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Experimental investigation of the premelting process in Sn

Stephen G. Lipson* and Emil Polturak†

Physics Department, Technion-Israel Institute of Technology, Haifa 3200003, Israel

(Received 28 August 2023; revised 12 October 2023; accepted 11 December 2023; published 25 January 2024)

Melting of a real solid involves three stages: first comes surface melting, then the melting of grain boundaries,
and finally the melting of the bulk. The first and second stages are often called “premelting.” While surface
melting and bulk melting have been extensively studied, melting of grain boundaries was not. We developed an
optical method which allowed us to study all three stages of melting in pure materials. Using Sn crystals and
polycrystals, we were able to detect melting of the grain boundaries inside the solid around 5 K below the bulk
melting temperature, and thus lead to a better understanding of how a real solid melts.
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I. INTRODUCTION

The process of melting ice must have been the first phase
transition observed by mankind, but it is still not completely
understood. One scenario of melting, proposed by Linde-
mann in 1910 [1], is associated with thermal vibration of
atoms about their position inside the solid. According to this
scenario, above a certain temperature TM the ratio between
the amplitude of these vibrations and the interatomic spac-
ing becomes too large for the solid to remain ordered and
melting takes place. This scenario is attractive mostly due
to its simplicity, but the actual agreement with experiment
is at best qualitative, since this ratio depends on the type
of atomic interaction in the solid and its crystal structure,
and is found to lie between 0.05 and 0.2 [2]. This has been
termed by van der Veen [3] a “homogeneous theory” be-
cause it does not take into account nucleation of the liquid
phase at preferred sites in the solid. When the solid phase
is polycrystalline, it results in a precursor to the melting
transition [4]. In general, the appearance of liquid at such
preferred sites below the bulk melting transition is called
“premelting.”

Melting of a pure crystalline solid has been shown both
experimentally and theoretically to be a multistage process,
which has been reviewed by Dash in 1999 [5]. In a solid
of finite size, melting actually starts at the surface. Surface
melting was proposed, also in 1910, by G. Tammann (quoted
by Dash [5]) and was discovered experimentally by Frenken
and van der Veen in 1985 [6,7] who investigated changes of
the surface of Pb crystals as a function of temperature and
orientation. The onset of surface melting involves a progres-
sive disordering of the atoms in the surface layers since these
atoms are less strongly bound than the atoms inside the solid
and takes place at a temperature lower than TM. Surface melt-
ing has been investigated in several materials using a variety
of techniques [6–26].

Another property of a real solid is that, except for very
special cases (e.g., graphene), it is invariably composed of
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an agglomerate of solid grains. Each of these grains may
itself be a high-quality crystal, so that neighboring grains
are crystals misoriented relative to each other. In what we
call macroscopic high-quality single crystals, the degree of
misorientation is typically less than 1◦. The interfaces be-
tween these grains, i.e., grain boundaries, are under additional
stress resulting from disorder. As a result, they melt at a
temperature lower than TM, a process called “grain-boundary
melting” [9,14,27–34]. Following grain-boundary melting,
the solid loses its rigidity on a macroscopic scale, but is not yet
a fluid. Consequently, melting of a solid is a three-stage pro-
cess, with surface melting coming first, then grain-boundary
melting, and finally melting of the bulk. While surface melting
has been extensively investigated, understanding the melting
of grain boundaries is still evolving. In this work we inves-
tigate experimentally some of the distinct attributes of this
process in pure materials.

II. GRAIN-BOUNDARY MELTING

Basically, this process is characteristic of a polycrystalline
sample. The various grains in such a sample are crystals with
random relative orientations, with an additional energy σgb per
unit area of the interface separating the grains [29]. However,
if this surface energy is greater than twice the crystal-liquid
surface energy, σgb > 2σsl , it will be preferable energetically
to create between the crystals a liquid layer having a thickness
which minimizes the total intergrain energy. This thickness
depends on the relative orientation of the two grains. The
temperature at which this inequality is satisfied for the largest
intergrain angle is the grain-boundary-melting temperature. In
principle, as pointed out by Torabi Rad et al. [29], this is sim-
ilar to the process of surface melting which occurs when the
solid-vapor surface energy is greater than the sum of the solid-
liquid and liquid-vapor surface energies, i.e., σsv > σsl + σlv .
One must remember that the values of the latter two surface
energies depend on the thickness of the liquid layer when it
is very thin. The experiments described in this paper use the
fact that when a grain boundary melts, the liquid so created
usually has a larger volume than the solid it replaces. In the
case of Sn for example, the densities of the solid and the liquid
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at TM differ by 4%. As a result, neighboring solid grains within
the solid are pushed apart and the whole crystal becomes
distorted. As we shall show, this distortion can be detected
optically and forms the basis of our detection method.

Grain-boundary melting was studied theoretically and has
been simulated using various models [29,31–35]. Experimen-
tally, it has been investigated using transmission electron
microscopy in Ni-doped W [31] and in salt-doped ice [9]. On
the other hand, experiments on pure aluminum [27] using hot-
stage electron microscopy during heating to close to Tm found
no signs of grain-boundary melting for temperatures up to
0.999Tm. In order to provide experimental results which could
be related to the simulations, we chose to do experiments on
high-purity metals with good thermal conductivity to ensure
that the bulk of the sample would be in thermal equilibrium
with its surface. After carrying out exploratory experiments on
In, Bi, Pb, and Sn, we decided that, so far, the clearest results
were obtained with Sn. These results are described below.

III. EXPERIMENTAL TECHNIQUE

Our experimental method is to inspect visually the changes
taking place at the surface of the sample as a function of
temperature, using the speckle pattern of reflected laser light.
The sample is located inside a vacuum chamber on top of a
heated support stage. The chamber contained a 95% Ar–5%H2

mixture at 5 mbar pressure; this is a standard mixture used
to prevent surface oxidation in high-temperature applications
such as welding.

The system used to make these observations is shown in
Fig. 1. Optical access into the chamber was provided by a win-
dow mounted at a small angle to the beam axis, so that light
reflected by the window itself would not reach the camera.
We illuminate the sample surface with a focused 1-mW green
laser beam and observe the light scattered from surface irregu-
larities, known as a speckle pattern. When these irregularities
change, the speckle pattern changes too. In the temperature
range below TM, changes in the surface structure are expected
to result from surface melting and grain-boundary melting.
It is important to point out that the camera was placed so
as to observe the light scattered by the sample, avoiding the
specularly reflected light. This setting maximizes the visibility
of the changes of the speckle pattern.

The topic of speckle patterns is analyzed in detail in the
book by Goodman [36], in which an important result is the
relationship between the observed contrast of the speckle
and the scattering surface, which in turn depend on the rel-
ative heights and sizes of randomly situated scattering regions
(Chap. 5 and Fig. 5.18 in Goodman’s book [36]). In order to
determine the sensitivity of the technique for our experiments,
we carried out simulations in which a randomly rough sub-
strate was used to scatter the incident laser light of wavelength
λ, and the speckle pattern observed in a plane close to the im-
age plane was calculated. Then, a small random change with
amplitude d was made to the surface structure, and the speckle
pattern recalculated. These two speckle patterns were then
spatially correlated. The resulting spatial correlation function
shows a strong peak at the origin when the random changes
are small. Even when there is no correlation, this function
does not fall to zero at points distant from the origin, since

FIG. 1. The experimental system. Light from the laser is partially
reflected by the beam splitter, the transmitted part being absorbed
by a beam dump. The reflected beam is directed into the vacuum
chamber and focused by a lens of focal length 40 mm to a point above
the sample surface, so that a region of the sample surface of order
about 200 µm diameter is illuminated. The scattered light reflected
from the surface is focused by the same lens and detected by a charge
coupled device camera.

what is measured is light intensity, which is a positive def-
inite quantity. Therefore, any two uncorrelated random light
distributions will give a positive value to the correlation co-
efficient. It is the difference between the background and the
peak which gives information of the correlation between the
two images. The size of the peak is quite insensitive to the
substrate surface structure chosen, and is clearly related to the
random change between the two images.

We calculated the sensitivity of this peak to the amplitude d
of the surface changes expected in the experiment. As it turned
out, the magnitude of this peak, shown in Fig. 2, was sensitive
enough to detect height variations at the surface of order
d = 1 nm. This is the magnitude of the changes expected from
surface melting. Melting of whole grain boundaries should
produce much larger changes of the surface and would be
easier to detect.

We are interested in detecting changes of the surface with
time caused by premelting, namely surface melting or grain-
boundary melting. The method we adopted was to acquire two
sequential photographs of the speckle pattern of the surface at
times separated by typically 120 s and calculate the spatial
correlation function c(x, y) between these images. The time
difference of 120 s was chosen after watching the camera
images of movements of the speckle patterns as a function of
temperature and time. It allows us to ignore oscillating fluc-
tuations caused by turbulence in the gas in the chamber, and
to concentrate on longer-time changes resulting from changes
in the scattering surface itself, which did not oscillate. Several
time differences were tried, and 120 s seemed an optimum
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FIG. 2. Maximal correlation between two simulated laser
speckle patterns at λ = 532 nm, scattered by an arbitrary substrate
undergoing random height fluctuations of amplitude d .

choice, in which the calculated correlations had a consistent
relationship with the visual observations. Examples of such
correlation patterns obtained from the surface of a Sn sample
can be seen in Fig. 3. Each of these images is acquired at
a constant temperature and does not include the specularly
reflected laser beam (notice the camera position in Fig. 1).
In the analysis, the correlations are normalized so that if the

two speckle patterns are identical, the central peak has unit
height. Figure 3(a) shows the sample well below the melting
point with the surface being static. As the sample is heated,
small local changes of the surface broaden the central peak
and reduce its height [Fig. 3(b)]. Such changes can result
from surface melting. If in addition to the small local changes
there is some flow on the surface, the central peak moves
from the origin to another position, indicating the flow vector
[Fig. 3(c)]. If the flow is not uniform, the central peak splits
into several secondary features [Fig. 3(d)].

In the experiments, some light is obviously scattered by
other parts of the apparatus (including the beam splitter, the
imaging lens, the cell window, and the beam dump). This
light makes a constant contribution to the correlation func-
tion, in addition to the constant resulting from the positive
nature of the light intensity, mentioned earlier. Since we are
interested in changes of the surface, we concentrate only on
the differences (in time or temperature) between successive
images. During the measurements, the temperature difference
between the thermometer mounted on the sample stage and
the samples themselves was within 1 K.

We tested our method by measuring the correlations of
reflected light from the surface of a Pb(110) crystal. Surface
melting on Pb(110) was discovered by Frenken and van der
Veen [6] in their pioneering work. It started about 100 K
below TM (327 ◦C). As shown in Fig. 4, we indeed observed a
pronounced decrease of the correlations around 230 ◦C, about

FIG. 3. Examples of two-dimensional spatial correlation between two speckle patterns of light scattered by a Sn sample at several
temperatures. The area shown is about 500 µm × 700 µm. It is important to note the differences between the color scales, shown on the
right of each picture. Each pair of correlated images was separated by a time interval of 120 s. The temperatures are (a) 175 ◦C, (b) 226 ◦C,
(c) 227 ◦C, (d) 228 ◦C. The bulk melting point is 231.8 ◦C. While the differences between images (a)–(c) result from surface melting, image
(d) at 228 ◦C is typical of grain-boundary melting.
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FIG. 4. Temperature dependence of the maximum correlation
between speckles of light scattered from a Pb(110) surface. The time
interval between the correlated images is 120 s. The dip at 230 ◦C
is interpreted as the onset of surface melting, in agreement with [6]
and [7].

100 K below TM. This observation indicates that the Pb(110)
surface starts to change at this temperature, and further con-
firms that our speckle pattern analysis is suitable for detection
of surface melting. Having established the sensitivity of our
method, we focused on studying both surface melting and
grain-boundary melting of Sn.

A. Scanning electron microscope observations

In addition to the optical measurements, we took scan-
ning electron microscope (SEM) images of the surfaces of
some samples before and after melting. As could be expected,
these images showed microscopically rough surfaces before
melting, becoming very smooth after melting and refreezing.
From some of the latter images, we could estimate the size
of grains to be about 200 nm. These images were taken at
room temperature because of the risk of contamination of the
apparatus. It was therefore not possible for us to observe the
melting process itself using SEM.

B. Experimental results on single Sn crystals and polycrystals

White β-Sn crystals (TM = 231.8 ◦C). were purchased
from Princeton Scientific with surface orientations (100) and
(110), and had dimensions approximately 1 cm square and
1 mm thickness. In addition, we also measured polycrystalline
Sn samples of similar dimensions and varying thicknesses.
Polycrystals, made of multitude of misoriented grains, were
studied in order to investigate the kinetics of grain-boundary
melting. Using both the variations in the magnitude of the
correlation peak and the corresponding correlation pictures
(Fig. 3) we were able to identify the onset of surface melting,
grain-boundary melting, and bulk melting in both single crys-
tals and polycrystals. We were also able to see how the surface
orientation of single crystals affected their surface melting.
Monitoring the magnitude of the maximum in the correlation
plot (as in Fig. 3) is a convenient way of following the surface

FIG. 5. Maximum value of the correlation between two speckle
patterns separated in time by 120 s, as a function of temperature,
for a (100) surface of a β-Sn crystal (TM = 231.8 ◦C). We identify
the dip between 224 ◦C and 229 ◦C as due to grain-boundary melting
and that at 232 ◦C as bulk melting.

changes. We show in Fig. 5 the temperature dependence of
this correlation on the surface of a (100) Sn crystal.

At temperatures below about 220 ◦C, the correlation is al-
most independent of temperature. This implies that outside the
noise, in this temperature range the surface is static, the two
images which we compare are practically identical, and there
is no sign of surface melting. Between 224 ◦C and 225 ◦C, the
correlations decrease strongly with temperature. Since surface
melting affects only the topmost atomic layers, the correlation
changes associated with it would be expected to be small
(see Fig. 2). The bulk melting temperature is several degrees
higher, close to 232 ◦C. Melting of grain boundaries releases
internal stresses inside the solid and causes neighboring grains
to shift or rotate relative to one another. In this case, the
shape of the whole sample including the surface would be
affected. The large correlation change seen around 225 ◦C is
therefore consistent with grain-boundary melting beginning
at that temperature. The process begins at the bottom of the
sample, which is slightly hotter, being in direct contact with
the heating stage. As we increase the temperature very slowly,
additional grain boundaries inside the sample melt. This pro-
cess seems complete at 229 ◦C, where the correlations become
high again. This means that all the grain boundaries are now
fluid and there is no stress between neighboring solid grains.
In the absence of stress, there is no relative motion of the
grains and the surface of the sample appears static. In this
situation the correlation over time becomes high again. We
identify the correlation minimum at 227 ◦C as grain-boundary
melting. Once we reach the bulk melting temperature close
to 232 ◦C, the whole sample changes and the correlations de-
crease again. Finally, the degree of correlations after melting
(last data point) increases again because the metal is now
fluid. In equilibrium, the surface of a fluid is static and so the
correlations over time are higher.

We next show the correlation data obtained with a Sn single
crystal having a (110) surface orientation (Fig. 6). In this
case we see that the correlations start to decrease at much
lower temperatures, above 140 ◦C. We interpret these changes
as a result of the onset of surface melting. Between 140 ◦C
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FIG. 6. Maximum value of the spatial correlation between two
speckle patterns separated in time by 120 s, as a function of tem-
perature, for laser light reflected from the (110) surface of a β-Sn
crystal. We identify the dip between 140 ◦C and 210 ◦C as due to
surface melting and that between 224 ◦C and 229 ◦C as due to grain-
boundary melting.

and about 200 ◦C the correlation decreases, meaning that the
surface disorders with increasing temperature. Above 200 ◦C,
this trend is reversed and the correlation starts to increase
with temperature. We interpret this change as an indication
of the completion of a fluid layer on the surface. The surface
of a fluid is static, and this is what we believe causes the
correlations to increase. At higher temperature around 225 ◦C
the correlations decrease strongly, in the same way as in the
case of Sn(100) crystal because of the onset of grain-boundary
melting. Finally, as in the case of the (100) crystal, the whole
sample melts at TM close to 232 ◦C.

It is interesting to point out that surface melting on the Sn
(110) surface begins almost 100 K below TM, which is similar
to what was reported by Frenken and van der Veen [6] for the
Pb(110) surface.

When comparing Figs. 5 and 6, one can see that surface
melting occurs on Sn at the (110) surface but not at the (100)
surface. This observation can be compared with numerical
studies of Bavli et al. on Mg [37], and of Sorkin et al. on
V [38], which show that surface melting often begins at the
surface having the lowest atomic density.

Since in a polycrystal there should be grain boundaries
with higher angles between the grain orientations than in
“single” crystals, one might expect grain-boundary melting to
initiate at a lower temperature in polycrystals. We investigated
several Sn polycrystals. The results, an example of which
is shown in Fig. 7, do not support this expectation. In all
of the 20 experiments which we carried out on Sn samples,
both crystalline (110) and (100) as well as polycrystalline,
we found a minimum correlation at 228 ± 1 ◦C which we
attribute to grain-boundary melting.

C. Kinetics of grain-boundary melting in Sn

In our study of single and polycrystals (Figs. 5–7), melting
of grain boundaries manifested itself as a large and abrupt
change of the degree of correlation. Our understanding of such

FIG. 7. Maximum value of the spatial correlation between two
speckle patterns separated in time by 120 s, as a function of temper-
ature, for laser light reflected from the surface of a β-Sn polycrystal.
We identify the dip between 226 ◦C and 230 ◦C as due to grain-
boundary melting.

an event is that once the grain boundaries become fluid, grains
can reorient themselves to lower their interface energy. This
internal reorientation changes the shape of the crystal, includ-
ing the profile of its surface. Consequently, the correlation of
the speckle pattern from the surface with the one taken before
the onset of grain-boundary melting will decrease. The large
decrease of correlations seen in Figs. 5–7 above 225 ◦C is
the combined effect of many of the grain boundaries in the
sample melting at once. To understand it in more detail, we
wanted to detect the melting of individual grain boundaries.

FIG. 8. Time dependence of the correlation of speckle patterns
over successive 60-s intervals during grain-boundary melting of a
polycrystalline sample, 1.1 mm thick. The temperature at the bottom
of the sample was maintained at 230 ◦C. If a grain boundary melts
during the time between frames, the correlation will decrease. If
nothing happens during that time, the correlation will increase. This
explains the ups and downs of the data shown. Once all the GB’s
in the sample have melted (after about 2500 s), the sample does not
change any more, the correlations increase and remain high.
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FIG. 9. Time dependence of the correlation of the speckle pattern
over successive 60-s intervals during grain-boundary melting inside
a 1.4-mm-thick polycrystalline Sn sample maintained at 229 ◦C. The
high correlation after 3500 s indicates that all the grain boundaries in
this sample have melted.

To this end, we prepared polycrystalline Sn samples of differ-
ent thicknesses. These samples are essentially aggregates of
grains with a wide range of orientations, and should exhibit
properties associated with the dynamics of melting of grain
boundaries.

In order to detect melting of individual grain boundaries
we used the fact that the bottom of the sample, which is in
direct contact with the heating stage, is always slightly hotter
than the top. Therefore, once the heating stage reaches the
melting temperature of the grain boundaries, grain boundaries
at the bottom of the sample will begin to melt. As the temper-
ature rises, this melting front will proceed upwards within the
sample towards the free surface. Each time this melting front
reaches another grain boundary, some of the frozen-in stress
is released and the sample shape should change slightly. To
follow these changes, we photographed the speckle pattern
every 60 s. This change of the sample shape would lower
the correlation with the previous image of the surface. If on
the other hand there is no melting of a grain boundary during
the time interval from the previous image, the surface would
retain its structure and the correlation would increase. These
differences offer a convenient way to follow the kinetics of
grain-boundary melting.

The maximum correlation between successive images is
shown as a function of time. In Fig. 8 we show data for a
polycrystal sample 1.1 mm thick, and in Fig. 9 for one 1.4 mm
thick. The temperature of the heating stage was 230 ◦C and
229 ◦C respectively. The initial low value of the correlation
seen in these figures reflects the sharp drop associated with
the onset of grain-boundary melting. As proposed above, fur-
ther changes in the correlation with time depend on whether
another grain boundary in the illuminated region has melted
during the last 60 s or not. All in all, the correlation would go
up and down with time as long as there are grain boundaries
in the observed region of the sample which have not yet
melted. Once the process is complete, meaning that all the
grain boundaries within our sample are fluid, the surface of the
sample will become static. The correlations would therefore
increase and remain high. We found that the total time for all
the grain boundaries in a given sample to melt is proportional
to the thickness of the sample.

IV. CONCLUSION

We developed an optical method of observing the processes
of surface and grain-boundary melting of reflective metallic
samples. We carried out experiments on Sn (TM = 231.8 ◦C)
which clearly showed the onset of surface-melting on the
(110) surface beginning at about 100 K below TM, which is
very similar to the results of previous experiments by Frenken
and van der Veen [6] on Pb with the same surface orien-
tation. In contrast, Sn crystals with a (100) surface showed
no sign of surface melting. We clearly observed melting of
grain boundaries taking place at 228 ± 1 ◦C in all samples,
both single crystal and polycrystal. The observation that the
onset temperature of grain-boundary melting is independent
of the crystal orientation to within 1 K is surprising and
should be investigated using simulations. With the technique
we used, it was possible to resolve the melting of individual
grain boundaries. We intend to continue this work on other
suitable crystals such as Bi. Bi has a much greater crystalline
anisotropy. In addition, at its melting temperature solid Bi is
less dense than the liquid. These could play interesting roles.
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