
J O U R N A L O F M A T E R I A L S S C I E N C E 3 8 (2 0 0 3 ) 3755 – 3763

Defect depth profiling after sphere indentation

and blasting in aluminum and aluminum alloy

detected by positron annihilation

EWA DRYZEK
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The paper presents the experimental results of positron annihilation measurements of the
subsurface zones in aluminum and aluminum alloy exposed to the indentation of the small
steel ball or blasting by the silicon carbide particles. The measurements of the Doppler
broadening of the annihilation line and positron lifetime (PL) enabled the depth profile of
open volume defects induced by indentation and blasting processes to be obtained. The
coincidence of the von Mises criterion for yield with the onset of the increase of the defect
concentration at certain depth was detected. It was established that the defects created in
the pure aluminum and the aluminum alloy detected by positrons are different. However,
the kinds of induced defects do not change with depth. The PL measurements indicate the
presence of vacancy clusters in samples exposed to blasting. The vacancy clusters created
in the aluminum alloy are larger than in the pure aluminum. C© 2003 Kluwer Academic
Publishers

1. Introduction
The elastic stress fields generated by an indenter in a
flat extensive specimen are complex but well-defined.
However in ductile materials blunt indenter such as a
sphere or cylindrical punch may readily induce plas-
ticity [1]. When the response of the specimen material
is elastic-plastic theoretical treatments are limited by
simplifying assumptions [2]. Generally, the results of
theoretical calculations of the stress fields e.g., based
on the finite element method, are compared with ex-
perimentally observed phenomena (e.g. [3]). Optical
microscopy, scanning and transmission electron mi-
croscopy and X-ray diffraction are among the standard
methods extensively used for characterization of sub-
surface deformation.

Application of positron annihilation spectroscopy
may give the complementary information on mi-
crostructure of the deformed subsurface region. This
method is used in studies of crystal lattice defects in
metals and alloys. It is specifically sensitive to open
volume defects such as vacancies, vacancy clusters,
microvoids or dislocations. When a positron enters the
sample, its kinetic energy becomes equal to the ther-
mal energy very rapidly. After reaching the thermal
energy the positron diffusing in a crystal lattice sam-
ples about 106 lattice sites. Then the positron annihi-
lates with an electron with release of a γ -quantum pair.
It is well established that the emitted γ quanta reflect
the local microscopic electronic properties since the
positron energy is negligible in comparison with the
electron energy. Positrons diffusing in the crystal lat-

tice are strongly attracted by open volume defects, like
vacancies, vacancy clusters or voids. The trapping of
positrons into these defects causes the changes in the
measured positron annihilation characteristics such as:
the positron lifetime, the energy spectrum (the Doppler
broadening of the annihilation line) and the angular
correlation of the annihilation quanta. The sensitivity
of the positron lifetime spectroscopy to the open vol-
ume defects is based on the fact that the positron an-
nihilation rate is determined by the electron density in
the defect. Positron lifetime spectrum consists of one
or more components in the form of exponential decay
lines described by their decay rates λi and intensities
li . The positron lifetime τi = 1/λi. If the volume of the
defect the positron is trapped in increases the value of
the positron lifetime also increases.

Positron annihilation method allows detecting a min-
imum vacancy concentration of an order of 0.1 ppm.
Other defects created by plastic deformation such as
dislocations are capable of trapping positrons due to
their localization by e.g., jogs at the dislocation line
[4]. Positron annihilation method is not sensitive to in-
terstitial atoms.

Positron annihilation techniques have been applied
to study defects induced by e.g., plastic deformation,
thermal generation of vacancies or radiation damage.
Application in deformed materials has been reported in
the literature e.g. [5–7].

Our previous works [8–10] concerned the positron
annihilation study of the subsurface zones in cop-
per arising as an effect of different processes like
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indentation, compression, blasting but also sliding
friction: dry and with lubrication. In case of indentation
we found that the defect depth distribution exhibited a
complex structure as indicated by the presence of layers
with different defect concentrations. The defect depth
distribution produced in the blasting process of copper
samples had different character and was similar to that
obtained as a result of sliding of a steel ball on a copper
surface [9, 10]. Considering the widespread applica-
tions of aluminum and aluminum alloys it is interest-
ing to investigate the defect depth distribution in these
materials. Comparison of the obtained results with the
results for copper would be interesting on account of
the difference in the stacking fault energy (SFE) which
is known to have strong impact on the microstructure of
the deformed metal. Aluminum is an example of a high
SFE while the value of SFE for copper is intermediate
between high and low SFE materials.

In the present work positrons were used for probing
the aluminum and aluminum alloy samples after plas-
tic deformation by a load indenter or after blasting with
silicon carbide particles. The first case corresponds to
deformation at a low strain-rate as the indenter pen-
etrates into the material, in the latter the strain-rates
in the surface layer are much higher. The results of
the positron annihilation measurements were compared
with the results of theoretical calculations of the stress
fields obtained with the elastic theory.

2. Experimental details
2.1. Sample preparation
We used well annealed 99.999% purity Al samples in
the shape of discs 25 mm in diameter 4 mm thick and
6082-T6 (AlMgSi1Mn) aluminum alloy samples in the
form of plates 15 mm × 15 mm × 10 mm cut from
a sheet. The chemical composition of the alloy was:
97.4 wt% of Al, 0.9 wt% of Mg, 0.7 wt% of Mn, 1 wt%
of Si.

The Al samples were annealed in vacuum at 600◦C
for 1 h and then cooled within the furnace to room
temperature. No thermal treatment was performed for
the aluminum alloy samples.

On the surface of the samples indentations were made
in 1 mm distance in two perpendicular directions cov-
ering an area of 15 mm × 15 mm. This was neces-
sary because the diameter of the 22Na source (activity
40 µCi) emitting positrons was 10 mm. The indenter
was a martensite steel ball 4 mm in diameter and the in-
dentations were made in same way as in the Rockwell
hardness test. The loads applied to the indenter were
equal to 10 N and 20 N.

The traces of indentations on the sample surface
had the shape of circles whose diameters, as measured
with a metallographic optical microscope, were equal
to 0.75 mm for the load of 20 N and 0.59 mm for the
load 10 N for the aluminum. The ratio of the treated
area to the whole area covered by the source was 44%
and 27%, respectively. The diameters of indentations
in aluminum alloy were equal to 0.35 mm for the load
of 20 N and 0.29 mm for the load of 10 N. The ratio of
the treated area to the whole area covered by the source
was 10% and 5%, respectively.

In each case two identical samples were prepared and
the source, enveloped in the kapton foil 7 µm thick, was
sandwiched between them. After the positron annihi-
lation measurement samples were etched to remove a
layer of thickness of about 30 µm from the surface and
the next measurement was performed. The solution for
aluminum etching was as follows: 30 g NaCl, 200 g
NaOH, 1 litre of distilled water. The solution for alu-
minum alloy etching was slightly different: 50 g NaOH,
40 g NaF, 0.91 litre distilled water. In both cases etching
was carried out at 50◦C.

Additionally samples of aluminum and aluminum al-
loys were prepared whose surfaces were blasted by sil-
icon carbide particles with an air pressure 6.5 bar. The
silicon carbide particles had diameter less than 0.5 mm
and an irregular shape with sharp edges. The procedure
of sequenced measurements described above was ap-
plied also to the blasted specimens. Both surface treat-
ments of samples: the indentations and blasting were
performed at room temperature.

2.2. The positron annihilation
measurements

The Doppler broadening of the annihilation line was
used in our investigations. In this method the en-
ergy spectrum of the annihilation radiation is usually
measured with a high-purity germanium detector. The
obtained spectrum is characterized by the so-called
shape parameters [11]. The S-parameter the one that
is the most frequently used. It is defined as the ratio
of the area under the fixed central part of the annihila-
tion line to the area under the whole annihilation line.
It is sensitive to the annihilation of positrons with low
momentum electrons which are present in open vol-
ume defects. The electrons in the interstitial regions of
the perfect lattice have slightly higher momenta. Then
the S-parameter is sensitive to the average density of
open volume defects. Similarly one can define the W-
parameter as the ratio of the area under the fixed wing
region of the annihilation line to the area under the
whole annihilation line. This region reflects the annihi-
lation with high momentum electrons. A change of the
slope of the S-W dependence indicates a change of the
defect type in the material.

The Doppler broadening of the annihilation line
was measured using the spectrometer with the high-
purity germanium detector (HpGe) with energy res-
olution FWHM = 1.40 keV at 586 keV. There were
extracted from the spectrum the shape parameters.
The energy range for calculation of the S-parameter
was (511 ± 1.13) keV and for W-parameter (516.41–
516.94) keV.

The sequenced measurements enabled to obtain
the S-parameter depth profile which is a convolution
of the positron implantation profile and the actual
S-parameter depth profile. Fast positrons emitted from
the radioactive source 22Na are implanted at the depth
of a few tens of micrometers depending on the mate-
rial of the specimen. In the case of aluminum 84.7% of
positrons are stopped to the depth 94 µm [12]. In one
measurement the contribution to the obtained value of
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the S-parameter originates from the some depth range.
The depth resolution of the method in case of aluminum
seems to be much lower then in the case of copper for
which the corresponding value is equal to 28 µm. Nev-
ertheless, if the defect profile extends up to a few hun-
dreds of micrometers the changes of the S-parameter
with the depth are visible. At this stage it is difficult
to deconvolute obtained experimental dependencies.
However, for example the measured exponential decay
of the S-parameter reproduces the exponential decay of
the defect concentration and the presence of the layer
with higher defect concentration than the surrounding
regions causes the rise of the S-parameter value [13].
Comparatively high penetration depth of the positrons
from the 22Na radioactive source in aluminum causes
smoothing of the S-parameter changes.

Additional positron lifetime measurements were per-
formed using a conventional fast-fast coincidence life-
time spectrometer with BaF2 scintillators with the time
resolution (FWHM) of 240 ps for the 22Na energy win-
dow. Data were analyzed using the LT version 2.5 com-
puter program [14]. In the analysis of the PL spectra,
the background and source corrections were taken into
account.

Positron annihilation measurements were performed
at room temperature.

3. Experimental results
3.1. Expected positron trapping defects and

the influence of sample preparation
It is well known that in a plastically deformed metal
dislocations are created. Moving dislocations with jogs
produce tracks of point defects. After a deformation the
sample contains dislocations and a higher than equilib-
rium concentration of vacancies and interstitials. The
high mobility of interstitial in aluminum causes their
annihilation at temperatures higher than 50 K [15]. The
migration of vacancies takes place below 0◦C [16]. Af-
ter a deformation at room temperature it is expected that

Figure 1 S-parameter depth-profile for the high purity aluminum sample (closed circles) whose surface was covered by indentations with a steel ball
under a normal load of 10 N. The solid lines present the calculated principal stresses beneath the ball. The dashed line presents the σM resulting profile
of the von Mises stress and a marks the Hertz radius given by equation (1). The right part of the figure presents the S-W plot.

the aluminum samples contain a high dislocation den-
sity and vacancy loops or small vacancy clusters pro-
duced by agglomeration of vacancies [17]. Increase of
the S-parameter value after deformation in comparison
with the value for the well-annealed sample indicates
the presence of defects trapping positrons.

To exclude the influence of the etching temperature
on the sample the rolled Al (99.999%) specimens were
kept in water at 50◦C for 15 min. The S-parameter val-
ues did not change within experimental error. The fact
that influence of etching at 50◦C on the defect structure
is small seems to be confirmed by the experimental re-
sults of the S-parameter measurements for isochronal
annealing of the single crystal aluminum specimens
strained by rolling at room temperature reported in
[17]. The temperature at which the S-parameter starts
decreasing depends on the degree of deformation and
for 48% deformation takes place at 90◦C. For smaller
deformations the reduction of the S-parameter to the
reference value takes place at higher temperatures. For
the temperature range between room temperature and
50◦C changes of the S-parameter are small.

It seems that the hydrogen uptake during etching is
negligible. After taking off a few layers from the pure
aluminum sample surface, the S-parameter approached
to the value measured for the untreated well-annealed
sample. For the aluminum alloy the hydrogen solubility
should be comparable.

3.2. Aluminum
3.2.1. Indentation treatment
Figs 1 and 2 present the depth profiles of the S-
parameter for the aluminum samples exposed to an in-
dentation test with normal loads of 10 N and 20 N, re-
spectively. The dashed horizontal line marks the value
of the S-parameter for the non-damaged surface which
corresponds to the bulk value characteristic for the ma-
terial without open volume defects induced by defor-
mation. On the right side of each figure the appropriate
S-W plot is presented.
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Figure 2 S-parameter depth-profile for the high purity aluminum sample (closed circles) which surface was covered by indentations with a steel ball
under a normal load of 20 N. The solid lines present the calculated principal stresses beneath the ball. The long dashed line presents the σM resulting
profile of the von Mises stress and a marks the Hertz radius given by equation (1). The right part of the figure presents the S-W plot.

The value of the S-parameter for the surface is higher
for the higher load, i.e., 20 N. Also the depth at which
the S-parameter approaches to the bulk value depends
on the load. For 10 N it is about 400 µm and for 20 N
it is above 700 µm. For both loads the dependences of
the S-parameter on the depth are not smooth.

For a load of 10 N the fluctuations are biggest in the
range of first 120 µm and the drop of the S-parameter
value at this depth is significant. Then the decrease of
the S-parameter with increasing depth is slower. Sim-
ilarly for a load of 20 N the drop of the S-parameter
value is biggest in the range of first 160 µm. In the
following depth range the S-parameter exhibits some
maxima: at 220 µm, 390 µm and 480 µm. These may
reflect the presence of layers with different defect con-
centrations. In this case the maxima correspond to lay-
ers with higher defect concentration than in the neigh-
boring area. For 10 N the area between 140 µm and
210 µm with higher values of the S-parameter may be
distinguished. However, the confirmation of the pres-
ence of the layers with different defect concentrations
requires further measurements.

The slopes of the straight lines fitted to the exper-
imental points in the W-S plots do not differ signifi-
cantly: −3.72 ± 0.44 for 10 N and −3.49 ± 0.42 for
20 N.

In Figs 1 and 2 we plot as well the principal stresses
distribution, σ1−3, direct beneath the spherical indenter
according to the relations published in [1] and obtained
by Huber [18] (see Appendix). Along the z axis at r = 0
the two principal stresses are equal σ2 = σ1 Taken with
the negative sign they are smooth rapidly decreasing
functions of the depth. The value of −σ3 also decreases
but it changes more slowly with the depth. The func-

tion σM =
√

1
2 [(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2]

used in the von Mises criterion for yield is also plot-
ted. The dotted horizontal lines present the range of
the yield stress values given by the aluminum supplier,
(10–35) MPa [19]. Below the depth at which the von
Mises criterion is fulfilled i.e., σM = Y the S param-

eter reaches the bulk value for the load 10 N. For the
load 20 N the S-parameter value also diminishes signif-
icantly. It means that no plastic deformation occurred
deeper. We observed a similar effect for copper [8].
It is difficult to find other coincidences between the
measured S-parameter depth profile and the calculated
elastic indentation stress fields, solid lines in Figs 1
and 2.

In the literature one can find so-called expanding cav-
ity model proposed by Johnson [20] (see also [1]) which
describes the plastic deformation beneath a ball inden-
ter. Plastic deformation in the vicinity of the indenter
is compared to that which occurs during the radial ex-
pansion of a spherical cavity subjected to internal pres-
sure. Johnson replaced the expanding spherical cavity
with an incompressible, hemispherical core of mate-
rial directly beneath the indenter of radius equal to the
contact circle, a. The core hemisphere is surrounded
by a hemispherical plastic zone which connects with
the elastically strained material at some radius. The ra-
dius of the contact circle and core hemisphere one can
calculate using the Hertz radius:

a = 3

√
4

3

k P R

E
, (1)

where P is the normal load, R is the radius of the
ball, and k is the elastic mismatch parameter given by
k = 9[(1 − ν2) + E(1 − ν ′2)/E ′]/16. Here, E ′ and ν ′
are the Young’s modulus, the Poisson’s ratio of indenter
material, respectively. The radius of the plastic hemi-
sphere can be estimated from the von Mises criterion
mentioned above. In Figs 1 and 2 we marked the ra-
dius a. Note the distinct drop of the S-parameter in the
vicinity of the radius avalue which could mark the bor-
der between the core and the plastic hemisphere. This
can support the expanding cavity model. Nevertheless,
such a behavior at the Hertz radius was not observed
for copper [8].
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3.2.2. Blasting treatment
Fig. 3 presents the dependence of the S-parameter on
the depth for the aluminum sample blasted by the silicon
carbide particles at a pressure of 6.5 bar. The value
of the S-parameter for the surface is higher then for
samples exposed to indentations. The S-parameter even
increases at depth 30 µm, then decreases smoothly and
eaches the bulk value at the depth 300 µm. Passing
over the value of the S-parameter for the surface, the
exponential decay function:

S(z) = S0 + A exp

(
− z

d0

)
(2)

can be fitted to the remaining experimental points. The
obtained values of parameters are following: S0 =

Figure 3 S-parameter depth-profile for a high purity aluminum sample after blasting with small silicon carbide particles with a pressure of 6.5 bar.
The solid curve presents the best fit of the relation (2) to the experimental points except the point at the surface. The right part of the figure presents
the S-W plot.

Figure 4 S-parameter depth-profile for the aluminum alloy sample (closed circles) which surface was covered by indentations with a steel ball under
a normal load of 10 N. The right part of the figure presents the S-W plot.

0.4947 ± 0.0004, A = 0.0118 ± 0.0006, d0 = (115 ±
15) µm.

The slope of the W-S plot equals –4.50 ± 0.44 and
differs slightly from the values for other aluminum
samples.

3.3. Aluminum alloy
3.3.1. Indentation treatment
The results obtained for the aluminum alloy samples
exposed to indentations with loads of 10 N and 20 N
are presented in the Figs 4 and 5, respectively. The alu-
minum alloy samples were made of raw material, which
contained defects associated with structure and/or in-
duced by mechanical working. In spite of the lack
of earlier annealing the indentation, especially with
the higher load, produces additional defects. This is
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Figure 5 S-parameter depth-profile for the aluminum alloy sample (closed circles) which surface was covered by indentations with a steel ball under
a normal load of 20 N. The right part of the figure presents the S-W plot.

reflected in the rise of the S-parameter value, Figs 4
and 5. For the load 10 N the increase of the surface
value of the S-parameter is small. Then the S-parameter
decreases below the surface value for the untreated
sample and exhibits a maximum at 160 µm. The
maximum may signify the layer with higher concen-
tration of defects. For the sample exposed to the inden-
tation with the load 20 N, starting from the surface the
S-parameter decreases to the depth 60 µm getting the
almost constant value at the depth range 60µm–130µm
which is little bit higher than the surface value of the
S-parameter for the sample before treatment, Fig. 5.
This may be connected with the presence of a layer
with higher concentration of defects as in the case of the
load 10 N. Then the S-parameter decreases to the lower
value. The total range of the S-parameter change ends
at the depth 160 µm, which is considerably less than for
the aluminum sample. The fact that the S-parameter in

Figure 6 S-parameter depth-profile for the aluminum alloy sample after blasting with small silicon carbide particles with a pressure of 6.5 bar. The
solid curve presets the best fit of the relation (2) to the experimental points. The right part of the figure presents the S-W plot.

both cases decreases to a value lower than the surface
value for untreated sample indicates that concentration
of defects in the surface layer of the untreated sample is
higher than in the deeper layers. This is a consequence
of the mechanical treatment of the raw material and
lack of annealing. The slopes of the straight lines fitted
to the experimental points in the W-S plots are equal
−5.78 ± 1.83 and −5.73 ± 0.93 for loads 10 N and
20 N, respectively.

3.3.2. Blasting treatment
Fig. 6 presents the dependence of the S-parameter on
the depth for the blasted sample of aluminum alloy.
The total depth range of the S-parameter changes, ca.
300 µm, is much bigger then for the aluminum al-
loy samples exposed to indentations but surprisingly
it is comparable to total depth range for the blasted
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pure aluminum sample. The parameter d0 obtained
from the fitting of the relation (2) to the experimental
points is also similar: d0 = (120 ± 15) µm. Remaining
parameters are following: S0 = 0.4990 ± 0.0008 and
A = 0.0182 ± 0.0008. However, in this case a layer
at the surface with lower concentration of defects is not
present. The slope of the fitted straight line in the W-S
plot is −7.30 ± 0.52.

4. Discussion
4.1. Aluminum
As was mentioned previously the deformed samples
contained a high number of dislocations and vacancy
loops or small vacancy clusters. The results of the the-
oretical calculations of positron states [21] showed that
dislocations in aluminum are very shallow traps but
vacancies and single jogs at the dislocation line can lo-
calize positrons which result with a lifetime of about
224 ps. It is in a good agreement with the experimentally
observed lifetimes in aluminum containing dislocations
(228±1 ps) see e.g., [22]. The experimental value of the
positron lifetime for the bulk vacancy is between 244 ps
and 251 ps [23–25] (the calculated value is 254 ps [21]).
The calculated lifetimes for vacancy clusters given in
[26] are higher. The experimental value of the bulk
positron lifetime for aluminum is 163 ps–166 ps [23,
25, 27]. In the case of the Doppler broadening mea-
surements positrons annihilating trapped in the differ-
ent kind of open volume defects contribute to the rise
of the S-parameter. The one straight line fitted to the
W-S dependency suggests that the type of defects trap-
ping positrons does not change with the depth, but its
concentration decreases with increasing depth. The sin-
gle straight lines were fitted to the experimental points
plotted in the W-S graphs for the aluminum exposed to
indentations (Figs 1 and 2) although in the region where
the S-parameter approaches to the bulk value the depar-
tures of the points from the straight line could suggest
the possibility of fitting of the another straight line with
a different slope. This could be connected with a change
of the type of the positron trapping sites at the depth
in the vicinity of the bulk material but such a conclu-
sion could not be justified because the changes of the
W- and S-parameter in this region are small in compar-
ison with the whole range of these parameter changes.

The average slopes of the straight lines fitted to the
experimental points in the W-S plots for the indenta-
tion of the aluminum samples with the loads of 10 N
(−3.72 ± 0.44) and 20 N (−3.49 ± 0.42) do not differ
within experimental error. This indicates that for both
loads the defects generated in the material are of the
same type.

For the blasted aluminum sample the dependence of
the S-parameter on the W-parameter suggest that the
type of created defects also does not change in the
whole depth range but the slope of the straight line
has the lower value than for the samples exposed to
indentations, which indicates different type of positron
trapping sites. In order to learn more about the type
of defects present in the samples the positron lifetime
measurements were performed. Results of such mea-

surements not always are sufficiently accurate to decide
whether the lifetime spectra contain one or two compo-
nents as it was reported by Petersen in the case of the
aluminum single-crystal deformed 50% by rolling [17].
In such a case only the mean positron lifetime may be
considered. Electron microscopy revealed the presence
of vacancy loops with a size distribution. In our case the
deconvolution of positron lifetime spectrum into two
components was made. The first component coming
from the bulk was equal to (151 ± 7) ps and the second
equal to (272±8) ps with the intensity (43.4±3.5) may
correspond to the annihilation of positrons trapped at
clusters of two vacancies [26]. The mean lifetime τ̄ was
equal to 204 ps.

Exponential decay of the S-parameter depth pro-
file for the blasted aluminum indicates that the defect
concentration also decreases exponentially with the in-
creasing depth [12]. Similar exponential decay was ob-
served for the blasted copper but without the initial in-
crease of the S-parameter. This increase may be caused
by the annealing of defects in the surface layer of ma-
terial as a result of temperature increase or deformation
during blasting. It is well known that high purity alu-
minum can recrystallize at or below room temperature
[28]. For example recrystallization of aluminum in dry
sliding has been reported [29]. However, it has also been
claimed that dynamic recrystallization does not occur
in high purity aluminum because recovery processes
are so rapid [30]. Kuo and Rigney [31] attributed the
presence of grains free of dislocations in microstruc-
ture of high purity aluminum exposed to sliding test to
dynamic or static recovery. In any case both recrystal-
lization and recovery in the surface layer of the sam-
ple may lead to lower concentration of defects which
is reflected in lower surface value of the S-parameter,
Fig. 3. In [8] we suggested that similarity between the
S-parameter depth distributions for copper samples ex-
posed to blasting and exposed to sliding contact with a
steel ball may be connected with the striking the sample
surface with the ball during sliding.

4.2. Aluminum alloy
Improvement of the mechanical properties of the age-
hardenable aluminum alloys is a consequence of the
formation of precipitates. Final step of ageing of the
aluminum alloy 6082 consists in creation of precipi-
tates of the equilibrium β phase, Mg2Si. The interfaces
between precipitates and matrix may localize positrons
e.g., incoherent Si precipitates [32]. Positrons in the raw
samples of aluminum alloy may create localized states
connected to the microstructure of precipitates or to
defects induced by prior cold working e.g., forming a
sheet.

For the aluminum alloy exposed to indentation with
the load of 10 N the whole range of the W- and
S-parameters changes is small. The slope of the straight
line is associated with some error. Nevertheless, the
slopes for the loads of 10 N and 20 N are equal within
the experimental error. Similarly to the pure aluminum
in the final range of depth the arrangement of the exper-
imental point could suggest fitting of another straight
line. The positron-trapping defects induced are similar
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in both cases but they differ from the defects in pure
aluminum alloys. The slope of the straight line for the
blasted aluminum alloy has an even lower value. There-
fore the dynamic blasting of aluminum alloy sample
produces defect different from those induced by inden-
tations, similarly as for the pure aluminum.

The positron annihilation spectrum reveals two com-
ponents. The first one equal to (201 ± 1) ps exceeds
definitely the bulk positron lifetime for aluminum. The
value of the second lifetime component (305 ± 2) ps
with intensity (18.0 ± 0.3)% can correspond to the an-
nihilation of positrons trapped at clusters of three va-
cancies [26]. The mean positron lifetime τ̄ is equal to
220 ps. In the case of blasting of aluminum alloy the
produced vacancy clusters are larger than in the pure
aluminum but their concentration is smaller. Creation
of larger vacancy clusters may be connected with the
presence of the interfaces between the precipitates and
bulk material.

In the case of copper [8] in which the vacancies
do not anneal at room temperature the slope of the
straight line in the W-S plot for the blasted sample
was also lower than for the samples exposed to in-
dentation. The positron lifetime measurement showed
the lifetime component coming from single vacancies
[33]. The average slope for the load of 5 N differed
significantly from the slopes for the loads of 10 N and
20 N, for which the change of the slope was much
smaller.

5. Conclusions
1. The kind of the positron trapping defects created by
indentation in the pure aluminum as well as in the alu-
minum alloy does not depend on the load for the ap-
plied loads but differs from that caused by blasting.
Generally defects produced in the aluminum alloy are
different from those in the pure aluminum. In all cases
the positron trapping defects do not change with the
depth.

2. One can conclude from the measurement of the
depth profile of the S-parameter that the von Mises cri-
terion for yield defines the total depth range of open
volume defects created during the indentation test in
the pure aluminum. The detected S-parameter profile
does not follow the principal stress distribution obtained
within the elastic theory. Nevertheless the distinct drop
of the S-parameter starts in the vicinity of the Hertz
radius which could mark the border between the core
and the plastic hemisphere.

3. The blasting process produced the depth distribu-
tion of the S-parameter which was described by the ex-
ponential decay function for both high purity aluminum
and aluminum alloy. The exponential decay of the
S-parameter is connected with the exponential decay
of the defect concentration with the depth. The differ-
ence lies in the reduced surface value of the S-parameter
for high purity aluminum. This indicates a lower con-
centration of positron-trapping defects in the vicinity of
the surface as a result of recovery or recrystallization.

4. The PL measurements of the blasted pure alu-
minum indicate the presence of divacancies. In the case

of the blasted aluminum alloy the vacancy clusters are
larger and probably consists of three vacancies.
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Appendix
The principal stresses in the rz plane are calculated
using the equations [1]:

σ1,3 = σr + σz

2
±

√(
(σr − σz)

2

)2

+ τ 2
rz (A1)

σ2 = σθ (A2)

τmax = 1

2
[σ1 − σ3] (A3)

The above equations are obtained from the general for-
mulae describing the stresses within the interior of the
specimen given in cylindrical polar coordinates for a
spherical indenter of radius r and the radius of contact
area a (Equation 1).

Radial stress distribution is given by the equation:

σr

pm
= 3

2

{
1 − 2ν

3

a2

r2

[
1 −

(
z

u1/2

)3]

+
(

z

u1/2

)3 a2u

u2 + a2z2
+ z

u1/2

[
u

1 − ν

a2 + u

+ (1 + ν)
u1/2

a
tan−1

(
a

u1/2

)
− 2

]}
, (A4)

where
pm = P

πa2 —mean contact pressure, P is the load, ν is
the Poison’s ratio.

The hoop stress is calculated from the equation:

σθ

pm
= −3

2

{
1 − 2ν

3

a2

r2

[
1 −

(
z

u1/2

)3]

+ z

u1/2

[
2ν + u

1 − ν

a2 + u

− (1 + ν)
u1/2

a
tan−1

(
a

u1/2

)]}
. (A5)

The axial stress:

σz

pm
= −3

2

(
z

u1/2

)3( a2u

u2 + a2z2

)
. (A6)

The shear stress:

τrz

pm
= −3

2

(
r z2

u2 + a2z2

)(
a2u1/2

a2 + u

)
, (A7)
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where:

u = 1

2
{(r2 + z2 − a2) + [(r2 + z2 − a2)2

+ 4a2z2]1/2}. (A8)

Along the z axis at r = 0 σr , σθ and σz are principal
stresses. The two principal stresses are equal σ2 = σ1.
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