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ABSTRACT
The application of positron annihilation spectroscopy (PAS) to the study

of defects in metals has made significant contributions to our knowledge
regarding lattice-defect properties during the past decade. These
contributionc have been primarily in two areas: (1) the determination of
atomic defect properties, particularly those of monovacancies, and (ii) the
monitoring and characterization of vacancy-like microstructure development
during post-irradiation and post—quench annealing. The study of defects in
mecals by PAS 1s selectively reviewed within the context of the other
availsble techniques for defect studies. The strengths and weaknegses of PAS
as a wmethod for the characterization of defect microstructures are considered
vis-a-vis some of the other tools of the materials scientist. The additional
possibilities for using the positron as a localized probe of the atomic and
electronic structures of atomic defects are discussed, based upon theoretical
calculations of the annihilation characteristics of defect-trapped positrons
and experimental observaticns. Finally, the present status and future

potential of PAS as a tool for the study of defects in metals is considered.

*This work was supported by the U.S. Departament of Energy.



I. INTRODUCTION

The study of defects in metals has flourished for more than thirty
yearsl_7 with the frequent introduction of a variety of useful new
experimental techniques for the characterization and investigation of lattice
defects. These have included electrical resistometry, anelastic measurements,
transmission electren microscopy (TEM), differential dilatometry, radiotracer
diffusion, nuclear magnetic resonance (NMR), diffuse x-ray scattering, field
ior microscopy (FIM), ion channeling, positron annihilation spectroscopy
(PAS), Mdssbauer spectroscopy, and perturbed angular correlation (PAC). Some
of these techniques have had a broad impact on the field of defects in metals,
while others have had a narrower, but nevertheless important, application to
these problems. Although the first observations of the sensitivity of
positron annihilation to nonequilibrium and equilibrium lattice defects in
metals were published eighteen8 and fifteen’ years ago, respectively, the
impact of PAS on the defects field has really only made itself felt over the
past decade,m’11 as an increasing anumber of problems in this research area
have been addressed and solved. It is now clear that PAS, by virtue of its
defect-specific sensitivity to a variety of vacancy-like defects in most
metals and its applicabililty to a rather wide range of defect-related
problems in materials science, has taken its rightful place among the more
useful research tools of the materials scientist.l2

The impact of PAS upon the field of defects in metals has been greatest
in two areas: (1) the determination of properties of atomic defects,
especially those of monovacanciles, and (ii) the monotoring and
characterization of vacancy-like microstructure development during post-
irradiation or post—quench annealing. These studies have been carried out

primarily in pure metals, but applications of PAS have also been made in these



areas to alloys, in which defect—solute interactions play an important rdle.
Such studies in metals and alloys are useful for a variety of reasons. Two of
the most important of these are to be able to understand: (i) the atomic-
defect mechanisms responsible for mas:c transport (diffusion) in metals under
conditions of essentially thermodynamic equilibrium over their complete
temperature range of application, and (ii) the way In which this mass
transport is affected under conditions of energetic-particle (e.g., electron,
neutron, ion) irradiation. Under these latter, nonequilibrium conditions,
such defect-related phenomena as solute segregation, phase stability, and
dimensional stability can be draaatically influenced, often with deleterious
effects upon the pertinent physical properties of the material in question.
Before discussing the rdle that PAS has played in the study of defects in
metals vis—;—vis the other available tools for such investigations, it is
useful to first consider some of the extant problems 1in this research area
that the positron annihilation techniques can help to solve in the future.

The atomic~defect mechanisms of self-diffusion in metals have been
investigated for many years by a combination of radiotracer diffusion
measurements and an array of experimental techniques for the study of vacancy
defects. These Investigations have rather clearly and convincingly
demonstrated that atomic exchange with monovacancies is the decminant mechanism
by which atoms undergo transport in metals,13_15 except as tﬁe temperature of
the metal approaches melting. At these elevated lemperatures, in esseuntially
all metels, as the melting temperature is approached, self-diffusion is
increasingly enhanced over that which can be attributed to simple atom—
monovacancy exchange.15 An example of this behavior, iIn tungsten, is shown iIn
Fig. 1. Evidence exists for some face-centered-cubilc (fcc) metals, notably

aluminum, platinum, and gold, that this diffusion ecnhancement is caused by the



presence of an increasing population of divacancies In the equilibrium vacancy
ensemble with increasing temperature. Not only are there then wmore vacancy
defects present with which atoms can exchange, but also the divacancy is known
to be more mobile than the monovacancy in the fcc structure. On the other
hand, 1in the refractory body-centered-cubic (bce) metals, such as tungsten and
molybdenun, there now appears to be rather convincing evidence that the
considerably larger high—temperature diffusion enhancement found in these
metals cannot be attributed, at least solely, to the presence of
divacancies.l® The possibility that self-iInterstitial atoms may contribute
sicnificantly to atomic transport in both fcc and becc metals under essentially
equilibrium conditions at high temperatures has been suggested as an
alternative or supplemental mechanism for this diffusion enhancement. One
important aspect of clarifying this situation is to be able to elucidate the
nature of the high-temperature equilibrium vacancy ensemble. PAS has been one
of our most valuable tools in determining the formation rroperties of
monovacancles in metals; its application to the dafect-specific study of the
high-temperature vacancy ensemble appears now to be viable, as will be
discussed below in Section II B.

A number of the effects of energetic-particle irradiation upon the
microstructure of metals and alloys, and the concomitant changes induced in
their physical properties, are quite well known.20 These effects include: (1)
radiation-enhanced diffusion, (i1) radiation-induced segregation of elemental
constitutente, f111) void formation leading to swelling, and (iv) radiation-
induced instability and spatial redistribution of alloy phases. These defect-
related phenomena can sometimes have a rather convoluted relatiomship to the
fundamental physical properties of the atomic defects that control them.

Nevertheless, an understanding of the underlying defect properties and



interactions is imperative of these more complex phenomena are to be

eventuyally understood and controlled. Two examples will suffice in the

present work to demonstrate the nature of the microstructural effects that can
ensue from energetic-particle irradiation and the rdle that PAS might play in
providing funduamental information regarding these effects.

Radiation-induced segregation of Si to defect sinks in Ni{Si) alloys, in
which the Si is normally in solid solution, is shown in Fig. 2. The defect
sinks (i.e., annihilation sites) that are decorated by the resulting Ni3Si
precipitates in this example are the surface, grain boundaries, and
dislocation loops, the latter resulting from interstitial precipitation in
these Ni-ion irradiated samples. Such radiation-induced soiute segregation,
which similarily occurs for any energetic-particle irradiation that produces
excess mobile defects, results from the coupling of a flux of solute atoms, in
this case Si, to the flux of radiatfion~induced excess defects diffusing to the
sinks. This coupling exists by virtue of an interaction betwecen the solute
elcoment and an atomic defect. The magnlitude of such an effect depends upon a
number of defect-related properties, including the degree of defect-solute
binding, the defoct mobilities, and the defect production rate compared with
the equilibrium defect councentrations. Owing to the sensitivity of the
positron in most metals to the presence of vacancy defects, and the ability of
the positron to distinguish between vacancy- and interstitial-type
imperfections, PAS can directly provide much of the needed basic information
regarding these defect—related properties pertaining to vacancy defects.
Indirectly, by comparison with experiments that do not distinguisin between
vacancies aud interstitials, such as electrical resistometry, PAS

investigations can yield fundamental information regarding iaterstitials as

well,



The formation of volds in irradiated metals, and the concomitant
dimensional swelling of the material, is caused by the precipitation of the
excess vacancies that result from an imbalance in the net annihilation rates
at defect sinks (mainly dislocatious) of the vacaacles and interstitials
produced by the energetic-particle irradiation. It is a major and costly
problem in the use of metals for fuel cladding in nuclear reactors. The rate
and magnitude of void swelling depend upon a variety of defect properties,
such as equilibrium vacancy concentrations, vacancy and interstitial
mobilities, vacancy-cluster binding energles, defect-solute interactions,
etc. The morphologles of the void distributions formed during irradiation are
normally investigatced using transmission electron microscopy (TEM), since this
technique offers the most direct information available regarding the size,
density, and distribution of these vacancy clusters, as long as they are above
the normal TEY resoluticn limit (220 A in dlameter) for voids. An example of
the utility of TEM for the observation of void distributions is presented in
Fig. 3, in which a dramatic ordering is shown of the normal random
distribution of voids in irradiated Nb resulting for oxygen concentra-
tions >0.04 at.%.21 Although PAS cannot, aad has no need to, compete with TEM
for such morphological observations, it can contribute to the investigation of
the void formation and swelling problem in a number of significant ways.

These range from the study of the properties of vacancies in metals and
alloys, Including their Interactions with solute elements and extended
defects, to the study of the earliest stages of the vacancy precipitation
process itself, for which PAS has unique capabilities. The effects upon this
precipitation process resulting from the presence of both substitutional and

interstitial sclute atoms can also be investigated by PAS.



The present paper will consider priwmarily the investigatioan of vacancy
formation, migration, and clustering by PAS in comparison with the other
available techniques for these defect studies. By means of such comparisons,
it is hgped that both the particular strengths and weaknesses of PAS as a
method for the study and characterization of defect microstructures will be
made clear.

II. VACANCY FORMATION

The study of vacancy formation in metals has been actively pursued for
more than 20 years using differential dilatometry, guenching, and, wore
recently, positron anrihilation cpectroscopy techniques.22 Differential
dilatometry 1is based upon the measurement of the relative macroscopic length
change (AL/L) and microscoplc lattice-paramcter change (Ata/a) in a crystal.
These measurements, which are normally carried oﬁt as a function of tempera-
ture under conditlons of thermodynamic equilibrium, have the virtue of being
rather straightforward in that they yield a value for the total vacancy
concentration at each temperature by means of the relation C, = 3 [(AL/L)-
(Aa/a)], which pertains for an isotropic (i.e., cubic) metal. For anisotropic
(e.g., hexagonal) metals, length and lattice-parameter changes along each
unique lattice direction must be mcasured. The practical drawback to
differential dilatometry is the precision with which the (Aa/a) measurements
can presently be performed, usually to no better tham 5 parts in 10°. Thus,
the technique is limited to measurements of C, > 5 x 1072, For most metals
this is a rather severe limitation, since vacancy coucentrations at the
melting temperature, Ty, are of order of magnitude 1074 to 1073, Thus, either
a sufficiently wide temperature and vacancy-concentration range is unavallable
to allow for the precise determination of vacancy formation enthalples (35ee

Fig. 4) or, 1f the vacancy concentration at Ty is high, the likelihood of



contributions to the measurements from higher—~order vacancy clusters
{principally divacancles) cannot be ignored.
A. Monovacanciles

The results of differential dilatometry measurements of C, in copper23

are shown in Fig. 4, along with the results from two quenching studies.zz"z5
These latter, nonequilibrium measurements of the residual resistivity
increments (at 4.2 K) from quenched-in vacancies have avoided one of the mosf
problematic pitfalls of quenching investigations of vacancy formation,26 that
of the loss of vacancies to existing sinks (primarily dislocations) during the
ranid quench from high temperatures. This has been accomplished by starting
with very low dislocation density siangle crysta1524 or by quenching from
sufficiently low temperatures that this loss can be shown to be
negligible.25 The vesults of these differential dilatometry and quenching
studies together are seen to provide a rather consistent descripcion of
vacancy formation in copper, as they have 1In two other fcc metals, aluminum22
and gold.ze"27 In the case of copper (Fig. 4) these data give no indication
of an enhaucement in C, at high temperatures from the presence of divacancies
in the equilibrium vacancy ensewble, whereas for aluminum and gold such an
enhancement 1s clearly evident.22 However, the problems with performing
reliable quenching experiments are considerable, and relating the
nonequilibrium quenched-in vacancy ensemble back to the equilibrium vacancy
easemble of interest in these vacancy formation studies is difficult at
best.

PAS has provided a means, for the first time, to study vacancy formation
in metals under equilibrium conditions with sufficlent sensitivity to monitor

the changing concentration of vacancies with temperature over the range in

which monovacancies dominate the equilibrium vacancy ensemble. This 1s a



result of the positron being sensitive to vacancy concentration changes in the
range of <1076 o 10™* {n most metals. Mecasurements of the monovacancy
formation =2nthalpy, such as that shown in Fig. 5 for copper,28 have resulted
for a wide variety of metals.?? These are very often the most precise values

for HEV available; however, they do agree well with those obtained from

careful quenching studies, when available. A comparison of va values

obtained from PAS and quenching studies is presented in Table 1 for a few

selected fcc and refractory bec metals.

B. Divacancies

Self-diffusion in metals is generally observed to be enh-nced at high

temperatures over that expected from atomic exchange with monovacancies,15 an

effect usually attributed13’40 to the presence of significant concentrations
of divacancles in the equilibrium vacancy enremble. As a result, PAS data
such as those shown in Fig. 5 have also been analyzed for evidence of
contributions from these higher—-order vacancy clusters. Such attempts at
deducing information regarding divacancies, however, yield results that appear
to lack uniqueness. The Doppler-broadening data for copper shown in Fig. 5
were analyzed in detail by fitting to a trapping model containing
monovacancies alone (1lv), or in combinatlon with increasing concentrations of
divacancies (lv—2v).28 It was concluded that no unique information regarding
the presence of divacancies in the equilibrium vacancy ensemblc could be
obtained from this type of positron annihilation data using parametric
trapplng-model fits. This may be a particularly difficult problem for copper,
which has a rather low vacancy concentration at Ty and for which the data
shown In Fig. 4 give uo evidence f5r an enhanced divacancy concentration at
high temperatures. The difficulty Iin obtaining information regarding

divacancies from such data as shown 1o Fig. 5 results from a lack of knowledge
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regarding the temperature-dependent annihilation characteristics for the
monovacancy— and divacancy-trapped positrons, and hence, a lack of knowledge
regarding the limiting high-temperaturs behavior, F,(T), of the sigmoidal
curve., Fortunately, the application of PA5 to the problem of the high~
temperaéure equilibrium vacancy ensemble in metals is not limited to such
measurements. Two aspects of PAS, one experimental and one theoretical, seem
to have now matured to the point where it appears that a successful approach
to this problem 1s at hand.

The full momentum-density information available from two-dimensional
angular correlation of annihilation radiation (2D-ACAR), previously used for
electronic structure investigations of defect—-free metals,41 can be used for
the study of positrons amnihilating Ffrom vacancy—-defect-trapped states within
the high-temperature equilibrivm vacancy ensemble. In addition, it is now
possible to make realistic theoretical calculations of the positron—~
aqnihilation characteristics from monovacancy- and divacancy-trapped states in
a metal, based upon a self-consistent, local density functional formalism*?
lacorporating many-body enhancement effects and carried out for vacancy
defects within a supercell.43 An investigation of the equilibriuam vacancy
enseuwble in aluminum using a combination of these 2D-ACAR experimental and
theoretical PAS techniques has very recently been performed,44 and is
described schematically in Fig. 6. The 2D-~ACAR surfaces measured in single-
crystal aluminum at 20°C, 500°C, and 630°C are shown in Fig. 6. These are
referred to a set of 1D-ACAR peak-count measuremenvs as a function of
temperature, by means of which the fractlon of trapped positrons contributing
to the high—-temperature 2D-ACAR data could be escertained. The theoretically
calculated 2D-ACAR spectra for positrons annihilating from the Bloch state and

the monovacancy- and divacancy-trapped states, to which the data have been
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compared, are also presented. The Bloch-state calculation®? agrees well with
the experimentally measured surface at 20°C; the surfaces measured at 500°C
and 630°C are observed to lie between the theoretrical specira
monovacancy~ and divacancy-trapped states in terms of both their shape and
magnitude.

The preliminary reports44 of this study are quite encouraging, 1in that
they indicate that these combined experimental and theoretical results are
consistent with a significant population of divacanciles in the equilibrium
vacancy ensemble, which increases with increasing temperature. Such behavior
of the equilibrium vacancy ensemble in aluminum Is to be expectedz2 from a
combination of vacancy formation studies using differential dilatometry,
quenching, and PAS, as well as post-quench resistivity annealing
studies.3}»43 Aluvminum, which has a total vacancy concentration at Ty of
9.4 x 10—4, is thought to have?? about 40% of its vacant lattice sites in the
form of divacuanices at Ty, about 207 at 500°C, and an almost negligible amount
at 300°C. In addition, the presence of divacancies in the high~temperature
ensemble is consistent with the rather strong diffusion enhancement observed
at high temperatures in aluminum . 13713 Nevertheless, a unique "fingerprint”
of the divacancy has not yet been found in this 2D-ACAR study,44 althiough a
full analysis of the data has not yet been completed. A number of
temperature-dependent effects must still be incorporated into the theoretical
calculations, in order to take full advantage of these data. While this
initial 2D-ACAR PAS study of an equilibrium vacancy ensemble has been carried
out for aluminum, owing to the previously available vacancy—~defect information
regarding divacancies, neither the experimental nor theoretical techniques
used in this study are limited to this simple metal; the techniques can be

applied to any metal, even the refractory bcc metals. It is anticipated that



12

such 2D-ACAR lnvestigatlons, combining both theory and experiment, will allow
for defect-specific, spectroscopic observations of the equilibrium vacancy
ensembles in a varilety of metals in the future, which can answer a number of
importaqt quesiions regardirg thelr defect-related behavior. Furthermore, it
may be expected that such observations can be extended to the study of
vacancy-solute interactions Jn dilute alloys as well, to yield information
regarding the change in the electronic structure of a vacancy when it is bound
to an impurity. This, of course, 1s the fundamental information required to
understand vacancy-solute interactions in general.
C. Vacancy-solute interactions

Studies of vacancy-solute interactions in dilute alloys have been carried
out using the same techniques that have been usefully applied to the study of
vacancy formation in pure metals, differential dilatometry, quenching, and
pas.46 Generally, the mecasurements performed under equilibrium coanditioas,
elther using differential dilatometry or PAS, have indicated rather small
interactions between substitutional impurities and vacancies; these results
are also consistent with radiotracer measurements of solute diffusion in
metals.® On the other hand, the nonequilibrium, quenching measurements of
vacancy-solute lnterctions have often indicated considerably larger
effects.” Although the complexity of the défect ensembles 1n these quenched
dilute alloys sometimes precludes a clear analysis, these effects may often be
attributable to the stronger interactions among higher-order wvacancy and
solute clusters, which would not be found to any significant degree 1in the
equilibrium defect ensemble. As in the case of vacancy formation in pure

metals, the equilibrium techniques for investigating vacancy-sclute

interactions are to be preferred.
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Since the relative effect on the vacancy concentration enhancement from
the presence of vacauncy-solute bound states in the equilibrium vacancy
ensemble is greatest at lower temperatures,11 and since any contributions from
higher—?rder vacancy clusters are minimized at such temperatures, PAS
measurements of equilibriun vacancy formation in dilute alloys have
significant advantages over other available techniques for the study of
vacancy-solute interactions in metals. An example of such a measurement47’48
in Ni(1l at.% ©e) is shown in Fig. 7. Radiation-induced Ge solute segregation

L}

has been observed in Ni(Ge) alloys, as in the example shown for Ni(Si) in the
Introduction (Fig. 2), and attributed to rather strong vacancv-Ge binding.49
However, the recent PAS measurements of vacancy formation in Ni(Ge) alloys
with various Ge concentrations indicate that this binding enthalpy is only
0.2540.09 ¢v.%8 This value is rather small in comparison with the monovacancy
formation enthalpy of 1.8 eV in pure Ni,35 but nevertheless may still be
sufficiently large to explain the experimentally observed solute-segregation
in these alloys.

Even though PAS measurements have definite advantages over other
techniques for these investigations, the results presented in Fig. 7 give a
good indication of the difficulty of determlning vacancy—-solute binding
enthalpies using such PAS data. The colute enhancement in the equilibrium
vacancy concentration is generally quilte small in the case of substituional
solute elements and the positron—annihilation parameter measurements must have
sufficient precision to distinguish these small changes. However, the maximum
effect from the solute-bound vacancies as seen by the positron, shown in
Fig. 7b, is well suited to such measurements. A problem that does have to be
given due consideration in these PAS measurements, cven more so than for pure

aetals, is that of positron trepping in dislocations in the pre-vacancy
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rcgion.50 This effect, which can be more of a ~voblem in alloys owing to the
additional difficulty in the annealing of solute-, {inned dislocations, can lead
to an erroneous extrapolation of the low-temperature behavior of the lineshape
parameter into the vacauncy region and, hence, a deduced vacancy-solute binding
enthalpy that is larger than that in reality.48 Nevertheless, carefully
performed PAS investigations of vacancy forumation in dilute alloys, and in
concentrated alloys as well, can provide much needed fundamental inforamation
regarding the defect~related belhavior of such materials.
ITI. VACANCY MIGRATION

The study of vacancy migrat’on in metals has been fruitfully attacked
along two paths, which have wmost . “ten, but net always, yielded results
consistent with one another. One path has been the essentially direct
measurement of vacancy mobility by monitoring the temperature~dependent
annealiag of a nonequilibrium ensemble of vacancles introduced into the metal
by'quenching or energetic-particle (preferably electron) irradiation.”l The
other path has been the more indirect, but often preferable one, of combining
the results of monovacancy formation and low-temperature radiotracer diffusion
studies to deduce monovacancy migration enthalpieS.13’22 As long as the non-
equilibrium defect ensemble introduced into the metal by quenching or
irradiation is not too complex, as it most often is iIn the cases of heavy-
particle (neutron,ion) irradiation or mechanical deformat‘on; this annealing
can be interprzted in terms of the wmobilitlies of the individual defects
comprising the ensemble.’? The experimental techniques used to monitor this
annealing behavior have been diverse, including almost all of those mentioned
at the outset of this paper. Positron annihilation has found its niche in

both of these methods to deduce the migration properties of vacancy defects,
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Since the activation enthalpy for self--diffusion by atowmic exchange with

mounovacancies is given by Q1 = ”iv + HTV, precise weasurements of Q; by

radiotracer diffusion or nuclear magnetic resonance methods can be combined

7

with similarly precise measurements of ”{v te ylecld values for the monovacancy

migration enthalpy, HTV- Some examples are presented in Table 1. When the

measurenents of Q; and Hgv are stralghtforward, as for the examples given in
Table 1, requiring no ad hoc assumptloans in the analysis of either the
diffusion or vacancy-formation data, this method for determining H?v, bas~-
ically under equilibrium conditions and a rather simple defect situation, can
yield the most accurate valucs avallable for this migration enthalpy. These
values also agree well with those available from post-quench and post-

.
irradization annealing studie.«:.)1 On the other hand, when the determination of

either Q or HEV, or both, requires a more complex and model-dependent
analysis than usual, as in the case of wetals undergoing high—tewpetature
phase transition553’54 or wvhen positron detrapping from vacancies is
suspectcd,37 this methqd can yileld results which are considerably less
reliable than those available from the more direct studies of vacancy mobility
in quenched or electron-irradiated metals.

PAS has been particularly useful in monitoring vacancy annealing in
metals after irradiation or quenching, owing to the rather unique sensitivity
of the positron to vacancy defects. Thus, even in a defect ensemble
containing both vacancies and interstitials, produced by energetic-particle
irradiation, PAS is able to distinguish those temperature regions in which
vacancies are mobile and form clusters from those in which vacancy-
interstitial recombinaton occurs. This defect-specific sensitivity of the
positron has consequently helped significantly in confirming that mobile

vacancles are responsible for what is normally called Stage IIL annealing in
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irradiated metals.?? A controversy existed for a number of years regarding
this annealing stage, owing im part to the lack of defeact-specificity of
previously used techniques, such as electrical resistometry, which allowed for
interpretation of this annealing in terms of eithev vacancies or
interstitials.

An example of the apnplication of the PAS lifetime technique to the direct
study55 of vacancy mobility in electron-irradiated aoFe 1s shown in Fig. 8. In
this study, the observed post-irradiation anncaling of the defect-trapped
positron lifetime Ty and the intensity Iy of this component in the lifetime
spectrum clearly indicates that vacancies are mobile at about 220 K in aFe.
The annealing of I in the low-dose sample at 140 K, along with the absence of
any concowmitant change In 19 at this temperature, suggests that vacancy-
interstitial recombination has occurred in this annealing stage. The
annealing of I, at 220 K, in both the high- and low-dose irradiated samples,
along with the concomitant increase of 19 from that value attributable to
monovacancies (about 175 ps) to those values representative of small vacancy
clusters,Se’57 show clearly that vacancy precipitation is taking place at this
temperature. This direct observation of vacancy mobility at about 220 K in

aFe {s at odds with the indivect deductlion cf a monovacancy mobility in aFe

from a combination of equilibrifum PASS4 and radiotracer diffusion’3 results,

which suggest that the monovacancy ian aFe only becomes mobile at considerably
higher temperatures. However, thls appears to be a good case in point for the
greater reliability of the more direct measurement of vacancy mobility by PAS
compared with the indirect method for a metal which undergoes multiple high-
temperature phase transitions. Recent measurements using a variety of
techniques, including ?AS, TEM, magnetic after-effect measurements, and
electrical registometry, have confirmed the low-temperature mobility of the

vacancy in alfe .36
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Before proceeding to a consideration of vacancy clustering in metals, it
may be useiul to point out a feature of such direct wmeasurewents of vacancy
wobility using PAS which has not been taken advantage of, at least up until
the prescat (an exception can be found in these Proceeding557). PAS
measurcments of vacancy mobility in nonequilibrium defect ensembles have
concentrated upon determining the temperature range in which vacancies become
mobile, qualitively useful information, but have not heretofore gone beyond
this to quantitatively determine a vacancy migration enthalpy, which is
nvc;ssary input iIn the modcling of complex defect-related behavior found in
real materials. Although more tedious than isochroual anncaling studies, as
thac shown in Fig. ¥, isothermal annealing measurements at a variety of
temperatures within the defect-wobile region can yield yuantitative
measurements s of the vacancy migration enthalpy by PAS, as they have using
electrical resistonetry and TEM. Such measurements would be particularly
usefu!, of course, for those metals (c.g., aFe, V, Nb, Ta) in which the
comparison of the reselts of low—temperature diffusion studies and monovacancy

58

fornation enthalpy measurements have yielded questionable”™ values for the

monovacancy migration enthnlpy.37’54

IV. VACANCY CLUSTERING

Vacancy clustering in metals, leading to the formatlon of dislocalton
loops, voids, or bubbles, has been widelv studied by TEM, by a combinaton of
electrical resistometry and TEM, and, more recently, by PAS. Diffuse x-ray
scattering, FIM, and ion channeling have also been used for such studies, but
only in a few selected cases. Reviews of many of these applications can be
found in Ref. 12. Transmisslon electron microscepy has been the technique of
cheice in most studies of vacancy clustering, since it ylelds direct

information regarding the size, nature, and spatial distributlon of the
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clusters, with good sampling -‘'atistics, if done appropriately. TEM can also
yleld the relationship between such information and that of other
micreostructural features of interest in the material (e.g., dislocations,
grain bqundaries, surfaces). In these areas of microstructural observation,
no uther technique competes effectively with TEM. The limitations of TEM in
performing these tasks are primarily its lack of resolution of very small
vacancy clusters ( 20 A) and its 1nability to monitor the carliest stages of
the segregation of Impurities, either substitutional or interstitial, to these
clusters. While FIM can, in principal, owing to ite 2tomic resolution and
analytical capabilities,59 complement TEM in these areas, its wampling
statistics are too limited to high-density events for gencral applicability.
Positron annihilation spectroscopy, by virtue of the positroa’s unique
sensitivity to vacancy defects in the complete range from single vacancies to
small vacancy clusters to clusters of vacancles large enough to be observed by
TEM and its ability to distinguish the chemical environment of these vacancy
defects, both with good sampling statisties, can complement TEM investigations

of vacancy cluster:s as no other technique available to the materials scientist

can. However, much of this potential is as yet unrealized, although this
situation appears to be changing rapidly.60
Examples of the application of PAS to the investigation of vacancy

clustering in electron®l and neutron®? irradiated molybdenum are shown in

Fig. 9. The defect-travped positron lifetime T9 is seen to vary continuously
with annealing in the electron-irradiated sanmple from that value (200 ps)
representative of monovacancies in Mo to about 450 ps, which 1s representative
of well defined voids®® in this material. This observed variation of 75 with

post—irradiation annealing temperature led to two subsequent investigations:

Y/
Oﬂe.6' a quantitative analysis of the vacancy clustering process in terms of
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calcilated positron lifetimes in volds in Mo as a function of void size, the
0ther,61 within the context of the original investigation, a confirmation of
the PAS-observed void formation by means of TEM. The voids observed by TEM
were about 30 A in diameter and at a density of about 1 to 5 x 1013 voids
cm"3, close to the limits of both the resolution and sampling capabilities of
conventional TEM. The ability of PAS to distingulsh between differing states
of vacancy clustering in samples that have undergone different irradiation
conditions is clearly shown by a comparison of the initial post-irradiation
states of the vacancies in the electron and neutron irradiated samples as seen
by the positran. The largzer inltial value of T, in the latter case as
compared with the former, distinguishes rather clearly between the void-like
natuve of the depleted zonecs present after neutfon irradiation and the
monovacaucics present afler electron irradiation, which results in rather
simple Frenkcl-pair (i.e., vacancy plus interstitial) production.

The increase in 149 above 450 ps, shown 1n Fig. 9, observed for both the
electron and neutron irradiated molybdenum at annealing temperatures in excess
of 600°C was subsequently shiown®3 o have been due to impurity contamination
of the voids from the gaseous anncaling atmosphere. The demonstrated
sensitivity of PAS to such an Impurity-contamination effect can have
conglderable impact on the study of the earliest stages of solute segregation
to volds and its eventual ianfluence upon the void formation and swelling
problem In alloys. Whille such applications of PAS have been somewhat slowly
realized, it can now be anticipated from several recent studies®0 that PAS
investigations of 1lmpurity segregation at voids will provide an important
complement to the large number of TEM investigations of this technologically

fmportant problem, which after all can only observe the later stages of these

segregation processes.
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It should be pointed out that the study of vacaacy clustering, and for
that matter vacancy mobility, is in no way limited to the PAS 1lifetime
technique, although these were the examples chosen for Figs. 8 and 9. The PAS
momentun techniques, Doppler broadening and angular correlation, can be
similarly applied to these problems, with the particular advantage that
specific chemlcal environments related to these defect clusters may be more
effectively probed than with lifetime measurements. In order to fully utllize
the potential of these momentum measurements, however, defect~specific
parameters of the positron annihilation spectra must be developed and
calibrated. Such a parameter, for example, has been used effectively in
studies of vacancy clustering in copper and hydrogen—doped copper.65—67 With
the recent advent of realistic calculations of the positron—-annihilation
parameters in defect-trzapped states,42’44’68 it can be anticipated that the
PAS momentum techniques will become much more powerful tools for these
applications to vacancy clustering phenomena in the near future.

V. CONCLUSIONS

This paper has focused upon the investigation of vacancy forwmation,
vacancy migration, and vacancy clustering in metals by PAS in comparison with
other experimental technilques available for such studies. These areas of
application within the field of defects in metals were selected since they
represent the areas in which PAS has made the most significant contributions
to date and in which it will likely do so in the relatively near future.
Positron annihilation studies of deformed metals and alloys have also been
carried out, and the sensitivity of the positron to the defect microstructures
thus produced have been clearly demonstrated. Unfortunately, at this time
there is an insufficlent understanding of the way in which the positron

interacts competitively with the variety of potential positron trap states in
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the rather complex defect cnsembles produced by mechanical deformation. Much
the sare thing wight be sald at present regarding the application of PAS to
complex irradiation-induced defect ensembles. While PAS can indeed be very
useful in qualitatively monltoring the gross changes which may occur in such
couplex defect ensembles, it 1s unlikely that much defect-specific 1information
can bc deduced from these changes until the response of the positron to a
nunber of possible defect—trap states can be elucidated.

For examplc, the response of positrons to trapping in dislocation lines
vis:é—vis jogs alceng these dislocation lines has been considered
theoretically.69 It has been suggested that weak positron tropping at the
disleccation, in conjunction with stronger trapping at jog sites, may explain a
nunber of the prevacancy effects observed even in supposedly well-annealed
metals,50 which of course always contain sowe residual dislocations. While
this suggestion seems to account for many of these observations, a clear
experinental demonstratlon of the differing positron trapping and annihilation
response to dislocation lincs and jogs along these lines is st1ll lacking.

The realistic iIntervpretation of PAS data In deformed metals would naturally
depend rather heavily on the clarification of this problem. Similar guestions
remain in terms of the positron's response tou other extended defects in
metals, such as grain boundaries, and interfaces between phases in alloys.
Careful investigations by PAS of previously characierized microstructures, for
examnple, by TEM, would be exceedingly valuable in this regard.

Whether PAS will becowme as wa2luable a technlque for the study of more
complex defect-related behuvior in metals and alloys as it has been for the
study of the properties of vacancies, is a question that remalns to be
answered. There appear, however, to be rather few a priori limitations to the

application of PAS to the study of defects In metals and alloys, either by
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itself or as a complement to other available experimental techniques. These
applications will undoubtedly be given even a broader scope with the recent

avallability of slow positron beam sources with positron acceleration

capabilities.70'7l These positron sources can be used to probe near-surface

defects in a depth—-dependent fashion, and possibly laterally-dispersed
defects, as well, using focused positror beams, in the future. A major factor
in determining how far PAS can be eventually taken in its effective
applicability to the study of defects 1n n=tals may well be the degree to
vhich realistic theoretical calculatiecns of positron response to various

defect types can be carried practically. Just as transmission electron

microscopy has relied upon calculations of the expected diffraction contrast
from various defects for its most sophisticated applications to the
observation of defect microstructures, so positron annihilation spectroscopy
may ultimately depend upon a combination of theory and experiment for a

At this

utilizarion of its full potential for the study of defects in metals.

writing, the future of these applications of PAS looks bright indeed.
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Monovacancy formation enthalpies, H{v, from PAS compared with those

Table 1.
from quenching. The ‘'best' values for va are subtracted from the
activation enthalples for low-temperature diffusion, Qp, to yleld
, values for the monovacancy migration ecnthalpy, H?v.
Metal BF (ev) Qi (eV) W (e¥)
1v 1te 1v
PAS Quenching 'Best!
Al 0.66 + 0.0230  0.66 + 0,013 0.66 1.28 0.62
Ag 1.11 4 0.0532  1.1033 1.11 1.76 0.65
Au 0.97 + 0.013%  0.94 + 0.02%7 0.94 1.78 0.84
Cu 1.31 + 0.0528  1.30 + 0.052> 1.31 2.07 0.76
Ni 1.8 + 0.13%  1.636 1.8 2.88 1.1
Mo 3.0 % 0.237 3.238 3.2 4.5 1.3
W 4.0 + 0.337 3.6 % 0.239 3.6 5.4 1.8
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 5.

Self-diffusion in tungsten; loparithm of the tracer self-diffusion
coefficient as a function of reciprocal temperature.lé"lg The
expected behavior from atomic exchange with wonovacanciles, Diys 1s
indicated, as are the low- and high-temperature activation
ceathalples, Qp and Qy, respectively.16

Radiation—induced solute scgregation in normally solid solution
Ni(Si) alloys, leading to NijSi precipitation observable by TEM at
such defect sinks as: (a) the surface, (b) interstitial dislocation
loops, and (¢} a grain houndary. After R.f. 20.

Transmission electron micrographs of void distributions in Nb
concaining (a) 0.004 at.% 0 ar (b) 0.039 at.% 0 after Ni-ion
irradiation at 1050 K. From Ref. 21.

The total cquilibrium vacancy concentration in copper; logarithm of

C, as a function of reciprocal temperature. The post-guench

resistivity data®% 25 are scaled to the C, values measured by
differential dilatometry23 using a vacancy resistivity of

0.62 x 1074 0 cm. After Ref. 25.

Doppler-broadening lineshape paramecter F(T) for copper as a function
of tcuperature, and four statistically indistinguishable trapping-
model fits to the data.28 The F,(T) deduced from these fits (lv or
lv-2v) are seen to accommodate to the uncertainties regarding the

high-temperature vacancy enscmble.



Fig. 6.

Fig. 8.

Fig. 9.
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Schematic of a 2D-ACAR investigation of the egquilibrium vacancy
ensenble in aluninun.44 The experimental 2D-ACAR surfaces for an Al
single crystal at 20°C, 500°C, and 630°C, measured at Brandeis
University, are compared with the theoretical 2D-ACAR spectra,
calculated for 0 K and convoluted with the experimental resolution,
for the Bloch state and the monovacancy (lv) and divacancy (2v)
trapped states of the positron. The p, and py axes correspond to
<110> directions for the experiment and <100> directions for the
t@eory; the representations are rotated accordingly. The 2D-ACAR
dat;;é;é;ffferred here to a set of mcasured p, = <111>, 1D-ACAR
(loné;gli%)fdata as a function of tenperature for convenience of
visualization,
(a) Doppler—-broadening lineshape parameter F(T) for Ni and
Ni(1l at.Z Ge) as a function of temperature, and the trapping
mode} fits to these data. Frow Ref. 47.
(b) The difference AF(T) between the data for the Ni(l at.%? Ge) and
the Ni shovmn in (a) as a function of temperature. From
Ref. 48. This difference has been set to zero at the lowest
temperature.
The lifetime 7, of trapped positrons, and the intensity I, of this
companent, in electron irradiated a¥Fe as a function of annealing
temperature. From Ref. 55.
Annealing behavior of the trapped-positron lifetime T9 in electron61

and neutron®2 irradiated molybdenum. After Ref. 63.
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¥ig. 5. Doppler-broadenliug lineshape parameter F(T) for copper as a function
of temperature, and four statistically indistinguishable trapping-
model fits to the data.28 The F, (T) deduced from these fits (Iv or
1v-2v) are secn to accommodate to the uncertainties regarding the

high-temperature vacancy cnsemble.
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University, are com -red with the theoretical 2D-ACAR spectra,
calculated for 0 K and convoluted witli the experimental resolution,
for the Bloch state and the monovacancy (lv) and divacancy (2v)
trapped states of the positron. The p, and py axes correspond to
<110> directions for the experiment and <100> directions for the
theory; the representations are rotated accordingly. The 2D-ACAR
data are referred here to a set of measured p, = <ill>, 1D~ACAR

(long-slit) data as a functlon of temperature for convenience of

visualization.
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The lifetime Ty of trapped positrons, and the intensity I, of this

55.
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Fig. 9. Annealing behavior of the trapped-positron lifetime "5 in electronb!

and neutrou®? {rradiated molyodenum. After Ref. 63.



