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Abstract. The finite size effect on both the solid solubility and the thermal expansion coefficient in
nanometer-sized lead particles was examined by in-situ transmission electron microscopy. The solid solu-
bility of tin in approximately 12-nm-sized particles of lead at room temperature was evaluated be higher
than 30 atomic percent, which is almost ten times higher than that in the corresponding bulk lead. The
thermal expansion coefficient of lead increased from 29×10−6 K−1 for bulk to 38×10−6 K−1 when the size
of particles decreased from ∞ (bulk) to 16 nanometers. The increment of the thermal expansion coefficient
with decreasing size of particles suggests the reduction of the cohesive energy and therefore the reduction
of the elastic modulus with decreasing size of particles. It is then considered that the suppression of the
strain energy in the solid solution may be responsible for the enhanced solid solubility in nanometer-sized
alloy particles.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals – 64.75.+g
Solubility, segregation, and mixing; phase separation

1 Introduction

One of the key features of nanometer-sized alloy parti-
cles is the solid solubility of solute atoms, since the sol-
ubility limit defines the composition range over which a
nanometer-sized alloy particle can be present in a single
phase and therefore it defines the composition range over
which properties of nanometer-sized alloy particles can
be modified rather continuously by controlling the con-
centration of solute atoms. Thus it is of significance to
get a fundamental understanding of the solid solubility in
nanometer-sized alloy particles. With respect to the solid
solubility in embedded nanometer-sized particles, a few
experimental results have been reported [1–3]. For exam-
ple, the solute concentration of individual phases of the
two-phase lead-tin inclusions in an aluminum matrix has
been examined by Johnson et al. and it is revealed that
the concentration is considerably higher than that given in
the bulk phase diagram when the size of inclusions is in the
range of 10–20 nm [3]. They have suggested that the ex-
tended solid solubility in embedded nanometer-sized alloy
particles can be partly explained by the Gibbs-Thomson
effect. However, it is not evident at this moment whether
or not the extended solid solubility comes from the effect.
With respect to the solid solubility in isolated nanometer-
sized alloy particles, on the other hand, studies have been
quite limited. The limitation may come from the diffi-
culty in controlling and measuring size (d) and compo-
sition (C) of one isolated particle at the same time in the
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experiments. Recent remarkable progress in transmission
electron microscopy (TEM), however, makes it possible
to study the microstructure of an isolated nanometer-sized
alloy particle as a function of size (d) and composition (C).
With the use of this technique, quite recently, it is re-
vealed that the solid solubility in isolated nanometer-sized
alloy particles is significantly higher than that of the cor-
responding bulk materials in the In-Sn and the Bi-Sn sys-
tems [4,5]. Here, it is emphasized that the extension of
the solid solubility in isolated nanometer-sized alloy par-
ticles is not a metastable extension but a stable extension.
However, the reason why the solid solubility can be greatly
extended in isolated nanometer-sized alloy particles is not
clear.

Based upon this premise, in the present work, the finite
size effect on the solid solubility has been examined by
in-situ experiments in TEM using particles in the Sn-Pb
binary system. Furthermore, in an attempt to consider the
mechanism behind the enhanced solid solubility, the size
dependence of thermal expansion coefficient has been also
examined by in-situ TEM, using lead particles.

2 Experimental procedures

Preparation of nanometer-sized lead particles and subse-
quent vapor-deposition of tin onto lead particles were car-
ried out using a side-entry holder in a Hitachi HF-2000
type 200 kV high resolution electron microscope (HREM).
The holder was equipped with a double-source evaporator
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at its tip. A schematic illustration of the holder can be seen
in a previous paper [6]. At the tip set were three spiral-
shaped tungsten filaments, the middle one of which was at-
tached with a flake of graphite served as a supporting sub-
strate. Prior to experiment, the flake was baked at 1073 K
for 60 s to obtain a cleaned surface. After being baked,
the graphite substrate was cooled down to room temper-
ature (RT). Lead was then evaporated from one filament
onto the substrate kept at RT, and nanometer-sized lead
particles were produced on the edge of graphite. Next, tin
was evaporated from the other filament onto the same sub-
strate kept at the same temperature (i.e., RT), to produce
Sn-Pb alloy particles. The base pressure in the specimen
chamber of this microscope was below 5×10−7 Pa. In order
to observe the microstructural evolution in a particle asso-
ciated with alloying, a television camera (GATAN 622SC)
and video tape recorder (VTR) system were employed.

To study the thermal expansion coefficient of
nanometer-sized lead particles, the lattice parameter of
nanometer-sized lead particles was measured over a tem-
perature range from –180 ◦C to 300 ◦C using heating and
cooling holders with Hitachi H-800 type 200 kV TEM.
This TEM was equipped with a different type of a double-
source evaporator in the specimen chamber [7]. With the
use of the evaporator, both production and observation
of nanometer-sized lead particles are possible in the same
vacuum chamber without exposing particles to any un-
desirable atmosphere throughout the experiment. Amor-
phous carbon films, instead of flakes of graphite, were
used as the supporting substrate in these experiments.
Preparation of nanometer-sized lead particles was carried
out in a similar way as that mentioned above. Quan-
titative analyses of lattice parameter from the position
of Debye-Scherrer rings were performed using imaging
plates (IPs) [8], instead of conventional negative films.

3 Results and discussion

3.1 Solid solubility of tin in nanometer-sized lead
particles

Figure 1 shows a typical sequence of alloying process of tin
into a 10-nm-sized lead particle at RT. All micrographs
shown in Figure 1 were reproduced from a videotape.
The two numbers inserted in each micrograph indicate the
elapsed time in units of minutes and seconds. Figure 1a
shows an as-produced, pure lead particle on a graphite
substrate. The (111) lattice fringes of lead are clearly seen.
The same particle after tin deposition is shown in Fig-
ure 1b. The diameter of the particle slightly increased
by tin deposition. However, the particle remained being
a single crystal, indicating the formation of a lead solid-
solution. With continued tin deposition, the particle still
remained being a single crystal as shown in Figures 1c
and 1d. The particle size increased from approximately
10 nanometers to 12 nanometers in diameter by tin depo-
sition, as seen from a comparison of Figure 1a with Fig-
ure 1d. The tin concentration in the solid-solution esti-
mated from this size increment amounts to a value slightly

Fig. 1. In situ observation of alloying process of tin into an
approximately 10 nm-sized lead particle at room temperature.
With continued tin deposition, the particle size increased from
approximately 10 nanometers (a) to 12 nanometers (d) in di-
ameter. This increment in size comes from alloying of tin atoms
into the lead particle. Estimated tin concentration of the parti-
cle in (d) is slightly above 30 at.%. It is noted that the particle
remained being a single crystal as shown in (a)–(d), showing
the formation of a solid solution.

higher than 30 atomic percent, which is almost ten times
higher than the solubility limit of tin in bulk lead [9]. This
experimental result indicates that when tin atoms were
vapor-deposited onto a nanometer-sized lead particle at
RT, rapid spontaneous alloying of tin atoms into a lead
particle took place and as a result a lead solid-solution con-
taining more than 30 atomic percent tin could be formed
in an approximately 12-nm-sized particle. This observa-
tion clearly indicates that even at RT the atomic mobility
is high enough to produce the solid-solution in approx-
imately 10-nm-sized particles. The high atomic mobility
in nanometer-sized particles is consistent with our previ-
ous results [4,5,10,11]. It is interesting to note here that
changes neither in the microstructure nor in the crystal-
lographic orientation of the particle occurred during al-
loying of tin. This observation indicates that the rapid
spontaneous alloying of tin into a lead particle took place
not via a melting process but via a purely solid-state pro-
cess (if the spontaneous alloying took place via a melting
process, the microstructure and orientation of the parti-
cle would be different between conditions before and after
tin deposition). This observation is consistent with our
previous work on the spontaneous alloying of copper into
nanometers-sized gold particles [12].
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Fig. 2. BFIs ((a)–(c)) and the corresponding
SAEDs ((a’)–(c’)) of lead particles at three different tempera-
tures of –180 ◦C, –20 ◦C, and 150 ◦C.

3.2 Size dependence of thermal expansion coefficient
of lead particles

Thermal expansion coefficient of lead particles with two
different sizes (16-nm-sized and 40-nm-sized) has been
examined by in-situ heating and cooling experiments in
TEM. Figures 2a, 2b and 2c show bright field images
(BFIs) of lead particles on an amorphous carbon film at
–180 ◦C, –20 ◦C and 150 ◦C, respectively. The mean di-
ameter of lead particles was approximately 16 nm and
no change in the diameter was noticed even after a high
temperature (i.e. 150 ◦C) observation (The reason for this
is that lead particles shown in Figs. 2a–2c had been pre-
pared at a temperature higher than 150 ◦C, in an attempt
to avoid any coalescence among particles during measure-
ments.) Figures 2a’, 2b’ and 2c’ show the corresponding
selected area electron diffraction patterns (SAEDs) taken
from areas shown in Figures 2a, 2b and 2c, respectively.
The Debye-Scherrer rings in Figures 2a’, 2b’ and 2c’ can
be consistently indexed as those of a crystal with the face-
centered cubic (FCC) structure, which is the same struc-
ture as that of pure bulk lead. Intensity profiles of the
Debye-Scherrer rings in Figures 2a’, 2b’ and 2c’ are de-
picted as in Figures 3a, 3b and 3c, respectively. The profile
was obtained by digitalizing the data in IPs. As seen from
a comparison of Figure 3a with Figures 3b and 3c, peaks
of Debye-Scherrer rings shifted left-wards with increasing
temperature, which reflected the thermal expansion of lat-
tice parameter. By analyzing the peak-shifts of Debye-
Scherrer rings from several different lattice planes, it is
confirmed that the lattice spacings varied almost isotrop-
ically with temperature. The obtained fractional thermal
expansions of 16-nm-sized and of 40-nm-sized lead par-
ticles are shown in Figure 4. In Figure 4, the thermal
expansion of bulk lead is also indicated [13] for compar-
ison. From Figure 4, it is seen that the thermal expan-
sion coefficient of lead increased from 29 × 10−6 K−1 to
38 × 10−6 K−1 when the size of particles decreased from
∞ (bulk) to 16 nanometers.

Fig. 3. Profiles (a), (b) and (c) are intensity profiles of
Debye-Scherrer rings in Figures 2a’, 2b’ and 2c’, respectively.
See text for details.

Fig. 4. Thermal expansions of 16-nm-sized and 40-nm-sized
lead particles. Thermal expansion of bulk lead is also indicated
for reference.

As mentioned above, the thermal expansion coefficient
increased with decreasing size of particles. On the other
hand, it is known there is a trend that elements with
a low cohesive energy possess a high thermal expansion
coefficient and vice versa [13]. Then it can be said that
the present result indicates the cohesive energy would de-
crease with decreasing size of particles. This view has been
pointed out also in the literature [14–16]. Since it is well
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established that elements with a low cohesive energy gen-
erally possess a low elastic modulus [17], it seems safe
to consider that the elastic modulus would decrease with
decreasing size of particles. This decrease in the elastic
modulus can lower the strain energy in the solid solution.
Namely, the contribution of strain energy to the heat of
mixing (i.e. to the formation enthalpy) will become small
when the elastic modulus becomes low. This reduction in
the formation enthalpy of a solid solution would inevitably
bring about the enhancement of the solid solubility, that
is, the solubility limit would be increased when the size
of particles is reduced. This explanation is in accordance
with the present observation that an enhanced solid sol-
ubility of tin into lead (i.e. slightly higher than 30 at.%
at RT) has been achieved in nanometer-sized particles.
However, further study is needed to elucidate the quan-
titative relationship between the solid solubility and the
thermal expansion coefficient in nanometer-sized particles
and the authors’ research group is now engaged in this
study.

4 Conclusions

The finite size effect on both the solid solubility and the
thermal expansion coefficient in nanometer-sized lead par-
ticles has been examined by in-situ transmission electron
microscopy.

Conclusions obtained are given below.

(1) The solid solubility of tin in approximately 12-nm-
sized particles of lead at RT was evaluated be slightly
higher than 30 atomic percent, which is almost ten
times higher than that in the corresponding bulk lead.

(2) The thermal expansion coefficient of lead increased
from 29 × 10−6 K−1 for bulk to 38 × 10−6 K−1

when the size of particles decreased from ∞ (bulk)
to 16 nanometers.
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