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Nondestructive monitoring of fatigue damage evolution in austenitic stainless steel
by positron-lifetime measurements
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Positron-lifetime measurements have been performed on austenitic stainless steeligistiegs- andii)
strain-controlled fatigue experiments for different applied stress and strain amplitudes, respectively. For this
purpose a generator-detector assembly witff%e/"?As positron generatdimaximum activity 25uCi (0.9
MBq)] has been mounted on mechanical testing machines in order to measure the positron lifetime without
removing the specimens from the load train. The average positron lifetime has been determingd-by a
coincidence. The feasibility to use the average positron lifetime for monitoring the evolution of fatigue damage
and to predict early failure has been examined. In strain- and stress-controlled experiments the average positron
lifetime shows a pronounced increase within the first 10% and 40% of the fatigue life, respectively. In
stress-controlled experiments the average positron lifetime at failure depends significantly on the applied stress
amplitude. In strain-controlled experiments significantly different positron lifetimes for different applied plastic
strain amplitudes are obtained within the first 1.000 fatigue cycles, whereas differences get wiped out during
further cycling until failure.
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[. INTRODUCTION Positron capture in single vacancies is the best understood
process because vacancies can be created and investigated in
thermal equilibrium at elevated temperatures without inter-
Fatigue of materials is still a major engineering problemferences by presence of other types of defects. Plastic defor-
causing considerable economic damage and sometimes logfation does not exhibit such an advantage because the pro-
of human life! A lot of research effort is going into the duction of dislocations and vacancies is always
development of new nondestructive testing methods to chainterconnected®'2 Therefore, the interpretation of positron
acterize fatigue damage in materials, to predict residual seannihilation data measured in plastically deformed metals is
vice lifetime and to enhance safety standards for componentigot straightforward. Starting with a well annealed metal, the
subjected to alternating mechanical Idgdin particular  dislocation density increases by several orders of magnitude
methods sufficiently sensitive for nondestructive detection ofjuring a tensile test or a fatigue experiment. In both cases the
early stages of fatigue are still missifdlost of the common  positron lifetime and the Doppler broadening of the 511-keV
techniques become sensitive to fatigue damage shortly bemnnihilation radiation show significant change®©ne is
fore failure when microscopic cracks are already present anggmpted to attribute the measured effect to annihilation of
crack coalescence and accelerated crack growth start. Sengpsitrons trapped in the dilatational zone of dislocations.
tive methods like x-ray line broadening require polished surMore recent experimentéé.g., Refs. 13—18and theoretical
faces, and Barkhausen noise is confined to ferromagneti@.g., Refs. 19-2linvestigations, however, agree that dislo-
materials. X-ray diffraction, eddy currents, or ultrasoundcations in many metallic materials are too shallow traps to
methods measure the effect of dislocations, atomic defectgffectively bind positrons at room temperature.
defect clusters, or microcracks on physical properties like For edge dislocation lines in copper, nickel, aluminum,
interlattice plane distance, electrical resistivity, or soundand zinc typical binding energies of 5 me\E,<100 meV
propagation. On the other hand, positron annihilation ishave been determingd’*'%%n positron lifetime measure-
highly sensitive to vacancylike defects such as lattice vacanments performed at 77 K after tensile deformatiorweifon
cies or dislocations, and can detect them at such low denséingle crystals at 200 K Parit al?? could determine sepa-
ties that they hardly start to measurably change the physicahtely the densities of screw and edge dislocations after iden-
material properties measured by the above mentioned teclifying positron lifetimes of 165 and 143 ps for positrons
niques. In this sense, positron annihilation is a more direcfrapped in edge and screw dislocations, respectively. This
and more sensitive method to measure deformation damagggrees with earlier findings that the lifetime of positrons
trapped in the dilatational zone of an edge dislocation at low
temperature is just slightly smaller than that of a single va-
cancy in the same materia:?> Measurements at low tem-
The high sensitivity of positrons to plastic deformation is peratures are however not convenient for nondestructive test-
well known in metal* since the 1960s. A summary of the ing purposes.
first two decades of research has been given by Byrne. In the presence of dislocations an enhanced trapping rate
The interaction of positrons with different types of crystal of positrons into vacancies has been fodhtf?' Therefore,
defects has been subject of intense reseésed Refs. 69  Doyama and CotterlP suggested considering dislocation

A. Nondestructive assessment of fatigue damage

B. Positron annihilation in plastically deformed metals

0163-1829/2004/69)/09411G18)/$22.50 69 094110-1 ©2004 The American Physical Society



UWE HOLZWARTH AND PETRA SCHAAFF PHYSICAL REVIEW B69, 094110 (2004

lines at room temperature rather as precursor states for @roaches that could deliver quantitative data on the evolution
transition into deeper traps such as vacancies trapped in tlod the densities of jogs and vacancies during fatigue experi-
elastic stress field around a dislocation(imonoatomi¢jogs  ments are not yet available in spite of progress in modeling
on edge dislocation lines, for which a positron lifetime and computer simulations of dislocation patterning in
slightly lower to those in vacancies have been calculdted, fatigue® On the other hand, positron annihilation could ap-
than the final annihilation sit€:?42° The consequences of preciably contribute to an experimental verification of such
this model, especially on the temperature dependence of thmodels.
positron trapping rate at dislocations, were discussed by sev- An important feature of fatigue is a state of cyclic satura-
eral authorg®3%*1From this we conclude that the high sen- tion reached in most materials provided cyclic load is suffi-
sitivity of positron annihilation measurements performed aftciently low not to immediately cause growth of preexisting
room temperature to plastic deformation originates from thegsurface flaws. In strain-controlled experiments cyclic satu-
vacancies produced by dislocation processes such as dragtion is characterized by a plateau in the cyclic hardening
ging of jogs on screw dislocatiotfs™ or by the annihilation curve, i.e., the presentation of the stress amplitude versus the
of edge dislocation®® number of fatigue cycle¥ Analogously, in stress-controlled
experiments the strain amplitude is expected to become con-
stant when cyclic saturation is reached. In annealed materials
C. Evolution of fatigue microstructures the dislocation density will initially strongly increase, and
In fatigue of metals the evolution of the densities of va-the material hardens, whereas, e.g., in cold worked materials

cancies, vacancy agglomerates, and jogs as possible positriifan also undergo an initial reduction usually reflected in a
trapping sites is superimposed on the evolution of dislocatioff€gative cyclic hardening, i.e., cyclic softening. When cyclic
cells or peculiar dislocation patterns like persistent sliphardening or softening curves reach a plateau a dynamic
bands®2 This leads to a modulation of the dislocation density@quilibrium between dislocation production and annihilation
by a factor of 16—10* on a length scale of a fexm. The IS reachedsee, e.g., Ref. §0Measurements of the electrical

evolution of the spatial distribution of dislocations has beer€Sistivity at 4.2 K during fatigue of copper single crystals
extensively studied by transmission electron microscopyrovide evidence that also the concentration of atomic de-
(TEM) and has been reviewed by various auttiéré® Fa-  fects reaches a dynamic equilibridfi2’ Consequently, the
tigue microstructures are characterized by regions with higigvelution of the density of positron trapping sites is expected
dislocation densitiefbetween about & 1015 m~2 (Ref. 47 (0 reach a dynamic equilibrium too.

and 1.4<10'" m~2 (Ref. 42] that are separated by disloca-

tion poor regions(typically 5x 10> m~2). However, the D. Positron annihilation in fatigued metals

densities of vacancies or monoatomic jogs on dislocation g jiterature on the fatigue of copper and other, mainly
lines as candidates for positron trapping are not accessible by, -e ' metals with a face-centered-cubic crystal structure is
TEM and the evolution of their densities is difficult to pre- oy and also various positron annihilation studies were al-

dict: Where edge dislocations annihilate, the locally highready performede.g., Refs. 5, 44, and 54in well annealed
density of atomic defecttvacancies and interstitialss sup-  opper single crystals fatigued at small total strain ampli-
posed to favor the formgtlon of defgct clustee§g., Refs. 33 {ydes below k10 * the sensitivity threshold for positron
and 43—4% When sufficiently mobile, vacancies may move oninijation of about 107 vacancies per atofris exceeded

to sinks such as surfaces, grain or phase boundaries, disloGgiihin 4 few thousand fatigue cycléwhich is less than 1%

tions or other atomic defect clusters. MOVing diSlocationSOf the fatigue life. The dynamiCS of prOdUCtion and annihila-

may pick up immobile vacancies or cut through atomic de+jon of vacancies in fatigue experiments is determined by the
fect clusters thereby segmenting théfiThe absorption of dynamics of dislocation motion and multiplication, and
vacancies 'or.interstitials on an edge dislopation line create§|arefore depends strongly on the initial microstructure.
monoatomic jogs. The absorption of atomic defects at suChyence 't appears clear that changes of microstructure due to
jogs moves the jog by one atomic distance along the dislog,iigye hardening and softening can be revealed with posi-
cation line. _ __tron annihilation as has been demonstrated for copffér*

In spite of reports on the TEM observation of sphericalpicye) 5556 and technically more relevant materials like stain-
vacancy clusters in fatigued metdésg., Refs. 43 and 45in less s’teef§7‘59 and AISI 4340 stedi®
many observations vacancy clusters show the contrast behav-
ior of Frank dislocation loop& Unfortunately, with the ex-
ception of neutron diffractic or x-ray diffractiorf’ there
are no other independent experimental techniques than posi- The present investigation deals with the low-carbon aus-
tron annihilation that are sufficiently sensitive and specific totenitic stainless steel type AISI 316 (American Iron and
detect atomic defect clusters. Steel Institute specificatignThe fatigue behavior of this ma-

A guantitative modelling of the production of single va- terial has extensively been studied for nuclear energy appli-
cancies is so far restricted to simple conditions of homogeeations including TEM studie¥:~%¢1t remains a single phase
neously distributed dislocatioffsexperimentally realized by austenitic material under all application conditions relevant
weak, uniaxial tensile deformation before dislocationto this study. Therefore, the evaluation of positron-lifetime
bundles become too dense or cell structures start tmeasurements does not need to consider deformation in-
form.*9~®1According to the authors’ knowledge modeling ap- duced phase transformations. S-parameter measurements by

E. Choice of material
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TABLE I. Chemical composition of stainless steel AISI 316 L according to the supplier certificate.

Elements (3 Si Mn Ni Cr Mo S P Fe
wt % 0.018 0.582 1.676 11.13 17.38 2.151 0.002 0.021 67.04
at % 0.08 1.15 1.69 10.53 18.57 1.24 0.01 0.04 66.68

Gausteret al® after isochronous annealing of stainless steefjuenched by submersion of the plates in cold water in order

specimens cold rolled to 25% thickness reduction, accompae avoid their recreation by migration of carbon atoms in the
nied by TEM and Knoop microhardness measurementsaustenitic matrix. According to the chromium and nickel
showed that annealing starts around 430 K, but no dislocaequivalents calculated after Pryce and Andréfitsie content
tion annealing occurred below 873 K. Positron lifetime mea-of ferrite was about 1% only. Metallography showed that the
surements on specimens, fabricated from the same stainlegsrite was localized in stringers parallel to the rolling direc-
steel batch used for the experiments presented here, dgon of the material. The average grain size of the material
formed in compression and annealed in isochronous stepfigs heen determined according to ASTM E1R2f. 77 by
revealed vacanciss as the only .reIevant pqsitron traps e |inear intercept method and was found to be 40450
room t_emperaturé. Thgre IS no evidence of direct rapping prom these plates bars of 8B0x 170 mn? were cut by
of positrons to dislocation lines at room temperature in AISIspark erosion and cylindrical fatigue specimens with tangen-
316 L stainless steel. : L )
tially blending fillets between the gauge length and the grip-
ping parts were machined. The specimen axis was parallel to
the rolling direction.

Several attempts have been reported in literature to de- Specimen shapes and the execution of the fatigue tests
velop systems for nondestructive testing using positronecomplied with the ASTM Standard E 466Conducting
lifetime measurements by a B —y-coincidence Constant Amplitude Axial Fatigue Tests of Metallic Materi-
techniqué®®® or positron annihilation line shape als”) and ASTM Standard E 606Standard Recommended
analysi®®~"® The experimental set-up of £Se/"?As posi-  Practice for Low-Cycle Fatigue Testing®’ The fabrication
tron generator for nondestructive measurements used in thgocess of the specimens by machining is compatible with
present paper has already been presefited, well as pre- the cited ASTM Standards. The resulting surface finish on
liminary results onin situ positron-lifetime measurements the gauge length exhibited a maximum roughness of
during fatigue of stainless steel AISI 316°1.. 0.2-0.25um. Two types of specimen geometries were used

The present paper presents a comparison of positron asince the fatigue testing systems were equipped with differ-
nihilation data of stress- and strain-controlled fatigue experient specimen grips. Specimens for the experiments on the
ments with a special emphasis on experimental reproducibilnstron servohydraulic testing system type 1273 and on the
ity. So far, most positron annihilation studies on fatigueMTS system 810 with maximum load capacity of 250 kN
present only single sets of experiments. And in some publiwere of type A in Fig. 1. The specimens used on the MTS
cations different stages of fatigue life under nominally iden-system 810 with maximum load capacity of 50 kN were
tical fatigue parameters are established and probed in diffebutton headed specimens of type(@. Fig. 1).
ent specimense.g., Refs. 58 and §9The large amount of
measurements in the present paper has been economicallv
affordable only due to the truly nondestructive technique that
avoids time consuming specimen preparation. It will be
shown that positron annihilation could be helpful also con- "]
cerning various aspects of research in basic fatigue mecha R, S ¥
nisms.

It should be emphasized that the complex of fracture me-
chanics is not touched upon in the present publication since
we consider crack growth and crack propagation as phenom Type B o8 P
ena of late fatigue life that can be examined by the already —
applied nondestructive testing tools. It oot

ﬁ?—;—
R=16 R=16/ !
Lo

II. EXPERIMENTAL PROCEDURES " |

— 34 — > j[—25 —> 54—34——

A. Material and specimen preparation 130.5

The stainless steel AISI 316 L was supplied by Creusot— Fig. 1. Specimen shapiype A) used for the fatigue experi-
Loire in plates of x 2 and 30-mm thickness. The material ments on the servohydraulic testing systems Instron type 1273 and
composition as specified by Creusot-Loire, is given in TablevTs type 810(250 kN). Specimen shap@ype B) used for stress-

I. The plates had been hot rolled, solution annealed aind strain-controlled fatigue experiments on the servohydraulic
1050 °C for 30 min in order to dissolve carbides and thenesting systems MTS type 8160 kN).

F. Positron annihilation in nondestructive testing

Type A 210 2189

49.3 20.7 30 20.7 49.3
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In spite of solution annealing and quenching from 78% of o
the melting temperature (1425 °C) of stainless steel AISI Epl= S0t~ Eel™ Etot T B 2
316 L,"® the residual concentration of vacancies was low. An

estimate of the thermodynamic equilibrium concentration agnd a constant plastic strain rait% has been assured by
the solution annealing temperature, based on a typical vassing a triangular command wave fef. Strain-controlled
cancy concentration of 10 4 in thermodynamic equilib- fatigue experiments e min/€pimax= — 1) were performed
rium at the melting poinf) and a vacancy formation en- for plastic deformation amplitudes in the range between 1
thalpy H{=1.61eV (Ref. 80 yields an equilibrium x 107 and 5x 10”23 with a triangular command wave using
concentration of about:2 10 ° at the annealing temperature servohydraulic MTS systems. The cycling frequency was
(1050 °C). However, the achievable cooling rate by wateflimited to 0.5 Hz in order to exclude gliding of the clip-on
quenching in the center of a 30-mm-thick large plate, wherextensometer on the specimen surface. For simplicity, from
the specimens stem from, is too low to preserve this concemow on, o ande shall denote the applied stress amplitude

tration due to the low thermal conductivity of stainless steeland the applied plastic strain amplitude, respectively.
[13.95 Wm K~ ! (Ref. 78]. Only a few percent of the

equilibrium concentration is preserved. The concentration of

vacancies in a Fe-Cr-Ni alloy after quenching from 1050 °C ) ] » )
has been estimated by Wargal®! to be about 10°. Since positrons are sensitive to vacancylike defects the

average positron lifetime will saturat@ if all positrons are
trapped in defectésaturation trappingor (ii) if the density
B. Cyclic deformation—fatigue of relevant positron traps saturates. Since the latter is ex-
The primary control parameters in stress- and strainP€cted to occur in cyclic saturation the hysteresis loops were
controlled experiments are the axial stressand the total €xamined. Moreover, the area under the hysteresis loop
axial elongatione,y;, respectively.o is calculated from the
axial forceF, measured by a load cell, divided by the cross é ode = § ode =W ©)
sectional ared\ of the specimen on the gauge length. Sym-

metric push-pull fatigue experimentsofin/omax=—1)  gives the work of deformatiom required per deformation
were p_erformed under load control at nominal stre_zss am_pl't:ycle.w has the dimension of an energy density and multi-
tudes in the range between 220 and 290 MPa with & SinUsjication with the volume/=A- I, gives the work of defor-
soidal command wave. The cycling frequency was 10 Hzyad0n\y that is supplied by the servohydraulic fatigue ma-
For the present material and testing conditions the fat'gu,%hine into the part of the gauge length controlled by the
limit, defined as the stress amplitude where 50% of the SPEC|in-on extensometer. The integration ovey ande o gives
v ; ; : 0
mens reach X 10" cycles without failure was found 10 be he same result because the presentation of a hysteresis loop
225 MPa. ) in a plot of o versuse,; can be transformed into a presen-
g0t IS Calculated from Fhe elongatiakl along a segment . iion of o versuse , by equiareal mapping, i.e., by a shear-
of the lengthlo=10 mm in the center of the gauge length j, gheration with respect to the elastic straight line with
according toe,;=Al/ly. 1o was determined by the dimen- slopeE.
sion of the MTS clip-on extensometer used to measure In cyclic saturation this energy is dissipated by the mate-
The total straine; consists of elastice.) and ’plastlc €p)  rial and completely transformed into heat. Before cyclic satu-
contributions. The elastic part follows Hooke's law of linear y4ijon s reached a certain fraction of this energy is stored in
elast|c’|ty and can be calculated from the stressind the  he material by producing defects like dislocations, vacan-
Young's modulusE that can be derived from the slope of the cies and interstitials. In terms of the dissipated hgand
linear part of the stress-strain curve of the material. The plaspe stored energe per unit volume the simple relatiow
t?c; stra_linsm can be_ related to_microscop_ic dislocation quan-—q + e holds. It has been demonstrated by MugHtatiat
tities like the (;IenS|ty of mobile dlslocatl_oristd,m and their e shape of the hysteresis loop and consequently its area
average velocityn by the Orowan relatidti may vary even for constant values for the registered ampli-
tudesep, and . Therefore, the variation of the area of the
1) hysteresis loops as function of the number of fatigue cycles
N is more significant for our purposes than the simple co-

C. Expanded work of cyclic deformation

ep=b-Ngm vgm-
registration of the stress or strain amplitude in strain- or
Here, b dpnotes the modulus of the_ Burgers vector of t_hestress-controlled experiments, respectively.
mobile dislocations. For polycrystalline materials averaging
procedures are required to extract quantitative information ) i
from Eq. (1). D. Positron lifetime measurements
Experiments under control of plastic strain rate are pre- The fatigue machines have been equipped with a mobile
ferred in materials science when aiming at the best possiblgositron beam to perform positron-lifetime measurements
control of microstructure evolution. For this purpose, thewithout removing the specimen from the load train. The sys-
plastic strain has been calculated on line from the simultatem was mounted and adjusted in a way to measure always
neous measurement of the total straip and the stress=  on the same site in the center of the gauge length. Fatigue
according to cycling was stopped for positron-lifetime measurements after
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100", 200, 500, 1000, 2000, 5000, and 10000 cycles, andbdically by replacing the steel specimen in the load train by
so on in a logarithmic sequenc¢® indicates measurements a plexiglass dummy. In this way constant geometry has been
that were skipped in later experiments, when early changeassured and the effect of the background correction on the
of r,, were expected to be negligibleThe last measure- accuracy of the determination of,, that is susceptible to
ments were performed after failure of the specimens. possible electronic drift effects, has been checked periodi-

The experimental setup of the mobile positron beam andally. The weighting factor has been determined from the
the production of the miniaturized positron sources used foratio of counts in a window of the spectrum, in which the
the present experiments were already described in detaspectrum was determined by very long-lived contributions
elsewheré’ %8 A 72Se/"?As generator with a maximum ini- only, and the counts in the same window in the reference
tial activity of about 25uCi (~0.9 MBq) was used as pos- spectrum. For this background correction the width of the
itron source. The’’Se was vapor deposited inside a smallwindows and their position with respect to the center of the
gold cylinder of 0.6-mm inner diameter acting as the bearr@nnihilation spectra were identical. This method also corrects
collimator. This gold cylinder was integrated in the tip of a the annihilation events of low energy positrons in the scin-
plexiglass light guide on top of a photomultiplier tube andtillation start detector and the aluminum foil shielding the
covered with a plastic scintillator which produces a scintilla-photomultiplier tube from daylight.
tion start signal only for those positrons that are emitted in Before correction each spectrum containedx118° co-
the direction towards the specimen under examination. Thincidence events. The required acquisition time increased
setup was shielded against light by a A&-thick aluminum  from initially about 20 min to more than 2.5 h after four
foil. A specimen in a distance of 3 mm from the tip of the weeks due to the 8.4 days half-life of tHéSe/"?As genera-
collimator was subjected to positron irradiation in an area ofor. Typically 55-60% of these events were lost by the
3.6 mm in diameter. The stop signal was delivered by a,BaFweighted subtraction of the reference spectrum. The average
crystal after registration of the 511-keV annihilation quantapositron lifetime has then been evaluated by a weighted lin-
Signal processing was done by a fast-slow coincidence me&ar regression to the linear part of the spectfimogarith-
surement as described earftéP® The electronic equipment mic presentation The statistical error of the fits was less
was housed in a cabinet kept at constant temperature of 2ban 1 ps. However, the overall accuracyti8 ps due to the
+0.5 °C. reproducibility of the experiments when positron lifetime

’As emits two positron spectra with maximum energiesspectra of the same specimestatg have been recorded re-
of 2.5 and 3.3 MeV® Estimating the most probable positron peatedly during the measurement campaign and due to slight
energy from 1/3 of the maximum energy of the spectra, andlifferences in the positron lifetime values when minimizing
subtracting an energy loss of 150 keV for the passage of th#fie statistical error by varying the position of the windows
plastic scintillator, gives penetration depths of 370 andfor background correction and the weighted linear regres-
550 wm into stainless steel for the 2.5- and 3.3-MeV spectragion. When all measurements were completed after a fatigue
respectively. The positron annihilation data obtained in thigest a final evaluation of, of all spectra was conducted
way are more representative of the bulk properties of a mawith identical windows for background correction and linear
terial than those obtained by the classical methods #Atta  regression fit.
with a maximum positron energy of 544 keV. Compared with A systematic decomposition of the average positron life-
the sandwich technique using?Na source and g-y co-  time into different components has not been performed, since
incidence the present technique exploits a much smaller soligt least twice the number of coincidence events are recom-
angle. The effect on count rate is, however, largely compenmended for a stable decomposition in more lifetime
sated for by the higher efficiency of thé-y coincidence component§® Moreover, additional experimental techniques
and the higher(initial) source strength of th€?Se/"?As like neutron diffraction would be required to gain further
generator. information on type and configuration of positron trapping

The 72Se/’?As generator offers the possibility to register Sites.
simultaneously a prompg quantum of the 835 keV emitted
by "?Ge and to monitor the stability of the detection system lIl. RESULTS
and its time resolution. The time resolution of the instrument
has been determined as the full width half maximum of the
835 keV prompt line. Alternatively, a Gaussian curve has All performed stress- and strain-controlled experiments
been fitted to the prompt line. Both methods yield a timeare presented in Fig. 2 as'\Mer plots of the applied stress
resolution of 23&:5 ps. amplitudeo and the applied plastic strain amplitudg ver-

For the positron-lifetime measurements the cyclic deforsus the number of load cycles till failufé;, respectively.
mation has been paused and the specimens have beErperiments stopped before failure are included and marked
shielded with plexiglass that captured all positrons missingvith open symbols. All relevant experimental details are
the specimen or being reflected from its surface. The averageompiled in Tables Il and Il for stress- and strain-controlled
positron lifetime in plexiglass of about 1500 ps is sufficiently experiments, respectively. Lines presented in the figures are
different from the average positron lifetimes expected in aeye guides only to improve apprehension of the data.
metal of 100—200 ps that an easy background correction can In Figs. 3 and 4 the evolution of the average positron
be performed by weighted subtraction of a plexiglass referlifetime during stress- and strain-controlled fatigue experi-
ence spectrum. Reference spectra have been recorded perients on stainless steel AISI 316 L is presented, respectively.

A. Stress- and strain-controlled experiments
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The error bars in Figs. 3 and 4 denote the accuracy of the
measurement. In order to keep the figures clear, error bars
are presented for every second experiment only. In order to
keep a logarithmic scale for the number of fatigue cydles
the average positron lifetime,(0) in the undeformed initial
state aN=0 is reported aN=10°. Plastic deformation of a
surface layer during machining caused a scatter of the aver-
age positron lifetime in the initial stafé,r,(0), asindicated

in Tables Il and lll. Since we renounced electrolytic or
chemical polishing after machining, the scatter of the initial
average positron lifetime,(0) was larger than the accuracy
of the average positron lifetime measurementt®8 ps. In

FIG. 2. Presentation of all executed stress- and strain-controlle@'der to check the influence of the scatterrgf(0) on the
experiments that underwent positron annihilation measurements, #8formation to b? derived from. our experiments in Figs. 5
stress and strain amplitude, right- and left-hand sides, respectivel@nd 6, the experiments shown in Figs. 3 and 4 are presented

vs fatigue life given by the number of load cycles until failide

as an increase of the average positron lifetime;,(N)

(filled symbolg. Open symbols denote experiments that were= 7, (N)— 7,(0), with respect to their start value,(0).
stopped before failure.

These figures show convincingly that the scatterrgf0)

TABLE Il. Summary of stress-controlled experiments. Presented are the stress ampljttide fatigue lifeN;, the initial average
positron lifetimer,(0), theaverage positron lifetime at failurg,(N;) and the increase until failut® r,(N¢). Analogously, for experiments
stopped afteNg cycles the average positron lifetimg(Ng) and its increasé 7,(Ng) until Ng are given. The type of deformation system
used, defined the specimen geomeisge Fig. 1 Since no electrolytical polishing or gentle grinding has been applied after the final
machining of the specimens,(0) exhibits a scatter of (1295) ps, (11&=3) ps and (12&5) ps for the specimen batches used on the
systems Instron 1273, MTS 81050 kN) and MTS 810(50 kN), respectively.

Label o N¢ Ng Ta/(0) TalNf) TalNg) A7, (Ny) A7,(Ng) Deformation
in MPa in ps in ps in ps in ps in ps system

A220 220 650000 129 127 2 Instron 1273
A230 220 10000000 130 151 19 Instron 1273
A240 240 2090000 131 160 29 Instron 1273
B240 240 3353570 129 155 26 Instron 1273
C240 240 500000 120 143 23 Instron 1273
D240 240 1000000 119 131 12 Instron 1273
A250 250 300000 133 172 39 Instron 1273
B250 250 687000 131 163 32 Instron 1273
C250 250 140226 112 141 29 MTS 8(Z60kN)
D250 250 145621 110 146 26 MTS 81B50kN)
E250 250 100000 125 147 22 MTS 81B0kN)
F250 250 802300 125 146 21 MTS 81B0kN)
G250 250 77635 120 152 32 MTS 81B0kN)
H250 250 179916 n.a. MTS 81B0kN)
1250 250 291930 n.a. MTS 81®O0kN)
A260 260 80000 127 170 43 Instron 1273
B260 260 44967 111 145 34 MTS 81R50kN)
A270 270 23000 125 169 44 Instron 1273
B270 270 25000 131 160 29 Instron 1273
C270 270 23000 126 168 42 Instron 1273
D270 270 23000 138 186 48 Instron 1273
E270 270 3000 121 142 21 Instron 1273
F270 270 15000 123 160 37 Instron 1273
G270 270 45349 120 150 30 MTS 81B0kN)
H270 270 21037 129 160 31 MTS 81B0kN)
A290 290 13000 123 176 53 Instron 1273
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TABLE lll. Summary of all strain-controlled experiments. Presented are the plastic strain amplijudenm/mm, the fatigue lifeNy,
the initial average positron lifetime,(0), theaverage positron lifetime at failure,(N;) and its increase until failura =, (N;). Analo-
gously, for experiments stopped aftég cycles the average positron lifetimg(Ng) and its increasé r,(Ng) until Ng are given. Since no
electrolytical polishing has been applied after the final machining of the specimgf8) exhibits a scatter (1103) ps and (120
+5) ps for the specimen batches used on the systems MT$2800kN) and MTS 810(50 kN), respectively.

Label &pl N¢ Ns Tal0) Tal Nf) Tad No) AT (Ny) A7, (Ng Deformation

in MPa in ps in ps in ps in ps in ps system
AlE4 1x104 50000 118 118 0 MTS 81(B0OkN)
A5E4 5x 10 * 1000000 113 146 33 MTS 81BOKN)
B5E4 5x10°4 100000 125 136 11 MTS 81(BOkN)
C5E4 5x 10 * 2000000 113 143 30 MTS 81@50kN)
AT75E4 7.5¢10°4 278163 107 139 32 MTS 81@50kN)
B75E4 7.5¢10°4 2000 113 145 32 MTS 81(®50kN)
A1E3 1x10°3 40724 113 145 32 MTS 81(BOkN)
B1E3 1x1073 120500 119 139 20 MTS 81(®BOkN)
C1E3 1x10°3 163775 125 148 23 MTS 81(®BOkN)
D1E3 1x1073 130220 115 158 43 MTS 81®BOkN)
E1E3 1x10°3 95945 111 146 35 MTS 81(BOkN)
A2E3 2x10°3 14141 114 148 34 MTS 81(BOkN)
B2E3 2x10°3 13007 126 152 26 MTS 81(BOkN)
A5E3 5x10°3 1120 132 162 30 MTS 81(bOkN)
B5E3 5x 108 2010 121 158 37 MTS 81(0kN)

has no significant impact on the evolution ef(N) and  experimental condition® In strain-controlled experiments
A7,(N) during fatigue experiments. The error bars forthe lowest applied ;= 1X 10~ did not yield any significant
A1,(N) denote twice the accuracy of a positron lifetime change ofr,, up to 50.000 cycles. Therefore the experiment
measurement, i.e% 6 ps because the result is the differencehas been stopped ang,=1X 10~ * was considered as fa-
of two measurements. tigue limit in strain control.

In stress- and strain-controlled experiments the smallest In stress- and strain-controlled experiments executed at
deformation amplitude can be distinguished that has no sigralues above the fatigue limit the average positron lifetime
nificant effect on the average positron lifetime. This ampli-exhibits a pronounced increase during fatigue life. The
tude of 220 MPa, identified in the stress-controlled experi-higher the applied amplitude or &, the higher is the in-
ments, agrees well with the fatigue limit of 225 MPa derivedcrease raté\ 7,,/AN especially during early fatigue life. In
from a Wdhler plot of specimens produced from the sameFigs. 7 and 8 the increase of the average positron lifetime
batch of material and cyclically deformed under identical

170
(2] - .
180 stress-controlled o [ strain-controlled
c 160f
170 290 MPa 7 c - E
9N 270 MPa v4 > [
o (S [
c 160 260 MPa ¢ 150 L
. 250 MPa [ i
& 150 240 MPa § o 140 L U 25
230MPa 4 &/ o T - = - Y ¢ stopped
140 220 MPa stopped 130 F
g stopped 120 T
I stopped
L L 1100 L L
10° 10" 10® 10®  10* 10° 10° 10’ 10° 10° 10°
N
FIG. 3. Evolution of average positron lifetime, during stress- FIG. 4. Evolution of average positron lifetime, during strain-

controlled fatigue experiments for different applied stress ampli-controlled fatigue experiments for different applied plastic strain
tudeso given in MPa[A series: A290, A270, A260, A250, A240, amplitudese,, given in mm/mm[experiments BSE3, A2E3, D1E3,
A230, and A22Qcf. Table I)]. The error bars denotes the accuracy C5E4, and A1E4cf. Table Ill)]. The error bars denote the accuracy

of the positron lifetime measurementnf3 ps. In order to keep the of the positron lifetime measurement ©f3 ps. In order to keep the
graph readable, they are presented for every second experimegtaph readable, they are presented for every second experiment
only. N denotes the number of load cycles. only. N denotes the number of load cycles.
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H 1.2
8_ 80 | stress-controlled L °
[ —~
c 50 _ o 290 MPa 5 o A .
P; [ . 270 MPa l-% - n. e
4 40 & 260MPa hy) [ v o
[ v 250 MPa s a R
30 E o 240 MPa e stress-controlled
20 :_ m 230 MPa - < o 290 MPa
P o 220 MPa e 270 MPa
10E A 260 MPa
v 250 MPa
0 © 240 MPa
10° 10" 10® 10° 10* 10° 10° 107 0.0 L L L L L
N 0 20 40 60 80 100

) - NIN,in %
FIG. 5. Increase of the average positron lifetimer,(N)
= 7(N) — 7,(0) with respect to the initial value,(0) atN=0 FIG. 7. Evolution of the increase of the average positron life-
during the stress-controlled fatigue experiments presented in Fig. 3ime A7,(N)=7,(N)— 7.(0) during fatigue life in the stress-
The error bars given for every second experiment-@& ps corre-  controlled experimentsA290, A270, A260, A250, and A24(re-
spond to twice the accuracy of the positron lifetime measurement ofented in Fig. 5 normalized to the value at failutre,(N;). The
=3 ps due to the calculation of the differeneg(N)—7(0). N fatigue life is given by the number of load cyclbsnormalized to
denotes the number of load cycles. the number of cycles at failufé; . The eye guides indicate a typical
“bandwidth” for stress-controlled experiments.
normalized to the value at failuter,(N)/A 7,(Ny) is plot-

tﬁd against .the stag;a i.n fatiguedlife given bny.dOrr:ly amplitudes between 350 and 400 MPa have been determined
those experiments of Figs. 5 and 6 are presented that WeHbm the hysteresis loops for this plastic strain amplitude.

continued gntil f_ailure. InFig. 7a saturatior_llike behavior CaNThe stress amplitudes reached in the strain-controlled experi-
be recognized in stress-controlled experiments after aboyf i< in the range of 110 *<s_,<5x 10" were between
<gp=

40% of fatigue life. All data registered later in fatigue life lie 212 and about 400 MPa. In Fig. 9 the increase of the average
in a channel of less than 0.8 7,(Ny) width. In this range 00 Jifetime until failure, A7, is plotted versus the

the determined values dir,(N) are no longer significantly applied stress amplitude. In spite of the scatter, that de-

different. Strain-controlled experiments show a much ear“ersFrves a closer look latek 7, (N;) increases monotomically

saturation as can be seen from Fig. 8._The mair_1 increase Hith increasing applied stress amplitude The strain-
the average positron lifetime occurs within the first 10% Ofcontrolled experiments do not exhibit such a tendency. In
fatigue life. Fig. 10 A7,(N;) exhibits an appreciable scatter but defi-

For the highest applied stress amplitude of 290 MPa a . . . . )
positron lifetime ofr.(N;) =178 ps was determined at fail- itely no dependence on the applied plastic strain amplitude

.. . . . . . _8p| .
Lcjcr)i.tl)rl]lﬁ d's;'(gg'rfi'ﬁ]zr::yvc;?h:erjgﬂ‘fg,eg1gﬁh%5ughth;rztsr2'n Under plastic strain control the average positron lifetime
pl—

was increasing from start values between 107 and 132 ps up

50 to values between 139 and 162 ps at failure. The highest

3 [ strain-controlled I
[ o 5x10° T
£ 40 ¢ s
> [ o 2x10° —
w® [ 3 Z’-
i 1x10 s
< 30 . x =
[ d
- stopped ~
20 [ M s
[ ~
[ -
10| < _
[ 1 strain-controlled
048}
0 stopped o 5x10°
L 0.2f: s 2x10°
10° 10’ 10° 10° 10* 10° 10° A 1x10°
N 0.0 1 1 1 1 1
0 20 40 60 80 100
FIG. 6. Increase of the average positron lifetimer,(N) N/N,in %

= 7,(N)—7,(0) with respect to the initial value,(0) atN=0

during the strain-controlled fatigue experiments presented in Fig. 4. FIG. 8. Evolution of the increase of the average positron life-
The error bars given for every second experiment-@& ps corre-  time Ar1y(N)=7,(N)—7,(0) during fatigue life in the strain-
spond to twice the accuracy of the positron lifetime measurement ofontrolled experimentéB5E3, A2E3, and D1EBpresented in Fig.
+3 ps due to the calculation of the differeneg{N)— 7,(0). N 6 normalized taA 7, (N;). The fatigue life is given by the number
denotes the number of load cycles. of load cyclesN normalized to the number of cycles at failuxe.
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w 80r g 020
[o% S stress-controlled
£ 50 i T 8 o 250 MPa (G250)
— sof T > 015 ® 260MPa(B260)
3 r £ * 270 MPa (H270)
> L =
W' 40 L =
< [ 2
30F
20 F
[ stress-controlled
10 L 1 1 1 1 1 1 i | , \ X
23 240 250 260 270 280 290 300 0.00 e 10’ 1o° 10°
o in MPa N

FIG. 9. Increase of the average positron lifetime until failure
A7,(Nyg) in ps vs the applied stress amplitudein MPa for all
stress-controlled experiments that were continued until failure.

FIG. 11. Evolution of deformation worl in meV/atom as de-
rived from the area of the hysteresis loops for stress-controlled fa-
tigue experiment§C250, B260, and H27(cf. Table I))].

_ - _ -3 _ o . .
value of 7,,=162 ps was registered far,=5x10"". In  Eigs 11 and 12 shows the striking difference in the material
stress-controlled experiments an increase from start valugsspavior under the chosen experimental conditions. The
between 111 and 138 ps to average positron lifetimes besyess-controlled experimentBig. 11 show a pronounced
tween 141 and 186 ps was found in spite of larger values fof,crease of the deformation work per cycle by a factor of
N and lower stress levels as compared to those obtained iyoyt 4 until failure. In the strain-controlled experiments

most of the strain-controlled experiments. (Fig. 12 a slight cyclic softening is observed reducing the
initial values of the deformation work by about 10%. After
B. Examination of hysteresis |00ps_deformation work 1000 or, at the |ateSt, 10000 CyC|eS a plateau |S reached

. indicating cyclic saturation. This indicates that the defect
Figures 11 and 12 present the development of the defolggngities are susceptible to fatigue induced changes in stress-
mation workw per cycle as a function of the number of ¢,qrolled experiments for a much longer fraction of the fa-
fatigue cyclesN for some stress and strain-controlled eXpe”'tigue life than in strain-controlled experiments.
ments, respectively. The evaluation of the hysteresis loops

gives the deformation work in MJ/frper cycle and reaches

values of about 2.5 MJ/fand of up to 6 MJ/mfor the oo ration for all available experiments, as done in Fig. 13, a
shown stress- and strain-controlled experiments, respegjan of ahout 0.2 meV/atom between the stress-controlled
tively. In order to have a more intuitive number, these Va'”e%xperiment witho=270 MPa and strain-controlled experi-
have been converted in meV/atom using the lattice constanf .nis carried out a.tp|=5><10_3 is remarkable. For the

_ —10 ; 3

a—i.51><_10 I mlof AISfI 3f16 £ stalrlﬂess ste®l ar;]‘?'?]"? Id stress-controlled experiments the figure indicates a tendency
as the unit cell vo u[nze of a fcc crysta structure, WRICN YIEIOS of Ta(Ny) to increase with increasing deformation waevklf

1 MJ/mP=6.75< 10" 2 meV/atom. A comparison between

If we plot the average positron lifetime at failurg,(Ny)
versus the deformation work per fatigue cyale,in cyclic

the rather isolated data forep=5X 10% (w
~0.4 meV/atom) are considered such a tendency can also be
w 50 -
a E
£ % strain-controlled
5“40 [ = o 5x10°
st £ s
< [ - e 2x10
30 L s a 1x10°
[ 02} x 7.5x10™
[ [ v 5x10°
20._ 01k Laspan " Sepemy o 1x10*
[ strain-controlled - s e Y bl a oD
s [ > % v ¥ v NS v v
10 1 - 1 - 1 - 1 - 1 " 0.0 B PN AT o S0 °| ?A I |
1.0x10 2.0x10 3.0x10 4.0X.10 5.0x10 10 102 10° 10 10° 10°
g inmm/mm
Pl N

FIG. 10. Increase of the average positron lifetime until failure  FIG. 12. Evolution of deformation workv in meV/atom as de-
A7,(Ny) in ps vs the applied plastic strain amplituelgin mm/mm rived from the area of the hysteresis loops for strain-controlled fa-
for all strain-controlled experiments that were continued until fail- tigue experiment$B5E3, A2E3, D1E3, B75E4, C5E4, and A1E5
ure. (cf. Table I11D].
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2]
a _ _ 3 » 170 stress-controlled ¢ = 250 MPa -
c =270 MPa £, = 5x10 o 4250 I
= 160 l /\A £ 160 B250 o
g - - c250 x !
3 [ & a *" 150 -3
& D250 3 §
L vvYy 140 F250 s I
150 L A G2so - -
A A 130 g R N Je 2y
Vv v 120
F v A strain-controlled E £ T
140 10 [ i
L A.A. L .v. sltrelass.-cclmt.rollledl . | . . . . .
0.0 0.1 0.2 0.3 0.4 10° 10 10° 10° 10° 10° 10°

w in meV/atom

FIG. 13. Average positron lifetime measured after failure . FIG. 15. Evolution OT the average positrpn lifetimen ps dl.”'
7.(Ny) in ps vs the deformation workv in meV/atom in cyclic ing stress-controlled_fatlgue experiments with a stress amplitude of
saturation. The gap iw between the stress- and strain-controlled ‘72250_ MPa. Experiments C250 and D250 are represented by one
experiments executed with amplitudeswf 270 MPa ande ;=5 eye guide only.

x 1073, respectively, as described in the text is indicated.

In spite of the scatter in Fig. 9 a clear tendency of increas-
derived for plastic strain-controlled experiments. From Fig.ing Ar(N;) with increasing applied stress amplitudecan
14 it becomes evident that a dependencegfN;) onw in be recognized. However, the scatter could limit the utility of
cyclic saturation implies also a dependence on fatigue lifehe positron annihilation technique for nondestructive testing

N . especially for a residual lifetime assessment of components.
One contribution to the scatter is likely the uncertainty of the

C. Reproducibility of experiments manual adjustment of the stress amplitude for the experi-

ments performed on the Instron 1273 system that allowed an
1. Positron annihilation measurements during fatigue accuracy of only=5 MPa, whereas the computer controlled

The different measurement campaigns contributing to thdTS systems allowed a reproducibility of the stress ampli-
results presented in the present paper were performed witde better than=2 MPa.
two different specimen geometries on three fatigue systems In Figs. 15 and 16 experiments are presented that were
and with thre&’Se/"?As positron generators. Whenever the carried out with a stress amplitude of 250 MPa. Comparing
positron generator was replaced in the lifetime spectrometdf€se figures shows that experiment F250, with the lowest
the adjustments of the nuclear electronics were checked arPserved increase of the positron lifetime until failure
sometimes slightly modified to optimize performance. TheA7a(N) and the longest observed fatigue life o
overall reproducibility of the experiments was sufficiently =802.300, also had the smallest values of the deformation
good. However, fatigue of materials—by its nature—is sub-work w. On the other hand, in experiment G2A6,,(Ny) is
jected to pronounced experimental scatter. In engineering dé the range of the other experiments at this stress amplitude.
sign safety margins are applied that take into account that th€he early failure alNy=77.635 that has not been predicted
number of fatigue cycles until failur&l; as derived from by the evolution of the average positron lifetime, however, is

Wohler curves may vary by a factor of 3—5. reflected in the highest observed deformation workoat
E ) E 0.10
% 0.4 A strain-controlled % | stress-controlled
S a w stress-controlled =~ o= 250 MPa
g [ g [ a c250
£ 02 3 £ v D250
[ o E250 03
2 0.2 ® o0s| o 5
5 x =
v
0.1} N v
A vAm'Av N ot
[ A v -
0.0 1 1
3 4 s A Q.00 L L L 'l L L
10 10 10 10 10' 102 10° 10* 10° 10°
N, N
FIG. 14. Relation between deformation enemyn meV/atom FIG. 16. Evolution of the deformation worlv in meV/atom
and the fatigue life given by the number of load cycles until failure during stress-controlled fatigue experiments with a stress amplitude
N; for stress- and strain-controlled experiments. of =250 MPa.
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180 160 F
3 L stress-controlled 6= 270 MPa 8 [ strain-controlled ¢, = 1x1 0° mm/mm }
170 = A270 c [ o A1E3
£ ! = 150 I
> [ c270 z e B1E3
&% 160 | G270 * s CIES
140 v DIE3

E1E3
140
150 frre T 120 ]
120 b 11o£ L L ] L L
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FIG. 19. Evolution of the average positron lifetimg, in ps

'.:IG' 17. Evolution of the average pos'”o.” lifetimeg, in s during strain-controlled fatigue experiments with a plastic strain
during stress-controlled fatigue experiments with a stress amplitude

) _ 3 R
of =270 MPa. The experiments A270 and C270 are represente%rm:)“m.Cle Ofeg=1x10 mm/mm' The eye guide indicates the
by one eye guide only saturation ofr,, after about 10% lifetime.

—250 MPa. In experiments C250 and D250 with similar fa_reflect the better control on the dislqcation motion and con-
tigue lives of N.=140.226 and 145.621, respectively, the S€duently the evolution of the fatigue microstructure in
evolution of A r,, proceeds rather parallel to that of the de- _st_r? |r|1—contttrollet:| eer_n(r)nents as t'.nd'lfateq bg E? Tt??
formation workw. The same analysis can be made &or ![rrzlel?ir:tcgogrd(;fgerwrgati_on)clsclgrsac Ically wiped out within
=270 MPa on the basis of Figs. 17 and 18. However, for this ycles.
stress amplitude only two experiments were carried out with
strain measurement. Their values for differ by a factor of
2, but A7,(Ny) is identical within the experimental error. In order to check a possible variation of average positron
Also in this case the specimen with the shorter fatigue lifelifetime due to the location of the measurement site on the
has a significantly higher deformation wovk and the in- specimen surface, on some specimens the initial measure-
crease ofA 7,(N) proceeds faster, though ending at the sameanents have been repeated varying the position of the source—
level for A 7,(N;). In most cases a different evolution of the detector assembly along the gauge length in steps of about 5
average positron lifetime is related to a significantly differentmm. Additionally some specimens have been rotated and the
fatigue life N;. measurements repeated (180° for B2E3, 120° and 240° for
Figures 19 and 20 show the evolution of the average posB4E5). The variation of the measured average positron life-
itron lifetime and of the deformation work for the five ex- times was always within a range of at maximun8 ps.
periments conducted at a plastic strain amplitudes g 1 The experiment with specimen AlEsp(:lXIO*S) has
X 10 3. The scatter is less pronounced than in stressbeen automatically stopped by the fatigue machine after de-
controlled experiments. One eye guide describes the evoldecting a crack on the gauge length. The crack was visible on
tion sufficiently for the complete series of experiments. Inthe specimen surface to the naked eye and penetrated half
both figures a saturationlike behavior after about 10% of
fatigue life can be recognized. The good reproducibility may E

2. Measurements in different points on the specimen surface

o 0.07 | strain-controlled £y = 1x10° mm/mm
©
E >
% 020 stress-controlled E
; 0=270 MPa £
[ O G270
E o.1sf 2
c ¥ H270
2
0.10 }
0.05 |
000 [ 1 1 1
10° 10° 10* ) ) )
N FIG. 20. Evolution of the deformation workv in meV/atom

during strain-controlled fatigue experiments with a plastic strain
FIG. 18. Evolution of the deformation work in meV/atom  amplitude ofe,=1X% 10~3 mm/mm. A saturationlike behavior of
during stress-controlled fatigue experiments with a stress amplitudean be recognized after about 10% lifetime as observed fpin
of =270 MPa. Fig. 19.
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into the specimen diameter. In view of the penetration deptiments on stainless steel AlSI 316 L by Kawaguchi and dif-
and the area irradiated by the positrons, the crack tip itselferent co-worker§®7%7?These authors reported on positron-
has not been reached by the posit_ro11§(Nf) has_, been_de- lifetime measurements and annihilation line shape analysis in
termined as 145 ps. Then the specimen was adjusted in a wayress-controlled experiments in the range 200 MPa
to measure just on the opposite site of the crack, <250 MPa and on strain-controlled experiments in the range
=148 ps has been obtained that agrees well wif}iN;)  2.5x 107 3<¢,,<3.1x 10 3. Unfortunately only the publi-
=145 ps. Then a measurement 10 mm above the plane @htion of Kawaguchi and Shifdiis in English. References
crack propagation was performed without rotating the specizg ang 72 are in Japanese but with English figure captions.
men and a value c’favo: 165 ps has been obtained. Rotating |, thejr publication Kawaguchi and Shif&report the re-
the specimen by 180° and now measuring 10 mm above thg ts of positron lifetime measurements and positron annihi-
open crack yielded a value of,=142 ps, that is still com-5j0 |ine shape analysis for stress- and strain-controlled
patible with the 145 ps measuredﬂ&s(Nf)_. This shows that tension-compression fatigue at amplitudesoct 220 MPa
the valugs forTa"(Nf) are more uncertain than thoge takef‘ and e,,;=3.1X 103, respectively. In their strain-controlled
before failure. We interpret this result as an excessive strain- ; . .
) ) X . xperiments the total strain has been controlled. In doing so
ing of the material on the side opposed to the crack in the Iast‘i1e corresnonding plastic strain value required for a compari-
few deformation cycles before failure. The crack itself does responding plastic strain value requi par
on with the present experimentgiissmaller <& and

not allow the load to pass in the material above and below* N i
the already separated parts of specimen. On the crack plaf) Not constant throughout the experiments which may re-

itself, in front of the propagating crack deformation energy isSUlt in a different microstructure evolution.
consumed by creating a new crack surface rather than by a Kawaguchi and Shiréi reported that they used three
plastic straining of the material accessible by positrons. Conspecimens to determine the typical fatigue I for o
sequently, in the material that could be reached by positrons 220 MPa ands=3.1x10"3. Further specimens were
on the crack-opposed side of the crack propagation plane eyclically deformed to 0.1, 1, 10, 25, 50, and 100% of this
value of r,,= 148 ps was preserved. value. This presents an important difference to the present
In view of the uncertainty introduced by the fracture pro- work because the positron annihilation measurements to fol-
cess on the values far,(N;) we checked all data obtained low the evolution of fatigue damage were performed on dif-
so far on extraordinary jumps in the evolution ef(N) ferent specimens deformed to a different stage of fatigue life.
betweenr,(Nf) and the last value recorded before failure. This introduces an uncertainty concerning the real percent-
Experiment D1E3, presented in Figs. 4 an@sgmbol: A),  age of fatigue life. In view of the possible scatter of fatigue
was the only experiment that gave some indication for suchife as indicated in Fig. 2, we assume that this might be the
an event. However, D1E3 does not affect any conclusions wWgeason that no further data are available between 50 and
draw from our experiments. We did not increase the erron oo of fatigue life where the uncertainty Nf could cause
marks for the positron lifetime data at failure, because the gy fajlure. Moreover, Kawaguchi and Shifdidetermined
error of £ 3 ps forr,, is based on measurement statistics and, fatigue life of Ny=357.000 for their material at a stress

on the reproducibility of measurements and data evaluatiogmp"tude of 220 MPa. The material used for the present
and therefore well defined. There is no argument to define feport exhibits a Iifetimé ofN,>10" for =220 MPa, and

Sr}r:)tzz;:g;ngful error margin in the case of such exceptional erroNf=357_000 could be expecteq fore 259 I\./IPa.'Henc.e, the

' AISI 316 L used by Kawaguchi and Shifdivas in a micro-
structure state that made it more prone to fatigue failure than
the material used for the experiments presented here. The
A. Comparison with other experimental investigations reasons for this could be a slightly different chemical com-

The main scope of the present work was to examine th@ositioq, a longer -therm_al pretreatment,_ and a different
evolution of the average positron lifetime during stress- andlueénching rate achieved in the tube material as compared to
strain-controlled fatigue experiments in order to assess th#'€ Plates from which our specimens were prepared.
reproducibility and the predictive power of positron lifetime N Spite of the experimental differences described above
measurements for nondestructive testing purposes. Thefg&@waguchi and Shirédl confirmed one of the present major
was no need to prove the principai Sensitivity of positronfindings, i.e., that the eVOIUtion Of aVerage pOSitI’OI’l I|fet|me
annihilation to fatigue damage. This was already done in th@roceeds faster in strain-controlled experiments than under
past for many different materials in different types of experi-stress control. The different experimental method applied by
ments: e.g. for pure copper by Alexopoulos and Bythend  Kawaguchi and Shirai allowed these authors however to
Kupcaet al.® for nickel by Grobsteiret al>® for nickel and  carry out TEM examinations of the microstructure evolution
Ni-Co alloy by Lynnet al.>® for Fe-0.5-wt %Si by Kuramoto in the same specimens examined before by positron annihi-
et al,®® for mild steel by Karjalaineret al,*® for stainless lation. But the authors did not quote values for the develop-
steel AISI 316 by Gausteet al,’” and more recently for ment of the average dislocation density. Such quantitative
AlSI 304 by Hartleyet al®® and by Bennewitet al® forthe  data are indeed very difficult to obtain in view of the inho-
stainless steel X6CrNiTi1l8-10 and the carbon steel C45E. mogeneous dislocation distribution with  alternating

The most complete work focused on nondestructive testdislocation-poor and -dense regions. If no weak beam experi-
ing was recently published on positron annihilation experi-ments are performed, TEM fails to give reliable data on the

IV. DISCUSSION
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dislocation dense regions where dislocation densities ofgd r
some 16°-10'" m~2 can be reached. = sof % stress-controlled
A very important result in view of possible future appli- t

0000)

cations was obtained by plotting, versus the paramet& 401
that characterizes the annihilation line shape for specimens; ; %
examined both by positron-lifetime measurements and anni-5> 30 E
hilation line shape analysis. Kawaguchi and Shfraion- A
vincingly demonstrated that the evolution of the average pos- 3 % %
itron lifetime r,, and that of theS parameter are equivalent.
Hartley et al®® examined two batches of stainless steel
AISI 304 that differed in their carbon conte(f.056 at% and ok
0.014 at%. Like Kawaguchi and Shir&i they determined an ' : '
average fatigue life under the applied fatigue conditions
(strain control,e.,=6.6X10"%) and then cycled different N,
specimens up to different stages in fatigue life. The positron , . )
lifetime was measured using a 2.5-MeV positron beam of t'_:IG' il' Rlzlgtcu)%n between éhef:ncr;ascfe_ OI tlhg (?(\)/gr;ag% p03||tron
Lawrence Livermore National Laboratory and the spectraI elime T.aV( : ). measured atter the first 19,099 load cycles
. and the fatigue life given by the number of cycles until failtdan
were decomposed in short=(L00 ps) and long €210 ps) :
e stress-controlled experiments.
lifetime components. The long component was found to satu-
rate after about 10% of fatigue life at an intensity of aroundloading conditions can yield the same values for the mea-
70-80 %. sured parameter after a different number of load cycles. This
An early saturation of average positron lifetime in fatiguemeans that at least a reasonable assumption about the ex-
life has also been reported in investigations on nickel angpected load amplitude or on the number of already applied
Ni-66.5%Co alloy by Lynnet al>® These experiments were load cycles is required to complete the task. A necessary
carried out in constant maximum stress cantilever bendingcondition is the reproducibility of the results under nomi-
Two identically deformed specimens were prepared in ordenally identical fatigue conditions and initial microstructure.
to measure nondestructively the average positron lifetime in It has already been shown in Figs. 7 and 9 that the in-
various stages of fatigue life by sandwiching?@a source crease of the mean positron lifetime until failure depends on
between them. Bending fatigue, however, introduces a gradihe applied stress amplitude and that this value is practically
ent of the stress amplitude from a maximum value at theeached after 40% fatigue life. In Fig. 21 the increase of the
surface to zero on the neutral line in the center of the specimean positron lifetime measured after 10.000 load cycles is
men. Although the bending stress has been controlled in thigresented versus the fatigue life. The shape of the curve ob-
case the positrons probe a volume subjected to different locahined closely resembles the Wer curve used for design
stress and strain amplitudes. Therefore, the results are diffpurposes. For most stress amplitudes 10.000 cycles are quite
cult to compare with the present ones and those discussed sarly in fatigue lifeN;. Hence, with a precise estimate of
far. The same experimental method has been applied by Kafatigue cyclesN an early conclusion on the obtainaliig
jalainenet al®® on mild steel (Fe-0.16%C-0.45%Mn) but a appears feasible. This is exactly the information needed for a
more gradual increase of the average positron lifetime haresidual lifetime assessment; however, the absolute value of
been obtained during fatigue life. N; exhibits a large scatter the smaller the applied stress am-
In fatigue of copper, applying the method described in theplitude.
preceding paragraph, Alexopoulos and Byfrfeund differ-

10* 10° 10°

ences in the saturation behavior that strongly depend on thia S0r _

initial state of the specimens. Annealing the cold rolled can-< % strain-controlled

tilever bending specimens at temperatures of 366.3, 533, ang 40r %

672 K, and subsequent cyclic bending at stresses of 1.3 timeS I

the respective yield stress, produced a saturationlike behavs 30 F %

ior, a fast saturation, and a more gradual increase of the:: [ %

average positron lifetime, respectively. This underlines the< 2o[ % % %

importance of precise knowledge of the initial state of the

material. 1oL %

B. Predictive power and reproducibility 0 1(')3 1(')4 1(')5

Ideally, when a nondestructive testing method is applied N

one wishes to answer the question of what percentage of the
lifetime the component or specimen is arrived at. A practical F|G. 22. Relation between the increase of the mean positron
handicap, which is avoided in laboratory experiments, is thafifetime A r,(1000) measured after the first 1.000 load cycles and
often the initial state has not been characterized at all, or byhe fatigue life given by the number of cycles until failukg in
using a different method. But in the present case, differengtrain-controlled experiments.
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In strain-controlled experiments the predictive power isno experimental data could be found after 1974. The stored
much more limited sinca 7, (N;) at failure does not depend energy is reported as about 8 meV/atom. No data are given
on gp,. Also the information that can be obtained from Fig. for the fraction of stored to expanded energy. This fraction
22 presenting\ 7, after 1.000 load cycles versus the fatigue depends strongly on the stage of the fatigue life. In cyclic
life, is only rough, though it might be improved by a better saturation the whole deformation energy is dissipated and the
statistics of the positron lifetime spectra. However, in prac-stored energy drops to z&8fabecause the densities and the
tical applications components have to resist a certain value ¢fpatial distribution of defects remain constant on a length
alternating maximum stress and strain control is not as imscale of several micrometers. This conclusion is well sup-
portant as in fatigue research. On the other hand, in mogtorted by a long series of TEM studies during fatigue of
practical cases, loading occurs with a statistical distributiorvarious material$?°® showing a constant density of disloca-
of stress and stress rate and often with a mean stress uneqtiahs in cyclic saturation, and by accompanying measure-
to zero, i.e..omin/ omax® — 1. Therefore, the aspect of load- ments of the electrical resistivity indicating that also the con-
ing with stress spectra and mean stress deserves special egntration of atomic defects saturates, however a little later
tention in future experiments. in fatigue life#2%3

The amount of dislocation production and annihilation in
cyclic saturation has been illustrated by Seeger and Ftank:
C. Defects in dynamic equilibrium 0. is the dislocation density annihilated and recreated within

Positron annihilation is highly sensitive to vacancylike ©N€ deformation cycle an@b?” the energy per unit length of
defects. However, its capability to distinguish between dif-2 dislocation with a Burgers vectdr in a material with a
ferent kinds of defects is very limited if their specific posi- Shear moduluss; then g, can be calculated from
tron lifetimes are similar. A reliable discrimination between
positron traps that differ in their positron lifetime by 50 ps
requires at least 8 10° coincidence events in the spectra to
be analyzed® On the other hand, fatigued metals provide a
confusing variety of positron trapping sites that differ appre-With a typical value of 0.1 meV/atom (1.48 MJ#nfor the
ciably by their positron binding energy but most of the rel- deformation work in our experiments and a modulus of a
evant positron traps are assumed to have their positron lifggrimary Burgers vector of typél10) of b=2.48% 10 ¥%m
times within a range of typically 30—40 p%3!In such a and a shear modulus @& =74.8 GPa(Ref. 78 in each fa-
case not even the number of components for a decompositidigue cycle a dislocation density of 6<4.0** m~? is annihi-
of the spectra is clear, and choosing the wrong number willated and recreated. This corresponds roughly to the com-
lead to unphysical results for the lifetimes as well for theplete dislocation content of the material. This result
corresponding intensities. The present study examines thBustrates the nearly complete irreversibility of cyclic defor-
possibility of an engineering application of positron annihi- mation on a microscopic level in the sense that the disloca-
lation that avoids this risk, confining itself to analyze thetions carrying plastic deformation in the tensile half-cycle
average positron lifetime. are not those carrying plastic deformation in the following

Moreover the evolution of a fatigue microstructure is acompression half-cyclé:®’
dynamic process and consequently the evolution of the den- A major annihilation mechanism for dislocations is the
sities of various types of possible positron traps is very comeollapse of narrow edge dislocation dipofés® This gives
plex. TEM and electrical resistivity measurements providerise to the formation of atomic defects which are themselves
evidence for the existence of a state of cyclic saturation inn a dynamic equilibrium between production and annihila-
which the concentration of dislocations and atomic defects ision. There are various possibilities of elastic interaction be-
kept constant by a dynamical equilibrium between the protween atomic defects and dislocations. Moving dislocations
duction and annihilation of dislocations and atomic defectscan segment atomic defect clusters and pick up atomic de-
respectively. It would be useful if positron annihilation could fects, thereby creating jogs on dislocation liféghe re-
reveal even tiny differences, maybe changes in the configyseated pickup of atomic defects can move jogs along a dis-
ration of defect clusters, that could be used asrdernal  location line and cause the dislocation to climb. In this way
clock for fatigue life beyond the saturation of the averageatomic defects can efficiently be eliminated and an equilib-
positron lifetime. rium concentration is kept.

Since positron annihilation studies on fatigue so far never In the literature sometimes reference is made to the model
reflected on the dynamic nature of cyclic saturation, the fol-of Saad&® that allows one to estimate the concentration of
lowing examples illustrate the turnover of dislocations andatomic defects in ranges | and Il of the stress-strain curve of
atomic defects. In tensile deformation, the stored energy has tensile test. The simple model of Saada is, however, not
been precisely determined by deformation calorimetry durapplicable to fatigue, perhaps with the exception of the first
ing tensile deformation of copper single crystals bynRpa-  few cycles of a well annealed specimen, where dislocation
gel and Schwink, and it was found to be about 11% of thedistribution is still homogeneous and the dislocation density
deformation work in region Il of the tensile stress-strainis low and far from saturation. If we follow Bz et al** and
curve® In 1974 an overview on the stored energy of coldapply Saada’s model on the first quarter cycle of a strain-
work was given by Beveet al®® The data collection of controlled experiment withe,=1x10 3, we get, for the
Beveret al®® contains only a few push-pull fatigue data and vacancy concentration

1 2
% O'd8p|:§QaGb . (4)
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1B (1x10°3 no significant dislocation motion takes place, spherical va-
gf odey, ) cancy clusters should be stable at least as long as they do not
0 collapse into small sessile dislocation loops.

a value of about & 10~8 vacancies per atom. Here we used In view of the diffusion length of thermalized positrons
a shear modulus d&=74.8 GPaRef. 7§ and the numeric under the present conditions that can be estimated to about

factor B=0.06 as derived by van den BeuRBIlf we now 0.25um (Ref. 19 and the inhomogeneous distribution of

return to our hysteresis loops and the measured deformz;tti(m_smc"’ltions in pattemns of alternating dense and poor regions

work, we will see that this is a fatally reasonable numberVith a typical separation of 1—2m, not all positrons will
derived from a non-applicable model. In Fig. 20 the defor_anmhllate in the same environment. Therefore, the question

mation work for the experiment withs,=1x10"3 de- will be if spherical vacancy agglomeratgs that_ may ex_is_t ina
creases slightly from about 0.6 meV/a‘fom during the firstsm"’.III .volume'fractlon of the.materlal will obtain a sufflClent
100 cycles to a rather constant value of 0.55 meV/ato _tat_lstlcal weight to_be re_trleva_ble_ may be as a long-lived
reached after about 10000 cycles. We assume that the 0.5EiMe component in positron lifetime measurements.
meV/atom is completely dissipated into heat and that the Conse_quently, attempts to improve the spatlal resqlutlon
difference of the 0.05 meV/atom is the stored energy pePf_ posﬂron',102ann|h|lat!on by developmgg positron
cycle within the first cycles. We further assume that 99% of mlcrppeams or posﬁron . mlcroscqpes]’o are very

this amount is initially stored as dislocations and only 1% adromising a_ssets fo_r basic fapgue _studles and_ n suppo_rt of
atomic defect0.5% as vacancies and 0.5% as interstitials Nondestructive testing. Considerations of statistical weight
Taking into account the formation enthalpy of a vacancy inshow also that positron trapping in grain boundaries can be

stainless ste®] of H\F,=1.61 eV the vacancy concentration neglected in the present case in view of the grain sizes

could increase by 1.5510° 7 per atom in one load cycle. around 40—5Qum.

With these rough but not unreasonable assumptions we reach

the same order than with the Saada model but without ex- E. Positron traps and trapping models
ceeding its limits of validity®®°® We have to be aware that _ . . . .
the amount of stored energy drops to zero until cyclic satu- The interpretation of the present experiments is entirely

ration is reached; however, with the assumed average vall.}:é'jlsed on the average positron lifetime due to the applied

of 0.05 meV/atom within the first 1.000 cycles a Vacancymethods for background correction and in order to avoid
con(;entration of 1 5510’7x1000:155x 104 could be misinterpretations introduced by a lack of knowledge con-

obtained that would provoke saturation trapping of positronsf:em"f‘.g the number of.qomponents requwed_ fof a physically
eaningful decomposition of the positron lifetime spectra.

homogeneous vacancy distribution provided. If computerm

simulations becomes available that could predict the evolu—HOW.ever' a positron annihilation study after |so_chronal an-
tion of dislocation density and of the densities of atomicneaIIng of slabs prepared from the same material batch and

defects in the lattice and of jogs on dislocation lines durin por_npr_essed to 10% a_nd 20% thicknesg reduaigave_ no
fatigue cycling, starting from grown-in dislocations after indication of other positron traps than single vacancies. The

careful annealing, it appears feasible that such simulation%oncIUSIon of this study agrees well with a fatigue study of

could be checked by TEM in combination with positron an_sta!nless steel 316 L by Gausheiral.,. Who found that in .
nihilation and measurements of electrical resistivity. stamless steel 316 positrons are primarily trapped at lattice
vacancies produced by cold work.

Nevertheless, a parameter that changes significantly dur-
D. Inhomogeneous distribution of defects ing the second half of the fatigue life would be useful to
In face centered cubic metals such as austenitic stainle¥idge the gap between early detection of fatigue damage by
steels plastic strain may become localized in persistent slipositron annihilation shown in the present paper and the sen-
bands(PSB$. In such cases of strain localization the dy- Sitivity range of various already established techniques.
namic equilibrium between defect production and annihila-More coincidence events would be required for this purpose,
tion described in the preceding section is valid only in theand a sounder knowledge on the nature of the trapping sites
volume fraction occupied by PSBs. These PSBs are embeds needed.
ded in a so-called matrix structure that deforms mainly elas- Various alternative trapping sites may exist that may not
tically under applied cyclic loading. According to the model be detectable at room temperature or that may have a low
of Essmann, Gssele, and Mughrabi a diffusion flux of  statistical weight. Dislocation lines as shallow traps may fa-
vacancies can be expected from the PSB regions into near§jlitate positron trapping into vacancies trapped in the elastic
unstrained matrix material. In such border regions betweeftrain field around a dislocation, without being directly vis-
PSBs and matrix vacancy agglomerates may be formed th##le at room temperature due to thermal detrapping. Doyama
are protected from being segmented by moving dislocationgnd Cotterilf® suggested jogs on dislocation lines as trapping
since the small plastic strain amplitudes in the matrix regiongites. Theoretical calculations by kianenet al.*® showed at
can be accomplished by a flipflop motion of screw dislocadeast for aluminum that such jogs ph12] edge dislocations
tions in the dislocation poor channels that separate veins wittline directior) are stable traps at room temperature, but they
high dislocation densit§® Therefore, a significant concentra- exhibit a positron lifetime of 224 ps that makes them difficult
tion of spherical vacancy clusters could exist in a bordeito distinguish from annihilation in a lattice vacan@62 ps
stripe between PSBs and the matrix. Since on the matrix sidand in a vacancy trapped in the compression zone around an

CV:E
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edge dislocation in A[225 p3.° Moreover, with a stacking ments shows that significant experimental deviations under
fault energy of about 28 mJ/AiRefs. 63, 10Da splitting up  nominally identical conditions can be understood when fur-
of dislocations into partial dislocations has to be taken intaher parameters like deformation work are taken into consid-
account, which are separated by a stacking fault ribbon. Theration. This indicates that positron annihilation is sensitive
open volume along the partial dislocations is even smalleto effects of initial microstructure and material history that
but the effect of vacancies in the stacking fault ribbon has taffect the density evolution of positron traps. With a known
be considered in this case. initial material state, measurements of the average positron
Evidence of the existence of vacancy clusters in fatiguedifetime have a predictive power that can be used for residual
metals has been published by various authors. Contrast phlfetime estimates. Following such an empiric approach the
nomena in TEM investigations on fatigued copper singlenext steps have to consider experiments with a more com-
crystals have been interpreted as vacancy clusters with a dilex fatigue history experimentally realized by fatigue se-
ameter of up to 4 nm by Piqueras al*® and other$®**  quences with different stress amplitudes and nonzero mean
Grobsteinet al®® performed measurements of electrical re-stress.
sistivity and positron annihilation during fatigue of nickel. = More sophisticated applications of positron annihilation in
These authors showed a decrease of the positron lifetime inondestructive testing require a better understanding of the
vacancy clusters during fatigue that has been explained withvolution of fatigue microstructure, giving rise to the coex-
a decreasing size of the clustérdlhis result contrasts, how- istence of a confusing variety of positron trapping sites in a
ever, with earlier investigations on fatigue of nickel exam-complex spatial distribution. Due to the dimension and na-
ined by positron annihilation by Gaustet al®’ giving no  ture of positron trapping sites and the lack of alternative
indication of vacancy clusters. Corbed al1°! from calcula- methods with sufficient sensitivity and specificity, modeling
tions of the electron density, derived that the positron life-fatigue dislocation structures with special emphasis on co-
time depends not only on the number of vacancies in th@roduced jogs, vacancies, and vacancy clusters appears to be
cluster but also on their configuration. In a spherical vacancyne of the very view promising ways. Accompanying tem-
cluster in gold positron lifetime increases from about 200 pgerature dependent positron annihilation measurements start-
(single vacancyto nearly 400 ps with 15 vacancies. But if ing from very low temperatures with excellent statistics on
relaxation occurs, the positron lifetime may decreasesery pure metals and the application of methods that allow a
appreciably!®* This holds even more when vacancies are arspatial resolution of positron annihilation in the micron range
ranged in a vacancydislocation loop on a close packed could then better elucidate possible gains from decomposi-
plane. H&kinen et al'® calculated the positron lifetime in a tion of annihilation spectra into lifetime components. Though
vacancy loop in aluminum and obtained a value of 191 pgrobably not feasible for nondestructive testing purposes in
whereas the lifetime in a single vacancy was calculated wittpractice, such attempts could mutually foster progress in fa-
252 ps. Moreover, the binding energy drops from 2 eV in atigue research and in practical applications of positron anni-
single vacancy to 0.4 eV in such a lobpTherefore, even in  hilation.
a high concentration of vacancies it is not a priori clear if a It is likely that a better understanding of fatigue processes
long-lived positron lifetime component can be expected. and of positron-defect interaction in fatigued metals could
Due to the potential of positron annihilation for nonde- indicate parameters or combinations of parameters more ad-
structive testing it is worth to undertake some further effortsequate for nondestructive testing and residual lifetime assess-
to clarify these problems. Methods that combine a high spament than the average positron lifetime used in the present
tial resolutiort®®1%and the possibility to accurately measure work by providing a more precise “internal clock for fatigue
the positron lifetimé®® seem to be most appropriate. life” of the material.

V. CONCLUSIONS
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