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Abstract. In this research work the results of change of In, Sn, Bi, Pb nano-layers melting temperature on a surface and in 
Al and Ge matrixes depending on thickness and interaction character of components by methods of electron microscopy 
and x-ray diffractometry are presented. Layered film systems Al-Me-Al, Ge-Me-Ge (Me = Pb, Sn, Bi, In) were the object 
of researches. The purpose of work was the research of the general law of noted systems melting depending on the specific 
size and conditions of their formation. Layered film systems prepared by consecutive condensation of components in 
vacuum and their evaporation from independent sources. The film microstructure before and after melting was investigated 
by method of electron microscopy. The structure and phase composition of film systems defined using x-ray 
diffractometry. Melting temperatures and specified eutectic temperatures for In, Sn, Bi and Pb binary systems with 
aluminium and germanium registered by differential method. It is shown, that for layered film systems Al-Me-Al,                
Ge-Me-Ge (Me = Sn, Bi, Pb, In) eutectic temperature decreases with reduction of thickness of Me film. The urgency of the 
work is caused due to necessity of understanding the physics of processes in nano-systems, and wide use nano-objects in 
modern technologies. 
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1. Introduction 
 

Features of films phase composition and structure, and 
also unique physical and chemical properties of nano-
particles, which are not found out for macroscopical 
objects, cause the interest of researchers to nano-objects. 
Therefore the decrease in melting temperatures, 
evaporation and polymorphic transformations in small 
particles, the change of parameter of a lattice, the 
mechanical, electric and magnetic properties, and their 
raised catalytic activity is established. It is necessary to 
remember also quantum dimensional effects (for example, 
resonant effect, electron tunnelling, Josefson quantum 
effect, magnetic quantum effects, etc.) in the particles, 
when their value become equal with such parameters of 
conduction electrons, as De Broglie wavelength of 
electrons on Fermi surface, a mean free path, coherence 
length, etc. 

All these features give a possibility to create new 
materials and devices on the nano-objects basis. Using also 
methods of "zonal engineering" and "wave function 
engineering" it will be available to design quantum-sized 
structures (quantum holes, quantum conductors and points, 

structures with tunnel-transparent barriers, photon crystals, 
etc.) with the particular electronic spectrum and necessary 
optical, electric, antifriction and other properties. 

Therefore such structures are very attractive to 
instrument making. For example, it is possible to develop 
modern transistors with the sizes about 1 nanometer (the 
one-electronic transistor on nano-cluster), quantum dot 
lasers, magnetoresistance effect devises with thickness of 
layers in some nanometers. Due to extreme sensitivity of 
such sizes nano-objects to preparation conditions during 
their production it is necessary to supervise huge quantity 
of physical and technological parameters, such as structure 
and a material of substrate, its temperature, working 
pressure and composition of residual gases, sedimentation 
speed, etc. For manufacturing of film with particular 
structure and state these parameters mostly selected 
empirically. It is natural, that the subsequent development, 
the creation or use of nano-based materials is impossible 
without precise understanding of processes and the 
phenomena that occur in such structures. One of the 
important factors which are directly related with processes 
of condensation is the dependence of crystal-liquid phase 
transitinion temperature on the particles size. Experimental 

 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Journal of Vibroengineering

https://core.ac.uk/display/323312675?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 
277. DIAGNOSTICS OF NANO-PARTICLES ON A SURFACE AND IN VOLUME OF A SOLID BODY. 

BOGOROSH  А., VORONOV S., LARKIN S., VISNIAKOV N., SCEKATUROVIENE D. 
 

 
© VIBROMECHANIKA.  JOURNAL OF  VIBROENGINEERING.  2007 APRIL/JUNE,  VOLUME 9,  ISSUE 2,  ISSN 1392-8716 

 

76 

data corroborate that melting temperature of particles on 
amorphous substrate and partially continuous film decrease 
with reduction of their typical size. The special attention of 
researchers and technologists is focused on the behaviour 
of nano-objects embedded in a solid-state matrix. It is 
caused by perspectives of practical application of such 
materials (the aluminium designs strengthened by nano-
sized inclusions of other component; amorphous materials; 
thin-film and heterostructural components of 
microelectronics and optoelectronics of following 
generation, soft magnetic and hard magnetic materials, the 
integrated microelectromechanical devices, electric 
accumulators, energy converters, etc.). 

There are different data about sign and value changes 
of melting temperature of small particles in a matrix from 
reduction of their sizes: from decrease to increase for the 
same materials in the same matrix. At such ambiguity of 
experimental data it is heavy to define, when fusion is 
caused by the small typical size, and when by other 
reasons, for example, processes that occur on a particle - 
matrix interface, which define a degree of components 
interaction. It is important to note, that offered 
thermodynamic approach [1] for a case when nano-
particles are embedded in a solid-state matrix, collides with 
contradictions. This specifies the necessity of the 
subsequent research of new approaches for evaluation of 
law, which defines properties of nano-objects embedded in 
a solid-state matrix.  

 
2. Problem description 
2.1. Phase size effect 
 

Due to the rapid development of microelectronics and 
nano-technologies the interest to research of structure and 
properties of different substances nano-objects in the form 
of small particles and thin film, both free and that are on 
different substrates or in any matrix, usually with highest 
melting temperature has essentially grown. Changes of 
such objects structure and physical properties are revealed 
during their investigation. Among results of a phase 
condition researches the significant data is cumulated 
about nano-objects melting temperature changes in 
comparison with melting temperature for massive samples. 
Presently it is unequivocally shown, that the melting 
temperature of free particles in vacuum or on a neutral 
amorphous substrate decreases with reduction of their size 
[2, 3]. Similar results are received and for thin films [4, 5]. 
For an explanation of the received results the [1] 
thermodynamic approach offered almost hundred years 
ago, which based on the valuation of the surface energy 
role, is widely used. By means of such approach in work    
[6] it is shown, that generally for small samples with the 
typical size d (diameter of a particle or a thin filament, film 
thickness) relative change of melting temperature is 
defined by equation: 
 
(∆Τ/Τ0)= (∆Ω/ λ)( k/ d),                                                (1) 

 

where ∆Ω – changes of surface energy on the border 
with vacuum or environment at phase transition, λ – heat of 
phase transition, ∆Τ=Τ0 - Т, where Т – phase transition 
temperature for small size samples, Τ0 – phase transition 
temperature for macroscopic objects, k – form coefficient 
equal to 6, 4 и 2 for particle, thin filament and film 
respectively.  

From this equation it is obvious, that the value and a 
sign of the change of relative melting temperature is 
defined by dimension ∆Ω, which depends on environment 
in which there is a small sizes sample (for example: 
vacuum, vapour, solid or liquid environment). In work [6] 
it is shown, that if the sample is in vacuum or in "not 
wetted solid-state matrix", then at melting ∆Ω = σs – σl  (σs 
and σl – specific surface energy of solid and liquid phases 
accordingly) and (∆Τ/Τ0)>0, i.e. decrease of melting 
temperature with reduction of the typical size in 
comparison with melting temperature Тs of massive 
samples is observed. The second limiting case corresponds 
to full "wetting" by substance of the solid matrix sample, 
for which ∆Ω = – (σs – σl) and (∆Τ/Τ0)<0, i.e. the melting 
temperature raises with reduction of the size. Experimental 
researches of small particles, island structures and 
continuous films of some metals (Ag, Cu, Al, Pb, Bi, In, 
Au), received by different methods, shows that the melting 
temperature of such objects decreases with reduction of 
their size [4, 7-10]. Also for dispersed particles of Al and 
Pb, surrounded by its own oxides, the melting temperature 
rise is observed [11]. So for particles with size 250 Å 
according to X-rays diffraction data, this increase equal for                  
Al – 180 °C, and for Pb approximately 53 °C. Thus, the 
thermodynamic approach and available experimental data 
testify about presence of phase size effect, i.e. about 
change of nano-objects melting temperature with reduction 
of their sizes, both aside decrease and aside increases.  
 
2.2. Changes of melting temperature in systems with 
nano-objects 
2.2.1. The decrease of melting temperature in 
condensed films on different substrates 
 

The fist quantitative data about decrease of melting 
temperature have been received in work [12]. Dependences 
of relative change of bismuth and tin particles melting 
temperature T/Ts depending on their diameter D are 
presented in Fig. 1. In the same figure the research results 
of indium and lead particles melting are presented [8, 10]. 
In works [8, 10, 13] melting of particles was registered by 
diffractometry, and the particles size and their form were 
defined by electron microscopy. In [8, 10] it noted, that 
melting temperatures of identical size particles, which are 
on carbon and silicon monooxide, practically coincide. It is 
related, obviously, that the crystal spherical particles 
prepared by the melting of condensate, have the small 
contact area to a surface, and practically are same on noted 
substrates (due to affinity of values of wetting angles). 
Recently for research of nano-objects more perfect 
methods of supervision of particles behaviour at phase 
transitions, such as: a method of blackfield electron 
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microscopy, high-resolution electron microscopy, 
differential calorimetry and method of the backward 
Rutherford’s dispersion, etc. are developed. 

 
 

Fig. 1. The dependence of particles size on their melting 
temperature. For ■ – Sn [12 ], ▲ – Bi [12], ● – Pb [10], ▼ – In 
[10], □ –  In [10], ◄ – In [13], ► – Pb [14] on C substrate;             
○ – Pb [10] on SiO substrate 

 
 

Fig. 2. The decrease of melting temperature for Pb films 
depending on their thickness. Different points correspond to 
different materials of substrate. Continuous and dotted lines 
corresponds to Pb/Ge and Pb/Al (/Ge) systems 
 

So, in later work [14] fusion behaviour of Pb small 
particles (diameter less than 10 nanometers) were 
investigated in situ by methods of high-resolution electron 
microscopy. Particles of lead prepared directly in an 
electron microscope (JEM-2000 FXV) in vacuum           
1·10-7 Pа on an amorphous carbon substrate. Experimental 
results have shown, that particles of lead of noted sizes 
begin to melt already at 180 °C (Fig. 1) while the melting 
temperature of massive lead makes 327.3 °C. Using 
method of calorimetric measurements in work [15] 
researches of neutral isolated tin clusters with the size 
about 500 atoms have been carried out. The method is 
based on application of piroelectric foil as temperature 
sensor           [16, 17]. Neutral tin clusters of such size were 
generated by methods of a molecular bunch. These 
experiments testify to decrease of melting temperature of 

Sn particles on 125 °C. Melting of nano-sized indium 
islands on WSe2 substrate was investigated in work [18] 
with use of the indignant angle correlations in connection 
with scanning tunnel microscopy. Indium was deposited on 
WSe2 monocrystal with a speed from 0.14 up to                   
0.28 nanometers/sek at substrate temperature 300 and          
193 K in vacuum 10 - 8 

 Pа. Deposited islands represented 
nano-sized structures about 5 and 100 nanometers 
diameter, depending on sedimentation conditions. The 
decrease of In nanoislands melting temperature with 
reduction of their size is revealed. The decrease of melting 
temperature in uncontinuous indium films with thickness 
0.1 – 100 nanometers on an amorphous silicon nitride 
substrate are informed also in work [19]. Films were 
investigated by methods of ultra sensitive thin-film 
scanning calorimetry. Decrease of melting temperature for 
particles of 2 nanometers radius made more than 110 K. 
The effect of melting temperature decrease with thickness 
reduction is observed and for continuous films. So, in work 
[20] are obtained the quantitative data about dependences 
of melting temperature on thickness of bismuth films on 
different substrate: glass, mica and (001) NaCl side. It was 
found, that the melting temperature of films appears 
various on different surfaces. This is caused by influence 
of surface energy changes, and also is consequence of 
differences in film structure, deposited on different 
substrates or under different conditions of condensation. 
The last influences on a surface relief of the film, and also 
on the average size of liquid drops that are formed after 
melting. 
 
2.2.2. Reduction of melting temperature in layered film 
systems 
 

The first observation of liquid-crystal phase transition 
in three-layer films were obtained in work [21]. 
Investigated multilayer film system homogeneous Pb film 
with 2 nanometers thickness, positioned between two 
amorphous Ge films, has been taken. Three-layer 
Ge/Pb/Ge film were prepared by vacuum thermal 
evaporation, on a substrate from fresh KCl monocrystal 
surface at temperature 77 K. Film were studied by method 
of an transmission electron microscope (ТЕМ Philips EM 
300). The lead particles size in such layered system was in 
the range from 2.5 up to 25 nanometres. The range of 
phase transition, which was registered on change of 
particles image intensity in a black field of an electron 
microscope, was a constant and made nearby 40 K. The 
full melting of a lead film occurred at 40 K less 
temperature than melting temperature of massive Pb. The 
experimental observation results in work [22] adequate 
with the results described in work [21]. The decrease of 
melting temperature of thin Pb films with thickness from 
10 up to 100 nanometers, condensed on different materials 
(Ge, Mg2, Al, Cu, Cr, Mn), was observed and in work [23]. 
Researches by methods of differential scanning 
calorimetry and by in situ annealing in an electron 
microscope were performed. Layered film systems 
prepared in vacuum 7×10-7 mm mercury column, and the 
general thickness of investigated system made about 200 
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nanometers. It is shown, that for all materials used in a role 
of a matrix, melting temperature of thin Pb films decreases 
with reduction of their thickness (Fig. 2). 

 
2.2.3. Melting temperature of nano-particles in 
matrixes 
 

Recently due to arisen qualitatively new theoretical and 
practical problems in the nano-physics and nano-
technology fields huge interest is caused by systems where 
fusible component is embedded in more refractory matrix. 
In practice such dispersions get by different methods 
(implantation, vacuum condensation, mechanical crushing 
with hashing and the subsequent pressing and sintering). 
Thus researchers the greatest attention paid on systems in 
which components are in the particles form and compose a 
matrix. For such systems the diagram is with practically 
full absence of solubility in a solid state and at presence of 
significant area of stratification in a liquid state. Such 
systems make the interest for fundamental researches due 
to different practical applications, especially for the nano-
technology purposes [24]. First of all, the creation of new 
composite materials with the raised durability and 
weightlessness, elasticity or hardness, and also electric, 
magnetic and optical properties (for example, metal rubber, 
materials for superdense record of the information, active 
elements for superpower lasers, etc.), is necessary both in 
the heavy industry and for electronics, medicine, biology 
and energetics. Probably, first observation of melting 
temperature changes depending on the nano-particles size, 
embedded in a solid-state matrix, has been performed in 
work [25]. Authors investigated melting of In particles 
with radius less than 20 nanometers in Al matrix. The 
dispersion of inclusions was reached by fast quenching of 
Al-In at % 4.5 alloy from pure components (99.999 %). 
Applying the method of electron microscopy it has been 
revealed the epitaxy between an aluminium matrix and In 
particles, and it also is established, that melting 
temperature of inclusions in an aluminium matrix raises 
with reduction of their size. Similar melting result of           
(1 - 20 microns) In particles embedded in an aluminium 
matrix, obtained in work [26]. Samples of alloy                   
Al-In wt % 16 In prepared by induction fusion of pure 
components (99,999 %). By the method of differential 
scanning calorimetry it has been established, that the In 
particles embedded in grain of aluminium matrix, melted 
with an overheat about 4 K whereas particles between 
grains, have melting temperature equal to melting 
temperature of massive. Authors [26] relate such melting 
behaviour of inclusions with stress-energy raise due to 
increase of particles volume during melting. Melting of In 
nano-particles embedded in Al matrix was observed also in 
work [27]. In particles were embedded (100-250 keV In+) 
in (110) monocrystal of aluminium in vacuum 10-5 Pа. By 
method of the backward Rutherford’s dispersion it has 
been established, that fine In particles with 4 nanometers 
radius melted at highest temperature than particles with 
radius of 40 nanometers. The greatest overheat of In nano-
inclusions made 23 K (r = 4 nanometers). In works               

[28, 29] the changes of In and Pb nano-particles in Al 
matrix melting temperature depending on dispersion 
preparation method also was investigated. Nano-sized In 
inclusions in Al matrix created in two ways: fusion or 
mechanical crushing. In the first case composite alloys       
Al-In wt % 7and Al – Pb wt % 10 prepared by arc fusion 
of pure Al (99,999 %) with In and Pb in water cooled 
crucible and argon atmosphere. In the second case samples 
prepared by mechanical crushing of pure Al, In and Pb 
powders with particles size less than  25 microns. Prepared 
samples were investigated by method of x-ray 
diffractometry, x-ray spectroscopy, electron microscopy 
and also diffraction scanning microscopy. Experimental 
data [28, 29] on research of the samples prepared by fusion 
have shown, that the average size of In and Pb particles 
was in a range 5 - 45 nanometers. It has also been 
established, that indium and lead has oriented parity with 
an aluminium matrix which can be described as 
(111)Al║(111)In,Pb and [110]Al║[110]In,Pb. Particles of 
inclusions represent the truncated octahedrons limited 
(111)Al  и (100)Al sides of a matrix. By method of high-
resolution electron microscopy it has been obtained epitaxy 
between the embedded particles and an aluminium matrix. 
Research of the samples prepared by mechanical crushing, 
has shown, that the particles size decreases with increase 
of crushing time. In this case the sample represents a nano-
sized mix of pure aluminium and indium phases. Any 
fusion effect has not been established even at very small 
sizes of grains. During research of both kinds samples by 
differential scanning calorimetry in work [28] it has been 
established, that in case of components fusion the In and 
Pb nano-particles melted above typical melting 
temperature of a massive on 0 – 38 K, 11 – 40 K 
accordingly; while in case of mechanical crushing there is 
a decrease of In inclusions melting temperature on             
0 - 22 K, and for Pb an average on 13 K. Rise of lead 
nano-particles melting temperature in different metal 
matrixes (Al, Cu, Ni) has been observed in work [30]. 
Nano-sized Pb dispersions have been prepared by 
quenching of corresponding alloys in the compound        
Al-Pb at % 1.4, Cu-Pb at % 3.2, Ni-Pb 3 ат. % Pb. The 
electronic-microscopic researches have shown [30], that 
particles Pb epitaxically grown with Al and Cu matrixes, 
and are monocrystals with the form of the truncated 
octahedrons with (111) and (100) faces. While in Ni matrix 
the particles had the form of the truncated octahedrons 
with the smoothed corners. The particles sizes were in the 
range of 10 – 70, 25 – 210 and 30 – 120 nanometers for Al, 
Cu and Ni matrixes accordingly. Melting of such particles 
was studied by scanning differential calorimetry. For Al 
and Cu matrixes have been established overheat of 
particles on 103 and 125 K accordingly, whereas for Ni – 
no rise of nano-particles melting temperature has been 
fixed. Authors [30] found an overheat of nano-particles 
relate with the form of particles, i.e. with epitaxic system 
in case of Al and Cu matrixes. Bi nano-particles embedded 
in quasicrystalline matrix on the basis of aluminium alloy 
were investigated in work [31]. Alloy Al65Cu20Fe15 
performed by method of pure metals melting in an argon 
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atmosphere in the electroarc furnace. Bi particles have 
been embedded by fusion of Bi 10 wt % with matrix, and 
the average size of particles made about 50 nanometers. 
Features of fusion were studied by methods of differential 
scanning calorimetry and transmission electron 
microscopy. The Al-Cu-Fe matrix depending on annealing 
temperature gives different properties: at heating above 
1073 K the matrix was quasicrystalline, and at temperature 
873 K obtained the properties of a microcrystalline matrix. 
In work [31] has been shown, that melting of Bi nano-
particles embedded in Al-Cu-Fe matrix strongly depends 
on structure of matrix. So, for isocahedral matrix the 
significant changes of bismuth melting temperature it was 
not observed, but the small part of inclusions (about 15 %) 
melted at 553.5 K and was observed coherence of a 
particle-matrix interface. Thus rise of melting temperature 
on 9 K above melting temperature for a solid is 
established. In microcrystalline matrix decrease of melting 
temperature approximately on 30 K has been fixed. 
Change of Bi inclusions melting temperature embedded in 
glasy and crystalline matrix it was investigated also in 
work [32]. The matrix represented an alloy on the basis of 
aluminium Al65Fe20Si15. In case of a crystalline matrix the 
rise of Bi nano-particles melting temperature, unlike data 
received in work [31], it was not observed, and also it was 
not observed any coherence on a particle-matrix interface. 
For glassy amorphous matrix decrease of melting 
temperature has been fixed and for Bi particles with the 
size it has made about 5 nanometers nearby 100 K. In work 
[33] decrease of melting temperature of In nano-particles 
embedded in Al matrix was marked. Samples prepared by 
mechanical mixing of In and Al powders [34] in the range 
Al -In wt % 10 and further were investigated by electron 
microscopy, x-ray diffractometry and scanning 
calorimetry. It has been established, that the In nano-
particles melting temperature decreases with increase of 
powders crushing time, i.e. with reduction of In particles 
size. So for In nano-particles with average size                      
15 nanometers authors obtain decrease of melting 
temperature in comparison with melting temperature of 
solid on 13.4 K. According to decrease of melting 
temperature in work [33] the wetting angle between In and 
Al surfaces makes θ≈124°. Authors relate such behaviour 
of  In nano-particles with plump into powders mix during 
mechanical crushing impurities of iron and oxygen, and 
also influence of stresses after crushing. Using the method 
of differential scanning calorimetry a lot of fusible metals 
(In, Sn, Bi, Pb) embedded in Al matrix are investigated in 
work [24]. Nano-sized In, Sn, Bi, and Pb particles have 
been homogeneously embedded in an aluminium matrix by 
mechanical crushing of pure powders mix. It has been 
established, that the melting temperature of the embedded 
particles is much less concerning values for massive 
samples [24], and decrease of melting temperature is 
inversely proportional to the embedded particles size. In 
other work [35] melting of lead nano-particles embedded 
in amorphous and crystalline matrix from alloy 
Al75Cu15V10 was investigated. Composite alloy 
Al75Cu15V10 prepared by melting of pure components in 

the induction furnace in an argon atmosphere. Depending 
on annealing temperature the alloy was amorphous or it 
had a crystalline structure. Then the alloy was alloyed with              
10 wt % pure Pb for embedding of a fusible component in 
Au-Cu-V matrix. As a result of the researches [35] have 
found, that lead particles with the average size about            
30 nanometers melted at temperature below melting 
temperature of a solid on 17 K in an amorphous matrix and 
on 6 K in crystalline. In work [36] also it was explained 
about particular decrease of Pb nano-particles in Al matrix 
melting temperature. Research objects are prepared by 
crushing of pure Pb and Al granules. Variation of Pb 
melting temperature was investigated by x-ray 
diffractometry and differential scanning calorimetry. The 
change of melting temperature of Sn nano-particles 
embedded in Al matrix was investigated in work [37]. 
Embedding of tin was reached by ionic implantation of 
Sn+ in Al in situ matrix in an electron microscope. 
Prepared samples were investigated by the method of 
electron microscopy and the method of the backward 
Rutherford’s dispersion. Researches have shown that the 
average size of Sn nano-particles embedded in Al matrix 
made approximately 6 nanometers. In work [37] after 
annealing in it has been obtained, that melting temperature 
of tin nano-particles embedded in an aluminium matrix 
decreases with reduction of their size. Decrease of melting 
temperature for In nano-particles embedded in Fe matrix 
by method of in situ heating in an electron microscope has 
been established and in work [38]. Samples of iron  
(99,999 %) with In inclusions with the size about                  
50 nanometers prepared by quenching of melt                   
Fe – In wt % 7. After annealing of such samples decrease 
of In fusion temperature on 15 K below melting 
temperature of a solid (Тs ≈429 К) has been established. 
Apparently from the above-mentioned for nano-particles 
embedded in a solid-state matrix it is observed both 
increase and decrease of melting temperature in 
comparison with values for massive samples. And the 
increase observed for In, Pb, Bi particles takes place, as a 
rule, in case of epitaxic connection with a matrix. In an 
opposite case the decrease of melting temperature is 
observed.  
 
3. Technique of research 
3.1. Research objects 
 

Thin film of In, Pb, Sn, Bi metals that are between two 
thick Al or Ge films, which play a role of matrix research 
objects have been selected as object for researches. Such 
choice is caused by following circumstances. For free 
particles, for islands and partially continuous condensed 
films from these metals there are quantitative data about 
particular reduction of melting temperature [39]. Also the 
general for In, Pb, Sn, Bi with Al and Ge binary phase 
diagrams is practically full absence of solubility in a solid 
state with formation of eutectic, which has similar structure 
and melting temperature to corresponding fusible 
component [40]. As the melting temperature of eutectic 
only slightly differs from melting temperature of a fusible 



 
277. DIAGNOSTICS OF NANO-PARTICLES ON A SURFACE AND IN VOLUME OF A SOLID BODY. 

BOGOROSH  А., VORONOV S., LARKIN S., VISNIAKOV N., SCEKATUROVIENE D. 
 

 
© VIBROMECHANIKA.  JOURNAL OF  VIBROENGINEERING.  2007 APRIL/JUNE,  VOLUME 9,  ISSUE 2,  ISSN 1392-8716 

 

80 

component, in the literature there is no common opinion 
concerning their absolute values. It is necessary to specify 
following circumstance. The general for all selected Al and 
Ge binary systems is eutectic formation on the basis of 
more fusible component. It is possible to expect, what 
exactly eutectic formation in system film-forming 
substance – matrix can appear the main role on such film 
melting temperature changes and sign. On it, as it was 
already marked, specify available experimental data [2] 
about decrease eutectic temperatures in earlier investigated 
condensed films some binary systems. 
 
3.2. Definition of eutectic melting temperature 
 

It was expedient, that for the solution of a problem the 
best is the usage of contact fusion [41, 44], which is 
applied to definition of eutectic temperatures. Usually 
contact of samples from corresponding components is 
created mechanically. However it is not always effective, 
because for contact fusion necessary to have physical 
contacts at an atomic level. In work [41, 44] it was offered 
to apply for investigation of contact fusion the two-layer 
film from the corresponding components, prepared by 
consecutive condensation of components in vacuum and 
their evaporation from independent sources. In the further 
such approach has been used for investigation of contact 
fusion in a few of binary systems. As in the given work the 
problem of unequivocal definition of melting temperature 
minor alterations, the method offered in work [41, 44] was 
modified in differential, that allows to observe reliably 
insignificant (<0.2 K) changes of melting temperature of 
thin films fusible component due to change of their 
thickness and influence of a matrix. Some series of 
experiments, then solved specific problems are different, 
but which scheme was essentially similar, have been 
executed in the following way (Fig. 3). On a polished 
substrate plate (width of 30 mm, thickness 3 mm and 
length 150 mm) from stainless steel it was condensed in 
vacuum ~1·10-6 mm mercury column by evaporation a 
carbon film. Thickness of carbon film approximately         
200 Å for prevention to substrate material interaction with 
investigated layered film systems Al-Me-Al or Ge-Me-Ge. 
Then without vacuum disturbance on half of substrate (on 
its width) with a carbon film thick (1000 Å) Al film was 
condensed. At once after it a thick film of corresponding 
fusible metal was created. Metals by cleanliness not below 
99,999 % were applied for this film. Thus A1 evaporated 
from a tungsten wire, and In, Sn, Bi and Pb – from 
molybdenum shuttles. Films thickness was supervised 
watching for change of frequency of the quartz sensor. For 
warranty of noted sequence of layers the system of mobile 
dividing screens was placed. After the finishing of 
condensation along a substrate difference of temperatures 
(by heating its one end above approximately on 30° of 
corresponding fusible component melting temperature and 
cooling of the second end) was created. After some period 
for establishment of stationary temperatures distribution 
along a plate that was supervised by four thermocouples 
located in special apertures, heating was switched off also 

a substrate together with investigated films was cooled. On 
all samples in a direction of temperature rise there is a 
viewable border adequate to melting temperature of a 
fusible component. It is possible owing to that In, Sn, Bi 
and Pb in a liquid phase do not wet a carbon film (wetting 
angle θ≈130÷150°) and after melting the metal film gathers 
in separate spherical drops (Fig. 4). 

 
Fig. 3. The scheme of preparation of layered film systems by 
vacuum condensation; 1 – substrate plate; 2 – thermocouples;       
3 – quartz sensor; 4 – metals evaporators; 5 – carbon evaporator 
 

Beside on the same plate, on other half on its width, it 
is viewable border that adequate to contact fusion 
temperature in layered film system (aluminium/fusible 
component). Knowing distribution of temperature along a 
substrate and observing on the same substrate the relative 
positioning of borders, that pass the melting temperature of 
of fusible component (this temperature used for the control 
of absolute values of temperature) and contact fusion 
temperature in corresponding film system, it is possible 
with a sufficient reliability (± 0.2 К) to judge on sign and 
size of aliuminium influence on melting temperature of the 
second component. The optical electron microscopy and  
x-ray diffractometry was applied to research of layered 
film systems structure before and after melting. 
 

   
 
Fig. 4. Electron-microscopic pictures of drops that were formed 
after melting of continuous tin films on a carbon substrate 

 
3. Results and their generalization 
 

In the given chapter results of experimental researches 
of melting temperature changes in layered film systems  
Al-Me and Ge-Me (Me = In, Sn, Pb and Bi) prepared by 
thermal evaporation and consecutive condensation of 
components from independent sources. The choice of 
objects (nano-sized In, Sn, Bi, Pb layers on a surface and 
in Al and Ge matrixes) is caused by an character ambiguity 
in the literature and value of melting temperature changes 
in nano-dispersion systems, in case of when the fusible 
component is embedded in a solid-state more refractory 
matrix. The received results are analyzed by use of the 
thermodynamic approach. 
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3.1. Definition of eutectic temperatures in Al-Me,          
Ge-Me systems 

 
In the literature there is no unique opinion concerning 

absolute values of eutectic temperatures, when eutectic is 
formed by fusible components with Al and Ge. Series of 
experiments at which on a substrate with a carbon film 
prepared on one half of plate a thick two-layer Al-Me or 
Ge-Me film, and beside on another part of plate a thick 
film of corresponding fusible metal. Photos of substrate 
with corresponding layered systems are showed on Fig. 5. 
These experiments allow defining with accuracy not below 
0.2 K difference between corresponding eutectic 
temperatures and melting temperature of fusible element. 
The corresponding values of eutectic temperatures for the 
investigated systems, which average by 5-6 experiences, 
are presented in Table 1. It is visible, that application of a 
differential technique allow to specify value of eutectic 
temperatures and in particular to find, that temperature of 
eutectic on the basis of fusible component in Al-In and          
Ge-Bi systems do not coincide (as was considered till 
now), with melting temperatures of pure fusible metals, 
and exist a little below them. Given experiments were 
spent in vacuum ~1·10-6 mm mercury column, when in an 
interval after Al condensation and the beginnings of fusible 
metal condensation on a Al film surface possible formation 
of the thin film of oxides, which can influence contact 
fusion temperature in Al-Me film system. For the valuation 
and exceptions of this experiments have been prepared (for 
example of Al-In system). The essence consists in the 
following; on all substrate with the thin layer of a carbon 
film the thick In film was condensed, and then on half of 
substrate the thick Al film from above was condensed, i.e. 
the sequence of Al and In films changed. These 
experiences have shown, that contact fusion temperature in 
layered Al-In and In-Al film system does not vary. 
Accordingly to work results [6] the amorphous neutral 
matrix should not influence on samples of the small sizes 
melting temperature, i.e. they should behave as free or in 
vacuum. It was verified in experiments supervising the 
melting temperature of thin tin films (20 – 25 nanometers) 
that are on a carbon film and between two thick carbon 
films. According to research results [42] the wetting angle 
between tin and amorphous carbon substrate makes 152°. 
The precise linear border on all width of a substrate 
(perpendicular to substrate length) is observed as for a tin 
film on a carbon film and between two carbon films. It 
demonstrate, that the neutral not wetted amorphous 
substrate (Fig. 4) does not influence melting temperature of 
thin films and corresponding decrease of melting 
temperature for such layered film systems is described by 
the same expression, as for free films [6]. X-ray structural 
analysis of layered system after melting and cooling till 
room temperature with x-ray diffractometer Dron-3М and 
use Kα copper radiation have been executed. Values of 
lattice parameter: 1) for In a = 0.4612 nm, c = 0.4935 nm 
and for Al a = 0.4049 nm before melting; 2) for In              
a = 0.4609 nm, c = 0.4936 nm and for Al a = 0.4049 nm 
after melting. The received values of investigated 

components lattice parameters correspond to tabular data 
for pure metals, which certify about absence of appreciable 
solubility of components in layered film systems. 
Insignificant reduction of parameter c for In after melting 
is caused by insignificant solubility Al in In. For an 
example, x-ray spectrum for Al-In system before and after 
melting showed on Fig. 6 [44]. Therefore the application 
of a differential method of melting temperature registration 
with application of thick-film layered systems allow to 
specify eutectic temperatures for eutectics on the basis of a 
fusible component and In, Bi, Pb and Sn binary systems 
with aluminium and germanium.  

 

 
Fig. 5. Photos of thick films on a substrate with temperature 
gradient: a – fusible metals on Al or Ge thick film; b – fusible 
metals on a carbon sublayer 
 
 
Таble 1. Contact fusion temperature in Al-Mе and Ge-Mе film 
systems 
 

Eutectic temperature, Te (˚C) 
System Phase diagram 

Experiment Literature [43] 
Al-In 155.6 156.4 
Al-Bi 269.1 270 
Al-Pb 325.3 327 
Al-Sn 229.8 228.3 
Ge-Bi 268.5 271 
Ge-Pb 

Eutectic with 
immiscibility 
area in liquid 

state 
 

Simple eutectic 324.9 327 
 

 

 
a)                                                 b) 

Fig. 6. X-radioscopic spectrum of Al-In system: a – before 
melting, b – after melting 
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3.2. Dependence of melting temperature in layered Al-
Me-Al, Ge-Me-Ge film systems from thickness of Me 
(Sn, Pb, Bi, In) metal film 
 
 

Group of experiments with prepared layered film 
systems from thick Al or Ge film and fusible metal (Me-Al 
or Me-Ge) and thin metal film of different thickness 
between thick Al or Ge (Al-Me-Al or Ge-Me-Ge) films, 
have unequivocally shown, that melting temperature of 
thin In, Sn, Bi and Pb films in such layered systems 
decreases with reduction of their thickness. It is well 
viewable in a photo (Fig. 7) of layered thick Al-In film 
system. For finding of melting temperature dependence in 
layered Al-Me-Al and Ge-Me-Ge film systems on one 
substrate prepared some layered film systems that differed 
only in Me layer thickness. For the fixed values of In, Sn, 
Bi and Pb films thickness corresponding values of melting 
temperature decrease are presented in Table 2. 

 
 

 
 
Fig. 7. Photo of layered Al-In film system on a substrate with  
temperature gradient: a – thick Al-In film system, b – In film with 
thickness 25 nanometers between thick Al films (Al-In-Al) 
 
 
 
Тable 2.  Melting temperature of layered film systems 
 

Experiment 
For particles in 

matrix [43]  
System h 

(nm) 
∆Τh 
(°C) 

d  
(nm) 

∆Τh 
(°C) 

d

h
h 3⋅∆Τ

 

(°C) 

Al-In-Al 25 3,5 15 16,9 17,5 
Al-Bi-Al 25 3,8 22 14,6 13,6 
Al-Pb-Al 30 3,0 13 20,5 20,7 
Al-Sn-Al 20 3,0 17 12,1 10,6 
Ge-Bi-Ge 40 7,0 - - - 
Ge-Pb-Ge 20 5,0 - - - 

 
 

Such experiments have allowed the observing change 
of melting temperature depending on Me film thickness. 
On Fig. 8 [44] and Fig. 9 presented photos of substrate 
plates with layered Al-Sn-Al and Ge-Bi-Ge film systems 
and experimental dependences of melting temperature 
from thickness of Me film. Thus research of layered Al-
Me-Al and Ge-Me-Ge (Me-In, Pb, Bi, and Sn) film 
systems created in vacuum by consecutive condensation of 
components, which evaporate from independent sources, 
have shown, that the melting temperature of thin film 
components between two thick Al or Ge films decreases 
with reduction of their thickness. 
 

  
a)                                               b) 

Fig. 8. Photo of substrate with Al-Sn-Al layered film systems: 
a – different Sn film thickness; b – dependence of eutectic 
temperatures Тs  from tin film thickness 
 

  
a)                                                  b) 

Fig. 9. Photo of substrate with layered Ge-Bi-Ge film systems:         
a – different thickness of bismuth films: 1 – 100 nanometers,        
2 – 80 nanometers, 3 – 68 nanometers, 4 – 40 nanometers;           
b – dependence of melting temperature 
 
6. Conclusions 
 
1. The research of layered Al-Me-Al and Ge-Me-Ge 
(Me-In, Pb, Bi and Sn) film systems created in vacuum by 
consecutive condensation of components and evaporation 
from independent sources have shown that the melting 
temperature of thin films between two thick Al or Ge films 
layers decreases with reduction of their thickness.  
2. The application of differential method of melting 
temperature registration and application of layered film 
systems allow to specify the eutectic temperatures for 
eutectics on the basis of a fusible component in In, Bi, Pb 
and Sn binary systems with aluminium and germanium. 
 
References 
 
[1] Pawlow P. Über die Abäugigkeit des Schmelypunk von der 

Oberflächene-nergie eines festen Körpers // Z. Phys. Chem. – 
1909. – V.65, №5. – P.545-548. 

[2] Berman P. R., Curzon A. E. The Size Dependence of the 
Melting Point of Small Particles of Indium // Canad. J.Appl. 
Phys. – 1974. – Vol. 52. – P. 923–929. 

[3] Skripov V. P., Koverda V. P., Skokov V. N. Size Effect on 
Melting of Small Particles // Phys. Status solidy (a). – 1981. – 
Vol. 66. – P. 109-118. 

[4] Gladkich N. T., Niedermayer R., Spiegel K. Nachweis 
großer Schmelzpunkts - erniedrigungen bei dünnen 
Metallschichten // Phys. Status solidy. – 1966. – Vol. 15. –           
P. 181-192. 

[5] Gladkich N. T., Niedermayer R. Nachweis großer 
Schmelypunktsernie-drigungung des Silbers in dünnen 



 
277. DIAGNOSTICS OF NANO-PARTICLES ON A SURFACE AND IN VOLUME OF A SOLID BODY. 

BOGOROSH  А., VORONOV S., LARKIN S., VISNIAKOV N., SCEKATUROVIENE D. 
 

 
© VIBROMECHANIKA.  JOURNAL OF  VIBROENGINEERING.  2007 APRIL/JUNE,  VOLUME 9,  ISSUE 2,  ISSN 1392-8716 

 

83 

Schichten. Kurznaehricht der Academie der Wissenschaften 
in Göttingen. – 1965. – № 16. – P. 69-76. 

[6] Morochov I. D., Chizik S. P., Gladkich N. T., Grigorjeva 
L. K. Phase size effect in high-dispersion systems // SA 
USSR. – 1978. – Vol. 243, № 4. – P. 917-920. 

[7] Buffat Ph., Borel J. P. Size effect on the melting temperature 
of gold particles // Physical Review A. – 1976. – Vol. 13,           
№ 6. – P. 2287-2298. 

[8] Wronski C. R. M. The size dependence of the melting point 
of small particles of tin // Brit.J.Appl.Phys. – 1967. – Vol. 18. 
– P. 1731. 

[9] Blackman M., Sambles J. R. Melting of very small particles 
during evaporation at constant temperature // Nature. – 1970. 
– Vol. 226. – P. 938. 

[10] Coombes C. J. The melting of small particles of lead and 
indium // J.Phys.F: Metal Phys. – 1972. – Vol. 2. – P. 441. 

[11] Petrov J. I. About melting of small Pb crystals // FTT. – 
1963. – Vol. 5, № 12. – P. 3533-3536. 

[12] Palatnik L. S., Komnik J.F. Research of melting 
temperature of thin Sn and Bi condensed layers // FММ. – 
1960. – Vol. 9. – P. 374. 

[13]Pócza J. F., Barna A., Barna P. B. Formation processes of 
vacuum deposited indium films and thermodynamical properties 
of submicroscopic particles observed by in situ electron 
microscopy // J.Vac.Sci.Technol.– 1969.– Vol. 6.– P. 472. 

[14]Mitome M. In-situ observation of melting of fine lead particles 
by highresolution electron microscopy // Surface Science. – 
1999. – Vol. 442. – P. 953-958.  

[15] Schäer R. Melting of isolation tin nanoparticles // 
Phys.Rev.Let. – 2000. – Vol. 85, № 6. – P. 1250-1253. 

[16] Stuckless J. T., Frei N. A., Campbell C. T. A novel single-
crystal adsorption calorimeter and additions for determining 
metal adsorption and adhesion energies // Rev.Sci.Instrum. – 
1998. – Vol. 69, № 6. – P. 2427-2438. 

[17] Bachels T., Schäfer R. Binding energies of neutral silicon 
clusters // Chem.Phys.Lett. – 2000. – Vol. 324. – P. 365-372. 

[18] Dippel M., Maier A., Gimple V. et al. Size-dependent 
melting of self-assembled indium nanostructures // Phys. Rev. 
Lett. – 2001. – Vol. 87, № 9. – P. 095505-1-095505-4. 

[19] Zang М., Efremov M. Yu., Schiettekatte F. et al. Size-
dependent melting point depressin of nanostructures: 
Nanocalorimetric measurements // Phys. Rev. B. – 2000. –  
Vol. 62, № 15. – P. 10549-10557. 

[20] Gladkikh N. T., Zaichik P. I., Lebedev V. P., Palatnik L. 
S., Chotkevic V. I. Decrease of melting temperature of thin 
Bi films on a different substrates // Surface diffusion and 
wetting. – Moscow: Science. – 1969. –P. 222-229. 

[21] Devaud G., Willens R. Observations of the melting 
transition in thin lead films // Physical Review Letters. – 
1986. – Vol. 57, № 21. – P. 2683-2685. 

[22] Frenken J. W., Van der Veen J.F. Observation of surface 
melting // Phys. Rev. Lett. – 1985. – Vol. 54. – P. 134. 

[23] Tsuboi T., Seguchi Y., Suzuki T. The melting temperature 
of thin lead films // Physical Society of Japan. – 1990. –          
Vol. 59, № 4. – P. 1314-1321. 

[24] Sheng H. W., Lu K., Ma E. Melting and freezing behavior 
of embedded nanoparticles in ball-milled Al-10Wt% M (M-
In, Sn, Bi, Cd, Pb) mixtures // Acta mater. – 1998. – Vol. 46,            
№ 14. – P. 5195-5205. 

[25] Saka H., Nishikava Y., Imura T. Melting temperature of In 
particles embedded in an Al matrix.// Phil. Mag. – 1988. –       
Vol. 57. – P. 895-906. 

[26] Malhotra A.K., Van Aken D.C. On the effect of matrix 
relaxation during the melting of embedded indium particles // 
Phil.Mag.A. – 1995. – Vol. 71, № 5. – P. 949-964. 

[27]  Dybkjær G., Kruse N., Johansen A., Johnson E., Sharholt-
Kristensen L., Bourdelle K.K. Melting and solidification of 
small indium particles embedded in an aluminum matrix // 
Surface and Coating Technology. – 1996. – Vol. 83. – P. 82-87. 

[28] Sheng H. W., Ren G., Peng L. M., Hu Z. Q., Lu K. 
Epitaxial dependence of the melting behaviour of In 
nanopaticles embedded in Al matrices // J. Mater. Res. – 
1997. – Vol. 12. – P. 119-123. 

[29] Sheng H. W., Ren G., Peng L. M., Hu Z. Q., Lu K. 
Superheating and melting-point depression of Pb 
nanoparticles embedded in Al matrices  // Phil.Mag.Lett. –
1996. – Vol. 73, № 4. – P. 179-186. 

[30] Goswami R., Chattopadhyay K. The superheating and the 
crystallography of embedded Pb particles in f.c.c. Al, Cu and 
Ni matrices // Acta Metall.Mater. – 1995. – Vol. 43, № 7.             
P. 2837-2847. 

[31] Singh A., Tsai A. P. Melting behaviour of bismuth 
nanoparticles embedded in Al-Cu-Fe quasicrystalline matrix // 
Scripta Mater. – 2001. – Vol. 44. – P. 2005-2008. 

[32] Goswami R., Ryder P., Chattopadhyay K. The melting 
and solidification of nanoscale Bi particles embedded in 
glassy and crystalline matrix // Phil. Mag. Lett. – 1999. – Vol. 
79,          № 7. – P. 481-489. 

[33] Sheng H. W., Xu J., Yu L. G., Sun X. K., Hu Z. Q., Lu K. 
Melting process of nanometre-sized In particles embedded in 
an Al matrix synthesized by ball-milling // J. Mater. Res. – 
1996. – Vol. 11, № 11. – P. 2841-2851. 

[34] Schilling P. J., He J.-H., Ma E. EXAFS study of ball-
milling elemental nanocrictalline powders // J.Phys IV 
France. – 1997. – Vol. 7. – P.C2-1221–C2-1222. 

[35] Singh A., Tsai A. P. Melting and solidification behaviour of 
lead nanoparticles embedded in amorphous and 
quasicrystalline matrices of Al-Cu-V // Jpn. J. Appl. Phys. – 
2000. – Vol. 39. – P. 4082-4087. 

[36] Ehrhardt H., Weissmüller J., Wilde G. Size – dependent 
melting of matrix – embedded Pb - nanocrystals // Mat.Res. 
Society. – 2001. – Vol. 634. – P. B8.6.1-B8.6.6. 

[37] Johnson E., Bahl C. R. H., Touboltsev V. S., Johansen A. 
Nanoscale Sn inclusions in Al structure and melting - 
solidification properties // Mat.Res. Society. – 2000. –            
Vol. 580. – P.177-182. 

[38] Ohashi T., Kuroda K., Saka H. In situ electron microscopy 
of melting and solidification of In particles embedded in an 
Fe matrix // Phil. Mag. B. – 1992. – Vol. 65, № 5. – P. 1053-
1065. 

[39] Skripov V. P., Koverda V. P., Skokov V. N. Size Effect on 
Melting of Small Particles // Phys. Status solidi (a). –  1981. – 
Vol. 66. – P. 109-118. 

[40] Chansen M., Anderko K. Structure of binary alloys. –1962. 
– Vol. 2. – P. 610-1489. 

[41] Gladkikh N. T., Dukarov S. V., Larin V. I. Surface energy 
dependence of solid bodies // Functional materials. – 1994. – 
Vol. 1,  № 2. – P. 50-54. 

[42] Chizik S. P., Gladkikh N. T., Larin V. I. Size effect at 
ultra-dispersion system // Surface. Physics, chemistry, 
mechanics. – 1985. – № 12. P. 111-121. 

[43] Gladkich N. T., Dukarov S. V.,  Larin V. I., Kryshtal A. 
P., Suchov V. N., Bogatyrenko S. I. Surface effect and 
phase transition  in condensed films // KNU. – 2004. – P. 
276.  

[44] Gladkich N. T., Kryshtal A. P., Anton R., Bogatyrenko S. 
I. Melting point lowering of thin metal films (Me = In, Sn. 
Bi, Pb) in Al-Me-Al film system // Applied surface science. 
– 2003 – Vol. 219. – P. 338-346. 

 




