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Melting and freezing behavior of indium metal in porous glasses
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The size-dependent melting and freezing behavior of In metal in porous silica glasses with mean pore
diameters between 6 and 141 nm has been studied by differential scanning calorimetry. The melting and
freezing temperatures of the pore In were always less than the corresponding bulk values, and varied in
inverse proportion to the diameter of the confining silica pores. In the smallest pores the latent heat of
fusion was also determined, and found to be about one-third of its bulk value. The observed size depen-
dence of the melting temperature was in good agreement with the predictions of thermodynamic treat-
ments of melting in finite systems, and allowed the solid-liquid interfacial free energy to be estimated for
several different geometrical models. The measured latent heat, however, was smaller than expected
based on thermodynamic considerations. No evidence for an energy barrier separating the solid from
the liquid was found.

INTRODUCTION

The melting and freezing behavior of finite systems has
been of considerable theoretical and experimental interest
for many years. ' As early as 1888, for example, J.J.
Thomson suggested that the freezing temperature of a
finite particle would depend on the physical and chemical
properties of the surface. It was not until 1909, howev-
er, that an explicit expression for a size-dependent solid-
liquid coexistence temperature first appeared. By con-
sidering a system consisting of small solid and liquid
spheres of equal mass in equilibrium with their common
vapor, it was shown that the temperature of the triple
point was reduced in inverse proportion to the particle
size. A similar conclusion was later reached based on the
conditions for equilibrium between a solid spherical core
and a thin surrounding liquid shell.

Systematic experimental studies of the melting and
freezing behavior of small particles first began to appear
in the late 1940s and early 1950s: first in a series of exper-
iments on the freezing behavior of isolated micrometer-
sized metallic droplets, and later in an electron-
diffraction study of the melting and freezing temperatures
of vapor-deposited discontinuous films consisting of
nanometer-sized islands of Pb, Sn, and Bi. These studies
demonstrated that small molten particles could often be
dramatically undercooled, and that solid particles melted
significantly below their bulk melting temperature.

Since the original experiments described above, the
melting and freezing behavior of small particles has been
studied in a variety of sample configurations and by a
number of experimental techniques. Micrometer-sized
particles have been prepared in the form of fine disper-

sions and powders, and have been studied by optical, dila-
tometric, calorimetric, and spectroscopic techniques.
The nanometer-sized metallic islands characteristic of
discontinuous films have been studied by transmission
electron microscopy and electron diffraction, ' and by
light-scattering measurements. ' Nanometer-sized Sn
and Bi particles embedded in sputter-deposited amor-
phous silica films, and bulk Sn-Ge and Pb-Ge nanocom-
posites prepared by mechanical attrition, have been stud-
ied by differential scanning calorimetry. ' Lead precip-
itates in an Al single crystal have been studied by x-ray
diffraction, while individual Au and Ag particles depos-
ited on the tip of a W field emitter have recently been
studied by a field-emission technique.

Small "particles" can also be obtained by confining a
solid or liquid within the nanometer-sized pores of
porous glasses. Porous silica glasses have often been used
for this purpose because of their relatively well-
characterized pore structures, large specific pore
volumes, and commercial availability over several orders
of magnitude in the mean pore diameter. ' These
unique properties have been exploited in a number of pre-
vious calorimetric studies of simple nonmetallic systems
such as hydrogen, deuterium, helium, ' neon,
and xenon, as well as more complex inorganic and or-
ganic materials such as water, cis- and trans-
decalin, benzene, ' ' chlorobenzene, naph-
thalene, ', p-nitrotoluene, and several alkanes.

In this paper we report the results of a differential
scanning calorimetry study of the size-dependent melting
and freezing behavior of In in porous silica glasses. This
work has been motivated by our interest in studying a
metallic element for comparison with previously studied
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nonmetallic systems, and to our knowledge is the first
such study of this kind. Earlier studies of the melting
and freezing behaviors of small In particles have been re-
stricted to discontinuous films and electron microscopy
measurements. ' ' ' ' ' The freezing behavior of larger
In droplets has also been brieAy described.

EXPERIMENT

The porous silica glasses used in this work were ob-
tained from Controlled-Pore Glass Inc. (CPG) in the
form of 200/400 mesh glass powders, and from Corning
Glass Works in the form of a monolithic Vycor (Corning
7930) glass rod. ' Pore volumes and surface areas of the
CPG glasses were supplied by CPG based on the results
of Hg intrusion porosimetry and nitrogen adsorption
measurements. Similar information on the Vycor glass
was supplied by Micromeritics Instrument Corp. Mean
pore diameters d were estimated from the Hg intrusion
measurements through the relation

4ri.
P cos0)w

where y,„=480mJ/m is the liquid-vapor surface tension
of Hg, 0& =130' is the contact angle between liquid Hg
and a silica wall, and P is the pressure at which liquid Hg
enters cylindrical pores of diameter d. Based on Eq.
(1), the mean pore diameters of the CPG glasses ranged
from 8.2+0.6 to 141+11 nm where 80%%uo of the pore di-
ameters fall within the quoted uncertainty. Due to the
high pressures required to force Hg into very small pores,
the mean pore diameter of the Vycor glass was deter-
mined from nitrogen desorption measurements, and was
found to be about 5.6+0.9 nm with the uncertainty cor-
responding to the full width at half maximum of the pore
size distribution. It should be noted that Hg intrusion
measurements on porous silica glasses actually measure
the neck size in a connected network of only roughly cy-
lindrical pores, and Eq. (1) provides a lower bound esti-
mate of the mean pore diameter.

A hydraulic diameter can also be estimated from the
ratio of the total pore volume to the total surface area.
The hydraulic diameter was generally larger than the cor-
responding Hg-intrusion-determined diameter, except in
the case of the smallest pores which, as noted earlier,
were difficult to completely fill with Hg. In the following
discussions, Hg-intrusion-based pore diameters have been
used for the CPG glasses, and the nitrogen-absorption-
based pore diameter has been used for the Vycor glass.
The relevant physical properties of each porous glass
have been summarized in Table I.

In order to simplify the process of filling the CPG glass
pores with molten In, small disks of compacted powder
were initially prepared at a pressure of about 1 kbar. Pre-
vious studies have shown that these compacting pressures
do not alter the pore structure of porous silica powders.
In the case of the porous Vycor glass, thin disks were cut
from a solid monolithic rod. These disks were then load-
ed into an externally heated high pressure reactor, and
molten In at a temperature of 575 K was forced into the
pores at a pressure of 4 kbar. The resulting samples con-

TABLE I. Summary of the physical properties of the porous
silica glasses used in this study.

Glass type

Vycor
CPG
CPG
CPG
CPG
CPG
CPG
CPG
CPG

d (nm)

5.6+0.9
8.2+0.7

12.8+0.7
18.2+0.9
24.2+0.9

34+2
81+8

101+9
141+11

Pore volume
(cm /gm)

0.16
0.37
0.80
0.97
0.89
0.97
1.04
0.79
0.95

Surface area
(m'/gm)

170.5
244.5

141.2
112.7
79.0
67.5
27.6
21.8
15.6

tained a substantial amount of external nonpore bulk In.
The high-pressure reactor used in the preparation of
these, and other pore metals, semimetals, and semicon-
ductors has been described in greater detail elsewhere.
Small-angle x-ray and neutron-scattering measurements
have shown that the pore structure is not significantly
affected by the injection process.

The crystal structure of the pore In could not be deter-
mined in the case of the In-CPG samples because x-ray-
diffraction spectra were dominated by the external non-
pore bulk. It was possible, however, to remove most of
the bulk In in the In-Vycor samples. In these samples,
x-ray-diffraction measurements indicated that the pore In
retained the bulk tetragonal crystalline structure, but
with a uniform lattice expansion of about 0.5%%ui. The
average pore In crystallite size was also estimated from
the x-ray linewidth and found to be about 20 nm, consid-
erably greater than the pore size. Given the similarity of
the CPG and Vycor glasses, we do not expect significant
structural differences between the In-CPG and In-Vycor
samples.

A Perkin-Elmer DSC7 (differential scanning calorime-
ter) was used to determine melting temperatures, freezing
temperatures, and latent heats of fusion by measuring the
heat absorbed or released at the solid-liquid transition.
The temperature scale of the DSC was calibrated at a
heating rate of 10 K/min to the melting temperatures of
pure bulk In and Bi. The temperature scale at heating
rates other than 10 K/min was appropriately corrected.
The background of each raw DSC spectrum was sub-
tracted based on a second-order polynomial fit to the
measured heat Aow well away from any signal of interest.
Melting and freezing temperatures were than determined
by extrapolating the leading edge of the heat-Aow signal
to the subtracted background. The heat-Aow rate was
calibrated to that of pure In, and latent heats were deter-
mined based on the scaled area under the melting and
freezing signals. Melting and freezing temperatures were
typically reproducible to within several tenths of a de-
gree, and latent heats were reproducible to better than
5%.

All of the samples were initially stored under dry ice or
liquid nitrogen in order to slow the anticipated extrusion
of In from the silica pores. After a complete set of mea-
surements, selected samples were remeasured after being
stored at room temperature for several months. No
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significant differences were observed in the melting and
freezing characteristics of these samples in comparison to
the earlier measurements. For a given sample, repeated
DSC scans through the solid-liquid transition resulted in
a slight monotonic increase in the area under the bulk In
melting peak in comparison to the area under the pore In
peak. These results were taken as evidence of a slow ex-
trusion of molten In from the glass pores at elevated tem-
peratures.

EXPERIMENTAL RESULTS

Figure 1 shows the evolution in the DSC patterns of
several representative In-CPG samples and an In-Vycor
sample obtained at a heating rate of 10 K/min. Several
features of Fig. 1 are worth noting. In the first instance,
each scan contains a strong and relatively sharp endo-
thermic peak whose position is independent of the
confining pore diameter. This signal corresponds to the
melting of bulk In surrounding the porous glass. In addi-
tion to the bulk melting peak, a pore-size-dependent en-
dothermic signal was also observed. This signal corre-
sponds to the melting of the pore In, and shifts to lower
temperatures, systematically broadens, and becomes in-
creasingly asymmetric as the pore size is reduced. Figure
2(a) summarizes the size dependence of the pore In melt-

ing temperature for all the samples studied.
The increasing reduction in the melting temperature of

the pore In results in a complete separation of the bulk
and pore In melting signals for the smallest pore sizes. In
two of these samples it was possible to estimate the mass
of the pore In. Based on the value of the bulk latent heat,
the mass of the nonpore In was determined from the area
under the high-temperature melting peak. By subtracting
this value from the measured total In mass, the mass of
the pore In was determined. This value was then used to
estimate the latent heat of the pore In. For the 8.2- and
18.2-nm-diameter In-CPG samples, this analysis resulted
in a pore In latent heat of 10.2+0.4 and 14.7+0.2 J/gm,
respectively, based on repeated measurements through
the melting transition. These values are significantly less
than the bulk latent heat of 28.4 J/gm. "

Two of the melting endotherms shown in Fig. 1. have
been reproduced with their corresponding freezing exo-
therms in Fig. 3. The offset to lower temperatures of the
bulk In freezing signal in comparison to the melting sig-
nal was observed in all of the samples studied, and is the
result of a small temperature lag between the actual sam-
ple temperature and the measured calorimeter tempera-
ture. The shift in the bulk In freezing temperature of
about 3 K is twice the sample-calorimeter temperature
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FIG. 1. Representative background-subtracted DSC melting
scans for (a) —(c) In-CPCx and (d) In-Vycor samples. Each scan
was carried out at a heating rate of 10 K/min.
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FIG. 2. (a) The melting temperature of pore In as a function
of the mean pore diameter. (b) The melting temperature of pore
In as a function of the inverse pore diameter. The dashed line is
the melting temperature of bulk In, and the solid line through
the data points is a best fit to the data as described in the text.
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difference. With decreasing pore size the temperature in-
terval between the freezing of the pore and bulk In in-
creases slightly more rapidly than does the same interval
on melting. This effect appears to be independent of the
cooling rate, at least for cooling rates between 10 and 50
K/min.

a)

DISCUSSION

No unique thermodynamic melting temperature can be
defined for the solid-liquid transition in a finite system.
Within the context of a thermodynamic criterion for
melting and a specified geometrical model, however, cer-
tain characteristic temperatures can be associated with
this process. Two closely related melting criteria, and
their corresponding characteristic temperatures, will be
discussed and compared with the data of Fig. 2(a). The
model system will consist of a confined spherical or cylin-
drical "particle" of radius r at fixed volume in equilibri-
um with a heat reservoir at temperature T. The specific
densities of the solid and liquid will be assumed equal,
and both phases will be considered incompressible.

The first approach to the melting of a finite system is
closely related to the classical treatment of nucleation in
an undercooled melt, and focuses on the change in the
Helmholtz free energy 5I' when a portion of a solid parti-
cle is converted to liquid. ' For a spherical particle
with a solid core of radius r, surrounded by a liquid shell
of thickness t = r r„as shown i—n Fig. 4(a), one obtains

FIG. 4. The two geometries used to calculate the size depen-
dence of the melting temperature. Solid material has been
represented by the diagonal fill lines.

5F(sphere)= —
4, mr, Lor+4mr, f„+', mr Lor—

4mr f„—, (2)

where f,&
is the free energy per unit area of the solid-

liquid interface and the temperature dependence of the
solid-liquid free-energy difference per unit volume has
been approximated in terms of the bulk latent heat I.p

and bulk melting temperature To as fi f Lo(Tp—T)/To= Lor. Ignorin—g end effects, for the free-energy
difference per unit length the cylindrical geometry of Fig.
4(b) yields
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FIG. 3. Representative background-subtracted DSC melting
and freezing scans for (a) d=101 nm, and (b) d=12.8 nm In-
CPG samples. Each scan was carried out at a rate of 10 K/min.

Equations (2) and (3) have been plotted in Fig. 5 for a 10-
nm-radius particle and several different values of the re-
duced temperature ~.

Figure 5 suggests that two different temperatures
should be associated with the solid-liquid transition when
a liquid layer is assumed to form surrounding a solid
core. The first is that temperature at which the free ener-

gy of the completely liquid particle is just equal to the
free energy of the completely solid particle, and in re-
duced units is given by r, (sphere) =3f„/Lor and
r&(cylinder) =2f,

~
/Lor. The experimental observation

that pore In melts below the melting temperature of bulk
In indicates that f, f& f,&

)0, and it is——therefore en-
ergetically favorable to replace a single solid-wali inter-
face with both liquid-wall and solid-liquid interfaces. As
has been noted previously, ' '

~& represents a thermo-
dynamic lower bound on the melting temperature.

At low temperatures, Eqs. (2) and (3) exhibit maxima
of 5F*=5F(r=r") which occur at a solid core radius
r,*(sphere) =2f,&/Low and r,*(cylinder) =f,&/Low With.
increasing temperature the energy barriers

3
mfsi

4 35F*(sphere) = + , mr Lor 4mr f,&-—
Lo

(4)
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larger pores for a cylindrical and spherical geometry, re-
spectively. It should be noted, however, that the pres-
ence of a nonmelting In-oxide layer would also have the
effect of decreasing the effective pore diameter and would
have a large effect on the melting temperature versus in-
verse pore diameter plot of Fig. 2(b). In addition, no evi-
dence for In-oxide, at least in a crystalline form, was
found based on the x-ray-diffraction measurements of In-
Vycor. Second, if the melting of the surface or near-
surface regions of the pore In contributes a relatively
smaller latent heat than does the interior region, the actu-
al latent heat may be smaller than predicted by Eq. (7)
where only a single bulk latent heat is assumed. These
questions are currently under investigation in other small
particle systems where the latent heat can more con-
veniently be measured over a wide range of pore sizes.
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FIG. 6. Shift in the bulk (open circles) and pore (solid circles)
In peak melting and freezing signals for a d =12.8 nm In-CPG
sample as a function of the heating and cooling rates.

The size-dependent melting and freezing behavior of
pore In confined in porous silica glasses has been studied
by differential scanning calorimetry over a wide range of
pore sizes. The melting temperature of the pore In was
found to be reduced in inverse proportion to the pore
size, in good agreement with the results of a classical
thermodynamic treatment of melting in finite systems. In
the smallest pores, the latent heat was found to be re-
duced in comparison with the bulk value, but by an
amount greater than expected based on a simple thermo-
dynamic treatment which does not include a possible re-
duced latent heat for the surface region of the pore In.
No evidence for activated melting behavior was found.
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