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ABSTRACT 

 
      Atomic or Point Defects are the most simple defects in solids. Due to the small 
size their direct observation by the routine techniques is not possible. A single type 
of defects (thermal defect) was observed in the quenching process. Using the 
Arrhenius method and threshold method we recommended the accurate both 
method of treatments.  
 
      The calculated values for formation enthalpies and self-diffusion using positron 
lifetime and Doppler broadening in a good agreement in (A356.0) and (A413.1). 
Specifically it is show how PAT detect defect concentrations, (formation– migration) 
enthalpies and grain size for the material under investigation. Most of the these data 
are reported. 
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INTRODUCTION 

 Positron Annihilation Technique (PAT) is a well-established high sensitivity technique for 
detecting open volume sites in solids [1-3]. It has been applied to the study of the defect structure in 
solids since almost 30 years, and presently used of material science, from building materials (for 
instance, cement [4] and polymers [5-7], to semiconductor-based systems for the information 
technology [8]. The present overview address the potential of PAT in the field of light alloys. PAT, like 
other sophisticated characterization techniques, requires specialists not only for the measurement 
itself, but also for analyzing raw experimental data. Measurements taken at different temperatures 
allow one to describe the solute aggregation kinetics in terms of characteristic times and activation 
enthalpies [9-20]. 

TECHNIQUES 

       Figure 1 schematically represents the sequential processes of slowing down, thermal diffusion and 
annihilation. A positron in solid " seeks " open volume defects and low affinity solute clusters. A 
concentration of only one atomic ppm of vacancies in pure aluminum already given a distinct signal in 
a lifetime spectrum. In the case of alloys, the sensitivity to defects is the same, but the interpretation of 
the data turns out to be a delicate job due to the variety of potential positron traps.  

      The list of the most important potential positron traps in an alloy is as follows:  a) vacancies (most 
important at high temperature or after quenching), possibly decorated by minority alloying elements; 
b) vacancies trapped inside solute aggregates; c) solute aggregates with high positron affinity; d) 
dislocations ( most important in the case of plastic deformation), possibly with a Cottrell atmosphere 
of solute or else associated to inhomogeneous precipitation; e) misfit regions at the interface between 
the alloy matrix and a precipitate with a different crystal lattice; f) grain boundaries (most important 
for grain sizes below 1 µm). 
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Figure 1. The principles of the different positron techniques are illustrated in this figure 

       They can be classified into two principal groups which are distinguished by the sensitivity of 
positrons to the electron density (positron lifetime measurement) and to the electron momentum 
distribution in the sample (Doppler-broadening spectroscopy and angular correlation of annihilation 
radiation). Since the electron density and the electron momentum distribution in defects capable of 
trapping positrons differ from the perfect lattice, these techniques represent a tool to study the type and 
number of these crystal defects.  

POSITRON ANNIHILATION LIFETIME SPECTROSCOPY (PALS) 

       Annihilation is a random process, thus the positron lifetime, i.e. the time interval between the 
injection of a positron into a sample and the instant of annihilation, has a statistical distribution. This is 
called a lifetime spectrum. In defect-free homogeneous metals, the lifetime spectrum  is a simple 
decaying exponential. In the presence of trapping at defects, the lifetime spectrum becomes a 
superposition of decaying exponentials.  

       In most applications, the positron source is the β+ radioactive isotope 22Na. The advantage of this 
isotope is that its most frequent decay channel is the emission of a photon of 1.274 MeV in 
coincidence with the positron. This is a very useful property, because the 1.274 MeV photon gives the 
signal that indicates the birth of the positron. The signal of the positron annihilation is either one of the 
two annihilation photons (about 0.511 MeV), coming from the conversion in the electromagnetic 
energy of the mass of the annihilated particles. Thus, in order to measure the positron lifetime, one 
essentially needs two scintillation detectors coupled to the time analyzer. The fast-fast time 
spectrometer, used in this work to determine the lifetime of positrons in materials, is shown in figure 
2. This fast coincidence system consists of two plastic detectors (KL-236 plastic detector), two 
constant fraction differential discriminators (CFDDs) Ortec (583), fast coincidence (fast Coinc. ) Ortec 
(414), a time to pulse height converter TPHC Ortec (457), linear gate (LG) Ortec (426) and an analog 
to digital converter ADC.  Pluses from the anode of the two plastic scintillator   detectors are fed into 
CFDDs. Each constant fraction differential discriminators generates the timing information and 
determines the energy range of interest simultaneously.  The two CFDDs provide the start and stop 
signals for the TAC. Either the birth or the annihilation of gamma ray may be used as a start signal 
with the other being used as the corresponding stop. Appropriate delays are used to place the event in 
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the range of the TAC by moving the start and stop signals in the time with respect to one another. We 
optimize one detector to function as the birth gamma rays detector and the other as the annihilation 
gamma ray detector. The TAC then provides a voltage signal proportional to the time elapsed between 
the start and stop pulses. The TAC output is subsequently analyzed by passing its output to a standard 
data acquisition system. The resolution function describes the quality of the lifetime measuring 
system. It is normally described by the full width at have maximum (FWHM) of the prompt curve, 
where the prompt curve is created by the coincidence between the start and the stop signals at fixed 
time delay. The prompt curve can be seen as a Gaussian distribution.  

                                                   

 
 

DOPPLER BROADENING SPECTROSCOPY  

     Doppler broadening of the positron annihilation radiation has played an important role in the 
application of annihilation spectroscopy to the study of defects in materials during the last thirty years. 
The longitudinal component PL of the positron electron momentum along the direction of emission of 
one of the annihilation photons gives rise to the Doppler shift ∆E= PLc/2 in the photon energy. Since 
PL is a random variable symmetrically distributed around zero, the result is a broadening of the 
annihilation line, which is easily observed with a solid state detector. The main contribution to PL 
comes from the electron motion; thus, the shape of the broadened annihilation line spectrum provides 
direct information on the momentum distribution of the electrons encountered by the positron in the 
sample. Since a positron trapped into a defect sees a different electron population than a free positron, 
the Doppler broadening (DB) technique is suitable for study of vacancies and of the structural 
transformation that produce positron traps.  The 1 detector- DB technique produce fast and very useful 
data regarding the spectrum of valence electrons and low momentum core electrons.  However, this is 
very interesting information, because core electron retain their atomic character even in a solid, thus 
they can provide a chemically specific signal in the momentum distribution [21]. The Doppler effect is 
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Figure 2. Schematic diagram of the fast-fast coincidence system.  
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the apparent change in the observed frequency of a wave as a result of the relative motion between the 
source and the observer. This system which has been used in the present work to determine the 
Doppler broadening S and W parameters consists of an Ortec HPGe detector, with an energy 
resolution of 2.5 keV for 511 keV line of 22Na, an Ortec 5kV bias supply (659), Ortec amplifier (571), 
and 8K MCA. Figure 3. shown a block diagram of such an apparatus.  

                           
 

EXPERIMENTAL 

            The composition of the casting Al-Si alloy used in the present investigation  which given in 
Table 1. 

Al-alloy Si Fe Cu Mn Mg Zn 

A356.0 

A413.1 

7.0 

11.0 

0.2 

1.0 

0.2 

0.15 

0.1 

0.345 

0.3 

0.1 

0.1 

0.4 

               Samples preparation, dimensions, polishing described [22,23]. Subsequent positron lifetime studies 
were performed at RT using a fast-fast coincidence system with a time resolution about 281 ps 
(FWHM). The system described elsewhere [24,25]. The other  system which has been used in the 
present work to determine the Doppler broadening (D. B.), S –parameter. Ortec HPGe detector with as 
energy resolution 1.95 keV for the 1.33 MeV line of 60Co, which described [26]. Positron lifetime 
spectra was measured and performed one time for 9×103 sec each during which about 1.2×103 
coincident events were accumulated. The lifetime spectra were analyzed using program 
POSITRONFIT [27].  The spectra were satisfactorily analyzed as a single lifetime component after 
subtraction of the background and source component.  

RESULTS AND DISCUSSION 
MIGRATION OF THERMAL DEFECTS IN (A356.0) AND (A413.1)  

      The lifetime spectra were analyzed via least-squares in exponential terms. The long lifetime is due 
to annihilation in the source while the short lifetime is a mixture of the lifetime components from bulk 
lattice, vacancy and grain boundary. Mean lifetime τ reflects the characteristic of the defect formation 
and recovery processes and is a function of the quenching temperature (Q.T). All samples were 
homogenized for 10 h at (823 K), for experiment of lifetime and D.B.  The evaluation of the defect 
positron remained after in (A356.0) and (A413.1) were measured as the variation of the mean lifetime 
τ or Doppler broadening S–parameter versus the annealing temperature from 300 K  to 850 K. 
(A356.0, A413.1) casting alloy with 7 %, 11 % Si wt. respectively were quenched from 800 K into ice 
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Figure 3. Block diagram of HPGe- detector and electronics 
for  Doppler broadening.
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water before start measuring.  The resulting curves as shown in Figures (4,5). The two curves for 
(A356.0) shown essentially the same features which indicates that one stage of  the recovery appears. 
So a single type of defects (thermal defects) in the same samples as a results of the quenching process 
with different measuring techniques as shown in Figure 4, for lifetime while Figure 5, for Doppler 
broadening. Appears from Figures  4,5,  that  nearly the same stage of recovery for (A356.0) by PALT  
and D.B. while the resulting curves as shown in Figures (6,7). The two curves for (A413.1) shown 
essentially the same features which indicates that one stage of  the recovery appears. So a single type 
of defects (thermal defects) in the same samples as a results of the quenching process with different 
measuring techniques as shown in Figure 4, for lifetime while Figure 5, for Doppler broadening. 
Appears from Figures  4,5,  that  nearly the same stage of recovery for (A356.0) by PALT  and D.B, 
while the same stage for recovery for (A413.1) also shown as by lifetime and D.B indicated by figures 
6,7. 
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Figure 6. Positron mean lifetime τ (ps) as 
a function of the isochronal annealing 
temperature of the specimen.
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FORMATION ENERGIES IN (A356.0, A413.1) BY PAT 

      From these measurements it is possible to deduce the vacancy formation enthalpy, which in 
combination with the results of self-diffusion measurements, give a value for migration enthalpy of the 
vacancy. The use of the quenching technique in the positron annihilation study has the advantage that 
it allows a distinguish between vacancy and dislocation. Quenching experiments were usually 
performed on thin specimens to ensure a uniform quenching rate throughout the specimen. The mean 
lifetime and D. B. S-parameter were plotted in Figures 8,9,  in the case of sample (A356.0) 
respectively as a function of the quenching temperature. The curves are of the conventional form in 
which τ and S- increases slowly and linearly with increasing temperature. This linear increase in τ and 
S are ascribed to the thermal lattice expansion of the sample. At temperatures higher than Tc  it obvious 
that a strong change of the positron parameters (τ, S) occurs. This change is ascribed to trapping of 
positrons in thermally generated vacancies. At higher temperatures, where there are many vacancies 
produced in the sample, the value of  (τ, S) are saturated as a result that most positron will be trapped. 
The T-dependence of annihilation parameters has been supplied by measurements of lifetime τ. In turn 
the bulk of this data has been analyzed by a simple 2-state trapping model [28], with the extraction of 
monovacancy formation enthalpy the primary objective. The model provides therelationships are:  
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      where τb, τt are the annihilation parameters for free and trapped positron respectively, τ is the 
positron mean lifetime at intermediate temperature T, A is a constant and H1v

f is the formation 
enthalpy. The Arrhenuis plot drive  from the data and fitted curve of the Figures 8,9 for  (A356.0) Al-
Si casting alloy was calculated from the slope of the Arrhenuis and tabulated in Table 2. While 
Arrhenuis plot drive  from the data and fitted curve of the Figures 10,11 for  (A413.1) Al-Si casting 
alloy was calculated from the slope of the Arrhenuis and tabulated in Table 3. Only that portion of the 
data points is plotted where the vacancy trapping effect occurs. The straight line shows the best fit 
through the data point in the temperature range. The monovacancy formation enthalpy  H1v

f  can be 
estimated from the slope of the line.         A second method for evaluating the monovacancies 
formation enthalpy H1v

f for Al-Si alloy is so-called threshold temperature (characteristic temperature) 
method. This method was first proposed by Mackenizie and Lichtenberger and then improved by 
Schulte and Campble as:  

   H1v
f = (-0.098±0.057)+(15.2±0.7)x10-4 Tc                           (3) 

    where Tc is the temperature at which the onset of the vacancy trapping is first a parent. The 
monovacancy self-diffusion enthalpies Q1v is calculated from the empirical relation given by  Schulte 
and Campble [29].  The resulting values of  H1v

f from Arrhenuis plot, threshold temperature and the 
self-diffusion enthalpies  Q1v  are given in tables 2. As tabulated in table 2, the value of the these 
measurement calculations  is nearly close  of each  others. 

      Positron annihilation [30] and the particular lifetime spectroscopy [31] have proved to the most 
powerful techniques for studying the thermal equilibrium vacancy concentration at high temperatures 
in pure metals. They also have been applied to vacancy formation studies in semiconductors [32], and 
metal oxide [33]. 
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Table 2. Values of  H1v
f from Arrhenuis plot, threshold temperature and  Q1v . 

Al- alloy Tc 
(K) 

Method of 
Measurement 

Arrhenius 
Method H1v

f 
[eV] 

Threshold 
Method     H1v

f 
[eV] 

self-diffusion 
enthalpies  Q1v  
[eV] 

H1v
M 

(A356.0) 

 

(A413.1) 

 

578 

570 

521 

523 

L.T.T. 

D.B.T. 

L.T.T. 

D.B.T. 

0.876±0.094 

0.732±0.031 

0.644±0.121 

0.666±0.074 

0.780±0.097 

0.768±0.097 

0.694±0.094 

0.697±0.094 

1.367±0.084 

1.349±0.083 

1.243±0.080 

1.247±0.080  

0.587±0.013 

0.581±0.014 

0.549±0.014 

0.550±0.014 

From a comparison of the calculated vacancy formation enthalpies and the self-diffusion enthalpies the 
vacancy migration enthalpies are estimated assuming simple vacancy-mediated diffusion processes as 
in many pure metals.  

    H1v
M =  Q1v - H1v

f              (4) 

      Thus determined vacancy migration enthalpies are lower than the corresponding vacancy 
formation enthalpies are in good agreement with experimental values determined from recovery 
measurements after electron irradiation by means of positron annihilation or electrical resistivity. From 
the present data a high ratio (H1v

f / H1v
M) ≥ 1 for the formation and migration enthalpies of vacancies 

on is derived for AlSi similar as in pure metals. This means that the AlSi  self- diffusivity is governed 
by low concentrations of vacancies with a high diffusivity. It furthermore means that in the 
concentration range Cv ≈10-5 of thermal vacancies detectable by positrons the equilibration times for 
thermal vacancies after temperature changes are in the range of milliseconds or shorter as in pure 
metals. 

CONCLUSIONS 

       The recovery stages for quenched (A365.0) by both PALT and D.B are nearly at the same 
temperature. The same observation for (A413.1) sample. This a confirmation for both of PALT and 
D.B., show that the recovery stages for quenched (A365.0) are nearly at the same temperature value. 
The same observation for quenched (A413.1) at a higher temperature. A single type of defect (thermal 
defect) are observed in the quenching process. Vacancy formation enthalpy (and self-Diffusion) of 
(A365.0) by PALT and D.B is high than (A413.1) that is the effect of Si. Vacancy migration 
enthalpies calculated is lower in a comparison with the formation using Arrhenius method and 
threshold method show that accurate both methods both methods for the same calculations of 
formation enthalpy.       
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