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Abstract. Positron annihilation studies of aluminium aloys with nanodispersions of insoluble elements, i.e.,
In, Sn, Pb and Au were reported. The alloys were obtainedsing a rapid solidification process. For all alloys,
except that with Au, the average diameter of nanoparticles in aluminium matrix was 100 nm, and vamce of
the size distribution was above 50 nm. Positron annihiteon studies reveal the presence of monovacancies or
divacancies, which were located at the interface between nanopatrticles and the matrix. In the as-cast refer-
ence pure aluminium sample as well as the aluminium ahgold alloy dislocations were identified as well. The
isothermal annealing of the obtained alloys and measement of the annihilation characteristic, i.e.,
S-parameter, allow us to determine the activation energy of grain boundary migration, which fortte alloys
was higher by the factor of four than for the referene sample. The measurements of friction parameters for
the alloys confirmed the results reported by the otheauthors that, the friction coefficient was lower by the
factor of about two and the specific wear rate was byhe factor of about fifty higher than the reference sam-
ple. The present study confirmed the attractive positron affinity of the naoparticles of In, Sn, Pb and Au
compared to aluminium matrix.
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1. Introduction pared to micron-sized dispersed particles. This is due to
the fact that smearing of Pb film is more homogeneous in
the nanodispersed alloy. The adhesive-type wear mecha-
nism was observed by Pathak and Mohan” and confirmed
by Bhattacharya and Chattopadhyay.’ Significant reduc-
tion of the friction coefficient and wear was also obtained
in Al-In” and Al-Bi’ alloys. Also the bimetallic disper-
soids of Sn and Pb were produced using this process.®
The orientation relation of nanoparticles with the alumin-
ium matrix was shown as well. The rapid solidification
process induces that the alloys are far from the equilib-
rium state and contain many defects, which can affect the
properties as well. The aim of the presented paper is to
perform the positron annihilation studies of the
immiscible systems of aluminium alloys obtained in this
process. The positron techniques are suitable for studies
of defects at the atomic level (see for instance ref. 9).
Numerous reports have been published on the Al alloys’
studies using positron annihilation methods (see for
instance ref. 10). Due to their high sensitivity they are
suitable for detecting open-volume sites in defect solids.
The open volume defect occur as a result of structural
changes in age hardening, misfit interfaces and grain
boundaries or any deformation processes, for instance
* Author for correspondence (jdryzek@gmail.com) fatigue or plastic deformation. Another interesting feature
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There is growing interest in binary immiscible systems as
potential objects of different studies and applications.
Such systems have been applied as bearing materials long
time ago (see the review in ref. 1). For instance Al-Sn
system is used as bearing material, due to a good combi-
nation of strength and surface properties, which can be an
alternative to environmentally hazardous Pb—Sb—Sn sys-
tem (Babbitt) commonly used. Later the Al-Pb alloys
were considered as a cheaper alternative.” The modified
impeller mixing and chill casting technique were applied
for the preparation of these alloys. Their microstructure
exhibits the particles and patches in interdendritic region
of aluminium. However, the rapid solidification process
is also used. This process allows to produce the micro-
and nano-scaled dispersoids in the alloys. Bhattacharya
et al* ¢ established the good tribological properties under
mild wear condition of the nano-embedded Al alloys
obtained in such a process. The effect of particle’s size on
the tribological properties is most interesting.” It was
found that the alloy samples with nanosized dispersions
of Pb particles exhibit lower friction coefficient com-
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detected by the positron slow beam technique and coinci-
dence Doppler broadening spectroscopy is the high sensi-
tivity to positron trapping at Au and Sn ultra thin layers
in AL'"'"> This phenomenon arises from the high positron
affinity to the small clusters of heavy elements like Au,
Sn and Pb related to Al. Our studies intended to confirm
these results using the conventional positron technique
and the *’Na source for the Al alloys with nanoparticles.
To broaden the subject of our studies, the Al-In and Al-
Au alloys are also included and the thermal stability of the
obtained alloys in the isochronal annealing experiment was
tested. In our research the microhardness, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) measure-
ments as a complementary are also applied.

2. Experimental
2.1 Sample preparation

Appropriate amounts of metals In (99.99%), Sn (99.9%),
Pb (99.9%) and Au (99.9%) were melted with Al
(99.99%) in quartz crucible in Ar atmosphere using the
RF technique. The melted metals were rapidly solidified
through 0.5 mm orifice quartz nozzle on to the surface of
a polished Cu wheel rotating at a speed of 22 m s, using
an Ar gas overpressure of 15-20 kPa. The ribbons of
thickness of about 50-80 um and 1-2 cm long were
obtained. The composition of obtained alloys is as fol-
lows: Al-In5.7, A1-Sn5.9, Al-Pb11.2 and Al-Aul, where
digits represent in per cent the approximate weight ratio
of a metal determined using the Rutherford backscat-
tering spectrometry (RBS) technique. The spun ribbons
were pressed using hydraulic press with pressure of
20 MPa to form dense pellets, 10 mm in diameter and
3 mm thick used for further measurements.

2.2 Positron measurement details

In our studies we used three positron techniques, the
positron lifetime measurements (PALS), Doppler broad-
ening of annihilation line (DB), and its coincidence ver-
sion called coincidence Doppler broadening (CDB),
characterized by significant reduction of background be-
low the annihilation line.

For the positron lifetime measurement, fast—fast posi-
tron lifetime spectrometer with BaF, scintillators was
used. The time resolution full-width half-maximum
(FWHM) was equal to 260 ps. The positron source, i.e.,
**Na enveloped in the 7 um Kapton foil was located be-
tween the worn surfaces of the two identical samples, and
this sandwich was positioned in front of the scintillator
detectors of the positron lifetime spectrometer. The posi-
tron lifetime spectrum was measured to obtain more than
2 x 10° counts. The average implantation depth, which is
the reciprocal value of the linear absorption coefficient,"
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for positrons emitted from **Na isotope in Al is ca.
90 um." This value indicates the depth from the meas-
ured surface, which is scanned by positrons in each
measurement. About 75% of emitted positrons annihilate
in the layer of such a thickness as simulated by the
LYS-1 computer code.'*

Measurements of the DB give valuable results, which
were performed using a HpGe detector. The energy reso-
lution of the HpGe detector system was equal to 1.38 at
511 keV. As in the case of positron lifetime measure-
ments, the positron source was sandwiched between two
samples. For Doppler broadening measurements,
%Ge/*®Ga positron emitter was applied, enveloped in
7 um Kapton foil, for which the end point energy is
1.88 MeV and in this case the average positron implanta-
tion range in the studied aluminium equals to 470 pm.
The **Ge/**Ga emitter is a convenient source, because the
peak to background ratio for annihilation line is better by
a factor of 4 than that for **Na emitter.

The CDB measurements were performed using two
HpGe detectors separated by 1 m from each other. The
samples were located in the middle between the detec-
tors. The detectors measured the energies of two annihila-
tion photons which were stored in the 2D map. The
sum of the counts in the diagonal region of the map
allows us to obtain the DB spectrum with reduction of the
background. About 4 x 10° counts were accumulated for
each spectrum. The peak background ratio achieved is
about 107,

3. Results and discussion
3.1 Microscopy results

The typical low-magnification electron micrographs of
the rapidly solidified sample containing In, Sn, Pb and
Au nanoparticles embedded in Al matrix are shown in
figure 1. The micrographs display a large dispersion of
almost spherical particles. In addition, one can observe
the presence of both large and fine particles. One can also
notice that in the case of Al-In5.7 the largest particles are
located in the vicinity of grain boundaries, as it is seen in
figure 2.

The particle size distribution was obtained from the
projected SEM images using ImagelJ software.'> The diame-
ter distribution histograms are depicted in figure 3. They
reveal long tails indicating the presence of particles with
large diameter, which was also seen by Bhattacharya and
Chattopadhyay.” The average diameter and the standard
deviation of the distribution, i.e., for all studied alloys,
are gathered in table 1. For Al-In5.7 the average diameter
is the lowest, about 83 nm. Similar dependence is noticed
for the variance of the distribution. For the alloy Al-Aul,
the size of the Au particles was too small to make proper
statistics from SEM images.
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Figure 1. SEM micrographs of the alloys: (a) Al-In5.7, (b) Al-Sn5.9, (¢) Al-Pb11.2 (10) and (d) Al-
Aul obtained by the rapid solidification process. Embedded nanoparticles of the alloys metals are visible.

Figure 2. SEM micrograph for the Al-In5.7 alloy, which
shows the distribution of In nanoparticles on or close to the
grain boundary.

3.2 XRD results

XRD measurements reveal that despite of rapid solidifi-
cation both Al matrix and the nanoparticles exhibit crys-
talline structure. The well-defined peaks originated from
the crystalline structure are detected (figure 4). However,
due to the small amount, peaks from Au are not visible in
the XRD pattern.

3.3 Friction properties

Friction properties of the obtained alloys were measured
using the conventional pin-on-disc set-up. The pin was
the pellet made of the alloy and the disc made of the mar-
tensitic steel (SW18), with measured Vickers Hardness
under 100 g load equals to 670 HV. In table 1 the obtained
values of the friction coefficient and the specific wear
rate are gathered. For comparison we also carried out
measurements for the reference sample, which is the as-
cast pure aluminium sample obtained in the same process.
This sample contains only defects that are generated dur-
ing rapid solidification and no other particles. The friction
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Figure 3. Diameter distribution histograms of the nanparticles obtained from the SEM micrographs
using ImageJ software for the (a) Al-In5.7, (b) Al-Sn5.9 and (c) AI-Pb11.2 alloys.

Table 1. The values of the average diameter of the particles dispersed in the Al matrix for selected alloys. The
average particle diameter D and variance op were obtained from distribution depicted in figure 3. The values of the
tribological parameters, i.e., the friction coefficient f and specific wear rated SWR and Vickers microhardness HV
are presented. The values of the positron lifetime (PLT) in the last column are obtained after obtaining the alloys.
Q represents the value of the activation energy for grain boundary migration obtained from the fit of the diffusion
trapping model to the experimental points for the alloy in the cumulative isochronal annealing.

SWR

Alloy D (nm)  op (nm) f [10"? m® mN] HV PLT (ps) Q (eV)
Al-In5.7 83 48 0.38 £0.05 0.058 71.6+£55  256.9+0.5 212404
Al-Sn5.9 108 64 0.39 +0.05 0.099 413+38  253.7+0.5 1.12+0.2
Al-Pbl11.2 173 92 0.40 £ 0.05 0.084 392+3.1 2572405 1.43+0.3
Al-Aul - - 0.42 £0.05 0.066 593+38 2241405 1.73+0.4
Al-as-cast - - 0.82 £ 0.05 3.295 28.6+2.6 2297405 0.65+0.2

coefficient for the alloys is almost constant and equal to
0.4, which is about half of the value for the aluminium
sample. Bhattacharya and Chattopadhyay reported the
decrease of the friction coefficient with the increase of
the applied load.? In our studies we tested this and found
no significant change of the friction coefficient in the
range of loads between 0.5 and 200 N. However, the spe-
cific wear rate varies depending on the alloy. This rate is
defined as worn volume per unit sliding distance per unit
load. Al-In5.7 alloys has lower value, ie., 5.8 x 107
m> mN~, and highest for the Al-Sn5.9 alloy, i.e., 9.9 x
10" m® mN™". These values are much smaller in com-
parison to the reference aluminium sample, for which the

wear coefficient is about 45 times higher, i.e., 3.3 x
10" m* mN™". The measurements in the identical condi-
tions of commercial alloy, AlISil3MglCuNi, gave the
specific wear rate of 6.6 x 10"'*m® mN™". Thus, it is lower
than for the Al-Sn5.9 and Al-Pb11.2 alloys. The signifi-
cant reduction of the wear rate for the alloys was reported
already by other authors, see ref. 3. This can be explained
by the increase of the hardness. The Vickers microhard-
ness measured under 20 g load is also presented in
table 1. The well-annealed aluminium sample has the lower
microhadness, i.e., about 16 HV; however, the reference
aluminium sample exhibits the higher microhardness of
about 28.6 HV. The presence of the defects that occur
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Figure 4. XRD pattern for the studied alloys.

during rapid solidification can explain the increase of the
microhardness. Nevertheless, for the alloys the micro-
hardness increases significantly. For the Al-In5.7 alloy,
the obtained microhardness is about 71.6 HV and it is
higher by the factor of about 2.5 of the reference sample.
Also the high value of the microhardness was obtained for
the Al-Aul alloy. The correlation between the specific
wear rate and micorhardness is found, i.e., the increase of
the microhardness causes the increase of the wear resis-
tance, it means the reduction of the specific wear rate.
This is a well-known correlation. We can conclude that
presence of the nanoparticles improves the mechanical
properties of the alloys.

3.4 Positron measurements

It is reported that the positron lifetime in bulk, i.e., in
perfect lattice in aluminium, is equal to 165 ps. For posi-
trons trapped at the monovacancy in a perfect lattice it
equals to 245 ps, while for positrons trapped at the mo-
novacancy located at edge dislocation is equal to about
225 ps.'® Vacancy clusters are also suitable positron traps,
in this case the positron lifetime is higher than 245 ps, and
lower than 500 ps, and it depends on the number of
vacancies in the cluster.'”'® These values are helpful for the
identification of the type of defects present in a sample.
Positron lifetime spectra were measured for the raw
alloys after preparation. In all spectra, single lifetime
component was resolved and its values are given in table 1.
For the reference sample, the obtained lifetime is
229.7 £ 0.5 ps and this indicates the presence of the dis-
locations with vacancies close or at their lines. Similar
value is detected for the Al-Aul alloy, for which the life-
time is about 224.1 £ 0.5. However, for the other alloys
the obtained lifetime values are higher, e.g., for Al-In5.7
it is about 256.9 + 0.5. This may suggest the presence
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of monovacancies or their cluster that consists of two
vacancies in alloys."®

Certainly, positrons implanted into the alloy penetrate
and thermalize in the interior of the nanoparticles. The
positron lifetime in bulk is equal to 196, 214, 204 and
116 ps for In, Sn, Pb and Au, respectively.'® Thus it is
much below the measured value, i.e., about 250 ps. The
small size of the particles, average diameter is about
100 nm, is comparable with the positron diffusion length
in these metals. Thus we can suppose that positrons
thermalized inside a particle can diffuse to the interface
between particle and the matrix. Usually, the interface
contains open volume defects which are perfect traps for
positrons.

The localization of the positron traps can be deduced
from the CDB spectra measured for all samples. The use-
ful presentation of the obtained results is the curve being
the ratio of the CDB spectrum for the alloy under consid-
eration to the CDB spectrum for pure well-annealed alu-
minium, because it enhances the region of the annihilation
with the core electrons. Such dependences are depicted in
figure 5. In figure Sa, the ratio curves are presented for
pure In, the reference Al as-cast and the Al-In5.7 alloys.
The data presented in figure 5 are rough and no smooth-
ing procedure was used. The horizontal line represents
the dependency for pure well-annealed Al sample. The
maximum around 514 keV visible for In ratio curve is
also reproduced for the Al-In5.7 alloy, but its height is
much lower. This maximum results the annihilation with
p-electrons of core region. This unambiguously suggests
that the monovacancies or divacancies which trap posi-
trons must be decorated by In atoms. They must be
located at the interface between In particles and the Al
matrix. Similar conclusions can be drawn after inspection
of the ratio curves for other alloys, see figure 5. It is
interesting that also for the In-Au0.5 alloy the maximum
at photon energy of 513.5 keV is well recognized and it is
attributed to the annihilation with Au core electrons. The
height of the maximum can be correlated with the con-
centration of the decorated vacancies. In figure 5, the ratio
curve for the as-cast reference Al sample is also depicted.
No maximum is observed and the small decline between
514 and 516 keV results the localization of positrons at
dislocation jogs mentioned above.'®

One can assume that the ratio dependency measured
for the alloy is the weighted sum of the dependencies for
the reference Al as-cast and metal being an alloy element

Nal]oy ( E) = (1 - 77) NA] as-cast (E) +n chtal (E) (1)

The only parameter is the fraction of positrons 7, which
annihilate with electrons of the metal. Indeed the sum can
well reproduce the measured ratio dependency for all
alloys. The dashed lines in figure 5 represent the best fit
of relation (1) to the measured ratio curves. The only one
adjustable parameter is the fraction 7. Hugenschmidt
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Figure 5. CDB spectra of the obtained alloys normalized to the spectrum of the as-cast reference Al. The dashed
line represents the best fit of equation (1) to the measured CDB ratio curves for the alloys. The adjustable parameter
represents the fraction of positrons 7, which annihilate with electrons of the metal composing the embedded
particles. Its values determined from the fit are as follows: 0.38, 0.23, 0.23 and 0.006 for the Al-In5.7, Al-Sn5.9,

Al-Pb11.2 and Al-Aul alloys, respectively.

et al'' and Pikart et al'? propose to compare this parame-
ter with the fraction of positrons implanted into the nano-
particles. This is reasonable because during random walk
with the thermal energy, a positron localized in the nano-
particle can be used easily to find the interface and be
trapped there. One should note that for layers and slow
positrons used by these authors, it is simple to calculate
theoretically the fraction of positron annihilating in the
separate layers, but it is not for the particles randomly
distributed. Nevertheless, it was assumed that the fraction
1 can be compared with the volume fraction of the nano-
particles in the sample. For instance, for the Al-In5.7
alloy the volume fraction of nanoparticles calculated
from the weight ratio is about 0.023, but the value of 7
obtained fitting equation (1) to the experimental is about
one-order higher, i.e., 0.38. Similar increase is also obser-
ved for the Al-Sn5.9 alloys, the 77-value determined from
the fit for this alloy is: 0.23 and the corresponding

volume fraction is equal to 0.023. For the Al-Pb11.2 and
Al-Aul alloys the tendency is similar. This suggests the
high positron affinity or the preferential localization to the
nanoparticles of the studied alloys. In other words, the
nanoparticles act as traps for positrons; if they jump into
them they cannot escape to the matrix. Differences in
internal positron and electron chemical potentials
between the matrix and nanoparticles are the physical
reason of this phenomenon.'” However, the complete
discussion of this issue is beyond the scope of this paper.
Nevertheless, the results reported in refs 11 and 12
obtained for layered samples are confirmed.

3.5 Temperature measurements

The alloys obtained by rapid solidification are in non-
equilibrium state. This is indicated for instance by the
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Figure 6. Microhardness as a function of the annealing
temperature for the studied alloys.

fact that measured positron lifetime values are higher
than the bulk value. The value of the positrons lifetime
about 220 ps is also obtained for aluminium sample
exposed to deep plastic deformation. The calorimetric
studies supplemented by measurements of electrical re-
sisitivity and hardness performed by Clareborough et al'"’
for pure aluminium deformed at room temperature re-
vealed two stages during annealing. The first stage is cha-
racterized by the broad peak at 100-250°C, which
corresponds to the heat evolved during dislocation recovery
and the peak at 300°C that evolved during recrystallization.
We can expect similar behaviour in the alloys studied by
us. Moreover, the presence of defects, mainly disloca-
tions and their loops causes the hardening of the alloys.
The removal of defects during recovery and recrystalliza-
tion induced by the temperature increase can reduce the
hardness. Our samples were subjected to cumulative iso-
chronal annealing in the flow of air for 1 h in the tem-
perature range between 50 and 500°C with temperature
step of 10°C. In figure 6, the dependency of the micro-
hardness on the annealing temperature is depicted. It can
be noticed that for the as-cast Al (closed circles) the
microhardness remains constant up to the temperature of
250°C, then in the temperature range from 250 to 350°C it
decreases. Above 350°C the microhardness also remains
constant but at a lower value. Similar dependencies are
obtained for other studied alloys; however, the tempera-
ture range where the transition to the lower value of the
microhardness takes place is slightly shifted towards
higher temperatures. For instance, for Al-In5.7 alloy the
decrease starts at 370°C and finishes at 430°C. This indi-
cates that the process of recrystallization occurred, and
new grains grew free of defects.

The confirmation of this can be found in the tempera-
ture dependency of the S-parameter, depicted in figure 7.
The value of the S-parameter is sensitive to the presence
of open volume defects, which accompanies dislocation
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Figure 7. S-parameter vs. the annealing temperature for the
studied alloys. The solid line represents the best fit of the de-
pendency obtained from the diffusion trapping model. The main
parameter obtained from the fit is the activation energy for
grain boundary migration Q. The values obtained for the alloys
studied are gathered in table 1.

structure; the decrease of their concentration is reflected
in the decrease of the S-parameter value. The decrease of
the S-parameter value to the bulk value, tagged in figure 7
as the hatched region at the temperature of 400°C for
the as-cast Al, indicates the removal of defects and nuclea-
tion and growth of new grains free of defects. It can be no-
ticed that transition range is slightly larger, for instance for
the as-cast Al it is between 150 and 400°C in comparison
to the microhardness. This can arise from the much
higher sensitivity of positrons to defects in comparison to
microhardness measurements. Similar dependencies are
obtained for the alloys as shown in figure 7, however
the transition range is shifted towards slightly higher
temperatures.

In our previous studies it was found that the so-called
diffusion trapping model can be applied with success for
description of the temperature dependency of the S
parameter when the recrystallization process in a sample
takes place.”® This model takes into account: the positron
annihilation in the defect-free grain where additionally
the positron can diffuse, trapping and annihilation at the
grain boundary and kinetics of the grain grew. This is
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necessary because the temperature increases cause grain
boundaries migration and the grain size increase. Due to
low value of the positron diffusion length, about 0.1 pm,
only the initial stage of recrystallization can be traced.
When grains have the radius more than few micrometres,
the trapping and annihilation at grain boundaries can be
neglected in this model. The detailed description of the
model is given in ref. 20. The solid curve presents the
best fit of the model to the dependency in figure 7. The
important parameter in the model is activation energy of
boundary migration of new grains. This is the adjustable
parameter that can be determined in the fitting proce-
dures. For as-cast Al, this parameter determined is equal
to 0.63 £ 0.1 eV. In the literature, activation energy for
boundary diffusion in aluminium is equal to 0.87 eV.*"*
For other alloys the activation energy is higher. For in-
stance, the highest value is achieved for the Al-In5.7
alloy, i.e., 2.12 £ 0.4 eV. For other alloys these values are
gathered in table 1. The other adjustable parameters in
the model are as follows: the S-parameter for grain
boundary and inside the grain and the parameter related
to the transition rate of positrons from the grain to the
boundary. The S-parameter and microhardness measure-
ments allow us to draw the conclusion that the nanoparti-
cles immersed in the matrix prevent the grain boundary
migration. However, as it was claimed by Gottstein et
al* the activation energy in aluminium depends on many
factors.

4. Conclusions

The nanoparticles embedded in the studied aluminium
alloys significantly increase hardness and also improve
frictional properties in comparison to the as-cast pure
aluminium sample. The reduction of the specific wear
rate and friction coefficient is well demonstrated. How-
ever, the presence of point defects in these alloys is also
observed. For the as-cast reference Al and the Al-Aul
alloys the presence of dislocations is revealed, whereas in
the other studied alloys mainly monovacancies or diva-
cancy clusters at the interface between the nanoparticles
were detected. It seems that these defects affect signifi-
cantly the mechanical properties of these alloys. The
defects are removed during annealing in the alloys as the
result of the recovery and recrystallization. These processes
occur in the temperature range between 200 and 500°C
depending on the alloy. The presented studies confirmed
the attractive positron affinity of the nanoparticles of In,
Sn, Pb and Au compared to the Al matrix.
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