
Cu and Cu-Au alloy measured during a typical annealing run 
following thermal-neutron irradiation must then be 
corrected accordingly. A more detailed discussion of this 
effect is given in reference 34. and comparative data 
relating to this work has been corrected for transmutation 
effects. 

In thermal-neutron-irradiated Pt|31). the main trans
mutation reaction is 

'96pt l0$ , 9 7 P t i » , 9 7 A u t* = 18 h. 

In this case calculations indicate f — 0,024 for the 1 9 7 A u , a 
fractional donation towards the resistivity increment in the 
sample which has been shown to be negiigible(8|. The 
effects of other transmutation products are even less. This 
fact has been verified experimentally, whereby obser
vations on the resistivity of thermal-neutron-irradiated Pt 
(and alloys) showed no increase due to transmutation 
effects as measured over a period comparable to several 
half-lives. Thus the data relating to thermal-neutron-
irradiated Pt and its alloys have not been corrected for 
transmutation effects. 

The relative concentrations of alloying impurities used in 
both the P> and Cu alloys are so low that transmutation 
effects arising from (n.y) reactions with these impurity-alloy 
atoms are insignificant. Similar,, due to the nature of the 
fast-neutron collision process (elastic) and with regard to 
the relative purity of the fast-neutron spectra (Table III), 
transmutation effects due to the presence of thermal 
neutrons during such an irradiation are negligible for all the 
metals involved. 

2.6.2 ABSOLUTE MEASUREMENT REPRODUCIBILITY 

The reproducibility of measurement as obtained by means 
of the instrumentation described in paragraph 2.4. was 
further dependent on several influencing factors. In the 
case of a pure Pt sample, the measurement accuracy was 
defined by the final resolution of the constant current 
supply (2 ppm at 100 mA) as well as by either the 
potentiometer (10 nV) or the nanovolt amplifier (SO nV), 
resulting in a final resolution of 1,3 x 10~ 1 3 ftcm and 
6,5 x 1 0 " 1 3 ft cm respectively. In an irradiation involving a 
low total-induced defect resistivity, e.g. ~ 1 x 10~ 9 ft cm, 
equivalent to ~ 1 ppm defect concentration, the worst 
relative measurement error expected would be ± 0,03 %. 

It has been shown previously that the temperature stability 
of the CIF|36) could be controlled within 5 mK at 4,4 K. 
so that in the case of the Pt which has a temperature-
resistivity coefficient of 0,122 x 1 0 - 1 2 ft cm/mK, tempera
ture fluctuations could cause resistivity variations of 
± 0,3 x 1 0 " ' 2 f t cm. Similarly, fluctuations in the resis
tivity due to temperature instability during potential 
measurement, were insignificant in copper. 



PER-265-24 

In view of the above and together with the combination of 
• series of unavoidable factors influencing the final signal, 
e.g. noise pickup, instrumentation drift spurious emf s in 
the circuit, etc.. the actual limit of reproducibility was set at 
± 0 . 3 x 10~' 2 flcm for the pure Pt using the manual 
potentiometer. In the dilute alloys, it was generally found 
that measuring stability and consequently reproducibility 
deteriorated with decreasing RRR values and were limited 
at values of a factor 10 or worse. 

During a production rate experiment (paragraph 2.S.1) the 
error is non-accumulative since all values of resistivity 
change (Ap) are calculated with reference to the initial 
residual resistivity (p 0). In this case the major error is 
absolute and involves calculations of resistivity from the 
measured resistance by means of the geometric factor (G) 
as discussed in paragraph 2.1. Since the geometric factors 
have been calculated from equation 2.1 (2) using a common 
value of P273 * for the metals and their alloys, a predicted 
error of ± 0,2 % in the resultant absolute resistivity values 
is possible|30]. 

In an annealing experiment, on the other hand, all resistivity 
values are related to the absolute irradiation-induced 
resistivity (Ap a ) and are calculated as the fractional 
retention (f) given by 

Ap PT,-PO 
Fractional retention (f) = = 

APo P«f"Po 

GR T l -GR„ 
= 2.6(1) 

G H - f - G R , 

where G — geometric factor of a specimen according to 
2.1(2) 

p„ — residual resistivity prior to irradiation 
PT, — residual resistivity after a temperature pulse 

T, 
p, r t = residual resistivity at the end of the irra

diation 
R = corresponding resistance values according . 

to 2.1(1). 

It can be seen from 2.6(1) that: 

(i) The error en measurement of (f) is independent of a 
possible erroneous calculation of the geometric factor 
|G); and 

(ii) the denominator A p 0 , i.e. the -ctual induced-defect 
resistivity, is a deciding factor concerning error 
calculation. 

For example, in the worst case of an alloy's resistivity 
measurement, i.e. deviations of ± 3 x 10" ' 2 ft cm. the 
relative error at an induced-defect resistivity (Ap 0 ) of 
1 x 10~ 9 ft cm (i.e. 1 ppm) it ± 0,3 %. while for the same 
alloy at an induced resistivity 10 times greater (i.e. 10 ppm) 
the error is now a factor 10 less and thus only ± 0,03 % 
on the percentage retention ( M scale. 

Experimental error limits wen* statistically allowed for by 
means of the remote-controlled scanning system, which 
ensured that low-temperature measurements went no* 
accepted unless the OF temperature was stable wtthin 
5 mK. In circumstances where measurement deviations 
under stable conditions exceeded the above limits, 
measurements were repeated and the corresponding mean 
of two or more values used. 

2.6.3 ERROR DUE TO TEMPERATURE CONTROL 
It was seen in paragraph 2.4.2 that actual annealing pulse 
temperatures could be controlled within ± 0.5 % of the 
target temperature. Under normal experimental conditions, 
however, control was much better and the limits stated 
above related to extreme cases. A relevant error that can 
develop during an annealing purse can be attributed to 
excessive rise times, i.e. the period of heating required to 
reach the target temperature. Under the experimental 
conditions described. 25 s were allowed to reach target 
temperatures from either 4.4 K or from a temperature 15 % 
below target temperature. By using the method of 
equivalent time calculations)34.63.64) and the relation 

t, exp(- E/KT,) = t 2 exp(-E/ICT2) 2.6(2) 

where E = activation energy 
k — Boftzmann's constant 
t, = holding time 
t 2 — equivalent time 
T| = pulse temperature 

and T 2 = equivalent temperature 

the relative effect of annealing for a specific period at a 
temperature just below target temperature can be calcu
lated. The necessary corrections to give either equivalent 
time (t 2) or temperature (T 2) in this work are seen to be 
less than ± 0.2 % (unless stated otherwise) and are thus 
always less than the actual temperature control stability: 
or alternatively, less than approximately two seconds 
equivalent time for a 5 min holding time pu.'se. In order to 
further reduce any such experimental errcr, rise times were 
kept the same for corresponding annealing programs, 
whenever possible. 

3. EXPERIMENTAL RESULTS 

3.1 Introduction 

The results presented were obtained by computer analysis 
of the data. The sequence of presentation of results does 
not necessarily follow the order in which the experiments 
were performed. In order to facilitate interpretation and 
discussion of the data, the results will be categorised as 
follows: 

(i) Production curves of the Pt and Cu metals and their 
alloys as obtained during fast-neutron irradiation at 
4.4 K. 

(ii) Comparison of isochronal recovery spectra due to 
either fast-neutron or thermal-neutron irradiations of 
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these metals and alloys following irradiation at 4,4 K to 
equivalent total induced resistivities (doses), 

(iii) The effect of impurity concentration and impurity size 
on the recovery spectra of fast-neutron-irradiated Pt 
and dilute Pt alloys. 

(iv) The effect of different irradiation-induced doses on the 
recovery spectra of Pt and Cu metals and their alloys, 

(v) Radiation doping effects on the isochronal recovery of 
Pt and dilute Pt alloys, 

(vi) Annealing experiments to enable activation energy 
calculations. 

3.2 Defect Production at 4 ,4 K 

All experimental procedures summarised in (ii) to (vi) above 
were preceded by an irradiation at 4,4 K with a specific 
neutron flux. To avoid unnecessary data repetition, only 
those results relating to the defect productions involving 
the longest irradiation periods, i.e. the highest f'uences 
(4>t) will be presented. 

3.2.1 PRODUCTION CURVES FOR Pt AND DILUTE Pt 
ALLOYS 

This study is unique in that although several results 
pertaining to defect production in pure Pt at ~ 4,4 K either 
by electron(43,99), deuteron[22,46,47,62,66], neutron 
(thermal)[8,40|, (fast)[38,42.97,98) and ion irradiation 

400 
• Pt 
» Pt 0.20 at 7.Au 
» Pt 0.06 ot'/.Cu 
• Pt 0.26 af / .Ni 
o Pt 0.11 at'/.Cu 

300-

CÍ 

200 

100 

0 1.0 2,0 3,0 
*< (1o"n/cm 2) 

Figure 3.1(a) 
Induced resistivity as a function of fluence due to fast-

neutron irradiation of Pt and dilute Pt alloys at 4,4 K. 

have been reported in the literature, very little work, on the 
other hand, has been done with regard to Pt alloys; these 
results then represent the first study on defect production 
in dilute Pt alloys due to fast-neutron irradiation at 4,4 K. 

The production curves (given by the increase in residual 
resistivity (Ap)) for a pure Pt sample and four different 
dilute Pt alloys, due to the fast-neutron fluence (4>t) are 
shown in Figure 3.1(a). The four samples (which can be 
identified as 2(a) - 2(d) in Table II) were irradiated 
simultaneously under the same flux conditions. The Pt-Ni 
alloy (sample 3(d) of Table II). which had been irradiated 
separately under similar conditions, has been included for 
comparison in this diagram due to its impurity type and 
concentration. The solid lines represent polynomial fits, by 
a digital computer, through the indicated experimental 
points by means of a least-squares method. In the actual 
fitting process, it was found that for pure Pt, a second-
degree polynomial produced a sufficiently good fit, whilst 
at least a third-degree fit was required for the alloys. 
Finally, for an induced resistivity (dose) > 300 x 10" 9 

H e m (in the Pt-0,11 at. % Cu), the tail end of the 
experimental data showed deviations from a third-
degree polynomial and required a higher-degree fit. The 

d(Ap) corresponding production rates d (4>t) as obtained by 

differentiation of the experimental points, are shown in 
Figure 3.1(b). 

200 400 
A/ ( l o ' f l c m ) 

Figure 3.1(b) 
Production rate versus resistivity increase as derived by 

differentiation of (a). 
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Two features are obvious from these figures: 

(i) The resistivity induced in the dilute alloys is signifi
cantly higher than that due to equivalent fluences in 
the pure metal. This is depicted in the production-rate 
curves where the initial damage rate of the Pt-0.11 at. 
% Cu was several factors higher than that of the pure 
metal. Damage rates, however, drop sharply in all the 
alloys with increasing doses and appear to merge 
towards a unique saturation value (Apoo). although 
the absolute value of such a saturation concentration 
was not actually attained experimentally. 

(ii) The production rate in the alloys is a non-linear 
function of the induced dose, linearity being lost at 
defect-induced resistivities of ~ lOOx 10~ 9 f t cm (i.e. 
~ 100 ppm defect concentration). The production rate 
of the pure metal tends towards a negative (convex) 
curvature, in contrast to those of the alloys. 

A similar observation on the negative production rate of 
pure Pt following neutron irradiation at 4 K has been 
made by Nakagawa et e/|42], in which a saturation 
value of Apoo « 2 x 1 0 - 6 ft cm was calculated from the 
resulting cubic fit. In contrast to this, defect production 
due to electron irradiation at 4,6 K of pure Pt by Duesing 
etal\A3] had an almost linear production rate, yet showed 
a tendency towards a positive curvature with a much 
higher estimated saturation value (Apoo «s 3,75 x 1 0 - 6 f l 
cm). Data from fast-neutron-irradiated Pt by Horak eta/[38] 
had too much scatter to allow a fit of the production 
rate although a value of A p n = 1,8 x 1 0 - 6 ft cm was 
calculated. 

Results pertaining to the defect production observed in 
other dilute Pt alloys, irradiated under similar conditions, 
yet not simultaneously, are depicted in Figure 3.2. In these 
cases, the production curves of the alloys did not show the 

Figure 3.2 
Production curves of Pt end other dilute Pt alloys due to 

fast-neutron irradietion at 4,4 K. 

excessively enhanced production rates observed in the 
previous cases of the Pt-Cu and higher concentrations of 
Pt-Au and Pt-Ni alloys of Figure 3.1. The curves are indeed 
very similar to those of the pure metal, except in the case of 
the Pt-0,048 at. % Au, where a stronger tendency towards a 
higher degree polynomial fit was shown. In comparison, for 
a fluence of ~ 2 x 1 0 1 7 n.cm"2, the Pt-0,048 at. % Au had 
an induced resistivity (Ap) of ~ 70 x 10~ 9 ft cm (almost 
20 % more than in the pure metal) whilst the Pt-0.20 at. % 
Au had ~ 130 x 10~ 9 ft cm for the same fluence. (It must 
be mentioned that the recovery curves between 7 K and 
750 K relating to the Pt-0.14 at. % Pd and Pt-0,13 at. % Ni 
alloys, later showed strong deviations from the normal 
recovery spe i.a - especially during Stages ' and II.) 

3.2.2 PRODUCTION CURVES FOR Cu AND A DILUTE 
Cu-Au ALLOY 

The defect production at 4,4 K due to the simultaneous 
fast-neutron irradiation of a pure Cu and Cu-0,01 at. % Au 
alloy are shown in Figure 3.3. The initial production curve 
Is almost linear in both cases although deviations from 
a linear fit were observed after larger fluences, and a best 
fit was obtained with a second-degree polynomial. This 
alloy showed an approximate 7 % enhancement in the 
total induced resistivity with respect to that of the pure 
metal for the above fluence. The results observed in the 
pure metal correspond well with previous work regarding 
defect production in pure Cu, where saturation values of 
0,9 x10~* ft cm and 0,34 x 10" 6 ft cm for electron and 
fast-neutron irradiations respectively, were calculated 
(38,42,43,45). 

i 1 1 1 i 1 i 1 r I 

Figure 3.3 
Production curves of Cu and a dilute Cu-Au alloy due to 

fast-neutron irradietion at 4,4 K. 
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3.2.3 RADIATION-DOPING EFFECT ON DEFECT PRO
DUCTION IN Pt AND DILUTE Pt ALLOYS 

In this experiment the samples 2(a) - 2(d) in Table II 
were used. Standard production curves during a fast-
neutron irradiation at 4.4 K to a total fluence of 5 x 1 0 1 6 

n.cm - 2 were obtained. (Note that this irradiation has a 
fluence a factor eight lower than that depicted in Figure 
3.1(a).) The samples were then annealed at 400 K for 
two half-hour periods until no further resistivity change 
(measured at 4,4 K) was observed. This resulted in a 
7 0 - 7 5 % reduction of the ordinal irradiation-induced 
resistivity. These samples were then irradiated to the same 
fast-neutron fluence at 4,4 K as above. Computer-fitted 
production curves of this "irradiation-doped" run are shown 
in Figure 3.4. The solid curve indicates the standard 
irradiation at 4,4 K while the dashed curve is the irradiation 
of the doped sample. (Actual experimental points have 
been omitted for clarity.) The same observations as given 
in paragraph 3.2.1 viz. (i) and (ii) apply, together with 

(iii) a noticeable decrease in the production curves due to 
the doping. The effect is strongest in the alloys, whilst 
the absolute deviation of the two curves (standard and 
doped) increases with increasing fluence in each 
sample. 

Figure 3.4 
Production curves of Pt end dilute Pt alloys due to fast-
neutron irradiation at 4,4 K ( ) standard irradiation; 

I j pre-doped to the indicated value of A p 4 0 o *. 

In experiments related to defect production due to either 
electron[43|. neutron[97] or deutreron[46.47] irradiation 
of quenched Pt at temperatures below Stage I, it was found 
that for low defect concentrations, the vacancy doping 
initially resulted in an apparent increase in defect produc
tion whilst for higher defect concentrations the doped 
samples had lower production rates. 

3.3 Comparison of Fast-Neutron and Thermal-
Neutron Irradiation Recovery Spectra 

3.3.1 RECOVERY DUE TO ISOCHRONAL ANNEALING 
IN Pt AND DILUTE Pt ALLOYS 

To be able to compare the influence of either fast-neutron 
or thermal-neutron irradiation on the recovery spectra of Pt 
and certain dilute alloys, the samples 2(a) — 2(d) in Table II 
were initially irradiated at 4,4 K with thermal neutrons 
(using the graphite moderator) to a fluence of ~ 2 x 1 0 1 6 

n.cm - 2 . These samples were then isochronally annealed 
from 7 K to 750 K, at the end of which all samples were 
annealed at 775 K and the initial residual resistivity values 
were restored. These same samples were then submitted 
to a fast-neutron irradiation at 4,4 K until an induced 
resistivity, equivalent to that of the thermal-neutron 
irradiation, was obtained. A similar isochronal annealing 
program was then followed. (This method has the advan
tage that since the same sample is used for both types of 
irradiation, influencing parameters such as specimen 
purity, fabrication history 2nd geometry, circuit inter
ference, etc. are eliminated.) 

The completed isochrones are shown in Figure 3.5, where 
the percentage resistivity retention (f%) as defined by 
equations 2.5(1) and 2.6(1) is plotted as a function of the 
actual step temperature. The final values of induced 
resistivities are indicated by Ap0 for the respective 
samples. It is obvious that for all samples, the recovery 
is significantly retarded from as early as 10 K due to the 
fast-neutron irradiation. At the end of Stage I (~ 30 K) 
approximately 30 % more of the irradiation-induced defects 
are retained in the lattice due to the fast-neutron irradiation. 
Annealing above 30 K is more rapid in all fast-neutron-
irradiated samples, while areas of accelerated annealing 
at ~ 120 K and ~ 360 K are present after both types of 
irradiation. Total annihilation of all irradiation-induced 
defects had occurred at ~ 730 K in all sar.iples. 

It can be seen from the recovery curves, and in particular for 
the Pt-0,20 at. % Au, that the data show a small amount of 
scatter due to the measurement error discussed in 
paragraph 2.6.2 and can be attributed to the low induced 
resistivity. In the worst case the error was equivalent to an 
absolute amount of ± 0,1 % on the y-axis. The error due to 
temperature calculation and deviation from a controlled 
setpoint is insignificant and is included in the graphical 
representation on such a log scale. 

3.3.1.1 Stage I Recovery in Pt and Dilute Pt Alloys due to 
Fast-Neutron and Thermal-Neutron Irradiation 

The Stage I recovery spectra obtained by the differentiation 
of the respective isochrones between 5 K and 35 K of 
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Figure 3.5 
Isochronal recovery curves of Pt and dilute Pt alloys irradiated at 4,4 K with fast or thermal 

neutrons to the indicated A p 0 values. 

Figure 3.5 are indicated in Figure 3.6. Derivatives have 
been taken across every second experimental point for the 
corresponding resistivity and temperature vaUies, and the 
result plotted against the mean temperature |T)|48]. Since 
this method increases the accuracy and results in smoother 
graphic representation, it will be used to calculate all 
differential results in this work. 

In the thermal-neutron-irradiated pure Pt, recovery sub-
stages l A (~ 10 K), l B (~ 15 K), l c (~ 19 K), l D (~ 22 K) 
and If (~ 27 K) are visible and correspond well with 
those reported elsewhere for thermal-neutron[32,49,50j 
and electron irradiations! 16,51,52], For the corresponding 
fast-neutron recovery spectra, these substages are 
suppressed to a large degree. This can be seen by 

http://Pt0.06at.1kCu
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Differential recovery curves of the Pt and dilute Pt alloys corresponding to Stage I of Figure 3.5. 
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TABLE IV 
Stag* I racovary values (%) attar fast-nautron and tharmal-noutron irradiation of Pt and diluta 

Pt alloys. ( A p 0 is the initial induced rasistiwity.) 

SUBSTAGE NEUTRON 
FLUX Pt Pt-

0.06 at. % Cu 
Pt-

0.11 at % C u 
Pt-

0.20 at. % Au 

A p 0 ( 1 0 ~ 9 f t c m ) Thermal 
Fast 

1.37 
1,40 

7.62 
7,55 

12.52 
12.18 

6.44 
6.53 

' A + ' B Therm 1 
Fast 

10.2 
4.8 

10,0 
4.6 

10,1 
4.8 

9.7 
4.2 

l c + l D + l E Thermal 
Fast 

56.6 
31.8 

55.0 
30.7 

55,2 
30.6 

50.1 
28.5 

comparison with the recovery values (i.e. actual percen
tage recovery) during the various substages for the different 
irradiations as given in Table IV. No significant temperature 
shift of these substages due to these two types of irra
diation was observed. 

In the pure metal, the recovery in the close-pair substages 
l A and l B has been reduced by ~ 5,4 % due to the fast-
neutron irradiation (for these indicated induced resis
tivities) whilst substage lc has been almost totally 
suppressed and is just visible as a slight shoulder on the 
low-temperature side of the prominent yet also strongly 
suppressed In recovery substage. Similarly, substage lg, 
which is fairly prominent in the thermal-neutron recovery 
spectrum of the pure metal, has been suppressed by fast-
neutron irradiation but is still observable as a shoulder on 
the high-temperature side of l D . 

For the dilute alloys, the influence of impurities is minimal 
on the close-pair substages ( l A and lg) and suppression 
f~ 5,5 %) equivalent to that observed in the pure metal due 
to fast-neutron irradiation is also evident. Further slight 
suppression of these substages is just becoming apparent 
due to the presence of the 2 000 ppm Au in that alloy as 
can be seen in Table IV. Substages l c and ID have similar 
suppression due to the fast-neutron irradiation as was 
observed for the pure metal. Substage If in the pure metal, 
after thermal-neutron irradiation, has already been almost 
totally suppressed by the addition of the alloying impuri
ties, and now undergoes a further decrease due to the fast-
neutron irradiation. Since substages (lc. ID and If) overlap 
strongly in all the samples and are virtually inseparable for 
accurate analytical purposes, their recovery values have 
been calculated together as indicated in Table IV. In the 
pure Pt and the Pt-Cu alloys, the overall suppression in 
these three substages due to the fast-neutron irradiation is 
~ 24,5 % in each sample, implying that the addition of Cu 
has not significantly influenced the difference in recovery 
between fast-neutron and thermal-neutron irradiations. In 
the Pt-0,20 at. % Au alloy the suppression is 21,5%, 
indicating that the influence of impurity addition is 
somewhat greater in the thermal-neutron recovery (6,5 % 
suppression) than due to fast-neutron irradiation (3,3 %). 

Although similar observations regarding comparative 
effects of fast-neutron and thermal-neutron irradiations 
on Stage I recovery in pure Pt have been reported[48-50], 
the results presented here are unique in that no such 
comparative study has yet been reported for dilute Pt 
alloys. 

3.3.1.2 Recovery above Stage I in Pt and Dilute Pt Alloys 
due to Fast-Neutron and Thermal-Neutron Irradiation 

Results in this section relate to recovery in the tempera'ure 
region between 30 K and 750 K (typically defined as 
Stages II, III or IV although the temperature limits of such 
stages will not be defined as yet). This region (Figure 3.5) is 
one of continuous recovery in all samples with the recovery 
gradients being stronger for the fast-neutron irradiation 
compared to the thermal-neutron irradiations. Several 
areas of increased annealing are apparent. For the purpose 
of comparing the effects of thermal-neutron and fast-
neutron irradiation on the pure metal and its alloys, 
particular attention will be paid only to the most prominent 
recovery regions depicted above 30 K in Figure 3.5, viz. 
~ 120 K, ~ 360 K and — 620 K. The less prominent 
substages wil l be discussed later, where better resolution 
was possible due to the higher induced resistivities used. 
(For example, the scatter observed in the Pt-0,20 at. % Au 
alloy between 30 K and 80 K could thus be eliminated.) 

(a) 30 K to 200 K 

In the temperature region of 30 K to 80 K, greater recovery 
of resistivity occurred for all samples during the anneals 
following the fast-neutron irradiations in comparison with 
those following thermal-neutron irradiations - Table V. 
This increase in recovery was largest for the pure metal 
(4 %) and least for the Pt-Au alloy (1 %) while the two Pt-Cu 
alloys each had ~ 3 % more annealing. A significant 
recovery substage is now apparent in the region of 80 K -
130 K at ~ 112 K in the pure metal and will be denoted as 
the 120 K substage according to previous nomenclature 
[32,53,54], This substage is significant in all the samples 
for both types of irradiation as indicated in Figure 3.7. 
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Direct comparison of the data in Table V would imply that 
the recovery during this substage has increased by — 3.7 % 
due to the fast-neutron irradiation of the pure metal. 
Graphic representation of the differentials relating to this 
substage. however, show that such a conclusion could be 
misleading, since the overall recovery above 30 K, which 
was higher in fast-neutron-irradiated cases, consequently 
resulted in a higher background annealing for the 120 K 
substage after such an irradiation. Superposition of the two 
substages for the two types of irradiation as indicated in 
Figure 3.7. shows that after background corrections have 
been made, the actual amount of recovery is slightly greater 
in the case of the thermal-neutron-irradiated pure 
specimen by an estimate of ~ 1 %. The physical appearance 
of this substage due to the thermal-neutron irradiation is 
now narrower and taller as compared to that of the fast-
neutron irradiation. 

Similar conclusions can be deduced for the Pt-Cu alloys, 
viz. that although direct calculation from Table V indicates 
greater recovery due to fast-neutron irradiation, actual 
graphic representation and subsequent correction due to 
background annealing shows that the recovery under the 
relevant substages is almost equal, with only slightly more 
recovery occurring due to thermal-neutron irradiation 
(within ~ 1 % more). The small substage at ~- 90 K 
(possibly due to residual impurity) in the two Pt-Cu alloys 
after thermal-neutron irradiation is absorbed by the effect of 
background annealing following the fast-neutron irra
diation. In the particular case of the Pt-0.20 at. % Au, 
however, the prominent substage at ~ 98 K identified as 
l l c [32,53] , influences this 120 K substage by its proximity 
and should also be corrected for; final results imply that 
in this case ~ 1,5 % more recovery occurred during this 
substage following fast-neutron irradiation. 

In the region between 130 K and 200 K, recovery following 
fast-neutron irradiation is slightly better (by ~ 2,5 to 3 %) 

compared to the thermal-neutron irradiation of all samples. 
(The pure Pt has the best recovery although no prominent 
substages are detectable.) For all samples (Figure 3.5). for 
either type of irradiation, the rate of recovery prior to the 
120 K substage (i.e. 30 K to 80 K) is greater than that in 
the recovery region following this substage (i.e. 130K 
to 200 K). 

(b) 200 K to 400 K 

At temperatures above 200 K the resistivity in all samples 
recovers rapidly and more so in the fast-neutron-irradiated 
specimens. The prominent peak at ~ 360 K could be 
detected in all the samples for both types of irradiation, 
although due to the low induced resistivities, resolution of 
the differentiated experimental points (to enable accurate 
graphic representation) was not very successful. The 
differential curves relating to this substage are subse
quently only shown for the pure metal in Figure 3.8. This 
substage appears to have more recovery after the fast-
neutron irradiation viz. ~ 4,6 % more for the pure Pt and 
~ 6,5 to 7,5 % more for the alloys, when compared to 
the thermal-neutron irradiation. The effect of background 
recovery is not clear enough to permit suitable corrections 
to be made. (Graphic representation of this subc'age 
involving better resolution at higher induced resistivities 
in the alloys will be presented later.) Similar observations 
on the effects of different types of neutron irradiations on 
this 360K substage have been made by Cotman et ol 
[49,50] in pure Pt, although they terminated their annealing 
program at 400 K. 

(c) Above 400 K 

The final recovery of the defects due to both types of 
irradiation occurs above 400 K, so that at ~ 730 K, 
depending on the initial induced dose, less than 2 % of 
the damage is left. (This was finally removed by a 775 K 
anneal.) Differences in recovery due to the type of irradiation 

TABLE V 
Recovery values (%) after fast-neutron and thermal-neutron irradiation for temperature 

regions above Stage I in Pt and dilute Pt alloys. ( A p 0 is the initial induced resistivity.) 

TEMPERATURE 
REGION 

NEUTRON 
FLUX Pt 

Pt-
0,06 at. % Cu 

Pt-
0,11 at. % C u 

Pt-
0.20 at. % Au 

A p o ( 1 0 ~ 9 r t c m ) Thermal 
Fast 

1.37 
1,40 

7,62 
7,55 

12,52 
12,18 

6.44 
6,53 

30 K - 80 K Thermal 
Fast 

7,6 
11,8 

5,8 
8,7 

6.0 
8,9 

8,6 
9,6 

8 0 K - 1 3 0 K Thermal 
Fast 

6,0 
9,7 

2.6 
5,9 

3,0 
6,0 

4,7 
7,6 

130 K - 200 K Thermal 
Fast 

1,5 
4,7 

0,8 
3,2 

0,8 
3,4 

1,3 
3,5 

200 K - 400 K Thermal 
Fast 

6,4 
11,0 

10,9 
18,5 

10,2 
16,5 

9,1 
15,8 

400 K - Thermal 
Fast 

11.7 
26,2 

14,9 
28,3 

14,7 
29,8 

16,4 
30,9 
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Differentia/ recovery curves of the Pt and dilute Pt alloys corresponding to the temperature 

region 80 K to 130 K of Fig. 3.5. 

130 

used are most significant and from Table V it can be 
calculated that ~ 14 to 15 % more recovery occurs in all the 
samples aa a result of the fast-neutron irradiation. This is 
illustrated graphically in Figure 3.9, where in all samples, 
the large increase in the recovery due to fast-neutron 
irradiation is overwhelming. Although the presence of 
these substages above 400 K, as shown, has been reported 
by various experimentalists[53,55-57|, no results com
paring the effects of different types of neutron irradiation on 

these high-temperature recovery regions in Pt have been 
published. 

3.3,2 ISOCHRONAL RECOVERY IN Cu AND Cu-Au 
DUE TO FAST-NEUTRON AND THERMAL-NEUTRON 
IRRADIATION 

A pure Cu sample and a Cu-0,01 at. % Au alloy, identified 
as 4(a) and 4(b) in Table II, were irradiated at 4,4 K with 
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fast neutrons to a fluence of 1,5 x 1 0 ' 6 n.cm - 2 . These 
samples were isochronally annealed from 30 K to 400 K. 
The resultant recovery curves were then compared with 
those of similar samples (from the same batch) which 
had received an identical annealing program following 
thermal-neutron irradiation to the same induced resistivity. 
(Results pertaining to detailed studies of thermal-neutron-
irradiated Cu and Cu-Au alloys have been reported else-
where|34,35,58-61 ].) The recovery curves for the pure Cu 
and dilute Cu-Au alloys are shown in Figure 3 10. All data 
pertaining to thermal-neutron irradiation of the Cu metals 
have been corrected for transmutation effects according 
to paragraph 2.6.1. 

The resistivity reter'ion above Stage I (~ 60 K), is 
enhanced due to the fast-neutron irradiation, similar to 
that of the Pt metals, but by only ~ 21 % in the pure metal 
and ~ 16 % in the alloy. The recovery between 60 K and 
~ 100 K is continuous, at approximately equivalent rates 
for both types of irradiation in all samples; the annealing 
rates increased rapidly after 100 K in all cases, with several 
areas of accelerated annealing, in particular following 
thermal-neutron irradiation. Although the samples had 

not totally annealed by 400 K, the enhancement in the 
retention in the pure metal due to fast-neutron irradiation 
was now ~ 12 % more, and the alloy ~ 6 % more, compared 
to the thermal-neutron-irradiated specimens. The deri
vatives of these isochronal-recovery curves are shown 
in Figure 3.11 while the corresponding recovery values 
during specific temperature regions in these spectra have 
been tabulated in Table VI. 

TABLE VI 
Recovery values (%) after fast-neutron and tharmal-

neutron irradiation for Cu and a Cu-Au alloy. 
( A p 0 is the initial induced resistivity.) 

TEMPERATURE 
REGION 

NEUTRON 
FLUX Cu 

Cu-
0.01 at. % Au 

A p 0 ( 1 0 _ 9 n c m ) Thermal 
Fast 

1.26 
1.34 

1.53 
1.59 

5 K - 30 K Thermal 
Fast 

6,9 
6.8 

6.2 
6.2 

30 K - 60 K Thermal 
Fast 

53.3 
32.3 

39,9 
24.2 

60 K - 90 K Thermal 
Fast 

4,6 
3,5 

3,3 
3.4 

9 0 K - 1 2 5 K Thermal 
Fast 

3.0 
4,1 

9.8 
6.2 

1 2 5 K - 175K Thermal 
Fast 

4.2 
6.5 

9.1 
8.8 

175 K - 400 K Thermal 
Fast 

21.0 
27.6 

24.0 
37,4 

400 K - Thermal 
Fast 

7,1 
19,1 

7,6 
13.8 

The total recovery due to close pairs (i.e. below 30 K) in 
either the Cu or the Cu-Au as indicated in Table VI, does not 
appear to be influenced by the type of neutron irradiation 
used, although actual substage structure was not experi
mentally determined below 30 K. A sharp reduction in 
recovery during the principal substage of Stage I (i.e. I D 

— 40 K) is evident, due to fast-neutron irradiation in both 
the pure metal and the alloy. In comparison it can be seen 
from Table VI that the addition of Au impurity to Cu resulted 
in greater suppression of substage ID in the case of thermal-
neutron irradiation (—13%) than was due to the fast-
neutron irradiation (~ 8 %). The substage lg at ~ 52 K in 
the pure metal (for these doses) has been significantly 
suppressed by fast-neutron irradiation. This substage has 
been almost totally suppressed by the addition of ~ 0,01 
at. % Au in the thermal-neutron irradiation, although a small 
peak is evident at ~ 62 K following fast-neutron irradiation. 
These observations on the Stage I recovery in the pure 
metal following neutron irradiation correspond well with 
those reported by other experimentalists[8,40,48-50|. 
No significant temperature shift of substage In. due to the 
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Differential recovery curves of the Pt and dilute Pt alloys corresponding to the tempereture 

region above 400 K of Fig. 3.5. 

two different types of neutron irradiation used, was 
observed in this study - in contrast to the large shift 
(from ~ 48 K thermal to ~ 40 K fast) reported recently 
by Horak et at\37]. 

Between Stage I and ~ 175 K in Stage II, recovery con
sists of only one prominent substage at ~ 125 K in the 
pure metal, which has been shown by Aspeling et «/(35) 
to be due to residual impurities in the metal. This substage 
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Isochronal recovery curves of Cu end a dilute Cu-Au alloy 
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indicated A p 0 values. 

is almost totally suppressed due to fast-neutron irradiation. 
Similarly, the substages due to the Au in the alloy[34,35, 
59,72], i.e. I I B (~ 60 K), l l c (~ 110 K) and l l D (~ 150 K) 
have all been strongly suppressed by the fast-neutron 
irradiation. The prominent recovery substage at — 225 K in 

both the pure metal and the alloy, strongly overlaps with the 
Stage III recovery peak (— 300 K at these induced doses) 
and the total recovery under these two peaks increases 
dramatically following fast-neutron irradiation (~ 19 %). 
(as indicated graphically in Figure 3.11 as well as from 
calculations according to Table VI). 

2« 

- |5 

3* 

• i—i—i— 
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Figure 3.11 
Differential recovery curves of Cu and a dilute Cu-Au 

alloy corresponding to Fig. 3.10. 

3.4 The Effect of Alloying Impurities on the Iso
chronal Recovery of Fast-Neutron-Irradiated Pt 

Results pertaining to the influence of the type and con
centration of alloying impurities on the recovery spectra 
of pure Pt are presented. 

3.4.1 THE EFFECT OF VARYING Au CONCENTRA
TIONS ON THE RECOVERY OF Pt 

A pure Pt sample and several dilute Pt-Au alloys (samples 
1(a)- 1(d) in Table II), irradiated at 4,4 K with fast neutrons 
and then isochronally annealed, are shown in Figure 3.12. 
The indicated induced resistivity values ( A p 0 <*s 14 x 10~ 9 

ft cm) would then imply Frenkel defect concentrations 
of ~ 14 ppm according to equation 2.3(4). The addition 
of increasing amounts of impurities has resulted in the 
successive enhancement of retained defects in the alloys 
in comparison with the recovery curve of the pure metal. 
At the end of Stage I (~ 30 K), the alloy with the highest 
Au content (i.e. Pt-0,285 at. % Au) retained — 11 % more 
defects than did the pure metal (at these induced Frenkel 
defect concentrations). Recovery above Stage I follows a 
similar trend in all the samples, with accelerated annealing 
at ~ 120 K visible even in the alloy with the largest impurity 
content. Recovery in the alloys has reached the same value 
as that of the pure metal by ~ 500 K, so that at the end of 
the annealing program (i.e. ~ 520 K) nearly ~ 20 % of the 
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initial irradiation-induced resistivity remains in each 
sample. The derivatives corresponding to these isochrones 
are indicated in Figure 3.13. 

3.4.1.1 Recovery During Stag* 
Irradiated Dilute Pt-Au Alloys 

I of Fast-Neutron-

10 100 
TEMPERATURE K 

700 

Figure 3.12 
Isochronal recovery curves ol Pt and a series of dilute 
Pt-Au alloys irradiated at 4,4 K with fast neutrons to the 

indicated A p 0 values. 

The differential recovery in the temperature region 6 K to 
35 K of Figure 3.13 has been reproduced, using a larger 
scale, as shown in Figure 3.14. The recovery in substage 
U (~ 10 K) appears not to be significantly affected by the 
addition of various amounts of Au. Calculations show, 
however, that a very small suppression of this substage 
(but within experimental error, i.e. ± 0,1 % of total recovery) 
was caused by addition of 0,285 at. % Au to the Pt. The 
suppression of substage l B (-* 15 K) is more prominent. 
Calculated values of the recovery are given in Table VII, 
where the close-pair substages l A and l B have been 
calculated together. It is evident (from both Figure 3.14 and 
Table VII) that the presence of the Au impurities has 
dramatically affected the strongly overlapping substages 
l c , IQ and l E between ~ 17 K to 30 K. It was seen in 
paragraph 3.3.1.1 that the substage lc (~-19K) was 
strongly suppressed by fast-neutron irradiation, and now, 
from Figure 3.14, the addition of relatively large amounts 
of Au have caused lc to be totally suppressed. This is 
indicated by the low-temperature side of the lp substage 
in the Ft-0,285 at. % Au alloy. The prominent substage 
ID is also progressively suppressed by the addition of 
various quantities of Au, with the largest suppression 
occurring in the alloy with the highest Au content. The 

^ 60 éV 100 
TEMPERATURE K 

200 300 400 500 

Figure 3.13 
Differential 'ecovery curves of Pt and dilute Pt-Au alloys corresponding to Fig. 3.12. 
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substage identified as l £ | ~ 27 K) is still just evident on the 
high-temperature side of IQ in the pure Pt and is almost 
totally suppressed by addition of the Au following fast-
neutron irradiation, although indications of a small 
shoulder are still present in the alloys. The overall effect on 
the Stage t recovery due to the addition of Au to Pt can be 
seen in Figure 3.15 for the combined substages I A + Is and 
l c + l 0 + l E respectively. (Note that the left-hand scale has 
been magnified a factor 10 in comparison with the right-
hand scale. Although the error of measurement (an 
absolute value of ± 0,1 % on the y-axis for these defect 
doses) is significant, it would not affect the trend. In the 
case of the l c + l D + l E representation, the right-hand scale 
is fairly insensitive and the error is insignificant.) 

The results presented here compare well with earlier work 
involving studies of similar Pt-Au alloys after thermal-
neutron irradiation[31,32], which was seen to show good 
compatibility with electron-irradiation studies on dilute 
Pt-Au alloys[52). 

3.4.1.2 Recovery Above Stage I of Fast-Neutron-Irra
diated Dilute Pt-Au Alloys 

The first identifiable substage which has been attributed to 
the presence of Au in Pt, is located at ~ 29 K in all the 
alloys and has been labelled l l A according to Schilling 
et a/|53]. This substage is more clearly depicted in 
Figure 3.14, where it increases with increasing concentra
tion of Au in the samples, in accordance with results ob
tained on thermal-neutron-irradiated(31,32] and electron-
irradiated! 53) Pt-Au alloys. In Figure 3.13, at ~ 42 K, Sub-
stage MB can, due to the addition of Au in Pt, just be observed 
in the 2 850 ppm Au alloy, but is present only as a small 
hump in the next lower dilute alloy (0,048 at. % Au). No 
trace of this substage is observed in the 0,017 at. % Au, due 
to the presence of background annealing in Stage II. The 
most prominent substage due to the Au in Pt is lie at ~ 98 K 
(Figure 3.13). Substage lie shows a strong enhancement 
in recovery with the addition of increasing quantities of 
Au, although it is strongly influenced by the overlapping 
effect of the prominent 120 K substage. A much better 
graphic comparison of this eifect is given in Figure 3.16. 
where He is practically absent in the 0,01 7 at. % Au, but 
increases strongly with increasing Au concentration. 

The 120 K substage is most prominent in the pure metal, 
and although it is strongly reduced by the addition of gold. 

TABLE VII 

Stage I recovery values (%) of fast-neutron-irradiated Pt and Pt-Au alloys. 
( A p 0 is the initial induced resistivity.) 

SJBSTAGE Pt Pt-
0,017 at. % Au 

Pt-
0,048 at. % Au 

Pt-
0,285 at. % Au 

A p 0 ( 1 0 _ 9 f i c m ) 14,14 13,86 12,96 13,84 

'A+'B 4,6 4,3 4,1 3,8 

I C + l D + l E 34,0 31,7 28,5 23,9 

20 
TEMPERATURE K 

Figure 3.14 
Differential recovery during Stage I of Pt and dilute Pt-Au 
alloys after fast-neutron irradiation to the indicated 

Ap0 values. 

it is still very much present, even in the 0,285 at. % Au alloy. 
This same effect was observed in thermal-neutron studies 
[31,32] and although Schilling et «/[53] reported the 120 K 
substage in electron-irradiated pure Pt, it was not present 
in any of their dilute Pt-Au alloys. Both He and the 120 K 
substage were observed by Jackson et a/\62] during a 
study on a Pt-0,1 at. % Au alloy after 20 MeV deuteron 
irradiation. The final substage, I l D , attributed to Au 
impurities, is located at ~ 150 K and is only observable 
in the 0,285 at. % Au alloy of Figure 3.13. 
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Figure 3.15 
Recovery of irradiation-induced resistivity observed during 
Stage I as a function of the gold concentration (CAu J after 

fast-neutron irradiation. 

Above 200 K all the alloys recover mora rapidly than the 
pure metal and the prominent 360 K substage (now at 
- 340 K at these defect doses) was apparent in all samples. 
Strong overlapping with the substage at — 470 K made it 
difficult to calculate actual recovery differences due to the 
impurity alloying. These latter two substages correspond 
well with those observed during recovery of thermal-
neutron-irradiated|31.32] or electron-irradiated(S3] dilute 
Pt-Au alloys. A prominent substage seen at ~ 270 K by 
Schilling et af[ 53] is not present after either type of neutron 
irradiation. A comparison of the actual recovery occurring 
during specific temperature regions between 30 K and 
500 K is given in Table VIII. 

0.051 
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Figure 3.16 
Differential recovery curves during Substages He and at 
120K in Pt and dilute Pt-Au alloys after fast-neutron 

mediation. 

3.4.2 THE EFFECT OF IMPURITY SIZE ON THE 
RECOVERY OF FAST-NEUTROM-IRRAOIATED Ft 

Isochronal recovery curves of a pure Pt sample and Pt 
containing dilute amounts of different atomic-sized 
alloying impurities (as discussed in paragraph 1) were 
obtained following fast-neutron irradiation at 4.4 K. and 

TABLE VIII 
Recovery values (%) for temperature regions above Stage I in fast-neutron-

irradiated Pt and Pt-Au alloys. ( A p 0 is the initial induced resistivity.) 

TEMPERATURE 
REGION Pt 

Pl-
0,017 at. % Au 

Pt-
0,040 at. % Au 

Pt-
0,288 at. % Au 

A p o ( t O " 9 r t c m ) 14.14 13,86 12,96 13,84 

30 K - 80 K 12,0 10.5 10.8 10.8 

8 0 K - 1 3 0 K 8.8 7,6 8,3 9.7 

130 K - 2 0 0 K 4.4 4.4 4,1 5,1 

200 K - 400 K 10.9 15.4 14.8 17.1 

400 K - 25.4 26,1 29,5 29,6 
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are indicated in Figure 3.17. The pure Pt and the Pt-Cu 
alloys identified as samples 2(a). 2(b) and 2(d) of Table II, 
each have radiation-induced resistivities a factor seven 
higher than those alloys indicated in Figure 3.12. The 
Pt-Ni alloy (sample 3(d) of Table II) had a A p 0 of ~ 75 x 
10~ 9 ft cm and has been included in the diagram to allow 
a comparison due to its atomic size to be made. A second 
Pt-Cu alloy (sample 2(c) of Table II) has been omitted from 
Figure 3.1 7 for the sike of clarity. 

1 1 1 1 1 1 1 i-rn 1 i—i—r—n 

it 
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Figure 3.17 
Isochronal recovery curves of Pt and Pt dilutely alloyed 
with oversized (Auj or undersized (Cu or Nij impurities, fast-
neutron-irradiated at 4,4 K to the indicated A p „ values. 

The enhanced resistivity retention due to the addition of 
alloying impurities is evident, particularly during Stage I. 
At the end of Stage I (~ 30 K) this retention was ijrgest 
in the Pt-0,20 at. % Au alloy (~ 76 %) as compared to the 
Pt-0,06 at. % Cu (69 %), the Pt-0,26 at. % Ni (65 %) and 
the pure metal (62 %). Ths slopes of the recovery curves 
above Stage I and up to ~ 80 K are steeper for the pure 
metal and the Pt-Au alloy in comparison with the Pt-Ni 
and Pt-Cu alloys. The latter two are practically similar. The 
accelerated annealing at ~ 120 K is also present in all 
these samples. Above 130 K recovery is rapid in all samples 
(slowest for the Pt-Ni alloy) so that by ~ 730 K the 
irradiation-induced resistivity had been almost totally 
removsd ( £ 2 % remaining) from all samples by the iso
chronal annealing program. The differential isochronal 
recovery curves (7 K - 730 K) for samples 2(a) to 2(d) of 
Table II are shown in Figure 3.18. (The complete recovery 
spectra of the Pt-0,26 at. % Ni alloy can be seen in 
Figure 3.30.) 

3.4.2.1 Stage I Recovery of Fast-Neutron-Irradiated Pt 
Dilutely Alloyed with Oversized and Undersized Impurities 

Stage I recovery (7 K to 30 K) in Figure 3.18 for pure Pt 
and the indicated dilute alloys, shows suppression of the 
recovery substages in all samples due to the addition of 
alloying impurity. Certain significant differences, however, 
become obvious from Figures 3.19(a) and 3.19(b) regarding 
resistivity retention due to the various types of alloying 
impurities used. The substages l A and IQ are not significantly 
influenced by the presence of the alloying impurities, 
except in the case of the 0,20 at. % Au alloy, where a slight 
suppression of recovery could be detected. The substages 
lc and IE experienced suppression similar to that described 
in paragraph 3.4.1.1 relating to the effect of Au impurity. 
It is from an enumeration of the fractional recovery of 
defects during substages lc + lp + 'E t n a t t r , e most 
significant effects are detected. From Figure 3.19(a), for 
these three substages, the amount of recovery occurring in 
the 0.20 at. % Au alloy (21 %) is significantly lower than 
that of either the 0,11 at. % Cu (29 %) or the pure metal 
(34%). Similarly, from Figure 3.19(b), the 0,26 at. % Ni 
also experienced a greater amount of recovery (~ 9 % 
more) than the Pt-Au alloy. Thus it would appear that for 
almost equivalent amounts of impurity concentration and 
practically similar concentrations of irradiation-induced 
resistivities, the Au impurity has a dominant role in 
suppressing Stage I recovery. Cu impurities are somewhat 
less effective in this suppression, and the Ni impuiities, 
the least effective. 

3.4.2.2 Recovery Above Stage I of Fast-Neutron-Irra
diated Pt Alloyed with Au, Cu and Ni 

The differential recovery curves of Figure 3.18 indicate that 
in the region 30 K to 100 K, both the pure metal and the 
Pt-Au alloy have higher background annealing with certain 
amounts of fine structure in comparison with the two Pt-Cu 
alloys. Similarly, indications of a low background annealing 
in the Pt-Ni alloy can be seen in Figure 3.30. In the P:-Cu 
and Pt-Ni alloys, ~ 3% less recovery occurred between 
30 K and 80 K in comparison with the pure metal. This 
region of Stage II recovery has been reproduced in greater 
detail in Figures 3.19(c) and 3.19(d). 

In addition to the prominent 120 K substage in all samples, 
and l l B ( ~ 42 K) and l l c (~ 98 K) in the Pt-Au alloy, further 
recovery occurred at ~ 52 K and ~ 75 K in the pure metal 
and in all the alloys, although such recovery was usually 
smaller in the Pt-Cu and Pt-Ni alloys. The Pt-Cu and Pt-Ni 
alloys thus had recovery spectra (from 30 K to ~ 130 .) 
vr y similar to that of the pure metal, although the 120 K 
substage was slightly suppressed (~ 1,5 %) in both alloys. 
A summary of the percentage recovery occurring during 
specific temperature regions above Stage I is given in 
Table IX. 

Between 130K and ~ 200 K, resistivity recovery is 
approximately the same in all samples, and just slightly 
higher in the Au alloy (~ 1 %more-probablyduetoth9 l l D 

substage at ~ 150 K in Pt-Au). A marked difference in 
annealing is visible above 200 K, where recovery in the 

http://otV.Au


PER-265-40 

2.0. i r i i i i i r T 

1,5. 

1.0. 

0.5. 
Hi 

ol J — ' . > * 

L T J _ 

• PtO.06ot.XCu 

• Pt0.11atff.Cul 

ToTS ' JOTS ' Z o T T - 1 — 1 - 7 r j r J • PtmOM-'/' ' 
TEMPERATURE (K) 

Figure 3.18 
Differential recovery curves of Pt and dilute Pt-Cu and dilute Pt-Au alloys after fast-neutron irradiation to the 

indicated Ap„ values. 

TABLE IX 

Recovery values (%) above Stage I in Pt and dilute Pt alloys with oversized (Au) and undersized (Cu or Ni) 
impurities after fast-neutron irradiation. ( A p 0 is the initial induced resistivity.) 

TEMPERATURE 
REGION 

Pt 
Pt-

0,06 at. % Cu 
Pt-

0,11 at. %Cu 
Pt-

0,20 at. % Au 

A p o P O - 9 í l c m ) 95,73 95,73 95,62 95,84 

30 K - 80 K 13,0 9.7 9,9 10,8 

80 K - 130 K 8.S 7,0 7,1 9,8 

130 K - 200 K 4,2 4,3 4,0 5,3 

200 K - 400 K 12,0 17,7 15,8 15,6 

400 K - 24,2 30,7 29,6 34,7 

Pt-
0,20 at. %Au 

Pt-
0,26 at. % Ni 

76,11 75.15 

10,8 10,0 

9,5 6 ' 

4,9 2,9 

16,7 14,4 

33,8 31,3 

alloys increases rapidly so that by 400 K, the alloys have 
had substantially more recovery (~ 4 % more) than the pure 
metal as can be seen in Figure 3.20(a) where a noticeable 
increase in the 360 K substage is evident. In the final 
recovery region above 400 K, the largest amount of 
annealing was observed in the Pt-Au alloy (35 %) as 
compared with the Pt-Cu alloys (~ 30% each), the Pt-Ni 
alloy (~ 31 %) and the pure metal (24 %). 

The comparative size of this annealing stage is indicated 
in Figure 3.20(b) for the Pt-Au and a Pt-Cu alloy. 

3.5 The Influence of Defect Dose on Isochronal 
Recovery 

3.5.1 THE DOSE DEPENDENCE OF THE RECOVERY 
IN Pt AND DILUTE Pt ALLOY8 

The results presented here were obtained for the pure Pt 
samples and dilute Pt alloys indicated as 1 (a) - 1 (d), 2(a) -
2(d) and 3(d) of Table II. The samples were irradiated at 
4,4 K with fast neutrons to various total fluences, and then 
isochronally annealed from 7 K to either 500 K or 700 K. 

http://PtO.06ot.XCu
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Figure 3.19 
Differential recovery curves of Pt and Pt dilutely alloyed with oversized (Au) or undersized (Cu or Ni) impurities, 

fast-neutron irradiated at 4,4 K to the indicated Ap„ values. 
(a) and ,'b) recovery during Stage I 
(c) and (d) recovery between 30 K and 130 K. 

At the end of each annealing program any induced resistivity 
still remaining in the samples was removed by a 775 K 
anneal. 

Isochronal recovery curves of several dilute Pt alloys are 
shown in Figure 3.21. The samples indicated had the best 

graphic representation of a recovery shift due to variation 
in induced resistivity. Shifts in recovery were also observed, 
but to a lesser degree, in the more dilute alloys and the pure 
metal. An enhanced retention of resistivity - as indicated 
by the shift of the recovery curves relative to the y-axis with 
increasing initial dose, is evident in all samples. The major 



PER-265-42 

0.4 

#.-

10 ncm 
• Pt 95.73 

4 Pt O.llaf/.Cu 95.62 

» Pt 0.20ot7.Au 95,S4 

0.8 

$ * 

0.6 

J_ L U L 

I I I I l l l l j l l l l l l l l l l l l l l l l l l l l l 

200 300 400 

TEMPERATURE K 

500 600 

TEMPERATURE K 

700 

Figure 3.20(a) 
Differential recovery curves between 200 K and 400 K 
of Pt and dilute Pt alloys after fast-neutron irradiation at 

4,4 K to the indicated A p 0 values. 

amount of this enhanced retention occurs during Stage I. 
Above ~ 30 K the recovery curves strongly resemble those 
seen in previous sections, and the areas of accelerated 
recovery at ~ 120 K and ~ 360 K, for all defect doses, are 
still evident in all samples. Above 600 K, the dependence 
of recovery on the induced resistivity is dramatically 
displayed by the close resemblance and overlapping of 
all recovery curves brought about by relative temperature 
shift and higher recovery rates in samples containing larger 
amounts of defects. 

The differential recovery curves of the abovementioned 
(nine) samples are also shown in Figures 3.22 to 3.30. The 
initial data (£ 15 K) relating to the highest induced resis
tivity run of the Pt-0,26 at. % Ni (Figure 3.30), were lost 
due to technical reasons. 

3.5.1.1 The Dependence of Stage I Recovery of Pt and 
Dilute Pt Alloys on the Initial Defect Dote 

From Figures 3.22 to 3.30 it can be seen that the close-pair 
recovery substages I* (~ 10K) and l B (~ 15K), which 

Figure 3.20(b) 
Differential recovery curves above 400 K of an overr-id 
(Au) and an undersized (Cu) impurity alloy in Pt after fast-
neutron irradiation at 4,4 K to the indicated A p 0 values. 

were significantly suppressed due to fast-neutron irra
diation in comparison with thermal-neutron irradiation 
(paragraph 3.3.1.1), are now influenced further by large 
changes in the initial induced resistivity. There is a definite 
tendency towards enhanced suppression of these two 
substages with increasing induced doses, in all samples. 
This is more clearly depicted in the differential recovery 
curves relating to the Pt-0,285 at. % Au alloy, plotted on 
a magnified scale in Figure 3.31. Both l A and Is are noti
ceably suppressed - in fact ~ 1,3 % less recovery occurred 
during these substages, in this alloy, due to an increase 
in initial induced resistivity from ~ 14 to 90 x 10" 9 SÏ cm, 
(i.e. a factor 6,5). The actual recovery values during 
substagee U + lg , o r , h e various samples and different 
doses, indicated by A p 0 , are given in Table X. Inter-
comparison of these tabulated data for all the indicated 
samples verifies that reduction in l A and IB (well within 
experimental error) for increasing defect doses is indeed 
present. A graphic representation of these evaluated data is 
shown in Figure 3.32. The solid curves indicate least-
squares smooth fits to the experimental data. (Since the 
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Figure 3.21 
Isochronal recovery curves of Pt and dilute Pt alloys irradiated at 4,4 K with fast neutrons to different induced 

resistivity (dose) values fApJ. 

TABLE X 
Recovery (%) occurring in Subttages 1^ + In, in Pt and dilute Pt alloys for varioua fast-neutron-induced resistivities. 

( A p 0 ia the initial induced resistivity in 1 0 ~ 9 f t cm.) 

P1(1) Pi (2) 
Pt-

0.017« % Au 
Pi-

0,048 at. % Au 
Pt-

0,286 at. % Au 
Pi 

0 .0« i t %Cu 
Pi 

0,11 at %Cu 
Pt-

0,20 at. % AM 

PI-
0.26 at. % Ni 

A p 0 
% APo % A p 0 % Apo % A p 0 % A p 0 % APo % A p 0 

% APo % 

S.68 4.6 1.40 4,8 9,47 4,5 8.88 4,3 13.84 3.8 7.55 4,6 12,18 4.8 6.53 4,2 75,15 3,8 

8.52 4,5 12,91 4.7 13.86 4,3 12,96 4.1 19.50 3.5 58.51 3,9 95.62 4.0 47,61 3,6 268.87 -
14,14 4.6 23.61 4,5 21,94 4,4 21.04 4,0 29,76 3,4 95,73 3,5 160.46 3.6 76,11 3,1 

25,54 4.1 32,87 4,5 42,47 3.9 35,55 3,5 50.88 2.9 122,78 3.3 205,02 3,4 95.84 3,0 

58,53 3.9 95,73 3,9 87,22 3.6 73,30 3.3 90,70 2,5 254.59 2.5 415.63 2.3 195,17 2.3 

http://ot1l.Au
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Figure 3.22 
Differential recovery curves of pure Pt after fast-neutron irradiation at 4,4 K to different defect doses (Ap0J. 
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Figure 3.23 
Differential recovery curves of Pt-0,017 at. % Au after fast-neutron irradiation at 4,4 K to different defect doses 

fAp0/. (A pure Pt sample is included for comparison.) 
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Figure 3.24 
Differential recovery curves of Pt-0,048 at. % Au after fast-neutron irradiation at 4,4 K to different defect doses 

(Ap0). (A pure Pt sample is included for comparison.) 
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Figure 3.28 
Differential recovery curves of Pt-0,285 at. % Au after fast-neutron irradiation at 4,4 K to different defect doses 

(&p0l- (A pure Pt sample is included for comparison.) 
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Figure 3.26 
Differential recovery curves of a second pure Pt sample after fast-neutron irradiation at 4,4 K to different 

defect doses (Ap0). 
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Figure 3,27 
Differential recovery curves of Pt-0,06 at. % Cu after fast-neutron irradiation at 4,4 K to different 

defect doses (&p0). 



PER-265-47 

50 100 
TEMPERATURE K 

Figure 3.28 
Differential recovery curves of Pt-0.11 at. % Cu after fast-neutron irradiation at 4.4 K to different 

defect doses (Ap0). 
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Figure 3.29 
Diffeiential recovery curves of Pt-0,20 at. % Au after fast-neutron irradiation at 4.4 K to different 

defect doses fAp0J. 

"% Recovery" scale used is fairly sensitive, allowance 
should be made for an absolute experimental error of 
± 0 , 1 5 % on this axis for the lower induced resistivity 
values, as can be seen from the scatter of certain indicated 
experimental points.) Two definite trends relating recovery 
during substages 1« + 'B t 0 defect dose are evident from 
these curves, viz: 

(i) defect recovery decreases with increasing defect dose. 
Suppression is more gradual for low doses but in
creases rapidly for higher defect doses; 

(ii) suppression of recovery is dependent on the type 
and concentration of the alloying impurity used, as 
indicated in the systematic shift in the pure Pt and 
the various Pt-Au alloys. The relative position of the 
Pt-0,11 at. % Cu does not, however, follow this 
convention; 

(IN) extrapolation of the indicated curves to low defect 
doses (< 1 x 10~ 9 f icm) results in an indicated 
unique recovery of ~ 4,5 % (within experimental limit) 
in all samples. 
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Figure 3.30 
Differential recovery curves of Pt-0.26 at. % Ni after fast-neutron irradiation at 4,4 K to different 

defect doses (Ap0J. 
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Figure 3.31 
Differential recovery curves ofPt-0,285 at. %Au indicating 
the Stage I dose dependence after fast-neutron irradiation 

at 4,4 K. 

In the case of electron-Irradiated pure Pt|52|, these 
substages ( l A and IB> were independent of irradiation-
induced defect doses varying from ~ 2 to 227 x 10" 9 ft cm 
(i.e. a factor 100), whereas a definite suppression (~ 1 %) 
for similar defect dose variations (i.e. ~ factor 70) is 
indicated in the second Pt sample of Table X. 

Similar deductions regarding the suppression of substages 
•c- 'D and h with increasing induced resistivity can be made 

V 4 

I I I M l | I I | 

PI 
»1 0 l l o l % C 
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PI 0.04191% 
Pi O I M o l l 
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Figure 3.32 
Percentage recovery occurring during Substages lA + lB 

as a function of the irradiation-induced resistivity (&p0) 
after fast-neutron irradiation at 4,4 K. 

regarding all the dilute alloys, as can be seen from the 
relevant Figures. Reference to the Pt-0,285 at. % Au alloy 
of Figure 3.31 shows that the relative heights of these 
combined substages are drastically reduced with in
creasing defect dose (recovery was suppressed almost 7 % 
between minimum and maximum defect doses in this 
alloy). In the pure Pt these substages initially increase with 
increasing defect doses, but then gradually decrease as 
induced resistivities become substantially higher (> 30 x 
10" 9 ft cm). The slight shoulder on the high-temperature 

http://50.ee


side of the prominent IQ peak, representative of l E in the 
pure Pt of Figure 3.26. is still evident at the highest 
indicated defect dose and appears to have typical If dose 
dependence, i.e. an increase in height and a shift to lower 
temperature with increasing defect dose. A quantitative 
separation of In and Ig, in order to verify this, was not 
possible, however, due to their strong overlap. A similar, 
although much more suppressed, shoulder is apparent in 
most of the alloys and it appears to have a resemblance 
to that dose-dependent shoulder shown in the pure metal. 
Such a conclusion is. however, very dependent on the 
accuracy of the graphic representation. The Pt-0.285 at. % 
Au alloy does not have indications of such a trend, in fact 
this shoulder appears to be even less significant with 
increasing defect concentration. No further indication of 
temperature shifts due to variation of defect dose was 
observable in any of the other substages. 

Recovery values corresponding to substages \Q. I D and If 
are given in Table XI for the different initial induced 
resistivities (Ap 0 ) . The dose dependence of substages lc 
+ l 0 + IE of the various samples discussed is indicated in 
Figure 3.33. The same trends, i.e. (i) and (ii) indicated for l A 

and lg above, are apparent here as well. In addition, the 
pure Pt. and to a lesser extent, the dilute alloy (Pt-0,017 
at. % Au) does not undergo immediate suppression of 
recovery due to increasing defect dose, but initially 
experiences an increase in recovery (~ 3 %) for defect 
doses increasing from ~ 2 to 30 x 10~ 9 ft cm. The relative 
shift (on the recovery axis) due to the alloying impurity type 
and concentration is also strongly evident. Although the 
amount of recovery in these substages for equivalent defect 
doses (e.g. ~ 12 x 10~ 9 ft cm) differs by ~ 10 % in the 
pure Pt and the Pt-0,285 at. % Au. extrapolation of these 
curves to low defect doses (~ 1 x 10~ 9 ft cm) indicates the 
difference to be less than ~ 3 %. The recovery of the other 
samples at such extrapolated values compares closely with 
the pure metal (~ 1 % below the ~ 31,5 % predicted). 

Similar tendencies relating to the suppression of substages 
l c , IQ and Ig in dilute Pt-Au alloys with increasing defect 
concentration were reported earlier for thermal-neutron 
irradiations[31,32]. Pure Pt, on the other hand, indicated an 
increase in recovery with increasing defect dose|54). The 

TABLE XI 
Recovery (%) occurring in Substages l c + l D + l E in Pt and dilute Pt alloys for variou» fast-neutron-induced resistivities. 

( A p 0 is the initial induced resistivity in 1 0 ~ ' ft cm.) 

Pt(1) 

• n 

Pt(2) Pt-
0.017 at. % Au 

Pt-
0.04S it % Au 

Pt-
0.285 >t. % Au 

Pl-
0.0S at. % Cu 

Pt-
0.11 at. %Cu 

Pt-
0.20 at. % Au 

Pt-
0,26 it, % Ni 

A p 0 % A p 0 % A p 0 % A p 0 % A p 0 
% A p 0 

% A p 0 
% A p 0 

* APo % 

5.68 33.5 1.40 31.8 9,47 31,5 8,88 28.8 13.84 23.9 7,55 30.7 12.18 30.6 6.53 28.5 75.15 31,4 

8,52 33.8 12,91 34,2 13.85 31,7 12.96 28.5 19,50 23,0 58,51 28.7 95.62 29.5 47.61 24.6 268.87 26.1 

14.14 34,0 23,61 34.5 21.94 31.8 21.04 27,9 29.76 21.6 95.73 27,0 160.46 28.0 76.11 22.3 

25.54 34,6 32.87 34.5 42.47 32.3 35,55 27,4 50,88 19.5 122,78 26.0 205.02 26.9 95.84 20.8 

58.53 34,5 95,73 34,1 87.22 32,1 73,30 26.5 90.70 17,2 254.59 22.0 415.63 21,3 195.17 16,6 
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Figure 3.33 
Percentage recovery occurring during Substages IQ + ID + 
/ f as a function of the irradiation-induced resistivity/A p0) 

after fast-neutron irradiation at 4.4 K. 

curvature of the dose-dependent data relating to the pure 
Pt in Figure 3.33 shows strong agreement with similar 
results reported for defect concentration dependence of 
substages ID + IE ' " electron-irradiated Pt[S2]. (Recovery 
during substage l c was analysed separately in their data 
[52], so that absolute recovery values should not be 
directly compared with results given here.) 

Comparisons with results relating to Stage I recovery of 
fast-neutron-irradiated pure Pt[42.67.70] are good, if the 
relative differences due to the dose dependence as 
indicated in Figures 3.32 and 3.33 are taken into account. 
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3.5.1.2 Dose Dependence above Stage I in Dilute Pt 
Alloys 

(a) Temperature region ~ 30 K to 80 K 

Between Stage I and ~ 80 K, the recovery of dilute Pt 
alloys after fast-neutron irradiation was seen (paragraphs 
3.4.1.2 and 3.4.2.2) to consist of several small substages. 
Graphic representation (Figures 3.22 to 3.31) of these 
recovery substages indicates the following general 
behaviour: 

fi) Substage l l A (~ 29 K) in the dilute Pt-Au alloys 
(Figures 3.23 to 3.25 and Figure 3.29). appears to 
increase with increasing defect concentration. This is 
more clearly visible in the Pt-0.285 at. % Au alloy of 
Figure 3.31. where this substage loses its sharpness 
and becomes broader with increasing defect dose. 
(Such speculation is, however, dependent on the 
accuracy of graphic representation, since a similar but 
smaller peak is also present in the Pt-Cu and Pt-Ni 
alloys but shows no definite dose dependence.) 
Substage I l B(~- 42 K) increases with increase in defect 
dose in all the Pt-Au alloys (Figure 3.25). 

(ii) The substages at ~ 52 K and ~ 75 K appear to 
decrease with increasing defect dose in all the Pt-Au 
alloys, but increase with increasing defect dose for all 
the other specimens. 

From calculations involving total recoveries in the above 
temperature region (30 K to 80 K). recovery was practically 
dose-independent, increasing by $ 1 % for the ultimate 
cases of defect dose. Recovery was always greatest in the 
pure metals ( > 12 %) followed by the Pt-Cu ( - 9 . 5 to 
10 %), Pt-Ni ( - 10 %) and the Pt-0.285 at. % Au (~ 11.0 %). 

(b) 80 K < T < 200 K 

In this region the predominant peak is at ~ 120 K in all the 
samples for all induced resistivities (Ap 0 ) . In addition, the 
substage identified as He (~ 98 K) (paragraph 3.4.1.2) 
in the Pt-Au alloys, has been seen to affect this substage 
significantly. The dose dependence of these two substages 
is shown in Figure 3.34. The recovery during this 120 K 
substage for the pure Pt is suppressed with increase in 

defect dose In the dilute Pt-Au alloys this (120 K) substage 
previously suppressed by the addition of impurity, now 
increases with increasing defect dose. 

Similarly, substage lie in these Pt-Au alloys increases 
significantly with increasing defect dose. The recovery 
during these substages is given in Table XII for the relevant 
samples at defect doses indicated by equivalent A p 0 

values. Both the Pt-Cu and Pt-Ni alloys which had reduced 
recovery under the 120 K substage in comparison with the 
pure Pt (paragraph 3.4.2.2) show enhancement in recovery 
under this substage for increase in defect dose. The dose 
dependence of the recovery in this region as given in 
Table XII, is illustrated in Figure 3.35. From this figure the 
following deductions can be made: 

(i) Recovery was suppressed by an increase in defect 
dose in the pure meial. 

(ii) Recovery was enhanced by an increase in defect dose 
in all the alloys. Such enhancement increased with the 
Au alloy content but was practically similar for the two 
Pt-Cu alloys, 

(iii) At relatively high defect doses ( c 70 x 10~9 f lcm) 
this enhancement tended to achieve a maximum, the 
position of which appeared to be related to the impurity 
type and concentration. 

The relative position of the 120 K substage appears to shift 
to lower temperatures (~ 2 K lower) v ith increasing defect 
dose; but since such a shift approaches experimental 
accuracy limits, and is also dependent on the graphic 
representation, it should not necessarily be regarded 
as significant. 

At temperatures above ~ 130 K and up to ~ 200 K, the 
recovery in all the alloys increases with increasing defect 
dose (~ 1 % for minimum to maximum defect doses). In the 
alloys with the highest gold content (i.e. 0.20 and 0.285 at. 
% Au) the increase in recovery was approximately 1,5 and 
2,1 % respectively. This indicated that in contrast with the 
negative dose dependence of substage Ho ( ~ 1 5 0 K ) 
observed in thermal-neutron irradiations!31,32) (i.e. 
decrease in IIQ with increase in defect dose), the recovery in 
Ho for these two alloys (Figures 3.25 and 3.29) increases 
with increasing doses of fast-neutron-induced defects. 

TABLE XII 
Recovery (%) occurring during the temperature region 80 K - 130 K in Pt and dilute Pt alloys for various 

fast-neutron-induced resistivities. ( A p 0 is the initial induced resistivity in 10""• fl cm.) 

« I D Pt(2) Pi-
0.017M. % AU 

Pt-
0.04« at. % Au 

Pt-
0.2SS at. % Au 

Pt 
0.06 at. % Cu 

1 
Pl-

0.11 at %Cu 
Pl-

0.2S at. % Ni 

A p 0 

5.68 

% A p 0 
% A p 0 

9.47 

% APo % Ap„ % Ap„ % APo % APo A p 0 

5.68 9.1 

8.9 

1.40 

12.91 

9.7 

A p 0 

9.47 7,3 8.88 8.0 13.84 9.7 [ 7.55 5.9 

6.7 

12.18 6.0 

7.1 

75.15 

8.52 

9.1 

8.9 

1.40 

12.91 9.0 13.86 

21.94 

7.6 12.36 8.3 19.50 10.1 

10.7 

58 51 

5.9 

6.7 95.62 

6.0 

7.1 268.87 7.2 

14.14 8.8 23.61 

32.87 

95.73 

8.8 

13.86 

21.94 

7.6 

21.04 8.8 

9.4 

29.76 

50.88 

90,70 

10.1 

10.7 95.73 70 
' - "I 

7.1 

160,46 [ 7.4 

268.87 

25.54 8.7 

23.61 

32.87 

95.73 

8 7 

8.5 

42.47 8.3 35.55 

8.8 

9.4 

29.76 

50.88 

90,70 

11.6 

12.7 

122.78 

70 
' - "I 

7.1 205.02 i 7.5 i 

• 15.63] 7.4 1 58.53[ 8.6 

23.61 

32.87 

95.73 

8 7 

8.5 87.22 1 8.6 73.30 10,1 

29.76 

50.88 

90,70 

11.6 

12.7 254.59 ..•'.'J 
205.02 i 7.5 i 

• 15.63] 7.4 1 
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Figure 3.34 
Differential recovery curves of Pt end dilute Pt-Au alloys indicating the dose dependence for the temperature 

region 80 K - 130 K after fast-neutron irradiation at 4,4 K. 

Almost no change in recovery due to increase in defect 
dose was observed in the pure Pt samples and the Pt-0,017 
at. % Au alloy|< 0.3 %). 

(c) 20OK<T<40OK 
Recovery in this temperature region occurs during a 
predominant substage at ~ 360 K (paragraph 1.4.2) in all 

the samples. Careful examine; ->n of the differential 
recovery above 200 K (Figures 3.22 - 3.30) shows that the 
possibility of smaller recovery substages on the low-
temperature side of this 360 K peak cannot be excluded. 
The actual defect dose dependence of certain selected 
specimens is indicated on an enlarged scale in Figure 3.36. 
The following deductions can be made: 
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Figure 3.35 
Percentage recovery occurring in the temperature region 
80 K - 130 K as a function of the irradiation-induced 
resistivity (&p0) after fast-neutron irradiation at 4.4 K. 

(i) In the pure Pt. the substage is shifted significantly 
(~ 30 K) to lower temperatures, and has a slightly 
enhanced recovery (~ 1 %) due to the indicated 
increasing defect doses (Ap„). 

(ii) In all the alloys a similar temperature shift, but smaller 
in magnitude (now ~ 10 K) is also observable. This 

shift appears to decrease with increasing alloying 
impurity concentration and is smallest for the high Aw 
concentration samples (e.g. Pt-0.20 at % Au m Figure 
3.36). There is very little change in the total recovery of 
the alloys during this substage due to increase in 
defect dose, although the trend appears to be towards 
a reduction in recovery with increasing defect dose, 
particularly for the highest dose values. 

The overall effect of defect dose on the recovery within this 
temperature region is indicated in Figure 3.37 for the 
indicated samples. (It should be mentioned, however, that 
due to the strong background annealing present, and the 
overlap and proximity of the substages above ~ 400 K. 
actual calculations involving recovery during this substage 
show a small amount of scatter ( ± 0.3 %) - which is greater 
than the experimental error discussed in paragraph 2.) The 
trends are. however, clear and indicate slight enhancement 
in recovery in the pure metal, while a constant recovery is 
initially present in the alloys: this has a tendency to 
decrease with increasing defect dose. 

In results relating to thermal-neutron-irradiated pure Pt 
|31,32.54|. this 360 K substage also shifted to lower 
temperatures but was suppressed with increasing defect 
concentrations similar to observations made on electron-
irradiated pure Pt|53|-

(d) T>400K 
The final recovery substage above 400 K is the main peak 
between — 500 K and ~ 700 K (in addition to some minor 
recovery evident on the low-temperature side (at " 4 7 0 K)). 
The differential recovery curves of the pure Pt and dilute 
alloys are indicated in Figure 3.38. Values corresponding to 
the recovery of the individual samples above 400 K are 
indicated for the relevant defect doses (given by Ap„) in 
Table XIII. The following deductions can be made: 

(i) In the pure Pt there is a significant shift to lower 
temperatures (~ 100 K) for the indicated increase in 
defect dose (varying by a factor ~ 70). There is no 
significant change in the total recovery (for defect 
doses •> 13 x 10" 9 i l cm), although the data indicate 
a slight decrease in recovery with increasing defect 
dose. 

TABLE XII I 

Recovery (%) occurring above *- 400 K in Pt and dilute Pt alloys for various fast-neutron-induced resistivities. 
( A p 0 '» th* initial induced resistivity in 10~* ft cm.) 

«ID Pt<2) ft-
0.017 at. % Au 

Pl-
0.0*8 at. % Au 

Pt-
0.288 at. % Au 

Pt-
0.0« *t % Co 

— . ._ 

0.11 at %Cu 

PI-
0.20 at % Au 

1 
• » - ! 

0.2« at. X Hi 1 

A p 0 
* A p 0 % A p 0 % A p 0 

% Ap„ % A p 0 % 

28.3 

Ap 0 % A P . ! » A p 0 % ; 
I 

5.68 25.7 1,40 26 2 9.47 26.0 8.88 29.3 13.84 29.6 7.55 

% 

28.3 12.18 29.8 6.53 i 30.9 75.15 

268.81 

31.3 Í 
( 

35 .7J 8.52 25.7 12.91 24.5 13.86 26.1 12.96 29.5 19.50 30.5 58.51 289 95.62 

16046 

29.6 | 47.61 J31.17 

75.15 

268.81 

31.3 Í 
( 

35 .7J 
14.14 25.4 23.61 24.0 21.94 25.8 21.04 29.3 29.76 31.0 95.73 30.7 

31.6 

95.62 

16046 31.0 j 76.11 ! 33.8 Í 

25.54 124.5) 32.87 24.0 42.47 25.1 35.55 (29.1) 50.88 31.8 122.78 

30.7 

31.6 205 02 31.8 95.84 ! 34.7 f "• 1 

58.53 24.4 95.73 24.2 87.22 25.6 73.30 29.5 90.70 33.7 254.59J 37.4 415.63 38.8 ..'!L'J»n_..T -1 
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Figure 3.36 
Differential recovery curves of Pt and dilute Pt alloys indicating the dose dependence for the temperature region 

200 K to 400 K after fast-neutron irradiation at 4,4 K. 

(ii) In all the alloys (with the exception of the Pt-0,26 at. % 
Ni), a temperature shift similar to that observed in the 
pure metal (yet smaller in magnitude) is observed. The 
recovery under this 600 K stage increases significantly 
in the alloys containing larger amounts of alloying 
impurities (e.g. 0,285 at. % Au, 0,20 at. % Au, 0,11 at. 
% Cu) with increasing defect doses. The corresponding 
recovery peaks appear to broaden, possibly due to an 

increase in the recovery in the substage just prior to the 
main recovery (~ 470 K), with increasing defect dose. 

The overall dependence on defect dose for Pt and dilute Pt 
alloys can be seen in Figure 3.39. It is evident that in the 
case of the pure Pt and the most dilute alloy (i.e. Pt-0,017 
at. % Au) the recovery initially decreases slightly (~ 1 %) 
until a defect dose of ~ 60 x 10~ 9 ft cm, after which it 
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3.40. The values of actual recovery occurring during 
specific temperature regions relating to this Figure are 
given in Table XIV. The following features are obvious: 

(i) The major recovery substage l D (~ 40 K) originally 
increases but after ~ 5 to 10x10~ 9 ft cm induced 
dose, recovery decreases with increasing defect dose. 
The substage If (~ 52 K) increases and shifts to lower 
temperature with increase in defect dose. After an 
induced resistivity greater than ~ 12 x 10~ 9 f t cm, 
however, l E is totally absorbed in lr> In the greatest 
defect dose (~ 50 x 10~ 9 ft cm) a small recovery peak 
at ~ 52 K has again become apparent. 

(ii) In the temperature regions 60 K to 90 K and 90 K to 
125 K, the recovery is virtually dose-independent, but 
increases gradually with increasing dose (a total of 
~ 1,5 % between minimum and maximum doses). A 
further increase in recovery | ~ 3,3 % for the same 
changes in defect dose) occurs in the region from 
125 K to 175 K. 

(iii) The Stage III recovery substage at ~ 320 K for the 
lowest defect dose (~ 0,25 x 1 0 ~ 9 f t c m ) shifts to 
lower temperatures (~ 40 K lower) for the indicated 
increase in defect dose. The recovery originally 
decreases with increasing defect dose and then 
appears to increase for higher defect doses. The 
substage is, however, strongly influenced by the 
presence of the 225 K substage which has previously 
been shown to consist of more than one recovery 
substage[35]. 

The above results for fast-neutron-irradiated Cu have 
certain interesting characteristics if compared to the data 
relating to thermal-neutron-irradiated Cu[34,35]. The 
differential recovery curves and data for such defect dose 
dependence of thermal-neutron-irradiated Cu are shown in 
Figure 3.41 and Table XV respectively; the main features 
[34,35] are given to facilitate comparison with the present 
fast-neutron irradiation studies: 

(i) Substage ID increased whilst If increased and shifted 
to lower temperatures for increasing defect doses. 

(ii) A substage observable at — 65 K decreased with 
increasing defect dose. Similarly, a substage signi
ficant at 125 K, was strongly suppressed with in
creasing defect dose. 

TABLE XIV 

Recovery (%) occurring in Cu for various fast-neutron-induced resistivities. 
( A p 0 is the initial induced resistivity.) 

A p 0 ( 1 0 ~ 9 ft cm) 30 K - 60 K 6 0 K - 9 0 K 90 K - 126 K 125 K - 1 7 5 K 175 K - 4 0 0 K 

0,25 31,2 3,7 4,1 6,1 29,0 
1,34 32,3 3,5 4,1 6,6 27,6 
2,55 33,3 3,7 4,0 7,1 27,3 

12,56 33,4 3,8 4,6 8,3 28,3* 
25,03 32,6 3,8 4,9 8,9 29,7* 
50,43 30,9 4,0 5,2 9,4 30,7* 

'lsochronally annealed to ~ 380 K 

10 

Pt 

PtO.O««%Cu 

PtO. l lo tXCu 
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Figure 3.37 
Percentage recovery occurring in the temperature region 
200 K to 400 K as a function of the irradiation-induced 
resistivity (Ap0J after fast-neutron irradiation at 4.4 K. 

appears to increase with increase in dose. This effect 
is similar, yet more prominent (particularly above 100 x 
10~ s ft cm) in the specimens containing larger amounts 
of alloying impurity. 

Similar dependence on increasing defect dose, observed 
as a shift to lower temperatures of the 600 K stage was 
reported for electron-irradiated pure Pt[1,56). 

3.5.2 THE DOSE DEPENDENCE OF THE RECOVERY IN 
Cu AND A Cu-Au ALLOY 

3.5.2.1 Dose Dependence of Pure Cu after Fast-Neutron 
and Thermal-Neutron Irradiation 

The differential isochronal curves of the fast-neutron-
irradiated Cu (sample 4(a) of Table II) are shown in Figure 



1.2 

_ El 

lO'ílcm 
. 1.40 
• 32.87 
• 95.73 -

PO.Í P\Á\ -31» 
i / A \ •• 

/ \ 
/p ^-—-^y 

/ \ \ . 

or 
400 700 

• 

TEMPERATURE K 
500 600 700 

TEMPERATURE R 

t.3 
i i i i i i i i i I i i i i i • i 111111111111 • 

PtO.26ot1.Ni 

• 75.15 
• 268.87 

0 1 l * i t i i i 
'400 500 600 

TEMPERATURE K 
700 

0,1 

i i i i i i 

Pt 0 .20of?.A u 

400 500 600 700 
TEMPERATURE K 

Figure 3.38 
Differential recovery curves of Pt and dilute Pt alloys indicating the dose dependence for the temperature region 

above — 400 K after fast-neutron irradiation at 4,4 K. 

(iii) Stage III (~ 320 K) shifted to lower temperatures and 
was suppressed with increasing defect dose. The 
substage at 225 K had an apparent temperature shift 
to lower temperature with increase in defect dose. This 
was, however, attributed to the increasing contribution 

of a second substage (~ 200 K) with increasing 
defect dose. 

It can be seen by the comparison of equivalent induced 
resistivities (Ap 0 ) from Tables XIV and XV, that during 

http://PtO.26ot1.Ni
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Figure 3.39 
Percentage recovery occurring in the temperature region 
above — 400 K as a function of the irradiation-induced 
resistivity (Ap0J after fast-neutron irradiation at 4,4 K. 
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Figure 3.40 
Differential recovery curves of pure Cu after fast-neutron 

irradiation at 4,4 K to different defect doses (Ap0). 

TABLE XV 

Recovery (%) occurring in Cu for various ttwrmal-neutron-induced resistivitws. 
( A p 0 is the initial induced resistivity.) 

Ap„ (10~9 ft cm) 30K-60K 6 0 K - 9 0 K 90 K - 125 K 125 K - 175 K 175 K-400 K 

0,26 
1,26 
2,50 

50,2 
53,3 
55,8 

5,4 
4.6 
4,0 

4,0 
3,0 
2,8 

5.3 
4,2 
4,0 

21,9 
21,0 
20,3 

tOO 200 

TEMPERATURE K 

Figure 3.41 
Differential recovery curves of pure Cu after thermal-
neutron irradiation at 4,4 K to different defect doses 

substages ID + IE- t n e recovery was enhanced by ~ 5,5 % 
in the case of the thermal-neutron irradiation and by only 
2 % in the fast-neutron irradiations for induced resistivities 
increasing from ~ 0,25 to 2.50 x 10" 9 ft cm (i.e. a factor 
10) in each case. For higher temperatures (i.e. between 
60 K and ~ 175 K) the thermal-neutron-irradiated Cu 
indicates a negative dose dependence for all substages 
(i.e. a decrease in recovery with increase in defect dose) 
whereas in the case of fast-neutron irradiations, the 
dependence is initially constant but becomes positive. The 
recovery during the 225 K and the 340 K substages is 
significantly reduced by equivalent amounts (~ 1,6 %) for 
defect doses increasing from ~ 0,25 to 2,50 x 10~ 9 CI cm, 
for both types of irradiation. The above results are in good 
agreement with data obtained in other fast-neutron 
irradiation studies on pure Cu| 1,37,42,45,50]. 

3.5.2.2 Dose Dependence of Dilute Cu-Au after Fast-
Neutron and Thermal-Neutron Irradiation 

The differential recovery curves for the dilute Cu-0,01 at. % 
Au alloy are shown in Figure 3.42. The values corres-
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ponding to actual recovery during selected temperature 
regions in this Figme are given in Table XVI. (Data relating 
to the lowest defect dose (*- 0.3 x 10~ 9 ft cm) have been 
omitted due to excessive experimental scatter above 
Stage I.) 

n o 200 
TEMPERATURE K 

Figure 3.42 
Differential recovery curves of a dilute Cu-Au alloy after 
fast-neutron irradiation at 4,4 K to different defect doses 
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Figure 3.42(a) 
Percentage recovery occurring during Substages /£ + /p + 
/ f as a function of the irradiation-induced resistivity (Ap0J 

after fast-neutron irradiation at 4,4 K. 

(ii) In the other substages. due to gold(34,35,59.72] viz. 
IIB ('— 60 K), there appears to be an increase, whilst the 
recovery during lie | ~ 110 K) initially increases but 
then decreases with increasing defect dose. Substage 

TABLE XVf 

Racovary (%) occurring in Cu-0,01 at. % Au for various fa«t-neutron-induced rasistivities. 
( A p 0 is the initial induced resistivity.) 

A p 0 (10~ 9 ft cm) 30 K - 60 K 6 0 K - 9 0 K 90 K - 125 K 125 K - 1 7 5 K 175 K-400 K 

0,30 22.2 - - - -
1.59 24,2 3,4 6.2 8,8 37,4 
3,01 25,0 4,0 6.5 8,1 35.0 

13,86 27,5 4,5 6,3 7,8 28.5* 
26,73 28,3 4,5 6,1 8,3 28,7* 
52,83 28,1 4,5 5,9 8.9 29,5* 

"Isochronally annealed to — 380 K 

The dose dependence for fast-neutron-irradiated Cu-0,01 
at. % Au can be summarised as follows: 

(i) Substage IQ initially increases with increasing defect 
dose, but this enhancement reaches a limit at ~ 30 x 
10~ 9 ft cm, after which IQ decreases with increasing 
defect dose. The actual dose dependence of substages 
l 0 (with lE) is shown in Figure 3.42(a) for both the pure 
Cu and this Cu-Au alloy, and bears a good resemblance 
to those curves representing the dose dependence of 
pure Pt and the Pt-0,017 at. % Au alloy of Figure 3.33. 
Stage If is totally suppressed by the alloying impurity, 
whilst the substage defined!34,72] as l l A (~ 50 K) is 
only evident in the lowest defect concentration run. 
A small recovery peak at ~ 52 K becomes apparent 
in the ~ 52 x 10~ 9 ft cm defect dose curve. 

lip appears initially to decrease and then to increase 
with increasing defect dose, although it is affected 
by the proximity of the 225 K substage. 

(iii) The 340 K substage is initially well separated from the 
225 K substage, but with increase in defect dose, this 
former peak is suppressed and significantly shifted to 
lower temperatures, merging with the latter. The dose 
dependence of these two peaks is remarkably similar 
to that of the pure metal for higher defect doses. 
(Compare Figures 3.40 and 3.42.) 

It is appropriate to compare these results with those 
obtained after thermal-neutron irradiation of a similar 
Cu-Au alloy(34,35,59] as indicated in Figure 3.43 and 
Table XVII. Increasing the defect dose had the following 
effect on the recovery: 
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TABLE XVII 
Recovery (%) occurring in Cu-0.01 at. % Au for various thermal-neutron-induced resistivities. 

( A p 0 is the initial induced resistivity.) 

A p o ( 1 0 ~ 9 n c m ) 3 0 K - 6 0 K 6 0 K - 9 0 K 9 0 K - 1 2 5 K 125 K - 1 7 5 K 175 K - 4 0 0 K 

0.32 
1.53 
2.98 

38.2 
39.9 
41.4 

2.8 
3.3 
3.6 

5.7 
9.8 

11.2 

12.6 
9.1 
7.5 

36.1 
24.0 
22.0 

it' 

• 
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CuAu • 
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Figure 3.43 
Differential recovery curves of a dilute Cu-Au alloy after 
thermal-neutron irradiation at 4,4 K to different defect 

doses (Apo)-

(i) Substage IQ increased for the indicated defect doses; 
(") l l A (~ 50 K) decreased; 

l l B ( ~ 6 0 K ) and l l c (~ 110 K) increased whilst l l D 

(~ 150 K) decreased; 
(iii) The 225 K substage was suppressed and appeared to 

shift to lower temperatures. This apparent shift was 
explained by the tendency of the substage to break up 
into two substages, both of which had negative dose 
dependence. The 340 K substage was significantly 
suppressed and shifted to lower temperature. 

The dose dependence of the alloy during substage l D 

according to Tables XVI and XVII indicates that the 
enhancement in recovery due to increasing defect dose 
(from ~ 0,3 to 3 x 10 " 9 (I cm) is now only ~ 0,5 % more in 
the thermal-neutron-irradiated specimen when compared 
with equivalent defect doses in the fast-neutron-irradiated 
alloy. In both types of irradiation, l l A and IID decreased, 
whilst MB increased with increasing equivalent defect dose, 
lie. on the other hand, had a defect dose dependence which 
was strongly positive for equivalent low defect doses in 
bo'ih thermal-neutron and fast-neutron irradiation. This 
dependence was definitely negative for higher defect 
doses in fast-neutron irradiations. Above ~ 175 K, both 
types of irradiation produced similar defect dose 
dependence effects. 

3.6 The Effect of Fast-Neutron Irradiation Doping on 
the Recovery of Pt and Dilute Pt Alloys 

In this experiment, the multisample 2(a) to 2(d) of Table II 
was initially irradiated at 4.4 K to a total fast-neutron 
fluence of ~ 5 x 1 0 1 6 n.cm - 2 . The samples were then 
annealed at 400 K and the induced resistivity remaining in 
the sample (i.e. A p 4 0 0 K ) measured at 4.4 K. This anneal 
resulted in ~ 3 0 % of the initial irradiation-induced 
resistivity being retained in the sample; i.e. the samples 
were doped with those defects which normally only 
annihilated above 400 K. The samples were then re-
irradiated at 4.4 K until an amount equivalent to the initial 
induced resistivity (Ap 0 ) had been added. The samples 
were then isochronally annealed and a recovery curve 
(normalised to this latter induced resistivity) was obtained. 
The influence of the irradiation doping on the pure Pt and 
dilute Pt alloys can be observed in the sets of recovery 
curves shown in Figure 3.44. The solid line represents the 
isochronal recovery of a standard irradiation to the indi
cated induced resistivity ( A p 0 ) whilst the dashed curve 
indicates the recovery of the same sample, doped with 
Ap4oo K defects prior to irradiation to the A p 0 values. 
(Actual experimental points have been omitted for clarity.) 
It can be seen that at temperatures above ~ 20 K. 
annealing for the doped run is significantly enhanced 
in comparison with the standard isochronal anneal. 

(a) Stage I 

Doping the samples with quantities of induced defects, 
given by AP400 K i n Figure 3.44, has had virtually no effect 
on the close-pair recovery substages l A and lg in all 
samples. In the pure Pt there is a very small increase in the 
recovery (~ 0,5 %) during the combined substages lc + ID 
+ If and a small shift of l E to lower temperature is 
observable on an enlarged scale plot of the differential 
recovery. (Graphic representation is inadequate to allow 
suitable reproduction here.) These effects are less obvious 
in the Pt-Cu alloys, whilst virtually no change due to doping 
could be observed during Stage I for the Pt-0,20 at. % 
Au alloy. 

(b) 30 K < T < 130 K 

Above Stage I, the difference in recovery due to the 
irradiation doping becomes more significant. This is 
observed in the differential recovery curves shown in 
Figure 3.45, together with the calculated recovery values in 
this region, given in Table XVIII. In the pure Pt and dilute 
alloys, the recovery in all the smaller substages (i.e. 
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Figure 3.44 
Isochronal recovery curves of Pt and dilute Pt alloys for a standard f ) fast-neutron irradiation (4,4 K) ant a 

doped (•—) fast-neutron irradiation (4,4 K). (Ap^oo/i indicates the resistivity due to doping.) 

between 30 K and 80 K) is enhanced | ~ 1 %) due to the 
irradiation doping. No shift in temperature due to doping 
was observed in any substage. In the Pt-0,20 at. % Au alloy, 
the peak at 52 K appeared to increase in recovery and shift 
to lower temperature (~ 3 K lower) due to doping. 

In the dilute alloys it appears as if the 120 K substage is 
enhanced and has a slight shift to lower(~ 3 K) temperature 
in the doped runs. The effect is more prominent in the dilute 

Pt-Au alloy where lie (~ 98 K) is dramatically enhanced due 
to doping. The 120 K substage in pure Pt was only slightly 
affected by the doping (~ 0,4 % more recovery) and 
showed no really significant temperature shift. 

(c) 130 K < T < 400 K 

Very little difference in recovery (~ 0,3 % more) was 
observed between ~ 130 K to 200 K in either the Pt or the 
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Figure 3.45 
Differential recovery curves for the temperature region 80 K to 130 K of a standard end a doped fast-neutron 

irradiation of Pt and dilute Pt alloys. 

dilute Pt-Cu alloys due to the doping procedure. A slightly 
higher recovery {~ 0,7 %) occurs in the Pt-0,20 at. % 
Au alloy. 

The effect of doping on the 360 K substage is illustrated in 
Figure 3.46. Corresponding recovery values are given in 
Table XVIII. The effect on the pure metal is seen as a 
significant shift to a lower temperature (~ 15 K lower) of 
this substage and although it appears to be suppressed, 
there is enhanced recovery on the low-temperature side of 

the substage so that the total recovery is slightly increased 
(~ 0,2 %) due to doping. In the alloys, similar temperature 
shifts are observed, but the enhancement in recovery due to 
doping was much larger (~ 1 %) in all cases. 

Above ~ 400 K, recovery was high, in fact almost double 
that of the standard run, due to the initial excess of these 
defects in all the doped samples. An estimate of the 
recovery occurring between ~ 400 K and ~ 730 K for 
the two types of irradiation is given in Table XVIII. 

http://PtO.06ot.1LCu
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Figure 3.46 
Differential recovery curves for the temperature region 200 K to 400 K of a standard and a doped fast-neutron 

irradiation of Pt and dilute Pt alloys. 

TABLE XVIII 
Recovery values (%) after fast-neutron irradiation of standard and irradiation-doped 

(400 K i Pt and dilute Pt alloys. 

TEMPERATURE 
REGION IRRADIATION Pt 

Pt-
0,06 at. % Cu 

Pt-
0,11 at. % C u 

Pt-
0.20 at. % Au 

30 K - 80 K Standard 
Doped 

12,0 
13,3 

9,6 
10,5 

9,9 
11,0 

10,8 
11,8 

8 0 K - 1 3 0 K Standard 
Doped 

9,0 
9,4 

6,7 
7,3 

7,1 
7,8 

8,9 
9,9 

200 K - 400 K Standard 
Doped 

11,6 
11,8 

18,1 
19,0 

15,8 
16,8 

15,9 
16,9 

400 K - 730 K Standard 
Doped 

22,8 
43,5 

26,7 
52,0 

28,5 
55,4 

30,8 
60,4 



PER-265-62 

3.7 Activation Energy Determinations 

Using samples 2(a) to 2(d) of Table II. a set of isothermal 
anneals was performed for temperatures selected from the 
regions 20 K to 26 K ( A T = 1,0 K) and from 100 K to 
130 K as well as from 300 K to 400 K ( A T = 0.05 T). 
Temperatures for the consecutive experiments were 
selected at random from these sets and isothermal recovery 
curves were obtained according to the procedure in 
paragraph 2.5.3. The samples were always irradiated at 
4,4 K to practically equal fluences (~ 5 x 1 0 1 6 n.cm~2) of 
fast neutrons. The resultant isotherms obtained for the pure 
Pt are shown in Figure 3.47; T, indicates the isothermal 
annealing temperature while the time values are derived by 
accumulation of the annealing periods used. 

TIME (MIN) 

Figure 3.47 
Isothermal recovery curves of fast-neutron-irradiated Pt. 

In a second type of experiment, i.e. the change-of-slope 
method, (paragraph 2.5.3) temperature regions similar to 
those above were investigated following fast-neutron 
irradiation to similar fluences. The set of isochronal/ 
isothermal values for these temperatures are indicated in 
Figure 3.48 for the pure Pt. In comparison, an equivalent 
standard isochrone, indicated by the solid line, is also 
shown. The initial induced resistivity ( A p 0 ) in both sets 
of data was ~ 13 x 10" 9 CI cm. 
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Figure 3.48 
Isothermal-isochronal data for a change-of-slope deter
mination of activation energies in Pt after fast-neutron 
irradiation. The solid curve is a standard (5 min) isochrone 

forPt. (Ap0 ~ 13x 1(T9ilcm.) 

The final annealing procedure used to make activation-
energy calculations possible was that of variation of 
holding time (paragraph 2.5.3). The samples were 
irradiated to induced resistivities equivalent to those used 
for a standard isochrone (5 min holding time) and were 
similarly isochronally annealed, but now using 30 min 
holding times. The resultant differential recovery curves for 
these two annealing procedures are shown in Figure 3.49, 
where t, indicates the respective holding times used. It 
can be seen that all the major substages in the indicated 
samples experienced significant shifts to lower tempera
tures, corresponding to longer annealing times. 

Calculations regarding activation-energy determinations 
based on the above results will be discussed briefly in 
the following sections. A more detailed discussion of the 
theory involved is given in References 29, 53, 138 - 140. 

If the annealing of a defect occurs by a single activated 
process with a constant activation energy, then the rate of 
change of the defect concentration can be given by|29) 

dC 

dt 
= - Cr K 0 exp( - Em/kTI 37(1) 
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Figure 3.49 
Differentia/ recovery curves indicating the influence of different holding times ftj on the isochronal anneal of 

fast-neutron-irradiated (4.4 Kj Pt and dilute Pt alloys. 

where •y = a parameter denoting the reaction order of 
the process 

and K 0 = a characteristic rate constant relating the 
entropy factor and lattice frequency; but not 
explicitly temperature-dependent. 

(a) Meechan-Brinkman method) 138) 

The recovery values of a standard isochrone and a set of 
isothermal anneals are compared. This involves a direct 
relationship whereby the time A t , (for the i-th pulse) 
needed to decrease the induced resistivity from p, to p, -
A p , in an isothermal experiment, is compared to the mean 
annealing temperature T, of the isochrone for corres
ponding changes Ap,. ( A p is related to defect concen
tration (C) according to equation 1.3(1).) 

A generalised expression for the equivalent time (0) is 
obtained by integration of 3.7(1) so that 

and from 3.7(2) 

A0, = $, - 0 , - , 
= A t exp(~ E^kT,) 3.7(3) 

and for isothermal annealing 

AO, = A t , exp(~ E^kT,). 3.7(4) 

Equating 3.7(3) and 3.7(4) then gives 

exp(- Em/kT,) A t = exp( - Em/kT,) A t 3.7(5) 

••• In (At,) = In (At ) - Em/kT, + E^kT, 

i.e. In (At,) = - Em/kTj + B 3.7(6) 

where B = In (At) + E m /kT a = constant. 

The activation energy (Em) is readily obtained from the 
slope of a plot of In (Atj) vs - 1 /kT,. 

t 1 dC 
0 = - / = t expf-Em/kT) 

o K0 CY 

In the case of isochronal annealing 

A t = tj — t,_) = constant 

3.7(2) ( b) laothermal comparison - (isothermal cross-cut) 

A set of two isothermal curves (from Figure 3.47) is used 
for comparison in this method. According to 3.7(2), for 
annealing at these two temperatures, T, and T*+ y, a cut 
through the representative curves at a constant A p value 
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|i.e. a line parallel to the x-axis) will result in two different 
annealing times t, and t, +., (one for each curve). Similarly 
to the argument above, in (a), equality is obtained so that 

t, exp|- EJkT,) = t,+ , exp(- E m /kT,+ ,); 

consequently 

t, E m 1 1 
ln( ) = — ( ) 

t, + i k T, Tj + , 

E„, is then calculated from: 

T , . T , + 1 

Em = M -
T.+ i - T , 

-) ln ( t / t ,+ ,) . 3.7|7) 

(c) Change o* slope 

This method involves a mixture of isothermal and iso
chronal pulses (paragraph 2.5.3(b)) during a specific 
annealing program. The activation energy is determined 
from the ratio of the slopes at the point of temperature 
change T, to T,+ i- Using equation 3.7(1). this implies 

(dC/dt^ exp(- E^kTJ 

(dC/dt r T ( + j expJ-En/kT,.,.,) 

so that 

T , .T 1 + 1 (dC/dt)T i 

E» = M , , n 

- T , W C W r i + 1 

37(8) 

In this case the loganthmic ratio indicates the ratio of the 
various isothermal slopes. 

(d) Venation off hoidMio, tune 

The two isochronal recovery curves (Figure 3.49 represents 
the differentials of such curves) obtained by using different 
holding times, i.e. tj = 5 min and t 2 = 30 mm. can be 
examined at specific Ao, values, so that according to 
3.7(2) and analogous to (b) 

t, exp(- Em/kT,) = t 2 exp(- E„/kT 2) 

so that In (t, /t 2) = E^M' /T , 

and E— is determined from 

1 /T . - 1 /T 2 ) 

T , T 2 

T , - T , 
In (t , / t 2 ) . 

A summary of the activation energies calculated for the 
various temperature regions, and the particular method 
used in this study is given in Table XIX. 

TABLE XIX 

Activation energies determined in Pt fast-neutron irradiated at 4.4 K to defect doses 
equivalent to &p0 * 13 x 1 0 - ' (I cm. 

SUBSTAGE TEMPERATURE ACTIVATION METHOD OF 
IDENTIFICATION LIMITS (K) ENERGY: E m (eV) DETERMINATION 

'c 17,5 to 20.5 0,0584 ± 0.0007 (d) 

•D 20,5 to 22,5 0.060 ± 0,002 (d) 

'D+ 'E 22.5 to 24,5 0,064 ± 0.001 Id) 
'D 20,5 to 22.5 0,059 ± 0 . 0 0 2 (c) 

'D+ 'E 22,5 to 24,5 0,062 ± 0,002 (c) 

'D+ 'E 20,5 to 24,5 0,065 ± 0 . 0 0 4 (a) 

'D+ 'E 20.5 10 24,5 0,062 ± 0 , 0 0 4 (b) 

120K 92 to 117 0,40 ± 0,03 Id) 
120 K 101 to 122 0,37 ± 0,03 (b) 
120 K 101 to 128 0,36 ± 0,02 (c) 

360 K 296 to 380 0,72 to 0,87 Id) 
360 K 326 to 380 0,74 to 0.83 (b) 
360 K 310 to 397 0,70 to 0,97 (c) 

500 K 432 to 530 1,29 ± 0,04 (d) 
650 K 560 to 710 1,45 ± 0,03 (d) 

(a) Meechan-Bnnkman 
(b) Isothermal cross-cut 
(c) Change of slope 
(d) Variation of holding time 

Refer to Text (paragraph 3.7) 
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Excellent agreement, within experimental error of the 
determined activation energies, was obtained in the 
Stage i data in particular. Methods jc) and (d). which gave 
the most accurate and reproducible values, indicate a 
slight difference in migration energy for substages >c and 
IQ. which is in agreement with results obtained using a 
linear heating method of activation-energy determination 
for electron-irradiated and deuteron-irradiated Pt|104]. 
Although the activation energy of substages l D and If 
in electron-irradiatedf52] Pt were found to be the same 
(0.063 ± 0.003 eV). it is possible that the presence of 
"*' er defects (e.g. di-interstitials) is influencing recovery 
on the high-temperature side of If in the fast-neutron-
irradiated specimens of this study, for which the difference 
of 0.003 eV is detectable. 

d A p A p 
— - © d P f ( ' - 2 V 0 — )-
d» t p, 

«1(3) 

If the defect concentrations are large enough, single 
overlap of recombination volumes results in enhanced 
spontaneous recombination|43.81.82]. further affecting 
the defect production by a term Od p, (V 0 Ap/prf2 so 
that now 

dAp Ap 2 

— - = « d A i O - V , — ) 
d v t Pi 

4.1(4) 

while for higher-order overlap|82). further corrections by 
0.01 a d pf (V 0 Ap/Pf) 3 are necessary. 

4. INTERPRETATION OF RESULTS A N D DIS
CUSSION 

4.1 Defect Production at 4 .4 K due to Fast-Neutron 
Irradiation 

4.1.1 OBSERVED INDUCED RESISTIVITY AND AC
TUAL DEFECT CONCENTRATION 

During a low-temperature irradiation (4.4 K) with energetic 
particles, the production rate of simple defects can be given 
by the combination of equations 2.3(2) and 2.3(4) as 

dAp dC 

dd>t dd>t 
Pt^d 4.1(1) 

The size and distribution of such defect patterns will, 
to a large extent, be dependent on the target material 
and the particular energy spectrum involved! 18.79-81]. 
It is evident from results relating to low-temperature 
electron irradiation(43.81], that a vacancy and an inter
stitial must be separated by a minimum distance (r0) in 
order to prevent annihilation by spontaneous recombina
tion, i.e. irradiation annealing without thermal activation. 
(Such a distance is usually defined by the spontaneous 
recombination volume (V0).) With increasing defect 
concentration (C). the probability of such annihilation will 
increase and hence the defect production per incident 
particle will decrease. The production rate can thus be 
represented as(81 ] 

dC 

d4>t 
= <7 d(1-2V 0C) 4.1(2) 

A further decrease in production rate is also possible due 
to the dynamic effect of sub-threshold recombina:.^'.. 
Since irradiations also result in energy transfers to lattice 
atoms less than the minimum required displacement 
energy (ED). it has been proposed|43.81.82] that such 
transfers to a stable close Frenkel pair will induce their 
recombnation and subsequent annihilation. Such a sub
threshold recombination rate can be written{81) 

( - ) 
d * t » o b 

= - g C i r , 

A p / d A p \ i.e. I ) — - g a , 
! d * t ' s u b a d p, 

4.1(5) 

where o*s — the cross section for sub-threshold energy 
transfers 

and g = the fraction of defects which will permit sub
threshold recombination. 

Combination of 4.1(4) with the higher-order term and 
4.1 (5) results in the final form of the production rate given 
by(42] 

dAp 

d4>t 
= a d p , - ( 2 V 0 f f d + g o - s ) Ap 

+ ( V 0

2 o V p , ) A p 2 

- O.OIIVoSffd/pZ^Ap 3 4.1(6) 

Experimentally, these effects could be observed as the 
deviation of the production rate from a linear relation, so 
that with increasing amounts of irradiation-induced resis
tivity (Ap), a saturation value (C,) of the Frenkel defect 
concentration will be reached, observable as Ap<x>. 

where tr d = the effective displacement cross section 

and V 0C = the probability that a newly created inter
stitial will recombine with an existing 
vacancy 

so that in terms of the resistivity, the damage rate becomes 

In the case of fast-neutron irradiation of a metal at 4,4 K, 
the defects were seen (paragraph 1) to be in the form of 
energetic cascades homogeneously distributed throughout 
the material. Such cascades can consist of up to several 
hundreds of Frenkel defects, spatially arranged as a 
centrally situated depleted zone surrounded by an inter
stitial-rich outer layer (Figure 1.1). This high local defect 
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density would result in the almost immediate commence
ment of irradiation annealing according to equation 
4.1 J4). of at least, at defect concentrations tower than 
in the cases of simple defect structures. In the case of 
pure Pt. lower Ap— values have been observed for fast-
neutron irradiations! 38.421 when compared to those 
of electron irradiation|43|. The deviation from a linear 
production rate at doses lower than in this study has been 
reported in pure copper|39.84.96| after fission-fragment 
irradiations, with estimated primary-energy transfers 
several hundred times higher. {In this study no accurate 
prediction of the saturation value in the pure Pt could 
be made since induced defect doses were almost a factor 
20 lower than the estimated saturation values) 38.421.) 

The production rate data of all samples shown in Figure 3.1 
could be satisfactorily fitted with a polynomial equation 
equivalent to 4.1(6) viz. 

dAp 
= A + BAp + C A p 2 + D A p 3 . 4.1(6a) 

d$t 

which is in agreement with results of other experimen
talists using fast neutrons|38.42). despite the fact that the 
above theory was pertinently developed for the case of 
simple defect production|83.84]. 

The progressive deviation of the defect production rate of 
the alloys from a linear relation, together with the 
corresponding higher order of fit required with increasing 
induced resistivities, implies that enhanced irradiation 
annealing occurred during the irradiation of these samples. 
On the other hand, the significantly higher values of 
induced resistivities (Ap) observed in the Pt alloys in 
comparison with the pure metal at equivalent fast-neutron 
fluences, implies that more defects are effectively produced 
per collision event in such alloys. Similar observations 
regarding the enhanced production rates in alloys irra
diated at temperatures below Stage I have been reported 
for electron irradiation|87.89.125). neutron irradiation 
[33.44.85.86.88) and others|62.90). 

The differences in the production rates of the pure metal 
and the alloys pose the question as to whether the 
observed increase in resistivity is 

(i) representative of the actual induced-defect concen
tration, or 

(ii) due to some other process not connected to genuine 
enhancement of (he defect production, e.g. deviations 
from Matthiessen's Rule (DMR). 

(I) Deviations from Matthiessen's Rule 

Although Matthiessen's Rule (equation 1.3(2a)| holds for 
scattering due to a single defect type, as was derived in 
equation 1.3(1), deviations become apparent as soon as 
more than one type of defect arises|12). The modified 

version of Matthiessen's Rule then implies that for a metal 
with defect concentration (C). the resistivity at a tempe
rature (T) is given by)12| 

PT - P. + P. + A(C.T) 4.1(7) 

The deviation A(C. T). due to the simultaneous presence of 
different defect types, can be temperature-dependent in 
the range where residual resistivity is measured (4.4 K) and 
can often significantly affect the interpretation of results. 
Dimitrov ef a^85) have shown that at 4.6 K the DMR (A) 
after a fast-neutron irradiation which is represented in 

PT = P. + P. + Pd+ A(CT) 4.1(8) 

where p d — resistivity due to defects 

implies that for 

Ap = Pr - P 0 

and lim p, — 0 

T - 0 

then A p = p d + A and for p d l> p„. the situation arises 
where A is a constant. So that if the enhanced resistivity 
were due to OMR. then the curve of the alloys should be 
shifted by a constant amount with respect to the pure 
metal(43|. This is obviously not the case for the samples 
illustrated in Figure 3.1. Furthermore, although dilute Cu-Ni 
alloys (containing up to ~ 1 % Ni) indicated ~ 40 % 
enhanced resistivities after fast-neutron irradiation at 
4.6 K. in comparison with pure Cu. at most 29 % of this 
enhancement was attributed to DMR(33|. Experimental 
results involving DMR in quenched platinum|911 and 
dilute Pt alloys|92| indicate that the effect of DMR at 4 K 
is only minimal and is inadequate for explaining the 
enhanced resistivity observed during the irradiation of the 
Pt alloys of this study. 

(II) Actual enhanced defect production 

In accordance with the model proposed in paragraph 1.3. 
long-range transport by focussing collisions is possible 
during irradiation; these may result in either interstitial 
displacement collision chains, or else purely energy 
transfers (focusons). Leibfried(93| has shown that 
defocussing of such a collision process can occur at a 
lattice disorder, resulting in enhanced defect production. 
The almo'-t linear and low defect production of the pure 
metal, as compared to The curvature (irradiation annealing) 
observed in (hat of the alloys could imply a damage process 
whereby primary energy transfers have resulted in a 
significant percentage of replacement collisions, with 
lower defect formation. In the alloys, it would appear that 
larger cascades of defects are formed as a result of 
defocussing of such displacement chains, or alternatively 
of a more efficient contribution of the primary energy 
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towards actual defect production[9,47,62,66,8" 85.94]. 
A possible role in the defocussing process can be played by 
the relative sizes and concentrations of the impurity atoms 
involved, and their effect on lattice distortion as given in 
Table I. This appears to be verified by the fact that 
enhancement in defect production was lowest in the most 
dilute alloys of either Pt or Cu as shown in Figures 1.2 and 
1.3, whilst the Pt-Pd alloy (almost identical atom sizes) had 
practically identical production curves to the pure ™t. 

In view of the above discussion and together with the 
evdence| 39,95] supporting the additive property of 
resistivity due to defects in conglomerates, the irradiation-
induced resistivity increments (Ap) observed in all the 
samples at 4,4 K, will be taken as being representative of 
the defect concentration according to equation 2.3(4). 

4.1.2 THE INFLUENCE OF IRRADIATION DOPING ON 
DEFECT PRODUCTION AT 4,4 K 

Doping the pure Pt and dilute alloys with 400 K defects 
has resulted in a reduced production rate during fast-
neutron irradiation {paragraph 3.2.3). This implies that 
enhanced amounts of irradiation annealing, possibly due 
to spontaneous recombination, have occurred. If the initial 
doped defects can be attributed to vacancies (and their 
complexes)! 1 ' ) • t n e n t n e curves of Figure 3.4 should be 
comparable to thoss relating to irradiation of quenched Pt 
by other experimentalists. Duesing et 3/143] have shown 
that electron irradiation of vacancy-doped pure Pt resulted 
in reduced defect production, and that the slight increases 
observed in the initial production rates du'ing aeutfcron|46, 
47] or fast-neutron irradiation|97|, ware due to DMR. In 
this study, no enhancement in the initial production -ate of 
the defect-doped pure Pt could be observed (Figure 3.4). 
The strong reduction of defect production in the alloys 
due to doping, supports the model of enhanced defect 
formation. The implication is that not only does a large 
portion of the doped "vacancies" contribute to the process 
of spontaneous recombination, but in addition, due to the 
fact that more defects are created per PKA in the alloys, 
larger amounts of irradiation annealing are observed. 

4.2 Defect Recovery after Fast-Neutron and 
Thermal-Neutron Irradiation 

Although both types of irradiation produced practically 
identical total concentrations of defects, the defect pattern 
due to thermal-neutron irradiation at 4,4 K in Pt consists of 
homogeneously distributed simple defects ( 1 - 2 Frenkel 
defects per capture event) and is thus comparable to the 
defect arrangement after electron irradiation. For fast-
neutron irradiation, each collision event produced a 
displacement cascade consisting of up to several hundred 
Frenkel defects. Such cascades (and subcascades) are 
homogeneously distributed throughout the material. Their 
spatial structure is dependent on the mass of the target 
material, since the energy of the PKA decreases with 

increasing mass number, implying that defect cascades witl 
be highly concentrated in heavier metals|11,48]. The local 
defect concentration of a cascade in Pt is expected to be 
significantly more dense than a cascade in Cu. 

4.2.1 RECOVERY DURING STAGE I AFTER FAST-
NEUTRON AND THERMAL-NEUTRON IRRADIATION 

4.2.1.1 Close-pair recovery 

Studies involving low-temperature electron irradiations of 
Pt have revealed that the substages l A and l B are probably 
related to the recovery of close Frenkel pairs, separated by 
at least one stable lattice site boyond the spontaneous 
recombination radius. Recombination would o c o r along 
either the < 1 1 0 > o r < 1O0> directions according to the 
first-order equation 1.4(2). Substage lc could then be due 
to annihilation of close pairs separated by slightly greater 
distances] 100— 104]. Electron-irradiation experiments in 
Pt have revealed that recovery in l A and lc decreased, whilst 
l B increased with increasing electron bombardment 
energies]52]. In similar experiments relating to Cu, l B and 
\ c decreased wi th increase in electron energy, whilst l A 

increased(29], indicating that the close-pair recovery 
substages are not necessarily attributable to the same 
configurations in different metals(48]. 

The strong reduction in close-pair recovery following fast-
neutron irradiation in comparison with thermal-neutron 
irradiation may be due to several effects: 

(i) The higher recoil energies involved during fast-neutron 
irradiation result in interstitials being deposited at 
increasingly larger distances from their vacancy, i.e. 
fewer close-pair sites are populated! 102]. 

(ii) The higher local defect concentration of a cascade 
enables larger quantities of spontaneous recombina
tion and sub-threshold recombination to occur, further 
decreasing possible close-pair population[84,105]. 

(iii) The high elastic-strain fields produced in a cascade 
could result in the instability of close Frenkel pairs, 
affecting the "sharpness" of the activation energies 
involved and thus resulting in less well-defined peaks 
after fast-neutron irradiation] 11,82). 

(iv) Since close-pair recombination does not involve the 
sampling of many lattice sites by the interstitial 
concerned, recovery during these substages is initially 
unaffected by the presence of impurities, irrespective 
of the type of irradiation involved Should impurity 
concentrations be high enough, direct interaction 
between impurities and tht ctose-pair interstitials may 
become significant, e.g. Pt-0,20 at. % Au. 

The strong energy dependence of substage IQ is evident if 
the Stage I recovery of the thermal-neutron-irradiated pure 
Pt of this study is compared to that of earlier work(31,54), 
in which a slightly harder thermal-neutron spectrum was 
used, and a more suppressed lc w?. obtained. Similarly, 
electron irradiation of Pt]51,52,104) indicates the pre-
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ferential formation of lc close pairs if recoil energies 
approach the •iisplacement energy threshold. The very 
much larger recoil energies of fast-neutron irradiation 
would thus be expected to result in the production of fewer 
such close pairs. At the same time, due to the high local 
defect concentration and expected separation of a lc close-
pair interstitial from its vacancy, the probability of inter
action with other interstitials increases strongly and also 
affects close-pair annihilation. 

In a comparison of the close-pair recovery substages 
of thermal- and fast-neutron-irradiated Cu and Cu-Au. 
arguments similar to ( I ) - ( I V ) above can be applied. If a 
further comparison is to be made between Cu and Pt (and 
their alloys) for the two types of neutron irradiation, then 
the lower local defect density expected in the fast-neutron-
irradiated Cu must be taken into account. Therefore: 

(a) The lower atomic mass of Cu implies higher PKA 
energies due to a fast-neutron collision event (equa
tion 1.2(2)). which should result in an even lower 
close-pair site population than was observed in Pt 
[102.103]. This was not so, since there was very little 
difference in recovery in substages l A + l B of Cu, due 
to the different neutron irradiations, while Pt has a 
noticeable reduction. 

(b) Die to the larger distribution area of defects in a Cu 
cascade, less spontaneous recombination (irradiation 
annealing) is expected; i.e. more close-pair recovery 
due to isochronal annealing. 

(c) The effects of strain fields should be leis acute, 
resulting in sharper close-pair recovery substag?s. This 
has not been observed elsewhere[48]. 

(d) The less dense distribution of defects should result in 
the effects of impurities being more prominent than in 
the more dense cascade metals. This was observed 
with Cu containing ~ 1 0 0 p p m A u , following fast-
neutron irradiation. 

The fact that (a) and (c) do not seem to be in strict 
agreement with the interpretation offered for close-pair 
production in Pt, implies that should such effects be valid, 
then their contribution appears to be minimal in com
parison with the influence of (ii) and (b). 

Once free migration of the interstitial commences (~ 20 K 
in Pt). the concentrations (C) of the various defects, 
e.g. vacancies (V), impurities(l) and interstitials(i), together 
with their reaction radii (r) can play a significant role in 
either interstitial trapping (at impurities or other interstitials) 
or in annihilation (vacancies) processes. These reactions 
can be represented as follows (see equation 1.4(5)): 

4.2(2) 

(i) i + V c - • 0 correlated recovery 

(ii) i + V u -* 0 uncorrelated recovery 

(iii) i + I — il impurity trapping 

(iv) i + i - » i 2 . . . . i + i n -* i n + 1 interstitial-interstitial 
trapping. 

The differential equations describing vacancy and inter
stitial reactions in substages l u and If can now be deduced 
for the situation where only the interstitial is mobile( 13,14] 

dC v 

= — Ky Cy Cj 
dt 

dC, d C v 

= — 
dt dt 

dC J 2 

dt 
= 

(Ki C, - K, 

d C i 3 

dt 
K|2 Cj Cj 2 

dCj, 
K.r r. 

4.2(3a) 

- Cj(2KjCj + K „ C „ + Ki,C„) 2 "'2 

2 " '2 ' 

dt 

4.2(3b) 

4.2(3c) 

4.2(3d) 

4.2(3e) 

for the reaction constants Kx = 4trrxD(x = I, V, i, i 2 . . . . ) 
and the diffusion coefficient D = D 0 exp(- Em/kT). 

Since only (iii) and(iv) of 4.2(2) compete towards interstitial 
trapping, and by assuming the formation of small clusters 
only (n $ 2), as would be typical for a thermal-neutron 
irradiation of Pt, then the probability (p) that a migrating 
interstitial will undergo annihilation is obtained from 
equations 4.2(3a)-4.2(3e) and given by (107] 

4.2.1.2 Free Interstitial Migration 

The recovery substage IQ is usually attributed to the 
correlated recombination of Frenkel pairs as a result of 
free-interstitial migration (either dumbbell] 13,14) or 
crowdion[17,18,71 ]), while l E is attributed to uncorrelated 
recovery. In the case of simple defects, randomly distri
buted in a pure metal, the annihilation of migratory inter
stitials at fixed vacancies can be represented by the bi-
molecular form[29] of equation 1.4(2) viz. 

dCf 

= -C jYv 0 exp( -E m / kT ) 
dt 

4.2(1) 

P * 
C, C v r 0 

C; C v r0 + Ci(2 C, + Cc) r, + C, C, r. 
4.2(4a) 

where r 0 — the mutual annihilation radius of vacancy and 
interstitial 

r, = the interstitial-interstitial interaction radius 
r| = the trapping radius of an interstitial by an 

imparity 
r„ = (x = c. i, I) is defined by the corresponding 

reacti.n volumes V x = (4ff/3) r „ 3 

and C, and C c = the concentrations of free and fixed 
(clusters) interstitials respectively. 

where C. = instantaneous concentration of interstitials. Simplification of 4.2(4a) results in 
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1 
p « 4.2|4b) 

2 C, C c C, 
^ + ( — + — ) R i + _ R | 

Cy Cy Cy 
for R; = rjr0 and R| = r t/r0 . 

The above situation should now be applicable to the simple 
defect structure expected in thermal-neutron-irradiated 
Pt. (The compatibility of the electron-irradiation diffusion 
theory discussed above with thermal-neutron irradiation 
will be presented in paragraph 4.5). 

In this study, the pure Pt had a residual impurity concen
tration (C|) « 10— 15 ppm as calculated according to 
Misek[106], while an approximate value of R; as 1.4 for Pt 
has been predicted! 107]. The induced resistivity value 
(Ap 0 ) of 1 ,4x10~ 9 Ocm for the thermal-neutron irra
diation implies that C, + Cc + C v = 1,4 ppm according to 
equation 2.3(4), from which C v as 0.7 ppm. From 4.2(4b) 
with R| as 1 the probability of annihilation of the interstitial 
is seen to be influenced (reduced) by the increasing 
presence of impurities, particularly so when vacancy 
concentrations are small and when alloying impurities are 
added, in this case C| > C v c C, 3> Cc. Such a process is 
evident in the suppression of substage l E due to the 
addition of substitutional impurity in thermal-neutron-
irradiated fee metals, and for even higher values of C|, 
trapping occurs during In as well. 

For the high local-defect concentrations in the fast-neutron 
irradiation, the formation of higher-order interstitial 
complexes must be taken into account, and equation 4.2(4) 
is no longer directly applicable. The observed reduction of 
ID and IE due to fast-neutron irradiation can possibly be 
explained as follows: 

(i) The large separation distances of most of the inter-
stitials from the depleted zone, together with the 
shielding effect of the interstitial outer layer which 
prevents penetration to the rich vacancy zone, is 
expected to encourage formation of interstitial 
complexes. 

(ii) Since substages In and If are usually associated with a 
common migration energy (Em), it is only the number of 
jumps involved which distinguishes the temperature 
position of these recovery substages according to 
equation 1.4(4). In simple defect structures, the clear 
separation of such substages has been attributed to the 
correlated and uncorrelated recovery of interstitials 
and vacancies respectively. Such a definition neces
sarily incorporates the actual separation distance 
between an interstitial and its own or foreign vacancy 
[13,14,29], In a cascade type of damage, such a 
classical definition is no longer directly applicable|29], 
since, as a result of the high local defect density, it is no 
longer possible to distinguish between correlated and 
uncorrelated recovery. Conditions similar to recovery 
observed in high defect-dose electron irradiation (or 
thermal-neutron irradiation) i.e. the merging of If into 
In, are thus evident for very low dose, fast-neutron 
irradiations. 

In the fast-neutron-irradiated alloys, the effect of inter
stitial-impurity reactions is strongly reduced by the high 
order of interstitial-interstitial reactions occurring, and is 
attributed to the high localised interstitial concentration as 
compared to the relatively low homogeneous distribution 
of impurities. It is only by the addition of a substitutional 
Au atom for an average of every five hundred Pt atoms 
(Pt-0,20 at. % Au). that impurity effects become really 
significant. 

The suppression of recovery during substages In and lg in 
Cu and Cu-Au due to fast-neutron irradiation can be 
explained according to arguments similar to those 
proposed for free-interstitial migration in Pt above. The less 
prominent suppression of these substages in the Cu metals 
with regard to those of Pt following fast-neutron irradiation, 
can be attributed to the less dense distribution of defects in 
cascades of the former, resulting in a lesser degree of 
interstitial-interstitial reactions and consequently a better 
probability for annihilation. Similarly, due to this less dense 
defect distribution in Cu. the probability of influence due to 
homogeneously distributed impurities is seen to be higher. 

Arguments similar to those offered above could be 
employed to interpret the experimental data according to 
the two-interstitial model[l8.19.24-28,71]. In this case, 
however, since the formation energy of a dumbbell is 
expected to be significantly higher than that of a crowdion 
[26,71], a ma;x contribution towards reduced Stage I 
recovery, in the case of fast-neutron irradiations, is 
normally attributed to the larger quantities of dumbbell 
interstitials produced by these higher energy neutrons 
during a 4 K irradiation. Since such dumbbell interstitials 
are virtually immobile up to ~ 300 K, the l D and IE recovery, 
usually attributed to free interstitial migration, can be 
expected to be reduced accordingly. Further interpretations 
involving interstitial clustering or impurity trapping effects, 
are also applicable using this model. 

In summary, it can thus be stated that although substage 
recovery during Stage I was seen to be strongly dependent 
on the relative concentration of impurities and defects 
for thermal-neutron-irradiated dilute Pt alloys, the same 
explanations do not necessarily apply to equivalent defect 
concentrations following fast-neutron irradiation. This may 
be attributed to the high localised defect concentrations 
after fast-neutron irradiation and will apply in particular to 
the above cases of low-total induced-defect concentrations 
where the cascades are still well separated. 

4.2.2 RECOVERY ABOVE STAGE I AFTER FAST-
NEUTRON AND THERMAL-NEUTRON IRRADIATION 

(a) 30 K to 200 K 

At the end of Stage I, any interstitials remaining in the 
lattice have been rendered immobile due to the trapping 
process (iii) or (iv) of equation 4.2(2). In the thermal-
neutron-irradiated pure Pt metal, the low induced-defect 
concentration (C,) together with an estimated residual 
impurity concentration (C|) * 10 ppm, i.e. C /̂C, a factor of 
10, implies that the majority of interstitials will be trapped 
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at impurities, while a very low concentration of interstitial 
clusters (most probably di-interstitials) is expected. The 
recovery between 30 K and 80 K in the thermal-neutron-
irradiated pure Pt can probably be attributed to the detrap-
ping process of interstitials from such impurities. After fast-
neutron irradiation and subsequent annealing through 
Stage I of the same pure Pt sample, the concentration of 
interstitials trapped as clusters is expected to be much 
higher, due to the high local density of defects in the 
cascades. Several of the interstitials on the outer periphery 
of the cascade are expected, however, to have been able to 
undergo free migration away from the cascade during 
Stage I, resulting in possible impurity trapping. The 
recovery of the pure Pt between 30 K and 80 K after fast-
neutron irradiation was seen, however, to be significantly 
higher than that after thermal-neutron irradiation. At most, 
an equivalent amount of recovery, as for the thermal-
neutron irradiation, can be attributed to detrapping of 
interstitials from impurities after fast-neutron irradiation, 
although, in view of the larger amounts of interstitials 
expected to be trapped at clusters, the contribution of 
impurity-interstitial traps should be less for the fast-
neutron-irradiated case. Since the energies involved in 
dissociation processes of interstitial clusters are relatively 
high[ 10,11 ], the extra recovery observed in the case of the 
fast-neutron irradiation must be attributed to alternative 
processes, such as the reorientation of interstitial clusters 
or collapse of larger clusters into interstitial loops, together 
with the migration of smaller clusters (i.e. di- and tri-
interstitials)| 107,109,110). (Although reorientation and 
collapse processes do not necessarily result in annihilation, 
slight decreases in resistivity might be possible due to 
lower scattering from conduction electrons. Such collapse 
is not expected to occur for cluster sizes below —10 
interstitials in Pt[117-120).) 

The reaction processes possible in the temperature region 
under discussion can be given as: 

(i) i + V - 0 
(ii) i 2 + V -> i + 0 
(iii) i 3 + V -» i 2 + 0 

I^V"^1 4.2,5, 
(V) 12 + In — In + 2 

(Vi) li - I + i 
(Vii) I' + i -» l i 
(viii)lin + "m - lin + m 

where n,m = 1,2 
I = shallow impurity trap 

and I' = deeper impurity trap. 

The basic process of annihilation of a single interstitial at a 
vacancy is given by (i). Impurity detrapping resulting in 
annihilation is given by (vi) and (i) and is expected to result 
in the major contribution towards recovery in the thermal-
neutron-irradiated specimens, although the reactions 
involving partial annihilation of a di-interstitial at a vacancy 
(process (ii)) are possible, though less likeiy. Partial or total 
annihilation due to (ii) or (iii) is expected to be more 

significant in the fast-neutron-irradiated sample. Besides 
such annihilation processes, trapping at deeper level 
impurities (I) according to (vii) are possible in both types of 
irradiation. Interstitial clustering, (iv). (v) and (viii), will 
finally result in the immobilisation of interstitials. The 
enhanced recovery rates after 30 K in the fast-neutron-
irradiated samples imply that annealing processes (ii). (i) 
and (iii), (ii), (i) play a more significant role than the trapping 
reactions (iv), (v), (vii) or (viii). 

Although the recovery during the 120 K substage in pure Pt 
has previously been attributed to interstitial detrapping 
from a residual impunty[53), this interpretation cannot yet 
be regarded as conclusive|26.27,31,54). It has, however, 
been shown that the recovery during this substage is 
not due to interstitial-interstitial reactions[31,54|. This 
appears to be validated by the fact that the substage 
(120 K) is practically identical for the two types of neutron 
irradiation. Should this peak be due to interstitial-inter
stitial reactions, then the recovery should be enhanced 
after the fast-neutron irradiation due to the high local 
concentration of such defects. The slightly enhanced 
recovery (1 % after background correction) in the thermal-
neutron-irradiated pure Pt, implies an increase in detrap
ping from an impurity[53] or from some intrinsic defect 
(26,27). 

In a recent communication) 121], it has been suggested 
that an interpretation for the 120K substage in Pt, 
according to the two-interstitial model, could be analogous 
to that uffered for the 170 K substage in tantalum) 122). In 
that case) 121.122] a second reaction radius, now just 
beyond the spontaneous recombination radius (r0) of a 
vacancy, was defined. Due to the resultant strain field of the 
vacancy, any < 110 > off-line crowdions passing within 
this region of a vacancy, could be athermally converted to 
a < 1 0 0 > dumbbell configuration, and be immobilised. 
With the o'.dition of sufficient thermal energy (normally 
less than would be expected for free dumbbell migration), 
a close-pair type of recombination could then occur. At 
present, however, the exact kinetics of such a process, 
together with the possible influences due to impurities and 
variation of defect doses, have yet to be determined) 121). 

The lower recovery rate between 120 K and 200 K in 
comparison with that before this substage could be 
accounted for by the lower concentration of vacancies (due 
to recovery during the 120 K substage) together with the 
decreasing mobility of larger interstitial clusters con
tinuously growing at the expense of the smaller clusters. 

The comparative recovery of fast-neutron and thermal-
neutron-irradiated pure Cu can be explained in terms 
similar to those used for Pt. That the recovery rate above 
Stage I is more similar for the two types of neutron irra
diation in Cu metals, could be attributed to two effects. 

(i) Due to the less dense distribution of defects in fast-
neutron-irradiated Cu (in comparison with Pt), the 
concentration of interstitial clusters is not expected to 
be as significant as in Pt. This implies that an even 
more significant contribution of reactions (ii) and (iii) of 
4.2(5) will occur[37). 
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(ii) The possibility that di-interstitial migration in Cu 
occurs at temperatures equivalent to (or lower than) 
those of single interstitial migration implies that much 
of the recovery observed in Stage II in Pt. due possibly 
to di-interstitial annihilation, occurs during Stage I 
inCu[107,109.110]. 

In the dilute alloys of either Pt or Cu, the recovery above 
Stage I is seen to be in agreement with the above proposals. 
In the thermal-neutron irradiation cases, the concentration 
of impurities (C|) is several hundred times higher than in the 
pure metal and thus trapping (detrapping) reactions (vi) and 
(vii) of 4.2(5) can be expected to play a significant role 
during annealing. It was seen (Figure 3.7 and in particular 
the Pt-0,20 at. % Au) after background corrections had 
been made, that the substages (e.g. I l c at ~ 98 K) of the 
two types of irradiation did not have very marked differences 
in appearance. This would imply that although interstitial 
clusters are probably present in fairly large concentrations 
in the fast-neutron-irradiated alloys, the concentration of 
impurities is sufficiently high that a significant quantity of 
interstitials (probably from the cascade periphery) can be 
trapped at impurities. (The actual detrapping process due to 
each impurity type is discussed in more detail in paragraph 
4.3). In accordance with this expectation that impurity 
detrapping (Stage II) is more prominent in thermal-neutron-
irradiated samples, it was seen that two substages due to 
Au inCufi.e. I l c ~ I IOKand l l D ~ 150 K in Figure 3.11) 
were suppressed after fast-neutron irradiation. In the Pt-
0,20 at. % Au alloy, the proximity of the 120 K substage 
apparently upsets the influence of lie ~ 98 K, and this 
effect is not as strong. 

(b) 200 K to 400 K 

The substage at ~ 360 K in Pt has been attributed to either 
impurity detrapping[53] (one-interstitial model) or alter
natively to migration of the dumbbell interstitial following 
either thermal or athermal conversion of the crowdion 
[26-28) (two-interstitial model). According to this latter 
model, the formation of larger quantities of immobile 
interstitials occurred during the higher-energy irradiation 
process due to fast neutrons[71]. The significant increase 
in the 360 K substage after fast-neutron irradiation is then 
attributed to annihilation of larger amounts of free inter
stitials at vacancies, and compensates in part for the 
reduction in recovery during Stage I (such reductions being 
attributed to the immobility of these defects at these lower 
temperatures). Such an enhancement can, however, be 
explained (according to the one-interstitial model) by 
dissociation and rearrangement of interstitial clusters 
according to the kinetics occurring above Stage I, i.e. a 
continuation of Stage II processes. In this case, the 
similarity between the major recovery peaks (~ 360 K in 
Figure 3.8) of the two types of neutron-irradiation pro
cesses, implies similar impurity detrapping effects as were 
seen for the 120 K substage. 

Recent results involving Móssbauer spectroscopy studies 
on pure Pt have led to the proposal that the 360 K substage 

is due to mono- or divacancy migration, and not due to 
interstitial migration! 123]. In such an event, the enhanced 
annealing observed on the low-temperature side of the 
360 K substage after fast-neutron irradiation could be 
attributed to migration of divacancies which are expected 
to be more mobile ( E m = 1 , 1 eV) than monovacancies 
(E m «s 1,4 eV)[4,2lJ. More attention must necessarily be 
given to such an interpretation, since the migration 
energies calculated would then appear to be too high to 
enable mobility of vacancies at such relatively low tempera
tures in Pt (300K)|55-57.124j. 

In this temperature region in pure Cu and the Cu-Au alloy, 
the recovery substage at ~ 220 K was shown by Aspeling 
et «434,35] to consist of two strongly overlapping recovery 
substages at ~ 200 and 225 K and was related to the 
higher transferred energies due to fast neutrons (in the 
thermal-neutron spectrum), in comparison with electron 
irradiations (for which this substage was not seen). The 
results of Figure 3.11 show that these substages are even 
more enhanced when fast-neutron irradiation is used, thus 
supporting that proposal[34,35]. The impurity indepen
dence of this substage led to the further proposal that the 
recovery might be due to a specific type of "correlated" 
recovery - and not due to detrapping effects related to 
impurity-interstitial reactions. Similarly, then, the recovery 
at ~ 300 K in Cu was connected to an "uncorrected" type 
of recovery and termed Stage III. Such a proposal appears 
to be validated by the defect-dose dependence of this 
300 K stage (paragraph 3.5.2) as would be expected for 
free migration of an intrinsic defecx[29]. 

(c) Above 400 K 

The recovery stage at ~ 600 K in Pt is due to vacancy 
migration[26-28,55-57]. The enhancement in recovery 
| ~ 15%) after fast-neutron irradiation (in all samples) when 
compared with thermal-neutron-irradiated samples, could 
be accounted for in terms of the expected presence of 
appreciably greater numbers of interstitial clusters in the 
former specimens. Since clusters immobilise free inter
stitials, it is only by the migration of vacancies to these 
agglomerates that annihilation can occur. Furthermore, due 
to their higher mobility, recovery due to divacancy migration 
is possibly represented by the small peak on the low-
temperature side (~ 500 K) of the major recovery stage. 
The dissociation of interstitials from interstitial clusters is 
expected to occur at slightly higher temperatures than free 
vacancy migration (activation energies of ~ 1,5 eV in com
parison with — 1,4 eV for vacancy migration(4,10]) and 
thus the possibility of these two processes overlapping 
cannot be excluded. Such annealing interpretations would 
be valid in terms of both interpretation models and seem to 
be supported by the fact that at least for the case of Pt and 
its dilute alloys, all irradiation-induced defects have been 
annihilated just after this recovery stage. This has been 
observed experimentally by the restoration of residual 
resistivities to their pre-irradiation values. 
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4.3 The influence of Substitutional Impurities on the 
Recovery of Fast-Neutron Irradiated Metals 

4.3.1 RECOVERY DURING STAGE I 

4.3.1.1 Close-pair recovery 

The close-pair recovery substages. I A and lg are practically 
insensitive to the addition of relatively small amounts of 
substitutional impurities', 13.29]. This is attributed to the 
fact that such recovery is a result of direct recombination of 
interstitials with their own vacancies. In view of the short 
migration distances, the process of recovery is virtually 
unaffected by the presence of low concentrations of other 
Frenkel defects or impurities[51,52). It is only after addition 
of relatively large amounts of impurities (e.g. many hundreds 
of ppm Au in Pt) that the distance of close pairs from an 
impurity atom is small enough and the possibility of direct 
interaction arises, i.e. a close pair-impurity trapping effect. 
After fast-neutron irradiation, carried out during this study, 
it appears that such direct interaction is not only dependent 
on the impurity concentration, but also on the atomic size 
and consequently the trapping radius of such substitutional 
impurities, e.g. the oversized Au impurity atom in Pt 
(AV /V 0 «=11%) inhibits close-pair recovery to J greater 
extent than do equivalent amounts of undersized Cu atoms 
( A V/V 0 * - 20 %)|135) (observed as a relative shift on the 
y-axis of Figure 3.32). 

Although the exact kinetics of defect production during a 
low-temperature irradiation are not completely understood, 
the effects on close-pair recovery, as observed in the Pt-Au 
alloys, imply that interstitial trapping, leading to a reduction 
in close-pair population, is most probably occurring during 
irradiation, and that such processes must necessarily 
incorporate relatively large trapping volumes. If it is 
assumed that the amplitudes of the close-pair recovery 
substages are decreased by random interstitial trapping 
during irradiation, then the capture volume of the impurity 
atoms can be calculated accordingly by[ 126,127] 

( A p c p ) ' / ( A p c p ) ' = exp(-V,C|) 4.3(1) 

and is equivalent to 

(fcp)1 / Ccp)' = exp(-V|C) 4.3(2) 

where ( A p c p y = the normalised amplitude of the close-
pair annealing stages of the alloy 

( A p c p ) = the normalised amplitude of the close-
pair annealing stages of the pure metal 

V| = the trapping volume withing which the 
alloying impurity can trap an interstitial 

C| = the concentration of alloying impurities 
and equivalently f — the fractional close-pair recovery 

occurring in the relevant metal accor
ding to 2.5(1). 

Using the data of Table VII, this implies that the trapping 
volume of the Au atoms in Pt is * 3 0 0 ± 100 atomic 
volumes for the two lower concentration alloys and about 
50% lower for the 2 850 ppm Au sample (Table X;. (This 

lower value is then attributed to the overlapping effect of 
trapping volumes due to the higher Au concentration.) 
Similarly, from Table X, the value of V( for Cu in Pt appears 
to be approximately 150 atomic volumes. Such values are 
of an order lower than results obtained for trapping volumes 
of Ti in Al, where volume size factors are comparable to 
those above, although, in that case, electron irradiation was 
used[ 127,135). Consequently, due to the fact that defect 
configurations in this study are expected to be in the form 
of cascades, the above values are only relative and should 
not be regarded as absolute. 

4.3.1.2 Impurity Trapping during Free Interstitial 
Migration 

Extensive experimental and theoretical investigations 
regarding the trapping effects of substitutional impurities 
during free migration of interstitials in fee metals have been 
reported over a period of many years[1-3]. The trapping 
efficiency of such impurities in typical metals such as Cu 
and Ag have been shown to increase with increasing 
atomic size in most alloy systems!72-74,111-114). This is 
normally attributed to the elastic-interaction effects related 
to the lattice distortion around a solute atom occupying a 
substitutional lattice site, although exceptions have been 
observed! 128]. 0 ° , h e other hand, the binding energy of 
such impurity traps appears to be inversely related to the 
atomic sizes (paragraph 1.3.2). so that trapped interstitials 
normally dissociate from larger substitutional impurities 
more readily (i.e. at lower annealing temperatures) than 
from smaller impurity atoms. This rule, however, appears to 
break down for impurity sizes relatively similar to the host 
atom, e.g. after neutron irradiation of either dilute Cu-Ni 
alloys(128] or Ag-Au alloys[l29], for which either no 
trapping, or a mixture of weak and strong trapping effects 
were observed. It has been suggested! 113,128,130], that 
other influences (e.g. electronic effects due to valence 
difference) besides those of elastic interaction (due to 
atomic-size differences) may exist. This might apply in 
particular to the case of dilute Al alloys for which effects 
opposite to the above processes are observed, i.e. capture 
radii decrease with increasing impurity size(128,130]. It 
can be envisaged from this controversial situation that the 
exact processes involved in interstitial-impurity capture 
have yet to be determined. 

The present study clearly indicates that the trapping 
efficiency of solute atoms increases with increasing atomic 
size of the relevant impurity in Pt. At the S8me time, 
trapping of interstitials increases with increasing impurity 
concentration (C|). (This was verified by the relative shift on 
the y-axis of Figure 3.33 and by Figure 3.42(a).) The 
suppression of recovery during substages IQ and If in the 
fast-neutron-irradiated dilute alloys of either Pt or Cu can be 
explained accordingly by the retention of defects in the 
lattice by processes similar to those observed in either 
thermal-neutron(31,32,34,35] or electron irradiation 
(52 72,73), viz. by either trapping of interstitials at 
impurities or by interstitial-interstitial interaction to form 
immobile clusters. That is, for interstitials (i) (from 4,2(2)) 
the following relations exist: 
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(in) i + I - il 
(iv) i + i — i 2 i + i n - i n + , 

and in addition, due to the high local defect density of 
interstitials in cascades caused by fast-neutron irradiation, 
it was seen (paragraph 4.2.1.2) that reaction (iii) is less 
effective in the case of fast-neutron irradiation than in 
thermal-neutron irradiation. This means that the effective 
trapping radii of impurities, during annealing processes 
after fast-neutron irradiation, could be expected to be 
smaller than those observed for thermal-neutron irradiation. 

The processes contributing to retention of resistivity during 
Stage I annealing of dilute Pt or Cu alloys after fast-neutron 
irradiation can be summarised as follows: 

(1) The recovery of close pairs is inhibited by addition of 
suitable amounts of impurities due to direct interaction 
of such an impurity with the vacancy-interstitial pair 
during irradiation. The probability of such trapping 
processes occurring increases with increasing con
centration of alloying impurities. 

(2) The capture or reaction radii of the various impurities 
used appear to increase with increasing atomic size, so 
that the smallest impurity atom i.e. Ni (AV /V D «s 
- 24 %) in Pt has the least effect on close pairs, despite 
its relatively high alloying concentration (2 600 ppm). 

(3) Further impurity-interstitial trapping reactions occur 
during free migration of the interstitial. The same 
relation of trapping radius to impurity size, as in (2), 
appears to apply. Such trapping effects are not as 
prominent as those observed in thermal-neutron-
irradiated specimens, and can be explained by the high 
local defect concentration in a fast-neutron cascade, 
which results in .fairly rapid immobilisation of inter
stitials due to clustering. Alternatively, such immo
bilisation may be due to interstitial-conversion 
processes, resulting from the higher energy transfers 
during fast-neutron irradiation, or conversion by 
athermal processes, e.g. crowdion-crowdion inter
act ional ) . Both model processes are equivalent in 
that some interstitials are immobilised prior to trapping 
at impurities and are subsequently retained in the 
lattice at the end of Stage I. 

4.3.2 THE EFFECT OF IMPURITIES ON RECOVERY 
ABOVE STAGE I 

(a) 30 K to 200 K 

Despite the cascade type of defect configurations expected 
in a fast-neutron-irradiated specimen, it is evident from the 
previous paragraphs that impurities play a significant role in 
interstitial trapping processes during Stage I. An interesting 
aspect of this work is that even after high fast-neutron 
doses, e.g. in Pt-Au, those recovery substages in Stage II 
attributed to the presence of Au in Pt are still observed. It 
was seen (paragraph 4.2) that due to the strong background 
annealing during Stage II, after fast-neutron irradiation, 
such substages are less prominent than those observed 
in either electron-irradiated[53| or thermal-neutron-irra-
diated[31,32] alloys. This implies that despite the high 

local density of defects in a cascade, sufficient numbers of 
interstitials (probably from the cascade periphery) can in 
fact migrate away from the cascade to be subsequently 
trapped at impurities. 

Previous interpretations (thermal-neutron[31.32| and 
electron irradiations(53]) that substage l l A (~ 29 K) in 
Pt-Au alloys can be attributed to the recombination of close 
pairs whose partners were trapped near Au atoms, appear 
to be validated in the fast-neutron irradiations by the 
observed increase of this substage, in correlation with the 
decrease in close-pair recovery observed with increasing 
Au concentration in the Pt (Figure 3.11). (This interpretation 
is analogous to that offered by Cannon et «/(72] with 
respect to the recovery of electron-irradiated dilute Cu-Ag 
and Cu-Au alloys.) Further substages observed after fast-
neutron irradiation, and due to Au in Pt, can be attributed to 
virtually the same processes as used in the interpretations 
for recovery after thermal-neutron irradiations, viz: 

(i) He (~ 42 K) - to the detrapping of interstitials from Au 
impurities, where interstitial trapping occurred near 
the correlated vacancy, and is probably associated with 
a certain amount of rearrangement of interstitials 
around the Au atom; 

(li) l l c (~ 98 K) - to the final detrapping of interstitials 
from single Au atoms; and 

(iii) I ID (~ 150 K) - to the detrapping of interstitials from 
two Au impurity atoms positioned relatively close to 
each other, i.e. Au doublets[31,32,53.72). 

The trapping radii of most substitutional impurities have 
been found to decrease with increasing annealing tempe
rature, e.g. from ion-channeling studies) 131-134] as well 
as from electron irradiations at Stage II temperatures 
[112-114]. Generally, the oversized impurities were seen 
to detrap interstitials in Stage II, while undersized 
impurities (which normally trap interstitials in deeper 
"mixed dumbbell" configurations (paragraph 1.3.2)) only 
detrapped at or above Stage III temperatures. The fact that 
no significant recovery substages, attributable to detrap
ping of interstitials from either the Cu or the Ni impurities in 
those dilute Pt alloys, were observed during Stafle II, 
implies that such deep-trapping effects are occurring as 
would be expected for these small impurity atomic sizes. 
The remaining smaller recovery peaks observable (between 
30 K and 80 K) in Stage II of pure Pt and all the dilute Pt 
alloys, can be attributed to detrapping of interstitials from 
residual impurities inherent in the respective metals used 
for sample preparation. 

Possible recovery processes responsible for the 120 K 
substage in Pt are given in paragraph 4.2.2. In addition, it 
was suggested(31,32,54] for thermal-neutron-irradiated 
Pt that since the 120 K substage was observed even in 
samples with C| > 2 000 ppm Au, and defect concen
trations (Cj) of ~ 800 ppm in electron-irradiated Pt[53], 
this substage could not be attributed to the detrapping of 
interstitials from residual impurities alone, but was 
probably also due to some other intrinsic effect. This 
argument appears to be even stronger for the present study 
using fast-neutron irradiation, where in addition to high 
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alloying impurity concentrations (e.g. 2 850 ppm Au or 
2 600 ppm Ni). defect concentrations up to ~ 400 ppm 
(i.e. Pt-Cu in Figure 3.28) have been obtained in certain 
cases and yet the 120 K substage is still strongly evident. 
Since the RRR of the pure Pt indicates the presence of 
residual impurity of the order of only ~ 10 ppm[106], the 
persistence of the 120 K substage (which lies just beyond 
l l c in the Pt-Au alloys) might be explained by the 
annihilation of interstitials detrapped from these residual 
impurities. In order to be able to compete with the high Au 
impurity, the trapping of interstitials at these residual 
impurities must have occurred after dissociation of inter
stitials from l l c traps. In this manner a relatively small 
concentration of impurities can have a significant trapping 
effect(31,32,61,114]. This is no; likely, however, since 
such residual impurities should not be able to compete with 
the trapping effects of deeper impurity traps, as are 
expected to be present in Pt-Cu or Pt-Ni alloys, and for 
which the 120 K substage is still present, despite the fact 
that no Stage II detrapping due to Ni or Cu in Pt was 
observed. 

(b) Temperatures above 200 K 
In the dilute Pt-Au alloys, final detrapping of interstitials 
from Au impurities should have occurred at ~ 150 K, so 
that by ~ 200 K, at least, the residual resistivities of these 
alloys should be equivalent to those of the pure Pt. This is 
clearly not the case (e.g. Figure 3.12 indicates that the 
Pt-0.285 at. % Au has ~ 10 % more retention than the pure 
Pt), implying that some secondary effect, due to the 
presence of these Au impurities, has probably caused 
excess interstitials to be retained in the lattice to higher 
temperatures. The recovery of the dilute Pt-Cu alloys 
between — 200 K and 300 K is more enhanced in 
comparison with the pure Pt or the dilute Pt-Au (Figure 
3.1 7 ) - th is might be due to interstitial detrapping from the 
deep Cu trap (i.e. dissociation of the mixed dumbbell). 
Similarly, recovery of the Pt-Ni alloy appears to be enhanced 
at ~ 330 K onwards, which could be attributed to the 
higher binding energy of the still smaller atom size of 
this impurity trap. 

The final stage at ~ 600 K in Pt has been attributed to 
annihilation of defects due to vacancy migration, possibly 
in conjunction with the dissociation of interstitial clusters. 
The large enhancements of recovery observed in this stage, 
for the alloys, in comparison with the pure metal, could 
mean that greater numbers of trapped interstitials exist at 
temperatures just below vacancy migration. Since, 
according to the preceding model, single interstitials have 
been detrapped at l l c and l l u , any additional interstitials 
must therefore exist as clusters immobilised around 
impurities, which have acted as nucleation centres. This 
could be supported by the fact that the Pt-0,285 at. % Au 
alloy had the largest such recovery stage - possibly due 
to the fact that the Au atom (due to its large trapping 
efficiency) acted as the stronger nucleation centre at 
interstitial migration temperatures. Such a proposal would 
then imply that interstitials forming large enough clusters at 
an impurity, could not be detrapped according to normal 
thermal processes, e.g. in Stage ll|112-114). 

4.4 The Dose Dependence of the Recovery of Fast-
Neutron-Irradiated Metals 

4.4.1 STAGE I 

4.4.1.1 Close-pair recovery 

In contrast to low-energy irradiations (e.g. electrons), 
defect production due to high-energy neutrons involves 
cascades of relatively large numbers of defects (hundreds) 
incorporating equivalently large numbers of lattice sites 
and spontaneous recombination volumes, that may extend 
to more than 100 atomic volumes in certain metals[136]. 
In addition, the "premature" irradiation annealing observed 
during low-temperature defect production, as well as the 
strong influence on close pairs by equivalent amounts of 
impurity for which small effects were observed in either 
electron-irradiated or thermal-neutron-irradiated fee alloys 
[31,32,53], imply a relatively high mobility of interstitials in 
a cascade during a 4 K fast-neutron irradiation. Although 
the actual kinetics of such defect production are not fully 
understood, it has been suggested that since these inter
actions are estimated to occur fairly rapidly (~ 10~ 1 2 s) 
they may consequently be related to such phenomena as 
displacement spikes(79,80] or thermal spikes, for which 
activation times of ~ 1 0 * 1 0 s are assigned) 136]. Such 
processes might then lead to a form of interstitial migration 
within the cascade, resulting in annihilation at vacancies or 
trapping at impurities or at other interstitials, even at 4 K. 
With progressive irradiation, overlapping of spontaneous 
recombination volumes can occur so that, in addition to 
possible subthreshold annealing effects, larger amounts of 
annihilation can occur. Such processes could result in the 
reduction of close-pair recovery with increasing defect 
concentration, as seen in Figure 3.32. In addition, the 
possibility of the formation of small interstitial clusters 
during irradiation cannot be excluded; in particular, then, in 
view of the model of defocussing of replacement collision 
chains at impurities (paragraph 4.1), the clustering of 
interstitials at such impurities in Pt seems plausible. Recent 
Mossbauer spectroscopy studies on dilute Al-Co alloys, 
fast-neutron-irradiated at 4 K, detected the presence of 
interstitial clusters at Co impurities as well as separate 
interstitial clusters] 137). Since interstitials trapped at an 
impurity will have a larger capture radius than a free 
interstitial, the possibility of such impurities acting as 
nucleation centres, even at irradiation temperatures of 
~ 4 K, appears possible] 127,137]. 

The dose dependence of close-pair substages can thus be 
explained by the following: 

(1) Close-pair population has been reduced (during 
irradiation) due to irradiation annealing, particularly so 
where cascades overlap, i.e. where the spontaneous 
recombination volumes of different cascades overlap. 

(2) Interstitial interaction, resulting in larger concen
trations of clusters for increasing doses, affects close-
pair recombination. Such interstitial clusters are 
possibly initiated at impurities as well. 
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4.4.1.2 Free Interstitial Migration 

In the case of simple defect configurations (as would be 
expected in either electron-irradiated or thermal-neutron-
irradiated specimens) the probability (P) of finding an 
interstitial in the region between r and r + dr around a 
vacancy is described by a distribution function v( r) such 
that 

P = p(r). 4 7 ^ dr 4.4(1) 

The function p(r) exists in several analytical forms[29,126]. 
The boundary condition r < r0 then implies that q>{t) = 0, 
where r0 is the recombination radius, and annihilation will 
occur for all such cases. To enable uncorrected recom
bination, interstitials must be relatively distant from their 
own vacancy and the probability (P c o r r ) that an interstitial 
survives correlated recombination is given by|29| 

Pcorr = 1 - < r„/r > «r ) 

4.4(2) 

where r 

and < > 
PC) 

= average initial spatial separation of 
interstitials from their vacancy 

= the mean over the initial distribution 
function ip[x) such that by definition. 

< x(r) > m = / x(r) <o(r) 47Tr2 dr 4.4(3) 

Equation 4.4(2) can be extended to the case of fast-neutron 
cascade-type defects, by analogously defining 

r0 = radius of the cascade zone 

r — r0 = initial separation of the interstitial from the 
surface of the cascade zone. 

In this latter case, recombination of an interstitial is 
correlated, not to its own vacancy, but to any vacancy in the 
original cascade. Despite the fact that such an interstitial 
will have a high probability of reacting with defects of its 
own cascade, it was seen (paragraph 4.3) that many inter
stitials (probably those located at the surface of the cascade) 
have the possibility of escaping their own zone (given by 
4.4(2)) to be consequently trapped at other defects, or 
annihilate at vacancies of an uncorrelated cascade. Similarly 
the correlated recovery of an interstitial with a vacancy in 
its own cascade may thus require significantly more jumps 
than would be experienced in the correlated recombina
tion of homogeneously distributed Frenkel pairs (as are 
expected to be present in thermal-neutron-irradiated 
metals[29] (paragraph 4.2.1.2)). Such kinetics can then 
explain the persistence of a small dose-dependent 
substage l E in fast-neutron-irradi;ited Pt and Cu (Figures 
3.22, 3.26 and 3.40). With increasing defect concentration, 
the number of interstitial jumps needed to annihilate at 
adjacent cascades decreases slightly and the corresponding 
dose-dependent shift of l E is observed. Due to the shielding 
effect of interstitials of adjacen- cascades, a migrating 
interstitial has a high probability of being trapped at a 
cluster, and consequently the dose dependence of l E is not 
as strong as that observed in electron irradiation. 

It is known from studies involving electron irradiation of 
dilute fee alloys|29,107.112-114) that for impurity 
concentrations in the region £ 10 - * , impurity trapping is 
no longer restricted to "uncorrelated" interstitials, but that 
trapping can also occur during substage IQ—thus preventing 
correlated recombination as well. Consequently it has been 
shown|29,126] that the probability of an interstitial 
undergoing correlated recombination is reduced by the 
presence of impurity atoms such that 

f! U.B.C f . 
= exp(— Cj V|) < — exp 

- f,_ r 'A.B.C 'O 

M 3 C V , ) 5 * r - r 0 ) 
<M<) 

4.4(4) 

where f j = fractional retention according to equation 
2.5(1) 

and a = I for alloys 
a = ' for pure metal 
b = U.B.c for Stage I close-pair recovery 
b - Irj for correlated recovery 
C, = concentration of free interstitials 
C| = concentration of impurity atoms 
V| = trapping volume of an impurity for an inter

stitial 
>i = trapping radius of an impurity for an inter

stitial 
and < > _ . = mean of the distribution function ip(r) 

according to 4.4(3). 

The first exponential factor accounts for the probability that 
an interstitial is not displaced directly into the trapping 
volume of an impurity, whilst the second factor accounts for 
the escape of free-migrating interstitials from impurity 
trapping[29]. The fraction r^r is the probability that the 
interstitial would undergo correlated recovery in the pure 
metal. Inspection of 4.4(4) indicates that the fractional 
recovery decreases with increasing impurity concentration. 
In the case of fast-neutron-irradiated materials, the above 
situation is applicable to those interstitials which can 
escape interaction with defects within their own cascades. 
It is immediately obvious that, for equivalent defect 
concentrations, more free migrating interstitials (Cj) are 
available for interaction with impurities in the case of 
simple defects homogeneously distributed, in comparison 
with those able to migrate away from the outer region of a 
cascade (fast-neutron irradiations). This would imply that 
according to 4.4(4), higher concentrations of impurities 
(C|) are required to produce equivalent impurity trapping 
effects in the latter type of irradiation. (Such observations 
have been made and were discussed earlier— paragraphs 
4.2 and 4.3.) Consequently, it can be stated that in order for 
impurity trapping to be as effective as in the case of electron 
irradiations, relatively higher concentrations of impurities 
will be required in the fast-neutron-irradiated materials. (A 
conservative estimate of ~ 5 to 10 times higher would be in 
approximate agreement with • esults of Table IV.) Using the 
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above theory, the defect-dose dependence of pure Pt 
and its dilute alloys (Figure 3.33) can be explained. 

It was seen (paragraph 4.2) that the original suppression of 
substages l D + l E in fast-neutron-irradiated specimens 
was due to the preferential formation of interstitial clusters 
within a cascade (this was due to the high local density). 
Such effects could be related to processes within individual 
cascades, since the initial defect concentrations (Ap„) 
were chosen for low values (~ 1 ppm) where cascade 
overlap was unlikely. 

In fast-neutron- irradiated pure Pt, the curvature of the dose 
dependence through a maximum (Figure 3.33) can be 
interpreted analogously to the case of electron-irradiated 
(52) pure Pt. For low-defect concentrations (CF) the initial 
increase in recovery is attributed to the decreasing 
competition of residual impurity traps (C, -~ 10 ppm) with 
increasing concentrations of vacancies. This can be 
understood as follows: 

(i) Regard the relation CF/C|: in the case of low-defect 
concentrations, i.e. CF/C| <S 1, the probability that a 
migrating interstitial will be trapped at an impurity is 
fairly high, i.e. reaction (in) of 4.2(2). 

(ii) With increasing defect concentration, CF/C| % 1, and 
the presence of increasing numbers of vacancies |CV) 
results in larger amounts of annihilation, i.e. reaction 
(ii) of 4.2(2); so that the recovery (%) increases with 
increasing defect concentrations. 

(iii) At still higher defect doses. CF/C| !S> 1, the effect of 
impurity traps becomes negligible, but now, since the 
cascades are relatively closer, the concentration of free 
interstitials increases significantly so that additional 
interstitial-interstitial reactions (now due to interaction 
of interstitials from neighbouring cascades) become 
progressively more important, i.e. reaction (iv) of 
4.2(2); interstitials are consequently immobilised at 
clusters and the amount of annihilation decreases. 

The similar behaviour of the most dilute Pt-Au alloy 
(~ 170 ppm) implies that despite the fact that the impurity 
concentration is always a few factors higher than the defect 
concentration, increased annihilation at vacancies with 
increasing defect concentration, although less prominent, 
is still evident. In the alloys containing high concentrations 
of impurities, the effect is no longer visible, whilst strong 
suppression, apparently due to clustering, is overwhelming. 
This can be attributed to the fact that any interstitials 
escaping the cascade have a relatively small chance of 
annihilation at vacancies but have a high probability of 
being trapped at impurities or at other interstitials, both 
processes possibly resulting in further clustering. 

Data relating to the Stage I dose dependence in Cu and 
a dilute (100 ppm Au) Cu-Au alloy (Figure 3.42(a) and 
paragraphs 3.5.2), have a similar behaviour and can be 
interpreted according to the above case of Pt. 

Thus, the dose-dependent analysis of Stage I data will be 
related to the relative position on the induced resistivity 
scale (Ap 0 ) i.e. the range of defect concentrations under 
observation. In particular, for pure metals, caution must 

necessarily be taken in comparing results of different 
experimentalists. For example, in the case of thermal-
neutron-irradiated pure Ptf32.54] or Cu[35], the recovery 
during the free migration substages ( l D + lE) was observed 
to increase with increasing defect concentration, whilst 
dose-dependence studies on these metals using fast-
neutron irradiations[42.67,70). revealed a decrease in such 
recovery for increasing defect concentrations. Although 
this might at first appear contradictory, it is not the case, 
since in general the induced defect concentrations for the 
two types of irradiation differ considerably. Such results 
can now be incorporated with those of this study for which 
a much wider range of defect concentrations has been 
examined. This range includes both low defect doses 
equivalent to those of the thermal-neutron irradiation, and 
extends to the high defect doses of typical fast-neutron 
irradiations, so that the data of the above cases can be 
successfully explained in view of the progression of the 
dose dependence through a maximum. 

4.4.2 RECOVERY ABOVE STAGE I 

(a) Temperature region — 30 K to 200 K 

Although the dose dependence could not be determined 
absolutely, it was apparent that recovery during substage 
l t A (~ 29 K), in the Pt-Au alloys increased with increasing 
defect concentration (paragraph 3.5.1.2). The interpre-
tation[32.53] (paragraph 4.3.2) that this substage is 
connected to detrapping of close-pair interstitials trapped 
at relevant impurities, appears feasible when compared 
with the decrease of recovery observed in close-pair 
substages. with increasing defect concentration. 

t he recovery during Stage II can usually be attributed 
to processes involving the detrapping of interstitials 
from impurities[29,59,61,72.112-115], where trapping 
occurred either during irradiation or during free interstitial 
migration. In Stage II of a typical metal, the probability that 
a detrapped interstitial will annihilate at a vacancy is 
dependent on whether the interstitial will be trapped at 
some other defect (deeper traps) prior to annihilation or not. 
Such trapping processes will be related to the concen
tration of such defects, and their respective trapping radii. 
In the ideal situation, at a temperature (T) at which no such 
deeper traps exist, the probability of annihilation is given 
by[107] 

C v C, r0 

i.e. total annihilation of all remaining defects. In actuality, 
however, such annihilation is reduced due to the presence 
of such traps, e.g. impurities, interstitial clusters, intrinsic 
defects etc so that the probability is given by 

C v C, r„ (T) 
p = 

C v Cj r0 (T) + C, |C,n r,n + C, r, + C„ r„ + .. .) 

4.4(6) 

where Cy and C, ~ the effective vacancy and interstitial 
concentration at temperature (T) 
respectively 
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r0 = mutual annihilation radius of a 
vacancy and interstitial 

C| and r, = the concentration and trapping 
radius of impurities effective at 
temperature (T) 

C, and r, = the concentration and trapping 
radius of interstitial clusters (n 
interstitials) at temperature (T) 

C„ and r„ = the concentration and trapping 
radius of other traps, e.g. disloca
tions, intrinsic defects etc 

It is clear from this and preceding discussions (paragraph 
4.3.1) that the trapping efficiency (C„ rx) of the various 
defects (x = I, i n, etc ) will play a significant role, not 
only in initial trapping of interstitials during Stage I, but also 
as possible deeper traps for interstitials progressively 
detrapped during a Stage II anneal. 

It has been shown recently[b9,61,114| that observations 
regarding dose-dependent recovery during Stage II in 
dilute fee alloys are strongly influenced both by the 
detrapping-retrapping processes as well as by the relative 
concentration CF/C|. Generally, it was shown for recovery 
substages related to detrapping of interstitials that: 

(i) In the case of defect concentrations much lower than 
the impurity concentration, i.e. CF/C| < 1,an increase 
in defect concentration should result in an increase in 
recovery of the relevant substage|59,61], and 

(ii) Where defect concentrations are higher than impurity 
concentration, i.e. CF/C t > 1 an increase in defect 
concentration should result in a decrease in recovery of 
the relevant substage[114]. 

It was consequently suggested(611 that for a series of 
defect-dose experiments ranging from sufficiently low to 
sufficiently high concentrations, a change-over in the dose 
dependence, from (i) to (ii) above, should be evident. The 
present study, which covers such a range of defect concen
trations, is the first comprehensive work allowing detailed 
analysis of the above postulations. 

Making use of a modified version of 4.4(6), it is then 
possible to interpret the dose dependence of the respective 
recovery sub-,tages during Stage II in a manner similar to 
that described pieviously|31,32], viz: 

p = 4.4(6a) 
1 + C, R, C, R, C„ R„ * J_" + + + . . . 

Cy Cy Cy 

where R| = r (/r0 etc 

In the Pt-Au alloys, the observed increases in l l B (~ 42 K) 
with increasing dose are expected, since a' that tempera
ture, C| (T) > Op (T). (Despite the fact that l i B is attributed 
to both rearrangement and detrapping processes of inter
stitials at impurities, it is only the latter process which 
will contribute to the small dose dependence observed.) 
Similarly, the small substages at ~ 52 K and ~ 75 K, both 
attributed to residual impurities in the metal, but now for 

which C| (T) < C F (T). were seen to decrease with increasing 
defect concentration. The probability of annihilation of any 
interstitial detrapped at these temperatures (30 K to 80 K) 
will be small due to the large concentrations of deeper traps 
(e.g. I l c traps) for which the denominator of 4.4(6a) will be 
large. It can be verified that the above substages are related 
to interstitial detrapping and migration processes, from the 
observed increase in isochronal recovery of the vacancy-
doped samples (Figure 3.45); this increase is attributed to 
the increase in concentration of available vacancies (Cv) at 
which more migrating interstitials can annihilate, and is 
represented by a smaller denominator in 4.4(6a), i.e. P ( T ) 

increases. 

The fact that recovery in the temperature region 30 K to 
80 K is greatest in the pure Pt, is due to the concentration of 
deeper traps (denominator of 4.4(6a)) which is expected 
to be much less than those in the alloys. In particular, the 
Pt-Cu and Pt-Ni samples had the least recovery in this 
temperature region, for which the Cu and Ni are expected to 
act as high concentrations of deeper traps. 

The dose dependence of l l c(-~ 98 K) in the Pt-Au alloys can 
be explained if C x R„ in 4.4(6a) is replaced by 

C x R„ = C 1 2 oRl20 + C2Au n2Au * - * ( 7 ) 

where the subscripts 120 and 2Au represent 120 K traps 
and traps due to Au doublets respectively. 

Recovery during l l c is associated with detrapping of 
interstitials from single Au impurities[32,53,72], so that 
with increasing concentration (C|) of Au in the specimens, 
the increased trapping of interstitials at these impurities 
(proportional to C, R,) during Stage I results in larger 
amounts of interstitials detrapping during l l c . This implies 
that the effective vacancy concentration (Cv) is higher for 
the higher Au content samples, resulting in a greater 
probability of annihilation Per). This effect is represented by 
the relative shift of the dose-dependent curves in the 
various Pt-Au alloys of Figure 3.35. By increasing the defect 
concentration, the effective vacancy concentration is 
increased in each case, i.e. the trapping effects of C, , C|, 
C120- c2Au e , c a r e reduced and PIT) increases. These 
reactions are typical for concentration relations C F < C| 
according to (i) above. With further increases in defect 
concentration, however, Cp ~* C| (particularly in the Pt-Au 
alloys with either 170 ppm or 480 ppm Au) until eventually 
the change-over occurs as predicted[61 ]. According to (ii), 
then, with CF > C|, the recovery decreases with increasing 
defect concentration, and is observable as curves through a 
maximum in the dose dependence of these alloys in 
Figure 3.35. These results relating the recovery substage 
He in Pt-Au to a dose-dependent maximum, are in excellent 
agreement with the recovery of He (~ 110K) in Cu-Au, 
(paragraph 3.5.2.2) for which practically identical 
behaviour was observed. This also confirms observations 
by Aspeling et a/|34,35] for which lie in thermal-neutron-
irradiated Cu-Au increased with increasing defect concen
tration. (In that situation C| > C F . always.) 

Due to the fact that l l c and the 120 K substage, in the Pt-Au 
alloys, are virtually inseparable, the data represented in 
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Figure 3.35 depict the recovery of both substages; from the 
small dose dependence of the 120 K substage in the pure 
metal, such inclusion should not influence the above 
interpretations. 

The interpretation of the processes resulting in the 120 K 
substage is still controversial(26.27.32.53.1211. The dose 
dependence of this substage, in pure Pt. i.e. decrease in 
recovery with increasing dose, is typical of an impurity 
detrapping|53] effect for which Cr- > C|. (This is in 
accordance with the RRR of the Pt, for which an initial 
residual impurity (C|) of ~ 10 ppm was estimated, implying 
that C, (T) < 10 ppm.) In the case of either the dilute Pt-Cu 
or Pt-Ni alloys, where the concentration of deeper traps is 
expected to be many times higher than the defect 
concentration, i.e. C, ^> C F. any interstitials detrapped at 
120 K should be virtually immediately retrapped at deeper 
traps, and almost no recovery should occur — contrary to 
what was observed. In order to satisfy such a situation, the 
120 K substage must be representative of an impurity trap 
of extraordinarily large trapping radius |rt) to be able to 
compete with the other traps. The possibility of such an 
impurity trap existing seems highly unlikely. 

The alternative interpretation of the 120 K substage 
involves intrinsic defect processes(26,27,121] (paragraph 
4.2.2(a)), the exact kinetics of which have yet to be 
developed. Such processes must then necessarily be 
influenced by the presence of impurities and other traps, as 
indicated by the slight reduction in recovery, during this 
substage, by addition of large concentrations of deep-trap 
impurities, e.g. Cu or Ni in Pt. Finally, it would appear that 
this recovery is not representative of an annihilation 
process involving free migration of a defect; this is evident 
from the recovery of the vacancy-doped samples in Figure 
3.45 and Table XVIII. In the pure Pt, virtually no effect of 
this doping on the 120 K substage was evident (within 
experimental error), in strong contrast to the Pt-0,20 at. % 
Au for which the combination of l l c and 120 K substages 
showed a marked increase (due to the overlapping effect 
and the donation due to interstitial detrapping during He). 
The Pt-Cu samples also showed very slight enhancement 
in the 120 K substage due to vacancy doping - despite 
their higher induced-vacancy concentration. (The small 
increment in recovery due to doping in the Pt-Cu might be 
due to interstitial detrapping from a residual impurity just 
below the 120 K substage.) Since the 120 K substage can 
be assigned a single activation energy (0,37 eV) (as derived 
in paragraph 3.7 and Table XIX), this would tend to confirm 
the argument thai this recovery is related to some unique 
defect process. 

The fact that l l 0 (~ 150 K) in Pt-Au increased with in
creasing concentration of fast-neutron-induced defects 
(this study), yet decreased with increasing equivalent 
concentrations of thermal-neutron-induced defects[32], 
implies that the effective vacancy concentration (Cy) has 
yet to pass through a maximum according to (i) and (ii) 
above. In this case, the only influential traps remaining are 
those due to interstitial clusters (C, ) and deeper impurity 
traps (C|) in the denominator of 4.4(6a). In fast-neutron 
irradiations, where the interstitials detrapped after 120 K 

have a high probability of being immobilised at interstitial 
clusters, trapping at l l D will be reduced. Thus, at 150 K. the 
temperature at which interstitials detrap from the Au 
doublets. C| > CF and process (i) above occurs. This would 
infer that for higher defect concentrations Ho should begin 
to decrease. Since the concentration of clusters (C. ) is 

n 
expected to be relatively high at such temperatures. P ( T | is 
small and l l D is only just visible in the highest Pt-Au alloy. 

(b) Temperatures above 200 K 

Possible interpretations of the controversial 360 K stage in 
Pt have been discussed in paragraph 4.2.2(b). viz.: 

(i) Detrapping of interstitials from residual impurities in 
the material[53,56]. 

(ii) Free migration of the converted interstitial(26-28]. 
(iii) Vacancy and divacancy migration! 123]. 

The observed shift to lower temperatures of this recovery 
stage with increase in defect concentration is evident in 
pure Pt irradiated with fast neutrons (Figure 3.36), thermal 
neutrons[31,32,54] as well as in deuteron irradiation 
(22,66]. This effect is typically attributed to the free 
migration of an intrinsic defect, e.g. (ii) or (iii). Such 
migration would then be expected to result in an uncorre
cted type of recovery (equivalent to free-interstitial 
migration during l E , for which similar dose dependence 
was seen). 

The dose-dependent shift could also be explained in terms 
of a multiple-detrapping process of an interstitial from 
different levels of impurity traps) 11,29], so that final 
dissociation from the deepest trap would occur at the peak 
temperature; such a process would be dependent on the 
increase in vacancy concentration, which would compete 
for interstitial interaction. Such a process implies that the 
observed recovery stage consists of a series of smaller 
substages, which should be detectable using finer an
nealing interva!s(59,60j. Arguments similar to those 
employed in explanation of the 120 K substage can be used 
against the above interpretation, viz.: despite high defect 
concentrations, as well as high concentrations of expected 
deep impurity traps, e.g. 2 600 ppm Ni, the recovery is 
virtually constant (Figure 3.37) and does not show the 
strong suppression with increasing dose seen in electron-
irradiated Pt(53|. (Suppression just becomes apparent for 
high defect concentrations in the alloyed materials -
Figure 3.37.) 

The controversy over the two interpretation models now 
becomes directly obvious in the dose dependence of this 
stage in Pt. In view of the one-interstitial model's inability 
to offer an interpretation for this recovery in terms of an 
intrinsic defect (no such defects are available at this 
temperature), an explanation in terms of a complicated 
impurity trapping-detrapping process must be made(29). 
More recently this stage was attributed to mono- or 
divacancy migration] 123] - despite overwhelming 
evidence of higher migration energies (E m * 1,4 eV) of a 
vacancy in Pt, and allocation of temperatures of ~ 6 0 0 -
700 K for such vacancy migration!20,21,56,57,99,124|. In 
view of the above arguments, the 360 K stage could be 
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classified according to the same terminology used for the 
120 K substage. viz. a recovery process possibly related (in 
Ft) to an intrinsic defect and which is influenced by the 
presence of impurities, although not directly due to 
detrapping effects of such impurities. In contrast to the 
120 K substage. the 360 K substage does not appear to be 
governed by a unique activation process but consists of a 
continuum of activation energies, increasing with tempe
rature (Table XIX). implying that more than one process is 
contributing to recovery in this temperature region. Finally, 
it can be seen that doping the pure Pt with vacancies has 
resulted in a shift to lower temperatures of this 360 K 
recovery stage. Similar effects were obtained by Jackson et 
sr|22,66| in the recovery of deuteron-irradiated quenched 
Pt. This would tend to support a model of free migration, 
since the higher concentrations of vacancies in the sample 
imply that a free-migrating defect would require fewer 
jumps to annihilation, and recovery is observed at lower 
temperatures. The strong increase in recovery of vacancy-
doped Pt-Cu alloys supports the interpretation that deep 
impurity-interstitial traps also finally dissociate at these 
temperatures - this is typical of the enhancement of 
impurity-detrapping stages observed during Stage II in 
Pt-Au vacancy-doped samples-see Figures 3.45 and 3.46. 

Although a controversy exists)55) regarding the inter
pretation of recovery observable at ~ 450 K in Pt, the final 
recovery stage in Pt at ~ 600 K is attributed to vacancy 
migration, and termed Stage III or IV[26-29,55-57,66, 
117.124). The dose-dependent shift of this stage in 
fast-neutron-irradiated pure Pt (Figure 3.38) is typical of 
an intrinsic-defect process[29|. and has been reported 
by several experimentalists using various irradiation 
techniques|29,56,66|. Consequently, both interpretation 
models can be satisfied with the above explanation 
regarding Stage IV. The actual controversy arises con
cerning the annihilation partners involved in this process. 
Although the recovery at ~ 600 K is normally attributed 
to annihilation of vacancies at interstitial clusters, i.e. 

V + i n - 'n-1 . 

it has been suggested[55] that such a process occurs at 
lower temperatures (~ 400 - 500 K) and that the recovery 
observed at ~ 600 K is due to annihilation of vacancies at 
external sinks (S), e.g. grain boundaries and dislocations, 
i.e. 

V + S - S . 

In addition to the dose-dependent shift of Stage IV in the 
pure Pt, a general enhancement in recovery was observed 
due to the addition of alloying impurities. It has been 
tentatively proposed (paragraph 4.3.2(b)) that such a 
process has been brought about by the increased concen
tration of immobile interstitials trapped in the form of 
clusters around the various impurities. Such an effect is 
then enhanced rapidly with increasing defect concentration 
(as can be seen in Figure 3.39). 

The small recovery peak on the low-temperature side of 
Stage IV was seen to be enhanced with increase in defect 
concentration (Figure 3.38). This recovery process could 

possibly be attributed to the higher concentration of 
divacancies present, and due to the higher mobility of such 
divacancies (in comparison with that of vacancies) 124]) so 
that annihilation by 

V2 + 'n - ' n - 2 occurs. 

The shift in absolute temperature of Stage IV in the 
Pt 0,26 at. % Ni alloy could possibly be related to pro
cesses observed in dilute Al alloys, whereby addition of 
certain alloying impurities resulted in a significant shift of 
the vacancy migration stage to lower temperatures|29). It 
was suggested that a vacancy could form a stable asso
ciation with the specific impurity atom and that such a 
complex could be more mobile than an isolated vacancy. 
Such an interpretation in the above case of the fast-
neutron-irradiated dilute Pt-Ni alloy would, however, require 
more detailed investigation into Stage IV recovery kinetics. 

Finally, the two recovery peaks at ~ 500 K and 650 K are 
each related to processes governed by unique activation 
energies. Although the activation energy value obtained for 
the 500 K region (1,29 eV) (according to paragraph 3.7 and 
Table XIX) is slightly higher than the theoretical prediction 
of —- 1,1 eV for divacancy migration in Pt, the possibility 
cannot be excluded that recovery occurring here is in fact 
due to such a process. The activation energy value (1,45 ± 
0.03 eV) obtained for the 600 K stage, is in excellent 
agreement with values obtained with electron irradiation 
[55] (1,40 ± 0,05 eV) and neutron irradiation|23,141] 
(1,45 ± 0,04 eV). This stage is consequently attributed to 
the migration of vacancies, for which a theoretical activation 
energy of ~ 1,4 eV has been determined[10,124]. 

4.5 A Comparison of the Correlated Recovery of 
Thermal-Neutron-Irradiated Pt with Three-Dimen
sional Diffusion Theory 

4.5.1 THREE-DIMENSIONAL DIFFUSION THEORY 
FOR CORRELATED RECOVERY 

Since correlated recovery is related to activation processes 
involving a single Frenkel pair, it is convenient to discuss 
the three-dimensional diffusion theory in terms of only one 
such Frenkel pair in an infinite lattice. 

According to elementary diffusion theory|108,142,143], 
if the vacancy-interstitial separation (r, r + dr) at t = o is 
given by the probability function (f>(r), then the probability, 
0>(t), that the pair wil l recombine at time t is given by 
(108,142,143] 

0 0 f — ô 
4>(t) = 47Tr0 / <p{r) r erfc ( ) dr 4.5(1) 

r0 v 4Dt 

where r0 = the spontaneous recombination radius of 
a vacancy and interstitial and the diffusion coefficient 
D = D 0 exp | - Em/kT). 

The function (?(r) is such, that the probability (P) of finding 
an interstitial in the region between r and r + dr is given by 
(paragraph 4.4.1.2). 

P = ©<r) . 4ïïr 2 dr 4.4(1) 
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and e^r) is normalised according to 

4 j r / ^fX/Jdr = 1. 

Furthermore, the error function is defined as 

• 512) 

2 * Í 
erf (z) = — — / e ~ * dt = 1 - erfc (z). 4.5(3) 

V'JT O 

The probability 4>(t) - 4.5(1) can be rewritten 

r„ . r - r -

r v *Of •"» 
45(4) 

where < > = mean over the initial distribution 
* r | function defined by 4.4(3) 

and < ° / r > = ro/rp = P C O f T ; the probability of 
capture of an interstitial by a vacancy 
for correlated recovery, given by the 
long-time approximation 4>(**). 

4.5.2 COMPARISON OF EXPERIMENTAL l 0 RECO
VERY WITH DIFFUSION THEORY 

In the experimental situation, the fractional recovery $ ( t ) n 

is given as) 108) 

*it)„ = 
n 0 - n(t) 

4-5(5) 

where n 0 = the initial defect concentration 

and n(t) = the defect concentration after time t. 

If the function qf{r) is now permitted to take the analytical 
form of a typical delta (fl) function! 16,51,108,144) (for 
which a successful theoretical fit was possible in electron-
irradiated Pt). i.e. 

<p{r) = N i ( r - r p ) , 

then together with the expansion of the error function in 
4.6(4) for long times, i.e. t > (r — r 0 )

2 /40, the probability 
4>(t) can be represented as 

<*«> - (1 - - ) (i + 4 = 
r v Jrt); 

) 4.5(6) 

These values of 4>(t) are obtainable from the experimental 
values according to 

*(t) = (l - r ° / r ) ( l + 
<ol\%> 

vTrAtXcxpC-EnATi) 
) 

45(7) 

Use has been made of the temperature-compensated 
equivalent-time transformation)64) 

{ = / exp(- E^kT) dt 

= A t ï e x p ( - E m / k T ( ) 4.5(8) 
i 

where A t — holding time of an isochronal annealing 
step, i.e. 300 s for this study. 

The experiment»! values + ( t ) M from 4.5(5) were calculated 
from the actual isochronal recovery values after a thermal-
neutron irradiation ( A p . « 1.7 x 10~* ft cm). The data 
went normalised to defect concentration at the commence-
ment of substage IQ; this relative temperature position was 
determined by graphic interpolation|51.144). By matching 
the theoretical values of 4"(t). i.e. 4.5(7) with the * ( t ) „ 
values of the high-temperature side of IQ. a representative 
value of r„ / N 0 o was determined. Using this value in 4.5(7). 
the rest of the theoretical expression .or the diffusion theory 
was fined. 

The resultant i-functioo fit of the three dimensional 
diffusion theory to the correlated recovery (substage Ip) of 
the thermal-neutron-irradiated Pt is shown in Figure 4 .1 . 
(The solid points represent the experimental data plotted as 
1 — 4(t)-) The curves are numbered according to the 
representative set of parameters indicated in Table XX 

to 
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•I ŵ  _ 2 
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Figure 4.1 
A theoretic»! fit of three-dimensional correlatedrecovery » 
Stage I dat» for thermal-neutron-irradiated Pt. The num

bered curves refer to the parameters in Table XX 
f&Po= 1,7n W~9(Icm) 

The following features are evident: 

(i) - Curve 3: a ^-function using the parameters E m = 
0,060 eV, as determined experimentally in this study 
(paragraph 3.7 and Table XIX); 

•o/v'Oo 3* 0.45 x 1 0 - 5 . or equivalently 0Jto

2 * 
5 x 1 0 i o , - i . a n d < r / r > _ 0 5 4 0 g a v e a 

wo 
theoretical fit of the diffusion theory in reasonably 
good agreement with the experimentally observed 
recovery. Slight deviations on the low-temperature 
side of lo were observed. These could be due to 
experimental error involved in correction of the data 
due to lc contribution to this recovery(34,35|. 
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TABLE XX 
Parameters used in the theoretical fit of three-

dimensional diffusion theory to the correlated recovery 
( IQ) of thermal-neutron-irradiated Pt - Figure 4 .1 . 

Curve No. 1 Curve No. 2 Curve No. 3 

<p(t) S (r ~ rp) S (r - rp) Í (r - r p) 

Em(eV) 0,063 0.063 0,060 

fo/fp 0,540 0.540 0,540 

r o / V ^ l s - ' ) 0.378 x 10" 5 0,450 x 1 0 " 5 0,450 x 10" 5 

*v 0 ( s - 1 ) 4 x 1 0 " 3 x 1 0 " 3 x 1 0 " 

DoAo2 ~ 7 x 10'° ~ 5 x 10 '° ~ 5 x 10 ' ° 

(where n = 12 and r„/a = 3,5 for Pt.) 

(ii) - Curve 2: use of the same parameters as above but 
with E m = 0,063 eV; as determined in electron-
irradiation studies[ 15,16,144], resulted in an upward 
shift of the theoretical curve; implying that more 
recovery occurred than was theoretically predicted. 
(This is to be expected if actual mobility of interstitials 
was higher, i.e. E m lower, than anticipated.) 

(iii) - Curve 1: if the parameters of (ii) fire maintained, but 
using a value of D„ / r 0

2 « 7 x 10'° ; as predicted by 
electron-irradiation results in Pt, it is seen that the 5-f it 
is shifted parallel to the experimental results. 

In conclusion, it can b° seen that the three-dimensional 
diffusion theory, which wa- successfully applied to 
the recovery of (3 MeV) electron-irradiated Pt, is also 
applicable to the present o s e of thermal-neutron-irradiated 
Pt, with slight modification of certain major parameters. 
(Such modification is practically within the experimental 
accuracy of the parameters.) Similar observations were 
made by Aspeling et a/|34,35] in an examination of a 
similar theoretical fit (using a modified exponential distri
bution) in thermal-neutron-irradiated Cu. (In that case 
[34,35], the misfit was significantly greater.) The actual 
deviation observed in the case of tr.ermal-neutron-irradiated 
Pt and Cu when compared to electron irradiation implies 
that despite the assumed compatibility, slight differences 
in defect production processes are occurring. Such 
differences may be related to the distribution spectrum of 
the recoil energies observed after a (n,y) reaction in the 
above metals. It is possible that a less homogeneous 
distriDution of the number of defects per capture event 
in thermal-neutron-irradiated specimens occurs when 
compared with that of electron-irradiated samples. 

4.6 Summary 

The major observations made regarding the fast-neutron 
and thermal-neutron irradiation of Pt and Cu and their 
selected dilute alloys of this study are: 

(1) The irradiation-induced resistivity rate of Pt. fast-
neutron-irradiated at 4 K, was enhanced by the addition 
of specific concentrations of certain alloying impurities. 
The enhancement was attributed to actual defect 
production, and not to a deviation from Matthiessen's 
Rule. A model involving defocussing of replacement-
collision chains at impurities was adopted. The 
possibility of interstitial trapping and the formation of 
interstitial clusters at impurities during such a low-
temperature irradiation was feasible. Further detailed 
investigation into exact cascade formation processes 
and the actual mobility of interstitials during fast-
neutron irradiation, is necessary to be able to explain 
such defect production successfully. 

(2) The significant reduction observed in the close-pair 
recovery substages ( l A and IB) in Pt after fast-neutron 
irradiation, when compared with thermal-neutron irra
diation, could be attributed to lower population of such 
sites due to the higher knock-on energies, as well as to 
larger amounts of irradiation annealing (spontaneous 
recombination). In the dilute alloys, with sufficient 
concentration of impurities, further reduction in close-
pair recovery is observed due to direct interaction of 
such impurities with close pairs. (Oversized impurities 
(Au) had a stronger influence on such suppression in 
comparison with undersized impurities (Cu, Ni) in Pt.) 
An even stronger reduction in close-pair recovery with 
increasingly higher defect concentrations suggests a 
direct interaction between close pairs and other 
cascade interstitials - possibly in the form of small 
clusters formed at impurities. 

(3) The recovery substages due to free-interstitial migra
tion ( IQ and If) in Pt and Cu were strongly suppressed 
after fast-neutron irradiation, in comparison with 
thermal-neutron irradiation. This was attributed to 
immobilisation of larger amounts of interstitials due to 
clustering processes favoured by the high local density 
of fast-neutron cascades. The possible immobilisation 
of interstitials due to the formation of larger quantities 
of immobile dumbbell interstitials could also contribute 
to the above suppression. 

The influence of interstitial trapping at impurities 
during an anneal after fast-neutron irradiation was not 
as strong as was observed in thermal-neutron-irra
diated alloys. This was also attributed to the high 
probability of the interstitial interacting with cascade 
partners to form clusters, in preference to free migration 
to impurity traps. Oversized impurities (Au) were more 
efficient interstitial traps than undersized impurities 
(Cu, Ni) in Pt. 

The dose dependence of substages ID and If (i.e. a 
progression through a maximum) in pure Pt and Cu (and 
their most dilute alloys) could be explained accor
dingly: the initial enhancement in recovery due to 
increasing effective vacancy concentration relative to 
impurity concentration, but leading to suppression of 
recovery due to interstitial clustering at higher doses. 
The continuous suppression of recovery in higher 
alloys was probably due to both enhanced trapping 
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and clustering of interstitials at impurities and at other 
interstitials. Such dose dependence could explain 
the apparent contradiction in results relating to 
observations in thermal-neutron studies!32.35] in 
comparison with fast-neutron data[42,70]. 

The activation energy determined for substage l D in 
fast-neutron-irradiated Pt was0.060 ± 0.002 eV. This 
value was seen to give a reasonably good fit of three-
dimensional diffusion theory ^-distribution) to the 
data for correlated recovery in thermal-neutron-irra
diated Pt. The activation energy determined for 
substage l E was closer to 0.063 ± 0.002 eV. 

(4) The recovery o.'ring Stage II in fast-neutron-irradiated 
Pt and Cu had datively large amounts of background 
annealing, wh^h could be attributed to reorientation 
and migration of small interstitial clusters and 
subsequent annihilation at vacancies. Recovery 
substages, related to the detrapping of interstitials 
from a shallow trap (i.e. oversized impurities-Au in Cu 
or Au in Pt), are strongly similar to the spectra observed 
in thermal-neutron-irradiated specimens[31,32, 
34,35]. In particular, recovery in substage l l A in Pt-Au 
appeared to be inversely related to recovery in the 
close-pair substages l A and ig of (2); i.e. MA increased 
with addition of Au and increased with increase in 
defect concentration, in support of the model of 
Cannon et «432,72]. In the Pt the undersized impurities 
(Ni and Cu) appeared to form deep traps for interstitials 
(mixed dumbbells) and no Stage II detrapping due to 
these two impurities was detectable below 300 K. The 
dose dependence of the Stage II substages was shown 
to be related to the actual defect concentration, the 
concentration of impurities involved in detrapping and 
the trapping efficiency of deeper traps. 

(5) The 120K substage in Pt is not due to interstitial-
interstitial reactions. Although it is influenced by the 
presence of impurities, it seems highly unlikely that 
this recovery is due solely to an impurity detrapping 
effect. This was verified by the persistence of this 
substage even in alloys of high impurity concentration 
(> 2 000 ppm) and in case - of defect concentrations 
> 400 ppm. The suggestion', 121] that the substage is 
related to an intrinsic effect, such as the athermal 
conversion of a crowdion due to the strainfield in the 
vicinity of a vacancy, requires deeper investigation. A 
unique activation energy of 0,39 ± 0,03 eV was 
determined for this substage. 

(6) The 360 K stage in fast-neutron-irradiated Pt does not 
appear to be attributable to a unique defect process. 
(Activation energies from 0.70 eV to 0.97 eV were 
calculated in the range B 300 to 400 K.) The strong 
dose dependence of this stage would imply a recovery 
process relating to free migration of an intrinsic defect 
- although a model proposing a series of different level 
impurity traps might also offer a successful inter
pretation of an apparent temperature shift. 

(7) The recovery at 650 K in Pt can be attributed to 
vacancy migration. (An activation energy of 1,45 ± 
0,03 eV was measured.) Similarly, tne smaller recovery 
observable on the low-temperature side of the major 
recovery peak could be attributed to divacancy 
migration (activation energy 1.29 ± 0,04 eV). 

(8) In the fast-neutron-irradiated alloys, it was apparent 
that large amounts of induced resistivity were main
tained beyond those temperatures at which final 
detrapping of single interstitials should have occurred. 
It is suggested that such processes are due to clustering 
of interstitials around impurities which have acted as 
nucleation centres, with nucleation possibly commen
cing even at irradiation temperature in certain cases. 

In conclusion, this study involving a detailed analysis of 
defect kinetics in Pt and Cu and their dilute alloys, for 
various doses of either fast-neutron or thermal-neutron 
irradiation, has shown that resistivity methods can be 
extremely useful in interpreting observed recovery spectra. 
Such interpretations are necessarily related to the energy of 
the irradiating particle, the concentration of defects 
induced and the concentration of impurities present in the 
material. Although the fundamental concepts regarding 
simple defect kinetics (e.g. due to electron or thermal-
neutron irradiation) in pure metals and dilute alloys are fairly 
well established, this study has shown that significant 
differences in such kinetics (in particular interstitial-
impurity reactions) occur in those materials irradiated with 
high-energy neutrons. Due to the importance of structural 
alloys used in reactor environments, an interesting exten
sion of this study would thus be the investigation of 
radiation damage in more concentrated alloys of typical fee 
(or bec) metals. Consequently, the gap between basic 
research and technological application can be narrowed by 
means of damage studies (e.g. using fast neutrons or high-
energy particles) in a series of alloys with concentrations 
ranging from relatively dilute to those concentrations of 
commercially usable materials. Such studies could possibly 
offer significant contributions towards the understanding 
of void formation or formation of platelets in typical 
structural materials. 
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