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INFLUENCE OF STRUCTURE AND PHASE COMPOSITION
OF THE MATERIAL OF STEAM TURBINE BLADES FROM TITANIUM
ALLOYS ON THEIR RESISTANCE TO EROSIVE DESTRUCTION
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B/IUAHUE CTPYKTYPbl U ®A30BOIo COCTABA MATEPUATIA
JIOMNATOK NMAPOBbIX TYPBUH U3 TUTAHOBDLIX CI1JIABOB
HA UX YCTOMYUBOCTb K SPO3UOHHOMY PA3PYLUEHUIO

Titanium alloys keep a leading position in manufacturing steam turbine blades. The unique combination
of high specific strength and fracture toughness, corrosion resistance, polymorphism, a tendency to phase
transformations and high resistance to shock loading determined their wide application in power
engineering. However, power engineering is still facing a problem of erosion damage of steam turbine
blades as a result of a drop impact of vapor particles at speeds of 150...600 m / s. The complication in
solving this problem is that it is difficult to establish a link between wear and structural-phase composition
of the surface of turbine blades. In this paper, using optical metallography, electron microscopy, ray
analysis and X-ray microspectral analysis, we developed a method for studying structural and phase
transformations in the material of steam turbine blades of titanium alloy VT6 after technological treatments
in different modes. An attempt was made to establish a link between resistance to erosion destruction
and structural and phase composition of titanium alloys.

STEAM TURBINE; STRUCTURAL AND PHASE TRANSFORMATIONS; OPTICAL METAL-
LOGRAPHY; ELECTRON MICROSCOPY; X-RAY MICROSPECTRAL ANALYSIS.

TutaHOBBIE CIIABbI COXPAHSIIOT JIMAMPYIOIIee MOJTOXKEHNE B TPOM3BOACTBE JIOMATOK MapOBBIX TYPOUH.
YHUKaIbHOE coueTaHKe BHICOKOI YIeIbHOI MTPOYHOCTH 1 BA3KOCTH Pa3pyllIeHUsI, KOPPO3MOHHOM CTOM-
KOCTH, MOJIUMOP(HU3M, CKIOHHOCTb K (Da30BbIM MPEBPAILICHUSIM U BbICOKAsl YCTOMYMBOCTD K yIapHOM
Harpy3Ke OTpee/uIv uX IIMPoKoe TPUMEHEHNE B SHEPTeThKe. TeM He MeHee B 9HepreTUYeCKOM Ma-
LIMHOCTPOEHUHU 1O CUX TIOP CYLIECTBYET MpobJeMa 3pO3MOHHOTO MOBPEXAEHUS JIOMATOK MapOBbIX
TYpOWH B pe3yJibTaTe KaruieyqapHOro BO3IEHCTBIS YacTHII TTapa co ckopocTsamu 150—600 m / ¢. Ciox-
HOCTb pellIeHUsT ITO MPOOAeMbl 3aKIIIOYAETCS B TOM, UYTO TPYIHO YCTAHOBUTD CBSI3b MEXIY U3HOCOM U
CTPYKTYPHO-(Pa30BbIM COCTABOM MOBEPXHOCTH JIOMIATOK TYpOMH. B maHHOI1 paboTe ¢ UCrosb30BaHUEM
ONTHUYECKOI MeTayutorpacduu, JeKTPOHHON MUKPOCKOIUHU, PEHTTEHOCTPYKTYPHOTO aHAIM3a U PEHT-
TFeHOBCKOTO MUKPOCTIEKTPAJIbHOTO aHaJIN3a pa3paboTaH METO/ UCCIASTIOBAHUS IJIsI U3YYEHUsI CTPYKTYpP-
HBIX U (ha30BbIX MpEBpaIleHNI B MaTepraje MapoBbIX JIOMATOK TYPOMH M3 TUTAaHOBOTO criaBa BT6,
T1OCJIe TEXHOJIOTMYECKOI 00pabOoTKM Ha pa3IMIHbIX pexxumax. [IpeanpruHsiTa monbTka yCTAHOBUTD CBSI3b
MEXY YCTOMUMBOCTBIO K 3PO3MOHHOMY Pa3pyLIEHUIO U CTPYKTYPHO-(ha30BbIM COCTABOM TUTAHOBBIX
CIJIaBOB.

I[TAPOBBIE TYPBUMHBbI; CTPYKTYPHBIE 1 ®A30BBIE IMPEBPALLIEHU; OTTTUYECKAS
ME”l:AJ'[J'IOl'PA(DI/IH; SJIEKTPOHHAS MUKPOCKOITUA; MUKPO-PEHTTEHOCITEKTPAJIb-
HBbIN AHAJINS.

Introduction toughness, corrosion resistance, polymorphism, a
tendency to phase transformations and high resistance
to shock loading defined their wide application in
power engineering (for example see fig. 1,a, b)) [1, 2].

Titanium alloys keep a leading position in the
creation of steam turbine blades. The unique
combination of high specific strength and fracture
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Fig. 1. Dependence of spall strength from velocity deformation for different metals (a);

dependence of fracture toughness from yield strength for titanium alloys (b)

However, the power engineering still has a prob-
lem of erosion damage of steam turbine blades as a
result of a drop impact of vapor particles at a speed
of 150—600 m / s. The difficulty of solving the prob-
lem is that difficult to establish a link between wear
and structural-phase composition of the surface of
turbine blades (the typical example of erosion de-
struction of steam turbine blades is shown in fig. 2).

Fig. 2. Example of erosion destruction of steam turbine
blades

Two-phase titanium alloys found wide application
in turbine construction due to opinion [3], that the
greatest resistance to effect of exposure steam drops
should be two-phase alloys with low internal stresses
and high plastic properties, during which time of
stress there exist phase transformations strengthening
the subject material.

At effect of exposure steam drops, field sizes of a
stressing are commensurable with sizes of structural
components, and redistribution of internal stresses
between them is impossible. The role of individual
durability, intensity, a chemical composition and
phase transformations in separate structural compo-
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nents therefore increases. To solve this problem it is
necessary find the relation between the wear and
structural-phase state of the surface and axial layers
of blades material.

The object of research

The object of research has been samples of steam
turbine blades of the two-phase titanium alloy VT6
(Ti-6Al-4V) average strength after deformation in b
area and final deformed by stamping in areas a+J3

next to the reduced temperatures 7. % and T, cor-

responding to the first and second technology. The
temperature of final transition of an alloy in b- region
(T.,) was made 1015 C.

As follows from earlier carried out works [4—S§],
on the basis of complex research of mechanisms of
formation and decomposition nonequilibrium B(a)-
and o(P)- phases, redistribution between them of
alloying elements, physical and mechanical proper-
ties of the deformed titanium alloys of a different
alloying, and also the established laws, the generalized
kinetic diagram, fig. 3, has been constructed. Thus
we took into account not only a temperature of heat-
ing absolute (7)), but also produced the identical con-
tents of high-temperature B-phases (TB). We estab-

lished, that the more nonequilibrum B(a)- and a.(B)-
solid solutions contained the same alloying elements;
their polystage decomposition occurred at lower tem-
peratures, and for greater time. It is shown, that tita-
nium blanks possess high technological properties in
atemperature-time interval two-phase (o+3)- region
at temperatures identical (50 %) contents high-tem-
perature o~ and B- phases (7)) and near to a tem-

perature of transition in single-phase f3- region (7).
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Fig. 3. Generalized kinetic diagram of structure and phase
transformation in titanium alloys

The product possesses material with high opera-
tional properties after an isothermal exposure near to
temperature 7. In these cases a.- and - phase com-

ponents appear enriched, the as a- and 3- stabilizing
alloying elements, in these processes of a polygoniza-
tion that causes increase of plasticity characteristics
and allows crack origin of alloys to develop.

Thus, construction of serial curves of increase of
the contents high-temperature 3- phases depending
on a temperature of heating (a method of harden-
ing), will allow us to estimate the resulted tempera-
tures of heating and to develop the scientifically-
grounded modes of technological treatment of
titanium blanks [6].

Structure and the Phase Composition
Both stamping technology provides a bimodal
structure a-phase globular (a,) and platelet-shaped
(o, ), divided by layers of B, — phases (fig. 4,a, b).
Electron microscope photos (fig. 4,c, d) shows that
the boundaries of phase components (a., o, B,,) for
the first technology much better relaxation, due to

customizations of dislocation. The second techno-
logy is seen less of number curved extinction con-
tours, indicate the presence of internal stresses.

Fig. 4. The microstructure after stamping on the first
(a) and second (b) technologies; the electron
microscope structure after stamping on the first (¢)
and second (d) to technologies

As seen from the table 1, width plate of o, - phase

by the first technology in 3 times and interlayers of
B,, -phase in 8 times greater than by the second tech-

nology. This evidence different temperatures and
cooling rates. By the first technology, at low-temper-
ature is formed structure similar to the Widmanstat-
ten. Such structure, in a number of sources, has a
higher fatigue strength than the martensite-like by
the second technology [9]. In materials of both blades
with bimodal structure, the size lamellar (B, + o)

-a component was more size globular a,, — phases.

Distribution of Alloying Elements

The research results obtained by X-ray microspec-
tral analysis of the contents of alloying elements (alu-
minum, vanadium, titanium, iron) in separate phase
components shows in table 2.
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Table 1
The particles size of phase components of metal blades, fabricated on two technologies
Size of particles of phases after the first Size of particles of phases after the
Phase components
technology, um second technology, um

o, 15 12

o 2,2 0,7

B 0,8 0,1

o, By 22 18
Table 2

The contents of alloying elements in phase components of metal blades, fabricated on two technologies

Concentration after the first technology,

Concentration after the second technology,

Phase components weight % weight %
Al \% Al \%
o, 7.30 1,35 6,97 2,04
o, 6,01 3,60 5,68 4,21
By 4,14 9,64 4,61 8,28

As seen from the table for both technologies, the
secondary plates of o, - phase have a chemical com-
position that is comparable to the average composi-
tion of the alloy Ti-6AL-4V. The globular primary o,

- phase, compared with the plate o, - phase contains
less than 2,2% vanadium and more than 1,3% alu-
minum. Thin layers of secondary 3, - phase have been
enriched by vanadium (p-stabilizer). In the material
by the first technology B, - phase contains vana-

dium more at 1,3% and aluminum less at 0,5%, than
the second technology.

Such distribution alloying elements provides re-
lative softness of layers B, - phase and higher perfor-

mance as compared with the second technology, in
which inverse ratio of alloying elements [10]. On the
contrary, globalizes primary o, - phases in blades

material fabricated on the first technology, in com-
parison with the second, contained a vanadium less
on 0,6 % and aluminum more on 1,3 % (weight).

The fig. 5 shows a typical distribution of the al-
loying elements with step 0,5 microns. It is seen,
that is most non-uniform in a material the vanadium
is distributed, being focused in B, - phase. Its con-

centration changes from 1 up to 20 %. Aluminum is
distributed more similarly, its concentration changes
from 3 up to 7 %.
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Fig. 5. The microstructure and distribution of alloying elements
in structural components of material blades from alloy VT6.
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Microhardness of phase components

In Table 3 are shown the data of statistical treat-
ment of results of measurements microhardness of
separate phase components. It is seen that the mi-
crohardness of the material by the second technol-
ogy is higher than the first, which confirms the pres-
ence of internal stresses. It is necessary noted that the
first technology makes less the difference between the
hardness of globular and lamellar structure.

The blades material fabricated on both technolo-
gies had a bimodal structure. Probably, the strength
balance o, - and (o, + ;) — structural fashions can

guarantee high serviceability of a material under
loa-ding. Apparently from table 3, in blades materi-
als fabricated on the first technology, in comparison
with the second, the smaller difference in hardness
between globular and lamellar structures, which
made 551 and 644 MPa, accordingly has been
achieved.

On fig. 6 correlation dependences of results of
measurements of microhardness on a chemical
compound of separate phases (o, o, B,,) ina condi-

tion of delivery and in a martensite phase after hard-
enings from different temperatures are submitted. It
is seen that the microhardness of plates o, -phase

and the globules of o, -phase increases with them a

and b stabilizing elements. It should be noted that
the microhardness increases with growth of a-stabi-

lizer, probably due to the formation o' - martensite
and decreases with increasing amount of 3 stabilizing

elements, leading to the formation o' - martensite.
This agrees with what was seen earlier in the mate-
rial by the first technology in comparison with the
second technology is formed B-phase with a large
content of B-stabilizing elements. This agrees with
the figure, such a distribution of vanadium, gives less
microhardness and greater softness of layers B, -
phase.

Table 3

Microhardness of phase components of blades metal fabricated on two technologies

Phase components

Microhardness of particles of phases
after the first technology, M Pa

Microhardness of particles of phases
after the second technology, M Pa

a, 3550 3664
a, 3830 4091
B, 2584 3000
oy By, 2999 3020
Concentration, weig % < I
oALin 1-alpha }—
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Fig. 6. Dependence of results of a rating of microhardness on a

chemical compound of separate phase components (o oy By martensite)
alloy VT6
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Conclusion

As results of research have shown, blades materials
of steam turbines from alloy VT6 fabricated by final
stamping under two technological circuits had bimod-
al structure, in which the share lamellar (o, + B,)-

structures (50—70 %) prevailed of a share globular
a,- structures (30—350 %). The blades material fab-

ricated on the first technology, in comparison with the
second, possessed wider layers “soft” 3 ;- the phases,

enriched same it b-stabilizers. At the same time, this
material contained higher concentration of aluminum
in primary globalizes o - phases, that pro-vided

strength balance (close microhardness) structural
components.

It is known, that at cyclic loadings in regular in-
tervals distributed soft faltering layers - phases,

transiting on the contour of rather solid secondary
a,,- phases and of strength balance globalizes
a,-phases, complicating premature localization of

plastic deformation and origin of a crack in separate
phases. And at the stage of distribution, the crack is
more difficult to increase the length in (o, + o )-

lamellar structure as it is always braked by soft layers
of b, - phase and is compelled to change the trajec-

tory, bending around globalized particlesa - phases.
Thus operational properties of product material in-
crease [9—11].

Feature of effect of exposure steam drops loadings
is not only recurrence and cyclicity of the enclosed
stress, but also its dynamism. Through of short dura-
tion of influence, internal stresses have insufficient
time to be redistributed, there is localization of the
big loadings in small microvolumes, in separate struc-
tural and phase components of material. The suc-

cessful combination of structure, chemical compound
and properties, abilities to resist the microshock influ-
ence of these components, determines durability of
products.

Researched alloy VT6 concerning martensite
class, in stable condition contains 10—18 % B- pha-

ses, which at sharp cooling turns in a!- or a!'- mar-

tensite. However, B - a!'- transformation can take
place and at room temperature. It is known, that
plastic deformation accelerates decomposition en-
riched b- stabilizers of b- solid solution with educa-

tion a!'- phases, as a result of a high level of internal
stresses [ 12]. The subsequent ageing at temperatures
450—500°C, results in its decomposition and educa-
tion ! + (B) - phases [13]. Presence of phase trans-

formation a'' ~ o! + (B) results in significant strength-
ening of an alloy.

It is possible to believe, that in result of effect
blows by pair, in soft enriched of vanadium, wide,
regular intervals distributed - layers there is an ac-
cumulation of defects of crystal structure and internal
stresses. Transition deformed - phases in a non-
equilibrum condition, causes phase - o!' — trans-
formation, accompanying with local frictional [14],
and as consequence, — the subsequent ageing
strengthening of microvolumes of alloy in result o
- ol + (B) — transformations. According to general-
ized kinetic diagram shown in fig. 3, the more layers
of B- phase contain quantity isomorphic - stabiliz-
ing elements, those at lower temperatures and for a
longer time will be 3 — a!!- takes transformation (more
completely). Thus, the most important factor is
strengthening of borders between solid particles of
a- phases which will be increase terms of operation
of a finished product, due to increase the resistance
to steam drop impact.

REFERENCES

1. Fedotov S.G., Konstantinov K.M. Novyy kon-
struktsionnyy material — Titan: Monografiya. M.: Mash-
inostroyeniye, 1987. 220 s. (rus.)

2. Kanel G.I., Razorenov S.V., Utkin A.V. Udarno-
volnovyye yavleniya v kondensirovannykh sredakh. M.:
«Yanus-K», 1999. 408 s. (rus.)

3. Deych M.Ye., Filippov G.A. Dvukhfaznyye teche-
niya v elementakh teploenergeticheskogo oborudovaniya:
Monografiya. M.: Energoatomizdat, 1987. 328 s. (rus.)

4. Skotnikova M.A., Parshin A.M. Diagramma
raspada i rezhim termicheskoy obrabotki dvukhfaznykh

94

splavov titana. Metallovedeniye i termicheskaya obrabotka
metallov. 1997. Ne 7. S. 31-37. (rus.)

5. Skotnikova M.A., Lanina A.A. Krylov N.A., Iva-
nov Ye.K. Strukturno-fazovyye prevrashcheniya v pover-
khnostnom sloye lopatki parovoy turbiny pri kapleudar-
noy erozii. Problemy resursa i bezopasnoy ekspluatatsii
materialov. SPb: 1zd-vo SPBGUNIPT, 2007. S. 102—107.

6. Skotnikova M. A., Ushkov S.S. Razrabotka nauchno-
go printsip vybora okonchatelnoy termicheskoy obrabotki
dvukhfaznykh goryachedeformirovannykh polufabrikatov
iz splavov titana. Progressivnyye materialy i tekhnologii. /
TsNII KM Prometey. 1999. Vyp. 3. S. 91-98. (rus.)



Metallurgy and Materials technology

7. Skotnikova M.A., Chizhik T.A., Tsybulina I.N. Lani-
na A.A., Krylov N.A.. Ispolzovaniye titanovykh splavov v
kachestve materiala lopatok parovykh turbin. Voprosy ma-
terialovedeniya. 2007. Ne 3 (51) S. 61-70. (rus.)

8. Skotnikova M.A., Lanina A.A. Krylov N.A. Khom-
chenko Ye.V. Osobennosti stroyeniya materiala lopatok
parovykh turbin iz titanovogo splava VT6. Shornik tru-
dov: Problemy materialovedeniya pri proyektirovanii, izgo-
tovienii i ekspluatatsii oborudovaniya AES. SPb: Izd-vo
FGUP TsNII KM “Prometey”, 2010. S. 231-238. (rus.)

9. Park Js., Margolin H. Role a- and B-phases in dis-
tribution of fatique crack to alloys Ti-Mn. Metallurgical
Transaction. 1984. Vol. 15A. Ne 1. P. 155—169.

10. Holl I., Khammond K. Distribution of alloing ele-
ments between the phases Titanium alloys during ther-

mo-mechanical processing. Proceedings Conference Tita-
nium-77. Moscow, Russia, 1977. Vol. 1. P. 351.

11. Skotnikova M.A., Chizhik T.A., Lisyanskiy A.S.,
Simin O.N., Tsybulina I.N., Lanina A.A. Issledovaniye
rabochikh lopatok turbin bolshoy moshchnosti s uchetom
strukturno-fazovykh prevrashcheniy v metalle shtampo-
vok iz titanovogo splava VT6. Metalloobrabotka. 2009. Ne
6(54). S. 12-21. (rus.)

12. Gridnev V.N., Ivasishin O.M., Oshkaderov S.P.
Fizicheskiye osnovy skorostnogo termouprochneniya ti-
tanovykh splavov. Kiyev: Naukova dumka, 1986. 2565s. (rus.)

13. Yermolov M.I., Solonina O.P.. Rentgenostruk-
turnoye issledovaniye fazovykh prevrashcheniy pri ter-
moobrabotke titanovogo splava VI3-1. Fizika metallov i
metallovedeniye. 1967. T. 23. Ne 1. S. 63—69.

CNMUCOK JIUTEPATYPbI

1. ®enoros C.I., Koncranrunos K.M. HoBblii KOH-
CTPYKLIMOHHBIN MaTtepuail — Turan: MoHorpadusa. M.:
MaimmHoctpoenue, 1987. — 220 c.

2. Kanenn .., PazopenoB C.B., Yrkun A.B. Yiap-
HO-BOJIHOBBIE SIBJIEHUS] B KOHAEHCUPOBAHHbIX Cpenax —
M.: «SInyc-K», 1999. 408 c.

3. Jdeitu M.E., ®uaunnos I'.A. /IByxda3Hble TeYCHUSI
B 3JIEMEHTaxX TEIJIOPHEePreTUIeCKOT0 O00OpYIOBaHUSI.
MoHnorpacdus. M.: DHeproatomusaar, 1987. -328 c.

4. CkorHukoBa M.A., Ilapmmn A.M. Jluarpamma
pacrama ¥ pexxuMm TepMuyeckoil o0paboTKu aByxdas-
HBIX CIUIABOB TUTaHa. // MeTajyioBeeHe U TepMuie-
ckast oopabotka metayioB. 1997. Ne 7. C. 31-37.

5. CkornukoBa M.A., Jlanuna A.A. Kpsuios H.A.,
Neano E.K. CrpykTypHO-(ha3oBble MNpeBpalleHUs B
TTOBEPXHOCTHOM CJIO€ JIOTIATKK MTapoOBOi TypOWHBI MpHU
KaruieynapHoit sposuu // IlpobGieMbl pecypca u 6e3-
oracHoil sKcruryatauuu Marepuanos, CII6: W3m-Bo
CIIBI'YHuIIT, 2007. C. 102—107.

6. CkorankoBa M.A., Ymkos C.C. Pa3zpaboTka Hayu-
HOTO MPUHLMIT BbIOOpA OKOHYATEIbHON TepMUUYECKOM
00paboTku AByX(pa3HBIX ropssdenehopMUPOBAHHBIX ITO-
nypabpuKkaToB U3 cruiaBoB TuTaHa // IlporpeccuBHbIC
Marepuanbl u texHosnoruu. / UIHUW KM I[Ipomereii.
— 1999. Bpim. 3. C. 91-98.

7. CkotHukoBa M.A., Ymxkuk T.A., Ilpioyimna N.H.
Jlanuna A.A., KpsuioB H.A. VMcrionb3oBaHME TUTAHOBBIX
CIIJIaBOB B Ka4eCTBE MaTepuasia JOMmaToK MapoBbIX Typ-
6uH. // Bonpocsl MarepuanoBeneHus. 2007. Ne 3 (51).
C. 61-70.

8. CxkornukoBa M.A., Jlanuna A.A. Kpbuios H.A.
Xomuenko E.B. OcobeHHOCTH CTpOeHUST MaTepuaa Jio-
MaToOK MapoBbIX TYPOUH U3 TUTAaHOBOTO criaBa BT6. //
Co6opHuK TpynoB: [1pobiemMbl MaTepraaoBeAeHUS TIPU
MPOEKTUPOBAHUH, U3TOTOBJIEHUU U IKCILTyaTalluu 000-
pynoBanust ADC. CII6: Uzn-so ®I'YIT IHUU KM
“TTpomereii”, 2010. C. 231-238.

9. Park Js., Margolin H. Role a- and B-phases in dis-
tribution of fatique crack to alloys Ti-Mn. // Metallurgical
Transaction. 1984, Vol. 15A. Ne 1. P. 155—169.

10. Holl I., Khammond K. Distribution of alloing ele-
ments between the phases Titanium alloys during ther-
mo-mechanical processing. // Proceedings Conference
Titanium-77. Moscow, Russia, 1977. Vol. 1. P. 351.

11. CxornukoBa ML.A., Unmxkuk T.A., JIucanckuii A.C.,
Cumun O.H., Ipioymuna W.H., Jlanmna A.A. Vccrneno-
BaHUE paboYMX JJOMATOK TYpOUH OOJIbIION MOIITHOCTH C
YYETOM CTPYKTYPHO-(A30BbIX NMPEeBpaIIeHUI B MeTaJlIe
LITAMITIOBOK M3 THTaHOBOro cruiaBa BT6 // Mertamio-
obpaboTtka. 2009. Ne 6(54). C. 12-21.

12. Tpuanes B.H., MBacummn O.M., Omkane-
pos C.II. ®dusnueckrie OCHOBBI CKOPOCTHOTO TEPMO-
YIIPOYHEHUST TUTAHOBBIX cTtaBoB. Kues: HaykoBa mym-
Ka, 1986. 256 c.

13. Epmonos M.HM., Cononuna O.II. PentreHo-
CTPYKTYypHOE HcclenoBaHue (a3oBbIX MpeBpallleHuit
npu TepmMoobpaboTke TUTaHOBOro crutaBa BT3-1 //
®du3rka MeTa/uToB U MeTayioBeaeHue.1967. T. 23. No 1.
C. 63-69.

95



* St. Petersburg Polytechnic University Journal of Engineering Sciences and Technology. 3(249)’2016

96

CBEAEHUA Ob ABTOPAX/AUTHORS
KRYLOY Nikolai A. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.
E-mail: cryoff@rambler.ru

KPBIJIOB Hukonaii AlekcaHapoBud — KaHIUAAT TEXHUYECKUX HAyK BEAYILIMI HAYYHBII COTPYIHUK
Cankr-ITerepOyprckoro noaurexHuueckoro ynupepcurera I[lerpa Benukoro.

195251, Poccus, r. Cankr-IlerepOypr, [ToautexHuueckas yi., 29.

E-mail: cryoff@rambler.ru

SKOTNIKOVA Margarita A. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.
E-mail: skotnikova@mail.ru

CKOTHUKOBA Maprapura AjleKCaHIpOBHA — JTOKTOP TEXHUYECKMX HAyK 3aBeytoiasi Kadenpoi
Cankr-IleTepOyprckoro nmoauTexHuyeckoro yuusepcureta [letpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [Tonurexuuueckas yi., 29.

E-mail: skotnikova@mail.ru

TSVETKOVA Galina V. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.
E-mail: tsvetkova_gv@mail.ru

IIBETKOBA T'asmna BukropoBHa — KaHIMIAT TEXHUUECKUX HayK notieHT CaHkT-[letepOyprckoro
nonuTexHndeckoro ynusepcurera [lerpa Benukoro.

195251, Poccus, r. Cankr-IlerepOypr, [TonmutexHuueckas yi., 29.

E-mail: tsvetkova gv@mail.ru

IVANOVA GalinaV. — Peter the Great St. Petersburg Polytechnic University.
29 Politechnicheskaya St., St. Petersburg, 195251, Russia.
E-mail: galura@yandex.ru

MNBAHOBA I'asimna BanepneBna — 3aBenyoiias 1aboparopucii Cankr-IletepOyprckoro
nouTeXHn4Ieckoro yHusepcutera [lerpa Benukoro.

195251, Poccus, r. Cankr-IletepOypr, [ToautexHuueckas yi., 29.

E-mail: galura@yandex.ru

© Peter the Great St. Petersburg Polytechnic University, 2016



