z coo—2679-8

(Y o upEe 7 & /@27»— - /éi
VACANCY DEFECT MOBILITIES AND BlNDING
PNFRGIES OBTATINED FROM ANNEALING STUDIES+

R. W. Balluffi

Department of Materials Science and Engineering
and Materials Science Center
Cornell University, Ithaca, New York 14853

November 1976

Cornell University
Ithaca, NY 14853

MASTER

NOTICE
This report .was prepared as an account uf work
«pansorcd Ly the United States Government. Neither
the United Sla(es nor lhe Umled States Energy
and D ton, nor any of
their employees, nor any of their contractors,
or their ployces, makes any
warranty, express or implied, or assumes any legal
liability or ibility for the
Eied ot usefulness of any information, nppamlux product or
process disclosed, or represents that its use would not
infringe privately owned rights.

e

- Report #2761
Issued by

The Materials Science Center

T Prepared for presentation at the International Conference on the’ Properties of
Atomic Defects in Metals, Argonne National Laboratory, Argonne, IJ11n01 , 18-22

October, 1976.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



ABSTRACT

A review is given of our current knowledge of the mobilities and binding
energies of vacancy defects in a number of FCC and BCC metals (i.e., Cu, Ag, Au,
Pt, W and Mo) as derived from annealing experiments after quenching and/or irrad-
“iation. It is concluded that vacancy defeéts are retained by quenching in all-of
these metals, and that Stage III annealing after irradiétion occurs by the migration
of vacancy type defects. The annealing process after quenching is potentially complex
and in Au and Al may involve at least‘ménOA , @i-, and tri-vacancies. Anﬁealing
in Stage IIT after irradiation can also be complex and involve at least mono- and
divacancies. Gfeat difficulties are therefore in&olved in extracting reliable defect
properties from such experimenté. The monovacancy migration energies derived from
annealing experiments after both quenching énd irradiation are in reasonably good
agreement for most of the metals. Also, the sum of the monovacancy migration energy
and the formation energy is in reasonable agreement with the activation energy for
self—diffusionidue to. monovacancies. The temperature of Stage III annealing after
irradiation is generally lower fhan the temperature of the annealing after quenching
' because of a~sméller number of defect jumps to annihilation in the former case. The
limited available information about divacancies in the FCC metals indicates that they
possess binding energies in thé range 0.1 - 0.3'éV and migrate more easily than
monovacancies. The even more limited information about trivacancies in Au and Al
indicates that they are at least as mobile as divacancies and are rather loosely
bound; No comparable information about divacancies and trivacancies .in tﬁe BCC

metals is yet available.




1. INTRODUCTION

‘In the-present pépér we review current-knowledge éf.the mobilities and binding
energies of vacancy defects in é numbér'of'metals as derived from annealing experiments
after quenching ahd/or irradiétion.'AAs is well known, such annealing experiments
often involve complex phenomena which are difficult (and sometimes-impossible!) to
interpret unambiguously on the basis of the information at hand. Therefore, despite
a large effort extending over more tﬁan 20 years, our knowledge of certain basic:
defect properties isstill-rather limited and in some céses controversial._'Howéver,
considerable progress has been made in the last few years, particularly as a result
of the introduction of new experimental techniques, and a number of important results
now seem well established. Extensive reviews of previous work may be found in thé
aroceedings  of the conferences_heid at the Argonne National.Laboratcty in 1964[1],
- at Jilich in 1968(2,3], at Mol.in 1971{k], at Sussex in.l972[5], at Gaithersburg in
1973[6], and most recently at Gatlinburg in 1975[T]. |

We shall restrict ourselves mainly to the information which can be extracted
from annealinglexperiments after quenching and/or irradiation, and we shall not con-
sider in any significant detail other defect related phenomena which are taken up
elsevhere in this Conference. Furtherﬁore, we shall consider only the FCC metals
Cu, Ag, Au, Al and Pt and the BCC metals MQ and W. These groups of metals possess
close-packed and non closs packed structures respectively and also exhibit a range
of electronic(structures. Also, each’metal has received at least g fair amount af

attention experimentally.

2. ANNEALING OF VACANCY DEFECTS IN QUENCHED SPECIMENS
2.1 Introductory Comments
It is now well recognized that the annealing process after (or during) quenching

can be exceedingly complex[8-21]. In many cases effects due to the simultaneous

annealing of several mobile defects, e.g., monovacancies, divacancies, trivacancies,
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'etc., are. measured under conditions where the concentration of each spec1es cannot

be monitored 1nd1v1dually[9 12, lh ,16]. Great care must therefore be taken if attempts

are made to derive vacancy defect binding energies and mobilities from the macro-
scopicaily measured kinetics. Difficulties may arise from a variety of sources which
include:
(1) unknown distributions of defects produced by quenehiﬁg and/or annealing
as a result of losees to sinks, reactions between defect clusters, etc.
(9,1k,19-21].
(2) time dependent sink densitiee and confiéurations[9,19]. For examtie,
the npcleation and»érowth of vacancy precipitates (siﬁks) may occur during
the annealing.

(3) sink efficiencies which may be both defect supersaturation and temperature

depeedent[9,l7,19—22].
(4) effects due to defectjimpurity interactions[17].
(5) interaction effects due to the stressAfielde of the annealing defects
and the sinks[1T7].

(6) problems in interpreting effective migration-energies, particularly as
determined by the change-of-slope methodt9,10,18—21]. In this method tran;
sients in the quasi-stecady state defect populations caﬁsed by'the rapid
temperature change may produce mieleadihg effective.migration energies;

The petential difficulties_which are involved are particulafly weil.iliﬁstrated _

* by the. computer simulation studieslof iohnson[lQ] of the annealing and’clustering
of vacancy defects in’a general system in which clusters of up to seten vacancies
were explicitly treatea and where reasonable‘approximations were made to account for
larger clusters. ﬁe concludes that_the resultiﬁg‘annealing curves often give

. little indication of the -actual defect processes eccurring and that the input data

v (defect parameters) usually cannot be inferred from staﬁdard analyses of isothermal

and isochronal data.
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Despitelthesekdifficulties‘mény éf%orts, e.g., [11,18,23-26], have beeﬁ'made
to interpret annealing data on the basis oan rélgtively simple moné—,vdivacancy
annealing model in which_it is assumed that the rate limiting step is the diffusion
rate of these interacting defects to sinks. A numbér of investigators, e.g., [9,11,
19-21,27], have also employed a more complex mono-, di-, trivacancy model in the
interpretation of certain data. The most extensive investigation bf the general
behavior of the mono-, di-, tri?acancy model has beeﬁ cérrigd out by the grbup at
Stony Bréok[l9—21]. By the use of computer simulation they have investigated the
nature of the defect distribution which is frozen out during qﬁenching and the import-
ant question of the degree with which mono-, di-, ana tri&acancies are able to main-
tain equilibrium with each other as they anneal to sinks. Their results[20] indicate
that temperature, defect concenﬁration and sink density are important parameters,
as might‘be expected, and that the common assumption of local equilibrium is not
always valid under real annealing conditions except in cases of relatively low sink.
densities and high annealing £emperatures. .

In the light of the abo&e remarks we may eipect to find considcrsable differences
in the annealing beﬁavior reported in the literature by.different‘investigators.
Fof egamﬁik, the vacancy defect precipitation leading to the formation of sinks
‘is usually heterogeneously nucleated at impuritieé[28]. Therefore, subtle dif-
ferences in impurity concentrations in the specimens used by different inveétiga«
tors may have radically affected thHe sink structure which in turn would have influenced
the possible attainment of equilibria between the migrating defect popqlations and
the resulting overali annealing rate. We may therefore expect to find differencgs
betyeen the values of the defect parameters reported by certain~investigators. In
many of the experiménts reﬁorted in the literature little, or no, information was
avéilable concerning the sink density and structure, and other physical parameters
thch might have affected the kinetiés were often unknown. qIn certain cases over-
simplified models have ugdoubtedlf been applied iniorder to achieveképparent fits

with data obtained over narrow ranges of annealing conditions.
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In the following we discuss the results obtained for each metal and attempt to

identify the most reliable values of the defect. properties.

2.2 Resuifs of Quenching Experiments

2.2.1 gold

The mobile vacancy defects in quenched Au anneal out in one main annealing
stage located soméwhere in the temperature range 360—&50 K es seen in Fig. 1a[29—
39].+. In this stage the vacancy defects either annihilate at fixed sinks or else
form lafge immobile clusters which e&entually ahneal out in a'furthef discrete
anhealihg stage located at a considerably higher temperature, i.e., >700 K [27,30,
31,35,40). The immobile sink clusters are evidently nucleated at small concentrations
of certain impurities in the ppm concentration range, and lafge variations in siﬁk'
density have therefore been observed[41,42]. The temperature of the annealing etage,

T_, decreases as the concentration of quenched-in defects increases (Fig. 2a). The

a°?

annealing peaks, determined by isochronal annealing, are generally wider than would

be expected for a single thermally activated process. All of the peaks observed

to date, with the exception of those observed by Dawson and Das[36], appear struc-

tureless., -he latter peaks, which were determined with particular care, possess &
substructure indicating the possible presence of at least three partially overlapping

subpeaks (Fig. 3a). 'Corresponding isothermal annealing curves generally have complex

shapes, e.g., [19,41,42], and only occasionally follow simple kinetic laws, e.g., [23].

In addition, .effective migration energies determined in different regions of.defect
concentration and temperature by a variety of techniques[9,18] possess values renging
from as low as 0.5 eV[18] to as high as 1.6 eviak]. The above resplts all indicate
an”annealing defect system in quenehed Au in which several mobile and interacting

defect types may be present simultaneously and where the defects often anneal to

sinks produced by the precipitation of the defects.

ot " .
' No effort has been made in Fig. la (or in the following figures) to normalize the
-data to a standard defect concentration or isochronal annealing schedule.
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.What,appear to be the bgst‘characterized‘annealing experiments in Au have been
cafried out very recently by the group at Stony Brook[19-21]}. 1In this work vécancy
defect énnealing to fixed sinks consisting of a distribution of already established
and completely characterized vacancy clusters (stacking fault tetrahedra) wés studied -
under conditions where ﬁo further cluster nuéleation occurred. Effective migration
'engrgies were obtaiped by comparing quasi-steady state annealing rates, and there-

fore transient effects due to sudden temperature changeé wefe avoided. Furfhermore,
the sink efficiencies of the stacking fault tetrahedra were known from the results

of earlier experiments[22] ﬁhich had éhoWn that the efficiéncy possesses an effective
activation energy~of.0.07 erdué to the presence of a growth barrier VhiCh must be
overcome when vacancy defects are destroyed at a tetrahedron. Effective activation
energies for the annealing were determined in the temperature range 21-85°C, and the
results (after corrections were made for the temperature dependence of the sipk effi-
ciency which decreased the observed energies by 0.07 eV) are shown in Fig. 4. Also
included in Fig. 4 is a cross—ﬁatched band which defines the loci of a large number

of data points obtained by a number of other investigators{25,35,k1-43] over the same
rangé‘of temperature and total defect concentration. (These latter data pqints have
also been correéted for the temperature dependence of the sink effiéiency.) Finally,
”instantanéous” effective activation energy data obtained by Burton and Lazarus[18]
‘using a continuous resistivity measuring technique and an instantaneous change of slope
method are also included. No corrections were applied to these data, since presumably
the "instantaneous" effective activation energies do not include the effective activatioﬁ
energy corresponding to the growth barrier at the sinks[18]. The results are seen

to be in reasonable agreement with the exception of a few of the Burton-Lazarus .data
points which appear low. We note that the application of the sink efficiéncy correct-
ion has markedly improved the agreement between the data. Attemps[21] made to fit
the data to a mono-, divacancy model using computer simulation were unsucceszui,

. and it was found necessary to employ a monoe,:di—,,trivgcancy‘mode}. _Banges of values

of the migration and binding enérgiéé of the three defect types consistent with the
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ébserved annéaliné kineticé, avéilabié self-diffusion data and available equili-
brium\ﬁacancy defect concentratidn data are given in Table 1. 1In general 1t was

: npt possible to determine unique values of all of the parameters involved which
includ¢ entropies, frequency factors, etc., since it ﬁas found that a large number
of sets of paraméters poséessing slightly différent individual values'fiﬁ the
observed data almost equally well. Values chosen within the limits given in Table

1 are therefore highly correlated. One specific set of defect parameters which were

found to'fituthé‘data is the following: Ei& = 0.94 eV, va—= 0.72 k, ETV = 0.85 eV,
b _ .- b _ - oM b _ b . ~
Ezvf 0.32 eV, S, = -1.00 k, E, = 0.70 eV, By = 0.52 eV, 85 = -1_.50 K, E_’;v =
0.53 eV, DO = k.55x1072 (en®s™1), DS, = 4.18x10™ (en®s™") and D2 = 2.09x107"

1v 2v 3v

(cmgs—l). In the course of fitting the.data the entire quenching.and annealing
process was simulatéd, and it was found that the defect populatibns were 1in approx-
imate local equilibrium'with each other under the conditions of the expérimént.
These results are of considerable interest since they indicate that a mono-,
di-, trivacancy model is required to explain much of the Au annealing data.
Furthermore, the results (Table 1) are consistent with a relatively loosely bound
trivacancy which is more mobile than the di#acancyAwhich in turn is more mobile than
the monovacancy It is interesting to compare this result with the 1sochronal
anneaiing data in Fig 633 where the three observed sub-peaks labelea,Z éigzd/é may
" be due to mono-, di- and trivacancies respectively as originally suggested by Dawson
and Da§[36]. The decrease in Ta with increasing Tq seen in Fig. 2a is readily
explained by increases in both the effective defect mobility and the sink density
as the defect concentration increases.

" The divacancy migration energy in Table 1 is in.apparent;agreement with the
value of 0.68 eV obtained by Franklin and Birnbaum[Lk] by use of anelastic measure-
ments. However,-certainAaspects of these anelastic measurements are not clearly
understood[h5].

A somewhat diséppointingvaSPECt of the above results is the relatively poor

“ resolution achieved in the determination of the individual defect parameters
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(Table 1). Jain and Siegel[19] mention that the situation would be much improved if,

data ét higher annealing temperatures were available. Kino and koehlér{Qh] and
Sharma, et al.[46] obtained effective migration/energies in the range 0.9 eV fof
dnnealing temperatures near 150°C. However, Sharma, g}_é;.[h6] point out that when
the quenching rate was reduced, migration energies near 0.69 eV were obtained. They
suggest that these results may have been due to possible differences in the sink
densities. Jain and Siegel[19] discuss other high temperapure data which are found
to be generally unsatisfactory.

Numerous other quenching studies have appeared in the litérature, and many of
these have been reviewed elsewhere[8,11,13]. As pointed out in [41] a number of
these appear to be reasonably cénsistent»with the résults shown in Fig. k. Hoy—
evep,.others show apparent inconsistencies. In these cases, insufficient inforﬁa—

tion is génerally available to allow a clearcut interpretation of the results, and

we therefore shall not pursue these experiments further.

2.2.2 aluminum

The mobile defects in quenched Al anneal out in a main annealing stage iocated
between about 200 and 350 K [L7-5T] as indicated in Fig. 5a. As in Au, the defects
.gither anneal to fixed sinks or to defect clusters which in turn anneal out in a
further discrete stage at a higher temperature (Fig. 5a). Also, Ta tends to decrease
as the defect concentration, i.g., TQ? increases (Fig. 2b). The density of the defect
clusters formed is usually sensitive to impuriﬁics[QS] as iu Au, and this probably
accounts for much of the data scatter in Fig. 2b. 'In the early work the isocﬁronal
annealing peaks for this main stage appeared struétureless, but when‘higher purity
samples were used, a clearly resolved substructure was detected[l49,53,54,56] as seen,
for example, in Fig. 3b. The. substructure consists of two peaks, A and B, spaced
AT0 K apart. At higﬁ defect concentrations (high Tq) the low temperature peak A
dominates whereas at low defect concentrations (low Tq) the high température peak

., B dominates. Measurements in [56] indicate that the activation energy for the |
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annealing in peak B is 0.65 eV which is éssociéted with a simple procéss corres—
ponding to monovacaﬁcy migfation. On the other hand, the anheéling in peak A is
not simple and possesses an effective activation'energy ranging between 0.44 and
-0.50 eV. The overall picture which emerges is that of a systemvwhere monovacancies
are the dominant defects annealing at the low concentrations but where more
mobilé clusters become important at the high concentrations. As in Au, the decrease
in Ta with increasiﬁg Tq seén in Fig. 2b may be attributed to increases in both
the efféctive defect mpbility and the sink density as the defect concentration
increases. Levy, et al.[58] attempted to fit ‘these data by computer simulation.
using a mono;, divacancy model Withdut success. However, a good fit was obtained
with a mono-, di-, trivacancy model  in which the divacancy is more mobile than the
monovacancy, and the trivacancy is at least as mobile as the divacancy."Again, as
in the work of the Stony Brook group with Au [Section 2.2.1], the entire qﬁenching
and annealing process was simulated so that thé behavior of the different defect
populations was evéluated at all times. The values of the derived defect‘parameters
are given in Table 1.

These result; are generally consistent with results obtained in a number of
earlier and less detailed investigations. There is general agreement that di-
vécanéies play an important role in the annealing, and that Egv ~ ETV. DeSorbo and -

Turnbull[59] first found that monovacancies tend to dominate the kinetics at very low

m

defect concentrations and found Elv

= 0.65 eV. At intermediate concentrations al
leasﬁ mondvacancies and divacancies are important, and Doyoma and Koehler([L48]
obtained EZ& = 0.50 eV apd Egv = 0.1T7 eV from‘a consideration of monbvacancy'and
divacancy contributions. Federighi[49], Kirifani, et al.[60] and Roebuck and
Entwistle[55] found evidenceAthat monovacancy migration can evidently also control
the rate of annealing at very high concentrations but under quite different con-

ditions were the rate limiting étép is now the diffusion together of monovacancies

' té:form divecancies which in turn diffuse rapidly to sinks.’
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A sing}e ahnealing stage, without detectable substructure, is obséfved in
Pt[61-66] in the.temperépure range 600-760 K as indicatea in Fig. 6a. As usual,

T, tends to decrease as the cqncentration.df quehched—in defects is increased[61-66].
As Jackson points out[61], the residual resistivity of any vacancy clusters remaining
- after the mobile defects have annealed is far less than in, for example, Au.

The information about thg defects which can be obtained from the available
annealing experimenté is less satisfaétdry than for the pre#ious cases of Au and Al.
However, most of the results appear to be consistent with an annealing syétem in
which the effects of highly mobile clusters become important aﬁ high defect concen-
trations just as in Au and Al. Aséoli? et al.[67], Bacchella, et al.[68] and .
jackson[61] found Esz values of 1.42, 1.48 and 1.38 eV respectively'at low concen-
trations (low quenching temperatures), whereas Bacchella, et al.[68], Piercy[69] and
Jackson[61] found values of "1, 1.13 and 1.10 eV respectively at high concentrations
(high quenching temperatures). Polak[63], in a more systematic study, found that
»Efo Gecreased with an increasing defect concentration or a decreasing annealing
temperature. Schumécher,_g§_§;3[6h] also‘obtained results indicating a relatively
high acti;étion energy, 1.33 eV, at low defect conéentrations, and 4 iower energy.,
"]l eV, at higher concentrations. On the other hﬁnd, Rattke, et al.[65] reported
that either low or high Esz values (independent of defect concentration) could be
obtained depending upon the sink density. They sugéestea that thése reéults were

due to interactions of the defects with the sinks. However, this explanation seems

unlikely. We note that the ET

bff'values in this work were derived by questionable

methods, and the significance of these-results is therefore difficult to judge.
Finally, Berger, et al.{70] observed the individual vacancy defects quenched into .
Pt (Tq = 1700°C) directly by field ion microscopy.- They fognd 157 monovacancies and
. 9 divacancies in'593,800 sites in three as-quenched speciméns and 76 monovacancie§ 
and 1 divacancy in 321,300 sites in five_specimenélwhich were parﬁiallyyanpealed

after quenching. By considering the behavior of the mono- and divacancy populations
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during quenching, and assuming that ETV'¥ 1.38'eV, they.derived a value of va =
0.23 eV for the divacancy binding free energy at 4h3°C. The preféréntial loss of
-divacancies in the partially annealed specimens provided important direct evidence

that the divacancy is indeed more mobile than the monovacancy .

The values of the defect parameters derived by the above investigations from

. the various experimental results differ somewhat, and all are subject to certain

uncertainties; These include, for example, the use of simple models and a lack

of knowledge about possible locél equilibrium between the defect populations. We
therefore present in Table 1 ‘the valueS»proposed ﬁost recently in [6h,70,71j.
The'results provide evidence for a aivacancy which is more mobile than tﬁe mono-
vacancy and a divacancy binding energy in the range 0.1 - 0.2 eV. We note that

it is difficult to derive a biﬁding energy from the free energy of binding listed in

Table 1, sihce both the sign and-magnitude of the binding entropy are unknown[TO].

~2.2.4% copper

‘Great difficulties have been encountered in obtaining feproducible results
with quenched Cu since it dissolves both of the gaseous impurities O and H. The
annealing s:.ectra which have been obtained[72—77j“after quenching under a variety“éf:
conditions show considerable diffefences as shown in Fig; 7a. Also, the lemperature
range over which thé annealing 6f mobile defects has been observed is more spread
out than in the previous cases of Au, Al and Pt. These results have led to consider-
~able disagreement in the iiterature regarding.the mobilities of the vacanéy defeéts.

All investigators find a first annealing stage near 275‘K (see first group of

encircled points in Fig. Ta). .The‘relativé importancé of this stage varies consid-
erably in different experiments from.very small[75] to large[75,77]. It is also
well established that many of the mobile dgfegts anneal to large clusters which in
turn anneal out at considerably highér temperatures (segond group of encircled points
in Fig. Ta). There is disagreement, however, about the presence or absence of

~additional intermediate annealing stages in the intermediate region between the
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encircled.d;ta in Fig. Ta. The ﬁresénéﬁ or gbsence of these stages apparently’
depends upon the experimental procedure and the "cleanlineés" of tﬁe quenching
technique; - As noted in the caption to Fig. Ta, Cu has been quenched under both
reducing atmospheres (CO and H2) aﬁd under what were undoubtedly éxidizing atmo-
spheres (%Nz, %Ar). Furthermore, the quenching mediuﬁ has usually been watef-which-
can itself be a source of contgmination as shown by Wright ang Evans[76]. These
investigators demonstrated that H can be picked up from a water quenching bath .
maintained at room temperature. Furthermore, they found it necessary to bail the
water to expel dissolved gases and ﬁé use specially cleaned containing véssels in
order to obtain reproducible results.

Convincing evidence has been givén[7h,76,77] that the highest purity quenches
are achieved when a reducing atmosphere containing CQ is employed. None: of the
intermediate peaks shown in Fig. Ta appearéd when CO was used except for -one small
one reported in [76]. Also, Wright and Evans[76] and Bourassa and Lengeler[77]
found that the resistivity increments quenched into Cu in a CO atmosphere are
reproducible and are also consistent with expected vacancy defect concentrations.
Widely scattered and inconsistent results had often been obtained Vith other atmos-
pheres in the earlier work (see discussion in [78]). We thereforé conclude that
none of the iptermediate,stages in Fig. Ta are well established and that most {and
quite possibly,all) are associated with impurities, most notably O.

The only intrineic defcct annealing slage whigh has been established exper-
imentally is thereforé the one occurring near 280 K (encircled in Fig. Ta). The
migration energy for this stage has been measured to be 0.T4 eV[7T7] and 0.71 eV[76]
ih specimens guenched in CO atmospheres. Following Bourassa and Lengeler[TT7], we
therefore’assign monovacancy anneéling to this stage and take 0.72 éV as the mono-
vacancy imigration energy (Table 1). This value will be found to be consistent with
aﬁnealing data after irradiation and reasonably consistent with monovacancy form-
ation energy and self-diffusion data. It is interesting to note that there is'no

evidence for the presence of highly mobile divacancies in this stage, since -only one




constant activation energy if found. S ‘ ' : : .

2.2.5 ‘silver

Silver dissolves the gaseous impurities O and H, and, as in the previous
case of Cu, great difficulties have been encountered in achieving reproducible
quenching results. The annealing spectra obtained in a number of studies[74,79-83]
are shown in Fig. 8a, and it is seen that the results show considerable disagreement
and are ébreed ovef a relatively wide temperature range in a manner quite‘similar
to that of Cu. The high tempereture annealing.stages.near 600 K are undoubtedly
associated with the annealing out of relatively immobile clusters. Several, but
not all, investigators find a first annealing stage near 260 K (see group‘of en-
circled points in Fig. .8a), and‘there is lack of agreement about the presence, or
absence, of anneeling stages due to mobiie defects at the intermediate temperatures.
As noted in the caption to Fig. 8a, widely -different quenching techniques were
employed, and considerable differences existed in the degrees of "cleanliness"
achieved by the different investigators. An exanination of the experiments shows
that the first low femperature stage encircled in Fig. 8a was observed only in
specimens quenched under wnat appear to be particularly clean conditicas. This
stage ﬁns observed by Doyoma and Keehler[8l] (who used an ultra pure He gas quench-
ing atmosphere enclosed in a gettered and cryo—puﬁped capsule), Cuddy and Machlin[82]
(who also used an ultra pure He gas quench) and Clarebrough, g&_gl.[?h].(who used a
reducing CO etmoéphere in order to eliminate 0). It is also seen that little
further annealing occurred in these "clean" experiments until considerably higher
temperatures (;550 K) were reached. On the other hand, the low temperature stage
near 260 K is missing, and additional stages are found at intermediate temperatures
near 340 and 450 K in the experiments of Quéré[79,83] and Ramsteiner, et al.[80]
where less pure'quenching atmospheres of Ar or Neﬁwere used. Therefore, these

iatter stages can evidently be associated with impurity effects.
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We conclude that the only‘intrins

a

ic stage due to mobile’defects which has
been clearly resolved in Ag is the first stage near 260 X. 'The effective migration
energy in this stage has been measured to be 0.57 eV in both [81] and [82]. . This
energy is too low for monovacancy migration (see below), and following ﬁoyoma and
Koehler and Cuddy and Machlin we tentatively assign it to divacancy migration (Table
1). The picture of the annealing spectrum which emerges therefore is one in which
divacancies control the annealing directly after quenching. Upon warming, apprec-
iable clustering occurs until at considerébly higher tempefatures (s550 K) the
clusters begin to anneal. VAt no point is there any clear evidence for'annéaling

controlled by monovacancy migration.

2.2.6 tungsten
It is only recently that reascnably successful quenching experiments have been
accomplished with W. The BCC metals are especially susceptible to contamination by
interstitial impurities, and the removal of these impurities and the attainment of
clean quenching conditions has been a long standing difficulty (see various papers
in [4] and [6]): These problems have been dealt with by using electron-beam zone
‘melted specimens of high purity[84-89] and a‘Quenching technique which involves either
a quench in;o a bath of superfluid He or rgpid radiation cooling in vacuo. The
mobile defects anneal out in one main stage located in the range 850 to 1170 K
[84,86,89] as indiéated in Fig. 9a+. No fine structure has been détectéd in the
individual annealing peaks, and, as usnal, the feak temperaturc tcnds to decrease as
the defect concentration (quenching temperature) increases.
For some time the question of whether the resistivity increments quenched.into
. W have really been due to vacancy defects and not impurities. has been in doubt.

Kunz[85] provided the first evidence in favor of vacancies by demonstrating that Stage I

.i..

We neglect here ‘a smaller higher temperature stage observed in [86]. The temper--
ature of this stage is nearly independent of temperature and is probably associated
with some form of impurity -induced clustering.
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.ih irradiated W is enhanced in previously Qﬁeﬁéhed specimens. "In this case “the

‘quencﬁed—in vacancies e&idently provide extra annihilation sites for the inter-

stitials which migrate in Stage I. Ip further work Park,'gg_gi,[88] have studied
the defects quenched into W directly by field ion microscopy and have found ’\'2ij0—5
atomic fraction of atomic "dark spot" defects in a specimen quenched from 3300 K.
These dark spot defects were presumably due to either vacancy defects or impurity
atoms. However, the observed defect contrast was identical to that expected of
vacancy defeets, and additiopal work[90,91] has shown that the concentration of
these dark spots exceeded the concentration of contrast-producing impurity atoms
expected on the basis of detailed chemical analyses of the specimené. Furthermore,
this defect concentration is not inconsistent with the concsntration of vacancies
expectéd on the basis of the magnitudes of the resistivity increments quenched into
W and current estimates of the resistivity of the vacancies. These field ion
microscopy results therefore seem consistent with the presenée of quenched-in
vacancies. However, experiments with additional speciﬁens in the same laboratory
showed that thé quenched-in resistivity increment[88,90,91], and alsc the concen-
tfation of observed dark spot defects[90] decreased with an increased number of
electron heam melting zone passes used in the original specimen prepa}ation; This

result is disturbing, since it suggests that fewer defects were yguenched in as the

specimen was increasingly purified by increasing the number of zone passes. However,

no evidence was foundhfor such purification by means of chemical analysis[91]. It
is therefore possible that the electron beam melting introduced some type of impurity

at a very small concentration which nucleated vacancy precipitation and therefore

" caused losses during quenching.+ Recently, Rasch, Siegel and Schultz[89] have

found small voids in quenched and subsequently annealed W by electron microscopy.
The observed void distributions were not inconsistent with those expected on the

basis of the'clustering of quenched-in vacancies. Of particular interest was the

T An investigation of this. possibility by electron microscopy 1s currently underway[92].
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observation of denuded'gones.ﬁf grain boundaries which is typical of vacancy dgfect
behavior in quenched specimens. Most recently, Metz,.gg_gl,[93] have studied positron
annihilation in W at eléyated temperatures under equilibfium conditions and have
obtained results which indicate the presence of vacancies at concentration levels
consistent with the above results.

In view of all of these results we may assume that the resistivity increments
quenched into W are indeed due to vacancies. Unfortunafely, there is appreciable
scatter in the quenched-in resistivity data obtained in different investigations[8k-
91]. As pointed oﬁt above, and also in (89], it appears likely that trace impurities
in W are often capable of nucleating vacancy precipitation during quenching, and
that small differences in these concentrations may therefore strongly affegt the number
of vacancies retained. Also, different fixed sink densities are undoubtedly present
in different specimens and this would also tend to produce a scatter in the results.
Efforts[88,90,91] to correct for such losses by extrapolating the quenched-in resis-
tivity increments to infinite quenching rates have not served to eliminate the obéer—
ved differences. However, it is possible that this could be the case for certain
loss mechanisms parﬁicularly if the .nucleation and growth of vacapcy precipitates
at reiati;ely high temperatures is involved.

In view of this situation there is a difficﬁlty in.deriving a monovacancy form-
ation energy from the temperature dependence of the measured quenched-in reéistivity
increments; Somewhat surprisingly, there is fair agreement for the effective vacancy
deféct formation energy if the results of the différent investigators are examined.
Gripshover, et al.[8k4] report a value Esz=3.6 eV whil¢ the Stuttgart group[89]
obtains 3.9 eV. If the Cornell results[88,90,91]’for specimens with small numbers of
zone passes and large quenched-in increments are employed, an~average‘result of 3.7 eV
is found. An overall averége of 3.7 eV is therefore obtained which is not gréatly
different from the value E§v~3.5 eV determined in [93] from positron annihilation
experiments. We therefore take Ef ~3.6 eV as the best current estimate for the

1v

monovacancy formation energy (Table 3). The latest and probably most reliable, annealing
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‘experiments after quenching are those inm [89] in which an effective migration energy
. of 1.8 eV was determined (Table 1). Taking Egv ~ 3.6 eV we find that the value

E® = 1.8 is not inconsistent with E.. + E

£ . )
= <
v v 1v . le when le 5.7 as determined

recently by Mundy[9L4] (Table 3). Insufficient data are available to allow us to

draw any conclusions about divacancy properties.

2.2.7 -molybdenum

The problem of attaining high purity in .quenching experiments with Mo haé been
even more severe than in W, and discussions of many of the difficulties may be
found in [4,6]. The most recent and also cleanest quenching and annealing experi-
ments seem to be those éf Suezawa and Kimura[95] who found an annealing stage at

T, = 628 K after a quench from 2330 K (Fig. 10a). BEven in this work evidence of

a progressive buildup of some type of contamination during annealing after ‘quench-
ing was found. Measurements of Lhe effective migration energy in this stége[95] showed

N 1.6 £ 0.3 eV, A value of Ei 3.2 eV

eff ff

wide scatter leading to the value E"
was also arrived at after rough corrections were made for the loss of vacancy defects

. to sinks during quenching.. Therefore, Eﬁff + Eiff n 4,8 eV in apparent agreement

with Q v 4. to 4.9ev[956,97] (see Table 3). We therefore take V1.6 = 0.3 eV as the

best estiméte of E?v'currently available from quenching experiments (Table 1).

2.3 Discussion of Quenching Results
The above results clearly indicate the great difficulties which may be caused

by impurities in quenching experiments. Thé most complete results have ﬁeen ob-

tained with the threg‘FCC metals least suséeptibie to impurity effects, i.e., Au,

Al‘and Pt, while the least satisfactory situation seems to exist for the BCC metal

Mo. The results also indicate that reasonably reliable information about the

nature of the vacancy defect species which ‘anneal ou%t in quenched specimens can

only be obtained when extensive annealing data obtained'from well controlled experi-

ments are available and where computer modeling techniques are used to construct

"self-consistent models of the entire quenching and subsequent annealing process.
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In order to carry out such a pregram it;is,eseential to have extensive auxiliary.
~information such as equilibrium defect concentration data and self-diffusion data.
The work with Au also indicateS'the.need for a knowledge of the structure and
properties of the sinks in the quenched and annealed specimens. Unfortunately,
efforts along these lines have only been made so far with Au and Al.
The results in Table 1l for the FCC metels indicate that divacancies are generally
more mobile than divacancies in these metals and possese binding energies which
are probably in the range 0.1-0.3 eV. The rather extensive results obteiued‘for
Au and Al both suggest that trivacancies are at least as mobile'as divacaﬁcies‘in'
FCC lattices and.are not pafticularly strongly bound, i.e.,.Egv Y l.SIEgv.A Further;
more, these defects appear to play a significantvrole in the annealing kir-=tics
over rather a wide range of conditions. 4The results for the BCC metals are generally
less satisfactory. It now seems quite well established that vacancies are indeed
quenched into at least the BCC metals W and Mo. However, the quenching and annealing
data are not sufficiently precise or extensive to allow the determination of highly
accurate monovacancy migration-and formation energies. Nevertheless, values are
obtainedkwhich are not:inconsistent with available self-diffusion data. No signif-
icant informatien aboutAdivacancy properties in the BCC.metals.can Sé obtained at
present because of the rather limited nature of the data. (We remark  that di-
vacancy behavior in the BCC lattice is probably quite different than in the FCC
lattice, sincé a nearest-neighbor divacancy in the BCC lattice cannot migrate easily
as a nearest-neighbor pair[98].

3. ANNEALING OF VACANCY DEFECTS IN IRRADIATED SPECIMENS:

3.1 Introductory Comments

Duriﬁg.irradiation equal numbers of vacant and interstitial .sites are produced.
If a specimen is irradiated at very low temperatures and then warmed,.these,defects
become mobile in different temperature ranges and, .as is,welllknown, anneal out,

progressively in a -series, of more or less distinct annealing.stages. The .problem
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" of extracting information about vacancy defect propeftieS‘from annealing experiments
in theée stagés is complicétéd by the fact that the vacancy defects and their anti-
defecfs, the interstifial defects, are usually present simultaneously and that
essentially all of the annealing occurs by mutual annihilation. This situation
injects an element.of gymmétry into the probleﬁ which makes it difficult to determine
experimentally which type of defect is the mobile éne’in a given-annealing process.
The problem of the identification of fhe type of defect which migrates in each anneal-
ing stagé has been exhaustively reviewed recently in [2-7] and, therefore, we shall
~not attempt a detailed discussion of the situation. .Suffice it to say that two
major (and differing) iﬁterpretations of the experimental facts have emerged, i.e.,
he "one interstitial model" and the "two interstitial model". | |
Thé major features of the annealing spectrum of Cu in terms of the one inter-
stitial model are shown in Fig. 11. The first defects to execuée long range migration
are highly mobile interstitials which migrate in Stage I where'they may annihilate
frozen-in vacancies or form interstitial or interstitial-impurity clusters;
DUringlstage IT coarsening of the interstitial type clusters occurs along with some
further annihilation of frozen-in vacancies. Finally, the vacancieé become mobile
in Stage IIT where they may annihilate interstitials at the interstitial clusters,
‘form wvacancy clusters or annihilate at fixed sinks. In Stage IV various rearrange-
ments and coarsening processes occur until finally in Stage V the vacancy clusters
are able’ to dissociate thermally and all excess defects are eliminated by self-
diffusion processes. Variations in this séheme occur for different metals. In Au
the interstitial is apéarently unﬁsually mobile, and long range interstitial migration
there%oré occurs at an exceedingly lov temperature. In Al and Pt very few inter-
stitial and vacancy clusters survive Stage III, and recovery is essentially bomplete
at the end of this stage.

" In the two interstitial model it is assumed that two types of interstitials can

T A very small fraction of the interstitials may also reach fixed sinks, of course
~ (see Appendix A.18).
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~ be produced, i.e., a‘metastable interséitial:and a stable interstitial which can
be produced by conversion of the‘metastable interstitial to the stable form. The
metastable interstitial is highly mobile and executes long range migration in Stage
I. The stable interstitial is considerably less mobile and only becomes mobile at
. a higher temperature which is either below or almost coincident with the femperature
at which vacancies become mobile. In this model Stage III is then associated with
the migration of the stable interstitial and a further.stage (Stage IV) is associated
With.vacancy defect migration. Stage III is generally lower than Stage IV (e.g.,
Pt) but may be almost coincident iﬁ certain cases (e.g., Al). This model has enormous
flexibility due to its many parameters and has been introduced in order to take
account of certain experimental observations which have been reported over the years
(see [2-7] for details).

After years of experimentation and discussion it now seems (at least to the
present writer{) that there is sufficient evidence availaﬂle to indicate that the
one interstitial model is basically correct for FCC and BCC metals and therefore
that vacéncy defect migration takes place in Stage III. The body of evidence is
described briefly in the Abpendix. The &arious items.listed there differ consider-

‘abiy in their persuasiveness and in some cases are merely circumstantial. Certain
of fhe experimenfs can also be interpreted in terms of the two interstitial- model
but they often réquire more complex (and hence more unlikely) explanations.  The
Appendix must therefore be considered collecfivgly as a body of information which
favors vacancy defect migration in Stage III. In the remainder of'fhe presen£
review we therefore proceed on the basis of the one interstitial model.

The detailed nature of Stage III annealing has been exteﬁsively discussed by
Schilling.and coworkers[15,99,100], and we shall therefore mention only a few
important poinﬁs. As already pointed out, Stage III involves the long range migration
of vacancy defects .to either interstitial clusters which are already present due to

the prior aggregation of highly mobile interstitials or to vacancy type clusters

which build up during the annealing by vacancy defect aggregation.;,The:fesulting
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kinetics are usually'CIOSe to 'second ordér; and Ta is therefore‘shifted to lower
temperatures as the initial concentration of defects is increased. For the irradia-
tion doses which are cémmqnly employed the sink structure which is produced is
relatively dense, and the average number of jumps taken by the migrating vacancy
defeéts is therefore relatively small in comparison to the situation in quenching
experiments where-the migrating vacancy defécts anneal out on a coarser scale to
vacancy aggregates or fixed ginks. Under these conditions it might be expected

that the interactions between-the migrating vacancy defects would be less extensive
in Stage III annealing than in quenched specimens &nd, on average, effects due to
the formation and migration of mobile clusters such as divacancies might be reduced.
It was originally hoped, therefore, that anneaiing under typical Stage III con-
ditions would be mainly due to monovacancies and therefore be particularly simple,
particularly after electron irradiation[15]. However, it has been found, for example
in Pt[99], that divacancy contributions can be important under cértain conditions

and that complex kinetics can exist.

3.2 Results of Irradiation Experiments

The Stage III annealing temperature~,‘Ta, found for the different metals are
shown in Figs. 1b, 5b-10b. These temperatures correspond to the maxima of the
isochronal annealing peaks found by various investigators as in the case of the
guenching data discussed previously. Results for irradiations with electrons,
neutrons and other fast particles are included, and no attempt has.been made to
discriminate between results obtained with different particles, dose levels,
irradiation temperatures'dr isochronal heating rates. ‘Two closely spaced Stage III
isochronal annealing peaks of£en appear when displacement cascade damage is produced
because of the'presence of both correlated and uncorrelated vacancy defect anneal-
ing in such cases[15]. In these instances we have taken T, as the temperature of
the uncorrelated anpealing peak which appears at the higher temperature. We note

"that in general, no clearcut fine structure was detectible in any of the observed

| } I .
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.peaks. Examination of Figs, 1b, 5b-105 shows that the Stage III annealing ﬁemper—

atures are generally spread over an appreciable range of temperature for each metal
as might be expeéted iﬁ,view of the different defect concentrations and sink struct-
ures which wereAundoubtedly present in the different experiments. Also included
in Figs. 1lb, Tb, 8b, 10b are the temperatures found for the onset of vacancy defect
migration in the damage rate experiments of Antesberger, gﬁ_gl,[lOB] (see Appendix
section A.16). These temperatures fall well within the obéerved Stage III temper-
ature ranges.

In a number of cases migration energies have been measured in Stage III, and
the results are summarized in Tablef 2.

for Au, Al and.Cu appérently constant migratioﬁ energies were found in the
Stage III region. In the case of Ag Gordon[147] found values ranging over the
rather wide range 0.71-0.57 eV with an average value given by 0.64 eV. TFor Pt
several investigators found apparently constant values, but very detailed and

extensive measurements in [66] revealed a systematic variation of Esz which was

interpreted in terms of a mono-divacancy model with ETV = 1.L45, Egv = 1.00 and
Egv = 0.15 eV. These latter results are particularly important, since they indicate

that Stage III annealing can be complex. For W and Mo values of V1.7 and V1.3 eV

respectively have been found.

4. DISCUSSION

Comparison of the average Stage III annealing temperatures.in Figs. 1lb, 5b-10b
with the corresponding average annealing temperatures for the mobile defects obtained .
by;quenching (Figs. la, 5a-10a) shows that the.Stage IIi temperatures are generally
lower. This result may be attributed to the fact that, on average, the numbér of
defect jumps to annihilation is considerably smaller inlthe irradiation experiments
than in the quenching experiments because of a greater -effective sﬁnk density in
the former experiments. This_maylbe demonstrated in a rough way by plotting the

average annealing temperature, E; versus.the effective migration energy'EZff for
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both types of experiments as in Fig. 12.” ‘As shown now such a plot should Be. ;
approximately linéar and intersect the origin Whenever_fhe‘annealing processes-

in the various metals are closely the same with respect to initial defect concen-
tration, form of the kinetics,vheating'rate, sink density, etc. Under many conditions -

the annealing rate may be represented to a good approximation by a relationship of-

~ the form

de _
dt

. ’ _m

AT) - £(e) - expl- Bl /xT). (1)
‘The .factor A(T) depends upon the sink geometry, the.frequency factor for defect
migration and other factors which may be mildly temperature dependent. If the

specimen is heated at a constant rate, a, i.e.,

T=o0t °, (2)
we may integrate eq. (1) in the form
c T
4 = Fle,ep) == | A(T)-exp(-E™, /kT) 4T (3)
t(c) Co’ T A rr -,
c, o

whefe Cy = initial defect conéentnation. Since A(T) is only mildly temperature
dependent, the temperature dependence of the integral on the right hand side of
"eq. (3) is Aominated by the temperature dependence of exp(—Esz/kT), and if c_,
the form of the kinetics, etc. remain the same for the different metals as mentioned

above, the integrated result méy be writteﬁ, to a reasonably good approximation in

the fofm

e Velx) , | (k)
wﬁere, Em.
_ ff- .
X = ET - : (5)

Therefore, the maximum annealing rate during isochronal annealingA(which occurs at
the temperature Ta) corresponds to a fixed'value of X (i;e., X = constant = Esz/kTa),
andha linear relationship between E:ff and}Ta is_predicﬁed for the different meta;s.

" The averaged irradiation results fall remarkably.well on a single curve, whereas

the averaged quenching results fall reasonably well on & second curve cbrresponding
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to higher T; values. In constructing the curve for annealing after irradiation

values of ngf from Table 3 and average valuesof,Ta for Figs. 1b, 5b-10b were used.

Tor the curve for annealing after quenching Esz = 0.71 eV was used for Au (Section

2.2.3). Average values of Ta were obtained from Figs. la, 5a-10a. As explained

m

1y for Mo is 1.3 eV (Table 3). Therefore,

below, we believe that the best value for E

m
eff

Fig.. 12. The true deviation for Mo from the curve which is drawn-is therefbre

E for Mo after quenching'iS'probably near the low end of the range indicated in
"probably small.

The difference between ﬁhe two cﬁrves can be well explained if the a&erage
number of defect jumps to annihi;ation during annealing after. quenching is '\:103
largerthanaftef irradiation. The .result that the number of jumps after onenching
is generally larger than after irradiation has been well noted by others {in the
literature. Detailed considerations of this point may be found elsewhere[15,37,
66,112,164].

Of further interest in this respect are experiments in which specimens are
first quenéhed and then irradiated at low temperatureé and finally annealed
through Stage III. The phenomena which occur in such ekperimehts have been
discussed by Scﬁiliing, et-al.[15]. = An unquenched specimen (electron irradiated)
shows the usual single main Stage III annealing peak. However, after quenching
and irradiation two peaks generally appear, one ét a temperature slightly Below
that of the original Stage III peak in the unirradiated specimen and a second peak
well above the temperature of the original Stage III peak. The first peak repre-
sents the usual Stage III annealing of vacancy defects to interstitial and vacancy
clusters. Héwever, the higher concentration of vacancy defects int?oduced by the
quench shifts this peék to a temperature somewhat below the usual Stage III1 temper-
ature. The second peak represents the annealing of the remaining vacancy defects
in the absence of the interstitial sinks (which have already been removed in-the
lower temperaturenénnealing staéej. These vacancy .defects anneal out in a manner

1

similar to that in a quenched spec¢imen at a temperature which is above the nofmal
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Stage III anneaiing temperature because of the relatively low density of sinks
available for the yacancy‘defect'anneaiing.f TheA?esults of such experiments are
‘fully consistent #ith our present éonclusions. »A cdmputer simulation of such
kineticé has been giveﬁ by_Johnson[l6h].

The average values of.EI;lff observed after irradiation obtained from Table 2

us

1v derived

are listed in Table 3 and may be compared there with the values of E
from the quenching and annealing experiments. Rather satisfactory agreement is’
obtained in general and in view of our limited presént state -of knowledge regarding‘

the details of Stage III annealing we tentatively associate these activation

energies with monovacancy annealing. We note that this assignment indicates that

L

L), for Ag is about 0.66 eV which is significantly larger than the divacancy

2v
as should be the case.

migration energy En = 0.57 eV obtained from the quenching experiments (Table 1)

"Best values' of ETV are next obtained in Table 3 (column 4) by combining the

results of the irradiation and quenching'experiments. For the FCC metals we merely
average the'results. However, for the BCC metalé we weight the results towards the
irradiation values, sihce in our opinion the latter values are more reliable (see
Sections 2.2.6 and 2.2.7).

.’Best values'" of the monovacancy formation energy, E{%, are also listed in
Table 3. These were obtained by averaging the results obtained from positron

annihilation measurements (column 5) with results obtained from measurements of

the dependence of the quenched-in resistivity on Tq in quenching experiments (column

iy

. (best)] is compared with the activation

6). Finally, the sum [E] (best) + E
energy forAselffdiffusion due to monoyacancies, le in the last two columns of
Table 3.i The vélues of le were derived in most cases from self-diffusion data
takeh a£ relétively low temperatures in order to avoid possible divacancy contri-
butions. It is seen that reasonably good agreement is obtainéd and that apparently

self-consistent values of E?& and Eiv now exist for most of these metals. This import-

“ant result provides strong support for the viewpoints adopted in the present work.
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-An interesting aspect of ﬁhe above results is the fact that reasonable self—'
consistency is attained between valugs of ETV detgrmined near Stage III temperatures
and values of Eiv‘and le determined at higher temperatures in the range of self-
diffusion temperatures. This result indicates that the temperature dependence of
ETV must be relatively small as is predicted by the estimates made in [1T4].

We conclude by emphasizing that our knowledge of the properties of small clusters
(including divacancies) is extremely limited. As may be seen in Téble 1 only a few
values of divacancy migration energies and binding energies have been listed for

FCC metals. Wé remark that the value of Egv for Au most likely lies much nearer

0.25 than 0.57-eV. Also, it is noted thatlthe value Egv = 0.15 obtained for Pt from
'annealing experiments after irradiation (Table 2) is in rough agreement with values
obtained in quenching experiments (Table 1). Values of E" and B0 for higher order
clusters are alﬁost non-existent although a start at determining these quantities has
5een made with Au and Al. No attempt has been made in the present review to discuss
migrational and binding entropies, since the state of our knqwledge of these para-
meters is even more limited than that for migrational and binding energies.

In view of the difficulties mentioned at the beginning of this paper it appears
that further progress will depend upon the development of further techniques

sensitive to the behavior of particular defects and the performance of further well

controlled and characterized experiments supported by computer modeling studies.
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APPENDIX. EVIDENCE FOR VACANCY DEFECT ANNEALING IN STAGE III AFTER IRRADIATION
' In the following we list various observations which on an overall basis favor

the one-interstitial model and the migration of vacancy defects in Stage III.

A.1) The great majority of current theoretical calculations predict highly
mobile interstitials which should migrate in Stage I. Johnson{175] :concludes that
if high energy interstitial migration in Stage III is accepted then it must be

concluded that present calculations are inadequate to describe defect~propérties.

A.2) The effective defect migration energies derived from Stage III annealing
experiments correlate reasonably well with the monovacancy migration energies

obtained from quenching experiments (see Table 3).

A.3) The sum of the migration energy obtained from Stage III annealing
measurements and the monovacancy formation energy agrees reasonably well with

the activation energy for self-diffusion due to monovacancies (see Table 3).

A.4) There is no convincing eyidence that an additional Stage IV exists which
is due to a second elementary defect which becomes mobile just above Stage III.
According to the two-interstitial model such a stage is required in many metals
in order to accommodate the stable interstitial in Stage III and thé monovacancy
in Stage IV. We believe that annealing stages found in this regime have often
been dﬁe to impurity effééts as, for example, in éueﬁcﬁed Cu (Fig. 7) and qﬁenched

Ag (Fig. 8).

A.5) An extensive series of x-ray diffuse scattering and electron microscopy

experiments[100] indicates that in all pure metals studied so far there are relati-

-vely few single interstitials left by the time Stage III is reached. Instead, they

havé undergone long range migration in or. above Stage I (depending upon irradiation

temperature and -thermal history) and have formed aggregates (usually dislocation
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loops). Furthermore, sbove Stage III the density of interstitial ‘clusters is
strongly reduced. Since the clusters are too tightly bound to dissociate thermally
at Stage III temperaturég the results must be due to the long range migration of

vacancy defects to the loops causing.annihilation.

A.6) Schilling, et al.[100] have shown that for an irradiated metal containing
point defects the ratio formed by dividing the "Stokes-Wilson" diffuse x-ray -
scattering by the relative change in.lattice parameter ié independent of the total
defect density but is sensitive to the state of agglomeration of the interstitials
and vacancies. They then cite measurements of this ﬁatio for Cu which indicate that
essentially all of the interstitials become clustered below Stage III and that

vacancy migration and clustering occur in Stage III.

A.7) At very small scattering angles x-ray scattering from defect'structﬁres
becomes sensitive mainly to changes in local electron density. Measurements by
Haubold[1T76] on electron irradiated copper warmed through Stage III show a relatifely
large corresponding incfease in low angle x-ray scattering. This result appears to
be'ponsistent‘with fhe migrafién and clustering of vacancies in Stage III, since.
estimated scattering effects due to changes in the state of the interstitial

clustering should be much smaller.

A.8) So far, no clearcut annealing stage due to long range interstitial
migration has been found at 16w temperatures in Au[17T7]. It has been argued[178]
that the apparent absence of such direct evidence for the long range migration of
a mobile interstitial in Stage. I is due.to the. fact that metastabie interstitials
infroduced'by lovw temperature migration immediately convert to stable interstitials
which migrate freely only when the'specimen is warmed through Stage III. -However,
x-ray diffuse scattering meQSurements[l77] show that‘no'signifécant concentratioﬁs.
of single interstitials are present in Au electron ifrédiated-at 5 K. Instéad, they
are mainly presént in small interstitial clusters. Furthermore, on annealing in Stage

"II the cluster size increases. These results appear to preclude the long range
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migration of ahy freé interstitials in Stage III.'
A.9) In a number of metals observed in the electron microscope chahges in the
defect strﬁctnre caused by -annealing through Stage III have been found which may be
interpreted on the basis of long range vacancy migration. Shimomura[179] observed

interstitial clusters in electron irradiated Au below Stage III in the electron

microscope. Upon warming through Stage III the interstitial clusters shrank and

disappeared presumably as a result of the migration of vacancy defects to the
clusters. Shimomura also carried out similar experiments with silver[180] and
obtained basically the same results. In other work Bourret[181] found interstitial
clusters in irradiated Al below Stage III and found that these nearly all annealed
out during warming through Stage III presumably as a result of the migration of

€

vacancy type defects.

AA.lO) Thin gold foils containing vacancy type precipitates have been bombarded
on éhe face with low energy ions[182]. Under these conditions interstititals were in-
jected below the surface while any vacancies were iéft behind essentially at the in-
cident surféce. Electron microscope observation revealed that the sizes of the.vacancy
precipitates were reduced by the irradiation at large distances, i.e., 31000 X, from
the incident surface at temperatures as low as 25 K, i.e., well below Stage III. These
results were taken as an indication that thé injected interstitials were mobile through-
out the entire temperature range étudied and that after injeétion they migrated from
positiéns relatively near the incidept surface to the vacancy clusters causing annih-

ilation. On the other hand Seeger[183] has claimed that the results can be explained

by the propagation of very long replacement collision sequences (RCS's) in gold having

o .
" ranges of the order of 2000A. In such a case the vacancy precipitates are eliminated

directly by the injected RCS's, no low temperature interstitial mobility is required,
and it is then possible for interstitials to become mobile in Stage III as in the two
interstitial model. However,the existence of such long range RCS's seems doubtful.

Ecker {18l4] has made direct measurements of the trensmission of RCS's through Au
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foils and concludes that the range must be <50 A. More recently, Ayrault and. Seidman

[185] have carried out further direct transmission measurements and have concluded

..l.

o] .
that the range must be far less than 2000A'. Finally, other evidence reviewed recent-
o]

ly by Blewett, etal.[186] is also in disagreement with a range as large as 2000 A.
A.11) Attardo and Galligan[‘187] have examined neutron irradiated W in the field
ion microscope and have reported the apparent annealiﬁg of "bright spot" defects and
vacéncy defects near Stage III. Jeannotte and Galligan[188] have observed the
annealing of vacancy defects in neutron irradiated W near Stage III-IV temperatures
in the field ion microscope. The bright spots in [187] were elongated along <110>, -
and the work in-[187] and [188] has been interpreted as evidénce for a Sfage III
<110> split interstitial and vacancy migration in Stage IV. However, this work has
been revimwea recently by Seidman, g}_gl,[lSQ] who argue that these experiments are
inconciusive. Initiélly impure W was used in [188], and in both [187T] andA[l88]
relatively large concentrations of Re were produced by transmutation. Seidman,
et al.[189] conclude that the bright spot defects observed in [187] ;ere probably
interstitial—Ré atom complexes. Seidman has also pointed out elsewhere[lQO] that
the évidence'published by Attardo, et al.[187] for the existence of a <110> split
ihterstitial in W must he regarded with caution, since the atom-by-atom dissection
of high index planes‘in the field ion microééope is reqﬁired beforc any conclusions
can be reached about the geometric configuration of an iﬁterstitial defect. The
same cautionary statement applies to the claim of Attardo and Galligan[191].that
Stage III in neu@ron irradiated Pt is caused hy the migration of a'<100>13plit

interstitial.

A.12) Seidman, et al.[189] have made an extensive search with the field ion
microscope for a.converted Stage III interstitial in high purity'electron and ion

irradiated W. DNo evidence was found for the existence of such a defect.

T We note that this most recent result is -in ‘disagreement with the: earlier pre-
liminary results reported in the review of Blewitt, et al. [186].

. -
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A.13) Vogel and Mansel[192] have ifradiateé Al containing a dilute conceén-
tration of Co at a temperature between Stages I and III where the interstitials are
mobile and become trapped at the Co atoms. The trappipg is detected by the appear—
ance of a new isomer-shifted line in the Mossbauer spectrum. During subsequent:
Stage III annealing the resistivity and the new Mossbauer line anneal out in
parallel fashion. Here, the rgsistivity monitors the removal of vacancy-trapped
interstitial pairs, whereas the new MSssbauer line monitors only the removal of the
trapped .interstitials. The conceivable detrapping of interstitials from the-Co
atoms can be ruled out as an explanation by a consideration of the form of the
observed kinetics. Also, the conceivable diffusion of the Co atom-interstitial
complexes to the vacancies can be ruled out by the -absence of any'Co clustering.
Therefore, it must be concluded that vacancies migrate to the trapped interstitials

and cause annihilation.

A.14) Positron annihilation measurements on irradiated Mo[155,193,194] and
Cu[195-197] warmed through Stage III show effects which can be explained most
readily by the migration of vacancies and the formation of small vacancy clusters

in this stage.

A.15) A series of Cu specimens has been doped with Frenkel pairs at 4 K and

- then annealed to a serics of increasing temperatures, Td’ above Stage I and then

cooled back to 4 K[198]. When T, is below Stage III the defects in each of these
doped specimens consist of single vacancies and interstitial clusters. However,
when Td is above Stage ITI the doping defects consist of vacéncy and interstitial
clusters. AA test dose of defects is then introduced at 4 K, the specimen is
warned to a fixed annealing,tempergture between Stage I and Stage JII, and

is again cooled to U4 K. The fraction, r7 , of the test defects remaining

after the warming to above Stage I is then measured. A sharp increase in

r. is found when Td passes thréugh Stage III. This must be due to the migration

I
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and clustering of the doping va&ancy dgfects in Stage III. The clustering of these
defects causes them to be much less efficient in capturing the test interstitials
which become mobile at temperatures above Stage I, thereby producing the observed

increase in rI.

A.16) Antesberger, et al.[108) have "doped" Cu, Ag, Au and Mo specimens with a
distribution of interstitial and vacancy clusters by an irradiation and annealing
procedure. They then introduced "teét defects" by electron irradiation and measured
the damaéé rate as a function of irradiation temperature. The density of doping de-
fects was large enough, and the density df test defects was small enough, so that any

test defeéts escaping correlated recombination in Stage I interacted almost exclus-

~ ively with the doping defects. As the irradiation temperature was increased, 2

large drop-off in the- damage rate occurred in Stage I when the inte:stitials became.
mobile and began to annihilate at correlated vacancies and the doping defects. A
long flat plateau followed as the annihilation of the interstititals became inde- .
pendent of temperature and the damage rate became constant. When Stage IIT was
reached the daﬁage rate decreased sharply again and either went essentially to

zero (for Au and Mo) or else exhibited another plateau at a much reduced Value

(Cﬁ and Ag). The large observed decrease in the damage rate in Stage III and the
behavior at higher temperatures is highly consistent with the onset of vacancy
migration in Stage III. The almost zero.damage rate above Stage III in Cu and. Ag
may have been due to differences in the configurations of the doping defects in these
ﬁetéls or other small impurity effects since the Au was apparently more pure
initially than either the Cu or Ag. It is interesting to note that no increases

in the damage rate were observed anywvhere which may have been due to the conversion
of Stage I intersﬁitials to "Stage III interstitials" as postula@ed in the two-

interstitial model[178].

A.17) Damage rate measurements in Stage II have been made by Becker, et al.[199]

for Cu during electron irradiation at 93 K. Evidence is found that isolated immobile
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~interstitials are not bfoduced under these conditions. Instead mobile interstitials
are produced, and.the resulting damage consists of immobile vacancies and inte}stitial
ciusters which are nﬁcleated at'impﬁrity.atomsband grow by the aggregation of the
mbbile inters%itials. Upon subsequent annealiﬁg of suéh a structure‘an anhealing
stage is found in the Stage III temperature range Vhich is very similar to fhat
normally found after electron irrad;ation at 4 K. Since vacancies are the only
isoiated defects present in such a structure, these results indicate vacanéy defect

annealing in Stage III.

A.lB) Gruber g§_§l3[200]‘have made parallel measurements of the recovery of
the lattice parameter and the resistivity of irradiated Cu after low teﬁperature
‘irradiation. By analyzing these measurement they find a small excess concentration
of Vaéancies (relative to interstitials) in Stage I and a small exces$s concentration
of interstitials (relative to vacancies) in Stage III. This is juét the result to
be expected if interstitials migrate in Stage I and vacancies migrate in Stage III.'
The long range migration of either type of defect results in a small preferential
- loss of that defect at fixed sinks thereby prdduéing a corresponding small excess

concentrati a of the anti-defect.

.

A.19) Kornelsen[201] has irreadiated W specimens with 5 keV heavy ions at room
temperature, anhealed the damaged specimens to T,, injected the specimens with 250 eV
He ions at room temperaturé, and then studied the thermal desorption spectra of the
helium atoms dufing subsequént warming to temperatures as high as 2400 K. He finds

a strong desorption peak at “1560 K which is largely eliminated by the preliminary
annmealing of the daméged specimens to témperatures near TA = T00 K. Kornelsen
explains this result inAthe following manner. Single injected helium atoms are
mobile in W at room temperature and are strongly trapped at any monovacancies presenf
in the ion damaged specimens. Helium atoms trapped in fbis manner are éubsequently
detrapped (desorbed) byvheatiné to V1560 K. The elimination of this trapping-

detrapping process by the preliminary arnealing of the damaged specimens to T, Vv 700 K
. : A A
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is due to thé fact that the monévécanchtrapsAare removed by such.an anneal,'i{e.,'
vdcancy migration occurs in Stage III near 700 K. In later work by .'.V

Caspers, et al.[202] similar experiments have been performed with Mo, and it has
again been concluded that vacancies migrate in Stage III. In this work'additional
experiments were performed which demonstrated that in at least Mo the vacancy -
annealing in Stage III was due to the migrétion of vacancies and not to the migration

of interstitials to immobile vacancies.

A.20) Federighi, et al.[51] have pointed out that the defects which are mobile
in Stage III of Al interact in the same manner with certain impurity elements as do .
vgcancies under well understood conditions. Furthermore, the defects Which are mobile
in Stggé III produce the same clustering of Zn atoms in Al as vacancies do, whereas
the defecis moving at -lower temperatures do not -produce any clustering. -These

results suggest that the defects mobile in Stage III are indeed vacancies.

A.21) Kiritani[203] has reviewed studies of the nucleation anqurowth éf point
defect clusters in a variety of metals (e.g., Cu, Au, Al, Pt, Mo, W) during electron
irradiation in a high voltage microscope over a wide temperature range (10-1000 K).
Analysis of the &ariation of the nucleation rate of interstitial cl&éfers and the
growth behavior of interstitial dislocation loops leads to results which are ccn-

sistent with interstitial migration in Stage I and vacancy migration in'Stagé III.
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Table 1., Selected values of vacancy defect migration energies and binding energies

obtained from quenching experiments (eV).

m . b b

Metal _E?v Ep, 3y E, Eqy 4 | . Ref.

Au _ 0.83-0.89 0.62-0.79  0.48-0.56  '0.25-0.5T 1.S-Egv [21]

‘A; | - 0.65 0.50 0.47 ©0.20 0.3 : (58]

P 1.45 1.10 — 0.19 — [71]
1.38 1.11 —— . 0.11 —— | [64]
- p—— e 0.23" —- [70]

cu 0.72 R i i i (76,771

pg e 0.57 —- - — [81,82]

W 1.8 —_— ——- ——- —— [89]

Mo 1.3 - 1.9 ——— e — - [95]

i

x‘ .
. T This is the value of the free energy of binding at T = LL3 K.
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" Table 2. Effective migration energies for Stage III annealing after irradiation (ev).

Metal Irrad. Eeff Ref.
Au electrons 0.80 [102]
protons 0.80 - : [103]
electrons 0.85 - [37]
gold ions 0.77 . . [104]
Al neutrons 0.59 [109]
neutrons 0.58 [111]
electrons 0.61 [115]
electrons 0.58 ' [116]
electrons 0.58 [124]
neutrons 0.59 - [113]
electrons 0.62 [112]
electrons ' 0.58 : [52]
neutrons 0.61 [120]
Pt . neutrons 1.46 [69]
electrons 1.36 [129]
electrons 1.45 o (131]
1.45 = Ely
electrons 1.00 = Eg [66]
v
—— b '
k»0.15 = E2V
Cu ‘electrons 0.67 '[lhh]
protons 0.71 . [135]
protons 0.71 "[103]
electrons 0.69 o [137]
neutrons c.72 [134]
electrons 0.71 -~ [139]
electrons 0.71 [1k45]
Ag proﬁohs 0.67 [103]
electrons 0.64 (avg.) : [147]
W ' neutrons 1.66 f1h9]
1.7 [151]
1.7 - [152]
Mo electrons 1.25 153}
: electrons 1.29 : [156]

neutrons 1.29 - [160]



m

Table 3. "Best values" of E,» B, and Q (ev).
: m f | bl £ m
Metal Eg.lv Esz Elv Elv Elv Elv E‘lv_'_(beSt ) le
(quenca) (irrad) (best (positron) (quench) (best gf (best) (vest
from from value) value) 1v est value)
Table 1 Table 2 ‘ :

Au 0.83-0.89 0.81 0.83 0.97 [165] 0.94 [21,167] | 0.95 ‘ 1.78 1.76 [168]
s 0.65 0.59 0.62 0.66 [166] | 0.69 [57] 0.67 1.29 1.28 [169,170]
Pt 1.h2 1.L43 1.43 —— 1.51 [61] 1.51 2.94 | 2.9 ‘[am)

cu 0.72 0.70 0.71 1.29 [1355] | 1.27 [77) 1.28 1.98 | 2.07 [172]

Ag _— .0.66 0.66 1.16 [135] 1.10 [81,82] | .1.13 1.79 1.96 [173]

W 1.8 1.69 1., n3.5 (93] 3.7 [89] 3.6 ns.3 5.7 [94]

‘Mo 1.3 - 1.9 1.29 1.3 —— 3.2 [95] N3, 2 b LS b5 [96,97]

Lo
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Figure 1: (a) Display of -annealing temperatures,'Ta, correspénding to the maxima of

Figure

Figure

Figure

Figure

Figure

Figure

the isochronal annealing peaks observed for Au after quenching[27,29-40].
Filled circles connected by tie-lines correspond to cases where sub-
structure cénsisting of two, or more, closely spaced maxima was found
in the same specimen. Encircled points at high temperatures correspond
to the annealing of large vacancy clusters. V

(b) Same as (a) except for irradiated Au[37,39,101-107]. Data pbint‘x
corresponds to vacancy defect annealing temperature obtained from damage
rate measurements{108].

(a) Annealing temperature, T_, versus quenching temperature, Tq, for
quenched Au[29-39].

(b) Same as (a) except for quenched Al[h7-57].

(a) Annealing peak for quenched Au which exhibits substructure [36].
(b) - (4) Annealing spectra for quenched A1[56].

. . . m ' . .
: Effective migration energy, Eeff’ versus vacancy defect concentration in

quenched Au. Cross-hatched band contains data obtained by a number of

other investigators[25,35,41-43].

.‘(a) Display of annealing temperatures, Ta’ corresponding to the maxima

of the isochronal annealing peaks observed for Al after quenching[47-57].

'~ Filled circles connected by tie-lines correspond to cases where two

6:

T:

closely spaced maxima were found in the same specium. Encircled points
at high temperatures correspond to the annealing of large vacancy clusters.

(b) Same as (a) except for irradiated. Al[51,52,54,109-125].

(a) Display of annealing temperatures, Ta,_corresponding to the maxima
of the isochronal annealing peaks observed for Pt after quenching[61-66].

(b) Same as (2) except for irradiated Pt[66,69,107,126-131].

(a) Display of annealing temperatures, T,» corresponding to the maxima of
the isochronal annealing peaks observed for Cu after quenching. Points
connected by tie-lines cofrespond to cases where successive annealing
stages ‘were found in the same specimen. Encircled group of points at the
higher temperatures corresponds to the annealing of large vacancy clusters.
(:> quenched intd methyl alcohol under vacuum[72]; . '
He[73]; fmi quenched into H,0 under Ar by '"Method i"[?S]; zfzxquenched ,
into H,0 under N, + H2[75]; A%kquenched into H,0 under Ar or Ar. + ethyl

§§§ qﬁenched in H2 or




Figure 8:

Figure O:

Figure 10:

Figure 12:

|
|
Figure 11:
|
|

b6 o . )
alcohol[75]; ‘;;7quenched into H O under CO[TL]; ?@?ﬁuenched into H2O -
under Ar[7h] E> quenched into H20 under CO + N, [76]1; E3

H;0 under N2[76], quenched into HCL under CO + Hel[TT].

quenched into

(b) Same as (a) except for irradiated Cu[103,106,122,125,132-146]. Data

point )( corresponds to vacancy defect annealing temperature obtained

from damage rate measurements[108].

(a) Display of annealing temperatures, T, corresponding to the maxima of
the isochronal -annealing peaks observed for Ag after quenching. Points
connected by tie-lines correspond to cases where successive annealing
stages were found in the- same-specimen. <ij , <§§ quenched in N, or Ar[79];
v > quenched into H20 under Ar + air[80]; &quenched in

He[81]; O quenched in He[82]; quenched in N, gas or liquid
quenched into H20 under Ar[T74]; fo quenched into H 0

nitrogen[83]; £ A
under CO[?h]ﬁ
(b) Same as (a) except for irradiated Ag{103,122,147]. Data point X

corresponds to vacancy defect annealing temperature obtained_ffom<damage

rate measurements[108].

(a) Display of annealing temperatures, T_, corresponding to the maxima of
the isochronal annealing peaks observed for W after quenching[84,86,89].

(b) Same as (a) exccpt for irradiated W[85,148-150].

(a) Display of annealing temperature, T, corresponding to the maximum
-F the isochronal annealing peak observed in Mo after quenching({95].

(b) Same as (a) except for irradiated Mo[148,153-163]. Data point.x
corresponds to vacancy defect annealing temperature obtained from damage

rate measurements[108].

Schematic diagfam of the annealing stage spectrum of Cu according to the

one~interstitial model for defect annealing after low temperature irradiation.

Effective migration energy, E" , versus average annealing temperature,

eff

5;, for annealing after irradiation and after quenching (see text for

details).



(@) o
| Quenched %
Au |
(009
l/ | O\)
1 ! l ! l \ch —_ _O_—CJ)/ | ‘
(b) X O :
Irrad. O :
Au OO
| O 0O
0000
L ¥ © OI'O © | 1 . | 1 | '
0100 200 300 400 500 600 700 800 900 . 1000

e 1



Quenched

O
: \\ ‘ Au
o \O :
400 \_ e
NO
\,
N0
— N
X 350t Cab O@\\ o) |
= © S~lo o0
O —=00-
300} O
' (O) L 1. L L
600 700 800 300 1000
| Tq(°C)
350F O Quenched
o Q Al
| o © |
o )
_. 300 © ~o
< 3.0
o @) N e
250 -
| O \\\ 8 |
\\
(b) ! 1 IO !
200 300 400 500 600
| Tq(°c)



-efe‘e-e:ojlelﬂ l‘ \;D'e_‘e’f o | ,
0 50 100 1O 1 ()
A
(b) N
Tq = 500°C

R T}




0.8—

{ ' l 1 ! T [ l L ]l [T T 1 I - I
o7k — | - ~ -
MR, ]

0.6- ‘ \ \ 2\ | L

0.5- | -

0.4+ -

0.3 -
1 0.2F % Jain ond.Siegel (9] =

§ Burton and Lazarus [ig] -
0. | ! L R R N i | IR N W B
4x10°% Ix10” % 1x107°
| Cy



S ooo S (a)

O0000 Quenched
-- Af
O———O

. _g)OO | 1 ! 1 |
- 100 : 200 3004' 400 SOO 600 700
| - Tq (K) |

L 1 |
800 900 1000

ik 5



(a)

-0

Quenched O
f 2,
P OO
. 00
O 000
| O OO0 OO0 |
! ! | ! l 1 — l
(b)
Irrad.
Pt o
o0 O O
o O
| L OCl)O 010001 [ 5 s
7300 400 500 600 700 800 900 1000

l ' !
100 200

T, (K)

O FIe L



/o D ST T T T N
P> /_{> .\\
: _E 1 - _ T | (a)
. | - : : Quenched -
- o | Cu =~
-y /
N /
| \_\\ . z s _ 7
i | L ! { | l
(b)
Irrad.
! . | L L & 1 | ! 1
O IO@ 200 .3OQ 400 500 600 700 800 900 [O00

PG ~



v - (a)
i <]D Quenched
B o - Ag

| | L I ' ! : 1~

(b)

Irrad.
Ag

r 1 ! 1 - I [ L L. N
O 100 200 - 300 400 500 600 - 700 800 900 000
| | Ty (K) | |

~_.“,Qfﬁﬁg;g>; 



.......

B I (<) R
~ Quenched . | o - | 8
W | 00,0

1. ] S | ] 1 , ] ] | 1 _ ] ] ]

(b) ‘
Irrad. | % '
S I B 6096 ©, O, | ! L
0 100 200 300 400 500 600 700 800 900 1000 100 1200 130C
| - Tg (K) | R

a |

. FlIe @



()
- Quenched
-~ Mo
- o
| 1 ] | ] | '. ] ] |
XO _‘ (b) |
o O Irrad.
O 000 Mo
O 000
O OO0CO
O 00O O
| | O O 000 | e
I 1 1 . 1 1 L 1 I o
0 1000 200 300 400 500 = 600 700 800 900 1000
* | | O Ta(K) | o

FiG 10



FRACTION: RECOVERED

K

/

Ele. 1!



ev)

eff

E

058
0.6
0.4

0.2

\AIA | | | - O Quench.
' -+ Irrad.
] ! S| 1 1 S B ] |' ]

- 200 300 400 500 600 700 800. 900 1000 |,

To(K)




