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Abstract. The precipitation kinetics of the Au-26.5 at.% R alloy, quenched within the 
miscibility gap and annealed isothermally at 900 K, was studied by positron annihilation 
spectroscopy (PAS) using the lifetime technique as well as the Doppler broadening technique. 
Information on the size of the platinum-rich precipitates was obtained from small-angle neutron 
scattering (SANS) measurements. The re5ults of the PAS measnrements were interpreted by 
assuming that a fraction of the posit", depending on the morphology of the material, is 
trapped at misht dislocations on the boundaries of platinum-rich precipitates. The positron 
trapping rate per unit specific area of the interphase boundary was obtained by combining PAS 
data with SANS results. ?%e discussion points out the imponance of this parameter and of the 
positron lifetime data for a charactaimion of the local structure of the interphase boundary. By 
assuming that the growth kinetics of the platinum-rich precipitates is governed by a t lD  law, 
we obtain from our data quantitative information on the shape of the size distribution of the 
precipitates. 

1. Introduction 

Positron annihilation spectroscopy (PAS) is increasingly used for investigations of phase 
boundaries [l] and precipitation kinetics [Z, 31. Most promising for simplicity are systems 
-with a large miscibility gap, causing nearly pure metal to be precipitated 
-containing only one kind of positron trapping centre. 

The AuPt alloy (26.5 at.% Pt), studied in the present work, fulfils the above conditions. 
The decomposition of the supersaturated AuPt system during thermal ageing at 900 K 
produces a distribution of nearly spherical precipitates with a Pt atomic concentration of 
98% [4], dispersed in a manix of Au-19.5 at.% Pt. Due to the difference in the lattice 
parameter of the Pt-rich precipitates and of the matrix (about 4%), a transition from coherent 
to semicoherent particles is expected in the precipitation sequence. The misfit regions at 
the boundaries between semicoherent particles and matrix are most likely to act as extended 
positron trapping centres. Indeed, these are the only positron traps expected to exist in 
AuPt samples after the first stages of thermal ageing, i.e. when the vacancies and vacancy 
clusters, frozen into the sample with the homogenization treatment, are already annealed 
out. Positron trapping in the volume of the Pt-rich precipitates can be excluded due to a 
significantly larger positron aflinity to the Au-rich matrix [5] .  

As discussed below, in these ideal conditions the analysis of PAS data can be fertile 
with information regarding (a) the shape of the size distribution of the precipitates, (b) the 
law of evolution of this size distribution, (c) the critical time marking the transition from 
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coherent to semicoherent precipitation and (d) the structure of the particle-matrix interface. 
Moreover, with the help of a determination of the average particle size, which in the present 
case was obtained by an auxiliary small-angle neutron scattering ( S A N S )  measurement, it 
is also possible to give an estimate of the posihon trapping rate per unit specific area of the 
interphase boundary. This parameter can be taken as a characteristic properly related to the 
structure of the boundary. 

2. Experimental details 

Pure gold and platinum (26.5 at.%) of purity 4N were melted in an induction furnace in 
argon atmosphere. The alloy was directly quenched from the liquid state into a water- 
cooled ingot with a parabolic end piece. After rolling to about one-half of the thickness, 
the samples were homogenized at 1373 K for 7 days with subsequent water quench. For 
the positron measurements the samples were rolled to the final thickness of about 0.2 mm 
and cut in 6 x 6 mmz squares, and again homogenized. Composition and homogeneity were 
checked by microprobe and by measurements of the electrical resistivity by a four-point 
method. The samples were then isothermally annealed at 900 K for different times. 

For PAS measurements, two identical samples were sandwiched with a 3 x lo5 Bq "Na 
positron source, evaporated onto a 1.14 mg cm-' Kapton foil. The lifetime measurements 
were carried out using a fast-slow coincidence system with a resolution of 220 ps in 
operating conditions. The y detectors were mounted at an angle of 135" to avoid the 
systematic underestimate of the lifetimes that might be given by false prompt coincidences, 
which are likely to occur when the detectors are aligned. The spectra, containing at least 
5 x lo6 counts each, were analysed by the RESOLUTION and POSITRONFIT computer 
programs [6,7]. After source and background corrections we could fit well all spectra with 
one or two components, depending on the ageing time. For well annealed specimens of 
pure gold and pure platinum we obtain one-component spectra with lifetimes of 127 k 1 ps 
and 115 3z 1 ps respectively. The Doppler-broadened energy spectrum of the annihilation 
radiation was measured using a high-purity Ge detector with energy resolution of 1.2 
keV and a channel width of 25.9 eV. Eighty central channels out of 600 were used for 
the determination of the S parameter [8 ] .  We report below the results of our Doppler 
broadening measurements in terms of normalized parameters S f SA", where SA" = 0.537 1 
is the value found for well annealed pure gold; for well annealed pure platinum we obtain 

As discussed below, additional information on the average radius of the precipitates is 
necessary for the complete interpretation of the PAS data. As the contrast conditions are 
not favourable for x-ray scattering, S A N S  measurements at neutron wavelengths of 0.4 nm 
and 0.8 nm were performed at the spectrometre PAXE in Saclay. 

SP~ISA, ,  = 0.9825. 

3. Results and discussion 

The S parameter for the series of samples aged at 900 K, divided by the S parameter for 
pure gold, is plotted in figure. 1 versus the ageing time, f .  The statistical error (of the 
order of 3 x for S and 5 x IO4 for S/SA") is smaller than the data points of the 
figure. However, the data obtained for different samples may scatter due to unavoidable 
differences in the sample preparation. This will also apply to the lifetime data discussed 
below. The arrows in figure. 1 mark the levels of three reference points: pure gold, pure 
platinum, and homogenized alloy. The latter level includes a contribution characteristic 
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of positron trapping at vacancies, which are the dominating defect species in the sample 
after the rapid quenching from the homogenization temperature. The full line through the 
data points is the result of the model calculation discussed below. Note that, after ageing 
for times below 200 min, the S parameter remains nearly constant at a value close to the 
mean value between pure gold and pure platinum, weighted on the atomic fractions at the 
equilibrium concentration of the matrix at the ageing temperature. This result, expected 
for positrons uniformly delocalized over a large number of atomic cells of a random dilute 
solution, is consistent with the hypothesis that at this stage there is no positron trapping 
at lattice defects. However, for longer annealing times ( t  200 min), trapping is made 
clear by the increase of the S parameter. At about ZOO0 min, the S curve reaches a 
maximum, which is well below the value found for the homogenized (quenched) sample. 
Taken by itself, this result could be explained in diKerent ways: either that the traps in 
the annealed samples are defects with a free volume smaller than a vacancy, or that the 
maximum fraction of positrons trapped in annealed samples is smaller than the fraction 
trapped in a quenched sample, or else a combination of both circumstances. We shall see 
below that the thiid possibility is the only one compatible with the lietime results. For 
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F i p  1. Normalized S m t e r  in AuR aged af 900 K. as a function of the ageing time. 
The values for pure gold, pure platinum, and homogenized aUoy are indicated by arrows; the 
S parameter for pure gold, taken as the reference level Cor the normalization. is SA. = 0.5371. 
The statistical ermr is approximately of the order of the symbol size. The curye is the result of 
the &-fit calculation described in the text. 

samples aged less than 200 min, the lifetime spectra could be fitted by one component only. 
The lifetime q, = 125 f 1 ps is close to the weighted mean between gold and platinum 
lifetimes. In accordance with S measurements, this result demonstrates the absence of 
positron trapping defects in the initial stages of ageing. In contrast, for anneating times 
above 200 min. the effect of positron trapping becomes manifest: in this case, the fitting 
of the lifetime spectra requires a second component, that will be referred below as the 
'defect component'. The lifetime rd of this component is approximately the same for all 
samples ( r d  = 175 f 3 ps), and is definitely shorter than the long lifetime measured with 
the quenched sample (ru =.195 ?C 5 ps). The intensity Id of the defect component reaches 



5942 W Pahl ef a1 

1.0 , 

I I I 1 1 1 1 1 1 1  I I I I I 1 1 I l  I I I l l l l  
10’ 102 io3 10‘ 

Ageing time I (mid 
Figure 2. Intensity Id of the long-living component of the positron lifetime spec” in AuR 
aged at 900 K. as a function of the ageing time. The curve is calculated using the best-fit 
pameten obtained on the bais of the data in figures 1 and 3. 

a maximum of 77 f 5% after ageing above 1000 min (see figure 2). This behaviour is 
again consistent with the Doppler broadening results, but in this case there is no possible 
ambiguity regarding the interpretation. The result rd c 5, shows that the positron traps 
present in the aged samples are defects with less local free volume than a vacancy; also, the 
maximum of Id below 100% indicates that the trapping process never reaches a saturation 
stage (a maximum intensity of 77% corresponds to a trapping probability of only about 49%). 
Figure 3 shows the dependence on the ageing time of the mean lifetime 5 ,  as calculated 
from the results of the two-component spectrum analysis. As is well known, the virtue of 
this parameter is to be more accurate than the direct results of the analysis (a few typical 
error bars shown in figure 3 represent the overall statistical fluctuation, without including 
the effect of accidental differences in the thermal treatments). Note that the curves of figures 
1 and 3 are identical: this is obtained by a simple rescaling of the vertical axes, and shows 
that the independent measurements of S and i, which give the same physical information, 
are in perfect agreement. The points in figures 1 and 3 were used for the best-fit adjustment 
of the model curves. We interpret our results by assuming that the positrons are captured 
at the interphase boundaries between F’t-rich precipitates and matrix. The constant value of 
the defect lifetime ~d indicates that the local morphology of the traps probed by positrons 
does not change during ageing, in spite of the fact that the dimensions of the particles 
certainly increase. This is not in contrast with our interpretation, since the wavefunction of 
a trapped positron is enhanced at the spikes of freevolume concentration, and the growth 
of the particle-matrix interface may occur with an increase of the number of the spikes 
but with no substantial change of their structure. Considering that the lifetime difference 
rd - sb = 50 f 3 ps measured in the present case is close to the value (48 ps) attributed by 
Shirai er a1 191 to positrons trapped at Shockley dislocations in pure gold, our results suggest 
identifying the freevolume spikes with cores of Shockley dislocations (partial dislocations). 
We may thus represent the interphase boundary as a more or less regular grid of partial 
dislocation lines. The mesh of the grid must be adequate to relax the elastic deformation due 
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Figure 3. Positron mean lifetime in Aupt aged at 900 K. as a function of the ageing time; the 
values for pure gold pure platinum and homogenized alloy are indicated by arrows. The curve 
is the result of the best-fit calculation described in the text. 

to the 4% misfit between the precipitates and the matrix. Using for the Burgers vector of the 
dislocations the value for Shockley dislocations in gold (b = 0.16 nm), we calculate a mesh 
of the order of L = bj0.04 % 4 nm. Since L is smaller than the wavelength of a thermal 
positron at room temperature (A,h = 6.2 nm), the dislocation grid must be considered in 
the positron trapping process as a bidimensional continuum. Therefore, the correct way of 
expressing in quantitative form the trapping power of the interphase boundary is to define 
the trapping rate per unit specific surface U,, a parameter with the dimensions of a velocity. 
The product of v, times the specific surface U (area of trapping surface per unit volume) 
gives the trapping rate, i.e. one of the key factors determining the fraction of positrons 
trapped at interphase boundaries (the other factor is the probability that a fxe positron 
injected at random in the sample hits the capturing surface during its thermal random walk; 
we shall see below, however, that, in the present case, this factor is less important than 
us). In spherical geomehy, U depends on the radius r of the particles and on the volume 
fraction f occupied by these particles, according to the relationship U = 3 f / r  (however, 
U = 0 for r smaller than a critical dimension r, of the order of L / 2  = 2 nm, representing 
the maximum radius of coherent particles). Assuming that v, is not affected by changes of 
r occurring during the ageing, we may easily read the evolution of U into the PAS results 
as follows: 

(a) incubation stage (t < 200 min): no trapping, since the radius of the Pt particles is 
still smaller than r,  and U is zero, 

@) rapid increase of the trapped fraction (200 m i n c  t i 1000 min): an increasing 
number of Pt particles reaches the critical radius r,: U jumps from zero to its maximum 
value, of the order of uc,i, = 3 f / r c  % 108 m2 m-3 (f = 8.9% in equilibrium at the 
temperature of ageing), 

(c) region of the maximum and beginning of a slow decrease of the trapped fraction 
(t > lo00 min): the average radius { r )  of the particles is now well above r,, and continues 
to grow; U decreases in inverse proportion to (r). 
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The above qualitative description can be converted to mathematical terms with the help of 
some simplifications. In the appendix we present our approach in detail, but here we prefer 
to jump to the final results of the analysis and to discuss their information content under two 
aspects; (a) kinetics of the alloy decomposition and @) structure of the interphase boundary. 

As far as regards the kinetics of decomposition of the alloy, we can tell that our 
experimental results are in agreement with the following assumptions of the model. 

(a) After the initial part of the incubation stage, the volume fraction of the precipitates 
does not change during ageing. 

@)The average radius ( r )  of the precipitates increases with the ageing time t according 
to a t1I3 law, as predictable for acoalescence regime and in accordance with the experimental 
results of [4]. 

(c) The radius distribution of the particles can be scaled to an universal curve by dividing 
the r axis by ( r ) .  We have given a convenient analytical form for this distribution and kept 
the relative width 6 as an adjustable parameter. Our best-fit value for S is 36 f 6%. 

(d) The loss of coherency of the R-rich particles occurs when the particles attain a critical 
radius r,; in our fitting procedure, we have used as an adjustable parameter the critical time 
tc defined by the equation (r(tc)) = r,, and obtained the best-fit value tc = 600 f 50 min. 
The corresponding value of the critical radius is r, = 1.3 f 0.1 nm, in fair agreement with 
the approximate evaluation r, w L / 2  = 2 nm. 

Information on the smcture of the interphase boundaries comes from the best-fit 
determination of the trapping rate per unit specific surface U,, for which we obtain the 
value 70 ?C 7 m s-l. This is a quite smalJ value, if compared to the value found for 
the surface of grain boundaries in various fine-grained alloys (from 200 to 3000 m s-l 
[IO]). The large difference, however, seem reasonable if one compares the high level of 
incoherence that can be found at the interface between microcrystals of random orientation 
with the rather regular structure of an interface developed for a gradual loss of coherency 
between regions with the same orientation and a lattice misfit of only 4%. We see from this 
comparison that vs is a convenient parameter for characterizing the disorder at an internal 
surface. In the present case, the low value of U, essentially tells us that the average free 
volume localized at the interphase boundary is small. Note, however, that the information 
on the average free volume is different from, and complementary to, the information on 
the local free volume at the annihilation site which is given by the measurement of rd .  
As already discussed. the local free volume is not evenly distributed over the surface of 
the precipitates, but is concentrated on sites structurally equivalent to partial dislocations, 
spaced at intervals of the order of 4 nm. 
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Appendix. Mathematical treatment 

If we want to describe positron trapping in analytical terms, the complicated geomew of a 
real sample containing a distribution of precipitates must be drastically simplified. To this 
end, we imagine the sample as divided into independent spherical domains of radius R, 
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chosen with the following conditions: (a) a spherule of the Pt-rich phase, having a radius r ,  
is contained at the centre of each domain, (b) the ratio of the volume of the internal spherule 
to the volume of the domain is qua l  to the volume ratio f of the Pt-rich phase in the whole 
sample; this condition implies the relationship R = r /  f ' I3  = 2.24r. If one neglects the 
net current of thermal positrons between adjacent domains, the intensity of the long-living 
component in the lifetime spectrum (Id) can be calculated as a function of r ,  of v,, and of 
the positron diffusion constant D+ using the diffusion trapping model @TM) in the version 
elaborated by Nieminen ef ai I1 I]. This version, originally formulated for studying positron 
trapping in voids, can be adapted without formal modification to the present situation, where 
the void is substituted by a particle with a positron affinity too low to sustain a population of 
thermal positrons. The application of the DTM normally requires the numerical evaluation 
of the sum of a series; examples of DTM results are given in figure 4, where the intensity 
Id of the long-living component is plotted versus r for a choice of D+ and v, values, and 
for R = r / f  ' I3. The figure shows that, in the range of D+ values characteristic of metals 
and other non-polar solids (D+ = m2 s-l) and for v, c 1000 m s-I, the intensity Zd in 
the region r c 100 nm is almost insensitive to D+ (transition-limited regime). Considering 
that the lifetime results indicate that U, cannot be too different from hb.pJa,, = 50 m 
s-', and that the SANS results show that the average radius of the particles is of the order 
of a few nanometres (we have from S A N S  an average radius of 1.2 f 0.1 nm after ageing 
for 500 min), we can safely assume that the conditions of the transition-limited regime are 
fulfilled in the case that we are discussing. In these conditions, the DTM results coincide 
with the well known equations derived from the standard trapping model (STM): 

"'I 
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Figure Al.  Intensity Id according to the diffusion happing model as a function of the paIticle 
radius for: (a) U, = 70 m s-l, D+ = I x IO-' m2 s-I and D+ = 2 x lo-' m2 s-I; (b) 
U, IOM) m s-', D+ = 1 x IO-' m2 SKI; (c) w, = 1000 m s-', D+ = 2 x IO-' mz s-I; (d) 
U, = m , D+ = I x IO-& m2 s; (e) v, = m , D+ = 2 x IO-& m2 s. For all ewes. Rlr = 2.24. 

k 
I,+ = 

hbulk f k - Ad 
where 

k = v, a = 3v, f / r  
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when r 
Equations (AI) and (A2) give Zd as a function of r ;  however, the radius of the particles 

is a statistical variable depending on the ageing time, and the value of Zd(t)  for a sample at a 
given stage of ageing must be obtained by averaging over the size distribution. Taking into 
account ihat the probability that a positron is implanted in a specific domain is proportional 
to the volume of the domain, we obtain 

r. (when r c r, there is no trapping). 

where p(r ,  t )  is ihe size distribution of the Pt particles after ageing for a time t. 
STh4 relationships were used for calculating S and ? from Zd and fitted to the data 

reported in figures 1 and 3. We adopted a best-fit procedure based on a paramehization of 
p(r ,  t )  as given by the equation 

dr 
In equation (A4), the time dependence of p(r ,  t) is implicitly accounted for by assuming 

that the characteristic radius ro increases with the ageing time. The constant n and the radius 
ro are related to the mean radius ( r )  and to the relative width 6 of the distribution p ( r ,  t) 
as follows: 

Equation (A6) shows that 6 does not depend on the ageing time, but only on the constant 
n. We treated n as an adjustable parameter (together with U, and &), and we fixed the 
dependence of ro on the ageing time according to the proportionality law 

ro = a t113. (A7) 
The information ( r )  = 1.2 f 0.1 nm for t = 500 min (from S A N S )  was taken into 

account for fixing a in accordance with equations (A5) and (A7). This gives the constraint 

The use of this additional information on the size of the F? particles is essential for 
isolating U, from U in the analysis of PAS data. In contrast, n is scarcely affected by any 
information conceming particle sizes, and is essentially related to the slope of the 1, curve 
in the stage of rapid increase: the best-fit value with our data is n = 3 *OS, corresponding 
to 6 = 36 Zt 6%. This result is not independent of the assumption expressed by (A7) (a 
slower increase of the mean radius with the ageing time would be compensated by a sharper 
radius distribution, i.e. a smaller 6). The agreement of our experimental result with the 
value of 6 calculated from the Lifshitz-Slyozov-Wagner distribution [12, 131 thus provides 
a posteriori an indirect check of (A7). The other best-fit values are v, = 70 f 7 m s-I 
and te = 600 f SO min. The corresponding critical radius is r, = 1.3 f 0.1 nm; here the 
e m r  reflects the indetermination of the S A N S  measurement used for fixing the constant a 
in equation (A7). 
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