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Abstract: The paper studies the mechanism, kinetics and morphology of phase changes primarily at heating by concentrated energy 

flows (CEF). The objects of study have been a medium carbon low-alloy steel 37Cr4 (DIN), a high-carbon tool steel X210Cr12 (DIN) and 
grey cast irons with flake and spheroidal graphite (GG 15, GG 30,  GGG 50 - DIN) treated by plasma and electron beam heating.  

It has been established that the mechanisms of phase changes at heating with CEF differ considerably from the familiar ones and can 
be classified as mechanisms of the following type: of migration by plastic deformation; of migration with a wave effect; of baric migration; 
of thermokinetic migration and of accelerated migration under the impact of electrodynamic fields and radiation. These mechanisms have 
been tested and proven by the fixed imbalance conditions of the structures obtained in the experiments.   

Key words: CONCENTRATED ENERGY FLUX; SURFACE TREATMENT; PHASE CHANGES; SOLID STATE 
TRANSFORMATION 

 

1. Introduction 
According to the theory of phase changes, the transformations 

in the iron-carbon system take place in balance or imbalance 
conditions. The phase changes under thermokinetic conditions may 
be caused by either classical diffusion or other mechanisms called 
diffusionless. These assumptions refer to phase changes at different 
velocities. In this case both theories, the diffusion theory and the 
energy theory, determining the mechanism of transformation fix the 
single possible case of phase changes based on diffusion: the 
formation of crystallization centers and their expansion. The basic 
force of phase changes at heating, apart from the concentration 
differences, is the heat treatment under balanced (gradual) 
temperature elevation. The diffusion mobility of carbon is 
considered to be greater, i.e. the main reason for phase changes is 
the re-distribution of its atoms and at a final phase a polymorphic 
re-distribution of iron atoms takes place by the diagram 

)(c
Feα ⇔ )(c

Feγ   .  
CEF treatment considerably differs from classical heat 

treatment in the following parameters [1-4]: 
- it is not thermal in its pure form; it is accompanied by a 

number of phenomena taking place along with heat treatment – 
electron, photon, plasma, electromagnetic, acoustic and baric. On 
no account should it be considered that these components of energy 
treatment remain unchanged or can be ignored, theoretically at 
least; 

- it is highly inhomogeneous in time, i.e. it is of pulse-dynamic 
or quasipulse character which by itself causes a wave effect of 
treatment. The latter, in turn, encompasses both heat treatment and 
the other types of energy treatment; 

- CEF is highly inhomogeneous not only in time but in space. 
This causes a field effect in the distribution of energy parameters. 
Each point in the field, to be more precise – in the material – 
appears to be under the impact of energetics impacts of different 
magnitude and direction. 

Taking into account all the above mentioned, the processes of 
phase changes, especially those at heating, should also be based on 
other mechanisms of atom migration, not only on purely diffusion 
ones [5-7]. The study of these changes and the mechanism of their 
accomplishment is the purpose of the paper. 

2. Analysis 
Kinetics and morphology of the changes in graphite and 

carbides 
In the classical theory of heat treatment, when heating is 

accomplished at relatively low velocity (about up to 102 К/s at 
speed methods of heating such as bath, flame and induction heating) 
a mechanism and kinetics of phase changes in iron-carbon alloys 
have been accepted and proven and it is typical of them that they 

are accomplished in compliance with the theory of balanced 
transformations. In this case it is considered that the transformations 
are complete, i.e. they take place until the total disappearance of 
phases, which are unstable at the elevated temperatures irrespective 
of that some inhomogeneity of their chemical composition is 
allowed. The mechanism of changes is diffusional caused by the 
differences in the concentration and the elevated temperature, being 
the same in all parts of the macro- and microvolumes. In this case 
the quantitative proportion between different phases is taken on the 
basis of the existing balance lines in the Fe-C (Fe3C) diagram. As a 
consequence of the gradual heating and the time sufficient for re-
crystallization, it is considered that, for example, ferrite turns into 
austenite from an initial balance condition from energetics point of 
view without the presence of deformation defects such as 
duplicates, increased dislocation accumulation (low angle 
boundaries), slippage planes of crystallographic plates.    

Graphite is considered to be an absolutely stable phase, i.e. 
no likely changes in its phase condition or quantitative proportion 
with other phases are considered.  

Carbides are also relatively stable. They do not change like 
the stechiometric proportion between chemical elements. Only 
dissolution in austenite is allowed. The iron carbide is only in the 
form of Fe3C. 

As was already mentioned, the kinetics of the physical and 
chemical processes in time and space at CEF treatment make it 
possible to analyze phase change morphology in its basic aspects: 
high and ultra high velocities of heating, existence of mechanisms 
of atom migration different from the classical diffusion 
mechanisms, high heterogeneity of the conditions of transformation 
of each point of macro- and microvolumes in time and space.   

The moment the cycle of heating terminates, high-velocity 
cooling commences. In this case the term “homogenization” is 
provoked by the temperature of overheating and the turbulent 
mixing of the liquid phase of melting. At this point, processes 
unfamiliar to the theory of phase transformations of iron-carbon 
alloys into solids may be observed: partial or complete dissolution 
of the graphite phase in the molten metal; washing away of the 
graphite in the molten metal and change in the locations of graphite 
inclusions; partial or complete evaporation of graphite; intensive 
migration of the carbon from the graphite inclusions in solid state; 
partial or complete dissolution of carbides in the solid phase and the 
molten metal.  

As a consequence of these processes, at a follow-up 
crystallization both considerable change in the number and 
quantitative proportion between phases and increased 
homogenization in the macro- and microvolumes may be observed. 
In addition, the higher the velocity or the heating temperature, the 
higher the degree of the homogenization of the molten metal and 
the alloy after crystallization.   

A tendency towards leveling the concentration in solid state 
is observed particularly with regard to the carbon content at the 
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“perlite-graphite” and “ferrite-graphite” boundaries at CEF heating. 
Of course, the migration of carbon towards ferrite is more obvious 
than towards perlite due to considerable concentration differences. 
Fig.1 shows the tendency of carbon to migrate from the graphite in 
the ferrite with the increase of temperature on the surface of 
treatment. 

The migration path considerably increases around the 
graphite inclusions which are close to the surface and are 
undissolved in the molten metal (see fig.2). It is theoretically 
possible for the graphite inclusions, i.e. the carbon in the solid 
phase, to be completely dissolved. Undoubtedly, this process is also 
connected with the migration of iron atoms from the austenite in 
direction opposite to the movement of carbon atoms.   

Partial and complete “assimilation” of carbides after CEF 
treatment in the zones of phase changes in solid and liquid state is 
typical of chrome and tungsten tool steels. As a result of the solid 
phase overheating and the follow-up melting, chrome, tungsten and 

combined 
carbides dissolve 
in the austenite 
or in the molten 

metal which in itself is a typical process of 
homogenization (see fig.3) 

A common feature of the migration of 
carbon from graphite and carbides is the 
direction of the prevailing migration flow 
opposite to the heat flow. This fact verifies our 
hypothesis about the field effect and the 
existence of thermokinetic migration. The 
considerable velocity of carbon movement from 
the graphite inclusions justifies the thesis about 
baric migration. In practice, the unlimited 
possibilities for migration in the molten metal 
facilitated by its mixing lead to the complete 
dissolution of carbides and carbon despite the 
limited time of treatment.  

The migration flow at the graphite-
ferrite, graphite-austenite and graphite-perlite 
boundaries is characterized by the formation of a 
“halo” around the graphite inclusion and by 
carbon content exceeding considerably or to a 
lower degree the content of the adjacent phases 
(see fig.4). This migration flow is intensified 
under the influence of the baric factor: the 
increased pressure in graphite, its lower thermal 
capacity and increased temperature in 

comparison with the adjacent phases and structural components. 
The pressure which graphite exerts on its surface leads to 
deformation in the zones subject to tensile stresses, i.e. in the 
adjacent phases and reactive congestion in the mass of the graphite 
inclusion. These stresses of second order are especially high at the 
graphite-metal base boundary. Depending on the intensity of 
treatment they may reach colossal values and may lead to changes 
in both the metal base and the graphite. Theoretically, a phase 
transition of the carbon from the graphite polymophic modification 
into the metastable phase of diamond is possible. Such theoretical 
possibility is absolutely grounded in the cases of shock hardening 
(with power density of 1010 W/cm2).  

In the situations we studied, the quantity of carbon in the 
adjacent phases increases and can reach the concentration of the 
stechiometric proportion of cementite 6.67% carbon at boundary 
surface. In this case a carbide encasing is observed around the 
graphite.  It is possible that carbide is obtained under the specific 
heating conditions, with the temperature not having reached the 
critical melting temperature. We call this cementite synthesized. 
What is typical of it is that it appears around the graphite in the 

Fig.1 Particularly and fully dissolution of graphite in phase changing from solid state 
zone of GGG 50 after electron beam treatment by parameters: Ns=3.6*103 w/cm2, v=1.2 cm, 
Ev=3.103 J/cm3 – а) begining and - b) end of zone.  

 
 

b)  а) 25 μm 25 μm 

Fig.2 Incompleteness due to 
partial evaporation of graphite inclusion at 
the bottom of the molten bath in GG 15 upon 
laser treatment with the following 
parameters: Ns=1.9*104 w/cm2, 
Еv=1.58*104 J/cm3

. 

 

75 μm 

Fig.3 Partial and complete 
dissolution of carbides in X210Cr12 upon 
laser treatment with the following 
parameters: Ns=2.6*104 w/cm2, V=1.6 cm/s, 
Ev=1.62*104 J/cm3

. 

 

 

50 μm 

Fig.4 Carbon migration from 
graphite and “halo” formation with 
increased carbon content Вч500-2 upon 
electron beam treatment with Es=2*103 
J/cm2. 

 

5μ
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phase change zones in solid state, fig.5. The observation of the 
synthesized cementite in the zones around the graphite inclusions 
verifies the possibility of obtaining metastable conditions also in the 
process of heating. Due to the imbalance and dynamic character of 
the synthesis, it is likely for the carbide obtained to be provisionally 
called cementite as its stechiometric formula may be different from 
М3С. For example, it may be of carbide М2С type, without 
excluding М23С6, М7С3, М6С or MC. In the situation of real alloys, 
carbides may also be of a mixed type between iron and other 
alloying elements. Obtaining metastable carbides under the 
conditions of very high velocities of heating is equally possible as 
the synthesis of Fe3C carbide is.  

It should be emphasized that the obtaining of synthesized 
carbide is connected with relatively minimum time of treatment 
(approximately 10-1 sec.). This means that the energy of treatment is 
also insignificant, i.e. heating and cooling are accomplished at high 
velocities, the resulting melting on the surface being at a very small 
depth. In this case the isolation of the graphite inclusions by means 
of the synthesized carbide may be favorable for enhancing the 
mechanical and corrosion-resistant properties of the cast iron in the 
surface layer. 

The mechanism, kinetics and morphology of the changes 
in ferrite 

Unlike the theory of classical phase transformations of 
ferrite-austenite, in our case we have grounds to consider that at the 
initial stage of transformation ferrite is in imbalance energy state. 
As a result of the dynamics of the thermal processes connected with 

high velocities of heating and considerable temperature gradients 
within the microvolumes it is absolutely possible to observe 
microplastic deformations of the ferrite by the well-known patterns 
of movement of dislocations, slippage of crystallographic plates and 
duplication. Low angle boundaries are likely to form, without the 
real chance of reversion and re-crystallization due to the 
insignificant time of treatment. This microplastic deformation will 
be most clearly expressed at close order of phase location with a 
coefficient of expansion, heat capacity, density and heat conduction 
capacity different from those of the ferrite. Carbides and graphite 
are typical examples of such phases. With this regard, the perlite 
ferrite will tend to be most burdened with microdefects of 
microplastic deformation character. The perlite ferrite will have a 
relatively high level of Gibbs’ free energy, and a high gradient of 
distribution in its volume respectively, and ultimately a great 
difference in the chemical potentials in the elementary 
microvolumes [8-10].    

This means that the transformation of ferrite into austenite is 
absolutely likely to start not on the surface along the boundary of 
the grains where the concentration gradients are most significant 
and the concentration of submicrodefects as per classical theory – 
greatest. In other words, the classical theory of ferrite 
transformation into austenite envisaging the obtaining of 
crystallization nodes and their development under some time-
energy circumstances tends to be inapplicable.   

All considerations mentioned above provide for the 
opportunity to formulate the hypothesis of diffusionless 

polymorphic transformation of 
ferrite into austenite under CEF 
treatment conditions. What is 
more, this austenite apart from 
having the hereditary properties 
of the deformed ferrite, it has 
an additional phase peening 
resulting from the ferrite-
austenite transformation. 
When, at the follow-up cooling 
taking place in a millisecond 
period of time, the highly 
unstable austenite appears to be 
in the conditions of martensite 
transformation it undoubtedly 
will turn into low-carbon 
martensite.  

When heating the 
ferrite at high velocities under 
the conditions of superheating, 
the metastable transformation is 
only possible 

  
5  

 
) 

  
5  

 
) 

 
25  

 
б) 

Fig.5 Synthesized carbide at grain boundaries to the graphite in iron by spheroidal – а), b)  and wrought  graphite – c) after 
arc-plasma (Ns=9.2*103 w/cm2 - а) and b))  and electron beam (Ns=7.2*103 w/cm2– c)) treatment. 

 

25 μm 5 μm 5 μm  а)  b)  c) 

Fig. 6 Microstructure of Armco iron upon hardening:  а) - Armco iron surface layer; b) -  perlite of 37Cr4 
steel; c) - upon laser treatment (Ns=1.6*104 w/cm2). 

 

10 μm 1 μm  а) 10 μm  b)  c) 
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thermodynamically. The austenite differing in composition from the 
balanced one is unstable and its existence may be explained from 
thermokinetic point of view. Of course, in imbalance heating 
conditions, there are circumstances determined by concentration 
fluctuations which define the existence of stable austenite as well. If 
fluctuation genesis of austenite with carbon concentration different 
from the balanced one is assumed, then this austenite will tend to 
obtain a stable condition very rapidly. Such a tendency may be 
eliminated by constant introduction of new quantities of energy in 
the system and by maintaining a great difference in the free energies 
of the final ferrite phase and the emerging austenite phase even in 
the conditions of rapidly growing migration activity of the atoms 
caused by the fast heating. At heating, at each moment of new 
austenite crystal emerging they may appear to be unstable due to the 
lack of carbon. With the further increase in temperature, more 
favorable conditions for carbon re-distribution are created which 
may not take place and part of the ferrite may not turn into austenite 
despite the high degree of overheating.  

In this respect, the time factor is of vital importance and 
ferrite transformation into austenite is considered to be diffusionless 
with a mechanism of migration corresponding to slippage of 
crystallographic plates with a certain peculiarity such as incomplete 
transformation (see fig. 6a and b). The resulting austenite features a 
number of slippage planes situated in the most favorably oriented 
crystallographic plates partially inherited from the ferrite.  

When the mode of cooling commences the austenite turns 
into ferrite by a similar diffusionless scheme. In this case we could 
call the newly formed metastable phase cubic martensite, i.e. a 
phase formed under the conditions of low-carbon imbalance 
austenite with close-packed martensite morphology. To be more 

precise, this is a 
kind of mosaic 
modified ferrite 
with block 
orientation of the 

mosaic 
formations 

(fig.6b). Unlike 
cubic martensite 
obtained at 

voluminous 
heating (fig.6a), 
the dimensions of 
the ferrite grains 
and of the mosaic 
blocks are with 
less dispersity 

and with less clearly outlined grain boundaries. 
The possible increase of carbon content in 

austenite, martensite respectively, may be facilitated 
by the avalanche (wave) migration caused by the 
thermal shock of CEF treatment in the interval from 
the beginning of ferrite-austenite transformation to 
the beginning of martensite transformation.  

The hypothesis of diffusionless moment of 
the transformation of ferrite into austenite was 
absolutely verified by our experiments (fig.6). The 
ferrite in the space among the cementite plates turns 
into austenite and after that into close-packed low-
carbon martensite. The untransformed ferrite in the 
form of separate continuous or broken areas of 
thickness less than 0.2 m is isolated at the 
boundaries with the cementite. The martensite 
inherits the defective structure with the clearly 
visible slippage planes from the microplastic 
deformation (fig.6c).  

A feature typical of this transformation is the 
characteristic heredity of the structures with certain 
subdefects, phase peening and preservation of the 
cementite armature, i.e. the ferrite phase takes part 
in the reinforcement effect, the cementite retaining 

its specific morphology and properties. At the same time, the close-
packed low-carbon martensite features the defectiveness inherited 
from the ferrite, the phase peening obtained and finally, the high-
strength properties preserving relatively plastic ferrite transition 
zone at the boundary with the cementite.  

The issues considered above allowed for an objective 
explanation of the enhanced strength properties and heat resistance 
of the structures obtained in low-carbon steels after CEF treatment 
in comparison with those after traditional hardening.  

Of course, the ferrite phase transformation mechanism 
described does not exclude the possibility for changes in the 
variations well-known by the classical theory of heat treatment, as 
well as in the combined mechanism which includes the 
diffusionless period as an initial or attending phase of ferrite 
transformation. There are actual thermodynamic and concentration 
conditions for these.  

The mechanism of the transformation of ferrite into 
austenite in the grains at a distance from the phase boundaries with 
cementite and graphite is similar to the classical one with some 
conventions. They concern mainly the migration paths of carbon 
atoms movement from adjacent phases abundant in such atoms or 
structure compounds (graphite, cementite and perlite).  

The mechanism, kinetics and morphology in the area of 
ferrite-graphite phase boundary  

The migration of carbon atoms from the compact graphite 
inclusions to ferrite forms the character of the phase changes at CEF 
treatment. The picture of interaction can be divided into three 
stages: initial, interim and final. The initial stage coincides 
practically with the temperature at the beginning and with the 
transformation of perlite into austenite. It is mainly characterized by 

Fig.7 Diagram (а) and photography (b) of the initial stage of carbon migration in the ferrite of  GGG 50 upon electron 
beam treatment with the following parameters: Ns=3.6*103 w/cm2, v=1.2 cm/s, Ev=3*103J/cm3

. 

 

10 μm  а)  b) 

Fig.8 Interim stage (a) and final stage (b) of carbon migration in the ferrite of 
GGG 50 upon electron beam treatment with the following parameters: Ns=3.6*103w/cm2, 
v=1.2 cm/s, Ev=3*103J/cm3

. 

 

 a) 25 μm 25 μm  b 
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the appearance of migration nodes at the graphite-ferrite boundary. 
These nodes are located at the side of higher temperature, i.e. closer 
to the surface of treatment (fig.7) or around the peaks at the non-
spherical form of graphite. 

As a result of the carbon migration in the ferrite the 
temperature of ferrite-austenite transformation and austenization in 
the zone around the graphite inclusions is lowered. In the follow-up 
cooling the austenite turns into martensite which forms a dense hard 
shell around the graphite. Due to the increase in the temperature of 
the graphite and the pressure exerted on it and as a result of the 
increase in the volume at the austenite-martensite transformation, 
the graphite becomes denser and the volume of its node decreases 
until it disappears (see fig.7). 

The volume occupied by the martensite expands 
continuously. As a result of the increased carbon content it changes 
from close-packed into fine-grained (fig.8).  

When increasing the treatment power density accompanied 
by an increase in velocity, i.e. by a decrease in energy density, a 
considerable concentration of the isotherms around the CEF axis is 
observed (see fig.9). This inevitably causes an increase in the 
temperature gradient, a formation and a clear expression of the 
wave and field character of the migration processes. 

The wave and field character of the migration flows of 
carbon and other components cause the formation of a specific 
structure with variable contents and properties in line with the field 
and the wave formed. They are clearly expressed in laser, arc-
plasma and electron beam sources having highly heterogeneous 
temperature fields obtained in the cases of pulse or pulse-
intermittent treatment, as well as at the high power density of CEF 
[11-14].   

3.Conclusions 
Taking into account the issues discussed above, one 

should bear in mind that phase change processes at heating should 
be based not only on pure diffusion mechanisms of atom migration 
but also on a variety of other mechanisms which are as follows:  

- the mechanisms of migration by plastic deformation. 
This mechanism depends on both the baric treatment of an energy 
pulse and on the temperature fields highly inhomogeneous in terms 
of time and space. At certain parameters of the treatment it may turn 
out that there are considerable differences in the temperature of 
phase boundaries or in a particular phase. This inevitably causes 
atom migration by the mechanism of slippage or an avalanche 
movement of dislocations and results in a phase transformation, e.g. 
“ferrite-austenite” without a preliminary diffusion process of re-
distribution of carbon to have taken place. In any case, this process 
will be accompanied by phase peening and by an increase in the 
degree of the energetics imbalance of the new phase. 

- the mechanism of migration of wave character of 
component distribution in macro and micro aspect. In this respect, 
the tendency towards balancing the concentration in the pure 
diffusion process may be deformed to a great extent. This means 
that at certain parameters of treatment there may not be a tendency 
towards balancing the concentration; just the other way round, there 
may be a reverse effect, i.e. there may be areas with highly 

increased or decreased content of a particular 
component, e.g. carbon or another alloying element. 

- the mechanism of baric migration, i.e. 
atom movement from microvolumes with a higher 
pressure to ones with a lower pressure and density. 
This mechanism would be particularly appropriate for 
surface layers where CEF treatment causes pulse 
pressure increase. It could also be accomplished in 
separate microvolumes, for example at the phase 
boundary graphite-metal base. Graphite dramatically 
increases its volume at elevated temperature. 
Moreover, it heats to a higher temperature due to its 
greater heat conduction and lower heat absorption 
differing in order from those, say of ferrite or 
austenite. With regard to this, the elevated temperature 
in the area of graphite inclusions may lead to the 
emission of graphite vapors at a certain moment of 

time which in turn would lead to an upsurge in pressure.  
- the mechanism of thermokinetic migration or in other words, 

atom migration from volumes with lower temperature towards 
volumes with higher temperature. This mechanism is similar to that 
of a heat pump, well-known from the theory of fluid movement. At 
CEF treatment the epicenter of the heat field, i.e. the area with the 
highest temperature, is in the point of intersection of the source axis 
and the material surface in the spot of treatment. It is expected that 
with this mechanism, the more mobile carbon atoms would flow 
towards this center and a concentric field similar to the thermal one 
would be formed. 

- the mechanism of accelerated migration under the influence of 
electrodynamic fields and radiation – electron, ion or neutron and 
photon. This mechanism has prevailing significance in the so called 
zones of energy transformation straight under the treatment surface. 
Hence, imbalance phases and compounds could be expected to form 
in this case. 
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Abstract: A new class of die steels for hot deformation, namely, steels with regulated austenitic transformation realized during 
exploitation (RATE) have been developed in Russia. These steels are characterized by the technological advantages typical of traditional 
α-solid solution-based steels and, when working in the austenite state, assure the enhanced tool life. The structure, phase composition and 
hardening of RATE steel have been analyzed by an example of steel containing 0.41 % C, 1.04 % Si, 3.59 % Mn, 2.41 % Cr, 5.07 % Ni, 
2.40 % Mo, 0.69 % V, 0.51 % Ti, 0.25 % Co subjected to thermomechanical treatment, which includes the austenization and multiple 
plastic deformation. The nanophase hardening occurs in RATE steels being in the austenitic state, during multiple plastic deformation at 
temperatures of 450-750 °C. The precipitation of nano-sized heat-resistant excess phases ensures the inhibition of recrystallization 
processes at operating temperatures, inhibits the grain growth, and increases the stability of the austenite. 
KEY WORDS: HOT-WORK TOOL STEEL, DISPERSION HARDENING, NANOPHASE HARDENING, RECRYSTALLIZATION, 
AUSTENITE, α→γ TRANSFORMATION 

 
1. Introduction 
 
The durability of die tools largely determines the profitability 

of hot-forming processes of precision workpieces. When work 
surfaces are heated to temperatures of to 600-650 °C, traditional 
die ferrite steels hardened with carbide or carbide and 
intermetallics assure the adequate stability [1]. However, at the 
higher temperatures, even the most heat-resistant of the steels 
undergo intense softening, which is the main reason for the rapid 
failure of tools. The application of heat-resistant austenitic alloys 
is also limited owing to their tendency to cracking, poor 
machinability and high costs of their components. 

A new class of die steels for hot deformation, namely, steels 
with regulated austenitic transformation realized during 
exploitation (RATE) have been developed in Russia in 1970-1980. 
These steels are characterized by the technological advantages 
typical of traditional α-solid solution-based steels and, when 
working in the austenite state, assure the enhanced tool life. 

RATE steels undergo the α→γ transformation at operating 
temperatures and demonstrate the high stability of the supercooled 
austenite in the pearlite region. This allows one to eliminate the 
austenite decomposition during possible cooling of the tool to 
500-350 °C and to use the low-temperature thermomechanical 
treatment for hardening the surface layers of the tool. The feature 
of the steels consists in the fact that they use the stresses and high 
temperatures to increase the strength of the tool (Ozerskiy-
Krugljakow effect) [2]. This is a fundamentally new concept in 
choosing  alloying systems and hardening treatment conditions for 
die steels for their operation at temperatures of 600-800 °C. 

It is known that, when being in the austenitic state, steels of 
this class, tend to either deformation, or dispersion, or complex 
hardening under conditions of temperature and force loads applied 
to the tool directly during its operation [2, 3]. The use of multiple 
plastic deformation at 450 °C assures the significant improvement 
of strength properties of the steel at test temperatures up to 800 °C 
without a substantial decrease in its ductility [4]. In this case, the 
optimization of the thermomechanical treatment diagrams of 
RATE steels, which assures the additional nanophase 

strengthening of work-hardened austenite is of interest because the 
nature of the hardening of the steels has not been studied 
exhaustively. This fact may also be of particular interest in the 
study of the nature of hot work hardening. 

There are only few foreign publications related to tool steels 
with the close chemical composition in the literature, which are 
focused mainly on the features of the microstructure of these 
steels [5]. 

In present study, we analyze the structure, phase composition 
and hardening of RATE steel (by an example of steel containing 
0.41 % C, 1.04 % Si, 3.59 % Mn, 2.41 % Cr, 5.07 % Ni, 2.40 % 
Mo, 0.69 % V, 0.51 % Ti, 0.25 % Co) subjected to 
thermomechanical treatment comprising the  austenization and 
multiple plastic deformation. 

 
2. Experimental procedure 

 
We studied RATE steel (containing 0.41 % C, 1.04 % Si, 3.59 

% Mn, 2.41 % Cr, 5.07 % Ni, 2.40 % Mo, 0.69 % V, 0.51 % Ti, 
0.25 % Co, less than 0.03 % S, less than 0.03 % P). 

Steel was subjected to oil hardening from a temperature of 
1020 °C followed by double tempering at 610-620 °C and 560-
580 °C for 2 h (the hardness is 42 HRC) that is typical heat 
treatment of the steel. This treatment simulates the process of 
operation and prevents the tool from the pre-out of the tolerance 
before the α→γ transformation. 

Cylindrical specimens of the steel 10.00 ± 0.03 mm in height 
and 7.00 ± 0.03 mm in diameter were cut from an initial billet 
13.32 ± 0.02 mm in diameter were used to carry out the 
thermomechanical treatment (TMT). The axis of the cylindrical 
specimen was coincides with the axis of the initial billret. TMT 
was performed using an installation Gleeble System 3800. After 
testing, transverse specimens for subsequent investigations were 
cut from both the edge and middle parts of the cylindrical 
specimen (Figure 1). 
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Fig. 1. Scheme of cutting samples for investigation 

 
Figure 2 shows the TMT diagram of TMT. The TMT includes 

the austenization at 1150 °C, cooling to a temperature of 450 °C, 
holding for 15 min and subsequent compressive deformation (5 
cycles with 2 % deformation in each cycle; the rate of deformation 
is 0.1 c-1). Further heating was performed at a temperature of 750 
°C, which corresponds to the operating temperature of die; the 
subsequent compressive deformation was realized in accordance 
with the same mode. After the TMT, the specimens were cooled 

for 5 min. The structure of the steel in the initial and treated states 
was studied  by optical and transmission electron microscopy. 

Metallographic analysis of the structure of samples was 
performed at magnifications x100 and x500 using the Buehler 
optical microscope and sections etched in a 5 %  nitric acid 
solution.  

Electron microscopic studies of the structure were performed 
using thin foils, a JEM-2100 (JEOL) transmission electron 
microscope and an accelerating voltage of 200 kV. The foils were 
prepared from plates cut from the specimens, which were thinned 
to a thickness of ~100 μm by mechanical grinding. After that, the 
foils were thinned by jet electrolytic polishing at room 
temperature and a voltage of 20 V using an electrolyte containing 
100 ml HClO4 and 900 ml CH3COOH. 

The phase composition of the specimens was determined 
using a DRON 3M diffractometer and monochromatized CoKα 
radiation. 

The Vickers microhardness measurements was measured at a 
load of 1 N (the holding time is 10 s) using a Micromet 5101 
(Buehler) tester equipped with Mitron MTV-62W1P digital 
camera and «ImageExpert MicroHardness 2» sofware. 

 
3. Results and discussion 
 
Figure 3 shows micrographs the structure of the steel 

subjected to TMT, which were taken with an optical microscope. 
The average grain size in samples cut from the edge and the 
middle areas of the cylindrical specimen was 14 and 23 μm, 
respectively. The light areas are probably areas of residual 
austenite (Figure 3 d). 

 
 

 
 

 
Fig. 2. Diagram of TMT of die steel
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Fig. 3. The microstructure of the samples of the steel subjected to TMT (optical microscopy):  

a, b – edge of the cylindrical specimen; c, d – middle of the cylindrical specimen. 
 
According to transmission electron microscopy (TEM) and 

electron microprobe analysis (EMA) data, numerous nano-sized 
(50-200 nm long) Laves phase- (Fe2Mo), σ-phase-like (FeCr) 
particles and particles of complex compounds are observed in the 
structure of the steel in the initial state (Figure 4). The structure 
also contains isolated large titanium carbide inclusions (more than 
1 μm in diameter). 

TEM images of the microstructure of the steel subjected to 
TMT are shown in Figures 5 and 6. 

Previously, high-temperature method of X-ray phase analysis 
showed that 100 % of the austenite is present in the steel structure 
when heated to a temperature of 1100-1150 °C [3]. The structure 
formed in the steel during TMT is similar to the lath (needle) 
austenite. The structure also is characterized by the nano-sized 
precipitates 10 - 400 nm in size. The average size of the particles 
and their volume fraction are lower substantially than those for the 
initial state of the steel. It is likely that, among the found particles, 
particles, which were present in the initial steel and were not 
completely dissoled in solid solution during austenization, and 
particles precipitated during multiple plastic deformations in the 
course of TMT are observed. 

The structure of the steel subjected to TMT (sample cut from 
the edge of the cylindrical specimen) is characterized by nano- 
and submicron-sized particles (50-400 nm in length) of complex 
compounds; particles of (Ti, V)C carbides are also observed 
(Figure 5). The structure also contains numerous small spherical 
particles 10-20 nm in diameter, whose chemical composition 
could not be determined. 

The structure of the steel subjected to TMT (sample cut from 
the middle of the cylindrical specimen) is characterized by nano- 
and submicron-sized particles (50-300 nm in length) of complex 
compounds and particles of FeCr intermetallic compounds as well 
(Figure 6). The amount of particles of the secondary phases in the 
specimen is less than that in the specimen cut from the edge of the 
cylindrical specimen; this fact can explain the slightly higher grain 
size for the specimen cut from the middle of the cylindrical 
specimen. 

Optimum temperatures of austenization of RATE steels 
usually are within a range of 950-1050 °C [3]. In present study, 
the austenization temperature was increased to 1150 °C in order to 
realize the complete dissolution of particles present in the initial 
structure of the steel; this is likely to ensure the precipitation of 
smaller particles during subsequent multiple plastic deformation in 
the course TMT. 

According to X-ray phase analysis data, the structure of the 
steel in the initial state consists mainly of α-Fe and a small amount 
of γ-residual. The structure of the steel subjected to TMT also 
consists of α-Fe and γ-residual; however, the volume fraction of 
the austenite in the specimen cut from the edge of the cylindrical 
specimen reaches ~40 %. 

The phase composition of particles present in the steel 
structure and observed by TEM, is not defined by X-ray 
diffraction analysis owing to their extremely small sizes. 
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Fig. 4. The microstructure of the samples of the steel in the initial state 

 

 
Fig. 5. The microstructure of the samples of the steel subjected to TMT (the edge the cylindrical specimen) 
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Fig. 6. The microstructure of the samples of the steel subjected to TMT (the middle of the cylindrical specimen) 

 
Figure 7 shows the "loading-unloading" curves measured for 

the steel specimen in the course of TMT. It is seen that the 
multiple plastic deformation under cyclic loading ensures the 
significant hardening of austenite at a temperature of 450 °C. At a 
temperature of 750 °C, the tendency to deformation hardening 
appears much weaker, while the high level of the hardened state, ~ 
540 MPa, takes place. 

 

 
Fig. 7. The "loading-unloading" curves measured for the steel 

specimen during TMT 
 
It should be noted that two competitive processes usually 

occur simultaneously in RATE steels during operation at 750 °C; 
these are the  hardening (as a result of work hardening of 
austenite) and softening (due to the polygonization and 
recrystallization). However, the onset of recrystallization process 
of supersaturated solutions are not always accompanied by a 
significant loss of strength, when the growth of nuclei inhibited by 
the second phase particles, which cause the considerable phase 
work hardening [6]. In the present study nano- and submicron-size 
particles of complex compounds and particles of intermetallic 
compounds as well are responsible for the holding of the hardened 
state of the steel at a temperature of 750 °C. 

Figure 8 demonstrates the microhardness distribution along 
the diameter of cylindrical specimen of the steel before and after 
TMT. After TMT, the maximum microhardness reaches ~640 HV 
(as compared to that for the initial state ~475 HV). For the 
specimen cut from the edge of the cylindrical specimen, the 
microhardness of the edge is higher than that in the center (640 
and 540 HV, respectively). For specimen cut from the middle of 

the cylindrical specimen, the microhardness of the edge is lower 
than that observed for the center (580 and 640 HV, respectively). 

Higher microhardness indicates an additional strain hardening 
of a thin surface layer of the edge of the cylindrical specimen of 
the steel, which was in contact with the punch of Gleeble System 
3800. 

 

 
Fig. 8. Distribution of the microhardness along the diameter of 

the specimen of the steel before and after the TMT 
▲- specimen in the initial state, ○ - the edge the cylindrical 

specimen after TMT; ● - the middle of the cylindrical specimen 
after TMT 

 
The similar hardening occurs within the thin surface layer of 

tool, which is directly sensing the cyclic thermal and mechanical 
loads under the contact with a deformable metal during the 
operation, and enhances its stability [7]. Herewith the life of the 
tool itself is known to depend substantially on the properties of the 
thin surface layer. 

 
4. Conclusion 
 
1. It is shown that, along with the deformation, dispersion and 

complex hardening processes, the nanophase hardening 
characterized by the high thermal stability of "hardening state" 
occurs in RATE steels being in the austenitic state, during 
multiple plastic deformation at temperatures of 450-750 °C.  
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2 The precipitation of nano-sized heat-resistant excess phases 
ensures the inhibition of recrystallization processes at operating 
temperatures, inhibits the grain growth, and increases the stability 
of the austenite, which is one of the main factors of the steel 
hardening during TMT. 

3 The higher stability of the austenite creates a reserve for the 
accumulation of hardening during the operation, provides its 
stabilization and, thereby, improves the stability of die tools.  

4 The additional hardening of the thin surface layer by nano-
sized particles, which, when contacting with the deformable metal 
during operation,  receives directly the cyclic thermal and 
mechanical stresses, also increases the tool life. 

5 The use of steels with RATE and methods of hardening 
treatment in the austenitic state can improve the tool life when 
pressing hard-copper alloys such as Л63, БрАЖН10-4-4 (Russia); 
CuZn37, CuAl10Ni5Fe4 (EU); С27200, С63000 (USA) by 6-10 
times compared to conventional die 3Х2В8Ф (Russia); 
X30WCrV9-3 (EU); H21 (USA) steel. 
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Abstract: The capabilities of powder hot forging for manufacturing of  Fe3Al intermetallics and effect of forging and following thermal 
treatment routines on their structure and properties had been investigated. Fe3Al intermetallic powders were produced by means of thermal 
synthesis at 1000 0С in vacuum from a mixture of Fe and Al elemental powders. Hot forging of consolidated preforms had been carried out 
from 1000, 1050, 1100 and 1150 0С and afterwards the hot forged preforms were subjected to supplementary sintering in vacuum at 
1100÷1450 0С. It is foud, that thermal synthesis of Fe + 14 % Al powder mixture results in formation of Fe3Al phase. Sintering of hot forged 
specimens result in increasing of strength and crack growth resistance, which values  enhance  with increasing of sintering temperature. 
Otherwise the hardness of hot forged intermetallics decreases after their sintering. The influence of modes of treatment on the structure and 
properties of the materials was investigated. It has been established that the strength and fracture toughness of the intermetallics obtained 
from milled blend after hot forging had the higher values as compared with the alloy made from the batch without its milling. 

Key words: INTERMETALLICS, IRON ALUMINIDES, POWDER, HOT FORGING, SINTERING, STRUCTURE, STRENGTH. 
 

 Introduction 
The development of modern technology requires 

implementation of new materials which combine the chemical 
resistance, high wear resistance and heat resistance, which possess 
intermetallic compounds, in particular - iron aluminide. These 
intermetallic compounds are becoming more attractive to modern 
industry due to their unique combination of physical, chemical and 
mechanical properties, such as low density, high corrosion 
resistance, heat resistance and heat-temperature strength [1-3].  

However, the widespread commercial use of such materials 
obtained by casting is currently limited due to the inherent fragility, 
low values of ductility and toughness at room temperature [1, 2].  

 At the same time, there was a series of works, pointing to 
prospects for the use of products from Fe-Al intermetallic powder 
metallurgy techniques such as hot isostatic pressing, extrusion, hot 
forging or pressing and injection molding [4-6], spark plasma 
sintering (including the combination with mechanical alloying) [7, 
8]. However, the limited information in this field leads to the need 
for comprehensive research in the development of new effective 
technologies for manufacturing products from Fe-Al intermetallic 
compounds and study of the impact of technological modes of 
manufacturing on the structure and properties of the resulting 
materials. 

It is known, as well, that the basic physical and mechanical 
properties of materials and performance attributes are largely 
dependent on the size and morphology of the structural elements of 
the alloy and increases with increasing dispersion past due, in 
particular, intensive grinding of the initial powders accompanied by 
their mechanical activation [8-10].  

In this regard, the aim of this work was to study the impact of 
technological modes of processing the initial powder mixture and 
thermomechanical processing of sintered iron aluminide with the 
use of methods of hot forging on the structure and properties of the 
resulting materials. 

 Experimental procedure 
The initial powders of iron with particle size 80-160 microns, 

and aluminum having a particle size of 30-70 microns in the ratio 
(%, wt.) of 86Fe + 14Al were mixed in a tumbling mixer for 60 
minutes in an alcohol. 

Thermal synthesis of the intermetallic Fe3Al powder from the 
mixture of Fe and Al elemental powders was performed under 
vacuum at a temperature of 1000 °C with isothermal exposure 60 
min.  

As a result of synthesis porous sponge was received, which 
was crushed and the obtained alloy powders were pressed at 600 
MPa to porous billet for subsequent hot forging. The billet was 
heated in argon to 1000, 1050, 1100 and 1150 0С and hot forging 
was performed in the semiclosed die on the screw arc-type stator 
press.  

The samples after hot forging were divided into four groups,  

one of which did not respond to further heat treatment, and  the 
other three were subjected to additional sintering in vacuum in 
accordance with the following modes:  

– sintering at 1100 °C - 180 min.;  
– sintering at 1300 °C  - 10 min.;  
– sintering at 1450 °C  - 10 min. 
To study the effects of dispersion and the morphology of the 

structural elements on the structure and properties of the 
intermetallic compounds for their preparation were used the powder 
mixtures of two types: in the first case the initial iron and aluminum 
powders were mixed in a tumbler mixer for 60 minutes (mixture I), 
in the second - the same initial mixture was milled in a planetary 
mill for 20 minutes in alcohol (mixture II).  

The obtained after hot forging samples of both parties were 
subjected to the following modes of processing: 

– mode 1 – hot forging without additional treatment; 
– mode 2 – hot forging + sintering in vacuum at 1100 °C  for 

180 min.;  
– mode 3 – hot forging + sintering in vacuum at 1300 °C for 

10 min.  
After implementation of each operations process for all of the 

obtained samples their density was  investigated (by means of 
hydrostatic method), electrical resistivity (by measuring the voltage 
drop), the Vickers hardness with a load of 100 N, bending strength, 
fracture toughness. Bending and fracture tests was performed 
testing machine Ceramtest system. X-ray phase analysis of samples 
was performed on DRON-3 difractometer in Co-Kα  radiation. The 
structure of the material investigated by the scanning electron 
microscope JEOL Superprobe 733.  

 
3. Results and Discussion 

The results of XRD analysis of samples obtained after various 
processing steps showed that the synthesis of Fe-Al powders 
mixture at 1000 °C leads to the formation of intermetallic 
compound with an ordered B2 type structure, which is typical for 
phase FeAl, with interplanar spacings [110] constituting 2,044 Å 
(fig.1). Superstructural lines which characterize structure of the D03 
type, and free aluminum and iron in the synthesized sample it was 
not revealed. The samples after hot forging from temperature 1000–
1150 °C had the identical phase structure.  

The application of subsequent sintering of forged samples 
allows ordering of the structure of the intermetallic compound of 
the type and appearance of D03 phase Fe3Al, which is noted by the 
presence of X-ray diffraction patterns superstructure lines.  

The density of the samples after forging at 1000 °C was about 
6,62 g/cm3, and a further increase in temperature is almost 
unchanged (fig. 2). Subsequent sintering at 1100 °C and 1300 °C 
led to some decrease of density is more distinct for the samples 
forged at lower temperatures. Decrease of the porosity may be 
associated with degassing of samples during sintering in vacuum 
after forging and ordering process structure B2 type to type D03. 
Sintering of compacted samples at 1450 °C leads to increased 
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density up to 6,71 ÷ 6,72 g/cm3 for all temperatures of forging that 
correspond to the theoretical density of the intermetallic Fe3Al.  

.  

 
Fig. 1.  X-ray diffraction pattern of a sample from a powder mixture  
Fe + 14% Al after thermal synthesis and forging at a temperature 

of 1050 °C 
 

 
Fig. 2. Relationship between materials density and forging 

temperature for the samples after: 1 – hot forging (HF); 2 – hot 
forging  + sintering at 1100 °C; 3 – forging + sintering at 1300 °C, 

4 – forging + sintering at 1450 °C  
 
The analysis of microstructure of samples after forging didn't 

show noticeable influence on it forging temperature, while their 
subsequent sintering led to a considerable increase of degree of 
interparticle fusion: in the continuous grid of brittle interparticle 
contacts of hot forged intermetallic (fig. 3a) after sintering at a 
relatively low temperature of 1100 °C interparticle fusion elements 
was observed (fig. 3b), while after sintering at increases 
temperature the interparticle mesh was converted markedly into a 
discontinuous (fig. 3c, d).  Increasing of sintering temperature also 
leads to some consolidation of the structure.  

Quality of borders or degree of contact interaction between 
particles in material are reflected indirectly by the characteristic of 
electrical resistivity. According to the results of investigations, the 
samples after forging showed some decrease in electrical resistivity 
with increasing of forging temperature to 1100÷1150 °C (fig. 4), 
which may be caused by increasing the degree of adhesion between 
particles at higher temperatures. However at forging temperature of 
1050 °C there is some increase in the electrical resistivity of the 
intermetallic compound, the increased porosity received after 
forging from 1050 °C samples (see fig. 2) can be one of the reasons 
of that. Thus, the defects which led to the increased value of the 
electrical resistivity of the intermetallic compound after forging 
from 1050 °C doesn't improve the subsequent sintering neither at 
high, nor at a low temperature. 

Sintering of the samples compacted by forging shows 
decrease electrical resistivity from 129÷132 mkOm⋅sm to 112÷116 
mkOm⋅sm, respectively for forged intermetallic compound before 
and after sintering. The reason for this decrease of electrical 
resistivity can both improved quality of interparticle borders and 
decrease in their length, as noted on fig. 3.  

The characteristic of material strength also is sensitive to 
quality of interparticle borders. Bending tests of the samples 

showed that their strength after forging without subsequent sintering 
appeared at the level of 400 MPa and practically didn't depend on 
forging temperature (fig. 5, a). Sintering of the forged samples at 
1100 °C resulted in an increase in strength to 620÷700 MPa and the 
sintering temperature increases to 1300 and 1450 0C increased the 
level of strength of materials to 900÷1050 of MPa. Presumably, this 
increase of strength associated with a change of state bounderies by 
improving the adhesion between the particles and a decrease in the 
length of such boundaries, which is particularly noticeable for 
higher sintering temperatures.  

 

 
a 

 
b 

 
c 

 
d 

Fig. 3. The structure of the samples after forging at 1100 °C  (a) 
and subsequent sintering at 1100 °C  (b); 1300 °C   (c) and 

1450 °C  (d) 
 

 
Fig. 4. Relationship between electrical resistivity and forging 

temperature for the samples after: 1 – hot forging (HF); 2 – hot 
forging  + sintering at 1100 °C; 3 – forging + sintering at 1300 °C, 

4 – forging + sintering at 1450 °C  
 

 
Fig. 5. Relationship between bending strength and forging 

temperature for the samples after: 1 – hot forging (HF); 2 – hot 
forging  + sintering at 1100 °C; 3 – forging + sintering at 1300 °C, 

4 – forging + sintering at 1450 °C  
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Other characteristic which can estimate strength of boundaries 
and shows ability of material structure to resist crack promotion is a 
fracture toughness. Furthermore, the intermetallics are the materials 
of low ductility and fracture toughness is the most appropriate 
characteristic, that describes the behavior of brittle materials under 
loading.  

The fracture toughness assessment of the samples after hot 
forging shown that they possess К1С values at 10÷11 MPa⋅m1/2 for 
the whole range of forging temperatures (1000÷1150 °C) (fig. 6). 
Their sintering allowed to increase this characteristic and with the 
increase of sintering temperature there is a marked increase in 
fracture toughness of 14÷15 MPa⋅m1/2 after sintering at 1100 °C , 
till 17÷ 20 MPa⋅m1/2 – at 1300 0С and till 22÷ 33 MPa⋅m1/2 – at 1450 
°C, which, in our opinion, is associated with a significant 
improvement in the quality of interparticle boundaries.  

 

 
Fig. 6. Relationship between bending fracture toughness and 

forging temperature for the samples after: 1 – hot forging (HF); 2 – 
hot forging  + sintering at 1100 °C; 3 – forging + sintering at 1300 

°C, 4 – forging + sintering at 1450 °C  
 

Unlike previous characteristics of the intermetallics, which 
had insignificant dependence on forging temperature, evaluation of 
hardness values indicate an increase in the latter with increasing 
temperature deformation. In case of sintering of hot forged samples 
there is a decrease of hardness in compare with unsintered materials 
(fig. 7).  

 

 
Fig. 7. Relationship between hardness and forging temperature for 
the samples after: 1 – hot forging (HF); 2 – hot forging  + sintering 

at 1100 °C; 3 – forging + sintering at 1300 °C, 4 – forging + 
sintering at 1450 °C 

 
When studying the influence of preliminary processing  of 

initial powder mixtures on the structure and properties of the 
resulting material it was shown that milling in a planetary mill did 
not lead to a noticeable refinement of mixture components 
compared to mixing in a tumbling mixer (fig. 8). However, due to 
intense exposure of local plastic deformation of powder particles 
the significant amount of lamellar conglomerates appeared in the 
blend composition that is caused by rather high plasticity of mixture 
components.  

 

 
а                                                     b 

Fig. 8. The morphology of initial powder mixtures after mixing 
in a tumbling mixer (a) and milling in a planetary mill (b) 

 
The analysis of results the density of the samples after each 

mode of processing showed that application of hot forging for 
densification of iron aluminide obtained from a mixture of Fe and 
Al elemental powders (mixture I) and the mixture after milling in a 
planetary mill (mixture II) allowed to obtain intermetallics density 
of 6,57 g/cm3 and 6,37 g/cm3 respectively (fig. 9a).  

Application of vacuum sintering for samples after forging led 
to some reduction in density - to 6,52 g/cm3 and 6,32 g/cm3 for the 
alloys obtained from the first and second mixtures, respectively, 
which may be due to the partial degassing of the samples so and by 
the formation of oxide phases in the grain boundaries in the 
presence of residual oxygen in the powder.  

 

 
          a 

 
             b 

 
          c 
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          e 

Fig. 9. The effect of processing modes and  type of original 
powder mixture  on density (a) and the basic physical and 

mechanical properties (b-e) of intermetallics  
       

Noticeable increase in the oxygen content for the material 
after intensive milling in a planetary mill compared with the initial 
powder and the material, obtained from the simple powder mixture 
was confirmed by the data in Table. 1. 

 
Table. 1. The oxygen content in the initial powders of iron and 

aluminum and intermetallic compounds of two compositions after 
sintering at a temperature 1000 °C  

Powder Al Fe Mixture I Mixture 

II 

Oxygen content, % 0,2 0,4 0,2 0,9 

 
The data of microstructural analysis of hot forged 

intermetallics had shown, that after forging of initial powders 
(mixture I) structure is observed with near-equiaxed particulate size 
of 50-150 microns (fig. 10,a). After forging of milled powders 
(mixture II) structure seems like substantially lamellar with 10-20 
microns thickness of lamellas (fig. 10,b). Thereby in the structure of 
the intermetallics obtained from milled powders the lamellar 
particles thin layers of obviously oxide phase were observed. 
Subsequent sintering the samples at 1100 °C and 1300 °C led to 
some enlargement of the structure as well as a marked increase in 
the degree of interparticle splicing of material obtained from 
unmilled powders: in a continuous grid of brittle interparticle 
contacts in hot forged intermetallic (fig. 10a) interparticle splice 
elements after sintering at a relatively low temperature of 1100 °C 
is observed (fig. 10,c), and with increasing of sintering temperature 
to 1300 °C the mesh was markedly transformed into discontinuous 
(fig. 10, e).  

In case of use of the milled powders noted effect is shown 
significantly more weakly (fig. 10, b,d,e).  

Local X-ray analysis of the intermetallic phases showed that 
the plates consist of iron with aluminum and dark layers are oxide 
phase, which can be attributed to the nonstoichiometric spinel 
FexAlyOz. The component ratio indicates that the composition of 
plates consists of several phases - solid solution and intermetallic 
compound, i.e. B2+α and D03+α. Furthermore, an increase in the 
sintering of aluminum and oxygen content in the oxide phase, 

which further shifts the phase composition of lamellar particles to 
the area of the solid solution α. 

It is obvious that the emergence of oxide phases in the alloy 
should be manifested in the performance characteristics of the 
electrical resistivity, which indirectly reflects the degree of 
interparticle interaction in the material. For all modes of processing 
the rougher due to the presence of intergranular oxide layer 
resistivity material with lamellar structure higher than the electrical 
resistance of the intermetallic forged initial powders (fig. 9b). Thus, 
if the intermetallic compounds made from untreated powders 
(mixture I), there is a clear trend noticeable decrease conductivity 
after annealing of hot-forging preforms and with increasing the 
sintering temperature for the material obtained from milled powders 
(mixture II), influence on the sintering resistivity values slightly.  

 

 
Fig. 10. The structure of the mixture intermetallic compounds I (a, 

c, e) and II (b, d, f) after hot forging (a, b) and subsequent 
annealing at 1100 °C (c, d) and 1300 °C (e, f ) 

 
These results well correlate with the data on influence of  

sintering on change of structure of intermetallic compounds shown 
in fig. 10. Decrease electrical resistivity of intermetallic compound 
obtained after sintering mixture I apparently due both to the 
improvement of the contact between the particles and the processes 
of coalescence of smaller pores into larger at the boundaries 
between the particles during sintering, as well as decrease in the 
total duration of the borders due to coarsening of the particles (fig. 
10 , a, c, e). 

At the same time, insignificant effect sintering the structure of 
the grain boundaries for materials obtained from milled mixture II 
(fig. 10, b, d, f) similarly reflected on the nature of the change in the 
resistance.   

Taking into account the higher density and smaller values 
conductivity for intermetallics obtained from mixture I (not 
subjected to preliminary intensive grinding) would suggest, and the 
possibility of providing with such technological scheme and the 
higher the strength characteristics of the alloy. However, the results 
of bending tests have shown that the material obtained from mixture 
II, despite significant intergranular oxide layers, reaching a 
thickness of 5 microns, after the hot forging has a higher strength 
(∼1200 MPa) as compared with an alloy made from mixture I (870 
MPa) (fig. 9c). 

Similar regularity is observed for the values of fracture 
toughness of intermetallics made from powders of different 
morphology (fig. 9d). 
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The reason for this phenomenon seems to be something that 
was born and propagating crack under load in the event of the 
lamellar structure of intermetallic compound is extremely difficult 
to fully pass on the grain boundary and go around the plate-like 
particles, as in the case of destruction of material with considerably 
less texturing structure .  

Sintering the samples after forging at 1100 °C causes decrease 
of strength and fracture toughness for both alloys (fig. 9, c,d) from 
removing during sintering strain hardening effects and thermal 
stresses, and increase the sintering temperature to 1300 °C leads to 
an increase of these characteristics improve due to quality and 
strength of phase boundaries, as evidenced by a decrease in the 
electrical resistivity of alloys, sintered at high (1300 °C) 
temperature (fig. 9b).  

The hardness of the intermetallics obtained from the charge I 
after forging as well as after the subsequent sintering in both modes 
was higher compared to the intermetallics made from batch II, 
subjected to milling (fig. 9, e). Sintering after forging leads to a 
marked decrease of hardness of both alloys, the value of which 
decreases with increasing the thermal treatment temperature.  

 
Conclusions 
1)  Thermal synthesis of Fe + 14% Al powders mixture at 

1000 0С leads to the formation of intermetallics with an ordered 
structure, which is maintained even after hot forging.  

2)  Forging temperature in the investigated temperature 
range have not any significant impact on the structure of the 
resulting intermetallics, while their subsequent sintering leads to 
significant increase in the degree of interparticle splicing. The solid 
brittle mesh interparticle contacts for hot forged material with 
increased sintering temperature to 1300 ÷ 1450 0С is converted into 
discontinuous.  

3) The sintering after hot forging of the samples increases 
material strength and fracture strength values that increase with 
increasing the sintering temperature, while the hardness after 
sintering of hot forging of intermetallic reduced.  

4) Preliminary processing  of Fe and Al elemental 
powders mixture in a planetary mill essentially changes the 
morphology both the initial mixture and the structure of 
intermetallics after hot forging. 

5) The strength of the intermetallics obtained from milled 
charge after hot forging had higher values (∼1200 MPa) as 
compared with the alloy made from powder mixture without milling 
(870 MPa). Similar pattern is observed for the values of fracture 
srength of intermetallics produced from powders of various 
morphologies.  
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Abstract: A brief analysis of studies in field of metal-matrix composite (MMC) materials production with use of pulsed-discharge 
technology (PDT) is performed in present paper. It is shown that high voltage electric discharge (HVED) in liquid allows obtaining 
homogeneous highly disperse blend of complex chemical composition. Consolidation of blend by method of spark-plasma sintering (SPS) 
ensures preservation of grain size, which allows achieving high strength characteristics of MMC. 
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1. Introduction 

Dispersion-hardened metal-matrix composites are widely used 
in automotive, aviation and defense industry thanks to a combination 
of properties of metal (a significant ductility and fracture toughness) 
and ceramics (high strength and elastic modulus) in them. 
Widespread of MMC is largely due to the presence of ceramic 
inclusions in composite that significantly increase wear-resistance of 
material in tribological applications. 

Increase of functional and physical-mechanical properties is 
possible both by changing composite composition and by changing 
the technological process of its production.   

The idea of PDT of MMC materials obtainment is based on the 
possibility of effective use of newest methods of highly concentrated 
energy flows impact on disperse systems – high voltage electric 
discharge dispersion, activation and synthesis of polydisperse micro- 
(from 10-5 to 10-7 m) and nanosized (from 10-7 to 10-9 m) composite 
powders and the relatively low-temperature method of their 
compaction – spark-plasma sintering [1]. Multiple cyclic dynamic 
loads during HVED impact on materials particles contribute to the 
development of radial cracks caused by tangential stress from 
compression waves. Molecules of fluid adsorb on formed surface 
and do not allow to link up the edges of the crack, performing a 
wedging action. Therefore, the cyclical impact of HVED forms 
conditions conducive to fatigue failure of the material. Two 
destruction mechanisms are possible simultaneously: development of 
radial cracks caused by tangential stress from compression waves 
and destruction, caused by compression wave reflection from a free 
surface of a solid material and its conversion into a stretching wave. 
Moreover, volume microcavitation, destruction of particles during 
their collision with chamber walls and particles mutual abrasion 
during their mixing in all volume of chamber also take part in 
process of dispersion to varying degrees. In case of conductive metal 
powders treatment, discharge current that is passing through the 
particles is also an important factor of impact; it causes particles 
dispersion and change of their phase composition due to ablation 
process.   

The use of hydrocarbon liquid as working medium during 
powder mixtures treatment allows synthesizing nanocarbon of 
different allotropic modifications as a result of hydrocarbon chains 
pyrolysis by discharge channel plasma. Active nanocarbon is capable 
of entering chemical reactions with metal powder particles with 
formation of hardening phases of carbides.  

It is known that consolidation is final and primary stage of 
MMC production. During sintering of powder blend under prolonged 
impact of high temperature the processes, which lead to growth of 
materials grain, are initiated; this significantly decreases materials 
strength characteristics. Use of spark-plasma (electric discharge) 
sintering[2],which can be classified as PDT, allows preserving 
ultrafine high modulus inclusions and inhibits growth of matrix 
material grains.   

The aim of present work – a brief analysis of studies in field of 
metal-matrix composites production with use of PDT.  

 
2. Materials and methodology of research 
Studies of HVED impact on physical-chemical properties of 

powders were performed on mixtures of 75 % Fe –25 % Ti, 75 % Fe 
– 20 % Ti – 5 % B4C mass composition.  

HVED treatment of powders in fluid was performed on 
experimental stand, schematic diagram and photography of which is 
presented on fig. 1. Kerosene of TC-1 mark was used as a working 
medium during high voltage treatment of metallic powders and their 
mixtures.  
 

 

 

 

 

 

Е – energetic part, PV – kilovoltmeter, C – capacitor,  
Sh. – coaxial shunt; Ch. – working chamber; PО – oscillographer; 
F – air discharger; VD – voltage divider and it elements: R1, R2, R3, 
C1, C2 

Figure 1 – Schematic diagram of stand for HVED treatment 
 
Optical microscope BIOLAM-I (БИОЛАМ-И) with maximal 

magnification ×1350, raster scanning electron microscope REMMA-
102 (РЕММА-102) with magnification range from ×10 up to 
×250000 and raster high definition electron microscope EVO-50 of 
Carl Zeiss manufacture were used for evaluation of size and form of 
particles. Samples of powder for optical and electron microscopy 
were prepared according to GOST 23402-78. 

Studies of phase composition and crystal structure were 
performed by X-ray structural analysis with general-purpose 
diffractometer DRON-3 (“ДРОН-3”) (СuКα radiation).  

Consolidation of powder materials in vacuum with passage of 
superposition of direct and alternating current (10 kHz) with 1,2 kA 
amplitude was performed on “GEFEST-10” (“ГЕФЕСТ – 10”) 
experimental SPS device (which was designed in IPPT of NAS of 
Ukraine [3]). 

Consolidated specimens resistance to abrasive wear was 
determined by gravimetric method on SMC-2 (СМЦ-2) friction 
machine by “Roller – Block” scheme. As a friction pair were used: 
immobile cylindrical specimen (d=10 mm, h=6 mm) from studied 
material (Block), and mobile diamond circle 1А1 with АС4 80/63 

21



graininess was used as a roller (counter-body). Determination of 
specimens mechanical properties was performed on P-5 
experimental machine by PRS strength determining method, 
Rockwell hardness was studied on TP-5006 hardness tester, and 
microhardness was determined on PMT-3 (ПМТ-3). 

 
3. Theoretical evaluation of processes accompanying metal 

powders HVED treatment 
Given that in free disperse systems dispersed particles can 

move freely throughout the volume of the dispersion medium, 
processes that occur in such systems can be described from a 
common position from the point of view of the general laws of 
sedimentation. The calculation of sedimentation rate was performed 
according to Stokes' law with Oseen amendment as the most valid 
for studied range of particle sizes [4, 5]. Modeling was performed for 
such processes of sedimentation: particles of Ti, Fe and diamond 
powders in water and of Ti, Fe and B4C in kerosene, particles of 
compounds, synthesized during HVED treatment (graphite, Fe and 
Ti carbides), in kerosene.  

Obtained results allowed evaluating possibility of particles of 
given size range being in given layer of working fluid at each 
moment after single discharge. Changing pulses passage frequency, 
while taking obtained regularities into account, during HVED 
treatment allows controlling efficiency of impact on powder particles 
in terms of their dispersity. For example, during HVED treatment of 
Fe and Ti powders mixture, times of their sedimentation from height 
of h=1 cm are ~2 times different. Thus, 2 times increase of discharge 
frequency during HVED treatment of this powder mixture from 
0,5 to 1 Hz should lead to more efficient grinding of Ti particles [6]. 

Given that the main grinding work is performed by pressure 
waves [7], short cylinder model was chosen for evaluation of 
pressure wave amplitudes and pressure maximum in discharge 
channel Pk was defined:  

 

0 1( )к aP P b η= ⋅ , (1) 

where Pa – interim pressure coefficient, Pa, determined by 
evaluation (2);  b0(η1) – interim dimensionless function, determined 
by evaluation (3); 
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where ρ0 – medium density, kg/m3; U – discharge voltage, V; L – 
discharge circuit inductance, H; lp – discharge gap, m; η – fraction of 
energy, released during first semiperiod of discharge current;  
γ – adiabatic coefficient of discharge plasma; α1 – interim 
dimensionless coefficient, determined as: 
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Amplitude of pressure wave in discharge equatorial plane 

Pm(re):  
    

0,51

, 2,5

( ) ( )
1,3 1 0,1 , 2,5 ,

е
е

m

m е a
е е

е
m

r r l
a

P r P b
r r r l
a l

η −

 ≤
= ⋅ ⋅ 

    ⋅ ⋅ − ⋅ >      

 

(5) 

where b1(η) – interim dimensionless function, determined by 
evaluation (6); rе – distance from discharge channel center to 
considered equatorial plane point, m; am – scale coefficient, 
determined by equation (7). 
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Amplitude of pressure wave in any point of discharge 
chamber: 
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where r – distance from chamber axis to projection of considered 
point on equatorial plane, m; φ – angle between considered point’s 
radius-vector and discharge equatorial plane, rad. 

After conversion of equation (8) from cylindrical to Cartesian 
coordinates, spatial distribution of pressure wave amplitudes in 
plane, perpendicular to discharge equatorial plane, can be obtained: 

 

( ) ( ) 3, 2, 1 1m m

yarctg
xyP x y P x arctg

xπ π

   
        = ⋅ ⋅ − +    
  

  

 
(9) 

where x, y – Cartesian coordinates of considered point in plane, 
perpendicular to discharge equatorial plane, in coordinate system 
relative to center of discharge channel, m. 

Theoretical calculation of spatial distribution of compression 
wave peak pressures was performed for regimes with single 
discharge energies of 0,25, 0,5 and 1 kJ [5], with capacitors capacity 
of 0,2, 0,4 and 0,8 µF respectively. Current rise rate (di/dt) was 13, 
19 and 24 GA/s respectively. Voltage U = 50 kV and discharge 
circuit inductance L ≤ 0,7 µH were constant.  

Obtained results (see Fig. 2) allowed designing construction of 
discharge chamber, which provides efficient treatment [8].  

Thermodynamic calculation of Gibbs energy change during 
chemical reactions at HVED allowed to establish, that in chosen 
range of treatment parameters the initiation of carbide, boride and 
intermetallic phases formation is possible. It is shown, that HVED 
treatment provides conditions for solid phases synthesis both in near-
channel area and between particles, because dielectric breakdown 
occurs between them, which leads to self-organization of conductive 
chains from particle to particle, until one of these chains reaches 
conductive bottom or wall of discharge chamber. Highly conductive 
chain is heated by discharge current, transforming into channel, and 
the powder particles, located in channel or near it, interact with one 
another in the field of significant temperatures and pressures. 

 
 

, 
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(а, b) – treatment with single discharge energy of 0,25 kJ 
(di/dt=13 GA/s); (c, d) – treatment with single discharge energy of 
0,5 kJ (di/dt=19 GA/s); (e, f) – treatment with single discharge 
energy of 1 kJ ((di/dt=24 GA/s) 

Figure 2 –Theoretical spatial distribution of pressure wave 
peaks   

 
4. Experimental studies of dispersity and phase composition 

change during powder mixtures HVED treatment 
Treatment of 75 % Fe – 25 % Ti and 75 % Fe – 20 % Ti – 

5 % B4C powder mixtures was performed with specific energy of 
WsΣ=const=25 MJ/kg, which ensures synthesis of necessary amount 
of carbon for formation of stoichiometric Ti carbide [9]. Current rise 
rate varied from 13 up to 24 GA/s, which provided different intensity 
of pressure waves impact (see Fig. 2). Frequency of pulses passing 
was f = 0,6 Hz. Mean diameter of powder particles after treatment in 
all studied modes decreased from 80 to ~ 3 µm (see Fig. 3) and high 
modulus (ceramic) TiC (with homogeneity area up to TiC0,92) and 
FeB (with size varying from 10 up to 600 nm) phases are synthesized 
(see Fig. 4). Worth noting that maximum amount of powder with ~ 3 
µm diameter (~ 30 %) was obtained after treatment with maximal 
considered current rise rate of di/dt=24 GA/s (see Fig. 3, curve 4). 
Most of initial mixture particles had irregular fragmental shape (see 
Fig. 4, a, c), but after processing they have shape, close to spherical 
(see Fig. 4, b, d) – this shows, that they were synthesized due to 
impact of discharge channel current (ablation and electric erosion). 

. 
 
 
 
 
 
 
 
 
 
 

а –75 % Fe – 25 % Ti mixture, b –75% Fe –20 % Ti – 5 % B4C 
mixture; 1 – initial mixture; 2 – after HVED treatment with  
di/dt = 13 GA/s; 3 – di/dt = 19 GA/s; 4 – di/dt = GA/s. 

Figure 3 – Distribution of particles percentage F (d) by 
diameter values 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

а – initial 75 % Fe – 25 % Ti mixture, b – after HVED treatment 
with WsΣ = 25 MJ/kg and di/dt = 24 GA/s; c – initial 75 % Fe –
20 % Ti – 5% B4C mixture, d – fter HVED treatment with  
WsΣ = 25 MJ/kg и di/dt = 24 GA/s 

Figure 4 – Mixtures microphotographs 
 
5. Technological methods of MMC production with use of 

PDT 
Consolidation of prepared blend was performed by SPS 

method. Heating rate was ~ 10°С/s, holding time was ~ 120 s, 
sintering temperature was 1100°C, sintering pressure was 60 MPa. 

Average hardness of specimens (see Table 1), produced from 
blend, obtained by HVED processing of  75 % Fe – 20 % Ti – 5 % 
B4C and 75 % Fe – 25 % Ti powder mixtures, after sintering was 51 
and 40 HRC respectively (see Fig. 5), porosity was not higher, than 
4 % (see Table 1, ρtheor – theoretical density, P – porosity).  

 
Table 1 – Properties of MMC, consolidated on “GEFEST-10” 

(“ГЕФЕСТ-10”) device 
 

№  MMC system 
composition 

Parameters of powder 
mixtures HVED treatment 

Materials properties 
Specific 
energy 

Current rise 
rate 

WsΣ, 
MJ/kg di/dt, GA/s ρtheor., g/cм3 P, % 

1 Fe-Ti-B-C 25 19 6,96 4,0% 
2 Fe-Ti-B-C 25 24 6,96 1,0% 
3 Fe-Ti-C 25 16 7,08 1,8% 
4 Fe-Ti-C 25 24 7,08 1,1% 

 
X-ray structural analysis of Fe – Ti – B – C, Fe – Ti – C  

systems specimens, consolidated by SPS, have shown, that after 
sintering and thermal treatment, material consists such phases, as 
TiC and TiB (see Fig. 6).  

Size of most hardening phases particles lies in range of 10 – 
70 nm (see Fig. 7), most of these particles retain the shape, close to 
spherical.  

Bending strength of obtained MMC is 1350 MPa, hardness is 
68 HRC.  

a b 
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b 
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а б 
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Figure 5 – Specimens Rockwell hardness (C scale) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(а) – specimens №1,2, (b) – specimens №3,4 
Figure 6 – XRD patterns of consolidated specimens after 

thermal treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 7 – Structure (а), size distribution (b) of hardening 

phases in Fe – Ti – B – C system material 
 
 
 

Conclusions 
1. A holistic approach to technology of multifunctional 

dispersion-hardened by nanostructured particles MMC obtainment 
with use of complex of pulsed-discharge technologies (from stage of 
powders HVED treatment to obtainment of end-product with 
increased functional properties by SPS method) is developed. 

2. Necessary conditions for powders dispersion and high 
modulus ultrafine phases synthesis during HVED treatment of Fe – 
Ti – С – (B) system powder mixture in kerosene are theoretically 
found. It is shown, that the most efficient modes of powders 
dispersion and carbide (boride) component synthesis are realized 
with specific energy of 25 MJ/kg and current rise rate of 24 GA/s. 

3. Technological methods for obtainment of MMC with 
density, close to theoretical, hardness up to 68 HRC and ductile 
strength 1350 MPa, wear resistance that is 35 % higher than wear-
resistance of high-speed steel R6M5 (Р6М5), are developed by SPS 
of powder mixtures after powders HVED treatment. 
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NONEQUILIBRIUM PHASE TRANSFORMATIONS DURING SOLID 
SOLUTION DECOMPOSITION IN MAGNESIUM ALLOYS CONTAINING THE 

RARE-EARTH METALS OF DIFFERENT SUBGROUPS 
 

НЕРАВНОВЕСНЫЕ ФАЗОВЫЕ ПРЕВРАЩЕНИЯ ПРИ РАСПАДЕ ТВЕРДОГО РАСТВОРА В 
МАГНИЕВЫХ СПЛАВАХ, СОДЕРЖАЩИХ РЕДКОЗЕМЕЛЬНЫЕ МЕТАЛЛЫ РАЗЛИЧНЫХ 

ПОДГРУПП 
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Abstract: The nonequilibrium phase transformation during decomposition of Mg supersaturated solid solutions, containing two 
rare-earth metals of the different subgroups (cerium and yttrium) are presented and generalized. These processes in the alloys of 
ternary systems differ from those in the alloys of the adjoining binary systems. They reveal also the similar features in kinetics 
and the nonequilibrium phase formed during solid solution decomposition 
KEYWORDS: MAGNESIUM ALLOYS, RARE-EARTH METALS, SOLID SOLUTION DECOMPOSITION, PHASE 
TRANSFORMATION. 
 
 

1. Introduction 
 

Investigations of magnesium alloys, connected with 
development of light structural materials with high strength at 
near room and elevated temperatures indicated, that the best 
results could be achieved, if the rare-earth metals will be used 
as alloying elements [1,2]. Action of the individual rare-earth 
metals on mechanical properties of magnesium is different 
and this phenomenon is caused by different solubility of every 
rare-earth metals in solid magnesium and different behavior 
of them during nonequilibrium transformation consisting of 
decomposition of the supersaturated magnesium solid 
solution. In the binary magnesium alloys with the rare-earth 
metals, belonging to the same subgroup, either yttrium or 
cerium one, kinetics of the magnesium solid solution 
decomposition and accompanying this process structural 
transformations have the close features. But they are different 
for the rare-earth metals of different subgroups [2]. In the 
alloys with elements of the cerium subgroup decomposition of 
the magnesium supersaturated solid solution is accompanied 
with successive formation zones GP, metastable phases β" 
(ordering of the Mg3Cd type), β' and equilibrium phase β [3]. 
In the alloys with elements of the yttrium subgroup 
decomposition of the magnesium supersaturated solid solution 
is accompanied with β΄΄ phase (Mg3Cd type ordering), 
orthorhombic plate-like phase β΄ and equilibrium phase β [4]. 

The aim of this publication is to review the results of the 
investigations of the supersaturated solid solution 
decomposition in the ternary magnesium alloys containing 
simultaneously two rare-earth metals belonging to different 
subgroups accompanied by the nonequilibrium phase 
transformations. These alloys attract a great attention now as 
the materials with better combination of advantages, which 
inherent to magnesium alloys containing the rare-earth metals 
of one of the subgroups. 

 
2. Materials and methods 

 
By this time decomposition of the supersaturated solid 

solution in the ternary alloys with two rare-earth metals of 
different subgroups was studied only in several systems. They 
are the systems Mg-Ce-Y, Mg-Nd-Y, Mg-Sm-Y, Mg-Sm-Tb, 
Mg-Sm-Er [5-10]. The supersaturated magnesium solid 
solutions in them were obtained in them after of annealing at 
enough high temperatures followed by quenching from them. 
Annealing temperatures were chosen basing on the known 
phase diagrams. Decomposition of the supersaturated solid 

solutions proceeded during isothermal ageing of the quenched 
samples at different temperatures in the 200-250ºC range. It 
was checked by the hardness and electrical resistivity 
measurements and observations of microstructure using 
optical and transmission electron microscopy (TEM). 
Preparation of the specimens for the microscopic 
observations, methods of determination of their properties and 
the used equipment are described in details in [5-10]. 

 
3. The similar features of the magnesium 

solid solution decomposition 
 

Analysis of the results of the hardness and electrical 
resistivity measurements during ageing of the magnesium 
alloys above mentioned different systems revealed a number 
of the similar features in kinetics of the supersaturated solid 
solution decompositions. The typical curves of the hardness 
and electrical resistivity change during ageing for the alloys 
are presented in Figs.1-4. They show, in general, increase of 
hardness with increasing ageing time up to maximum with 
decreasing hardness then. But the hardness increase is not 
always gradual. In some cases two stages of the hardness 
increase occur. At the first stage the hardness increase is 
insignificant and at the second stage after kink the hardness 
increases steeply up to maximum. In the Figs.1-4 some 
hardness curves are shown for some binary alloys. One can 
see, that in the binary alloys of magnesium with the rare-earth 
metals of the cerium subgroup, Nd and Sm, only one stage in 
the hardness increase can be seen, unlike binary alloys with 
the rare-earth metals of the yttrium subgroup, Y and Tb, 
where two stages of the hardness increase can be seen. Such a 
change of the hardness during isothermal ageing is inherent to 
magnesium alloys with other rare-earth metals of each of the 
both subgroups [2]. Another significant difference in the 
hardness curves belonging to the binary magnesium alloys 
with the rare-earth metals of different subgroups is the higher 
hardness values for the alloys with elements of the last 
subgroup [2].  

The first similar feature of the different ternary systems 
by hardness change during ageing consist of acceleration of 
the solid solution decomposition, when the element of the 
cerium subgroup (Ce, Nd) is added to the alloy containing 
element of the yttrium subgroup (Y) (Figs 1, 2) and 
deceleration of it, when the element of yttrium subgroup (Er) 
is added to the alloy containing element of cerium subgroup 
(Fig.3). This effect becomes evident, if dispositions of the 
hardness maxima on the curves relative to the ageing time 
axis are compared. With change of the ratio between contents  
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of the rare-earth metals in the alloys in direction of increase of 
that belonging to the yttrium subgroup instead of that 
belonging to the cerium subgroup the hardness values become 
more and character of the hardness curves changes gradually 
from that being typical for the alloys with elements of cerium 
subgroup to that for the alloys with elements of yttrium 
subgroup. This can be seen clearly for the Mg-Sm-Tb alloys 
(Fig.4).  

Another similar feature of the different ternary systems of 
magnesium alloys with the rare-earth metals of different 
subgroups is increase of the hardness maximum values, when 
the element belonging to the cerium subgroup is added to the 
alloys containing element of yttrium subgroup. This feature is 
evident in the alloys of the Mg-Ce-Y and Mg-Nd-Y (Figs.1, 
2).  

Investigations of the ternary magnesium alloys of above 
mentioned systems indicated, that the phases formed in them 
during magnesium solid solution decomposition at the stages 

of hardening were similar and nonequilibrium (metastable) 
ones. These phases were also typical for the binary 
magnesium alloys with the rare-earth metals of cerium and 
yttrium subgroups. No other types of the precipitated phases 
were observed in the ternary alloys.  

In Fig.5 the microstructure and the related electron pattern 
of the Mg-Sm-Tb alloy are presented. The alloy was solution 
treated and aged then at 200ºC for 8 h. Such an ageing regime 
corresponds to the early stage of the solid solution 
decomposition and, therefore, the precipitates formed are not 
seen clearly. However, electron pattern corresponding to this 
structure indicates certain decomposition. They are two sorts. 
One of these sorts is the system of the point-like 
superstructure reflexes disposed by every three of them on the 
lines corresponding length between the large central reflex 
(000) and that of (100) type belonging to the Mg solid 
solution. These three superstructure reflexes divide the length 
between reflexes (000) and (100) into three equal parts. Such 
a disposition of the point-like superstructure reflexes 
corresponds to the precipitates of the orthorhombic metastable 
phase β′ observed on the binary magnesium alloys with the 
rare-earth metals of yttrium subgroup [4]. Along with these 
point-like superstructure reflexes, the electron pattern contains 
the parallel continuous lines passing in direction from the 
central reflex (000) to the reflex (100) of magnesium solid 
solution. Such parallel lines correspond to the tracks of the 
reciprocal lattice of the electron diffraction created by Mg 
solid solution and its existence indicates formation of the 
zones GP,  that is typical for magnesium alloys with the rare-
earth metal of cerium subgroup [3]. 

In Fig.6 microstructures of the Mg-Sm-Y system alloy 
aged to stage some more the hardness maximum is presented 
[8]. In its structure shown at two magnifications the plate-like 
large crystals can bу seen. Morphology of these crystals 
indicates them to be typical ones for precipitates formed 
during decomposition of the binary magnesium alloys with 
the rare-earth metals of cerium subgroup. In this event, they 
are the particles of the metastable phase being that observed 
in the decomposed Mg-Sm alloys. In the areas between the 
large plate-like crystals in the structure, presented in Fig.6 
there are also the very disperse precipitates. These disperse 

 

 
Fig.2. Variation of the hardness upon isothermal aging of the Mg-

Nd-Y alloys at 225 ºC [7]. 

 
Fig.1. Variation of the hardness and electrical resistivity upon 

isothermal aging of the Mg-Ce-Y alloys at 200 ºC [5]. 
Fig.3. Variation of the hardness upon isothermal aging of the Mg-

Sm-Er alloys at 200 ºC [9]. 
 

 
Fig.4. Variation of the hardness upon isothermal aging of the Mg-

Sm-Tb alloys at 200 ºC [10]. 
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crystals could be identified using electron patterns as the 
metastable orthorhombic phase β′, which is typical for the 
decomposed magnesium solid solution in the binary 
magnesium alloys with the rare-earth metals of yttrium 
subgroup. 

 

4. Conclusions 
 

The nonequilibrium transformations during 
decomposition of the supersaturated solid solutions in the 
ternary The similar feature in formation of the phases during 
magnesium alloys with the rare-earth metals of different 
subgroups are characterized by similar features. 

1. The similar features in kinetics are acceleration of the 
solid solution decomposition and increase of the 
hardness maximum, when a rare-earth metal of the 
cerium subgroup is added to the binary magnesium 
alloys with rare-earth metals of the yttrium subgroup.  

2. solid solution decomposition is that the only formed 
phases are those occurred in the binary magnesium 
alloys with the respective rare-earth metals of both 
subgroups. The phases of both binary systems being 
disposed within the magnesium solid solution 
simultaneously. 
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Fig.5. Microstructure and related electron pattern with its scheme  of 

the alloy Mg-4.35% Sm-11.5% Tb after ageing 200ºC, 2h [10]. 

 
 

 
 

Fig.6. Microstructure of the alloy Mg-5.2% Sm-5.2% Y after ageing 
220ºC, 200 h at different magnifications [8]. 
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Abstract The paper shows the results of testing the obtaining process of filtering material based on metal powders and fibers by 
electrocution sintering. The equipment design and manufacturing techniques of test samples are presented; experimental samples of filtering 
materials based on powders of tin-phosphor bronze BrO10F1 and stainless steel 12X18H10T fibers have been manufactured. Method 
implementation requires no special equipment: a common spot welding machine has been used. Photographs of appearance and structure of 
the samples and the results of studying their properties have been presented: porosity, permeability coefficient, pore sizes. It has been shown 
that the materials manufactured by electrocution sintering possess a satisfactory complex of filtering properties and may be used for 
purification of liquids and gases. 
KEYWORDS: FILTERING MATERIAL, ELECTROCUTION SINTERING, MANUFACTURING TECHNIQUES, PROPERTIES 
 

 
1. Introduction 
Electric current assisted sintering of metal powders is famous for its 
efficiency, low power consumption, possibility of automation and 
high productivity. In comparison with the classical methods of 
powder metallurgy this technique doesn’t require expensive 
equipment and/or shielding atmosphere that provides significant 
energy savings. Besides, with the help of electric current assisted 
sintering we can adjust technological conditions while 
manufacturing each and every product in the lot. After the analysis 
of known techniques in electric current assisted sintering of porous 
powder materials we have outlined the most promising ones for 
manufacturing porous materials from metal powders. These are 
electromagnetic pulse sintering (EPS) and electric discharge 
sintering (EDS) [1-5]. However in the known sources electric 
current assisted sintering is described as a preliminary or 
intermediate processing of powdered materials. The matters of 
obtaining filtering materials in a single step of electric current 
assisted sintering were not considered therein. 
The purpose of this paper is testing the process of obtaining 
filtering materials based on metal powders by the example of tin-
phosphor bronze powder BrO10F1 and stainless steel 12X18H10T 
fibers by electric current assisted sintering.  
 
2. Results and Discussion  
The process of obtaining filtering materials by electric current 
assisted sintering was carried out on the spot welding machine  
MT 2201 UHL4 (Figure 1). Samples were manufactured using the 
developed equipment consisting of special conductive copper 
electrodes and punches, and a graphite matrix [6, 7]. This matrix 
allows obtaining discoid samples of 12 mm in diameter and 20 mm 
thick. The appearance and drawing of the equipment are shown in 
Figures 2 and 3. As mentioned above, the initial materials were: tin-
phosphor bronze powder BrO10F1 (own production) and stainless 
steel 12X18H10T fibers (wire cuts). The powder particle sizes were 
(-1.0 + 0.63) mm. Its surface morphology is shown in Figure 4. The 
fibers had a diameter of 0.2 and a length of 2 to 7 mm. Their 
surface morphology is shown in Figure 5. Metallographic studies of 
the initial materials were performed using a scanning election 
microscope CamScan (England). 
 
 
 
 
 

 

 
 

Fig. 1 Spot welding machine MT-2201 UHL4  
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Fig. 2. Accessories for manufacturing test specimens 
 
 

 
 

Fig. 3. Equipment 
1 - matrix; 
2 - punches; 
3 - conductive electrodes; 
4 - sintered material 

 
 

 
 

Fig. 4. Surface morphology of the particles in the tin-phosphorous 
bronze powder fractions (- 1.0 + 0.63) mm obtained by atomization 

of the melt with a gas flow 
 
 

 

  
а) б) 

 
Fig. 5. Morphology of stainless steel 12X18H10T fibers 

 a) × 100; 
 b) × 500 

 
 
The manufacturing technology for producing the samples was as 
follows. The lower punch was inserted into the graphite matrix. A 
portion of powder or fibers was poured into the die cavity. Then the 
upper punch was mounted between the conductive electrodes of the 
spot welding machine (Figure 6). A pressure of 5-20 MPa was 
applied to the punches through the electrodes. Sintering was 
performed by passing an electric current through the matrix.  
 
 

 
 
Fig. 6. Accessories for electric current assisted sintering in the spot 

welding machine 
 
 
Sintering of the powder samples was performed under the following 
conditions: current 7.5-12.3 kA; passage of current from 0.4 to 3.6 
seconds; effective current 8.9 kA, current density 7.87 kA/cm2, 
number of welding current pulses 120, heating time 2.4 seconds. 
Sintering of fiber samples was performed at the current of  
7.5 - 11.6 kA and passage of current duration from 0.4 to 3.6 
seconds. The effective current was 8.9 kA, the current density was 
7.87 kA/cm2, the number of welding current pulses was 60, and the 
heating time was 1.2 seconds.  
The appearance of the obtained samples is shown in Figure 7. Their 
structure is presented in Figure 8. Metallurgical study of the 
structures was performed using the light microscope MeF-3 from 
Reichert (Austria). 
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a) 
 

  
b) c) 

 
Fig. 7. The appearance of samples of filter materials, sintered 

using electric current: 
a, b) - a sample on the basis of bronze powder; 
c) - a sample of fiber-based stainless steel 12X18H10T 

 
 

 
a) 

 

 
b) 

Fig. 8. Sample structure 
a) Bronze powder, × 50; 
b) Stainless steel fiber, × 50 
 
 

We examined the obtained samples and determined their porosity 
(according to GOST 18898-89), permeability coefficient (in 

accordance with GOST 25283-82) and pore sizes (according to 
GOST 26849-93). The research results are as follows. The samples 
of tin-phosphor bronze BrO10F1 powders: porosity 28-36 %; 
permeability coefficient (250–1850)⋅10-13m2; pore size 150-250 µm. 
The samples of stainless steel 12X18H10T fibers: porosity 30-39 %; 
permeability coefficient - (40–51)⋅10-13m2; pore size 80-164 µm.  
The analysis of the results leads to the conclusion that the samples 
of permeable materials obtained with the help of electric current 
assisted sintering have a satisfactory set of filtering properties and 
can be used for clarification of liquids and gases.  
 
3. Conclusion   

We tried the process of manufacturing permeable 
materials based on metal powders through the example of tin-
phosphor bronze BrO10F1 powder and stainless steel 12X18H10T 
fibers with the help of single-step electric current assisted sintering. 
We studied the structure and properties of the samples made of 
spherical dispersed bronze BrO10F1 powder and stainless steel 
12X18H10T fibers. We found out that the samples have a 
satisfactory package of filtering properties. The samples made of 
tin-phosphorous bronze powders have porosity of 28-36 %, 
permeability coefficient is (250–1850)⋅10-13m2, pore size is  
150-250 µm. The experimental samples of stainless steel fibers 
possess porosity of 30-39 %, permeability coefficient is  
(40–51)⋅10-13 m2, pore size is 80-164 µm. We proved the possibility 
of electric current assisted sintering for bronze powder-based 
materials and stainless steel fibers within a single-sinter treatment.    
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SPARK PLASMA SINTERING OF NANOSTRUCTURED BIMODAL COPPER 
POWDERS 
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Nefedova E.1, Grigoryev E.2, Olevsky E.3, 4 

NRNU MEPhI, Russia 1,2,3, San Diego State University, USA 4 
 
Abstract: It is known, nanocrystalline metals are characterized by high strength and hardness, but low ductility. One way to increase the 
ductility is based on the creation materials with bimodal grain structure. General principle of this method is the nano- or ultrafine matrix 
provides a high strength, and evenly dispersed therein coarse grains contribute acceptable ductility. An important condition for preparing 
the bimodal material is to control and retention of the bimodal structure during processing. SPS method is promising for the development of 
materials, where need the collaborative and rapid consolidation of micro and nanosized powders. In this paper as the initial materials used 
copper powder of different fractional composition - a particle size of 40-90 µm and 50-70 nm. Nanopowder has consisted of micro 
agglomerates which have been divided during the preparation of the powder mixture. Initial powders were mixed in the mechanical mixer. 
Experiments were conducted a spark-plasma sintering system model Labox-625. The increasing of sintering temperature results in the 
density increasing. The pressure and the sintering time can also cause density increasing, but not as much as the temperature. The density of 
the sintered sample was measured by the Archimedes method. The mechanical property was tested using the hardness testing instrument 
(FM-800). In order to compare the mechanical properties of mono- and bimodal copper prepared by SPS, samples with a diameter of 10 mm 
were prepared. As a result, the microhardness of bimodal sample (180 HV) is higher than that of the micro- (63 HV) and nanosamples (159 
HV) obtained by SPS. Fabricated by SPS the bimodal copper has a higher microhardness, compared with micro- and nanocrystalline 
samples. The microstructure of the bulk compact was observed by JEOL 6610LV scanning electron microscopy. The final grain size of the 
sintered nanomaterial varies depending on the sintering temperature ranging from 200 to 500 nm. 
KEYWORDS: NANOSTRUCTURED BIMODAL COPPER POWDERS, SPARK PLASMA SINTERING, MICROHARDNESS 
 
 

1. Introduction 
 

Optimization properties of nano- and ultrafine materials are 
important task of Material Science. It is known, nanocrystalline 
metals are characterized by high strength and hardness, but low 
ductility [1]. One way to increase the ductility is based on the 
creation materials with bimodal grain structure [2]. General 
principle of method is the nano- or ultrafine matrix provides a high 
strength, and evenly dispersed therein coarse grain contributes 
acceptable ductility.  An important condition for preparing the 
bimodal material is to control and retention of the bimodal structure 
during processing. A great advantage over traditional methods, 
such as methods of severe plastic deformation of producing 
bimodal materials exhibit electromagnetic methods of 
consolidation metal powders. SPS method [3] is promising for the 
development of materials, where need the collaborative and rapid 
consolidation of micro and nanosized powders. SPS technology can 
be used to produce materials with improvements in mechanical 
properties, microstructure, and other properties [4, 5]. 
 

2. Experimental 
 

In this paper as the initial materials used copper powder of 
different fractional composition - a particle size of 40-90 µm and 
50-70 nm. The morphology of copper powder is shown in Fig.1. As 
can be seen, nanopowder consists of microagglomerates which 
divided during the preparation of the powder mixture.  

 

 
Fig.1(a). The SEM images of raw copper powders 50-70 nm 
 

The copper powder with a particle size of 50-70 nm has been 
produced by “Advanced Powder Technologies”, Russia. 
 

 
Fig.1(b). The SEM images of raw copper powders 40-90µm. 
 

The copper powder with a particle size of 40-90 µm has been 
produced by Alfa Aesar company, USA. The distributions of the 
powder particle sizes before (a) and after (b) separation are 
presented in Figures 2a and 2b. The graphs obtained by using data 
from a laser analyzer of a particle size Fritsch Analysette 22. 

 

 
Fig.2a. The particle size distribution of the Cu powder  40-90 microns 
before separation. 

 
For the SPS-experiments it was used a copper micropowder of a 

coarse fraction 20-50 microns. Separation of the coarse fraction of 
copper powder was carried out in laboratory vibration equipment 
Fritsch Spartan.  
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Fig.2b. The particle size distribution of the Cu powder 40-90 microns after 
separation. 

 
Nanodispersed copper powder contains metallic copper about 

98%. In contact with air, metal content decreases to 85-90%. The 
average particle size of copper nanopowder has from 50 to 70 nm. 
Nanopowder agglomerates are easily formed, as can be seen in the 
Figure 1a by a scanning electron microscope JEOL 6610LV. 

Initial nanopowders and micropowders were mixed in the 
mechanical mixer. The bimodal mixture (mass fraction of a 
micron-sized powder of 30%) was obtained by mixing nano and 
micro copper powders in a vertical automatic mixer  MSK-SFM-2 
for 6 hours. The density of the bimodal mixture of copper powder 
was 7.72 g/cm3. It was measured by an automatic helium 
pycnometer AccuPyc 1340. The powder sample has a mass of 2 
grams. The initial relative density of powder compacts is 38%. 

Experiments were conducted a spark-plasma sintering system 
model Labox-625 with pulse duration of 40 ms. A cylindrical 
graphite die with inner and outer diameters of 10 and 30 mm was 
used in the SPS process. The pressure in the vacuum chamber was 
6 Pa. The temperature was measured using K-type thermocouple 
mounted in a hole on a lateral surface of the matrix.  

In order to obtain relations of the relative density and 
microstructure of copper bimodal compacts on the SPS parameters 
were selected ranges of sintering parameters: 
• Sintering temperature was varied from 200 to 600 °C, a 
pitch of 200°C; 
• Pressure – from 20 to 50 MPa, 15MPa; 
• Hearting rate was fixed parameter - 100°C/min. 
• Holding time – from 3 to 9 min, 3 min; 
 

 
Fig. 3a. Temperature evolution during spark plasma sintering. 
 

 
Fig. 3b. Temperature evolution during spark plasma sintering. 

 

 
Fig. 3c. Temperature evolution during spark plasma sintering. 
 
Graphs of temperature modes spark plasma sintering are shown in 
Figures 3a, 3b, 3c. 

The relations between different sintering parameters were 
obtained by the SPS output system. The density of the sample was 
measured by the Archimedes method. The microstructure of the 
bulk compact was observed by JEOL 6610LV scanning electron 
microscopy. The mechanical property was tested using the 
hardness testing instrument (FM-800). 
 

3. Results and discussion 
 

Fig.4 shows the relation between the relative density of the 
bimodal copper compact and the sintering parameters. As seen 
from the graph, at a fixed value of sintering temperature was 
observed unessential change final density depending on the 
pressure and holding time. Thus at 200 °C and a selected range of 
changes pressure and holding time the relative density varies from 
64.96 to 69.05% at 400 °C - 75,58-86,59% at 600 °C - 97.90 -
99.45%. 
 

 
Fig.4. Effect of sintering temperature, pressure and holding time on relative 
density. 
 
The kinetics of a powder densification during spark plasma 
sintering for 600°C/6min and different pressures: 20 MPa and 50 
MPa are shown in Figures 5a, 5b. 
 

 
Fig. 5a. The evolution of a powder relative density during SPS for 
600°C / 6 min, 20 MPa 
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Fig. 5b. The evolution of a powder relative density during SPS for 
600°C / 6 min, 50 MPa 
 

Graphs 5a and 5b for the relative density of the compacts were 
built without correction for thermal expansion of the graphite 
punches. 

Typical microstructure of bimodal copper samples is shown in 
Fig.6. As can be seen, coarse powder particles are uniformly 
distributed in the volume of densely sintered nanopowder. 
 

 
Fig.6. Typical microstructure of bimodal copper (T=600°C, P=35MPa, 
t=6min, v=100°C/min) and the relation between grain sizes and sintering 
temperature. 
 

Since the temperature is a key factor affecting the final density 
of the samples, the dependence of the grain size was considered on 
the temperature at fixed values of pressure and holding time. Thus, 

the average grain size on the range of temperatures was 8-10µm. 
The final grain size of the nanopowder varies depending on the 
sintering temperature ranging from 200 to 500 nm. 

In order to compare the mechanical properties of mono- and 
bimodal copper prepared by SPS, a sample with a diameter of 10 
mm was prepared. The following parameters were selected: 
T=600°C, P=35MPa, t=6min, v=100°C/min. As a result, the 
microhardness of bimodal sample (180 HV) is higher than that of 
the micro- (63 HV) and nanosamples (159 HV) obtained by SPS. 
 

4. Conclusions 
 

In this research, a bimodal Cu was synthesized by SPS 
successfully. The effects of sintering temperature, holding time, 
pressure and heating rate on the relative density, microstructure and 
mechanical properties of the samples were investigated. The results 
are shown: 

• The sintering temperature increasing results in increasing 
of density significantly. Extending the pressure and holding time 
can also cause density increase, but not as much as the temperature. 

• The sintering temperature has a significant effect on grain 
size of initial nanopowder, while the coarse grains don’t grow. 

• The SPS fabricated bimodal Cu has a high microhardness, 
compared with micro- and nanocrystalline samples. 
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 Abstract:  

Investigation of low carbon microalloyed API 5L X80 steels for electric-welded pipes applied in building of metallic structures of 

different complexity. Problems of weldability of these steels and effect of technological and structural factors on mechanical 

properties of weld seams have been considered. Also mechanical characteristics at cyclic loading of the steels are considered. 

KEY WORDS: LOW CARBON MICROALLOYED API 5L X80 PIPE STEELS, WELDABILITY, WELD SEAMS, 

MICROSTRUCTURE, IMPACT TOUGHNESS, FRACTURE RESISTANCE.  

1. Introduction 
Circular section pipes as a building structure element has 

several essential advantages compared with shaped or thick 

sheet rolled metal both in reduction of steel intensity of 

building structure and in the case of such specific actions to 

building structure as corrosion, high temperature at fire and 

wind [1-3]. Moreover constructions made of pipes have high 

architectural expression. Pipes of large diameters milled on 

metallic construction works were applied in erection of 

unique constructions for a long time [4]. Roof structures of 

covered skating center in Moscow are supported by pipe ˄ - 

bearing with height 50 m and outer diameter 2,5 m and pipe 

wall thickness 20-50 mm with cable-stayed structure. The 

pipe was made of 0.1C-Cr-Si-Ni-Cu steel, contained low 

concentrations of S and P (0.010 and 0.012%, respectively) 

and had σ0.2 = 390MPa and KCV-60 = 60J/sm2. 

Wide usage of pipes in building industry appeared to be 

possible due to adoption of technology of massive pipe 

production.  

At building of stadiums and the other unique constructions 

pipes with large diameters (530-1420mm) and high strength 

grade are widely used (table 1).   

Table 1 – Mechanical properties of steels for building 

structures 

Mechanical 
properties 

Strength grade Temperature, 
°C C390 C440 

σb, MPa 540-730 590-770 +25 
σ0,2, MPa 390 480 +25 
δ5, % 20 20 +25 

KCV, J/sm2 34 34 -40 

2. Preconditions and means for resolving the 

problem 
For building of stadium in Kazan pipes ᴓ1420x45,8 mm (1) 

with σ0,2= 480MPa, ᴓ1220x30mm (2) with σ0,2= 390MPa, 

ᴓ820x40mm (3) with σ0,2= 480MPa were investigated. Table 

2 presents chemical composition of steels under the study. 

 

Table 2 – Chemical composition pipe steels according to the 

results of control tests 

Pipe  
 

Element content, % 

C Mn Mo Nb V S P 

1 0.07 1.55 0.1 0.05 0.08 0.002 0.01 

2 0.08 1.51 0.01 0.04 0.05 0.003 0.01 

3 0.07 1.39 0.22 0.05 0.03 0.004 0.01 

 

It should be noticed that hydrogen content was on snowflake 

nonhazardous level. Table 3 presents mechanical properties of 

steels under the study. 

 

Table 3 – Mechanical properties of pipe steels under the study 

# Mechanical properties 
σ0.2 σb δ5 ψz KCV-

40 
KCV-

60 
HV 

MPa % J/sm2  
1 520-

670 
610-
700 

20-
28 

60-
70 

>300 175-
300 

219-
254 

2 480-
560 

570-
620 

20-
30 

70-
81 

>300 275-
300 

138-
183 

3 520-
600 

610-
710 

22-
27 

72-
76 

>300 180-
325 

193-
230 
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Investigation of mechanical properties of pipe steels under cyclic 

elastic-plastic deformation has been conducted with cylindrical 

samples with size Ø12x60 mm under tension-compression on "soft" 

cycle (at constant swing of stress) at asymmetry coefficient R= -1. 

Extremely high impact toughness of the steels is caused by thermo-

mechanical treatment during rolling in γ-area near Ar3-point with 

accelerated cooling to (γ+α) – area, low concentrations of harmful 

impurities and gas elements that provide formation of fine 

microstructure evaluated by transmission electron microscopy [5]. 

Microstructure represents grains of quasipolygonal ferrite with size 

1-2µm possessing developed substructure and lathlike bainite (fig. 

1, 2) [6]. 

 

  

         a)                 b) 

Figure 1 – Microstructure of the steels under the study: 

quasipolygonal ferrite (a) and lathlike bainite (b) (light microscopy) 

 

  

          a)     b) 

Figure 2 – Images of lathlike bainite (a) and quasipolygonal ferrite 

(b) obtained by transmission electron microscopy 

 

Weldability of the C440 steels has been investigated in details. 

Analysis of heat-affected zone, seam zone has been conducted 

where seam structure has lowest properties. Kinetics of phase 

transformation of austenite in a range of cooling rates, mechanical 

properties of seam zone material, propensity to forming of cold 

cracks have been studied. At making of TTT-diagram simulated 

structure of seam zone has been obtained by induction heating of 

billets 6x10x55mm up to temperature 1300°C and subsequent 

cooling with rates 0.1-300°C/s.  

Hard martensite constituent responsible for formation of cold 

cracks, appears at the cooling rate after > 100°C/s, which is higher 

than cooling rate at welding of root technological seams and 

essentially higher than cooling rate of seam zone at construction 

welding. Criterion of exclusion of cold cracks is hardness ≤320HV. 

In this case absence of cold cracks can be guaranteed at any type of 

welding applied in making of steel constructions including welding 

of root seam without of preliminary, accompanying and sequential 

heating. 

Dependence of impact toughness on considered cooling conditions 

has been studied. The results of tests showed that in cooling rate 

range 2-8C/s dip of impact toughness happened, associated with 

formation of ferrite and bainite mixture.  

Strength of welds at testing of the samples cut from joint has been 

evaluated. At tension testing the samples were fractured on base 

metal, out of heat affected zone, showing typical mechanical 

properties for base metal. Bending test showed that on expanded 

side there was no cracks up to 180° bending angle.   

Results of impact bending test are presented in table 4. 

 

Table 4 – Results of impact bending test 

 Impact toughness, J/sm2 at t °C 
-20 -40 -60 

KCV 97 55 28 
KCU - 69 76 
    

Next aspect which we investigated in this work was behavior of 

pipe steel at cyclic loading. After first cycle of loading hysteresis 

loop is disconnected that is associated with Bauschinger effect i.e. 

action of compressing loading induces decreasing of resistance to 

small plastic deformation, so reaching of stress level corresponding 

to tension stress deformation value has to exceed value reached at a 

tension (fig.3).  

 

Figure 3 – Typical mechanical hysteresis loop of the steels under 

cyclic loading "tension-compression" 

 

Analysis of tests results under repetitive "soft" loading showed that 

width of plastic hysteresis loop stabilizes in first loading cycles i.e. 

materials under the study are cyclically stable. Cyclic stability of 

the materials is caused by firstly developed subgrain structure. 

Effect of disordered dislocation nets is nonessential since such 

35



material is normally cyclically softened.  Secondly cyclic ductility 

of these materials and particularly plastic hysteresis loop width are 

twice higher than plastic steels for building structures have. This 

effect can be explained by not only high ductility but microstructure 

and properties inhomogeneity which enhance damping ability of 

these steels.     

3. Conclusion 
The steel under the study possesses wide favorable range of cooling 

rates, in which high resistance of brittle fracture at electric welding 

is provided. 

Weldability completely corresponds to standard requirements. 

Considered steels have very good weldability that making of 

constructions has confirmed.  

Application of steels under the study is reasonable in seismic active 

regions building since seismic oscillations are naturally low 

frequent.  
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ПРОИСХОЖДЕНИЕ И ОСОБЕННОСТИ ВЛИЯНИЯ ТЕМПЕРАТУРЫ И ДАВЛЕНИЯ НА 
ИНВАРНЫЕ АНОМАЛИИВ СПЛАВАХ СИСТЕМЫ ТИТАН –НИОБИЙ 

 
ORIGIN AND SPECIFICS OF THE EFFECT OF TEMPERATURE AND PRESSURE ON INVAR 

ANOMALIES IN TITANIUM-NIOBIUM SYSTEM ALLOYS 
 

Can.Sc. (Engineering) L.Khromova 
1JSC SPC "INOR", Russian Federation, Moscow region, Korolev, E-mail: npc-inor@mail.ru 

 
Abstract: The possibility of obtaining invar characteristics on titanium-niobium system alloys has been analyzed. The results of dilatometric 
studies of titanium alloys containing 35-38% of niobium in the range of test temperatures from 0 to 150 °C are presented. The peculiarities 
of the effect of thermal and thermal cycling processing on the value and nature of variation of the temperature coefficient of linear expansion 
of alloys have been studied. It is shown that the use of thermal deformation treatment makes it possible to obtain light alloys with a density of 
5.4 g/cm3 with a temperature coefficient of linear expansion close to a zero value. The thermal deformation treatment modes allowing to 
obtain a desired value of the linear expansion coefficient in a range from minus 15·10-6К-1 to plus 5·10-6К-115 • 10-6K-1 are addressed. 
Research of values of TKLЕ in various directions on a sheet semi-finished product is conducted.  
Keywords: titanium, niobium, thermal expansion, thermal deformation treatment anisotropy of properties, anisotropy elimination options, 
easy invars. 
 

 
1. Введение. 

 Сплавы инварного класса, благодаря их 
уникальным тепловым свойствам являются перспективными 
материалами для использования их в различных областях 
точного машиностроения. При этом, наблюдается 
постоянная тенденция в  повышении требований  к 
качественным характеристикам сплавов этого класса, в 
частности - прочности, твердости, износостойкости, 
полируемости, стабильности, плотности, коррозионной 
стойкости и пр. 
 Несмотря на  широкий выбор сплавов на основе 
железо-никель не все они могут использоваться при 
создании новых изделий. Это связано с тем, что сплавы на 
основе железа имеют высокую плотность, не достаточно 
высокие механические свойства, низкую коррозионную 
стойкость, узкий диапазон рабочих температур. Помимо 
этого они являются ферромагнитными сплавами и в ряде 
случаев при их применении возникают проблемы по 
устранению влияния внешних магнитных полей. 
             Таким образом, разработка сплавов с минимальным 
температурным коэффициентом линейного расширения        
(ТКЛР), высокими механическими свойствами, низкой 
плотностью и являющимися не магнитными, является 
актуальной проблемой точного машиностроения. 
 

2. Предпосылки и принципы создания инварных 
сплавов. 
 

 Для успешного решения проблемы связанной с 
разработкой инварного сплава, обладающего требуемым 
сочетанием свойств необходимо понимать природу 
аномалии тепловых свойств инварных сплавов.  При этом, 
сплавы инварного класса обладают аномалиями 
большинства физических свойств. В обзоре [1] приведено 9 
аномалий физических свойств и структур и автор считает, 
что они должны объяснять теорию инварности.  Автор [2]  
дополняет этот список  еще тремя сильными аномалиями, в 
результате получается 12 наиболее характерных свойств, 
которыми обладают инварные сплавы. 
 Однако, все эти множества объяснений, 
предложенных авторами работ,  можно свести к числу 
основных положений, базирующихся на четырех 
фундаментальных явлениях: ферромагнетизме, 
антиферромагнетизме, фазовой неустойчивости и 
электронных взаимодействиях. 
 Опыт показывает, что изучение структурного 
механизма формирования комплекса  свойств в  инварных 

сплавах связано с протеканием процессов упорядочения, не 
важно какого типа. Процессы упорядочения  в 
магнитоупорядоченных сплавах и в сплавах с термоупругим 
мартенситным превращением наблюдантся наблюдается 
определенная общность. Что позволяет найти единый подход 
к способам формирования структурного состояния, 
обеспечивающего реализацию сочетания требуемого 
комплекса механических и физических свойств в, казалось 
бы, принципиально разных сплавах. При этом существенную 
роль в формировании термоупругого мартенсита  играет 
процесс упорядочения, но не магнитного, а атомного. 
  Анализ требований предъявляемых к 
неферромагнитному инварному сплаву, с низкой 
плотностью, повышенной прочностью, позволяет 
предположить, что основой для  такого сплава может быть  
титан. Кроме этого, все сплавы на основе титана имеют 
высокую коррозионную стойкость. 
 Возможность реализации инварного эффекта в 
сплавах титана с никелем (нитинол), близким к 
эквиатомному была отмечена в работах [3,4]. Исследование 
ТКЛР и электросопротивления  нитинола, позволило 
обнаружить общие закономерности изменения свойств, со 
сплавами инварного класса на основе железо-никель (рис. 1).  

Согласно данным, приведенным на рис. 2. оба 
сплава Ni-51%Ni и Fе-36%Ni при комнатной температуре 
находятся в предмартенситном состоянии [2, 4-5, 14-18]. 
Таким образом, объяснение аномальных изменений свойств 
для обоих сплавов различными авторами имеют общие 
предпосылки. Кроме того, в литературе имеются данные об 
эффекте «памяти» формы (ЭПФ) в сплавах с содержанием 
30-36% никеля [3,7,8]. Правда ЭПФ в этих сплавах 
проявляется меньше, чем в нитиноле. Таким образом, к 12 
характерным свойствам, которыми обладают инварные 
сплавы можно добавить еще одно - наличие ЭПФ. 

Таким образом, в сплавах инварного  состава при 
растяжении можно создать двухфазное состояние [2] на 
основе которого, авторами [11-18] предложена концепция по 
определяющей роли концентрационных неоднородностей в 
субмикрообъемах, а также процессов ближнего 
упорядочения в изменениях свойств ГЦК железоникелевых 
сплавах. Управляя концентрационными неоднородностями 
можно изменить в широких пределах ТКЛР. Этот подход 
открывает широкие возможности регулирования процессами 
фазовых превращений, а значит и величиной ТКЛР. В этом 
направлении опубликованы ряд работ, получены авторские 
свидетельства [1, 2, 11- 20]. 
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Fe - Ni                                                    Ti – Ni 
Рис 1. Зависимость ТКЛР (а) и удельного 
электросопротивления (б) от состава и температуры для 
сплавов Ti – Ni[4-6].  и Fe – Ni[2-4]. 
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Рис. 2. Температуры обратного и прямого 

мартенситного превращения для сплавов систем: а) Ti – Ni,    
б) Fe – Ni 
      Можно предположить, что в сплавах на основе титана, 
возможны составы отвечающие аномалии тепловых свойств.  

 

3. Результаты экспериментов и их обсуждение 
  

Экспериментальные исследования проводились в  
области  составов:  Ti-(13-28) ат.% V, Ti-(20-50) ат.% Nb, Ti-
(40-80) ат.% Та,  при охлаждении которых, протекает 
мартенситное превращение. 

Выплавленные в вакумно дуговой печи слитки 
после гомогенизирующего отжига при температуре 900°С в 
течение 10 час, ковали при температуре 700....900°С. Во 
избежание окисления в процессе ковки поверхность слитков 
покрывали защитной эмалью. Ковка осуществлялась до 
толщины около 5 мм. Далее проводилась закалка образцов от 
900°С в воду. Закаленные пластины прокатывали в холодном 
состоянии до толщины 1...2 мм. Степень суммарного 
обжатия регулировалось в пределах 30....70 %. Из 
полученных полос вырезали образцы для дилатометрических 
исследований. Дилатометрические образцы имели вид полос 
толщиной 2...4 мм, шириной около 4 мм, длиной 25 мм.  
 Измерение ТКЛР образцов проводилось на 
кварцевых дилатометрах  фирмы Линсайс и Синку-Рико по 
методике применяемой для определения ТКЛР, значение 
которых меньше 3·10-6, К-1 . 

Исследование целой серии сплавов позволило 
выбрать сплав с низким значением ТКЛР в каждой 
исследуемой системе. На рис. 3 представлены ТКЛР чистого 
титана, сплава Ti - 22 % V, Ti - 50 % Ta, Ti - 36 % Nb. Как 
видно, все сплавы обладают явным эффектом инварности, но 
наиболее низким значением ТКЛР обладает сплав системы 
Ti - Nb. Поэтому дальнейшие исследования проводились на 
сплавах системы Ti - Nb.  

 
 
 
 
 
 
 
 
 
 

Рис. 3. ТКЛР исследованных сплавов: 1 - титан, 2 - титан - 22 
% (вес.) ванадия, 3 - титан - 50 % (вес.) тантала, 4 - титан - 36 
% (вес.) ниобия. 
 
Образцы  сплавов титан - ниобий с содержанием ниобия: 30, 
32, 34, 36, 38, 40, 41, 42, 44, 46, 50 весовых % подвергались 
деформации прокаткой при комнатной температуре со 
степенью деформации 5, 10, 20, 40, 60, 67, 80 %, а также  
волочением (степень деформации 75 %), после 
предварительной закалки от 900°С в воде. Исследовались 
также образцы после деформации прокаткой и последующей 
закалки от 900°С в воде. При этом образцы вырезались вдоль 
направления прокатки. 

На рис. 4 а, б в качестве примера приведены 
дилатограммы образцов сплавов титан - ниобий разных 
составов после различных обработок. Дилатограммы 
образцов сплава Ti - 36 % Nb  после деформации и 
последующих нагревов  при температурах  100 - 350°С  
приведены на рис. 5. 

Зависимость среднего ТКЛР для интервала 
температур 20 - 100°С (ТКЛР20-100) в зависимости от 
состава сплавов титан – ниобий представлена на рис. 6.                                        
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Рис. 4  
а). Дилатограммы образцов сплавов Ti - Nb, содержащих 
ниобия (массовые %): 1 - 32; 2 - 34; 3 - 36; 4 - 38; 5 - 40; 6 - 
42; т/о: закалка от 900°С + деформация (Ψ = 40 %). 
б). Дилатограммы образцов сплавов Ti - Nb, содержащих 
ниобия (массовых %): 1 - 32; 2 - 34; 3 - 36; 4 - 38; 5 - 40; т/о 
закалка от 900°С. 

 
 
 
 
 
 
 

Рис.5 
Дилатограммы образцов сплава Ti - 36 % Nb после т/о: 
закалка от 900°С+ деформация (Ψ = 40 %) и последующего  
нагрева при температурах (°С): 1 - 20;  
2 - 100; 3 - 150; 4 - 200; 5 - 250; 6 - 300; 7 - 350    
  
 
 
 
 
 
 
Рис. 6. Зависимость ТКЛР20-100 от содержания ниобия 
в сплаве для закаленного от 900 С (1) и деформированного 
со степенью 40 % (2) образцов 
 

В деформированных  сплавах при повышении 
содержания  ниобия от 32 до 36 % величина ТКЛР 
понижается от +2⋅10-6 до -12⋅10-6 К-1;  при дальнейшем 
повышении содержания ниобия от 36 до 42 %  ТКЛР   
увеличивается от -12⋅10-6 до +7⋅10-6 К-1.  Минимальные 
значения ТКЛР наблюдаются для деформированных  
образцов, содержащих 34 и 36%  ниобия  (ТКЛР = (-11....-
12)⋅10-6 К-1). Для закаленных сплавов величина ТКЛР  
больше, чем для деформированных. Значение ТКЛР 
несколько понижается от 6 до   5⋅10-6 К-1 при повышении 
концентрации ниобия от 32 до 36 %. При дальнейшем 
повышении содержания ниобия (выше 38 %) величина ТКЛР 
возрастает от 5 до (7...9)⋅10-6 К-1. 

Влияние степени деформации на величину ТКЛР 
сплавов титан-ниобий приведено на рис. 8 а, 
иллюстрирующем изменение ТКЛР в зависимости от 
степени деформации прокаткой для сплава Ti - 40 % Nb. 
После деформации образцы были выдержаны при 100°С в 
течение 1 часа для устранения температурного градиента.  
Видно, что с повышением степени обжатия от 5 до 80 % 

величина ТКЛР повышается от -6⋅10-6 до -2⋅10-6К-1. При 
изменении степени деформации от 40 до 80 % величина 
ТКЛР остается практически неизменной. Аналогичные 
зависимости были получены также для сплавов Ti - Nb 
других составов. Довольно интересным и неожиданным 
результатом является то, что наиболее значительное 
понижение ТКЛР происходит при минимальной деформации 
(около 5 %). Увеличение степени деформации приводит не к 
понижению, а, наоборот, к повышению термического 
расширения. 

Влияние нагрева на изменение ТКЛР 
предварительно деформированных сплавов приведено на 
рис. 7 и 8.  

Результаты изменения ТКЛР сплава Ti - 36 % Nb 
после различного вида деформации и последующего отжига 
сведены в таблицу 1. 

 
Таблица 1.Значения ТКЛР х 106К-1 сплава Ti - 36 % Nb после 
деформации и последующего отжига. 
 
Вид деформации Температура отжига, °С 

25 100 150 200 300 320 
Прокатка, 40%  -10 -9 -8 -6 +0,2 +1,2 
Прокатка, 85% -14 -13 -10 -8 -0,3 +1,5 
 
 Видно, что величина ТКЛР повышается по мере 
увеличения температуры нагрева. При определенной 
температуре нагрева величина ТКЛР становится близкой к 
нулю. Температура нагрева, отвечающая нулевому значению 
ТКЛР, определяется, главным образом, составом сплава. С 
повышением содержания ниобия эта температура 
уменьшается. В частности для сплава Ti - 40 % Nb эта 
температура составляет порядка 210°С, а для сплава с 36 % 
Nb температура, отвечающая близкому к нулю значению 
ТКЛР составляет 310-320°С. 

Было, установлено, что характер изменения 
удлинения при нагреве сплавов титан-ниобий после их 
закалки и деформации отличаются коренным образом. 
Наиболее существенное отличие заключается в том, что во 
всем диапазоне температур имеет место удлинение, и даже 
сжатие, отвечающее низким значениям теплового 
расширения. 
В частности, эффекты влияния на ТКЛР состава, 
деформации и последующего нагрева сплава системы титан-
ниобий выражается в основных чертах в следующем. При 
увеличении содержания ниобия в сплаве от 32 до 36 % 
величина ТКЛР понижается от +2⋅10-6 К-1 до -10⋅10-6 К-1

. При 
дальнейшем увеличении содержания ниобия значение ТКЛР 
растет от -10⋅10-6 К-1 для Ti - 36 % Nb до +9⋅10-6 К-1 для Ti - 
46% Nb. С повышением степени деформации от 5 до 40%  
значение минимальной величины ТКЛР понижается, а при 
дальнейшем повышении степени деформации от 40 до 80 % 
величина ТКЛР практически не зависит от степени 
деформации.  
                Анализ полученных результатов показал, что 
температура, при которой величина ТКЛР становится 
близкой к нулю, не зависит от степени и типа 
предшествующей деформации, а зависит только от 
содержания ниобия в  сплаве. Все кривые изменения ТКЛР 
проходят через нулевое значение ТКЛР при одной и той же 
температуре и при дальнейшем повышении температуры они 
слабо отличаются друг от друга. Этот результат является 
важным при разработке режимов деформационно-
термической обработки, обеспечивающей придание сплавам 
Ti - Nb близких к нулю значений ТКЛР. 

Для выяснения природы влияния деформационных 
и термических обработок на изменение ТКЛР важно было 
изучить характер процессов, протекающих при таких 
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обработках, а также установить взаимосвязь между этими 
процессами и ТКЛР 

                                           
Рис.7 

Изменение ТКЛР20-100 
сплава Ti - 40 % Nb  в 
зависимости от 
температуры отжига 
для различной 
деформации прокаткой, 
(%): 1 - 40; 2 - 67; 3 - 80.                                                     
 

 
Рис. 8. Изменение ТКЛР20-

100 деформированного на 
40 %в зависимости от 
температуры отжига для 
различной степени           
сплава Ti - 36 % Nb в 
зависимости от 
температуры отжига. 

  
              Результаты рентгеновских исследований позволили 
выявить явления, которые связаны с аномально низким 
значением ТКЛР в Ti - Nb сплавах:                                                                                                                                                                                                     
1) образование орторомбического мартенсита при закалке и 
деформации приводит к изменению его объемной доли при 
нагреве; 
2) обратимое увеличение объемной доли атермической ω-
фазы при охлаждении до комнатной температуры; 
3) обратимое изменение степени орторомбического 
искажения мартенсита с температурой, в частности 
увеличение параметра в решетки α"-фазы при понижении 
температуры. 
В сплаве Ti-36%Nb, очевидно, создается оптимальное 
соотношение фаз, которое приводит к низкому значению 
ТКЛР в достаточно широком температурном интервале. 
Кроме того, необходимо отметить, что сплав Ti-36%Nb 
обладает ЭПФ, выраженном в меньшей степени, чем у 
никелида титана. Аналогичные данные по ЭПФ были 
получены и автором работы [42], что также подтверждает 
взаимосвязь природы ЭПФ и инварности сплавов. Анализ 
полученных результатов измерения ТКЛР 
рентгеноструктурных исследований позволил сделать выбор 
нового инварного сплава Ti-36%(по массе) Nb. 

Сплав этого состава имеет следующие свойства: 
- ТКЛР 20-100  106,К-1                                     -5….0….+5. 
- Предел прочности, Н/мм2                            700-800. 
- Предел текучести, Н/мм2                             600-700. 
- Относительное удлинение,  %                      12-20. 
- Температурный диапазон, 0С                   -150…..+200. 
- Магнитная восприимчивость  χ х 104, см3/моль    2. 
- Плотность, г/см3                                               5,45. 
- Собственный коэффициент зеркального отражения, % -80                           
- Коэффициент поглощения солнечного излучения, Аs  0,12                           
- Коррозионная стойкость      - уровень титановых сплавов. 
Сплаву присвоена марка ТВ36. 

4. Выводы 
 

1. Создан принципиально новый, не имеющий мировых 
аналогов немагнитный, деформируемый, 
коррозионностойкий титановый сплав с минимальным 
тепловым расширением (ТКЛР < 2⋅10-6 К-1) в широком 
температурном диапазоне (-150.....+150°С), а также с 
пониженной плотностью (<5.5 г/см3). 
2. Установлена общность физико-химических (тепловых, 
электрических и др.) свойств в сплавах с 
магнитомеханическим гистерезисом и сплавах с 
термоупругим мартенситным превращением. 

3. Установлено, что в закаленных и деформированных Тi-Nb 
сплавах, содержащих 32.....40%Nb, наблюдается аномальное 
понижение величины ТКЛР, с минимальным значением  при 
составе Тi-36 мас.% Nb. 
4. Доказано, что в результате отжига выше 200°С 
происходит повышение ТКЛР и при определенной 
температуре отжига величина ТКЛР принимает значения, 
близкие к нулю. С повышением содержания ниобия в сплаве 
температура отжига, при которой имеет место нулевое 
значение ТКЛР, понижается и для сплава с 36% ниобия  она 
равна  310°С.  
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ABSTARCT: Nanomaterials can be combined or modified with other materials allowing the development of a great variety of composite 
nanomaterials and nanohybrids with new structural and functional characteristics. This article aims to show the advantages of hybrid 
nanomaterials as transduction, amplification and labeling elements for the construction of electrochemical biosensing platforms. Special 
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1. INTRODUCTION 
       1.1. Electroanalytical chemistry and application of 
nanomaterials 
  Electroanalytical chemistry is an area of Analytical  Chemistry 
that use the relationship between chemical phenomena involving 
charge transfer (e.g. redox reactions, ion separation, etc.) and the 
electrical properties associated to these phenomena, for some 
analytical determination. It has been empowered with the progress 
of microelectronics, computer science, software engineering, micro- 
and nano- lithography, surface chemistry, microfluidics, materials 
chemistry and nanotechnology . 
The rational of using nanomaterials in electroanalytical chemistry is 
well justified  by many structural and functional properties of these 

nanosized materials. The most important characteristic is their high 
surface area-to-volume ratio, which determines their unique 
optical, electroconductive, and magnetic properties. This high 
surface area favor the large modification of nanostructured 
electrode surface with chemical receptors and electrocatalysts, but 
also allows the immobilization of large biomolecule loadings, 
causing a noticeable increase in the sensitivity of the resulting 
sensors and biosensors, respectively. As well electroconductive  
nanomaterials can decrease proteins-nanomaterial distance in 
biosensors, favoring the direct electron transfer between the redox 
center of some biomolecules and the bulky electrode material 
through tunneling mechanisms. 

1.2. Hybrid nanomaterials 
It is accepted that nanomaterials are a special type of materials sized 
between 1 nm and 1 µm in at least one dimension. Several authors 
have intended to define hybrid nanomaterials.[Yamada et al, 1989; 
Gómez-Romero & Sanchez, 2004; Ashby & Bréchet, 2003; 
Hagiwara & Suzuki, 2000]. Finally it agreed that hybrid 

nanomaterials are not a simple mixture of the starting component 
materials. Accordingly, the resulting properties of such nanohybrids 
are not only the sum of the individual contributions of the 
component phases, but the role of the inner interfaces could be 
predominant [Sánchez et al., 1994 New J Chem].  

 
Fig. 1. Examples on the structural differences between nanohybrids involving (A) or not involving chemical bonds (B) and nanocomposites 
(C).  
 
With the aims to provide a precise description of these important 
class of materials, which is based on the previous concepts of 
Hagiwara and Suzuki [4], we could define hybrid nanomaterials as 
the intentional combination of at least a nanomaterial with one or 
more materials, at an atomic or nanometer-level of mixture, 
complimenting each other to have new or improved functions and 
properties which component materials did not possess. 
 Nanohybrids can be classified according to their component 
materials in: i) inorganic-inorganic, ii) organic-organic, and iii) 
organic-inorganic hybrid nanomaterials, being the later the most 

commonly described in literature. Examples of all these families of 
nanosized hybrids have been largely employed in electroanalytical 
chemistry 

1.3. Hybrid nanomaterials in electroanalytical biosensing 
technology  

The ultimate goal in electrochemical biosensor technology is to 
design highly specific, robust and cost-effective analytical devices 
for the accurate and reproducible detection of the great variety of 
chemical and biochemical compounds with practical interest.  
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Fig.2. Schematic presentation of a biosensor 
 
To achieve this objective, it is imperative the assembly of 
sophisticated sensing surfaces having high and specific analyte 
recognition capacity, and able to ensure the electrocatalytic 
transformation of the target compound and the fast occurrence of 
electron transfer processes at the sensing interface.  
As previously mentioned, hybrid nanomaterials with inorganic-
inorganic, organic-organic and organic-inorganic composition can 
be tailor-made prepared. Moreover, the number of possible 
combinations of materials for the synthesis of such nanohybrids 
with super-functions or new functions is huge. Inorganic building 
blocks can be composed of nanoparticles, nanotubes, salts and 
metal complexes, inorganic polymers and layered materials such as 
clays, xerogels and layered double hydroxides. On the other hand, 
the number of possible organic building blocks is immeasurable. 
These novel hybrid nanomaterials can be prepared through different 
approaches including direct chemical transformation, template and 
sol-gel synthesis, intercalation, self-assembly and hydrothermal 
synthesis.  
Nanohybrids technology gives us the possibility to design a great 
variety of novel materials able to provide specific chemical 
functionalities, accurately arranged at the material surface, for the 
controlled, stable and oriented immobilization of the analytical 

biomolecules on the sensing interface. In addition, the 
hydrophilic/hydrophobic patterns of such nanohybrids can be 
programmed, in advance, to provide analytical biomolecules with a 
suitable microenvironment for their adequate biochemical function 
and molecular stability. 
2. Electrochemical aspects of graphene (G) and graphene oxide 
(GO). 
Since its discovery in 2003, graphene has emerged as a new and 
versatile material for electroanalytical applications [Brownson & 
Banks, 2010; Pumera et al., 2010; Gan & Hu, 2011]. This wonder 
material is a million times thinner than paper, stronger than 
diamond, more conductive than copper. However, graphene is 
highly hydrophobic, low soluble in water and many organic 
solvents, and tends to form irreversible agglomerates through strong 
π–π stacking and Van der Waals interactions. Moreover, the 
absence of chemical functional groups in graphene limits either the 
easy grafting of chemical receptors, the stable and large 
immobilization of biomolecules and the modification with organic 
and inorganic materials through covalent linkages to form advanced 
nanohybrids.  
Chemical derivatization of graphene is helping to overcome these 
disadvantages. However, the possibility to generically tailor the 
chemical properties of graphene is limited by its delicate structure, 
often yielding nanomaterials with poor electroconductive 
characteristics. For this reason,  the intention to prepare soluble and 
highly functionalized graphene derivatives with low modification of 
its basal structure, have received considerable attention. Many 
synthetic approaches commonly use graphene oxide (GO), a water 
soluble derivative that can be easily prepared by oxidative treatment 
of graphite, as starting material. GO mainly consists of graphene-
like sheets, with hydroxyl and epoxide groups on the basal planes 
and carbonyl and carboxyl groups at the sheet edges. In addition to 
the carbon structure of graphene, these oxygen functionalities in GO 
can be selectively used as anchoring point for chemical 
modification in order to prepare graphene-based hybrid 
nanomaterials (Fig. 3).  

 
Fig. 3. Examples of covalent functionalization chemistry of graphene or GO. I: Reduction of GO into graphene. II: Covalent surface 
functionalization via diazonium reaction (ArN2X). III: Functionalization of with sodium azide. IV: Reduction of azide functionalized GO with 
LiAlH4. V: Functionalization of azide functionalized GO through click chemistry (R–ChCH/CuSO4). VI: Modification of GO with long alkyl 
chains by the acylation reaction. VII: Esterification of GO VIII: Nucleophilic ring-opening reaction of GO. IX: Functionalization of GO with 
organic isocyanates. (According to Loh et al. 2010). 
 
GO and its derivatives can be easily reduced by chemical, thermal, 
photothermal, and electrochemical methods, restoring in high yield 
the structural and electrical conductivity properties of graphene. 
Graphene and GO have been employed as 2D material component 
for the preparation of many hybrid and composite materials for 
sensing and other purposes [Marques et al., 2011]. As a recent 
example, Yu and co-workers have prepared an amperometric sensor 

for dopamine by using a nanohybrid of poly-
(vinylpyrrolidone)/reduced graphene oxide as transduction surface 
[Yu et al., 2014].  
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3. Preparation of hybrid reduced GO nanomaterial 
for biosensing platforms. 
Reduced graphene nanoparticles have been prepared from graphene 
oxide in a two-step covalent modification approach. Graphene 
oxide was first enriched with reactive epoxy groups by anchoring 
(3-glycidyloxypropyl)trimethoxysilane at the hydroxyl groups 
located on the nanocarbon basal plane. Modified graphene oxide 
was further cross-linked and partially reduced by treatment with the 
fourthgeneration ethylenediamine core polyamidoamine G-4 
dendrimer producing graphene nanoparticles with crumpled paper-
like morphology. This graphene derivative was employed as a 
coating material for glassy carbon electrodes and the nanostructured 
electrode was tested for the preparation of electrochemical 
biosensors by immobilizing the enzyme tyrosinase through cross-
linking with glutaraldehyde. This bioelectrode showed excellent 
electroanalytical behavior for catechol with a fast response in about 
6 s, linear range of 10 nM to 22 mM, sensitivity of 424 mA M-1, and 
low detection limit of 6 nM. The enzyme biosensor also showed 
high stability when stored at 4ºC under dry and wet conditions. (E. 
Araque et al.2013). 

 
Fig. 4 FE-SEM images of PAMAM-Sil-rGO (A) and Tyr/PAMAM-

Sil-rGO (B). 
 

A hybrid nanomaterial was synthesised by covalent attachment of 
O-carboxymethylcellulose to reduced grapheme oxide. Graphene 
oxide was first anchored with (3-aminopropyl) triethoxysilane 
moieties to provide reactive primary amino groups at the basal 
plane. Periodate-oxidised O-carboxymethylcellulose was further 
covalently attached to this aminated nanomaterial through reductive 
alkylation with NaBH4. Stable aqueous dispersions were obtained 
with the resulting hybrid nanomaterial, which was used to coat 
glassy carbon electrodes. Furthermore, the enzyme tyrosinase was 
covalently immobilised and the nanostructured enzyme electrode 
was successfully employed for the amperometric detection of 
catechol in the 20 nm–56 mm range. The biosensor showed 
excellent analytical performance with a high sensitivity of 270 
mAm-1 and a low detection limit of 0.2 nm. [Elena Araque,[a] 
Reynaldo Villalonga,*[a, b] Maria Gamella,[a] Paloma Martinez-
Ruiz,[c] Alfredo Sanchez,[a] Valentin Garcia-Baonza,[d] and Jose� 
M. Pingarron*[a, b] ChemPlusChem 2014, 00, 1–9, DOI: 
10.1002/cplu.201402017 

 
Fig. 5. Representative FE-SEM images of (A) GO, (B) GO-APTES, 

(c) rGO–CMC and (D) Tyr/rGO–CMC. 
 
A nanostructured architecture for the construction of an 
amperometric enzyme biosensor toward catechol have been 

described. It is based on the electrostatic layer-by-layer assembly of 
four-generation ethylenediamine core polyamidoamine G-4 
dendrimers on glassy carbon electrodes coated with a graphene 
oxide-carboxymethylcellulose hybrid nanomaterial. This modified 
surface was further employed for the covalent immobilization of 
tyrosinase through a glutaraldehyde-mediated cross-linking. The 
enzyme electrode was used for the amperometric detection of 
catechol in the 2 – 400 nM range. The biosensor showed excellent 
analytical performance with high sensitivity of 6.3 A/M and low 
detection limit of 0.9 nM. The enzyme electrode retained over 93% 
of the initial activity after 40 days of incubation at 4ºC. 

 
 

Fig. 6. FE-SEM images of GO (A), GO-CMC (B), PAMAM/GO-
CMC (C) and Tyr/PAMAM/GO-CMC (D) 

Conclusions 
The application of hybrid nanomaterials in electroanalytical 
chemistry has all advantages cited above for the nanomaterials. 
However, these relevant functional properties of nanomaterials can 
be tuned, in an unimaginable fashion, by rational combination with 
other materials. This fact opens an exciting door for sensor and 
biosensor technology, which is well supported by the advances in 
other areas such as surface science, organic and inorganic synthesis, 
polymer and biomolecular chemistry and nanotechnology. 
Nanohybrids technology gives us the possibility to design a great 
variety of novel materials able to provide specific chemical 
functionalities, accurately arranged at the material surface, for the 
controlled, stable and oriented immobilization of the analytical 
biomolecules on the sensing interface. In addition, the 
hydrophilic/hydrophobic patterns of such nanohybrids can be 
programmed, in advance, to provide analytical biomolecules with a 
suitable microenvironment for their adequate biochemical function 
and molecular stability. 
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Abstract: In this study, the thermal and structural changes were observed in polyvinylchloride / graphene oxide (PVC/GO) composites in 
different amounts of 0.1, 0.3, 0.5 and 1 wt.%. To this aim, GO was prepared from natural graphite by Hummers method. XRD results of GO 
indicated that the interlayer distance increased from 0.33 nm to 0.88 nm. Energy Dispersive Spectroscopy (EDS) analysis results showed 
that oxygen content increased from 22.59 % to 47.95 % after the oxidation process. These features suggested that the GO sample, mainly 
oxygen-containing functional groups, was oxidized. PVC/GO composites were prepared by colloidal blending. XRD results of all composites 
indicated the GO layers well-dispersed in polymer matrix. SEM analysis revealed that the composites with 0.1 and 0.5 wt. % GO filler 
exhibited a uniform composite with highly porous and micro porous morphology respectively. TGA and DSC analysis showed that the use of 
minimum amount of GO in PVC matrix did not provide an important improvement on the thermal stability of the examined composites. 

Keywords: COMPOSITE, GRAPHENE OXIDE, PVC. 

 

1. Introduction 
The innovations in modern technology pave the way for 

growing demand on advanced polymer-composite materials. 
Especially PVC is a universal polymer due to its easy processing, 
low cost, good physical, chemical and corrosion properties. Today, 
the annual production volume of PVC is more than 30 million 
worldwide and more than 50 % of this material is used in 
construction sector. In recent years, PVC has taken the place of 
wood, concrete and clay. In addition, it has some additional 
application areas such as flooring, cable insulation, roof tiles, 
packaging material, bottle and medical products [1]. However, PVC 
has several disadvantages such as poor processability, thermal 
stability and weatherability. Moreover, PVC without plasticizers or 
fillers is typically brittle and is not suitable for use in many fields 
[2-3]. Commonly, graphene derivatives such as graphene oxide 
(GO), reduced graphene oxide (RGNO), modified graphene oxide 
(MGNO) and multi-layer grapheme (MLG) are widely used as 
fillers for polymer composite materials. The easy synthesis and 
solution processability of GO as an inexpensive filler material is 
used to product polymer composites [4]. Recently, the improvement 
in thermal, electrical and mechanical properties of PVC matrix with 
graphene derivatives has been reported in many literatures [2, 5-8]. 
However, studies on the PVC/GO composite are scarce. Deshmukh 
and Joshi (2014) prepared PVC/GO composite films with an 
interconnected network of macro-pores morphology by using 
colloidal blending method, and they reported that the strong 
interaction between PVC and GO increased thermal stability of the 
composites [4].  

The objective of this work is to synthesis, thermal and structural 
characterization of PVC/GO composites with the use of minimum 
amount of fillers. The present study examines the structural 
properties and thermal behavior of PVC/GO composites in the 
minimum amount of filler. 

2. Experimental Details 
All chemicals and reagents were of analytical grade in the 

experiments. All solutions were prepared using deionized (DI) 
water. GO was prepared from natural graphite (45µm nominal 
particle size) by the Hummers method [9]. Graphite (1 g) was 
mixed with 69 mL of concentrated H2SO4 and the mixture was 
stirred in an ice bath for around 30 min. After homogeneous 
dispersion of the graphite powder in the solution, KMnO4 (8 g) was 
added slowly to the solution in an ice bath and the reaction mixture 
was stirred for 15 min. under a reaction temperature of 20ºC. Then 
the ice bath was removed and the mixture was stirred at 35ºC 
overnight to form thickened paste. Afterward 70 mL of de-ionized 
water was added slowly into the reaction solutions to avoid the 
reaction temperature rising to a limit of 98 ºC. After 2 h of vigorous 
stirring, 12 mL of 30 % H2O2 was added and the color turned 

golden yellow immediately (Fig. 1 a). Finally, the mixture was then 
filtered and washed several times with 3 % HCl and DI water until 
pH 7 and dried at 65ºC for 12 h to obtain GO powder. There are 
plenty of oxygen-containing functional groups in its graphitic 
backbone: carboxyl (COOH) and carbonyl (-C=O) groups at the 
sheet edges and epoxy (C-O-C) and hydroxyl (-OH) groups on the 
basal plane [10] (Fig. 1 b). 

 

 
                         (a)                                                   (b) 

Fig. 1 (a) Oxidation of graphite to graphene oxide and (b) chemical 
structure of graphene oxide [11]. 

 
PVC/GO composites were prepared by a colloidal blending 

method. PVC (1gr) was first dissolved in Tetrahydrofuran (THF) at 
70 °C and was cooled to room temperature. GO powder was 
separately dispersed in THF at 25ºC. The two solutions were stirred 
for 2 h at 60ºC. The resulting homogeneous dispersion was poured 
into glass petri dish and kept in an oven at 60 °C for slow 
evaporation of the solvent to get PVC/GO composite. The GO 
content in the PVC/GO composite was varied from 0.1–1 wt. % 
(Table 1). 

Table 1 : Ratios and codes of GO in the composites 

Samples 
GO Content  

(in weight %) 
PVC/GO-0.1 0.1 
PVC/GO-0.3 0.3 
PVC/GO-0.5 0.5 
PVC/GO-1 1 

 
Structural analyses of the composites were carried out by FTIR 

spectra (Spectrum 100, Perkin Elmer) in the range of 4000–400 
cm−1 and X-Ray Diffraction (XRD, PAN analytical, Empyrean) in 
the range of 10–60°. The surface morphology was examined by a 
Scanning Electron Microscopy (SEM, Supra 40VP, Zeiss). 
Thermogravimetric analysis (TGA, STA 409, Netzsch) was 
performed by heating the samples from 25°C to 800°C at a rate of 
1°C min-1 in a nitrogen atmosphere. Differential Scanning 
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Calorimetry (DSC, STA 409, Netzsch) analysis was performed by 
heating the samples from 20°C to 600°C. 

3. Results and Discussion 
FTIR spectra of GO and PVC/GO composites were represented 

in Fig.2. The broad peak at 3214 cm-1 and a peak at 1720 cm-1 in the 
FTIR spectrum of GO could be assigned to O-H stretching vibration 
and the carbonyl (C=O) stretching vibration, respectively. The 
peaks located at 1160 cm-1 and 1040 cm-1 belong to epoxy C-O 
stretching vibration and the stretching vibration of alkoxy C-O 
functional groups, respectively [12-13]. These results suggested that 
the GO sample was oxidized and presented mainly oxygen-
containing functional groups. For the PVC/GO composites, the 
characteristic C–H in phase and out of phase stretching vibrations 
bands can be observed at 2911 cm-1 and 2859 cm-1, respectively. 
The peaks at 1426, 1252, 956, 834, 611 cm-1 in the FTIR spectra of 
PVC/GO composites were attributed to the CH2 deformation, CH-
rocking, trans CH wagging, C-Cl stretching and cis CH wagging 
vibration, respectively [8-14]. Obviously, there was no marked 
difference in the FTIR spectra for all composites (Fig. 2). This 
result was attributed to the low amounts of added GO. Deshmukh 
and Joshi [4] reported that FTIR spectra of PVC/GO composites 
exhibited an increase in the broadness of the peak in the region 
1000–1500 cm-1 at higher loading of GO (2.5 wt.%). 

 
Fig.2 FTIR spectra of GO and PVC/GO composites 

Fig. 3 showed XRD patterns of the pristine graphite (GF) and 
prepared GO and PVC/GO composites. The crystalline GF had a 
sharp characteristic peak at 2θ=26.4º. The corresponding interlayer 
distance was observed to be 0.33 nm. After oxidation, the 
diffraction peak shifted to 9.9° indicating that the interlayer space 
increased to 0.88 nm [13]. The increase in the interlayer distance 
from 0.33 nm to 0.88 nm was due to oxygen-containing functional 
groups intercalated within the layered structure. The results show 
that the reflection shape of PVC/GO composites is almost exactly 
the same because of the low X-ray diffraction intensity of PVC and 
low amounts of added GO [6]. These results of all composites 
indicated the GO layers well-dispersed in polymer matrix, as shown 
in Fig 3. 

 
Fig. 3 X-ray diffraction patterns of GF, GO and PVC/GO composites. 

Fig. 4 showed the SEM images of the GF, GO, PVC and 
PVC/GO composites. It could be seen clearly from the SEM image 
of Fig. 4a that GF had a thin plate stacked structure [15]. GO 
presented a worm-like structure randomly aggregated [16-17] (Fig. 
4b). According to EDS results of the GF and GO, oxygen content 
increased from 22.59 atom % to 47.95 atom %. When compared to 
the straight surface of neat PVC shown in Fig. 4c, the PVC/GO-0.1 

composite with low doping amount (0.1 wt %) of GO showed 
continuous and compact structure with highly porous (Fig. 4d). As 
shown in Fig. 4e, the SEM image of the PVC/GO-0.3 composite 
showed that GO exhibited a crumpled structure in the form of thin 
sheets in a random manner closely associated with each other. Pores 
and cavities with 4-5 µm in size were observed on the PVC/GO-0.5 
composite with 0.5 wt. % GO (Fig 4f) due to polymer growing in 
the pores and galleries of GO [4]. In Fig. 4g, the SEM image of 
PVC/GO-1 composite indicated a low degree of agglomeration of 
GO. 

 
 
 
 
 
 
 
 

Fig.4 SEM images of (a) GF, (b) GO, (c) PVC, (d) PVC/GO-0.1, (e) 
PVC/GO-0.3, (f) PVC/GO-0.5, (g) PVC/GO-1 (magnification 5000X). 

TGA weight loss and derivative thermograms for the PVC and 
PVC/GO composites with different GO content were given in Fig. 5 
and thermal parameters were summarized in Table 2. 

 

 

 
Fig.5 TGA and DTG curves of (a) PVC, (b) PVC/GO-0.1, (c) PVC/GO-0.3, 
(d) PVC/GO-05 and (e) PVC/GO-1. 
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Table 2 : Thermal parameters for the PVC and PVC/GO composites             
(20 °C/min heating rate, under nitrogen atmosphere). 
Sample T (°C) range 

                 
T1              T2 

Weight loss at 
600°C (%) 

Residue at 
600°C wt.   
(%) 

PVC 296          452 84 16 
PVC/GO-0.1 292          464 86 14 
PVC/GO-0.3 297          457 83 17 
PVC/GO-0.5 293          469 86 14 
PVC/GO-1 276          470 88 12 

 
PVC started to degrade at low temperatures of about 153°C. 

PVC and its composites showed two stages of decomposition. The 
first weight loss was observed in 296°C for the neat PVC, 
corresponding to the loss of HCl [6] (Fig. 5 a). For the composites, 
the first weight loss (T1) in the range 292–276°C was attributed to 
the elimination of oxygen containing functional groups of GO [4] 
(Fig.5 b - e). The decomposition temperatures of the PVC, 
PVC/GO-0.1, PVC/GO-0.3 and PVC/GO-0.5 composites were 
about same (Table 2) (Fig.5 b-d). This means that the GO plays 
little role in improving the thermal stability of the PVC. When 
compared to the neat PVC, the first thermal decomposition 
temperature of the PVC/GO-1 composite in Fig.5 a  and e reduced 
to 276°C. It showed lower stability because the GO layers act as a 
reinforcing particulate filler attracting Cl. Therefore, the C–Cl 
bonds in PVC were weakened at this temperature [5-6]. The low 
thermal stability of the PVC/GO-1 composite was mainly attributed 
to the weak interactions between the GO and PVC [2]. As shown in 
Fig. 5 b-e, no weight loss from 290 to 470°C was observed, which 
indicates the stability of the composites at this temperature. The 
second major weight loss (T2) was observed between 457 and 
470°C for all composites in Fig.5 b-e, which was much shorter than 
the previous stage. For all PVC/GO composites, the mass loss 
during this degradation stage was little increased compared to the 
neat PVC (Table 2), which indicated that the dispersion of GO 
layers partially prevented the formation of volatile aromatic 
compounds along with a decrease of carbonaceous residue [6]. This 
result is consistent with those of the graphene/PVC composites 
reported in literature [2]. 

The resultant DSC thermograms were presented in Fig.6 and the 
quantified results were summarized in Table 3. From the data, it 
could be observed that the neat PVC exhibited glass-transition 
temperature (Tg) at around 59°C. However, the PVC/GO 
composites showed a different behavior with the value of Tg shifted 
below 59°C (Table 3) [7]. Reducing of glass transition temperature 
provides an easier relaxation of molecular chain [18]. As shown in 
Fig. 6, DSC thermograms of the neat PVC and composites exhibited 
endothermic transition peaks. The peak temperature of melting 
occurred at about 300°C for all the PVC/GO composites, indicating 
that the addition of GO had little effect on the melting point of the 
composites (Table 3). 

As given in Table 3, the addition of 0.1 wt. % GO produced an 
increase of 62.9 J/g in enthalpy. This could well be explained by the 
reinforcing effect of GO sheets leading to improved thermal 
stability. Moreover, this result demonstrated the compatibility of 
TGA and DSC curves of the PVC/GO-0.1 composite. When the GO 
content is increased to 0.3 and 0.5 wt. %, the melting enthalpy 
decreased to some extent. However incorporating 1 wt. % GO into 
PVC matrix leds to a 29.81 J/g decrement in the value of enthalpy 
compared to the neat PVC and the composites with 0.1, 0.3 and 0.5 
wt.%, which shows the existence of weak interaction between the 
polymer and the filler [18]. Also, TGA results (Table 2) and SEM 
images (Fig 4) supported the decrease in the enthalpy of the 
PVC/GO-1 composite. 

 

 
Fig. 6 DSC curves of the neat PVC and PVC/GO composites. 

Table 3 : Glass-transition temperature and melting parameters of the neat 
PVC and PVC/GO composites. 

4. Conclusion 
In this study, FTIR, XRD and EDS results showed that GO was 

successfully synthesized from natural graphite by Hummers 
method. PVC/GO composites with dispersion in THF had been 
synthesized by colloidal blending method using minimum amount 
of GO. XRD results of all composites indicated the GO layers well-
dispersed in PVC matrix. No changes was observed in XRD 
patterns and FTIR spectrums of all composites with addition of 
small amounts of GO to PVC matrix. However, the composites had 
a different morphological structure compared with the neat PVC. 
The SEM images showed that the composites with 0.1 and 0.5 wt. 
% GO filler exhibited a uniform composite with highly porous and 
micro porous morphology, respectively. TGA and DSC results 
showed that there was a good interaction between the GO and PVC. 
However, the addition of small amounts of GO into PVC matrix has 
not manifested an important improvement on thermal properties of 
the composites. All results of this study revealed that the structural 
changes of the PVC/GO composites must had influenced their 
mechanical properties. Therefore, the mechanical properties of 
these composites will be examined in a future work. 
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Abstract: This paper examines the influence of the graphite morphology on the high temperature abrasive wear behavior of vermicular 
and nodular cast irons, having same hardness. Wear tests were conducted on a 240-mesh Al2O3 abrasive paper at various temperatures in 
between 25 and 450 °C. The results showed that in all cases, the nodular cast iron exhibits a higher wear resistance than the vermicular cast 
iron. Generally the examined vermicular and nodular cast irons exhibit the highest resistance to abrasion at 150°C. 
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1. Introduction 
Cast irons having desirable properties such as excellent 

castability, high wear resistance, ease of machining are relatively 
low cost when compared with alloy steels with similar mechanical 
properties [1-3]. Cast irons can be divided into gray cast iron, 
vermicular cast iron and nodular cast iron by their different graphite 
shapes. Vermicular cast iron (VCI) and nodular cast iron (NCI) are 
widely used in demanding applications (cylinder heads, exhaust 
manifolds and brake parts) for which the temperature and wear are 
usually localized at the surface of machine parts [4, 5].  

It is well established that the properties and performance of any 
type of cast irons depend highly on the graphite type. The variations 
in graphite morphology cause the significant changes in total 
material loss through abrasion [6]. The understanding of the 
graphite´s role together with the matrix on the mechanical and 
physical properties of cast irons is still limited. There is no doubt 
that the mechanical behaviour of cast irons is a cooperative action 
between the matrix (ferritic, pearlitic or ferritic/pearlitic) and the 
graphite (flake, vermicular, mellable or nodular) under high 
temperature loading.  

To address the need for operation in high temperature abrasive 
wear conditions, this study aims to determine the wear behaviour of 
two different classes of cast irons identified as VCI and NCI. 

2. Methods and Procedures 
The material used in the present study was VCI and NCI cast 

irons. The average hardness value of the VCI and NCI cast irons 
was 200 HB, which was measured five times by Brinell hardness 
tests using a load of 187.5 kg and 2.5 mm steel ball. The 
microstructural examinations were made on a Nikon model Optical 
Microscope (OM) after preparing the VCI and NCI cast irons in the 
standard manner and etching with 2 % Nital.  

A schematic illustration of the high temperature abrasive wear 
testing machine used in this study is shown in Fig. 1. Wear tests 
were performed under a normal load of 10 N, by rubbing the 
samples machined into cylindrical shape of 6 mm in diameter and 
20 mm in length, on an Al2O3 abrasive paper with a fineness of 240 
mesh. Sliding speed of the belt was 0.5 m/s. During the wear tests, 
samples that were rubbing on the abrasive papers were moving 
perpendicular to the sliding direction so that they always passed 
over fresh abrasives. Total sliding distance of the samples on the 
abrasive papers was 8.4 m. Weight loss values were measured by 
means of a 0.1 mg precision scale. The abrasive wear test was 
carried out at various temperatures in between 25 and 450 °C. The 
effect of wear environment temperature on the abrasive wear 
behaviour of the VCI and NCI cast irons is analyzed on the basis of 
Relative Wear Resistance (RWR): 

 

 

After the wear tests, worn surfaces of the samples were 
examined by a Scanning Electron Microscope (SEM) and a stylus 
profilometer. The roughness-measurement length was 2 mm for 
average-surface-roughness (Ra) and maximum-roughness-depth 
(Ry) determinations, in units of microns. The parameters Ra and Ry 
are the average absolute deviation of the roughness irregularities 
from the mean line and the largest value of the maximum peak to 
valley height parameters along the assessment length, respectively 
[7]. In order to understand the mechanism of material removal 
during wear testing, the subsurface hardness and cross-sectional 
micrograph of the worn surface were examined with microhardness 
under a load of 25 g and OM examination, respectively.  

 
Fig. 1 Schematic view of the high temperature abrasive wear tester utilized 
in this investigation. 

3. Results and Discussions 
The VCI cast iron presents ferrite in its microstructure, besides 

pearlite, vermicular (worm-shaped) graphite and traces of nodular 
graphite (Fig. 1 a). As shown in Fig. 1 b, the microstructure of the 
NCI cast iron consists of a pearlitic matrix with ferritic rings of 
varying thicknesses surrounding the graphite nodule size of 19.5 
µm, which had a good nodularity. The Brinell hardness of the VCI 
and NCI cast irons was also similar, independently of the different 
graphite morphology. 

 

 

 

 

 

 

RWR= 
total weight loss of VCI at room temperature  

 total weight loss of other samples at other 
temperature 
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(a) 

  
(b) 

Fig. 2 Low and high magnification OM micrographs of the (a) VCI and (b) 
NCI cast irons. 

The variation of the relative wear resistance experienced by the 
VCI and NCI cast irons is provided in Fig. 3 as a function of 
temperature. The NCI cast irons presented higher wear resistance 
than VCI cast irons when tested at 25, 150 and 300°C. However, the 
wear resistance of the VCI cast iron tested at elevated temperature 
(450°C) is slightly higher than that of the NCI cast iron. The highest 
relative wear resistance was obtained for the VCI and NCI cast 
irons at the temperature of 150 °C. Microhardness measurements in 
the subsurface cross-section proved that this temperature 
corresponds to the beginning temperature of strain aging beneath 
the worn surface (Fig. 4). The improvement in the wear resistance 
of the VCI and NCI cast irons tested 150°C can be related to the 
strain aging phenomena of the subsurface layer during the wear test 
(Fig. 3). The trend displayed in the wear resistance has been 
observed in Celik’s results [8]. Above 150°C, the wear resistance 
diminished as a consequence of its low subsurface hardness at 300 
and 450 °C (Fig. 3). It can be concluded from Figs. 3 and 4 that 
when the temperature reaches up to 450°C, the abrasive particles 
penetrate and abrade the matrix. 

 
Fig. 3 The effect of test temperature on the relative wear resistance of the 
VCI and NCI cast irons abraded on a 240-mesh Al2O3 abrasive grains. 

 
Fig. 4 The effect of test temperature on subsurface hardness of the VCI and 
NCI cast irons abraded on a 240-mesh Al2O3 abrasive grains. 

VCI cast irons exhibit rougher worn surfaces and deeper 
abrasive groves accompanied by a high degree of plastic 

deformation than NCI cast irons (Figs. 5 and 6). It is supposed that 
when alumina abrasives reach the leading edge of the graphite 
flake, the width and depth of the scratch suddenly are increased due 
to the low hardness and low abrasion resistance of graphite flakes. 
Ra and Ry values (Fig. 6) for the wear scars of the VCI and NCI cast 
irons exposed to wear increased when the testing temperature was 
increased to 300 °C. Interestingly, the Ra and Ry values decreased at 
temperature of 450°C as a result of penetration of abrasive particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 High magnification SEM micrographs showing the morphology of the 
worn surfaces of the VCI and NCI cast irons abraded on a 240-mesh Al2O3 
abrasive grains at room (25°C) and at elevated temperatures (up to 450°C). 

 
(a) 

 
(b) 

Fig. 6 Variation of (a) Ra and (b) Ry values with wear environment 
temperature.  
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Fig. 7 shows OM micrographs of cross-section of worn surfaces 
of the VCI and NCI cast irons after the wear test of 8.4 m travel 
distance. Fig. 7 illustrates that strong cracking had occurred under 
the worn surface of the VCI cast iron. The notch effect is higher for 
the VCI cast iron compared with that of the NCI cast iron with the 
same hardness, because thick flake graphite removal produces high 
stress concentration in the VCI cast iron [9, 10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Cross-section observations of the damaged cast irons under the worn 
surface after chemical etching.  

4. Conclusion 
Effect of graphite morphology on high temperature abrasive 

wear properties of VCI and NCI cast irons has been investigated 
and the following conclusions may be drawn:  

1. The results showed that the VCI cast iron presented greater 
wear losses than the NCI cast iron at any temperature applied. 

2. The use of thick flake graphite cast iron for high temperature 
abrasive conditions increased a risk of damage. In abrasive working 
conditions, spheroidal graphite cast iron should be used, which is 
more crack resistant. 

3. Formation of strain aging of the subsurface layer during wear 
process at 150 °C was contributed to increase in the wear resistance 
of the VCI and NCI cast irons. Above 150 °C, the wear resistance 
and subsurface microhardness of the VCI and NCI cast irons 
decreased with an increase of testing temperature.  

Acknowledgements 
This study was supported partially by TUBITAK (2209) 

research grant. 

 

 

 

 

 

5. Literature 
1. Sahin Y., V. Kilicli, M. Ozer, M. Erdogan. Comparison of 
abrasive wear behavior of ductile iron with different dual matrix 
structures, Wear, 268, 2010, 153–165.  

2. Abedi, H.R., A. Fareghi, H. Saghafian, S.H. Kheirandish. Sliding 
wear behavior of a ferritic–pearlitic ductile cast iron with different 
nodule count, Wear, 268, 2010, 622–628.  

3. Cheng, X., S. Hu, W. Song, X. Xiong. A comparative study on 
gray and nodular cast irons surface melted by plasma beam, 
Vacuum, 101, 2014, 177-183. 

4. Cueva, G., A. Sinatora, W.L. Guesser, A.P. Tschiptschin. Wear 
resistance of cast irons used in brake disc rotors, Wear, 255, 2003, 
1256–1260. 

5. Tvarozek, J., M. Lickova. Structural and stress conditions of 
graphite cast irons after intense heating and controlled cooling, 
American International Journal of Contemporary Research, 3, 2013, 
49-69.  

6. Ghaderi, A.R., M. Nili Ahmadabadi, H.M. Ghasemi. Effect of 
graphite morphologies on the tribological behavior of austempered 
cast iron, Wear, 255, 2003, 410–416.  

7. Gadelmawla, E.S., M.M. Koura, T.M.A. Maksoud, I.M. Elewa, 
H.H.Soliman. Roughness parameters, Journal of Materials 
Processing Technology, 123, 2002, 133-145.  

8. Celik, O., H. Ahlatci, E. S. Kayali, H. Cimenoglu. High 
temperature abrasive wear behavior of an as-cast ductile iron Wear, 
258, 2005, 189–193. 

9. Murthy, V.S.R., Kishore and S Seshan. Vermicular graphite cast 
iron--current state of the art, Sadhan, 8, 1985, 361-372.  

10. Buni, S. Y, N Raman and S, Seshan. The role of graphite 
morphology and matrix structure on low frequency thermal cycling 
of cast irons, Sadhana, 29, 2004, 117–127. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

51



LASER TECHNOLOGY IN MATERIALS SCIENCE NANOCOMPOSITE MATERIALS 
BASED ON THERMOPLASTICS 

 
ЛАЗЕРНЫЕ ТЕХНОЛОГИИ В МАТЕРИАЛОВЕДЕНИИ НАНОКОМПОЗИЦИОННЫХ МАТЕРИАЛОВ 

НА ОСНОВЕ ТЕРМОПЛАСТОВ 
 

Sarokin V.1, Doc. cand. eng. Avdeychik S.2, Prof. dr. eng. Struk V.3, 
Prof. cand. eng. Krauchanka 4 

Faculty of Innovative Technologies Engineering 1,3,4 –  University Grodno, Belarus, E-mail: sorvg@grsu.by 
Ltd. "Molder" 2 -  Grodno, Belarus, E-mail: info@molder.by 

 
Abstract: The physicochemical and structural aspects of the modification of polymeric materials and fillers, laser exposure to a given 
intensity. Installed effects transform the morphology of the surface layers of dispersed, semi-finished fiber and membrane to form nano-sized 
components with increased vigour. Modification of certain process parameters laser that achieve predetermined functional characteristics. 
It sets the parameters of the effect of a significant increase of strength characteristics of film semi-finished products made of thermoplastic 
(HDPE, LDPE, PP, PA, PET, PTFE), due to the formation of spherulitic supramolecular structures. The energy parameters of the surface 
layers of composites, subjected to modification of a short-pulse laser exposure. Installed effect forming electrets structures and nano-relief, 
providing suppression of unfavorable biochemical processes in the application of products in practice. The results of the use of materials 
and products subjected to laser modification, engineering and medical practice. 
KEYWORDS: LASER INFLUENCE, TRANSFORMING THE STRUCTURE, FORMATION CHARGE, ACTIVE STATE, STRENGTHENING 
EFFECT 
 
 

1. Introduction 
 
The use of laser radiation (LR) as a modifying factor in the 

structure and parameters of physical and mechanical properties of 
semi-finished metal and polymer materials treated with the middle 
of the last century [1-4]. In this area there has been significant 
progress in creating a variety of devices store information, 
antifriction materials, adhesives. However, in most publications, 
focuses on the process of structuring, ablation, changes in the 
optical characteristics, improving the parameters of physical and 
mechanical properties of polymeric and metallic materials [1; 3-10]. 

There is currently no established theory that uniquely 
describes the structural changes occurring in thin surface layers of 
semi-finished products of different structure, composition and 
production technology, under the action of laser radiation. It is 
obvious that this is largely due to various methodological terms of 
sample processing, differing pulse duration LEE, ego, energy, angle 
of incidence of the beam on the substrate LR, geometric parameters 
of the samples, and so on. D. Therefore, the available data in the 
literature are often not correlated c determine the effect of changing 
the topography of the surface layers of the treated samples, the 
parameters of the supramolecular structure, hardening et al. [1-11]. 

For example, in [3] the main factor change the supramolecular 
structure under the action we consider thermal degradation of 
particles of various impurities that are present in the polymer 
intermediates. In [6], the authors established that the formation of 
ordered structures in the volume of non-crystalline polymer sample 
under the influence of short-pulse radiation. A number of studies 
indicated a characteristic change in the surface topography of semi-
finished polymer exposed to LR, who is characterized by the 
formation of specific relief, geometrical parameters which depend 
on the processing conditions [3; 11; 14]. 

It is obvious that the effects of transformation of the structure 
and physico-mechanical characteristics of the polymer 
intermediates, due primarily change the energy state of the polymer 
molecules and the components included in the technical 
intermediates, m. K. Is known that, even with a relatively small 
power fluxes (with the point of view of industrial technology and 
engineering used in geometrical parameters of components), you 
can change the state of the polymer and oligomer macromolecules, 
resulting in structuring, degradation, ablation and supramolecular 
ordering [10-14]. This fact necessitates a systematic study of the 
mechanism of action of modifying LR polymeric semi-finished 
products of varying composition, structure and production 
technology, t. To. In connection with the intensive development of 

the technological base of this type of functional processing can be 
effectively used in the process of preparation of ingredients in the 
preparation of composite materials in order to increase their 
deformation and strength characteristics for surface activation in the 
form of semi-finished films and block blanks for coating and 
control tribological parameters for the formation of electrophysical 
state with a given relaxation time of polymer and composite 
products used in sealing, tribological systems and practices, and so 
on implantation etc. 

The specific advantages of the method of modifying the laser 
allow controlling radiation parameters (energy and pulse duration, 
wavelength) and the local impact on the surface of the product or 
semi-finished with minimal energy loss. In addition, the short 
duration of the pulse Lee and the ability to control the flow of 
geometric parameters determine the possibility for significant 
portions of energy in the local area semi without causing the 
formation of macroscopic defects caused by melting, destruction, 
burning, ablation, and others. Processes for traditional forms of 
technological energy impacts. 

The aim of this work was to evaluate the possibility of using 
short-pulse laser (s) to modify the semi-finished products from a 
variety of thermoplastic materials. 

 
2. Preconditions and means for resolving the 

problem 
 

 The theoretical calculations of the engine heat cycle were 
made for three For studies used semi-finished foil in a state of 
industrial supplies thickness of 120 to 200 microns, obtained by 
extrusion blow molding or extrusion through a flat head, 
polyethylene (HDPE), high density polyethylene (HDPE), 
polypropylene (PP), polyethylene terephthalate (PET ). Before 
processing LEE foil samples purified from mechanical impurities 
by treatment with ethyl alcohol. For modifying the samples of 
polymer materials used laser installation "Quantum-15" and the 
PRP-100N, generating laser light with a wavelength λ0 = 1,06 
microns, λ0 = 0,69342 microns  and a pulse duration of 1,2-2 ∙ 10-6 
sec. The number of pulses in the treatment ranged from 1 to 10. The 
substrates on which the samples were placed foil was used as the 
light-scattering (reflecting) and light-absorbing materials. The 
energy of a single pulse was 0,6-6 J. 

As a parameter for evaluating the charge state of a sample of 
the polymer material used values of thermally stimulated currents 
(TSC), resulting in a sample by heating it and change its size when 
exposed to external factors, in particular laser radiation. 
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The method of thermally stimulated depolarization (TSD) is to 
measure the thermally stimulated current electret sample. Heating 
the sample at a constant rate of 100 C/min to thermally fix current 
values at different temperatures were performed using an instrument 
ST-1. Device management and processing programs are designed 
ODO "MICROTESTMACHINES" (Gomel). 

Study of the morphology of the surface layers of film samples 
was carried out using an optical complex that includes a microscope 
and image processing software Autoscan Areas, and by atomic 
force microscopy (AFM Nanotop-3). Structural changes in the 
polymer matrix after exposure to laser radiation was evaluated by 
IR-ATR spectroscopy using the IR Fourier spectrometer Tensor 27. 

 
3. Results and discussion 
 
Compliance with the optimal parameters of supramolecular 

polymer matrices is very challenging [15], so most industrial 
plastics have sufficient variation is service characteristics due to, 
inter alia, differences in the structure and content of supramolecular 
structures in the bulk polymer matrix. For example, wear resistance 
of polytetrafluoroethylene, polyamide, and others. Quite polymeric 
materials depends substantially on the ratio of the ordered 
(crystalline) phase and disordered, which varies significantly even 
within the same batch of material depending on its processing 
process parameters - temperature, time of exposure, the time and 
intensity heat removal from making out the form elements, the heat 
treatment temperature of finished products and so on. n. Therefore, 
the most important task of practical polymeric materials science is - 
provide stable performance of service characteristics of industrial 
materials using relatively simple technological methods based on 
the management of processes of formation of the supramolecular 
structure of the energy flows of different nature and intensity . 

Of particular relevance in the manifestation of the operating 
parameters of the product polymer or composite material has a 
surface layer structure that defines and tribological, protective, 
fatigue and others. Characteristic. In this aspect of laser technology 
are particularly effective modification and prospects for practical 
application. 

The modification of the surface layers of polymer films 
(HDPE, LDPE, PP, PET) short-pulse ruby laser GORE-100N, 
operating in free-running mode with a pulse duration τ = 1,2 ms and 
with a wavelength λ = 0,69342 microns Characteristic changes in 
the structure, topography and structure of polymeric materials. 
Investigation of the physicochemical characteristics of the films 
indicates a significant impact on the density of irradiation 
parameters tensile strength and elongation (Figure 1). Hardening 
effect is especially significant for PET film which is in non-
crystalline state as a result of the technological features of 
preparation. Noteworthy nonmonotonic dependence            σt = f 
(P), which indicates the specific restructuring of the supramolecular 
structure of materials by laser radiation. 

 

 
Fig. 1 Dependence of tensile strength of the laser power density for 
samples of film of PET (1) LDPE (2) PP (3) 

 
IR spectroscopic studies confirm the fact of changing the 

structure of the investigated materials. The IR spectra of the 
samples irradiated LDPE LR, new absorption bands in the 600-800, 
1600-1750 cm-1 and the redistribution of the intensities of bands in 

the 1360 cm-1 which characterize the ratio of crystalline and 
noncrystalline phases. 

These assumptions are confirmed by the study of the 
morphology of the surface of the polymer samples subjected to laser 
irradiation of different capacities. With increasing doses there is a 
total increase in the number of characteristic fragments of the 
tapered surface of the sample is likely due to the recrystallization 
process under the action of the laser beam. Given that the input 
power is relatively small and the radiation does not exceed 3.5 W / 
cm2, and the processing time of 1.2 ms, it can be assumed that the 
process of degradation with deep entrainment noncrystalline 
component from the surface layer, such [10] does not occur and the 
change in elevation is due to the formation of local quasi-crystalline 
formations, due to changes in the energy state of macromolecules. 
This assumption is supported by the fact smooth relief in excess of 
the power density of 4.5 W / cm2, which is probably due to thermal 
destruction of the crystal irregularities on the mechanism of fusion. 
Dimensions formations on the surface of the irradiated films are in 
the range 30-40 nm and cross section 10-150 nm in height (Fig. 2). 

 

   
а b c 

 
Fig. 2 The characteristic surface morphology of the film sample of 
high-density polyethylene (LDPE) initial (a) and after a single 
exposure to laser radiation energy of 30 joules (b) and 2 J (c) 

 
Similar changes in the surface topography of film samples are 

observed during their processing laser source "Quantum-15" with a 
wavelength λ = 1,06 mm and pulse duration with 2 ∙ 10-6 sec. 

The typical form of PET films treated with different doses of 
LR, is shown in Fig. 3, 4. 

Attention is drawn to the fact of the active influence of the 
type of the substrate on which the treated samples, the 
characteristics of the topography. On the reflective substrate same 
dose if the caller significantly less change in the parameters of the 
surface topography (Fig. 2) than the light-absorbing (Fig. 3). 

This effect is probably due to the peculiarities of the processes 
of energy redistribution in a foil sample LR: reflective substrate 
leads to almost total reflection of the flow and efficiency of its 
influence on the process of structuring is substantially lower than 
the irradiation on the light-absorbing substrate. In the latter case, 
almost all the energy of the incident flux is redistributed between 
the macromolecules of the sample, causing a change in their spatial 
orientation. 

As shown in [6], the impact of LR can cause the formation of 
ordered ("quasicrystalline") areas, even in a sample of polymethyl 
methacrylate (PMMA). Moreover, the size of these areas are large 
enough and are determined by Wray structural analysis. It seems 
more reasonable representation of the authors of [5; 6] on the 
mechanism of ordering macromolecules in polymer matrices, based 
on the occurrence of acoustic waves under the influence of short-
pulse Lee. 

Controversial, and, in our opinion, is not proven hypothesis 
proposed in [3], according to which the supposed presence in the 
volume of semi-finished polymer significant number of 
contaminants ("dust" in the terminology of the authors) and low 
molecular weight products of synthesis. Obviously, if we assume 
that pollution is indeed present in large enough quantities in the 
polymer semi-finished products (which is doubtful, t. To. the 
modern synthesis technology require thorough cleaning of 
components in the reaction volume, because contamination can lead 
to a breach of polymerization reactions and the formation of 
polydisperse product), they are predominantly inorganic nature 
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(mostly silicate particles), and can not decompose to gaseous state, 
due to the "swelling" of the surface layer of the sample, due to its 
high temperature resistance, reaching values above 973 K [16]. 

 

 

                 Ra=10,7   Rq=15,0 
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Fig. 3 The topography of the surface layer 3 of polyethylene 
terephthalate film (PET) of the original (a) and once treated with 
the laser beam voltage heater 500 (b) 600 (c), 700 (d), 800 (i) 900 
(f) . Field scanning 25×25 microns. Flocked substrate 

 
 

The content of significant amounts of low molecular weight 
fractions in industrial films also unlikely because modern 
production technologies based on the removal of these products at 
the various stages, as they may cause adverse effects on the 
composition of products, including edible products that are 
packaged in a semi-finished product of film.. 

Intensive energy impact on the foil samples causes not only a 
change in the spatial arrangement of macromolecules, but their 
energy state. Prerequisites for change in the energy state of the 
polymer sample by laser irradiation can be - the flow of localized 
degradation processes the most stressful parts of macromolecules to 
form makroradikalnyh products, the formation of traps charge 
carriers through the cleaning of the surface layers of samples from 
contamination and adsorbed gaseous and liquid phase product of the 
environment, the flow of the secondary processes of synthesis 
between components of the surface layer and the polymeric 
components of the sample (in Vol. h. makroradikalnymi with food) 
that may cause formation of polar groups (for example, −С=О, 
−ОН). 

Change in the energy state of the surface layer of polymer 
semis after Lee can be effectively used in the technology of 
composites during the deposition of functional layers on the semi-
finished product, when creating components tribosystems and a 
number of other practical applications. For example, it is known 
that the energy state of the filler particles leads to hardening of 
polymer composites due to the formation of the boundary layer 
quasicrystal [16; 17], and the management of its parameters is an 
effective way to improve the tribological parameters tribosystems 
(stents) [17] and sound passage [18]. 

Fig. 4 shows a typical dependence of the values of thermally 
stimulated currents I on the temperature of the unmodified 
polyethylene sample. TSC spectrum of the original polyethylene is 
characterized by three intense peaks in 17-55 ºC; 80-113 ºC; 195-

219 ºC. According to the data [17] in the polymeric electret charge 
pattern is formed by capturing structural carrier traps, localized 
areas of imperfections in the polymer structure and interfaces 
"polymer-metal particle." The presence of metal particles in the 
samples in the samples due to the fact that the electrode layers may 
be formed of metal compounds, in particular, salts of carboxylic 
acids, which are then decomposed to release the metal particles. The 
presence of the peak I in 17-55 ºC obviously related to the removal 
of moisture contained in the polymer film by adsorption from the 
environment. The presence of a second peak in the spectrum in 80-
113 ºC probably due to the phase transition type I - the melting of 
the crystalline portion of polyethylene sample and release of charge 
carriers of structural traps and, as a consequence, increase the 
values of the thermally stimulated current. The third peak in 195 ºC 
above apparently associated with the appearance of additional 
charge carriers as a result of oxidizing processes occurring in 
polyethylene at elevated temperatures. 

A single laser treatment of the polymer sample, located on the 
light-absorbing substrate (graphite), low-energy radiation (E ~ 0.6 
J) leads to a noticeable change in the spectrum of TSC in the 
studied temperature range (Fig. 5). 

 

  
Fig. 5 Dependence of the 
thermally currents I of the 
temperature T in the original 
sample HDPE 

Fig. 6 The dependence of 
thermally currents I of the 
temperature T in the sample 
LDPE subjected to a single 
treatment with laser radiation 
with an energy E ~ 0.6 J 
1 – reflective; 2 - light-
absorbing substrate; 3 - 
initial sample 

 
The value of thermally stimulated currents in the temperature 

range studied increases in ~ 2 times. In the spectrum there are 
additional peaks of thermally stimulated currents in the temperature 
range 55 °C-80 °C; 84 ºC-95 oC; 95 °C-100 °C. The appearance of 
additional peaks in the spectrum of TSC obviously indicates the 
formation of a surface layer of a different type of charge carriers 
when exposed to laser radiation. This is due to the processes of 
degradation of macromolecules of the polymer, the intensification 
of oxidative processes in the surface layers of the polymer sample 
by laser radiation. This assumption is confirmed by the fact that the 
beginning of the third peak TSC exposed to laser radiation is shifted 
to 130 °C and is more intense compared to baseline TSC spectra for 
polyethylene. 

Processing of polyethylene sample by laser radiation on the 
reflective substrate (paper) leads to the formation of such a 
spectrum of TSC. However, it should be noted the formation of a 
series of intense peaks in the temperature 140-185ºS, which may 
indicate structural changes in the polymer matrix under the 
influence of laser radiation. The values of the current in the 
temperature range from 60-180 ºC 2.5-3 times higher for the sample 
of polyethylene irradiated on the reflective substrate than for the 
same sample, irradiated on the light-absorbing substrate, ceteris 
paribus. 

Increasing the number of treatments of the polymer sample, 
which is located on the light-absorbing substrate, up to 10 times 
increases the values of thermally stimulated currents 1.5-2 times 
and the emergence of a sufficiently intense peak in the spectrum of  
TSC in 120-180 ºC. Repeated exposure of laser radiation on 
polymer sample, located on the light-scattering substrate, resulting 
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in a decrease in the values of thermally stimulated currents in 17-
115 ºC. At temperatures observed 116-195ºS thermally stimulated 
current sign inversion, the absolute value of the thermally 
stimulated current ~ 2 fold lower than the single exposure of 
polymer sample, for a given type of substrate. 

Increasing the values of the energy of the laser radiation 
exposure to 5 J irradiation of polymer light-absorbing substrate 
leads to the degeneration of the peaks of thermally stimulated 
currents in the range from 17 ºC to 80 ºC. 

 Thus, the laser irradiation on the surface layers of products 
(semi-finished products) of thermoplastic polymer or composite 
materials with specific energy parameters allows you to change the 
settings of various characteristics - of strength, energy, 
morphological. By varying the parameters LR, you can achieve the 
necessary parameters microroughness providing optimal adhesion 
and tribological [19, 20]. 

Under the influence of laser radiation on the thin-film coating 
of fluorine-containing compounds, possibly modifying the surface 
layer of carbonaceous filler (carbon fiber), provides a significant 
strengthening effect of composite materials based on 
polytetrafluoroethylene. 

Effective is the use of laser irradiation on the surface layer of 
polymeric implants used in ossikuloplastike, thanks to the 
implementation of synergies resulting from the formation of optimal 
morphology close to that of natural bone morphology, and energy 
state with a long relaxation time, which has a beneficial effect on 
the suppression or inhibition of postoperative complications [18]. 

Thus, controlling the process parameters laser treatment of 
semi-finished polymer can change the parameters of different 
characteristics: structural, of strength, electro and others. The use of 
laser technology in the composite polymer materials science, and 
applied fields tribotechnology allows purposefully change the 
kinetics of interfacial processes in order to form the structure of a 
given composition and structure. 

 
4. Conclusions 

 
Analysis of the literature and the results of the study 

indicate the prospects of using laser technology in the 
formation of functional materials and systems. Laser 
radiation has a complex effect on the polymer intermediates, 
changing its structure, deformation-strength and electrical 
characteristics. Probably a synergistic effect of laser 
radiation due to the change of the energy parameters of 
polymeric macromolecules, which causes secondary 
processes of structural transformations that modify the 
settings of service characteristics. 
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Abstract: Complex investigations of transformations, structure and mechanical properties of traditional silicon steels: 0.3%C-Cr-Mn-Si,  
0.6%C-2%Si and 0.9%Cr-Si - under continuous cooling and isothermal treatment were worked out. It is found that the silicon steel with 0.3-
0.6%C, treated with the structure of the lower carbidefree-bainite (LCFB) of rack morphology with quite stable γ-phase at high strength 
have high fracture toughness at various loading methods. Common principles of designing of chemical composition to obtain LCFB 
structure under continuous cooling were developed.  
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1. Введение 

В настоящее время одним из перспективных направлений 
исследований является разработка экономнолегированных 
сталей со структурой нижнего бескарбидного бейнита (НБКБ). 
Эта структура состоит из мартенситоподобных кристаллов α-
фазы и прослоек остаточного аустенита. [1-4]. Условия 
образования НБКБ, строение α-фазы и морфология остаточного 
аустенита зависят от содержания углерода и легирующих 
элементов, затрудняющих карбидообразование (в первую 
очередь, кремния), а также от температуры превращения [1, 2, 
5, 6].  Структура НБКБ при повышенном уровне прочности 
одновременно обеспечивает повышенный уровень 
динамической, статической и циклической трещиностойкости 
[1, 2, 4, 7, 8].  

В настоящее время широко применяются стали типа 
30ХГСА, 9ХС, в которых структуру бескарбидного бейнита 
получают в результате изотермической обработки в соляных 
печах-ваннах, что накладывает определенные ограничения, в 
первую очередь, на размер изделий (до 30-35 мм), а также на 
трудоемкость и экологическую безопасность проводимой 
обработки. Таким образом, определенный интерес 
представляет разработка принципов получения и обработки 
экономнолегированных сталей, в которых реализуется 
возможность получения структуры НБКБ в больших сечениях 
(свыше 100 мм) при непрерывном охлаждении или при 
изотермической (квазиизотермической) обработке. 
 
2. Результаты и дискуссия 

Были проведены комплексные исследования  
низколегированных российских промышленных сталей с 
кремнием: 30ХГСА (ГОСТ 4543-71), 60С2А (ГОСТ 14959-79) и 
9ХС (ГОСТ 5950-73). 
 
2.1. Исследование превращений и структуры 
кремнистых сталей при непрерывном охлаждении 
 Проведены дилатометрические исследования сталей 
30ХГСА, 60С2А и 9ХС при непрерывном охлаждении, 
построены термокинетические диаграммы распада 
переохлажденного аустенита, исследованы микроструктура и 
твердость. Каждую сталь охлаждали в широком диапазоне 
скоростей охлаждения от 0,04 до 100 °С/с, чтобы получить весь 
спектр структурных состояний.  
 На всех диаграммах выделяются области мартенситного 
превращения, превращения «аустенит – феррит» и «аустенит – 
феррито-карбидная смесь».  Вид диаграмм хорошо совпадает с 
диаграммами, представленными в справочнике Л.Е. и А.А. 
Поповых [9]. В таблице 1 приведены обобщенные результаты 
исследования структуры и твердости сталей 30ХГСА, 60С2А и 
9ХС после непрерывного охлаждения с разными скоростями. 

Таблица 1.  
Обобщенные результаты исследования структуры и 
твердости сталей 30ХГСА, 60С2А и 9ХС после непрерывного 
охлаждения с различными скоростями. 

Ʋохл, °С/с 0,04 0,4 4 40 100 
Сталь 30ХГСА 

Структура Ф+П Ф+П М+П+
Ф М+Аост М+Аост 

Твердость, 
HRC < 20 < 20 41 44 42 

Сталь 60С2А 
Структура П+Ф С+Ф С+Ф М+Аост М+Аост 
Твердость, 

HRC 25 31 32 55 53 

Сталь 9ХС 
Структура П+Б П+Б Б+М М+Аост М+Аост 
Твердость, 

HRC 32 30 50 61 60 

Примечание: Ʋохл – скорость охлаждения, Ф – феррит; П – 
перлит; С – сорбит; Б – бейнит; М – мартенсит; Аост – 
остаточный аустенит 

 
2.2. Исследование превращений и структуры 
кремнистых сталей после изотермической обработки 
(ИЗО) при различных температурах 
 Температуры ИЗО в области протекания бейнитного 
превращения выбирали с учетом температуры начала 
мартенситного превращения для каждой из исследуемых 
сталей. По каждому режиму были исследованы 
микроструктура, твердость, по результатам дилатометрических 
исследований ИЗО построены графики зависимости 
относительного удлинения Δδ (%) от времени τ (с), по которым 
судили о длительности различных этапов изотермического 
превращения, построены изотермические диаграммы распада 
переохлажденного аустенита. В таблице 2 представлены 
обобщенные результаты исследования структуры и твердости 
сталей 30ХГСА, 60С2А и 9ХС после ИЗО. 
 
2.3. Исследование бескарбидного бейнита (БКБ) 
кремнистых сталей  

Термокинетические диаграммы распада аустенита, а 
также бейнитные участки диаграмм изотермического 
превращения аустенита, построенные по данным 
систематического дилатометрического анализа, позволяют 
выбрать режимы (температуры) ИЗО исследуемых сталей. 
Длительность ИЗО определяли по результатам построения 
дилатометрических кривых зависимости относительного 
удлинения от длительности выдержки при данной температуре. 
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Таблица 2. 
Обобщенные результаты исследования структуры и 
твердости сталей 30ХГСА, 60С2А и 9ХС после 
изотермической обработки 

Сталь 30ХГСА 
tизо, °С 300 360 380 400 500 

Структура М+Аост Бн+Аост Бн Бн+Бв Бв 
Твердость, 

HRC 28 26 36 33 24 

Сталь 60С2А 
tизо, °С 200 275 300 350 400 

Структура М+Аост Бн Бн Бн+Аост Бв+Бн 
Твердость, 

HRC 48 41 38 26 40 

Сталь 9ХС 
tизо, °С 180 250 300 350 400 

Структура М+Аост Бн Бн Бв+Бн Бв 
Твердость, 

HRC 53 45 41 37 26 

Примечание: выдержка 6 ч, скорость охлаждения 50 °С/с. 
tизо – температура изотермической обработки; Бн – нижний 
бейнит; Бв – верхний бейнит; М – мартенсит; Аост – 
остаточный аустенит 

 
Температуры ИЗО выбирали исходя из закономерности, 

что увеличение содержания углерода в сталях смещает 
температуру начала мартенситного превращения (Мн) в 
область все более низких температур, следовательно, 
температуры ИЗО также должны снижаться. Длительность 
ИЗО выбирали из тех принципов, чтобы первая стадия 
превращения  (γ→α-превращение) в основном завершилась, а 
вторая стадия (распад твердых растворов с образованием 
цементитных карбидов) еще не началась. 

Микроструктура сталей 30ХГСА и 60С2А после ИЗО при 
температурах близких к Мн схожа со строением пакетного 
мартенсита, но отличается существенным различием в 
отражающей способности соседних реек: если одна рейка 
выглядит как светлая область, то соседняя – обязательно 
темная (фиг. 1 а). Это свидетельствует о том, что в структуре 
присутствуют две разные фазы – α-фаза (феррит) и γ-фаза 
(остаточный аустенит). По мере повышения температуры ИЗО 
наблюдается укрупнение структуры, объемы с пакетно-реечной 
морфологией заменяются более равноосными однородными по 
травимости светлыми участками структуры (фиг. 1 б). 

 

 

 
Фиг. 1. Микроструктура стали 30ХГСА после изотермической 
обработки при 375°С (а) и 425°С (б), выдержка 20 минут, х1000 

 

 
Фиг. 2. Микроструктура стали 9ХС после ИЗО при 290°С (а) и 
320°С (б), выдержка 20 минут, х1000 
 

Структура стали 9ХС после ИЗО весьма схожа со 
структурой высокоуглеродистого пластинчатого мартенсита 
(фиг. 2 а-б). 

Электронно-микроскопические исследования сталей 
30ХГСА и 60С2А показали наличие верхнего и нижнего 
бескарбидного бейнита, границу между которыми можно 
считать температуру 400 °С. 

Структура нижнего бескарбидного бейнита (НБКБ) 
состоит из реек α-фазы, собранных в пакеты, и прослоек 
остаточного аустенита, расположенных между рейками α-фазы 
(фиг. 3 а-б). Толщина реек и размер пакетов больше, чем в  
мартенсите, а плотность дислокаций внутри реек несколько 
ниже, чем в пакетном мартенсите. По данным [10] 
концентрация углерода в бейнитной α-фазе не превышает 0,02-
0,04%. Как показал рентгеновский анализ, содержание 
углерода в остаточном аустените в данном случае составил 1,2-
1,5%. Увеличение длительности выдержки при ИЗО ведет к 
образованию цементитных карбидов на месте прослоек 
остаточного аустенита. 

Структура верхнего бескарбидного бейнита (ВБКБ), 
формирующаяся при температурах изотерм 400-425°С, 
характеризуется высокой степенью микроструктурной 
неоднородности. Наряду с микрообъемами, в которых 
просматриваются признаки реечного строения, наблюдаются 
обширные области, в которых и α-фаза, и остаточный аустенит 
имеют форму, близкую к глобулярной (фиг. 3 в-г). Размеры 
микрообластей остаточного аустенита изменяются от 0,5 до 5,0 
мкм. Содержание углерода в остаточном аустените составляет 
1,4-1,5%. 

Исследование стабильности остаточного аустенита в 
структуре БКБ показало, что термическая стабильность 
остаточного аустенита в нижнем бейните увеличивается при 
повышении содержания углерода и снижении температуры 
ИЗО. По всей видимости, повышение стабильности 
остаточного аустенита при снижении температуры ИЗО 
связано главным образом с реечной морфологией остаточного 
аустенита. Прослойки остаточного аустенита испытывают 
сжимающие напряжения от окружающей его α-матрицы, и 
следовательно, для инициации превращения необходимы более 
высокие напряжения от внешней нагрузки. Как только 
появляется возможность формирования цементитных 
карбидов, содержание углерода в остаточном аустените 
снижается, и его стабильность падает. 

 

а 

б 

а 

б 
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Фиг. 3. Тонкая структура бескарбидного бейнита стали 
30ХГСА, х 20000: 
а – ИЗО 375°С, 20 минут, светлое поле; б – ИЗО 375°С, 20 
минут, темное поле в рефлексе [200]γ; в – ИЗО 400°С, 20 
минут, светлое поле; г – ИЗО 400°С, 20 минут, темное поле в 
рефлексе [200]γ; д – микродифракционная картина (стрелкой 
указан рефлекс [200]γ) 
 

В таблице 3 приведены механические характеристики 
сталей 30ХГСА, 60С2А и 9ХС после различных режимов ИЗО. 
Характер изменения прочностных характеристик кремнистых 
сталей  содержащих 0,3-0,6%С практически одинаков: с 
повышением температуры ИЗО прочность снижается. Такое 
снижение можно объяснить укрупнением бейнитной 
структуры, постепенным переходом от нижнего бейнита к 
верхнему и снижением стабильности остаточного аустенита. 
Хрупкое разрушение стали 9ХС можно объяснить 
присутствием в ее структуре крупнопластинчатой α-фазы, 
близкой к морфологии пластинчатого мартенсита, и 
исключительно низкой устойчивостью остаточного аустенита. 
Другими словами, сталь 9ХС ведет себя как закаленная на 
мартенсит и неотпущенная высокоуглеродистая сталь. 

В стали 30ХГСА температура начала мартенситного 
превращения достаточно высокая, поэтому самая нижняя 
температура ИЗО соответствует максимальному значению 
ударной вязкости. Характеристики пластичности изменяется 
аналогично ударной вязкости. 

В стали 60С2А характеристики пластичности и ударной 
вязкости изменяются экстремально. При этом температура 
ИЗО, соответствующая максимальному значению того или 
иного свойства, зависит от скорости нагружения: при 
высокоскоростном (динамическом) нагружении, температура 
ИЗО, соответствующая максимальной ударной вязкости, 
находится несколько ниже (350°С), а при статическом 
нагружении – несколько выше (375°С). Такое изменение 
положения максимума еще раз подтверждает решающую роль 
стабильности остаточного аустенита в формировании уровня 

свойств сталей со структурой БКБ: высокая скорость 
нагружения при ударных испытаниях является 
дополнительным дестабилизирующим фактором. В связи с 
этим стабильность аустенита, обеспечивающая высокий 
уровень ударной вязкости, должна быть выше, и как следствие, 
максимум ударной вязкости реализуется при более низкой 
температуре ИЗО, соответствующей более высокой 
стабильности остаточного аустенита. При испытаниях на 
растяжение (скорость нагружения 1 мм/мин) дестабилизация 
аустенита за счет скорости нагружения не происходит. 
Максимальное значение относительного удлинения 
наблюдается при более высокой температуре ИЗО (375°С), 
когда аустенит несколько менее стабилен, но этого уровня 
стабильности достаточно для реализации высокой 
пластичности при статическом нагружении. 
 
Таблица 3. 
Характеристики прочности, пластичности и ударной 
вязкости сталей 30ХГСА, 60С2А и 9ХС после различных 
режимов изотермической обработки 

Режим ИЗО σв, 
МПа 

σ0,2, 
МПа δ, % ψ, % KCV, 

Дж/см2 

Сталь 30ХГСА 
375 °С, 20 мин 1280 1050 39 12 109 
400 °С, 20 мин 1270 820 21 7 62 
425 °С, 20 мин 1330 823 12 4 40 

Сталь 60С2А 
325 °С, 20 мин 1630 1380 20 3 60 
350 °С, 20 мин 1330 1120 20 3 250 
375 °С, 20 мин 1320 1110 32 10 122 
400 °С, 20 мин 1270 960 35 9 51 

Сталь 9ХС 
290 °С, 20 мин 200* 200* 0 0 4* 
320 °С, 20 мин 600* 600* 0 0 6* 
350 °С, 20 мин 650* 650* 0 0 5* 
* - сталь 9ХС во всех случаях разрушалась хрупко (в 
пределах упругого участка диаграммы деформации)  

 
Характер влияния времени выдержки зависит от 

температуры ИЗО. При относительно низких температурах 
длительная выдержка способствует увеличению концентрации 
углерода в остаточном аустените, и тем самым, способствует 
повышению его стабильности. Свойства при этом будут 
улучшаться. При высоких температурах ИЗО, когда 
увеличение длительности ИЗО может привести к активизации 
процессов выделения карбидных частиц, содержание углерода 
в остаточном аустените, и как следствие, его стабильность, 
будет снижаться, и свойства будут падать. 

Такой достаточно сложный, характер изменения ударной 
вязкости и пластичности стали 60С2А, а также других сталей 
со структурой БКБ, можно объяснить тем, что при 
определенной температуре ИЗО реализуется оптимальное для 
данного способа нагружения сочетание объемной доли 
остаточного аустенита и уровня его стабильности. 
 
2.4. Принципиальные подходы к конструированию 
химического состава перспективных сталей со 
структурой нижнего бескарбидного бейнита (НБКБ) 

Проведенные исследования и анализ литературных 
данных позволяют утверждать, что в применяемых в настоящее 
время традиционных сталях невозможно получить структуру 
БКБ при непрерывном охлаждении. Для того чтобы при 
непрерывном охлаждении стало возможным получение 
структуры БКБ (фиг. 4), в том числе в больших сечениях, 
необходимо существенное повышение устойчивости 
переохлажденного аустенита в области перлитного 
превращения (до 105с) и обеспечение его устойчивости в 
области бейнитного превращения (до 104с). Выполнение этих 
условий возможно при соблюдении принципов системного 
комплексного легирования [11, 12]. 
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Фиг. 4. Схема получения структуры бейнита при непрерывном 
охлаждении заготовки: 
1 – деформация аустенита (горячая обработка давлением); 2 
– охлаждение на воздухе; 3 – область перлитного 
превращения;  4 – превращение в области нижнего бейнита  

 
Для получения высокого комплекса механических 

свойств, кроме высокой устойчивости аустенита, должно быть 
выполнено еще несколько условий. Необходимо получение 
именно нижнего бескарбидного бейнита с реечной 
морфологией α-фазы и стабильным остаточным аустенитом. 
Для получения структуры НБКБ температура изотермы 
(квазиизотермы, замедление скорости охлаждения в интервале 
температур изотермы) должна быть не выше 400°С. Для 
повышения стабильности остаточного аустенита необходимо 
приблизить температуру изотермы (квазиизотермы) к 
температуре начала мартенситного превращения, положение 
которой зависит от содержания углерода в стали. При этом 
необходимо учесть, что понижение температуры увеличивает 
длительность процесса, а это может плохо сказаться на 
технологичности режима.  

Таким образом,  для того чтобы получить структуру 
НБКБ при непрерывном охлаждении необходимо 
откорректировать содержание углерода (0,15-0,7%) и кремния 
(1,0-3,0%) в составе сталей с комплексным системным 
легированием типа Х3Г3МФ. Для каждого конкретного состава 
сплава необходимо определить экспериментальным путем 
точное значение изотермы (квазиизотермы). 
 
3.  Заключение 

Проведено комплексное исследование превращений, 
структуры и характеристик механических свойств 
традиционных кремнийсодержащих сталей с 0,25-0,95%С 
(стали марок 30ХГСА, 60С2А и 9ХС). Показано, что получение 
в данных сталях структуры нижнего бескарбидного бейнита 
возможно только в результате изотермической обработки. 

Металлографическими исследованиями подтверждено 
существование верхнего и нижнего бескарбидного бейнита. 
Показано, что граница между областями их существования 
лежит в районе 400°С. 

Установлено, что стабильность остаточного аустенита в 
структуре бескарбидного бейнита повышается при снижении 
температуры изотермической обработки. Увеличение 
длительности выдержки на изотерме при низких температурах 
повышает стабильность аустенита, а при высоких температурах 
изотермы может привести к формированию карбидов, и как 
следствие к дестабилизации аустенита. 

Показано, что экономнолегированные 
кремнийсодержащие стали с 0,25-0,6%С, обработанные на 
структуру нижнего бескарбидного бейнита реечной 
морфологии с достаточно стабильным остаточным аустенитом, 
при высоком уровне прочности, повышающимся по мере 
увеличения содержания углерода и снижения температуры 
изотермической обработки, обладают высокой ударной 
вязкостью и трещиностойкостью. 

Разработаны общие принципы конструирования 
химического состава для получения структуры бескарбидного 
бейнита в процессе естественного непрерывного охлаждения 
на воздухе или в квазизотермических условиях: 
• высокая устойчивость аустенита в области перлитного 

превращения – до 105с; 
• высокая устойчивость аустенита в области бейнитного 

превращения – до 104с; 
• легирование кремнием в количестве 1-3%; 
• снижение температуры начала бейнитного превращения 

ниже 400°С и поддержание температуры начала 
мартенситного превращения на уровне не ниже 200°С за 
счет комплексного системного легирования. 

Предложены составы сталей для проведения дальнейших 
исследований: система легирования 3%Cr-3%Mn-Mo-V  
содержащая 0,15-0,7%С и дополнительно легированная 1,0-
3,0%Si. 
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Abstract: The present study aims to determine the optimum temperature regime for oxy-nitrocarburizing of AISI D2 steel in order 

to ensure high mechanical properties of both diffusion and compound zones. The examined samples are quenched and high temperature 
tempered in advance, thus having a hardness equivalent up to HRc 54-55 before saturation. The vacuum oxy-nitrocarburizing is held at 
temperatures of 500 ºС, 550 ºС and 590 ºС for 4 hours in a cycling gas flow rate. The proportion of NH3 and CO2 gases used is 90:10 
volume fractions. The results of the examination are based on the analysis of X-ray diffraction patterns, cross-section microstructures and 
measurements of micro-hardness values on the surface and in depth of the diffusion zone. The core hardness of the substrate is also 
measured after the vacuum process for the purpose of establishing a possible hardness decrease after the oxy-nitrocarburizing process. 
Conclusions have been drawn in relation to the practice. 

KEY WORDS: OXY-NITROCARBURIZING, TOOL STEEL, XRD, MICROSTRUCTURE, MICROHARDNESS, Ε-FE2-3(N,C), FE3O4 
 

1. Introduction 
 

AISI D2 is a popular high-carbon and high-chromium steels 
that is characterized by high wear resistance, compressive 
strength, hardenability with minimum amount of dimensional 
change and good tempering resistance [1]. However, the 
continuous industrial processes and corrosive environment 
trigger different negative effects leading to shortening of the 
service life of the piece. The thermochemical treatment of this 
material is an attractive alternative which allows at temperature 
below 600 °C, the hardness, wear and fatigue as well as corrosion 
resistance to be enhanced. A review of various studies of gas 
nitriding of AISI D2 steel at temperature between 525 – 540 °C 
[2], pulse-plasma nitriding at 450 - 550°C [1], salt bath 
nitrocarburizing at 480 - 580°С [3], plasma nitrocarborizing at 
550 ºC [4] of different durations shows that the result of the 
thermochemical treatment depends greatly on the process 
conditions. Under optimum conditions the introduced treatment 
of the tool steel provides high core strength with high case 
hardness and decrease in the corrosion rate values that is an 
excellent combination for applications involving severe impact or 
very high unit loading.  

The thickness and the structure of the compound layer 
considerably affects the performance of the die. Compared to 
nitriding, thick compound layers can be produced by 
nitrocarburising, with short treatment times, using carbon dioxide 
as the carbon bearing component of the mixture, thanks to the 
high oxygen potential [5]. Owing to this rapid compound layer 
development, the CO2 layers are also highly porous. The 
generated porosity causes loss in surface hardness, depleted 
flexibility and embrittlement of the surfaceas as a result. The 
porosity of the surface compound layer could be reduced when 
the ONC process is held at vacuum condition where the iron 
nitrides formation is delayed over time, while the chromium 
nitrides are thermodynamically stable [6]. The vacuum oxy-
nitrocarburizing (ONC) is a cycling gas flow process that 
combines the advantages of the conventional gas saturation 
process together with complied modern requirements for highly 
effective, environmental and safety technologies at a lower cost. 
The material behaviour, however, also depended on the particular 
substrate under investigation and the praticular process 
conditions. In order to establish the optimal processing conditions 
that promote the generation of surfaces with better hardness, the 
role of temperature during vacuum ONC of AISI D2 tool steel is 
studied in the present work. 

 

2. Materials and methods 
 

AISI D2 tool steel samples with average size Ø 20 x 10 mm 
were used as substrates for vacuum ONC. Before the ONC 
process, the AISI D2 samples were austenitized at 1050°C during 
20 minutes and subsequently quenched in oil and high 
temperature tempered at 540°C for 1.5 hours. After the heat 
treatment, the surface hardness measured by Rockwell indentor, 
load of 150 kgf, amounted up to HRc 54-55.  

Before the thermo-chemical process, the steel samples were 
polished, lapped and degreased. The vacuum process was carried 
out in industrial equipment for 4 hours at 500°C, 550°C and 
590°C in NH3 and CO2 atmosphere (ratio 90:10 vol. %, 
respectively) in a cycling gas flow rate. The pressure in the 
vacuum chamber was 8.104 Pa for the first 3 hours and 1x105 Pa 
during the last 1 hour [7]. The cooling off was carried out in the 
NH3 atmosphere till 400°C and after that in N2 in air. 

The microstructure was etched by 4%-solution of HNO3 in 
ethyl alcohol (nital reagent). Optical microscopy (Olympus 
BX41M) profiles were employed to determine the characteristics 
and thickness of the carbonitride layer and diffusion layer. X-ray 
diffractometer URD-6 using Fe Kα radiation operating at 30 kV 
and 20 mA in the angle range of 30° - 120° (2θ), 2θ step scan of 
0,05° with a counting time of 2 s and NaI detector with pulse 
discrimination was used to determine the phase composition. 
Conventional Bragg-Brentano diffraction geometry was used. 
The diffraction patterns for each compound were analyzed by 
PCPDFWIN JCPDS, v.2002. The cross-sectional microhardness 
measurements were made by PMT-3 microhardness tester under 
a load of 0.1 kg. 

 
3. Results and discussion: 
3.1. Microstructure 

 
The low-temperature treatment changes slightly the primary 

heat-resistant (Cr, Fe)7C3 and microstructural alterations due to 
carbide-nitride transformation are not observed (fig. 1 a). The 
core microstructure consists of internal tempered martensitic 
matrix and chromium carbides in it. The surface morphology of 
the sample (fig. 1 b) shows nuclei of the incomplete nascent 
compound zone with semispherical like shape. Such phenomenon 
has been reported previously by other authors [1] during plasma 
assisted nitriding of AISI D2 steel. 
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a) b) 

c) d) 
Fig. 1. Oxy-nitrocarburized steels’ microstructure images, etched with Nital reagent: a) 500 °C (cross section); b) 500 °C (top surface); 

c) 550 °C (cross section); d) 590 °C (cross section). 
 

In the diffusion layer of the ONC sample at 550 ºC, 
there are striped primary (Cr, Fe)7C3 carbides as well as some 
finer (Fe,Cr)3C, Fig. 1 c. The compound layer has heterogeneous 
structure composed of the ductile superficially located ε-Fe3-

2(N,C) and complex nitrides and carbonitrides that are integral 
part of the underlying sublayer. In the diffusion layer these 
complex Cr-, N- and C-containing structures show distinct 
lamella-like shapes. The transformed area that contains lamellas 
of nitrides/carbonitrides does not cover the entire heavily etched 
with nital diffusion layer but about a half of it. There is a 
tendency for the nitrides to form mainly at those grain boundaries 
that are parallel to the surface, where the compressive stress is 
lower.  

At higher temperature (590 ºC) the carbonitride phases 
of the diffusion layer are deep rooted in the substrate (fig. 1. d). 
The faster precipitation kinetics allow the the dissolution of 
carbides and formation of carbonitrides to occur deep in the 
diffusion layer where the coarse, whiter looking phases coalesce 
and become spherical. This separation of the nitride-carbonitride 
location can be associated with higher nitrogen content in the 
near-surface zone as compared with the near-core zone. The 
larger primary carbides are converted into nitrides/carbonitrides 
only near to the surface.  

The compound layer of both 550 and 590 ºC treated 
samples looks dense with barely perceptible surface porosity. By 
the increase of temperature up to 590°C, the effect on the 
thickness of compound layer is very minimum.The compound 
layer depth at 550 and 590 ºC, that is considerably shallow, is an 
indication of its controlled formation at low pressure conditions. 

 
3.2. Phase composition 

The effect of temperature on reflections´ intensity of Fe-Cr, 
ε-Fe2-3(N,C), the chromium carbides, nitrides and Fe3O4 phases 
due to variations in relative phases’ content on the surface is 
clearly seen on fig. 2. The low temperature treated sample is 
characterized by α-Fe and (Fe,Cr)7C3 phases, small quantity of  ε-
Fe2-3(N,C) and magnetite. It is well established that the 
heterogeneous nucleation of ε-Fe2-3(N,C) is stabilized by both 
higher carbon content and higher content of alloy elements in the 
steel [8, 9]. The vacuum ONC treatment promotes the occurrence 
of ε-Fe2-3(N,C), fast forming CrN and Fe3O4 for both 550 and 
590 ºC temperatures. On the surface of the steel the carlsbergite 
type (CrN) chromium nitride with fcc lattice is formed and 
according to Fe-Cr-N isothermal phase diagram, it is stable at 
550 ºC. At higher temperatures the transformation of the 
tempered martensite results in a phase separated mixtures of bcc 
carbon-nitrogen Fe-Cr and carbides/carbonitrides. In addition, the 
reflection intensity of the iron nitride phases decreases with the 
increase of the process temperature.  

Besides the nitride formation and carbide 
decomposition, the different temperature can play a role in the 
surface oxidation. The oxidizing agents in the NH3-CO2 gas 
mixture are CO2 and H2O. At temperatures 500-590 ºC, the 
relation between H2 molecule (produced by the ammonia 
dissociation) and CO2 follows the homogenous water-gas 
reaction:  

CO2 + H2 ↔ CO + H2O   (1) 
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Fig. 2. XRD pattern for ONC AISI D2 samples at 500, 550 and 590 ºC. 

 In contrast to oxygen molecule, the water steam has 
significantly lower oxygen pressure. This low gas phase 
oxidizing potential makes the formation of Fe2O3 (with higher 
percent by mass oxygen) on the surface more unlikely to occur 
[10]. At lower temperature the oxidation takes place on both of 
the Fe-Cr and ε-Fe2-3(N,C) phases. According to the Fe-O phase 
diagram, at temperature below 575 ºC the Fe3O4 is the 
thermodynamically stable state, while at t > 575 ºC the wustite 
phase Fe0,947O could be formed. If FeO phase is initiated on the 
surface at t > 575 ºC, it decomposes according to the reaction (2) 
[11]: 

4FеО → Fe3O4 + Fe   (2) 
This is the reason for which FeO is not registered on the surface 
of the ONC at 590 ºC sample.  

It is observed that the nitride oxidation is useful to 
increase the corrosion resistance of the material because it fills 
and seals the surface microporosity [12]. However, the increased 
oxidation speed at 590 ºC could explain the decreased ε-Fe2-

3(N,C) content because the oxidation process consumes the iron 
from the nitrides layer. The higher the temperature, the lower the 
thermodynamic free energy of interaction of the nitrides with 
oxygen. It follows that the nitrides are converted to oxides 
according to the reactions [13]: 

Fe3N + 4CO2 ↔ Fe3O4 + 4CO + [N]  (3) 
Fe3N + 4H2O ↔ Fe3O4 + 4H2 + [N]   (4) 
The released nitrogen atoms could participate in further 

diffusion in the sublayers with smaller nitrogen content (at slow 
cooling) or recombine to N2 that usually participates in formation 
of pores and later on channels.  

In the alloy steels the magnetite composition is 
complex (Fe,Me)3O4 [14] ((Fe,Cr)3O4 in the particular case) and 
is thought to have higher ductility and hardness than Fe2O3 and 
anti-friction properties [15] similar to those of Fe3O4. As 
chromium atoms participate in the compound layer formation, the 
oxygen diffusion will then decrease with the increase of Cr 
content and the oxidation will be displaced nearer the surface 
[16].  

 
3.3. Hardness 

 
Figure 3 shows the effect of ONC temperature on the 

hardness of the compound and diffusion layer of the AISI D2 
samples. At 500 ºC process temperature the minimal increase of 
hardness underneath the surface corresponds to the reaction front 

depth in the diffusion zone. The ONC process at 550 ºC promotes 
the highest increase of the hardness (1310HV0,1) due to the 
hindered nitrogen diffusion. For the account of the thinner case 
depth, the high chromium content allows the nitrogen to 
accumulate near to the surface where coherent chromium nitrides 
and carbonitride phases develop. Within 50-60 μm the hardness 
gradually decreases and after that slowly declines. 
Simultaneously, the core hardness is not changed. 

 

 
Fig. 3. Distributions of the microhardness values in depth after 

vacuum ONC at different temperatures. 

The case-core interference of high temperature (590 ºC) 
treated sample seems quite diffuse and the surface hardness of 
the ONC steel is significantly lower than at 550º C. The 
pronounced decrease in hardness values suggests the 
discontinuous coarsening of the structure. Further, the high-
temperature process decreases the core hardness which would not 
be desirable for the workpieces.    
 

CrN  Fe-Cr  (Fe,Cr)7C3 ε-Fe2-3(N,C) Fe3O4 
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Conclusion 

In the present work, the effect of temperature on 
surface properties of vacuum ONC AISI D2 tool steel was 
analyzed. In regards to the temperature of the vacuum ONC, the 
process held at 500 ºС for 4 hours does not result in dense 
compound layer formation due to the slow diffusion rate. The 
highest hardness values of the compound (1310 НV0.1) and 
diffusion (933-720 HV0.1) layers are obtained at 550 ºС while the 
core hardness is maintained at tempered condition. The relatively 
shallow case depths obtained reflect the retarding effect of 
increased chromium content on the penetration of nitrogen. The 
increase in temperature over 590 ºC causes diffusion layer to 
become thicker but with lower hardness. These findings indicate 
that when vacuum ONC is carried out after quenching and high 
temperature tempering of AISI D2 steel, it is not necessary to 
increase the temperature above 550 ºC to obtain higher surface 
hardness values. Under nonequilibrium thermodynamic 
conditions prevailing in the particular ONC process, an 
excessively thick and overaged compound layer does not occur. 
The evolution of the crystalline phases as a consequence of the 
process temperature shows that the ε-Fe2-3(N,C) monophase 
content decreases with the increase of temperature up to 590 ºC. 
The temperature over 550 ºC impairs the overageing of the core. 
The compound layer of both 550 and 590 ºC treated samples 
shows limited near-surface porosity effect. At 590 ºC the 
compound layer acquires duplex structure - ε-Fe2-3(N,C) 
apparently covered by compact, low-friction, single-phase 
magnetite (Fe,Cr)3O4. The wear, adhesion and corrosion 
resistance properties of the surface structures are to be examined. 
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Abstract. Melting and crystallization of non-metallic inclusions in contact with steel matrix during laser treatment was 
investigated. It was shown that laser action is the method of local change of inclusion structure in the surface fused layers and 
also of the properties of non-metallic inclusion surface. Peculiarities of steel matrix saturation with elements of non-metallic 
inclusions during different regimes of laser action were investigated. It was shown the role of that process in the formation of 
local structure of steel matrix near non-metallic inclusions. That allows to realize possibility of transformation of the non-metallic 
inclusions how sources of inside local alloying of steel matrix. It was fixed that in local areas of steel matrix the  liquation 
strengthened zones were formed. They represent different types of composite layers: gradiental zones with cascade and “spot” 
distribution of elements and nanohardness, dispersal zones with different types of microphases and  nanophases, “tunnel” zones, 
and also zones with combine structure. It was shown the role of non-metallic inclusions in development of micro heterogeneous 
strengthening of steels under laser treatment.  
KEYWORDS: NON-METALLIC INCLUSIONS, STEEL, STRENGTHENING, LASER TREATMENT 
 
1.Introduction.  
Steels contain non-metallic inclusions which influence on 
the character of strengthening  during laser quenching. In 
the process of laser treatment non-metallic inclusions are 
fully or partly melted down or are remained hard, in 
reference [1]. In spite of short-term treatment the energy of 
laser radiation turns out  sufficient for melting of the high-
melting  and low-melting  inclusions, and also for the 
development of mass transfer processes which lead to 
enrichment of steel matrix with the elements of inclusions 
and also transfer of matrix elements to the surface zone of  
inclusions. Areas of steel matrix near non-metallic 
inclusions are the strongly oversaturated solid solution [1]. 
In steel matrix near non-metallic inclusions the relaxation 
processes including speed  local shear-rotational  
deformation  and elements of return and recrystallization 
are occured. The character of steels strengthening depends 
on the types of non-metallic inclusions and steel matrix, 
speed transformations which flow in steel matrix. Also it 
depends on the phase, deformation and high temperature 
hardening, dissolution of carbides and microchemical  
heterogeneity. The goal of this investigation was to 
research the processes of melting, dissolution, 
crystallization of non-metallic inclusions in hyper-
nonequilibrium conditions and the influence of non-
metallic inclusions on the peculiarities of  structural 
changes in steel matrix and its strengthening under laser 
treatment.  
 
2. Materials and Procedures 
Specimens made of wheel steel R7, 08Yu, 08T, 08Kp, 
08Ch18N10T,ShCh15, NB-57, 12GS, E3 were irradiated 
by laser in GOS-30M installation with an excitation voltage 
of 2,5kV and pulse energy of 10, 18, 25 and 30J at heating 
rate of 105 oC/s and cooling rate of 106 oC/s with action 
time of (1,0, 2,5, 3,6, 4,2 и 6,0).10-3s. Non-metallic 
inclusions were identified by metallographic, X-ray 
microspectral and petrographic methods [1]. Distribution of 
elements and nanohardness of steel matrix near non-
metallic inclusions were determined. 

3. Results and discussion 

Under laser action the initial structure of inclusion-steel 
matrix boundaries transits into unstable equilibrium high-
energy condition that cause development of the dissipation  
processes connecting with aspiration of system inclusion-
matrix to the state with minimum of free energy. In the 
result of the system inclusion-matrix transits to the state of 
unstable equilibrium which determines structure and 
properties of laser-quenched interphase boundary. 
Processes of melting, fusion and dissolution of non-metallic 
inclusions and also of the melting of steel matrix play the 
great role in transformation of inclusion-matrix boundaries 
under  laser action. Probability of melting, fusion and 
dissolution of inclusions depends on their type. Different 
non-metallic inclusions after partial or full melting under 
laser treatment of steels are shown on Fig. 1, 2. Evidently 
melting of the high-melting  inclusions (oxides Al2O3, 
Cr2O3, SiO2, TiO, MnO.Al2O3, MgO.Al2O3, MnO.Cr2O3, 
TiCN)   starts in zones being near steel matrix. Low-
melting  inclusions (silicates MnO.SiO2, FeO.SiO2, sulfides 
FeS, FeS-(Mn,Fe)S, (Mn,Fe)S) as a rule have in time for 
melting fully for the small time of laser action. Owing to 
heterogeneity of laser radiation the section of temperature 
field in action zone is heterogeneity too, see [1], therefore 
inclusions of one type can to experience different degree of 
melting in action zone. Dissolution of inclusions in the 
moment of laser action can not accompany or can 
accompany with melting.  Steel matrix in the contact with 
inclusions melting or remain hard, that connects with 
heterogeneity of energy and heat fields [1]. Depth of 
dissolution zone in inclusion depends on laser treatment 
regime: more impulse energy W and time of action τimp 
more depth of dissolution zone.In the moment of laser 
action process of dissolution or melting of non-metallic 
inclusion happens owing to disordered transitions of atoms 
of inclusion over boundary with molten steel matrix. 
Mechanism of super-speed dissolution and melting of 
inclusions connects with mutual mass transfer of atoms 
(inclusion ↔ matrix) across interface boundaries which are 
melted also. Abnormal mass transfer across inclusion-
matrix boundaries are accompanied by means of electrons 
exchange between inclusions (donors) and steel matrix 
(acceptor), see [2]. Electromagnetic field inducing in the 
time of  laser radiation influence on the conditions of mass 
transfer. Definite forces action on the components of alloy 
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under this field and direction of these forces depends on 
magnetic properties of components of alloy. Action of 
forces causing with electromagnetic field promotes of mass 
transfer of components of inclusions and steel matrix which 

possess of different magnetic properties (magnetic 
moments). Thus electron interaction between inclusion and 
steel matrix is got complicated owing to electromagnetic 
interaction between atoms of contacting phases.  

 

              
         a                                                              b                                                                 c 

 
Figure 1. Dissolution and melting of non-metallic inclusions in steel 60G under laser action: a - Al2O3, b - MnO·SiO2, c - 
MnO·SiO2-MnO·SiO2; х500х6 

 

                    
                                                              а                                                                                   b 
 
Figure 2. Bands of rapid crystallization in non-metallic inclusions : a - (Fe,Mn)S, steel R7, b - MnO·Al2O3, steel 08Uy; х500 

 
Mass transfer of components from steel matrix to 

the surface layer of inclusion can to accelerate the process 
of dissolution or melting of inclusion if solubility of these 
elements in inclusion is sufficiently great. Variation of 
chemical composition on the surface of inclusion and 
advance of solubility limit of matrix elements realizes the 
conditions for transition of surface layer of inclusion into 
liquid state with minimum energy expense on the break of 
interatomic bonds. Evidently that perhaps connected with 
distortion of inclusion lattice with the atoms of steel matrix 
and also with appearing of high-density of crystalline 
defects and considerable stresses in surface layer of 
inclusion. Thus in hyper-nonequilibrium conditions of laser 
action the zone with high-density of vacancies and 
dislocations in surface layer of inclusion contacting with 
melted steel matrix is formed. According to dislocation 
theory of melting, for example, [3], regions of this zone 
imagining heavy distortion areas with practically 
disordering lattice perhaps the nucleuses of liquid phase.  
Atoms with the most breaching electron configurations 
present in heavy distortion area on the surface of inclusion 
(nucleus of liquid phase). It is one can to determine critical 
size of nucleus of liquid phase in surface layer of inclusion. 
Energy Edisor  of heavy distortion area of spheroidal shape 
on the surface of inclusion is determined:  
 
Edisor = (4π/3). (1 – V / V0). r3 .Q,                     (1)                    

 
where  r – radius of  nucleus, V / V0 – an increment in 
volume of inclusion owing to transition of its areas into 

heavy distortion  state, Q – energy which is absorbed  
owing to transition of inclusion areas into heavy distortion 
state. 

Sequence of heavy distortion areas on the surface of 
inclusion and also of movement of interphase inclusion-
liquid matrix boundary under process of melting one can  to 
present by next image. On the surface of inclusion 
saturating  with elements of steel matrix the heavy 
distortion  areas (areas of melting ) are formed.  Then they 
transition into liquid steel matrix completely dissolving in 
matrix and saturating local areas with the elements of 
inclusion. Position of inclusion-steel matrix boundary is 
changed, it is curved in the function of mutual mass 
transfer. In the moment of  the transition of  heavy 
distortion area of inclusion into liquid state the surface area 
S is changed and energy of interphase inclusion-liquid 
matrix boundary Eipb is: 

 
S = π/4 . r2 . (V/V0)2/3;   Eipb = 4π. r2 . (V/V0)2/3 . σh-l     (2)                                       
 
where σh-l – stresses on the boundary between  hard  heavy 
distortion  area of inclusion and liquid steel matrix 

Such mechanism of contact melting and dissolution 
of non-metallic inclusion and inclusion-matrix boundary in 
molten steel matrix in nonequilibrium conditions is 
energycally excused since surface layer of inclusion being 
in stress state with rise energy is substituted for liquid 
phase with less energy. 

It is possible to imagine  the decrease of surface 
energy owing to contact interaction of inclusion and steel 
matrix in the moment of inclusion melting is enough 
considerable in order to system inclusion-interphase 
boundary-matrix is remained thermodynamically unstable 
after laser action. Realization of such mechanism of 

melting and dissolution of non-metallic inclusions is 
determined with value of stresses creating in surface layers 
of inclusions. Apparently in the conditions of high-speed 
laser action  it is possible practically non-activated 
transformation of heavy distortion  area on the surface of 
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inclusion into liquid state owing to formation of liquid 
phase nucleuses under origin of big stresses. 

In the conditions of impulse laser action the 
relaxation processes in surface layer of inclusion do not 
have a time for development practically therefore time 
essential for achievement of quasiequilibrium conditions on 
interphase inclusion-steel matrix boundary is considerably 
increased. Inner stresses in surface layer of inclusion 
control the development of melting process which takes 
place in limited volume owing to preservation of contact 
between inclusion and steel matrix. Elementary act of 
stresses relaxation causes simultaneous activation of 
considerable quantity of the inclusion atoms in disordering 
process similar of melting. In non-metallic inclusions grain 
boundaries must to dissolve more quickly than body of 
grains. 

It is possible the realization of mechanism of laser 
melting (dissolution) of inclusions accounting fact that 
many of inclusions have nanophase structure [1], with big 
extent and volume part of grain boundaries. Owing to 
formation of  heavy disordered surface layer   in such 
inclusions in the conditions of mass transfer of liquid steel 
matrix the melting (dissolution) of grain boundaries takes 
place probably and nanograins of inclusion with disordered 
structure depart into molten steel matrix.  

Non-metallic inclusion melting or fusing from its 
surface is been in molten steel matrix and local  
micrometallurgical bath  is formed. In this bath 
hydrodynamics flows in the conditions of vortex thermo-
capillary mixing are appeared that causes movement of 
inclusion. This carries in the elements of convective mass 
transfer of components of the inclusion and steel matrix 
into common process of abnormal high-speed mass 
transfer. Anisotropy of surface properties of inclusion (or 
its phases) must to influence on the speed of laser 
dissolution. Probability of mass transfer from inclusion into 
steel matrix across interface boundary is more than less of 
interatomic bonds are broken, or than less of efficiency of 
space filling of atomic plane. Non-metallic inclusions with 
powerful anisotropy of surface properties must to have 
more high speed of dissolution. Process of melting of 
inclusion is accompanied with high-speed redistribution of 
forces of interatomic bonds in profit of different types f 
atoms having favourable relationships of electro-
negativities [4]. It is known a big difference of electro-
negativity of components causes intensification of bonds 
between heterogeneous atoms and allows to explain 
advantage mass transfer of some components from the 
inclusion into steel matrix or in reverse direction. Stability 
of non-metallic inclusion under contact interaction with 
liquid steel matrix depends on the degree of deflection of 
system from quasi-equilibrium state in the moment of laser 
action or on the difference of chemical potentials of 
components in inclusion and steel matrix. Metastable 
inclusions (or their phases) are more sensitive for contact 
interaction with liquid steel matrix under laser action. That 
connects with the free energy. It is more decrease by 
dissolution of metastable phase than by dissolution of 
stable phase. Further investigation of thermodynamics 
performances of components of inclusion and steel matrix 
and their influence on the character of processes of contact 
interaction in zone of inclusion-matrix boundary will 
allows to influence on this interaction under laser action.  

After laser quenching from liquid state the areas of 
laser crystallization in surface layer or in all volume of 
inclusion are formed. Ultrasmall grainess, columner shape 
of grains, zones of shear are characteristics of these areas 
(see Fig. 2). In the time of laser melting the high degree of 
nonequilibrium of liquid phase, bifurcation of melt and also 
transition from laminar to turbulent flow of liquid are 

appeared that ensure gradient of oscillation pressure on the 
inclusion-matrix boundary (liquid if inclusion and steel 
matrix were melted, or semi-liquid if steel matrix was hard) 
controlling convective and abnormal flows of mass 
transfer. Considerable stresses appearing in thin surface 
layer of inclusion and steel matrix in the result of local heat 
flashes of laser radiation, see [3], together with action of 
reactive forces of recoil owing to ejection from the zone of 
treatment of liquid allows to high-temperature deformation 
of liquid interlayers continuing under  crystallization during 
cooling. In some non-metallic inclusions being homophase 
before laser action phase decay in process of 
nonequilibrium crystallization was happened. That 
connects with mixing of liquid under action of 
hydrodynamics forces and temperature gradients. In 
inclusions disperse particles of second phase or interlayers 
of different chemical compositions were appeared. The size 
of these new phases do not depends on energy of impulse 
practically but it is increased with increase of the time of 
laser action. 

Except homophase non-metallic inclusions of 
oxides, nitrides, sulphides, silicates there are different 
heterophase inclusions in steels having various nature and 
structure [1]. The first one are inclusions “high-melting 
phase (ph2) surrounding with low-melting cover (ph-c1)” 
with interphase boundary ph-c1↔ph2. The second one are 
inclusions “phases ph1, ph2 are beside” with interphase 
boundary ph1↔ph2. The third one are “eutectics” with 
interphase boundaries eu1↔eu2. And the fourth one are 
“dispersed phases (d2) in non-metallic matrix (ph-m1)” 
with interphase boundaries ph-m1↔d2. Examining the 
processes of high-speed melting and crystallization of 
heterophase inclusions under laser action it is necessity to 
note their common signs and also peculiarities connecting 
with different structure of these inclusions.  

Investigation of high-speed melting and 
crystallization of heterophase inclusions discovered variety 
of processes happening in inclusions and steel matrix near 
inclusions when in the moment of melting 
micrometallurgical bath is formed and melting of inclusion 
phases and steel matrix are interacted. Melting of 
inclusions and both interphase boundaries inclusion-matrix 
ph-c1↔m and inside inclusions ph-c1↔ph2 connects with 
formation of heavy disordered areas on surface of 
inclusions (nucleus of melting) and abnormal mass transfer 
as the process of melting of homophase non-metallic 
inclusions. 

Both phases of inclusions “high-melting phase 
surrounding with  low-melting cover” in the moment of 
laser action are melted but the behavior of their phases is 
differ with degree of melting. Low-melting sulphide or 
silicate cover is melted fully, high-melting phase of oxide 
or nitride is melted partly or fully (Fig. 3, a, b). On the 
surfaces of both phases mutual saturation was discovered 
and interphase boundaries inside inclusions are not legible. 
Low-melting cover of inclusion has interaction with both 
steel matrix and high-melting phase of inclusion, so it can 
to dissolve different atoms on the both sides and it can to 
accelerate process of dissolution or melting if solubility of 
elements in sulphide or silicate is sufficiently great. On 
surface of high-melting phase of oxide or nitride saturating 
with elements of low-melting cover the heavy disordered 
areas are formed which pass into liquid low-melting phase. 
Since in the conditions of laser action the relaxation 
processes in surface layers of both phases of inclusion 
“high-melting phase surrounding with  low-melting cover” 
are not have time for happen the time for the achievement 
of quasiequilibrium conditions on both interphase 
inclusion-matrix boundaries ph-c1↔m and interphase 
boundaries inside inclusions ph-c1↔ph2 is increased 
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considerably. Inner stresses in surface layers of both phases 
of inclusion control the development of melting process 
which happens in limited volume owing to preservation of 
contact between phases of inclusion and also between low-
melting cover and steel matrix. Elementary act of  stresses 
relaxation causes activation and drawing in considerable 

number of atoms of both phases of inclusion to the process 
of disordered similar melting. After high-speed melting of 
inclusions “high-melting phase surrounding with low-
melting cover” happens the hyper-nonequilibrium 
crystallization connecting with formation of microphases, 
nanophases and sometimes of amorphous phases. 

Both phases of  inclusions “phases are beside” in 
the moment of laser action are fully or partly melted. If the 
both phases are high-melting they are fused or partly 
melted (Fig. 3, c, d). Liquid phases are mixed under 
convective flows in micrometallurgical bath that is 
accompanied with interaction of components of both 
phases of inclusion and steel matrix across both interphase 
inclusion-matrix boundaries ph1↔m and ph2↔m and also 
across interphase boundaries inside inclusions ph1↔ph2. If 
the both phases are low-melting they are fully melted in the 
moment of laser action . Liquid phases are mixed and 
supersaturated liquid solutions are formed then they are 

crystallized with high speed and zones of liquation are 
formed too. If the phases of inclusion have very different 
temperatures of melting they show different behavior in the 
moment of laser action. Analysis discovered mutual mass 
transfer between each phase of inclusions and steel matrix 
and between both phases of inclusions “phases are beside”. 
Change of chemical composition on the surfaces of both 
phases of inclusions “phases are beside” and achievement 
limit of solubility of elements creates the conditions in each 
phase for transition of surface layer to liquid state with 
minimum expenditures of energy on the break of 
interatomic bonds. 

 

                                 
                  a                                                                       b                                                              c                                    

 

                                 
                     d                                                            e                                                            f 
 

Figure 3. Dissolution and melting of heterophase non-metallic inclusions “high-melting phase surrounding with low-melting 
cover” (a, b), inclusions “phases are beside” (c, d), inclusions “eutectics” (e, f) under laser action; x500 

 
Inclusions of “eutectics” containing both low-

melting and high-melting phases after high-speed 
crystallization in the conditions of laser action were 
investigated. They had regular colony structure in the initial 
state. In the most of them such structure was not kept after 
laser action. Evidently transformation of type of eutectic 
was happened. Regular colony structure was transformed  
into abnormal eutectic without regular distribution of 
components (Fig. 3, e, f). According to reference [5], 
abnormal eutectics are formed in conditions when 
conjugational growth of crystals of eutectic phases do not 
possible and also when eutectic is formed with high-
entropy phases. It is evidently the absence of possibility for 
conjugational growth of crystals of eutectic phases in the 
conditions of laser action.  For the structure of abnormal 
eutectics the presence of phase areas with different shape 
chaotically disposing in inclusion is typical. Abnormal 
eutectic structures after laser action with energy of impulse 
Wpulse 10…25 J were observed. In the resort of Wpulse 30 J 
together with abnormal eutectics the sulphide and silicate 
eutectics inclusions with amorphous structure were 
observed. Some inclusions have signs of colony structure. 
Various of structures of inclusions of “eutectics” is 
explained with differences of nature of eutectic phases and 

also with heterogeneity of laser radiation promoting 
appearance of different conditions of their crystallization. 
Steel matrix under laser melting is saturated with elements 
of phases of inclusions of “eutectics” independently on the 
type of inclusion. 

 Investigation of inclusions “dispersed phases are in 
non-metallic matrix” was shown the both phases in the 
moment of laser action are melted fully or partly. Their 
behavior is differed from with degree of melting. If both 
phases ph-m1 and d2 are high-melting that phase ph-m1 is 
fused or melted in dependence on temperature regime. 
Dispersed phase d2 as a rule have time to melt (or to 
dissolve) fully in the matrix phase ph-m1 0f inclusion. 
Under action of convective flows in micrometallurgical 
bath the liquid phases of inclusion are mixed though often 
remnants of phase d2 are shown. If both phases of inclusion 
are low-melting they are melted and mixed. The 
oversaturated liquid solutions are formed and crystallized 
with big speed. In such inclusions the zones of liquation are 
observed connecting with presence of traces of sojourn of 
former dispersed phase d2. If phases of inclusion have 
different temperatures of melting that low-melting phase 
ph-m1 (sulphide, silicate) is melted in the moment of laser 
action but high-melting phase d2 (oxide, nitride) can to 
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melt fully or partly. In the time of happens the interaction 
of components of phase ph-m1 of inclusion with metal 
matrix of steel promoting the saturation of areas near 
inclusion with elements of phase ph-m1 of inclusion and 
also with elements of dispersed phase d2 being in surface 
area of inclusion. That promotes the rise of level of 
chemical inhomogeneity of saturated zones in steel matrix 
in the difference from analogous processes happing under 
melting of the first and second types of heterophase 
inclusions. In inclusions after rapid crystallization the 
heterogeneous distribution of elements is observed 
connecting with presence of traces of dispersed phase d2 
and also with formation of liquation zones revealing with 
special micro-spectral analysis. In inclusions “dispersed 
phases are in non-metallic matrix” the zones of laser 
crystallization with liquation causing owing to the mixing 
of components of both phases in the moment of melting are 
formed. In non-metallic matrix of some inclusions the areas 
with regular distribution of raised and reduced 
concentration of elements of both phases of inclusion were 
discovered. Analysis of these areas bears witness about 
possibility of the rate decomposition of liquid or solid 
solution. For inclusions “dispersed phases are in non-
metallic matrix” after speed crystallization the appearance 
of ultra small variation in grain size, formation of nano-
structure state and also of amorphous and mixed 
amorphous-nanocrystalline structures are typical.  Among 
inclusions “dispersed phases are in non-metallic matrix” 
more tendency for amorphization  have silicate phases of 
non-metallic matrix since owing to the interaction of 
elements of both phases of inclusions in the moment of 
melting the complicated silicate systems are formed. These 
silicate systems solidify under speed cooling as amorphous 
silicate glasses. Moreover inclusions containing phases 
with B, Ni, Si are subjected to amorphization. 

Thus laser action represents method of local change 
of structure and properties of heterophase non-metallic 
inclusions.  
In the laser strengthening zone of steels we can fix some 
defects relating to non-metallic inclusions: structural 
inhomogeneity, brittle cracks and voids, geometrical 
disruption of strengthening case, sections of oxidation [1]. 
During laser treatment there are some alterations in non-
metallic inclusions and steel matrix. The behavior of non-
metallic inclusions in steels under laser treatment depends 
on their type. High-melting non-metallic inclusions (oxides 
Al2O3, Cr2O3, SiO2, TiO, MnO.Al2O3, MgO.Al2O3, 
MnO.Cr2O3, TiCN) are melted or remained hard during 
laser treatment. Low-melting non-metallic inclusions 
(silicates MnO.SiO2, FeO.SiO2, sulphides FeS, FeS-
(Mn,Fe)S, (Mn,Fe)S) are melted and spread over a surface 
under shock wave. The components of inclusions penetrate 
into steel matrix and saturate it [6]. The motive force of the 
atoms exchange across interphase boundary is difference of 

the chemical potentials of elements containing in the 
inclusion and steel matrix. Coefficients of diffusion of 
lattice atoms (of the iron) and of the substitutional atoms 
near temperatures of steel melting exceed of equilibrium 
values are of order, coefficients of the interstitial atoms 
increase some more under laser action [7]. In the conditions 
of rapid cooling the atoms of elements passing from 
inclusion to the steel matrix are fixed in solid solution. 
Zones of steel matrix near inclusions represent solid 
solution oversaturated with elements of non-metallic 
inclusions.  

Values of microhardness of the steel matrix near 
non-metallic inclusions and of coefficient Ki depend on the 
state of inclusion and steel matrix in the moment of laser 
action. Values of Hμ

i and Ki are maximal when all types of 
inclusions and steel matrix are melted, they are decreased 
in the cases of melting of steel matrix and hard inclusions 
and also they are minimal in the cases of hard inclusions 
and steel matrix. Evidently the state of inclusion and steel 
matrix determines the degree of saturation of steel matrix 
with elements of inclusion. Values of Ki are about 
1,44…1,86.  Special influence of inclusions consists of 
saturation and oversaturation of local areas of steel matrix 
with elements of inclusions and of the origin of thermal 
stresses and also of the localization of relaxation processes 
having high-speed character.  

It is essential to take into account peculiarities of 
laser treatment: considerable energy of impulse, short-lived 
time of action, big speed of heating and cooling leading to 
rapid structural and phase transformations. Laser action is 
similar to micro-explosion, for example [7]. In shock waves 
the huge pressures are arisen that leads to plastic relaxation 
and mass transfer. Under pressure of shock compression 
the normal stresses exceed yield point. Manifolding of 
vacancies and dislocations and also dislocation reactions 
happens. Density of dislocations in zones of laser action is 
about 109…1012 sm-2.  

Relaxation of stresses in the zone of laser action 
is realized owing to plastic shears and rotations and also 
owing to twinning. The results of these processes are slip 
lines of a few systems, deformation torchs and 
“whirlwinds”, twins of a few systems, zones of dumping 
having signs of high-speed deformation. Microplastic 
processes of relaxation of stresses are localized near non-
metallic inclusions (Fig. 4, a). Since in zone of laser action 
the temperature of steel matrix is risen and also happens the 
high-speed recrystallization processes having dynamic 
character and defining with type of steel and its initial state. 
It is possible polygonization (Fig. 4, b) and also primary 
(Fig. 4, c), collective and secondary recrystallization  
accompanying with splitting of grain boundaries and 
formation of special grain boundaries. Non-metallic 
inclusions promote nucleation of recrystallized grains.

                                                
              a                                                   b                                                  c 

                     
Figure 4. Zones of relaxation of stresses near non-metallic inclusions in low-carbon steels after laser action; х500; c –х1000 
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Analysis of oversaturated areas of steel matrix 

near non-metallic inclusions was shown that their structure 
is heterogeneous. There are a few versions of their structure 
revealing owing to heat etching under laser action (fig. 5). 
It may be one zone, or two zones, or three zones; in non-
metallic inclusions the surface zone may be absebt or may 
be one zone or two zones. Quantity of oversaturated zones 
in steel matrix did not depends on the type and state of non-
metallic inclusions in the moment of laser action but 
depends on the regime of laser treatment: when impulse 
energy was higher and action time was bigger the tendency 
of multy-layers forming was bigger too. This is caused with 
activation of mass transfer owing to the rise of energy of 
laser impulse and increase of possibility of its realization at 
increase of the action time. Oversaturated areas of steel 

matrix near non-metallic inclusions are differed with  
distribution of chemical elements. At presence of one 
oversaturated zone near inclusion the gradual decrease of 
quantity of elements of non-metallic inclusion with 
removing from the inclusion was observed. At presence of 
the two or three oversaturated zones in each of them the 
gradual decrease of quantity of elements of non-metallic 
inclusion with removing from the inclusion was observed 
but quantity of elements in the second zone was less then in 
the first zone and also quantity of elements in the third zone 
was less then in the first and second zones. Thus at 
presence of a few oversaturated zones in steel matrix the 
cascade of elements concentration in zones of interaction 
between  inclusion and steel matrix with gradual decrease 
of the quantity of elements in each zone were observed [6].

 

                      
                                                a                                                       b                                              c                                        
  

                                                             
 
                                                                  d                                                                  e 

         
Figure 5. Zones of interaction between non-metallic inclusions and steel matrix under laser action: a, e - SiO2 steel E3; b, c -  
FeS-(Fe,Mn)S, steels 08kp and NB-57; d TiCN, steel 08Т; - х500х6 

 
 
Results of distribution of nanohardness of steel 

matrix were shown that its value ( H i
n) near non-metallic 

inclusions (one oversaturated zone or first zone) is more 
bigger then in the distance from non-metallic inclusions 
(Table 1). Its value depends on the chemical composition 
and structure of steel defining degree of strengthening 
under laser action. In the first (or sole) oversaturated zone 
values of  ( H i

n) in 1,45…1,8 time bigger (coefficient Ki)  
then in steel matrix in the distance from inclusion. In the 
second and third oversaturated zones values of 
nanohardness lower then in the first zone but exceeds 
values of H n in the distance from non-metallic inclusions 
accordingly in 1,25…1,64 and 1,1…1,3 time. Thus cascade 
of nanohardness values with the removal from non-metallic 
inclusions was observed. Value of nanohardness of steel 
matrix in all oversaturated zones near non-metallic 
inclusions and value of coefficient Ki depends on the state 
of non-metallic inclusion and steel matrix in the moment of 
laser action. Values of H i

n and Ki are maximum with the 
fusion of non-metallic inclusions and steel matrix, they are 
decreased with the fusion of steel matrix near hard non-
metallic inclusion and they are minimum in the cases of 

hard condition of non-metallic inclusion and steel matrix. 
This connects with phenomenon of maximum saturation of 
liquid steel matrix with the fusion or full melting of non-
metallic inclusions  [1]. In cases of fusion of oxides, 
sulphides, silicates in the moment of laser action 
nanohardness of steel matrix near non-metallic inclusions 
bigger then near hard non-metallic inclusions and values of 
coefficient Ki in all oversaturated zones increase. Saturation 
of steel matrix with elements of non-metallic inclusions and 
their fixing in the solid solution promotes increase of H i

n 
and Ki values. Degree of steel matrix saturation in the 
second and third zones less then directly near non-metallic 
inclusions (in the first zone) that is confirmed with  
difference of H i

n and Ki values. Dependence of 
nanohardness of the first (or sole) oversaturated zone of 
steel matrix near non-metallic inclusions has non-
monotonic view for all laser action time (Table 1). This 
evidence about existence of certain ranges of laser beam 
energy values that correspond to maximum strenghtening 
of local layers of steel matrix. 
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Table 1. 

Values of nanohardness  of steel matrix near near non-metallic inclusions ( H i
n) and far from them H n  under impuls energy 25J 

and action time 3,6. 10-3 s 
 

 
Inclusion, steel 

 

Condition of inclusion 
in the time of laser 

action 

Condition of steel 
matrix in the time of 

laser action 

H n, 
х 10, 
МПа 

 

H i
n, х 10, МПа 
in zones 

1             2            3 

Al2O3, 
MgO·Al2O3,, R7 

fusion liquid 620       1100         -            - 
1085     942       744 

SiO2, R7 hard liquid 
hard 

620       1080      858         - 
960         -           - 

MnO·SiO2 
2MnO·SiO2, NB-57 

 
liquid 

 
liquid 

 
748 

      1130      1050       - 
      1260      950     810 

TiN, TiCN, 08Т hard, fusion liquid 280 502        380       - 
Al2O3, 

MnO·Al2O3, 08Yu 
hard/ 
fusion 

hard 
liquid 

 
286 

   450        385     340 
520        450       - 

FeO, 
FeO-MnO, 08kp 

liquid/ 
fusion 

liquid 
hard 

260 460        320       - 
415          -          - 

FeS-(Fe,Mn)S, 
NB-57 

liquid liquid 
 

 
748 

1220     1100    840 
       1120          -          - 

 
Main factor of laser strengthening of local areas of 

steel matrix is its microalloying from inner sources - non-
metallic inclusions. Creation of cascade of oversaturated 
zones near inclusions by formation of local liquational 
strengthened areas is formation of layers composite near non-
metallic inclusions. Structure of these zones maybe single-
phase (oversaturated solid solusions) but often dispersal 
microphases and nanophases – “satellite” particles are 
observed (see Fig. 4, a, d). Chemical composition of 
“satellite” particles connects with initial inclusion but slightly 
differs from it thanks to participation of elements of steel 
matrix in their formation [3]. For example, near inclusion 
Al2O3 in steel R7 “satellite” particles MnO·Al2O3 , 
(Fe,MnO)·Al2O3 were observed. Process of “satellite” 
particles formation is connected with abnormal mass transfer 
in the moment of inclusions and steel matrix melting then in 
steel matrix areas enriching by elements of inclusions and also 
containing of complexes (clusters) of former nano-graines of 
non-metallic inclusions are formed. Local areas of the type of 
metallic emulsion smelts are formed. They are “freezed” by 
abrupt cooling and clusters of former nano-graines of non-
metallic inclusions are crystallized into “satellite” particles. 
And also process of “satellite” particles formation maybe 
connects with decrease of solubility of elements of non-
metallic inclusions in areas of enrichment of liquid or hard 
steel matrix by abrupt cooling. In the result in steel matrix 
near initial inclusions composite structure with dispersal 
particles are formed. 

 
4. Conclusions.  

Mechanism of melting of non-metallic inclusions and 
inclusion-matrix boundaries under contact laser melting with 
steel matrix in the conditions of abnormal mass transfer 
connecting with formation of zones with high dislocation 
density and also with electron and electro-magnetic 
interaction between inclusion and steel matrix was proposed. 
That allows to create the possibilities for the influence on the 
inclusion-matrix boundaries and also on the chemical and 
phase composition of surface layer of non-metallic inclusions. 
Peculiarities of structure of non-metallic inclusions after 
speed crystallization were investigated. And also the 
peculiarities of formation of the contact interaction zones in 
steel matrix in the conditions of abnormal mass transfer from 
inner sources (non-metallic inclusions) under laser treatment 
were investigated. These zones connecting with origin of the 

liquation strengthened areas represent different types of 
composite layers. Gradiental zones with cascade and “spot” 
distribution of elements and nanohardness, dispersal zones 
with different types of strengthened nanophases, “tunnel” 
zones, and also zones with combine structure were formed. 
Melting of inclusions under laser action is corresponded with 
change of their structure and phase composition.  
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1. Въведение 
Термичното уякчаване на повърхностните слоеве на 

изделията създава високи физико-механични свойства у тях 
при запазване на изходните качества на сърцевината. 
Практическо приложение са намерили закаляването с токове с 
висока честота (Т.В.Ч.), газопламъчното, плазменото и лазерно 
[1,2,3], като последните две се използват широко при 
закаляване на работни повърхнини на инструменти. В този 
случай уякчаването трябва да се провежда без разтопяване, за 
да се запазят геометричните им размери. 

При съсредоточаване на енергия с висока концентрация в 
тънкия повърхностен слой на изделието, последният може да 
се нагрее до такива температури, че напълно да премине в 
течно състояние. След прекратяване на нагряването слоят 
затвърдява с много голяма скорост на охлаждане поради 
бързото отвеждане на въведената топлина навътре в студения 
обем на изделието. При такова самозакаляване на тънкия 
разтопен слой в него може да се формира структура, която да 
осигурява подобряване на експлоатационните му свойства. 

Възможна алтернатива на по-горе описаните енергийни 
източници използвани за повърхностно уякчаване е 
електродъговия разряд с кух катод във вакуум (Hollow Cathode 
Arc). Той представлява силнотоков, нисковолтов електронен 
сноп с автогазово фокусиране и по своя характер заема 
междинно положение между електронния лъч и плазмената 
дъга [4,5]. Разрядът съществува устойчиво при големини на 
тока Iр=5÷500А, работно налягане Pраб=(1÷10-2)Ра и количество 
на подавания плазмообразуващ газ GAr=0,3÷3,0mg/s [4].  

За него са характерни сравнително високи технологични 
характеристики. Максималната плътност на топлинния поток в 
зоната на нагряване е в рамките на q2m=5.103÷105 W/cm2, което 
го поставя на едно от първите места в това отношение, 
отстъпвайки само на лазерния и електронен лъч. По подобен 
начин стоят нещата и при ефективният коефициент на полезно 
действие, който е от порядъка на ηр=0,8÷0,92. 

Този разряд съществува в две форми: дифузионна и 
концентрирана. Първата е налице, когато токът е сравнително 
малък Iр=5÷45А, като стълбът на разряда е трудно забележим 
напомняйки много на тлеещ разряд. При големини на тока 
Iр≥50÷60А се наблюдава концентрирана форма на разряда във 
вид на цилиндричен шнур с диаметър равен на този на кухия 
катод. В този случай дължината на дъговия промеждутък може 
да бъде 2÷150mm, като промяната й дори с няколко милиметра 
не води до промяна в дълбочината на стопяване. 

Разряда с кух катод намира основно приложение за 
осъществяване на процесите на заваряване, наваряване и 
спояване. Липсва обаче информация в литературата за 
използването му с цел термично обработване, както и 
възможните резултати от него. 

Целта на работата е да се изследва възможността за 
повърхностно термично обработване на инструментални 
стомани чрез електродъгов разряд с кух катод във вакуум и да 

се установи влиянието на параметрите на режима върху някои 
от характеристиките на получените зони. 

2. Методика на изследването 
Експериментите са осъществени в лабораторията 

„Технологични процеси за обработване във вакуум чрез 
електродъгов разряд с кух катод” на РУ „А. Кънчев” с помощта 
на полупромишлена инсталация, състояща се от вакуумна 
камера, помпен агрегат, устройства за микронатичане и 
отчитане на количеството на плазмообразуващия газ и 
заваръчни токоизточници. Схема и общ вид са показани на 
фигура 1. Като плазмообразуващ газ е използван Ar (аргон) с 
чистота 99,999 %. 

 

 

Фиг. 1 Схема и общ вид на полупромишлената инсталация. 

Кухият катод е във вид на тръбичка, което улеснява 
подаването на газа през него. Той е изработен от танталово 
фолио и е с размери: дължина – 30mm; диаметър – 3,5mm; 
дебелина на стената – 0,2mm. 

При провеждане на експериментите е използвана стомана 
марка ХВГ. Тя спада към инструменталните нисколегирани 
стомани, използвани за изработване на измервателни и режещи 
инструменти, за които повишеното деформиране при 
закаляване е недопустимо – резбови калибри, протяжки, дълги 
метчици, матрици, поансони и др. Типичен режим за 
термообработването на тези стомани е закаляване от 840°С и 
последващо отвръщане в температурния интервал 180...280°С. 
Твърдостта след закаляване е в рамките на 63...64HRC, а след 
отвръщане 57…61HRC [6,7].  

От избраната за изследване марка стомана са подготвени 
пробни тела с размери 50х20х10mm. 

Използвани са следните режими на работа: големина на 
тока – 60, 70, 80, 90 и 100А; скорост на движение - 11 mm/s 
количество на плазмообразуващия газ – 2,5l/h; диаметър на 
кухия катод - 3,5mm, като формата му в изходния край е кръгла 
или елипсовидна; дълбочина на вакуума – 3.100Ра. 

След проведеното повърхностно уякчаване част от 
пробните тела са отвръщани при 180°С, а другата част при 
280°С. 
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Измерването на твърдостта е направено с помощта на 
твърдомер Wolpert Wilson по метода на Викерс с натоварване 
1kg. 

3. Резултати 
Получените резултати представят геометричните размери, 

твърдостта и микроструктурата на уякчените зони след 
въздействие с електродъгов разряд с кух катод във вакуум и 
след последващо отвръщане.  

След  проявяване на структурата се наблюдават няколко 
зони (фиг.2): зона на разтопяване със съответната й широчина 
и дълбочина (поз. 1), полуразтопена зона със съответната й 
дебелина (поз. 2) и зона на термично влияние със съответната й 
широчина и дълбочина (поз. 3). 

 
Фиг. 2  Макрошлиф (х20) за измерване на размерите и твърдостта на 
получените зони в напречно направление: 1-разтопена зона; 2- 
полуразтопена зона; 3- зона на закаляване от твърдо състояние 

Резултатите показващи влиянието на големината на тока 
върху размерите на получените зони са дадени в таблица 1 и на 
фигура 3.  

Табл. 2: Геометрични размери на получените зони 
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60 
к* 1.3 0.14 1.05 0.55 0.17 
е* 1.35 0.04 1.08 0.65 0.2 

70 
к* 1.4 0.15 1.15 0.6 0.3 
е* 1.45 0.12 1.3 0.65 0.3 

80 
к* 1.65 0.2 1.2 0.65 0.3 
е* 1.8 0.17 1.2 0.63 0.3 

90 
к* 1.8 0.4 1.3 0.60 0.2 
е* 2.0 0.35 1.3 0.52 0.2 

100 
к* 2.2 0.6 1.3 0.55 0.21 
е* 2.3 0.51 1.4 0.53 0.22 

*к – кръгла форма на катода; 
*е – елипсовидна форма на катода. 

Те показват най-общо, че чрез промяна на режимите на 
работа могат да се получават зони с различни размери.  

От използваните параметри на режима основно влияние 
върху размерите на зоните на стопяване оказва големината на 
тока. Промяната му от 100А до 60А е свързано с намаляване на 
широчината около 2 пъти (от 2,2mm до 1,3mm), докато 
дълбочината намалява почти 5 пъти (от 0,6mm до 0,14mm). 

 
Фиг. 3 Влияние на големината на тока върху размерите на 
получаваната разтопена зона: 1- широчина на разтопената зона при 
катод с елипсовидна форма; 2- широчина на разтопената зона при 
катод с кръгла форма;3- дълбочина на разтопената зона при катод с 
елипсовидна форма; 2- дълбочина на разтопената зона при катод с 
кръгла форма; 

Използването на кухи катоди с различна форма дава 
възможност допълнително да се влияе върху размерите на 
получените зони (най-вече на стопените). При катоди с кръгла 
форма в сравнение с тези с елипсовидна широчината на 
разтопената зона е по-малка, а дълбочината по-голяма (табл.1). 

Резултатите в същата таблица показват, че размерите на 
останалите две зони (зона на закаляване от твърдо състояние и 
полуразтопена зона) са сравнително постоянни при различните 
режими на работа и почти не зависят от тях.  

Графиките показващи влиянието на големината на тока 
върху твърдостта на уякчените зони при двете форми на кухия 
катод са дадени по-долу. 

 

Фиг. 4 Влияние на големината на тока и формата на катода върху 
твърдостта на получените след уякчаване зони: 1- разтопена зона при 
катод с кръгла форма; 2- полуразтопена зона при катод с кръгла 
форма 3- зона на закаляване от твърдо състояние при катод с кръгла 
форма. 

Изразените графично на фиг. 4 и 5 резултати най-общо 
показват, че с нарастване на тока е налице тенденция за 
намаляване на твърдостта в отделните зони независимо от 
формата на катода, като най-висока тя е в зоната на стопяване, 
а най-ниска в зоната на термично влияние. Графиките показват 
също, че освен тока влияние оказва и формата на кухия катод. 
При такъв с елипсовидна форма е налице малко по-висока 
твърдост в сравнение с тази получена при използването на кух 
катод с кръгла форма. Причината най-вероятно е свързана с 
разлика във внесеното количество топлина в двата случая. 
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Фиг. 5 Влияние на големината на тока и формата на катода върху 
твърдостта на получените след уякчаване зони: 1- разтопена зона при 
катод с елипсовидна форма; 2- полуразтопена зона при катод с 
елипсовидна форма 3- зона на закаляване от твърдо състояние при 
катод с елипсовидна форма. 

От резултатите по отношение на твърдостта на зоните на 
стопяване измерена след отвръщане при различните 
температури се вижда, че при температури 180°С твърдостта 
варира в рамките на 696÷826HV1, докато при 280°С – между      
660HV1÷ 720HV1 (фиг. 6,7,8 и 9).  

 

Фиг. 6 Влияние на температурата на отвръщане и големината на 
тока върху средната твърдост на зоните на стопяване при кух катод 
с кръгла форма – Тотвр.=180ºС. 

По – съществено е влиянието на температурата на 
отвръщане върху твърдостта в зоната на закаляване от твърдо 
състояние. При температури 180°С твърдостта в тази зона се 
изменя от 679HV1 до 705HV1, докато при 280°С – от 604HV1 
до 656HV1. 

 

Фиг. 7 Влияние на температурата на отвръщане и големината на 
тока върху средната твърдост на зоните на стопяване при кух катод 
с елипсовидна форма – Тотвр.=180ºС. 

 

Фиг. 8 Влияние на температурата на отвръщане и големината на 
тока върху средната твърдост на зоните на стопяване при кух катод 
с кръгла форма – Тотвр.=280ºС. 

 

Фиг. 9 Влияние на температурата на отвръщане и големината на 
тока върху средната твърдост на зоните на стопяване при кух катод 
с елипсовидна форма – Тотвр.=280ºС. 

На фигура 10 е показана микроструктурата в разтопената 
зона на стомана ХВГ, след повърхностно термично 
обработване, при увеличение х500. От нея се вижда, че 
получената след охлаждане структура е едроиглест мартензит и 
остатъчен аустенит. В структурата не се наблюдава карбидна 
фаза, но не е изключено нейното съществуване. 

Получените разлики в твърдостта на тази зона при 
различни големини на тока са в рамките на 150 до 180 HV1, 
като сe наблюдава тенденция за намаляване на твърдостта при 
нарастване на големината на тока.  

 
Фиг. 10 Микроструктура на разтопената зона х500 

Тези разлики най-вероятно се дължат на изменение на 
количеството на Аост и евентуално на наличието или липсата 
на карбидна фаза. Получената структура кореспондира с 

73



данните в литературата, които сочат като недостатък на тази 
стомана наличието на Аост след закаляване и уедряване на 
аустенитното зърно при закаляване от по-високи температури, 
което естествено ще рефлектира върху големината на 
мартензитните пластини.   

Причините за намаляването на твърдостта в тази зона при 
нарастване на тока би следвало да се търсят в количеството 
въведена чрез електродъговия разряд топлина. При по-голям 
ток размерите на ваната от течен метал нарастват, поради което 
металът престоява по-дълго време в разтопено състояние. Това 
дава възможност за по-пълно протичане на процесите на 
хомогенизаця. При следващо охлаждане полученият аустенит е 
по-хомогенен и по-трудно ще отделя карбиди. Поради по-
голямата преситеност на същия при по-голям ток Мs ще се 
премести към по-ниски температури, което означава по-голямо 
количество Аост. 

Както се вижда от фигура 11 структурата на 
полуразтопената зона се различава от тази на стопената, като в 
нея се наблюдават остатъчен аустенит и дребноиглест 
мартензит. Сравняването на получените в двете зони твърдости 
показва, че твърдостта на полуразтопената зона е равна или по-
ниска с 50 до 80 HV1 спрямо измерената в разтопената зона. 

 
Фиг. 11 Микроструктура на полуразтопената зона х500 

Микроструктурата в зоната на закаляване от твърдо 
състояние е показана на фигура 12. Прави впечатление нейната 
дисперсност в сравнение с тази наблюдавана в разтопената 
зона. Твърдостта измерена в тази зона не се отличава 
съществено от тази в полуразтопената зона. 

 
Фиг. 12 Микроструктура на зоната на закаляване от твърдо 
състояние х500 

От получените резултати за твърдостта (фиг.6, 7, 8 и 9) в 
зоната на разтопяване, след провеждане на отвръщане, може да 
се заключи, че процеса на промяна на структурата не се 
различава по същество от същия протичащ при закаляване и 
отвръщане от оптимални за марката температури (Тзак = 
840°С). Тези промени се изразяват в отделяне на фини 
карбидни включения от мартезнитната фаза и незначително 
(около 2-3 %) намаляване на количеството на Аост. Твърдостта 

при тази температура на отвръщане намалява с около 30-
40HV1 и напълно кореспондира с данните в [6, 7]. 

Нарастването на температурата на отвръщане до 280ºС е 
свързано с продължаване на процесите на отделяне на 
карбидна фаза от мартензита и с разпадане на цялото 
количество Аост. Според [7] при температури по-големи или 
равни на 240°С остатъчния аустенит се разпада напълно. 

При тази температура се наблюдава намаляване на 
твърдостта, като резултатите за зоната на термично влияние 
съвпадат с тези посочени в литературата. Разтопената зона 
запазва с 100-140HV1 по-висока твърдост спрямо зоната на 
закаляване от твърдо състояние поради по-голямата й 
преситеност с въглерод и легиращи елементи. 

4. Изводи (Заключение) 
1.  Използването на електродъгов разряд с кух катод във 

вакуум е възможна и подходяща алтернатива на традиционно 
използваните лазерни и плазмени източници на енергия при 
повърхностно уякчаване на инструментални стомани. 

2. Чрез използването на различни режими на работа могат 
да бъдат получени уякчени зони с различни геометрични 
размери, като с нарастване на големината на тока основно се 
променят размерите на зоните на стопяване, докато тези на 
полуразтопените зони и на зоните на закаляване от твърдо 
състояние остават сравнително постоянни.  

3. Твърдостта на получената разтопена зона за стомана ХВГ 
след уякчаване с електродъгов разряд с кух катод във вакуум е 
достатъчно висока (713...843HV1). Провеждането на 
последващо отвръщане при температури 180°С е свързано с 
намаляване на твърдостта с 30…60HV1, а при 280°С с 
90…120HV1. 

4. Получените след закаляване структури са близки до тези 
получавани при конвенционални условия и оптимална 
температура. Характерна разлика се наблюдава в разтопената 
зона, където структурата е едроиглест мартензит. Това би 
рефлектирало в намаляване на ударната жилавост и вероятност 
от откъртване на повърхностните слоеве при динамично 
натоварване. 
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This study reports the structural evolution of equiatomic AlCuNiFeTi high-entropy alloy (HEA) from elemental materials to solid solution 
during mechanical alloying (MA), and further, to equilibrium phases during subsequent thermal annealing. It was justified experimentally 
that MA of Al-Cu-Ni-Fe-Ti powder mixture during 15 hours resulted in a single-phase nanocrystalline HEA with a structure of ВCC solid 
solution. During thermal annealing recovery and recrystallization of the BCC solid solution take place at temperatures ranging from 130 to 
650 °C, and phase transformation, and grain growth of equilibrium phases occur at higher temperatures. The phase composition transforms 
to BCC and FCC solid solutions when the MA powder was annealed at 700 °C for 1 h. The BCC and FCC solid solution structure can be 
maintained even after the alloy was annealed at 1000 °C. The alloy powder was consolidated by pressure sintering at 800 °C with 5 GPa 
pressure for half an hour. The sintered sample exhibits 10.7±0.3 GPa in Vickers hardness. 
KEYWORDS: HIGH-ENTROPY ALLOY, MECHANICAL ALLOYING, STRUCTURAL EVOLUTION, PHASE COMPOSITION, 
ANNEALING 

 
1. Introduction 

 
Hіgh entropy alloys (НАЕs) are a new genеration of alloys and are 
quite different from traditional alloys, which are based on one or 
two elements. Almost all conventional alloys have been designed to 
have a major element, such as ferrous, aluminium, copper, titanium, 
and magnesium alloys. As a new focus on materials research and a 
novel alloy design concept, high entropy alloys have been achieved 
successfully by changing or designing the component elements of 
metallic materials and have attracted great attentions of material 
researchers since it was proposed in 2004 by Yeh et al. [1, 2]. HEAs 
are typically defined as alloys whose principal elements are at least 
five, and the concentration of each constituent element is between 5 
and 35 at.% [1- 4]. 
HEAs have been studied extensively in recent years, and they are 
expected to be plentiful in academic research and industrial 
applications. Some core effects in HEAs would be more pronounced 
than those in conventional alloys [5]: high entropy – it enhances the 
formation of simple solid solution phases, such as BCC and/or FCC 
structures, and thus simplifies the microstructures; severe lattice 
distortion – it arіsеs from the atomic size difference among different 
elements in solid solution  phases and might noticeably influence 
mechanical, physical and chemical properties; sluggish diffusion – it 
is due to the inefficient cooperative diffusion of various species and 
thus slow down phase transformations; and cocktail – it comes from 
the ideal mixing and inevitably excess interactions among the multi-
principal elements in solid solution phases, and thus is a composite 
effect on properties.  
HEAs have more excellent properties than conventional alloys and 
exhibit promising potential for engineering applications due to their 
good thermal stability [6], high hardness and high strength [7, 8], 
excellent wear resistance [9], superior oxidization and corrosion 
resistance [10], as well as many other exceptional properties [11]. 
The promising properties of HEAs offer the potential to be used in 
many applications, such as tools, molds, dies, mechanical parts and 
furnace parts which require high strength, thermal stability and wear 
and oxidation resistance. These alloys can be used for various 
applications that demand high temperature strength, oxidation, and 
corrosion and wear resistance. 
Mechanical alloying (MA) is a widely used high-energy solid state 
processing route for the synthesis of advanced materials from 
elemental powders [12, 13]. The extension of solid solubility with 
good homogeneity and room-temperature processing are the main 
advantages of MA over the casting route, especially with 
multicomponent systems with large differences in the melting 
points. MA can easily lead to the formation of nanocrystalline and 

will definitely increase the properties of high entropy alloys [13, 
15]. In this paper, the AlCuNiFeTi high-entropy alloy powder was 
prepared by mechanical alloying and subsequent annealing to 
research the structural evolution. The as-milled powder was 
consolidated by pressure sintering and the structure and mechanical 
properties were investigated too.  

 
2. Experimental procedure 
 
Equiatomic elemental blend of Al, Cu, Ni, Fe, Ti powders with 
purity higher than 99.5 % and particle size of ≤ 45 µm was 
mechanically alloyed to synthesize quinary equiatomic AlCuNiFeTi 
high entropy alloy. Milling of elemental powders was carried out up 
to 15 h in high energy planetary ball mill at 580 rpm with ball to 
powder weight ratio of 10:1. Hardened steel vial and balls were used 
as a grinding media (balls of 10 mm in diameter) and petrol was 
used as a process controlling agent. In order to avoid a significant 
increase in the vial temperature the milling was periodically 
interrupted at 10 min for cooling after each milling cycle interval of 
30 min. The powder samples were extracted at intervals of 1; 2; 5; 
15  h during milling. The 15 h ball milled alloy powder was then 
heat treated 1 h at different temperatures (500; 600; 700; 800; 900; 
1000 ºC) under flowing high purity argon atmosphere. Then, ball 
milled alloy powder was consolidated by pressure sintering at 
800 °C with 5 GPa pressure for half an hour in high purity argon 
atmosphere.The effects of milling duration (1; 2; 5; 15 hours), 
subsequent annealing at temperatures ranging from 500 to 1000 °C 
and consolidation of as-MA alloy on the structure and phase 
transformation were investigated by means of Rigaku Ultima IV X-
ray diffractometer (XRD) with Cu Kα (λ=0,15409 nm) radiation. 
The range of scanning angle (2θ) was from 20° to 120° and the 
scanning rate was 2°/min. The crystallite size in the milled powders 
as well as after annealing and consolidation has been calculated 
from the XRD peak broadening using peak profile analysis after 
eliminating the instrumental and strain contributions. A scanning 
electron microscope with an energy dispersive spectrometer (EDS) 
was used to observe microstructures and measure the chemical 
composition of alloy powders. The thermal analysis in the 
temperature range of 30 – 1430 °C was carried out in a STA 449 F1 
Jupiter (NETZCH Germany) differential scanning calorimeter 
(DSC) at a heating rate of 20 K/min under flowing purified argon 
atmosphere. Vickers hardness measurement of the consolidated 
samples was performed with a Digital Microhardness Tester MHV-
1000 under a loading of 1,5N and a duration time of 15 s. 10-20 
measurements were made on each sample for an average. The value 
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of Young modulus, E, was determined by instrumented indentation 
and calculated according to the Oliver-Pharr theory [14]. 
 
3. Results and discussion 
 
3.1. Phase and structure evolution of elemental powders 
during MA 
 
Fig. 1 shows the XRD patterns of the equiatomic AlCuNiFeTi MA 
powders prepared under different milling times.  
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Fig. 1. XRD patterns of MA AlCuNiFeTi powders with different 
milling times 
 
The pattern of 0 h exhibits peaks of all the pure elements in the 
initial mixture (blend). It can be seen that as milling time increases, 
drastic decrement of diffraction intensity and peak broadening are 
observed. The peak intensity decreases dramatically in the early 
stages of milling after the powder was grinded for 1 h. Obvious peak 
broadening can be observed and a lot of peaks become invisible as 
the alloy powder was milled for 2 h. The disappearance of 
diffraction peaks can be seen as the beginning of the solid solution 
formation. Only the most intense diffraction peaks can be clearly 
seen in the 5 h ball milled powder, which indicates the complete 
formation of the single phase solid solution with BCC structures (β-
phase). As the milling time reaches up to 15 h, the diffraction peaks 
exhibit no change except for a minor broadening.  
The intensity decrement and peak broadening in the diffraction can 
be attributed to the formation of nanocrystalline and high lattice 
strain induced by severe plastic deformation during the MA 
processing [15]. However, the cause of diffraction peak 
disappearance is complicated, which can be introduced by particle 
and crystal refinement together with high lattice strain, different 
atomic diffraction factor proportional to the atomic number, 
crystallinity decrement, formation of solid solution. For the X-ray 
diffraction peak intensity, the distorted atomic planes increase X-ray 
diffuse scattering effect and give smaller peak intensity [15]. Most 
of the diffraction peaks can hardly be seen after be ball milled for 
2 h. Thus, the formation of nanocrystalline and high lattice strain are 
primary factors of the above-mentioned broadening and decrement 
of diffraction intensity of the diffraction peaks. Moreover, size 
mismatch effect between the constituents, increasing grain boundary 
fraction and increasing dislocation density produced by severe 
plastic deformation lead to the increment of lattice strain [16].  
The crystal size of the alloy powders under different milling times 
have been calculated from the X-ray peak broadening using 
Scherrer’s formula after eliminating the instrumental contribution.  
The crystallite size of the alloy powders after 5 h of milling was 
nearly 40 nm. After 15 h of milling the crystallite size reduced 
below 20 nm. The crystal structure of the nanocrystalline 
AlCuNiFeTi HEA is identified as BCC with lattice parameter 
a = 0,2914 nm.  

It is known that most of the binary metallic system in the 
AlCuNiFeTi high-entropy alloy system possesses limited solid 
solubility under equilibrium condition because of their positive 
heats of mixing [17]. However, the five components mechanically 
alloyed powders with milling duration higher than 2 h show simple 
solid solution structure, which can be attributed to the formation of 
supersaturated solid solution. The solid solubility extension is 
introduced by the effect of high mixing entropy and the non-
equilibrium state of the MA process. As the component number 
increases, the random diffusion between different elements will be 
enhanced and thus the solid solubility is extended. In addition, the 
high-entropy of mixing can lower the tendency to order and 
segregate, and therefore makes the solid solution more easily 
formed and more stable than intermetallics and other ordered phases 
[5, 18]. On the other hand, the MA process can also extend the solid 
solubility limits [13]. Alloying occurs when the grain sizes of the 
elemental components decrease down to nanometer scale and then a 
substantial amount of enthalpy can be stored in nanocrystalline 
alloys due to the large grain boundary area. The energy stored in the 
grain boundaries serves as the driving force for the formation of 
solid solution [19]. Interdiffusion among the components occurs and 
the solid solubility is expected to increase with milling time 
increasing until it reaches a supersaturation level, beyond which no 
further extension of solid solubility will be achieved [13]. 
The entropy of fusion of all the elements in the present system is 
less than that of the configurational entropy of the five-component 
system (ΔSmix = 13.38 J·mol-1·K-1), which means the randomness 
due to the number of elements present in the system is higher than 
the randomness in the melting. This high configurational entropy 
(high randomness in the system) and also the large quantity of 
defects induced during MA process may lead to the formation of 
simple crystal structure in this HEA. The formation of amorphous 
phase at the equiatomic composition in the present system is not 
observed, possibly due to the smaller differences in the atomic sizes 
(δ = 4.9 %). 
 
3.2. Microstructure and chemical composition 
characterization 
 
The primitive powder exhibits a granular size of less than 45 µm. 
It’s known that the ball to powder interaction during high-energy 
ball milling involves continuous plastic deformation, fracture, and 
welding of particles finally leading to the nanocrystallization or 
even amorphization [13]. In the early period of MA process the 
particles firstly cold weld together to form even larger particles. The 
cold welded agglomerations are crushed down to smaller particles 
when the milling is prolonged. This circulation leads the powder be 
refined gradually and facilitates the diffusion and alloying among 
different metallic elements. Equilibrium between the crushing and 
fragmentation is achieved at 15 h milling duration. The 15 h ball 
milled alloy powder shows refined morphology with average 
particle size of less than 5µm as shown in Fig. 3.  
 

 
 
Fig. 3. SEM image of AlCuNiFeTi high-entropy alloy powder under 
15 h milling durations 
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The quantitative elemental microanalysis results from the EDX 
spectrum (not listed in this paper) clearly indicates that the 
homogeneity and the equiatomic composition is maintained in each 
particle of the alloy after 15 h of MA. 
 
3.3 Thermal analysis, annealing treatment and powder 
Consolidation 
 
Fig. 3 depicts the differential scanning calorimetry (DSC) curve of 
the 15 h mechanically alloyed AlCuNiFeTi high-entropy powder.  
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Fig. 3. DSC curve of the 15 h mechanically alloyed AlCuNiFeTi 
high-entropy alloy powder.  
 
The 15 h mechanically alloyed powder exhibits 
exothermic/endothermic trends in the temperature range of 30-
1430 ºC. The endothermic peak at 95.6 ºC is associated with energy 
absorption. This energy absorption can be related to the evaporation 
of process controlling agent (PCA) and gas. The long exothermic 
line in the temperature range of 130 to 350 ºC and the broad 
exothermic peak with maximum at 400 ºC in the DSC curve are 
associated with the release of internal stresses, such as structural 
deformation, lattice strain, etc. The exothermic peaks over 600 ºC 
(at approximately 674.4 ºC) is related to the energy release during 
the phase transformation process. The exothermic peak in the 
temperature range of 811 ºC to 1075 ºC can be attributed to the 
recrystallization of the BCC and FCC solid solutions. After heating 
to 1100 ºC, an endothermic curve appears and it can be attributed to 
the gradual collapse of crystalline structure under high temperature. 
An endothermic peak appears at 1220 ºC, indicating the beginning 
of melting. The endothermic peak at 1334.4, °C is designated as the 
alloy melting points.  
The 15 h mechanically alloyed AlCuNiFeTi high-entropy alloy 
powder was annealed 1 h at different temperatures and their XRD 
patterns are shown in Fig. 4. The powder shows thermal stability up 
to 600 ºC. The XRD patterns of the MA AlCuNiFeTi powders after 
thermal annealing at 500 and 600 ºC in Fig. 4 reveals that long 
exothermic curve and the broad exothermic peak at 400 ºC in the 
DSC curve represents the recovery of the β-phase with stress 
releases. This is because the 500 and 600 ºC-annealed XRD patterns 
in Fig. 4 show that the broad peaks (110) and (211) of the β-phase 
become sharper. This represents a BCC solid solution (β-phase) 
with fine grains of about 30-35 nm in diameter. Fig. 4 reveals that 
after annealing at 700 ºC, the XRD pattern exhibits FCC peaks 
along with original BCC peaks. This indicates the phase 
transformation, which corresponds to the sharp exothermic peak at 
674.4 ºC in the DTA curve. The FCC structural phase shows as the 
major phase after the alloy is annealed at 700 ºC for 1 h.  Fig. 4 
indicates that after annealing at 800, 900 and 1000 ºC, the powders 
exhibit both BCC and FCC mixed phases but the intensity of 
diffraction peaks increase significantly. However, the major phase 
transforms to the BCC structure while the FCC phase shows as the 
minor phase when it is annealed at 1000 °C. The increasing of XRD 

peak intensities of the BCC and FCC phases results from the crystal 
coarsening and internal energy release during the annealing process 
and corresponds to the broad exothermic line in the temperature 
range of 800-1000 ºC in the DSC curve.  
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Fig. 4. XRD patterns of MA AlCuNiFeTi high-entropy alloy 
powders after thermal annealing at different temperatures 

 
The phase transformation under annealing temperatures can be 
attributed to the metastable state of the supersaturated BCC solid 
solution. This metastable structure transforms to stable equilibrium 
phases in the final stage of annealing [16]. Both as-milled and as-
annealed AlCuNiFeTi high-entropy alloy powders show simple 
solid solution structure, which indicates the successful synthesis of 
high-entropy solid solution alloy powder by mechanical alloying. 
The solid solution structure exhibits excellent thermal stability and 
will definitely facilitate its wide application in the future. 
The XRD pattern of the 15 h mechanically alloyed AlCuNiFeTi 
high-entropy powder after consolidation by pressure sintering at 
800 °C with 5 GPa pressure for 30 min is shown in Fig. 5,  which 
evidences the phases formed in as-milled and as-consolidated 
conditions. The XRD pattern confirms that the as-consolidated alloy 
is composed of major BCC phase and the small volume fraction of 
FCC phase. Obvious peak broadening, shown in Fig. 5b, confirm 
the nanocrystalline nature of AlCuNiFeTi HEA with BCC and FCC 
structure.  
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Fig. 5. .XRD patterns of equiatomic AlCuNiFeTi HEA after MA (a) 
and consolidated at 800 °C with 5 GPa pressure for 0.5 h (b). 
 
The crystallite size of the main BCC phase of the alloy is 50 nm and 
the lattice parameter of the phases present in the alloy are 0.2885 nm 
(BCC), 0.3573 nm (FCC), respectively. 
SEM micrograph of bulk specimen is shown in Fig. 6, which reveals 
the presence of two phases. The SEM-EDX results are given in 
Table, which gives the compositions of the each phase present in the 
alloy. Grey phase (gray in Fig.6) has all the five elements and is rich 
in in Al and Fe and depleted in Cu and Ni. Dark phase (dark in Fig. 
6) is rich in Cu  and Ni, and depleted in Fe and Ti. From the volume 
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fractions of the phases, it appears that the grey coloured phase is the 
BCC one and the dark one is the FCC phase. 
 

 
 
Fig. 6. SEM image of AlCuNiFeTi high-entropy alloy after sintering 
under pressure 
 
Table 3. SEM–EDX results of nanocrystalline equiatomic 
AlCuNiFeTi sintering HEA 
 

Phase Al Cu Ni Fe Ti 
Bulk 19.85 18.74 20.37 20.43 20.61 
Gray 29.58 11.83 10.62 32.187 15.79 
Dark 13.25 31.33 29.87 15.83 9.71 

 
The Vickers’s hardness of as-consolidated nanostructured 
equiatomic AlCuNiFeTi HEA has been found to be 10.7±0.3 GPa. 
The Young modulus of the HEA is 127 GPa. The high hardness 
could be attributed to the nanocrystalline nature of the alloy, the 
solid solution strengthening equiatomic nature of the phases and the 
presence of two-phase structure [15, 18]. These AlCuNiFeTi HEA 
should also have good wear resistance according to the conclusion, 
that is, the wear resistance of materials is in general proportional to 
their Vickers hardness [20].  
 
4. Conclusions  
 
This study reports the preparation of quinary AlCuNiFeTi alloy by 
mechanical alloying (MA) processes. These alloy was then 
thermally annealed to investigate its structural evolution from 
elemental materials to non-equilibrium solid solution, and then to 
equilibrium phases at different temperatures.  
The equiatomic high-entropy AlCuNiFeTi alloy has been 
successfully synthesised by mechanical alloying. Supersaturated 
single-phase solid solution of BCC crystal structure with crystal size 
less than 20 nm has been formed when the alloy is ball milled 15 h. 
In mechanically alloyed powders, recovery begins at 130 ºC, and 
recrystallization occurs at higher temperatures approximately at 
370 ºC. The powder shows high thermal stability up to 600 ºC. The 
solid solution structure transforms to BCC and FCC phases after 
annealing at 700 ºC for 1 h. The phase transformation under 
annealing temperatures can be attributed to the supersaturated solid 
solution formation during the mechanical alloying process. Simple 
equilibrium phases obtained in the annealed state of mechanically 
alloyed powders confirm that the high-entropy effect enhances the 
formation of simple solid solution phases instead of complex 
compound phases.  
The 800 ºC sintered sample shows high Vickers hardness of 
10.7±0.3 GPa, indicating good sinterability and high strength of the 
mechanically alloyed AlCuNiFeTi high-entropy alloy. 
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Abstract: There were studied the mechanisms of interfacial processes when combining components of different composition, structure, and 
molecular weight in disintegrating type high-energy installations. The effects of formation of mechanochemical transformations products 
due to the flow of physical and chemical processes of interfacial interactions at the place of active centers of combined components were 
established. There were developed compositions and obtaining technology of composite materials and products containing 
mechanochemically combined components that cause the realization of synergies enhance the parameters of strength and tribological 
characteristics. The directions of the practical application of composites with mechanically activated components for the manufacture of 
tribological purpose products and coatings, which are used in metal-polymer constructions of vehicles and technological equipment. 
KEYWORDS: MECHANOCHEMICAL COMBINATION, ACTIVE CENTERS, INTERFACIAL INTERACTION, MODIFYING EFFECT, 
FUNCTIONAL COMPOSITES. 
 
 

1. Introduction 
 

According to the classical concepts of materials science of polymer 
composites most important factor determining the parameters of 
strength and tribological characteristics of the product, is the 
intensity of the interfacial interactions at the components interface. 
By controlling the mechanisms and kinetics of interfacial 
interactions in the composite on the basis of thermoplastics of 
different composition, structure and molecular weight, it is possible 
to achieve the optimal value of the strength of the boundary layer, 
which provides a maximum modification effect [1-5]. 
For industrial application of new approaches to the management of 
interfacial interactions is necessary to develop simple technologies 
based on the use of the equipment, the widespread practice - mixers, 
crushers, dismembrators, injection molding machines etc. 
An analysis of the literature on the problems of creating high wear-
resistant composite materials based on thermoplastic matrices, 
shows promising approach based on the directional change in the 
energy state of the particles of the components that determine the 
intensity of their interaction with the formation of the boundary 
layer of a determined composition, structure and strength. However, 
the range of engineering composites obtained using special energy 
impacts on the components in the manufacture and processing of 
the materials is extremely limited, which does not allow their 
widespread practical use for the development and manufacture of 
component parts of automotive components and the process 
equipment of various purposes increased resource [1 2, 6-11]. 
A special perspective on the management of the energy state of 
engineering materials components are mechano-chemical 
technology to carry out the synthesis of new products, 
thermodynamically compatible with the matrix polymer directly in 
the process of preparing a composition [1, 2, 5, 8, 12-14]. 
The purpose of the work was to establish the mechanisms of 
formation of the energy state of components in different types of 
technological impacts for the optimal structure of interphase 
boundary layers in filled thermoplastic matrix, which defines the 
parameters of service characteristics. 
 

2. Methods of research 
 

As binders for composites were used thermoplastic polymers - 
polyamide 6 (PA 6) and polyamide 11 (PA 11), high density 
polyethylene (HDPE), polypropylene (PP), polytetrafluoroethylene 
(PTFE) in the state of industrial supply (JSC "Grodno Azot" JSC 

"Polymir", JSC "KhimvoloknoMogilev"). Some experiments were 
carried out with the regenerated thermoplastic (HDPE, PP, LDPE) 
obtained at JSC "Belvtorpolimer" in accordance with the existing 
standard documentation. To form the coatings used thermoplastics 
dispersed particles obtained by granular semifinished products 
cryogenically dispersing. 
For the formation of multilayer coatings and components modifying 
with different kinds of technological impact used fluorides - 
solutions of fluorinated oligomers "Epilam" and "Foleoks" with a 
molecular weight of 1000 - 2000 units (manufacturer - Institute of 
Synthetic Rubber, St. Petersburg, Russia) and products thermogas 
dynamic synthesis polytetrafluoroethylene produced under the 
brand name "Forum" (Institute of Chemistry FEB RAS, 
Vladivostok, Russia). 
In order to control the parameters of the energy state and dispersion 
of components used technological methods based on mechanical 
dispersion, mechanochemical combination, the impact of energy 
flows in the heat treatment, exposure to corona discharge, 
microwave, laser beam, using original cryogenic plants dispersion, 
rolling shear (Yanka Kupala State Universiry of Grodno), the 
installation of the planetary mixing AGO-2 (Institute of Solid State 
Chemistry and Mechanochemistry of the SB RAS) systems for the 
treatment of microwave radiation, laser QUANTUM-15, high-
shredder dismembrator, installations for the electrostatic application 
of coatings (JSC "Grodno Mechanical Plant", JSC" Belcard", JSC 
"Lakokraska"). Selection of the type of energy impact and the 
conditions for the activation process has been driven by structural 
and chemical and dimensional parameters of components, the 
functionality of the coatings or products. 
To obtain composite materials used highly dispersed, including 
nanoscale particles of carbonaceous (UDD, UDAG, nanotubes, 
colloidal graphite), siliceous (mica, clay, flint, shungite tripoli), 
fluorine (UPTFE) and metal-containing (oxides of Fe, Cu, Zn) 
compounds obtained by the original technology of manufacturer 
(JSC "Sinta", SSI "Lykov Institute of Heat and Mass Transfer", 
Institute of Chemistry FEB RAS), or as a result of special 
technological effects on the semi-finished product 
(mechanochemical dispersion, sublimation). 
Physical and chemical processes at the interface "matrix-filler", 
"coating-substrate" in the preparation and processing of composites 
and coatings and use of the products were evaluated using the 
methods of IR-spectroscopy (Tensor-27), X-ray diffraction (DRON 
2.0, DRON 3.0), DTA (Thermoscan-2) by conventional means. The 
morphological parameters of the particles and substrates subjected 
to different types of energy impact, examined using an atomic force 
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(NT-206), scanning electron (Mira, Tescan), optical (MDS) 
microscopes. Energy state of dispersed particles, samples of 
composites, coatings and substrates investigated by thermally 
stimulated currents (TSC-analysis) on the original installation (ODL 
“Microtestmachines”). 
 

3. Results and discussion 
 
Used in materials science of composite materials based on 
polymeric, oligomeric and combined matrix dispersed modifiers 
differ not only in composition, crystal-chemical structure, 
dimensions (dispersion), and energy state, which determines their 
activity during interphase interactions [1, 3, 6 9-11]. 
Energy state of the dispersed particles or substrate is a multi-value, 
depending on the magnitude of the surface energy, the formation 
mechanism of uncompensated charge, its relaxation time under the 
impact of various physical and chemical, electro-physical, thermal, 
and others processes. 
When substantiated choice of functional materials and metal-
polymer systems is necessary not only to provide a given level of 

activity in the processes of interfacial interaction between the 
components, but its expression in the formation of the composite 
(system) in the optimal range of parameters of technological factors. 
Therefore, in each process must be justification for the type and 
mechanism of energy impact on the components that determine the 
formation of the boundary layer with optimal parameters of 
adhesive tribological, deformation-strength, thermal and others 
parameters defining a given service life of product or design. 
It was considered the effect of the common types of technological 
impacts - thermal, laser, mechanochemical, ultrasound on 
parameters on the morphology and the energy state of the dispersed 
particles and the coatings produced from natural and synthetic semi-
finished products - clay, flint, schungite, tripoli, fragments of 
carbon fibers (CF), polyamide 6, polytetrafluoroethylene (PTFE) 
polyolefins (HDPE, PP, EVA), PET and other polyester. 
Analysis of the morphology of the surface layer of single particles 
obtained by using various technological impacts and geochemical 
factors indicates the presence of nanoscale elements of spherical, 
whisker and plate habitus (figure 1). 
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Figure 1 - The characteristic morphology of the dispersed polymer matrix modifiers: ultrafine polytetrafluoroethylene (a, b), carbon 
nanotubes (c, d), carbon fibers (e, f), clays (g, h), tripoli (i, j), glass (k, l), metallurgical products (m, n), shungite (o, p), cryogenic grinding 

PA 6 (q, r) 
 
The presence of such nanoscale elements in accordance with 
modern concepts of condensed matter physics and quantum physics 
determines the particular energy state of the surface layer, 
characterized by the concept of "nanostate" [15-18]. It is obvious 
that the kinetics and mechanisms of interfacial processes in the 
high-molecular matrix, the modified active particles depend on the 
parameters of the energy state and its impact on the structure of the 
boundary layer under the influence of technological factors in the 
formation of the composite. 
Analysis of the energy state of the dispersed particles of different 
composition, technological prehistory and structure under the 
criterion of thermally stimulated currents (TSC) indicates the 
presence of prerequisites of impact on the structure of the boundary 
layers, determined by temperature (figure 2), which manifests the 
effect of "nanostate" due to the presence of nanoscale elements on 
the modifier surface. 
Another factor determining the activity of the particles, is the 
intensity of the impact energy (thermal, mechanical, laser, ionizing, 
etc.) to the semi-finished product or substrate, which defines 
mechanisms for desorption, dehydration, dehydroxylation, 

oxidation, degradation and others processes, changing the 
concentration of charge carriers of different types. For example, in 
the pre-heat treatment of particles common modifiers of polymer 
matrix - shungite and flint, in the temperature range 100 - 800 °C 
changes significantly the value of the thermally stimulated current 
(figure 3). A characteristic feature of the energy impact is change of 
the initial morphology of the surface layer of the dispersed particles. 
Analysis of the morphology of the surface layer of dispersed 
particles obtained by dispersing a variety of semi-finished products 
by the energy impact of various types (thermal, mechanical, laser), 
indicates the presence of the characteristic features which 
determines interfacial interactions activity. For natural 
carbonaceous semis (oxidized graphite, shungite) is 
characteristically the formation of a relatively smooth surface layer 
with nanoscale roughness. Synthetic carbon particles (carbon 
nanotubes, carbon fibers (CF)) have a surface layer formed from 
globular fragments and sufficiently high defect. Silicate-containing 
particles (flint, glass, tripoli, clay) practically do not change the 
initial roughness after heat treatment (figure 4). 
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Particles size 100 - 200 microns 

Figure 2 - The spectra of thermally stimulated currents (TSC) 
of dispersed particles of flint (1) shungit (2), tripoli (3), 

carbon nanotubes (4) 

Particles size 50-100 microns 
Figure 3 - Dependence of the thermally stimulated current maximum I max 

from processing temperature of dispersed particles 
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Figure 4 - A typical morphology of the dispersed particles of flint (a), clay (b), shungite (c), subjected to heat treatment in the 250 - 450 °C 

temperature range 
 
Exposure to concentrated stream of the laser radiation allows to 
obtain particles with a developed relief as when using the organic 
polymer (PTFE, HDPE, PET) and carbonaceous (CF, shungite, 
electrode graphite) and silicon (flint, glass) intermediates. It was 
established the influence of the type of power influence on the 
energy state of the dispersed particles. The energy parameters, 
characterized by value of thermally stimulated currents, while 
volumetric thermal impact are reduced (figure 3), while the 
concentrated (local) impact - increase. This factor indicates the need 
in the justification of technological modes of manufacture of 
composite materials and their processing into products accounting 
factor morphology and energy state to optimize the conditions of 
intense interfacial interaction of components at different structural 
levels. There were established general regularities of formation of 
the active state of the modifiers dispersed particles, which are 
caused by a combination of crystal-chemical premises and the 
morphology of the surface layer. The choice of the activating 
energy impact depends not only on the characteristics of the 
composition and structure of modifiers, but also on the existence of 
the most effective actions directly in the formation of a composite 
material (articles) for the given parameters of the impact of 
technological factors. Therefore, the optimal of modifying effect 
have components with developed morphology of the surface layer 
in which the energy parameters depend not only on the structure but 
also the geometry of the fragments, causing the possibility of 
implementing nanostate. 
As previously noted, one of the most effective directions of 
realization of the energy factor to optimize the structure of polymer 
composites technology applies mechanochemical (tribochemical) 
effects, during which can be formed foods of interfacial interaction 
with the boundary layer formed by active fragments of the polymer 
matrix and modifier [1, 3-6, 8 12-14]. 

Properties of mechanical activation consists in the fact that 
regardless of the initial structure of the components, of their crystal 
structure and energy state, while exposure to a different type of 
mechanical stresses (compression, shear, torsion), conditions are 
created not only to change the morphology of the surface layer of 
both components to form the most developed layer but for the 
adsorption, including chemisorption, interaction of active fragments 
of various types and structures (quantum dots, radical products 
mechanodegradation, lattice defects, defects of the composition 
(impurities), etc.). At the same time in a joint mechanical activation 
becomes a secondary factor of stability of the active state stipulated 
by the presence of an electret charge, uncompensated electrons of 
the radical fragments of juvenile surfaces and other assumptions 
and the time of relaxation. Simultaneous exposure of different 
mechanical stresses on the components of the mixture allows for 
mechanisms of solid-phase interaction with the formation of non-
stoichiometric products, which can not be formed by the reactions 
of the classical exchange and connection. 
Classic understanding of condensed matter mechanochemistry and 
research in the field of tribochemistry of metal-polymer systems can 
justify the use of joint mechanical activation technology for the 
preparation of the components of functional materials based on 
thermoplastic matrices (PA 6, HDPE, PP, EVA, PTFE) [1, 12-14]. 
In conventional milling of thermoplastic semi-finished by abrasion, 
crushing at ambient and cryogenic temperatures to form products 
with the active state characterized slight relaxation time due to 
leakage of adsorption processes components of the environment. 
Mechanochemical activation of a mixture of components in 
percussion or tangential action systems helps to ensure effective 
interfacial interaction of formed disperse products until the 
formation of the chemisorption bonds in the boundary layers. 
Model studies of the effectiveness of mechanochemical activation 
(MA) of mixtures of components were carried out on dispersed 
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powders of thermoplastic polymers of different composition, 
structure, crystallinity and hygroscopic (ultrathene, polypropylene, 
polyamide 6, poly-N-vinylpyrrolidone PVP) and siliceous modifiers 
which have found wide application in materials science of polymer 
composites, including nanomaterials (kaolinite, flint, SiO2). 
Treating the mixture of components was carried out in a high 
energy mill impactor AGO-2 at accelerating action in the range of 
20 - 60 g in 1 - 4 minutes. By IR-spectroscopy and X-ray analysis 
(Figures 5 and 6) found that when the joint activation of ultrathene, 
PVP and kaolinite the interaction of the lone pair of electrons of the 
polymer and the active sites on the acidic nature of juvenile surfaces 
of kaolinite.  

Similar results were also obtained when MA of other joint mixtures 
- HDPE, PP, PTFE and silicon-containing and carbonaceous 
components (flint, SiO2, CF), which indicates that common 
mechanisms interfacial of active fragments formed due to the 
mechanism of stress and leading to the destruction of the original 
structure and formation of active fragments capable to 
recombination. Of particular interest are the composites obtained by 
mechanochemical combining of polyamide 6 with the functional 
components that should be used for the manufacture of products 
with increased parameters of strength characteristics and 
tribological coatings. 

 

  

The polymer content in the mixture of 30 wt. % (1, 2) and 80 wt. % (3, 4) 
Figure 5 - The IR spectra of (a) and a diffraction pattern (b) mixtures of 

kaolinite with PVP before (1, 3) and after MA for 4 minutes (2, 4) 

The polymer content in the mixture of 30 wt. % (1, 2) and 
80 wt. % (3, 4) 

Figure 6 - The IR spectra of (a) and a diffraction pattern (b) 
mixtures of kaolinite with polyamide 6 before (1, 3) and 

after MA for 4 minutes (2, 4) 
 

As objects of research used powdered polyamide 6 with the size of 
the individual particles of 80-200 microns. Used for modifying the 
layered silicate – kaolinite Al2(Si2O5)(OH)4. The mechanical 
activation was carried out in a planetary-type ball mill marks AGO-
2 with water cooling. 
In the process of mechanochemical combining components may 
flow interfacial processes leading to the formation of the boundary 
layer increased strength. Indeed, the IR spectra of the polyamide 
mixture (30 wt.% + kaolinite) after mechanical activation for 
4 minutes, as in the case of pure mechanical activation kaolinite, 
decrease in intensity of bands and deformation vibrations of: ν, δ 
(Al)-OH; ν, δ Si-O-(Al), Si-O-Al respectively region 3800-3600 
cm-1, 950-850 cm-1, 850-780 cm-1 with a maximum of 545 cm-1 
(Figure 6, and ). 
In a polymer composite diffractogram kaolinite reflexes persist only 
decreases their intensity: d1 = 7,17 (I/Is = 100), d2 = 3,57 (I/Is = 80) 
and d3 = 3,37 (I/Is = 35). Polyamide reflexes imposed a series of 
reflections of kaolinite in the d = 4,47-3,74, so we can not judge any 
change of polyamide reflexes settings (Figure 6b). 
By increasing the content of the polyamide in the mixture, for 
example, up to 60%, the pattern of bands change the kaolinite and 
the polyamide in the IRS after mechanical activation for 4 minutes 
becomes completely different. After activation, fade bands 
corresponding to vibrations νas and νs Si-O-Si bonds of the silicon 
tetrahedra frame region 1150-1050 cm-1 and with a maximum  

685 cm-1. There is a decrease in the intensity and broadening of all 
bands of kaolinite. There has been no shift of the bands of the 
polymer, as well as the emergence of new bands. In this case there 
is, apparently, the gradual amorphization of kaolinite. However, in 
the presence of polymer failure of silicate structure occurs not so 
active. In the diffraction pattern of the sample are very weak but 
clear reflections from the basal planes of kaolinite: (001), d1 = 7,17 
and (002) d2 = 3,57 (Figure 6b). 
Polyamide reflexes broaden and merge into one with two peaks d1 = 
4,4 and d2 = 3,7, indicating that certain changes in the structure of 
the polymer. 
Mechanically activated particles of polyamide-kaolinite mixture are 
characterized by developed morphology that will likely be reflected 
in the activity of the system (Figure 7). Based obtained by scanning 
electron microscopy data is observed the presence of nanoscale 
fragments lateral size of 20-50 nm on the surface (Figure 7 c, d). 
The introduction of this mechanically activated mixture in a 
polyamide matrix should lead to a change in the parameters of 
physical and mechanical properties of the polymer matrix. This 
system has advantages over mechanically activated particles of 
metals, silicates, metal oxides, etc., as the presence of the boundary 
layer grafted to the silicate particles increases the thermodynamic 
compatibility with the base polyamide matrix. 

.
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Figure 7 - The morphology of the particles of polyamide 6 and kaolinite: initial (a, b) and the mechanically activated for 4 min at 60g 
 

Introduction to the polyamide matrix of mechanically activated 
particles leads to a change in the parameters of strength 
characteristics of the composite material. Table 1 shows the 
parameters of physical and mechanical properties of polyamide 6, 
modified by mechanically activated kaolinite-PA6 mixture. 
 
Table 1 - Physical and mechanical properties of polyamide 6, 
modified mechanically activated particles "PA6-kaolinite" 

The concentration  
of modifier 

Parameters 

initial 
material 0,5 % 2 % 5 % 

Physical yield strength, MPa 30,6 49,5 28,3 16,2 
Deformation under physical 
stress limit,% 19,85 6,9 4,2 4,9 

Strength at maximum force, MPa 48,6 77,6 30,2 37,6 
Deformation at maximum 
force,% 133,4 81,6 5,6 9,2 

Strength at break, MPa 48,6 77,6 30,2 37,6 
Strain at break,% 133,4 81,6 5,6 9,16 
 
The obtained results allowed optimizing formulations of composite 
materials based on polyamide 6, modified by mechanically 
activated particles "polyamide-kaolinite" used for the application of 
tribological coatings. 
Studies on the effect of the energy factor in the technology of 
functional composite materials based on thermoplastic matrices 
allowed us to develop formulations for use in the construction of 
machinery and technological equipment with high operational 
resources. 
For the development of composite materials for the application of 
tribological coatings use polymer thermoplastic matrix produced 
tonnage, including domestic manufacturers – PA 6, HDPE, PP. 
Modifying the matrix polymers by functional components (tripoli, 
flint, kaolinite, UPTFE, HDPE) was performed by 
mechanochemical activation (MA), followed by grinding at 
cryogenic temperatures (-198 °C). The coatings are produced by 
fluidized bed. Comparative studies (Table 2) show that the 
developed compositions not only not inferior to imported analog PA 
11 («Rilsan», France), but also significantly superior in its 
durability. This developed on the basis of the domestic polyamide 6 
(JSC "Grodno Azot") compositions of composite materials have a 
value of 3 - 5 times lower than the imported counterpart. Compound 
of composites with mechanically activated components have been 
successfully tested in the construction of driveshafts trucks, lathe 
chucks, produced by JSC "Belcard" and JSC "BelTAPAZ". 
Installed features of change of the energy state of the polymer 
particles and substrates subjected to various kinds of technological 
influences (thermal, laser), allowed to develop recommendations for 
their use as components of dietary supplements and bactericidal 
components of medical devices. 
When using MA technology obtained layered composites in which 
natural silicate (talc) acts as a carrier and biologically active 
ingredient in the form of organic acids and salts (succinic acid, 
sodium succinate, chitosan succinate, sodium stearate, etc.) are 
chemically bound with bearer form. Compounds of mechanically 
activated components can be used in the preparation of 

pharmaceuticals and dietary supplements of multifunctional actions 
using environmentally friendly way [14]. 
 
Table 2 - Characteristics of composite materials for tribological 
coatings 
characteristics 
 

The parameter for the material 
PA 11 
«Rilsan», 
France  

PA 6, JSC 
"Grodno 
Azot"  

Developed 
composition 

Traction 
resistance, MPa, 
not less 

43 50 67-78 

The adhesion cm, 
not less than 20 15 27-32 

Brinell hardness, 
MPa 90 100 89-94 

friction coefficient 0,05-0,2 0,15-0,25 0,10-0,15 
 
High-energy impact on the dispersion components (shungite) and 
plastic products (thermal or laser) provides formation of 
uncompensated charge with a long relaxation time, the presence of 
which prevents the development of pathogenic environment E. coli, 
Salm. enteridis, St. aureus. These results extend the range of 
processing methods to enhance microbicidal properties of articles 
made of polymeric materials based on particular components giving 
energy state, and can be used for the manufacture of composite 
materials used in medical practice. 
Dispersed particles activity subjected to energy shocks, manifested 
in the developed morphology of the surface layer and the presence 
of uncompensated charge with a long relaxation time, allowed to 
develop effective compounds of lubricants and greases for heavy-
duty friction units on the basis of industrial products. With the 
introduction of fine particles, activated by thermal, laser or 
mechanochemical action in the lubricating composition are formed 
charge clusters that improve the load-carrying capacity and thermal 
stability of the separating layer in the area of frictional contact. The 
compositions of lubricating oils, hydraulic fluids and greases for use 
in the construction of automotive components (brake chambers, 
driveshafts), lathe chucks for metalworking equipment and friction 
belt conveyors were developed. The compositions have been testing 
at the leading enterprises of the Grodno region (JSC "Belcard", JSC 
"BelTAPAZ") and recommended for implementation. 
In the developed compounds of composite materials and lubricant 
medium developed regulatory and technical documentation, 
regulating their use in friction, automotive components and designs 
of belt conveyors. 

 
4. Conclusion 

 
There were studied peculiarities of the morphology and the energy 
state of the dispersed particles of silicon and carbon-containing 
semi-finished products (shungite, tripoli, flint, electrode graphite, 
polytetrafluoroethylene, polyethylene, etc.), obtained in the 
technological impact of different energy. The fact of the formation 
of the predominant active form and dispersed state of the particles 
due to the occurrence of crystal-lattice or destruction of the 
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molecular structure, which leads to the localization of the charge 
carriers in the surface layers of particles with a strong structure and 
enhance its ability to adsorption react with polymeric, oligomeric 
matrices and their degradation fragments, formed under the 
influence of energy factors (thermal, laser, mechanical) is 
established. 
There was established the mechanism of interfacial interactions at 
the joint mechanical activation of dispersed particles of 
thermoplastic polymers (PA 6, PP, EVA, PTFE) and silicate 
modifiers by complex influence of mechanical stresses, which 
consists in the formation of the chemisorption bond in place of the 
active centers of polymer radicals and the surface layer of silicate 
particles (kaolinite, silica, flint). There was established possibility 
of mechanochemical interactions od dispersed particles of layered 
silicates, organic acids or their salts (succinic acid, benzoic acid, 
sodium benzoate, and stearates, etc.) during MA to form layered 
composites in which natural silicate is carrier of grafted an organic 
component. Expediency of mechanically activated components for 
obtaining of composite materials with enhanced service 
performance parameters is shown. 
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Abstract: Using methods of spectroscopy of thermally stimulated currents (TSC spectroscopy), atomic force microscopy (AFM) and 
scanning electron microscopy (SEM) analysis was done of the energy state of dispersed particles of different composition and structure - 
mineral (tripoli, shungit, clay, mica, silica) and synthetic (ultra dispersed polytetrafluoroethylene, nanodiamonds, silicate glass, metal 
oxides). There was established the effect of occurrence of the special energy state of dispersed particles, due to the presence of nanoscale 
components of the structure. There were studied parameters of the energy characteristics of the modifier (value and density of the residual 
charge, activation energy of the relaxation, time of charge relaxation et al.) depending on the action of technological factors - temperature, 
mechanical stress, energy flows. The optimal ranges of occurrence of effective modifying action in macromolecular matrices of various types 
- polymeric, oligomeric, combined. There were proposed technological principles formation of mechanical engineering nanocomposite 
materials with improved parameters of deformation and strength and tribological characteristics. 
KEYWORDS: ENERGY STATE, DISPERSED PARTICLE, TECHNOLOGICAL IMPACT, MODIFYING EFFECT, NANOCOMPOSITE 
MATERIAL. 
 
 

1. Introduction 
 

In a wide range of engineering materials occupy a special place 
composite materials for various purposes, which are obtained by 
modifying the matrix polymer, oligomeric and combined 
components of the target on the basis of silicon, carbon, metal-
containing compounds with a given dispersion and form [1-22]. 
Acting in materials science of polymer composites based on 
commercially available thermoplastics paradigm based on three 
main approaches of structure parameters management: 
a. on the supramolecular level by introducing in binding matrix 
modifiers providing the prevailing mechanism of formation of the 
supramolecular structure of the given type and geometric 
parameters, or the use of special types of thermal processing on 
products, semi-finished or functional structures [8, 12]; 
b. on the interfacial level by introducing reinforcing components 
mainly fiber-like fragments of a predetermined length of fragments 
into the polymer, oligomeric and combined matrixes [1-7, 10-22]; 
c. on the intermolecular level by forming a three-dimensional 
crosslinked structure under the action of high-energy radiation. [19] 
Without considering the features of mechanism of modifying action 
of the dispersed particles of different composition, structure and 
dispersion, we note the common criteria for their informed choice: 
1) prevalence, availability and cost of raw semi-finished; 
2) adaptability to the dispersion process in obtaining a stable output 
optimal size fraction; 
3) processability of combination of dispersed particles with a matrix 
binder; 
4) required activity in the modifying processes on the molecular, 
supramolecular and intermolecular levels; 
5) technological time of active state relaxation; 
6) ecological compatibility and safety of application in traditional 
technology of composite materials;  
7) ability to secure recycling of technologically justified waste 
products and amortized articles made of composite materials. 
The implementation of the entire set of selected criteria in a specific 
composition modifier for a particular type of composite material, is 
generally difficult to achieve the solution of which depends on 
many factors, primarily on the established methodological 
approaches in a regional or national industry caused by the material, 
human, technological, organizational maintenance of existing 
facilities. 
However, in all cases the use of high-matrix modifiers, generalizing 
(basic) criteria of their choice is given the effectiveness of action 

necessitates technically significant effect of improving the 
parameters of strength, tribological, thermal, adhesive and others 
service characteristics with minimal economic costs, taking into 
account the material and energy intensity and staffing processes of 
production and consumption target. 
The obvious is the condition for the implementation of this 
criterion, suggesting the achievement of optimal structural state at a 
given level of organization of the composite material at a particular 
combination of matrix binder, a kind of modifier and combining 
and processing technologies.  
An analysis of the literature devoted to materials science and 
technology of composite materials based on high molecular 
matrices [1-22], indicates a lack of unified methodological 
approaches to the selection of functional modifiers to create a 
composite of a particular functional purpose. 
As a rule, is implemented the traditional labor-intensive approach 
based on the use of results of experimental studies to determine the 
mechanisms of modifying action of various components of the 
composition, structure, and technology for dispersion. The practical 
implementation of this approach is not only costly, but also tends to 
not achieving an optimal technical effect. Moreover, in some cases 
are formed the conditions of manifestation of "structural paradox", 
the essence of which is inadequate change the service 
characteristics of composite materials, even when using high-
efficiency, including high strength and heat resistance, components. 
An example of such a manifestation of the structural paradox is 
given in [23]. 
The obvious is the need to develop criteria for informed choice of 
components to create functional materials that take into account the 
most common features, common to all types of condensed matter, 
which form the physical paradigm of modern materials. 
The objective of this work was to analyze the possibility of 
evaluating the effectiveness of modifiers in high-molecular matrix 
on the criteria of energy state. 
 

2. Methods of research 
 

As binders for composites using thermoplastic polymers - 
polyamide 6 (PA 6) and polyamide 11 (PA 11), high density 
polyethylene (HDPE), polypropylene (PP), polytetrafluoroethylene 
(PTFE) in the state of industrial supply (JSC "Grodno Azot" JSC 
"Polymir", JSC "HimvoloknoMogilev"). Some experiments were 
carried out with the regenerated thermoplastic (HDPE, PP, LDPE) 
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obtained at JSC "Belvtorpolimer" in accordance with the existing 
standard documentation. 
In order to control the parameters of the energy state and dispersion 
components were used technological methods based on mechanical 
dispersion, mechanochemical combination, the impact of energy 
flows in the heat treatment, exposure to corona discharge, 
microwave, laser beam, using original cryogenic plants dispersion, 
rolling shear (Yanka Kupala State University of Grodno), the 
installation of the planetary mixing AGO-2 (Institute of Solid State 
Chemistry and Mechanochemistry of the SB RAS) systems for the 
treatment of microwave radiation, laser QUANTUM-15, high-
shredder - dismembrator, installations for the electrostatic 
application of coatings (JSC"Grodno Mechanical Plant", JSC" 
Belcard", JSC "Lakokraska"). Select the type of energy and the 
impact of the conditions for the activation process was driven by the 
composition, structure and chemical and dimensional parameters of 
components, the functionality of the coatings or products. 
To obtain composite materials used highly dispersed, including 
nanoscale particles of carbonaceous (UDD, UDAG, nanotubes, 
colloidal graphite), siliceous (mica, clay, flint, shungite tripoli), 
fluorine (UPTFE) and metal-containing (oxides of Fe, Cu, Zn) 
compounds obtained by the original technology of manufacturer 
(JSC "Sinta", SSI "Lykov Institute of Heat and Mass Transfer", 
Institute of Chemistry FEB RAS), or as a result of special 
technological effects on the semi-finished product 
(mechanochemical dispersion, sublimation). 
Physical and chemical processes at the interface "matrix-filler", 
"coating-substrate" in the preparation and processing of composites 
and coatings and use of the products were evaluated using the 
methods of IR-spectroscopy (Tensor-27), X-ray diffraction (DRON 
2.0, DRON 3.0), DTA (Thermoscan-2) by conventional means. The 
morphological parameters of the particles and substrates subjected 
to different types of energy impact, examined using an atomic force 
(NT-206), scanning electron (Mira, Tescan), optical (MDS) 
microscopes. Energy state of dispersed particles, samples of 
composites, coatings and substrates investigated by thermally 
stimulated currents (TSC-analysis) on the original installation (ODL 
“MICROTESTMACHINES”). 
 

3. Results and discussion 
 
An analysis of the literature devoted to materials science and 
technology of polymeric composites [1-23] suggest that the use of 
modifiers that are in the nanometer range, the so-called nano-sized 
particles of different composition, structure and technology of. In 
the presence of a large number of studies on the mechanisms of 
modifying action of the nanoparticles in the polymer, oligomer and 
combined matrices, it is necessary to emphasize the ambiguity of 
the results and the lack of a unified view of determining the 
dimensions and the concentration range of the optimal effective 
action of dispersed particles in the matrix binders, differing in 
molecular weight, chemical structure macromolecules, structural 
features of the organization under the influence of technological 
factors - temperature, pressure, exposure time and others. The most 
effective multi-purpose modifiers appeared natural compounds of 
silicon - zeolites [21, 22], fine products of detonation [14, 18], 
termogas dynamic and plasma [20, 23] synthesis - nanoceramics 
Sialons, nanodiamonds (UDD), diamond-charge (UDAG) 
nanoceramics, fullerenes, nanotubes, thermally split graphite, mica, 
clay, as well as nano-sized particles of metals and oxides obtained 
by thermolysis of metal precursors in molten thermoplastics [25 ]. 
This set a number features of modifying action of nanoparticles of 
different composition, structure and technology which determine 
the efficiency of use. These features can be systematized by 
characteristic criterions:  
1) increasing the degree of dispersion nonlinear effect on the energy 
state of the particles, and efficiency of their modifying action [24];  
2) increase the degree of dispersion of the particles increases the 
tendency to the formation of cluster structures of different structures 
[21]; 

3) the activity of modifying action nonlinear depends not only on 
the composition, structure and technology of fine particles, but also 
on external, including technological, factors acting on components 
during their production, storage, manufacturing and processing of 
composite materials [24]; 
4) an increase in the degree of dispersion of the particles determines 
the non-linearity of the economic costs of their production, storage 
and practical use; 
5) dispersed modifiers particles of high-molecular matrix are 
usually necessitated the development of special technologies and 
equipment for their practical application [15, 20, 22]; 
6) superfine (including nano-sized) particles have a negative impact 
on the environment and require special measures to comply with the 
conditions for their safe production and use [26]; 
7) long-term (long-acting) effects of superfine (including nano-
sized) particles on the mechanisms and kinetics of physical and 
chemical (including biochemical) processes studied not fully [24, 
26]; 
8) the effectiveness of modifying action of superfine (including 
nano-sized) particles in some cases inadequate to prognosis due to 
technological constraints of the optimal (settlement) conditions of 
interfacial interactions at various levels of the structural 
organization of the composite material [14-24]. 
Distinctive features of the practical application of nanoscale 
modifiers indicate the need for systematic analysis of the 
mechanism of their action, which will determine the most 
characteristic features of their effective action and conditions for 
their manifestation in practical technology of polymer 
nanocomposites. 
In order to establish these common characteristic features studied 
the morphology of the dispersed particles of different composition, 
structure and technology which have found wide application in 
practical materials science. SEM and AFM methods found that, 
regardless of individual characteristics of the dispersed particles are 
characterized by their tendency to agglomerate and form cluster 
structures of different structure and the presence of micro-particles 
in the range of components that belong to the nanoscale. Such 
nanoscale components have a plate (Figure 1b, 2b, 3b), spherical 
(Figure 1 d, 2 f, 3, d, e, f), needle (whisker) (Figure 1, f) habitus. 
The presence of such nanoscale components in the structure of the 
dispersed particles causes the expression of characteristic energy 
state of the surface layer, which causes a structuring of the 
surrounding macromolecular binder to form a quasi-crystalline 
structure [14, 15, 24]. Experimental confirmation of a particular 
energy state of the surface layer of dispersed particles is the 
spectroscopic data of thermally stimulated currents (TSC) (Figure 
4). Regardless of the individual characteristics of dispersed particles 
(composition, structure, dispersion, obtaining technology), there are 
typical temperature ranges in which noted the movement of charge 
carriers of different nature. In other words, all the dispersed 
particles, irrespective of their individual composition, structure and 
preparation technology, a certain contribution to the mechanisms 
and kinetics of the formation of the boundary layer in the composite 
material making energy state due to the presence of nanoscale 
fragments in the surface layer of the particle. 
This contribution depends not only on the individual characteristics 
of the particles - the composition, structure, technology of 
obtaining, but also on the technological parameters of processing. 
For example, heat treatment of the dispersed particles of natural 
modifiers flint and shungite in the temperature range 100 - 800 °C 
is ambiguous effect on their energy state, as measured by the value 
of the maximum value of TSC (Figure 5). The observed effects of 
increasing and decreasing the value of the parameter I, depending 
on the treatment temperature due to the occurrence of physical and 
chemical processes that change the original structure of the particles 
– dehydration, dehydroxilation, oxidation, thermal oxidative 
degradation et al. [2, 14-18]. 
The characteristic features of the structure of the investigated 
particles cause multiple destinations their activity management 
through the use of technological operations specified destination. 
For example, the layered minerals such as clay, mica is effective 
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pre-treatment of the components, the ability to penetrate into the 
interlayer space and destroy the original structure of the particles to 
form nanoscale platelets [16]. As a result, the impact of processing 
technology factors intercalated composite with filler particles 

occurs percolation macromolecular binder in the interlayer space to 
form a reinforced nanostructure with high parameters of strength 
characteristics [15, 16]. 
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Figure 1 - The typical morphology of dispersed clay particles (a, b), metal oxides (c, d), polytetrafluoroethylene (e, f) 
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Figure 2 - Particles morphology characteristic: copper formate (a, b), polysulfone fibers (c, d), shungite (e, f) 
 

 
When used as a modifier precursors of metal salt formic acid 
(formate) type, it is necessary to take into account the morphology 
of the precursor particles, which contribute to the formation during 
thermolysis not single particles of metals (Cu, Fe, Ni, Co), and their 
cluster formations providing nexus the structure of a nanocomposite 
[2, 14]. 
A particular importance in nanocomposites creating have a high 
energy state and morphology of the surface layer of high-strength 

reinforcing fillers - fragments of a fiber given composition and size 
[4, 27, 28].   
When using carbon fiber (CF), despite the presence of characteristic 
nanorelief (Figure 3 d), fails to provide the required level of 
interfacial interaction in composites based on thermoplastic 
matrices and crosslinking. Therefore, in some cases, the 
introduction into the polymer matrix (e.g., PTFE), high-strength 
carbon filler (CF) leads to the appearance of the structural paradox 
[21, 23, 28]. An effective way to increase the efficiency of 
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modifying action of carbon nanofibers is a modification of the 
surface layer with the use of fluorine-containing compounds, such 
as PTFE particles. Mechanochemical treatment of CF by UPTFE 
promotes the formation of a specific structure of the boundary layer 

(Figure 3b), which increases the compatibility of the filler with a 
PTFE matrix [28]. 
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Figure 3 - The characteristic morphology of source carbon fiber (a, b, c), and treated with ultrafine particles of polytetrafluoroethylene (d), 
ultrafine particles UPTFE (e), ultrafine diamond (f) 

 

  
Particle size 100 - 200 microns 

Figure 4 - The spectra of thermally stimulated currents of 
dispersed particles of flint (1), shungite (2), tripoli (3), 

carbon nanotubes (4) 

Particle size 50-100 microns 
Figure 5 - The dependence of the maximum current Imax by thermally 

treating temperature of dispersed particles 

 
Specific nanorelief reinforcing particles may be formed and by 
introducing into the polymer matrix of pore formers. For example, 
the structure of polysulfone fibers with porogen fragments 
comprises nano- and micro-sized range, which promote infiltration 
of the matrix binder and increase the proportion of the mechanical 
component adhesive interaction at the interface [4, 9, 12]. 
Thus, driving technological factors in the preparation of the 
dispersed particles and the direction of the modification, realization 
of special morphology and the energy state of the surface layer 
defining the mechanisms and kinetics of interfacial processes in 
composite materials for various applications. 
Obviously, the choice of technology activation of dispersed 
particles of modifiers is a multifactorial problem, including not only 
the materials science, but also economic and environmental aspects. 

Of particular interest are technologies that combine several 
mechanisms for modifying the surface layer of the dispersed 
particles, ensuring the simultaneous effects of both mechanical 
(thanks to effect of flowing in the micro-nano-relief of the surface 
layer) and adsorption (due to the intensification of physical and 
chemical processes of interfacial interactions) and structured (by 
forming special structure of the boundary layer) factors on the 
mechanism and kinetics of interfacial processes in composite 
materials. However, these factors can occur at different stages of the 
process - the preparation of components, mixing them, during 
processing of the composite article while modifying special 
treatment products to impart the specific parameters of service 
characteristics. 
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For a reasonable choice of composition, size modifying particles 
with sizes microrange values, it is necessary not only to evaluate the 
energy activity in the parameter maximum thermally stimulated 
current (TSC) in a certain temperature range, the corresponding 
technological modes of production and processing of the composite, 
but to optimize the process conditions create a surface nanorelief 
layer, which will generate a boundary layer with mechanical and 
adsorptive implemented components adhesion strength. Estimates 
of the dimension of the parameter surface morphology 0L  
providing the necessary action activity modifying particles, it is 

advisable to carry out using the expression 
1 2

0 230 DL θ −= ⋅ , 

where Dθ - the Debye temperature of the sample material for the 
semi-finished product, which is obtained from modifying particles. 
Experimental studies carried out with the various components of the 
composition, structure and technology of show the adequacy of the 
size parameter 0L  obtained using the proposed analytical 
expression, literature data [23-26]. 
Among the promising areas of particular target modification 
components is their mechanochemical activation under specified 
conditions the energy impact [1, 2, 19-34]. Due to mechanical stress 
certain intensity is ensured not only the formation of the active sites 
of the surface layers of the matrix and modifying components, and 
their interaction with the formation of the boundary layer of the 
combined product of optimal structure. 
The research allowed to offer effective approaches to optimal 
selection of dispersed particles of high-matrix modifiers: 
1. It is advisable to use fine particles of micron range mainly 
developed morphology of the surface layer formed nanoscale 
components of different composition and structure; 
2. The ratio of geometrical parameters of the components of the 
surface layer and the amount of fine particles must be determined 
using physical criteria characterizing nanostate selected material 
objects (matrix modifier); 
3. In order to ensure effective action modifying fine particles need 
to give particular energy state due to the combined effect of the 
structural and chemical, dimensional and technological factors. 
Choosing the prevailing factor determined by a combination of 
operational, energy, economic and environmental parameters that 
determine the effectiveness and appropriateness of industrial 
application in accordance with the terms of reference; 
4. When choosing a method of activation of superfine particles, 
provides an optimum modification, it is necessary to establish the 
prevailing mechanism of formation of the transition (boundary) 
layer of a given structure and parameters of strength and adhesion 
characteristics and unconditional implementation of the principle of 
"reasonable sufficiency" in relation to a particular combination of 
material science, environmental and economic factors; 
5. The greatest prospects to create functional composite materials 
and their production tonnage based on macromolecular matrices 
have dispersed particles derived from natural compounds laminate, 
the frame, the chain-like fibrous structure and natural, synthetic and 
semi-finished artificial using conventional and special technologies 
for the formation of the morphology surface layer with nanoscale 
components with an optimum level of energy activity; 
6. For composites based on high viscosity and high melting matrix 
preferably using technology joint mechano-chemical activation of 
components and multi-level modification using particles of different 
composition, structure and dispersion. 
Practical testing of the proposed methodological approach was 
implemented to create composite materials based on thermoplastic 
matrices and greases for heavy-duty friction units of machines and 
technological equipment used at the enterprises of mechanical 
engineering, building industry, chemical and mining industries. 
For the development of composite materials for the application of 
tribological coatings used primary and recycled thermoplastic 
polymer matrix produced tonnage, including domestic 
manufacturers - PA 6, HDPE, PP. Modifying the matrix polymers 
functional components (tripoli, flint, kaolinite, UPTFE, HDPE) was 

performed by mechanochemical activation (MA), followed by 
grinding at cryogenic temperatures (-198 ° C). The coatings are 
produced by fluidized bed. Comparative studies have shown that 
compounds designed not only inferior to similar imported PA 11 
(«Rilsan», France), but also significantly superior in its durability. 
This developed on the basis of the domestic polyamide 6 (JSC 
"Grodno Azot") compositions of composite materials have a value 
of 3 - 5 times lower than the imported counterpart. Composition of 
mechanically activated composites components have been 
successfully tested in the construction of driveshafts trucks, lathe 
chucks, produced by JSC "Belcard" and JSC "BelTAPAZ." 
Compositions and technology of multilayer coatings on the basis of 
solid and highly rigid substrate formed by deposition from the gas 
phase active. In order to optimize the parameters of strength 
characteristics of the sub-layers of diamond-like carbon (APT) and 
the titanium compound (TiCN, TiAlN) proposed treatment of 
microwave radiation (microwave) with a wavelength λ=12,25 cm, 
the frequency of 2450 MHz. On the sub-layers with high hardness 
settings applied by dipping and rubbing (rotaprintny method) layers 
of fluorinated oligomers ("Foleoks") and polymer-oligomeric 
products termogazodinamicheskih synthesis (UPTFE). Composite 
multi-layer coatings with activated substrates based on APT, TiCN, 
TiAlN effective for use as an anti-antirazgarnyh and in the 
construction of the friction units of precision tooling (lathe chucks) 
and molds for the manufacture of non-ferrous metals produced at 
UP "Tsvetlit". The compositions of multilayer composite coatings 
based on titanium compounds (TiN, TiCN, TiAlN) and fluorinated 
oligomers for use on metal working tools (drills, taps, milling 
cutters, broaches, etc.), Used in the manufacture of automotive 
components, lathe chucks and mining equipment at JSC "Belcard", 
JSC "BelTAPAZ", JSC "SIPR with OP". 
Activity dispersed particles subjected to energy shocks, manifested 
in the developed morphology of the surface layer and the presence 
of uncompensated charge with a long relaxation time, allowed to 
develop effective formulations of lubricants and greases for heavy-
duty friction units on the basis of industrial products. 
With the introduction of fine particles, activated by thermal, laser or 
mechanochemical action, in the lubricating composition of the 
charge formed clusters that improve the load-carrying capacity and 
thermal stability of the separating layer in the area of frictional 
contact. The compositions of lubricating oils, hydraulic fluids and 
greases for use in the construction of automotive components (brake 
chambers, drive shafts), and lathe chucks for metalworking 
equipment. Introduction to the base composition of nanoscale 
products obtained laser or thermal ablation of PTFE in combination 
with activated silicate-containing particles (SiO2, flint) to stabilize 
the viscosity of the damping fluid based on mineral oil in the 
temperature range 25 - 80 ° C, increases resistance to galling lathe 
chuck drive unit 1.5 - 2.0 times and resource needle bearing crosses 
the propshaft trucks MAZ, BelAZ, KAMAZ. The compositions 
have been testing at the leading enterprises of the Grodno region 
(JSC "Belcard", JSC "BelTAPAZ") and recommended for 
implementation. 

 
4. Conclusion 

 
The features of the selection modifiers disperse macromolecular 
matrix composite materials to create the specified functionality. The 
role of the energy state due to the peculiarities of the composition, 
crystal-chemical structure and morphology of the surface layer of 
dispersed particles used as a modifier to achieve the desired 
technical effect is significant. 
Methodological approaches to the process of selecting the 
components and functional materials and methods of activation, 
based on the provision of prevailing flow mechanism of interfacial 
interactions and the formation of the optimal structure of the 
boundary layer. 
We consider the practical application of methodological approaches 
designed to create composite materials for the manufacture of 
products used in engineering, construction industry and mining. 
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Abstract: On the basis of modern concepts of condensed matter physics and quantum physics considered the criteria for inclusion of 
dispersed particles of different composition, structure, and technological background to nanomodifiers of polymeric, oligomeric and 
combined matrices. There were proposed an analytical expression for the evaluation of limiting size of the dispersed particles L0, which 
characterizes the manifestation of a particular energy state - nanostate.There was implemented the analysis of experimental and literature 
data confirming the adequacy of the calculated value of the size of particles in nanostate obtained using relation L0=230•θD

-1/2, where θD - 
Debye temperature. It is shown that the provision of effective modification of macromolecular matrices necessary and sufficient condition is 
the presence of dispersed particles of different composition and structure of nanoscale structural fragments of the surface layer, which 
ensure the implementation of synergies through a combination of energy and mechanical factors in the formation of boundary layers of the 
optimal structure. 
KEYWORDS: DISPERSED PARTICLE, NANOSTATE, SIZE FACTOR, DEBYE TEMPERATURE, NANOSIZED FRAGMENTS. SURFACE. 
 
 

1. Introduction 
 

In the first half of the last century, in the scientific paradigm of 
condensed matter physics, including materials science, underlie the 
notion that the physical properties of the substances assessed by 
parameters characteristics affect their structural and chemical 
characteristics, environmental factors and individual characteristics 
of structure of concrete objects, called defects. Defects are 
considered as deviations of atomic structure and mutual 
configuration from their average structures called ideal structural 
models [1, 2]. The numerical values of the characteristics of the 
properties of substances called parameters given in the table without 
specifying the size of the sample on which they are defined. But in 
certain size ranges of particulate matter values of characteristics of 
the physical properties begin to differ from the parameters of bulk 
material analogs, and often fine particles acquire new properties, 
which allows them to achieve new effects, including in materials 
science and other practical applications. 
For example, nanoparticles are not only provided the basis for the 
miniaturization of microelectronic components and shaped the 
direction of nanoelectronics, but also began to be used as functional 
additives to conventional substances used in materials science as 
matrixes. Such additives are responsible for structural changes of 
matrices at different levels, which leads to a significant effect of 
improving performance parameters: tribological, deformation- 
strength, thermal and others. [3]. Intensively began to develop 
methods of producing nanoparticles, as well as the creation of 
composite materials, in which these particles are included as a 
modifying components. There are new terms: nanostructures, 
nanotechnology, nanomaterials, nanophysics et al. [4, 5]. It should 
be noted that the effect of particle size on the parameters of the 
various materials and their incorporation has been known for a long 
time. Nanomaterials in the form of glass, painted metal colloidal 
particles, produced in ancient Egypt. Light scattering such glasses 
studied Michael Faraday. In 1906-1910 P. Veimarn research found 
that "... between the world of molecules (atoms, ions) and 
microscopically visible particles there is a special form of matter 
with a complex of the physical and chemical properties inherent to 
this form - ultrafine or colloidal state, produced when the degree of 
dispersion (fragmentation) in (105 ÷ 107) cm-1, wherein the films 
have a thickness and fiber and particle size diameter in the range of 
(1,0 ÷ 100) nm "[6]. 
Nanotechnology, as a branch of colloid chemistry, known from the 
middle of the XIX century. In 1935, W.J. de Haas and T. Birmash 
found that the thermal conductivity of the low-dimensional particles 

is different values macro sized counterparts values. In 50-ies of XX 
century, it was confirmed by R. Berman, and attempt was made by 
R. Peierls to explain these results [7]. At the turn of XX and XXI 
centuries, the amount of basic knowledge of physics, chemistry and 
related sciences has led to the realization that the prefix "nano" 
actually forms new research areas that are of great practical 
significance [8]. 
 

2. Nanoparticles (definition) 
 

Despite the fact that in recent years nanophysics and 
nanotechnology achieved unquestionable success, up to date no 
generally accepted definition of the term "nanoparticle" [4, 5]. 
Probably one of the first sources that indicated the dimensional 
boundaries of nanoparticles 1,0 ÷ 100 nm is above cited paper P. 
Weimar [6]. Follow-known studies have not paid enough attention 
to the justification of the size range of nanoparticles. Moreover, this 
dimension of the boundary between the nano- and macro-
particulates adopted the same regardless of the composition and 
structure of matter. This approach lacked a sufficient physical 
justification. With the same 'success' can take any temperature as 
the melting temperature for all substances. At the convention 
dimensional border 100 nm indicated in a number of papers (eg, 
[9]). In this monograph when considering the impact of size on the 
properties of the dispersed particles rather cautiously said that "the 
effect of significant changes in the properties appears when the 
grain size is less than 100 nm, and is most clearly seen when the 
grain size is less than 10 nm". Boundary 100 nm can be applied to 
characterize the nanocrystal when describing it in a general way. 
We proceed from the fact that not everyone nanoobject is 
nanoparticle.  
Nanoparticle must have at least two major features (taxa). Firstly, 
the nanoparticles should have a developed surface. Second, the 
performance parameters in the nanoparticle physical properties (S) 
depend on its linear dimensions (r), i.e. nanoparticles of various 
substances exists characteristic function S(r) (Figure 1). For the 
nanoparticle concept of the surface is crucial. Nanoparticles 
regarded as an independent object which can be isolated from a 
mixture with other substances by mechanical, chemical or other 
means. Therefore, the nanoparticles can be regarded as a kind of 
nanophases with its specific features due to the composition, 
structure, technology acquisition and others factors. 
A number of studies [4, 5, 8] suggested that the main role in the 
formation of specific properties parameters of nanoparticles plays 
their surface. In the macroscopic objects of atomic and molecular 
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mutual configuration in the surface layer is different from that 
which is structurally identical characteristic surface atomic planes in 
the crystal [9, 10]. It is believed that the influence of the surface as a 
two-dimensional defect applies to 5 - 7 atomic layers [11-13]. 
The concept of "surface" for macroscopic and low-dimensional 
particle has a different physical meaning. For macroscopic objects 
'surface' is treated as an imaginary infinitely thin film on one side of 
which there are atoms of a specific substance, and on the other side 
- they do not exist. Of course, the surface atoms vibrate, but the 
amplitude of the thermal vibrations is so small compared to the size 
of macroobject that it is neglected. The surface at the equilibrium 
state of the real object is treated as a static system. Surface to be 
regarded as a dynamic system in the transition to the nano-sized 
objects. Since the period of atomic vibrations immeasurably less 
time any experiment, it is necessary to speak of the surface layer. If 
we consider that in addition to the surface atoms mutual atomic 
configuration changes just adjacent to the outer nuclear layer, this 
surface layer can be commensurate with the size of the particle 
itself. With further decrease the size of the concept of the surface 
loses its meaning. A particle moves in atom-cluster state [13]. It 
must be noted that the surface can be absent not only in low-
dimensional particles, but also the objects of a size reaching 
hundreds of meters or more. For example, in the strict sense, surface 
did not exist for such macroscopic objects as clouds. 
The dependence of the numerical values of the parameters of the 
physical properties of the particle size is observed by many 
investigators [1, 2, 8, 14-18]. The average (idealized) dependence of 
the parameters of the physical properties of the particle size (S(r)) is 
shown in Figure 1. 
 

 
Figure 1 - The dependence of the parameter S of the physical 

properties of particle of size [S(r) function] 
 
Figure 1 shows that a decrease in the size of the sample to a certain 
value 0r L=  the numerical value of the physical property 

( ) VS r S const= = , where VS  - value characteristic of the bulk 
sample (table). If the 0r L<  parameter ( )S r  decreases 
monotonically and if 0r →  then ( ) 0S r → . 
Analytical dependence of the function has the form 
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where 0L  - dimensional boundary between nanostate ( 0r L< ) and 
macrostate ( 0r L> ); α - parameter depending on the analyzed 
physical properties. 
Equation (1) shows that when 1x =  ( 0r L= ) value ( ) VS r S= . 
Further x  decreases ( 0r L< ) ( )S r  function decreases 
monotonically and 

0
lim ( ) 0

r
S r
→

= . 

If the value 0r L> , that is (1 ) 0x− < , the exponent becomes an 
imaginary quantity. As  

(2) 
1

2 1ia ia iae e e−= ⋅ =  

then 1x >  the value of the function ( ) VS r S const= = . 

The presence of a sufficiently large amount of experimental data 
allows you to check the consistency of the proposed 
phenomenological formula (1). For this purpose, is used the 
following method. 
After taking the logarithm of the formula (1) and substituting 

(3) 
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for the site  
0r L<  ( 1)x <  we obtain 

(4) Y Xα= . 
In [18] the results of the analysis of the literature data. Distribution 
X , Y  points corresponds to a linear regression with a correlation 

coefficient 0,70C > , with more than 60% of the pixels have a 
correlation coefficient 0,90C > . Reducing the linear correlation 
due to the fact that the particles have investigated nanoobjects 
unequal size, and was such that part of the distribution area included 
in 0r L>  [19]. The described method allows determining the α  
ratio in formula (1). 
All of the above makes it possible to confirm the presence of 
dimensional boundaries between nano- and macrostate particles of 
condensed matter. However, it remains unclear why this boundary 

0L  lies in the nanometer range, and how to influence the 0L  
parameter individual properties of nanoparticles substance. 
 

3. Calculation dimensional boundaries between 
nano- and macro-state.  

 
The formula for calculating the parameter 0L  should, in our view, 
meet three basic requirements: 
- Firstly, the formula should be derived based on the basic concepts 
of condensed matter physics and quantum physics, known facts and 
theories; 
- Secondly, it should include parameters characteristics of the 
substance which determine its basic properties; 
- Thirdly, the formula should be simple enough for practical use, 
and easily verified experimentally. 
Obviously, if the parameter r  passes through the dimensional 
limits 0L  of variation of the parameter is not sharp. This fact was 
rightly pointed out in [19], which states that "... the boundary of 
nanometers in size may not be correct criteria nanostructured state 
of matter ..." as well as a number of studies [20]. 
The more r  different from the 0L  value, the more manifest the 
properties of the respective state. It can be concluded that when in a 
substance 0r L=  there are any changes in the mechanisms of 
physical processes, or changing the structural characteristics of the 
energy-fine particles compared to the bulk counterparts. 
From the theory of thermodynamics it is known that the molar heat 
capacity at constant volume of all substances is 3VC R= , where 

8,3144  J / ( )R K mol= ⋅ - the universal gas constant. The VС  

parameter does not depend on the temperature T  to determine its 
value ( Dθ ). Then VС  decreases monotonically and when 0 KT =  

0VC = . 

Dulong and Petit law, which establishes the connection VС  and R  
parameters the ratio ( ) 3VC R

µ
=  is obtained based on classical 

statistics Maxwell-Boltzmann-Gibbs when using the ideal gas 
model. Einstein and Debye P. came to the conclusion that the 
temperature is lowered to a certain value classical statistics should 
be replaced by quantum. Atoms must be seen not as a colliding 
balls, but as quantum oscillators. Einstein proposed the condition 
that all the oscillators for monatomic substances have the same Eω  
frequency. P. Debye model is considered in which frequencies are 
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allocated according to the law 2( )P ω ω  up to a certain frequency 

Dω . When the ratio of the model is 
Dω ω>  applicable to describe 

the classical statistics. 
Upon cooling agent treble "freeze." If the substance is heated from a 
low temperature, the low frequency "burn out." The theory of 
Debye to describe model systems were accurate Einstein's theory. 
In condensed matter physics began to use the concept of value of 
the Debye 

Dω - frequency, DE  - energy, Dθ  - the temperature [21]. 

The ( )VC T  dependence is different for different substances. The 

resulting function (T/ )V DC f θ=  has been set, the graph of 

which is shown in Figure 2. When in Formula (1) take / Dx T θ= , 

VC const=  ( VC  at DT θ>> ), then as shown in [18], the 

analytical relationships ( )S r  and ( )C T  coincide. 
 

 
Figure 2 - The function (T/ )V DC f θ=  in the P. Debye’s theory 

of heat capacity [18] 
 
Debye temperature ( Dθ ) as the parameter 0L  is not strictly a sharp 
boundary, but this option is entered in the modern physical 
paradigm and used in the Mendeleev periodic system to describe its 
elements. 
Debye theory of heat capacity indicates that the transition 
frequencies of quantum oscillators across the border 

Dω  there is a 
change in the mechanisms of the processes of substance. The atoms 
as quantum oscillators vibrate at a certain frequency. At low 
volumes on the geometrical dimensions of the frequency spectrum 
is influenced not only the structure of the substance, and the particle 
size. Vibrations of atoms to create a dynamic field that oscillates the 
electrons in the electron cloud with the same frequency. 
As part of the one-electron adiabatic approximation, we introduce 
the concept of Debye pseudo impulse 

DP . We believe that the 
effective electron mass equal to the mass of a free electron. In this 
case 
(5) 2D DP mE=  

According to the formula of de Broglie Debye pseudo impulse 

DP allows you to calculate the value of the Debye length (wave): 

(6) 
D

D

h
P

λ =  

Wavelength Debye defines the scope of the electron on the 
surrounding areas of the sample [7]. Consequently, when 

Dr λ<<  
the adiabatic model of a free electron is not applicable. It should be 
replaced by a model of "electronic jelly" [22]. 
Dynamic processes describes the flow of phonons, the mean free 
path which is commensurate with the Dλ  [23, 24]. If values 

Dr λ<  we can talk about a kind of "phonon vacuum" as a phonon 
can pass from one end to the other particles, followed by the 
process of flipping the border. When particle sizes 0r L<  and 

0r L>  in the former case requires to consider model of "electronic 

jelly" and "phonon vacuum" in the second case, the substance exists 
in a macroscopic phase. 
As an example of the effect of particle size on the performance 
parameters of its properties shows the width of the plasmon peak 
for spherical gold particles (Figure 3). 
 

 
Figure 3 - Dependence of the maximum width of the plasmon 
( λ∆ ) on the diameter of the spherical gold nanoparticle [5] 

 
  
Consequently, the Debye length Dλ  is the dimension of the 

boundary between the nano- and macrostate ( 0 DL λ= ) substance 
in the condensed state. 
Debye parameters 

Dω , DE , Dθ  are related to each other by the 
equations [22]: 

(7) 
2 2

22 2
D

D D D
P hE k
m m

ω θ
λ

= = = =  

where  , h  ( 2h π=  ) - Planck's constant, k - the Boltzmann 
constant, m - mass of the electron. 
Note that in these terms the Debye length and the de Broglie 
wavelength coincide. Condition (7) 

(8) ( )2 2 2 2

22 2
x y z

D
D

P P P hk
m m

θ
λ
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= =  

For an isotropic medium 2 2 2
x y zP P P= = . In this case, the parameter 

of the Debye length 
Dλ , for example, along the axis x (y or z) is 

defined by the expression: 

(9) 1
2

0
1,5

D D
hL

km
λ θ

−
= =  

After substituting the numerical values of physical quantities 
( h , k , m ) received: 
(10) [ ] [ ]1 1 17 2 2 2

0 2,3 10 230D DL m К K nmθ θ
− − −−  = ⋅ ⋅ ⋅ = ⋅  

 

It is this formula has been used by us to calculate the 0L  parameter 
of the experimental results obtained by many researchers [5, 5, 17]. 
Note that 170 KDθ =  for gold. Therefore, the value 0L  is equal 

0 17,6 nmL =  to the gold particles, which agrees well with the 
results presented in [5], and given in Figure 3. 
Debye temperature Dθ  - table setting. Experimental dependences 
for the ( )VS r characteristics parameters of the various physical 
properties are described in the literature. The experimental plots 
easy to determine the 0L  value. This dimension corresponds to the 
start point of the ( )S r  deviation from the values of macroscopic 

matter. The parameter values 0L  obtained experimentally and 
calculated by the formula (10) to coincide with an error not 
exceeding 10%. Therefore, we can say that when 0r L=  there is a 
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kind of transition to the macroscopic phase of nanophase particulate 
matter [3, 25]. 
The proposed analytical expression (10) allows the evaluation of 
characteristics of the dispersed particles used in functional materials 
science to create composites based on metal, ceramic, silicate, 
organic macromolecular matrix. By scanning electron microscopy 
(SEM), it can be shown that the dispersed particles of micron 
dimensions range obtained with different technologies, are clustered 
structures containing nanoscale components (Figure 4). 
Nanocomponents whisker, plate and a spherical habitus 
characterized for inorganic particles obtained by dispersing 
(mechanical crushing) of natural semi-finished products - tripoli 

(Figure 4 a), clay (Figure 4 b), shungite (Figure 4c), and the oxide 
sublimation products melts carbon and alloy steels (Figure 4 d), 
carbon nanotubes (Figure 4e) and polytetrafluoroethylene (Figure 4 
f). Therefore, when assessing the effectiveness of modifying action 
of the dispersed particles in matrices of various kinds need to take 
account of their tendency to cluster formation and morphology and 
specific parameters of the surface layer comprising nanoelements. 
Obviously, significant role ratio of the surface layer particles and 
nanocomponents total since physico-chemical and structural 
processes occurring at the interface "matrix - the modifier" depend 
on a set of various factors affecting the kinetics of adsorption, 
crystallization and adhesion interaction. 

 

   
a b c 
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Figure 4 - A typical particle morphology tripoli (a), clay (b), shungite (c) metal oxide (d), carbon nanotubes (e), polytetrafluoroethylene (f) 
 

 
 

4. Conclusion 
 

The experimental parameters depending on the characteristics of the 
numerical values of physical properties of substances from the sizes 
of the particles shows that these values  correspond with tabular 
particle sizes 0r L> where 0L  - dimensional macroscopic phase 
boundary between the state and nanophase particulate matter. 
As part of the one-electron approximation for adiabatic electron 
with m  mass can introduce the concept of the Debye pseudo 
impulse DP  and Debye wavelength Dλ . The relationship between 

Debye parameters: energy 
DE , frequency 

Dω , temperature Dθ , 

pulse DP , wave length Dλ , is given by: 

( ) ( )

2 2 2

2 2
3 3

2 2 2
D x

D D D
D Dx x

P P hE k
m m m

ω θ
λ λ

= = = = =
. For an isotropic 

medium 0L  value proposed is calculated as: 

1 1
2 2

0
1,5 230D D D

hL
km

λ θ θ
− −

= = = ⋅ . 

When the particle size 0r L>  is possible to use the classic one-
electron adiabatic model. If 0r L<  you must to use the model of 
"electronic jelly". The proposed formula allows the estimation of 
the modifying action of the dispersed particles in the parameters of 
the surface layer of the particle morphology formed by nano-
components of different habitus. 
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Abstract: There were studied features of the structure of composite materials on the basis of recycled thermoplastic (HDPE, LDPE, PP) 
modified by components of different composition and dispersion. It was established the hardening effect of the matrix of the composite with 
the introduction of the highly oriented fragments that preserve the structure after the completion of the technological cycle of manufacturing 
products by injection molding or extrusion. It was proposed the technology of thermo-mechanical combining of thermoplastic components 
while simultaneous modifying by components of different composition and structure. When modification of fluorinated nanoparticles 
ablation products is provided the effect of increasing the rate of extrusion and formation of hydrophobized surface layer of products. 
Nanoscale silicate modifiers (clay, tripoli, metals phosphates and oxides,) contribute to the thermodynamic compatibility of the matrix and 
the modifier polymer due to formation of a spatial network of physical binds in the volume of the composite. The obtaining technologies for 
products based on recycled composites that the parameters of deformation strength and tribological characteristics are not inferior to raw 
materials, but have a significantly lower cost of production. 
KEYWORDS: RECYCLED THERMOPLASTICS, COMPOSITES, THERMO-MECHANICAL COMBINING, MODIFICATION, 
RECYCLING TECHNOLOGIES. 
 
 

1. Introduction 
 

The main elements of belt conveyors used in various branches of 
the mining, chemical, construction, processing industries are the 
conveyor belt and the supporting roller. 
In light duty conveyor belts used in warehousing operations 
particulate product (eg. sylvite potash or on the basis thereof, ε-
caprolactam, expanded clay, and others. Materials) storage 
technology waste processing mineral and synthetic products it is 
advisable to use elements from thermoplastic composite materials 
that Composites based on superior oligomers crosslinking resins 
(including on the basis of phenol-formaldehyde, epoxy, polyester) 
for manufacturability and processing and have high enough 
parameters of strength characteristics of the manual provides 
technical requirements [1]. A special perspective to create such 
materials are recycled thermoplastics class polyolefins (HDPE, 
LDPE, PP) and polyamide (PA 6, PA 66), industrial production 
which the number of companies specializing in the recycling of 
industrial and household waste. To adjust the parameters of strength 
and tribological characteristics of the reclaimed polymer matrix it is 
advisable to use traditional approaches to the management of the 
parameters of structural organization at the molecular, 
supramolecular and interfacial levels [2]. 
The objective of this work was to study the mechanisms of 
modifying the regenerated thermoplastic components of different 
molecular weights, dispersion and activity. 
 

2. Methods of research 
 

As binders for composites using thermoplastic polymers - 
polyamide 6 (PA 6) and polyamide 11 (PA 11), high density 
polyethylene (HDPE), polypropylene (PP), polytetrafluoroethylene 
(PTFE) in the state of industrial supply (JSC "Grodno Azot" JSC 
"Polymir", JSC "HimvoloknoMogilev"). Most of the experiments 
were carried out with the regenerated thermoplastic (HDPE, PP, 
LDPE) obtained at JSC "Belvtorpolimer" in accordance with the 
existing standard documentation. 
To obtain composite materials used highly dispersed, including 
nanosized particles of carbonaceous (UDD, UDAG, nanotubes, 
colloidal graphite, TRH), silicon (mica, clay, flint, shungite, tripoli), 
fluorides (UPTFE) and metal (oxides of Fe, Cu, Zn) compounds 
prepared according to the manufacturer's proprietary technology 

(JSC "Sinta", SSI " Lykov Institute of Heat and Mass Transfer", 
Institute of Chemistry FEB RAS), or as a result of special 
technological effects on the semi-finished product 
(mechanochemical dispersion, sublimation). 
For modifying the regenerated basic primary and matrixes used 
primary and recycled thermoplastic elastomers (TPE) (polyurethane 
TPU, micro-cellular polyether urethane MPEU, divinil styrene 
DST), and thermoplastic polymers - a copolymer of ethylene and 
vinyl acetate (EVA), copolymer of formaldehyde with dioxolane 
(UDF) in granular or powder state. 
Physical and chemical processes at the interface "matrix-filler", 
"coating-substrate" in the preparation and processing of composites 
and coatings and use of the products were evaluated using the 
methods of IR spectroscopy (Tensor-27), X-ray diffraction (DRON 
2.0, DRON 3.0), DTA (Thermoscan-2) by conventional means. The 
morphological parameters of the particles and substrates subjected 
to different types of energy impact, examined using an atomic force 
(NT-206), scanning electron (Mira, Tescan), optical (MDS) 
microscopes. Energy state of dispersed particles, samples of 
composites, coatings and substrates investigated by thermally 
stimulated currents (TSC-analysis) on the original installation (ODL 
"Microtestmachines”). 
 

3. Results and discussion 
 
An analysis of the literature devoted to the problem of functional 
materials science, evidence of the intensive development of the two 
principal directions of modifying the basic matrix. For composites, 
used in the manufacture of products that are subject to the 
cumulative effects of operational factors, it is advisable to use 
modifiers tiered mechanism of action, which will allow the 
formation of an aggregate due to the structure of the composite to 
ensure the inhibition of adverse physical and chemical processes 
that lead to the destruction or wear of metal-elements. 
One of the most promising areas of creating binders for composite 
materials with improved performance characteristics, first of all, 
tribological and of strength is the modification of polymer resins by 
mechanical action on the mixture in a solid or viscous fluid state [2-
6]. 
Currently multitonnage production of polymer blends that combine 
with the thermomechanical effect, created only for a limited number 
of compositions, primarily for nylon, polyolefin, thermoplastic 
polyolefin - divinil styrene. Meanwhile, the leading foreign firms to 
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increase production of composite materials based on thermoplastics, 
thermoplastic elastomers, oligomers, resins of different composition 
[7-15]. 

The effective direction of the target modification of thermoplastics 
by thermo-mechanical alignment (Fig. 1) [2, 7-15]. 

 

 
Figure 1 - Some areas of tonnage produced modification of polymer materials [2] 

 
Among the mixtures of thermoplastic polymer materials most 
widely used compositions based on polyamides and polyacetals. 
Advantageously, the technology for producing such materials is a 
mixture of powdery components followed by homogenization in the 
melt and pelletizing. It was found that the implementation of such 
technology makes a manifestation of a number of effects that lead 
to a change in a non-additive properties of composite materials. 
Thus, the observed effect of abnormal increase physical and 
mechanical characteristics in two-component systems at low 
concentrations of each component. The cause of the effects 
associated with the occurrence of morphological changes in the 
contact area of the two polymers, leading to the formation of 
transition layers. A number of studies indicated appearance in 
processing the polymer blend fiber-aggregates, the shape and size of 
which depend essentially on the viscosity of the melt components 
and modes of processing technology. The formation of such 
ultrathin fibers improves the physical and mechanical 
characteristics of the composites. The possibility of the formation of 
copolymeric products of thermomechanical impact on mixtures of 
thermoplastic polymers. It was necessary to assess the extent to 
which the marked effects peculiar composite materials made from a 
mixture of components of the regenerated pellets, and the feasibility 
of practical application of the technology of combining 
thermomechanical bead polymers for the manufacture of binders for 
antifriction and constructional materials. 
Samples for research were produced by injection molding on 
injection molding machine with screw kneader at a temperature 
conditions typical of a high melting component of the mixture. 
The mechanical action performed on the melt by a screw injection 
molding machine, the speed of which was varied from 0.42 to  
2.0 s-1. The shear rate in a screw channel of the screw and between 
the crest of the screw and the inner wall of the sleeve is suitably 
from 18 - 89 s-1 and 83 - 398-1 s-1. 
The results of physical and mechanical tests show a non-monotonic 
dependence of the parameters tensile strength and toughness of the 
component content in the material. The presence of two extrema on 
the experimental curves in good agreement with published data [2], 
which indicates the modification of community processes that take 
place in mixtures of polymers of different compositions, both 

primary and regenerated, when combining components of different 
technologies. 
Depending on the content of the doping component in a mixture of 
its distribution changes significantly. Thus, in compositions PA6 + 
5% SFD copolymer is distributed mainly in the form of spherical 
structures with a diameter of 1-5 microns, and are present as 
individual fiber-like aggregates with a diameter of 10-13 microns 
(Fig. 2c). 
With increasing content of SFD up to 50% observed the emergence 
of larger diameter of Education 80-120 microns (Fig. 2d), the 
uniformity of distribution of the components in this case is 
considerably deteriorated. 
A similar pattern of distribution of alloying components and 
destruction inherent in sample composition of HDPE-UDF, PP 
SFD, both primary and regenerated. 
The research revealed that the combination of thermomechanical 
granular dispersions engineering thermoplastics can not only 
control the physical and mechanical properties of materials, but also 
significantly change their thermal stability and resistance to thermal 
oxidation. Combined binary relationships on the basis of the 
regenerated thermoplastic can be used for the manufacture of 
composite materials of different functionality with improved 
performance, including tribological [2]. Thermomechanically 
combined matrix based on regenerated polyolefins were tested as 
binders for the production of structural components of belt 
conveyors. 
Modern technology allows the recycling of the polymer product, the 
parameters of strength and tribological characteristics is not inferior 
to the primary raw materials. This aspect is determined by a 
combination of several factors, the most important of which 
concerns the preparatory process for the high quality of the 
recovered materials, which removes components of different 
composition and structure (dyes, residues of organic and inorganic 
substances, etc.), have an adverse effect on the kinetics of thermal-
oxidative and destructive remelting processes in regenerable raw 
materials for the manufacture and use of many single-use products 
(films, packaging, components of medical devices and others.) of 
high-quality raw materials with high requirements on the 
parameters of service characteristics. 
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Figure 2 - The typical form of chips in liquid nitrogen (a-d) and fracture surfaces after uniaxial tension (d-f) samples from PA6 (a) SFD (b), 
the compositions PA6 + 5% wt. SFD (c, d) and PA6 + 50% by wt. SFD (e, f) 

 
For the development of composite materials for metal-roll shells 
used recycled thermoplastics produced by JSC 
“Belvtorpolimer”.The main attention was paid to the polypropylene 
(PP), which is in the parameters of strength and tribological 
characteristics clearly superior to other types of polyolefins (HDPE, 
LDPE, EVA) and can serve as a basis for range of engineering 
materials for various purposes, including for the manufacture of 
shells of metal-rolls of conveyor belts. 
Conducted by IR spectroscopy studies have shown that the 
secondary (recovered) PP composition and thermal characteristics 
virtually identical to the primary. 
The IR spectra of granular polypropylene after recycling has not 
revealed the presence of intense absorption bands belonging to the 

oxide compounds (1710-1740 cm-1), as well as significant amounts 
of impurities or additives. This confirms that the process of 
preparation of high quality secondary raw material for processing, 
comprising multistage dispersing and washing to remove unwanted 
impurities. 
Thermophysical studies confirm the relatively high structural 
parameters of recycled polypropylene (Fig. 3). However, it should 
be noted there is a wide endoeffects the DTA curves in the 
temperature range 165-205 ° C, which appears to indicate the 
presence in the regenerate several fractions with different molecular 
weight and correspondingly melting point. 

 

 
Figure 3 - DTA curve of polypropylene subjected to recycling 

 
 
This may be due to the use of regeneration for the different types of 
waste - film packaging and tissues (packages) of flat oriented yarns 
which are markedly different in the parameters of strength 
characteristics, as They have different structures obtained using the 
processes of orientation of the hood. 
For the development of composite materials for the elements of 
metal-rolls of conveyor belts (shell) used a regenerated 
polypropylene produced at JSC "Belvtorpolimer" on multistage 

recycling technologies depreciated packaging products of flat 
oriented fibers. As functional modifiers used nanoparticulate 
particles of metal oxides, which are the waste of metallurgical 
production (JSC "Severstal"), silicate particles produced by 
mechanical dispersion of glass semi-finished products of 
polytetrafluoroethylene termogazodinamicheskih synthesis - 
ultrafine polytetrafluoroethylene (UPTFE). In addition, high 
molecular weight components used class of polyolefins (HDPE, 
LDPE, EVA), polyester (PBT) and styrenic polymers (DST) both 

98



primary and secondary (recycled), which lets you adjust the 
parameters of strength characteristics, including toughness and 
resistance to alternating loads in the optimal range. Composite 
materials prepared by combining the components in a 
thermomechanical material cylinder injection machine with a screw 
kneader at temperatures typical for processing thermoplastic base. 
For the manufacture of shells has been tasked to create a composite 
thermoplastic material based on a mixture of thermodynamically 
incompatible polymers of polypropylene and high-density 
polyethylene with high abrasion resistance, resistance to shock and 
alternating loads. The problem is solved in that the composite 
material based on a thermodynamically incompatible mixture 
recycled polypropylene and recycled polyethylene containing 
silicate filler and modifier as a mechanically activated silicate-
containing filler in the grinder of impact type pulverized glass, and 
as a modifier - olefin oligomer or polymer with a molecular weight 
in the following ratio, wt.%: 
silicate filler - 0.1 - 3%; 
modifier - 0.5 - 2%; 
secondary polyolefin - rest. 
The essence of the developed technical solution is as follows. In the 
manufacturing process and the glass-based products various types 
of waste processing is formed in the form of dispersed particles of 
0.3 microns to 50 microns. Subsequent mechanical dispersion on 
various types of data dismembrator particles acquire a stable 
electret state, as formed uncompensated charge with great 
relaxation time. Own charge particles dispersed in the glass 
determines the orientation of the macromolecules in the melt 
mixture of regenerated polyethylene and polypropylene, which 
leads to homogenization of the polymer blend and stabilize the 
rheology of the melt, the formation of quasicrystalline boundary 
layer upon cooling of the melt in the mold cavity of the mold or 
forming the filter head. 
The simultaneous increase and stabilization of the rheological 
parameters and physico-mechanical properties of the composite 
material on the basis of thermodynamically incompatible polymer 
recovered due to the synergistic effect observed with the 
introduction of the activated glass particles. Particles of silica filler 
with its own charge fulfill the role of a coupling agent, as a result of 
which the spatial grid formed labile physical connections 
throughout the volume of the composite material that provides 
increased friction characteristics, resistance to alternating loads and 
stress cracking. 
An important aspect of the manifestation of synergy in the system is 
the ordering of the amorphous component mixtures of the polymer 
matrix, increasing the crystalline medium co-processing recycled 
polypropylene, polyethylene and recycled glass-modifier. Formed 
low-defects structure with high ductility in comparison with a 
primary polypropylene leads to an increase in frost resistance of the 
composition. Modifying the secondary polypropylene mixture and 
fillers recycled polyethylene-based olefin polymer or oligomer 
component contributes to the thermodynamic compatibility of the 
material because of the proximity of the molecular structure of the 
matrix and modifier. 
As the finely divided active modifier regenerated thermoplastics 
may be used and other types of fine particles having a characteristic 
morphology, the surface layer consisting of nanocomponents 
different habit. Such particles, as follows from [16] exhibit 
characteristic symptoms of nanoscale particles which display 
increased activity in the processes of modifying macromolecular 
matrices at different structural levels. Due to the effect of modifying 
the appearance of the complex is possible to achieve the required 
parameters of strength, tribological, adhesive, etc.. Service 
characteristics of composite materials based on thermoplastic 
regenerated, which allows them to be used as a full-fledged 
alternative to the primary composite. 
The developed composite materials based on polyolefins 
regenerated capable of processing both molding and extrusion 
because matrix comprise polypropylene extrusion type and 

additives which allow to adjust the parameters of the rheological 
characteristics (paraffin, chloroparaffin wax, mineral oil). Extruded 
pipe blanks were made necessary for the geometric dimensions of 
the shell metal-roll belt. These shells were used for belt conveyors 
operated at RUE "Belaruskali". Bench and production tests have 
shown high efficiency roller carriage with shells made of composite 
material based on a modified polypropylene to replace conventional 
metal counterparts. 

 
4. Conclusion 

 
Recycled thermoplastic materials based on polyamides and 
polyolefins can be used as templates for making compositions with 
predetermined parameters of service characteristics. For modifying 
regenerated target thermoplastics advisable to use a method of 
modifying a multi-level, allowing to control the parameters of the 
structure at the molecular, supramolecular and interfacial levels. 
Effective use of the combination of modifiers with different 
mechanisms of action – low-dimensional active particles and 
polymer components are able to form dispersed aggregates in the 
matrix binder and copolymerization products under the effect of 
operational parameters of the extrusion process or injection molding 
process in conventional equipment. Functional composite materials 
with multi-level modification based on recovered thermoplastics are 
valuable alternative to the primary materials while providing 
significant economic benefits. 
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Abstract: There were considered the physical, structural and morphological prerequisites for the realization of the nanostate phenomenon 
of dispersed particles of condensed matter of different composition, nature and technology for production. It was shown the role of the size 
factor in the occurrence of the nanostate phenomenon due to the change of the energy parameters of the surface layers of particles that 
contribute to their effective modifying effect on the high-molecular matrix. Physical models of the formation of a particular energy state of 
dispersed particles and metallic and non-metallic materials substrates, characterized by the presence of local areas ("charge-mosaic") with 
a long relaxation time are proposed.It was considered practical application of the nanostate phenomenon when creating high-strength and 
wear-resistant materials based on thermoplastic matrices (PA6, PTFE, PET), consistent lubricant and lubricating oils, tribological and 
protective coatings for friction units and metalwares used in mechanical engineering, automotive and mining engineering. It was made the 
examples of the effective use of developed nanocomposite materials in practice. 
KEYWORDS: NANOSTATE, SIZE CRITERION, MODIFYING EFFECT, NANOCOMPOSITE MATERIALS, TRIBOTEHNICAL COATING, 
LUBRICANT. 
 
 

1. Introduction 
 

Cutting-edge areas of functional materials science of engineering is 
the practical realization of the phenomenon nanostate at different 
levels of structural organization, providing synergistic effects 
increasing the parameters of strength, tribological, thermal, 
adhesive and protective characteristics of composites by using 
nanoscale components of different composition, structure and 
technology of [1- 10]. 
Despite the significant progress made in the composite 
nanomaterials, there are considerable difficulties in their industrial 
production and industry use, due to the absence of uniform 
evidence-based approaches to the theoretical justification of 
engineering technology of nanomaterials that determine directional 
component selection, methods for their production and processing 
to ensure their industrial production scoped application. 
Certain aspects of the structural and morphological characteristics 
and electrical energy in the form of nano-dispersed particles, thin 
films are considered in studies of domestic and foreign scientific 
schools [3, 5-10]. However, the transformation of 
phenomenological phenomenon nanostate in engineering 
technology functional nanocomposites based on macromolecular 
(polymeric, oligomeric, mixed) matrices is only possible in the 
implementation of a systematic approach that takes into account the 
effect of the characteristic features of the structure, the morphology, 
the energy state of nanoscale components on the structural 
organization of macromolecular matrices at the molecular, 
supramolecular and phase levels. 
The purpose of this study was to develop criteria for evaluation of 
physical nanostate dispersed particles of condensed matter to justify 
the engineering technology of nanocomposite materials based on 
polymeric, oligomeric and common thermoplastic matrices. 
 

2. Methods of research 
 

The main objects of the study were chosen nanoparticulate 
carbonaceous particles (graphite, UDAG, shungite, carbon fibers), 
metal (oxides, salts of organic acids) and silicon (mica, tripoli, opal 
clay) the compounds obtained by the process effects on natural and 
synthetic semi-finished products produced by industrial enterprises 
of Belarus and the Russian Federation. Nano-sized particles were 
prepared by mechanical grinding and heat treatment of disperse 
semis at temperatures 673-1473 K. 

As matrix polymers used two basic types of materials. The first - 
with hereditary high viscosity (RGR) of the melt due to the 
chemical structure and molecular weight of the chain: 
polytetrafluoroethylene (PTFE), and ultra-high density 
polyethylene. The second group consisted of thermoplastic 
polymers PA 6, HDPE, EVA, PP, TPU, etc. With normal melt 
viscosity, this increases 2-3 times when the filling of nanoparticles - 
acquired high viscosity. Polymeric materials used in the state of 
industrial supplies as granules or powder produced by cryogenic 
dispersing granules at a temperature of 87 K. 
The structure and properties of nanocomposite materials and their 
products investigated using modern methods of physical and 
chemical analysis: IR transmission and ATR (Specord), EPR 
spectroscopy (ER 1306, Brucer), X-ray diffraction (DRON 2.0, 3.0 
DRON ), differential thermal (Q-1500) analysis, optical (MIM-10, 
MF-2), scanning electron (ISM-50A, Nanolab-7) and atomic force 
microscopy (Nanotop III). Energy state nanomodifiers and 
composite materials was evaluated by EPR spectra and the spectra 
of thermally stimulated currents (TSC) on the original installation 
of the GNU MPRI them. VA White NASB. The dielectric 
characteristics of materials after exposure to energy (laser, ion, 
temperature) were determined by an appropriate standardized 
methods. Regulation nanorelief surface layer of polymer samples 
was performed by short-pulse laser and accelerated ion impact with 
a given power density. Evaluation features crystal-chemical 
structures of nanoparticles was performed by the original method, 
developed on the basis of X-ray analysis. 
 

3. Results and discussion 
 
To assess the role of the energy factor in mechanisms of formation 
of the structure at the molecular composite materials, and interface 
supramolecular structure parameters investigated dispersed 
particles, which are widely used as modifiers for oligomeric, 
polymeric matrices and combined. 
Methods OM, AFM, SEM analysis of morphological features of 
dispersed particles of different composition, technology of 
reception, crystal chemical structure - oxide compounds 
metallurgical production (OM), the products obtained by a 
mechanical crushing silicate glasses (SS), carbon-fiber (CF), the 
products of detonation synthesis ( UDAG), carbon nanotubes 
(CNTs), silicon-containing natural particles (CN) - mica, tripoli, 
clays, schungite, talc. 
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It was found that, regardless of the technological history and crystal 
structure of the starting semi-dispersed particles form the cluster 
structures, and consisting of single particles with nanoscale 
parameters. This single particle morphology characterized by the 
presence of nanoscale spherical elements, plate or whisker habit 
forming nanorelief surface layer, contributing to the formation of 
the boundary layer at the interfacial interactions of the components 
in the formation of the nanocomposite material. Specific nanorelief 
surface layer due to crystal-chemical and technological 
prerequisites, is predominant factor in the choice of the original 
semi-finished product and technology of dispersed particles with 
optimal dimensional parameters. This dispersion of particles of a 
modifier can be in the range of micro, providing the necessary 
modifying effect due to the presence of nano relief with a 
characteristic structure forming elements. With this practical 
production nanocomposite materials based on polymeric matrices 
may use available intermediates, for example, silicon and carbon-
containing minerals, with the widespread use of high-dispersion 
technologies. 
Based on the classical concepts of the mechanisms of formation of 
boundary layers with optimal structure, defining the parameters of 
strength, tribological, thermal, and others service performance 
composites and products from them, found that the main factors 
influencing the mechanism and kinetics of their formation, are the 
mechanical and energy. Mechanical factors contribute to the 
formation of the adhesive bond and the polymer matrix modifier by 
crushing fragments melt penetrated under pressure form the 
workpiece or products nanofields topography of the surface layer of 
the particle. Power factor provides the course of adsorption and 
orientation process at the interface "matrix - filler", leading to the 
formation of an ordered (quasi-crystalline) structure of the boundary 
layer with high strength characteristics of the parameters. 
The combined effect of both factors makes possible the realization 
of synergies, providing a comprehensive impact modifier dispersed 
nanocomposite structure at the molecular, supramolecular and 
interfacial levels, which leads to a simultaneous increase in its 
parameters of strength, tribological, protective, etc. Service 
characteristics. 
The physical criteria for assessing nanostate dispersed particles of 
condensed matter of varying composition and crystal structure. 
Studies Ajayan P.M., N. Kobayashi, Suzdaleva I.P., Trefilov V.I., 
Gusev A.I., Poole Ch., Owens F., Stroscio M.A., Dutta M. and 
employees, according to the determining role of size factor in 
moving the particles of condensed matter from macro to nano-state 
that they exhibit specific energy parameters influencing the 
processes of structure-modified matrix [9, 10]. 
Currently, there are no uniform sound approaches to the definition 
of the boundaries of existence dimensional nanoparticles. Boundary 
size of nanoparticles used in 100 nm has no clear physical basis and 
is not correlated with the experimental results. 
Nanoparticles have at least two characteristic features (taxa). 
Firstly, the nanoparticles should have a developed surface. Second, 
the performance parameters in the nanoparticle physical properties 
(S) depend on its linear dimensions (r), i.e. nanoparticles of various 
substances exists function S (r). To characterize the surface of the 
nanoparticle concept is crucial. Nanoparticles regarded as an 
independent object which can be isolated from a mixture with other 
objects or other mechanical means. Therefore, the nanoparticles can 
be regarded as a kind of nanophases with its specific features. 
The term "surface" for macroscopic and low-dimensional particle 
has a different physical meaning. For macroscopic objects 'surface' 
is treated as an imaginary infinitely thin film on one side of which 
there are atoms of a specific substance, and on the other side they 
are missing. The surface at the equilibrium state of the object is 
treated as a statistical system, neglecting the thermal vibrations of 
the atoms. In the transition to the surface of the nano-sized objects 
to be regarded as a dynamic system. Since the period of atomic 
vibrations immeasurably less time any experiment, it is necessary to 
speak of the surface layer. If we consider that in addition to the 
surface atoms mutual atomic configuration changes just adjacent to 

the outer nuclear layer, this surface layer can be commensurate with 
the size of the particle itself. 
The average (idealized) dependence of the parameters of the 
physical properties of the particle size (S(r)) is shown in Figure 1. 
 

 
Figure 1 - The dependence of the parameter S of the physical 

properties of particle of size [S(r) function] 
 
Figure 1 shows that a decrease in the size of the sample to a certain 
value 0r L=  the numerical value of the physical property 

( ) VS r S const= = , where VS  - value characteristic of the bulk 
sample (table). If the 0r L<  parameter ( )S r  decreases 
monotonically and if 0r →  then ( ) 0S r → . 
Analytical dependence of the function has the form 
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3 3

2 2
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α α
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where 0L  - dimensional boundary between nanostate ( 0r L< ) and 
macrostate ( 0r L> ); α - parameter depending on the analyzed 
physical properties. 
The presence of a sufficiently large volume of literature and our 
experimental data allows to confirm the consistency of the 
phenomenological formula (1). Obviously, if the parameter r passes 
through the dimensional limits 0L  

of variation of the parameter S is 
not sharp. The more r different 0L , the more manifest the properties 
of the respective state. It can be concluded that when 0r L=  a 
substance is a change in the mechanism of physical processes or 
modified structural and energy characteristics of the particle 
compared to the bulk counterparts. 
Based on the assumptions that the dimensional criteria nanostate 

0L  
should take into account the characteristic properties of 

substances that meet the basic understanding of the physical 
paradigm used tabulated values of the physical characteristics and is 
calculated by a simple formula, as the criterion for calculating the 
Debye temperature has been selected ( Dθ ). 
Debye temperature ( Dθ ) as the 0L  parameter is not strictly a sharp 
boundary, but this option is entered in the modern physical 
paradigm. Debye theory of heat capacity indicates that the transition 
frequencies of quantum oscillators across the border Dω  there is a 
change in the mechanisms of the processes of substance. The atoms 
as quantum oscillators vibrate at a certain frequency. At low 
volumes on the geometrical dimensions of the frequency spectrum 
is influenced not only the structure of the substance, and the particle 
size. Vibrations of atoms to create a dynamic field that oscillates the 
electrons in the electron cloud with the same frequency. 
Debye theory of heat capacity indicates that the transition 
frequencies of quantum oscillators across the border 

Dω  there is a 
change in the mechanisms of the processes of substance. The atoms 
as quantum oscillators vibrate at a certain frequency. At low 
volumes on the geometrical dimensions of the frequency spectrum 
is influenced not only the structure of the substance, and the particle 
size. Vibrations of atoms to create a dynamic field that oscillates the 
electrons in the electron cloud with the same frequency. 
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As part of the one-electron adiabatic approximation, we introduce 
the concept of Debye pseudo impulse 

DP . We believe that the 
effective electron mass equal to the mass of a free electron. In this 
case 
(2) 2D DP mE=  

According to the formula of de Broglie Debye pseudo impulse 

DP allows you to calculate the value of the Debye length (wave): 

(3) 
D

D

h
P

λ =  

Consequently, the Debye length Dλ  is the dimension of the 

boundary between the nano- and macrostate ( 0 DL λ= ) substance 
in the condensed state. 
Debye parameters 

Dω , DE , Dθ  are related to each other by the 
equations [22]: 

(4) 
2 2

22 2
D

D D D
P hE k
m m

ω θ
λ

= = = =  

where  , h  ( 2h π=  ) - Planck's constant, k - the Boltzmann 
constant, m - mass of the electron. 
Note that in these terms the Debye length and the de Broglie 
wavelength coincide. Condition (4) 

(5) ( )2 2 2 2
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For an isotropic medium 2 2 2
x y zP P P= = . In this case, the parameter 

of the Debye length 
Dλ , for example, along the axis x (y or z) is 

defined by the expression: 

(6) 1
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After substituting the numerical values of physical quantities 
( h , k , m ) received: 
(7) [ ] [ ]1 1 17 2 2 2

0 2,3 10 230D DL m К K nmθ θ
− − −−  = ⋅ ⋅ ⋅ = ⋅  

 

Analysis of the expression to evaluate the dimensional border 
nanostate particles of condensed matter using the Bloch theorem, 
the Schrödinger equation, concepts of Debye wavelength 

0 DL λ=  
indicates eligibility to use it to determine the parameters of 
nanoscale particles (NSP) of different composition and structure. 
The expression (7) suggests the existence of a probability of 
correlation between the critical size 0L  

of the nanoparticles and the 
Debye temperature Dθ  of the crystal from which they were formed. 
The shape of nanoparticles can have a different habit (spherical, 
needle, plate). For such particles the parameter 0L  value will 
depend on the direction, i.e. there are cases where "nanofeatures" 
particles will not occur in all directions (x, y, z), and one (needle 
habit), two (lamellar habit) or three (spherical habitus). Therefore, 
by using modifiers particles having a relatively large size and 
nanometer active sites may be achieved by modifying effects 
inherent in the "classical" nanoparticles at least energy rich 
techniques for their preparation by synthesis or dispersing the 
intermediate product. 
With the use of the proposed analytical expression (7) carried out 
calculation of critical parameter 0L  for particle single-element and 
multi-element materials - metals, non-metals, halides, 
semiconductor compounds. The results are in good correlation with 
literary sources, and allow us to determine the most effective 
technology for nanoscale modifiers for use in materials of polymer 
nanocomposites. 
Analysis features nanostate particles of condensed matter using 
quantum theory allowed to show that for each substance there is an 
energy parameter 0E  differentiating the process. When 

0E E>  
dimensional effects do not play a role and true volumetric approach 

to describe the properties of the substance; when 
0E E<  it need to 

take into account the size effects. The influence of the size factor on 
the energy characteristics of dispersed particles of silicon and 
carbon-containing components that have found the most widely 
used as a functional polymer modifiers and oligomeric matrix in the 
development of nanocomposites with enhanced service performance 
parameters. 
The quantum-mechanical analysis of bulk and surface states of the 
particles showed that the potentials of the near-surface areas are not 
simply scrap the wave functions of the potential in the volume, but 
also have their own characteristics that appear in the manifestation 
of the electron work function of metals and a number of surface 
effects in dielectrics and semiconductors. The mechanism of 
formation of a particular energy state of the metal and dielectric 
samples, leading to the appearance of the surface mosaic observed 
experimentally. 
The analysis of the crystal-formation mechanisms of nanoparticles 
in an active state by thermal or mechanical stress on the semi-
finished products of natural layered silicates, frame and chain 
structure (mica, clay minerals, natural opals, tripoli). Among the 
most common are geosilikates laminates comprising various 
modifications of the mica and clay minerals. A common feature of 
this type is the presence of specific minerals of the crystal lattice 
with a perfect cleavage, consisting of layers of silicon-oxygen 
tetrahedra SiO2, connected by a layer of metal-oxygen octahedra, 
and the interlayer cations. 
With the destruction of the block layered minerals interlayer cations 
Na +, K + to pass one of juvenile surfaces and form localized regions 
with a charge so-called " charge mosaic" such a structure of 
juvenile surfaces of layered silicates with charge areas, the area of 
which is many times the size of the cations causes the flow of 
intense processes of interaction with the environment of Nanophase 
particle. The presence of active centers on juvenile surfaces, form 
the basis of tetrahedra SiO2, changes the course of adsorption 
processes on the surface of the particles and affects the structural 
ordering of molecules in contact with them and oligomeric 
polymeric macromolecules. Thus, the specific structure of the 
crystal-phyllosilicates creates the preconditions for the formation of 
nanoscale dispersion of the active particles, which have a modifying 
effect on the polymer matrix. 
The actual particles of natural silicates are nonequilibrium structure, 
determine the existence of uncompensated charge. By EPR 
spectroscopy and TSC spectroscopy revealed the presence of 
uncompensated charge and the possibility of thermostimulated 
nanocuttent in powder samples of silicate minerals (opal, white and 
blue clay) (Figures 2, 3). Thermal effects on particulate 
phyllosilicates leads to a restructuring of their structure. On 
thermograms silicate minerals of various composition and structure 
can mention a few endoeffect at temperatures 373-423 K 523-623 
K, 723-823K, 1023-1123 K, due to the processes of dehydration 
and dehydroxilation. The effect of 523-623 K characterizes the 
selection of interlayer water. When exposed to process blocks 
phyllosilicates mode thermal shock dehydration processes, water 
and interlayer separation degidroksilatsii occur virtually 
simultaneously, resulting in macrodestruction crystals due to 
rupture of the interatomic bonds. Product image type noncrystalline 
oxides and X-ray amorphous phases of different composition. The 
size of the particles formed during thermal processing products does 
not exceed 100 nm, according to modern concepts it allows to refer 
them to the nanoscale. 
The special characteristic of the energy state and carbonaceous 
particulate matter (UDDG, carbon nanotubes, shungite). A 
characteristic feature of these low-dimensional particles of different 
composition, structure and technological history is the dependence 
of the energy state characterized by the magnitude of thermally 
stimulated currents, temperature. Therefore, when choosing the 
modifier to obtain nanocomposite materials with desired functional 
parameters (tribological, of strength, adhesion) must take into 
account the temperature range of manifestations of its maximum 
activity. Practical implementation of the established principles of 
the Energy of the respective components of nanocomposite 
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materials based on polymeric matrices can achieve significant 
effects as in the doping content nanomodifier (0.001 - 1.0 wt.%), 

And the powers of filling 20 - 40 wt.%. 
 

 

 

 
Figure 2 EPR spectra of opal (1) and clay minerals of 

different composition (2, 3) 
Figure 3 Characteristic form TSC-spectrum shungite source (1) and heat-

treated at 100 ° C (2) 200 ° C (3) 300 ° C (4), 600 ° C (5) 800 ° C (6) 
 
The mechanism of action of modifying nanoparticles in polymer 
matrices and different oligomeric structure. Based on the developed 
model, involves the formation of the adsorbed layer under the 
action of the active centers of the spherical nanoparticles form 
macromolecules, analytical expressions for calculating the 
concentration of modifier enough to transfer the entire matrix in an 
ordered state. The matrix will be in a modified form, if the 
nanoparticle influences the matrix macromolecule in the boundary 
layer thickness L:  

(8)
1 3

1
11 1н

п m

L r
C

ρ
ρ

  
= + −  

  

, 

where r1 - particle size. 
Even if the content of doping nanofiller (0.001 - 1.0 wt.%) And the 
ratio of its modifying effect for at least 2 - 3 layers adjacent 
macromolecules achieved significant technical effect of improving 
the parameters of strength and tribological characteristics of 
nanocomposites based on thermoplastic matrices. 
It is found that the efficiency of modifying action NSP affect not 
only the parameters of size, composition and structure, and form. 
When using a layered particles (flaky), whisker and the spherical 
shape of varying degrees of modification of the matrix M defined 
by the ratio of the total volume of the modified to the total volume 
of the composite. Taking into account the different energy states of 
various shapes NSP obtained degree of modification ratio of scaly 
(Msc), whisker (Mw) and spherical (Msp) particles at the same 
concentrations in the composite:

 
(9) : : 1: 0,4 : 0,8sc w spM M M =  

From this expression that when creating malonapolnennyh 
nanocomposites based on polymer matrices is the most effective use 
of layered modifiers, which include natural silicates - clay, mica. 
The experimental and theoretical studies are based on the 
assumption of constancy of the structure, composition and habit 
NSP introduced into the polymer matrix. However, there are classes 
NSP (metal, oxide, metallic) that can be transformed under the 
influence of physical and chemical processes occurring in the 
boundary layers of the composites under the influence of 
operational factors (temperature, mechanical, mechano-chemical, 
etc.) To give the product a different composition and structure. 
Therefore informed choices NSP for modifying the target polymer 
or oligomer matrix involves a systematic analysis of the structural 
phase transitions with the energy, chemical and physical aspects of 
the formation and operation of metal-system. 
A systematic approach to the analysis of the features of the 
modifying action of nanoscale objects of different composition, 
structure and technology for the development of scientific principles 
has led to the creation of functional engineering of nanocomposite 
materials based on commercially available thermoplastics 
(polyolefins, polyamides, polyacetals, fluoropolymers, and mixtures 
thereof) and technology of their processing in products with higher 
performance parameters. 
To apply tribological and protective coatings of the developed 
nanocomposite materials based on polyamides developed the 
technology and installation for cryogenic grinding granular 
semifinished providing manufacturing powders with a given degree 
of dispersion of energy and activity (Figure 4). 

 

  
Figure 4 - The characteristic morphology of the particulate fraction of nanocomposites based on PA 6 and PA 11 

 
The resulting powder semifinished provides functional coatings 
with the necessary operational parameters as they are formed by 
methods of the fluidized bed and flame spraying. 
The compositions of tribological coatings used in the construction 
of automobile units to improve the wear resistance of splines 
driveshafts transport and special equipment, the protection of the 
elastic members of brake chambers trucks from corrosion and 
mechanical wear and fatigue failure and to prevent jamming in the 
mechanism of the drive lathe chuck technology metalworking 

equipment. Application of nanocomposites based on polyamide 6 
(JSC "GrodnoAzot") instead of imported counterpart PA 11 
(«Rilsan») provided to obtain significant economic effect on the 
JSC "Belcard", JSC "BelTAPAZ 'products are used for the 
assembly of automotive engineering and metalworking equipment 
produced in the Russian Federation [11]. 
For the manufacture of nanocomposite materials based on 
polytetrafluoroethylene developed the original tooling and 
equipment for the implementation of effective activation of 
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components in the process of filling the system of training, cold 
pressing, hot monolitization and calibration. The technological 
methods to eliminate or minimize the negative effect of structural 
factors at various levels, enhancing defect nanocomposites and 
products of them as a result of the clustering of the particles of the 
reinforcing filler (HC) and their inefficient wetting polymer binder 
being in viscoplastic state at temperatures monolitization (573 - 673 
K) pieces . 
The effectiveness of the developed nanocomposite materials based 
on polytetrafluoroethylene due to a decrease in the content in the 
composite costly filler - carbon fiber (CF), while maintaining the 
required performance parameters and a decrease in energy 
consumption due to optimization of the technological cycle of 
manufacturing products (billets) . In addition, the use of technology 
Cold monolitization to reduce the loss of the composite due to 
allowances. Application of the developed nanocomposite materials 
for the manufacture of elements moving seals compressor 
equipment for compressed and liquefied gases (JSC "Grodno Azot", 
JSC "Sumy Scientific-Technical Center", JSC "Frunze Sumy 
Machine Building Scientific Production Association") provides an 
increase in the service life of less than 2 times [14-16]. 
Increased resistance to spike universal joint propeller shaft 
brinnelling achieved by using plastic lubricants designed for heavy 
duty units containing polymer fibers and low-dimensional 
nanoporous carbon particles or metal particles thermoplastics. 
Developed based lubricant base oils and industrial-20, I-40 at ANTI 
characteristics and resistance to mechanical degradation far superior 
lubricant used CIATIM 201, №158, Lithol-24 [16]. 
To ensure the technical performance of the brush attachment drive 
road cars developed abrasion composite material based on PP-
doped doping additives (0,01-2,0 wt.%) Geomodifiers layered, 
chain or frame structure. Introduction into the polymer matrix of the 
active particles geosilikate reduces melt index composite 1.5-2.0 
times and stabilizes the extrusion of strands at the multislot head. 
The structure of the composite with physical crosslinks oriented 
uniaxial stretching with the formation of the ordered area, increases 
the strength of 1.3-1.5 times and 1.5-2 times material to the 
resistance to abrasion. Designed nanocomposite composition 
allowed to apply to PP as the base material for general technical 
purposes instead copolymer doped with a thermoplastic elastomer 
having almost twice higher value [16]. 
Conducted testing of the developed nanocomposite formulations of 
engineering materials based on thermoplastic matrices at industrial 
enterprises of Belarus and Russia testifies to their high efficiency 
and expediency of application in the construction of automotive 
engineering, process equipment and valves. 

 
4. Conclusion 

 
Based on a systematic approach to the study of the impact of the 
structural features and the energy state of nano-sized particles of 
condensed matter the mechanisms of physical and chemical 
processes in polymer matrices that define the parameters of their 
structure at the molecular, supramolecular and interfacial levels. 
Methodological approaches to the creation of nanocomposite 
materials with high engineering parameters of strength, tribological, 
adhesive and protective characteristics on the basis of industrial 
thermoplastics and their production technology and processing into 
products. 
Methodological principles of obtaining nanocomposite materials 
based on thermoplastics industry, consisting in: 

• crystal-established assumptions selection of natural and synthetic 
carbon-containing, silicon metal and semi-finished products for 
directional formation of active nanoparticles with desired 
structural and morphological and energetic parameters for 
optimum technological impact (mechanochemical, thermal, laser); 

• implementation of the conditions prevailing energy nanomodifiers 
compliance mechanism of the optimal structure of the polymer, 
oligomeric matrices and combined at different levels - molecular, 
supramolecular and interfacial; 

• ensuring the development conditions of the preferred mechanisms 
of interfacial physico-chemical interactions of the components 
with the formation of boundary layers optimum structure, 
defining mechanisms of destruction of the nanocomposites under 
the influence of various operational factors [11-16]. 
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Abstract: The preconditions of forming a structural paradox within the existing technological paradigm, which manifests itself in reducing 
the parameters of strength and tribological characteristics of composite materials based on polytetrafluoroethylene when administered in 
their composition of fillers and modifiers of different composition and geometry when the content of 15-20 wt. % Established effects of 
forming the structural conditions derating improved performance due to the formation of cluster structure of the binder particles (PTFE) 
and the modifier. The effective technological methods to ensure reducing the likelihood of cluster components in the manufacturing process 
of highly composites with a filler content of 20-35 wt. %. The technology of producing high-strength wear-resistant fluorine composites, 1.5-
20 times superior to common parameters analogues produced under the trademarks "Flubon", "Fluvis", "Superfluvis.". We consider the 
effective use of highly fluorine composites in mechanical engineering, chemical industry and energy. 
KEYWORDS: FLUORINE COMPOSITES, STRUCTURAL PARADOX, TECHNOLOGICAL PARADIGM, CLUSTER STRUCTURE, 
TECHNOLOGY FOR STRENGTHENING 
 

1. Introduction 
 
Despite the unique combination of parameters of service 

characteristics - chemical resistance, heat resistance, low coefficient 
of friction, products of unmodified polytetrafluoroethylene (PTFE) 
limited use in the construction of friction units of machines and 
technological equipment [1-7]. For products of 
polytetrafluoroethylene characterized by increased wear during 
operation without an external supply of lubrication and high 
loading-speed modes, as well as a manifestation of cold flow, which 
leads to changes in the design parameters of the friction unit. 

An effective way to increase the parameters of strength and 
tribological PTFE is the introduction of the matrix polymer fillers 
and modifiers of different composition, structure and mechanism of 
action and dispersion [1-6], as well as workpieces and articles by 
high flows, including ionizing radiation [6]. The last line, despite 
the possibility of regulating the parameters of strength and 
tribological characteristics in a sufficiently wide range of limited 
use due to technological difficulties of implementation. 

In the nomenclature of composite materials of different 
functionality occupy a special place fluorocomposites, based on 
polytetrafluoroethylene modified disperse various components of 
the composition, structure and technology of [1-10]. Despite the 
existing range of branded fluorocomposites, providing the 
possibility of manufacturing structural, sealing, tribological and 
protective elements machines and process equipment with the given 
parameters of service characteristics, the problem of achieving the 
maximum values of the parameters of strength, wear resistance is 
far from the solution and requires the development of new 
technological approaches that take into account the specific 
structural features of the macromolecules of polytetrafluoroethylene 
(PTFE), conditional on the physico-chemical mechanisms and 
tribochemical processes in static and dynamic contact components 
and metal-filled materials systems. 

Analysis of the literature devoted to the study of physico-
chemical and technological aspects of the production and 
processing of functional fluorocomposites and the use of these 
products in various fields of technology, evidence of mature 
traditional methodological approaches based on classical concepts 
of polymer materials science, physics, chemistry and technology of 
plastics and composite materials [1-3]. The essence of these 
approaches is to apply the methods of regulation of the 
supramolecular structure of PTFE matrix by introducing a dispersed 
phase modifiers and composite structures - through the use of fiber 
fragments of organic and inorganic fibers - glass, oksalonovyh, 
basalt, carbon [1-3]. 

Filling materials based on PTFE - fluorocomposites - 
developed effective methods of managing structural parameters at 
different levels [2, 6, 8], which allowed us to develop and master 
the industrial brand variety, including a few dozen items with 
different parameters of strength, tribological and thermal 
characteristics [3, 7-10]. With all the variety of stamps 
fluorocomposites (Papers Series "Flubon", "Fluvis" F4K20, F4G10 
et al.), In their preparation implemented common technological 
principle of forming and processing into products, involving a 
combination of the operations of mixing the components in a 
predetermined ratio, cold extrusion billets and their hot sintering 
(monolitizatsii) in air at a given temperature-time mode. This 
technological principle is similar in essence to those used in powder 
metallurgy, currently dominates the literature, patent and 
commercial sources, becoming the basis for technological paradigm 
functional fluorocomposites [1-3, 8-11]. 

The current technological paradigm functional 
fluorocomposites led to the achievement of a certain level 
parameters of strength and tribological characteristics which excess 
within it is not possible or is costly material and energy resources, 
reduces the effectiveness of the practical application of the products 
obtained [1-3, 8-12] . The inefficiency of traditional approaches in 
the implementation of technology of functional fluorocomposites 
particularly pronounced when creating filled materials containing 
more than 20% by weight. components of different composition and 
dispersion, which dramatically narrows the range of their practical 
application in tribological and sealing systems operating at high 
loading-speed and temperature conditions. The result is a scarce 
resource exploitation friction units of special equipment, vacuum, 
cryogenic plants and sealing elements of compressors for 
compressed and liquefied gases [3, 6-8]. Meanwhile, the analysis of 
the mechanisms of destruction and wear products from highly filled 
material indicates the potential of an incomplete as matrix polymer 
(PTFE) and modifying component (typically of high strength and 
wear). 

The purpose of this study was to develop the principles of 
improving the technology of machine fluorocomposites based on 
the concept of multi-level modification proposed in [13]. 

 
2. Preconditions and means for resolving the 

problem 
 

  As a basic binder used in the preparation of fluorocomposites 
commercially available polytetrafluoroethylene (PTFE) marks F-
4PN, F-4PN90, F-4TM differing average size of the powder 
fraction (JSC "HaloPolymer", Russia). For reinforcement PTFE 
matrix fragments used carbon fiber (HC) received mechanical 
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dispersion of the carbon tape brand LO-1-12N (JSC 
"SvetlogorskHimvolokno", Belarus) with the size fractions less than 
200 microns. Structural modification of PTFE was carried out in the 
introduction of carbon black (TS) grades P234 and P803 with a 
mean size of individual particles 20 and 80 nm, respectively, as well 
as polytetrafluoroethylene Ultrafine (UPTFE), an oligomeric 
polymer products termogazodinamicheskih synthesis 
polytetrafluoroethylene, obtained according to [6, 7]. Used in the 
experiments UPTFE, commercially available under the trade name 
"Forum" (Institute of Chemistry, Far East Branch, Russian). 

Samples for studies of strength and tribological characteristics 
developed fluorocompositesprepared in accordance with the 
requirements of normative documents on materials such as 
"Flubon" (analogous to "Fluvis") [9, 10]. Defines the parameters of 
strength( tσ , , , НВ) and tribological properties (wear 
intensity I, the coefficient of friction f) according to standard 
procedures or methods recommended in [9, 10], with the use of 
plants MR-200 ComTen 94c, P-0.5, HP-250, friction machines 
SMC-2, HTI-72. Analysis of physico-chemical and structural 
aspects of the modification of PTFE, technology acquisition and 
processing fluorocomposites and operating features of these 
products was carried out on the basis of IR spectroscopy (Tensor-
27), nuclear power (NANOTOP-III), optical (Micro200T-01) , 
scanning electron (LEO1455VP) microscopy and X-ray diffraction 
(DRON-2.0). 

Samples were prepared for research on technological regimes 
recommended in [3, 11] and by original technologies, realizing the 
possibility of multi-level modification. 

 
3. Results and discussion 
 
Analysis of the literature devoted to materials science and 

technology of functional fluorocomposites [1-13], suggests that the 
main provisions of the traditional technology, component paradigm 
is the use of classical methods of regulating the supramolecular 
structure of the matrix polymer using fillers dispersed organic and 
inorganic nature and the introduction of PTFE fragments of 
reinforcing fibers dispersed using mechanical mixing operations of 
components of cold pressing and monolitizatsiipreforms at 
temperatures above the crystalline melting point of the binder 
phase. 

Using this technology, the various species, consisting in the 
introduction of fine fillers (carbonaceous, siliceous - UDD UDAG, 
zeolites, etc.), including nanoscalemechanoactivated  [1, 4, 5], and 
the reinforcing fibers (carbon, glass , basalt, aramid), or mixtures 
thereof [3, 12], while maintaining the traditional process flow for 
obtaining blanks (products), not achieve a fundamentally new 
effects enhance the parameters of strength, thermal and tribological 
characteristics. Use of complex modifier comprising finely divided 
carbonaceous material fraction (cryptocrystalline graphite) in 
combination with dispersed reinforcing fibers of carbon fragments 
(HC) [2], the conventional technique of forming blanks not allowed 
to significantly increase the values of tensile strength, toughness 
and wear resistance, which is determined the potential for their use 
in the construction of machines and technological equipment with 
high demands on reliability and guaranteed life. 

In some literature concluded impossible to maintain some of 
the initial parameters of the matrix polymer, polytetrafluoroethylene 
(  example, specific toughness (NDC)) and increase their values 
upon administration of any composition and filler dispersibility, 
including high strength, especially at elevated levels of [8]. It is 
generally accepted structural paradox for fluorocomposites 
consisting in a significant decrease in the values of a number of 
important parameters ( , ,density) with the introduction of 
high-strength reinforcing fillers (eg, HC). An analytical expression 
is capable of evaluating the expression of the structural paradox 
when creating fluorocomposites [11]: 

                                                                  (1) 
 

where - the composite tensile strength, MPa;  - Tensile 
strength of matrix polytetrafluoroethyleneMPa;i- the filler 
content,% wt. 

From this expression it follows that the introduction of the 
composite of more than 20% by weight. anyone, including high 
strength, the filler is impractical because there is a significant 
decrease in the values of parameter that determines the field of 
application of its products. 

Confirmation of the validity of applying the proposed in [11] 
analytical expressions (1) to estimate the parameters of service 
characteristics of engineering fluorocomposites are parameter 
values for  most effective brands that have found widespread 
application - Flubon-20LO, Fluvis-20 F4K20 significantly inferior 
to similar values of the source of polytetrafluoroethylene (30-36 
MPa) [3, 6-11] and are close to the calculated values, defined by the 
formula (1) (Fig. 1). 

 

 
Fig. 1 Dependence parameters (1, 2, 4) and at 10% 
deformation (3, 5) the content of carbon fiber in the composition (C 
% wt.). Depending 1, 3, 4, 5 - experimental dependence of 2 - 
calculated according to [11] 

 
Several studies have analyzed the influence of the structure of 

the boundary layer at the interface level "matrix-filler" on the 
parameters of strength and tribological characteristics 
fluorocomposites sold under the brand name "Fluvis" (analogous to 
"Flubon") [2, 8]. Suggested the determining role of the bond 
strength at the interface in the implementation of the parameters 
specific  and toughness, and the method of modification of 
carbon fibers by plasma treatment in an environment of fluorinated 
gases to increase the adhesion at the interface [8]. A similar 
approach was previously proposed in [3] the fibers during 
processing of low molecular weight fluorine compounds and 
methods of using the HC oxidation and etching. Achieved the effect 
of increasing the parameter  using both the modified carbon [8, 
9] and Arselon [12] confirms the validity of the fibers is not the 
hypothesis of the decisive influence of fluorine compounds on the 
surface of the reinforcing filler on the parameters of deformation 
and strength characteristics of composites based on PTFE. Thus, the 
parameter  for materials such as "Flubon-LO", "Fluvis", 
"Superfluvis" does not exceed the values specified regulatory 
documents [8, 9], are, respectively, 9, 17 and 27 MPa, which is 
significantly inferior to the parameter value for the base 
polytetrafluoroethylene equal to 32 MPa [1, 6] (Table 1). 

In addition, as the performances of arrangements of the 
process of polymerization of fluorine-containing monomers [2, 3, 6, 
11], to form high molecular weight compounds from the gaseous 
medium must be compliance with the specific conditions that can 
not be realized to the extent required in the amount of vacuum in 
the process chamber modifying semifinished carbon fiber tape in 
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the form [8]. Information set forth in [8] et al., did not confirm the 
formation of polymer products of similar molecular weight, 
composition and structure of polytetrafluoroethylene to a 
macromolecule. 

 
Table 1 - Parameters of service characteristics of highly 
fluorocomposites 
Parameter Value for the material 

Flubon
-LO 

Fluvis Superfluvis Tech
nolo
gy 

MA 

Techn
ology 
HC 

Tech
nolo
gy 

CМ 
, MPa 9 14 17* 18 27* 26 30 32 

, 
MPa 

27 30 - 33 - 35 40 45 

mm3/Н
m 

5,0 5,0 3,5* 4,5 1,5* 2,4 2,3 1,5 

, kg/m3 1830 1830 1930* 1850 1990* 1870 1920 1940 

The 
content of 
CF,% by 
weight. 

30 30 20* 30 20* 30 30 30 

* - These regulatory documentation for materials "Fluvis", 
"Superfluvis" [9, 10]. 

 
Probable mechanism of manifestation of a technical effect of 

increasing values of the parameter , when introduced into the 
PTFE carbon fiber modified by plasma method [8], is to change the 
strength of interparticle friction between the components of the 
dispersed material (PTFE and HC), helping to reduce clustering 
processes that determine the prerequisites for the formation of 
structural defects [ 6]. 

Thus, the experimentally observed adverse effect of the values 
of a number of important parameters fluorocomposites with the 
introduction of the high-strength fillers can not be explained using 
classical ideas about the role of supramolecular structures at the 
interface and in the implementation of mechanisms of deformation 
and failure of these products under the influence of operational 
factors. 

However, for any type fluorocomposites containing superfine 
as including nanoscale [1, 2, 5] and the fibrous reinforcing fillers 
(original and modified) [2, 3, 6, 8], and mixtures thereof, [2] 
realized the effect of multiple parameter is increased wear 
resistance in friction products for metal counterbody without 
external supply of lubricant. Obviously, this effect is a consequence 
of the mechanism of manifestation of the filler particles create any 
composition, structure and mechanical dispersion of obstacles to 
deformation and displacement of local areas of the binder matrix 
under the influence of tangential stresses and their own resistance to 
tribological factors - thermal and mechanical. 

Systematic analysis of the impact on the structure 
fluorocomposites deformation mechanisms, fracture and wear 
products from them in various loading conditions and operation 
revealed the main factors influencing the expression of the 
structural paradox in the implementation of the traditional 
technology of their production at the molecular, supramolecular, 
phase and interphase levels (Fig. 2 ). 

Imperfection fluorocomposites structure at the molecular level 
due to the specific structure of the macromolecule 

polytetrafluoroethylene causes no plastic condition,characteristic of 
thermoplastics, which determines the ability of the matrix to the 
spreading over the surface of the filler and inert macromolecules 
expressed in the processes of physical and chemical interactions 
with components of any composition, structure, production 
technology. 

The molecular structure of PTFE necessitates use of special 
procedures for the formation of products (semi-finished), providing 
interaction of individual particles of the dispersed matrix 
macromolecules by interdiffusion with the formation of boundary 
layers little defect structure at temperature influence on the 
compressed sample (mono politicization). This factor has caused 
the need for long exposure workpiece at temperatures exceeding 
crystalline melting temperature (330-350 ° C) to form a monolithic 
matrix with a minimum amount of defects, supermolecular structure 
which differs significantly from the structure of the starting powder 
particles semifinished. The surface layers of dispersed particles 
contained in mechanical contact of an external pressure at mono 
politicization play the role of active nucleating agent, resulting in 
the recrystallization process and the formation of supramolecular 
organization of a new type. 

Therefore, the role of morphology and size of the dispersed 
particles of commercially available PTFE is very important for the 
formation of the structure of the matrix with the optimal 
combination of parameters of strength and tribological 
characteristics. Given that commercial grades of PTFE (F4, F4M et 
al.) Very significantly differ not only in dispersibility and 
morphology of individual particles [2, 11], but different mass 
macromolecules formed in the absence of regulatory documentation 
parameters characterizing the molecular weight distribution, and 
number-average molecular weight of the fractions with the highest 
specific gravity [2, 11], necessary to use special processing 
techniques to prepare the commercially available semi prior to 
processing. 

Obviously, the most important aspect of the operation of 
preparation is approaching mass activity, the morphology of 
individual particles to optimize the values of the interparticle 
friction forces that have a significant effect on the kinetics of the 
process of cold pressing of the workpiece with a minimum of 
defects. Furthermore, it is necessary to ensure optimal mobility of 
macromolecules of different mass in the interparticle boundary 
layers formed during cold pressing, sintering the preform at the 
purpose of interdiffusion and formation of a monolithic structure. 
Obviously, for the implementation of this condition is an effective 
introduction to the interparticle boundary layer thermodynamically 
compatible modifiers in a controlled molecular weight distribution, 
acting as high-modifier. 

On the supramolecular level of structure formation fluoro 
composite paradox manifested in the impossibility under the 
applicable process simultaneous production of a gradient structure 
with lamellar structure of the surface layer of the product provides a 
low shear resistance (low friction) in the operation of metal-supply 
system without external lubrication, and melkosferolitnym structure 
matrix in the amount of that raise the parameters of deformation and 
strength characteristics.  

Processes of forming the optimal supramolecular structure in 
filled PTFE matrix during thermal exposure during mono 
politicization difficult due to the low mobility of macromolecules in 
the matrix binder. Therefore, an important role is played by the 
activity of the dispersed particles in the process of recrystallization 
of the original structure of the matrix of the PTFE particles. In the 
process of mixing the particulate filler particles are concentrated in 
the surface layer microroughnesses powdered binder particles that 
are able to supply industries have a significant range of size and 
morphological parameters. 
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Fig. 2 The main factors influencing the expression of the structural paradox in the formation fluorocomposites according to the 
technological paradigm 

 
This leads to the formation in step cold pressing the workpiece 

modifier concentration gradient and spatial grid formation, the 
shape and size of which depend primarily on the parameters of the 
particles in a state of an industrial semifinished product supply 
(Figure 4b). On stage mono politicization blank (hot sintering) 
dispersed particles modifier promote recrystallization of the matrix 
binder to form a supramolecular structure of a new type, size and 
morphological characteristics of which depend on the activity of the 
particles, the magnitude of its energy field, its impact on the 
mobility of macromolecules located in the periphery and their 
ability to spatial orientation to form ordered domains. Because of 
this factor to optimize the structure fluoro composite on 
supramolecular level sufficient doping [1, 3] content of dispersed 
components with sufficient activity in the range of values (0,001-
1,0)% by weight. [1, 3, 6]. When an excess of the dispersed 
component in the composite formed cluster structures, impede the 
process of recrystallization of the matrix binder to form the optimal 
supramolecular structure and causing wear conjugated metal 
counterface. With the increase in the activity of single particles 
dispersed modifiers that can be achieved by using special 
technology education nanoscale fractions [1, 6], mechanical or 
thermal effect on the semi-finished product [1, 2, 4], the 
effectiveness of their actions on the supramolecular organization of 
the process increases, which provides modifying the desired effect 
at much lower concentrations [1, 7]. Therefore nanoscale modifiers 
(UDAG, zeolites, Sialons et al.), Subjected mechano-activated 
provide a pronounced effect of increasing the parameters of strength 
and tribological characteristics fluoro composites if they contain up 
to 1% by weight. [1, 4]. 

On the phase level education fluoro composite imperfect 
structure due to the formation in the mixing process of the particles 
of the matrix polymer and filler having a different shape, weight 
and electrical characteristics (Fig. 3a, b), the agglomerates of the 
cluster type (Fig. 3c), gives rise microdefects in the sample after 
cold pressing and remaining after sintering (mono politicization), 

due to the forces of interparticle friction and rheological steric 
obstacles for filling cavities connecting clusters (Fig. 3d). 

Interphase level of imperfection structure of composite 
materials based on polytetrafluoroethylene, which leads to a 
decrease in the parameters of service characteristics, realized as a 
result of defects in the boundary layers in the "matrix-filler", leads 
to low strength, which is predetermined inert PTFE macromolecules 
in adsorption interaction and lack of bonding a plastic condition that 
prevents its spreading over the surface of the filler and increase the 
contribution of mechanical component into force of the adhesive 
interaction between the components. Therefore, in the composites 
filled with dispersed fragments of carbon, glass and other fibers, not 
realized their strength parameters, which in other thermoplastic 
matrices lead to a substantial increase in the parameter values and 

, . For example, the parameter for  and fiberglass 
reinforced plastics based on polyamide 6 (PA6) is from 110 to 130 
MPa at a filler content of 20% by weight. The initial value of  
for the matrix polymer 60-65 MPa. 

Pooled analysis shown in Figure 2 the main factors leading to 
the manifestation of the adverse effect of the parameters of strength 
and tribological characteristics fluoro composites with increasing 
filler content, indicates the dominant role of factors caused by 
peculiarities of technology of matrix binder (PTFE powder) and a 
reinforcing filler (HC) that aggravate the adverse effects 
characteristic of the chemical structure of the main components of 
the processes of forming the optimal structure at various levels of 
the organization by using traditional methods of mixing the 
components, cold extrusion billets and hot sintering (mono 
politicization). Therefore, to increase the parameter values of 
strength and wear resistance of the composites with a filler content 
of 20 wt.%,  

 

tσ compσ tσ

tσ

molecular level 

interphase level phase level 

Levels of manifestation of the structural 
paradox in traditional technology fluoro 
composites 

Factors: 
- defects of the boundary layers due to 
the inertia of PTFE macromolecules in 
adsorption interactions and the absence 
of a plastic condition binder prevents it 
from spreading across the surface of the 
filler, which is not fully compensated by 
the cold current 

Factors: 
- formation of agglomerates of particles 
of cluster type matrix semifinished 
product and the filler particles not 
conforming to the shape and weight leads 
to the occurrence of micro-defects due to 
steric structure of the composite and the 
rheological constraints due to the 
structure of the PTFE 

Factors: 
- characteristic structure of the 
macromolecule, conditional on the inertia 
in the process of adsorption interaction 
with components of any composition, 
structure and production technology, and 
the absence of a plastic condition 

Factors: 
- the impossibility of simultaneous 
formation in the composite ordered 
supramolecular structure spherulitic type, 
providing high parameters of strength, 
thermal characteristics and durability and 
the lamellar structure, to ensureing low 
coefficient of friction 

supramolecular  level 
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a 

 
b 

 
c  

d 
Fig. 3 Characteristic form a matrix of polytetrafluoroethylene particles (a), of carbon fibers (b) and in the composition of the cluster 
structures of PTFE + 20% by weight. HC after mixing the components (c) and the product formed by the conventional technology (d). 
Clusters are marked by circles 
 

Related to the highly-fluoro composites, you must change 
traditional approaches technological paradigm, based on the 
features of the composition, structure and geometric parameters of 
the main components. The nature of these changes is as follows: 

- it is necessary to carry out technological preparation 
components allow optimum parameters of geometrical 
characteristics of the dominant faction and reduce the negative 
impact of unstable molecular weight distribution of the polymer 
matrix on the parameters of strength, rheological properties and 
interparticle interaction; 

- it is necessary to apply the technology of combining the 
components of the material to ensure destruction of the cluster 
structure formed by PTFE particles and hydrocarbons in the mixing 
process (Fig. 3, c); 

- morphology characteristic matrix PTFE particles (Fig. 3, a) 
makes possible use as modifiers target components with high 
thermodynamic compatibility, which increases the ductility of the 
matrix in cold pressing and plasticizing effect due mono 
politicization. Effective modifier of this type are the synthetic 
products thermal gas dynamic polytetrafluoroethylene (UPTFE) 
containing oligomeric and polymeric fractions with similar 
molecular structure of the PTFE [6, 7]; 

- filling cavities cluster structures formed PTFE particles and 
hydrocarbons in the mixing process is possible through the use of 
fine particles UPTFE during the pre-modification tape semi-
finished carbon fiber; 

- cluster structure of the composite material is formed at the 
stage of mixing the components using a blade installations, allows it 
to implement the principle of multi-level modification of nanoscale 
components and micro-symmetric fractions with different forms of 
individual particles (carbon black, UPTFE, CF); 

- when used as a modifier PTFE multi-dispersed carbon fiber 
role of morphological factors contributing to the possible formation 
of a concentration gradient of components of a heterogeneous 
system "PTFE-CF" prevails over the role of the intensity of the 
adsorption interaction at the interface "matrix modifier" providing 
education boundary layers optimum structure . Increased activity of 
the surface layer of hydrocarbons in interactions with PTFE by 
various technological factors (etching, oxidation treatment in the 

medium fluorinated gases and liquids, and other chemical plasma 
processing. [3, 6-8]) to form an interfacial layer of increased 
strength while maintaining the traditional technological receptions 
leveled the negative effect of defects formed by clusters of 
fragments of HC. Necessary to use technological methods, reduces 
the probability of formation of cluster structures in the composite 
modifier on stages of preparation components, their combination, 
pressing and mono politicization blanks. 

Based on the above concepts developed efficient processing 
methods of forming composites little defect fluorinated structure 
with a filler content of 25-35 wt.%, Which belong to the class of 
highly filled (Fig. 4). 

Practical implementation of the developed approach will allow 
to change the activity of the surface layer of hydrocarbon fragments 
in interactions with the matrix due to the consolidation of particles 
UPTFE, fill in the blanks clusters of fragments of CF components 
thermodynamically compatible with the matrix polymer, to bring 
the geometric shape and size of the PTFE particles and CF, reduce 
the likelihood of formation of clusters, the step of mixing the 
components in a paddle mixer, to destroy the structure of the cluster 
in the volume of the composite material during sintering (mono 
politicization) preform and its subsequent processing by plastic 
deformation. Obtained highly filled composites little defective 
structure, surpassing its analogues in the homogeneity and the 
parameters of strength and tribological characteristics (Table 1, 
Figure 1). 

It should be emphasized that the developed methodological 
approaches are effective in obtaining not only fluoro composites 
containing carbon fiber (CF), and basalt, glass, etc. oksalonovoe. 
Kinds of heat-resistant high-strength fibers or mixtures thereof [12]. 

Thus, our system of research, including materials science, 
structural and technological aspects, allowed the development of 
highly efficient technology of composite materials based on 
polytetrafluoroethylene, exceeding the parameters of strength and 
tribological characteristics of the best industrial analogues "Fluvis" 
and "Flubon" [6, 14 -16]. 
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Fig. 4 Technological methods of producing high-strength wear-resistant fluoro composites with a high content of carbon filler (CF) 
 
 

4. Conclusions 
 
On the basis of studies: 
- found that the main factor responsible for the 

manifestation of the structural paradox in traditional 
technology fluoride composites consisting in a proportional 
decrease in the values of parameters of strength and 
tribological characteristics with increasing degree of filling 
of the reinforcing filler is a discrepancy between the 
geometrical, dimensional and tribological parameters of the 
matrix particles (PTFE) and filler, leading to the formation of 
cluster structures in preparation of the composite, which is a 
prerequisite for the formation of macrodefects stages of cold 
pressing and subsequent sintering (mono politicization) 
products (billets); 

- proposed effective technological methods to eliminate 
the structural paradox in highly composite materials based on 
polytetrafluoroethylene with a filler content of 20 wt.%, 
Based on the principle of multi-level modification 
implemented by the introduction of multi-component 
(UPTFE) [16] and reduce defects in the structure due to the 
destruction of clusters under the filler the influence of 
mechanical activation processes (technology MA), the 
thermal expansion of the components (technology HC) and 
the plastic flow of the matrix (CM technology) [13-15]; 

- The compositions of composite materials based on 
polytetrafluoroethylene, containing 25-35% by weight. 
reinforcing carbon fiber exceeding 1.5-2.0 times better 
analogy series "Flubon" and "Fluvis" the parameters of 
strength and tribological characteristics. 
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ION-PLASMA HARDENING OF A TITANIUM ALLOY OT4-1 
 

ИОННО-ПЛАЗМЕННОЕ УПРОЧНЕНИЕ ТИТАНОВОГО СПЛАВА ОТ4-1 
 

D. B-D. Tsyrenov,  dr. eng., prof. A. P. Semenov, . dr. eng.  N. N. Smirnyagina, A.S. Milonov, I. A. Semenova  
 Institute of Physical Materials Science SB RAS - Sakhyanovoy 6, Ulan-Ude, 670047, Russia, 

 
Abstract: The paper is devoted to studying the influence of technological process parameters of deposition on the composition, structure 
and strength characteristics of TiN coatings on titanium alloy OT4-1. The TiN coatings were deposited by a vacuum-arc evaporator. In 
addition, the influence of the type of layers formation on microhardness and wear resistance of TiN layers and a metal substrate is 
presented.     
KEYWORDS: ARC EVAPORATOR, LAYERS, TIN, ALLOY, MICROHARDNESS, WEAR RESISTANCE 
 
 

1. Introduction 
 

A vacuum and plasma technology of hard coating deposition on 
different details of machines and parts of constructions allows to 
strengthen their surface. Protective and decorative titanium nitride 
layers are applied on various materials and alloys. The most widely 
used is wear-resistant coating of metal-cutting tools [1, 2].  
Decorative coatings with high anticorrosive and wear-resistant 
properties are formed on the surface of various steels, such as 
12X18H10T for example [3]. The properties of coatings are 
determined by technological process parameters since the operating 
properties of deposited layers depend on the degree of   crystal 
structure’s perfection. The paper is devoted to studying the 
influence of these parameters on the composition, structure and 
strength characteristics of TiN coatings made of OT4-1 titanium 
alloys.    

 
 

2. The experimental part 
 

Initial materials.  
The sheets of titanium alloy OT4-1 were used as a material on 

which  wear-resistant titanium nitride coatings were formed. OT4-1 
titanium alloy (Ti—Al—Mn system) with a tensile strength of s в < 
700 MPs relates to alloys of low strength and high plasticity. It is a 
pseudo α - alloy with a small amount of β -phases (Кβ < 0,25) due 
to insignificant alloying of α- (Al) and β- (Mn) - stabilizers. It is 
characterized by high ductility both hot and cold that allows to 
receive all types of semi-finished products: foil, tape, sheets, plates, 
forgings, stampings, profiles, pipes and so on. 

Methods of forming a coating. 
In fig.1 a VU-1M vacuum installation’s scheme is illustrated. 

To form a coating a solid (cathode) 7 is evaporated in vacuum by a 
low-voltage DC electric arc. By evaporation of the substance in a 
vacuum chamber 1 its highly ionized plasma is formed there. 
Between the cathode 7 and an electrode 8 a controlled potential 
difference appears. In the electric field charged plasma particles 
have been accelerated to achieve the energy proportional to the 
potential difference and run towards the auxiliary electrode 8, on 
which the processed details 2 are located, forming on a surface of 
dense and uniform coating thickness. The cathode material was 
"VT-1-0" titanium with a diameter of 60mm. Nitrogen gas of high 
purity had been used as reaction gas. Limiting residual pressure in 
the vacuum chamber was 6.6x10-3 Pa. The coating mode provided 
uniform layers with thickness in the range of 1,0-4,5 mcm.  Studies 
were conducted on the samples made of titanic alloy OT4-1. Pre-
ionic surface treatment of the samples was carried out in a glow 
nitrogen discharge. 
 
 

 

 
Fig.1. Schematic illustration of installation VU-1M:  

1-vacuum chamber, 2- processed details, 3- igniter electrode, 4- 
power supply, 5- focusing coil, 6- power supply, 7- cathode,  

8- auxiliary electrode 
 

Research methods. 
Microhardness of the created layers had been determined by 

microhardness tester PMT-3. The load on a diamond pyramid was 
50 or 20 g. 

Microstructure and thickness of the samples were examined 
also by microhardness tester PMT-3 with increase x130 and x500.  

Wear resistance  in abrasion was conducted with MI-2 
machine according to GOST 11626-75 by repeated multiple sliding 
of the sample on one and the same track of the counter body plane 
on an abrasive cloth under the load of 68,6 N (7kgs). The sliding 
speed of the samples on the sandpaper’s plane was 40 rpm or 
0.28±0.05 m/sec. The loss of the sample’s mass or the time of 
removing the cover during testing is a criterion of wear 
depreciation. The weight loss of the samples when sliding on 
Abrasive was evaluated by weighing the samples on analytical 
balance VLA-200. The weighing error was  ±0,0002. Abrasive on a 
fabric basis with electro corundum and granularity numbers 40, 10 
GOST 6456-79, GOST 5009-76 was used in the work 

 
3. Results and discussion 
 
The process of forming a coating may be divided into three 

steps. The first step is making a plasma stream of evaporated 
substance’s particles, herewith the electrode 3 ignites the arc and 
evaporating of the cathode material starts (fig. 1). The peculiarity of 
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the arc with cathode spots is that the current at the cathode is 
concentrated on one or a few merging, rapidly disappearing and 
randomly moving spots. a cathode zone the emission process is 
occurring which ensure the value of the electron current from the 
cathode which is close to the total discharge current. In addition, the 
thermal, auto- and thermoautoelectronic emission processes are 
prevailing. When the cathodes receive a large amount of energy 
from current, cathodes strongly heat up and evaporate, and most 
often there is their erosion - destruction of an electrode to ablation 
of weight. Therefore, arc discharges usually to burn in the vapor of 
the evaporated metal [4]. Feature of arc with cathode spots is seen 
in the fact that the current at the cathode is concentrated in one or 
more emerging, the fast disappearing and randomly moving spots. 
The current density in those cathode spots reaches 107 A/cm2. The 
second step is ionic bombing or ionic cleaning of  the  surface and 
has a very important role in the formation. As a result of the 
bombardment physical and chemical cleaning of the surface in high 
vacuum and significant warming of the surface occur while the bulk 
sample remains relatively cold. In turn, this causes considerable 
compressive stress that heals surface micro-cracks and improves the 
working characteristics of the surface. Finally, the bombing causes 
grasping the sprayed particles by the purified and heated surface 
and the thinnest layer between the substrate and the coating is 
formed. The third step is  in coating a predetermined thickness onto 
the surface - this is carried out with a small U bias potential 
between the cathode and the auxiliary electrode (not more than 200 
V).  During the coating process, the surface is periodically short-
ionic cleaned to maintain the desired temperature. 

 
Microhardness layers of TiN.  
Due to anisotropy of mechanical properties of titanium nitride 

TiN in different crystallographic directions one should expect 
increase in operating properties of coating along one of them. If the 
layer is texturised along the direction [111], the strength 
characteristics will be maximal as the plane (111) in a face-centered 
cubic unit cell is the most populated with atoms. The spatial group 
is Fm3m, parameters of crystal cell are: a=0,422-0,424 nm. The 
lattice type is NaCl.   

Figure 2 shows the influence of technological parameters (the 
potential bias) and the type of layers formation on the 
microhardness of TiN layers and a metal basis. 

 

 
Рис.2. Influence of the potential of displacement on  

microhardness of TiN layers  
 
The initial microhardness of titanic alloy OT4-1 varied from 

HV50=150 to HV50=290 MPa in accordance with the surface 
preparation before spraying. Such considerable difference in values 
of HV50 is explained by different composition of surface layers. 
The initial sample was not heat-treated or alpha case. Heat-
treatment was made to increase the alloy plasticity and to protect 
from oxidation. The samples’ etching (removing of the alpha case 

layer) was carried out traditionally in water solution containing 100-
120 g/l of sulfuric (H2SO4), 120-130 g/l of nitric (HNO3) and 30-
40 g/l of hydrofluoric (HF) acids. 

The sample with the maximum microhardness of 1330 N/mm2 
was textured by a plane (111). The X-ray phase analysis of the 
coverings deposited at various nitrogen pressures showed that the 
maximum value of microhardness corresponds to the smallest width 
of diffraction lines. As appears from fig. 2, microhardness along 
with the influence of potential bias depends on spraying duration. 
Increasing the thickness of coating (spraying duration) causes an 
increase in microhardness. This fact is not new. We have observed a 
decrease in microhardness with increasing the duration from 15 to 
20 minutes. It may be connected with the fact that a TiN film begins 
to pulverize having reached thickness of 5-6 microns under the 
influence of the plasma column, and its surface becomes more 
defective. As a consequence there is a decrease in microhardness.  

Fig. 3 shows the dependence of coating thickness on the time 
of deposition. The results were obtained by processing the X-ray 
pattern of system "substrate-film" in view of the X-ray absorption 
coefficient calculated for the stoichiometric composition of titanium 
nitride. 

 

 
Fig.3. The thickness of film as a function of the time 

deposition (pN2=10-2 Pa) 
  
The dependence course of "thickness-time of deposition" may 

be explained on the basis of the island model of films’ growth. At 
the initial moment of growth the film is formed in the form of 
islands while the X-ray diffraction intensity of the reflection from 
the substrate is weakening   slightly. With a further growth the 
islands begin to merge, and the proportion part of the coated surface 
is greatly increased.  This causes sharp changes in the intensity ratio 
of diffraction peaks on the substrate material before and after 
coating. The growth can occur upto several layers of a film, and 
then the dependence of coating thickness on the application time 
varies slightly. One of possible reasons for this are equally probable 
processes of deposition and sputtering. Thus, according to X-ray 
investigations under these conditions the coating thickness 
intensively increases during the first 1.5-2 min. 

Since the microhardness of a metal base depended on the type 
of training the original surface (fig. 2), we tried to do a comparative 
analysis of microhardness according to the conditions of layer 
formation (tab. 1).  

The greatest microhardness of HV50=2000 MPa was observed 
in the double-layer sample formed in conditions of maximum HV50 
of TiN monolayer (current of the arc discharge 80A, time of 
deposition 15 min, potential of displacement 200V). On the etched 
surface of a titanium alloy a layer of the titan then titanium nitride 
were put. TiN layer upon gas-saturated surface of alloy OT4-1 had 
HV50=1080 MPa, but was more rough. 
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Table 1 
Microhardness of TiN layers depending 

on the type of layer formation 
Formation conditions of TiN layer HV50, МPa 
eatched Ti 150 
alpha Ti 290 
alpha Ti/ Ti layer /TiN 2000 
alpha Ti./TiN 1080 
eatch.Ti /TiN/Ti layer 440 
12Х18Н10Т 250 

 
Wear resistance of TiN coatings. 
In this work we used an accelerated method of wear resistance 

tests. An abrasive grain rotating at a speed of 0.285 m/s cuts the 
coating layer from the sample surface. Therefore in this case 
grinding should be considered as super-fast cutting (scratching) 
surface layers of the sample by a large number of the smallest 
grinding grains (cutters) cemented into one sheaf [5]. We have 
found that TiN coating’s wear resistance in conditions of 
accelerated sliding on an abrasive cloth doesn't depend on the size 
of grains while the wear pattern is rather complex. One can see on 
the wear curves the first (lapping) wear of the  sample, then there 
comes a time the TiN film slipps on the electrocorundum’s abrasive 
grain (90-95% Al2O3) and after the film destruction the loss of 
metal substrate’s mass takes place. Fig. 4 shows the wear resistance 
of titanium alloy samples OT4-1. For comparison here is the wear 
of steel 12X18H10T.  

 

 
Fig.4. Wear resistance of initial samples 

 
As follows from fig. 4, replacement of steel 12X18H10T with 

the titanium alloy OT4-1 allows to reduce the wear almost twice (At 
l=30 m the wear of m = 0,044 g (12X18H10T), for gas-saturated 
OT4-1, m=0,023 g). As well as in a case with a microhardness, a 
wear of a titanium alloy depends on the surface state. A gas-
saturated (alpha) layer protects a titanic alloy against abrasion. The 
alpha layer’s wear pattern is complex because the layer on the 
sheet’s surface is uneven, friable and has a large surface roughness  

Investigation of wear resistance of TiN layers revealed its 
increase in comparison with a metal substrate in all the studied 
samples. The TiN layer’s wear pattern depends on microhardness, 
an original surface state and the method the coating is formed. 

Figure 5 shows changes in the wear pattern according to 
technological parameters of the coating process (time-thickness, the 
potential bias). With increase in the layer’s thickness (spraying 
duration) the wear resistance and microhardness also increase. 

 

 
Fig.5. Wear resistance of TiN layer 

 
But the most interesting is the wear resistance of multilayer 

coatings (fig. 6). TiN layers were formed either on etched or on 
alpha surface. Microhardness of these layers is presented in table 1. 
In all the samples studied an increase in the wear resistance was 
observed. The greatest wear was seen in etch. Ti/Ti/TiN sample 
with the maximum microhardness of HV50=2000 MPa. The sample 
was double-layer: the first layer contained plastic Ti and the second 
layer had solid TiN. The layer thickness was 9,5 microns, however 
the wear of this layer was observed at the first meters when it was 
sliding on a grinding skin number 10. 

Considerable wear was also observed for the layer TiN, 
formed on an alpha case surface. The sliding distance was not more 
than 20 m. For a double-layer coating of etch.Ti/TiN/Ti we 
recorded the lowest point of microhardness HV50=440 MPa, but 
the wear (0,018 g) and destruction were found while sliding 36 
meters. An alpha case layer on a titanium plate has the maximum 
stability (40 m slip) and thus the greatest wear (0,020 g).   

 

 
Fig.6. Wear resistance of TiN layer 

 
The results of abrasive wear of the samples for which we have 

found the maximum wear resistance are given in fig. 7. 
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Рис.7. Wear resistance of TiN layer 

For performing a comparative analysis it is necessary, in our 
view, to analyze the region of the «shelf» though even the grinding 
area indicates various wear patterns of a TiN layer, an alpha case 
layer and an etched surface of the titan. The calculated coefficients 
of friction also show different wear patterns of nitride layers formed 
under different conditions. 

 
Type of material Coefficients of friction 

12Х18Н10Т 0,87 
eatch. Ti 0,57 
alpha condition Ti 0,52 
TiN (15-200-1330) 0,51 
TiN (20-180-750) 0,50 

 
4.  Conclusion 
 
The samples of OT4-1 alloy both in etched and in an alpha 

states are more abrasive wear- resistant as compared with the steel 
alloy 12X18H10T. Alpha layers’s wearing out starts at a distance of 
24 m while sliding on Abrasive number 10. TiN layer’s destruction 
with the maximum microhardness starts when it is sliding for 23 m, 
but its wear is less than for alpha titanium alloy’s case layer. A TiN 
layer having microhardness HV50> 1330 MPa starts to break down 
when sliding distance is 45 m and has the same wear as the titanium 
alloy the sliding distance of which gets 20 m. Thus as a result of 
ion-plasma deposition of TiN layers on a titanium alloy OT4-1 is 
observed surface hardening, reducing wear and friction coefficient.  
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