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Austenitic stainless steel specimens have been examined by positron-lifetime
measurements at various stages until failure during fatigue tests at constant stress or
plastic strain amplitudes. A positron-source-detector assembly has been mounted on the
servohydraulic testing machines that allowed truly non-destructive positron annihilation
studies without removing the specimens from the load train. Positrons were generated by a
72Se/72 As source with a maximum activity of 0.9 MBq (25 µCi). The average positron
lifetime has been determined by a β+ − γ -coincidence applying a simplified data evaluation
procedure. Under constant stress or plastic strain amplitudes early stages of fatigue
damage could be detected. The strong increase of the average positron lifetime already
during the first 10% of fatigue life could be related to the fatigue life of the specimens.
Issues of lifetime prediction by positron annihilation measurements are discussed.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The non-destructive characterization of damage in ma-
terials and components subjected to alternating me-
chanical load and the assessment of residual service
lifetime are still a serious engineering problems [1, 2].
The evolution of fatigue damage in metals is a highly
complex process of microstructure change involving
atomic defects, dislocations, grain boundaries and de-
pending on the composition and the pre-treatment of the
material also precipitates and phase transitions as well
as interactions between all these defects. The evolution
of the densities of atomic defects, their agglomerates
and jogs on dislocations is superimposed [3, 4] on the
evolution of dislocation cells or peculiar dislocation
patterns like persistent slip bands [5, 6]. This leads to a
modulation of the dislocation density by a factor of 102

to 104 (typically from 5 × 1012 m−2 up to 1.4 × 1017

m−2) on a length scale of a few µm [4, 7]. However,
non-destructive methods for field applications that are
sufficiently sensitive for the detection of early stages of
fatigue-induced microstructure changes are still miss-
ing [2]. Most of the commonly applied techniques be-
come sensitive to fatigue damage shortly before failure
when microscopic cracks are already present and crack
coalescence and accelerated crack growth start. More
sensitive methods like X-ray line broadening require
polished surfaces, and Barkhausen noise is confined to
ferromagnetic materials. X-ray diffraction, eddy cur-
rents or ultrasound methods measure the effect of dislo-
cations, atomic defects, defect clusters or microcracks
on physical properties like interlattice plane distance,

electrical resistivity or sound propagation, respectively.
On the other hand, positron annihilation is highly sensi-
tive to open-volume defects such as lattice vacancies or
dislocations and can detect them at such low densities
that they hardly start to measurably change the material
properties measured by other techniques. In this sense,
positron annihilation is a more direct and hence more
sensitive method to measure damage.

The high sensitivity of positron annihilation to
vacancy-like defects in crystalline matter is well known
(see the reviews [8–11]). The annihilation radiation
of positrons contains information on the local elec-
tron density and the electron momentum distribution
at the positron trapping sites and is therefore useful to
characterize the size of open-volume defects and their
chemical environment in dilute concentration. When-
ever a positron gets trapped in an open-volume defect
its annihilation rate is proportional to the local electron
density. The larger the defect the lower is the local elec-
tron density and the more the lifetime of the positron
increases. Each type of open-volume defects has its in-
dividual positron lifetime, and positron lifetime spec-
troscopy can be used to identify and quantify defects in
materials. However the co-existence of various types
of potentially positron-trapping defects (like disloca-
tions, jogs, vacancies, multiple vacancies and vacancy
clusters of various size and configuration) that are pro-
duced simultaneously in fatigue and the corresponding
complexity of positron diffusion, trapping and anni-
hilation precludes the identification of individual trap
lifetimes within the experimental limitations in field
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T AB L E I Chemical composition of stainless steel AISI 316 L according to supplier certificate

Elements C 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

applications. The present paper deals with the question
whether a simplified evaluation procedure limited to
the evaluation of the average positron lifetime could
be employed for nondestructive assessment of fatigue
damage and residual lifetime assessment in an engi-
neering material.

Several attempts have been reported in litera-
ture to develop systems for nondestructive testing
using positron-lifetime measurements by a β+−γ -
coincidence technique [12, 13] or positron annihilation
lineshape analysis [13–18]. The experimental set-up
of a 72Se/72 As positron generator for nondestructive
measurements used in the present paper has already
been presented [12] and also preliminary results on in-
situ positron-lifetime measurements during fatigue of
stainless steel AISI 316 L [19].

The large amount of measurements in the present pa-
per has been economically affordable only due to the
truly nondestructive technique that avoids time con-
suming specimen preparation. Therefore we could fo-
cus on aspects of experimental reproducibility. So far,
most positron annihilation studies on fatigue present
only single sets of experiments. And in some publica-
tions different stages of fatigue life under nominally
identical fatigue parameters are established and probed
in different specimens (e.g. [13, 20]).

The complex of fracture mechanics is not touched in
the present publication. We consider crack growth and
crack propagation as phenomena of late fatigue life that
can be examined by the already applied nondestruc-
tive testing tools.—It will be shown that measurements
of the average positron lifetime can reveal beginning
fatigue damage in austenitic stainless steel. Moreover,
positron lifetime measurements in early fatigue life can
provide an early rough indication on residual service
life in laboratory experiments.

2. Experimental procedures
2.1. Material and specimen preparation
The present investigation deals with the low-carbon
austenitic stainless steel type AISI 316 L. The fatigue
behaviour of this material has extensively been studied
for nuclear energy applications including TEM stud-
ies [21–23]. It remains a single phase austenitic ma-
terial under all application conditions relevant to this
study. Therefore, no deformation induced phase trans-
formations need to be considered in the evaluation of
positron-lifetime measurements.

Stainless steel AISI 316 L was supplied by Creusot-
Loire in plates of 1 × 2 m and 30 mm thickness. The
material composition is specified in Table I. The plates
had been hot rolled, solution annealed at 1050◦C for 30
min and then quenched by submersion in cold water.
Metallography revealed a ferrite content of about 1%
only. Ferrite is mainly arranged in stringers parallel to

the rolling direction of the material. The average grain
size of the material has been determined by the linear
intercept method according to ASTM E112 [24] and
was 40–50 µm. From these plates bars of 30 × 30 × 170
mm were cut by spark erosion and cylindrical fatigue
specimens with tangentially blending fillets between
the gauge length and the gripping parts were machined.
The specimen axis was parallel to the rolling direction.
The tensile properties are characterized by an elastic
limit σ 0.2 = (244 ± 6) MPa, an ultimate tensile strength
σ UTS = (595 ± 13) MPa and a uniform plastic strain
of (46 ± 5)% [25].

Specimen shapes, the fabrication process by machin-
ing and the execution of the fatigue tests complied with
the ASTM Standards E 466 and E 606 [24]. The re-
sulting surface finish on the gauge length exhibited a
maximum roughness of 0.2 to 0.25 µm. Two types
of specimen geometries were used since the fatigue
testing systems were equipped with different specimen
grips. Specimens for the experiments on the Instron
servohydraulic testing system type 1273 and on the
MTS system 810 with maximum load capacity of 250
kN were of type A in Fig. 1. The specimens used on
the MTS system 810 with maximum load capacity of
50 kN were button headed specimens of type B (cf.
Fig. 1).

In spite of solution annealing and quenching from
78% of the melting temperature (1425◦C) of stainless
steel AISI 316 L [26], the residual concentration of va-
cancies was low because the low thermal conductivity
of stainless steel (13.95 Wm−1 K−1 ([26])) strongly
limits the cooling rate that can be achieved by water
quenching in the center of 30 mm thick plates where
the specimens stem from. The concentration of vacan-
cies in a Fe-Cr-Ni alloy after quenching from 1050◦C
has been estimated by Wang et al. [27] to be about
10−6.

2.2. Cyclic deformation—Fatigue
Symmetric push-pull fatigue experiments (σ min/σ max

= −1) were performed under load control at nomi-
nal stress amplitudes in the range between 220 and
290 MPa with a sinusoidal command wave. The cy-
cling frequency was 10 Hz. For the present material
and testing conditions the fatigue limit, defined as the
stress amplitude where 50% of the specimens reach 1
× 107 cycles without failure was found to be 225 MPa
[25].

εtot is calculated from the elongation � l along a seg-
ment of the length l0 = 10 mm in the center of the gauge
length according to εtot = � l/l0. l0 was determined by
the dimension of the MTS clip-on extensometer. The
elastic part εel of the total strain εtot can be calculated
from the stress σ and the Young’s modulus E.
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Figure 1 Specimen shapes Type A and Type B used for the fatigue experiments.

The plastic strain εpl has been calculated on-line from
the simultaneous measurement of the total strain εtot

and the stress σ according to

εpl = εtot − εel = εtot − σ

E
. (1)

Constant plastic strain rate ε̇pl has been assured
by using a triangular command wave for εpl. Strain-
controlled fatigue experiments (εpl, min/εpl, max = −1)
were performed for plastic deformation amplitudes in
the range between 1 × 10−4 and 5 × 10−3 with a fre-
quency of 0.5 Hz.

For simplicity, from now on, σ and εpl shall denote
the applied stress amplitude and the applied plastic
strain amplitude, respectively.

2.3. Positron lifetime measurements
The fatigue machines have been equipped with a mo-
bile positron beam to perform positron-lifetime mea-
surements without removing the specimen from the
load train. Fig. 2 gives an impression on the modifi-
cation to the load frame and the experimental set-up
is presented in Fig. 3. The system was mounted and
adjusted in a way to measure always on the same site
in the center of the gauge length. Fatigue cycling was
stopped for positron-lifetime measurements after 100,
200, 500, 1000, 2000, 5000, 10000 cycles and so on
in logarithmic sequence. The last measurements were
performed after failure of the specimens.

The production of the miniaturized positron sources
used for the present experiments was already described
in detail elsewhere [12, 28]. A 72Se/72As generator
with a maximum initial activity of about 25 µCi (≈0.9
MBq) was used as positron source. The 72Se was
vapour deposited inside a small gold cylinder of 0.6
mm inner diameter acting as beam collimator. The
gold cylinder was integrated in the tip of a plexiglass
light guide on top of a photomultiplier tube and
covered with a plastic scintillator which produces a

scintillation start signal only for those positrons that
are emitted in the direction towards the specimen
under examination. The set-up was shielded against
light by a 12 µm thick aluminium foil. A specimen in
a distance of 3 mm from the tip of the collimator was
subjected to positron irradiation in an area of 3.6 mm
in diameter. The stop signal was delivered by a BaF2

crystal after registration of the 511 keV annihilation
quanta. Signal processing was done by a fast-slow
coincidence measurement as described earlier [12,
28]. The electronic equipment was housed in a cabinet
kept at constant temperature of (20 ± 0.5)◦C.

72As emits two positron spectra with maximum en-
ergies of 2.5 MeV and 3.3 MeV [29]. Estimating the
most probable positron energy from 1/3 of Emax and
subtracting an energy loss of 150 keV for the passage
of the plastic scintillator, gives a penetration depth of
370 and 550 µm into stainless steel for the 2.5 and
3.3 MeV spectra, respectively. The positron annihila-
tion data obtained in this way are more representative
for the bulk properties of a material than those ob-
tained by the classical methods with 22Na with a maxi-
mum positron energy of only 544 keV. Compared with
the sandwich technique using a 22Na source and a γ -
γ -coincidence the present technique exploits a much
smaller solid angle. The effect on count rate is however
largely compensated by the higher efficiency of the β-
γ -coincidence and the higher (initial) source strength
of the 72Se/72As generator.

The 72Se/72As generator offers the possibility to reg-
ister simultaneously a prompt γ -photon of the 835 keV
emitted by 72Ge and to monitor the stability of the
detection system and its time resolution. The time res-
olution of the instrument has been determined as the
full width half maximum of the 835 keV prompt line.
Alternatively, a Gaussian curve has been fitted to the
prompt line. Both methods yield a time resolution of
(230 ± 5) ps.

For the positron-lifetime measurements the cyclic
deformation has been paused and the specimens have
been shielded with plexiglass that captured all positrons
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Figure 2 Integration of the β+ and γ detectors in the load train of a servohydraulic testing machine. The photo multiplier tubes are magnetically
shielded in a mumetal cylinder. The positron generator is integrated in the tip of the light guide of the β+-detector. The 511 keV annihilation photons
are detected in a BaF2 scintillator on top of the second photo multiplier (γ ) (see also Fig. 3). The nuclear electronics is housed in a temperature
stabilized box left to the load frame.

Figure 3 Set-up of the positron lifetime spectrometer as described in
Section 2.3.

missing the specimen or being reflected from its sur-
face. The average positron lifetime in plexiglass of
about 1500 ps is sufficiently different from the aver-
age positron lifetimes expected in a metal of 100–200
ps that an easy background correction can be performed
by weighted subtraction of a plexiglass reference spec-
trum. Reference spectra have been recorded using a
plexiglass dummy instead of a steel specimen in the
load train. The weighting factor has been determined

from the ratio of counts in a window of the spectrum, in
which the spectrum was determined by very long-lived
contributions only, and the counts in the same window
in the reference spectrum. For this background correc-
tion the width of the windows and their position with
respect to the center of the annihilation spectra were
identical. This method corrects also the annihilation
events of low energy positrons in the scintillation start
detector and the aluminium foil shielding the photo-
multiplier tube from daylight.

Before correction each spectrum contained 1.1 ×
106 coincidence events. The required acquisition time
increased from initially about 20 min to more than
2.5 h after 4 weeks due to the 8.4 days half-life of
the 72Se/72As generator. Typically 55–60% of these
events were lost by the weighted subtraction of the
reference spectrum. The average positron lifetime has
then been evaluated by a weighted linear regression to
the linear part of the spectrum (in logarithmic presen-
tation). The statistical error of the fits was less than 1
ps. The overall accuracy of τ av is however ±3 ps due
to the reproducibility of repeated recording of positron
lifetime spectra of a reference specimen in the same
microstructure state and due to slight differences in
the positron lifetime values when minimizing the sta-
tistical error by varying the position of the windows
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T AB L E I I Data summary of stress-controlled experiments: applied stress amplitude σ , fatigue life Nf , initial average positron lifetime τ av(0),
average positron lifetime at failure τ av(Nf ) and its increase until failure �τ av(Nf ). Analogously, for experiments stopped after Ns cycles the average
positron lifetime τ av(Ns) and its increase � τ av(Ns) until Ns are given. The specimen shape refers to Fig. 1

Label
σ in
MPa Nf Ns τ av(0) in ps τ av(Nf ) in ps τ av(Ns) in ps

� τ av(Nf ) in
ps

� τ av(Ns) in
ps

Specimen
shape

A220 220 650000 129 127 2 Type A
A230 220 10000000 130 151 19 Type A
A240 240 2090000 131 160 29 Type A
B240 240 3353570 129 155 26 Type A
C240 240 500000 120 143 23 Type A
D240 240 1000000 119 131 12 Type A
A250 250 300000 133 172 39 Type A
B250 250 687000 131 163 32 Type A
C250 250 140226 112 141 29 Type A
D250 250 145621 110 146 26 Type A
E250 250 100000 125 147 22 Type B
F250 250 802300 125 146 21 Type B
G250 250 77635 120 152 32 Type B
H250 250 179916 n.a. Type B
I250 250 291930 n.a. Type B
A260 260 80000 127 170 43 Type A
B260 260 44967 111 145 34 Type A
A270 270 23000 125 169 44 Type A
B270 270 25000 131 160 29 Type A
C270 270 23000 126 168 42 Type A
D270 270 23000 138 186 48 Type A
E270 270 3000 121 142 21 Type A
F270 270 15000 123 160 37 Type A
G270 270 45349 120 150 30 Type B
H270 270 21037 129 160 31 Type B
A290 290 13000 123 176 53 Type A

for background correction and the weighted linear
regression.

A decomposition of the average positron lifetime into
different components has not been performed, in order
to avoid uncertain assumptions on the type and number
of relevant positron traps and to keep the evaluation
procedure as simple as described.

3. Results
3.1. Overview on stress- and
strain-controlled experiments
All performed stress- and strain-controlled experiments
are presented in the Wöhler plot in Fig. 4. Experi-
ments stopped before failure are marked with open
symbols. Experimental details are compiled in Tables II
and III for stress- and strain-controlled experiments,
respectively.

In Figs 5 and 6 the evolution of the average positron
lifetime during stress- and strain-controlled fatigue
experiments on stainless steel AISI 316 L is presented,
respectively. The error bars in Figs 5 and 6 denote the
accuracy of the measurement (±3 ps). In order not to
overload the figures, error bars are presented for every
second experiment only. In order to keep a logarithmic
scale for the number of fatigue cycles N the average
positron lifetime τ av(0) in the undeformed initial state
at N = 0 is reported at N = 100. Lines presented in
the figures are eye guides to improve apprehension
of the data. Since no electrolytical polishing or gentle
grinding has been applied after the final machining of
the specimens, τ av(0) exhibits a scatter of (129 ± 5) ps,
(110 ± 3) ps and (120 ± 5) ps for the specimen batches

Figure 4 Wöhler plot representing all stress- and strain-controlled ex-
periments, as stress and strain amplitude, right- and left-hand side, re-
spectively, versus fatigue life given by the number of load cycles until
failure Nf (filled symbols). Open symbols denote experiments stopped
before failure.

used on the systems Instron 1273, MTS 810 (250 kN)
and MTS 810 (50 kN), respectively, as indicated in
Tables II and III. Plastic deformation of a surface layer
by machining could be revealed by positron annihila-
tion up to a depth to 5 mm below the surface [30]. The
scatter of the initial average positron lifetime τ av(0) was
usually larger than the accuracy of the average positron
lifetime measurement of ±3 ps. In order to check the
influence of the scatter of τ av(0) on the information to
be derived from our experiments, preliminary results
had been presented as the increase of the average
positron lifetime, � τ av(N) = τ av(N) − τ av(0) with
respect to their start value τ av(0) versus the number
of load cycles [19]. On the basis of the much larger
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T AB L E I I I Data summary of strain-controlled experiments: applied plastic strain amplitude εpl in mm/mm, fatigue life Nf , initial average positron
lifetime τ av(0), average positron lifetime at failure τ av(Nf ) and its increase until failure � τ av(Nf ). Analogously, for experiments stopped after Ns

cycles the average positron lifetime τ av (Ns) and its increase � τ av (Ns) until Ns are given. The specimen shape refers to Fig. 1

Label
εpl in
mm/mm Nf Ns τ av(0) in ps τ av(Nf ) in ps τ av(Ns) in ps

� τ av(Nf ) in
ps

� τ av(Ns) in
ps

Specimen
shape

A1E4 1 × 10−4 50000 118 118 0 Type B
A5E4 5 × 10−4 1000000 113 146 33 Type B
B5E4 5 × 10−4 100000 125 136 11 Type B
C5E4 5 × 10−4 2000000 113 143 30 Type A
A75E4 7.5 × 10−4 278163 107 139 32 Type A
B75E4 7.5 × 10−4 2000 113 145 32 Type A
A1E3 1 × 10−3 40724 113 145 32 Type B
B1E3 1 × 10−3 120500 119 139 20 Type B
C1E3 1 × 10−3 163775 125 148 23 Type B
D1E3 1 × 10−3 130220 115 158 43 Type B
E1E3 1 × 10−3 95945 111 146 35 Type B
A2E3 2 × 10−3 14141 114 148 34 Type B
B2E3 2 × 10−3 13007 126 152 26 Type B
A5E3 5 × 10−3 1120 132 162 30 Type B
B5E3 5 × 10−3 2010 121 158 37 Type B

Figure 5 Evolution of the average positron lifetime τ av with the number
of stress-controlled load cycles N for different applied stress amplitudes
σ given in MPa (A-series: A290, A270, A260, A250, A240, A230, A220
(see Table II)). The error bars denote the accuracy of the positron lifetime
measurement of ±3 ps. The lines are meant as eye guides.

Figure 6 Evolution of the average positron lifetime τ av with the num-
ber N of plastic strain-controlled load cycles for different applied plas-
tic strain amplitudes εpl given in mm/mm (Experiments B5E3, A2E3,
D1E3, C5E4, A1E4 (see Table III)). The error bars denote the accuracy
of the positron lifetime measurement of ±3 ps. N denotes the number of
load cycles. The lines are meant as eye guides.

data base available now, it could be confirmed that the
scatter of τ av(0) has no significant impact on the
evolution of τ av(N) and �τ av(N) during fatigue
experiments.

In stress- and strain-controlled experiments a small-
est deformation amplitude can be distinguished that has
no significant effect on the average positron lifetime.
This amplitude of 220 MPa, identified in the stress-
controlled experiments, agrees well with the fatigue
limit of 225 MPa [25]. The strain-controlled experi-
ment with the lowest applied εpl = 1 × 10−4 did not
yield any significant change of τ av and was stopped
after 50.000 cycles.

In stress- and strain-controlled experiments executed
at values above the fatigue limit the average positron
lifetime exhibits a pronounced increase during fatigue
life. The higher the applied amplitude σ or εpl the higher
is the increase rate �τ av/�N during early fatigue life. A
saturation-like behaviour can be recognized for τ av(N).
In stress-controlled experiments positron annihilation
data are identical within the error margins after about
40% of fatigue life has been reached. Strain-controlled
experiments show earlier saturation after about 10% of
fatigue life.

For the highest applied stress amplitude of 290 MPa
a positron lifetime of τ av(Nf) = 178 ps was determined
at failure. This is significantly higher than the highest
value of τ av = 162 ps registered in the strain-controlled
experiment with εpl = 5 × 10−3 although stress ampli-
tudes between 350 and 400 MPa have been determined
from the hysteresis loops in this case. The stress am-
plitudes reached in the strain-controlled experiments in
the range of 1 × 10−4≤ εpl≤ 5 × 10−3 were between
212 MPa and about 400 MPa. This indicates a qual-
itatively and quantitatively different behaviour of the
net defect-production in stress- and strain-controlled
mode.

3.2. Reproducibility of experiments
The present investigation laid special emphasis on the
reproducibility of the positron-lifetime measurements
in view of its applicability for nondestructive testing.
The different measurement campaigns contributing to
the present results were performed with two different
specimen geometries on three fatigue systems and with
three 72Se/72As positron generators.
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Figure 7 Evolution of the average positron lifetime τ av in ps during
stress-controlled fatigue experiments with a stress amplitude of σ =
250 MPa. The number of load cycles N has been normalized to the
fatigue life of the specimens Nf . The experiments C250, D250 and
G250 were performed on a testing systems that showed some alignment
problems leading to premature failure of the specimens out of center
of their gauge length. The eye guides refer to the specimens A250 and
F250 with a fatigue life of 300300 and 802300 cycles, respectively.

Figure 8 Evolution of the average positron lifetime τ av in ps during
stress-controlled fatigue experiments with a stress amplitude of σ =
270 MPa. The number of load cycles N has been normalized to the
fatigue life of the specimens Nf . The eye guide refers to the experiments
A270 and C270.

Figs 7 and 8 show the evolution of τ av(N) for stress
amplitudes of 250 and 270 MPa, respectively. The ex-
periment F250 in Fig. 7 with the a low value of τ av(Nf)
at failure exhibited also the longest observed fatigue life
of Nf = 802.300 and the smallest increase � τ av(Nf)
until failure. The experiments C250 and D250 with
similar fatigue life of Nf = 140.226 and Nf = 145.621,
respectively, show a significantly less pronounced in-
crease of τ av with rather low values at failure (τ av(N/Nf

= 1)). Both specimens failed close to the radius at the
end of the gauge length and not in its center region as
usually. The same holds for specimen G250 that failed
after only 77635 load cycles. These experiments and
B260 were the only ones conducted on the MTS system
810 with 250 kN load capacity this indicates very likely
an alignment problem that emphasized local fatigue

Figure 9 Evolution of the average positron lifetime τ av in ps during
strain-controlled fatigue experiments with a plastic strain amplitude of
εpl = 1 × 10−3 mm/mm. The eye guide indicates the saturation of τ av

after about 10% lifetime.

around pre-existing surface flaws in a location outside
the center region of the gauge length leading to prema-
ture failure. In these cases the positrons probed the de-
velopment of fatigue-induced microstructure changes
in a homogeneously loaded area whereas stress concen-
trations caused a locally higher loads and accelerated
fatigue elsewhere leading to failure.

Fig. 8 presents a series of experiments carried out
with a stress amplitude of 270 MPa. Again, specimen
G270, with a smoother increase of τ av(N) is accompa-
nied by twice times longer fatigue life Nf .

In nearly all cases a different evolution of the average
positron lifetime is related with a significantly different
fatigue life Nf .

Fig. 9 shows the evolution of the average positron
lifetime for the five experiments conducted at a plas-
tic strain amplitude of εpl = 1 × 10−3. The scatter is
less pronounced than in stress-controlled experiments.
One eye guide describes the evolution sufficiently for
the complete series of experiments. A saturation-like
behaviour after about 10% of fatigue life can be recog-
nized. The initial scatter of τ av(0) is practically getting
wiped out within the first 500 deformation cycles.

Practical applications were also hampered when a
variation of the measurement site on the specimen
surface would lead to significantly different values of
τ av. Therefore, on some specimens the measurements
have been repeated varying the position of the source-
detector assembly along the gauge length in steps of
about 5 mm. Additionally some specimens have been
rotated and the measurements have been repeated (180◦
for B2E3, 120◦ and 240◦ for B4E5). The variation of
the measured average positron lifetimes was always
within a range of at maximum ±3 ps.

3.3. The utility of positron annihilation for
residual lifetime assessment
The scope of residual lifetime assessment is to deter-
mine at which percentage of lifetime a component is
arrived. This requires the capability to relate a value
measured during fatigue to the expected fatigue life.
In the present case it is obvious that there is a pro-
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Figure 10 Relation between the the average positron lifetime
τ av(10000) measured after the first 10000 load cycles versus the normal-
ized fatigue life N/Nf (N = 10000) in stress-controlled experiments. The
experiments labelled C250, D250, G250, and B260 exhibited premature
failure due to stress concentrations out of the center of the gauge length.

nounced increase of the average positron lifetime in
the early stages of fatigue life and saturation is reached
after about 40 and 10% in stress- and strain-controlled
experiments, respectively.

Figs 10 and 11 present the average positron lifetime
after 10000 and 1000 load cycles versus the normal-
ized fatigue life N/Nf for stress- and strain-controlled
experiments, respectively. The curves exhibit a linear
increase of τ av(N = 10000) and τ av(N = 1000) with
log N/Nf . The scatter is much more pronounced in the
case of stress-controlled experiments. Since the fatigue
life Nf exhibits an appreciable scatter under nominally
identical load amplitudes it is only well-known for ex-
periments conducted until failure. Nevertheless, Fig. 10
includes also data from experiments stopped before
failure when a sufficient number of experiments was
carried out until failure at the same stress amplitude
and a meaningful standard deviation could be defined
for Nf(σ ). These data can be recognized by the error
bars given for log N/Nf . In Fig. 10 we assigned the spec-

Figure 11 Relation between the average positron lifetime τ av(1.000)
measured after the first 1000 load cycles versus the normalized fatigue
life N/Nf (N = 1000) in strain-controlled experiments.

imen label to those experiments that fall significantly
apart the overall tendency. It turns out that they have
already been discussed in Section 3.2. for being failed
at the border of the gauge length indicating local stress
concentrations probably due to an alignment problem
with the fatigue machine.

4. Discussion
4.1. Comparison with other experimental
investigations
Main scope of the present work was to examine the
evolution of the average positron lifetime during stress-
and strain-controlled fatigue experiments with empha-
sis on the reproducibility and the predictive power
of positron lifetime measurements for nondestruc-
tive testing purposes. Concerning the large number of
specimens tested and in the approach to follow each
specimen until failure by positron lifetime measure-
ments the present work differs from other work on
steels presented by Kuramoto et al. [31] on Fe-0.5 wt%
Si, by Karjalainen et al. [32] on mild steel by Gauster
et al. [33] on stainless steel AISI 316 and more recently
by Hartley et al. [20] and Asoka-Kumar et al. [34] on
AISI 304, and by Bennewitz et al [35] on the stainless
steel X6CrNiTi18-10 and on the carbon steel C45E.

Kawaguchi and different co-workers [13, 14, 16] re-
ported on positron lifetime measurements and annihi-
lation lineshape analysis in stainless steel AISI 316 L
during stress- and total strain-controlled experiments.
Positron lifetime measurements and positron annihila-
tion lineshape analysis were carried out for stress- and
strain-controlled tension-compression fatigue at ampli-
tudes of σ = 220 MPa and εtot = 3.1 × 10−3, respec-
tively [13]. Since Kawaguchi and Shirai controlled the
total strain, comparison with the present experiments is
not straight forward because because (i) εpl < εtot and
usually (ii) εpl is not constant throughout the experi-
ments when εtot is kept constant. This may result in a
different microstructure evolution.

Kawaguchi and Shirai [13] used 3 specimens to de-
termine the typical fatigue life Nf for σ = 220 MPa
and εtot = 3.1 × 10−3. Further specimens were cycli-
cally deformed to 0.1, 1, 10, 25, 50, and 100% of
this value. In contrary to the present work, positron
annihilation measurements were performed on differ-
ent specimens deformed to a different stage of fatigue
life. This introduces an uncertainty concerning the real
percentage of fatigue life. Moreover, Kawaguchi and
Shirai [13] determined a fatigue life of Nf = 357.000
for their material at a stress amplitude of 220 MPa.
In our material 220 MPa corresponds to the fatigue
limit where 50% of the specimens reached N = 107

cycles without failure. We would expect Nf = 357.000
for σ ≈ 250 MPa. Hence, the AISI 316 L used by
Kawaguchi and Shirai [13] was in a microstructure state
that made it more prone to fatigue failure than the mate-
rial used for the experiments presented here. The reason
could be a slightly different chemical composition, a
longer thermal pretreatment and a different quench-
ing rate achieved in the tube material as compared to
the plates from which our specimens were prepared.
In spite of these experimental differences, the results
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of Kawaguchi and Shirai [13] confirmed the present
findings, that the evolution of average positron lifetime
proceeds faster in strain-controlled experiments than
under stress control. Moreover, these authors convinc-
ingly demonstrated that the evolution of the average
positron lifetime τ av and that of the S-parameter are
equivalent by plotting τ av versus the parameter S that
characterizes the annihilation line shape modified by
Doppler broadening for specimens examined by both
methods.

Asoka-Kumar et al. [34] examined two batches of
stainless steel AISI 304 with different carbon con-
tent (0.056 and 0.014 at%). Like by Kawaguchi and
Shirai [13] an average fatigue life was determined un-
der the applied fatigue conditions (total strain control,
εtot = 6.6 × 10−3) and then different specimens were
cycled up to different stages in fatigue life. Positron
lifetime was measured using a 2.8 MeV positron beam
of Lawrence Livermore National Laboratory and the
spectra were decomposed in a short (≈120 ps) and a
long (≈220 ps) lifetime component. The long compo-
nent was found to saturate after about 10% of fatigue
life at an intensity of around 65–70%. Asoka-Kumar et
al. [34] could identify carbon decorated small vacancy
clusters as dominating trapping sites and moreover they
could demonstrate by electron momentum studies that
the carbon decoration of the trapping sites exhibits an
evolution throughout fatigue life.

Karjalainen et al. [32] found a more gradual increase
of the average positron lifetime during fatigue life on a
mild steel (Fe-0.16% C-0.45%Mn). Their experiments
were carried out in constant maximum stress cantilever
bending and two identically deformed specimens were
prepared in order to measure nondestructively the aver-
age positron lifetime in various stages of fatigue life by
sandwiching a 22Na-source between them. However,
bending fatigue introduces a gradient of the stress am-
plitude from a maximum value at the surface to zero on
the neutral line in the center of the specimen. Although
the bending stress has been controlled in this case the
positrons probe a volume subjected to different local
stress and strain amplitudes. Therefore the results are
difficult to compare with the present ones.

4.2. Reproducibility and predictive power
The present experiments show that the increase rate
of the average positron lifetime until saturation is the
most significant parameter related to the applied load
amplitude. The value of the average positron lifetime at
failure τ av(Nf) is practically reached after 40 and 10%
of fatigue life in stress- and strain-controlled experi-
ments, respectively. The most simple evaluation of the
initial increase in positron lifetime is the determination
of τ av(N) after N = 10000 or N = 1000 cycles, in most
cases well before τ av(N) saturates. In Figs 10 and 11
the mean positron lifetime measured after N = 10000
stress-controlled and N = 1000 strain-controlled load
cycles are presented versus the normalized fatigue life
N/Nf , respectively. Fig. 11 indicates that from a mea-
surement of τ av(N = 1000) it could be possible to esti-
mate the fatigue life Nf as long as τ av(N = 1000) is still

below the saturation value for strain-controlled exper-
iments. This is essentially the information needed for
residual lifetime assessment. Also in strain-controlled
experiments the tendency of τ av(N = 10000) to increase
with N/Nf is obvious however the data are subjected to a
rather large scatter. In spite of being able to explain the
deviation of the labelled data in Fig. 11 these data point
to a further issue to be addressed for reliable lifetime
estimates.

Positron annihilation provides a measurement on the
integral amount of positron trapping sites in a certain
rather small area whose location has to be chosen care-
fully. It cannot detect fatigue damage due local stress
concentrations around pre-existing flaws elsewhere
that might cause premature failure. Its strength is the
very early assessment of fatigue-induced microstruc-
ture changes in homogeneous material that cannot be
detected with any other nondestructive method with-
out special specimen preparation. The issue of possible
stress-concentrating inhomogeneities outside the ob-
servation area must be tackled in combination with
less sensitive methods providing a larger visual field or
by multiple measurements.

An interruption after exactly 10.000 and 1.000 cy-
cles in stress- and strain-controlled experiments, re-
spectively, seems only feasible in the laboratory. In
practice this would mean that a reasonable guess for
the number of load cycles were required to assess the
length of the service period before testing. Values of
τ av(N) already in the saturation regime are no longer
useful for residual lifetime assessments. They indicate
however that the specimen passed already the first 10%
or 40% of its fatigue life under strain- or stress-control,
respectively.

On the other hand, in most practical cases, loading
occurs with a statistical distribution of stress and stress
rate and often with a mean stress unequal to zero, i.e.,
σ min/σ max �= −1. Therefore, the aspect of loading with
stress spectra and mean stress deserves special attention
in future experiments.

For practical engineering applications it would there-
fore be an asset to combine positron annihilation with
a second method that could distinguish between later
stages of fatigue life when positron lifetime already
saturated and to identify stress-concentrations that de-
serve special attention. From Tables II and III we can
deduce a value of τ av ≈ 140 ps as alert level. Be-
low this value only one specimen failed. For higher
average positron lifetimes the risk of failure becomes
more and more imminent the higher τ av. According to
the knowledge of the authors there is no other method
that could give so early alert on accumulating fatigue
damage than positron annihilation without requiring
cumbersome surface or specimen preparation.

Recently, Asoka-Kumar et al. [34] found evidence
that in non heat-treated austenitic stainless steel AISI
304 the decoration of vacancies and small vacancy
agglomerates exhibits a continuous evolution during
fatigue life which is reflected in the Doppler broad-
ening of the annihilation radiation. This could show
the way to extend the application of positron anni-
hilation beyond the saturation of τ av by using more
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refined methods of positron annihilation lineshape
analysis.

4.3. Trapping sites in fatigued material
Fatigued materials contain a confusing variety of
positron trapping sites. Most of them exhibit specific
positron lifetimes within a range of typically 30–50 ps.
So far there is no algorithm available that reliably could
decompose an average positron lifetime in more than 3
components one of them being reserved for the source
contribution. Moreover a reliable decomposition into
2 components with a lifetime difference of less than
50 ps would require recording at least 3 · 106 coinci-
dence events [36]. These requirements counteract the
attempts presented in the this paper to perform mea-
surements with a mobile apparatus that is safe to handle
for field applications obtaining results within reason-
able time.

Table IV compiles some positron lifetime data avail-
able in literature for austenitic stainless steel, iron and
nickel. In view of the grain size of around 40–50 µm
in the present material, we neglect annihilation in grain
boundaries since its statistical weight would be too
small. The table is not exhaustive; e.g., there are nei-
ther experimental nor theoretical data available on the
positron lifetime in jogs on dislocation lines as further
supposed trapping sites [37]. The effect of lattice struc-
ture and carbon decoration on the theoretical positron
lifetime in vacancies and small vacancy clusters has
recently been treated by Asoka-Kumar et al. [34]. The
reference given in the table refers to their experimental
value on fatigued stainless steel AISI 304.

A comprehensive analysis of the individual contri-
butions of all possible trapping sites would need to in-
clude also temperature dependent measurements since
not all positron traps exhibit the same binding potential
for positrons and thermal detrapping from shallow traps
may occur (e.g. [44, 45]). Moreover, in view of the dif-
fusion length of thermalized positrons under the present

T AB L E I V Compilation of positron lifetime data reported in litera-
ture for the annihilation in the perfect lattice and in various defects

Material Annihilation site Lifetime Source

Iron perfect lattice 105 ps Dlubek et al. [38]
Iron perfect lattice 110 ps Kamimura et al. [39]
Nickel perfect lattice 108 ps Dlubek et al. [38]
AISI 304 perfect lattice 100 ps Hartley et al. [20]
Iron/nickel perfect lattice 104 ps Staab et al. [36]
AISI 316 single vacancy 175 ps Lopes Gil et al. [40]
Iron single vacancy 175 ps Dlubek et al. [38]
Nickel single vacancy 180 ps Dlubek et al. [38]
Iron single vacancy 176 ps Kamimura et al. [39]
Iron single vacancy 175 ps Vehanen et al. [41]
Iron vacancy cluster 175–300 ps Vehanen et al. [41]
AISI 304 divacancy 186 ps Asoka-Kumar et al. [34]
AISI 304 3-vacancy 211 ps Asoka-Kumar et al. [34]
AISI 304 4-vacancy 244 ps Asoka-Kumar et al. [34]
Iron dislocation 117 ps Kuramoto et al. [42]
Iron edge dislocation 165 ps Park et al. [43]
Iron screw dislocation 142 ps Park et al. [43]
AISI 304 C-decorated

vacancy cluster
220 ps Asoka-Kumar [34]

conditions that can be estimated to about 0.25 µm [28]
and the inhomogeneous distribution of dislocations in
patterns of alternating dense and poor regions with a
typical separation of 1 to 2 µm, not all positrons will
annihilate in the same environment. In face centered
cubic metals, such as austenitic stainless steels, plastic
strain may become localized in persistent slip bands
(PSBs) where a dynamic equilibrium between defect
production and annihilation is realized. These PSBs
are embedded in a so-called matrix structure that de-
forms mainly elastically by a flip-flop motion of screw
dislocations in the dislocation poor channels that sepa-
rate veins with high dislocation density [6]. According
to the model of Essmann, Gössele and Mughrabi [6]
a diffusion flux of vacancies can be expected from the
PSB regions into nearly unstrained matrix material. In
such border regions between PSBs and matrix vacancy
agglomerates may be formed that are protected from
being segmented by moving dislocations. Therefore,
a significant concentration of vacancy clusters could
exist in a thin border stripe between PSBs and matrix.

A complete physical understanding of positron anni-
hilation in fatigue microstructures is still a many years
effort. The development of more sophisticated exper-
imental methods for this purpose could benefit from
accompanying temperature dependent positron annihi-
lation measurements starting from very low tempera-
tures with excellent statistics on very pure metals and
the application of methods that allow a spatial res-
olution of positron annihilation in the micron range.
Consequently, attempts to improve the spatial resolu-
tion of positron annihilation by developing positron
“microbeams” [46] or positron “microscopes” [47] are
very promising assets for basic fatigue studies and in
support of nondestructive testing.

5. Conclusions
The results presented demonstrate that positron anni-
hilation is well suited for the detection of beginning
fatigue damage and that it could be developed into a
highly sensitive tool for nondestructive testing at least
for single phase materials. The major findings agree
well with those of Asoka-Kumar et al. [34] and of
Kawaguchi with different co-workers [13–16]. Early
measurements of the average positron lifetime exhibit
a certain predictive power for residual lifetime esti-
mates in laboratory experiments conducted at constant
stress and strain amplitudes (cf. Figs 10, 11). How-
ever, real applications with components subjected to
statistical distributions of stress and stress rate must
be examined in order to verify whether the scatter of
positron annihilation measurements can be tolerated.
Recent findings of Asoka-Kumar et al. [34] indicating
that the carbon decoration of small vacancy clusters is
varying throughout fatigue life could show the way to
extend the application of positron annihilation beyond
the saturation of τ av by using sophisticated methods of
positron annihilation lineshape analysis.

In order to get further experience with the applicabil-
ity of positron annihilation for fatigue damage evalua-
tion the next steps have to consider experiments with a
more complex fatigue history experimentally realized
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by fatigue sequences with stress amplitude spectra and
non-zero mean stress. Moreover, a survey on in-service
components with reasonably well-known fatigue his-
tory or of samples prepared from failed components
would be highly useful.

A. Appendix — Radiological safety
The irradiation of a Ge plate (2 mm thick, 10 mm in
diameter) with 38 MeV alpha particles and the subse-
quent vapour deposition of the 72Se has been performed
with the Scanditronix MC40 cyclotron at our institute.
The 72Se/72As positron generator with a maximum ini-
tial activity of about 25 µCi (0.9 MBq) caused a maxi-
mum dose rate of about 50 µSv/h in 1 cm distance from
the source. On the base of the photo multiplier tube a
maximum dose rate of 2 µSv/h has been measured.
This site is important for handling the assembly. In 1
m distance from the load train with mounted positron
generator the dose rate was 0.2 µSv/h. The dose rates
decrease with the radioactive decay of the generator of
about 8 days half-life. The dose rates indicate that there
is no risk for the user under normal working conditions
and the Health Physics authorized the use outside a
controlled area. Since the initial activity was above the
limits for free handling and the vulnerability of the
assembly was not compatible with the definition of a
sealed source, an area with a radius of 3 m around the
load train of the fatigue machine has been declared
as temporary surveillance area. Access was restricted
to personnel directly involved in the experiments and
a personal dosimeter was required. In order to avoid
a smashing of the source in case of malfunction of
the servohydraulic deformation system the cross-head
of the deformation machine was lifted to a point that
the totally expanded hydraulic actuator would leave
enough space between the hydraulic grips to save the
detector-source assembly.
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