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Abstract The average positron lifetime has been deter-

mined non-destructively and in-situ during fully symmetric

push-pull fatigue experiments in the bulk material of the

aluminium alloys 2024 T3 and 7075 T6 using a servo-

hydraulic fatigue testing system equipped with a mobile

positron beam produced by a 72Se/72As generator (initial

activity of � 0.9 MBq; average positron penetration depth

‡1 mm). Contrary to earlier investigations on stainless

steel using the same experimental approach, no variation of

the average positron lifetime could be observed during

fatigue and neither early nor late stages of fatigue damage

could be revealed. It is concluded that fatigue induced

changes of the defect spectra in technologically relevant

aluminium alloys are masked for the present method by

saturation trapping in precipitates. A sufficiently high in-

crease of the dislocation density and the creation of va-

cancy clusters must be confined to the vicinity of

propagating fatigue cracks or the fatal fatigue crack.

Therefore the zone with sufficient detectable fatigue

damage has not enough statistical weight to modify the

average positron lifetime of the aluminium alloy bulk

material.

Introduction

Positron annihilation is highly sensitive to open volume

defects like vacancies, vacancy clusters and dislocations

introduced by plastic deformation or misfit dislocations at

the interface between semi- or non-coherent precipitates

and the surrounding matrix. Even coherent precipitates that

do not offer open volumes may be efficient positron trap-

ping sites provided the positron affinity to the constituting

atoms is higher than that to the matrix [1]. Positrons

trapped in such precipitates that exceed a critical size ex-

hibit the specific positron lifetime in the corresponding

intermetallic phase [2]. Comprehensive presentations of the

physical basis of positron annihilation techniques can be

found in the reviews e.g. by Nieminen and Maninen [3],

Schulz and Lynn [4] and Puska and Nieminen [5]. In iron

and steels it has been demonstrated that the high sensitivity

of positron annihilation can be exploited to non-destruc-

tively detect early stages of fatigue, to monitor the evolu-

tion of fatigue damage and to attempt a non-destructive

residual lifetime prediction [6–10]. In aluminium alloys

positron annihilation methods contributed significantly to

the understanding of the complex precipitation processes

and precipitation kinetics that occurs in aluminium alloys

during natural and artificial aging [11–15].

In spite of the high mobility of atomic defects in alu-

minium, progressing tensile deformation has successfully

been detected in positron annihilation studies in pure alu-

minium [16–19]. Recent investigations demonstrated the

feasibility to study the initiation and growth of fatigue

cracks in fracture toughness specimens fabricated from the

industrial aluminium alloys 2024 [20] and 6013 [20–22]

using positron micro-beams with a spatial resolution be-

tween 2 lm [21, 22] and 20 lm [20, 22]. In this way the

plastic zone around the crack tip could be imaged using the
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doppler broadening of the 511 keV annihilation line [20] or

the positron lifetime [21, 22] as imaging parameter. There

are however no results available in literature that describe

the effect of progressing fatigue damage on the evolution

of the average positron lifetime of the bulk material as it

has been reported for stainless steel [6, 8].

Contrary to pure aluminium, most technologically

interesting alloys (series 2XXX, 6XXX, 7XXX) are hard-

ened by high densities of nano-sized precipitates that

consequently provide a high density of various positron

trapping sites that could well mask the effect of a minor

concentration of additionally produced positron traps dur-

ing fatigue. Indeed, the heavy plastic tensile deformation

applied to the superplastic, predominantly solution hard-

ened, aluminium alloy 5083 by Araki et al. [23], the

thickness reduction by cold rolling applied on the annealed

alloys 2024 [24] and 7075 [25] and the axial tensile

straining applied to various Al–Li alloys [26] show a very

moderate increase of the average positron lifetime com-

pared to materials such as stainless steel [6, 8], iron [7, 19]

or copper [27]. However, just due to the complex micro-

structure of aluminium alloys, the effect of fatigue on the

average positron lifetime in the bulk is difficult to predict.

Therefore, the present investigation made an attempt to

apply a technique to non-destructively follow the fatigue

damage evolution, which has already been applied suc-

cessfully to stainless steel AISI 316L [6, 28] and copper

[27, 29], to technologically relevant aluminium alloys.

Two points were in favour of this attempt. Firstly, alu-

minium and its alloys exhibit a matrix with face-centred

cubic crystal structure that is prone to the formation of

persistent slip bands during fatigue [30, 31]. If plastic strain

gets localized in such slip bands they exhibit a large turn-

over of dislocations and atomic defects [32] by continuous

production, motion and annihilation of dislocations and

dislocation dipoles, leading also to the formation of clusters

of atomic defects [33, 34], thereby changing the micro-

structure and consequently the densities of positron traps in

a way that an effect on the average positron lifetime should

be measurable. Moving dislocations can also cut through

and segment precipitates in aluminium alloys [35, 36]

causing material softening. In strain-controlled experi-

ments the crystal volume of these persistent slip bands

increases above a threshold value of the plastic strain

amplitude from zero up to 100% [30]. At least in stress-

controlled fatigue experiments at high stress amplitudes

strain localization and microstructural changes should be

expected that are detectable by positron annihilation. Sec-

ondly, the 72Se/72As positron generator used in the present

investigation emits two positron spectra with maximum

energies of 2.5 MeV and 3.3 MeV. The positrons with the

most probable energy in the spectra (about a third of the

maximum energy) penetrate about 1 mm and 1.5 mm into

aluminium. Therefore the volume contributing to the signal

is quite large and real bulk properties of the material are

revealed.

The choice of the aluminium alloys 2024 and 7075 in

the temper conditions T3 and T6, respectively, was moti-

vated by the importance of these alloys for aeronautic

industry. The experiments started with the alloy 2024 de-

formed at sufficiently high stress amplitudes to provoke

microstructural changes due to strain localization in a

significant portion of the grains. It will be shown that no

significant change of the average positron lifetime was

observed in contrast to similar experiments on stainless

steel AISI 316L. This lead to an change of the experimental

strategy, i.e., to examine fatigue specimens post-mortem,

i.e., after failure that had been used in an earlier investi-

gation to establish the Wöhler curves for various alloys. In

this way the average positron lifetime was determined after

failure as a function of the applied stress amplitudes for

various aluminium alloys. In contrast to austenitic stainless

steel that exhibits a pronounced increase of the positron

lifetime after failure with increasing stress amplitude for

each aluminium alloy a practically constant value was

found for all applied stress amplitudes.

Experimental procedures

Materials, specimen preparation and fatigue testing

The compositions of the investigated aluminium alloys as

given by the supplier certificates are compiled in Table 1.

The temper states in which the aluminium alloys were

purchased and the temper procedures are compiled in Ta-

ble 2. The alloys were purchased in form of rods of 30 mm

diameter and a few meters length. From these rods pieces

of 170 mm were cut and cylindrical fatigue specimens

were machined according to the procedure described in the

standard ASTM E 466 and ASTM E 606 of the American

Society for Testing and Materials [37]. In this way on the

central gauge length of 30 mm length with a diameter of

10 mm a final surface roughness of better than 0.25 lm

was obtained (cf. specimen shape Type A in Fig. 1 of

reference [6]). Specimen shape and the execution of the

fatigue tests complied with the ASTM Standard E 466

(’’Conducting Constant Amplitude Axial Fatigue Tests of

Metallic Materials‘‘) and ASTM Standard E 606 (‘‘Stan-

dard Recommended Practice for Low-Cycle Fatigue Test-

ing’’) [37].

The aluminium alloys were cyclically deformed in

stress-controlled experiments. The uniaxial stress r was

calculated from the axial force F, measured by a load cell,

divided by the cross sectional area A of the specimen on the

gauge length. The fatigue experiments were performed in a
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closed-loop controlled servohydraulic material test system

(MTS 810) that compares the measured current value r (t)

with the sinusoidal command signal supplied by a function

generator. The difference between both signals is used as

error signal to command the hydraulic actuator. In this way

the stress in the material follows the shape of the command

wave. Symmetric push-pull fatigue experiments (rmin/rmax

= –1) were performed at a frequency of 1 Hz for experi-

ments with on-line positron lifetime measurements and at

10 Hz for the specimens used for the determination of

Wöhler curves and post-mortem positron lifetime mea-

surements.

Positron lifetime measurements

A mobile positron beam has been mounted to the load

frame of the fatigue machine that allowed to perform

repeated positron-lifetime measurements in the center of

the gauge length without removing the specimen from the

load train. Deviating from the procedure applied in the case

of stainless steel where fatigue cycling was paused after

100, 200, 500, 1000, 2000, 5000, 10000 cycles and so on in

logarithmic sequence [6] the tests aiming at the observation

of fatigue damage evolution in the aluminium alloys were

run in continuous mode. This means that positron annihi-

lation spectra were recorded during fatigue. After accu-

mulating 106 coincidence events a new spectrum was

recorded. This variation of the method was applied in order

to allow positron trapping also into defects like single

vacancies that are mobile at room temperature and vanish

rapidly by annealing. The last measurements were per-

formed after failure of the specimens. Three experiments

have been performed in this mode on the alloy 2024 with

applied stress amplitudes of 180 MPa, 210 MPa and

250 MPa. Later on, only post-mortem measurements were

performed on specimens of various aluminium alloys that

underwent earlier fatigue testing until failure in order to

establish the fatigue limit of the materials by recording

Wöhler curves.

Table 1 Chemical composition of the investigated aluminium alloys according to supplier information. The main alloying elements are

highlighted

Alloy Composition in weight (%)

Cu Mg Zn Fe Si Mn Ti Cr Zr Al

2017 4.07 0.70 0.11 0.34 0.42 0.69 0.01 0.06 0.00 balance

2024 4.03 1.29 0.12 0.33 0.34 0.74 0.01 0.07 0.00 balance

5154 0.05 3.37 0.08 0.39 0.28 0.31 0.08 0.25 0.00 balance

6060 0.01 0.67 0.01 0.31 0.75 0.50 0.01 0.02 0.00 balance

7075 1.38 2.38 5.75 0.36 0.19 0.23 0.04 0.22 0.01 balance

Table 2 Thermal treatments of the investigated materials according

to supplier information

Alloy Treatment Treatment details

2017 T4 Extruded rod,

solution heat treated at 500 �C for 1 h,

natural aging at 20 �C for 120 h

2024 T3 Extruded rod,

solution heat treated at 500 �C for 1 h,

cold worked,

natural aging at 20 �C for 120 h

5154 H34 annealed, cold rolled and stabilization temper

6063 T6 Extruded rod,

solution heat treated at 530 �C for 1 h,

artificially aged at 150 �C for 24 h

7075 T6 Extruded rod,

solution heat treated at 470 �C for 2 h,

artificial aging at 120 �C for 24 h
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Fig. 1 Comparison of the evolution of average positron lifetime sav

during stress-controlled fatigue experiments between stainless steel

AISI 316 L and the aluminium alloy 2024. The number of fatigue

cycles N is normalized to number at failure Nf. For the comparison the

stress amplitudes for the aluminum alloy and the stainless steel have

been selected to have similar fatigue life Nf. The error bars denotes

the accuracy of the positron lifetime measurement of ±3 ps
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The experimental set-up of the mobile positron beam

and the production of the miniaturized positron sources

used for the present experiments has been described in

detail elsewhere [6, 27, 29]. A 72Se/72As generator with a

maximum initial activity of about 25 l Ci (�0.9 MBq) was

used as positron source. 72As emits two positron spectra

with maximum energies of 2.5 MeV and 3.3 MeV. The
72Se was vapour deposited inside a small gold cylinder of

0.6 mm inner diameter acting as beam collimator. This

gold cylinder was integrated in the tip of a plexiglass light

guide on top of a photomultiplier tube. The source was

covered by a plastic scintillator which produces a scintil-

lation start signal only for those positrons which are

emitted in the direction towards the specimen under

examination. 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 coinci-

dence measurement as described earlier [27, 29]. The time

resolution of the instrument has been determined as of (230

± 5) ps by fitting a Gaussian curve to the 835 keV prompt

(3 ps) line emitted from the 72Ge after the emission of a

2.5 MeV positron by the 72As.

Compared with the sandwich technique using a 22Na

source the present technique exploits a much smaller solid

angle. The effect on count rate is however largely com-

pensated by the higher detection efficiency of the b–c-

coincidence as compared to the c–c-coincidence. During

the positron-lifetime measurements the specimens were

shielded with plexiglass capturing all positrons that missed

the specimen or were reflected from its surface. The mean

positron lifetime in plexiglass of about 1500 ps, mainly

determined by the pick-off annihilation of the positron

triplet state [29], is sufficiently different from the mean

positron lifetimes in a metal of 100–300 ps that an easy

background correction could be performed by weighted

subtraction of a plexiglass reference spectrum. The

weighting factor was determined from the ratio of counts in

a window of the spectrum in which the spectrum was

determined by very long-lived contributions only

(‡1000 ps), and the counts in the same window in the

reference spectrum. This method corrects also the annihi-

lation events of low energy positrons in the scintillation

start detector as well as possible tiny contributions of short-

lived components in the plexiglass spectrum that could

interfere with long positron lifetime components in fati-

gued alloys. Before correction each spectrum contained 1.0

· 106 coincidence events. The required acquisition time

increased from about 20 min initially to more than 2.5 h

after 4 weeks due to the short half-life of the 72Se/72As

generator. Typically 55% of these events were lost by the

background correction. The average positron lifetime was

evaluated by a weighted linear regression to the linear part

of the spectrum in logarithmic presentation. The statistical

error of the fits are less than 1 ps. The overall accuracy is ±

3 ps and is determined by the reproducibility of repeatedly

recording and evaluating a spectrum of the same specimen.

The statistics after background correction is not sufficient

for a decomposition of the mean positron lifetime into

different components. At least twice the number of coin-

cidence events are recommended for a stable decomposi-

tion in more lifetime components [38].

Results

In Fig. 1 the typical evolution of the average positron

lifetime sav of a AISI 316L stainless steel specimen, taken

from an earlier investigation [6], is compared with those

obtained in the present investigation on the aluminium

alloy 2024. The number of fatigue cycles N is normalized

in both cases to the number of cycles at failure Nf. The

stress amplitudes that have been selected for comparison

result in roughly the same fatigue life Nf for both materials

of £100.000 cycles. It is evident that sav does not change

during the fatigue life of the aluminium alloy 2024 speci-

men in spite of the rather high applied stress amplitude of

250 MPa. A practically constant average positron lifetime

of sav ¼ ð187� 3Þps has been determined throughout the

fatigue experiment for all tested stress amplitudes. The

same value of sav was obtained on annihilation spectra

irrespectively whether they were recorded on-line during

fatigue, with the method applied on stainless steel, i.e.,

pausing the experiments for recording the spectra and when

the pauses were extended to some hours before recording

the positron annihilation spectra. After failure the mea-

surements could be repeated after several months with the

same results for sav.

The same behaviour was found for the aluminium alloy

7075 cyclically deformed at 260 MPa. In order to minimize

effort only a few spectra were recorded that gave enough

evidence for the same flat curve of sav versus N. Figure 2

summarizes the sensitivity of positron lifetime measure-

ments to fatigue damage. In stainless steel there is a pro-

nounced tendency of sav to increase during fatigue until

failure, which is completely absent in the aluminium alloys

2024 and 7075.

With these results the initial measurement programme

was abandoned because it became clear that a stress

dependent differentiation in the evolution of the average

positron lifetime as obtained on stainless steel could not be

verified in the aluminium alloys 2024 and 7075. In an at-

tempt to get a quick overview on the positron annihilation

behaviour in fatigued aluminium alloys a series of mea-

surements was performed on failed specimens of the alu-

minium alloys 2017, 2024, 5154, 6060 and 7075 that had

been cyclically deformed for an earlier study on aluminium

J Mater Sci (2007) 42:5620–5628 5623

123



alloys that included a check of the fatigue limit of the

alloys by recording their Wöhler curves. These Wöhler

curves and the results of the measurements of savðNfÞ after

failure at Nf fatigue cycles as a function of the applied

stress amplitude r are reported in Figs. 3 and 4, respec-

tively. From these measurements it is obvious that there is

no significant dependence of the average bulk positron

lifetime measured after failure, savðNfÞ , for the aluminium

alloys 2024 and 7075. Within the uncertainty of sav of

±3 ps and in view of the scatter inherent to fatigue

experiments the slight tendency towards increased values

for savðNfÞ on the alloys 2017 T4 and 5154 H34 appears

too weak to be useful for non-destructive testing purposes.

Discussion

The most striking and most important finding of the present

investigation is that it is not possible to monitor the evo-

lution of fatigue damage in aluminium alloys by deter-

mining the average positron lifetime with the method that

looks so promising for austenitic stainless steel. In stainless

steel [6, 8, 9] and ferritic steel [9, 39] positron annihilation

is sensitive to a microstructure change that affects the

whole bulk of the fatigued material, whereas in aluminium

alloys positron trapping in a high density of precipitates

masks the effect of fatigue with the exception of a confined

zone around the propagating crack tip, which can be de-

tected by microbeam techniques with high spatial resolu-

tion [20–22]. The significant increase of positron lifetime

around a crack tip in Al 6013 from 216 ps to 240 ps [11]

has been explained by a transition from trapping into Mg-

rich precipitates to trapping into dislocations and vacancy

clusters created by dislocation processes in the vicinity of

the crack tip [11, 22]. If fatigue damage that is detectable

by positron lifetime measurements is confined to the area in

front of the propagating fatal fatigue crack, it is however

unlikely to capture this volume element by the present bulk

measurement on a cylindrically shaped fatigue specimen

since, in contrast to fracture toughness specimens, the

geometry of cylindrical fatigue specimens does not define a

preferential site for the development of the fatal crack

within the gauge length. Even if captured accidentally, its

statistical contribution to the volume probed by the posi-

trons will probably be too low. In stainless steel the fatigue

induced increase of the average positron lifetime in the

whole cyclically stressed and strained volume allows to

follow the evolution of fatigue damage without prior

knowledge of where the fatal crack will develop.

140 160 180 200 220 240 260 280 300

0

5

10

15

20

25

30

35

40

45

50

55

60
∆τ

av
(N

f) 
in

ps

σ in MPa

 AISI 316L
 AL 2024
 Fatigue Limit AISI 316L
 Fatigue Limit AL 2024
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The determined sav values for the alloys are rather low

compared with literature data (see Table 3 [11, 14, 22, 23,

40–44]) and nourished some doubts about the evaluation

procedure and the background correction. However, vari-

ous attempts to vary the width and the position of the

windows on the spectra for the linear regression and the

background correction resulted only in a linear shift of the

sav values by 3–5 ps. There were no indications on a so far

undiscovered, hidden tendency in the positron lifetime

data.

Various studies on the precipitation kinetics during

aging report that in aluminium alloys there is apparently no

trapping and annihilation in dislocations [20, 26, 41] since

the positron affinity to precipitates is much higher. The

high density of vacancies that are produced by fatigue

especially in areas of strain localization are efficient posi-

tron traps. However, they are mobile in the aluminium

matrix at room temperature [45, 46]. Therefore they con-

tribute to the annealing of dislocations by climb which is an

efficient way of consumption of atomic defects. Only those

will survive that create solute vacancy complexes or that

are themselves trapped in or by precipitates. The great

variety of positron traps that may contribute to the positron

lifetime spectra in aluminium alloys and their specific

positron lifetimes have been classified and compiled by

Dlubek et al. [40, 42, 47]. The savðN ¼ 0Þ values deter-

mined for the aluminium alloys used in the present study

(see Table 4) are roughly within the limits reported in lit-

erature, whereas the mechanical properties correspond to

the expectations [48, 49]. The values for savðN ¼ 0Þ do not

correspond to the specific lifetime of a certain positron

trap. Therefore, under the assumption that saturation trap-

ping is maintained during fatigue, various traps related to

precipitates must contribute to the average positron lifetime

with approximately constant statistical weight. Moreover,

none of the dominant trapping sites are significantly

modified during fatigue e.g. by capturing fatigue induced

vacancies.

Table 3 Compilation of positron lifetimes strap for specific trapping sites identified in different aluminium alloys classes and the observed range

of the average positron lifetime, sav , as reported in literature for various treatment conditions (GPZ denotes Guinier–Preston-Zones)

Alloy Positron trap strap Source Range of sav in literature

Al2024 h¢ (Al2Cu) phase 192 ps [40] 212–186 ps depending on aging time at 190 �C after solution annealing (5 h, 483 �C),

water quenching, preaging at 20 �C for 72 h and tensile deformation at 62 �C [41];

with modified treatment parameters: 212–178 ps [14];

S¢ (Al2CuMg) phase 240 ps [40] 210–186 ps [42] and 207–192 ps [43]

GPZ containing a vacancy 177 ps [14]

Al5083 – – – 161 ps fully annealed, increasing to

218 ps after cold rolling and decreasing to

203 ps after superplastic deformation [23]

Al6013 Mg-rich precipitates

dislocations and/or small

216 ps [11] 216 ps in annealed (’’as received’’) state [11]

vacancy clusters 240 ps [22] 240 ps around a propagating crack tip [11, 22]

Al7012 GPZ 155 ps [40] 203 ps after solution annealing (2 h; 475 �C), quenching to 20 �C, preaging (5 d; 20–

45 �C) and agingfor 2000 min at 180 �C [44]

GPZ associated with

vacancy

220 ps [40]

Al7075 (Al–Zn) a¢Rc¢ phase 240 ps [40] between 189 ps after 3 h annealing at 320 �C and 214 ps after 3 h annealing at 240 �C

following solution annealing (5 h at 500 �C) and water quenching [42]

(Al–Zn–Mg) g¢Zn2Mg

phase

240 ps [40]

Table 4 Mechanical alloy properties according to supplier information: critical yield stress at 0.2% elongation, r0.2, maximum yield stress, rm,

elongation at rm, fatigue limit at 1 · 107 cycles, and average positron lifetime savðN ¼ 0Þ in the as received state, before fatigue (N = 0)

Alloy and state r0.2 in MPa rm in MPa emin % Brinell Hardness Fatigue limit in MPa savðN ¼ 0Þ in ps

2024 T3 508 571 11 – 150 ± 10 193 ± 3

2017 T4 230 380 10 105 80 ± 10 187 ± 3

5154 H34 228 295 12 74 120 ± 10 191 ± 3

6060 T6 185 230 12 – 120 ± 10 184 ± 3

7075 T6 485 625 7 145 190 ± 10 189 ± 3
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One of the problems comparing the present positron

lifetimes on industrially produced material batches with

literature data is the incomplete knowledge of the pro-

cessing parameters. For commercially purchased alloys,

parameters like temperature homogeneity, quenching rates

and natural aging, which may continue as ‘‘shelf aging’’,

are less controlled than in laboratory experiments that are

especially designed to investigate precipitation sequences.

Especially quenching rates are poorly defined since they

depend on the batch size and geometry of the treated

material and not only on the temperature difference be-

tween the material and the quenching medium. Moreover

quenching rates are likely to vary with the distance from

the material surface in a quenched piece. In many inves-

tigations also the composition of the alloys is restricted to

the components of Guinier–Preston zones and intermetallic

particles of known composition thereby controlling much

better the content of impurities. A comparison with recent

studies [11–15] indicates that the variation bands of the

thermal and mechanical treatment parameters tolerated in

industry for temper treatments such as T3, T4 or T6 [48]

are large enough to cause significant differences in the

measured average positron lifetime. The present materials

have been supplied in a state that can essentially be con-

sidered as stable, as requested and used by industry. Ta-

ble 2 compiles the treatment parameters as far as the

details could be retrieved from the suppliers.

The sav values for the alloys 2017 and 2024 can be

discussed together since both are Al–Cu–Mg alloys. In the

as received, naturally aged state values of 193 ± 3 and 187

± 2 were determined, respectively. Staab et al. [43] re-

ported a lifetime of 208 ps in their naturally aged 2024

specimens and a decrease over up to 40 years due to

continuing natural aging. For different thermal treatments

of Al–Cu–Mg alloys the literature data range between

182 ps [14] and 212 ps directly after solution annealing

and quenching to room temperature [14, 41]. The present

sav values are rather on the lower limit and are usually

obtained only after artificial aging at temperatures well

above room temperature [14, 41]. In all laboratory exper-

iments the duration of the homogenization or annealing

treatment at a temperature between 482 �C and 500 �C is

between 2 and 10 h, which is much longer than the one 1 h

in the present case [13, 14, 41, 50, 51]. Moreover, the

straining required for the T3 state has been performed only

in two investigations [41, 51]. If we assume saturation

trapping with sav � 190ps the candidates are semi-coherent

precipitates of the h¢ (Al2Cu) and S¢ (Al2CuMg) phases

with specific positron lifetimes of 192 ps and 240 ps,

respectively [40], with a necessary contribution of trapping

in copper-rich precipitates, Guinier–Preston zones or

clusters containing a vacancy [14] to which a lifetime of

177 ps has been assigned [52]. Ferragut and Somoza [41]

pointed out that misfit regions compete with Guinier–

Preston–Bagaryatskii zones and clusters as trapping sites,

whereas single vacancies disappear too quickly to be de-

tected, and in spite of high dislocation densities trapping

into dislocations does not contribute to the spectrum be-

cause the positron affinity to other structural defects is

much higher.

For the alloy 7075 which is of Al–Zn–Mg type Dlubek

et al. [42] reported a positron lifetime of 210 ps after iso-

chronal annealing for 3h, and a minimum of 189 ps after

annealing at 320 �C. In the alloy 7012, Somoza [44] re-

ported a positron lifetime of 212 ps after artificial aging. In

both cases however, the aging temperatures were at least

150 �C and hence higher that in the present case. Also the

compositions of the alloys differ from our’s. Other differ-

ences like pre-aging at room temperature may affect the

positron lifetime too. Macchi et al. [12] reported average

positron lifetimes after annealing at 460 �C for 2 h and

artificial aging at 150 �C for 24 h of about 206 ps that

decreased towards 202 ps after one week at room tem-

perature. This was the treatment closest to the present T6

temper found in literature. Also in this case the values

found in the present investigation are slightly lower than in

literature, however, the composition of the alloy used by

Macchi et al. [12] is quite different from 7075 as it con-

tains less Zn, more Mg and nearly no further impurities. An

intentionally introduced Ag impurity caused a decrease of

the positron lifetime to 196 ps after one week at room

temperature. Following Dlubek et al.[40] the potential

positron traps are coherent Guinier–Preston-Zones without

vacancies, with associated vacancies, and semi-coherent

precipitates of the a¢Rc¢ and g¢Zn2Mg phases with positron

lifetimes of 155 ps, 220 ps, 240 ps and 240 ps, respec-

tively. Hence, in the present case the dominating contri-

bution must be trapping in coherent Guinier–Preston-Zones

without vacancies.

No literature data could be found concerning positron

lifetimes in the aluminium alloy 5154. For the most

similar alloy of the 5XXX series examined by positron

annihilation, the alloy 5083 [23] with the composition

4.7Mg-0.65Mn-0.13Cr, average positron lifetimes of

161 ps in the fully annealed state, 218 ps after cold

rolling and 203 ps after superplastic deformation at high

temperature have been reported, which is however too

unspecific for any comparison. Also no data are available

on the average positron lifetime in the alloy 6060. Only

a value of 216 ps, attributed to positron trapping in Mg-

rich precipitates, has been reported by Dupasqier et al.

[11] for the alloy 6013 T6 of the 6XXX family. Due to

the strong influence of composition and thermal and

mechanical treatment on the microstructure and hence on

the density of positron traps, we can only conclude that

the sav values obtained in the present study are on the
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lower side of the range found in literature, but still ap-

pear reasonable.

It is beyond the scope of the present paper to review the

trapping behaviour of positrons in precipitation hardened

aluminium alloys. But taking into account (i) the typical

densities of nanometer-sized precipitations (3–7.5 nm in

the alloy 7075 T6) in the range between 5 · 1019 m–3 [53]

and about 3 · 1023 m–3 [54], corresponding to an particle

separation of some 10 nm, and (ii) the diffusion length of

positrons in defect-free aluminium of about 400 nm [43]

and (iii) the precipitates being formed by alloying elements

having a significantly higher positron affinity than the

matrix [1] it is reasonable to assume that even high dislo-

cation densities cannot compete with precipitates as trap-

ping sites. For non-destructive testing purposes

unfortunately also the large amount of vacancies produced

during fatigue do neither form a sufficient density of

agglomerates, nor does a sufficiently high fraction of the

precipitates trap vacancies in order to create a measurable

effect on the average positron lifetime when getting trap-

ped there. The fact that fatigue crack tips can be visualized

making use of focussed positron beams indicates that

detectable damage is indeed produced but it is too localized

to be measurable with a bulk method. On the other hand for

a non-destructive testing method the precise knowledge of

the fatigue crack initiation site is no practicable pre-

requisite.

Conclusions

In spite of the large turnover of vacancy-like defects during

fatigue that also favours the formation of vacancy clusters,

the determination of the average positron lifetime is not

sufficient to detect the evolution of fatigue damage in the

bulk material of industrial aluminium alloys. A fatigue

induced modification of the positron trapping behaviour

can only be observed unambiguously in front of the

propagating fatigue crack tip by applying positron micro-

beams with sufficiently high spatial resolution [20–22].

Obviously such zones do not contribute with sufficient

statistical weight to the large volume probed by the posi-

trons with maximum energies of 2.5 MeV and 3.3 MeV

that deeply penetrate into the aluminium alloys. In all

examined cases trapping in precipitates dominates over

trapping in fatigue-induced traps. In order to further

investigate the utility of the non-destructive method of

positron annihilation to monitor the evolution of fatigue

damage also in aluminium alloys, more sophisticated

methods like coincidence Doppler broadening spectros-

copy might be applied to retrieve refined information on

possible fatigue induced changes of the chemical envi-

ronment of the positron trapping sites [16]. The required

minimum number of coincidence events necessitates

however the use of stronger positron sources or much

longer counting times and will probably limit its techno-

logical relevance for NDT purposes.
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