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Abstract. The development of scientific and technological progress in mechanical engineering, energy, aerospace
and other industries is unthinkable without the creation of new structural materials that can improve the most important
parameters of engines, machines and mechanisms, assemblies, devices and increase their mass performance, reliability,
service life of products and reduce their material consumption. Products and aggregates from polymer composite
materials (PCM) can be obtained in various ways. In industrial production, the most widely used method of winding
and pressing. Pressing can be carried out using a mixture of preliminarily fiber and a polymer binder. One of the most
promising methods of forming products and assemblies from a variety of plastic is the method of winding with fiber,
due to the fact that it creates the required filler structure in the factories depending on their shape and operation
characteristics. All areas of effective use of polymer composite materials are reflected. This article discusses the
technological capabilities and applications of traditional and new varieties of the method. Even, the results of an
analysis of the prospects for the development of manufacturing technologies for products and aggregates from polymer
composite materials using the winding method are presented. There are methods of dry and wet winding. Consider
these winding methods. Winding is carried out on a mandrel mounted on a machine with numerical control. This
method is also called the spiral winding method. Existing approaches to the development of mathematical models are
described and created for the manufacture of complex structural elements, including products and an assembly with a
curved spatial axis, and so on.

Keywords: composite polymeric material; winding, pressure; fibre; reinforcing scheme; prepreg

OCHOBHI HAITPAMKH BJIOCKOHAJIEHHA PO3BUTKY TEXHQJIOFIi
BUI'OTOBJIEHHS BUPOBIB I3 ITOJIIMEPHUX KOMITO3UIINHUX
MATEPIAJIIB CIIOCOBOM HAMOTYBAHHA
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AHoTanisi. Po3BUTOK HayKOBO-TEXHIYHOTO MPOrpecy B MaIIMHOOY/IyBaHHI, €HEpreTHIli, aBlakOCMIYHIA Ta IHIINX
rajgy3sXx HPOMHCIOBOCTI HEMHCIMMHH 0e3 CTBOPEHHS HOBHX KOHCTPYKIIMHHX MaTepialliB, 3JaTHUX ITOJIIIINTH
HalBa)XJIMBILIl MapaMeTpH JBUTYHIB, MAallMH 1 MEXaHi3MiB, arperaTis, NPHJIaAiB, MIABHIIATH X MacOBi NMOKa3HHKH,
HaJiHHICTh, TEPMIH CIIy>KOM BHUPOOIB 1 3HM3UTH iX MaTepiajJomicTkicTb. BupoOu 1 arperatm 3 mONIMEpHHUX
koMmo3utiiaux Matepianis (ITKM) MoxHa OTpUMaTH pI3HUMH CIocoO0amMu. Y TIPOMHCIOBOMY BHUPOOHMIITBI
HalOUTBIIOTO TOIMMpPEHH HaOyiM METOIM HaMOTYBaHHS 1 mpecyBaHHS. [IpecyBaHHS MOXKe 3IIHCHIOBATHCS 3
BHKOPHCTAHHSAM CyMillli TOIMEpEeIHbO HAapyOAaHOTO BOJIOKHA 1 MoOJiMepHOro crosygHoro. OmHUM i3 HaHOimbII
OaraTooOimsgrounx MeToniB (GopMyBaHHA BHPOOIB 1 arperaTiB 3 pI3HOMAHITHOTO IUTACTHKA BHCTYIAE METOJ
HAMOTYBaHHS BOJIOKHOM, 3a PaxyHOK TOTO, III0 BiH CTBOPIOE HEOOXITHY CTPYKTypy HamloOBHIOBaua y (aOpukaTiB
3aeXHO Bin ix Qopmu i ocobmuBocTeil excruryaTamii. ¥ crarti ommcaHo cdepu epeKTHBHOTO 3acTOCYBaHHS
MOJIMEPHUX KOMIO3UIIIHUX MaTepianiB. PO3IIISTHYTO TEXHOJIOTYHI MOSKJIMBOCTI 1 raty3i 3aCTOCYBaHHS TPAAUL[IHHUX 1
HOBUX PI3HOBHIB crioco0y. HaBeneHo pe3ysbTaTi aHallizy [EepCleKTHB PO3BUTKY TEXHOJIOTiH BUTOTOBJIEHHS BUPOOIB 1
arperariB 3 MOJIMEPHHX KOMIIO3MLIHHMX MaTepialiB 3a IONOMOIOI METOAY CYXOTr0 Ta MOKPOro HaMOTYBaHHS.
HamotyBaHHS 311iHICHIOETBCS. Ha ONPABJICHHS, BCTAHOBJIEHE Ha BEPCTAT i3 YHUCIIOBMM NPOrPaMHHUM yrpaBiiHHAM. Lleh
METOJl Ma€ TaKOXX Ha3By METOJNy CIHIpaJbHOIO HaMOTYBaHHs. BHKIageHO ICHY[OYl MiAXOAM 110 pPO3poOIICHHS
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MaTeMaTUYHUX MOJEJIEH, CTBOPEHUX JJIsl BUTOTOBJICHHS CKJIaJHONPOQUIEHUX €JIeMEHTIB KOHCTPYKLIH, B TOMY 4HCIIi
BUPOOIB 1 arperaris 3 BUTHYTOIO ITPOCTOPOBOIO BiCCIO.

KuarouoBi ciaoBa: noaimepuuii komnosuyitinui mamepian (IIKM), namomyseanns, npecy@amniusi;, 60J0KHO, cxema
apmyeans, npenpez
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AHHOTanus. Pa3BuTHEe HAYYHO-TEXHHYCCKOTO MPOTpecca B MAINTMHOCTPOCHUH, DHEPTETUKE, aBUAKOCMUICCKON U
JPYTUX OTPACIISX MPOMBIIIICHHOCTH HEMBICIMMO 0€3 CO3/IaHHsl HOBBIX KOHCTPYKIIMOHHBIX MaTEPHAIOB, CIIOCOOHBIX
YIIYUIIUTh BRXKHEHIINE TapaMeTphl IBUraTesIeil, MallliH 1 MEXaHU3MOB, arperaToB, MpuOOpPOB, MOBLICUTH KX MacCOBbIC
MOKa3aTeN, HaJeKHOCTb, CPOK CIYXObl H3ACIMHA M CHU3UTh HX MAaTepHaJOeMKOCTh. M3nenus W arperatsl U3
MTOMMMEPHBIX KOMHO3WIMOHHBIX MarepuanoB ([IKM) wmoryr OBITP TONyYeHBI pa3NIUYHBIMHA crocobamu. B
MPOMBILINICHHOM TPOM3BOACTBE HAaWOOJIbIICe PACIPOCTPAHEHHE TMONYYHIM METOABl HAMOTKH M IIPECCOBAHMS.
IIpeccoBaHne MOXKET OCYLIECTBISITHCS C HCHOJNB30BAHUEM CMECH MPEIBAPUTENHLHO HAPYOJCHHOrO BOJOKHA U
MOJTUMEPHOTO CBsA3yromero. OMHUM W3 CaMbIX MHOTOOOCHIAIONIMX METOMOB ()OPMOBAHUS W3ACIHIA M arperaTtoB W3
Pa3HO00Pa3HOTO TIACTHKA BBICTYIIACT METOJl HAMOTKH BOJIOKHOM, 33 CUET TOTO, YTO OH CO3JIaeT TPEOYyEMYIO CTPYKTYPY
HATIOJTHUTEIIS B (paOpuKaTax B 3aBUCHMOCTH OT UX (OPMBI M OCOOCHHOCTEH IKCIUTyaTanuu. B craThe omucansl 0071acTH
3G (GEKTUBHOTO MPUMCHCHHS TIOJMMEPHBIX KOMIIO3UIIMOHHBIX MAaTepHanioB. PacCMOTpPEHBI TEXHOJIOTUYCCKUE
BO3MOKHOCTH M OOJIACTH MPUMCHEHUS TPATUIMOHHBIX M HOBBIX Pa3HOBUAHOCTEH crocoba. [IpuBeneHbI pe3ynbTaThl
aHaJM3a MEepCIeKTUB Pa3BUTHS TEXHOJIOTUI M3TOTOBJICHHUS U3/CIUN M arperaToB M3 MOJMMEPHBIX KOMITO3HUIIMOHHBIX
MaTepualioB C MOMOIIBI0 METOJa CYXOW M MOKpOH HaMOTKU. M3II0)KEeHBI CYIIECTBYIOUIME MOAXOAbI K pa3paboTke
MaTeMaTHYeCKHX MOJIENCH, CO3/IaHHBIX JUISi M3TOTOBJICHHS CIOXKHO-NPO(MUIIBHBIX 3JIEMEHTOB KOHCTPYKLHUH, B TOM
YHCIIe U3MICNIUH U arperaToB ¢ H30THYTOH MPOCTPAaHCTBEHHON OCHIO.

KuroueBble cioBa: noaumepHslii KomMnosuyuonuviid mamepuan (IIKM); namomka,; npeccoganue; 80JOKHO, cXemd
apMUpoBanUs; npenpee

Introduction. Currently, while the average  converters), automotive industry (hull parts, car
use of composite materials in mechanical tuning, outflow valve), the construction
industry is estimated to vary from 1.5 to 2%, in  industry (finishing materials, sanitary ware and

the majority of developed countries this rate  bathroom equipment), mechanical
can rise to 10-15%. Today, the USA, Germany, = manufacturing (pipes, containers, tanks) [1; 2].
France, Russia, China and the UK are Filament winding technique for polymer

considered the world leaders in developing  composites has been applied across industries
technology and equipment for manufacturing  since the 1950s, since when this manufacturing
composite materials. It is expected that the  technique has undergone further development,
annual growth in composites consumption in ~ which allowed designing high-strength
the aerospace engineering and automotive  lightweight parts and units, mainly used in the
industry could make up 8%, 6% respectively.  aerospace industry. In the filament winding
Today, the fabrication of composites has  process, a band of continuous resin-
become a strategic industry in many countries.  impregnated fiber rovings or tows is wound
For example, composites are extensively used  under tension around a rotating mandrel in a
in the shipbuilding industry (powerboat and  preselected fiber orientation pattern to produce
yacht hulls), aircraft industry (aircraft hull  hollow continuous fiber-reinforced polymer
parts), power systems engineering (wind energy =~ composite parts. After curing, the mandrel is
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removed, leaving the hollow composite
product. The shape of mandrel (circle, triangle,
rectangle, or ellipse) determines the shape of
the part or unit. For some products such as gas
bottles, the mandrel is a permanent part of the
finished product forming a liner serving as an
inner sealing shell [3; 4].

This method is wused to produce
revolutionary shaped products such as missile
hulls, structural parts of engines in missiles and
launch vehicles, submersible hulls, gun barrels,
body shells, balloons, tanks, barrels, tubes,
frames, air scoops, oar blades, etc.

There are several different types of
filament winding processes. The simplest
winding machines have two axes of motion, the
mandrel rotation and the carriage travel
(usually horizontal). This method is applied for
producing cylindrical products of
comparatively small diameter, for example
fishing rods, golf club shafts, etc. This process
involves winding filaments under tension over
a rotating mandrel. The mandrel rotates around
the spindle while a delivery eye on a carriage
traverses horizontally in line with the axis of
the rotating mandrel, laying down fibers in the
desired pattern or angle. The most common
filaments are carbon and are impregnated in a
bath with resin as they are wound onto the
mandrel. Depending on the resin system and its
cure characteristics, often the rotating mandrel
is placed in an oven or placed under radiant
heaters until the part is cured. Once the resin
has cured, the mandrel is removed or extracted.
Although this method is quite simple and
efficient, its drawback is that it cannot be
applied for producing pipes of large
diameter [5].

Thread winding machines are applied for
manufacturing products with high stress-
deformation and strength characteristics. This
method depending on the initial state of the
fabric applied has two technologies: dry
filament winding and wet filament winding.

In the dry winding method, the
reinforcement is in the preimpregnated form
termed towpreg. After several layers are
wound, the component is cured and removed
from the mandrel. The heating devices heat the
bonding agent applied to the fiber filler and
transfer it into a viscous state. Dry winding

creates high contact pressure in the molding
area. The use of a prepreg, which can be stored
for quite a long time, allows more precise
filler/binder ratio, this way simplifying the
technology of hybrid composites and improving
environmental performance.

One disadvantage of the dry winding
technology is the presence of a residual solvent
in the binder, which is the reason for the
decrease in the properties of the products
received. At the same time, due to the use of
solvents, the range of binder substances, —
including phenol formaldehyde, epoxy-
phenolic, epoxy, polyamide and resins, —
expands significantly. Another drawback of this
technology is that the product is formed at the
temperature of in the mandrel which is higher
than the melting point of the binder. As a result,
the composite may have cavities or voids
caused by incomplete saturation of the filler by
the binder, which is especially the case in fibers
with a developed free surface [6-8].

In wet winding, the operations of
impregnation of fibers and product forming are
combined in one technological process. Glass,
carbon and organic fibers are used as
reinforcing fillers. The fiber picks up resin
either by passing through a bath with a liquid
binder or from a metered application system.
An excessive bonding agent is returned by the
spin rollers. The reinforcing fibre bundles from
the creels or bobbins are fed through a series of
guides and a tensioning system a further set of
guide pins control the trajectory of the fibres
onto a drum impregnator located in a resin bath.
The individual components of the resin system
(for example, epoxy and amine) are mixed
manually in the required stoichiometric
proportions before being poured into the resin
bath. The impregnated fibres are directed to a
traversing carriage and a ‘D-eye’ which gathers
the impregnated fibre bundles into a ribbon
prior to winding them onto a rotating mandrel.
The carriage traverses horizontally along the
length of the rotating mandrel, laying resin-
impregnated fibres in a pre-determined fashion
onto the mandrel. The desired winding angle of
the fibres is achieved by controlling the traverse
rate of the carriage and rotation speed of the
mandrel. The amount of bonding agent
remaining after impregnation is controlled by
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force on the pressure rolls. The required
winding density is obtained by tensioning the
harness. As the thickness of the product
increases, the velocity ratio must be adjusted
according to the reinforcement scheme. This
circumstance determines the need for machines
using numerical control so as to fabricate
products with more stable properties.

The wet winding technology allows for the
production  of  high-strength  monolithic
products. However, the inability to employ
solvents causes technological difficulties in
ensuring the required viscosity of the bonding
agent. The viscosity of the bonding agent must
be maintained at least while the molding cycle
of one product or unit is in progress. The cause
of a large loss of resin is its wastage when it
comes into contact with the parts of the
processing equipment. In wet filament winding
technology, low-viscosity resins such as
unsaturated polyesters, complex vinyl esters,
low-molecular epoxy substances are employed.

Winding of a fibrous material over the
mandrel is often accompanied by air seizure,
which can result in the formation of cavities
and heterogeneity in the composite structure,
causing local destruction zones. Threads and
towpregs consist of numerous elementary
microfibers which tend to contain a large
number of microscopic capillaries. Therefore,
the primary task of impregnation is to replace
air and moisture in those micro- capillaries with
the resin. This process occurs according to the
laws of the capillary effect, to overcome which
requires creation of a pressure gradient in the
capillary. Improved fiber impregnation requires
the employment of resins with both lower
viscosity and coefficient of surface tension. The
solution to this problem appears to be
fundamental for ensuring stable quality of
composites.

Depending upon the winding nature of the
reinforcing material, there are several types of
winding patterns in composite product,
including circumferential (also known as hoop

winding),  helical,  polar, longitudinal-
circumferential, crosswise, planar patterned
winding and other. These reinforcement

winding trajectories are studied in detail and
extensively employed in manufacturing wound
composite products with pre-defined properties.

35

Theoretically, when winding the fibers on a
mandrel surface, it is possible to organize any
the fiber trajectories and the resulting winding
pattern. Yet empirically, there are objective
restrictions to the winding trajectories when
winding complex-profile composite parts.
Knowledge of differential geometry is used to
obtain the winding trajectories. Geodesics are
defined as the shortest paths between two
arbitrary points on a surface. They can simplify
the calculation and the computational effort for
obtaining winding trajectories on a surface.
However, for design flexibility, the complete
coverage of a mandrel surface, and especially
for optimization purposes non-geodesic paths
are used. Unlike geodesic paths, non-geodesic
paths are not stable. Friction forces become
essential to keep these paths from slipping and
therefore the friction coefficient is a key
parameter to be measured.

Fig. 1. Curved Axis Product Model

Fig. 2. Model of a complex product

Fig. 3. Convex Concave Product Model
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There is specialized equipment designed to
perform a certain winding technology. The
majority of world manufacturers tend to be
moving in two main directions regarding the
improvements of winding equipment: the
development of versatile machinery equipped
with maximum additional winding means and
variable geometry of operating area.

The objective number one at present is to
develop winding composite technologies which
are shown in Figures 1-3. Numerous designs of
this type exist in contemporary aircraft and
space engineering technology. However, there
has been no experience of winding such
composite parts and units in the world’s
practice yet, since the manufacturing procedure
of these complex structures should be preceded
by an ample array of research, design,
technological and computation works.

Indeed, the development of complex
structures should begin with formulating a
general concept of the product, including
computational and designing procedures of
special technological and winding equipment.
Product manufacturing procedures prove to
have a significant impact on the physical and
mechanical properties of composite material
and the design parameters of the product
created [9-11].

Meanwhile, new methods and applications
of winding technology are being developed.
One of them is perform/liquid molding. The
features of this type of process could be
described as follows. Unimpregnated fibres are
initially made into part performs and then

placed in assembled mold cavities or vacuum
bags. With the aid of applied vacuum pressure
the resins are injected and flow into the
performs along the part plane. The
technological parameters of this process include
the density of the wound part, the time, the
pressure and the temperature of the
impregnation. The use of a vacuum bad allows
the improvement of the quality of the external
surface of products. This technology is proved
to be promising, since it combines the
advantages of winding and injection pressing.

A continuous technology of producing
long-length composite parts from polymer
composite materials combines stretching and
winding of the spiral layer. The received
product has a multi-directional reinforced
structure. At the same time, the inner layer of
the product consists of uniaxial-directed fibers,
while the outer layer consists of spiral-directed
fibers. Solid and hollow products appear to
have a unique set of physical and mechanical
characteristics.

Conclusion. Characterising the current
state of the composite industry as a whole, it is
noteworthy that domestic manufacturers of raw
materials and equipment for composite
materials are still lagging behind their
international counterparts is. It is of utmost
importance to develop the market segment of
composite materials that is not yet entirely
occupied, employing winding technology and
equipment in  mechanical  engineering,
metallurgy, the oil and gas, chemical and
processing industries.

REFERENCES

1. http://ucci.ur.ru/press-center/news/yr2010/mn6/dy22/46

2. http://www.matrasurcomposites.com/articles/kompositny_mir 2008.pdf

3. Bulanov I.M. and Sparrow V.V. Tekhnologiya raketnykh i aerokosmicheskikh konstruktsionnykh materialov
[Technology of rocket and aerospace structural materials]. Moscow : Publishing House of MSTU named after

N.E. Bauman, 1998, 516 p. (in Russian).

4. Vorobey V.V. and Evstratov S.V. Novyye napravieniya v sovremennoy tekhnologii namotki konstruktsiy iz
komporzitsionnykh materialov [New directions in the modern technology of winding structures from composite
materials]. Vestnik MAI [MAI Bulletin]. 2009, vol. 16, no. 1, pp. 61-72. (in Russian).

5. Uglerodnyye volokna [Carbon Fiber]. Edited by S. Simamura: Per. with Japanese. Moscow: Mir, 1987, 304 p.

(in Russian).

6. Grigoryev S.N. and Martinov G.M. Perspektivy razvitiva raspredelennykh geterogennykh sistem CHPU
detsentralizovannymi proizvodstvami [Prospects for the development of distributed heterogeneous CNC systems by
decentralized industries]. Avtomatizatsiva v promyshlennosti [Automation in Industry]. 2010, no. 5, pp. 4-8.

(in Russian).


http://www.matrasurcomposites.com/articles/kompositny_mir_2008.pdf

Bicauk [IpuaHinpoBchKoi AepxaBHOT akaieMii Oy iBHULTBA Ta apXiTekTypu, 2020, Ne 1 (261-262), ISSN 2312-2676

7. Grigoriev S., Melnik Yu. and Metel A. Broad fast neutral molecule beam sources for industrial — scale beam —
assisted deposition. Journal of Surface and Coating Technology. 2002, vol. 156, no 1-3, pp. 44-49.

8. Grigoriev S.N., Melnik Yu.A., Metel A.S, Panin V.V and Prudnikov V.V. Kompaktnyy istochnik para materiala
provodyashchey misheni, raspylyayemoy ionami s energiyey 3 kev pri davlenii 0,05 Pa [A compact source of steam of
the material of a conducting target sputtered by ions with an energy of 3 keV at a pressure of 0.05 Pa]. Pribory i
tekhnika eksperimenta. [Instruments and experimental technique]. 2009, no. 5, pp. 127-133. (in Russian).

9. Grigoryev S.N. and Borovsky V.G. Razrabotka tekhnologii naneseniya iznosostoykikh pokrytiy na rezhushchiy
instrument na osnove mineralokeramiki i kubicheskogo nitrida bora [Development of technology for applying wear-
resistant coatings on cutting tools based on mineral ceramics and cubic boron nitride]. Obrabotka metallov:
tekhnologiya, oborudovaniye, instrumenty [Metal processing: technology, equipment, tools]. 2003, no. 3, pp. 5-6.
(in Russian).

10. Grigoryev S.N., Melnik Yu.A., Metel A.S. and Panin V.V. Istochnik shirokogo puchka bystrykh atomov,
poluchayemykh pri perezaryadke ionov, uskoryayemykh mezhdu dvumya oblastyami, zapolnennymi plazmoy [Source of
a wide beam of fast atoms obtained by recharging ions accelerated between two regions filled with plasma). Pribory i
tekhnika eksperimenta [Instruments and experimental technique]. 2009, no. 4, pp. 166—172. (in Russian).

11. Metel A.S., Grigoryev S.N., Melnik Yu.A. and Panin V.V. Zapolneniye rabochey kamery tekhnologicheskoy
ustanovki odnoorodnoy plazmoy s pomoshch'yu statsionarnogo tleyushchego razryada [Filling the working chamber of
a technological installation with a uniform plasma using a stationary glow discharge]. Fizika plazmy [Plasma Physics].
2009, vol. 35, no. 12, pp. 1140-1149. (in Russian).

CIITMCOK BUKOPUCTAHUX JI’KEPEJI

1. http://ucci.ur.ru/press-center/news/yr2010/mn6/dy22/46

2. http://www.matrasurcomposites.com/articles/kompositny_mir 2008.pdf

3. Bymanos . M., Bopobeii B. B. TexHoi0THA pakeTHBIX W a3POKOCMHYECKUX KOHCTPYKIMOHHBIX MAaTE€PHAJIOB :
MoHorpadust. Mocksa : MU3n-so MI'TY um. H. D. baymana, 1998. 516 c.

4. Bopobeii B. B., EBctpatoB C. B. HoBble HampaBieHHs B COBPEMEHHOW TEXHOJOTHH HAMOTKH KOHCTPYKITUH U3
KOMITO3UITHOHHBIX MaTepualioB. Becmuux MAHM. 2009. T. 16, Ne 1. C. 61-72.

5. Yrnepoansie BosiokHa / o pea. C. Cumamypsl : iep. ¢ ssmoH. Mocksa : Mup, 1987. 304 c.

6. I'puropse C. H., Maptunos I'. M. IlepcnekTuBbl pa3BUTUSL PACHpPEENIEHHBIX IeTeporeHHbIx cuctem UITY
JIeUEHTPaIN30BaHHBIMU IPOU3BOACTBAMU. Asmomamusayus 8 npomviuinennocmu. 2010. Ne 5. C. 4-8.

7. Grigoriev S., Melnik Yu., Metel A. Broad fast neutral molecule beam sources for industrial — scale beam —
assisted deposition. Journal of Surface and Coating Technology. 2002. Vol. 156, Ne 1-3. Pp. 44-49.

8. I'puropses C. H., Mensauk 1O0. A., Merens A. C., Ilanun B. B., Ilpynuaukos B. B. KoMnakTHbIi HCTOUHUK Hapa
MaTrepuaia MPOBOJAIICH MHINECHH, PacbUIIeMOl MOHaMH ¢ dHeprued 3 k3B npu gasnenuu 0,05 Ila. Ilpubopwr u
mexnuka sxcnepumenma. 2009. Ne 5. C. 127-133.

9. I'puropres C. H., boposckuii B. I'. Pa3paboTka TeXHOIOTHN HaHECEHHS] HN3HOCOCTOMKUX IMOKPBITHN HA PEXKYITHI
WHCTPYMEHT Ha OCHOBE MUHEpAJIOKepaMUKH M KyOmdeckoro HuTpuaa Oopa. Obpabomkxa Mmemanios: mexHol02us,
obopyoosanue, uncmpymernmaol. 2003. Ne 3. C. 5-6.

10. I'puropwes C. H., Mensauk 0. A., Metens A. C., [Tanun B. B. McTouHnK mMHPOKOTo MydKa OBICTPHIX aTOMOB,
MOJTy4aeMbIX TPH Mepe3apsaKe HOHOB, YCKOPSEMBIX MEXIY JABYMs OOIACTSIMH, 3alIOTHEHHBIME I1a3Moi. [Ipubopul u
mexnuxa sxcnepumenma. 2009. Ne 4. C. 166-172.

11. Merens A. C., I'puropreB C. H., Mempnuk }O. A., Ilanun B. B. 3anonnenne pabouell Kkamepbl
TEXHOJIOTUYECKOH YCTAaHOBKM OJIHOOPOJHOW IUIa3MOHM C ITOMOLIBbIO CTAallMOHAPHOTO TIEIOUIEro paspsaa. Dusuxa
naazmer. 2009. T. 35, Ne 12. C. 1140-1149.

Hapiiinuia no pemakuii 13.12.2019.

37



