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In work the dependencies are received to a building of a complete system functional relationship during the machining of 
work pieces on machine tools. As an example, the closed loop during processing of the module surfaces is identified. This work
is useful for scientific and technical workers, studying the problems and ways to improve the accuracy of machine tools.

Keywords: machine tool, forming system, dimensional relationships. 
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DIRECT CONVERSION OF LIGHT ENERGY INTO ELECTRICAL ENERGY
ON THE BASIS OF PLASMA TECHNOLOGY

Aramyan A.,1 Martinez S. Yu.,2 Santos M.R.,3 Zuev V.4 

1Institute of Applied Problems of Physics of National Academy of Sciences of Armenia, Yerevan, Armenia;
2Plasma´s Technologies, Guadalajara, Jalisco, Mexico; 

3Universidad Politécnica de Zacatecas, Fresnillo Zacatecas, Mexico, 
4Moscow University of Technology, Moscow, Russia

A microwave plasma source with input power levels up to 12.83 W/cm3 that provides reproducible, stable plasmas with power 
densities on the order of those of chemically assisted (CA-) plasmas was used to characterize plasmadynamic power conversion (PDC) of 
plasma thermal power to electricity.

Key words: plasma, alkali metals, vapor.

Let us consider a qualitative model of a photo 
emf in the plasma produced under the action of a 
concentrated light stream between two flat 
electrodes A and B, the distance between which is 
L. We represent the ionization source in the form of 
a delta-function Q  (x - x0), where Q - the rate of 
ionization. In the absence of recombination of 
charged particles in the volume, the diffusion 
equation for the charged particles density in the 
plasma (n) is as follows:= ( ) (1)

Here Da – ambipolar diffusion coefficient. In the 
case of the equilibrium energy distribution of 
electrons and ions Da = Di(1 + Te/Ti), where Di – 
diffusion coefficient of ions, e and Ti – electron and 
ion temperatures, respectively.

The solution of equation (1) with zero 
boundary conditions n (0) = n (L) = 0 has the form: ( ) = ,  0                               ( ) = ( ),                    (2) 

The charged particle density n0 at x0 is given by

n0 = Q (L – x0) x0 / Da L. 

Equation (1) becomes invalid if the distance from 
the electrode surfaces i i - mean free 
path of the ions, which is determined by the density 
of particles in the mixture and the cross section of 
the ion collisions with neutral particles. In the 
surface layers, a jump formation of the near-surface
potentials A and B takes place, which lock up part 
of the diffusion flow of electrons. The Kirchhoff's 

law for the electric circuit with unit area electrodes 
can be written as follows:( ) =  =  +( ) = + (3)

Here I( ) – the electrical current value in the 
- the potential difference between 

two electrodes, jA, jB - current density of electrons 
on the electrodes A and B respectively, iA, iB - 
positive ion current density. If the circuit, joining 
the electrodes A and B represents a resistance R,
then  . The a
the quasi-neutral plasma is given by [1]:=   (4)

From here,  

for   is obtained A = Te ln(x0/ i) and  

for  : B = Te ln((L – x0)/ i).
The ion current is determined by the rate of 

the ambipolar flow =  . Hence=   and = .

The electron flux density at the wall is 
defined in the approximation of a collisionless 
layer, since the mean electron free path,
generally, significantly exceeds i. For a 
maxwellian distribution of electrons that flow is 
expressed in terms of Langmuir-known 
formula:( ) = exp ( ) (6)
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where ng – the concentration of charged particles at 

the boundary layer,  = /   – the average 

thermal velocity of electrons.
In the open-loop mode of the external circuit 

(I , potential jumps are equal to 
each other ( A = B), and the value of the photo-emf 
( ) in this case is determined by the ambipolar 
potential difference:=  ln                              (7) 

The solution of (3) defines the current-voltage 
characteristic (CVC) of the plasma source photo 
emf: =  ln  .                                         (8)

This formula relates the photoplasma internal 
parameters with the energy produced in the external 
circuit by the flow of electrical current. Analysis of
equation (8) leads to the following conclusions:

1. The asymmetric arrangement of the 
electrodes relative to the ionization zone leads to the 
rise of photo emf in the plasma. If the electrodes are 
located symmetrically relative to the ionization zone 
x0 = L / 2, then = 0.

2. The electric current flowing in the external 
circuit is determined by the diffusion of positive 
ions, i.e. the same as in semiconductors minority 
carriers. The maximum possible electrical current, 
which can be realized in the short-circuit mode 

particles in the plasma volume and the position of 
the primary ionization zone relative to the 
electrodes Imax = Q (L - 2x0) / 2L. 

3. Since the photoplasma, usually is a non-
isothermal system (Te >> Ti), it is possible to obtain 
higher photovoltage values compared with 
semiconductor elements. The first measurement of 
the photo emf was made in a sodium laser-induced 
plasma, vapours of which filled a glass cuvette, 
where two metal electrodes were mounted [2]. The 
use of an inert buffer gas in this device facilitates 
avoiding the destructive impact of alkali vapor on 
the cuvette casement. 

The high degree of ionization occurring in the 
resonance photoplasma determines a small internal 
resistance of the photo-emf source. This allows us 
to expect that, based on the photovoltaic effect in 

the plasma, is possible to implement converters with 
a sufficiently high output power. 

The conversion efficiency of light energy into 
electrical energy in a photoplasma is determined by 
the relative proportions of the energy going to 
support the ambipolar field and dissipated through 
other channels. The major loss mechanisms, as well 
as in semiconductor converters, are related to the 
Joule heating of neutral gas, radioactive losses and 
charged particles recombination in the plasma 
volume. 

In alkali metals plasma, when exceeding the 
value Te> (0.2-0.3 eV), the electron energy share
going to the ionization of atoms is much greater 
than the loss of energy used to heat the heavy 
particles in elastic collisions [3]. Under these 
conditions, the Joule dissipation of energy is low.

The radioactive losses in the plasma will be 
irrelevant, if the quenching rate impact of the
excited atoms by electron impact exceeds the rate of 
transport processes of resonance radiation. To fulfill 
this condition it is required that the degree of 
ionization of the vapors is sufficiently large. From 
the above follows that the efficiency of converting 
light in the plasma has a threshold defined by the 
intensity of the external radiation. 

The growth of the electron temperature leads to 
a decrease of three-body recombination ( rec ~ Te

-9/2)
of the charged particles and the growth of the 
ambipolar diffusion coefficient 

Da = Di (1 + T / Ti),  

where T = De / e – Townsend energy is equal to 
the ratio of the diffusion coefficient of electrons 
(De) to the mobility ( e) [2]. For the equilibrium 
energy distribution T = Te. Thus, in a non-
isothermal plasma Te >> Ti, even at high densities 
of charged particles, is possible to create conditions 
dominated by the diffusion over the recombination.

Under non-equilibrium electron distribution 
function by energy (EDFE) formation, in the 
photoplasma takes place a decrease in electron 
mobility, and as a consequence, the  increase of T;
if as a buffer gas, a heavy inert gas is used (Ar, Kr, 
Xe) [4-5]. In these conditions it is possible to
increase the rate of ambipolar diffusion and the 
growth of the ambipolar potential difference in the 
plasma compared with a maxwellian distribution. A 
similar effect was observed in the plasma afterglow 
of krypton [4].
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Thus, the photoplasma nonisothermal 
properties (Te> Tg) can provide a high conversion 
efficiency of light in comparison with 
semiconductor devices. Under photoplasma
conditions, the Te upper limit is the effective 
temperature of the settlement of the resonantly 
excited state of an alkali atom, which is determined 
by the external optical pumping power and the 
spectral composition of the radiation. 

Conclusions

Based on the photovoltaic effect in the plasma,
a number of devices for the direct conversion of 
light energy into electrical energy may be designed: 

Conversion of the intense radiation of 
semiconductor lasers, generation range of 
which corresponds to the resonance transitions 
of alkali atoms (894-590) nm. Currently, 
systems created on the basis of semiconductor 
lasers are not inferior to gas systems in power,
and surpass them in terms of efficiency and 
compactness. Therefore the development of a 
device consisting of a power semiconductor 

emitter and a plasma converter can be a 
promising direction of wireless power 
transmission.
Using photoplasma for the direct conversion of 
concentrated solar energy into electricity. To
expand the optical absorption band, molecular 
additives corresponding to the maximum solar 
radiation absorption can be used.  The reduced 
cost compared with semiconductor solar cells 
is proportional to the multiplicity concentration 
of the radiation with cheaper mirrors or lenses. 
In this process, no mechanical movement of 
parts is carried out, unlike methods that heat
the work body to produce electricity using 
turbines. 
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This paper presents design of control systems for technological arrangements for finishing processing of GTE parts.
The low level system includes adaptive electricity actuator, parameter identification options of control object, force control sys-
tem, two-channel control system. The high level system performs  path planning and cutting parameters planning according to
the blank geometry data, receiving from the included monitoring system.
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This paper analysed the material condition vanes after operation, consisting of SGT-800 unit Siemens. A detailed 
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Termobarernoe coating of zirconium dioxide (ZrO2) with thickness up to 3 mm on the basis of Tetragonal and cubic 
zirconia ZrO2 phases with spheroidal form of grain and columnar substrukturoj, total porosity P = 4%, hardness HV = 1200 
kg/mm2, roughness parameter Ra ~ 6 mkm, high-energy plasma spraying method is best for the protection of the basic material 
of parts operating in extreme conditions.
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The article proposes a method to solve the problem of determining the position annular the hand 
prosthetic in automatic mode of the object using the cursor system containing the gyroscope and the laser 
rangefinder located in the human head.
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A theoretical description of the indentation diagram is presented for the instrumental indentation of materials with a surface 
coating or a hardened surface layer.

Keywords. Thin coatings, topocomposites, instrumental indentation, hardness, modulus of elasticity.
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The following approach of the organization of databases and data banks is offered. This approach allows to win 
highly relevant query provisioning using a specially developed system for structuring data in databases (on issues of mechanics 
of a deformed solid body) and establishing the necessary links between the different database fields. To achieve the goal the in-
teractive conversational mode between the user and the information system is also used.
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- SGT-800 Siemens. 

        Results of pilot studies at the choice of optimum naplavochny material for a pulse mikronaplavka of the details made of 
single-crystal heat resisting nickel alloys are given. The microstructure, microhardness, adhesive durability and high-temperature 
stability of the built-up zones are analysed. Results of researches are introduced when developing technological process of repair 
and recovery processing of working blades of 1 step of the gas turbine SGT-800 Siemens.
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The analysis of structure, mechanical and tribological characteristics of an original material of the plungers of various 
configuration from steel P6M5 used as a part of plunger pairs of automobile pumps, and an ion-plasma covering of the titanium 
nitride applied on working zones of a detail of couple of sliding friction is carried out.
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frictional unit of the gas centrifuge.
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The paper presents the prospects of using a new method for obtaining thin film of cubic silicon carbide ( -SiC). Also the 
above alternative methods and comparative characteristics with a new method. By the methods of transmission electron micros-
copy (TEM), diffraction of fast electrons by reflection (DBE), the orientation and substructure of the synthesized films were stud-
ied.
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 The method of selection of parameters of spindle assemblies on rolling bearings for machine tools. Bearing type is Se-
lected, layout scheme, determine the design elements for different machines according to the main criteria: accuracy, adaptabil-
ity, rigidity and vibration resistance, etc. Key words: spindle Assembly; bearings; layout; design parameters.
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In this work the main features of design of hard loaded large module of the toothed rack and pinion gears working in the 

conditions of considerable fluctuation of interaxal distance, high dynamic loads and also presence in the working area of rack and 
pinion gears of the objects promoting its intensive wear are shown. It is shown that for the reasonable choice of parameters of 
rack and pinion gears at a design stage it is necessary to consider influence of wear of transfer on change of its power and kine-
matic characteristics. At the choice of parameters of rack and pinion gears it is offered to apply additional indicators of quality to 
expansion of opportunities of the designer: coefficients of speed and acceleration of sliding for which calculation dependences 
are offered.
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ELECTRIC SPARK COATING APLICATION FOR 
STAMPING PRODUCTION TOOLS HARDENING 

Martínez S. Yu.1, Ivanov V.I.2, Santos M.R.3, Vladimir Zuev4

1Plasma´s Technologies, Guadalajara, Jalisco,, México. 2GOSNITI, Moscow, Russia,
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Quality and durability of stamping production instruments (SPI) not only largely determine their efficiency, but affect the product 
engineering cost. In connection with this, the improvement of the qualitative characteristics of the instruments used in stamping 
production is an urgent task. The execution of all the complex conditions required to enhance the wear resistance of stamping production 
tools can be achieved by using the electric spark alloying method to apply metal coatings. Studies of this method have shown the 
possibility of using it to vary a wide range of parameters of the machined surface topography and properties of the surface layer of 
conductive material products. The electric spark alloying (ESA) combined effect for the wear resistance increase of stamping production 
tools is discussed. 

Keyboards: Stamping production; electric spark alloying, machined surface topography, wear resistance  

1. Introduction 

In the stamping production, supplying forgings 
to mechanical engineering companies, a variety of 
tools are used for the processing of metal and alloys 
in the cold and hot states, such as choppers for 
cutting rolled grade on crank shears and presses, 
separating stamps (edged and broached), shaping 
stamps, (hammer and press type, for horizontal 
spuring and bending machines) and others. The 
quality and durability of SPI not only largely 
determine their efficiency, but affect the product 
engineering cost. In connection with this, the 
improvement of the qualitative characteristics of the 
instruments used in stamping production is an 
urgent task. 

Practically, a variety of methods and 
techniques to increase the strength of the SPI are 
applied [1, 2, 3]: steels and alloys with improved 
performance characteristics are used, the improving 
of the design elements of the instruments, the 

optimization of the heat treatment regime, the 
application of lubricants and insulating compounds 
and the reinforcing coating of  the instrument 
working surfaces, among others. 

Without losing the usefulness of existing 
measures to improve the quality characteristics of 
the SPI, there are, in our opinion, additional 
reserves to increase their durability. Let us consider 
them in the light of the operation conditions of the 
stamping instrument. 

2. The operation conditions of the stamping 
instrument and the wear pattern 

In the operation process, the working surfaces 
of the SPI are subject to a number of complex 
factors contributing to their destruction: the force 
and thermal loading, the relative movement of the 
workpiece and tool, the presence of solid slag and 
the adhesive interaction between workpiece and tool 
materials (Table 1). 

Table 1. The main types of destruction surfaces of the working tools and methods to increase their wear resistance

Factors that initiate the wear of the 
working surface

Main types of
destruction

Principles of increasing
Wear resistance

Force loading
Crushing or chipping (spalling) of elements of 
the surface 

surface hardness Increase, 
surface topography optimization

Thermal loading Softening of the instrument material
Creation on the working surface of a layer with a 
thermal conductivity significantly different from the 
workpiece material.

Relative movement between 
workpiece and instrument

Chipping of elements of the surface Optimization of the  work surface topography

The presence of solid slag abrasion Surface hardness increase

Adhesive interaction between 
workpiece and instrument materials

The destruction of "the grasping bridges " at 
the base of the instrument material

Creation on the working surface of a layer from 
chemical elements and compounds with a minimal 
tendency to weld to the workpiece material.
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The instrument working surfaces are exposed 
to the most significant force loading in operations of 
separation of the work piece or forged in the cold 
state. According to [4] when punching holes in steel 
plates specific pressures reach рsp = 4 s ( s –
resistance to slice). This corresponds to steel St.3, in 
which the yield limit y = 240 МPа, to the specific 
pressure of рsp = 2880 MPa, while on the cutting 
edge punch the local load can reach a value of рмах =
4000 МPа. Obviously, the processing of increased 
strength steels and alloys, load on the instrument 
working surface significantly increases. Such level 
multiple force loading is the cause of  buckling or 
chipping of elements of the instrument surface. 
While shaping, the pressure rises with the increasing 
of the distance from the free surface of the spew to 
the center of the stream of the stamp, at the same 
time a sharp increase in pressure on the curvature at 
crossing points from the walls from the walls to the 
horizontal sections is observed. 

Contact with the heated, to the forging 
temperature, workpiece (for steels, up to 13,000o C) 
and also the liberated heat by its deformation heat 
contribute to the overall and local instrument 
thermal loading. At the same time, the degree of 
thermal loading is different in different parts of the 
working surface of the stamping instrument. In the 
most loaded zones the temperature rises sharply due 
to a significant increment of the intensity of the 
deformation, in the bounded region, and the 
concomitant released heat. The Rounding out 
transition reduces the intensity of the local strains 
and reduces the number of additional metal heating. 
The intense heat loading causes the carbon loss of 
the instrument surface layer, softening the 
instrument material. 

The relative movement of the work piece and 
the  instrument facilitates the chipping of elements 
off the working surface of the tool. This is due to 
the fact that the orientation of its surface 
microroughnesses. These microroughnesses prevent 
the plastic flow of work piece material; with the 
increase of the length of the working stroke, the 
pressure on the front surface microroughnesses also 
rises, reaching the critical values and destroying the 
work piece and the instrument. 

The presence of solid slag on the surface of the 
work piece also negatively affects the performance 
of the instrument working surface. Moving the work 

piece on the surface of the instrument under high 
pressures leads to its abrasive deterioration.  

The slag properties depend on of its 
temperature.  So, at temperature 1500o С the 
hardness values for steels 45, 12ХН3А, 25ХГТ are
similar and  up to HV 750-800 МPа.

But with decreasing temperature, the slag 
hardness greatly increases. For instance, at 550oC, it 
reaches for the mentioned steels the following 
corresponding values HV 2000; 2500 и 3500 МPа 
[5]. Therefore, the intensity of abrasive deterioration 
increases, as a rule, if the temperature of the 
workpiece rises. 

3.  The principles of increasing the wearing 
resistance 

Based on above expressed, in order to increase 
the SPI potential, developed and put into practice 
the principles of increasing the wearing resistance 
(Table 1), underlying the electric spark alloying 
hardening technologies. 

By the optimization of the surface topography, 
as well as by increasing their hardness, an 
opposition to the crushing or chipping of the surface 
elements generated by the loading force of the 
working surfaces of the instrument, is created[5, 6]. 

The optimization of the topography is 
expressed in the transformation of its structure, i.e. 
replacing the traditional topography of a set of 
extended wedge shape protrusions by the 
topography of a set of protuberances of limited 
length. In the first type of topography, that is 
characteristic to surfaces after machining, the 
protrusion length exceeds its width at least two 
times. The protuberances of limited length 
(spherical segments, pyramids, cones, etc.) have 
similar dimensions in the longitudinal and 
transverse directions. 

The latter have the advantage over the 
extended protrusions in the relative movement to 
the work piece material which is in a plastic 
condition. The advantage lies in their tangential 
loading force difference (Fig. 1). This difference for 
the extended protuberances depends on their 
orientation with respect to the movement direction. 
The maximum load on these protuberances is 
created when their orientation is perpendicular to 
the direction of relative movement and increases, 
reaching a critical value with the displacement 
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length rise. The topography of a set protuberances 
of limited length is deprived from this shortage. 
Tangential loading of such protuberances is 
independent of the stroke length of the relative 
displacement. The workpiece material spreads into 
the lateral side of the ledge and does not create 
stagnant zones. 

Fig.1. The nature of the variation of the tangential loading force (P), 
depending on the stroke length (Lx), for the extended protrusions 1 
and for the protuberances of limited length 2.

The maximum normal stresses on the front 
surface of the spherical segment protuberance 
depend only on the work piece material plastic 
constant, the contact friction coefficient and the 
angle of friction. They do not depend on the length 
of the relative displacement between the instrument 
and the work piece. 
According to [6], the values of the maximum 
normal stresses are determined using the expression: 

2max 2,855 0,5 1 4 ,
2

n

mk
max 2,855

2
n

k
max 2n 20,5 1 4 ,2                  (1) 

Here km – work piece material plastic constant,

km = s / 3 = 0,575 s ( s – yield stress, depends on 
the degree of deformation and is determined from 
the material hardening curves) and - friction angle,

= arccos2  (  - contact friction coefficient, 
0 0.5).

Using equation (1) a range of values of the 
maximum relative normal stress can be obtained on 
the front surface of the protrusion in the form of a 
spherical segment 
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2
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max 2n                                         
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With regard to the separation process, the limit 
load dependence perceived by the coated surface, 
depending on its thickness, was obtained [6] 
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Here Р – load, kn – coating material plastic constant,
tn – coating  thickness and  S – harvesting  thickness  

This equation may be used to set a limit on the 
lower values of thickness of the coating thickness in 
conjunction with the loading force and the coating 
material strength properties. 

Electric spark alloying (ESA) - a combined 
effect method to increase the wear resistance of 
forging instruments 

The full range of conditions required to 
improve the wear resistance of forging instruments 
is effectively achieved by using the method of 
electric spark deposition of metal coatings. Studies 
of this method have shown the potential of using it 
to vary a wide range of parameters of the 
topography of  the machined surface and properties 
of the surface layer of items of conductive material. 

The topography of the machined surface is a 
collection of smoothly connecting protrusions 
similar in shape to a spherical segment. This 
segment is the same in different directions, in 
contrast to the topography formed by mechanical 
treatment (cutting). Studies on the profilograph-
profilometer model 252 of the parameters of 
samples surface topography of instrumental steels, 
after treatment under various conditions by the 
ESA, have shown [6] that it has a convex-concave 
nature. At the same time, the microroughness height 
is usually in the range (micrometers units) of Ra1,6 
до Rz 360, relative height of the protuberances Hp /
Rp is 0,06-0,19 (where Hp and Rp - respectively, the 
height and the radius of a single protuberance), the 
relative distance between the protuberances and Sp /
Hmax - in the range 5-9 (Sp - the protuberances  
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step, H max - their maximum height).  
The possibility of using most conductive 

materials as an electrode enables to create coatings 
with the desired physical and mechanical properties. 
Metallographic studies of coatings applied by this 
method to instrumental steels using a wide range of 
electrode materials (hard alloys, steel of different 
composition, copper and its alloys, graphite, etc.), 
let establish the following [6]. The upper limit of the 
thickness of the modified surface layer is achieved 
by using hard work regimes with pulses of energy 
up to 8-10 J, at the same time, the maximum 
thickness of the white layer reaches an average of 
200 microns, and in some areas - up to 400-500 
microns. In these coatings the maximum thickness 
of the transition layer – thermo-diffusion zone - is 
300-400 microns. The variation of the electrical 
regimes provides the desired thickness of the 
coating from a few microns to half a millimeter. The 
values of microhardness of the layers are also in 
wide range: 6000-16000 MPa (white layer) and 
3000-5500 MPa (transitional layer). These results 
are consistent with published data of other 
researchers [reference]. 

Thermal conductivity of the most common 
conductive material varies in the range λ=10-400 

W/m К. Their use as electrodes for ESA allows 
managing a wide range of thermophysical properties 
of the instrument surface layers, which is necessary 
to reduce the softening effect of the high local 
temperatures.  

Conclusions. 

1. The working surfaces of the ICP are subject to a 
significant complex action of a number of 
destructive factors - power and thermal loading, 
contact with scale, adhesion processes. 
2. The ESA method is an effective technological 
means of increasing the wear resistance of the 
working surfaces of the ICP due to the formation of 
a rational relief on them and giving the surface layer 
the required physico-mechanical properties 

1. Coffin L.I.F. A Study of the Sliding of Metals with Particular 
Reference to Atmosphere. J. Lubr. Eng., vol. 12, Nl,  1956, p. 50-59. 
2. Kragelsky I.V., Dobychin M.N., Kombalov B.C. Basics of 
calculations for friction and wear. - M .: Mechanical Engineering, 1977. 
- 526 p. 
3. Burumkulov F.H., Lyalyakin V.P., Ivanov V.I. Strengthening of the 
cutting tool and die tooling by creating nanostructured coatings on their 
working surfaces. // Technology of metals. 2008. № 1. P.12-16. 
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STRENGTH OF ADHESIVE CONTACTS: 

INFLUENCE OF CONTACT GEOMETRY

Valentin L. Popov, Roman Pohrt and Qiang Li

Department of System Dynamics and the Physics of Friction, Berlin University of Technology, 
10623 Berlin, Germany; v.popov@tu-berlin.de

The strength of an adhesive contact between two bodies can strongly depend on the macroscopic and microscopic shape of 
the surfaces and gradients of elastic properties. Here we present numerical and experimental results for rigid indenters with flat 
but oddly shaped face as well as for a variety of curved shapes for both homogeneous and graded materials.

Numerical simulation of adhesive contact

Simulating adhesion is a difficult task because of 
stress singularities at the contact edges. However, a re-
cently presented methodology based on the boundary 
element method (BEM) makes it possible of overcom-
ing these issues [1]. An alternative approach to the ad-
hesive BEM based on the minimization of the total en-
ergy was suggested recently by Rey, Anciaux and Mo-
linari [2]. In the following, simulations with FFT based 
BEM as described in [1] are shown for adhesion of rigid 
flat-ended stamps with complicated face shape.

In Fig. 1, the process of detachment is shown for a 
flat ended indenter with a face having the shape of a 
star.

Fig. 1 Detachment process of a flat-ended indenter with the 
cross-section in form of a “star”. (a) a series of contact configurations; 
(b) Dependence of the normal force on the approach. Subplot of (b): 
Three-dimensional “snap-shot” of the surface of the elastic half-space 
at a moment of partial detachment.

In this case, partial detachment starts early at sharp 
ends and propagates inwards. After achieving the max-
imum, the force starts decreasing with further increase 
of the distance between the bodies (Fig. 1b). The last 
stable configuration is very close to the incircle of the 
shape. In Fig. 1b, the dependence of the normal force on
the distance is shown. Note that in this plot the force 
and the distance are normalized to the values corre-
sponding to the incircle. The last stable state approaches 

the value “1” both for the force and distance which in 
normalized units corresponds to the incircle.

Analyzing adhesion strength for a large number of 
complicated shapes (as e.g. shown in Fig. 2), allows 
formulating the general detachment rules: 

1. The detachment process tends to start at the points 
having the largest distance from the center of the profile 
and at the sharp corners. 

2. While the outer parts may already be completely 
detached, the remaining part, which is still adhering, 
will provide some resistance until approaches the incir-
cle of the shape.

3. Small heterogeneities such as holes and other 
small defects have no pronounced influence on the pro-
cess of detachment. In particular, the detachment rarely 
starts from the inner discontinuities of the shape.

Fig. 2 Decreasing contact areas during the detachment process for a of 
flat-ended indenter in the form of Mary Poppins.  

Experiment

The experiments were conducted using a setup as 
depicted in Fig. 3. A flat but oddly shaped sample of
acrylic glass is placed on a gelatin base and slowly 
pulled off. The contact between both can be observed by 
a camera through the gelatin. For increased visibility of 
the edges, the contact zone is illuminated in a circular 
fashion. The rigid body consists of laser-cut acrylic 
glass with flat face. It is brought into contact with 
transparent gelatin with illumination from the sides. The 
acrylic glass is lifted with a precision linear stage at-
tached to a strain gage sensor recording the adhesive 
force. The actual contact region was recorded from un-
derneath using a digital camera.  

The shapes shown in Fig. 4 are representative for the 
general behavior of the cases we investigated. The circles 
in the shape representation depict the equivalent 
Holm-radius of the shapes. Firstly, we observe adhesive 
force to rise strictly linearly with d . In this phase, the 
contact area remains intact without any detachment and 
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the ratio k F d  is equal to the contact stiffness of the 

initial shape. This is to be expected from the linear elas-
ticity. We then observe a transition to a second phase, 
where detachment starts at sharp corners or outstanding 
parts of the shape or border segments with high curvature 

and then moves inwards. In the F - d -curve, this goes 
along with a decline of the slope. After the bodies have 
lost contact at the sharp corners and outstanding parts,
the region evolves in such a way, that the minimum ra-
dius of curvature is increased with increasing height. For 
various shapes, the force decreases after having reached a 
local maximum.

Fig. 3 Schematic display of the experimental setup. 

All simulations and experiments reached a point when 
the remaining contact collapses abruptly. The last stable 
contact region resembles the incircle of the initial con-
tact zone. 

The presented work shows that the macroscopic 
shape of the stamp has essential influence on the adhe-
sive strength, while the small inner discontinuities do 
not. Their influence can be characterized relatively well 
with a filling parameter quantifying the fraction of the 
continuous part of the cross-section relatively to the 
nominal area. A more detailed analysis can be found in
[3].

Fig. 4 Real contact area for selected pull-off-states. All three pictures 
show numerical results on the left-hand side, where the initial shape is 
gray, remaining contact area is black. The right-hand sides show pho-
tographic images of the contact. The edge of the contact zone can be 
seen as a bright line. 

1. Pohrt, R., Popov, V.L., “Adhesive contact simulation of elastic 
solids using local mesh-dependent detachment criterion in 
boundary elements method”, Facta Universitatis, Series: 
Mechanical Engineering 13, 1, 3 – 10 (2015). 

2. Rey, V., Anciaux, G., Molinari, J.F., “Normal adhesive con-
tact on rough surfaces: efficient algorithm for FFT-based BEM 
resolution”, Comput. Mech. DOI: 
10.1007/s00466-017-1392-5. 

3. Popov, V.L., Pohrt, R., Li, Q., Strength of adhesive contacts: 
Influence of contact geometry and material gradients, Friction 
5 (3), 308-325, 2017
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ОБ ИЗНОСЕ КАНАЛА АРТИЛЛЕРИЙСКОГО СТВОЛА
КАК НЕРАВНОВЕСНОМ ФАЗОВОМ ПЕРЕХОДЕ

Сидоров М.И., Лукашев Е.А., Радкевич Е.В.
ПАО «Тураевское машиностроительное конструкторское бюро «Союз», г. Лыткарино.

Конкурентоспособность российской военной 
техники общеизвестна. Однако для ее поддержания 
на высоком уровне необходимо постоянно разви-
вать и обновлять научно-технический задел в этой 
области. Существует большой задел в виде пред-
ложений артиллерийских систем, основанных на 
новых принципах метания и ряде других новшеств. 
Однако по-прежнему остается актуальной пробле-
ма износа и живучести артиллерийских стволов.

В связи с этим предлагается в качестве науч-
но-технического задела рассмотреть приложение 
теории неравновесных фазовых переходов [1, 2] к 
процессу износа канала ствола. Предполагается, 
что на базе этой теории могут быть построены эф-
фективные методы диагностики, использующие 
математический аппарат этой теории и возможно-
сти современной техники получения и анализа 
изображений, их контрастирования, сопоставления 
с известными, используя программы распознавания 
образов.

В настоящее время интенсивно развивается 
такое направление машиностроения, как инженерия 
поверхностных слоев, позволяющая повысить дол-
говечность машин. Считается [3], что влияние ше-
роховатости достаточно хорошо изучено, но недо-
статочно изученным остается энергетическое со-
стояние поверхностных слоев. Это особенно важно 
для высокотемпературных, высокоинтенсивных 
процессов, каким является движение снаряда в ка-
нале ствола. Применительно к артиллерийским 
стволам представляет интерес рассмотрение дисси-
пации энергии, которая должна включать как об-
щий баланс, так и трансформацию энергии, в осо-
бенности изменения энергетической картины в хо-
де процессов преобразования в поверхностном слое 
материала, подверженного механическому, терми-
ческому и химическому воздействиям. Констатиру-
ется, что внутренняя поверхность ствола в химиче-
ском, термическом и механическом отношении 
неоднородна (трещины). Подчеркивается, что эта 
проблема является ключевой, но при этом отмеча-
ется, что механизм такого преобразования полно-
стью не раскрыт до настоящего времени, и ввиду 
недостаточной изученности этих процессов, осо-
бенно высокоинтенсивных, делается заключение
[3], что на современном этапе с практической точки 
зрения целесообразны экспериментальные иссле-
дования.

Однако такое заключение не вполне соответ-
ствует действительности, поскольку существует 

подход, делающий упор именно на неоднородном 
состоянии материала, которое характеризуется вы-
соким значением избыточной энергии. Этот подход 
базируется на теории неравновесных фазовых пе-
реходов, в рамках которой разрушение рассматри-
вается именно как такой переход. Базовые термо-
динамические положения этой теории [1, 2] полно-
стью соответствуют той картине, которая примени-
тельно к каналу ствола дана в [4]. Физическое со-
стояние приповерхностного слоя под воздействием 
порохового газа (давление выше 300 МПа, темпе-
ратура выше 2700°С изменяется следующим обра-
зом: в первый момент в нем возникают напряжения 
растяжения за счет действия давления порохового 
газа. Затем приповерхностный слой нагревается за 
счет теплоотдачи порохового газа до высокой тем-
пературы и стремится удлиниться и расшириться. 
Но окружающие, не нагретые слои металла не дают 
ему этого сделать, в результате чего в этом слое 
возникают тангенциальные температурные напря-
жения сжатия, которые могут значительно превы-
шать тангенциальные напряжения растяжения, со-
здаваемые давлением порохового газа.

За счет линейного расширения нагретого при-
поверхностного слоя и изменения механических 
свойств материала в нем возникают напряжения 
сжатия. Сжатый тонкий слой действует на основ-
ную толщину ствола как дополнительное внутрен-
нее давление; кроме того, он является источником 
теплоты. По окончании теплового импульса припо-
верхностный слой канала ствола начинает осты-
вать, отдавая теплоту в основном остальному ме-
таллу ствола, напряжения сжатия в приповерхност-
ном слое снимаются и возникают растягивающие 
напряжения за счет линейного укорочения. Таким
образом, приповерхностный слой канала ствола 
под действием пороховых газов испытывает цик-
лические нагрузки: растяжение - сжатие - растяже-
ние. В результате с казенной части на поверхности 
канала ствола образуется сетка трещин, с посте-
пенно уменьшающимися размерами ячеек к дуль-
ной части. 

Предполагается, что разрушение конструкци-
онного материала протекает аналогично формиро-
ванию фронта кристаллизации по механизму спи-
нодального распада. Решение задач кристаллизации 
[1, 2]  продемонстрировало возможность получения 
дендритных, равноосных, полосчатых структур в 
вычислительном эксперименте, которые могут по-
вторять структуры, наблюдаемые в эксперименте.
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Это предположение может быть проиллю-
стрировано подобием структур, получаемых при 

кристаллизации и разрушении (рис. 1, 2).

Рис. 1 Фазовое состояние в системе Pb-Ge-Te в зависимости от времени старения при 500°C [5]

Рис. 2. Структура, формируемая на третьей стадии пластического течения никелевого сплава, которая приводит 
к разрушению образца [6]

Эти иллюстрации подсказывают, что путем 
сопоставления расчетных и экспериментальных 
изображений можно определить численные значе-
ния тех параметров, которые ответственны за фор-
мирование этих структур. Поскольку в математиче-
ской модели основными определяющими фактора-
ми являются энергетические и геометрические, то 
отсюда следует вывод, что задача о распределении 
энергии в поверхностном слое канала ствола имеет 

решение. Эксперимент необходим в качестве ис-
ходной информации для валидации математиче-
ской модели. Это решение будет быть востребова-
но практикой диагностики каналов ствола при раз-
работке соответствующего математического обес-
печения, дающего возможность сопоставлять 
структуры, получаемые в натурном и вычислитель-
ном экспериментах, определяя значения управляе-
мых параметров.
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ТРИБОХИМИЧЕСКАЯ КИНЕТИКА В МЕТОДАХ

ВНУТРИБАЛЛИСТИЧЕСКИХ РАСЧЕТОВ
Сидоров М.И., Лукашев Е.А., Радкевич Е.В. , Ставровский М.Е.

ПАО «Тураевское машиностроительное конструкторское бюро "Союз"», г. Лыткарино.

В современных условиях конкуренция в раз-
работке и производстве новой техники, особенно 
военной, требует организации максимально быст-
рого ее проектирования, испытания и постановки 
на производство. Это, в свою очередь, заставляет 
разработчиков переходить к сокращению объема 
испытаний и натурного эксперимента, заменяя его 
вычислительным. Актуальность такой стратегии 
обусловлена, прежде всего, тем, что основные кон-
цепции новой техники хорошо известны конкури-
рующим сторонам. Эта стратегия может быть рас-
смотрена на примере автоматизации расчетов на 
износ и живучесть артиллерийских стволов.

В настоящее время считается, что надежная 
оценка живучести ствола не может быть проведена 
без привлечения опытных данных по существую-
щим системам, близким к анализируемым. Поэтому 
важным этапом на стадии проектирования является 
подбор «аналога» - известной по живучести систе-
мы «ствол – заряд – снаряд» [1]. Ориентация на 
«ствол – аналог» означает, что проектировщик не 
имеет возможности далеко удалиться от «аналога» 
в пространстве признаков и характеристик. Такой 
классический подход сдерживает отработку прин-
ципиально новых и перспективных технических 
решений. Выход из этого положения может быть в 
том, чтобы все больше, но поэтапно, переходить на 
математическое обеспечение проектирования, ба-
зирующегося на фундаментальных принципах.

Уровень современного развития вычислитель-
ной техники и программирования, как считается 
[2], позволяет автоматизировать все известные спо-
собы решения основной задачи баллистики и бал-
листического проектирования ствольных систем. 
Высокое быстродействие компьютеров, их возмож-
ность вести параллельные вычисления делает воз-
можным проведение моделирования газодинамиче-
ских процессов при выстреле, решение оптимиза-
ционных задач и обратных задач внутренней бал-
листики.

Одной из разновидностей смешанных методов 
баллистического расчета является обобщенная тер-
модинамическая модель, реализованная в стандарте 
стран НАТО – соглашение STANAG № 4367. В 
этой модели кинетическая энергия снаряда опреде-
ляется энтальпией сгорания пороха и потерями, 
которые, в свою очередь, определяются полнотой 
сгорания пороха и трением. Считается, что физика 
процесса трения – силы трения с достаточной точ-
ностью еще не определены, и поэтому их учет про-
изводится на основе ряда допущений. Например, от 

точки полного вреза ведущего пояска в нарезы до 
дульного среза трение принимается постоянным 
или уменьшающимся по линейному закону.

Однако, как известно, сила трения (коэффици-
ент трения) достаточно сложным образом зависят 
от скорости скольжения. Так, в [3] представлено 9 
характерных зависимостей (стр. 16, 17), выбор од-
ной из них является также своего рода допущени-
ем. Этот вопрос (зависимость трения от скорости 
скольжения), по выражению Ахматова А.С., явля-
ется одним из самых запутанных в триботехнике.

В связи с такой постановкой проблемы методы 
трибохимической кинетики, обобщенные в [4], 
представляют собой научно-технический задел для 
методического обеспечения внутрибаллистических 
расчетов. Эти методы позволяют строить зависи-
мости силы трения (коэффициента трения) от ско-
рости скольжения, которые в традиционных мето-
дах внутрибаллистических расчетов аппроксими-
руются линейными зависимостями (рост интенсив-
ности трения, достижение максимума, далее сни-
жение с выходом на постоянное значение). Трибо-
химическая кинетика дает возможность строит по-
добного рода зависимости, исходя не из априорных 
допущений, а опираясь на фундаментальные поло-
жения. Иллюстрация этого – два приведенных на 
следующей странице рисунка [4]. 

Формулировка модели топохимической кине-
тики адгезионного схватывания двух трущихся по-
верхностей сводится к следующему. В зоне пятен 
контакта образуются зародыши и растущие ядра 
схватывания («мостики сваривания Боудена»); 
здесь термин пятна контакта относится к движу-
щимся поверхностям, а термин ядра схватывания к 
топохимической реакции адгезионного схватыва-
ния. На разрушение этих ядер требуется энергия, 
рассеиваемая на единицу пути; диссипация этой 
энергии есть трение.

Процесс образования ядер схватывания в об-
ласти пятен контакта представляется как топохи-
мическая реакция, которая протекает в двумерном 
реакторе. Определяются два процесса и две скоро-
сти – скорость перемещения и скорость топохими-
ческой реакции, или два характерных времени –
время пробегания друг относительно друга двух 
поверхностей и время течения топохимической 
реакции до некоторого значения степени превра-
щения (степени покрытия поверхности ядрами 
схватывания). Соотношения между этими скоро-
стями или временами определяют характерные 
особенности конкретной реализации процесса тре-
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ния. В такой постановке задача управления процес-
сом трения сводится к управлению параметрами 
топохимических реакций – констант скоростей, 

путем организации процессов адсорбции, десорб-
ции, теплопереноса и массопереноса и других про-
цессов в зоне пятна контакта.  
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Рисунок. Кинетические характеристики процесса внешнего трения скольжения (характеристики Штрибека-Гарси)

Константы скоростей отдельных стадий могут 
быть получены из эксперимента путем решения 
обратной задачи кинетики, т.е. методами подбора 
значений этих констант наилучшим способом удо-
влетворяющих экспериментальным данным (для 
реализации этой процедуры разработана компью-
терная программа).

Предполагается, что на поверхности суще-
ствуют активные центры – зародыши, которые пе-
реходят в активно растущие ядра схватывания. Эти 
ядра по мере их разрастания перекрываются. Про-
цесс образования и разрушения ядер схватывания 
происходит на движущихся поверхностях, т.е. хи-
мическая реакция происходит при движении кон-
тактирующих фаз. Такая ситуация соответствует 
химическим реакторам, идеализированными моде-
лями которых являются реактор полного вытесне-
ния и реактор полного перемешивания. Отличие 
заключается в том, что реакция протекает на по-
верхности, т.е. реактор является двумерным. Для 

построения кинетической характеристики процесса 
трения принимается, что при нулевой скорости от-
носительного перемещения контактирующих по-
верхностей реализуется ситуация, при которой до-
статочно времени, чтобы на максимально возмож-
ной поверхности пятен фрикционного контакта 
сформировались ядра адгезионного схватывания.

Данная концепция трения ассимилирует по-
ложения, сформулированные в трудах Ерофеева 
Б.В., Акулова Н.С. и Колмогорова А.Н.
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Materials are presented reflecting the classification of axisymmetric parts with a hole in the bottom, obtained by separating and 
shaping operations of sheet punching. The use of this classification makes it possible to make a rational choice of routing technology 
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The experimental results indicate the possibility of obtaining on the surface of the aluminum alloy layers, modified by 
alloying with electron-beam technology, significantly increases its wear resistance. Such layers were obtained, thanks to the initi-
ation of exothermic chemical reactions between substrate and deposited on it a thin film of titanium. In the reaction products was 
revealed the formation of intermetallic phases.
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FABRICATION OF RADAR ANTENNA RULERS IN ROLL-FORMING MACHINE  
A.V. Filimonov1, V.I. Filimonov2

1New Industrial Technologies, JSC; 2Ulianovsk State Technical University, fwiumz@mail.ru   

There is considered the manufacturing process of antenna rulers in a roll-forming machine. The process parameters are 
calculated beforehand on the base of mathematical models developed for a large span of roll-formed profiles with rigidity 
elements. Limiting factors and feasibility issues are also discussed. 

Key words: antenna ruler, roll-formed profile, number of steps, forming roll, flower diagram

The manufacturing of decimeter waveband radar 
antenna rulers in rolls of the roll-forming machines is 
related to a high accuracy of the profile cross-section 
and maintenance of material homogeneity in it, except 
for narrow regions of bending zones. To satisfy these 
requirements, it is necessary to use “mild” forming 
regimes, involving in some cases several corrections 
with reference to the established technology 
developed to manufacture the profiles with rigidity 
elements in roll-forming machines using the intensive 
deformation method [1].

First of all, let us calculate the key parameters of the 
forming process for a given profile: number of steps 
[2] and deformation length [3] at fold angles adopted 
for a prototype profile available in the data base of 
technological issues at the developing and 
manufacturing company. The results of calculation 
according formulae (1) and (2) below is represented 
by graphic diagrams (fig. 1a,b) obtained through the 
use of MathCad2001Pro program. The dashed lines 
with arrows show the procedure to determine the 
required parameters.

The number of steps N, when the intensive 
deformation method is used, is determined by the 
mathematical model built up on the basis of 
approximation of experimental dependencies relating 
to the number of steps, taking into account different 
factors included into formula (1): 

s

L
n

W
H

Tk
smN 3

0
 , 

(1)
where m0 – calibrating factor; s – blank thickness; k – 
quality class of the profile cross-section;  – cross-
section allowance for quality class k, mm; s,  – 
yield stress and ultimate stress of the blank material, 
respectively, Pa; H, W – height and width of the 
profile respectively, mm; n – number of profile 
bending zones;  – blank butt displacement during 
roll-forming, mm; L  – inter-stand distance of the roll-
forming machine, mm;  – limit angle of the blank 
«constraint», rad.;  – dimensionless form-modifier
(for flower diagrams without singularities = 1; it is 
introduced to take into account the Customer’s 
specific requirements to the production process).

The deformation length model (2) is developed 
using the variation method applied to total 
deformation energy of the folded flange with rigidity 
elements, profile bottom and bending zone, taking into 
account strain hardening. Involving the boundary 

conditions and additional conditions for the butt in 
axial plane of the actual pass enable to determine the 
deformation length Lk: 
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where b – reduced width of the folded flange; k –
folding angle in actual pass k; Lk, – deformation 
length;  – reference value of the ultimate elastic 

strain; C  ,r  – relative radius and relative bottom 

width of the profile respectively; , T0 – modulus and 
yield stress of the blank material. 

The calculations are performed for the profile 
configuration shown in fig. 2a; the blank material is a 
high strength aluminium alloy; the required quality 
class is 11.

Fig. 1. The roll-forming key parameters: a) – dependency of the 

dependency of the deformation length on the folding angle in 
actual step

On the basis of the number of steps calculations (see 
fig. 1a) the linear forming diagram was drawn (see fig. 
2b). This forming diagram must be checked to be sure 
that no excessive deformation of the bland occurs. To 
do so, it is necessary to compare the obtained value of 
the deformation length for each step (with a definite 
folding angle) with the inter-stand distance of the roll-
forming machine (400 mm). In no step of this forming 

deformation length is less than the inter-stand distance 
of the roll-forming machine (see fig. 2b). 

Fig. 2. Profile cross-section configuration (a) 
and its forming diagram (b)

So, we can state that this forming diagram is suitable 
to manufacture the above profile. It is to note, that the 

profile, since this leads to the blank re-forming, thus, 
to the quality degradation. The span of inadmissible
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folding angles is denoted in fig. 1b as “technologically 
prohibited area”. 

On the basis of the forming diagram we developed a 
set of tooling (a set of forming rolls). Some of these 
rolls are shown in fig. 3.

Fig. 3. Several roll pairs of the tool set
to manufacture the radar antenna rulers

The technological tooling is now under try-by 
service on the manufacturer's industrial area. 

-

– – 28.

– – 32.
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ON ROLL-FORMED PROFILE ASYMMETRY DEGREE
A.V. Filimonov1, V.I. Filimonov2

1New Industrial Technologies, JSC; 2Ulianovsk State Technical University, fwiumz@mail.ru   

There are considered the criteria of asymmetry degree for roll-formed profiles which are important for several 
technological applications, like flower diagram development. The profile asymmetry is to be taken into consideration while 
manufacturing.

Key words: roll-formed profile, forming roll, asymmetry degree, flower diagram

When developing the technology of roll-formed 
profiles manufacturing, in particular, their flower 
diagrams and straightening layouts, it is important to 
know the profile asymmetry degree. The last one 
determines the fold angles of the profile elements, the 
straightening tooling form and the straightening 
device adjustment as well [1]. 

Till now, the Russian bibliography on roll-forming 
has not paid much attention to the roll-formed profile 
asymmetry degree. But its application could be 
efficient when implemented in the technology 
(number of steps calculation, flower diagram 
development and straightening layout establishing), as 
well as in constructions including roll-formed profiles 
(imposing external loads, taking into consideration 
shearing and twisting forces).

The possible criteria are given in table 1.

Table 1. Criteria for profile assessment

Criterion 
denomination

Criterion description Notes

1. Pondoge-
ometric, on basic 
element

Relative displacement of 
the profile center of 
gravity with reference to 
the basic element center

Constructive 

2. Geometric 
comparative

Ratio of generalized 
geometric parameters of 
the left and of the right 
parts of the profile (local 
overall sizes) without 
taking into account the 
basic element

Constructive

3. Pondo-metric 
comparative (in 
fact, geometric, on 
the blank width on 
the right and on 
the left of the 
basic element)

Ration of weight 
parameters of the left 
and of the right part of 
the profile, ignoring the 
basic element

Constructive

4. Pondo-
geometric, 
comparative

Comparison of 
dimension-weight 
parameters of the 
elements or their 
aggregate (on the right 
and on the left)

Constructive

5. Zone-related According to the 
number of zones on the 
right and on the left of 
the basic element

Constructive

6. Angle- related Ratio of folding angles 
on the right and on the 
left. Varieties: a) 
according to the folding 
angles of the carrying 
flanges; b) according to 
imaginary folding angles 
of pseudo-elements 
(which are determined 

Constructive

Criterion 
denomination

Criterion description Notes

by two points – one by 
the bending zone near 
the basic elements, 
another by the blank 
butt)

7. Translational 
(linear 
displacements)

During roll-forming, 
ratio of butts 
displacements of the left 
and of the right part. 
Varieties: a) according 
to horizontal 
projections; b) according 
to vertical projections; 
c) according to the 
absolute value of the 
displacement

Technological

It would seem, the majority of possible approaches to 
asymmetry ratio determination is based on 
constructive identifiers, as it may be seen in table 1 
above, but in reality, the basic thing in asymmetry 
ratio determination rests on the primary technological 
identifier: the profile location in finishing stand of the 
roll-forming machine. If, for example, the location of 
an asymmetric profile in the roll-forming machine 
finishing stand is quite obvious, but the same location 
of a more complicated profile (to say, doorpost 
profile) may have different issues (fig. 1). The 
designer developing the construction of the profile 
cross-section would rather choose the variant of two-
dimensional profile representation 2, 5 or 6 (see fig. 
1), where one of the linear elements is parallel to the 
horizontal axis. However, the variant of its location 
with reference to the horizontal line similar to its 
position in the construction will not be declined, but 
such a situation is not so frequent in practice.

Fig. 1. Variants of location of the doorpost profile cross-section 
in the drawing or in the roll-forming machine finishing stand

The same profile (fig. 1) is used as horizontal and 
vertical element in the door construction, so its 
location in the drawing is not univocal. The correct 
location of the profile cross-section in the roll-forming 
machine finishing stand contains in itself the 
proximity of the non-symmetric profile configuration 
to that of a symmetric profile (position 8 in fig. 1). 
Here, the symmetry is determined with reference to a 

297



-2017
FRITME- -  

vertical plane perpendicular to the drawing plane. 
From the point of view of a production engineer, such 
a plane should contain the profiling axis.

In fig. 2 there are given some practical profile 
configurations with their correct location in the roll-
forming machine finishing stand. Their profiling axis 
and basic element are also shown in the same picture.

Fig. 2. Locations of some profiles in the roll-forming machine 
finishing stand with indication of the basic element and 
profiling axis

Fig. 3 shows the flower or linear diagrams relating 
to the roll-forming process [2]. This picture shows, 
that except for zone asymmetry ratio (see p. 5 of table 
1), in all other cases, the asymmetry ratio established 
for the blank configuration in each step will change 
with the step number. But even the zone asymmetry 
ratio may change with the step number during roll-
forming, if the bend zones are not formed at the same 
time, but consecutively. Moreover, the zone 
asymmetry ratio, presumably, doesn’t reflect the very 
fact of asymmetry. So, if we reject the rift of left part 
in fig. 2,a, we would obtain the asymmetry ratio equal
to 1, id est, it is a symmetric profile from 
technological point of view. In principle, it is so if we 
consider the displacements of the blank butts. 
Nevertheless, the rift adds three bending zones in the 
left part of the profile, rendering it substantially 
asymmetric. From a technological point of view, it is 
not correct, so far as a small rift forming does not 
practically affect the number of passes nor the forming 
diagram. That’s why the zone asymmetry ratio should 
be rejected.

The angular symmetry ratio is to be rejected as well, 
so far as for some cross-section configurations it may 
give negative values (for example, for profiles b) and 
c) in fig. 2). The analysis of the asymmetry ratios 1 – 
4 from the above table shows that they are of no use 
for the profile asymmetry assessment.

Apparently, the most suitable asymmetry ratio is the 
translation ratio reflecting the ratio of displacements 
of the left and of the right butt during the roll-forming. 
In this case, the use of the blank butts displacements 
projections on one of the axes leads to a contradiction. 
For example, if we take the blank butt displacement 

projections on the horizontal axis (when we consider a 
web with different flanges), both of them may occur 
zero.

Fig. 3. Profiles forming diagrams: a – flower diagram;
b – d – linear forming diagrams

As a first approximation, we may consider more 
closely the ratio of absolute displacements of the 
blank butts (in fact, the lengths of their trajectories). 
To some extent, namely the ratio of the blank butts 
displacements for flat trajectories characterizes the 
profile asymmetry in technological meaning (fig. 
4a,b).

Fig. 4. Butts trajectories of the profile in flower diagrams
This approach could be acceptable, but the butts 

trajectories are not known apriori (although their 
displacements are known for each step), that’s why it 
is necessary to introduce some modifiers like 
combinations of angles, length parameters etc. to be 
investigated more closely. 

– – 
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1 Институт машиноведения им. А.А. Благонравова РАН, Москва, Россия; vlstol@mail.ru
2 ГНУ «Институт технической акустики НАН Беларуси», Витебск, Белоруссия

Для производства металлических 
полуфабрикатов из сплавов с памятью формы 
традиционно используется термомеханическая 
обработка, включающая горячее прессование, 
ротационную ковку, прокатку, холодное 
волочение. При этом существует проблема 
одновременного повышения деформируемости 
и функциональных свойств сплава, поскольку 
первое достигается за счет высоких температур 
обработки, что в свою очередь приводит к 
ухудшению второго. Одним из подходов к 
решению данной задачи является применение 
внешних энергетических воздействий, не 
сопровождаемых воздействием высоких 
температур. В сплавах с термоупругим 
мартенситным превращением деформационно-
термические методы обработки в сочетании с 
импульсным током (электропластический 
эффект) [1] или ультразвуковым воздействием 
[2] действительно позволяют существенно 
повысить технологические и эксплуатационные 
свойства, однако механизм такого воздействия 
недостаточно изучен. Кроме того, интерес 
представляет совместное действие обоих 
эффектов. Например, для чистой меди было 
показано, что комбинация  
электропластического (ЭПЭ) и 
акустопластического (АПЭ) эффектов, может 
оказывать заметное влияние на 
дислокационную подвижность и 
деформационное поведение материала [3]. В 
этой работе было так же показано, что 
совместное действие ЭПЭ и АПЭ меньше, чем 
сумма эффектов по отдельности и зависит от 
фазового состояния материала.

Цель настоящей работы – сравнительное 
исследование механического поведения при 
растяжении и волочении сплавов, проявляющих 
эффект памяти формы, Ti-50,4ат.%Ni и Ti-
50,7ат.%Ni в условиях воздействия внешних 
электроимпульсного и/или ультразвукового 
полей.  

Объект исследования – проволока с 
крупнозернистой (80 мкм) аустенитной 
структурой из сплава Ti-Ni
застехиометрического состава. При растяжении 
импульсный ток и ультразвуковые колебания в 

различной последовательности вводили в 
образец на разных стадиях деформации (упругой, 
квазиупругой, упрочняющей) и фиксировали 
величину ЭПЭ или АПЭ эффекта.

Эксперимент вели по двум маршрутам:
а) исходные образцы в виде проволоки из сплава 
Ti-50,4ат.%Ni диаметром 1,38 мм были 
предварительно подвергнуты волочению с УЗО 
со степенью деформации на 24%; частота УЗО -
18 кГц, амплитуда смещений 15 мкм, скорость 
волочения 50 мм/с. Следующим этапом было 
растяжение с током (режим одиночных 
импульсов, плотность тока j=500 А/мм2,
длительность импульса τ=100 мкс, интервал 
между импульсами ~10 с). Аналогичный 
эксперимент провели на той же проволоке, но 
предварительно волоченной без УЗО. 
б) исходные образцы в виде прутков из сплава 
Ti-50,7ат.%Ni диаметром 4 мм были 
предварительно прокатаны с током (плотность 
тока j=100 А/мм2, длительность τ=100 мкс, 
скважность 10) до деформации е=1,2, затем 
подвергнуты УЗО (частота 18 кГц, амплитуда 
смещения 25 мкм).

Результаты эксперимента по маршруту а 
представлены на рис. 1. Наличие импульсов 
тока приводит к резкому снижению напряжений 
в виде скачка вниз, однако величина скачка 
составляет 65-70 МПа и не зависит от 
предварительной обработки ультразвуком.
Видно, что предварительное волочение с УЗО не 
оказывает влияния на напряжение до разрушения 
заготовок (1600 МПа на рис.1а и 1б), однако 
повышает относительное удлинение 
(технологический запас пластичности): при 
растяжении с током без предварительной УЗО 
относительное удлинение составляет около 6% 
(рис. 1а); с предварительной УЗО – 8% (рис. 1б). 

Эксперимент по маршруту б показал 
невозможность волочения с УЗО образцов, 
деформированных прокаткой с током до е=1,2: 
образцы разрушались уже на первых этапах 
волочения. В этой связи было принято решение 
выполнять УЗО без волочения с целью снижения 
механических напряжений. Амплитуда 
напряжений составляла  100 МПа, а время 
экспозиции 3 мин. 
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а б
Рис. 1. Зависимости «напряжение-деформация» при растяжении с одиночным импульсным током сплава Ti-50,4ат.%Ni после 
волочения: а) после предварительного волочения без УЗО; б) подвергнутого предварительному волочению с УЗО.

На рисунке 4 показаны ДСК кривые
образцов сплава Ti-50,7ат.%Ni после прокатки 
с током и последующей УЗО Из рисунка 2а 
(кривая 1), видно, что после прокатки 
наблюдается 2 пика энергии  при температурах 

350 (экзотермический) и 550оС (эндотерми-
ческий), которые исчезают после повторного 
нагрева образца (кривая 2). Первый пик, вероятно, 
связан со снятием структурных напряжений в 
процессе нагрева, второй – с рекристаллизацией.  

а б
Рис. 2. Кривые ДСК образцов сплава Ti-50,7ат.%Ni после прокатки с током до е=1,2 (а) и последующей УЗО (б); кривые 1 –

первый цикл нагрева, кривые 2 – повторный  нагрев

После ультразвуковой обработки (рисунок 
2б) кривые ДСК после 1 и 2 цикла нагрева 
практически совпадают, что свидетельствует о 
достижении в материале под действием 
ультразвуковой обработки эффекта, аналогичного 
термическому (снятие внутренних напряжений).

Таким образом, в работе исследовано 
влияние последовательных комбинаций 
«волочение с УЗО + растяжение с током» и 
«прокатка с током + волочение с УЗО». Показано, 
что ЭПЭ в сплаве Ti-50,4ат.%Ni не зависит от 
предварительной обработки волочением с ультра-

звуком, однако УЗО приводит к повышению 
ресурса технологической пластичности материала. 
Не выявлено преимуществ в деформационной 
способности сплава Ti-50,7ат.%Ni по схеме 
«прокатка с током + волочение с УЗО». 
Кратковременная Ультразвуковая обработка 
предварительно деформированных с током 
образцов приводит к снятию внутренних 
напряжений, и может быть применена в качестве 
замены длительной термической обработки.

Работа выполнена при поддержке РФФИ 
(проект 16-58-00152) и БРФФИ (проект Т16Р-152). 
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