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Positron-lifetime-spectra measurements have been performed on single crystals of Al and polycrystals
of Fe deformed under the tensile mode at room temperature and 77 K, respectively. It is shown that the
positron-trapping component in Al depends on the number of slip systems activated: The positron life-
time is 215, 220, and 240 ps when single-, double-, and multiple-slip planes are activated, respectively.
This dependence is well understood if positrons annihilate at dislocation-associated defects (jogs) with
different positron-annihilation characteristics revealing different jog structures. In iron, the positron-
lifetime spectra associated with dislocations were found to be independent of the annealing temperature
between 110 and 360 K. In this temperature range, screw dislocations should transform into nonscrew
dislocations, suggesting that the positrons are not sensitive to the different types of dislocations. These
results are interpreted on the basis that positrons annihilate at defects associated with the dislocations

rather than at the dislocation lines.

I. INTRODUCTION

Positron-annihilation spectroscopy is a useful tech-
nique to study defects in materials."?> The most straight-
forward studies can be performed on open-structure de-
fects in metals such as vacancies or voids. For example,
the positron lifetime in monovacancies is about 50%
longer than in the perfect lattice.> This lifetime increases
further for the large three-dimensional vacancy ag-
glomerations. The positron lifetime in large voids
without contaminations is about 500 ps, much longer
than in the perfect lattice.*>

Positrons are also sensitive to dislocations. In fact, evi-
dence for positron trapping and annihilation at defects
was, indeed, found for samples into which dislocations
were induced.®’ A large number of positron annihilation
studies have dealt with the interaction of positrons with
dislocations in metals.® " !* It has been found that the
positron lifetime associated with dislocations is close to
that at monovacancies. However, the identity of the sites
of the dislocation at which the positrons trap and annihi-
late is still under debate. It has been proposed that posi-
trons can either annihilate at the dislocation line or at de-
fects associated with the dislocation, such as jogs. Exper-
iments carried out on deformed Zn (Ref. 10) and Cd (Ref.
13) have shown that the positron-dislocation interaction
can be well described assuming that positrons are trapped
at dislocation lines where they are either trapped into de-
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fects associated with the dislocation (jogs) and annihilate,
or detrap back into the perfect lattice.!"!7 From
positron-lifetime measurements in deformed Zn,'* it was
deduced that the positron binding energy was around 40
meV. It has also been proposed that positrons are sensi-
tive to the length and structure of the jogs.'®!?

In this paper, further studies of the influence of the jog
structure on the positron-annihilation characteristics are
presented. The goal of the present paper is twofold: first,
to study the influence of the number of slip systems ac-
tivated during deformation in Al on the positron-lifetime
spectra, and second, to study the influence of screw and
edge dislocations in Fe on the positron-lifetime parame-
ters.

II. EXPERIMENT

Aluminum single crystals (>99.8% purity) were
grown from 7-mm-diam extruded rods by a strain anneal
method as described elsewhere.!® Rods were 330 mm
maximum length, and three tensile samples from each
single crystal (i.e., with the same initial orientation) could
be obtained. The crystalline orientations of the rod axis
were determined by the Laue method. Cylindrical sam-
ples for tensile tests were machined from the single-
crystal rods 30 mm in length and 5 mm in diameter. In
order to remove damage introduced during machining
the samples were annealed at 625 K for 20 min and then
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furnace cooled.

In Fig. 1 the orientations of the single crystals chosen
for this investigation are shown. The orientation labeled
SINGLE SLIP is distant from the symmetry boundary
[001]-[T11] and corresponds to tensile samples that de-
form extensively by slip only on the primary system
(11D[101]. For these samples, 56% elongation by single
slip on the primary system was needed to activate the
conjugate slip system (1 11)[101]. On the other hand, the
orientation labeled DOUBLE SLIP is close to the sym-
metry boundary [001]-[T11]. Therefore, samples with
this orientation deformed by the simultaneous activation
of both the primary and the conjugate slip systems almost
from the early stage of deformation. For these samples,
only 2.7% elongation by slip on the primary system was
required to activate the conjugate slip system.

Aluminum samples of both orientations (single and
double slip) were strained 8%, 16% and 27% at room
temperature at an initial strain rate of £,=1.1X10% s™!
on a conventional tensile testing machine. As mentioned
in the above paragraph these elongations are, for samples
deformed by single slip, well below the elongation needed
to activate the conjugate slip system. For samples de-
formed by double slip these elongations are, however,
high enough to guarantee simultaneous activation of both
the primary and conjugate slip systems during deforma-
tion. After straining, samples were removed from the
tensile machine before any necking would appear. A uni-
form deformation in the gauge length of samples was
thereby produced.

In order to activate more than two slip systems, a set of
aluminum samples were deformed by rolling (20% reduc-
tion) at room temperature. For comparison, well-
annealed Al (99.9999% purity) specimens were, similarly,
deformed by rolling.

Specimens for positron-annihilation measurements
were prepared in the form of 2-mm-thick discs that were
cut from the gauge length of the tested samples. For this
purpose a SiC wheel working at a low cutting speed using
methanol as a lubricant was utilized. Superficial oxide
and damage caused by the cutting was removed from the

DOUBLE SLIP

SINGLE SLIP
[ ]

001 0n

FIG. 1. Stereographic triangle showing the orientation of
both types of tensile specimens: (a) single slip (the tensile axis is
distant from the symmetry boundary [001]-[T11]), (b) double slip
(the tensile axis is on the vicinity of the symmetry boundary).

surfaces to be exposed to the positron source by electro-
polishing in a solution of two parts of methanol and one
part of nitric acid at 250 K.

Polycrystalline iron (99.998% purity) samples purified
by a zone melting technique were supplied by Centre
d’Etudes Nucléaires at Grenoble.!® The initial ingot was
laminated to a final thickness of 0.5 mm, and samples
(50X 5X%5.5 mm?) for tensile tests were cut and annealed
in a dry hydrogen atmosphere at 675 K for 10 h. The
final microstructure observed by optical and
transmission-electron microscopy'®:?° showed an equiaxi-
al grain size of 100 mm with a low dislocation density. In
order to avoid twinning during deformation at low tem-
perature,!® samples were deformed 5% at room tempera-
ture. In this manner, mobile dislocations are created.
These mobile dislocations will generate further strain
when samples are again pulled at low temperature. As
edge dislocations are mobile at 77 K, samples deformed
6% at this temperature would induce, primarily, screw
dislocations.?®?! In order to freeze the screw dislocation
structure, tensile specimens were maintained at low tem-
perature (77 K) for the positron-annihilation measure-
ments.

Positron-lifetime measurements were performed by us-
ing a conventional fast-slow spectrometer with a resolu-
tion of 260 ps (full width at half maximum). A *’Na posi-
tron source was evaporated onto a thin Ni foil (0.45
mg/cm?). The fraction of positron annihilating in the
nickel foil has been estimated to be about 4% .%

The component due to annihilation in the salt was ob-
tained from positron-lifetime spectra acquired at room
temperature on well-annealed aluminum in which only
one component, due to free annihilation in the bulk, is ex-
pected. After foil correction, the spectra could be
decomposed into two lifetime components: the short one
(r = 162 ps), due to the free annihilation in the bulk, and
the long one (7,~450 ps), with intensity about 3%, due
to annihilation in the positron source.

Aluminum samples were studied by positron-lifetime
measurements at room temperature. The samples
elongated 16% (both single and double slip) were also
studied in the temperature range 12-300 K. Iron sam-
ples were studied with positron-lifetime measurements
acquired at 100 K after isochronal annealings of 30 min
between 100 and 360 K.

III. RESULTS

A. Aluminum

Figure 2 shows a stress-strain plot for the two
differently oriented single crystals strained 27%. As ex-
pected, the tensile sample oriented for double slip de-
formed under higher flow stress than the sample oriented
for single slip. This difference is due to the interaction
between dislocations of two different slip systems which
is present in the sample deformed by double slip, but
negligible in the sample deformed by single slip.

Satisfactory fits of the lifetime spectra were obtained
for all aluminum samples by using a two-component
decomposition. From the two trapping components
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FIG. 2. Stress-strain curves at room temperature for alumi-
num single crystals initially oriented for single and double slip.

(71,7,) and the corresponding intensities (I;,1,) the mean
positron lifetime (7=I,7,+1,7,) has been calculated.
For Al deformed by single and double slip the long-lived
trapping component (7,) was 215 and 220%2 ps, respec-
tively. In contrast, for samples deformed by cold rolling
(i.e., multiple slip) 7, was found to be 240 ps in both the
99.8% and 6N purity samples.

Figure 3 shows the evolution of the mean positron life-
time measured at 300 K as a function of elongation for Al
samples deformed by single and double slip. It can be
seen that the positron mean lifetime increases with in-
creasing deformation. This result implies that the frac-
tion of positrons annihilating at defects induced by defor-
mation increases with increasing elongation. The
difference in positron lifetime between single and double
slip can be well appreciated for elongations in excess of
10%. In order to examine thoroughly the origin of this
difference, a more detailed study for samples deformed
16% was carried out.

Figures 4 and 5 show the temperature dependence of
the positron-annihilation parameters for Al deformed
16% in the tensile mode where one- and two-slip systems,
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FIG. 3. Mean positron lifetime at room temperature as a
function of plastic strain for aluminum single crystals deformed
by single and double slip.
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FIG. 4. Positron-annihilation parameters as a function of
temperature for aluminum deformed by single slip.

respectively, were activated. It is to be noted that the
positron lifetime of the trapping component, 7,, is about
215 ps for single slip and 220 ps for double slip, respec-
tively, and did not alter with measuring temperature.
These values are clearly shorter than the 240 ps observed
for the samples deformed by rolling (multiple slip) and
the 245-250 ps observed for positron annihilation from
monovacancies in aluminum.?*2*

The one-trap model was found to describe reasonably
well the positron-lifetime spectra in the temperature
range studied in this investigation. The trapping rate K
may, therefore, be obtained from the following formula:

where A, (=1/7/) is the positron-annihilation rate in the
perfect lattice (7, ~163 ps).

The temperature dependence of the positron trapping
rate is shown in Fig. 6. In the temperature range 12—120
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FIG. 5. Positron-annihilation parameters as a function of
temperature for aluminum deformed by double slip.
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FIG. 6. Trapping rate as a function of temperature for alumi-
num single crystals deformed 16% by single and double slip.

K the trapping rate decreases with increasing tempera-
ture. Above 180 K, the trapping rate is basically ir-
respective of temperature.

B. Iron

The positron-lifetime spectra were well fitted with two
components with the trapping component having a posi-
tron lifetime of 1504 ps. This value is significantly
shorter than that assigned to annihilation from vacancies
(175 ps),” and we attribute this component to positron
annihilation from dislocations. The temperature depen-
dence of the positron-lifetime parameters are shown in
Fig. 7. The positron-lifetime spectra were found not to
change upon annealing in the temperature range
100-360 K.

IV. DISCUSSION

A. Aluminum

When metals are plastically deformed at temperatures
at which vacancies are mobile, three-dimensional vacancy
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FIG. 7. Positron-annihilation parameters as a function of
temperature for iron deformed at 77 K.
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agglomerates, besides dislocations, may be formed. Posi-
trons are very sensitive to the size of the open volume of
defects. Positron lifetime increases with increasing of the
open-volume size of the defects.?® The testing tempera-
ture of 300 K is well above that for vacancy migration in
aluminum (=230 K).* On the other hand, the positron
lifetime of the trapping component in our tensile strained
aluminum single crystals was found to be 215-220 ps,
which is even well below the positron lifetime in monova-
cancies. This suggests that if three-dimensional clusters
were formed during the deformation process, their con-
centration had to be under the detection limit for the pos-
itrons. Hence, we conclude that the positron-trapping
component originates from positron trapping and annihi-
lation at dislocations.

An ordinary rolling deformation of the single-crystal
material, as well as rolling of a 99.9999%-purity Al sam-
ple set, yielded a positron lifetime of 240 ps for the
trapped positrons. This value is in agreement with those
previously quoted for dislocations in aluminum generated
either by cold work*® or neutron irradiation.?’” This
value is also close to the experimentally determined posi-
tron lifetime in monovacancies of aluminum (245-250
ps).2»2* The positron lifetimes of 215-220 ps, which we
attribute to positron annihilation at dislocations generat-
ed by single or double slip, are 20-25 ps shorter than that
obtained by rolling. As can be seen in Figs. 4 and 5, the
values of 215 and 220 ps remain constant in the tempera-
ture range 12-300 K. This indicates that these positron
lifetimes are not merely a mixture of several components.
It can, therefore, be inferred that the 215- and 220-ps
components are, indeed, due to positron annihilation
from sites associated with dislocations, but that these
sites differ in nature from those associated with disloca-
tions produced by cold work or neutron irradiation.

Positron-lifetime investigations during the annealing
process in deformed Zn (Ref. 10) and Cd (Ref. 8) indicate
that positrons are sensitive to the structure of jogs. The
results for Zn and Cd were interpreted as positron annihi-
lation at long (multiple) jogs and single jogs.!®!* The life-
times of 215, 220, and 240 ps associated with the trapping
component of positrons in deformed aluminum may, like-
wise, be assigned to positron annihilation at jogs, where
the different mean lifetime is attributed to different struc-
tures of the jogs. In the case of deformation by single slip
the intersection between dislocation lines is negligible and
it can be assumed that most jogs are generated by the
presence of the Peierls energy, i.e., the jogs are in the
same slip plane (kink). In the case of activation of two
slip planes, jogs are generated by the intersection of dislo-
cation lines from different slip systems (i.e., jogs are on
planes that are different from the slip plane). When de-
formation is caused by rolling, many slip systems are ac-
tivated and the jogs associated with dislocations are now
generated by a complex intersection of dislocation lines.
Possibly, the jogs are extended jogs (multiple jogs)!%13 or
vacancies associated with the dislocations.

The temperature dependence of the positron-trapping
rate is similar to that observed for dislocations loops in
Al (Ref. 27) and Mo.’ The trapping rate decreases rapid-
ly with increasing temperature from 10 to 120 K. At
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high temperatures, the trapping rate is basically constant.
A similar temperature dependence has been observed in
Zn (Ref. 14) below 120 K, whereas above 120 K the tem-
perature dependence was interpreted in terms of thermal-
ly activated positron detraping from the dislocation lines.
This implies a positron-dislocation binding energy of
about 40 meV.!* The absence of a temperature depen-
dence above 120 K in deformed Al suggests that the
positron-dislocation binding energy is above approxi-
mately 0.1 eV, in agreement with recent theoretical cal-
culations by Hikkinen, Mikinen, and Manninen.?

The conclusion that positrons trapped and annihilated
at single jogs produced either by single or double slip
have lifetimes significantly below that at monovacancies,
is supported by the calculations of Hakkinen, Makinen,
and Manninen.?? These authors found that positrons
trapped at vacancies associated with dislocations and at
single jogs may result in lifetimes about 55 ps longer than
in the bulk. We observe lifetimes that are 50-55 ps
longer than in the bulk, which reveals a good agreement
with their calculations.

B. Iron

It is expected that mainly screw dislocations are pro-
duced when iron samples are deformed at 77 K in the
tensile mode. Screw dislocations become unstable above
240 K, thereby increasing the relative concentration of
nonscrew dislocations.’”2! The lack of any measurable
dependence of the positron-lifetime components on the
annealing temperature shows that, within our experimen-
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tal error, positrons cannot distinguish between nonscrew
and screw dislocations. This conclusion is seemingly in
contradiction with previous experiments!! where positron
lifetimes of 142 and 165 ps were assigned for positron an-
nihilation at screw and edge dislocations, respectively.
However, the present results in iron are consistent with
those obtained in aluminum in this investigation (i.e.,
with the model in which positrons are finally annihilated
at jogs rather than at the dislocation line).

V. CONCLUSIONS

Positron-lifetime measurements carried out on Al de-
formed by single, double, and multiple slip and iron de-
formed by multiple slip at 77 K gave the following con-
clusions: (i) The positron lifetime associated with disloca-
tions in aluminum depends on the number of slip systems
activated. The lifetime increases with an increasing num-
ber of slip systems. (ii) This difference is interpreted in
terms of positron annihilation at jogs with different struc-
tures (relaxations). (iii) In Fe deformed at 77 K, positrons
are found not to be able to distinguish between nonscrew
and screw dislocations.
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