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Correlation of mechanical stress and Doppler broadening of the positron annihilation line in Al
and Al alloys
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The plastic deformation of Al samples, of the technical alloys AIMgSi0.5, and AIMg3 was studied by
Doppler-broadening spectroscopy (DBS) of the positron annihilation line. First, the defect sensitive line-shape
parameter S was measured after the application of axial tensile stress, and the corresponding stress-strain
curves were recorded that allowed us to correlate the strain, the mechanical stress and the S-parameter values
after mechanical load quantitatively. In a next step, asymmetrically deformed Al samples were investigated
with a monoenergetic positron beam by DBS in order to obtain the laterally resolved information of the
stress-induced defects. It is demonstrated that the resulting two-dimensional S-parameter map (scan area
14 X 14 mm?, step width 1 mm) can be expressed quantitatively in terms of the locally acting stress which is

responsible for the creation of the lattice defects.
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I. INTRODUCTION

The characterization of the microstructure of technical
materials during or after mechanical load plays an outstand-
ing role in materials science and engineering applications. In
order to improve the understanding of the material properties
nondestructive techniques are crucial for the investigation of
defects on the atomic scale, where the production of disloca-
tions and vacancies is always interconnected during plastic
deformation.!? In addition, besides the detection of defects it
is of great interest to apply methods for the visualization of
plastically deformed areas in technical components.

There exist several techniques for the investigation of de-
formed materials: plastic deformation can be examined by
ultrasonic or magnetic techniques where, however, e.g., ten-
sile tests are required to calibrate the data (review of the
methods can be found, e.g., in Ref. 3). The residual stress,
which occurs for inelastic deformation, leads to local varia-
tions in the lattice spacing which can be investigated by neu-
tron or x-ray diffraction. The measurement of the electrical
resistivity is sensitive to all kind of defects but is not defect
selective. Transmission electron microscopy, TEM, is par-
ticularly suited not only to visualize the lattice but also to
determine the dislocation density. However, single vacancies
and small vacancy clusters (=1 nm) cannot be detected.
Positron annihilation spectroscopy (PAS), is well suited as a
nondestructive technique, which is sensitive to dislocations
and vacancies elastically bound to them. Moreover, the ap-
plication of monoenergetic positron beams allows laterally
resolved defect studies.

More than 40 years ago, Berko et al. demonstrated the
sensitivity of positrons to defects in plastically deformed Al
by the investigation of the angular correlation of the annihi-
lation radiation.* In the following, it was shown by positron
lifetime experiments, by Doppler-broadening (DBS) spec-
troscopy and by theoretical considerations that positron an-
nihilation is, in particular, sensitive to dislocations and va-
cancies. Due to their binding energy of E, <100 meV
dislocation are shallow positron traps.>>~® Dislocation lines
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are considered to act as precursor states for the transition into
deeper traps, such as jogs®® or vacancies, which are bound in
the stress field around dislocations.!®" In molecular-
dynamics studies on Al the positron binding energy was cal-
culated to be 1.0 eV for a vacancy elastically bound to a
dislocation line and 1.3 eV for a dislocation with a jog.’
Since the formation of dislocations is accompanied by the
production of vacancies associated to dislocations,!? an
enhanced positron trapping rate into these so-called vacan-
cylike defects is observed. In particular, at large deformation
and at fatigue, a high amount of vacancies is produced by the
annihilation of edge dislocations.'? The higher vacancy con-
centration along dislocation lines can be explained in terms
of the vacancy formation energy which was calculated, e.g.,
for copper in the area around a dislocation line with the
result that this energy is reduced to about 80% compared to
the ideal lattice.'*

In plastically deformed Al single crystals the increased
positron lifetime was attributed to positron trapping in
dislocations.'> During tensile tests at polycrystalline Al,
where positron trapping in dislocations and vacancylike de-
fects was observed, the positron binding energy to disloca-
tion lines was determined to E,=36 meV by temperature-
dependent PAS.'® However, in positron lifetime experiments
on plastically deformed samples only a mean lifetime for
deformation-induced defects and the lifetime in the unper-
turbed lattice can be observed, and hence in most cases the
type and the concentration of defects cannot be resolved.!” In
PAS on the Al alloys 2024 T3 and 7075 T6 no variation in
the mean positron lifetime was observed during fatigue
which was attributed to saturation positron trapping in
precipitates. '8

With the advent of positron microbeams'® PAS with a
spatial resolution in the submillimeter range became feasible,
however, at the expense of beam intensity and hence longer
measurement time. These experiments were performed by
DBS (Refs. 20 and 21) or by positron lifetime
measurements.”> In the present work, the Doppler-
broadening spectrometer at the high intensity positron beam
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NEPOMUC was used allowing DBS with a spatial resolution
of =300 um within short measurement time of a few min-
utes.

In most DBS experiments the relative change in the rough
line-shape parameter S (see Sec. II) is used to compare
samples with various types and concentrations of defects af-
ter thermal or mechanical load or after irradiation. Thus, dif-
ferent defect types are usually not resolved because the §
parameter is used to describe the average change in the mi-
crostructure.

The main goal of the present work is not only to scan the
sample in two space dimensions but also to correlate the S
parameter to a macroscopic entity such as strain or mechani-
cal stress. For calibration purpose, stress-strain curves of sev-
eral samples of Al and Al alloys were recorded, and the S
parameter was determined for various strains after the tensile
test. Then, plastically deformed asymmetrically shaped
specimens were scanned with the monoenergetic positron
beam in order to visualize the variation in the defect distri-
bution in two dimensions after the mechanical load. Using
the stress-strain and the S-strain data, the S parameter can be
correlated with the mechanical stress which acted locally
during the tensile test and hence was responsible for the cre-
ation of defects. By this procedure, we succeeded to image
the local stress in the sample within a two-dimensional (2D)
map.

II. POSITRON ANNIHILATION AND THE S PARAMETER

After implantation in a solid, the positron thermalizes
very rapidly (few picoseconds) and annihilates with an elec-
tron by the emission predominantly of two collinear 511 keV
v quanta. In the experimental setups, a positron source or a
monoenergetic positron beam with a state-of-the-art high-
purity Ge detector is used for DBS. In the laboratory frame,
the longitudinal projection of the electron momentum—the
momentum of the thermalized positron can be neglected,
onto the direction of the y-ray emission p; results in a Dop-
pler shift of the 511 keV v quanta by AE=* %ch. Conse-
quently, the detection of the Doppler-broadened 511 keV an-
nihilation line enables a nondestructive examination of the
electron momentum distribution at the positron annihilation
site. In order to characterize changes in the annihilation line
the line-shape parameter S was introduced which is defined
by the ratio of the counts within a fixed interval of the central
part of the line and the total counts of the annihilation line
(see, e.g., in reviews on positron physics>>%). Low electron
momenta would hence lead to a high S value.

When positrons are trapped in open-volume defects the
annihilation probability with core electrons, which have a
much higher momentum than valence electrons, is reduced.
Therefore, compared to the ideal lattice, less annihilation
events with high Doppler shifts of the annihilation radiation
and a narrowing of the 511 keV annihilation line is observed
that leads to a higher S parameter due to the locally reduced
density of core electrons in vacancylike defects. Conse-
quently, the S parameter in plastically deformed samples can
be regarded as a measure for the amount of stress-induced
defects such as dislocations and vacancylike defects.
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III. MEASUREMENTS
A. Sample preparation

For the presented experiment, samples of the industrial Al
alloys AIMgSi0.5 (3.3206) and AIMg3 (3.3535) as well as
samples of pure Al (=99.99%) were prepared. The geometry
of the specimens of the first set was adapted to the usual one
applied for uniaxial tensile strain tests: the thickness of the
specimens was 2 mm, at a length of 55 mm the cross section
amounted to 10 mm?, and the total length was 120 mm in-
cluding the broader ends of 20 mm for mounting in the ten-
sile apparatus. In addition, a second set of specimens out of
Al and AIMg3 was prepared with a triangular-shaped notch
(depth about 1-2 mm) for a tensile test in order to study the
plastically deformed area around the notch. Before the ten-
sile tests, all samples were annealed at 773 K in a vacuum of
42X 107% mbar for 1 h. The tensile tests were carried out
with a Zwick/Roell Z100 tensile apparatus. For the positron
experiment, the central part of the samples was cut out at a
length of 20 mm in order to fit in the sample holder. Before
the DB measurements, all samples were cleaned with ac-
etone and rinsed by deionized water.

B. Tensile tests

Uniaxial tensile tests until the elongation at fracture were
performed at room temperature with several specimens of the
Al and the Al alloys in order to record the stress-strain
curves. For each material, a characteristic stress-strain curve
with typical parameter settings of the tensile machine (pre-
loading speed: 5 mm/min; testing speed: 2 mm/min) is
shown in the Fig. 1. The length increase along the freely
deformable length [ of the sample between the grips is de-
noted by the strain e=Al/l, and the mechanical stress o
=F/A is the ratio of the force F acting along the axis of the
sample with the cross-sectional area A. Two specimens with
a notch made out of AIMg3 and Al, respectively, were
stretched up to a local stress, where the formation of micro-
cracks started at the notch tip (see images in Figs. 3 and 5).

C. DBS with monoenergetic positrons

The defects related to the plastically deformation are re-
corded spatially resolved with the use of a monoenergetic
positron beam. For this purpose, the Doppler-broadening
studies were carried out with the CDB spectrometer?® located
at the high intensity positron source NEPOMUC—neutron-
induced positron source Munich.?” The intensity of the 1 keV
positron beam at the sample position was 2 X 10® moderated
positrons per second. For all measurements, the sample po-
tential was set to —25 kV according to a positron implanta-
tion energy of E=26 keV which corresponds to a mean pos-
itron penetration depth of about 3.13 um in Al. The total
diameter of the 26 keV positron beam amounted to 1.6 mm.
The measurement time was set to 450 s per point, leading to
typically 8.5X 103 counts in the 511 keV photo peak of a
single spectrum. During the measurement, the 477.6 keV y
line of 'Be was recorded in order to monitor the electronic
stability and the energy resolution which was AE/E
=1.38/477.6 keV.
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FIG. 1. (Color online) S parameter (left axis) after uniaxial
strain tests normalized to €é=0 and mechanical stress (right axis) as
function of strain for pure Al, AIMgSi, and AIMg3. Dashed lines
serve to guide the eye for the S(€) curves.

First, the Doppler-broadened annihilation line was re-
corded after having differently elongated the samples of Al,
AlMgSi0.5, and AlMg3. The obtained S-parameter values
were normalized to the value of the untreated material and
are plotted in Fig. 1 together with the stress-strain curves.
Then, 2D scans of the asymmetrically deformed samples
were performed with a step size of Ax=Ay=1 mm and the
measurement time was set to 3 min per point. Hence, the
total measurement time for a 2D scan amounted to about 3
and 13 h for AIMg3 and pure Al, respectively. The S param-
eter, which was normalized to the value of the untreated
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sample, is plotted as function of the space coordinates in
Figs. 3 and 5.

IV. RESULTS AND DISCUSSION
A. Correlation of the S parameter, strain, and stress

Characteristic stress-strain curves were recorded for
samples of Al, AIMgSi0.5, and AIMg3. Since uniaxial tensile
tests are well reproducible only one representative curve for
each material is plotted in Fig. 1.

Due the high ductility of annealed Al the elastic elonga-
tion at low stress is barely visible at Al whereas at the Al
alloys, the linear elastic behavior according to Hook’s law
with the known Young’s modulus of 70 kN/mm? is clearly
visible at small strains of €<0.2%. In comparison to the
alloys the annealed Al sample is elongated to a much higher
failing strain of about 34% which reflects the much higher
ductility of pure annealed Al.

The starting points of the plastic deformation, and hence
the nonlinear dependence of the stress o, are at 37 and
62 N/mm? for AIMgSi0.5 and AIMg3, respectively. These
values are lower than expected from the known R, values
for the tensile yield stress (R,),=160-230 N/ mm? for
AlMgSi0.5 and R ), ,=80-140 N/mm? for AIMg3). The ob-
tained maximum stress is about 118 and 210 N/mm? for
AlMgSi0.5 and AIMg3, respectively, which is also lower
than the data from literature for the tensile strength (R,,
=215-260 N/mm? for  AlMgSi0.5 and R,
=190-250 N/mm? for AIMg3). This observation is ex-
plained by the difference of the tabulated values relevant for
industrial as-received material and the measured values
which are obtained by the uniaxial tensile test of annealed
samples with accordingly low defect concentration at the be-
ginning of the tensile test.

The measured S parameter as function of the strain e
shows a material specific behavior and, in particular, very
different maximum values (see Fig. 1). The increase in the S
parameter at low elongations demonstrates its high sensitiv-
ity to changes in the lattice if mechanical load is applied. For
Al, the S parameter increases smoothly by about 1.25% to a
maximum value at a strain of €e=32%. At AIMgSi0.5, similar
to Al the S parameter rises with increasing € but to a higher
value. In contrast to Al or AIMgSi0.5, the alloy AlMg3
shows a steep S increase up to 1.04 already at low strains
within €<2%. Although the strain is low, a high stress of
0>200 N/mm? is required to elongate the AIMg3 sample
further according to its higher hardness.

The observed S increase is attributed to the formation of
dislocations and further growing dislocation density with
higher strain. The accordingly high S parameter is explained
by the creation of a high concentration of vacancylike de-
fects such as jogs and vacancies during the tensile test. The
tensile test with higher stress would also lead to residual
stress, i.e., stress that remains locally in the sample after
plastic deformation. Therefore, a higher S parameter would
be expected due to the accordingly higher lattice spacing and
hence a lower annihilation rate of core electrons which have
higher momentum. However, residual stress is considered to
be a tiny effect on S at highly deformed samples wherein the
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FIG. 2. (Color online) Correlation of the S parameter normal-
ized to 0=0 and the mechanical stress for all samples obtained from
Fig. 1. The solid line is a least-square fit of a sigmoidal curve to the
experimental data.

presence of dislocations, jogs, (mono)vacancies attached at
dislocations would act as efficient positron trapping sites.

For AIMgSi0.5 one observes a slight S decrease after the
maximum stress of 118 N/mm?, and also for AIMg3 the S
parameter at stresses between 180 and 210 N/mm? is lower
(S=1.035) than the maximum value. This observation might
be attributed to saturation trapping of positrons and related to
the annihilation of vacancies due to the movement of dislo-
cation during plastic deformation.

As observed for all materials the increasing S parameter
to a maximum value is not directly correlated with the rela-
tive elongation € of the samples. On the other hand, a more
general correlation is observed between the S parameter and
the stress o. S(o) is plotted in Fig. 2 for all materials in order
to demonstrate the relationship of the line-shape parameter S
and the mechanical stress . The observed S(o) behavior is
explained by the increasing defect density, i.e., increasing
density of dislocations and vacancylike defects. Note that o
is not the residual stress but the mechanical stress during the
tensile test which is responsible for the creation of defects.

The increase in S with higher defect concentration (single
vacancies and divacancies) is well known from temperature-
dependent DB measurements on Al.2-3% Thermally induced
defects lead to a rising S parameter with increasing tempera-
ture up to a certain temperature, where all positrons are
trapped in vacancies or vacancy clusters, i.e., saturation trap-
ping occurs.?® The annihilation from different positron trap-
ping sites such as dislocation lines, single vacancies or va-
cancy clusters would lead to small variations in the Doppler-
broadened annihilation line. In a case study on Al results
from ab initio calculations were compared with coincident
DB spectra in order to distinguish between positrons trapped
at thermally induced vacancies and vacancylike defects as-
sociated to dislocation lines.3! It was shown in a recent DB
study®? on plastically deformed Al alloy AA2024 that the
data analysis by using the W parameter provides no addi-
tional information to the S parameter which is in agreement
to the observation of the present work.
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In a previous study, temperature-dependent DBS in Al
revealed a sensitivity limit of positrons to defects produced
by plastic deformation that was found to be at a resolved
shear stress of 7=4 MPa, according to a dislocation density
of about 2—3 X 10'2> m~2.!® Results obtained on polycrystal-
line samples can be compared with those obtained on single
crystals by using the relation between the axial flow stress o
and the shear flow stress 7 acting at the primary glide plane
of the dislocations 7=0/M, where M =3.06 denotes the so-
called Taylor factor which accounts for multiple slip in the
randomly oriented grains in the polycrystal. Hence, positrons
became sensitive to plastic deformation at o=12 N/mm?,
and saturation trapping of positrons was not reached up to
0=27 N/mm?.'% Both values agree with those of the present
study (see Fig. 2).

In the present work, the measured S(o) data are approxi-
mated by a sigmoidal curve which is in good agreement with
the S increase at low stress (<70 N/mm?). Even at higher
o, although the S values scatter largely, the curve still ap-
proximates the data as a plateau (o>150 N/mm?), which
can be attributed to saturation trapping of positrons. From
the fitting routine it is obvious that more data is required for
determining the saturation value and the correct functional
slope of S(o) particularly at high stress more reliably.

In the following, the experimentally determined S(o?) cor-
relation is applied to serve as a quantitative measure for the
stress o during mechanical load. Consequently, the S values
of plastically deformed samples, which were determined
with a scanning positron beam in two dimensions, can be
attributed to the mechanical stress, which was locally acting
during mechanical load and hence was responsible for the
creation of the lattice defects.

B. 2D scan of plastically deformed AIMg3

In the following measurement an AIMg3 sample with a
notch was stretched up to a mechanical load, where tiny
cracks at the notch tip became even visible by eye. Then
two-dimensional DB measurements are performed in order
to reveal open-volume defects in the neighborhood of the
notch which were created during plastic deformation. Figure
3 shows the optical image and the S-parameter map of the
AlMg3 sample with the notch after the tensile test. The color
map clearly indicates the region of high S values according
to the high mechanical stress that produced the lattice de-
fects. As expected from the results for AIMg3 shown in Fig.
1, and also from the large scattering of the S at high o in Fig.
2, it is barely possible to attribute single stress values to the
measured S parameter. However, the largest fraction of the
sample, shows a similar S parameter as AlMg3 samples
which were stretched with a mechanical stress of o
>150 N/mm?.

C. 2D scan of plastically deformed Al

In contrast to AIMg3, the S parameter as function of o
shows a very smooth slope for the Al sample (see Fig. 4).
The observed relationship between S and o allows the cor-
relation of the measured S parameter, which reflects a certain
amount of different types of defects, to a certain mechanical
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FIG. 3. (Color online) Asymmetrically deformed AIMg3 sample
with a notch after tensile test: optical image (above), and 2D §
parameter scan with a step width of 1 mm (below).

stress value in any mechanically treated Al sample. Hence,
the measured S parameter of an, e.g., asymmetrically de-
formed Al sample can be interpreted in terms of the me-
chanical stress (see Sec. IV A).

Figure 5 shows an asymmetrical shaped Al sample with a
notch after a tensile test. In the optical image the notch with
a tiny crack is visible (Fig. 5 above). The resulting S param-
eter of the 2D positron scan of this sample is shown in (Fig.
5 below). For the interpretation of the data one can benefit
from the S(o) relationship, which was visualized in Fig. 4.
For this reason, the color legend of the spatially resolved
S(x,y) measurement can directly be converted into a stress
map (see Fig. 5). It is emphasized that this plot is not a
visualization of the residual stress but a map related to dis-
locations and vacancylike defects which are created at the
same mechanical stress as observed in the tensile tests.

The area of largest deformation is clearly visible along the
y direction of the crack propagation around x=9 mm. Due to
the notch the cross section of the sample is reduced that leads
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FIG. 4. (Color online) The S parameter normalized to o=0 as
function of the mechanical stress exclusively for the Al sample
obtained from Fig. 1. The solid line is a least-square fit to the
experimental data.
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FIG. 5. (Color online) Asymmetrically deformed Al sample with
a notch after tensile test: optical image (above), and 2D S-parameter
scan with a step width of 1 mm leading to a stress map (below).
Note the absolute values of the stress o.

to a higher local stress in this region where the observed
deformation corresponds to that one obtained at a stress of
o>67 N/mm?. At both sides of this central area, the S pa-
rameter decreases with increasing distance from the notch in
x direction, which is attributed to a lower defect concentra-
tion. Hence, the stress decreases at both sides, and, e.g., at
the green colored area the observed deformation can be at-
tributed to the same defect density obtained for a sample
which was stretched with 0=55-63 N/mm?.

V. SUMMARY AND CONCLUSION

Conventionally, the rough line-shape parameter S ob-
tained by DBS of the annihilation radiation is used to study
open-volume defects in matter. Within the scope of the
present work on Al, AIMgSi0.5, and AIMg3, we have dem-
onstrated that DBS can be applied as powerful tool for the
determination of the absolute value of the stress which was
acting locally inside the sample during mechanical load. In
addition, a monoenergetic positron beam was applied not
only to scan the defect distribution in a nondestructive way
but also to map the according local stress of plastically de-
formed samples.
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Besides the specimens presented here, this technique
could be used for various metals and technical alloys in order
to determine the local stress after and during applied me-
chanical load. For this reason, it is planned to install an in
situ tensile stress device inside the CDB spectrometer which
will allow to collect about 25 DB spectra within 1 h. Cur-
rently, a new setup of the electrostatic lens system with a
variable aperture is being mounted in order to improve the
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lateral resolution well below 100 wm within even lower
measurement time.
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