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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 defects are retained by quenching in all of

these metals, and that Stage III annealing after irradiation 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 mono- , di-, and tri-vacancies.  Annealing

in Stage III after irradiation can also be complex and involve at least mono- and

divacancies. Great difficulties are therefore involved in extracting  reli ible defect

properties from such experiments.  The monovacancy migration energies derived from

annealing experiments after both quenching and 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-di ffusion,due to. monovacancies. The temperature of Stage III annealing after

irradiation is generally lower than the temperature of the annealing after quenching

because of a.smaller 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 the range 0.1 - 0.3 eV 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 divacanc·ies and are rather loosely

bound. No comparable information about divacancies and trivacancies.in the BCC

metals is yet available.
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1.  INTRODUCTION

In the present paper we review current knowledge of. the mobilities and binding

energies of vacancy defects in a number·of metals as derived from annealing experiments

after quenching and/or irradiation.  As 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 than 20 years, our knowledge of certain basic

defect properties is still rather limited  and  in some cases controversial. However,

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 the

proceedings· of the conferences held at the Argonne National.Laboratcuy in 1964[1],

at·Jiilich in 1968[2,3], at Mol in 1971[4], at Sussex in 1972[5], at Gaithersburg in

1973[6], and most recently at Gatlinburg in 1975[7].

We shall restrict ourselves mainly to the information which can be extracted

from annealing experiments after quenching and/or irradiation, and we shall not con-

sider in any significant detail other defect related phenomena which are taken up

elsewhere in this Conference. Furthermore, we shall consider only the FCC metals

Cu, Ag, Au, Al and Pt and the BCC metals Mo and W.  These groups of metals possess

close packed and non close packed structures respectively and also exhibit a range

of electronic structures. AIso, each metal. has received at least a fair amount of

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., ard measured under conditions where the concentration  of each species cannot

be monitored individually[9,12,14,16].  Great care must therefore be taken if attempts

are made to derive vacancy defect binding energies and mobilities from the macro-

scopically measured kinetics.  Difficulties may arise from a variety of sources which

include:

(1) .unknown distributions of defects produced by quenching and/or annealing

as a result of losses to sinks, reactions between defect clusters, etc.

[9,14,19-21].

(2)  time dependent sink densities and configurations[9,19].  For example,

the nucleation and growth of vacancy precipitates (sinks) may occur during

the annealing.

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

dependent[9,17,19-22].                            
                    '

(4)  effects due to defect-impurity interactions[17].

(5)  interaction effects due to the stress fields of the annealing defects

and the sinks[17].

( 6)     problems in .interpreting effective migration· energies, particularly   as

determined by the change-of-slope method[9:10,18-21].  In this method tran-

sients in the quasi-steady state defect populations caused by the rapid

temperature change may produce misleading effective migration energies.

The potential difficulties which are involved are particularly well illustrated

by the computer simulation studies of Johnson[12] of the annealing and clustering

of vacancy defects in a general system in which clusters of up to seven vacancies

were explicitly treated and where reasonable approximations were made to account for

larger clusters.  He concludes that the resulting annealing curves often give

little indication of the actual defect processes occurring and that the input data

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

and isochronal data.
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Despite these. difficulties many efforts, e.g., [11,18,23-26], have been made

to interpret annealing data on the basis of a relatively simple mono-, divacancy

annealing model in which it is assumed that the rate limiting step is the diffusion

        rate of these interacting defects to.sinks.  A number 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 of the general

behavior of the mono-, di-, trivacancy model has been carried out by the group at

Stony Brook[19-21].  By the use of computer simulation they have investigated the

nature of the defect distribution which is frozen out during quenching and the import-

ant question of the degree with which mono-, di-, and trivacancies are able to main-

tain equilibrium with each other as they anneal to sinks.  Their results[20] indicate

that temperature, defect concentration 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 temperatures.

In the light of the above remarks we may expect to find considerable differences

in the annealing behavior reported  in the literature by different investigators.

For examp e, the vacancy defect precipitation leading to the formation of sinks

·is usually heterogeneously nucleated at impurities[28].  Therefore, subtle dif-

ferences in impurity concentrations in the· specimens used by different investiga-.

tors may have radically affected the sink structure which in turn would have influenced

the possible attainment of equilibria between the migrating defect populations and

the resulting overall annealing rate.  We may therefore expect to find differences

between the values of the defect parameters reported by certain·investigators.  In

many of the experiments reported in the literature little, or no, information was

available concerning the sink density and structure, and other physical parameters

which might have affected the kinetics were often unknown. In certain cases over-

simplified models have undoubtedly been applied in order to achieve apparent 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 Results pf Quenching Experiments

2.2.1  gold

The mobile .vacancy defects in quenched Au anneal out in one main annealing

stage located somewhere in the temperature range 300-450 K as seen in Fig. la[29-

39]. In this stage the vacancy defects either annihilate at fixed sinks or else
t

form large immobile clusters which eventually anneal out in a further discrete

annealing 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 large variations in sink

density have therefore  been observed[41,42]. The temperature  of the ·annealing stage,

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

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 a

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 ranging

from as low as 0.5 eV[18] to as high as 1.0 eV[24].  The above results all indicate

an annealing defect system in quenched 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.

1                                                                                                                           ·
'

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 best characterized annealing experiments in Au have been

carried out very recently by the group at Stony Brook[19-21].  In this work vacancy

defect annealing to fixed sinks consisting of a distribution of already established

         and completely characterized vacancy clusters (stacking fault tetrahedra) was studied

under conditions where no further cluster nucleation occurred.  Effective migration

energies were obtained by comparing quasi-steady state annealing rates, and there-

fore transient effects  due to sudden temperatlire changes were avoided.     Furthermore,

the sink efficiencies of the stacking fault tetrahedra were known from the results

of earlier experiments[22] which had shown that the efficiency possesses an effective

activation energy·of 0.07 eV due to the presence of.a growth barrier which 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 sink effi-

ciency which decreased the observed energies by 0.07 eV) are shown in Fig. 4.  Also

included in Fig. 4 is a cross-hatched band which defines the loci of a large number

of data points obtained by a number of other investigators[25,35,41-43] over the same

range of temperature and total defect concentration. (These latter data points have

also been corrected for the temperature dependence of the sink efficiency.)  Finally,

"instantaneous" 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 activation

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 efficiency 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 unsuccessful,

and it was found necessary to employ a mono-, di-„trivacancy model. Ranges of values

of the migration and binding energies of the three defect types consistent with the
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observed annealing kinetics, available self-diffusion data and available equili-

brium vacancy defect concentration data are given in Table 1.  In general it was

not possible to determine unique values of all of the parameters involved which

include entropies, frequency factors, etc., since it was found that a large number

of sets of parameters possessing slightly different individual values fit the

observed data almost equally well. Values chosen within the limits given in Table

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

found to ·fit »the·data  is ·the following:  Elfv -  0.94  ev,  S v-=  0·72 k,  Erv =  0.85  ev,
b               b                               b              b

E         =   0.32   eV- S = -1.00 k  Em  = 0.70 eV E = 0.52 eV S = -1.50 k  Em  =
2v ' 2v ' 2v ' 3v

' 3v '  3v
-4 , 2 -1,                  -40.53 eV. Do  = 4.55x10-2 (cm2s-1)  Do  = 4.18x10   (cm s  ) and Do  = 2.09x10' 1v ' 2v 3v

(cmfs-1) .     In the course of fitting  the.  data the entire quenching and annealing

process was simulated, and it was found that the defect populations were in approx-

imate local equilibrium with each other under the conditions  of the experiment.

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 divacancy.which in turn is more mobile than

the monovacancy. It is interesting to compare this result with the isochronalAp c
annealing data in Fig.438 where the three observed sub-peaks labeled  ,  / and  may

be due to mono-, di- and trivacancies respectively as originally suggested by Dawson

and Das[36].  The decrease in Ta with increasing T  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[44] by use of anelastic measure-

ments.  However, certain aspects of these anelastic measurements are not clearly

understood[45 ] .

A somewhat disappointing aspect 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 at higher annealing temperatures were available.  Kino and Koehler[24] and

Sharma,  et al· [46] obtained effective migration energies  in the r.ange 0.9 eV for

annealing temperatures near 150'C.  However, Sharma, et al.[46] 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 temperature data which are found

to be generally unsatisfactory.

Numerous other quenching studies have appeared in the literature, and many of

these have been reviewed elsewhere[8,11,13].  As pointed out in [41] a number of

these appear to be reasonably consistent·with the results shown in Fig. 4.  How-

ever,.others show apparent inconsistencies.  In these cases, insufficient informa-

tion is generally 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 located

between about 200 and 350 K [47-57] as indicated in Fig. 5a.  As in Au, the defects

either 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.e., T , increases (Fig. 2b).  The density of the defect

clusters formed is usually spnsi.tive to impuritics[28] as in Au, and this probably

accounts for much of the data scatter in Fig. 2b.  In the early work the isochrorial

annealing peaks for this main stage appeared structureless, but when higher purity

samples were used, a clearly resolved substructure was detected[49,53,54,56] as seen,

for example, in Fig. 3b. The. substructure consists of two peaks., A and B, spaced

070 K apart.  At high defect concentrations (high T ) the low temperature peak A

dominates whereas at low defect concentrations (low T ) the high temperature peak

·.  B dominates.  Measurements in [56] indicate that the activatioil dn rgy fof the
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annealing in peak B is 0.65 eV which is associated with a.simple process corres-

ponding to monovacancy migration.  On the other hand, the annealing 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 system where monovacancies

are the dominant defects annealing at the low concentrations but where more

mobile clusters become important  at  the high concentrations.    As  in  Au, the decrease

in Ta with increasing T  seen in Fig. 2b ·may be attributed to increases in both

the effecti.ve defect mobility 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 without 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 quenching

and annealing process was simulated so that the behavior of the different defect

populations was evaluated at all times.  The values of the derived defect parameters

are given in Table 1.

These results are generally consistent with results obtained in a number of

earlier and less detailed investigations. There is general agreement that di-

vacancies play an important role in the annealing, and that E v * Em DeSorbo and
lv

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

defect concehtrations  and  found  Em    =0.6 5  eV. At intermediate concentrations  at
1v

least monovacancies and divacancies are important, and Doyoma and Koehler[48]

obtained E   = 0.50 eV and Eb  = 0.17 eV from a consideration of monovacancy and
2v 2v

divacancy contributions. Federighi[49], Kiritani, et al·[60] and Roebuck and

Entwistle[55] found evidence that monovacancy migration can evidently also control

the rate. of annealing at very high concentrations but under quite different con-

ditions were the rate limiting st p is now the diffusion together of monovacancies

to· form divacancies which  in  turn di ffuse rapidly to sinks.
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2.2.3  platinum

A single annealing stage, without detectable substructure, is observed in

pt[61-66] in the temperature range 600-760 K as indicated in Fig. 6a.  As usual,

T  tends to decrease as the concentration of quenched-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 the defects which can be obtained from the available

annealing experiments is less satisfactory than for the previous cases of Au and Al.

However, most of the results appear to be consistent with an annealing system in

which the effects of highly mobile clusters become important at high defect concen-

trations just as in Au and Al. Ascoli, et ak.[67], Bacchella, et al· [68] and

Jackson[61] found Em  values of 1.42, 1.48 and 1.38 eV respectively at low concen-
eff

trations (low quenching temperatures), whereas Bacchella, et 81.[68], Piercy[69] and

Jackson[61] 'found values of 41, 1.13 and 1.10 eV respectively at high concentrations

(high quenching temperatures). Polak[63], in a more systematic study, found that

E ff decreased with an increasing defect concentration or a decreasing annealing

temperature. Schumacher,  et  al· [64] also obtained results indicating a relatively

high activation energy, 1.33 eV, at low defect concentrations, and a lower energy,

01 eV, at higher concentrations.  On the other hand, Rattke, .et ai· [65 ] reported

that  either  low  or  high Em values ( independent of defect concentration) could be
eff

obtained depending upon the sink density. They suggested that these results were

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

unlikely.  We note that the E  values in this work were derived by questionable
eff

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 (T  = 1700'C) directly by field ion microscopy.  They found 157 monovacancies and

9 divacancies in 593,800 sites in three as-quenched specimens and 76 monovacancies

and 1 divacancy in 321,300 sites,in five specimens which were partially annealed

after quenching. By considering the behavior of the mono- and divacancy populations

1
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during quenching, and assuming that E   = 1.38 eV, they derived a value of G v =

O.23 eV for the divacancy binding free  energy at 4430C. The preferential  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 defedt 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 local equilibrium between the ·defect populations.    We

therefore present in Table 1 the values .proposed most recently in [64,70,71].

The results provide evidence for a divacancy which is more mobile than the mono-

vacancy and a divacancy binding energy in the range 10.1 - 0.2 eV.  We note that

it is diffi.nzi].t to derive a binding energy from the free energy of binding listed in

Table 1, since both the sign and magnitude of the binding entropy are unknown[70].

2.2.4  copper

Great difficulties have been encountered in obtaining reproducible results

with quenched Cu since it dissolves both of the gaseous impurities 0 and H. The

·· annealing spectra which have been obtained[ 72-77]  after quenching under a variety of

donditions show considerable differences as shown in Fig. 7a.  Also, the temperature

range over which the annealing of 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 literature regarding the. mobilities  of the vacancy defects.

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

encircled points in Fig. 7a).  The relative importance of this stage varies consid-

erably in different experiments from very small[75] to large[75,77].  It is also

welI established that many of the mobile defects anneal to large clusters which in

turn anneal out at considerably higher temperatures (second group of encircled points

in Fig. ·ga). There is disagreement, however, about the presence or absence of

additional intermediate annealing stages in the intermediate region between the

i
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I encircled data in Fig. 7a. The presenc.e or absence of these stages apparently

depends upon the experimental procedure and the "cleanliness" of the quenching

technique.  As noted in the caption to Fig. 7a, Cu has been quenched under both

reducing atmospheres (CO and H2) and under what were undoubtedly oxidizing atmo-

spheres (0N2' ,\Ar) .  Furthermore, the quenching medium has usually been water· which

can itself be a source of contamination as shown by Wright and 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 bdil the

water to expel dissolved gases and to use specially cleaned containing vessels in

order to obtain reproducible results.

Convincing evidence has been given[74,76,77] that the highest purity quenches

are achieved when a reducing atmosphere containing CO is employed. None. of the

intermediate peaks shown in Fig. 7a appeared 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 CD atmosphere are

reproducible and are also consistent with expected vacancy defect concentrations.

Widely scattered and inconsistent results had often been obtained with other atmos-

pheres  in the earlier  work (see discussion  in  [78]).    We: therefort  cbn-clude  that

none of the intermediate stages in Fig. 7a are well established and that most (and

quite possibly.all) are associated with impurities, most notably 0.

The only intrinsic defcct annealing stage which has been established exper-

imentally is therefore the one occurring near 280 K (encircled in Fig. 7a).  The

migration energy for this stage has been measured to be 0.74 eV[77] and 0.71 eV[76]

in specimens quenched  in CO atmospheres. Following Bourassa and Lengeler[ 77],  we

therefore assign monovacancy annealing to this stage and take 0.72 eV as the mono-

vacancy fnigration energy (Table 1). This value will be found to be consistent with

annealing 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 divacancie# in this  tage, since ·only one
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c6nstant activation energy if found.

2.2.5  silver

Silver dissolves the gaseous impurities 0 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 spread over a relatively wide temperature range in a manner quite similar

to that of Cu.  The high temperature 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 annealing stages due to mobile 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 examination of the experiments shows

that the first low temperature stage encircled in Fig. 8a was observed only in

specimens quenched under what a.ppear to be particularly clean conditir·.is.  This·

stage was observed by Doyoma. and Koehler[81] (who used an ultra pure He gas quench-

ing atmosphere enclosed in a gettered and cryo-pumped capsule), Cuddy and Machlin[82]

(who  also used an ultra pure He gas quench) and Clarebrough, .et al·[74]  (who  used a

reducing CO atmosphere in order to eliminate 0).  It is also seen that little

further annealing occurred in these "clean" experiments until considerably higher

temparatures (5550 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 Qu6r6[79,83] and Ramsteiner, et ai·[80]
where less pure quenching atmospheres of Ar or N2 were used.  Therefore, these

latter stages can evidently be. associated with impurity effects.
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We conclude that the only intrinsic stage due to mobile defects which has

been clearly resolved in Ag is the first stage near 260 K.  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 Doyoma 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 considerably higher temperatures (5550 K) the

clusters begin to anneal.     At no point is there any clear evidence for annealing

controlled by monovacancy migration.

2.2.6  tungsten

It is only recently that reasonab27 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 byusing electron-beam zone

melted specimens of high purity[84-89] and a quenching technique which involves either

a  quench  into  a  bath of superfluid  He or rapid 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 indicated in Fig. 9at.  No fine structure has been detected in the

individual annealing peaks,  and,  as  114111.1,  the peak temperature tends 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

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

-14-

4

ih  irradiated W is ' enhanced  iri previousl-1 quenched specimens.    In  this  case  the

quenched-in vacancies evidently provide extra annihilation sites for the inter-

stitials which migrate in Stage I. In further work park, et al· [ 88 ] have studied

the defects quenched·into W directly by field ion microscopy and have found 02x10 , *

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 defects, and additional 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 specimens. Furthermore,

this defect concentration is not inconsistent with the concentration of vacancies

expected 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 presence of quenched-in

vacancies.  However, experiments with additional specimens in the same laboratory

showed that the quenched-in resistivity increment[88,90,91], and also the concen-

tration of observed dark spot defects[90] decreased with an increased number of

electron heam melting zone passes used in the original specimen preparation. This

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

is therefore possible that the electron beam melting introduced some type of impurity

at a very small concentration which nucleated vacancy precipitation and therefore

t
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 is currently underway[92 ].
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observation of denuded zones at grain boundaries which is typical of vacancy defect
.

behavior in quenched specimens.  Most recently, Metz, et al.[93] have studied positron
--

annihilation in W at eleyated temperatures under equilibrium 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.  Unfortunately, there is appreciable

scatter in the quenched-in resistivity data obtained in different investigations[84-

91]... As pointed out above, -nd 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 affect 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 obser-

ved differ&nces.  However, it is possible that this could be the case for certain

loss mechanisms particularly if the .nucleation and growth of vacancy precipitates

at relatively high.temperatures is involved.

In view of. this situation there is a difficulty in.deriving a monovacancy form-

ation energy from the temperature dependence of the measured quenched-in resistivity

increments. Somewhat surprisingly, there is fair agreement for the effective vacancy

defect formation energy if the results of the different investigators are examined.

Gripshover, .et al·[84] report a value  Ef    =3.6 eV while the Stuttgart group[ 89]
eff

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 e V

is found.  An overall average of 3.7 eV is therefore obtained which is not greatly

different from the value Ef -3.5 eV determined in [93] from positron annihilation
1v

f
experiments. We therefore take E - 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   in-   [89 ]  -in  whi ch an effective migration energy

of 1.8 eV was determined (Table 1).  Taking Ef  - 3.6 eV we find that the value
1v

1v 1v 1v 1v 1vEm = 1.8 is not inconsistent with EP  + Ef  E Q  when Q  < 5.7 as determined

recently by Mundy[94] (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 has 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 of Suezawa and Kimura[95] who found an annealing stage at

Ta = 628 K after a quench from·2330 K (Fig. 1Oa).  Even in this work evidence of

a progressive buildup of some type of contamination during annealing after quench-

ing was found. Measurements of the effective migration energy in this stage[95] showed

wide scatter leading to the value E   0 1.6 1 0.3 eV.  A value.of Ef   0 3.2 eVeff eff

was also arrived at after rough corrections were made for the loss of vacancy defects

,to sinks during quenching.. Therefore  E    + E 0 4.8 ev in apparent agreement
f

' eff eff

with Q % 4.   to 4.9 'ev[96,97] (see Table 3). We therefore take 01.6 i 0.3 27 as the

best estimate of E  .currently available from quenching experiments (Table 1).
1v

2.3  Discussion of Quenching Results

The above results clearly indicate the great difficulties which may be caused

by impurities in quenching experiments. The most complete results have been ob-

tained with the three FCC metals least susceptible 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   whi ch anneal   out in quenched specimens   can

on].y be obtained when extensive annealing data obtained from well controlled experi-

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

self-consistenf.  models  of  the  entire  quenching and subsequent anneali.ng process.
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In order to carry out such a program it-is essential 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 1 for the FCC metals indicate that divacancies are generally

more mobile than divacancies in these metals and possess binding energies which

are .probably in the range 0.1-0.3 eV. The rather extensive results obtained for

Au and Al both suggest that trivacancies are at least as mobile as divacancies in

FCC lattices and are not particularly strongly bound, i.e., E v 01.5 Eb Further-
290

more, these defects appear to play a significant role in the annealing kin,tics

over rather a wide range of conditions.  The results for the BCC metals Are generally

less satisfactory. It now seeds 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

obtained which are notinconsistent with available self-diffusion data. No signif-

icant information about divacancy properties in the BCC metals can be 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, sincE 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

. During·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,well ,known, anneal out,

progressively  in.a ·series. of  more  or less distinct annealing.stages. The .problem
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of extracting information about vacancy Udfect properties' from annealing experiments

in these stages is complicited by the fact that the vacancy defects and their anti-

defects, the interstitial defects, are usually present simultaneously and that

essentially a].1 of the annealing occurs by mutual annihilation. This situation

injects an element of symmetry into the problem which makes it difficult to determine

experimentally which type of defect is the mobile one in a given-annealing process.

The problem of the identification of the type of defect which migrates in each anneal-

ing  stage  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) interpretations of the experimental facts have emerged, i.e.,

·:.,he "one' interstitial model"  and  the "two interstitial model".

The 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 execute long range migration

are highly mobile interstitials which migrate in Stage I where they may annihilate

1.

frozen-in vacancies or form interstitial or interstitial-impurity clusters.

During Stage II coarsening of the interstitial type clusters occurs along with some

further annihilation of frozen-in vacancies. Finally, the vacancies become mobile

in Stage III where they may annihilate interstitjals at the interstitial clusters,

form vacancy clusters or annihilate at fixed sinks. In Stage IV various rearrange-

ments ahd coarsening processes occur until finally in Stage V the vacancy clusters

ard able'to dissociate thermally and all excess defects are eliminated by self-

diffusion processes. Variations in this scheme occur for different metals. In Au

the interstitial is apparently unusually mobile, and long range interstitial migration

therefore occurs at an exceedingly low temperature.  In Al and Pt very few inter-

stitial and vacancy clusters survive Stage III, and recovery is essentially complete

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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' 3                I

*        be produced, i.e., a metastable interst-itial. 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 temperature

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 in 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 available to indicate that the

one interstitial model is basically correct for FCC and BCC metals and therefore

that vacancy defect migration takes place in Stage III. The body of evidence is

described briefly in the Appendix. The various items listed there differ consider-

ably in their persuasiveness and·in some cases are merely circumstahtial.  Certain

of the experiments can also be interpreted in' terms of the two interstitial· model

but they often require more complex (and hence more unlikely) explanations.  The

Appendix must therefore be considered collectively as a body of·information which

favors vacancy defect migration in Stage III. In the remainder of the present

review we therefore proceed on the basis of the one interstitial model.

The detailed nature of Stage III annealing has been extensively discussed by

Schilling and coworkers[15,99,100], and we shall therefore mention only a few

important points. 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 .resulting

.
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kinetics are usuallf' close to 'second ord*r,  and T is therefore Shifted to lower
a

temperatures as the initial concentration of defects is increased.  For the irradia-

tion doses which are commonly employed the sink structure which is produced is

relatively dense, and the average number of jumps taken by the migrating vacancy

defects is therefore relatively small in comparison to the situation in quenching

experiments where·the migrating vacancy defects anneal out on a coarser scale to

vacancy aggregates or fixed sinks. Under these conditions it might be expected

that the interactions between the migrating yacancy defects would be less extensive

in Stage III annealing than in quenched specimens and, on average, effects due to

the formation and migration of mobile clusters such as divacancies might be reduced.

It was originally hoped, therefore,' that annealing 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 certain conditions

and that complex kinetics can exist.

3.2  Results of Irradiation Experiments

The  Stage III aniiea.1.ing temperature · , Ta' found  for  the di fferent metals  are

shown in Figs. lb, 5b-1Ob. These temperatures correspond to the maxima of the

isochronal annealing peaks found by various investigators as in the case of the

quenching 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 di fferent particles, dose levels·,

irradiation temperatures or isochronal heating rates. Two closely spaced Stage III

isochronal annealing peaks often 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 Ta as the temperature of

the uncorrelated annealing 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  o f  Figs. lb, 5b-1 015 shows  that the Stage III annealing temper-

atures are generally spread over an appreciable range of temperature for each metal

as might be expected in,view of the different defect concentrations and sink struct-

ures which were undoubtedly present in the different experiments.  Also included

in. Figs.   lb,   7b,   8b.,  1Ob  are the temperatures found  for the onset of vacancy  de fect

migration  in the damage rate experiments of Antesberger,  et  al· [ 108 ]   ( see Appendix

section A.16).  These temperatures fall well within the observed Stage III temper-

ature ranges.

In a number of cases migration energies have been measured in Stage III, and

the results are summarized in Table. 2.

For Au, Al and Cu apparently constant migration 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.  For Pt

' several investigators found apparently constant values, but very detailed and

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

interpreted in.terms of a mono-divacancy model with El  = 1.45, E v = 1.00 and

E v - 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  01.7  and ·#1.3  eV

respectively have been found.

4.  DISCUSSION

Comparison of the average Stage III annealing temperatures.in Figs. lb, 5b-lOb

with the corresponding average annealing temperatures for the mobile defects obtained

by,"quenching (Figs. la, 5a-1Oa) shows that the Stage III temperatures are generally

lower. This result  may be -attributed  to  the  fact  that,  on  average, the number  o f

defect jumps to annihilation is considerably smaller in the irradiation experiments

than in the quenching experiments because of·a greater·effective sink density in

the former experiments. This.may be demonstrated in a rough way by plotting the

average annealing temperature, Ta versus.the effective migration energy Em   foreff
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both  types of experiments  as   in  Fig.   12.-   'AL  §hown  now  such  a plot shOuld  be.

approximately linear and intersact the origin whenever the annealing processes·

in the various metals are closely the same with respect to initial defect concen-

tration,   form  of the kinetics, heating rate,·sink density, etc. Under many conditions ·

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

the form

dc                                                 (1)-= *(T) · f(c) · exp(- E 1  /kT).
dt eff

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 = at  ,                               (2)

we may integrate eq. (1) in the form
c T

  i: -)- = F'(c,co) =       A(T)·exp(-E ff/kT) dT              (3)
C                            00

where c  = initial defect concentration.  Since A(T) is only mildly temperature

dependent, the temperature dependence of the integral on the right hand side of

eq. (3) is dominated by the temperature dependence of exp(-Em  /kT), and if c ,aff

the  form of the kinetics, etc. remain  the ,same  for  the di fferent metals as mentj.oned

above, the integrated result may be written, to a reasonably good approximation in

the form

C 2 C(X) , (4)

where,

E ffX=.- (5)- kT

Therefore, the maximum annealing rate during isochronal annealing (which occurs at

the temperature Ta) corresponds to a fixed value of X (i.e., X = constant = Em  /kT ),eff  a

and a linear relationship between Em   and Ta is predicted for the different metals.eff

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

the averaged quenching results fall reasonably well on a second curve corresponding
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.    .   to higher T2 values. In constructing the curve for annealing after irradiation

values of E ff from Table 3 and average values of Ta for Figs. lb, 5b-1Ob were used.
m

For the curve for annealing after quenching E = 0.71 eV was used for Au (Sectioneff

2.2.3).  Average values of Ta were obtained from Figs. la, 5a-1Oa.  As explained

below, we believe  that  the best value  for  Em    for  Mo  is   1.3 eV ·(Table 3). Therefore,
1v

E    for Mo after quenching is ·probably near the low end of the range indicated in
eff

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

probably small.

The difference between the two curves can be well explained if the average

3
number of defect jumps to annihilation during annealing after. quenching is 010

larger than after irradiation. The .result  that the number  o f jumps after quenching

is generally larger than after irradiation has been well noted by others fin 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 quenched and then irradiated at low temperatures and finally annealed

through Stage III. The phenomena which occur in such experiments have been

discussed by Schilling, elal·[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 at 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. However, the higher concentration of vacancy defects introduced by the

quench shifts this peak to a temperature somewhat below the usual Stage III 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 temperature annealing stage).  These vacancy,defects anneal out in a manner

similar to that in a quenched specimen at a temperature which is above the normal
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Stage III annealing temperature because of the relatively low density of sinks

available for the vacancy defect annealing.  The results of such experiments are

fully consistent with our present conclusions. A computer simulation of such

kinetics has been given by Johnson[164].

m
The average values of. E observed after irradiation obtained from Table 2

eff

are listed in Table 3 and may be compared there with·the values of Em  derived
1v

from the quenching and annealing experiments. Rather satisfactory agreement is

obtained in general  and ·in -view  of our limited present 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

Elv for Ag is about 0.66 eV which is significantly larger than the divacancy

migration energy Em =0.5 7 e V obtained  from the quenching ex]>eriments C Table  1)
2v

as should be the case.

"Best values" of E   are next obtained in Table 3 (column 4) by combining the
1v

results of the irradiation and quenching experiments. For the FCC metals we merely

average the results.  However, for the BCC metals we weight the results towards the

irradiation values, since in our opinion the latter values are more reliable (see

Sections 2.2.6 and 2.2.7).

fi Best values"  of the monovacancy formation energy,  El '  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

6).  Finally, the sum [Em  (best) + Ef  (best)] is compared with the activation
1v · 1v

energy for self-diffusion due to monovacancies, Q in the last two columns of
1v

Table 3. The values Of Q were derived in most cases from self-diffusion data
1v

taken at relatively low temperatures in order to avoid possible divacancy contri-

butions. It is seen that reasonably good agreement is obtained and that apparently

self-consistent values  of  E v  and  Elv now exist  for  most of these metals. This import-

ant resu].t provides strong support   for the viewpoints adopted  in the present  work.
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               An interesting aspect of the above results is the fact that reasonable self-

consistency is attained between values of Em  determined near Stage III temperatures
1v

f
and values of E and Q determined at higher temperatures in the range of self-1v 1v

diffusion temperatures. This result indicates that the temperature dependence of

E   must be relatively small as is predicted by the estimates made in [174].
1v

We conclude by .emphasizing that our knowledge of the properties of small clusters

(including divacancies) is extremely limited.  As may be seen in Table 1 only a few

values of divacancy migration energies and binding energies have been listed for

b
FCC metals. W&. remark that the value of E for Au most likely lies much nearer2v

O.25 than 0.57 eV.  Also, it is noted that the value F.2v = 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 Em and E  for higher order

clusters are almost non-existent although a start at determining these quantities has

been 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 knowledge 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·properties.

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 evidence 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 the monovacancy

in Stage IV.  We believe that annealing stages found in this regime have often

been due to impurity effects as, for example, in quenched Cu (Fig. 7) and quenched

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

havt 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, above Stage III the density of interstitial clusters is

strongly reduced.  Since the clusters are too tightly bound to dissociate thermally

at Stage III temperatures 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 is 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 ratio 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 structures

becomes sensitive mainly to changes in local electron density.  Measurements by

Haubold[176] on electron irradiated copper warmed through Stage III show a relatively

large corresponding increase in low angle x-ray scattering.  This result appears to

be·consistent with the migration 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 low temperatures in Au[177].  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 me,tastable interstitials

introduced by low temperature migration immediately convert to stable interstitials

which migrate freely  only  when the speci·men is warmed . through Stage III. .However,

x-ray diffuse scattering measurements[177] show that no.significant concentrations.

of single interstitials are present in Au electron irradiated· at 5 K. Instead, they

az·e mainly present 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 free intdtstitials id Stage III.

A.9)  In a number of metals observed in the electron microscope changes in the

defect structure 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 dlusters 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.

A.10)  Thin gold foils containing vacancy type precipitates have been bombarded

on one face with low energy ions[182].  Under these conditions interstititals were in-

jected below the surface while any vacancies were 16ft behind essentially at the in-

cident surface. Electron microscope observation revealed that the sizes of the vacancy
0

precipitates were reduced by the irradiation at large distances, i.e., 51000 A, 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 the injected interstitials were mobile through-

out the entire temperature range studied and that after injection they migrated from

positions relatively near the incident 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)i n gold having
0

 

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

directly bythe injected RCS's,nolow 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 [184 ] has made direct measurements of the transniission of RCS' s throu.gh All
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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

0tthat the range  must be  far  less  than  2000 A . Finally, other evidence reviewed recent-
0

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 annealing of "bright spot" defects and

vacancy 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 evidence for a Stage III

<110> split interstitial and vacancy migration in Stage IV.  However, this work has

been reviowed recently by Seidman, et al.[189] who argue that these experiments are
--

inconclusive.  Initially impure W was used in [188], and in both [187] and [188]

relatively large concentrations of Re were produced by transmutation.  Seidman,

·et al.·[189] conclude  that the bright spot defects observed  in   [187 ] were probably

interstitial-Re atom complexes. Sei·dman has also pointed out elsewhere[190] that

the evidence published by Attardo, elal· [187]  for the existence of. a <110> split

interstitial in W must be regarded with caution, since the atom-by-atom dissection

of high index planes in the field ion microscope is required before any conclusions

can be reached about the geometric configuration of an interstitial defect. The

same cautionary statement applies to the claim of Attardo and Galligan[191].that

Stage III in neutron irradiated Pt is caused. by the migration of a <100> split

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. No evidence was found for the existence of such a defect.

-4 We note that this most recent result is in ·di. sagreement ·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 itradiated Al containing 6 dilutd concen-

tration of Co at a temperature between Stages I and III where the interstitials are

mobile and become trapped at the Co atoms. The trapping 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 resistivity monitors the removal of vacancy-trapped

interstitial pairs, whereas the new Mossbauer 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 cf Cu specimens has been doped with Frenkel pairs at 4 K and

then annealed to a series of increasing temperatures, Td' above Stage I and then

cooled back to 4 K[198].  When Td 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 III the doping defects consist of vacancy and interstitial

clusters.  A test dose of defects is then introduced at 4 K, the specimen is

warmed  to a fixed annealing temperature between Stage  I and Stage  III,  and

is again cooled to  4 K.  The fraction, rI , of the test defects remaining

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

rI is· found when Td passes through Stage III.  This must be due to the migration
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and clustering of the doping vacancy defects 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 "test defects" by electron irradiation and measured

the damage rate as a function of irradiation temperature.  The density of doping de-

fects was large enough, and the density of test defects was small enough, so that any

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

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

large drop-off in the· damage rate occurred in Stage I when the inter: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 III'Vas

reached the damage rate decreased sharply again and either went essentially to

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

( Cu  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

metals 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 anywherd which may have been due to the conversion

of Stage I interstitials to "Stage III interstitials" as postulated in the two-

interstitial model[178].                                
           '

A.17)  Damage rate measurements in Stage II have been made by Becker, et al·[199 1

for Cu during electron irradiation at 93 K.  Evidence is found that isolated immobile
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interstitials are not produced wider. these conditions.  Instead mobile interstitials

are produced, and.the resulting damage consists of immobile vacancies and interstitial

clusters which are nucleated at impurity atoms and grow by the aggregation of the

mobile interstitials. Upon subsequent annealing of such a structure an annealing

stage is found in the Stage III temperature range which is very similar to that

normally found after electron irradiation at 4 K.  Since vacancies are the only

isolated defects present in such a structure, these results indicate vacancy defect

annealing in Stage III.

A. 18)     Gruber  et  al· [200 ]  have made parallel measurements   of the recovery    of

the lattice parameter and the resistivity of irradiated Cu after low temperature

irradiation.  By analyzing these.measurement they find a small excess concentration

of vacancies (relative to interstitials) in Stage I and a small exces& concentration

of interstitials (relative to vacancies) in Stage III.  This is just 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 producing a corresponding small excess

concentrati n of the anti-defect.

A. 19)  Kornelsen[201] has irradiated W specimens with 5 keV heavy ions at room

temperature, annealed the damaged specimens to T ' injected the specimens with 250 eV

He ions at room temperature, and then studied the thermal desorption spectra of the

helium atoms during subsequent warming to temperatures as high as 2400 K.  He finds

a strong desorption peak at 41560 K which is largely eliminated by the preliminary

annealing of the damaged specimens to temperatures near T  = 700 K.  Kornelsen

explains this result in the following manner. Single injected helium atoms are

mobile in W at room temperature and are strongly trapped at any monovacancies present

in the ion damaged specimens.  Helium atoms trapped in this manner are subsequently

detrapped ( desorbed) by heating to #1560  K. The elimination  of this trapping-

detrapping process by the preliminary annealing of the damaged specimens to TA 0 700 K
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is due to the fact that the monovacancy traps are removed by. such.an anneal, i.e.,

vacancy migration occurs in Stage III near 700 K.  In later work by

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 migration 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

vacancies under well understood conditions. Furthermore, the defects which are mobile

in Stage III produce the same clustering of Zn atoms in Al as vacancies do, whereas

-the  defec :.s 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 and growth of 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 variation of the nucleation rate of interstitia]. cluaters and the

growth behavior of intel·stitial dislocation loops leads to results which are ccn-

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

obtained from quenching experiments (eV).

m            m           m            b            b
Metal     E             E            E             E             E            Ref.

1v 2v          3v           2v           3v

b
Au 0.83-0.89 0.62-0.79 0.48-0.56 0.25-0.57 1 5E [21]--0   2v

Al 0.65 0.50 0.47 0.20 10.3 [58]

Pt 1.45 1.10 0.19 [ 1]

1.38 1.11 0.11 [64]

t
0.23 [70]

CU 0.72 [76,77]

Ag 0.57 [81,82]

W 1.8 [89]

Mo 1.3 - 1.9 [95]

t This is the value of the free energy of binding at T = 443 K.
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Table 2.  Effective migration energies for Stage III annealing after irradiation (eV).

m
Metal Irrad.                  E                       Ref.eff

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 [131]

1.45 = Em1v

electrons 1.00 = Em [66]2v
b

£0.15 = E2v

Cu electrons 0.67 [144]

protons 0.71 [135]

protons O.71. [103]
electrons 0.69 [137]
neutrons 0.72 [134]
electrons 0.71. [139]
electrons O.71 [145]

Ag protons 0.67 [103]
electrons 0.64 (avg.) [147]

W neutrons 1.66 [1491

1.7 [151]
1.7 [152]

Mo electrons 1.29 [153]
electrons 1.29 [156]
neutrons 1.29 [160]



Table 3. "Best values" of Em  Ef  and Q   (eV).lv' 1v 1v

Metal           En                        .Em                                 Em                     Ef                         Ef                       Ef              E v  (best )     Qlv1v eff 1v 1v 1v 1v +
(quench) (irrad) (best (positron) (quench) (best (best

Ef  (best)from from value) value) 1v 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]

Al 0.65 0.59 0.62 0.66 [166] O.69 [57] 0.67 1.29 1.28 [169,170]

Pt 1.42 1.43 1.43 1.51 [61] 1.51 2.94 2.9  [171]

CU 0.72 0.70 0.71 1.29 [155] 1.27 [77] 1.28 1.98 2.07 [172]

Ag .0.66 0.66 1.16 [155] 1.10 [81,82] .1.13 1.79 1.76 [173]     I
S

W 1.8 1.69 1.; 03.5 [9 3] 03.7 [89] #3.6 05.3 <5.7  [94]     1

Mo 1.3 - 1.9 1.29 1.3 03.2 [95] 03.2  4.5  4.5 [96,97]
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FIGURE CAPTIONS

Figure    1:   ( a) Display of ·annealing temperatures, Ta' corresponding  to the maxima  of

the isochronal annealing peaks observed for Au after quenching[27,29-40].

Filled circles connected by tie-lines correspond to cases where sub-

structure consisting 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.

(b) Same as (a) except for irradiated Au[37,39,101-107]. Data point X
corresponds to vacancy defect annealing temperature obtained from damage

rate measurements[108].

Figure  2: (a) Annealing temperature, Ta' versus quenching temperature, T , forq

quenched Au[29-39].

(b) Same as (a) except for quenched Al[47-57].

Figure  3: (a) Annealing peak for quenched Au which exhibits substructure [36].

(b) - (d) Annealing spectra for quenched Al[56].

Figure  4 i Effective migration energy, Em  . versus vacancy defect concentration in
eff'

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

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

Figure  5: (a) Display of annealing temperatures, Ta' corresponding to the maxima

i   of the isochronal annealing peaks observed  for Al after quenching[ 47-57] .
'-  Filled circles connected by tie-lines correspond to cases where two

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].

Figure  6: (a) Display of annealing temperatures, Ta' corresponding to the maxima

of the isochronal annealing peaks observed for Pt after quenching[6l-66].

(b) Same as (a) except for irradiated pt[66,69,107,126-131].0

Figure  7: (a) Display of annealing temperatures, Ta' corresponding to the maxima of

the isochronal annealing peaks observed for Cu after quenching.  Points

-                    connected by tie-lines correspond to cases where successive annealing

Atages 'Vere found  in  the  same 'specimen. Encircled group  of -points   at  the

higher temperatures corresponds to the annealing of large vacancy clusters.

   quenched into methyl alcohol under vacuum[ 72 ];   quenched  in  H2  or
He[73];      quenched  into H20 under· Ar by "Method 1"[75]; /\ quenched

into H20 under  N2  +  H2 [ 75 ];   quenched  into H20 under  Ar  or  Ar + ethyl
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.
,

alcohol[75];  quenched into H20 under CO[74];  quenched into H20
under  Ar [7 4] ;   quenched   into H20 under   CO   +   N 2[7 6] ;   quenched   into

H20 under N2[76]; n quenched into HCl under CO + He[77].
(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].

Figure  8: (a) Display of annealing temperatures, Ta' 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.  <1, *  quenched in N2 .or Ar[79] ;N           ™'Al

V,  , h>,   quenched into H20 under Ar+air[80];   quenched in

He[81];   quenched  in  He [8 2] ;    ,0, n quenched in N2 gas or liquid
/

nitrogen[83];   quenched into H20 under Ar [ 741 ;   quenched into H20
under CO[74].

(b) Same as (a) except for irradiated Ag[103,122,147].  Data point X

corresponds to vacancy defect annealing temperature obtained ftom damage

rate measurements[108].

Figure  9: (a) Display of annealing temperatures, Ta' corresponding to the maxima of

the isochronal annealing peaks observed for W after quenching[84,86,89].

(b) Same as (a) except for irradiated w[85,].48-150].

Figure 10: (a) Display of annealing temperature, Ta' 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]..

Figure 11:· Schematic diagram of the anndaling stage spectrum of Cu according to the

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

Figure 12: Effective migration energy. E   ..versus average annealing temperature,
'  eff'

T ' for annealing after irradiation and after quenching (see text for

details).
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