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Sensitivity of positron annihilation to plastic deformation

T. Wider, S. Hansen, U. Holzwarth, and K. Maier
Institut für Strahlen und Kernphysik der Universita¨t Bonn, Nußallee 14-16, D-53115 Bonn, Germany

~Received 3 July 1997!

In situ measurements of the positron lifetime in copper single crystals during tensile tests and fatigue
experiments have been performed. In tensile tests the mean positron lifetime starts to increase after a threshold
value for the resolved plastic shear stress oft'10 MPa has been exceeded. This stress, regarded as being a
sensitivity threshold of positron annihilation to homogeneously distributed dislocations, belongs to a critical
dislocation density of about 331012 m22 and a mean dislocation spacing of about 0.5mm. Since this spacing
equals twice the mean diffusion length of positrons in copper (L1'0.25mm), positron annihilation is sensi-
tive to dislocations when each positron has the chance of reaching a dislocation on its random walk. For
deformations up to the threshold stress, positron trapping in vacancies produced by plastic deformation can be
neglected. In fatigue, the positron lifetime starts to increase when a shear stress amplitude oft̂'8 MPa is
exceeded. The corresponding inhomogeneous microstructure has been treated tentatively as a two-phase sys-
tem consisting of dislocation-free~perfect crystal lattice! and densely populated~saturation trapping! areas.
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I. INTRODUCTION

Positron annihilation has proved to be a powerful tool
investigating the thermodynamical properties of vacancie
solids.1–3 Since positrons are repelled by the positive i
cores in a solid, any interruption of the regular array of i
cores, in the simplest case a vacancy, can provide a pos
trapping site. Analogously, dislocations are also expecte
provide trapping sites. Indeed, it is generally observed
the mean positron lifetime increases with increasing pla
deformation~e.g., Refs. 4–8!. Until now, the physical inter-
action mechanism between positrons and dislocations
been obscure3,9,10 because it is covered by the many-sid
aspects of the positron interactions with the complex de
spectra produced during plastic deformation.

While vacancies can exclusively be studied in a specim
in thermodynamical equilibrium at elevated temperatur
the formation of dislocations is always accompanied by
production of vacancies.11–13 In addition, vacancies in ther
modynamic equilibrium are homogeneously distribut
whereas dislocations show a strong tendency to cluster
progressive deformation.14–16 The formation of dislocation
cells and peculiar dislocation arrangements, e.g., so-ca
persistent slip bands in fatigue17,18 lead to a modulation of
the dislocation density by a factor of 102– 103 on a typical
length scale of 1mm.19–21 The dragging of jogs on disloca
tions with dominating screw character produces strings
vacancies,11–13 which may disintegrate into stringlike clus
ters. For positrons trapped in these type of clusters lifetim
even shorter than those for single vacancies w
calculated.22 For large degrees of deformation and especia
for fatigue, the annihilation of edge dislocations provid
high concentrations of vacancies.23 This mechanism favors a
condensation of vacancies as Frank dislocation loops and
formation of spherical microvoids.24,25 In fatigue, long-lived
contributions~250–400 ps! are reported which are attribute
to annihilation in spherical microvoids.25–27

In tensile experiments at least up to moderate plastic
570163-1829/98/57~9!/5126~14!/$15.00
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formations of about 20%, the contributions attributed to v
cancies and dislocations can be separated by careful an
ing ~e.g., Refs. 5 and 28! since vacancies are mobile an
move to sinks~such as surfaces, grain boundaries, and d
locations! at temperatures lower than those required for
crystallization. Annealing experiments after plastic deform
tion of pure face-centered cubic metals show that vacan
produced during plastic deformation account for only a m
nor portion of the change in the mean positron lifetime.29,30

The mean positron lifetime measured immediately after p
tic deformation contains lifetime components from a confu
ing variety of possible trapping sites, among them differe
types of dislocations, vacancy condensates of different
and shape. The development of the mean positron lifet
during plastic deformation may therefore be influenced b
by changes in the nature and concentration of positron tr
Experimentally, in most cases only the lifetime in the ide
lattice and a mean lifetime for deformation induced defe
can be resolved.28 Even after careful annealing great care h
to be exercised when attempting to attribute a positron l
time to a dislocation since the details of positron trapp
along a dislocation line are probably impossible to cont
experimentally.

The ideal scenario for determining the specific lifetim
and trapping rate in dislocations would be the use of a cry
free of vacancies that contains exclusively straight, undis
ciated, well-separated dislocations of either edge or sc
character which do not contain jogs or kinks. Unfortunate
this scenario cannot be attained even in an approximate m
ner. In real crystals, dislocations stretch from one surface
grain boundary to another, either ending at dislocation no
in the volume or forming closed loops consequently hav
different characters. Most attempts at determining the s
cific lifetime of positrons trapped in dislocations yield valu
close or slightly below the vacancy lifetime.6,31,32From this,
it can be concluded that the positron lifetime may be rela
to vacancies trapped in the stress field around a disloca
line or in vacancies on a dislocation line which would
5126 © 1998 The American Physical Society
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equivalent to a pair of monoatomic jogs.32

The trapping rate into dislocations per unit dislocati
concentration is found to range from 231015 s21 ~Ref. 28!
to 2.931015 s21 ~Refs. 6,33! up to 1.6– 3.531016 s21 ~Ref.
34! which is significantly higher than the typical trappin
rate per unit vacancy concentration in the range betw
(4.360.8)31014 s21 ~Ref. 35! and 931014 s21.36 Tempera-
ture dependent positron annihilation measurements in
range between 10 and 300 K show that a dislocation
itself exhibits only a shallow positron trapping potential b
tween 5–10 meV~Refs. 30, 37, and 38! and 30–40
meV.5,10,39 The high specific trapping rate may then be e
plained by assuming trapping in a dislocation line as a p
cursor state for a transition into deeper traps such
jogs5,38,40 or vacancies trapped in the stress field aroun
dislocation line.41–43Some support has been provided by th
oretical calculations, which show that the extension of
trapping potential along the dislocation line will cause t
wave function of the trapped positron to be similar
extended.6 Additionally, the extension of the potential alon
the dislocation line leads to a quasicontinuum of bound st
even for small binding energies.6,44 Contrary to this, for va-
cancies, bound states can only exist if the potentialV0 is
sufficiently deep to fulfill the conditionaA2mV0 /h2.p/2
wherem denotes the positron mass anda is the radius of the
vacancy assuming a spherical potential well.6,45 Hence, it is
concluded that the dislocation line may act as a trapp
entity. Annihilation, however, takes place in other defe
that are somehow associated with the dislocation line.

In order to throw some light on the trapping behavior
positrons in dislocations theoretical calculations have pro
useful. Early calculations were based on the model of a h
low dislocation core and yielded excessively large bind
energies between positrons and dislocations of a few e46

This implied that the picture of a positron trapped in t
dilatational zone around a text book edge dislocation was
simple. The model neglects details of the atomistic struct
of the dislocation core due to dissociation into partial dis
cations, relaxation effects in the stacking fault ribbons
tween the partials, and the existence of jogs. Recent mol
lar dynamic simulations yielded values in the range of 40
100 meV for direct positron trapping in dislocation lines.41,47

These calculations confirm a possible trapping of positr
in jogs and vacancies associated with a dislocation line
yield positron lifetimes which are compatible with the e
perimentally observed lifetimes, but which are a little shor
than those for vacancies.41 The calculations of Manienen
et al.41 also agree with earlier theoretical treatments by M
tin and Paetsch,48 thus indicating that annihilation at disloca
tions should yield very nearly the same lifetime as that in
bulk material.

In spite of this unsatisfactory situation, many positro
annihilation investigations demonstrate the usefulness of
method in detecting microstructural evolution during creep49

fatigue,26,50–52 thermofatigue,53 and precipitation
phenomena.54 Therefore, it seems promising to give thoug
to a possible application of positron annihilation, as
complementary tool, to nondestructive testing. For an ev
ation of the potential of the method further systematic inv
tigations are required to reveal the behavior of positrons
n
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the complex microstructures of plastically deformed mate
als.

Experimental investigations are cumbersome since s
eral methods have to be combined to characterize the m
features of the defect spectra produced by plastic defor
tion. Although transmission electron microscopy~TEM! is
an excellent tool for studying dislocation arrangements a
dissociation into partials, single vacancies and clusters
main invisible with the exception of large Frank loops a
sperical clusters exceeding a diameter of approximatel
nm. Electrical resistivity measurments, on the other hand,
higly sensitive to all defects either visible or invisible
TEM, but are not at all specific. For metals, no techniqu
are available for specifically observing monoatomic jogs
dislocations and vacancies elastically bound to them. Th
any systematic investigation of the positron-dislocation int
action will be an iterative process; the information par
delivered by positron annihilation.In situ positron annihila-
tion measurements should be performed in order to foll
the microstructural evolution in one specimen and to av
sectioning or the simultaneous identical deformation of t
specimens as required by the sandwich technique. T
would allow the use of a larger number of specimens
critically check the reproducibility of the measurements.
order to keep the defect spectra as simple as possible sp
attention should be paid to the early stages of deforma
and preferably single crystals orientated for single s
should be used. A lot of time can be saved by choos
materials~e.g., pure copper or nickel! whose microstructura
evolution has already been thoroughly investigated both
TEM and by electrical resistivity measurements for vario
deformation conditions.

The present paper deals within situ positron lifetime mea-
surements performed with ab1-g spectrometer55 on copper
single crystals during tensile deformation and symme
push-pull fatigue. Thein situ technique permits to investigat
the microstructural evolution during plastic deformation on
single specimen. The experimental details are outlined
Sec. II. The most important result, presented in Sec. III, c
cerns the existence of threshold stresses of about 10 a
MPa which have to be exceeded before the mean posi
lifetime starts to increase during tensile deformation and
tigue, respectively. In Secs IV A and IV B an attempt
made to interpret the tensile and fatigue threshold stresse
relation to the different microstructures. Finally, some co
siderations for the trapping mechanism of positrons into d
locations are given in Sec. IV D. The central experimen
findings and the conclusions are summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. Specimen preparation

The tensile test and fatigue experiments were perform
on copper single crystals orientated for single slip with cr
tallographic orientation factorsm close to 0.5. The crystals
were grown in a graphite crucible by the Bridgman techniq
at the Max-Planck-Institut fu¨r Metallforschung in Stuttgart.
The crystals were cylindrically shaped, about 50 mm lo
and had a diameter of 5 mm. In the center a gauge lengt
l 0510 mm with a reduced diameter of 4.5 mm was prepa
by spark erosion. The damaged surface was removed b
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5128 57T. WIDER, S. HANSEN, U. HOLZWARTH, AND K. MAIER
electrolytical polish leaving a final diameter of 4.0 mm. F
nally, the orientation factorm was determined from a Lau
diffractogram taken on the polished surface.

B. Plastic deformation

In order to facilitatein situ positron annihilation measure
ments and comparison with available investigations of
microstructural evolution during deformation, tensile te
and symmetric push-pull deformations of cylindrical spe
mens were chosen. Cold rolling is often applied becaus
easily delivers flat specimens easily for use in the sandw
technique.In situ positron annihilation is, however, difficul
to perform in this case and the very early stages of defor
tion with simple dislocation structures are difficult to contro
In a more advanced phase of the investigation we plan
perform in-beam experiments with an intense high energ
positron beam at an accelerator facility, therefore a defor
tion machine was constructed to precisely meet future
requirements.

All plastic deformation experiments were performed u
der strain control in a closed-loop controlled machine for
tensile and fatigue experiments. The machine is driven b
highly sensitive piezoelectric translator,56 capable of a maxi-
mum extension of 180mm at an applied voltage of 1.000 V
and a maximum force of 4.500 N. Due to the limitations
the piezoelectric translator the load frame~size about 240
mm3500 mm! was designed to be extremely stiff in order
avoid that the plastic deformation of the specimen is acco
panied by a measurable elastic deformation of the mac
components. The load cell was manufactured in our labo
tory to meet exactly the required force resolution of 0.5
Although commercially available ones are known to ha
better resolutions they are elastically too soft. The load
consisted essentially of a phosphorous bronze tube~diam-
eters: outside 30 mm, inside 19 mm! whose thick walls were
reduced to 0.5 mm thickness over a length of 15 mm. T
deformation of the tube, being purely elastic under the giv
conditions, was measured with four strain gauges, form
part of a Wheatstone bridge. The load cell was calibra
with reference weights and the linearity~<0.1%! and repro-
ducibility ~<0.1%! were checked up to 1.500 N.

The strain was measured with a capacitance st
transducer.57 The capacitor plates were fixed sideways on
specimen grips and were adjusted at a distance of 300mm
parallel to each other, which resulted in a capacity of 3.3
A resolution of about 0.1mm was achieved. Figure 1 ou
lines the mechanical setup for the deformation experime

The experiments were run with a triangular comma
wave for the total strain, generated by a PC at frequencie
the range between 0.2 and 2.0 Hz. The frequency is n
crucial parameter in the experiments since the strain-rate
sitivity of face-centered cubic metals is very small.58 The
forceF and the extensionD l of the specimens were recorde
during the experiments. The stresss5F/A and the total
strain e5D l / l 0 were then calculated, whereA denotes the
cross section of the specimen. By making use of the crys
lographic orientation factorm, the shear stresst5ms and the
shear straing5e/m both resolved to the primary glide plan
were obtained.59

For the tensile tests, hardening curves, i.e., curves of
resolved shear stresst versus resolved shear straing, were
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recorded. For the fatigue tests,t versusg yields hysteresis
loops. The size of the loops is given by the amplitude of
resolved total strainĝ and the respective amplitude of th
resolved shear stresst̂. The resolved plastic strain amplitud
ĝpl is obtained from the opening of the hysteresis loops
zero force. In the fatigue experiments, the hysteresis lo
usually change their shape and size due to the effect
cyclic hardening or softening. Thus, cyclic hardening curv
i.e., plots of the resolved shear stress amplitudest̂ versus the
cumulative plastic straingcum54Ni ĝpl,i provide an adequate
representation~see Ref. 60!. Here,Ni denotes the number o
fatigue cycles carried out with an amplitudeĝpl,i .

C. In situ positron annihilation measurements

The applied positron annihilation technique which h
been developed forin situ lifetime measurements has alread
been described in detail elsewhere.55 The most important
ideas will be outlined below.

A b1-g spectrometer was used instead of ag-g spectrom-
eter in order to obtain higher coincidence counting rates.
this purpose, a72Se/72As generator was vapor deposited in
hole of 0.6 mm~internal diameter! in a gold collimator of 2

FIG. 1. Sketch of the~cyclic! deformation machine. Load an
elongation are measured by the load cell~1! and the capacitance
strain transducer~2!, respectively. The specimen is held by upp
and lower grips~3!. The elongation of the piezo element~4! causes
a compression of the specimen. Since the piezo element can
exert a compressive force, tensile forces are provided by
stretched springs~6!. The movable part~5! assures coaxiality and
avoids shear stresses on the piezo element which might easily
stroy it. The upper and lower cross heads are represented by~7! and
~8!.
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57 5129SENSITIVITY OF POSITRON ANNIHILATION TO . . .
mm ~external diameter!. This collimator was covered by
thin ~1 mm! plastic scintillator and was placed in front of th
specimen. The positrons, which are emitted in the direc
towards the specimen, lost on average about 150 keV of t
kinetic energy in the plastic scintillator and created the s
signals for the lifetime measurement. Positrons which an
hilated in the gold collimator or in the source itself did n
provide a start signal, which appreciably reduces the ba
ground. The experimental setup is depicted in Fig. 2.

The copper specimens were surrounded by plexig
which absorbs the positrons that miss the copper specime
that are reflected by its surface. In plexiglass and in the p
tic scintillator positronium is formed whose much long
lifetime of about 1.200 ps~pick-off annihilation! is clearly
discernible from the 100 to 200 ps expected for a deform
metal. The contribution of positrons annihilating in the ple
glass and the plastic scintillator can, therefore, be corre
by a weighted subtraction of a plexiglass reference spectr
A deconvolution of the spectra with an apparative resolut
function was not performed, i.e., the lifetimes presented
the next section were obtained from a least square fit o
single exponential function. The constant contribution of
apparative resolution to the mean lifetime is only noticea
for short values. Therefore, the bulk lifetime of copper w
found to be about 20 ps longer than the generally acce
value of 110 ps~Ref. 71! whereas the 175 ps found in fa
tigued specimen were in fair agreement with oth
measurements.8,73 The observed increase of the mean lif
time with progressing deformation is smaller than that
pected from a full fitting procedure but this is not a limitatio
for determining a sensitivity threshold.

The 72Se/72As generator provides two positron spec
with maximum energies of up to 2.5 and 3.3 MeV and
prompt g quantum of 835 keV. Even after the loss of 15
keV in the start scintillator, the largest part of the positro
thermalizes at least 250 or 400mm below the surface for the
two spectra, respectively. This is large enough to assess
bulk properties. The promptg quantum can be used for a

FIG. 2. The b1-g-coincidence spectrometer. The72Se/72As
source in the gold collimator is integrated in a plexiglass light gu
on a photomultiplier tube~PMT: Philips XP 2020! and covered by
a thin plastic scintillator that provides the start signal. Theg quanta
are detected by a 1.5 in. BaF2 detector. In order to catch the majo
part of the positrons missing the copper specimen or being refle
by its surface, it is surrounded by plexiglass. Details have b
published in Ref. 55.
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on-line measurement of the time resolution of the spectro
eter. A value of 280 ps was obtained.55

This technique permits us to follow the cyclic hardeni
curve byin situ lifetime measurements. There was no need
stop the fatigue experiments for the lifetime measureme
since the microstructural evolution yielded only sm
changes during the few minutes required to record a lifeti
spectrum containing 106 annihilation events. For the tensil
tests, the deformation was stopped with load applied for
lifetime measurements; stress relaxations due to slight r
rangements of the dislocations being allowed. In order
achieve large plastic deformations, when the maximum
tension capacity of the piezo translator was exhausted,
specimen had to be dismounted in the position of maxim
tensile strain and had to be remounted after the piezo tr
lator had been repositioned to zero. This procedure had
detectable influence on the positron lifetimes. In this w
dozens of lifetime spectra were recorded which reflected
evolution of the microstructure in the specimens under
amination. In contrast, the sandwich technique, which
quires two identical specimens cut from the same plastic
deformed crystal, would require more than 150 single cr
tals to obtain the same information as that obtained from
tensile tests presented in the following section, and sev
hundred for the fatigue experiments.

The evaluation of the positron data was restricted to
mean positron lifetime. Since ourin situ measurements wer
performed at room temperature and without the possibility
an additionalin situ annealing it is for example impossible t
distinguish between positrons annihilating in vacancies in
lattice and in vacancies associated with dislocations. Mo
over, according to literature, one may expect lifetimes
positrons annihilating in jogs to be unresolvably close
those annihilating in vacancies. The same holds for positr
annihilating in the perfect lattice and along the undisturb
dislocation line. Thus, no additional information would b
gained in the present case and assumptions on defect-sp
positron lifetimes would be needed which cannot be chec
within the framework of the experiments presented here.

III. RESULTS

A. Tensile tests and fatigue

Six tensile tests and five fatigue experiments were p
formed on copper single crystals. In Fig. 3, two typical e
amples of the development of the mean positron lifeti
(1/l̄) during tensile deformation of a copper single crys
are presented. In plasticity theoryt denotes a mechanica
shear stress resolved to the primary glide plane. In orde
avoid confusion with the positron lifetime, the inverse dec
rate 1/l is used. The magnitude of the error flags~62 ps! is
determined by the scatter of repeated measurements at
stant microstructure. The evaluation of the lifetime spec
should only account for a statistical error of<0.5 ps. In Fig.
3 the strain is given on a logarithmic scale in order to vis
alize possible lifetime changes in the microplastic region
can easily be recognized that the specimens had to be
formed to at leastg'3% before 1/l̄ started to increase. Fig
ure 3~a! shows the typical features observed in tensile te
The increase of the mean positron lifetime followed the
crease of the shear stress with progressive hardening
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5130 57T. WIDER, S. HANSEN, U. HOLZWARTH, AND K. MAIER
indication of a saturation in the mean positron lifetime up
50% plastic strain andt543.5 MPa is found. Deviating from
the general findings, Fig. 3~b! suggests the onset of a satur
tionlike state at a resolved tensile shear stress of abou
MPa. However, after further straining the positron lifetim
seems to increase again. Such a behavior was not observ
any other specimen.

The fatigue experiments were performed as so-ca
multiple step tests, i.e., the applied amplitudeĝ was in-
creased step by step after no further changes in the reso
shear stress amplitudet̂ were measurable. The experimen
were started with resolved plastic strain amplitudes in
range 231025<ĝpl<231024. The maximum applied plas
tic strain amplitude wasĝpl5431023. Figure 4 presents
two typical results. For the case of amplitudes belowĝpl

'131024, the mean positron lifetime 1/l̄ started to in-
crease if the shear stress amplitudet̂ exceeded about 8 MPa
A tendency to saturate became obvious at around 25 MP

In Fig. 5 the mean positron lifetime is plotted versus t
resolved shear stress of a copper single crystal deforme
tension for the two specimens presented in Fig. 3. The p
itron lifetime remains constant up to a threshold stress
then starts to linearly increase with the resolved shear str

FIG. 3. Tensile hardening curves~line!, and the development o
the mean positron lifetime 1/l̄ ~h! during two tensile tests as
function of the logarithm of the total resolved shear straing. The
mean positron lifetime 1/l̄ remains constant up to strains of 3% a
resolved shear stresses of 10 MPa;~a! shows the typical behavio
and ~b! presents data from the only test~out of 6! showing a pos-
sible onset of saturation at a stress which is lower than in o
specimens not showing this feature.
20

d in

d

ed

e

.

in
s-
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ss.

The threshold stresses derived from the intersection of
dashed lines~linear regression fits! are remarkably reproduc
ible; a value of~1061! MPa is obtained for tensile deforma
tion. The same feature is observed in fatigue as can be
ognized by Fig. 6 where the positron lifetime is plotte
versus the shear stress amplitude. The threshold stress w
has to be exceeded in fatigue before the mean positron
time increases was obtained as~861! MPa. Between the
threshold stress and the lifetime saturation which sets in
about 25 MPa the dependence of the positron lifetime on
shear stress amplitude may be approximated by a linea
crease, in spite of the scatter.

Whereas the slope in the linearly increasing part of Fig
was approximately constant~0.8 ps/MPa! in tensile tests, the
respective slopes determined from fatigue experiments~Fig.
7! showed a tendency to decrease with increasing app
plastic shear strain amplitudeĝpl . In the framework of this
consideration, a tensile test may be regarded as a fat
experiment with infinite amplitude, i.e., the virgin curve
the first hysteresis is ‘‘never’’ finished. Indeed, the slop
obtained from typical 1/l̄ versust plots of the tensile experi-
ments yield the smallest determined values of about 0.8
MPa.

B. Annealing after plastic deformation

The results of the mean positron lifetimes after a tw
stage annealing treatment on a single crystal after ten

er

FIG. 4. Two typical cyclic hardening curves, shear stress am
tude t̂ ~d! in MPa versus cumulative plastic straingcum and the
related mean positron lifetime 1/l̄ ~s! in ps. 1/l̄ increases from
about 130 ps to a saturation value of about 170 to 175 ps.t̂ satu-
rates at around 30 MPa.
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57 5131SENSITIVITY OF POSITRON ANNIHILATION TO . . .
deformation tog550% andt543.5 MPa and on a crysta
fatigued in a multiple step test to a flow stress amplitude
cyclic saturation of aboutt̂sat534 MPa after a cumulative
plastic strain ofgcum'70 are tabulated in Table I. For eas
of comparison the change of the mean positron lifetime
given. After deformation, the crystals were stored at ro
temperature for about four weeks. Before the two-stage
nealing treatment, the positron lifetime was measured ag
and no significant change was observed. The crystals w
then subjected to a temperature of 450 K in the first st
and to 550 K in the second stage, for 60 min, respectiv
The annealing was performed under vacuum atp
<1023 Pa. The temperatures were chosen to be below
recrystallization temperature in order to avoid noticea
changes in the mesoscopic dislocation arrangement.

Although the resolved shear stress reached by tensile
formation is much higher than the resolved shear stress
plitude in the state of cyclic saturation in fatigue, the increa
in the mean positron lifetime is more than twice as lar
Additionally, the defect spectra in the fatigued crystal a
more resistant to annealing than those created in the te

FIG. 5. Plot of the mean positron lifetime 1/l̄ versus the re-
solved shear stresst for tensile tests;~a! and ~b! correspond to the
respective plots in Fig. 3. From the intersection points of the das
lines ~linear regression fits! threshold stresses of~1061! MPa were
derived. Above the threshold stress the positron lifetime increa
linearly with the resolved shear stress. The saturationlike beha
in ~b! has only been observed in this specimen. A comparison w
~a! shows that typically the positron lifetime 1/l̄ continues to in-
crease up to the maximum stresses between 30 and 43.5
reached in the experiments.
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FIG. 6. Plot of the mean positron lifetime 1/l̄ versus the re-
solved shear stress amplitudest̂ for the fatigue tests presented i
Fig. 4. Threshold stresses of~861! MPa are observed. In spite o
the scatter of the data a linear increase of 1/l̄ with increasingt̂
describes the experimental findings between the threshold and
saturation stress of about 25 MPa.

FIG. 7. The slopes determined by a linear regression fit fr
diagrams such as those in Fig. 6~b! depend systematically on th
applied resolved plastic strain amplitudeĝpl . The line offers only
an eye guide. The mean value ofd(1/l̄)/dt for infinite ĝpl taken
from the tensile tests is indicated by the dotted line.
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specimen. In the first stage of the annealing treatment
defects which can anneal before recrystallization occurs
eliminated and only 50% of the increase in positron lifetim
is retained. The annealing of the fatigue specimen occ
gradually and 65% of the increase in the positron lifetime
retained.

IV. DISCUSSION

Applying the in situ technique55 outlined in Sec. II, about
30 lifetime spectra were recorded during the deformation
each tensile specimen. Thus, the evolution of the microst
ture could be studied in a single specimen. Other crys
were used to critically check the reproducibility. The mo
striking finding was a threshold stress for the increase of
mean positron lifetime that may be interpreted as the se
tivity limit of positron annihilation to dislocations. This wil
further be discussed in Sec. IV A.

Such a threshold was also observed for the fatigue exp
ments. Although the main features of a plot of the me
positron lifetime versus the resolved tensile shear stress~see
Fig. 5! or the resolved shear stress amplitude~see Fig. 6!
appear to be identical, their interpretation must take into
count microstructural differences.

Copper was chosen because it has been carefully inv
gated by electron microscopy during all stages of unidir
tional and cyclic deformation. Thus, the literature could
consulted for reliable dislocation density and distributi
data.14–16,19–21

A. Tensile deformation

1. Dislocation density and distribution

A comparison of the hardening curves obtained exp
mentally with those typically obtained from tensile tests
single crystalline face-centered cubic~fcc! metals~e.g., Refs
16 and 61! shows that the threshold stress of about~1061!
MPa lies in stage II of the hardening curve. The resolv
shear stresst can be related to the dislocation density% via
the relation42,61

t5abGA%, ~1!

wherea is a numerical factor in the range 0.3<a<0.5.42,61,62

b denotes the modulus of the Burgers vector andG the shear
modulus. The validity of Eq.~1! has been confirmed exper
mentally by several authors~e.g., Refs. 15 and 63!. The

TABLE I. The change of the mean positron lifetime in copp
single crystals with respect to the undeformed state after ten
deformation~g50.5, ġ5131024 s21, t545 MPa!, after fatigue
~t̂sat'34 MPa, ĝ5531024, gcum570! and after different succes
sive annealing stages.

Treatment

Change of mean positron lifetime

Tensile test Fatigue

After plastic deformation ~1662! ps ~3962! ps
After 4 weeks at 293 K ~1662! ps ~3962! ps
After 60 min at 450 K ~862! ps ~3162! ps
After 60 min at 550 K ~862! ps ~2562! ps
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equation permits the interpretation of the threshold str
in terms of a critical dislocation density. Withb52.56
310210 m ~Ref. 64!, G542.100 MPa~Ref. 65! and set-
ting a50.5 a critical dislocation density of%c5~361!
31012 m22 is obtained.

In order to draw further conclusions the spatial distrib
tion of these dislocations has to be considered. A homo
neous distribution would imply that each thermalized po
tron has statistically an equivalent environment.

It is known from TEM that dislocations show a tenden
to cluster and to form dislocation dipoles during tens
deformation.14–16 From micrographs of copper single cry
tals after tensile straining to about 6 and 16 MPa at 293 K14

it can be concluded that the dislocation arrangement a
MPa can be regarded as homogeneous apart from a few
poles. At 16 MPa the homogeneous distribution is disturb
by primary edge dislocation dipoles, some of them be
arranged in groups. From these micrographs it can be c
cluded that at 10 MPa the picture of a homogeneous dis
bution of dislocations is a tenable approximation. Thus,
may consider positrons as diffusing particles in a system
homogeneously distributed single dislocations having an
erage separation ofd51/A%c'0.5mm.

2. The role of vacancies—concentration and distribution

Subsequently, it will be shown that the concentration
vacancies produced during plastic deformation is not
proper quantity to describe their possible contribution to
increase in the mean positron lifetime. While vacancy form
tion in thermal equilibrium yields a homogeneous distrib
tion in a crystal, plastic deformation produces vacancies
ranged in strings.

The most important production mechanism for vacanc
and interstitials is the dragging of nonglissile jogs on movi
dislocations with dominating screw character.11–13 Jogs are
created by the intersection of so-called forest dislocati
with gliding dislocations. Forest dislocations belong to se
ondary glide systems. They are inclined to the primary gl
plane and impede the motion of primary dislocations. A no
glissile jog on a gliding screw dislocation will impede i
further motion. As these jogs are forced to climb by t
gliding dislocation, atomic defects are produced. Depend
on the direction of dislocation motion a nonglissile jo
leaves behind in its wake a string of vacancies or interstiti
The situation is depicted in Fig. 8. Due to the low number
edge dislocation dipoles the production of atomic defects
collapsing narrow dipoles~dislocation annihilation! can be
neglected in the early stage II of the hardening curve.

An initially homogeneous dislocation distribution, as
our case, will also cause the intersection jogs and con
quently the strings of atomic defects to be homogeneou
distributed. Since a direct measurement of the absolute
cancy concentration is not possible we have to rely on th
retical calculations for the production of atomic defects.
the mean positron lifetime at the threshold stress is just
ceeding the statistical scatter, the vacancy contribution to
increase of the mean positron lifetime cannot be determi
by annealing experiments.

A quantitative approach conceived by Saada62 yields a
vacancy concentration

ile



om
r

s.
th
al
lu

e
t
in
n-
if

ca
m

us

ng
te

n
gs
vi
in
pe
an
a
ng
in

t b
.
p

ncy
va-
otal
e
pe-
nd
si-

u-

fe-
s of
eri-
in
ing

arest
on-
er
n

a
ed
, a
ifi-
fe-
m-
l
a

ity
re,

itron
n

bed
ce

is-
e to
the
re.
p-
er
ea-

sary

n
the

af-

i-
e

io
tio
n
o

57 5133SENSITIVITY OF POSITRON ANNIHILATION TO . . .
CV5
1

2

b

G E
0

g

t dg. ~2!

b is a numerical constant which can be determined fr
electrical resistivity measurements or calorimetric measu
ments of the stored energy andG denotes the shear modulu
The integral determines the mechanical work done to
crystal. The factor12 has been introduced because interstiti
and vacancies are produced in equal concentrations. Va
of b have been compiled by van den Beukel.66 With an av-
erage value ofb50.06, g'3%, andt'10 MPa a vacancy
concentration ofCV'231027 is calculated. It needs to b
emphasized that although this concentration is equivalen
the sensitivity limit of positron annihilation to vacancies
thermodynamical equilibrium,3 vacancies cannot be respo
sible for the plastic deformation threshold obtained. The d
ferent spatial distribution of vacancies in thermodynami
equilibrium and produced by plastic deformation cause so
important differences:~i! strings are more difficult to find for
diffusing positrons than the same amount of homogeneo
distributed vacancies;~ii ! calculations by Corbelet al.22 in-
dicate that the disintegration of vacancy strings into stri
like clusters yields positron lifetimes which may be shor
than those for single vacancies; and~iii ! the physical inter-
pretation given by van den Beukel66 is that of vacancy
strings with a total length of 5–10 % of the dislocatio
length in m/m3. These strings can be imagined as little twi
attached to branches, i.e., dislocations. The twigs are in
ible by TEM as they are not surrounded by far reach
stress fields like dislocations. Keeping in mind that the s
cific trapping rate for dislocations is significantly higher th
that for vacancies,6,28,33the probability of being trapped by
dislocation is 10 or 20 times higher than that of bei
trapped in a vacancy. Finally, the annealing experiments
dicate that a spatial redistribution of vacancies need no
considered due to their low mobility at room temperature

Assuming that a positron once trapped neither esca
from a dislocation~see Sec. IV D! nor from a vacancy string

FIG. 8. A screw dislocation contains two jogs which may orig
nate from two intersection processes with forest dislocations. Th
jogs are glissile only along the dislocation line~hatched plane!. In
this way, they can annihilate. If we assume that no annihilat
occurs, they are forced to move together with the screw disloca
in the direction indicated. The jogs have to leave their glide pla
by climbing. Thus, the traces of the jogs are marked by strings
interstitials and vacancies~Refs. 11–13!.
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and that the positron is trapped at the dislocation or vaca
string that it reaches first, then both the dislocations and
cancy strings may be treated as linear defects with a t
density of (361)31012 m22 plus a 5–10 % correction du
to the total length of vacancy strings. Provided that the s
cific lifetimes of positrons trapped in vacancy strings a
dislocations are not too different, the small amount of po
trons trapped in vacancy strings will not significantly infl
ence the mean positron lifetime.

In order to check possible differences in the positron li
times, we have to consider the effects of rearrangement
the strings, for example segmentation or formation of sph
cal vacancy clusters. Calculations of the positron lifetime
sperical vacancy clusters usually show strongly increas
lifetimes with increasing void radii.67 For divacancies in cop-
per, lifetimes of 250 ps are reported.68 On the other hand
calculations by Corbelet al.22 show that the positron lifetime
always decreases if the relaxation processes for the ne
neighboring atoms are taken into account. The relaxed c
figuration may result in a positron lifetime that is short
than that in a monovacancy.22 Stringlike clusters have bee
considered by Ha¨kkinen et al.47 when trying to elucidate
positron trapping at jogs. They calculated a lifetime of
positron trapped in a row of six vacancies. The obtain
value was equivalent to that for a single vacancy. Thus
segmentation of the vacancy strings will not lead to a sign
cant contribution of long-lived components. Besides, the li
time spectra obtained gave no indication of long-lived co
ponents >250 ps ~i.e., divacancies or spherica
agglomerates! that would become evident even without
deconvolution procedure.

3. The interpretation of the threshold

The mean diffusion lengthL1 of thermalized positrons in
copper can be calculated fromL15A6D1 /l̄ f , whereD1

denotes the diffusivity and 1/l̄ f the mean lifetime of posi-
trons in defect-free copper. The values for the diffusiv
D1 at room temperature, as reported in the literatu
are scattered over the range of 0.3– 0.731024 m2/s,9

0.931024 m2/s,3 and 1.731024 m2/s.69 Using D1513
1024 m2/s as a reasonable mean value and a mean pos
lifetime of 110 ps,70 L1'0.25mm is obtained. Thus, we ca
write the critical dislocation spacing asdc'0.5mm'2L1 .
Consequently, the mean spherical volume that can be pro
by a diffusing positron that thermalizes at maximum distan
from a dislocation, i.e., just in the middle between two d
locations, is large enough that all positrons have a chanc
reach a dislocation. This may serve as a rule of thumb for
sensitivity of positrons to dislocations at room temperatu
It implies that the combined effect of trapping and detra
ping of positrons along dislocation lines results in a rath
small net trapping rate. Further temperature-dependent m
surements expanding to low temperatures will be neces
for quantitative investigations.

Although several investigations of positron annihilatio
on plastically deformed metals have been described in
literature,6,7,10,28,31,71–73a sensitivity limit to plastic deforma-
tion has not yet been reported. McKeeet al.6 have performed
positron lifetime measurements on copper single crystals
ter tensile deformation in the@110# direction at room tem-
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perature. In Fig. 1 of Ref. 6 the mean positron lifetime sta
to increase if a dislocation density in the range of 131012 to
331012 m22 is exceeded. Dauweet al.31 concluded from
their lifetime and line-shape measurements on cold-ro
polycrystalline copper specimens that below a dislocat
density of 231012 m22 the crystals appeared to be defe
free for positrons. They emphasized that due to the di
pated energy during cold rolling, vacancies were already
nealed and did not play a role in their treatment. These
ues agree well with our sensitivity limit of about
31012 m22. The investigations of Dauweet al.31 and Mc-
Kee et al.6 relied on the sandwich technique, which limite
the number of deformation stages that could be investiga
A sensitivity threshold could not be extrapolated from t
few available data. Dlubeket al.74 reported that significan
positron trapping sets in above a dislocation density
1012 m22. This estimate is presumably based on an extra
lation of their angular correlation data obtained from a se
of cold rolled Nickel polycrystals measured in sandwich g
ometry.

In irradiation experiments where the damage consists
vailingly in dislocation loops no threshold of positron ann
hilation data has been observed with respect to the loop
sity. This may be due to three main reasons. First,
dislocation loops are formed by irradiation induced vac
cies or interstitials which are produced homogeneously
tributed in the irradiated volume. Consequently, TEM obs
vations also show a homogeneous distribution of sm
dislocation loops with separations in the range of a few
nometers up to about 0.1mm depending on the irradiatio
dose and temperature~e.g., Ref. 75!. These dislocation lines
are much more homogeneously distributed than the long,
tended dislocation lines produced during the early stage
plastic deformation. Thus, the probability of a positron
find a dislocation line on its random walk is higher in th
case. Secondly, the loop density reported, e.g., by Urban75 in
copper irradiated with 650 keV electrons at 55 K is betwe
5 and 5031015 cm23. Assuming 1 nm as the typical loo
diameter this corresponds to a dislocation density betw
331013 and 331014 m22 which is already well above the
sensitivity limit in plastic deformation. Moreover, those v
cancies which form small spherical clusters and remain
visible for TEM will also contribute to a significant increas
in positron lifetime.

B. Cyclic deformation

In order to illustrate the difficulties in understanding t
positron annihilation measurements performed during
tigue, the next section briefly summarizes the character
microstructural features. We confine ourselves to fa
centered cubic~fcc! materials under primary glide condition
in the state of cyclic saturation which is mechanically ch
acterized by constant amplitudes of stress and strain a
constant shape for the hysteresis loops. For a more com
hensive presentation of fatigue microstructures, the read
referred to some recent reviews by Lairdet al.,17 Basinski
and Basinski,18 and recent investigations of the microstru
tural evolution by Holzwarth and Ebmann76,77

In searching for an explanation of the experimental fin
ings in Sec. IV B 2, it is important to keep in mind that th
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microstructure in cyclic saturation as described in S
IV B 1 is not yet established. In particular, the densities
dislocations and atomic defects are lower than those gi
below and steady state conditions preserving constant de
densities do not yet exist in the early stages of fatigue w
resolved shear stress amplitudes of around 8 MPa. The s
ture, which is typical at the threshold stress, will under
several rearrangements before reaching cyclic satura
Nevertheless, the principal complexity of the defect spec
will be as outlined in Sec IV B 1.

1. The complexity of the fatigue defect spectra

We have seen in Sec. IV A that the correct description
the density and distribution of dislocations and atomic d
fects is essential for a correct interpretation of the positr
annihilation measurements. For the case of fatigue, the in
pretation on the basis of an average dislocation density
be misleading in view of ordered dislocation arrangeme
such as those presented in Fig. 9. The highly ordered lad
like structure of persistent slip bands~PSB’s! is clearly dis-

FIG. 9. Typical microstructure for a copper single crys
fatigued well into cyclic saturation at room temperature atĝpl

'431023. The stress amplitude at saturation ist̂528 MPa. The
micrograph is taken from a foil cut perpendicular to the prima
edge dislocation lines@(12̄1) section#. The ladderlike structure of
persistent slip bands with its rather regularly spaced disloca
walls is clearly discernible from the surrounding matrix structu
with their amoeboid shaped dislocation-denseveinsand dislocation-
poor channels. The orientation of the ladderlike PSB’s match
exactly the direction of the primary Burgersvector.@Diffraction vec-
tor gW 5(202̄).#
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cernible from thematrix structure consisting of amoeboi
shaped denseveins and dislocation poorchannels. PSB’s
consist of rather regularly spaced dislocationwalls with
dislocation densities of about 531015 m22, separated by
channels with much lower dislocation densities of arou
131013 m22. The dislocation densities in the veins an
channels of the matrix structure are typically 1015 m22 and
231012 m22, respectively. In the dense veins and walls, t
primary edge dislocations are arranged in dipoles. In
channels, mainly screw dislocations and debris from dislo
tion reactions are present.

During cyclic saturation, nearly the whole applied plas
strain amplitude is localized in the PSB’s. Hence, the s
rounding matrix may be regarded as a passive structure
negligible dislocation motion. The experimental findin
can be described by intrinsic resolved plastic strain am
tudes of PSB’s and matrix~Cu, 300 K: ĝPSB5931023 and
ĝmatrix56.531025!. The volume fractions of PSB’s (f ) and
matrix (12 f ) are adjusted by the crystal in order to acco
plish the applied plastic strain amplitudeĝpl after Winter’s
rule78 ĝpl5(12 f )ĝmatrix1 f ĝPSB ~see Refs. 18, 76, and 77
and citations there!. A dynamic equilibrium between dislo
cation production and annihilation maintains a constant
location density in the PSB’s whereas in the passive ma
structure a static situation prevails which preserves the de
spectra in the state as reached at the moment of phase
ration into plastically active and passive areas.76 Besides the
dynamic equilibrium of dislocation production and annihil
tion, the crystal also adjusts to a dynamic equilibrium b
tween the production and annihilation of atomic defects
fact concluded from electrical resistivity measurements. T
highest concentrations of atomic defects are establishe
the PSB walls by the annihilation of primary edge disloc
tions. If a primary edge dislocation enters a wall~or a vein!,
it will most probably react with a dipole thereby producing
new, more stable dipole with a smaller distance between
glide planes of the involved dislocations. If this new distan
is smaller than<1.6 nm~in copper!,23,83 the dipole will col-
lapse thereby producing large local concentrations of ato
defects. This process is the main source of atomic de
production in PSB’s.

The high concentrations of atomic defects favor the f
mation of clusters of various sizes and shapes or the con
sation of vacancies as Frank dislocation loops. Clusters
Frank loops have been observed by TEM and are prefe
tially located in the dislocation dense areas.24,25 Spherical
clusters, which are invisible to TEM, give rise to a long-live
component in the positron-lifetime spectra.25–27,81The life-
times and their respective intensities given in the literat
vary appreciably. Values between 200 ps and over 350 ps
reported.26,27

Grobsteinet al.27 investigated the fatigue of nickel whic
had been irradiated with 47 MeV protons in order to produ
58Co as an internal positron source. Although limited
nickel and its alloys, thisin situ method represents a powe
ful tool in the aquisition of data from microstructural evol
tion processes. Their fatigue experiments yield positr
lifetime spectra with two lifetime components. The sho
lived component around 100 ps is attributed to annihilat
in the perfect lattice or in the dislocations. The intensity
the longer-lived component increases with increasing nu
d

e
e

a-

r-
ith

i-

-

-
ix
ct
pa-

-
a
e
in
-

e
e

ic
ct

-
n-

nd
n-

e
re

e

-
t
n
f
-

ber of deformation cycles whereas its value decreases f
about 300 ps after 10 cycles to about 200 ps after 10
cycles~load control,t̂5154 MPa!. This component is attrib-
uted to vacancy clusters of various sizes that undergo a
refinement with progressive fatigue. A refinement of micr
voids during fatigue of copper was also reported by Lepi¨
et al.26 which seems to depend on the crystal orientation a
the loading history.

Since the definition of sensitivity to a certain type of d
fect requires a precise knowledge of the density and dis
bution of all defect types present, it is not possible to der
a sensitivity threshold for a certain defect type from fatig
investigations. Thus, another explanation for the thresh
stress observed in fatigue has to be found.

2. The interpretation of the fatigue threshold—a two-phase
system approach

The work of Basinski et al.19 and Hancock and
Grosskreutz20 shows that the dislocation distribution be
comes inhomogeneous during the early stages of fatigue
resolved shear stress amplitudes of less than 4 MPa. By c
parison with our mechanical data~gcum'1 and t̂'8 MPa!
and with the aid of the recorded cyclic hardening curve,
literature has been searched for a dislocation arran
ment that most resembles that, present in our fatigued co
crystals. Basinskiet al.19 report that the inhomogeneou
dislocation distribution that is most similar to ours is chara
terized by dislocation-dense regions with a local density
531014 m22 occupying 7% of the volume and dislocation
poor regions with an average density of 131011 m22 in 93%
of the volume.

In this case, it is possible to tentatively treat positro
which thermalize in the nearly dislocation-free areas (% local
,%c), as positrons in the perfect lattice. On the other ha
positrons which thermalize in the dislocation-dense regi
will probably be unable to leave such regions due to the h
density of traps. Consequently, dense regions may be con
ered as regions of saturation trapping. The assumption
saturation trapping is corroborated by, localS-parameter
measurements with a positron microbeam in an area wh
exclusively PSB’s are present.82 Accordingly, two distinct
mean lifetimes 1/l̄denseand 1/l̄poor may be attributed to the
dislocation dense and poor regions, respectively. In orde
check the plausibility of the threshold stress in fatigue
may estimate the mean positron lifetime from 1/l̄dense and
1/l̄poor weighted by the volume fractions of 0.07 and 0.9
respectively.19 For this purpose we may identify 1/l̄poor with
the measured lifetime before deformation of about 130
1/l̄denseis much more difficult to assess and we will ma
use of the well defined microstructure in cyclic saturation

A look at Fig. 9 may be helpful in illustrating PSB prop
erties. The data hold for room temperature fatigue. The v
ume fractions occupied by PSB’s and the matrix struct
depend on the amplitude of the resolved plastic strainĝpl
~e.g., Refs. 18 and 77!. At ĝpl5431023, which is the maxi-
mum amplitude in our experiments, about 40% of the v
ume is occupied by PSB’s and 60% by the matrix structur77

In the matrix structure one half of the volume is occupied
veins.18,77 In the PSB’s the volume fraction of the dens
regions can be calculated from the mean wall thickness@0.1
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mm ~Ref. 77!# and the average wall spacing@1.4 mm ~Ref.
77!#. With these data we can estimate that the mean posi
lifetime measured in a specimen in cyclic saturation atĝpl

5431023 of 170 ps comprises as 0.3431/l̄dense10.6631/
l̄poor. Using 1/l̄poor'130 ps, we obtain 1/l̄dense'240 ps.
This value has to be considered as an upper estimate s
the dislocation poor regions can certainly not be treated
defect-free in cyclic saturation. The density of dislocatio
and dislocation debris in the dislocation-poor channels in
PSB are certainly well above the detection limit for po
trons. Nevertheless, our estimate of 240 ps indicates tha
the dense regions microvoids and spherical vacancy clus
may be present.

Using the volume fractions of dense and poor regions
the early stages of fatigue of 0.07 and 0.93 and the m
lifetimes of 240 and 130 ps, respectively, we may expec
mean positron lifetime of 138 ps at our sensitivity thresho
This value is in fair agreement with our measurements at
sensitivity threshold oft̂5(861) MPa. Thus, the sensitiv
ity limit in fatigue may at least tentatively be explained b
the inhomogeneous dislocation arrangement and the for
tion of vacancy clusters.

C. Interpretation of annealing experiments

Striking differences in the annealing behavior of tens
and fatigue specimens were observed. While the annealin
vacancies was completed after 1 h at 450 K in thetensile
specimen deformed tog550%, pronounced annealing wa
observable only after a second annealing stage at 550
the fatigue specimen. Furthermore, the retained increas
positron lifetime after the final annealing stage shows a
markable resistance to the fatigue defect spectra. In par
lar, 65% of the increase of positron lifetime was retain
after the two stage annealing of the fatigue specim
whereas 50% easily annealed out in the tensile speci
already after the first annealing stage at 450 K.

The observed annealing resistance of the fatigued sp
men coincides qualitatively with investigations by Kup
et al.72 who observed that at least a temperature of 550
was necessary for the onset of annealing. This is, howe
inconsistent quantitatively with our results which show th
annealing begins at about 450 K.

The annealing behavior of our tensile specimen agr
qualitatively with earlier investigations reported in the liter
ture, e.g., with Kuribayashiet al. who found that 70% of the
effect measured by angular correlation had been retained
ter single and divacancies were removed29 Positron lifetime
measurements after annealing of plastically deformed sp
mens were performed by Dauweet al.,31 Hinodeet al.,79 and
Saimotoet al.80 There are quantitative disagreements w
respect to the onset of annealing and the retained increa
the mean positron lifetime between these examinations
ours, probably due to the different type and geometry
deformation. The conditions of deformation range from te
sile experiments on single crystals orientated for multi
slip80 to the frequently applied cold rolling of polycrystallin
specimens.31 Hinode et al.,79 Saimoto et al.,80 and Dauwe
et al.31 report the onset of recovery at 553, 573, and 653
respectively. Measurements performed after tensile defor
tion up to 41.4 MPa on crystals orientated for multiple slip80
on
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~present case: single slip, 45 MPa! yielded an increase of 31
ps of the mean positron lifetime~present case: 16 ps!; after
30 min of annealing at 573 K 19 ps were retained~present
case: 8 ps after 60 min at 550 K!. This different behavior
indicates that the measured mean positron lifetimes dep
strongly on the dislocation arrangement and the density
configuration of jogs on dislocations.

The different annealing behavior of tensile and fatig
specimens may be explained by different configurations
vacancy clusters, which are stringlike if they are produced
jog dragging11–13 whereas spherical clusters are favored
fatigue when the annihilation of edge dislocations23,83creates
high concentrations of atomic defects. Another proc
which might reduce the positron lifetime is the condensat
of atomic defects in Frank loops which offer less open v
ume to the positrons than the same number of vacan
arranged as a spherical cluster. From this comparison
conclude, on the other hand, that multiple slip and the c
ditions in cold rolling cause high supersaturations of vac
cies which enable the formation of spherical clusters.

Further experiments are necessary to obtain experime
data on the annealing behavior of vacancies as a functio
the plastic straingpl . A calculation of the vacancy concen
tration and the dislocation density according to Eqs.~2! and
~1! yields CV5331025 and%56.531013 m22 after tensile
deformation up to 43.5 MPa. By comparing these figu
with those obtained at 10 MPa in Sec IV A, it is evident th
the vacancy concentration rises much more sharply than
dislocation density. One may speculate that the probability
jog formation increases with dislocation density which is,
the other hand, a prerequisite for the production of atom
defects. Systematic tensile deformation experiments for
ferent values ofgpl and subsequent annealing treatments m
therefore provide information on the formation processes
atomic defects. Combined with electrical resistivity measu
ments, which are also sensitive to interstitials, biases in
production of vacancies and interstitials might be access
which are sometimes discussed in the literature~e.g., Ref.
83!.

D. Positron trapping at dislocations

In the preceding sections, dislocations were treated
one-dimensional entities capable of trapping positrons
room temperature and details of the trapping process and
positron annihilation were not regarded~see the actual stat
of knowledge outlined in Sec. I!. This scenario is supporte
by the interpretation of the observed threshold stress in
sile deformation as a sensitivity limit of positron annihilatio
to dislocations.

1. Vacancies and jogs

The experimental findings do not permit conclusions to
drawn about the annihilation sites of the positrons, howev
we would like to comment on thevacancies associated wit
dislocationswhich are frequently mentioned in the literatur

Our first point is based on molecular dynamic calculatio
on the mechanisms of pipe diffusion, i.e., the enhanced s
diffusion along dislocation lines~see the reviews by Baluffi
and Granato84 and Atkinson and Le Claire85!. Recent calcu-
lations by Huanget al.86,87confirm that the formation energ
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of a vacancy in the disturbed, disordered region aroun
dislocation line is only about 80% of the energy required
form a vacancy in the perfect lattice. This explains high
vacancy concentrations along dislocation lines. These va
cies are not free, they are elastically attracted by the st
field around a dislocation line and their mobility is strong
reduced except for motion along the dislocation line.~A va-
cancy formed with reduced formation energy and the sa
migration energy as in the bulk would violate the basic la
of thermodynamics.! The elastic interaction between vaca
cies and dislocations in cubic metals is extremely we
Elasticity theory only explains a slightly higher concentr
tion of vacancies in the compressive zone around an e
dislocation.42 If the elastic energy stored at the site of v
cancy formation is taken into account, one obtains a low
formation energy, a higher attraction and, consequently
higher vacancy concentration. The radius of this dislocat
core with increased vacancy concentration may be abou
nm.42,84,87 These arguments may also account for a sign
cant vacancy concentration around a screw dislocation a
is also surrounded by a stress field. From this point of vie
deep traps for positrons should be present along both e
and screw dislocation lines. It is not thereforea priori clear
why edge and screw dislocations should be discernible
positrons as stated by Parket al.88 This might explain the
findings of Hidalgoet al.5 who did not observe such a dif
ference in iron samples deformed at 77 K which prevailin
contained screw dislocations.

The calculations of Huanget al.86 also indicate that the
region of lattice disorder where vacancy formation is fac
tated may extend into the stacking fault ribbon which e
pands between the partials of dissociated edge dislocat
As screw dislocations may also dissociate, this feature wo
result in a similar trapping behavior of edge and screw d
locations.

If jogs act as positron traps, only small jogs have to
considered, as being created by intersection processes o
locations or by vacancies attached to a dislocation. A
cancy on an idealized perfect edge dislocation would
equivalent to a jog-antijog pair separated by one atomic
tance. A further vacancy migrating to the dislocation li
may either produce a further jog-antijog pair thereby incre
ing the jog density on the dislocation line or it may increa
the separation of the existing jog pair leaving the jog den
constant. Thus, the annealing of vacancies by migration
dislocations acting as vacancy sinks does not necessaril
crease the jog density—the same considerations hold fo
terstitials which are mobile at much lower temperatures t
vacancies. The lifetime of a positron trapped in a jog d
pends on the local density of the ion cores, i.e., its mic
structure, which will be different for ideal~constricted! or
dissociated~extended! jogs. Presently, it seems impossible
check these considerations experimentally.

In the dislocation walls of PSB’s, the edge dislocatio
arranged in dipoles contain enormous densities of jogs wh
are produced as a consequence of the annihilation of sc
dislocations encountered in the channels. These jogs are
cross slip traces of the screw dislocations and may be as
as 50 to 60 nm.89,90In TEM investigations on fatigued spec
mens whose dislocation arrangements had been fixed by
sequent irradiation with fast neutrons no screw dislocat
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dipoles were observed with a spacing of less than 50
From these findings it was concluded that narrower dipo
annihilate by cross slip.89 It is conceiveable that such lon
jogs do not necessarily provide the same trapping prope
as monoatomic jogs. They are probably seen as short sec
ary dislocation segments by the positrons. So far, no at
tion has been paid to these microstructural features.

2. Dependence on the modulus of the Burgers vector

According to the best of the authors knowledge, only o
systematic investigation on the size of the Burgers vec
was performed by Shiraiet al.91 The measurements wer
carried out at room temperature on a variety of materials
after a variety of treatments, including plastic deformatio
quenching, and irradiation in order to produce glide dislo
tions, and partial dislocations which border prismatic dis
cation loops and stacking fault tetrahedra. Indeed, a lin
increase in the positron lifetime and the modulus of the B
gers vector was observed. Nevertheless, the investigated
tial dislocations are rather short segments and do not ty
the situation occurring during plastic deformation.

V. SUMMARY AND CONCLUSIONS

The b1-g-coincidence spectrometer enablesin situ posi-
tron lifetime measurements to be performed, which per
the observation of microstructural evolution during plas
deformation in fine steps. It has been observed that a thr
old stress has to be exceeded before plastic deformatio
detectable by positron annihilation. The threshold stres
are ~1061! and ~861! MPa for tensile deformation and fa
tigue, respectively. For tensile straining a sensitivity thre
old of positron annihilation to homogeneously distribut
dislocations could be derived which corresponds to a crit
dislocation density of (361)31012 m22. Due to the large
number of measurements permitted by thein situ technique,
at least for tensile straining, it could be demonstrated that
positron lifetime shows a linear increase with increasing
solved shear stress above the threshold. Up to 43.5 MP
saturation was observed. In fatigue the positron lifetim
starts to saturate at a resolved plastic shear stress ampl
of about 25 MPa.

A precise knowledge of the types of defects, their conc
trations, and their spatial distributions turned out to be ess
tial for the interpretation of the positron-annihilation me
surements. The sensitivity limit to dislocations could
obtained because dislocations are homogeneously distrib
and a disturbing effect of vacancies could be ruled out du
their low concentration and their inhomogeneous spatial
tribution. This approximates a nearly ideal situation.

The microstructures observed in the early stages of
tigue are much more complex than the respective ones
served during tensile testing. We tentatively simplified t
situation by considering two different phases, one with
high density of dislocations, vacancies, and vacancy clus
of different sizes and shapes and a second one with a m
lower dislocation density and less vacancy clusters. The
phases are supposed to exhibit different mean positron
times. The first phase will probably exhibit the longest me
lifetime which can be observed in a deformed metal. Suc
model may have some advantages in evaluating microst
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tural evolution processes by positron annihilation. It is
tended to apply a positron microbeam with a diameter in
micron range82 to study the two phases separately and
elucidate the local distribution of positron traps. The mic
beam will help to check whether this simplification is jus
fied and useful.

The comparison of positron lifetime changes in tens
and cyclic deformation shows that the same lifetime chan
with respect to the undeformed state were obtained fr
specimens containing different average dislocation densi
The critical dislocation density at the sensitivity threshold
tensile deformation was obtained as (361)31012 m22. In
fatigue experiments one has to deal with an inhomogene
distribution with an average density of 3.531013 m22 at the
sensitivity threshold. Obviously, the clustering of dislocati
in small areas with extremely high dislocation density h
ders a detection in an earlier stage of fatigue with low
n

n

n

i-

o

-
e
o
-

s
m
s.

us

-
r

dislocation density such as the one detectable in tensile t
For any attempt to determine the dislocation density fr
positron lifetime measurements a precise knowledge on
deformation history is essential. This conclusion is emp
sized by our multiple step test which give different values
the increase of positron lifetime per stress increment depe
ing on the applied resolved plastic strain amplitude.
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