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We have studied the morphology changes of the continuous polycrystalline films made of fusible metals
during their heating and annealing on the substrate affected by a temperature gradient. It was found that
melting of the polycrystalline metal films with grain sizes distributed in a wide interval occurred only in a
certain temperature range, and this range is expanded with decreasing average characteristic grain size.
We also have estimated the average energy of intergranular borders in the tin and lead films.
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1. INTRODUCTION

Recently, nanomaterials have attracted great atten-
tion in various fields of science and technology. As it was
established in long-term studies, behavior of nano-objects
can significantly differ from the behavior of bulk samples.
Thus, for example, because of the increase in the cont-
ribution of surface atoms (the relative number of which
increases with decreasing size), an isolated nanoparticle
can have the melting temperature, lattice parameters and
other properties, which differ from similar properties of
bulk objects. Since structural and phase transformations
occurring in the matter have not only a general scienti-
fic, but also a great practical importance, then the phase
size effect [1, 2] is of special interest for scientific inves-
tigations and practical applications of nano-objects. The
mentioned effect consists in the following: in small size
samples one can observe the change in the phase tran-
sition temperatures as well as the existence of equilib-
rium phases, which, in the case of bulk samples, either
do not occur at all under the specified conditions or are
metastable ones (for example, [3-9]).

Thus, the influence of the characteristic size on the
temperatures of the melting/crystallization phase tran-
sitions was theoretically and experimentally studied by
many researchers [2, 10-15]. For the first time, decrease
in the melting temperature for thin films was discovered
by the electron-diffraction method in the work [10], in
which it was reported about the decrease in the melting
temperature of lead, tin and indium films of thickness
of 5 nm by 41, 30 and 23 K, respectively. In the sequel,
development of the electron diffraction technique, elec-
tron microscopy and nanocalorimetry, the use of which
allowed to obtain reliable quantitative results on melt-
ing of fine particles, has conditioned the appearance of
a cycle of works. The size dependences of the melting
temperature for a number of metals [11-13], alloys [13,
14] and multi-layer systems [15] have been obtained by
different techniques.

In whole, the performed investigations have confir-
med a general tendency, according to which the decrease
in the melting temperature, which can reach 500 K, is
observed with decreasing size for free particles with the
characteristic size less than 10 nm.

Decrease in the melting temperature with decreasing
characteristic size for isolated nanoparticles is usually
associated with the increase in small objects of the frac-
tion of surface atoms, which is inversely proportional to
the characteristic particle size. Since surface energy of
the liquid phase is lower than of the solid one, starting
from a certain size, existence of the liquid phase below
the equilibrium melting temperature is found to be ener-
getically favorable even despite the increase in the sur-
face area, which occurs at the crystal-liquid transition.
The problem of melting of nanoparticles was quantita-
tively solved for the first time in the work [16], the au-
thor of which has proposed to use the triple point model
based on the assumption of equality of chemical potenti-
als for small liquid and solid particles of the same mass
being in equilibrium with its own vapor and obtained
the following expression:
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where Ts is the melting temperature of a bulk sample;
TR is the melting temperature of the sample of radius R;
ss, sl are the surface energy of the solid and liquid pha-
ses, respectively; l is the melting heat; rs, rl are the den-
sity of the crystalline and liquid phases, respectively.

Within the framework of another approach based on
the account of the influence of surface heterophase fluc-
tuations [16] and known as the surface melting concept,
decrease in the melting temperature of the object with
small characteristic size is determined by the expression
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where K is the form factor; ssl is the interfacial energy
of the crystal-melt interface; Vs is the molar volume and
Rl = (Rs – t0) is the molten particle radius.

Both thermodynamic models allow to conclude the de-
crease in the melting temperature of the matter during
the transition from the bulk to nanometer samples and
satisfactorily describe the experimental results. However,
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the absence of reliable experimental data, which con-
firms the existence of a skin-layer, and also the presence
in models, which use the surface melting concept, of the
hard measurable parameters allows to give preference
to the triple point model for the description of the nano-
particle melting processes.

The above considered results are related to isolated
nanoparticles. Difference between the surface energies
of the solid and liquid phases, which is usually equal to
about 10 % of the value of ss, is the main driving force
leading to the decrease in their melting temperature.

However, we should note that grains in a polycrystal-
line film, in contrast to the isolated nanoparticles, have
grain boundaries which separate them with the adjacent
grains. The excess energy [18, 19], which in the case of
fine-grained polycrystalline films can make a significant
contribution to the total energy of the system, is associa-
ted with the presence of a grain boundary. Grain boun-
daries disappear during melting of a grain with charac-
teristic size R and located in a polycrystalline thin film.
This is accompanied by the decrease in the total energy
of the given region of the melting film and can lead to
its isolation from neighbors being in the solid state. As a
result, formation of liquid particles in a polycrystalline
film can be found energetically favorable not only at tem-
peratures lower than the equilibrium melting tempera-
ture, but also lower than the phase transition tempera-
ture for an isolated nanoparticle with the same size R.

Earlier [19], in the study of melting of polycrystalline
Pb and Bi films of the thickness of 200-2000 nm on the
substrate with the temperature gradient one observed
a blurring of the boundary between the liquid and crys-
talline states of the investigated film. This blurring is
conditioned by the fact that melting of the studied poly-
crystalline films occurs in a certain temperature range,
whose existence is conditioned by the presence of the
energy of grain boundaries [19].

Because of this fact, it is reasonable to perform the
investigation of melting of polycrystalline metal films
with different characteristic grain sizes, for which con-
tribution of the energy of grain boundaries will be sub-
stantially different.

2. EXPERIMENTAL

Continuous polycrystalline Pb, Bi, Sn and In films
of the thickness of 200-2000 nm deposited on the amor-
phous carbon substrate were selected as the objects of
study. Amorphous carbon is poorly wetted by melts of
the chosen metals [2, 5, 9, 20, 21], whereby interaction
of a metal film with the substrate material substantially
decreases, and the studied films, to a certain degree, can
be considered as the free ones.

The experiments were performed in vacuum of 10 – 6-
10 – 7 mm Hg as follows. The carbon film-substrate, on
which the film of the studied metal of the desired thick-
ness was sputtered from molybdenum or tantalum eva-
porator, was condensed by the arc evaporation method
on the rectangular glass or alumina ceramic substrate
holder. Film thickness was controlled during the film
deposition using quartz resonator.

Condensation of Bi, Sn and In films was carried out
on room temperature substrates. Substrate temperature
during condensation of different Pb samples was varied

in the range of  150-400 K.  Since  microstructure  of  the
films directly depends on the temperature, at which its
condensation is performed [2, 22], this gave the possi-
bility to obtain a number of polycrystalline films with
different average grain size.

After completion of condensation, one end of the sub-
strate holder was heated up to the temperature, which
exceeds the melting temperature of the investigated me-
tal, and another end, due to the forced cooling, was ma-
intained at room temperature. As a result, the temper-
ature gradient was established along the substrate and
its value of which was determined based on the data of
chromel-alumel thermocouples attached to the back side
of  the  substrate  holder.  Thus,  a  set  of  the  film  states
corresponding to heating to different temperatures was
realized on the substrate in one experiment and under
the same conditions. The obtained samples were cooled
in vacuum to room temperature, extracted from the va-
cuum plant, and then studied in the scanning electron
microscope Jeol JSM-840.

3. RESULTS AND DISCUSSION

As a result of the carried out electron-microscopic
investigations, it was established that the morphological
structure of the film, as expected [2, 19, 20, 23], signifi-
cantly depends on the temperature, to which the given
region of the substrate was heated up.

As seen from the electron-microscopic images (Fig. 1),
the film condensed on the substrate region, which after
deposition of the sample was heated to the temperature
higher than the equilibrium melting temperature of the
investigated metal, was divided into separate particles
of spherical shape. Such behavior is a clear evidence of
short-term stay of this region of the film in the liquid
state. The film remained continuous polycrystalline one
in the low-temperature region of the substrate. At that,
as a result of the condensation and diffusion processes,
which, as known, are more intensive in thin vacuum
condensates compared with bulk samples [24], through
pores are formed, and their size is determined by the
conditions of thermal treatment of the sample, i.e. by the
temperature and annealing time [23].

Between the specified regions there is the transition
zone, in which the labyrinthine structure with expres-
sively round (fritted) shapes is observed on the electron
microscopic images, and separate particles of spherical
shape are observed in the ruptures of a continuous film.
According to the assumption stated in [19], this region
of the substrate corresponds to a partial melting of the
polycrystalline film.

The quantitative study of the obtained images was
performed using a specially developed software, which
allows to determine the degree of filling of the film by
the substrate with the temperature step in the range of
0.005-0.01 K depending on the temperature hysteresis
and microscopic magnification (Fig. 2).

As seen from Fig. 2, dependences of the filling factor
on the temperature can be divided into several regions
corresponding to those, which can be separated on the
electron microscopic images (Fig. 1) and differing by the
behavior of the filling factor. Dependence of the filling
factor on the temperature is almost absent in the tem-
perature range of T > Ts. This area corresponds to the
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Fig. 1 –  SEM images of  the  lead,  tin  and indium films in  the
crystalline (on the left) and molten (on the right) states

completely molten film region, in which individual par-
ticles of spherical shape are observed on the electron mi-
croscopic images. A rapid increase in the filling factor
occurring under the law, which is close to the linear one,
is observed on the images near the melting temperature
when moving towards lower temperatures. This zone is
the transition zone between the completely molten and
continuous film. Structure of the transition zone for the
studied films is well seen in Fig. 1. Then with decreasing
temperature, the region of diffusion porosity is located
on the image. Here, the film remains continuous poly-

crystalline film during heating, at that, one can observe
individual pores in it, whose size decreases exponential-
ly with decreasing temperature, and filling factor of the
substrate by the film increases tending to 1 [23].

Fig. 2 – Dependence of the filling factor on the temperature in
the lead (a) and indium (b) films

Transition zone is clearly manifested on sufficiently
thick films (at films thickness of about 1000 nm). With
decreasing film thickness, transition zone becomes poorly
visible on the background of porosity, which is conditioned
by the diffusion processes actively occurring in the films
of smaller thickness [19, 24, 23]. Width of the transition
zone for the studied films is equal to 0.6, 2.5, 0.3, 0.7 K
for lead, bismuth, tin and indium, respectively.

As an explanation of transition zone formation, in
which partial melting of the film occurs, the authors of
[19] have made the assumption that prolonged melting
of a polycrystalline film is associated with the fact that
sizes of its constituent grains are distributed in a wide
range of values. Obviously, since contribution of the en-
ergy of grain boundaries to the total energy of a grain
and, consequently, its melting temperature are deter-
mined by its size and orientation with respect to neigh-
bors, each grain will begin to melt at its own tempera-
ture, which will be different for different grains. As a
result, film melting will occur in a certain temperature
range determined, for the specified material, by the dis-
tribution of grains in sizes.

Since energy of grain boundaries is the main driving
force, which is responsible for the broadening of the mel-
ting range of single-component polycrystalline films, then
the data about the existence interval of the transition
band gives the possibility to evaluate this value.

a

b
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To this end, using the triple point model and obvious
geometric relations, we can obtain the expression, which
allows to estimate the energy of grain boundaries [19]:
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where h is the film thickness; S is the average cross-sec-
tional area of the crystallite by the plane parallel to the
film surface; l is the average length of its boundary;
∆T = (Ts – TR) is the change in the melting temperature
of the film.

In order to determine the energy of grain boundaries,
besides the value of the melting interval, it is necessary
to perform an independent determination of the average
cross sectional area of a grain and average value of its
perimeter, i.e. the length of the grain boundary surro-
unding a grain in the substrate plane.

Fig. 3 – SEM images of the lead (a) and tin (b) films

Processes of thermal etching of polycrystalline films
occur more actively in areas of structural defects, which
are usually grain boundaries. Due to this fact, visuali-
zation of grain boundaries is found to be possible during
heating and annealing of the films that was observed in
the lead and tin films (Fig. 3). The average grain size in
the film condensation on room-temperature substrates
was approximately equal to 5 and 7 mm for the lead and

tin films, respectively. The value of the average length
of a grain boundary for these films is 10-20 mm.

The values of energy of grain boundaries determined
in such away are equal to 230 mJ/m2 and 140 mJ/m2

for the lead and tin films, respectively.
To study the influence of the average characteristic

grain size on the temperature region of the transition
band existence, we performed a series of experiments, in
which distribution of grains, which are the constituents of
the polycrystalline film, in sizes was artificially changed.
To this end, Pb/C samples were deposited on glass or alu-
mina ceramic substrates maintained at different tempe-
ratures during condensation. The obtained dependence of
the temperature region of the transition band existence
on the average characteristic size and inverse average
characteristic grain size is shown in Fig. 4.

Fig. 4 – Dependence of the width of the temperature melting
range of the polycrystalline lead film on the characteristic grain
size in “T – R” (a) and “T – R – 1” (b) coordinates

As seen from Fig. 4b, the obtained results are well
approximated by a straight line in “T – R – 1” coordinates.
As a result of the performed investigations it is estab-
lished that width of the transition band increases with
decreasing characteristic grain size. That is increase is
well described by the hyperbolic dependence following
from the triple point model.

Size dependence of the intercrystalline energy was
not discovered in the studied range of grain sizes. The
average energy of grain boundaries in a polycrystalline
film, obtained by averaging of the values corresponding
to different grain sizes, is equal to 230 mJ/m2. According
to the data of the theoretical works (for example, [25]),
the value of the grain boundary energy for metals with
the face-centered cubic (fcc) structure is approximately
equal to one third of the surface energy for a metal in the

a

b
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b
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solid state at the temperature of 0.8 Ts. Surface energy
of the crystalline lead at the temperature of 0.8 Ts is in
the range of 530-580 mJ/m2,  and  of  tin  – » 630 mJ/m2

[26, 27]. The obtained values of the grain boundary en-
ergy, which are equal to 230 mJ/m2 and 140 mJ/m2 for
lead and tin,  respectively,  are  about  40 % and 20 % of
the surface energy of metals in the solid state that does
not contradict the known experimental and theoretical
data (for example, [16, 25]).

4. CONCLUSIONS

Investigation of the melting of polycrystalline lead,
bismuth, tin, and indium films on the amorphous carbon

substrate has been performed using the original differ-
ential technique of study the phase transformations on
the substrate with temperature gradient.

It is established that melting of polycrystalline sin-
gle-component films, the crystallite sizes of which are
distributed in a wide range of values, occurs in a cer-
tain temperature range.

It is shown that width of the temperature melting
range of polycrystalline films increases with decreasing
average crystallite size.

The average energy of grain boundaries in polycrys-
talline lead and tin films has been estimated by the tri-
ple point model based on the data about the crystallite
sizes and temperature width of the melting range.

REFERENCES

1. M. Vollmer, Kinetik der Phasenbuildung (Steinkopff: Dresden
and Leipzig: 1939).

2. N.T. Gladkikh, S.V. Dukarov, A.P. Kryshtal, S.I. Bogatyrenko,
Poverkhnostnye yavleniya i fazovye prevrashcheniya v konden-
sirovannykh plenkakh (Surface Phenomena and Phase Trans-
formations in Condensed Films) (Kharkov:  Izd-vo  KhNU:
2004).

3. T. Hu, J.S. Wittenberg, A.M. Lindenberg, Nanotechnol. 25
No 41, 415705 (2014).

4. R. Makiura, T. Yonemura, T. Yamada, M. Yamauchi,
R. Ikeda, H. Kitagawa, K. Kato, M. Takata, Nat. Mater. 8
No 6, 476 (2009).

5. N.T. Gladkikh, S.V. Dukarov, V.N. Sukhov, Zeitschrift fuer
Metallkunde/Materials Research and Advanced Techniques,
87 No 3, 233 (1996).

6. N.T. Gladkikh, S.V. Dukarov, A.P. Kryshtal, V.I. Larin,
Fizika Metallov i Metallovedenie 85 No 5, 51 (1998).

7. S.V. Dukarov, S.I. Petrushenko, V.N. Sukhov, I.G. Churilov,
Phys. Surf. Eng. 11 No 4, 345 (2013).

8. N.T. Gladkikh, S.V. Dukarov, V.N. Sukhov, I.G. Churilov,
Functional Mater. 18 No 4, 529 (2011).

9. N.T. Gladkikh, S.V. Dukarov, V.N. Sukhov, Fizika Metallov
i Metallovedenie, 78 No 3, 87 (1994).

10. M. Takagi, J. Phys. Soc. Jpn. 9, 359 (1953).
11. S.L. Lai, M.Yu. Efremov, F. Schiettekatte, E.A. Olson,

A.T. Kwan, M. Zhang, T. Wisleder, J.E. Greene, L.H. Allen,
Phys. Rev. B 62, 10548 (2000).

12. V.M. Samsonov, N.Y. Sdobnyakov, A.G. Bembel, D.N. Sokolov,
N.V. Novozhilov, Bull. Russ. Acad. Sci.: Phys. 78 No 8, 733
(2014).

13. F. Frongia, M. Pilloni, A. Scano, A. Ardu, C. Cannas,
A. Musinu, G. Borzone, S. Delsante, R. Novakovic, G Ennas,
J. Alloy. Compd. 623, 7 (2015).

14. S.-S. Chee, J.-H. Lee, Thin Solid Films 562, 211 (2014).
15. L.P. De La Rama, L. Hu, Z. Ye, M.Y. Efremov, L.H. Allen,

J. Am. Chem. Soc. 135 No 38, 14286 (2013).
16. P. Pavlov, Z. Phys. Chem. 65, 1 (1909).
17. K.J. Hanszen, Ztschr. Physik. 157 No 1, 523 (1960).
18. H. Gleiter, B. Chalmers, High-angle grain boundaries.  –

(Oxford: Pergamon Press: 1972).
19. V.N. Sukhov, S.V. Dukarov, I.G. Churilov, S.I. Petrushenko,

A.V. Pavlov, Phys. Surf. Eng. 10 No 4, 423 (2012).
20. A.P. Kryshtal, N.T. Gladkikh, R.V. Sukhov, Appl. Surf. Sci.

257 No 17, 7649 (2011).
21. S.V. Dukarov, Thin Solid Films 323, 136 (1998).
22. M. Pocuca, Z. Brankovic, G. Brankovic, D. Vasiljevic-Radovic,

J. Microsc. 232 No 3, 585 (2008).
23. S.V. Dukarov, S.I. Petrushenko, V.N. Sukhov, I.G. Churilov,

Problems of Atomic Science and Technology 1 No 89, 110
(2014).

24. S.I. Bogatyrenko, N.T. Gladkikh, A.P. Kryshtal, A.L. Samsonik,
V.N. Sukhov, Phys. Met. Metallog. 109 No 3, 255 (2010).

25. P.M. Volovich, L. Barralieu, Z.N. Skvortsova, V.U. Traski,
Ros. khim. zh. 52 No 1, 13 (2008).

26. P. Letellier, A. Mayaffre, M. Turmine, Phys. Rev. B 76 No 4,
045428 (2007).

27. N.T. Gladkikh, V.I. Larin, S.V. Dukarov, Functional Mater.
1 No 2, 50 (1994)).

http://dx.doi.org/10.1088/0957-4484/25/41/415705
http://dx.doi.org/10.1088/0957-4484/25/41/415705
http://dx.doi.org/10.1038/nmat2449
http://dx.doi.org/10.1038/nmat2449
http://impo.imp.uran.ru/fmm/Electron/vol85_5/abstract7.html
http://functmaterials.org.ua/contents/18-4/fm184-21.pdf
http://impo.imp.uran.ru/fmm/Electron/vol78_3/abstract9.html
http://impo.imp.uran.ru/fmm/Electron/vol78_3/abstract9.html
http://dx.doi.org/10.1143/JPSJ.9.359
http://dx.doi.org/10.1103/PhysRevB.62.10548
http://dx.doi.org/10.3103/S1062873814080310
http://dx.doi.org/10.1016/j.jallcom.2014.08.122
http://dx.doi.org/10.1016/j.tsf.2014.04.061
http://dx.doi.org/10.1021/ja4059958
http://dx.doi.org/10.1016/j.apsusc.2011.04.001
http://dx.doi.org/10.1016/j.apsusc.2011.04.001
http://dx.doi.org/10.1016/S0040-6090(97)01206-6
http://dx.doi.org/10.1111/j.1365-2818.2008.02121.x
http://vant.kipt.kharkov.ua/ARTICLE/VANT_2014_1/article_2014_1_110.pdf
http://dx.doi.org/10.1134/S0031918X10030075
http://dx.doi.org/10.1103/PhysRevB.76.045428
http://dx.doi.org/10.1103/PhysRevB.76.045428

