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Sensitivity of positron annihilation to plastic deformation
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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 stressefl0 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:810'> m~2 and a mean dislocation spacing of about @r8. Since this spacing
equals twice the mean diffusion length of positrons in copper~0.25,m), 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 amplitud@ MPa is
exceeded. The corresponding inhomogeneous microstructure has been treated tentatively as a two-phase sys-
tem consisting of dislocation-fre@erfect crystal latticeand densely populategaturation trappingareas.
[S0163-18208)07509-2

I. INTRODUCTION formations of about 20%, the contributions attributed to va-
cancies and dislocations can be separated by careful anneal-
Positron annihilation has proved to be a powerful tool ining (e.g., Refs. 5 and 28since vacancies are mobile and
investigating the thermodynamical properties of vacancies imove to sinks(such as surfaces, grain boundaries, and dis-
solids*™® Since positrons are repelled by the positive ionlocationg at temperatures lower than those required for re-
cores in a solid, any interruption of the regular array of ioncrystallization. Annealing experiments after plastic deforma-
cores, in the simplest case a vacancy, can provide a positrafon of pure face-centered cubic metals show that vacancies
trapping site. Analogously, dislocations are also expected tproduced during plastic deformation account for only a mi-
provide trapping sites. Indeed, it is generally observed thator portion of the change in the mean positron lifetimé’
the mean positron lifetime increases with increasing plastidhe mean positron lifetime measured immediately after plas-
deformation(e.g., Refs. 4—B Until now, the physical inter- tic deformation contains lifetime components from a confus-
action mechanism between positrons and dislocations hadsg variety of possible trapping sites, among them different
been obscure™'® because it is covered by the many-sidedtypes of dislocations, vacancy condensates of different size
aspects of the positron interactions with the complex defecind shape. The development of the mean positron lifetime
spectra produced during plastic deformation. during plastic deformation may therefore be influenced both
While vacancies can exclusively be studied in a specimeiby changes in the nature and concentration of positron traps.
in thermodynamical equilibrium at elevated temperaturesExperimentally, in most cases only the lifetime in the ideal
the formation of dislocations is always accompanied by thdattice and a mean lifetime for deformation induced defects
production of vacancieS=*?In addition, vacancies in ther- can be resolve® Even after careful annealing great care has
modynamic equilibrium are homogeneously distributedto be exercised when attempting to attribute a positron life-
whereas dislocations show a strong tendency to cluster witime to a dislocation since the details of positron trapping
progressive deformatio'® The formation of dislocation along a dislocation line are probably impossible to control
cells and peculiar dislocation arrangements, e.g., so-callegikperimentally.
persistent slip bands in fatigtfe'® lead to a modulation of The ideal scenario for determining the specific lifetime
the dislocation density by a factor of #01C° on a typical  and trapping rate in dislocations would be the use of a crystal
length scale of 1um.X°~?! The dragging of jogs on disloca- free of vacancies that contains exclusively straight, undisso-
tions with dominating screw character produces strings otiated, well-separated dislocations of either edge or screw
vacancies: ' which may disintegrate into stringlike clus- character which do not contain jogs or kinks. Unfortunately,
ters. For positrons trapped in these type of clusters lifetimethis scenario cannot be attained even in an approximate man-
even shorter than those for single vacancies weraer. In real crystals, dislocations stretch from one surface or
calculated? For large degrees of deformation and especiallygrain boundary to another, either ending at dislocation nodes
for fatigue, the annihilation of edge dislocations providesin the volume or forming closed loops consequently having
high concentrations of vacanci&sThis mechanism favors a different characters. Most attempts at determining the spe-
condensation of vacancies as Frank dislocation loops and ttaific lifetime of positrons trapped in dislocations yield values
formation of spherical microvoid®:?®In fatigue, long-lived  close or slightly below the vacancy lifetifié’3?From this,
contributions(250—-400 psare reported which are attributed it can be concluded that the positron lifetime may be related
to annihilation in spherical microvoids-2’ to vacancies trapped in the stress field around a dislocation
In tensile experiments at least up to moderate plastic ddine or in vacancies on a dislocation line which would be
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equivalent to a pair of monoatomic jogfs. the complex microstructures of plastically deformed materi-
The trapping rate into dislocations per unit dislocationals.
concentration is found to range fromx2.0'°s™* (Ref. 29 Experimental investigations are cumbersome since sev-

to 2.9x10'° s 7! (Refs. 6,33 up to 1.6—3.510'®s™! (Ref.  eral methods have to be combined to characterize the main

34) which is significantly higher than the typical trapping features of the defect spectra produced by plastic deforma-
rate per unit vacancy concentration in the range betweeHon. Although transmission electron microscofbEM) is

(4.3+0.8)x 104 s7* (Ref. 35 and 9x 10" s 136 Tempera- &0 excellent tool for studying dislocation arrangements and
ture dependent positron annihilation measurements in thdissociation into partials, single vacancies and clusters re-

range between 10 and 300 K show that a dislocation Iinénain, invisible with the e>.(ception. of large Frank Iopps and
itself exhibits only a shallow positron trapping potential be_sperlcal cl_usters _e’?c_eed'”g a diameter of approximately 1
tween 5-10 meV(Refs. 30, 37, and 38and 30-40 nm. Electrical resistivity measurments, on the other hand, are

510,39 - - . _higly sensitive to all defects either visible or invisible to
n:gi\;.e db T;ses hrlg: S?r:uf'?ntra.r?2”352?)?&%?'}?:2?2 e)r(e:I'EM, but are not at all specific. For metals, no techniques
P y fu 'ng trapping in Id ‘on hp are available for specifically observing monoatomic jogs on
purso3r8 4%tate or a transition |_nto eeper tr.aps SUCN a§js|ocations and vacancies elastically bound to them. Thus,
jogs384% or vacancies trapped in the stress field around

, a3 i &ny systematic investigation of the positron-dislocation inter-
dislocation line.""**Some support has been provided by the-action will be an iterative process; the information partly

oretical calculations, which show that the extension of thejelivered by positron annihilatiorin situ positron annihila-
trapping potential along the dislocation line will cause thetion measurements should be performed in order to follow
wave function of the trapped positron to be similarly the microstructural evolution in one specimen and to avoid
extended. Additionally, the extension of the potential along sectioning or the simultaneous identical deformation of two
the dislocation line leads to a quasicontinuum of bound statespecimens as required by the sandwich technique. This
even for small binding energié4? Contrary to this, for va- would allow the use of a larger number of specimens to
cancies, bound states can only exist if the potenfiglis  critically check the reproducibility of the measurements. In
sufficiently deep to fulfill the conditiora\2m\V,/h?>=/2  order to keep the defect spectra as simple as possible special
wherem denotes the positron mass aads the radius of the ~attention should be paid to the early stages of deformation
vacancy assuming a spherical potential WéfiHence, itis and preferably single crystals orientated for single slip
concluded that the dislocation line may act as a trappinghould be used. A lot of time can be saved by choosing
entity. Annihilation, however, takes place in other defectsmaterials(e.g., pure copper or nickewhose microstructural
that are somehow associated with the dislocation line. ~ €volution has already been thoroughly investigated both by
In order to throw some light on the trapping behavior of TEM and by electrical resistivity measurements for various

positrons in dislocations theoretical calculations have prove(‘i’eform‘"]‘tIon conditions. . . I

useful. Early calculations were based on the model of a hol- The present paper de.als VXIthSItu positron lifetime mea-
low dislocation core and yielded excessively large bindings,urementS performgd W'th@ Y spectrometé? on copper
energies between positrons and dislocations of a fev{®eV. single CWSt?"S dunryg t_ensne d_eformatlo_n an(_j symmetric
This implied that the picture of a positron trapped in thePush-pull fatigue. Thén situ technique permits to investigate
dilatational zone around a text book edge dislocation was tog?e mmrostrgctural evolution QUr|ng plast|c. deformatlo.n on a
simple. The model neglects details of the atomistic structurgingle specimen. The experimental details are outlined in

of the dislocation core due to dissociation into partial dislo->€C: Il.r;l'he most |mpofrtar11nt rﬁSll“'clit’ presentedfin Sec. I, con-
cations, relaxation effects in the stacking fault ribbons beC&MS the existence of threshold stresses of about 10 and 8

tween the partials, and the existence of jogs. Recent molec MP‘?‘ which have_ to be exce_eded be_fore the mean positron
lar dynamic simulations yielded values in the range of 40 t !fetlme starts 1o increase during tensile deformation and fa—
100 meV for direct positron trapping in dislocation lirfég’ tigue, regpectlvely. In Se_cs IV A qnd IVB an attempt IS
These calculations confirm a possible trapping of positronénadfa to mterpre} the tens!le and fatigue th.reshold stresses in
in jogs and vacancies associated with a dislocation line anfflat'm to the different microstructures. Fmall_y, some con-
yield positron lifetimes which are compatible with the ex- 3|der_at|ons for t_he trapping mechanism of positrons Into dis-
perimentally observed lifetimes, but which are a little shorter].ocdaft'onS a(rje r?lven ml Sec. IVD. The ce_ntr;(ajl expenmental
than those for vacanciés.The calculations of Manienen findings and the conclusions are summarized in Sec. V.

et al*! also agree with earlier theoretical treatments by Mar-

tin and Paetscf thus indicating that annihilation at disloca- Il. EXPERIMENTAL PROCEDURE
tions should yield very nearly the same lifetime as that in the A Speci i
bulk material. . Specimen preparation

In spite of this unsatisfactory situation, many positron- The tensile test and fatigue experiments were performed
annihilation investigations demonstrate the usefulness of then copper single crystals orientated for single slip with crys-
method in detecting microstructural evolution during créep, tallographic orientation factorg close to 0.5. The crystals
fatigue?®°°=°2  thermofatigue®> and  precipitation were grown in a graphite crucible by the Bridgman technique
phenomena? Therefore, it seems promising to give thought at the Max-Planck-Institut fuMetallforschung in Stuttgart.
to a possible application of positron annihilation, as aThe crystals were cylindrically shaped, about 50 mm long
complementary tool, to nondestructive testing. For an evaluand had a diameter of 5 mm. In the center a gauge length of
ation of the potential of the method further systematic invesd ;=10 mm with a reduced diameter of 4.5 mm was prepared

tigations are required to reveal the behavior of positrons irby spark erosion. The damaged surface was removed by an
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electrolytical polish leaving a final diameter of 4.0 mm. Fi- ] ]
nally, the orientation factog was determined from a Laue
diffractogram taken on the polished surface. ©)

B. Plastic deformation

In order to facilitatein situ positron annihilation measure- @
ments and comparison with available investigations of the

microstructural evolution during deformation, tensile tests
and symmetric push-pull deformations of cylindrical speci-
mens were chosen. Cold rolling is often applied because it @ ©)
easily delivers flat specimens easily for use in the sandwich
technique.n situ positron annihilation is, however, difficult

to perform in this case and the very early stages of deforma-
tion with simple dislocation structures are difficult to control.
In a more advanced phase of the investigation we plan to
perform in-beam experiments with an intense high energetic
positron beam at an accelerator facility, therefore a deforma-
tion machine was constructed to precisely meet future size
requirements.

All plastic deformation experiments were performed un-
der strain control in a closed-loop controlled machine for the
tensile and fatigue experiments. The machine is driven by a
highly sensitive piezoelectric translat§rcapable of a maxi-
mum extension of 18@m at an applied voltage of 1.000 V
and a maximum force of 4.500 N. Due to the limitations of l_' [
the piezoelectric translator the load frarf@ze about 240
mmx500 mm was designed to be extremely stiff in order to
avoid that the plastic deformation of the specimen is accom- FIG. 1. Sketch of thecyclic) deformation machine. Load and

panied by a measurable elastic deformation of the machinglongaltion are measured by the load d@ll and the capacitance

components. The load cell was manufactured in our laborag,»in transducef2), respectively. The specimen is held by upper

tory to meet exactly the required force resolution of 0.5 N.5n4 jower grips3). The elongation of the piezo elemed causes
Although commercially available ones are known to havey compression of the specimen. Since the piezo element can only

better resolutions they are elastically too soft. The load celbxert a compressive force, tensile forces are provided by the
consisted essentially of a phosphorous bronze fal@m-  stretched springé). The movable part5) assures coaxiality and
eters: outside 30 mm, inside 19 mmhose thick walls were  avoids shear stresses on the piezo element which might easily de-
reduced to 0.5 mm thickness over a length of 15 mm. Thetroy it. The upper and lower cross heads are representéd bnd
deformation of the tube, being purely elastic under the givers).
conditions, was measured with four strain gauges, forming
part of a Wheatstone bridge. The load cell was calibratedecorded. For the fatigue testsyversusy yields hysteresis
with reference weights and the linearit0.1%) and repro-  loops. The size of the loops is given by the amplitude of the
ducibility (<0.1%) were checked up to 1.500 N. resolved total strainy and the respective amplitude of the
The strain was measured with a capacitance straifesolved shear stress The resolved plastic strain amplitude
transducep’ The capacitor plates were fixed sideways on thea,pl is obtained from the opening of the hysteresis loops at
specimen grips and were adjusted at a distance of800 zero force. In the fatigue experiments, the hysteresis loops
parallel to each other, which resulted in a capacity of 3.3 pFusually change their shape and size due to the effects of
A resolution of about 0.Jum was achieved. Figure 1 out- cyclic hardening or softening. Thus, cyclic hardening curves,
lines the mechanical setup for the deformation experimentsie., plots of the resolved shear stress amplittidesrsus the
The experiments were run with a triangular commandcumulative plastic strairyg,,=4N;¥,; provide an adequate
wave for the total strain, generated by a PC at frequencies ifepresentatioitsee Ref. 60 Here,N; denotes the number of

the range between 0.2 and 2.0 Hz. The frequency is not mugue Cyc|es carried out with an amp”tu@%u .
crucial parameter in the experiments since the strain-rate sen-

sitivity of face-centered cubic metals is very smélThe
forceF and the extensioAl of the specimens were recorded
during the experiments. The strees=F/A and the total The applied positron annihilation techniqgue which has
strain e=Al/l, were then calculated, wher® denotes the been developed fan situ lifetime measurements has already
cross section of the specimen. By making use of the crystabeen described in detail elsewhéfeThe most important
lographic orientation factog, the shear stress=uo and the  ideas will be outlined below.
shear strainy=¢€/u both resolved to the primary glide plane A B -y spectrometer was used instead of-& spectrom-
were obtained? eter in order to obtain higher coincidence counting rates. For
For the tensile tests, hardening curves, i.e., curves of ththis purpose, d°Se/?As generator was vapor deposited in a
resolved shear stressversus resolved shear strajpwere  hole of 0.6 mm(internal diameterin a gold collimator of 2

C. In situ positron annihilation measurements
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on-line measurement of the time resolution of the spectrom-

specimen |
P N eter. A value of 280 ps was obtaingd.
plexiglass — PMT This technique permits us to follow the cyclic hardening
surrounding curve byin situ lifetime measurements. There was no need to
plastic stop the fatigue experiments for the lifetime measurements

since the microstructural evolution yielded only small
0 changes during the few minutes required to record a lifetime
Se source spectrum containing £0annihilation events. For the tensile
in collimator tests, the deformation was stopped with load applied for the
lifetime measurements; stress relaxations due to slight rear-
rangements of the dislocations being allowed. In order to
achieve large plastic deformations, when the maximum ex-
tension capacity of the piezo translator was exhausted, the
specimen had to be dismounted in the position of maximum
FIG. 2. The B*-y-coincidence spectrometer. ThESe/?As  tensile strain and had to be remounted after the piezo trans-
source in the gold collimator is integrated in a plexiglass light guideltor had been repositioned to zero. This procedure had no
on a photomultiplier tubéPMT: Philips XP 202D and covered by ~ detectable influence on the positron lifetimes. In this way,
a thin plastic scintillator that provides the start signal. Hhguanta  dozens of lifetime spectra were recorded which reflected the
are detected by a 1.5 in. BaBetector. In order to catch the major €volution of the microstructure in the specimens under ex-
part of the positrons missing the copper specimen or being reflecte@mination. In contrast, the sandwich technique, which re-
by its surface, it is surrounded by plexiglass. Details have beemuires two identical specimens cut from the same plastically
published in Ref. 55. deformed crystal, would require more than 150 single crys-
tals to obtain the same information as that obtained from the
tensile tests presented in the following section, and several

scintillator

light guide

mm (external diameter This collimator was covered by a . i
thin (1 mm) plastic scintillator and was placed in front of the nundred for the fatigue experiments. _
specimen. The positrons, which are emitted in the direction 1N evaluation of the positron data was restricted to the

towards the specimen, lost on average about 150 keV of thelP€2" positron lifetime. Since o situ measurements were
kinetic energy in the plastic scintillator and created the starP€rformed at room temperature and without the possibility of

signals for the lifetime measurement. Positrons which anni@" dditionain situ annealing it is for example impossible to

hilated in the gold collimator or in the source itself did not distinguish between positrons annihilating in vacancies in the

provide a start signal, which appreciably reduces the baclggttice and in vacancies associated with dislocations. More-
ground. The experiméntal setup is depicted in Fig. 2. over, according to literature, one may expect lifetimes of
ositrons annihilating in jogs to be unresolvably close to

The copper specimens were surrounded by plexiglas e = )
which absorbs the positrons that miss the copper specimen 8105€ annihilating in vacancies. The same holds for positrons
annihilating in the perfect lattice and along the undisturbed

that are reflected by its surface. In plexiglass and in the plasd ! X . . )
tic scintillator positronium is formed whose much |ongerd|s_locat_|on line. Thus, no additional |nf_ormat|on would be__
lifetime of about 1.200 pgpick-off annihilation is clearly gamed m_thg present case and assumptions on defect-specific
discernible from the 100 to 200 ps expected for a deformedositron lifetimes would be needec_i which cannot be checked
metal. The contribution of positrons annihilating in the plexi- Within the framework of the experiments presented here.
glass and the plastic scintillator can, therefore, be corrected

by a weighted subtraction of a plexiglass reference spectrum. . RESULTS

A det_:onvolution of the spectra with an _apparative resolutio_n A. Tensile tests and fatigue

function was not performed, i.e., the lifetimes presented in ] i ) ]

the next section were obtained from a least square fit of a Six tensile tests and five fatigue experiments were per-
single exponential function. The constant contribution of theformed on copper single crystals. In Fig. 3, two typical ex-
apparative resolution to the mean lifetime is only noticeable@mples of the development of the mean positron lifetime
for short values. Therefore, the bulk lifetime of copper was(1/\) during tensile deformation of a copper single crystal
found to be about 20 ps longer than the generally acceptedre presented. In plasticity theorydenotes a mechanical
value of 110 psRef. 71 whereas the 175 ps found in fa- shear stress resolved to the primary glide plane. In order to
tigued specimen were in fair agreement with otheravoid confusion with the positron lifetime, the inverse decay
measurement$’® The observed increase of the mean life-rate 1k is used. The magnitude of the error flags2 ps is

time with progressing deformation is smaller than that ex-determined by the scatter of repeated measurements at con-
pected from a full fitting procedure but this is not a limitation stant microstructure. The evaluation of the lifetime spectra
for determining a sensitivity threshold. should only account for a statistical errore0.5 ps. In Fig.

The 72Sef?As generator provides two positron Spectra?) the strain is given on a logarithmic scale in order to visu-
with maximum energies of up to 2.5 and 3.3 MeV and aalize possible lifetime changes in the microplastic region. It
prompt y quantum of 835 keV. Even after the loss of 150 can easily be recognized that the specimens had to be de-
keV in the start scintillator, the largest part of the positronsformed to at leasty~3% before IX started to increase. Fig-
thermalizes at least 250 or 4Q0n below the surface for the ure 3a) shows the typical features observed in tensile test.
two spectra, respectively. This is large enough to assess re@he increase of the mean positron lifetime followed the in-
bulk properties. The prompg quantum can be used for an crease of the shear stress with progressive hardening. No



5130 T. WIDER, S. HANSEN, U. HOLZWARTH, AND K. MAIER 57

140 T n T T 35

138 (a) elastic ’ plastic deformation
deformation

136

134 4

g 132 ey ﬁ‘ E
1 1 o fe2 E
= 1304 =3 = o
-
128 +
126 4 £
1241 I
1224
’YCUm
T T T 50 (b) < 30
154 (b) ) | ! .’ 180 4 /\‘fgf -
- elastic ! plastic deformation i 45 e S S
deformation il [ k3 §§ §§ F) T 25
@ 2 2 1% =
- — 2 e 2
a8 I 1= T~ =
= a ~ 3x10° 1y =
| < E — <e
— e
410
4s
130 <-¢ T T T T T
) —rrrrrT e —rrT 0 50 100 150 200 250
10° 100 M g2 10"
Ycum
Yo,

. . . FIG. 4. Two typical cyclic hardening curves, shear stress ampli-

FIG. 3. Tensile hardening curvétne), and the development of e > (@) in MPa versus cumulative plastic strain,, and the
the mean positron lifetime &/(0J) during two tensile tests as a |g|5ted mean positron lifetime E/(O) in ps. 1A increases from
function of the logarithm of the total resolved shear strgifThe 554t 130 ps to a saturation value of about 170 to 175 pmtu-
mean positron lifetime A remains constant up to strains of 3% and (ates at around 30 MPa.
resolved shear stresses of 10 MPPa); shows the typical behavior
and (b) presents data from the only te@ut of 6) showing a pos- The threshold stresses derived from the intersection of the
sible onset of saturation at a stress which is lower than in othedashed lineglinear regression fijsare remarkably reproduc-
specimens not showing this feature. ible; a value of(10+1) MPa is obtained for tensile deforma-

tion. The same feature is observed in fatigue as can be rec-

indication of a saturation in the mean positron lifetime up to®9nized by Fig. 6 where the positron lifetime is plotted
50% plastic strain and=43.5 MPa is found. Deviating from V€rsus the shear stress amplitude. The threshold stress which

the general findings, Fig.(B) suggests the onset of a satura- has to be exceeded in fatigue before the mean positron life-

tionlike state at a resolved tensile shear stress of about 2§M€ increases was obtained &&+1) MPa. Between the
MPa. However, after further straining the positron ”fetimethreshold stress and the lifetime saturation which sets in at

seems to increase again. Such a behavior was not observeddfout 25 MPa the dependence of the positron lifetime on the
any other specimen. shear stress amplitude may be approximated by a linear in-

The fatigue experiments were performed as so-calle§€@S€, in spite of the scatter. . . .
multiple step tests, i.e., the applied amplituglewas in- Whereas the slope in the linearly increasing part of Fig. 5

creased step by step after no further changes in the resolv¥(@S approximately constaf@.8 ps/MPain tensile tests, the
shear stress amplitudewere measurable. The experiments 'ESPECtive slopes determined from fatigue experiméffigs
were started with resolved plastic strain amplitudes in the7) showed a tendency to decrease with increasing applied

range 2< 10-5<%,,<2x 10~*. The maximum applied plas- plastic shear strain amplitudg,. In the framework of this
tic strain amplitu‘ale Was}p,=.4><10‘3. Figure 4 presents consideration, a tensile test may be regarded as a fatigue

wo tpical resus. For he case of ampltudes belgy S9SNt W e ampltude, e e vigin cune o
~1x10 4, the mean positron lifetime A/started to in- Y — ' ’ P

crease if the shear stress amplitudexceeded about 8 MPa. obtaineq from typical N versusr plots of the tensile experi-
A tendency to saturate became obvious at around 25 Mpgments yield the smallest determined values of about 0.8 ps/

In Fig. 5 the mean positron lifetime is plotted versus theMPa'

resolved shear stress of a copper single crystal deformed in
tension for the two specimens presented in Fig. 3. The pos-
itron lifetime remains constant up to a threshold stress and The results of the mean positron lifetimes after a two

then starts to linearly increase with the resolved shear stresstage annealing treatment on a single crystal after tensile

B. Annealing after plastic deformation



57 SENSITIVITY OF POSITRON ANNIHILATION TO . .. 5131

170 (@) %

140—‘- (a)

138

lTrll/' 'a‘
z | k="
|: 136 1 ;{ If
= 1344 7, 160
)
£ 132 "iE % £
2 2
= 1304 = 1504
c
S TT |.% L <
= 1281 H@E ii%% e .
o . ‘D -
Q ] Y
o 1269 @ Tl L] | 2 1404 EE
g 3
g o
£

12l }Ei
122
154 ] (b) shear stress amplitude Q[MPa]

146+ 160_. E § e
' #

q
140_: 3 _ﬁi

}E 37
: : . : . 1304 ¢ i

resolved shear stress 1 [MPa] T é T é T 110 T 112 T 1-4 T 1I6 T 1|8 T 2|0 T 2.2 T 2.4 T 2I6

mean positron lifetime 1/ [ps]
3
L

i

134

0 5 10 15 20 25 30
resolved shear stress : [MPa]

mean positron lifetime 1/ [ps]
z
1
tre-
e

FIG. 5. Plot of the mean positron lifetime XLiversus the re- R R
solved shear stressfor tensile tests(a) and (b) correspond to the ) A
respective plots in Fig. 3. From the intersection points of the dasheu shear stress amplitude <« [MPa]
: ; I o _
Ilne.s(llnear regression fjthreshold stresses .()10_1.) MPa were FIG. 6. Plot of the mean positron lifetime NXLiersus the re-
derived. Above the threshold stress the positron lifetime increases ; : .
! . o “Solved shear stress amplitudedor the fatigue tests presented in
linearly with the resolved shear stress. The saturationlike behaviagt, .
. s . . . Fig. 4. Threshold stresses 8+1) MPa are observed. In spite of
in (b) has only been observed in this specimen. A comparison with -

. . M . . the scatter of the data a linear increase of With increasingz
(a) shows that typically the positron lifetime XLicontinues to in- 97

crease Up to the maximum stresses between 30 and 43.5 Mngéascrlb_es the experimental findings between the threshold and the
. . saturation stress of about 25 MPa.
reached in the experiments.

deformation toy=50% andr=43.5 MPa and on a crystal
fatigued in a multiple step test to a flow stress amplitude in 44
cyclic saturation of about,=34 MPa after a cumulative ]
plastic strain ofy.,~70 are tabulated in Table I. For ease B
of comparison the change of the mean positron lifetime is 3
given. After deformation, the crystals were stored at room
temperature for about four weeks. Before the two-stage an-
nealing treatment, the positron lifetime was measured again g
and no significant change was observed. The crystals were
then subjected to a temperature of 450 K in the first stage
and to 550 K in the second stage, for 60 min, respectively. | .

[ps/MPa]
(e}

The annealing was performed under vacuum gt ] 0.8 psMPa tensile tests (1, — = )
<10 % Pa. The temperatures were chosen to be below the 0

recrystallization temperature in order to avoid noticeable o 5 10 15 2 25 10
changes in the mesoscopic dislocation arrangement. shear strain amplitude yl;l [10

Although the resolved shear stress reached by tensile de-
formation is much higher than the resolved shear stress am- FIG. 7. The slopes determined by a linear regression fit from
plitude in the state of cyclic saturation in fatigue, the increasealiagrams such as those in Figlbp depend systematically on the
in the mean positron lifetime is more than twice as largeapplied resolved plastic strain amplitugg,. The line offers only
Additionally, the defect spectra in the fatigued crystal arean eye guide. The mean value @f1/\)/d for infinite 7y, taken
more resistant to annealing than those created in the tensiteom the tensile tests is indicated by the dotted line.
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equation permits the interpretation of the threshold stress

single crystals with respect to the undeformed state after tensilfy terms of a critical dislocation density. With=2.56

deformation(y=0.5, y=1x10* s, 7=45 MP3, after fatigue
(Tsa=34 MPa, y=5x10"4, y,,m=70) and after different succes-
sive annealing stages.

Change of mean positron lifetime

Treatment Tensile test Fatigue
After plastic deformation (16x2) ps (39£2) ps
After 4 weeks at 293 K (16x2) ps (39£2) ps
After 60 min at 450 K (8+2) ps (31£2) ps
After 60 min at 550 K (8*2) ps (25%+2) ps

X107 1%m (Ref. 64, G=42.100 MPa(Ref. 65 and set-
ting «a=0.5 a critical dislocation density op.=(3*1)
X 10 m~2 is obtained.

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

It is known from TEM that dislocations show a tendency
to cluster and to form dislocation dipoles during tensile
deformation**~*® From micrographs of copper single crys-
tals after tensile straining to about 6 and 16 MPa at 293 K,
it can be concluded that the dislocation arrangement at 6

specimen. In the first stage of the annealing treatment, allP@ can be regarded as homogeneous apart from a few di-

defects which can anneal before recrystallization occurs ar
eliminated and only 50% of the increase in positron lifetime
is retained. The annealing of the fatigue specimen occuré

gradually and 65% of the increase in the positron lifetime i
retained.

IV. DISCUSSION

Applying thein situ techniqué® outlined in Sec. I, about

30 lifetime spectra were recorded during the deformation of

S

goles. At 16 MPa the homogeneous distribution is disturbed
by primary edge dislocation dipoles, some of them being

rranged in groups. From these micrographs it can be con-
luded that at 10 MPa the picture of a homogeneous distri-
bution of dislocations is a tenable approximation. Thus, we

may consider positrons as diffusing particles in a system of
homogeneously distributed single dislocations having an av-
erage separation af=1/\/o.~0.5um.

C

2. The role of vacancies—concentration and distribution

each tensile specimen. Thus, the evolution of the microstruc- o )

ture could be studied in a single specimen. Other crystals SuPsequently, it will be shown that the concentration of
were used to critically check the reproducibility. The mostvacancies produced during plastic deformation is not the
striking finding was a threshold stress for the increase of th@OPer quantity to describe their possible contribution to the
mean positron lifetime that may be interpreted as the sens|fcréase in the mean positron lifetime. While vacancy forma-

tivity limit of positron annihilation to dislocations. This will
further be discussed in Sec. IV A.

tion in thermal equilibrium yields a homogeneous distribu-
tion in a crystal, plastic deformation produces vacancies ar-

Such a threshold was also observed for the fatigue exper[@nged in strings.

ments. Although the main features of a plot of the mean

positron lifetime versus the resolved tensile shear stisess
Fig. 5 or the resolved shear stress amplitudee Fig. 6

The most important production mechanism for vacancies
and interstitials is the dragging of nonglissile jogs on moving
dislocations with dominating screw character® Jogs are

appear to be identical, their interpretation must take into accreated by the intersection of so-called forest dislocations

count microstructural differences.

with gliding dislocations. Forest dislocations belong to sec-

Copper was chosen because it has been carefully invesfpndary glide systems. They are inclined to the primary glide
gated by electron microscopy during all stages of unidirecP!ane and impede the motion of primary dislocations. A non-
tional and cyclic deformation. Thus, the literature could bedlissile jog on a gliding screw dislocation will impede its
consulted for reliable dislocation density and distributionfurther motion. As these jogs are forced to climb by the

datal4—16,19—21

A. Tensile deformation

1. Dislocation density and distribution

A comparison of the hardening curves obtained experi

mentally with those typically obtained from tensile tests on

single crystalline face-centered cul§fcc) metals(e.g., Refs
16 and 6} shows that the threshold stress of ab@ii+1)
MPa lies in stage Il of the hardening curve. The resolve
shear stress can be related to the dislocation densityia
the relatio®®!

r=abG\p, (1)

wherea is a numerical factor in the range 8&=0.525162
b denotes the modulus of the Burgers vector @nthe shear
modulus. The validity of Eq(1) has been confirmed experi-
mentally by several authorée.g., Refs. 15 and 63 The

gliding dislocation, atomic defects are produced. Depending
on the direction of dislocation motion a nonglissile jog
leaves behind in its wake a string of vacancies or interstitials.
The situation is depicted in Fig. 8. Due to the low number of
edge dislocation dipoles the production of atomic defects by
collapsing narrow dipolegdislocation annihilationcan be
neglected in the early stage Il of the hardening curve.

An initially homogeneous dislocation distribution, as in

our case, will also cause the intersection jogs and conse-

c]quently the strings of atomic defects to be homogeneously

distributed. Since a direct measurement of the absolute va-
cancy concentration is not possible we have to rely on theo-
retical calculations for the production of atomic defects. As
the mean positron lifetime at the threshold stress is just ex-
ceeding the statistical scatter, the vacancy contribution to the
increase of the mean positron lifetime cannot be determined
by annealing experiments.

A quantitative approach conceived by Sd¥dgelds a
vacancy concentration
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y and that the positron is trapped at the dislocation or vacancy
string that it reaches first, then both the dislocations and va-
cancy strings may be treated as linear defects with a total
density of (3-1)x 102 m~2 plus a 5-10 % correction due
to the total length of vacancy strings. Provided that the spe-
cific lifetimes of positrons trapped in vacancy strings and
dislocations are not too different, the small amount of posi-
trons trapped in vacancy strings will not significantly influ-
. ence the mean positron lifetime.
motion of . . . . .
screw dislocation In order to check possible differences in the positron life-
times, we have to consider the effects of rearrangements of
the strings, for example segmentation or formation of spheri-
cal vacancy clusters. Calculations of the positron lifetime in
sperical vacancy clusters usually show strongly increasing
FIG. 8. A screw dislocation contains two jogs which may origi- lifetimes with increasing void radfi’ For divacancies in cop-
nate from two intersection processes with forest dislocations. ThesBer, lifetimes of 250 ps are report€dOn the other hand
jogs are g"ss“e On|y a|0ng the dis|0cation ||(mtched p|anb In Ca|CU|atI0nS by COI’bE&t a|.22 ShOW that the pOSItI’Oﬂ ||fet|me
this way, they can annihilate. If we assume that no annihilation2lways decreases if the relaxation processes for the nearest
occurs, they are forced to move together with the screw dislocatiomeighboring atoms are taken into account. The relaxed con-
in the direction indicated. The jogs have to leave their glide plandiguration may result in a_positron lifetime that is shorter
by climbing. Thus, the traces of the jogs are marked by strings othan that in a monovacanéy.Stringlike clusters have been

@ single vacancies

glide plane of jogs
interstitials Q

jog

interstitials and vacancig®Refs. 11-13 considered by Fikinen et al?’ when trying to elucidate
positron trapping at jogs. They calculated a lifetime of a
18 (v positron trapped in a row of six vacancies. The obtained
Cv=53 JO 7dy. (20 value was equivalent to that for a single vacancy. Thus, a

segmentation of the vacancy strings will not lead to a signifi-

B is a numerica' constant Wh|Ch can be determined fron‘pant contribution of |Ong-|ived Components. BeSideS, the life-
electrical resistivity measurements or calorimetric measurelime spectra obtained gave no indication of long-lived com-
ments of the stored energy a@iddenotes the shear modulus. Ponents =250 ps (i.e., divacancies or spherical
The integral determines the mechanical work done to th@gglomeratgsthat would become evident even without a
crystal. The factog has been introduced because interstitialsdeconvolution procedure.
and vacancies are produced in equal concentrations. Values
of B have been compiled by van den Beuf&With an av- 3. The interpretation of the threshold
erage value 0f8=0.06, y~3%, and~=10 MPa a vacancy e . . :
concentration ofC,~2X 107 is calculated. It needs to be The mean diffusion length , of thermalized positrons in
emphasized that although this concentration is equivalent t6oPper can be calculated fromn, = 6D /A, whereD
the sensitivity limit of positron annihilation to vacancies in denotes the diffusivity and 1f the mean lifetime of posi-
thermodynamical equilibriurh vacancies cannot be respon- trons in defect-free copper. The values for the diffusivity
sible for the plastic deformation threshold obtained. The dif-D, at room temperature, as reported in the literature,
ferent spatial distribution of vacancies in thermodynamicalare scattered over the range of 0.3-010 * m?/s,?
equilibrium and produced by plastic deformation cause som8.9x10 % m%s;® and 1.7 10 % m?/s® Using D, =1X
important differences(i) strings are more difficult to find for 10~% m?s as a reasonable mean value and a mean positron
diffusing positrons than the same amount of homogeneouslifetime of 110 ps’’ L , ~0.25um is obtained. Thus, we can
distributed vacanciesji) calculations by Corbegt al?2in-  write the critical dislocation spacing a~0.5 um~2L _ .
dicate that the disintegration of vacancy strings into string-Consequently, the mean spherical volume that can be probed
like clusters yields positron lifetimes which may be shorterby a diffusing positron that thermalizes at maximum distance
than those for single vacancies; afiil) the physical inter- from a dislocation, i.e., just in the middle between two dis-
pretation given by van den BeuRBlis that of vacancy locations, is large enough that all positrons have a chance to
strings with a total length of 5-10 % of the dislocation reach a dislocation. This may serve as a rule of thumb for the
length in m/ni. These strings can be imagined as little twigssensitivity of positrons to dislocations at room temperature.
attached to branches, i.e., dislocations. The twigs are invidt implies that the combined effect of trapping and detrap-
ible by TEM as they are not surrounded by far reachingping of positrons along dislocation lines results in a rather
stress fields like dislocations. Keeping in mind that the spesmall net trapping rate. Further temperature-dependent mea-
cific trapping rate for dislocations is significantly higher thansurements expanding to low temperatures will be necessary
that for vacancie§?%3the probability of being trapped by a for quantitative investigations.
dislocation is 10 or 20 times higher than that of being Although several investigations of positron annihilation
trapped in a vacancy. Finally, the annealing experiments inen plastically deformed metals have been described in the
dicate that a spatial redistribution of vacancies need not bterature® 1028317173 gensitivity limit to plastic deforma-
considered due to their low mobility at room temperature. tion has not yet been reported. McKetal® have performed

Assuming that a positron once trapped neither escapgsitron lifetime measurements on copper single crystals af-
from a dislocationsee Sec. IV Dnor from a vacancy string ter tensile deformation in thgl10] direction at room tem-
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perature. In Fig. 1 of Ref. 6 the mean positron lifetime starts
to increase if a dislocation density in the range of 10' to
3%x102m2 is exceeded. Dauwet al3! concluded from
their lifetime and line-shape measurements on cold-rolled
polycrystalline copper specimens that below a dislocation
density of 2<10'2 m~2 the crystals appeared to be defect
free for positrons. They emphasized that due to the dissi-
pated energy during cold rolling, vacancies were already an-
nealed and did not play a role in their treatment. These val-
ues agree well with our sensitivity limit of about 3

X 10 m™2. The investigations of Dauwet al3! and Mc-
Kee et al® relied on the sandwich technique, which limited
the number of deformation stages that could be investigated.
A sensitivity threshold could not be extrapolated from the
few available data. Dlubekt al.” reported that significant
positron trapping sets in above a dislocation density of
10'2 m~2. This estimate is presumably based on an extrapo-
lation of their angular correlation data obtained from a series
of cold rolled Nickel polycrystals measured in sandwich ge-
ometry.

In irradiation experiments where the damage consists pre-
vailingly in dislocation loops no threshold of positron anni-
hilation data has been observed with respect to the loop den-
sity. This may be due to three main reasons. First, the
dislocation loops are formed by irradiation induced vacan-
cies or interstitials which are produced homogeneously dis-
tributed in the irradiated volume. Consequently, TEM obser-
vations also show a homogeneous distribution of small
dislocation loops with separations in the range of a few na-

nometers up to about 0.4m depending on the irradiation £ 9. Typical microstructure for a copper single crystal

dose and temperatute.g., Ref. 7% These dislocation lines  tatigued well into cyclic saturation at room temperature jat

are much more homogeneously distributed than the long, €X<4x10-3. The stress amplitude at saturationris 28 MPa. The

tended dislocation lines produced during the early stages ghicrograph is taken from a foil cut perpendicular to the primary

plastic deformation. Thus, the probability of a positron t0edge dislocation linef(121) sectiorl. The ladderlike structure of

find a dislocation line on its random walk is higher in this persistent slip bands with its rather regularly spaced dislocation

case. Secondly, the loop density reported, e.g., by Ufian  walls is clearly discemible from the surrounding matrix structure

copper irradiated with 650 keV electrons at 55 K is betweerwith their amoeboid shaped dislocation-demsisand dislocation-

5 and 50< 10 cm 3. Assuming 1 nm as the typical loop poor channels The orientation of the ladderlike PSB’s matches

diameter this corresponds to a dislocation density betweeexactly the direction of the primary Burgersvec{iffraction vec-

3x10% and 3x 10 m~2 which is already well above the tor g=(202).]

sensitivity limit in plastic deformation. Moreover, those va-

cancies which form small spherical clusters and remain inmicrostructure in cyclic saturation as described in Sec.

visible for TEM will also contribute to a significant increase IV B 1 is not yet established. In particular, the densities of

in positron lifetime. dislocations and atomic defects are lower than those given
below and steady state conditions preserving constant defect
densities do not yet exist in the early stages of fatigue with

B. Cyclic deformation resolved shear stress amplitudes of around 8 MPa. The struc-

In order to illustrate the difficulties in understanding the e, which is typical at the threshold stress, will undergo
positron annihilation measurements performed during ipSeveral rearrangements before reaching cyclic saturation.

tigue, the next section briefly summarizes the characteristiévertheless, the principal complexity of the defect spectra

microstructural features. We confine ourselves to faceWill be as outlined in Sec IV B 1.

centered cubi¢fcc) materials under primary glide conditions
in the state of cyclic saturation which is mechanically char-
acterized by constant amplitudes of stress and strain and a We have seen in Sec. IV A that the correct description of
constant shape for the hysteresis loops. For a more compréie density and distribution of dislocations and atomic de-
hensive presentation of fatigue microstructures, the reader fects is essential for a correct interpretation of the positron-
referred to some recent reviews by Laietlal,'” Basinski  annihilation measurements. For the case of fatigue, the inter-
and Basinski? and recent investigations of the microstruc- pretation on the basis of an average dislocation density will
tural evolution by Holzwarth and Bnanr(®’’ be misleading in view of ordered dislocation arrangements

In searching for an explanation of the experimental find-such as those presented in Fig. 9. The highly ordered ladder-
ings in Sec. IV B 2, it is important to keep in mind that the like structure of persistent slip ban@BSB'’s is clearly dis-

1. The complexity of the fatigue defect spectra
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cernible from thematrix structure consisting of amoeboid ber of deformation cycles whereas its value decreases from
shaped denseeins and dislocation poorchannels PSB’'s  about 300 ps after 10 cycles to about 200 ps after 10 000
consist of rather regularly spaced dislocatioralls with  cycles(load control,7= 154 MP3. This component is attrib-
dislocation densities of about>510'° m™2, separated by uted to vacancy clusters of various sizes that undergo a size
channels with much lower dislocation densities of aroundefinement with progressive fatigue. A refinement of micro-
1x10"*m™2. The dislocation densities in the veins and Voids during fatigue of copper was also reported by Lepisto
channels of the matrix structure are typically*1f2 and et al: whlch seems to depend on the crystal orientation and
2% 10 m~2, respectively. In the dense veins and walls, thethe loading history. o _
primary edge dislocations are arranged in dipoles. In the Since the definition of sensitivity to a certain type of de-
channels, mainly screw dislocations and debris from dislocal€Ct requires a precise knowledge of the density and distri-
tion reactions are present. bution p_f QII defect types present, it is not possible to d_erlve
During cyclic saturation, nearly the whole applied plastic® Sensitivity threshold for a certain def(_act type from fatigue
strain amplitude is localized in the PSB’s. Hence, the gyrinvestigations. Thus, 'another explanation for the threshold
rounding matrix may be regarded as a passive structure with{reSS observed in fatigue has to be found.
negligible dislocation motion. The experimental findings
can be described by intrinsic resolved plastic strain ampli- 2. The interpretation of the fatigue threshold—a two-phase
tudes of PSB’s and matri¢Cu, 300 K: ypsg=9x10"2 and system approach
Ymauix= 6.5X 107°). The volume fractions of PSB'sf{ and The work of Basinski etal!® and Hancock and
matrix (1-f) are adjusted by the crystal in order to accom-Grosskreut? shows that the dislocation distribution be-
D“SDSIPG applied plastic strain amplitudg, after Winter's  comes inhomogeneous during the early stages of fatigue, at
rule”™ yp=(1—f) Ymaixt f ypse (see Refs. 18, 76, and 77, resolved shear stress amplitudes of less than 4 MPa. By com-
and citations thepe A dynamic equilibrium between dislo- parison with our mechanical dafag,~1 and7~8 MPa
cation production and annihilation maintains a constant disynd with the aid of the recorded cyclic hardening curve, the
location density in the PSB’s whereas in the passive matrifiterature has been searched for a dislocation arrange-
structure a static situation prevails which preserves the defeghent that most resembles that, present in our fatigued copper
spectra in the state as reached at the moment of phase sep@stals. Basinskiet all® report that the inhomogeneous
ration into plastically active and passive aréaBesides the  gisiocation distribution that is most similar to ours is charac-
dynamic equilibrium of dislocation production and annihila- terized by dislocation-dense regions with a local density of
tion, the crystal also adjusts to a dynamic equilibrium be-gx 14 12 occupying 7% of the volume and dislocation-

tween the production and annihilation of atomic defects, &oor regions with an average density ok 10 m~2in 93%
fact concluded from electrical resistivity measurements. Thgys the volume.

highest concentrations of.a.ton_"nic defeqts are established iN In this case, it is possible to tentatively treat positrons,
the PSB walls by the annihilation of primary edge disloca-yhich thermalize in the nearly dislocation-free areas,;
tions. If a primary edge dislocation enters a wakl a vein,  —, ) as positrons in the perfect lattice. On the other hand,
it will most probably react with a dipole thereby producing a ositrons which thermalize in the dislocation-dense regions
new, more stable dipole with a smaller distance between thg;| hrobably be unable to leave such regions due to the high
gllde planes of the |nvol\_/ed d|slocat|g3ns. If th|s new d'Stancedensity of traps. Consequently, dense regions may be consid-
is smaller than<1.6 nm(in coppey,”***the dipole will col-  ereq as regions of saturation trapping. The assumption of
lapse therek_Jy producmg large Ioc'al concentrations qf atomig a1 ration trapping is corroborated by, loc&iparameter
defects. This process is the main source of atomic defeGheasurements with a positron microbeam in an area where

proﬁ?dir?nr:n PSB's. . < defects | he exclusively PSB's are presefft.Accordingly, two distinct
e high concentrations of atomic defects favor the O mean lifetimes Wgense@nd 1A, may be attributed to the

;na?itcl)%noc;f:;%ztr?cr:?egfa\llsrllicr);r?ksIgiilsoiggiosnh?opoessorctlzztzcr)giiahlocaﬂon dense and poor regions, respectively. In order to
PS. eck the plausibility of the threshold stress in fatigue we

Frank loops have been observed by TEM and are preferen- timate th it lifeti from q
tially located in the dislocation dense aré4&> Spherical M2y estimate the mean positron lifetime from e an

clusters, which are invisible to TEM, give rise to a long-lived 1/Apoor Weighted by the volume fractions of 0.07 and 0.93,
component in the positron-lifetime spectfa?’81The life-  respectively:? For this purpose we may identify M, with
times and their respective intensities given in the literaturdhe measured lifetime before deformation of about 130 ps
vary appreciably. Values between 200 ps and over 350 ps afié\ genseiS Much more difficult to assess and we will make
reportec?®2’ use of the well defined microstructure in cyclic saturation.
Grobsteinet al?’ investigated the fatigue of nickel which A look at Fig. 9 may be helpful in illustrating PSB prop-
had been irradiated with 47 MeV protons in order to produceerties. The data hold for room temperature fatigue. The vol-
%8Co as an internal positron source. Although limited toume fractions occupied by PSB’s and the matrix structure
nickel and its alloys, thisn situ method represents a power- depend on the amplitude of the resolved plastic str}qgn
ful tool in the aquisition of data from microstructural evolu- (e.g., Refs. 18 and J7At S/p|=4>< 103, which is the maxi-
tion processes. Their fatigue experiments yield positronmum amplitude in our experiments, about 40% of the vol-
lifetime spectra with two lifetime components. The shortume is occupied by PSB’s and 60% by the matrix strucfdre.
lived component around 100 ps is attributed to annihilationin the matrix structure one half of the volume is occupied by
in the perfect lattice or in the dislocations. The intensity ofveins!®’’ In the PSB’s the volume fraction of the dense
the longer-lived component increases with increasing numregions can be calculated from the mean wall thickfésk
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um (Ref. 779] and the average wall spacifg.4 um (Ref.  (present case: single slip, 45 MPgaelded an increase of 31
77)]. With these data we can estimate that the mean positrops of the mean positron lifetimgresent case: 16 psafter
lifetime measured in a specimen in cyclic saturationygt 30 min of annealing at 573 K 19 ps were retairgdesent
=4X 103 of 170 ps comprises as 0.84/\gensgt0.66x1/  case: 8 ps after 60 min at 550).KThis different behavior
Nooor USING 1h0o~130 ps, we obtain Menee-240 ps.  indicates that the measured mean positron lifetimes depend
This value has to be considered as an upper estimate sinéfongly on the dislocation arrangement and the density and
the dislocation poor regions can certainly not be treated agenfiguration of jogs on dislocations. , ,
defect-free in cyclic saturation. The density of dislocations 1he different annealing behavior of tensile and fatigue
and dislocation debris in the dislocation-poor channels in théPecimens may be explained by different configurations of
PSB are certainly well above the detection limit for posi- Vacancy c_Ius}eg, which are stringlike if they are produced by
trons. Nevertheless, our estimate of 240 ps indicates that i#¥9 dragging*~ whereas spherical clusters are favored in
the dense regions microvoids and spherical vacancy clustefatigue when the annihilation of edge dislocatitif§ creates
may be present. h|g_h concentrations of atomic _defects_. Another process

Using the volume fractions of dense and poor regions ifpvhich rmght reduqe the positron Ilfet[me is the condensation
the early stages of fatigue of 0.07 and 0.93 and the meaff atomic defect_s in Frank loops which offer less open vo!-
lifetimes of 240 and 130 ps, respectively, we may expect &me to the positrons than the same number of vacancies
mean positron lifetime of 138 ps at our sensitivity threshold.2ranged as a spherical cluster. From this comparison we
This value is in fair agreement with our measurements at théonclude, on the other hand, that multiple slip and the con-
sensitivity threshold of-=(8=1) MPa. Thus, the sensitiv- d!tlons in cold rolling cause h_|gh supersa_turatlons of vacan-
ity limit in fatigue may at least tentatively be explained by ¢i€S which enable the formation of spherical clusters.

the inhomogeneous dislocation arrangement and the forma- Further experiments are necessary to obtain experimental
tion of vacancy clusters. data on the annealing behavior of vacancies as a function of

the plastic strainy, . A calculation of the vacancy concen-
tration and the dislocation density according to E@s.and
C. Interpretation of annealing experiments (1) yields Cy=3x10"° and o =6.5x 10'* m~2 after tensile

Striking differences in the annealing behavior of tensiledeformation up to 43.5 MPa. By comparing these figures

and fatigue specimens were observed. While the annealing B‘fith those obtained at 1.0 MEa in Sec IV A, itis evident that
vacancies was completed afte h at 450 K in thetensile the vacancy concentration rises much more sharply than the

specimen deformed teg=50%, pronounced annealing was fjlslocatlor? de_nS|ty. One may s_peculz_ite that the pro_bab_lhty of
g formation increases with dislocation density which is, on

observable only after a second annealing stage at 550 K i . . .
e other hand, a prerequisite for the production of atomic

the fatigue specimen. Furthermore, the retained increase . ! : X :
positron lifetime after the final annealing stage shows a redefects. Systematic tensile deformation experiments for dif-

markable resistance to the fatigue defect spectra. In particJ‘-arent values O_f”p' gnd sub;equent anneallng treatments may
lar, 65% of the increase of positron lifetime was retainedtherefore provide information on the formation processes of

after the two stage annealing of the fatigue specimer"f‘tomic defects. Combined with electrical resistivity measure-
ents, which are also sensitive to interstitials, biases in the

whereas 50% easily annealed out in the tensile specimerﬁ‘ ; ) : . : :
already after the first annealing stage at 450 K. pro_duct|on of vac_anues_and |nter§tltlals mlght be accessible
The observed annealing resistance of the fatigued specf/hich are sometimes discussed in the literatles., Ref.
men coincides qualitatively with investigations by Kupca83)'
et al.’? who observed that at least a temperature of 550 K
was necessary for the onset of annealing. This is, however, D. Positron trapping at dislocations
inconsistent quantitatively with our results which show that
annealing begins at about 450 K.
The annealing behavior of our tensile specimen agree

In the preceding sections, dislocations were treated as
one-dimensional entities capable of trapping positrons at
Foom temperature and details of the trapping process and the

gualitatively with earlier investigations reported in the litera- ___. P
. ; . positron annihilation were not regardéske the actual state
0,
ture, e.g., with Kuribayashet al. who found that 70% of the f knowledge outlined in Sec).IThis scenario is supported

eﬁeqt measured_ by ang_ular correlatlocg?had peen _retglned )y the interpretation of the observed threshold stress in ten-
ter single and divacancies were rem 'el'dosuron lifetime sile deformation as a sensitivity limit of positron annihilation
measurements after annealing of plastically deformed SPecly dislocations

mens were performed by Dauwee al,** Hinodeet al,”® and '
Saimotoet al® There are quantitative disagreements with

respect to the onset of annealing and the retained increase in

the mean positron lifetime between these examinations and The experimental findings do not permit conclusions to be
ours, probably due to the different type and geometry ofdrawn about the annihilation sites of the positrons, however,
deformation. The conditions of deformation range from ten-we would like to comment on theacancies associated with
sile experiments on single crystals orientated for multipledislocationswhich are frequently mentioned in the literature.
slip®® to the frequently applied cold rolling of polycrystalline ~ Our first point is based on molecular dynamic calculations
specimens? Hinode et al,”® Saimotoet al,’ and Dauwe on the mechanisms of pipe diffusion, i.e., the enhanced self-
et al*! report the onset of recovery at 553, 573, and 653 Kdiffusion along dislocation linegsee the reviews by Baluffi
respectively. Measurements performed after tensile deformaand Granat¥ and Atkinson and Le Claif). Recent calcu-
tion up to 41.4 MPa on crystals orientated for multiple ®ip lations by Huanget al#58 confirm that the formation energy

1. Vacancies and jogs
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of a vacancy in the disturbed, disordered region around dipoles were observed with a spacing of less than 50 nm.
dislocation line is only about 80% of the energy required toFrom these findings it was concluded that narrower dipoles
form a vacancy in the perfect lattice. This explains higherannihilate by cross sliff? It is conceiveable that such long
vacancy concentrations along dislocation lines. These vacaiPgs do not necessarily provide the same trapping properties
cies are not free, they are elastically attracted by the stregs monoatomic jogs. They are probably seen as short second-
field around a dislocation line and their mobility is strongly &y dislocation segments by the positrons. So far, no atten-
reduced except for motion along the dislocation itk va- tion has been paid to these microstructural features.
cancy formed with reduced formation energy and the same
migration energy as in the bulk would violate the basic laws
of thermodynamic$.The elastic interaction between vacan-  According to the best of the authors knowledge, only one
cies and dislocations in cubic metals is extremely weakSystematic investigation on the size of the Burgers vector
Elasticity theory only explains a slightly higher concentra-was performed by Shiraét al®* The measurements were
tion of vacancies in the compressive zone around an edgerried out at room temperature on a variety of materials and
dislocation®? If the elastic energy stored at the site of va- after a variety of treatments, including plastic deformation,
cancy formation is taken into account, one obtains a lowefuenching, and irradiation in order to produce glide disloca-
formation energy, a higher attraction and, consequently, #0ns, and partial dislocations which border prismatic dislo-
higher vacancy concentration. The radius of this dislocatiorfation loops and stacking fault tetrahedra. Indeed, a linear
core with increased vacancy concentration may be about 0i§crease in the positron lifetime and the modulus of the Bur-
nm#28487 These arguments may also account for a signifi-g€rs vector was observed. Nevertheless, the investigated par-
cant vacancy concentration around a screw dislocation as il dislocations are rather short segments and do not typify
is also surrounded by a stress field. From this point of viewthe situation occurring during plastic deformation.
deep traps for positrons should be present along both edge
and screw dislocation lines. It is not theref@eriori clear V. SUMMARY AND CONCLUSIONS
why edge and screw dislocations should be discernible by
positrons as stated by Pask al® This might explain the The B* - y-coincidence spectrometer enabiessitu posi-
findings of Hidalgoet al® who did not observe such a dif- tron lifetime measurements to be performed, which permit
ference in iron samples deformed at 77 K which prevailinglythe observation of microstructural evolution during plastic
contained screw dislocations. deformation in fine steps. It has been observed that a thresh-

The calculations of Huangt al®® also indicate that the old stress has to be exceeded before plastic deformation is
region of lattice disorder where vacancy formation is facili- detectable by positron annihilation. The threshold stresses
tated may extend into the stacking fault ribbon which ex-are (10=1) and (8+1) MPa for tensile deformation and fa-
pands between the partials of dissociated edge dislocationsgue, respectively. For tensile straining a sensitivity thresh-
As screw dislocations may also dissociate, this feature wouldld of positron annihilation to homogeneously distributed
result in a similar trapping behavior of edge and screw disdislocations could be derived which corresponds to a critical
locations. dislocation density of (31)Xx 10 m~2. Due to the large

If jogs act as positron traps, only small jogs have to benumber of measurements permitted by ihesitu technique,
considered, as being created by intersection processes of distleast for tensile straining, it could be demonstrated that the
locations or by vacancies attached to a dislocation. A vapositron lifetime shows a linear increase with increasing re-
cancy on an idealized perfect edge dislocation would besolved shear stress above the threshold. Up to 43.5 MPa no
equivalent to a jog-antijog pair separated by one atomic dissaturation was observed. In fatigue the positron lifetime
tance. A further vacancy migrating to the dislocation linestarts to saturate at a resolved plastic shear stress amplitude
may either produce a further jog-antijog pair thereby increasef about 25 MPa.
ing the jog density on the dislocation line or it may increase A precise knowledge of the types of defects, their concen-
the separation of the existing jog pair leaving the jog densitytrations, and their spatial distributions turned out to be essen-
constant. Thus, the annealing of vacancies by migration ttial for the interpretation of the positron-annihilation mea-
dislocations acting as vacancy sinks does not necessarily isurements. The sensitivity limit to dislocations could be
crease the jog density—the same considerations hold for irebtained because dislocations are homogeneously distributed
terstitials which are mobile at much lower temperatures thamnd a disturbing effect of vacancies could be ruled out due to
vacancies. The lifetime of a positron trapped in a jog de-+heir low concentration and their inhomogeneous spatial dis-
pends on the local density of the ion cores, i.e., its micro4ribution. This approximates a nearly ideal situation.

2. Dependence on the modulus of the Burgers vector

structure, which will be different for idealconstricted or The microstructures observed in the early stages of fa-
dissociatedextendegijogs. Presently, it seems impossible to tigue are much more complex than the respective ones ob-
check these considerations experimentally. served during tensile testing. We tentatively simplified the

In the dislocation walls of PSB’s, the edge dislocationssituation by considering two different phases, one with a
arranged in dipoles contain enormous densities of jogs whichigh density of dislocations, vacancies, and vacancy clusters
are produced as a consequence of the annihilation of screwf different sizes and shapes and a second one with a much
dislocations encountered in the channels. These jogs are th@wer dislocation density and less vacancy clusters. The two
cross slip traces of the screw dislocations and may be as highhases are supposed to exhibit different mean positron life-
as 50 to 60 nn?*°In TEM investigations on fatigued speci- times. The first phase will probably exhibit the longest mean
mens whose dislocation arrangements had been fixed by sulifetime which can be observed in a deformed metal. Such a
sequent irradiation with fast neutrons no screw dislocatiormodel may have some advantages in evaluating microstruc-
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tural evolution processes by positron annihilation. It is in-dislocation density such as the one detectable in tensile tests.
tended to apply a positron microbeam with a diameter in thé=or any attempt to determine the dislocation density from
micron rangé to study the two phases separately and topositron lifetime measurements a precise knowledge on the
elucidate the local distribution of positron traps. The micro-deformation history is essential. This conclusion is empha-
beam will help to check whether this simplification is justi- sized by our multiple step test which give different values for
fied and useful. the increase of positron lifetime per stress increment depend-

The comparison of positron lifetime changes in tensilejng on the applied resolved plastic strain amplitude.
and cyclic deformation shows that the same lifetime changes

with respect to the undeformed state were obtained from

specimens containing different average dislocation densities. ACKNOWLEDGMENTS
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