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Aluminum single crystals cut in the {111) direction were implanted with 2X10®° m~? Pb* ions at 75
or 150 keV. The implanted insoluble lead precipitated as epitaxially oriented crystallites in the alumi-
num matrix. The precipitates were studied by x-ray diffraction at Risg, DESY, and Brookhaven Nation-
al Laboratory, and showed large superheating as well as supercooling during repeated heating cycles.
The as-implanted precipitates had a characteristic size of ~ 140 A, which grew to 210-260 A during re-
peated heating cycles. A detailed annealing study shows that the growth rate of the precipitates changes
discontinuously at the onset of melting. This shows that significant precipitate growth takes place by
coalescence. The diffracted x-ray intensities showed characteristic truncation rods (streaks), indicating
that the solid precipitates were octahedra limited by {111} planes and truncated at the corners by {100}

facets.

INTRODUCTION

Aluminum implanted with lead was studied by
transmission electron microscopy (TEM) in the late
1960’s by Thackery and Nelson.! More recently, in-
clusions in aluminum have been studied by Moore
et al.»3 They found the insoluble lead to precipitate
with {111} facets in epitaxial alignment with the alumi-
num matrix. A renewed surge of interest in epitaxial pre-
cipitates, started when vom Felde et al.* and Templier
et al.’ found that solid noble-gas precipitates were grow-
ing epitaxially in crystalline solids at temperatures sub-
stantially above the triple point for these gases. These
studies, together with a number of others, e.g., Refs. 6-8
were all performed with a combination of TEM and elec-
tron diffraction on samples with a polycrystalline matrix.
A first attempt to use x-ray diffraction with polycrystal-
line samples was inconclusive.’ It was, however, realized
that if a single-crystal matrix was used, it should be possi-
ble to use x-ray diffraction and obtain more quantitative
information on the behavior of the precipitates. This was
done for samples implanted with rare gas!®!! and Pb,!""12
all in an aluminum matrix.

The investigation of small lead particles without a free
surface has turned out to be of the utmost importance for
the understanding of the process of melting. These stud-
ies support the recent observations for crystals with a free
surface, which demonstrate the importance of the surface
as a nucleation site for the melt. Frenken et al.'>'* and
Pluis et al.'>'¢ have by means of 100-keV proton back-
scattering found that a quasiliquid layer starts to form at
the Pb {110} surface more than 100 K below the bulk
melting point. By using a cylindrically cut Pb crystal,'!” a
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large number of surface orientations could be studied and
surface premelting was observed in most cases. Premelt-
ing was completely suppressed for the {111} surface and
to some extent for the {100} surface. Fuoss, Norton, and
Brennan'® studied premelting of lead surfaces using
grazing-angle x-ray diffraction. Yang, Lu, and Wang'
studied roughening and premelting of a lead (110) surface
using high-resolution low-energy electron diffraction
(HRLEED). Pokorny and Grimvall observed possible
premelting effects in lead from resistance measure-
ments.? Surface melting appears to be a relatively gen-
eral phenomenon seen not only in metallic systems. As
an example, the beautiful measurements of melting of
thin argon layers on graphite?!"?2 may be mentioned. For
a recent review on the solid-liquid transition, see Kof-
man, Cheyssac, and Garrigos.?

At each temperature the quasiliquid layer formed on a
free surface is in thermodynamic equilibrium with the un-
derlying crystal. The thickness of this layer depends on
surface orientation and temperature. Phenomenological-
ly, one can see that surface melting occurs whenever the
sum of the specific solid-liquid plus liquid-vapor interface
energies is lower than the solid-vapor interface energy. A
surface may hence act as a nucleation center for the melt.
However, the dependence of the thickness of the quasili-
quid layer upon temperature requires a theoretical treat-
ment involving a continuum description.”*?* Surface
melting is generally believed to be the explanation for the
fact that superheating of metal crystals with a free sur-
face is virtually never observed, the only example being
superheating of small crystallites strictly confined by
{111} facets,?®?’ in agreement with the above observa-
tion that surface premelting is absent at {111} surfaces.
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The observed superheating in these cases is 2—-3 K. A
nice summary has recently been given by Frenken.?®

For the present study it is particularly interesting what
happens if a free surface is not present. van der Gon
et al.?® found that premelting of Pb {110} surfaces could
be suppressed by a thin PbO layer. Cheyssac, Kofman,
and Garrigos® studied lead aggregates in alumina by op-
tical reflectivity measurements where they found a large
hysteresis between melting and solidification. In contrast
to other experiments, both melting and solidification were
here observed at temperatures below the bulk melting
point for lead. Size-dependent melting of lead inclusions
in silicon monoxide was studied in the electron micro-
scope.’! Superheating (25 K) of silver crystals covered
with gold was found by Daeges, Gleiter, and Perepezko, >
but alloying between the two metals may have influenced
the result. The electron microscopy study of indium pre-
cipitates in aluminum by Saka, Nishikawa, and Imura®
showed superheating as well as supercooling of the pre-
cipitates. Also, in a perturbed-angular-correlation (PAC)
study of indium inclusions in aluminum, both superheat-
ing and supercooling were observed.**

Generally, during annealing of inclusions, significant
growth is observed. The mechanisms responsible for this
growth are still widely discussed. Several growth mecha-
nisms such as loop punching,®> Ostwald ripening,*%3’ and
coalescence of inclusions®®>” have been suggested. The
possible punching of dislocation loops has been widely
discussed since it was proposed by Greenwood, Foreman,
and Rimmer® in 1959. However, for loop punching to
take place, a pressure substantially higher than what is
normally observed is needed. In the Ostwald ripening
process, the larger inclusions grow at the expense of the
smaller ones because the probability for capture of in-
clusion atoms versus the probability of expelling an in-
clusion atoms favors growth of the larger inclusions.
Growth by coalescence of inclusions involves diffusion
and collision of inclusions as single objects.

The aim of the present work is to study the melting,
solidification, and growth of embedded lead particles in
aluminum and to establish the crystallographic orienta-
tions of the interfaces. This system is particularly well
suited for such studies because of the immiscibility of Pb
and Al, where the solubility even in the liquid phase is
very small, ~0.2%.%® The experimental techniques were
ion implantation and x-ray diffraction.

EXPERIMENT

The aluminum single crystals were 9-mm disks 1-2
mm thick, cut within 1° of the (111) direction. Before
implantation the samples were mechanically and electro-
lytically polished. During implantation, the samples
were mechanically scanned behind a 4 X 1.5-mm? slit to
obtain a 4-mm-wide implanted strip across the surface.
The implantation current was ~30 uA cm ™2 behind the
slit. This will at most give rise to a temperature increase
of a few tens of degrees.’® Implantations were at 75 or
150 keV to a total fluence of 2 X 10*° Pb* m~2. Some of
the lead was lost through outdiffusion and sputtering dur-
ing the implantation. The total target available for x-
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ray-diffraction investigations consisted of ~5X 10! m™2

atoms. The concentration within the peak area is
~1-2 at. %.

During implantation, the samples were tilted 5° to
avoid a strong influence of channeling on the depth distri-
butions. A Monte Carlo simulation using the TRIM com-
puter program* gave a mean depth of 300 A for the 75-
keV implantation and 520 A for the 150-keV implanta-
tion. Sputtering during implantation removes approxi-
mately 100 A.

The implanted samples were studied through several
annealing sequences (see Table I), in a small transportable
vacuum furnace, which could be operated at tempera-
tures in the interval 300-770 K. The design of the fur-
nace allowed x-ray diffraction to be performed at the
mentioned temperatures, with free access for the x-rays
over a solid angle of 2.

To study the inclusion growth, an isochronal annealing
sequence was carried out on an as-implanted sample.
The measuring sequence (sample No. 4) was as follows:
The lead (111) peak was scanned at room temperature;
then the sample was heated to a preset temperature
(without overshooting), kept at that temperature for 90
min, and subsequently cooled to room temperature. Here
the lead (111) peak was scanned again. This procedure
was repeated for a series of temperatures from room tem-
perature (RT) to 688 K.

X-ray-diffraction measurements were performed at
double- and triple-axis spectrometers at the rotating
anode at Risg National Laboratory and at the synchrot-
ron radiation laboratory HASYLAB at DESY (Deutsche
Elektronen Synchrotron) in Hamburg. Further, a series
of measurements were performed with the four-circle
diffractometer at beam line X16B at NSLS (the National
Synchrotron Light Source) at Brookhaven National Lab-
oratory.

On the double- and triple-axis diffractometers, the
diffraction peaks were scanned longitudinally, i.e., along
the diffraction vector, and in one or two transverse direc-
tions perpendicular to this. Note that if the precipitates
are not perfectly aligned with the matrix, this will cause a
broadening in the transverse directions only. The flexibil-
ity of the four-circle diffractometer at Brookhaven facili-
tated the search for and study of the truncation rods orig-
inating from the facets at the inclusions.

It is of particular interest in this context to be able to
judge the total intensity in a given diffraction peak be-
cause a decrease of the integrated intensity indicates that
melting is in progress. If the resolution is infinitely good
and assuming that the intensities in orthogonal directions
are mutually independent, then I, =I,1,I,/H 2, where
I,, I,, and I, are integrated intensities for the three mu-
tually orthogonal directions and H is the peak height. In
the case where the out-of-plane resolution is much larger
than the width of the Bragg peak, the integrated intensity
becomes I,,=I,I,/H. The rotating anode diffracto-
meter is usually operated with the resolution perpendicu-
lar to the scattering plane relaxed to ~1°. To obtain the
correct measure for the integrated intensity, one must
therefore carefully take into account the ratio between
the out-of-plane resolution and the width of the Bragg
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peaks, which are of comparable magnitude. Similar con-
siderations are necessary for a detailed account of the in-
plane resolution.*! Fortunately, when the transverse
width does not change with temperature, the effect of the
out-of-plane resolution becomes unimportant.

The position of the Bragg peaks gives the lattice pa-
rameter of the precipitates. Any deviation from tabulat-
ed values at ambient pressure may therefore, using ap-
propriate equations of state, provide a measure of the
pressure in the inclusions. The width [full width at half
maximum (FWHM)] of the Bragg peaks are influenced by
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the finite size of the crystallites. Hence these widths may
be used to estimate the size of the precipitates as de-
scribed below. As a first approximation, the peak posi-
tion and FWHM for the Bragg peaks can be determined
from fits of Gaussian line shapes to the measured data.
To do this properly it is, however, necessary to deconvo-
lute the instrumental resolution from the experimental
data. Finally, plane surfaces at the diffracting
medium —the precipitates—will give rise to so-called
truncation rods or streaks of diffracted intensity in direc-
tions perpendicular to the surfaces. Faceting of the pre-

TABLE I. Summary of implantation data, heating sequences, and measurements on lead-implanted
aluminum single crystals. The names in the “Place” column refer to the following instruments: Risd,
the rotating anode two-axis x-ray diffractometer at Risg; D4 and W1, diffractometers in HASYLAB at
DESY, Hamburg; and X16B, a four-circle diffractometer at the National Synchrotron Light Source at

Brookhaven National Laboratory.

Temperature
No. Sample Sequence range (K) Measurements Place
1 2X10*° m™2 a 299-678 Pb(111): x, y and rocking scans Risg
75 keV b 678-299 no measurements above 299 K Risg
2 2X10%° m™2 a 299-688 Pb (111); x, y, and rocking scans Risg
150 keV b 688-299 no measurements Risd
c 299-678 Pb(111): x, y, and rocking scans Risg
d 678-299 no measurements Risg
e 300-683 Pb(111): x, y, and rocking scans W1
f 683-300 no measurements w1
g 300-644 Pb(111): x, y, and circular scans W1
around the (111) peak
h 644-300 no measurements Wi
3 2X10%*° m™? a 300-678 Pb(111): x, y, and z scans Risg
150 keV b 678-301 Pb(111): x, y, and z scans Risd
c 301-633 Pb(111): x, y, z, and circular Risgd
scans around the (111) peak
d 633-297 no measurements Risg
e 297-663 Pb(111)+Pb(222): Risg
X, y, 2z, and circular scans
around the (111) peak
f 663-300 Pb(111)+Pb(222): Risg
X, y, z, and grid scans
around the (111) peak
g 300-588 588 K reached from above; Risg
scans to check the stability of
the molten state
h 588-300 no measurements Risg
i 300 search for (111) truncation D4
rods at the Al(111) peak
j 303-663 Pb(111): x, y, and z scans, and X16B
scans at (111) and (100)
truncation rods
k 663-303 no measurements
1 303-662 Pb(111); x, y, and z scans, and X16B
scans at (111) and (100)
truncation rods
m 662-303 Pb(111): x scans, and X16B
scans at (111) and (100)
truncation rods
4 2X10® m™? a 300-688 Pb(111): x scans; Risd
150 keV isochronal annealing sequence,

(see the text)
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cipitates may hence be judged from the existence of such
truncation rods.

RESULTS AND DISCUSSION

The nature of the diffraction data obtained is shown in
Fig. 1. A clearly resolved Pb(111) peak rising more than
two orders of magnitude above the background is ob-
served. Even though the peak is four orders of magni-
tude below the Al(111) reflection, not only may the peak
position be precisely determined, but a detailed shape
analysis can also be accomplished. Analysis of the peak
position both in the as-implanted state and after the an-
nealing cycles gave lattice parameters in agreement with
tabulated bulk values (see Fig. 2). There is hence no evi-
dence for the lead being under a high pressure, as has
otherwise been observed for noble-gas precipitates.'®!!
From the uncertainty of the lattice parameter determina-
tions and the known compressibility of lead, an upper
limit for the pressure is determined to be 0.18 GPa.!? It
should, however, be emphasized that this is a conserva-
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tive upper bound; there is no evidence that the pressure is
in fact so high. If the inclusions were in equilibrium with
the surface tension, the pressure is expected to be as low
as 0.05 GPa.!! The conservative upper bound on the
pressure, 0.18 GPa, corresponds to a maximum of 14-K
increase in the melting temperature as estimated from the
Clausius-Clapeyron equation*? dP /dT =L /TAV, where
p is the pressure, T is the absolute temperature, L =4.81
kJ/mol is the latent heat of fusion, and AV =0.035 is the
relative volume change.®® As this is significantly smaller
than the superheating to be discussed below, it cannot ac-
count for the observed effect.

The shape of a diffraction peak from one inclusion is
ideally a shape transform of the inclusion convoluted
with the instrument resolution. The peak shape obtained
here is also affected by the size distribution of the in-
clusions, and so it should be considered as a sum of the
different contributions. Ideally, it should be possible to
extract information about size distribution and inclusion
shape through a careful analysis of the diffraction peaks.
In the following we will consider models where all the in-
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FIG. 1. Longitudinal scans from the as-implanted samples Pb-1, Pb-2, and Pb-3 (see Table I). Narrow peaks at smaller wave vec-
tors than the (111) lead peak are higher order reflections from the aluminum matrix.
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FIG. 2. Lattice constant for the lead in the inclusions as a
function of temperature. The lattice constant is determined
from the position of the lead (111) peak: cycle 3a (@), cycle 3c
(0), cycle 3e (V), cycle 3j (X), and cycle 31 (O0). The arrow
marks the bulk melting point T5.

clusions have the same lattice parameter, resulting in
symmetrical diffraction peaks.

The diffraction peak from a nearly monodisperse distri-
bution of inclusions is to a good approximation described
by a Gaussian G(L,q)= exp[ —c(q—gq,)*/L?], where g
is the momentum transfer, g, is the position of the
diffraction peak, and ¢ =4(5.57)?1n2. The inclusion size
determined from the full width at half maximum (wg ) for
the diffraction peak is L =5.57/wg. The constant 5.57 is
determined from the condition that the FWHM of the
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FIG. 3. (111) peak from sample Pb-3, cycle i. The curve in

(a) is the best fit using a single Gaussian. From this fit the aver-
age size L is determined to be 233 A. The curve in (b) is the best
fit, using the expression (1). From this fit we obtain (L),=106
A and w,=276 A. The intensity is expressed in units of
counts/4 sec.
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Gaussian should equal the FWHM of the calculated peak
from an inclusion of size L. An example of a fit to one
Gaussian is shown in Fig. 3(a) (Pb-3, cycle 3i); the aver-
age size obtained from this fit is L =233 A and
¥>=12.089.

The above considerations assumed a monodisperse size
distribution. However, in general, the size distribution is
not monodisperse.>*** Let us assume that the distribu-
tion of inclusion sizes is such that the probability for an
atom to belong to an inclusion of size L can be described
by a Gaussian distribution P,(L), the relative volume
fraction. = The frequency size distribution is
P(L)=P,(L)/L® For a three-dimensional model, the
diffracted intensity can be approximated by the function
LSG(L,q). However, in a diffraction experiment the
resolution is not infinitely good. For example, if all out-
of-plane intensity is integrated as a result of poor resolu-
tion, the power of L is reduced by 1. At D4 (see Table I)
a very high resolution was obtained because of the well-
collimated beam from the synchrotron and the use of Si
monochromator and analyzer crystals. We therefore ex-
pect the power of L to be close to 6 for this data set. The
complete diffraction peak is hence determined from the
integral

Iig)= [,"L°G(L,q)P(L)dL , (1
where
P,(L)=75P,(L)
1 (L—(L),”?
ZF exp —4ln2———l-u-vz—— , )
where (L), is the mean value for P,(L) and w, is a

width parameter. The lower limit L, was chosen to be 55
A, corresponding to the half width of the scan. The
reason for this particular choice is that diffraction peaks
from inclusions smaller than 55 A are so broad that the
scattering cannot be distinguished from the background.
Nevertheless, the result of the fitting was not very sensi-
tive to the choice of L, as long as it was between 0 and
100 A. Figure 3(b) shows the fit of Eq. (1) to the data in
Fig. 3(a). The parameters were (L),=106 A and
w, =276 A x* was 1.156. The width of the relative
volume fraction is surprisingly large when one considers
that the fit to a single Gaussian was almost as good. In
conclusion, it is therefore difficult make a quantitative es-
timate of the width of the size distribution. We also note
that a Gaussian line shape is a poor description of the
wings of the Bragg peak.

The widths of the diffraction peaks will also be
influenced by strain in the inclusions. This may be inves-
tigated using the widths of both the (111) and (222) peaks,
and the strain is found to be as low as 0.3%,*' in an an-
nealed sample (Table I). Such a low value is not surpris-
ing, considering that a possible overpressure is low and
close to being hydrostatic.

Figure 4 shows the longitudinal width for sample No.
4, as the isochronal annealing sequence progresses. As
the size of the inclusions is inversely proportional to the
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FIG. 4. Full-width at half maximum at room temperature for
the (111) lead peak during the isochronal annealing sequence
(sample Pb-4), as a function of annealing temperature. The line
is only a guide to the eye.

width, it is seen that the growth rate increases dramati-
cally with temperature. The kink at ~600 K shows a
strong discontinuity in the growth rate at this tempera-
ture. This demonstrates that the enhanced growth is not
due to a simple thermal activation factor. Instead, the
enhanced growth must be associated with a phase trans-
formation taking place in the precipitates. The integrat-
ed intensity at the annealing temperature starts to de-
crease at the temperature where a dramatic increase in
growth rate is observed. This seems to indicate that the
mobility of a fraction of the lead inclusions passes a
threshold, allowing them to move and coalesce. We take
the observed discontinuity in the mobility of the precipi-
tates as strong evidence for precipitate growth by coales-
cence of the inclusions and that the discontinuity in the
mobility is associated with the onset of melting of the
precipitates.

A considerable superheating and supercooling is seen
for the lead in the precipitates (see Fig. 5), of which parts
(a) and (b) have previously been published in Ref. 12. It
is seen that the hysteresis persists through several (in fact,
six; see Table I) heating cycles and must hence be con-
sidered an intrinsic phenomenon for the inclusions. Fur-
ther, approximately half a year passed between the data
taken for parts (b) and (c). The superheating from the
first run (also seen on sample Pb-2) was somewhat higher
than during the following heating cycles. We ascribe this
to the growth of the inclusions during the first heating cy-
cle as discussed above. Generally, the superheating of
~230 A inclusions was of the order of 50 K and the su-
percooling of the order of 20 K. The results obtained for
superheating and supercooling of lead in aluminum are in
good qualitative agreement with the TEM work on indi-
um inclusions by Saka, Nishikawa, and Imura.*

As is seen from Fig. 5 and also described in the text
above, we observe a decrease of the superheating from
the first to the following heating cycles. Allen, Gile, and
Jesser®’ have related the size of a particle to its expected
superheating through the relation
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FIG. 5. Integrated intensity for sample Pb-3, heating cycle
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tained during heating, and the open circles show data obtained
during cooling. The arrow marks the bulk melting point Tp.
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where T, and Ty are the melting temperatures for parti-
cles of radius r and for bulk material, respectively. g,
and y;,, are the specific energies between solid and ma-
trix and liquid and matrix. pg and p; are the densities of
solid and liquid lead, respectively, Q the latent heat of
melting, and AE is the change in strain energy which may
come from the physical tendency for lead to expand at
melting. As has been demonstrated in the discussion of
the pressure in the inclusions, the Clausius-Clapeyron
equation shows that AE cannot be a dominant term.
Further, it is not clear whether the AE term plays a role
after the sample has been annealed at high temperature.

If the ¢’s and p’s are taken to be independent of tem-
perature over the temperature interval where melting
takes place, we may write Eq. (3) as

Vs  Vim
Ps PL

C2
Tr=TB+C1+— > (4)
r

where C, and C, are constants. To test this model data
pairs (T,,r) are needed. However, to obtain such data
pairs is not trivial. Inclusions of size S, are solid at T,
and melted at T,, the next higher temperature. We
therefore take T, to be the melting temperature for in-
clusions of size S|, etc. Data obtained according to this
prescription are depicted in Fig. 6 together with a fit to
the above expression. The resulting constants are C; =3
K and C,=2470 AK. Considering the difficulties in as-
cribing pairs of (T,,r), the value of C, is very uncertain
and the value of C; is somewhat uncertain. The
significance of the small value of C, is therefore not the
value itself, but rather the remarkable agreement between
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FIG. 6. Melting temperatures as defined in the text for parti-
cles of radius r: cycle 3a (0), cycle 3¢ (A), cycle 3e (®), and
cycle 31 (@). The solid line is the best fit to the expression (4),
yielding C; =3 K. The arrow marks the bulk melting point T'.

the asymptotical value of T, and the bulk melting point
for lead (601 K). In conclusion, the fit clearly shows that
the superheating asymptotically disappears with size and
that the experimental data are in good agreement with a
1/r 1law.** We hence assume that the superheated in-
clusions are in a stable state. However, we note that
homogeneous nucleation of the liquid in the superheated
state would also lead to a 1/r dependence, implying that
the superheated state would be metastable.

The existence of large supercooling makes its plausible
that the nucleation of the solid phase appears within the
inclusion rather than on the inclusion-matrix interface.
Within this framework one can explain the supercooled
state of lead as a metastable phase caused by the finite
size of the inclusions. Fluid particles (inclusions) smalter
than the critical size for homogeneous nucleation of the
solid simply appear to be stable, i.e., supercooled.12 The
change in the free energy AF(d) from the appearance of
a solid grain of size d in a AT supercooled liquid is

3 2
"I‘A—T+47T YSL 3 (5)

Ty

d

2

_Am
3

d

AF(d)= >

where yg is the interface tension between solid and
liquid lead, yg =33.3 mJ/m2* The first term in AF is
the lowering of the energy from the phase transformation
to the solid phase, while the second term is the cost of the
additional solid-liquid (SL) interface in the system. As de-
picted in Fig. 7, the critical size for nucleation, d,, is
determined by differentiation of AF(d) and is
d, =4y Tp/LAT.*" Naturally, homogeneous nu-
cleation in this sense cannot take place if the critical size
for nucleation exceeds the size of the inclusion. This ex-
plains the stability of the supercooled phase. One sees
that if an inclusion size of 230 A is taken as the critical
size for nucleation, then the necessary supercooling is 13
K. This is less than the observed supercoolings and
therefore consistent with the scenario of homogeneous
nucleation.

The expression for the critical size for nucleation is de-
rived for an infinitely large system. For an inclusion of
finite size d;, one must also take into account the energy
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AF

FIG. 7. Excess free energy AF for a solid grain of size d in a
supercooled liquid. The critical size for nucleation d, is the
minimum size of a grain that would continue to grow in size.

of the interface with the host matrix, i.e., A(Ysq—V1Lm)>
where A is the total interface area between the inclusion
and the host matrix, ygy and yy are the interface ten-
sions between solid lead and the aluminum matrix, and
liquid lead and the aluminum matrix, respectively. Thus
it is not a sufficient condition that dAF /dd <0; rather,
for the inclusion to have solidified completely, the condi-
tion is

2

3
Lar (Ysu—7i)<0. (6

Ty

d;

2

_Am

3

i

2

+47

One therefore see that a large value of ygy— ¥y Would
lead to a large supercooling. If the observations of large
superheatings is taken as evidence that surface melting
(interfacial melting) is preempted, then the inequality
YsL+¥1Lm > ¥sm must hold. From this one can infer that
Ysm—Y1m <7¥sL. The observations of large supercoolings
indicate that surface freezing is preempted, i.e., that

(Ystt¥sm>7YwLm)» Wwhich leads to the inequality
YsM—YLM> —¥spL- Summarized, one has
YsL>VYsM~YLM> ~7VsL - (7)

Interestingly, the agreement between the critical size for
nucleation and inclusion size becomes much better if one
takes 2d, instead of d,. This corresponds to the special
case where interface energies between the solid (5), liquid
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FIG. 8. Longitudinal scan (O) across the expected position
of the diffraction sphere from a polycrystalline sample, mea-
sured 5° away from the (111) Bragg peak. The solid curve shows
the expected peak height provided all the inclusions were solid
at the measuring temperature (588 K) but randomly oriented.
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FIG. 9. Three-dimensional plot of the truncation rod originating from the {111} facets at the lead inclusions. Data are obtained at
303 K in cycle 3j and are based on eight scans across the [111] truncation rod away from the lead (111) Bragg peak. The distance
from the lead peak is given by g, while ¢ gives the distance from the [1 11] direction.

(L), and/or matrix (M) obey the equation Ygy—¥im
=~ys [see Fig. 7 and compare Egs. (5)-(7)]. Physically,
this may reflect an incoherent interface.

It could be imagined that the inclusions solidify ran-
domly oriented at T and that epitaxial alignment is tak-
en up at a lower temperature. If this were the case, the
diffraction from the inclusions would appear as a spheri-
cal intensity distribution. Several scans across the posi-
tion where the sphere corresponding to the (111) peak
would be seen were performed. Figure 8 shows the nega-
tive result of such a search; the solid line shows the ex-
pected intensity if the inclusions were solid and randomly
oriented. No evidence for such a sphere is found, and it
may be concluded that the precipitates at this tempera-
ture are indeed liquid. Note that the much broader
diffuse sphere from liquid inclusions will not appear at
this position as the (111) reflection does not correspond to
a nearest-neighbor distance.

The diffracted intensity depicted in Fig. 9 very clearly

IN]
o
4

15 - .

u
T
1

INTEGRATED INTENSITY (Arb.units)
o
T
1

o

1 1 1
02 03 0.4 05 05
q (AT

o
=

FIG. 10. Integrated intensity of scans across the [111] trun-
cation rod from the lead inclusions, measured along the [111]
direction. The solid line represents a fit to the expression (8).

shows the existence of truncation rods from {111} facets.
The figure shows a three-dimensional plot of data ob-
tained at 303 K in cycle 3j. Extensive measurements of
these rods were carried out as indicated in Table I. The
rod corresponding to the facets of the inclusions parallel
to the surface could not be investigated as this rod is
completely dominated by intensity from the surface trun-
cation rod of the aluminum crystal. Instead, the trunca-
tion rod in the [111] direction was analyzed. A similar
rod approximately a factor 2.6 weaker was seen in the
[100] direction. This is consistent with an inclusion hav-
ing the shape of an octahedron limited by {111} planes
and truncated at the corners by {100} planes. This is in
agreement with the earlier TEM observations by Thack-
ery and Nelson' and Moore et al. >3

The intensity of the truncation rod shown in Fig. 9 can
be analyzed to obtain information about the roughness of
the facets at the lead crystallites. The integrated intensi-
ty is described by Robinson:*?

2

Nvi—1=B) 1 (8)

(1+pB*—2Bcosqa) 4sin“iqa
Here N; and N, represent the scattering components
from directions parallel to the facet. The remaining part
is due to the component perpendicular to the facet, the
component being perturbed by the very existence of the
facet. The distance to the lead (111) Bragg peak is given
by g; a is the lattice parameter. B is a roughness parame-
ter describing the sharpness of the facet, such that the
fractional occupancy of the first noncomplete layer is 8
and the second is 8% and so on. The result of fitting this
equation to the experimental data is shown in Fig. 10.
The roughness parameter B was determined to be
0.13%0.02, which means that the fractional occupancy in
the second layer is 0.016, and so the facets of the precipi-
tates are very sharp.

In the cycles 3j and 31, the rods were studied as a func-
tion of temperature. At a number of temperatures, scans
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FIG. 11. Upper section: FWHM for the lead (111) peak during annealing cycle 31: longitudinal x direction (M), transverse y
direction (0), and transverse z direction (V). Lower section: Integrated intensity across the [111] rod (@) and the [100] rod (O).
The distances to the lead (111) Bragg peak were 0.242 and 0.171 AL respectively. The arrow marks the bulk melting point. The in-
tegrated intensity for the [111] rod starts to decrease around 620 K, the temperature where melting of the lead inclusions start and
the width of the Bragg peak starts to increase. The integrated intensity of the [100] rod starts to decrease around 605 K.

were made across the [111] and [100] rods at fixed dis-
tances from the lead (111) peak. Figure 11 shows the in-
tegrated intensities across the rods together with the
widths of the (111) Bragg peak. The integrated intensity
of the (100) rod starts to decrease around 605 K, while
the intensity in the (111) rod starts to decrease around
620 K. This is also the temperature where the integrated
intensity for the Bragg peak starts to decrease (Fig. 5).
Further, at this temperature the width of the Bragg peak
starts to increase (Fig. 10). The different behavior of the
(100) rod indicates that premelting or roughening of the
{100} facets starts below the temperature where the pre-
cipitates in general begin to melt.

CONCLUSIONS

X-ray diffraction has been established as a powerful
technique for investigation of epitaxially growing precipi-
tates of nonsoluble implants in crystals. For the particu-
lar case of lead in aluminum, the lattice parameter, size,
and shape of the crystalline inclusions could be measured.

Large superheating and supercooling of the inclusions

were found during melting-solidification cycles. Particu-
larly, the observation of large superheating reveals im-
portant information for understanding of the general
mechanism of melting for systems without a free surface.

A detailed study of truncation rods originating from
the facets showed a difference in behavior at the {100}
and {111} facets, indicating that either premelting or
roughening of the {100} facets takes place around 605 K,
which is ~15 K below the temperature where the in-
clusions as a whole start to melt. The observed discon-
tinuity in the growth rate for the inclusions demonstrate
that melted inclusions grow by migration and coales-
cence.
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