XIX INTERNATIONAL SCIENTIFIC‘§3:Q_NGRES§

WINTERSESSION. -
. 09 12:03:2022, BOROVETS, BUlGﬂRI.ﬂ il
: N\ ;_._;'f J J /]

| | ’! . g
i ] || [f ’[ . 1','“1!". ) ..

= EXH G ",
e < HOpe
SRS P, W
"= = "-H} 1 N
2 e '*,,,- 9 ‘i g
= _!-' ‘_.-"'J- _‘;

?é" 1

4
%)

" We = WO
i e GRES o)
e e p\
; .r."” .,
s :’
F. 4 f”’l’ _—

Y H /
Aff’;-::.

JJIJIIIIJ A — L

£

A
/ #
A

e ==,
T ——
e

VOLUME ey
TECHNOLOGIES

057 loosx (QMENE)

SCIENTIFIC-TECHNICAL UNION OF MECHANICAL ENGINEERING - INDUSTRY 4.0
BULGARIA



XIX INTERNATIONAL SCIENTIFIC CONGRESS
MACHINES. TECHNOLOGIES. MATERIALS

09-12.03.2022, BOROVETS, BULGARIA

PROCEEDINGS

YEAR V, ISSUE 2 (22), BOROVETS, BULGARIA 2022

VOLUME Il
TECHNOLOGIES.

ISSN 2535-0021 (PRINT)
ISSN 2535-003X (ONLINE)

PUBLISHER:

SCIENTIFIC TECHNICAL UNION OF MECHANICAL
ENGINEERING
INDUSTRY-4.0

108, Rakovski Str., 1000 Sofia, Bulgaria
tel. (+359 2) 987 72 90,
tel./fax (+359 2) 986 22 40,
office@mtmcongress.com
www.mtmcongress.com



INTERNATIONAL EDITORIAL BOARD

Chairman: Prof. DHC Georgi Popov

Members:

Acad. lvan Vedyakov
Acad. Yurij Kuznetsov
Prof. Aleksander Mihaylov
Prof. Anatoliy Kostin

Prof. Adel Mahmud

Prof. Ahmet Ertas

Prof. Andrzej Golabczak
Prof. Boncho Bonev

Prof. Gennady Bagluk
Prof. Detlef Redlich

Prof. Dipten Misra

Prof. Dmitry Kaputkin
Prof. Dmitry Dmitriev

Prof. Eugene Eremin
Prof. Ernest Nazarian
Prof. Juan Alberto Montano
Prof. Esam Husein

Prof. llir Doci

Prof. lvo Malakov

Prof. Katia Vutova

Prof. Krasimir Marchev
Prof. Leon Kukielka

Prof. Lyudmila Ryabicheva
Prof. Milan Vukcevic

RU
UA
UA
RU

TR
PL

BG
UA
DE

RU
UA
RU
AM
MX

KO
BG
BG
USA
PL
UA
ME

Vice Chairman: Prof. D.Sc. Tsanka Dikova

Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.
Prof.

Mihail Aurel Titu
Mladen Velev
Mohamed EI Mansori
Movlazade Vagif Zahid
Nikolay Dyulgerov
Oana Dodun

Olga Krivtsova
Peter Kostal

Raul Turmanidze
Renato Goulart
Roumen Petrov
Sasho Guergov
Seiji Katayama
Sergej Dobatkin
Sergej Nikulin
Stefan Dimov
Svetan Ratchev
Svetlana Gubenko
Sveto Cvetkovski
Tale Geramitchioski
Vadim Kovtun
William Singhose
Yasar Pancar

Wu Kaiming

RO
BG
FR
AZ
BG
RO
Kz
SK
GE
BR
BE
BG
JP
RU
RU
UK
UK
UA
NM
NM
BY
USA
TR
CN



CONTENTS

TECHNOLOGIES

Creation of an experimental installation for the implementation of a combined process
PhD Volokitin A.V.; d.t.s., professor Naizabekov A.B.; PhD Volokitina I.E., Lavrinyuk D.N. ..........cccocerniiniinniniineen 112

Structural Network for the Implementation of “Industry 4.0” in Production Processes
Isak Karabegovi¢, Raul Turmanidze, Predrag DASIC ......ccceieieerieiiiiies e s eise et a ettt sa et teenesne e snennensenensen oa 115

Changing the properties of steel-copper wire in the process of "'ecap-drawing"
PhD Volokitina I.E.; d.t.s., professor Naizabekov A.B., PhD Volokitin A.V., Panin E.A. ..o 119

Design and 3D printing of holders for XRF analysis requiring small volumes of sample
Liliya Tsvetanova, NiKOIa KUVANGJIEY .........coiiiiiiiiiieti ettt bbb bt e bbb bbbt 122

Optimization of the synthesis of mesoporous titanosilicate ETS-10: Problems and unexpected difficulties
Liliya TSVEtanova, BOFISIAV BArDOV ........c..coviiiiiiiieice et sttt ettt st st sa st e st e sbenaenten sesenreans 125

Ultra-short laser patterning of silk fibroin thin films - a potential scaffold platform in tissue engineering applications
Albena Daskalova, LiliYa ANGEIOVA .........ccviiieiiiiiie ettt e e st e st e te e ae et e eneesteaseeseeseeenbenteanseneesneeneenreens 128

Simulation Modelling of Coefficient of Restitution
Nikolay Stoimenov, Miglena Paneva, Gabriela Kotseva, Blagoy SOKOIOV .........cccccveiieiieiiiice et 132

Deposition of ZrO2 thin films obtained by sol-gel method on monolithic composite with layered structure of Nb30Ti/Al
Vladimir Petkov, Mihaela Aleksandrova, VIadimir BIASKOV .........c.cocviiiiiiiiiiiiic et ettt ste e s st sree s 136

Technology for production of reduced yellow paving stones on the basis of modified marl clay from the Alexandra
guarry, the village of Lovets, Bulgaria (Part 1)
Gergana Mutafchieva, Lyuben Lakov, Mihaela Aleksandrova, Gabriel PEEV ..........c.cccovviiiiie i 140

Innovative technologies for the production of high-oxide corundum and boron carbide ceramics
Lyuben Lakov, Mihaela Aleksandrova, Gergana Mutafchieva, Gabriel PEEV ..........cccoccvviiieiieie i 144

Constructions for introduction and homogenization of elements in melts of aluminum and aluminum alloys
Chief Assistant PhD Boyko Krastev, Assoc. Prof. PhD Valentin Manolov, Assoc. Prof. PhD Angel Velikov .............c......... 150

Study of the microstructure evolution during forging in a new design strikers implementing alternating deformation by
finite element method

Lezhnev Sergey Nikolaevich, Naizabekov Abdrakhman Batyrbekovich, Panin Evgeniy Aleksandrovich,

Kuis Dmitry Valeryevich, Stepankin 1gor NIKOIGEVICK ...........coiiiiiiiiii et e 153

Influence of the forging process in step-wedge-shaped strikers on the destruction nature of the deformable metal
Volokitin A.V., Tolkushkin A.O., Panin E.A., PISNCRIKOV V. ..ottt e 157

The technology of obtaining copper-ferrochrome composite material
Lyudmila Ryabicheval, AleKSandr DYAGICREV ..........ccccciriiiiiiiiiii s e 159

Technology and fixtures for assembling and machining of a crane column
TS o o €0 DT S 7T (0 1 N SRS 161

A model of seismic piezoelectric sensor
ASSOCIate ProfESSOr BOYCNEY Y. D. ...ttt ettt b e b b e bt st e s e bt bt e b e b e e et ebeeb e et e sbe s e enenneans 166

Analysis of specific absorption rate of electromagnetic field, generated by smartphone
MAGAAIENA GAINVANOVA .....c.viiieiiitiiie ettt sttt e ettt ebesbe e et e be b e e st e bt e eeeee et eb £ e EeeE e ebe b e s be s e eb e e R e eE e ebeeE e eeen b e et eseeReebenbenbesbensanet e 170

An evaluation of wind energy potential in Topoja area, Albania.
Elena Bebi, Majlinda Alcani, Lorenc Malka, Artan LESKOVIKU ........c.ccvcviiiiiiiine st e nens 174



Identifying Photovoltaic Water Pumping (PVWP) Systems Opportunities in Albanian’s Agriculture Context.
lirian Konomi, Lorenc Malka, ErMONEIA RIAPA] ...c.vevivviiiirieieeeise sttt ettt es e eaeeaseve et s enseseesseseeseesenes 179

Electricity generation from PV plants up to 2MWp in Albania. Case study: Térbuf-Divjaka Municipality
lirian Konomi, Lorenc Malka, Ermonela RIQPAJ ....cceiveiveieiiiiiiisieieieiee ettt ettt ae et et s easeaeeaeeaeeeaeesennen 185

Modeling of functional dependences by hermitian splines with exponential-power expression in links
Bohdan Markovych, 1hor Medynskyi, YaropoIK PIZYUF ..........cociiiiiiirieireeeeeeee ettt 191



MACHINES. TECHNOLOGIES. MATERIALS. 2022

C03[1a}me 3KCHepHMeHTaJ1bHOﬁ YCTAaHOBKH JJIS1 peajin3anuun KOMﬁI/IHI/IpOBaHHOI‘O nmponmecca

Creation of an experimental installation for the implementation of a combined process

PhD Volokitin A.V.; d.t.s., professor Naizabekov A.B.; PhD Volokitina I.E., Lavrinyuk D.N.

Rudny industrial institute, Rudny, Kazakhstan
e-mail: dyusha.vav@mail.ru

Abstract: The design of the main deforming elements, tooling and installation for the implementation of a combined process of high-
pressure torsion and cryogenic cooling has been carried out. Based on the analysis of scientific and technical literature and modeling in the
Deform software package, design drawings were developed. At the first stage of creating an experimental installation for the implementation
of the combined process, the design of tools and equipment for this installation was carried out. In particular, several parts were designed
and manufactured: the upper striker, which is informed by the translational movement from the press; the lower striker, which is informed by
the torque from the translational movement of the upper striker and the matrix; the matrix and the upper and lower holders. At the second
stage, for the deformation of piston rings, the design and creation of an installation for the implementation of a combined process of high-

pressure torsion and cryogenic cooling was carried out.

Keywords: SEVERE PLASTIC DEFORMATION, HIGH-PRESSURE TORSION, STAMP DESIGN, SIMULATION.

1. Beeoenue

OxHOH M3 OCHOBHBIX 337124 (PH3HMYECKOTO MaTEPHAJIOBEICHHUS
SBIIsIeTCsl oOecrieueHre TpeOyeMoro coueTaHus TEXHOJIOTHUSCKUX
U OKCIUTyaTallMOHHBIX CBOWCTB COBPEMEHHBIX MaTepHalIOB.
MexaHn4eckue CBOMCTBAa 3aBUCAT OT TaKUX CTPYKTYPHBIX
apameTpoB, Kak pa3Mepsl 3epeH, IUIOTHOCTh JAWCIOKAIMH, THIIBI
MEXKPHCTAJUINTHBIX ~ TPaHMUII. Haubonee  mpocteiM  u
3¢ heKTUBHBIM crnocoboM  TOXy4eHHUs MaTepuanoB c
YAbTPaMEIKO3EpHUCTON CTPYKTYpOH SIBIISIETCSL
TepMoMexaHnueckas oOpaborka (TMO), ocHOBaHHas Ha
COYeTaHWH OOJIBPIIMX IUIACTHYECKHX JIe(OpManuidi U OT)KUTOB.
Bapeupys pexumer TMO, MOXHO THOIy4aTb CTPYKTYphl C
pa3IMYHBIMY MMapaMeTpaMy B Pe3ybTaTe Pa3BUTHS TEX WM HHBIX
PEKPUCTAIIM3aMOHHBIX MPOLIECCOB, YTO IO3BOJIIET 3a CUET
MHKPOCTPYKTYPHOTO nu3aiiHa yIpaBiIATh CBOWCTBaMHU
MaTepHaNoB B MIMPOKUX Ipeenax.

MeToasl WHTEHCHBHOTO IUIACTHYIECKOTO Ae(hOPMUPOBAHUSL
(UI1d), B oTnmuue OT TPamUIHOHHBIX METOAOB 00paboTKH
METAJIOB IaBJICHHEM, HAMpPABICHHBIX IPEHMYIIECTBEHHO Ha
¢dbopmooOpa3oBaHHe,  HCIOJB3YIOTCS A 3HAYUTEIBHOTO
U3MEHEHHS CTPYKTYpHl, (ha30oBOro cocraBa, (U3UUECKUX H
MEXaHUYeCKUX CBOWCTB. Hawmbonee wuccieayeMbiM U3  Bcex
meronoB UIIJ[ sBusieTcss MeTox KPYYeHHs TIIOJ BBICOKHM
naBineHueM. JlaHHbIl Metox Obu1 paspaboran I1.Y. bBpumxmenom
(HoGenesckas mpemust mo ¢pmsuke B 1946 r.) B 1950-x rT. U B
nanpHeiimeM pa3BuT B paborax JI.O. Bepemarumna, H.C.
Enukononsna, B.E. [lannnaa u apyrux ydensix u3z Poccun, CLLIA,
Agctpuu, Anonun u Kurtas. DTOT METOJ MO3BOJISIET MPOBOIAUTH
HETIPEepBIBHYIO Je(OpMaIMi0 MaTepualioB, Aaxe XPYNKHX H
NPOYHBIX, OO0 OYE€Hb BBICOKUX CTeHeHeﬁ, npu4eM MOXKHO
M3MEHATh TeMIEpaTypy AeGpOpMUPOBaHUS B LIMPOKOM AHAIa30HE.
B mocmemHme rompl OTMedaeTcs IOBBIICHHBIH HMHTEpEC K
HCTIONB30BaHAIO0 BO3MOXHOCTEl MWHTEHCHBHOW aedopMaruy Ipu
TeMIepaType >KHIKOTO a3oTa wWim Onu3koii k Hell. Taxkas
006paboTKa HE CONPOBOXKIACTCS AWHAMHYECKAM BO3BPATOM HIIH

peKkpucTaM3anuei, 4To mo3BoisieT Oonee  dddexTHBHO
M3MENIBUUTD 3EPEHHYIO CTPYKTYpY [1-3].
B cBa3u ¢ stum NpEACTaBIACT HHTEPEC MPUMEHCHUEC

MHTCHCHUBHOTO OXJAXACHUSA B JKUIKOM a30Te MpH aehopMalivu,
YTO TO3BOJHT IOJYYHTh OJIHU3KOE K ONTHMAILHOMY COYETaHHE
MPOYHOCTH U IIACTHYHOCTH MaTepuaa.

T'eomerpuueckast ¢opma obpasiia TakoBa, 4YTO OCHOBHOM
o0beM MaTepuania nepopMUpyeTcst B YCIIOBHSIX
KBa3UTHIPOCTATHYECKOTO CXKATHS M0/ ISHCTBHEM MIPUI0KEHHOTO
JaBJICHUSI M JaBJCHHUS CO CTOPOHBI BHEIIHHUX CJOeB oOpa3ua. B
pesynbrare aedopMHupyeMblii oOpa3sel, HECMOTpPsi Ha OOJBLIYIO
cTerneHb AedopMaliy, He paspymiaercs. MeToJoM KpydeHUs! Mo
BBICOKHMM [IaBJICHHEM TaK)Ke BO3MOKHass 00paboTKa 3aroTOBKU B
¢dopme koumbia, mo mnpemiokennoit C. Dpbenem cxeme [4].
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JlaHHBII MeTOJ UMeeT pa3BUTHE U YJIyULICHUs HAIpaBICHHbIE Ha
MOBBIIICHUE PA3IHYHBIMHE ITyTIMH OJHOPOTHOCTH IOIydaeMoi
CTPYKTYpPHI B IIGHTpe U Ha nepudepun oodpasma, TEXHOIOTHIHOCTD
U pacIINPEeHNe TUIIOB MPOU3BOIUMBIX MaTEPHANIOB.

2. Paspabomka HOo6O0U

KOHCmpyKuuu

Kax u3BecTHO, B Ipolecce Kpy4eHHsI 0] BEICOKHM JaBICHUEM
IBIDKEHHE 1e(OPMHUPYIOIET0 HWHCTPYMEHTa COCTOMT H3 JIBYX
THUIIOB: NOCTYNATENBHOTO M BpalaTeJIbHOro. B kauectBe pabouero
MeXaHM3Ma JJIsl pean3aluy JaHHOTO CII0co0a HACabHO MOIXOMST
IpecChl, TO3BOJAIOIIAE CO34aTh BBICOKOE THPOCTATHYECKOE
naBieHne npu cxatud. OZHAKO TJIABHOM TPYAHOCTHIO SIBISIETCS
HEOOXOJMMOCTh OCYIIECTBICHHS OIEPAluy KPY4YEeHHUs BJONb OCH
3arotoBku. Mg 3TOro HEoOXOAMMO COOOMMTH OIpEeTeHHBIH
KPYTSAIIUA MOMEHT JeOpMHUpYIOIEMYy HHCTPYMEHTY, dTO
3a4acTyl0  SIBJSIETCS ~ HEBO3MOXKHBIM ~ M3-32  0COOEHHOCTE
KOHCTPYKIIMH OOJBIIMHCTBA NPECCOBOro obopynoBanus. [loatomy
€/IMHCTBEHHBIM BO3MOXKHBIM BapHaHTOM B 3TOM CJydae OCTaeTcs
obecriedeHne KpydeHUs JeOopMHUpYIOIIEro HMHCTPYMEHTa IIpU
HEM3MEHHOM MPSMOJIMHEHHOM [BIDKEHHM ITyaHCOHa IIpecca.
Pemenne 5ToM TexHUMYEeCKON 3aJaud MOXET pealu30BaHO Ha
MpPaKTUKE TONBKO MPH HAIWYMH COCTAaBHOTO Ae(hOPMHPYIOUIETO
MHCTPYMEHTA, BKJIIOUAIONIEro B ce0s Kak OJIOKH IepeMeIeHus, TaK
Y BpalICHHMSI.

Jlnst peanu3anuu mporecca Kpy4eHHs 0/ BBICOKHM JaBJIeHHEM
Ha CYIIECTBYIOIIEM 00OpymoBaHuu aboparopuu kadempbl Mul J{
Obuta pa3zpaboTaHa crienuanbHAs KOHCTPYKIHMS, ITO3BOJISIOLIAs
peann3oBaTh MPOIECC CKPYYUBAHHS ITOJ BEICOKUM JABJICHHEM, 32
CUeT MPSIMOJIMHEHHOTO JABIDKEHUsSI OOWKa OTHOCHTEIHHO CTaHUHBL
[MpsiMonuHelHOE ABIKEHUE BEPXHEro 0oifKa, ¢ 3aKpeIUICHHBIM Ha
HEM HIDKHHUM OOWKOM, 3a CUeT CHJ KOHTaKTHOTO TpPEHHS
HaIlpaBJICHHBIX I10[] HAKJIOHHBIM YIJIOM K OTBCTHOM YacTH
MaTpULbl, Neperaer el KpyTAIMHA MOMEHT, B pe3yjibTaTe 4ero
NPSMOJIMHENHOE IBUKEHHUE IPEBPAILAETCs B IBUXKEHUE KPYUEHUE.

Ha ocHOBe aHanmm3a Hay4HO-TEXHHYECKOW JIUTEpaTypbl H
MOJIENMPOBaHusl B mporpamMmuoM Komruiekce Deform [5-6] Obumm
pa3paboTaHBl YepTeXM KOHCTPYKIMH. KOHCTpyKHmMS cCOCTOMT u3
HECKOJBKMX dacTel: BepxHero Ooiika (puc. 1), KoTopomy
coo0Imaercss MOCTyIaTeNbHOE JBIDKEHHE OT Tpecca; HIDKHETo
Ooiika (puc. 2), KOTOPOMY COOOLIAaeTCsl KPYTSAIIMT MOMEHT OT
MOCTYIATEILHOTO IBIYKSHUsI BEpXHETo Oolika M MaTpHLbl (puc. 3) B
KOTOPO# HaXOJHUTCsI 3aTOTOBKA B BUJE KOJIbIIA.

uepmedjicen
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Puc. 3 Yepmedic mampuyvl

Ha HmxHel rpann BepxHero 0oika co3gaHbl 4 MepUOINIECKHX
BBITOYKH CIIUPALHON (opMsl. [Ipn 3TOM B eHTpe BepxHero Ooiika
MPEAYCMOTPEHO  IWIMHAPHYECKOE  OTBEPCTHE  JUIT  IITOKA
neOpMUPYIOIIEro 3J1eMEHTa M O00ECHEeYeHUs COOCHOCTH OOOUX
60MKOB.

Hwxuuit  6oek uMeeT Heckouibko —crymeHedl. JlaHHoe
KOHCTPYKTUBHOE pEIIeHHE SIBIsETCS HEOOXOAMMBIM, MOCKONIBKY B
JaHHOM Clly4ae pedb HUAeT O Je-(pOPMHPOBAHUM KOJBIEBOM
3arOTOBKM, a He gauckoBod. [lepBblif mepexox  (BTopas
NIPOMEKYTOYHAs CTYIIEHb) OOECIeunBaeT CBOEH OOKOBOH TI'paHbBIO
COIPHKOCHOBEHHE C OOKOBOII TpaHBIO CTakaHa, B KOTOPBIH
3aKJaibIBaeTCAd 3aroToBKa. BTopoil mepexonx (TpeThsl HWKHASL
CTYIEHB) 00ecreyrBaeT KOHTAKT C 3arOTOBKOH IO €¢ BHYTPEHHEMY
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paauycy, IOIyTHO MOJHOCTBIO 3aMbIKasi €€ MoMepedHoe ceueHue. B
COOTBETCTBUM C 3THM IPUHIMIIOM, BHYTPEHHSs (OpMa MaTpHIIBI
TaKxkKe IOJDKHA MMeTh cryneHdaryio ¢opmy. Illupuna crynenu
JOJDKHA COOTBETCTBOBATh MIMPUHE 00OpabaThiBaeMOW KOJBIEBOM
3arOTOBKH.

Jis 3akperuleHUs KOHCTPYKIMU Ha THJPABIMYECKOM IIpecce
ObUM  pa3paboTaHbl  yISp)KUBAIOIIME  JJIEMEHTHL:  BEpXHHI
neprkarelts (puc. 4) M HIDKHUI gepxatensb (puc. 5).

Puc. 5 Yepmeorc nuscnezo depocamens

8001172

e

=

2411008

\Z=] Popcyrna dng nodasw
asoma

PR T E T L T

Monuypemar

o

Puc. 6 Qopcynku cnaunkiepHo2o muna

Jlis peayu3alyy mpouecca Kpy4eHHUs! o BHICOKUM JaBIICHHEM
C KPUOTCHHBIM OXJIOKACHUEM B HIDKHEM OO#Ke BBIIOIHEHO
TEXHOJIOTMYECKOE OTBEPCTHE, B KOTOPOE YCTAaHOBJIEHA (OpCyHKa
JUISL TIOZA4¥ JKMAKOTO a30Ta B Kamepy AedopMaluy 3aroToBku. B
XOJle TPOBEJCHHS MOJCIMPOBAHMS ObUIO MPHUHATO pEIICHHE B
UCIIONB30BaHUN (DOPCYHKHM CIUIMHKIIEPHOTO THIIA, ITO3BOJISIONINE
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peann30BaTh PaBHOMEPHYIO MOZAAdy a30Ta Ha BCIO ITOBEPXHOCTh
kombuia. Ilpu  wcmomp3oBaHMH  (HOPCYHOK  OOBIYHOrO  THIA
pacHbUIeHHe a30Ta  OCYIIECTBISIIOCH HE  PAaBHOMEPHO IO
MOBEPXHOCTH KoJbla. [lanHas ¢opcyHka Oyaer msrorosnena Ha 3d
MIpUHTepe U3 mojnypeTaHa (puc. 6).

3. Co3oanue IxcnepumeHmanbHoil ycmanoeKu

ons peanuzayuu KOM6uHup08¢1HH020 npouecca
DKCriepUMeHTaIbHas OCHACTKa IS KB/
TpyAHoAeHOPMUPYEMbIX MaTepuaIoB JOJKHA 0TBEYaTh
TpeOOBaHUAM, TPEABSIBISIEMBIM K  TOpA4eMy  HPECCOBOMY
uHCcTpyMeHTy — mpoueccoB  OMJI.  [lns  dopmoobOpasyrormmx
3JIEMEHTOB OCHACTKM HEOOXOAMMO HCIOIb30BaTh KOMILIEKCHO-
JIETHPOBAaHHbIE KIACCHI INTAMIOBBIX cTanell. Hampumep, xopomo
MIPOTUBOCTOSAT TEIUIOBBIM yJapaM, H3HOCY M BO3JEHCTBHIO BEICOKMX
HanpsOKeHUH IMIUPOKO HCIIONIb3YeMble KOMIIIEKCHO-JIETHPOBAHHEIE
XPOMHCTBIE CTald HOBBIICHHON TEIUVIOCTOMKOCTH W BSI3KOCTH
mapku 5XB2C. KoHcrpykuuio usroraBnuBaiu B yciosusix TOO
«Uudposoit mup» u3 cramu wmapku SXB2C u3 KoBaHHOM
OTOXOKEHHOH 3aroTOBKM Ha TOKapHO-(pesepHOM cranke c¢ YITY.
CocTtaBHBIE YacTH KOHCTPYKIMH IIOCJIE W3TOTOBJIEHHS ObLIN

TOJIBEPXKEHBl ~ CICIHANBHOW  TEpMHYECKOH  00paboTke  mis
TIOBBIIICHHS TPOYHOCTHBIX CBOHCTB.
Tlocme  W3roToBiEHHMs  BCEX  DJIEMEHTOB  KOHCTPYKIIWH,

TIPOU3BOAUIIA €€ cGopKy. Tak HUXHEH JEpxKaTCIb ObLIT YCTaHOBJICH

Ha OCHOBaHWM IUTMTBHl THIPABIMYECKOTO IIpecca M 3aKperuieH
CTSDKHBIMH OONTaMH 4epe3 yAepKuBawomme yroiku (puc. 7). B
HIDKHUH Jep)KaTeNlb YCTAHOBJIEH HIDKHHAH OO€K, ¢ KaMepou it
JedopMaruy KoJell, BEpXHss MaTpUIla yCTaHABINBAETCS CBEPXY Ha
obpaser.

Puc. 7 Huoichuii depoicamens ¢ ycmanogienno mampuyeil

Bepxuuit 6oek ObUT HEMOJBH)XKHO 3aKPEIICH B BEPXHEM
JiepKaTesie ¢ MOMOIIBI0 PaclopHBIX 00NTOB. BepxHuil aepxareinb
3aKperuieH OOoNTaMy K BEpXHEH IUIMTE THIPABIHYECKOTO Ipecca
(puc. 8). B HCXOJHOM COCTOSIHMM MaTpHIIbl pa3BesieHsl. Ha nmepBom
JTare MPOBOAUM LIEHTPUPOBaHUE Oceil GOWKOB ISk HX COBIIAICHMIL.
ITpoBepsieM 1ieHTpHUpOBaHHE cONMKeHueM OoikoB. Tonbko mocne
XOJIOCTOTO npoxoja OCYIIECTBIsIEM HOJTHBIH LMK
1e(hOpPMALIMOHHOTO YIIPOUHEHHUSL.
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Puc. 8 Bepxnuii depoicameind ¢ YCMAHOBIEHHbIM 8 HE20 8ePXHUM DOUKOM

4. Bviéoowt

TIpoBeneHO TPOEKTUPOBAHHE OCHOBHBIX JAE(OPMHPYIOLIHX
JJIEMEHTOB, OCHACTKH M YCTAHOBKHU IS KPHOTCHHOTO OXJIAXCHYSL.
Ha ocHoBe aHanmm3a Hay4YHO-TEXHHYECKOH JIMTEpaTypbl H
MOZENUPOBAaHMS B IporpaMMHOM Komiuiekce Deform Opumm
pa3paboTaHBl YepTEeXM KOHCTPYKIUH. KOHCTpyKIHS COCTOMT H3
HECKOJIBKAX 4YacTeil: BepxHero Ooiika, KOTOPOMY cOOOMIaeTCst
MOCTYIIaTebHOE ABIKEHUE OT IIPecca; HIDKHEro 0oiika, KoTopoMy
coolmaercss KpyTSANMH MOMEHT OT IOCTYNAaTelbHOTO ABIDKCHUS
BepxHero Ooiika m Marpuibsl. Ha HikHEH rpaHd BepxHero Ooiika
co3JaHbl 4 TEePUOAMYECKHX BHITOYKHM CIUpPAIBHOH (opmsel. [Ipn
9TOM B IIEHTpPE BEpXHEro 0oiKa IperycCMOTPEHO HWIMHIPHIECKOEe
OTBEpPCTHE IS LITOKA Ae(OPMHUPYIOLIETO 3JIEMEHTa U 00ecTieueHUs
coocHOCTH oOomx OoiikoB. HmkHHH 00eK HMeeT HECKOJIbKO
cryneHeil.  J[aHHO€  KOHCTPYKTUBHOE  pEIIeHHE  SBISETCS
HEOOXOJVMBIM, MOCKONBKY B IAaHHOM CIIydae pedb HAET O
neOPMUPOBAHUHN KOJBIEBOH 3aroTOBKH, a He AHCKOBOH. Ha
BTOPOM 3Tame paboTHl Ui Ae(OPMHPOBAHUS TOPIIHEBBIX KOJIEI]
OBUIO OCYIECTBIICHO MPOEKTHPOBAHHE M CO3JaHUE YCTAHOBKHU JUIS
peanu3aniy  COBMEIIEHHOI'O Ipolecca KPY4YEeHHUs O] BBICOKUM
JIaBJICHHEM U KPHOTEHHOT'O OXJIaXICHUSL.
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Abstract: In the last ten years, the development and implementation of robotics, sensor and digital technology in the world from introduced
us the third industrial revolution to the fourth industrial revolution. In its development strategy, Germany introduces digital technologies in
production processes called "Industry 4.0" in 2011. The German example is followed by the following countries: USA, Great Britain,
Sweden, Japan and other. Almost all technologically developed countries strive to introduce advanced technologies into production
processes in order to maintain their competitive positions in the market. The implementation of the fourth technological revolution depends
on a number of new and innovative technological achievements, i.e., the implementation of patents for the basic technologies of Industry 4.0.
It is necessary to integrate production processes in all phases of product development, as well as monitoring during its working life through
the use of advanced technologies. When automating production processes, we must include intelligent sensors, intelligent robots and connect
everything to the Internet using digital technologies that closely monitor the product development process. It is also required to collect large
amounts of data through network communication used during the production process. The paper presents a structural network with all levels
for the implementation of Industry 4.0 in the production process of the metal industry.

Key words: Industry 4.0, robot, smart sensor, digital technology, production process, smart automation.

1. Introduction

In the last 20 years, there has been a development of
digital technologies that are implemented in the production
processes themselves. We are at the beginning of the
fourth industrial revolution because many industrial
development strategies of countries in the world that are
considered technologically advanced advocate the
transformation of industrial production through the
implementation of all advanced technologies, especially
digital technologies. Germany first announced part of its
High-Tech Strategy 2020 program in Hanover in 2011
under the title "Industry 4.0", while in the USA, in 2012
the Advanced Manufacturing Partnership  Steering
Committee provided recommendations for positioning the
USA for long-term leadership in advanced technology.
Similarly, in 2013, the UK Government Office for Science
highlighted the strategy under the title “The Future of
Manufacturing - A New Era of Opportunity and Challenge
for the UK”, while China under the title “Made in China
2025” wants to become the most technologically advanced
country in the world; The Government of Japan presented
its strategy under the name "Robot Revolution" [1, 12-14,
20-21], and the Swedish Government's strategy for new
industrialization is to strengthen the capacity of companies
for change and competitiveness through automation and
digitalization. Industry 4.0 is creating radically new
approaches that will involve individuals and institutions in
a revolutionary way. The Industry 4.0 platform aims to
match supply and demand in a very affordable way by
providing the customer with a wide range of products
without both parties interacting. The inclusion of digital
technologies with other advanced technologies will
transform the production processes in industrial production
due to the fact that the price of this technology is
constantly declining in the market and are increasingly
widespread in production processes, and the second reason
is that ICT technologies are implemented with other
technologies and enable digital transformation of
production processes [1-2, 7, 9, 16-19, 24-32]. When it
comes to the transformation of production processes, it is
impossible to imagine without the inclusion of robotics,
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digital and sensor technology. The second generation of
industrial robots has been developed, and new generations
of robots must be intelligent and autonomous, thus
increasing the reliability of the production process, as well
as reducing the time to produce the finished product, as
well as precision and adaptability beyond human
capabilities.

2. The implementation of patents in technologies that are
the basis for Industry 4.0 expands the application of
Industry 4.0

To date, we have had three industrial revolutions in the
world: the invention of the steam engine was marked as
the first industrial revolution, and the invention of
electricity as the second industrial revolution. The rapid
development of informatics and automation electronics
was marked as the third industrial revolution, while the
world today is on the brink of the fourth technological
revolution "Industry 4.0" as shown in Fig. 1.

3.0 DNDESTRY

Fig. 1. Industrial revolutions in the world and their
evaluation

Industry 4.0 is a digital transformation of
production/related industries and the process of creating
new value [3-5, 22-23, 28, 30-32]. Digital transformation
must be integral, comprehensive, involving all actors in
global politics, from the public and private sectors to civil
society and academic community [6, 29]. Within the
fourth industrial revolution, a new value chain is being
formed that relies primarily on Cyber-Physical Systems
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(CPS) which is also another name for the Internet of
Things (Internet of Things), and its associated service
most often implemented in the cloud (Cloud Computing).
The implementation of Industry 4.0 is taking place through
the massive use of the Internet of Things (IoT). Some
studies estimate that by 2025, there will be 26.30 billion
devices in homes equipped with sensors, processors and
embedded software and connected to the Internet of
Things (10T). Numerous patents are responsible for this
trend of implementation of basic technologies from
Industry 4.0, as shown in Fig. 2 [25], which shows the
trend of applying for patents of the fourth industrial
revolution - Industry 4.0, which were applied to the EPO's
free database "European Patent Office (EPO)" in the
European Union until 2016.
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Fig. 2. Number of filed patents of the fourth industrial
revolution - Industry 4.0 in the European Union [25]
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By analysing Fig. 2, we come to the conclusion that we
have a continuous growth of patents from the basic
technologies of the fourth industrial revolution in the
European Union. From 1990 to 2016, it can be roughly
concluded that the trend of patent filing and applications
follows an exponential function, so that in 2016 the
number of patents reached 5.380. We see that the latest
available data on filed patents signal the implementation of
Industry 4.0. In order to create an image of which
countries in the world and which are the base technologies
of Industry 4.0 where the largest number of patents filed,
we need to do analyse Fig. 3 [8]. By analysing Fig. 3 we
come to the conclusion that in the first place in the world
is robotic technology in terms of reported and
implemented innovations, where China is in first place,
Japan in second place. In second place is RFID
technology, then in third place is cloud computing, in
fourth place are smart sensors and the last fifth technology
3D printing by reported and implemented innovations.

The trend of applying Industry 4.0 innovations allows
only limited conclusions about patents and their
implementation, as there are a huge number of low-quality
patents from Industry 4.0 in China. The second reason
why this trend of innovation in China should be taken with
a grain of salt is the dysfunctional government policy that
rewards the registration of innovations regardless of their
quality and the third reason is that many reporting
innovations from China's industry seem lower quality their
acceptance rate is significantly lower.
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Fig. 3. Trend of patent applications from the five basic
technologies of Industry 4.0 in technologically developed
countries [8]

3. Structural Network for the Implementation of Industry
4.0 in Industrial Production Processes of the Metal
Industry

For the implementation of "Industry 4.0, regardless of
the principles on which the scenario is based, it is
necessary that the application of innovation, software and
hardware structure comes first. After that, in second place
is the education of users - consumers, i.e., training
programs for the general population. In order to implement
Industry 4.0 in third place it is necessary to integrate with
new technologies that we have listed as shown in Figure
4.1t is necessary to enable CPS to monitor industrial
production processes, connect data obtained through
implemented sensors in production processes with virtual
and simulation production models, in other words, create a
virtual copy of the physical production process. The
development and implementation of powerful computers
enables the CPS to make its own decisions within the
production process of the "smart factory", in other words,
decentralization is performed, there is no need for central
planning and supervision. In order to implement all of the
above, it is inconvenient to establish an Industry 4.0 value
chain, which means between new technologies such as
10T, ICT, CPS, .... etc., with consumers, devices and tools.
Many research institutions around the world are working
on the development and implementation of various
"Industry 4.0" implementation scenarios. In Germany prof.
M. Herman and his colleagues identify project principles
such as: interoperability, decentralization, virtualization,
real-time capability, service orientation and modularity, on
which the Industry 4.0 implementation scenarios are
based. Until recently, we had a traditional linear supply
chain, but today many product supply chains are being
transformed from a static array into a dynamic array that is
evolving to an optimal state. Development and
Implementation of Industry 4.0 in the production processes
of the industry - Smart factory is characterized by the
following most important characteristics: connectivity,
optimization, transparency, proactivity and agile
flexibility. The connectivity of the production process is
one of the most important characteristics. By
implementing a large number of smart sensors that provide
continuous data sets, ensure that data is constantly updated
and provide current operating conditions, and the
integration of data from operating and business systems, as
well as suppliers and customers allows us to view the input
and output supply chain processes and in this way we are
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able to increase the overall quality of the supply network
itself with our products. Another feature is the optimized
production process that allows us high reliability,
optimization of energy input from the input, production
and output chain, minimal manual intervention,
automation during the production process, reducing costs
and waste, etc. The data captured by smart sensors is
transparent, allowing greater visibility throughout the
production chain, allowing the organization to make the
right decision or make autonomous decisions through
analysis provided by tools such as real-time displays,
alerts and notifications. The production process becomes a
proactive process where employees and systems are able
to anticipate and act on time before a problem arises. This
feature includes the identification of anomalies, by having
the ability to predictively solve the problem of quality in
the production process of the product, as well as
monitoring safety and maintenance. The agile flexibility
itself enables the production process to adapt to the
schedule and changes of the product with minimal
intervention.  Industry 4.0 implementation allows
independent configuration of equipment and material
flows depending on the product being produced and
scheduled changes that we can monitor in real time, and
the structural network of Industry 4.0 implementation in
the metal industry production process is shown in Fig. 4.
[10, 12, 14, 18].
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Fig. 4. Structural network scheme with all levels for the
implementation of Industry 4.0 in the production process
of the metal industry [10, 12, 14, 18]

Fig. 4 shows us that the structural implementation
network of Industry 4.0 in any production, including the
textile industry, consists of five levels. Zero level is a
network of production processes of the textile industry
where sensors are installed to monitor production
processes and to detect systems. After the zero level comes
level 1, i.e., the control network, where we can use
controllers to act to eliminate errors that occur in the
production process. The third level is the supervision
network that monitors everything, and gives a signal/alarm
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if something is wrong. In the third new is the operations
management network, and in the last level 4 is the
company network that is connected to all possible
information via the cloud as shown in Figure 4. Industry
4.0 not only serves large companies; currently small
companies can compete with large companies on a way
they had never been able to before.

4, Conclusion

We can conclude that new technologies include: 10T
(Internet of Things), robotics, cloud computing, smart
sensors, radio frequency identification, cyber-physical
systems and big data, are key in the application of the
Industry 4.0 concept, in all industries, and the same so in
the metal industry as shown by the structural network with
all levels for the implementation of Industry 4.0, because it
implies complete digitalization of all production processes,
also when creating an idea about a product, product
engineering, production organization, process control and
industrial services. There is a continuous increase in the
application of Industry 4.0 in the world, and this is
confirmed by the trend of applying for patents from
Industry 4.0 from basic technologies: Cloud Computing,
Robotics, Sensor, 3D printing, RFID, both in the European
Union and in the world. With the application of Industry
4.0 in production processes, the company has advantages
such as: increasing efficiency, increasing the speed of
production, increasing product quality, increasing
flexibility, increasing operational safety. In addition, with
the implementation of Industry 4.0, the company expands
its access to the global economic market because it has a
wide user base. There are three challenges when it comes
to the Industry 4.0 application in the company. The first
challenge relates to methods and methodology, especially
how to integrate machines and devices within the
production process. The second challenge is education,
i.e., how to prepare new generations of engineers who
need to work and implement Industry 4.0. The third
challenge is about society, primarily how to explain to
people that Industry 4.0 creates new opportunities and
brings a better quality of life for all of us, without having
to be afraid of change and everything that Industry 4.0
brings. Great attention in the world is paid to Industry 4.0
and the role of man in integrated factories, which are
getting closer to realization day by day.
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Rudny industrial institute, Rudny, Kazakhstan
e-mail: irinka.vav@mail.ru

Abstract: The purpose of this study is to study changes in the microstructure and properties of steel-coated wire in the process of "
ECAP-drawing". An important result of the study, demonstrating the high manufacturability and practical value of the process, is that when
combining equal-channel angular pressing with traditional drawing, the structure of bimetallic wire obtained by equal-channel angular
pressing is preserved. Thus, as a result of three passes of deformation by the ECA -drawing method, a fragmented structure with equiaxed
grains of the order of 9 microns is formed in the steel core, and the copper shell is crushed to 13 microns. The combination of ECAP with
drawing allows not only to strengthen the composition, but also to simultaneously increase the important plastic properties of products
regulated by a number of documents. This circumstance favorably distinguishes the method under study from other (traditional) types of
deformation treatment, accompanied by modification of the structure and properties of the material.

Keywords: BIMETALLIC WIRE, MICROSTRUCTURE, DRAWING, STEEL, COPPER.

1. Beeoenue

B Hacrosmee BpeMss MHOTHE TEXHUYECKHE U IIPOMBIILICHHbIE
npoOeMBl HE MOTYT OBITH PEIICHBI C HCIOJIB30BAaHUEM TOJBKO
OTJIEJIbHBIX MAaTE€pHaJIOB HAa OCHOBE OJHOI0 METaylja MM CIUIaBa.
OTO CBS3aHO C TEM, YTO B JAaHHBIX YCIIOBHSAX OJKCILTyaTallUH
MaTepHal JOJDKeH 001a1aTh BEICOKOH CKOPOCTBIO TEIIONepeIaun
NIpY MUHHMAJIBHBIX TEIUIOBBIX MOTEPSX, a TaKKe MPOTUBOCTOSTH
moboit  gopme Kopposun B paboueit cpeme. CoueraHue
Pa3NMYHBIX MEXaHWYECKHX U (QHU3UKO—XUMHIECKUX CBOHCTB
MOJ[pa3yMeBaeT HE TOJBKO MHOTO(YHKIHOHAIBHOCTH TOTOBOTO
NpOAyKTa, HO U CIOXKHOCTh, @ B HEKOTOPHIX CIy4asx U
HEBO3MOXKHOCTh COYETaHHs MeTaulIoB M cmutaBoB. OxumH U3
METaJJIOB TaKOH Maphl PacIIONIOKEH B LIEHTPE B BUJE CEplIeUHNKa,
a BTOpOH - Ha nepudepun B BHIE KOHIEHTPUIECKOH 00O0JIOUKH,
MJOTHO TpWieralomeil K cepJedyHuKy. Takas MpoBOJIOKa
MPOU3BOJNUTCS B OCHOBHOM IIPOKaTKOH WM TIPECCOBAaHHEM C
MOCHEAYIOIUM  BOJOYEHHEM OMMETAaUNTMYeCKOH  3arOTOBKH.
IlosTOMy mTpOYHOCTH COEIAWHEHHS MEXIYy CepIACYHHKOM U
000J104K0if 0COOCHHO BaXKHA JUIsi OMMETAJUTMUECKON MPOBOJIOKH.
Ecnu cueruieHuss HEIOCTaTOYHO, TO TMPOLECCH IPOKATKH H
BOJIOYEHUs] OyAyT 3aTpyAHEHBI, a KaueCTBO MPOBOJIOKH OyleT
HU3KUM. [109TOMY B NMPOU3BOJCTBE MPEANOUYTEHUE OTAACTCS TEM
METOAaM, KOTOphIe O00eCHeYHBalOT MaKCHMAlbHO BO3MOXKHYIO
MIPOYHOCTH CIHETTICHUS ISl 3TOH Iapbl METAJIOB.

Cpemn Pa3IUIHBIX OMMeTaTNYeCKIX KOMITO3UTOB
OuMeTamnmyeckas MeTHOAITIOMHHHEBAs MPOBOJIOKA JOCTATOYHO
XOpOIIO W3BECTHA CBOMM YHUKAIbHBIM TPUMEHCHHEM B
pacIpeenuTeNbHbIX MIMHAX JNEKTPUIECKOH SHEpruH,
aBTOMOOMJIBHOM MPOBOJKE, OPOHUPOBAHHBIX KabelsiX U KaTylIkax
TEJIEBU3UOHHOTO spMa, a TaKkke B OOMOTKAax aBTOMOOMJIBHBIX
reHepaTopoB mnepeMenHoro toka [1-3]. B aTux KoMmosuTax
MenHas ~ 000JIOYKAa  TOBBIMACT  3JIEKTPONPOBOJHOCTh, @
QITIOMHHUEBBIH CEpAECYHUK CHIXKAET CTOMMOCTh U BeC OMMeTamia
[3].

OnpunM u3 Hambojee NMEPCHEeKTUBHBIX METOIOB IOBBIMICHHUS
IPOYHOCTHBIX U IJIACTUYCCKUX CBOMCTB METAJUIOB SIBJSCTCS
(dbopMHpOBaHUE YIbTPAAUCIEPCHBIX CTPYKTYp B MaTepHanax
merogamu  nedopmanmu  [4-6].  OpHako, HECMOTps  Ha
MHOTOYHCJICHHbIE Pa3pabOTKH, COBPEMEHHBIE METOIBI UMEIOT PsiI|
CYIIECTBEHHBIX OTPAHMYCHHUH C TOUKH 3PEHUS] HEMPEPHIBHOCTH H
TIPOU3BOJUTEIFHOCTH TEXHOJOTHYeCKnX cxeM [7-8]. OmHnm u3
HauboJee 3¢ (HeKTUBHBIX METOJIOB TOJTy4eHUS
yIBTPaMeNKO3epPHUCTOH CTPYKTYpBI SIBIISTIOTCS METO/IBI
HHTEHCHBHOM rutactuueckoil nedopmarmu [9-10].

PaBHokanansHOe yriosoe mnpeccoBanue (PKVII), xotopoe,
BEPOSITHO,  SIBISIETCS ~ Haubolee  INUPOKO  HCHOIb3YyeMOif
TEXHOJIOTMEH  HMHTEHCHUBHOW  IUIaCTHUECKOH  nedopmauuu,
paccMaTpuBaeTcs Kak HEPCIEKTUBHBIA METOX  JOCTHKCHUS
JKeJTaeMBIX ~ BBICOKHX cremeHedl nedopmammm [11-13]. B
rocjeHee BpeMsi Ha OCHOBE 3TOTO METOJa NMOSBHIOCH OOJIBIIOE

119

KOJINYECTBO ero Moaudukanuii [14-16], HeKOTOpBIE U3 KOTOPBIX
MO3BOJISIOT MOJTyYaTh COPTOBbIE u3zenus [16-18].

OpHako, HECMOTpPS Ha MHOTOYHCIEHHBIC pa3paboTKH,
mpo0OiieMa CO3TaHUS HOBOHM CXeMBl AedopManuy, MaKCUMalbHO
HNPUOIKEHHON K IIPOMBIIUICHHBIM YCIIOBHAM u

NPEACTAaBIIONICH HAydHBIH M IPAKTHYECKUH HHTEPEC C TOUYKH
3peHHsT MacCOBOTO IPOU3BOJICTBA, OCTaeTcsl HepeuleHHoi. OmHoit
U3 TaKUX CXeM MOXeT OBITh HOBas HENpephIBHAs CXeMa
PaBHOKaHAIBHOTO YIJIOBOrO TpeccoBaHus u BosoyeHus (PKVYII-
Bostouenne) [19-21]. Ero kimoueBast 0COOEHHOCTE 3aKIF0YAETCS B
TOM, YTO, B OTJIMYHE OT APYTUX KOMOMHHPOBAHHBIX METOJOB,
3I1eCh  OTCYTCTBYeT  CTamusi  HOpOKaTKu.  HempeprIBHOCTB
nedopMani 00ECIIEYUBAETCS MPOIECCOM BOJIOUEHUS, KOTOPBIi
npoucxoaut cpazy mnocie mnpouecca PKVYII. Bnaromaps Takoit

YHUKaIbHOW cxeMme JedopMaluM B IONEPEYHOM CEUSHHH
3arOTOBKM  pa3BUBAeTCS  JIOCTATOYHO  BBICOKMH  ypOBEHb
pacTATMBAIOIIMX  HANPsDKEHWH, W HENpaBWIBHBIA  1OJ00p
TEXHOJIOTMYECKHX  TapaMeTpoB  MNpHBeIeT K  OOpBIBY
neOpMIPYEMOil TPOBOJIOKH.

Jdns  mmactudeckoidl  megopmanuu  OMMETaNTHYECKUX

Pa3sHOPOIHBIX METAIIOB HEOOXOAWMO BBINOJIHHTH, IO KpalHeH
Mepe, 1Ba yciuoBus [21]:

e Ccojep)KaHHWE MATKOTO KOMIIOHEHTa JOJDKHO  OBITh
MHHUAMAaJbHBIM, TaK Kak 4YeM BBIIIe SHeprus Jedopmanuu
MATKOTO0 MeTauia (T.e. 4eMm Oojbllie ero o0beM), TeM OOJIbIIe
BEPOSATHOCTb Pa3phIBOB U Pa3pbIBOB TBEPJOr0 MEHEE MIIACTUYHOTO
MeTaa;

* ycroBus AedopManuy MATKOTO KOMIIOHEHTA JOJDKHBI OBITh
KaKk MOXHO 0Ooyiee CIOXXHBIMH, YTO MOXET OBITH ITOCTHTHYTO
MyTeM CO3JaHUs HEOTarONmpUSATHOW CXEMBI HAINPSDKEHHH ITyTeM
BbIOOpa  BenMuuHbl  aedopmamuu  u  GopMmbl  padoyero
MHCTPYMEHTA.

[Ipn HEOMarompHsATHBIX YCIOBHSX B MPOLECCE BOJOYCHUS
000J104Ka MOXET OBITH COJpaHa C MOBEPXHOCTHBIX CJIOEB, MOTYT
BO3HHKHYTH Pa3pBIBBI U Apyrue nedekTsl. B Hacrosmiee Bpems
OBUIO TPOBEJCHO MHOXXECTBO HCCIEOBAHMH B3aUMOCBS3H
“CTpyKTypa-cBoicTBa” UIsl OJAHOPOJHOM MEIHOW WM CTaJIbHOMN
npoBosioku MetogoM PKVYII-BonoueHue, KOTOpBI JOKa3all CBOXO
s¢dekruBHOCTS [19-21].

V3BeCTHO OrpaHHYE€HHOE KOJIMYECTBO PabOT, MOCBSIIEHHBIX
MU3MEHEHHMI0 MHKPOCTPYKTYPbl OMMETaJUIMYeCKOH IMPOBOJIOKU
nocie JeopMaiuu, TOCKOJNBKY CTadb H Medb o00JajaroT
pa3sHBIMHM MEXaHHYECKHMH CBOHCTBAMH, STH METAJUIBI HAa TPAaHHIE
paszena MoryT AeopMHPOBATHECS TO-Pa3HOMY, YTOOBI OCTaBATHCS
“CBA3aHHBIMU” Jpyr C APYyroM BO BpeMs BosioueHus. Ilostomy
LEJNbI0 JJAHHOI'O HCCIICAOBAaHUS SBISETCS U3YYCHUE U3MEHEHHS
CBOHCTB cTanmemenHoW mpoBojoku B mpouecce PKYII-Bonouenue,
KaK METOJIOM MOJAENNPOBAHMUS, TaK M SKCTIEPUMEHTAIbHBIM ITyTEM.
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2. Mamepuan u memoouxa uccyied08anus

Jlnst  KOMIIBIOTEPHOTO MOJEIMPOBAHUS KOMOMHHPOBAHHOTO
mporecca ObUIO BBIOpaHO TporpammHOe obecmedeHue Deform.
Hcxomnast 3arotoBka TIpeicTaBisLIa COOOH OMMeTauIMYecKyro
MIPOBOJIOKY C COEJUHEHHEM 'cTanb-Menp" auamerpoM 10 MM,
JMaMeTp CTAJIBHOIO CEpACYHMKAa COCTaBIsll 8§ MM. B kauectse
OCHOBHOTO Marepuana Obula BblOpana cramb  AISI-1566.
Marepuanom xopmyca Ob11 MenHbii cruiaB CDA 110 (comepxkanue
meau 99,9%). MexaHndeckue cBOWCTBAa 000MX MaTepHanoB ObLIM
B34THI U3 0a3bl aHHBIX MaTepranoB Deform. [Ipn xaxmom mpoxoxe
muamerp PKY-MaTpuipl cooTBeTCTBOBaN JHaMeTpy IPOBOJOKH, a
JHaMeTp BOJIOKH oOecreunBain cxatre 0,5 MM 3a KaKIbIH IPOXOJ.
Ilockonbky o0a Marepuana HETOJBHKHBI OTHOCHTENBHO JAPYT
Ipyra B OHMETaJUIMYeCKOH TIPOBOJOKE, MEXIy HHMH OBUI
YCTAHOBJIEH KECTKUH HEPa3pbIBHbINA KOHTAKT. Ha KOHTaKkTe MeqHOI
0001109kl ¥ 000MX MHCTPYMEHTOB OBLT YCTAHOBIICH KOd(duImeHt
tpenust 0,1. [lepopmamms mnpousBoamigack MNpH TeMIeparype
OKpY>KatoLlel cpenbl.

JlaGopaTopHEI SKCIIEPUMEHT MPOBOIMJICS Ha IPOMBIIIICHHOM
BOJIOYIIIbHOM cTane B—1/550 M mo mMeTozuke, onrcaHHoil B paboTte
[10]. B kauecTBe HCXOJHOH  3arOTOBKM  HCIOJIB30BAJIN
OMMETAJUIMYECKYI0  TIPOBOJIOKY  COCTOSIIYFO M3  CTaJIbHOTO
cepieyHHMKa - cTaip 1566 m BHemHero cimos w3 meaum M1,
muaMeTpoM 10 MM, THaMeTp CTalbHOTO CEpIASYHHKA COCTABII §
MM. /JlebpopmupoBaHHE OCYImIECTBISLIM B TpU npoxona. s
BOJIOYCHHS HPUMEHSIIN TBEp/OCILIaBHbIC BOJIOKH c
HOJIMPOBAHHBIMH KaHaJaMH, YMCHBIICHHBIMH YIJIAaMH KOHYCHOCTH
paboueil 30HBI M IUIABHBIMH IIEPEX0AaMH OT OJJHOW 30HBI K JPYTOM.
IloAroToBKYy MOBEPXHOCTH OHMMETAJUIMYECKOW IIPOBOJIOKH K
BOJIOUCHHUIO TPOBOAMIIM IO OOBIYHOM JUIS IPOBOJOKH W3 CTaJN
TEXHOJIOTHH, B Ka4eCTBE CMa3KU HCIIOJIB30BAIN CMECh MOPOLIKOB
MbLIa U CEPHI.

IlonroroBka o00pa3moB AT METALUIOrPadUUECKOro aHaIn3a
MIPOBOAMIIACH HA YCTAHOBKE 3JIEKTPOIUTHYECKOM MPOOONOATOTOBKH
Struers. Bce o0pa3upl ObuUIM HCCIIEOBAaHBI B CpefHEl INIOCKOCTH
obpasua, yToOBl W30eXaTh BIMSIHUS TepudepuitHbIX obyacTel.
[Tony4yeHHble 00pa3lbl pPacCMAaTPUBAIUCh B JIByX CEUCHUSX:
MOIEPEeYHOM M TMPOJOJBbHOM. MeTaiorpadyeckuii aHaimnu3 Beex
HCCIIeJOBAHHBIX 00Pa3lOB MPOBOAMIN C TIOMOIIBIO JJIEKTPOHHOTO
TpocBeynBaroniero Mukpockorna JEM2100.

3. Pesynomamut 3xcnepumenma

ITocne Tpex LUKIOB JedopMHPOBaHMS KOMOWHHPOBaHHEM
PKYII wu BonmoueHus yBennueHHe nedopMamumd B 000IOUKe
nmocturaet €=1,56, neHTpabHAS 30HA CEPAIIEBUHBI 00pabaTbIBaeTCs
1o €=0,4, moBepxHOCTHBIE ciIoH - 10 £=0,6 (Puc. 1a). OxgHako nmpu
PacCMOTPEHHH TONEPEIHOTO CEUYEHHS 3aTOTOBKH OBIIO BEISBICHO
HEpaBHOMEPHOE pacIlpesieleHne AeOopManiy B BEPTHKAIFHOM H
TOPU3OHTAIBHOM HampaBlieHusX (puc. 1b). Dtot addekr spisercs
pe3yabTaTOM BIMSHUS coequHeHuil kaHanoB B PKVY-marpume —
3aroTOBKA IOJy4aeT OCHOBHYIO Je(OpMalMI0 CIBHUra B 30HAX
IMOBEPXHOCTH BEPTUKAJIBHOI'O HAIPABJICHUSA TIPpU TMPOXOXKIACHUN
KaHaJIOB MaTPHIIBL.
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Puc. 1 Dxeusanenmuas oepopmayuis 6 cmanemeoHol PoGoIoKe Nocie
npoyecca “PKYII-eonouenus”: a — npodoavhulii pazpes; b — nonepeunsiii
paspes; ¢ - pacnpeoeieHue KGUBATEHMHOU 0eopMayu 8 6epMUKATLHOM
HAnpasnexuu no npoxooam

PaccmaTpuBas pacmpeneiicHHEe 3KBHBAJICHTHOH aedopmanuu
IpU MHOTONPOXOAHOH nedopmaruu (puc. 1c), MOXKHO OTMETHUTB,
YTO OOIIMH ypoBeHb AedopMaIlK yBEINYHBACTCS C YBEIMYCHHEM
KOJIMYECTBa IMKIOB 00paboTku. Tarke CymIecTBYyeT XapaKTepHas
pa3HHIa B HAKOIUICHUM JeopMalii claosiMu: nedopMaiys B cioe
Oomee MATKOH 000MOYKM HMeeT Oojiee WHTEHCHBHBIA yPOBEHD
pocra, ypoBeHb AeGOpMalMM B CTAIbHOW CEpALEBHMHE HAMHOTO
HIDKE, C paclpeelieHueM IrpaJieHTa (MaKCUMyM Ha IIOBEPXHOCTH,
HI3KMH B 1eHTpe). [lo Mepe yBenwueHWs OOLIEro YpOBHS
nedopmaru pasHHIA SKBHBAJICHTHBIX 3Ha4YeHHH nedopmanun B
30He KOHTAaKTa OOOJOYKHM M CepleyHHKa (BEpTHKAIBHbBIE 30HBI
rpaMKOB) 3HAYMTENBHO yMeHbIaeTcs. Tak, eciau nocne 1 mpoxoxna
pasauma jpocturaer 50% (0,6/0,9), To mociae 3 mpoxogoB 3Ta
pasHmma cocrasisieT Beero 8% (1,38 /1,49).

MHUKPOCTPYKTYPHBIC MCCIIEIOBaHUs MPOBOJIOKH MOKA3ajHd, YTO

B HCXOMHOM  COCTOSHMM  MeIHas obomouka  MMeeT
KPYITHO3EPHUCTYIO ~ CTPYKTYPY €  OOJNBIIMM  KOJUYECTBOM
JIBOWHUKOB W CpEAHUM pasmepoM 3epHa 50 mkm (puc. la).

VcxomHass MUKPOCTPYKTYpa CTaJbHOTO Cep/IeYHHKA COOTBETCTBYET
XapakTepHOH CTPYKTYpe BBICOKOYITIEPOAUCTON JOIBTEKTOUIHOMN
cTamu Mapku 1566 um mpencraBiseT co0oi cMmeck (eppura C
GONBIIMM  KOMMYECTBOM  TIEPIUTA, CPEAHHMH pa3Mep 3epHa
cocrapnsger 18 mxm. Ilpm mepopmupoBanum meromom PKVYII-
BOJIOUEHHE Tocie | TMpoxoma MOXKHO HAONIONATh CHIIBHO
YIUIMHEHHBIE 3€pHA MEAM BOJHM3M TI'pAHUIBI pa3jieNia CTallb-Mellb,
3epHa LEHTPAIBHOM 00JIaCTH CTanu MeHee Ae(OPMHPOBAHBI, YTO
yKa3bIBaeT Ha MEHbIIIEE HANPsKEHNE B LIEHTpalbHOH 30He. ITocie 3
IPOXOJOB  HAOJIoJaeTcss  MHTCHCHBHOE  IHCHEPTHPOBAHHUE
CTPYKTYpPBI MEIHOH 00OJIOUKH, pasMep 3epeH MEAN H3Melb4aeTcs
mo 13 mxm (puc. 10, BepxHss uacth). I[Ipomecc ¢parmenTannu
HOCHUT KyMYJISITUBHBIH Xapakrtep, T.€. CTeHeHb JUCIIEPCHOCTH 3epHa
M TONIIMHA H3MEIBYCHHOrO CJIOS OT TpoXoJa K MHPOXOdy
HenpepbIBHO Bo3pacTaeT. CTPYKTypa CTabHOTO Cep/ieuHHKa Mocie
3 NpoXOJOB COCTOMT W3 H3OTHYTHIX M BOJHOOOPA3HBIX 3epeH
(dbeppHTa, TPaHHUIBI KOTOPHIX HEPABHOBECHBI W HMEIOT CIIOKHOMN
JTUCTIOKAI[HOHHBIA XapakTep, KpOMe TOro, HabJroaeTest ApodIIeHe
HEpJUTHBIX Y4acTKOB. Tak mocne 3-X MpoxoaoB 1ehOpMHPOBaHUS
B craiu Qopmupyercs (parMEeHTHpOBaHHAs CTPYKTypa ¢
PaBHOOCHBIMH 3€pHaMH Pa3MepoM Mopsiaka 9 MkM (puc. 10 HIKHSSL
4acTh).
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10 um

Puc. 2 Muxpocmpykmypa cmanemeOHol nPo8oIOKU: d — UCXOOHOe
cocmosinue, 6 — nocie mpex npoxo008 Memooom

Ilpenen mnpouHocTH (0g) yBemuumBaercs ot 580 MIla B
ucxogHoM cocrostuuu o 8§12 MIla mocne Tperbero mnpoxoja.
Ipenen texyuectn (o) yBenuuusaercs ot 380 MIla B ucxonHom
coctosiHuH 110 562 MIla mocne Tpetbero npoxoxaa. M xak BUAHO 1O
KPHBBIM, OCHOBHOI NpPHUPOCT MPOYHOCTH HPHXOAUTCS HA IEpBHIC
gBa mpoxoga nedopmarmu. Tak Ha TEepBOM MPOXOAE Ipeaeln
MIPOYHOCTH yBenuuuBaercs Ha 22%, a mpenen Tekydectu Ha 23%.
IInactyeckne XapakTEpPUCTHKH C YBEIMYCHHEM KOJIHYECTBA
MIPOXOZ0B HA0OOPOT CHUXKAIOTCS, TaK OTHOCUTENBHOE YIIHHEHHE C
34% B HCXOHOM COCTOSIHUM 10 22% 1ociie 3 IpoXoa0B.

AHanmn3 W3MEHEHMsl BEJIWYMHBI MHUKPOTBEPIOCTH OT IEHTpa
MIPOBOJIOKH K Neprdepun Moka3aj, 9To 3TOT MapaMeTp HaXOJUTCS B
MIPSIMOM 3aBHCUMOCTH OT YPOBHS HaKOIUIEHHOH aedopmanun. Tak
MOTyYCHHBIE 3HAYEHUs TBEPAOCTH MEAU IIPEBBIMIAIOT TBEPIOCTH
oroxokeHHoro memu Ha 315 MIla, BciencTBue Hakjena IpH
nepopmupoBanuu MetogoMm PKVYTII-BojodeHue M cOCTaBISIOT 663
MIla. MHUKpPOTBEpPJOCTh CTAJBHOTO CEplIeYHHKAa B HCXOJHOM
cocrosHuM cocraBager 600 MIla, a mocie Tpex HNPOXOAOB
nedopmarmu — 985 MITa.

5. Qunancuposanue
[JanHoe uccnenoBanue ObUI0 nmpoduHaHcupoBaHo Komurerom

Haykd MuHHCTepcTBa 00pa3oBaHHs ¥ HAyKd PecrmyOnuku
Kaszaxcran (I'pant Ne AP08052852).
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Design and 3D printing of holders for XRF analysis requiring small volumes of sample
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Abstract: The preparation of XRF tablets with small amounts of samples produced from various synthesis is a challenging operation.
Zeolites and other types of samples with minimal volumes are frequently provided for analysis by X-ray fluorescence spectroscopy. Here we
present three types of holders made of PLA (polylactic acid) using commercially available 3D printing technology. The employed material is
a bioactive thermoplastic aliphatic polyester extracted from renewable resources and is biodegradable. The holders have reduced diameters
of the measured area and can accommodate powders, sheets or solid state samples. The holders are basically three-dimensional plastic
models that can be designed and printed based on the provided sample. They are low cost and can be easily applied in practice. The design
of the first type of holders is targeting powder samples, allowing the reduction of the required amount from 5-10 g per sample to 1 g. The
second type of holders aimed the XRF analyses of textile like materials while the third type of design aimed metal alloys. Examples of the use
of the holders are the analyses of coins (here 2 leva is shown) and textile samples containing different metals (e.g. zinc).
Keywords: 3D PRINTING, XRF HOLDER, SAMPLE PREPARATION
1. Introduction Lhem, layer by layer, until they are finished. 3D printing software
as many platforms that are completely free to use. Some of them
The 3D printer we used is commercially available and is from  are open source cross-platform tools.
the Creality Ender-3 V2 FDM 3D Printer series (Fig. 1). The material used to make the three types of holders is
The software used allows the selection of the appropriate thermoplastic  aliphatic  polyester PLA  (polylactic  acid),
thickness of the production layers in terms of accuracy / resolution commercially available. The optimization of the production of
and speed of production. Each axis can be controlled individually different types of holders is necessary due to the different types of
and the distance of each step/movement can be set (0.1mm / 1mm / samples for analysis. Fig. 2 shows a holder suitable for analysis of

10mm). tablets of powder samples, Fig.3 - holder for textile like materials
The integrated all-metal body of the printer is equipped with  and Fig. 4 - holder for metal alloys. _ N
Carborundum Glass Platform. It allows the printing bed to heat up The tested materials are powder sample of titanosilicate ETS-4,

faster and the prints stick without distortion. The Creality Ender-3  textile sample with zinc content and metal alloy — e.g. 2 leva coin.
V2 printer is equipped with proprietary hardware that includes a 32- ~ They are characterized by X-ray fluorescence spectroscopy

bit motherboard. (WDXRF) and these results are supported by powder X-ray
Fused Deposition Modeling (FDM) is a form of 3D printing  diffraction (PXRD).
technology in which the material is applied by laying down X-ray fluorescence analysis was used to determine the chemical

consecutive layers. Supported printing materials are threads of PLA ~ composition of the different type of samples. The chemical
[1-7], TPU [8-10], carbon fiber [11-14] and other linear threads elemental composition was determined by a Supermini200
[15]. spectrometer - Rigaku, Japan. Data collection was performed by
wave-dispersed X-ray fluorescence at 50 kV and 4.00 mA. The data
processing is performed using the ZSX software package. The
sample is placed in a holder with an irradiated area of 20 and 20
mm in diameter.

Fig. 1 3D printer Creality Ender-3 V2.

2. Materials and methods Fig. 2. Holder for tablets

Software used for preparing the 3D models for printing is
Ultimaker Cura. Another open-source 3D printing software —
Blender, is used to design virtual models of the real solid objects
(holders), that are then transformed into readable format for the 3D
printer using Ultimaker Cura software. This process of breaking up
a 3D object into a readable format is called slicing. When the
process of cutting a 3D object is complete, it generates a readable
language for the 3D printer. This language is called G-code. Once
the cutting is complete, the exact G-code commands that will be
needed to complete the printout are produced. The 3D printer
interprets the instructions and then combines (hardens) the material
to create the 3D object. The 3D printer creates objects by printing

ig. 3. Holder for textile
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Fig. 4. Holders for metal alloys

Powder X-ray diffraction (XRD) was used for phase
identification, that was also used for the 3D printed holders. The
samples were measured at room temperature on an Empyrean
diffractometer MalvernPanalytical, the Netherlands. Data collection
was performed using Cu radiation (A = 1.5406 A) at 40 kV and 30
mA and a PIXcel3D detector in the range 2 - 90 ° 26, step 0.013° 40
sec/step.

3. Results and discussion

The results of chemical analysis performed on the basis of X-
ray fluorescence spectroscopy (WDXRF) using a 3D printed
powder sample holder are presented in Table 1. From Tablel it can
be seen that the difference between the analysis using a 3D

As it can be seen from of Fig.3, the holder is ideally suited for this
purpose. This is because the “Lego like click” holder allows the
textile sample to be pressed between the two parts of the holder thus
it does not tear in a vacuum environment.

The use of a 3D printed holder for solid (alloy) sample allows
the measurement the sample on small and large diameter focusing
the X-ray beam on the desired area (Table 3. and Fig. 4) The table
shows that with a 3D the printed holder with a small diameter of
about 20 mm, the value of nickel decreases by about 3%. This is an
expected result considering that the measurement was performed
only on the yellow area of 2 leva. In the analyzing the alloy with the
help of a large 3D printed holder (25 mm), the measurement was
performed on the full area of 2 leva (white and yellow part).

Table 3: Chemical composition of metal sample (2 leva), measured with a
3D printed holders for metal alloys with different diameter.

Holder Small diameter 20 Large diameter 25
mm mm
Elements Mass %
Al 0.1115 0.1139
Si 0.2683 0.2629
P 0.0469 0.0393
S 0.0943 0.0547
Cl 0.5087 0.3066
K 0.5830 0.4907
Ti 0.6270 -
Mn 0.0506 0.0936
Fe 0.0582 0.0619
Ni 5.6433 8.9648
Cu 75.0869 74.3068
Zn 16.9214 15.3048

holder and with conventional holder is in the range of 2-4%, Counts

which is an expected result. This difference is due to the
reduction of the measuring area by 1 cm. In this way the
required amount of sample is reduced from 5 g to 1 g. This
holder is very suitable for small amount samples.

Table 1: Chemical composition on powder zeolite sample measured by
small 3D printed powder holder and ordinary holder.

Cd-ETS-4 small 3D printed Cd-ETS-4 ordinary holder
powder holder
elements mass % elements mass %
Cd 11.9337 Cd 9.5992
Na 2.4532 Na 2.4395
K 1.6994 K 2.2764
Ti 38.1830 Ti 36.6379
Si 44,8179 Si 48.3618
Total 99.30872 Total 99.3148

The results of the chemical analyses of the second type 3D
holder suitable for textile samples are presented in Table 2.

Table 2: Chemical composition of a textile samples containing Zn, measured
with a 3D printed holder for textil.

Textile Samples
Initial sample — Ch [ Ch zn [ ZnChzn
elements mass %

Mg 2.0489 3.3095 -

Al 2.0315 1.0582 0.9888
Si - 1.6520 2.1623
S 6.4242 1.6520 1.1701
Cl 12.2734 1.5989 1.9027
K 6.2269 1.5899 3.0173
Ca 6.8172 5.2794 7.4254
Ti 60.2514 6.9571 13.0993
Fe 3.9265 0.4572 1.1555
Zn — 77.1993 69.0784

For the determination the phases by powder X-ray diffraction
(PXRD) again we used the 3D printed holder for the textile sample
(Figs.5 and 6) and the holder for the alloy sample — 2 leva (Figs.7
and 8).

Ch_Gonio_2-90_15 min_1_4siffs ino
" 00-060-1502

rganic powder 2

2000

1000

50 60
Position [*26] (Copper (Cu))

Fig. 5. Diffractogram of textile sample Ch measured with 3D holder

Table 4: Pattern List of textile sample Ch

Ref. Code Compound Displ.[°20] Scale Chem. Formula
Name Fac.
00-060-1502 Cellulose-Ip -0.386 0.846 (CsH1005)n
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2000

1000

60
Position [26] (Copper (Cu)

Fig. 6. Diffractogram of textile sample ChZn measured with 3D holder
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Table 5: Pattern List of textile sample Ch Zn

Ref. Code Compound Displ.[°20] Scale Chem.
Name Fac. Formula
00-060-1502  Cellulose-1p 0.058 0.634 (CeH1005)n
00-001-1136  Zinc Oxide -1.132 0.045 ZnO

X-ray phase analysis of textile samples confirms the data from
the chemical analysis for the presence or absence of zinc in the
tested samples (Tables 4, 5).

For examination of the phase composition of the alloy sample -
2 leva the same holders were used as those used in the WDXRF
chemical analysis of the alloys (Fig. 4)

The results from PXRD confirm those of WDXRF e.g. that the
sample in a 3D holder with a diameter of 25 mm is an alloy of Cu,
Mn, Ni and Fe (Fig.7, Tables 3,6). Phase analysis shows that the
sample measured by the conventional holder only on the white part
contains Fe and Ni (Fig. 8, Table 7). The results of the chemical
analysis show mainly copper, zinc and a little nickel, but it should
be noted that the study was conducted only on the yellow part of the
2 leva with 3D holder, a diameter of 20 mm (Table .3).

5 .

Fig. 7. Diffractogram of alloys from 2 leva measured with
3D holder — 25mm diameter

Table 6: Pattern List of alloy sample 2 leva the yellow part

Ref. Code Compound Displ.[°20] Scale Fac. Chem.
Name Formula
04-017-734 Copper 0.000 0.553 Cug.10
Manganese Mng .40
Nickel Nio.so
04-017-072 Iron 0.000 0.130 Fe

Fig. 8. Diffractogram of alloys from 2 leva measured with
3D holder — 20mm diameter

Table 7: Pattern List of alloy sample 2 leva the white part

Ref. Code Compound Displ.[°20] Scale Fac. Chem.
Name Formula
04-003-3531 Iron Nickel 0.000 0.851 Feos Nigs

4, Conclusions

Our experiments have shown that commercially available 3D
printers and materials for it can be successfully applied in the field
of science research. The advantages are the low price and
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affordability of the products. Another indisputable positive is that a
holder can be made according to the type and size of the sample.
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Optimization of the synthesis of mesoporous titanosilicate ETS-10: Problems and
unexpected difficulties
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Abstract: We focused on the synthesis and subsequent use of mesoporous titanosilicate ETS-10 for industrial water purification. Numerous
attempts have been made to optimize the conditions and reagents used for the synthesis of the ETS-10. The main problem we faced in the
synthesis of ETS-10 is the production of “pure” phase and it was related to the type of titanium source. Various sources of titanium were
used - titanium tetrachloride, anatase (anatase 92% and rutile 6%), nanosized titanium dioxide (Degussa P25) etc. The use of liquid titanium
tetrachloride, due to its high hydrophilicity, leads to difficulties in reproducible control of the quantities of used reagents, which leads to the
formation of unwanted crystalline phases, especially if the synthesis is carried out in small volumes. In addition, the optimized by us
synthesis attempts included a reduced reaction time - up to 24 hours - and lower temperatures (up to 200 °C). For comparison standard
synthesis is carried out for 72 h at 230 °C. As a result of the experiments, ETS-10 with minimal SiO, residues was obtained in 24 hours at

200 °C using nanosized anatase.

Keywords: ETS-10, SYNTHESIS, TITANOSILICATE, MESOPOROUS

1. Introduction

The interest in titanium-silicate microporous and mesoporous
zeolite materials is huge. This is due to their wide application in
catalytic reactions [1], as sorbents [2], ion exchangers [3] etc.
Therefore, a lot of research is being done on optimizing their
synthesis. Our main two goals are to synthesize a pure phase of
mesoporous titanosilicate ETS-10, and exploit the sorption
properties of this material.

ETS-10 was first synthesized by Engelhard in 1989 [4, 5]. It is
one of the titanosilicates molecular sieves that have octahedrally
coordinated titanium in its frame. Indeed, the building blocks of the
ETS-10 structure are SiO, tetrahedra and TiOg octahedra. The
bonding of these units through a shared/bridging oxygen produces a
7- and 12-membered rings. In turn those rings arrange to produce
three-dimensional framework containing smaller and bigger
channels with pore size of about 0.5 and 0.8 nm respectively. Only
the channels generated by 12-membered rings are easily accessible
and thus suitable for ion exchange. The basic formula of ETS-10 is
(Na,K),TiSisO13 [6]. The theoretical Ti/Si ratio is 0.2 but due the
presence of structural defects it is generally higher (> 0.25). This
framework allows the adsorption of cations with larger ionic radii
which attracted our interest [7].

A number of different methods of synthesizing ETS-10 are
known from the literature. First, syntheses with different sources of
Ti and Si are possible: tetraethyl orthosilicate (TEOS), Sodium
silicate aqueous solution [8], TiCl; [9], TiCl, [10], TiF, [11], Ti,O,
commercial Degussa P25 [8, 12], sodium hydroxide, (TiSO,4), [13],
(TiSO,); [14] NaF, NaCl and potassium hydroxide, KF, KCl, ash
from rice husks as a source of silicon etc. [7, 11, 12, 15-21]. Then,
mesoporous titanosilicate ETS-10 can be synthesized with or
without the addition of organic template molecules [16, 22, 23]. The
organic template is environmentally undesirable and unprofitable
because the removal of clogged templates requires calcination e.g.
high temperature, and can damage the framework. Finally, time and
temperature can be varied. Thus it is desirable to synthesize ETS-10
in the absence of organic template agents, at lower temperatures and
reduced time.

2. Materials and methods

Synthesis.

For the low-temperature hydrothermal synthesis of ETS-10, a
number of experiments were performed with different sources of
titanium, silicon, sodium, and potassium according to procedures
described in the literature. The experiments aimed at optimizing the
synthesis conditions e.g. without template and optimizations of
temperature and time conditions.

The reagents used in our study for the synthesis of ETS-10 are:
NaOH, KOH, KF, TiCl,, TiO, (Degussa P25) and (anatase 92% and
rutile 6%), nanosized Si,O and Si,O with size < 10 um. The
optimized synthesis system from us is: 0.42Na,O-0.03K,0O-
0.1Ti0,-0.5Si0,-5.5H,0, in which the reaction conditions such as
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alkali cations, content water and ratio Si/Ti, pH, etc. were changed.
A typical recipe for synthesis of ETS-10 used in this work is
presented below.

Synthesis procedure: 3.36 g of NaOH are added to 8 ml of
water, stirred until clear (first solution). A second solution was
prepared in parallel - 0.797 g of TiO, (anatase) and 1.6 H,SO, were
added to 2 ml of water. 3.30 g of SiO, (nanosized) are then added to
solution 1 and stirred for 20 minutes. Then the two solutions (Ti: Si)
are slowly mixed, stirred for about 20 minutes on a magnetic stirrer
without heating and the pH measured. Then 0.871 g of KF were
added, with stirring for additional 20 minutes. After that the gel
mixture is transfered in stainless steel Teflon lined autoclave and
the autoclave placed in preheated oven heated to 200 °C for 22
hours. The obtained product is centrifuging and dried at 90 °C for 2-
3 hours.

Methods.

The main method for characterizing the phases is powder X-ray
diffraction (PXRD). Samples were measured at room temperature
on an Empyrean MalvernPanalytical diffractometer, the
Netherlands. Data collection was performed with Cu radiation (A =
1.5406 A) at 40 kV and 30 mA and PIXcel3D detector in the range
2 - 90° 20 and step mode 0.013° 80 seconds and experiment
duration 35 minutes.

Wave-dispersive X-ray fluorescence spectroscopy (WDXRF)
was used to determine the chemical composition of the phases. The
spectrometer is Rigaku Supermini200, Japan. Data collection was
performed operating mode at 50 kV and 4.00 mA. The sample is
crushed and then pressed. The ratio of sample amount (in grams) to
the amount of glue (Acrawax C powder) is 5:1 g. The sample is
placed in a holder with an irradiated area of 30 mm in diameter. The
analysis used a semi-quantitative method to determine the elemental
composition. The results obtained by the "SQX" semi-quantitative
analysis method allow the determination of the chemical
composition of samples without the need for reference materials
(standards). One WDXRF measurement has a duration 30 minutes.

Scanning electron microscopy (SEM) is used to determine the
morphology and size of the crystals. Scanning electron microscopy
(SEM) was performed on a Philips 515 microscope operating at 20
keV in secondary electron mode. The samples were mounted on a
sample holder with a conductive carbon coating.

3. Results and discussion

Titanium tetrachloride synthesis

Figure la shows a diffraction pattern of synthesis with the
following  molar  composition:  0.59Na,0-0.69K,0-0.1TiO,-
3.95Si0,-267H,0. The initial pH is about 12. Nano-sized SiO, was
used. The synthesis temperature is 200 °C and the duration is 24
hours.

On the Figure 1b the diffraction pattern with molar ratio:
0.29Na,0-0.35K,0-0.1Ti0,-1.98Si0,-133H,0 is presented. The
initial pH is about 13. As Si source SiO, with crystallite size <10um
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was used. The synthesis temperature is 200 °C and the duration is
24 hours.

In a later synthesis of ETS-10 was used following molar
composition: 0.59Na,0-0.69K,0-0.1Ti0,-3.95Si0,-267H,0. The
initial pH is about 11. For source of Si was used micrograin SiO,
with size of crystallites less than 10um, as well hydrochloric acid.
The synthesis temperature is 200 °C and the duration is 24 hours.
(Fig. 1c).

In the synthesis of ETS-10 with different amounts of titanium
tetrachloride for 24 hours, at 200 °C and different sources of SiO,
(nanosized and micrograins < 10um), as well as the use of
hydrochloric acid from Fig. 1 one can see that mostly quartz and
ETS-4 are obtained.

For the conditions in Fig. la the amount of titanium
tetrachloride is very low and the source of SiO, is nanosized in
contrast to those in figure 1b. Under such conditions, quartz begins
to form. Using low amounts of TiCl,, micrograin SiO, and HCI (to
control the pH) the amount of quartz increases at the expense of
ETS-4 (Fig. 1c).

These results are an indication that at 200 °C for 24 hours and
with the selection of the listed reagents it is impossible to obtain
ETS-10, instead ETS-4.

——TiCl,, SiO, <10 mic + HCI
——TiCl,, SiO, < 10 mic
—TiCl,, SiO, nanosized

(c)

Intensity [a.u.]

L

A

(b)

A A A

(a)

30
20, CuK,

20 40 50

Fig. 1 XRD ETS-10 synthesized with TiCl4 and nanosized SiO2 under the same

conditions -2000C/24h: a) Quartz; b) Quartz~80% and ETS- 4~20%; c) Quartz~85%

and ETS- 4~15%

Additional syntheses with a source of Ti - TiCl, were
performed, in which both the amount of titanium and water were
changed.

The characteristics of the synthesized phases under different
conditions of the system are presented in Fig. 2. The results show
that by hydrothermal synthesis at 200 °C for 24 h, the use of
increased amounts of titanium tetrachloride and less water ETS-4
with impurities is obtained (Fig. 2a). When the amount of titanium
tetrachloride is decreased and the amount of water increased, a
mixture of ETS-10 / ETS-4 / Quartz is obtained (Fig. 2b).

Titanium dioxide — anatase synthesis

The system and procedure described below was used for the
synthesis of ETS-10 with minimal amounts of quartz (Fig. 2c).

The most optimal of our tested conditions are those using
nanosized titanium dioxide - anatase, nanosized silicon dioxide,
increased amounts of sodium hydroxide and the use of potassium
fluoride as sources of alkalis, sulfuric acid, pH=10.6 and reducing
the synthesis time to 22 hours (Fig. 2c).
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—— ETS-10+Quartz
—— ETS-10+ETS-4+Quartz
—— ETS-4+indefinite phase*

Intensity [a.u.]

T
30
20, CuKa

40

Fig. 2 XRD ETS-10 synthesized at different times with different
precursors;a) ETS-10 -200°C/24h, TiCl,, b) ETS-10 -200°C/24h,
<TiCl,,>H,0; c¢) ETS-10 -200°C/22h, TiO, (anatase).

The result of the SEM images (Fig.3) shows that the ETS-10
crystals morphology is cubic and the size of the crystallites is ~5
pum. This is a characteristic morphology for the synthesis of ETS-10
with nanosized titanium dioxide - anatase, established by Rocha in
1998.

Fig. 3 SEM images of the ETS-10 (particle size 5 um)

The chemical results from WDXRF are presented in Table. 1
and correspond to the stoichiometric formula: (Najj
Ko.28) Tig.01Si5013 Which is in agreement with (Na,K),TiSisOy3. The
table shows that no significant amounts of chlorine were found in
the product.

Table 1. Chemical composition of the finale product (ETS-10)
synthesized by nanosized TiO,

Oxide Mass %
N,O 10.2057
K0 3.6023
SiO, 72.4312
TiO, 13.7135

Cl 0.0472

To determine the Si/Ti ratios, an elemental analysis of
WDXRF was performed (Table 2). The results show that the Si/Ti
ratio is 2.6, which is less than reported by Rocha 5-6 for pure ETS-
10 phase. In our experiments for the synthesis of ETS-10, we found
that with such a ratio (2.6) we obtain the phase with a small
contamination with quartz, which contradicts Rocha's statement that
quartz is formed mainly at a Si/Ti ratio above 6 [8].
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Table 2: Elements composition of the final product (ETS-10) synthesized
using TiO, (anatase, temperature 200-CI22h)

Elements Mass %
Na 10.3135

K 7.3170

Si 59.4409

Ti 22.7390

Cl 0.0985
SifTi 2.6140
(Na+K)/Ti 0.7753

4. Conclusion

From the experiments conducted so far, it is clear that the ETS-
10 synthesis system is sensitive to many of the parameters such as
titanium source, alkali, pH, content water, temperature, time of
synthesis. For example, when using titanium tetrachloride, as it is
hydrophilic and changes the whole stoichiometry, the amount must
be accurately estimated, because otherwise it has a negative effect
on the final product.

We achieved the preparation of the ETS-10 phase at 200 ° C for
22 hours, with minimal impurities of quartz without the use of
SDA. The ETS-10 phase can be obtained with minimal impurities
only when using a combination of reagents nanosized source of
TiO, - anatase, nanosized source of SiO,, H,SO,, KF and NaOH.

To obtain a pure phase, the sources of titanium and alkali must
be carefully selected and the temperature raised to 230 °C.
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Ultra-short laser patterning of silk fibroin thin films - a potential scaffold platform in tissue
engineering applications
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Abstract: Silk-based scaffolds are specifically investigated in various tissue engineering applications, including for cartilage, bone, nerve,
muscle, skin, or corneal regeneration. Guiding muscle cell growth is a challenging task in muscle tissue engineering. In this work, a self-
assembled silk fibroin thin films were processed by ultra-short laser radiation to investigate its potential for guiding muscle cell proliferation.
The ultra-short laser processing of silk fibroin (SF) have produced micro channels which are suitable for self-assembling and orientation of
muscle cells and provides a niche for its attachment. Silk fibroin is an excellent candidate as a biomaterial for tissue engineering applications.
Moreover, bacterial biofilm formation on surfaces are associated with persistent microbial contamination. Thus, recently new approaches are
needed to impede bacterial surface colonization. Using femtosecond laser irradiation (wavelength 800 nm), laser-induced surface
microstucturing is applied to achieve non-thermal, precise, and crack free surface processing with different topographical designs on silk
fibroin thin films in order to enhance repelling of bacteria attachment.
KEYWORDS: BIOMATERIALS, TISSUE ENGINEERING, LASER PATTERNING, ANTIMICROBIAL, CELLULAR ADHESION

1. Introduction

Tissue engineering is a field in biotechnology that deals with
the creation, regeneration, and improvement of the function of
biological tissues. The purpose of the matrix is to create a
biomimetic  environment that stimulates cell adhesion,
differentiation, and proliferation. In this way, the cells can be
reorganized into new three-dimensional tissue. In the process of
tissue regeneration, the matrix itself decomposes, leaving only the
new tissue. The main focus of this study is on the creation of laser-
structured, tissue matrices based on silk and fibrin for the
regeneration of muscle and nerve tissue. Silk has specific amino
acid motifs (RGD motifs), which are necessary for stable cell
adhesion and are part of the natural extracellular matrix surrounding
the cells in vivo [1]. The main disadvantages of biomaterials are the
weak mechanical properties and the possibility of an immune
response from the recipient after implantation. Thanks to its main
building block, the protein fibroin, silk fibers have extremely good
mechanical properties (strength, toughness, elasticity, strength),
which presents the main features which are the base in the use of
silk matrices for the regeneration of tissues, subjected to mechanical
stress under normal physiological conditions. [1]. In order to be
biocompatible, the outer layer of silk thread made up of the protein
sericin is removed, thus the material does not cause an immune
reaction from the body in which it is placed. Another biological
material with extensive application in tissue engineering is fibrin,
which is a biopolymer that plays a major role in blood clotting and
wound healing. Most often, fibrin is applied in tissue engineering in
the form of a hydrogel, and its application gives the best results in
the regeneration of muscle, skin, and cartilage tissues. In addition,
the fibrin-based hydrogel stimulates angiogenesis and the growth of
dendrites from neurons [2].

Most chemical methods use organic chemicals to control the
properties of the matrices, leaving residual toxic traces. In addition
to chemical methods, the properties of various cell matrices can be
controlled by physical methods, the most promising of which are
laser sintering and laser-based surface modification. Laser
techniques are non-contact and do not require the use of chemicals
for additional treatment of the matrix. Irradiation with ultra-short
laser pulses is an alternative approach by which these shortcomings
can be overcome, as they possess extremely high processing
accuracy and do not lead to the formation of thermal deformations
on the processed material due to their extremely short pulse
durations. Research in recent years has shown that surface
modifications through the application of ultra-short pulse laser
pulses change the topography of the material and thus can improve
its properties and functions. Specific to tissue engineering, this type
of modification on cell matrices leads to the creation of micro and
nanostructures on the surface of the material, which in turn can
strongly affect cell adhesion, orientation, and differentiation and
subsequently can enhance bacterial rejection. For example, for
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proper differentiation and orientation, muscle cells must occupy a
certain parallel conformation. This structuring of the cells is
extremely important, as it generates the uniaxial force required for
proper muscle development. Obtaining certain parallel patterns by
applying laser-induced modeling can direct muscle cells to occupy
the correct conformation and thus stimulate the creation of muscle
tissue. In addition, the surface laser treatment leads to a change in
the wettability of the material, which allows control over its
interaction with living cells and extracellular structures.

Silk, is a natural biopolymer material, and has become a
promising hi-tech material. Silk fibroin (SF) origin is from Bombyx
mori silkworm. It represents a fibrillar protein composed of three
parts: heavy chain fibroin (391 kDa), light chain fibroin (27 kDa),
and P25 (25 kDa). Silk fibroin possess high level of
biocompatibility, and tunable biodegradation rate, as well as strong
mechanical characteristics. SF can be processed into versatile
forms, thus it becomes a favorable material for development of
various drug delivery platforms, medical devices, and tissue-
engineering matrices SF in an aqueous state or dissolved in organic
solvents is explored to synthesizing films, and nanofibers, for
diverse biomedical applications Fig.1.
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Fig. 1 Types of scaffolds based on silk fibroin.

Besides the vast of excellent biocompatibility properties that SF
possess and makes it a perfect candidate for a wide range of
applications, a major drawback with SF is related to the absence of
antibacterial properties. Bacterial infection is of considerable
importance and when an implantable biomaterial is applied into the
body. Biomaterial contamination represents a great treat and can
evoke difficulties to heal infections, thus leading to risk to the
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patient's health status. Despite the huge impact that medical
implants have on patients’ health and quality of life, the possibility
of side effects after implantation remains. One of the most common
complications is the development of a bacterial infection associated
with the implant itself. S. aureus and S. epidermidis have been listed
as the main pathogens that colonize implants and lead to severe
inflammation [3]. When the implant is inserted at the site of injury,
both human and bacterial cells compete for a place to attach to the
material’s surface. The initial adsorption of bacteria onto an inert
and abiotic implant is unspecific and directed mainly by
electrostatic, hydrophobic and van der Waals forces [4]. After they
are attracted to the implant, microbes could bind irreversibly to the
surface itself or to various serum proteins that have already been
randomly adsorbed to the implant surface. Once the pathogens have
attached to the surface, they proliferate and interact with each other
in order to form an extracellular polysaccharide matrix—the
bacterial biofilm [5]. The microbes, being embedded in such a
layer, could become resistant to common antibiotic treatments.
Consequently, the task of eliminating the developed infection
becomes extremely hard. The effects of topographical features and
roughness profile of different surfaces on bacterial attachment have
been widely explored Fig. 2. Generally, with the increase in surface
roughness, the surface area suitable for microbial adhesion also
increases, which, in turn, results in a higher chance of a biofilm
formation. Despite this general observation, it has also been
discovered that surfaces with higher roughness allow the adsorption
of serum proteins. In consequence, a thin coating is formed which
masks the rough nature of the surface and impairs the interplay
between the bacteria and the material. The surface topography and
morphology are two key factors that influence bacterial behavior
and are strongly correlated to the surface roughness.

Cell friendly surface Bactericidal surface

= D

&y
Z—W‘ |

Fig. 2 Textured surfaces : Cell attractive for enhanced cellular
adhesion and proliferation; Antibacterial structuring for prevention
of microbial adhesion - biomimetic surface texturing.

Silk doesn’t possess the cell adhesive components, such as arginine-
glycine-aspartic acid (RGD) sequence, which enhances cell
adhesion. Thus additional laser based treatment applied to thin SF
films will introduce a morphological change expressed in deviation
in surface roughness, making the surface from one hand bacteria
repellent and on the other hand more cell friendly.

2. Materials and methods

Silk fibroin was extracted from Bombyx mori cocoons. The
Bombyx mori cocoons were cut into small pieces and degummed in
0.2 M Na,COj; solution at 100 °C for 1.5 h under stirring. The
resulted degummed silk was rinsed with deionized water to assure
the removal of sericin. And last step was to dissolve the sericin free
silk in 9.3M LiBr solution for 3h at 60°C. The obtained viscous
solution was finally dialyzed and centrifuged to remove the
deionized water and remnants from the particulates. Subsequently,
silk thin films were dried at drying oven at 37° C for 48h. Aqueous
silk solutions were used to make thin films on the surface of glass
slides Fig. 3.

Laser processing was carried out using A 1030 nm
wavelength, = 150fs duration pulses (Ti:sapphire mode-locked
Quantronix-Integra-C system) operating at a frequency of 500 Hz.
Fig.4.
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Fig. 4 Schematic of the femtosecond laser processing setup.

The samples were positioned on XY ftranslation stage. The
irradiations were performed in air. The number of pulses (N)
delivered at each laser spot was defined by the speed of the
translation stage, and the distance between each two consecutive
laser-created spots (d,) and the distance between two separate rows
(dy) was controlled between 32 pm and 45 pm. The laser fluence
(F) was varied between 0.4 and 1.25 J/lcm?.

3. Results and discussion

The ability to control the surface properties of biomaterials and
improve the adhesion of different types of cell cultures and
biomolecules sets out the basic requirements for the development
and use of new generation biomaterials for the purposes of tissue
engineering and regenerative medicine. Various methods and
approaches are used to improve the surface and volumetric
properties of different type scaffolds, combining all kinds of
knowledge from various fields such as physics, chemistry, biology,
medicine.

The work of various research groups, clearly shows that the
texturing of biomaterials has a significant effect on cellular
development, compared to untreated “smooth” and non-textured
surfaces. The literary reference shows that dependencies of cell
behaviour are observed according to the characteristics of the given
surfaces on which they are seeded. For example, Alexandre Cunh
et. al. [6] show that by controlling the output laser parameters
(energy, number of laser pulses, radiation polarization), different
sized textures of Ti-6Al-4V surfaces are produced by laser
processing with ultra-short pulses. The resulting structures exhibit
hydrophilic behaviour and high affinity for HBSS solution (Hank's
balanced salt solution). The surfaces thus treated, are characterised
by an increase in surface wettability and can be used to control the
behavior of hMSCs cells by exploring the change in their
cytoskeletal form and proliferation. Another research group of
Liang et.al., treated surface of NiTi alloys by femtosecond laser
irradiation and observed growth of osteoblasts cells, oriented along
the laser created grooves, as a result, large amount of synapses and
filopodia were formed due to the grooves, holes and nanoparticles
on the alloy surface. Moreover, as a result of the femtosecond laser
treatment, noticeable improvement of biocompatibility due to
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formation of micro-patterns of NiTi alloys was achieved. Surface
patterning on micro and nano- scale is critical for distinguishing the
effects of cell shape, focal adhesion, and ligand input for improving
cell functions. Thus, the different kinds of structures, such as
grooves, grate, ladder and pit will lead to the observation of
different effects of cell behaviour by altering their geometry [7].
One of the recent concepts of creating scaffold-type structures

for tissue growth is based on seeding well-selected cell cultures,
providing mechanical attachment and “directed cells growth” on
artificial grafts [8, 9]. The creation and modeling of the so-called
"scaffold " for the needs of tissue engineering is a major challenge
due to requirements related to the mechanical and morphological
properties of the surface as well as their biodegradability [10,11].

Femtosecond laser processing can also provide other types of
surface geometries (foam and bubble — like structures) by varying
translation stage scanning speed, applied laser energy, pulse number
and sample positioning. The films of silk fibroin were irradiated by
a fs-laser beam Fig. 5.

Fig. 5 Image of femtosecond laser patterned thin film of silk
fibroin. Creation of modification zones under irradiation with a
range of laser parameters.

It can be observed that the laser irradiation of the silk fibroin
films induces different modifications expressed also in the color
of the processed areas, due to effect the local heat distribution
and pressure waves generated by the laser interaction. The
surface morphological characteristics of silk fibroin films can
be tailored by (i.e. ridges, grooves structures) by single and
multiple pulses from femtosecond laser irradiation and varying
the scanning velocity. A typical SEM image of a laser - induced
porous foam formation on the surface of silk thin film after
irradiation with single pulse is shown on Fig. 5.
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Fig. 6 SEM image and optical profilometer surface mapping of
silk fibroin film after laser exposure to A = 800nm, T = 150fs,
N=1, E = 0.4J/cm’.
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Surface modification in the form of foam formation produced
after irradiation by fs-laser pulses under high repetition rate, is a
complex phenomenon, which involves interplay between strong
energy deposition localization, low heat conductance, and
surface tension effects. Thus modification process is triggered
via strong ionization and electron ejection from the surface.
After increase of the applied laser energy (E) to 0.8J/cm?
formation of ridge is observed at the ablation zone surroundings
Fig. 7.
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Fig. 7. SEM image and optical profilometer surface mapping of
silk fibroin film after laser exposure to 1 = 800nm, v = 150fs,
N=1, E = 0.83/cm’.

The porosity of the ablation zone is diminished, leading to
formation of a melted layer and filling of the pores. In the case
of ‘bubble’ types of structures, the roughness parameter (S,) of
the irradiated zone was measured to vary from 28um tol7pum
for single pulse irradiation, along with increasing laser fluence
values. The characteristic ‘sponge-like’ structure transforms to
morphological structure with folded central part, leaving area
with edges.

Fig. 8. SEM image and optical profilometer surface mapping of
microchannels silk fibroin film produced after laser exposure to
2 = 800nm, T = 150fs, N=5, E = 0.4J/cm?.

Laser patterning in the form of micro channels results in a precise
removal of a material, and formation of clean stripe — like channels
Fig.8. The direct ablation of silk fibroin thin film hasn’t induced
damage to the surroundings of the processed zone. The proposed
geometry is suitable for muscle and nerve cell ‘Contact guidance’,
which is of main importance to control cellular morphology,
orientation and direct cell migration. This type of patterning will
permit the cells to occupy the bottom of the microchannels and
align along the shapes of the produced microchannels. Micro-
patterning technology, can enable the geometric control of muscle
and neuronal cell alignment.

We have used the Fourier Transform Infrared Spectroscopy (FTIR)
in trasmittance mode to evaluate the molecular and crystalline
structures of the silk fibroin thin films before and after irradiation
with a range of laser fluences and scanning velocities Fig.9.
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Fig. 9 FTIR transmittance spectra of silk fibroin films before
and after laser irradiation with a range of energies between E =
0.4 J/em?- 2.5J/cm? and scanning speed in the range of V =1.7
mm/s, 3.8mm/s, 16mm/s, 32mm/s.

FTIR spectroscopy was employed to analyze the conformational
changes that are established during laser procesing process. The o-
helix is representd by a strong absorption bands at 1656 cm™ (amide
) (C=0 stretching vibrations), 1540 cm™ (amide 11) (secondary N—
H bending), and 1230 cm™ (amide I11) (C.N stretching vibrations
and N.H bending). The FTIR measurements demonstrate that the
silk fibroin matrix is not affected by the applied laser radiation, the
main amide groups are present in all spectra. The only difference is
observed in the decrease of the peaks intensity in comparison to
untreated sample.

Conclusion

Laser patterning of micrometer dimensions of silk fibroin thin films
is demonstrated using fs-laser exposure to diverse energies and
scanning speeds. Obtaining porous microstructured thin-film
surfaces with porous characteristics from naturally derived
polymers (silk) could be used for muscle and nerve cells
engineering and/or in cell directional growth and tissue
regeneration. The obtained design of processed silk fibroin with
topographical and chemical features suitable for engineering
biointerfaces with multiple functionalities is a main factor in
creation of effective topographical bioplatforms equipped with a
possibility to regulate cells fate.
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Abstract: This article discusses types of mills, used to reduce the size of grinding materials. An analysis of methods for determining the
restitution coefficient was made, after that a method for determining the restitution coefficient was chosen. Input parameters have been
experimentally determined, enabling proper modeling and simulation. The process is modeled and then simulated in a 3D software
environment working on the of discrete elements method. 3D printed materials were used as input data on the restitution coefficient in the
software. The obtained data is compared with the experimentally established restitution data from the real experiments.

Key words: Mills, milling processes, coefficient of restitution, 3D modelling, 3D simulation, 3D printing.

1. Bveeoenue

JloOuBaHeTO Ha IOJIC3HN U3KOMAeMH, KOUTO B ChCTaBa CH MMaT
JIOCTaThYHO CHIBPKAHWE HA TIOJIE3HH MHHEpaiH, ce o0paboTsa,
cile  KOeTo  ce  Iojdy4yaBa  T.Hap.  M3XOJEH  IMPOJIYKT.
OchbmiecTBsIBaHETO Ha e(EeKTHBEH M KadeCTBEH O00OTraTUTEIeH
MPOLIEC M3UCKBA M3XOAHMS NPOIYKT Ja HPETHPHH TEXHOJIOTHYHA
00paboTka 3a OCpeHsIBaHE Ha MUHEPAJIHUA U XMMHYHHS ChCTAB Ha
npoaykra. Haii-gecTo TO3M mporec ce OChINECTBsIBA B MEITHHUIN
(TOTIKOBH, aBTOTCHHH, ITOJTy-aBTOTCHHH).

B mHIycTpHsATa BCe ome ce M3IO0JI3BAaT TONMKOBH MEIHHIH ChC
cheprunu Tena. TepMUHBT TONKAa MEJHHUIA € OTpaHUYEH JI0 TE3H,
KOHTO UMAT ChOTHOIICHHE IbIDKUHA KbM AUaMeTHp OT 2 110 1 u mo-
manko. CdepuuHuTe METHHLIM, NPH KOUTO CHOTHOIICHHUETO
IBJDKMHA KBM JHAMETBp € MEXIy 3 U 5, ca 0003Ha4YeHH TPHOHU
menaum [1-3].

[Mporecute Ha cMMIIaHE B TONTKOBU MEJHUIM Ca W3KIIOYUTEITHO
TpyJHU 3a u3cnenBaHe. [IocTaBsIHETO HA CEH30PU U YPEaU BOIM JI0
YBpEeXKIAHETO WM, TMOpPaad arpecHMBHata paboTHa cpena.
CuMynupaHeTo Ha mpoueca OM JONPHHECIO 3a pa30MpaHeTo Ha
Ba)KHU (DAKTOPH, BIUSICIIH HA TIPOM3BOANTEIHOCTTA, KAYECTBOTO Ha
M3XOIHUS TPOAYKTH, M3ION3BAHATA EIEKTPOCHEPTHs U ApYyrd [4].
VIMa &aHHW, 4e HpPH CHMYJIHMpaHe Ha pasIM4HH MHPOLECH, 4pe3
TOYHO MOJICNIMpPaHe, PasXoAUTe MOrar ga ObJaT HaMaleHH C HaJ
50% [5].

Llenra Ha HacTosIIATa CTATHs € MOJEIMpPAHe U CUMYJIHpaHe Ha
KOe(UIMEHT Ha PECTUTYLHs C LeJl BepU(HKAIMSI Ha IMOJTydeHU
pE3yaTaTH OT ONIUTHO YCTAHOBSIBAHE.

2. Koegpuyuenm na ev3cmanogasane

KoeduIMeHThT Ha BB3CTAHOBSIBAaHE (PECTHTYIHMS) CE M3IOJI3BA
MpHU XapakTepu3HpaHe Ha CKOPOCTTa Ha pa3ceiiBaHe Ha CHeprusra,
BKJIIOYBAIIN CONBCHIM Ha TOBBPXHOCTH, Hail-uecto che chepu.
[Ipeu3BUKATEICTBOTO MHPH HM3MEPBAHETO Ha KOe(HUIIMEHTa Ha
BB3CTAHOBSBAHEC € BJIMAHUETO Ha (HaKTOpH, HAOIIOAaBaHO B
eKCIIepUMEHTATHUTE JIaHHH, KOETO € pe3ylaTaT OT pa3iudHH
cBoifctBa Ha obOektHuTe, (hopMa M TPANaBOCT HAa MOBBPXHOCTTA,
KaKTO M OT HECHBBPIICHCTBA B CKCIIEPHMCHTANHATA TEXHHKA.
KoeHIMeHThT Ha BBH3CTAHOBSIBAHE 3aBUCH OT MHOTO CIIEMEHTH,

KaTo TreoMeTpHATa Ha TejlaTa B KOHTAaKT, CKOpOCTTa Ha
npubIMkaBaHe, CBOMCTBAaTa HAa MaTepHaa, MPOIbDKUTEITHOCTTA Ha
KOHTaKTa ¥  eBEeHTyaJHo TpueHero. KoeduumeHTsT Ha

BB3CTAHOBSABAHE € YECTO CpellaH M MOMyJIsIpeH HapaMeTsp,
U3II0JI3BaH B MHOI'O MOJIENHM Ha COJIILCHK, 0COOEHO 3a CONLCHK 0e3
TpUEHE TOopaJ HEroBaTa MPOCTOTa M OOUKHOBEHO CE IMpHUJIara KaTo
MOCTOSTHHY CTOMHOCTH MEXIy HYJIH J10 eAnHHULa [6-9].

Enua or Meromure 3a ompemensHe Ha KOe(HIMEHTa Ha
BB3CTAHOBSBAHE € UPE3 BUCOUMHH ITPU CBOOOHO IajiaHe Ha cdepa,
KaTo ce M3MepBa BHCOUYMHATA OT KOSATO I1aJ1a, KAKTO U BUCOYMHATA
Ha OTCKOKa OT HOBBPXHOCTTA, C KOSTO chepara uMa KOHTAaKT. pyr
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METOJl € 4pe3 ONpEelssHe Ha CKOPOCT, KaTO ChOTHOLICHHETO Ha
CKOpOCTTa Cle]| yIap KbM CKOPOCTTa CKOPOCT MpEAH yAapa.
U3crenBanust MOKa3Bar, ye ONpeessHEeTO Ha KOoe(UIUEeHTa Cropes
TE3W METO/IU € ChIocTaBuMo [6-9].

3aryOuTe Ha CHEprHs M0 BPEME Ha TE3U CONBCHIM Ca BAXKHH 32
NPaBUJIHOTO MOJEJIMpaHe ¥ CHMYyJIMpaHE Ha JWHAMHKATa Ha
[POLIECUTE B TOIKOBUTE MEJTHUIIH.

3. Ekcnepumenmanna no0zomoeka

3a BepuduIUpaHEe HA MOICTUPAHETO W CHMYJIUPAHETO Ha
KOC(UIMEHT Ha PECTUTYIMS Ca H3IIOJ3BAaHM JAHHH OT OMHTHO
ompenenieH KoeQUIMEHT Ha pecTutynus. Koedummenra e
OIpe/ieNieH, KaTo ca OTYETCHM BUCOYMHUTE HpEeId M CIel yAap.
Cdepa, cBoOOmAHO magamia € mycHata OT BucounHa 540 mm.
Coepara maga BbpXy MOBBPXHOCT, Clie]] KOETO C IOMOIITa Ha
BrcokockopoctHa kamepa NAC MEMRECAM HX-6 [10, 11] e
3amucaH OTckoka. Kamepara mo3BomsiBa cHuMku ot 2000 mo 370
000 xamppa B CeKyHIa, pa3pelraBamia CIHOCOOHOCT peryiaupyema
criopesi Oposi Ha KaJJpyuTe B CEKyH/Ia:

mipu pesormorma 1920x1080 mo 2330 xaxbpa B CeKyHIa;
mipu pesomorua 640x480 no 14 150 kaxbpa B ceKyHaa;
pu MUHUMasHa pesontonus 320x24 no 370 330 xaabpa B

CeKyHa.

Kamepata pasnonara ¢ BpTpeniaa 6bp3a namet 32 GB, BpHIIHA
CHHXPOHHM3AIMs, 3 pa3iuyHd oOekTHBa (BKJI. BapHO OOEKTHB),
TeMIiepaTypHa KalnOpoBKa, JOMBIHUTEIHO OCBETICHHE OT JBa
npoxektopa nmo 1 KW, ympasmsBauny copryep u codryep c
BB3MOXKHOCT 33 HM3MEpBaHE Ha IO3MIMsS, CKOPOCT, YCKOpPEHHE H
BIJTIOBH TTapamMeTpu. Moxke na paboTu ¢ pasIuyHd IPOTPaMHH
MPOJYKTH, pas3rojiara ¢ AUCTAaHIMOHHO YIIPABJICHHE, C BB3MOXKHOCT
3a playback ot camara kamepa, USB u Ethernet nurepdeiicu.

C nomorura Ha codryeper mpoaykt Vicasso 2009 [12, 13] ca
oruyeteHn BucourHHUTe. COPTyephT MO3BOJISIBA BH3IPOU3BEKIAHE
Ha ©JMHUYECH BHICOKIHI, C TOYEH JOCTBI OO BCSKAa 4YacT OT
BHJICOTO 4pe3 JICHTa 3a MpocjeAsBaHe WM OyTOHU 3a eIUHHYCH
kaapp. CamoTO H300paKeHHe MOXKe JOa ce yBelIu4yaBa MM
HaMassiBa. [loqbpska cpaBHEHHME Ha HSKOJIKO Bujaeokiuma. borar
Ha0Op OT MHCTPYMEHTH 3a 00paboTka Ha N300pa’keHUs MO3BOJIABA
Ha U300paxxeHHeTo Ja Obe MoJo0peHo, 3a 1a ce MpeMaxHe IIyMa
WIM Ja Ce yBEIMYM KOHTpAcTa, Taka 4e Ja Morar jga Obaar
paskputu criennduunn neraidnu. Te3u nogoOpenus morar qa ObaaT
NPUIOKEHW KbM ILIENHUsl BUJIEO TOTOK, Taka ue Te3W (QYHKLIUM Aa
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Ja
Ha

MoraT ja OBJaT CleBaHU BBB BHJEO U IMOJOOPEHOTO BHUJIEO
Opae 3amazeHo BbB  (Qain. Ilo-HaTaThIIHMAT — aHAIU3
U300paKEHHETO Cce TMoJrmoMara OT peaula HHCTPYMEHTH 3a
KanuOpupaHe W W3MEpBaHe, BKIIOUMTENIHO IPENOCTaBIHETO Ha
pelmleTkM W JMHUM 3a KanuOpupane u u3MepsaHe. /[lpyra
NpefocTaBeHa IIeHHa (QYHKOWS € aHOTalusATa Ha  BHAEO
H300paKeHNETO, OWIIO TO C TEKCT, PEIICTKH, JIMHUH 1 NH(OpMAIHs
3a BpEMETO WM JIora, KOeTO IoMara 3a HepCcOHAIM3HpaHe Ha
BHUJIEOTO.

Coepara u MOBBPXHOCTTA, BBPXY KOATO Maaa cBoboano ca 3D
npuHTHpanu ¢ matepuan PolylLactic Acid (PLA). Cdepara ¢ 3D
npUHTHpaHa ¢ BucounHa Ha cyos 0.16 mm, 3ambiaBane 100%.
JlaHHN 3a XapaKTepUCTHKHTE Ha cdepaTa ca NpPeAOCTaBEeHH B
tabmmma 1. [ToBbpXHOCTTA € IPUHTHPAHA ChC ChIAaTa BUCOYMHA HA
cios, kato 3ambiaBaHeTo ¢ 20%. IlapTHHMTE cloeBe MexIy
3ambiIBaHeTo ca 1o 5 Opos. Tabnwma 2 mokasBa mapaMeTpuTe Ha
MOBBPXHOCTTA, BEPXY KOSITO maja cdepara. [lomydenure pesynratu
OT eKCIEPHMEHTAIHOTO OMNpeAeNnsHe Ha KoeduIMeHTa Ha
BB3CTAHOBsIBaHE ca MpeacTaBeHH B Tabmuna 3. Hampasenu ca 3
OTUTA, CIIeJ KOETO € B3eTa CPeHaTa CTOMHOCT. 3a OmpenensHe Ha
Koe(HIMEHTa Ha Bb3CTAHOBsABAHE, € M3M0JI3BaHa Gopmyrara [6]:

1
_v _ (ha)2
T, T (h 1) )
,KBJIETO:
€ — Koe(hMIIMEeHT Ha Bh3CTAaHOBSBAHE;
V, — CKOPOCT CclIe]] OTCKOK;
Vi — CKOPOCT IIpe/id OTCKOK;
h, — BrCOUMHA Mpean OTCKOK;
h; — ckopocT npesu OTCKOK.
Tabnuya 1. Xapakxmepucmuxu na 3D npunmupana cghepa.
Matepuan PLA
O6em [m°] 3.817e-7
MasTHocT [kg/m®] | 785.957558
Maca [kg] 0.0003
Pasmep [D, m] 0.009
Tabnauya 2. Xapakmepucmuxu na 3D npunmupana niova.
Matepuan PLA
Odem [m’] 7.260260224¢-5
MasTHOCT [kg/m®] 418.717
Maca [kg] 0.0304
MIupuna [M] 0.06016
Jbixuna [m] 0.119416
Bucounna [m] 0.01
Taonuya 3. Xapakmepucmuxu na 3D npunmupana cghepa.
Buco-
Ne Hayanna YHHA Koepuuuent
eKcrepu- | BHCOYMHA Ha Ha Bb3CTa-
OcHoBa/ MEHT [mm] OTCKOK HOBSIBaHe
cepa [mm]
1 542 141,17 0.510354048
2 542 213,44 0.627535448
3 542 136,49 0.501823244
Cpeona
cmoiinoc 163,7 0.549572125
m
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4. Cumynayuonmno mooenupane

3a CHMyYJIAIMOHHOTO MOJENUpAaHe € H3IMO0i3BaH codryepeH
MPOJIYKT, paboTell Mo MEeToa Ha TUCKpeTHUTE enemeHTH — EDEM
Software. IIporpaMHHAT HmakeT BKIIOYBA MOIYJIM 3a: H3TpakIaHe
Ha wMmoxenu Ha obexktu EDEM  Creator, cumynanus Ha
B3auMozelicTBue Mexxay MHoro obektu EDEM Simulator, ananus
Ha pe3ynTaTd, rpaMKH, OTYUTAHE Ha BINIK, OpOM Meieuu Tena,
usHocBate u ap. EDEM Analyst.

C EDEM Creator Moxe JlecHO M OBp30 Ja ce Ch3aaBar
MOZENY Ha HacwuIleH Marepuai. IIpenBuieHN ca MHCTPYMEHTH, C
KOHMTO JIECHO J1a C& MOJeNINpar (opmara, ILTbTHOCTTA ¥ KOHTAKTa Ha
gactuiure. EDEM Simulator e cpenata, B KosiTO ce KOHGUTypHpa 1
CHMYJIHpa NPENCTAaBsIHETO Ha IBIKEHUETO M B3aUMOJCHCTBHETO Ha
MHOJKECTBO YacTHLHU B TOTOK (cTpysi). [lapanenHara epeKTUBHOCT
yBenuuaBa CKOpPOCTTa mpu pabora ¢ rojemu Mmonenn. EDEM
Analyst mpenocraBs HHCTpYMEHTH 3a mocienBaiia o6paboTKa,
aHaJIN3, BU3yaJIM3alus U CBAJIIHE HA CUMYJIAMOHHU 1aHHu. EDEM
ocurypssa 0bp3a 3D Bu3yanu3anus Ha CHCTeMara 3a HaCHIIBaHE Ha
TOJISIM OpOM YACTHUIIH.

[MpuoxeHus: 3a cuMyJlanys Ha ABH)KCHUE HA MEJCII CPean
B TONKOBHM MEJIHWIM, JBIDKCHHE Ha HACHIHH MaTepuaiH,
(hapmareBTHKa, aBTOMOOMIOCTPOEHE, T€XKKA MEXaHU3ALUs U IPYTH.

[Ipenu 3amouBaHe Ha CUMYIHPAHETO, B COPTYSpHUS MPOIYKT
€ HeoOXoauMO fJa ce 3aAafaT BXOJHM IApaMeTpH 3a YacTHUIU
(urpaemu poista Ha cdepa) 1 MaTepual Ha 00OpyIBaHE.

[Ipn mMarepuana Ha YaCTHIIUTE Ce 3a7aBaT BXOJHH ITapaMeTpH:
pa3MepH, ITETHOCT, 00eM, Maca, KOe(HIIMEHT Ha Bb3CTaHOBIBAHE,
KOe(ULIUEHT Ha CTaTHYHO TpHEHe, KoeQUIMeHT Ha TPUEHE IIpU
ThpPKaAJSIHE U IIP.

3amaneHnTe BXOJHM MapaMeTpH 3a XapaKTePUCTHKUTE Ha
cdepara U mIovaTa ca HASHTUYIHHU, KaTO Te3H, ONMCAHHU B Tabnuma
1. B pannurte ot Tabmuua 2 € MPOMEHEH pa3MepbT IO HICANCH -
120x60mm. B Ttabnmua 3, mppBOHAYaIHATa BHCOYMHA, OT KOSTO
cBOOONHO maja chepata ¢ 3amaneHa Ha 540mm. JlaHHuTEe 3a
KOe(MIMEHTH Ha BH3CTAHOBSIBaHE, TPUEHE, TPHEHE MPH ThpKaJsTHE
ca HaHEeCeHHM, CIPSIMO OIUTHO YCTAHOBEHHTE, NPH IPOBEKAAHETO
Ha ekcriepuMeHTtute [14].

OnnTHAaTa yCTAaHOBKA 32 MPOBEXIAHE HA EKCIIEPUMEHTHUTE €
nmokasa Ha ¢ur. 1. 3D npuaTHpaHaTa cdepa (1) ce moctaBsg B yneit
(2), cien xoeto 3acraBa Ha TToya (3). [Ipu mpemaxBaHe Ha II04aTa
(3), cdepara (1) maga cBoboaHOo oT BrcouuHa h; = 540 mm BBpXY

3D npuHTHpaHara miova 4.
O,

hy

Due. 1. Cxema Ha onumuama ycmanosKa.
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Time: 1.02 s

IenTa Ha CMMYJIaIMOHHOTO MOJENHPAHE € 1a ce BepudHIHpa
MaKCHUMaJIHO TOJydeHaTa BHCOYMHA Ha OTCKOKA Cllel KOHTAaKT C
Ioyara, HoJydeH B copTyepa CIpsiMO BUCOYMHATA HA OTCKOKA IIPH
OIUTHOTO YCTaHOBSIBaHE Ha KOS(UIINEHTA HAa PECTUTYIIHS.

Codryepa mMa BB3MOXKHOCT 3a cleleHe Ha cdepara Ipes
LAJIOTO W JIBWKEHM, B KoopAuHatd XYZ. 3a HavajgHa TOYKa Ha
CIeZICHETO € 3ajajieHa cepara, a 3a KpaliHa TOYKa € 3a/ajieHa
IoYara.

Ipy TbpBOHAYATHUAT MOMEHT, Pa3CTOSHUETO MExXAy cdepara
u wiodata € 544,5 mm, nmokazano Ha ¢ur. 2. Pasnukara ot 4,5 mm
ce IBIDKM Ha (akra, 4e codTyepa B3MMa IEHThpa Ha cgepara,
KosTO € ¢ paguyc 4.5 mm. IIpu kpaiiHaTa Touka 3a ciaeieHe CIPsIMO
MOBBPXHOCT, PHYHO € 3ajajieHa ropHara IMOBbPXHIHA Ha ILIOoYara,
ommcaHa B koopauHarute X = 60 (cpenara ot abpokuHata 120 mm),
Y = 30 (cpemara ot mmpuHata 60mm) u Z = 10 — BucOYMHATA HA
mIoyara, kosrto ¢ 10 mm.

Ha ¢ur. 3 e noka3zaH MOMEHTHT, B KOWTO cepaTa € Ha Haii-
TOJSIMOTO Pa3CTOSIHUE OT IuIoYaTa, a UMeHHO 167,3 mm. B To3u
MOMEHT cpeparta ce HaMHpa B ITOKOM.

JoneiHuTenHO, B coTyepa € OTYETeHa M CKOpOCTTa Ha
cq)epaTa, KaTo B MOMCHTAa Ha OTCKOKa, NpE€Jau OTHOBO Ja CMCHHU “58-52, 31.88,167.3)
rmocokata ckopoctra e =0 m/s.

MakcuManHO ~ JOCTUTHAaTraTa CKOPOCT IO  BpeMe Ha
CHUMYJIAIIMOHHOTO Mojenupane € 3,19 m/s, mokasano B rpadukata
Ha ¢ur. 5. ®dur. 6 moka3Ba AWHAMUKATa HAa OTCKOLUTE U
3aTHXBAHETO. z

-

Time: 0.330007 s ﬁaa, 100 "EDEM”

089, 31.74, 544.5)

@ue. 3. Pazcmosnue Ha omcKok.

Time: 1025 -
Velocity (m/s)

0.00
0.00
0.00
0.00
0.00

. e

i EDEM’

£56.52, 31.88, 167.3)

ISUI 30, 10) .EDE M-H

Due. 2. [Tvpsonauanen MOMEHM OM CUMYAAYUAMA.
Due. 4. Cxopocm 6 momenma, npedu cpepama 0a cmeHu NOCOKAMA CU.
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Velocity - Time

Due. 5. Cxopocm npu c60600H0 nadaue Ha cgepa.

Velocity - Time

@uz. 6. [Junamura Ha OMCKOKA npu c60600HA nadawe Ha chepa.

5.3aknrouenue

TosyueHute pe3yiaraTd OT CHUMYJIAHOHHOTO MOJIEIUpPAHE Cce
JIOOIMKABAT 10 OTYSTSHUTE CPEAHH CTOMHOCTH HPH MIPOBEXKIAHETO
Ha ONMTHUTE eKCIepuMeHTH. lloimydeHara cpeiHa BHCOYMHA Ha
OTCKOK OT EKCHEepHUMEHTAJTHOTO Hu3cieaBaHe € h, = 163,7 mm.
OryereHara BUCOYHMHA HA OTCKOK OT CHMYJIAIHOHHOTO MOJIEIHpaHe
e 167,3 mm. OT mnonydeHUsT pe3yiTaT cjeiBa Ja ce W3BaJu
paauyca Ha cdepata oT 4,5 mm u ce nojyyaBa BUCOYMHA Ha OTCKOK
HPH CUMYJTAlIMOHHOTO Mojeupane ot h, = 162,8 mm.

[Tony4yeHute CTOWHOCTH NMpH KOS(HHUIMEHT HA PECTHUTYIHS OT
TIPOBEICHOTO eKCIepuMeHTanHo u3cieaBaHe ¢ € = 0.5495, a or
CHUMYJIAIIHOHHOTO Moenupane e € = 0.5490.

Tlpu TakaBa pasnuKa MOXKE [1a Ce CYNTa, 4e BepU(UKaIUsITa,
MOJTydeHa TPH CUMYJIAIIMOHHOTO MOJISIMPAaHe OTrOBapsi Ha OMUTHO
YCTaHOBEHHUS KOe(DUIIMEHT Ha Bh3CTAaHOBSIBAHE.

135

bnazooaprnocmu

ToBa m3cnenBaHe e M3BBPIICHO KaTo 4dacT oT mpoekT Ne KP-06-
N47/5 ,M3cnenBaHe W ONTHMHU3UPAaHE Ha B3aUMOJCHCTBHETO
MEXIy CMIJIAIIY TeJa U cpejia ¢ HOBAaTHBHA (hopMa”, PHMHAHCHPAH
ot ®onn Hayunn Uzcnensanus.
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Deposition of ZrO, thin films obtained by sol-gel method on monolithic composite with
layered structure of Nb30Ti/Al
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Bulgarian Academy of Sciences, Institute of Metal Science, Equipment, and Technologies with Center for Hydro- and Aerodynamics “Acad.
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Abstract: The present publication is aimed at obtaining a stable sol from ZrO, stabilized with Y,O3. The substrate on which the layers
are deposited was developed by a team from Russia and is intermetalite with a layered structure Nb30Ti/Al. Deposition was performed by
spinning with a Spin Coater Ossila L2001A3. The deposition sequence of the layers lasts 30 seconds. The finished carrier is dried at 120°C
in an oven. It is heated in a laboratory furnace at 350°C. The results were characterized by XRD and SEM analyzes.

Key words: SOL-GEL, LAYERS, ZRO,, Y,03;, DEPOSITION

1. Introduction

Undoped zirconia is a typical insulator with a wide band gap
(5.1-7.8 eV) [1]. ZrO, is characterized by 3 polymorphic
modifications: monoclinic, tetragonal and cubic. It has been proven
that the individual phases are most often stable in the following
temperature ranges: monoclinic up to 1170°C; tetragonal in the
range 1170 - 2370°C; cubic at temperatures above 2370°C. By
appropriate chemical or physical treatment, as well as by doping
mentioned temperature ranges can be significantly changed. High
temperature phases can be stabilized at room temperature by
replacing. ZrO, is characterized by 3 polymorphic modifications:
monoclinic, tetragonal and cubic. It has been proven that the
individual phases are most often stable in the following temperature
ranges: monoclinic up to 1170°C; tetragonal in the range 1170 -
2370°C; cubic at temperatures above 2370°C. By appropriate
chemical or physical treatment, as well as by subsidizing the
temperature ranges that exist modifications can be significantly
changed. High temperature phases can be stabilized at room
temperature by replacing of Zr (up to 15%) with larger cations [2].

ZrO, thin films are widely used in various fields of human
activity due to its outstanding properties: excellent mechanical
strength, chemical and corrosion resistance, corrosion resistance
coatings, high thermal stability, high wear resistance and
tribological properties, gas sensors properties, remarkable optical
properties, interesting photo-luminesce characrteristics [3-11] etc.
Unfortunately, when heating samples of undated zirconium dioxide,
the unwanted phase transition 1 genus (martensite type) takes place.
Tetragonal modification - Monoclinic modification (in the range
930-1220°C by heating and 950°C by cooling) by cooling. [12] The
difference in the volumes of the two phases reaches 4.5%), which
leads to a significant reduction in the hardness of ZrO, products and
they are often unusable. It is especially true for the cersamic
operating at high temperatures as well asin aggressive mediums. In
this case the fracture of materials can be induced by small damages
(pore, scratch, defects) [13, 14]. This serious temperature-dependent
problem is overcome by appropriate donation of ZrO, with oxides:
Y,0; CeO, CaO, MgO, Gd,O; and others [15] phase
transformations. It is proved that bending strength and thermal sock
resistance of the samples are significantly improved. That is why
they are suitable for application in industry as extreme
environments materials [16]. Special attention was paid to the
doping with yttrium oxide [15-18] which leads not only to the
enhancement of the mechanical strength (fracture toughness) but
also to a series of other excellent physicochemical properties of the
obtained samples [15-18]. The substitution of Zr** with Y** in the
crystal lattice of zirconium dioxide forms 1 oxygen vacancy for
every two Y atoms as a charge compensating mechanism [19].
Vacancies have been found to be essential for the functioning
(operation) of gas sensor devices and solid oxide fuel cells [19-21].
Characteristic of Y,0; doped ZrO, films is also their high
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temperature stability. At a weight concentration of Y,O; relative to
ZrO, 6-8%, thin layers are formed which are very suitable as
thermal barrier coatings [22].

Thin films of Y,03-ZrO, stabilized are synthesized by a series of
chemical and physical methods: sol-gel, electron-beam evaporation,
atomic layer deposition, pulsed-laser deposition, magnetron
sputtering, rf sputtering, etc. [23-28]. Of particular interest in
obtaining these films is the use of the chemical sol-gel method,
which is characterized by some of the following advantages [29-
32]: (i) a cheap and simple method compared to other methods.
simpler and cheaper than others), (ii) significant reduction of the
synthesis and sintering temperatures as well a possibility for
operation at atmospheric pressure operation (iii) very fine
(homogeneous) mixing of the componenets on micro- and macro-
level (iv) synthesis of nanosized particles and structures (v) allows
easy control of the thickness and porosity of the films (vi) synthesis
of very thin films, which increases the adhesion of the film to the
substrate (vii) preparation of a very large number of materials and
compounds (viii) application of inorganic and organic precursors,
etc. [29-32]. These advantages encouraged us to use sol-gel
technology for films synthesis. [33-35]

2. Experimental part.

In the present work, sol-gel technology was used to obtain Y,0;
doped ZrO, thin films for sample coatings in order to improve the
thermal and corrosion resistance of the material. The process
includes the following stages: synthesis of stable sol; mixing of the
zirconium sol with solutions of additives and organic binders;
application of dip coating and spinning methods for deposition of
the layers to different types of substrates; as well as drying and
calcination of coatings. The synthesis of zirconium sol proceeds in
the following sequence.

Zirconium oxalate sol was prepared in the following sequence:
0.1M ZrOCl,+8H,0 (Alfa Aezer) was dissolved in 31 ml of absolute
alcohol and carefully homogenized on a magnetic stirrer for 30
minutes at room temperature. As a hydrolysis process was
observed, 0.8 ml of HNO3; was added slowly dropwise. The process
continues until the solution is clear. 0.3 ml of acetyl acetone is
added to stabilize the solution. Dissolve yttrium nitrate, Y(NO3);
(Alfa Aezer) in 0.3 ml HNO;. Homogenize for 15 minutes. The
yttrium nitrate solution is mixed with the stable zirconium sol at
room temperature for 30 minutes.

The sample labeled Nb Ti/Al (20 - 12 mm) was pre-treated
mechanically, after which the samples are immersed in a solution of
C,HsOH in order to degrease the surface. Spin Coater Ossila
L2001A3 applies five layers. The deposition of thin films involves
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three steps. The spinning speed is 1300 rpm and the stay time in the
sol is 30sec.

The deposited layers are dried in the dryer at 120°C. After that a
heat treatment in a laboratory furnace Veb Electro Bad
Frankenhausen L M 312.11 at 350°C and gradually controlled
temperature is realized. The thermal treatment time is 10 hours.

3. Results and discussions
The results of the XRD analysis show that in sample 1 three phases
are revealed - Al,O;, AINbs, TiNbO,, while in sample 2- Al,Os,
ZrO,, AINb, are observed. In the second sample ZrO, from the
inorganic precursor ZrOCI,*8H,0 is in quantities that are in the
range of sensitivity of X-ray phase analysis. Fig. 1

According to XRD data, sample 1 is characterized by the
following peaks: 24.3, 26.8, 35, 35.6, 38.12, 38.33, 39.16, 41.58,
43.33, 45.83, 51.66, 54.58, 57.91, 60.17, 64.62, 68.4, 72.08, 74.58,
77.08,77.2

Sample 2 is characterized by peaks: 25.62, 28.33, 32.08, 33.33,
35, 35.41, 37.1, 37.5, 37.92, 38.75, 40.42, 41.58, 42.08, 42.50,
43.42, 45.62, 52.5, 54.16, 57.5, 58.3, 59.58, 61.54 , 61.77, 65.77,
66.66, 68.44, 68.66, 70.22, 71.11, 76.88, 77.33, 79.5. Fig. 2

35000
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© - AINb, (00-012-0085)
¥ - TiNbO, (00-081-0911)
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25000
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R
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Fig.1 XRD of the sample 1
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.- AlyO4 (00-075-1865)
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v - 210,

8000

6000

4000
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2000
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Fig.2 XRD of the sample 2

The study was performed using a scanning electron microscope
"HIROX SH-5500P" with EDS system "QUANTAX 100
Advanced" with the following parameters: SEM HIROX SH-
5500P. Specifications: Window 10 compatible, 5-axis fully
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motorized stage, Stage tilt from - 45 to + 90 degrees, Maximum
sample size: diameter = 80 mm, thickness = 40 mm, Maximal beam
resolution: 5 nm (in SE mode), Maximal magnification: x 150 000,
4 variable apertures and continuous variable spot size, Two
detectors: SE and BSE, Accelerating voltage: 1 to 30 kV Integrated
EDS — QUANTAX 100 Advanced — Bruker. Integrated silicon drift
detector (SDD) — nitrogen free, Detection from Boron to Uranium,
Qualitative and Quantitative analysis, Multi-point and area
spectrum acquisition, Line scan profile, X-ray mapping.

The samples were tested in the "secondary electrons" mode at
an accelerating voltage of 20 kV. To characterize the
microstructure, zone analyzes were performed at different
magnifications at different points of the samples. In sample N1, two
separate phases can be distinguished, namely: (1) Ti-Nb-O-Al and
(2) AI-O-Si-Zr. The phases are shown in the photo below, and the
results of chem. analysis are presented in the tables below the
photos number 2, 3, 4.

Fig. 4 shows the simultaneous presence of 2 areas - well covered
deposited layer, as well as uncovered. In Fig. 4 well covered area is
very small and predominantly is uncovered. In fig 3 only the
uncovered area exist.The sample shown in Fig. 3 reveals the
presence of Ti, Nb, Al, O, Y, Na, Fe, Si. The sample of Fig. 5 is
characterized by the presence of Ti, Nb, Al, O, Zr, Y, Si . In the
sample of Fig.3 the presence of Ti, Nb, Al, O, Zr, Y, Si, Fe is
established.

MAG: 100x HV:20kY WD:10 mm  Px:5.12 pm

Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%] [%] [%]  (1sigma) (1sigma)
Ti 2213341 42.13 39.23) 32.97 1.26 3.00
Nb 41 10014 39.39 36.67 15.89 1.56 3.95
(o] 8 588 17.29 16.10 40.50 4.61 26.64
Al 13| 2242 711 6.62 9.88 0.43 6.03
r 40 256 1.07 100 044 0.11 10.63
¥ 39 43 019 0.18 0.08 0.06 30.59
Si 14 63 015 014/ 0.20 0.05 31.89
Fe 26 14| 0.07 0.06/ 0.04 0.04 65.75
Sum 107.40 100.00 100.00

Fig.3 SEM imagin of the monolithic composite Nb30Ti/Al with
ZrO, thin films
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1
I e L Mass Mass Norm. Atom abs. e_rror[%] rel. e_rror[%]
[%] [%] [%] (lsigma)  (Lsigma)
Ti 2212913 4242 a0.64 3547 127 3.00
Nb 4110233 39.54 37.88 17.03 156 395
0 g 511 1540 1475 38.52 4.29 27.33
Al 13 1714 532 329 819 0.33 6.36
i a 282 116 111 051 0.12 10.23
¥ ¥ 51 022 021 0.10 0.06 2743
A S ; 3 14 34 013 0.12| 0.18 0.05 3584
15 - ; Fe 26 0 0.00 0.000 0.00 0.00 0.64
S Sum10438 100,00 100.00

2266 Fig.5 SEM imagin of the monolithic composite Nb30Ti/Al with
Mass Mass Norm. Atom abs. error [%] rel. error [%] ZrO, thin films

Element At. No. Netto %] %] 4 (lsigma) (Lsigma)
Ti 22 8792 43.38 42.24 33.27 134 3.08 .

4. Conclusion
Nb 41 7278 40.57 39.30) 1845 164 403
0 8 293 13.24 12.90 3497 445 33.57 In this work, the synthesis of stable yttrium doped ZrO, sol was
Al 13 852 428 117 671 031 732 shown. Coating by spinning (rotation) and characterization of
Na 11 55 066 06 171 0.14 71,80 results by XRD and SEM analyzes were realized. The thermal
v 39 54 034 033 016 0.08 23,04 treatn_lent at 350°C _was reached after 1 hour a_nd a delay of 10 hours
P % M 016 05 012 0.06 37,30 were implemented .|n orderlto achieve the desired result: The resylts
g u 1 o 007 011 oM .38 tht'Te $EM anal;l/5|s shtcr)]w in some tpIacziIs a well-ddepo:ltedd cotatl?r?,
= 0 o 0w R 000 179 while in some places there are not well-covered parts due to the

uneven treatment of the substrates.
Sum 10270 100.00 100.00
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Technology for production of reduced yellow paving stones on the basis of modified marl clay
from the Alexandra quarry, the village of Lovets, Bulgaria (Part 1)

Gergana Mutafchieva, Lyuben Lakov, Mihaela Aleksandrova, Gabriel Peev
Bulgarian Academy of Sciences, Institute of Metal Science, Equipment, and Technologies with Center for Hydro- and Aerodynamics “Acad.
A. Balevski ”, Shipchenski Prohod Blvd. 67, 1574 Sofia, Bulgaria, cl.creativeline@gmail.com

Abstract: Due to the specifics of marl clays, research to date has shown the need to stabilize these clays with respect to their critical melting
point. The research is based on a previous analysis of pure raw material from marl clay, located in the area of the village of Lovets, which is
modified by various additives. On the one hand, the modification is used to stabilize the ceramic mass and on the other hand, by adding
various agents, the aim is to lighten the composition and obtain the required color pattern. For the purposes of production, the experimental
part includes laboratory development of a scale model of yellow paving stone. The development presents the entire process of creating
instrumental equipment — model making and matrix construction, and molding of finished products - pressing process for paving stones
productionfrom modified marl clay. The technological cycle that can be implemented in the real conditions for yellow paving stones

production will rely on the present study.

Keywords: PRESSING OF CERAMIC PRODUCTS, YELLOW PAVING STONES, MODIFIED MARL CLAYS.

1. Introduction

The production of yellow paving stones is associated with a
laborious and complex cycle in terms of both the technological
process and the raw material. This is mainly due that the finished
products have to meet specific physical and mechanical parameters.
These requirements should be corresponded to the European
standard EN 1344: 2013, which has the status of BDS from 2014-
03-17. Requirements include indicators such as compressive
strength, bending strength, high wear resistance, abrasion
resistance, slip/skid resistance, transverse breaking load, minimum
unit value, freeze/thaw resistance, high density, and low water
absorption of the composition used, and last but not least color
characteristics [6]. Studies show that marl clays are able to meet
these parameters, but due to their chemical composition, they need
to be modified with additives in order to increase their melting point
and stabilize the glass phase at the final temperature. However,
there are not many deposits in Bulgaria that meet these conditions
and are available not only for experimental research but also for
production purposes. Research so far shows that a suitable quarry is
located in the Popovo region, but due to the cessation of production
in the region, access to the field is limited [7]. Its necessitated new
studies of suitable marl clay, which was studied as a raw material
from the area of the village of Lovets, Shumen district. The
analyzes showed appropriate results for the development of the
material by the addition of modifying agents. Due to the indicators
of the mass used, the development includes a laboratory
technological process in the production of reduced yellow pavers.
This covers the entire production cycle from the quarry to the final
product, on the basis of which an adequate and analogous structural
process for the production of exterior paving from yellow pavers
will be created. The technological development includes the
production of a model - gypsum prototype of paving stone in scale
1: 2 with dimensions 117 x 61 x 46 mm .; production of a matrix
form for pressing ceramic pavers - construction of a metal frame
with a mold of polymer-modified gypsum mixture [8]; preparation
and processing of modified semi-dry marl clay - grinding, mixing,
extrusion and vacuuming of the raw material with the addition of
fireclay, kaolin K2, glass, ZrO,, and ZnO; molding of ceramic
pavers - pressing production of semi-dry ceramic mass; drying and
firing of the formed pavers - modes of drying, heating and
temperature synthesis with isothermal retention in several main
temperature processes [2-3].

2. Experiments

The research part presents an experimental complete process for
the production of scaled ceramic products for exterior flooring -
yellow pavers, from quarry to finished synthesized product. The
production cycle begins with the preparation of raw materials and
obtaining the necessary plasticity of the mass for pressing ceramic
pavers. The main components are fireclay from fired marl, clay, and
kaolin as the plasticity of the mass is determined by the ratio of
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fireclay fraction to clay substance, and residual moisture in the mass
after extrusion is 20-25%. A scheme of the production process from
mass preparation to temperature synthesis is presented in fig. 1. The
experimental part develops the already studied indicators of marl
clay from the village of Lovets, presented at the VI International
Scientific Conference Industry 4.0, held from 08 to 11.12.2021.
According to the obtained data, the studied marl clay is from group
Il (acidic) with content below 15% Al,O; high carbonate, the
content of alkaline earth oxides over 17 - 18% and high content
over 3% Fe,03. The total amount of alkaline earth oxides is 21.82%
by weight, according to the classification of Sitin, which
characterizes it with a relatively narrow sintering interval.
Therefore, it was necessary to modify the marl we used in order to
stabilize the material at the final temperature. Table 1 shows the
chemical analysis of a sample, which in X-ray phase analysis gives
suitable peturgical phases anorthite CaAl,Si,O; and diopside
MgCaSi,Og, which is presentedinFigure 2 [1,4,5].

Raw materials

Wet grinding

Filter press

Vacuum pug

Pressing process

Drying process

Syntesis

Fig. 1. Scheme of technological process for the production of
reduced ceramic blocks for external flooring from mass preparation
to the synthesis of the finished product.
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Table 1. Quantitative analysis of the content of oxides in a
synthesized sample of marl clay from the village of Lovets.

Composition Quantity%
Na,O 0.7
MgO 2.24
Al,O4 11.36
SiO; 35.19
P,0Os 0.1
K,0 2
CaO 19.58
TiO, 0.47
MnO 0.11
Fe,0O; 4.85
LOI 23.21
99.82
Cu 0.06
Zn 0.073
Sr 0.053
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Fig. 2. XRD of the sample synthesized at 1140°C with the presence
of peturgical phases anorthite and diopside.

To modify and stabilize the ceramic mass is experimented with
test specimens in different proportions of fireclay and clay, as well
as brightening additives presented in the table. 2. The best
indicators presented correspond to sample XIX in the ratio by
weight of clay - fireclay 30% - 60% and the addition of kaolin 10%.
The reduction of the fireclay fraction increases the plasticity of the
mass, which makes it suitable for the molding process — pressing
process. The residual humidity after the vacuum extruder is 20-
25%. The addition of kaolin stabilizes the liquid phase and
brightens the mass to obtain a color corresponding to the pattern.
The X-ray phase analysis of the synthesized sample shows the
presence of peturgical phases (Fig. 1)
asthetemperatureregimeisconsistentwith DTA andispresentedin the
table. 3 [7].

Table 2.The percentage ratio of clay - fireclay and modifying
additives of marl clay from the Alexandra quarry, the village of
Lovets.

Ne Fire | Marl ZrO, | ZnO | SiO; | Al,032Si0,2H,0
clay

I 55 | 40 5 - - -

Il 55 |40 - 5 - -

VI 50 |40 5 - 5 -

VI 50 | 40 - 5 5 -

X1 35 |55 - - 10 | -

XV |35 |60 - - 5 -

XIX 30 | 60 - - - 10

XX 30 | 55 - - - 15
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Table 3.Temperature regime for synthesizing ceramic blocks with
temperature retention at several points.

Temperature Retention in min.
°C

150 60

650 60

840 180

1140 180

Thetechnologicalprocessforobtaining
formforpressingceramicblocksincludes a modelmaking and an
author'sapplieddevelopment of two-partmatrixconstruction making,
whichrepresents a metalframeand a gypsummold. The model is
made ona scale of 1 to 2 compared to the original ceramic block and
shown in figure 3, figure 4 presents a scheme of the matrix
structure.

Fig. 3. Gypsum model of a reduced block for outdoor flooring on a
scale of 1:2 compared to the original paving block - yellow paving
stone.
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Die of semi-dry pressing process

Ln +

©)
1 1
T i 7
1. Metal frame
2. Plaster mold
3. Molding space
4. Air supply nozzle
5. Guide post

6. Distance bar

7. Die clamp

Fig. 4. Scheme of the matrix construction for pressing process of
reduced ceramic blocks for paving.

The gypsum model is made with an expansion of 14%
compared to the compressibility of thesemi-dry mass used so that
after the temperature synthesis the ceramic block retains its scale
ratio to the original one. Once the model is ready, the construction
of the matrix is started tomake. The first stage includes the
production of metal frames according to the pressing facility used:
Russian hydraulic press T1-125is used. Each of the two metal frames
has an enclosed area in the middle where the model is put and the
gypsum mold will be cast, and each part of the mold is cast
consequently. Metal frames include: clamping elements that fix
each structural part (metal frame + gypsummold) to the working
plates of the press (note 7. Fig. 4); fixing guides of the two metal
frames (note 5. Fig. 4.); spacer distance, which provide the
necessary distance and centering between the working surfaces of
the matrix (note 6. Fig. 4.); openings with mounted nozzle for the
supply of compressed air in order to form microscopic capillaries in
the gypsum structure, which helps faster and easier separation of the
molded product from the matrix (note 4. Fig. 4). Each structural part
contains a gypsum form - a mold (note 2. Fig. 4.) and a form-
forming space (note 3. Fig. 4.). Thegypsumcompositionusedis a
polymermodifiedmixtureKERADUR
S4Pintheratioofpartshyweightofgypsumtowater 3 to 1 [8]. The
volume of the required amount of gypsum powder and water is
calculated by the formula:

X1

| o

X2:X1.3

where X; is the required amount of water in liters; x, is the
required amount of gypsum in kg, v is the volume of the mold
forming space.

The liquid solution of the polymer-modified gypsum mixture is
beinghomogenized by continuous mechanical stirring until
complete dissolution of the polymerizing agent in the order of 20 to
30 minutes. The formation of capillaries in the cast by supplying
compressed air begins when the gypsum is heated to a temperature
of 37 ° C. The air supply starts at 0.5 bar/min to 3 atmospheres, then
the supply increases by 0.5 bar / 30 sec to 5 atmospheres. The
retention during the continuous supply of 5 atmospheres of
compressed air holds to a total time of 40 minutes.During that time
the maximum water content in the gypsum moldwas evaporatedand
the formation of the capillary principle was obtained. The whole
production process for the matrix construction is presented in fig. 5.
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Fig. 5. Technological process in the production of a matrix
structure for pressing ceramic products —reduced paving stones
from semi-dry modified marl clay.

3. Conclusion

The experimental development shows very good results both in
terms of the technological process and in terms of indicators of the
marl clay used. In summary, the results of the present study can be
defined as comprehensive coverage of all stages of the production
cycle - from mass preparation to temperature synthesis of the final
product. This allows control at each stage of the process, which
should be used in the production of real-sized blocks for paving
pavement through the already developed technological principle.
The performed analyzes will be used for the implementation of the
technologicalframeworkinproduction.
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Abstract: In this publication, the authors present an in-depth justification on the technology for the production of high-oxide ceramics. In-
depth research on international markets on the supply and use of raw materials is presented. The various design developments related to the
ways of pressing products are described. The physico-mechanical parameters of the synthesized corundum and boron-ceramic ceramics

were also studied.
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|. Introduction

High-oxide corundum and boron carbide ceramics

The beginning of the production and use of Al,O3-based
ceramics is considered to be 1905. At present, the corundum
ceramics occupies the largest share of all other technical ceramics
produced globally - about 40 %. Its application is for refractory
products, in the vacuum technique, as constructive elements as well
as for chemically resistant and electrically insulating products. Over
the past decades due to its low cost, the high-oxide corundum
ceramic products have been applied for protection against high-
speed kinetic and cumulative impacts on moving and stationary
objects, as well as for the production of multilayer ceramic panels
for personal protective armor vests. In general, the corundum
ceramics plays an important role in modern science and technology.
Areas of its application are constantly expanding as its properties
are continually improving through the use of new production
technologies.

Corundum ceramics is a densely sintered polycrystalline
structure. The feedstock is a-Al,O; (corundum). A basic
requirement for the raw material is its high purity. The degree and
constancy of impurities predetermines the purpose of the ceramics.
Another requirement is a well defined sedimentary composition
(finely milled feedstock), obtained without contamination during
milling. Alumina powders with close particle size (mono fraction
powders) are required for preparation of high-alumina corundum
ceramics intended for special applications. In these cases chemical
methods are used - chemical coagulation or sol-gel method. These
methods are characterized by the advantage that they achieve a high
dispersion, purity and activity of the ceramic powders, as well as
homogeneity of the constituent masses, and hence of the resulting
ceramics. Using these methods sintered materials can be obtained
easily at low temperature.

The direct use of corundum powder as a raw material for
ceramics production is inappropriate since it is non-plastic. In order
to obtain a product, the ceramic powder must acquire bonding
properties, which is achieved by adding organic composition as a
technological bond. Substances that act as a temporary bonds are
called plasticizers. They give formability to the ceramic mass for
fabrication of products and the mechanical strength of the material
prior to firing and in the process of firing the bond burns without
residue. Most often these are water-soluble organic binders such as
polyvinyl alcohol and the like. In order to improve the wetting of
the mineral components and to increase the surface activity of the
organic bond, a small percent of surfactant is added - about 0.5 wt
% of the amount of corundum. The most common surfactant is oleic
acid (C17H23'COOH).

Pure boron carbide products have an extremely wide range of
physical, chemical and mechanical properties, which make them
unmatched in many areas of technology. Their high hardness (the
third after those of the diamond and cubic boron nitride), modulus
of elasticity, sound velocity, and low relative weight allows it to
occupy an important place in the construction of multilayer
ceramic-polymer systems for protection against high-speed kinetics
and cumulative impacts.
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In nuclear power plants, cylindrical profiles of boron carbide
are used to regulate the course of nuclear reactions because they
contain boron atoms °B in which the capture of neutrons is
extremely high.

Nozzles for sandblasters, cutting and grinding tools and more
are also produced from boron carbide.

Despite of the extremely high chemical resistance of
boron carbide products to various aggressive environments, due to
technological difficulties in the manufacturing of large-scale
products for the chemical industry, they are not yet widely used.

Currently, studies on the synthesis of pure boron carbide
and the production of articles based on it have received much
attention. Particular attention is paid to improving the method using
hot pressing.

At present, a lot of attention is played in various smaller
and larger countries to the research on the synthesis of pure boron
carbide and the manufacture of articles on this basis. Particular
attention is paid to refining the method of hot pressing.

1. Requirements for corundum masses, preparation of
press powders, forming methods of preforms and

development stages

As noted, high alumina corundum ceramic masses are non-
plastic and because of this their masses can be thermoplastic
(paraffin bonding used) or semi-dry (if polyvinyl alcohol with
surfactant - oleic acid as bonding is used). Prior to their production,
the corundum (most commonly electrically melted) is grinded.
Grinding is often wet. Afterwards, the powder, with the required
granulometric and sedimentary composition, is sieved (most often
with vibratory sieves) and the iron impurities are removed by
magnetic separation. The fractions are blended, plasticizer is added
as per the technology of the respective product and the mass is
homogenized. The material should be very well compacted after
pressing. This is why the grain size distribution is essential to
provide a maximum packing. Surfactants are also added which, in
addition to being adhesive additive, play the role of a grain sealer,
reducing friction between them and the mold. These additives are
called lubricants. Prior to the addition of plasticizers and
surfactants, the masses are crumbly, easily spreadable in layers with
different density and do not "flow" well when filling the molds if
not properly prepared. All this is avoided as the masses are
aggregated into larger granules of approximately the same size and
with round shape, which are durable, do not stick together and fill
the mold well. The main method used for this purpose is spray
drying. It is done after an initial homogenous mixing of the
corundum powder with the organic binder and its humidification.
The resulting material is injected in the direction of its movement or
against it (counter-current) in the so-called spray dryers.

The main idea in developing the present technology is to
achieve specific composition and specific technical conditions for
the production of corundum ballistic ceramics through the study of
a number of corundum compositions. For this purpose the most up-
to-date information was obtained on the globally used ballistic
ceramics and in particular of that based on corundum. A number of
technological issues related to the preparation of corundum



MACHINES. TECHNOLOGIES. MATERIALS. 2022

compositions cwith a certain particle size were studied: the addition
different type and quantity of modifiers, the granulation and the
molding methods - compacting by a hydraulic press, thermoplastic
casting, slip casting, isostatic pressing, detonation pressing. The
issue of the production of corundum ballistic ceramics was solved
by the development of the technology.

First, seven compositions with different Al,O; content were
prepared and experimented under laboratory conditions. The most
promising was determined. Mixtures of the various corundum
compositions according to the applied molding method were
prepared. The densities, the temperature mode of firing,
respectively the coefficients of shrinkage after firing, of the semi-
finished product after molding were determined in order to produce
tools for the final products - square and rectangular plates with
different thickness. Various physicochemical properties, such as
final density, speed of sound passage, Poisson coefficient, bending
strength, modulus of elasticity, relative share of the absorbed kinetic
energy, hardness, etc. were examined of the various laboratory
samples.

The technological process of ballistic corundum ceramics
production includes the following operations:

1. Use of pure raw materials obtained by chemical
methods. In this case Al,O5; powder.

Dosage of the raw materials and weight mixing
with additives.

Preparation of a ceramic granulate,
thermoplastic masses or dispersed aqueous
colloid system.

Forming of the obtained products.

Drying and firing of the preform bodies.
Mechanical processing if needed.

Quality control of the obtained products.

2.

No oM

2. Standards referring to corundum ceramics properties

The object of the technology is to achieve maximum protection
of the corundum products, in particular plates with a maximum
Al,Oscontent with, used as a front part of a multilayer ceramic-
polymer hard plate. The chemical composition of the ceramics
corresponds well with the corundum ceramic used for electro
technical purposes described in the International Standards "IEC" of
the European Committee CENELEC. With the introduction of
unified European regulations, these standards are already listed as:
EN60672-1 "Specification for Ceramic and Glass Insulation and
Materials, Part 1": Definitions and classification and EN60672-3
"Specification for Ceramic and Glass Insulation and Materials, Part
3": Materials.

As an example, we list some of the most important indicators
to be met by the best corundum ceramics containing Al,O3 > 99 %
of the group C799, namely:

—  porosity - 0.0%,

density > 3.7 g/em®,
bending strength > 300MPa,
elasticity modulus 380 GPa.

These values are minimal, each manufacturer guarantees in his
technical specification additional and possibly better properties for
his products.

3.

Standards related to the control of material
characteristics (in this case the corundum ceramic tiles),
defining the protective properties of the final product.

There are various methods developed to determine the
material’s properties, such as density, tensile bending and
compression strength, hardness, impact strength, elasticity modulus,
etc. Applicable for these purposes are EN 1SO12680, ENG658,
ENV14186, EN1094, EN993 series standards. There are non-
standardized methods, known in the literature, to make an indirect
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assessment of the protective properties of the material under certain
test conditions.

4. Market study at home and abroad for supplying the

necessary raw materials for regular production.

The market study for the supply of the necessary raw materials
is consistent with the stages of production of high alumina
corundum ceramics, namely in the following order:

4.1.The worldwide suppliers of 99.99% pure aluminum oxide
with a defined sedimentary and granular composition or of
granules with a defined chemical composition for dry pressing,
are as follows:
— company Martinswerk - Germany,

company Nabaltek - Germany,
- company Alkoa - USA.

For this purpose, inquiries were made to the respective
suppliers, and we received their offers as follows:
Nabaltek has submitted a quotation for pure

aluminum oxide as well as ready-made
granulate brand KMS96 and brand NM9620;

Martinswerk submitted an offer for MR70 / S
ready-made granulate.

4.2. Preparation of alumina oxide press powder for
isostatic pressing.

The market for suppliers of alumina with a 99 % content and
average grain size of 5 microns was studied.
We received offers from the suppliers quoted in item 5.1, as
follows:
Nabaltek has provided an offer for alumina oxide brand
ND313.

Martinswerk provided an offer for alumina oxide brand
MR52.

To improve the physico-mechanical properties and to
reduce the sintering temperature, a market study of suppliers of
magnesium and other oxides was required. We have sent a request
for offer to the firm May Chem from the Netherlands.

For improvement of the parameters of the finished product
related to liquefiers and plasticizers, a request for offer was sent to
the companies Zchimmer and Schwarz from Germany. The German
company has offered the following brands: Dolapix PC67 and
OptaPix PAF2.

5. Development of semi-dry, impulse and detonation pressing

molds.
1.1. Development of semi-dry pressing mold

The study concerns a press tool for hydraulic press DORST
TPA 50/2 designed for pressing ceramic plates made of alumina-
based ceramic material with dimensions 50 x 50 x 8 mm and 50 x
50 x 10 mm.

5.1.1.Description of the equipment

It is an instrument consisting of a mold, a top and a
bottom punch and connecting elements. The following materials are
defined for making the basic elements of the instrument taking into
account the specifics of the ceramics dry pressing.

mold — body of hard metal Ceratizit
H40S/HIP,
top and bottom punch — steel X12 thermally

treated to the necessary hardness,



MACHINES. TECHNOLOGIES. MATERIALS. 2022

connecting elements — steel C45.

The dimensions of the connecting elements are tailored with
the DORST TPA 50/2 automatic press adapter. The dimensions of
the molding parts are defined as follows: by performing a
technological trial using the same press at similar technological
parameters but with another pressing tool to determine the
compressibility coefficient of the ceramic granulate. This
coefficient determines the dimensions of the raw body or of the
shaping parts of the finished bodies.

1.2. Development of equipment for
compression.

impulse and blast

These equipment was not designed for a specific product of
definite dimensions but only for model samples to determine the
effect of this compression on the physico-chemical and mechanical
characteristics of the finished product without pursuing a long-term
use.

6. Manufacture of proper size rubber molds for isostatic

(hydrostatic) pressing.

The manufactured rubber molds are for isostatic pressing of 50
X 50 x 8 mm and 50 x 50 x 10 mm preform ceramic plates. This is
done by the following scheme:

6.1. Calculation of the dimensions of the green plate of the
respective composition with a compression coefficient of
~ 1.166, which means that the preliminary dimensions
should be 58.3 x 58.3 x 9.32 mm and 58.3 x 58.3 x 11. 66
mm respectively.

6.2 Calculation of the mold

a) Internal diameter of the mold

Considering that the coefficient of compaction at 1,300
bar is Kcom ~ 1.3 and that the square plates dimensions of 58.3 x
58.3 x 9.32 mm and 58.3 x 58.3 x 11.66 mm may fit in a circle with
a diameter 90 mm, the internal diameter of the mold must be = 90 x
1.3 = 117 mm. Considering that a further 10-13 mm are required for
the preform to become a right-sized cylinder after machining, the
required internal diameter of the mold must be 130 mm.

b) Length of the mold

Thicknesses of one plates are 9.3 mm and 11.66 mm
respectively. Four mm for preliminary machinig and 5 mm for
cutting of a single plate (this is the thickness of the turning knife)
should be added to these dimensions. The required length of the
green body becomes at least 230 mm for 12 plates 8 mm thick and
10 plates 10 mm thick. Considering that the coefficient of
compaction is approximately 1.3 for isostatic pressing, and the
sleeve is closed with rubber stoppers at 40 mm depth, the required
length will be 380 mm. The thickness of the mold’s wall is 10 mm.
Two molds are needed for full loading of the isostatic press.

7. Injection molding

7.1.Preparation of a technological binder and a thermoplastic
slip. Forming of details.

5.65% bees wax is added to 1 kg of hard paraffin. The two
materials are placed in a vessel and heated in water bath at 80 +~ 90 °©
C to melt and are homogenized. The resulting binder is poured into
metal molds and, after cooling and curing, is stored for further
application for preparation of thermoplastic slip. This is done by
placing in a heated water bath at 80 + 90 ° C the preliminary
cleaned from the binder quantity (16.5%) and waiting for it to melt.
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The alumina mixture is added in small portions under continuous
stirring with a propeller stirrer.

After the entire material is added in the heated water bath, the
stirring continued for another 15-20 minutes. The resulting slip is
aged for 2-3 hours in an electric dryer at a temperature of 65-80 ° C,
then poured as a thin jet in suitable metallic molds. The casting is
stored in a clean and dry place. The details are molded by hot
casting under pressure from 1 to 3 atmospheres in metallic molds.
The working temperature of the slip varies in the range 60 + 75 ° C.
After casting the products and hardening the slip, the mold is
opened and the items are removed very carefully. Exerting an effort,
such as pressure or tension on the product before it has solidified, is
not desirable as it may result in deformation.

7.2. Removing the technological binder

The removing of the technological binder is carried out in the
temperature range of 50 - 1050°C in an electric resistance furnace.
The products are placed in high-alumina saggers and filled with
adsorbent. As an adsorbent is used Al,O; with a grain size of 40 +
50 microns. The rate of the temperature rise is as follows:

50 +200°C — 10°C per each 8 hours,
200 + 300°C — 25°C per hour,
300°C - holding for 3 hours,

300 +450°C - 25°C per hour,

450 + 1050°C — 100°C per hour.

After the furnace is cooled down, the items are removed
and cleaned with compressed air. Their final firing is carried out by
placing them on refractory plates in a high-temperature electric
furnace, at a temperature determined for each composition in the
temperature range 1550-1650 ° C.

Only samples for physico-chemical and mechanical tests were
produced by the presented technology.

7.3. Compression of ceramic products by explosion

For this purpose, a metal mold with a punch is used in which
a certain amount of press powder is placed. The compression is
carried out in a blast chamber, the explosive being placed around
the punch. The disruptive explosive has a “pyromex” density with
detonation velocity of D = 7,200 m / sec and density Ro = 1.48 g /
m3. The explosion is carried out by an EAMN - 25 detonator.

The parameters of the blast on the punch are:
Initial speed U, = 2,900 m/sec,

speed of the particles produced by the
explossion Us = 1,823 m/sec,

— density of the explosion products p; = 1,980
kg/m®,

— speed of sound in the explosion products d; =
5,377 m/sec,

pressure of the wave front p¢ = 0.131.10™ Pa,
ratio between the pressure of the wave front and
the pressure on the punch p¢p; = 1.31.10° Pa.

It is determined experimentally that for the same
explosive the detonation velocity D, [m/sec] and the specific energy
of blast transformation depend on the density of the charge p,,.

The high density of the samples obtained after the explosion
compaction and their incredibly high increase in strength, despite
the instantaneous impact of the pressure, shows the perspective of
using this method to obtain preforms from of any technical
ceramics.
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8. Essence of the isostatic pressing

The essence of the method is based on the following: the
granulate is packed in the rubber molds and vibrates with them, then
it is placed in cylinders filled with liquid (water emulsion, glycerin
or oil). A pump system creates pressure in the liquid around the
sleeve in the cylinder with a value of up to 2,000 MPa - in our case
1300 MPa. The granulate is pressed from all sides by the impact of
the liquid on the rubber mold. An irregular cylindrical preform with
uniformly distributed density and isotropic texture is obtained. The
duration of the hydrostatic (isostatic) compression process depends
on the size of the preforms and lasts for few minutes. Typical for
this method is that there is no friction of the press powder on the
mold’s walls. It is compressed from all sides, producing a uniformly
dense preform without the presence of layers or sections of different
density. The densification is 35-39 % better in comparison with the
classic automatic hydraulic press method, which results in an
increase rate of solid-phase reactions during the firing process at the
same temperature and reduces the shrinkage of the articles. In this
sense, the method is more energy efficient. Due to the short
movement of the high pressure there are profound changes in the
structure of the crystalline substances.

8.1 Essence of the conventional molding method

The conventional molding method is the most common one.
Articles from all masses regardless of their chemical and mineral
composition can be produced by it. Density depends exclusively on
the ratio, amount and size of the individual powder fractions and on
the pressure and the molding conditions. The density of the bulk
material upon free backfilling depends on the size, shape, particle
size distribution, state and the structure of the particles. To obtain a
dense package, the most suitable is a multi fraction composition
with a maximum particle size of less than 1 um. Numerous studies
are known concerning the particle size distribution and particle size
of the material. Practically granulates are produced in the form of a
press mass, which regulates pressing. The essence of the process is
based on the following: low moisturized powdery granulate of
aAl,O3 with particle diameters less than 1 pm and modifiers with
plasticizers are poured in the mold. Then the mass is pressed by a
punch at one side (one-sided matrix) or by two punches moving
oppositely (two-sided matrix). The pressure can be applied
continuously during the entire compression process (one-stage
compression) or with steps (stepped pressing). The continuation of
the steps is of the order of a second or parts of a second. Stepped
pressing is preferred as it helps the equalization of the pressure and
the removal of the air from the mold. After the final pressing, the
articles are pushed out of the die and the compression cycle is
completed. By this method different samples of different
compositions can be formed at different pressures.

8.2. Essence of the impulse compaction

This method is based on the effect of pulsating forces
multiplied by value, with magnitude of up to a maximum of
100,000 tons at values of impulse body displacement up to 10 mm.
This is achieved by means of a power pulse generator, a machine
for transforming constant forces and moments into pulsating ones.
The generator is implemented on a purely mechanical basis. It
consists of a shell and impulse body, and in the cavity between
them is a built-in bar mechanism, in which the circular joints and
rod arms are replaced with segmental shoulders and joints. By this
replacement, it is possible to obtain a large area of the press bearing
and the dimensions and the mass of the power impulse generator
can be reduced many times.

According to the described scheme, samples were pressed in
the mold, giving extremely high physical and mechanical indices.

8.3 Sintering synthesis of test specimens obtained from
different compositions at various methods and compression
pressures
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The corundum is difficult to sinter. The diffusion mechanism,
including the recrystallization process, depends on the temperature
and duration of firing, dispersity of the corundum, the activity of the
crystalline chemical status of the material, the initial density of the
green product, the presence of impurities or specially introduced
modifiers, and last but not least the gas environment. The maximum
grain size of Al,O5 capable of solid-phase sintering must not exceed
3 - 5 um. We use finely dispersed Al,O3 - up to 1um. During the
sintering process, recrystallization of the dispersed corundum
ceramics occurs, which is of great importance for increasing or
decreasing the size of the crystals, which affects the different
properties. During our studies we achieved a crystal size of 1.2 to
2.5 pm, average 1.75 um. The degree of perfection of the corundum
crystal lattice also has a very strong influence on the firing
temperature and the degree of sintering. The crystalline grid of
electro fused corundum has a high degree of lack of defects and
therefore, with identical dispersity, the articles made from it without
the use of modifiers are much more difficult to sinter than those
obtained from technical Al,O.

8.4. Investigation of the physico-mechanical properties of the
obtained corundum ceramics

Experimental corundum ceramic samples of different
compositions obtained by the above-described formation methods,
at different compaction pressures and sintered at specified
temperatures and duration of the isothermal temperature retention
are studied and a number of physico-chemical indicators are
determined. The results are analyzed and plates with dimensions 50
x 50 x 10 mm - 20 pcs and 50 x 50 x 8 mm - 20 pcs are produced at
industrial conditions, corresponding to the conditions of the
preparation of the best samples. An excerpt of the best results is
presented in Table 1.

Table 1. An excerpt of the physico-mechanical properties of
corundum ceramics, obtained by different forming (pressing)
methods

N 1 1 2 3 4 5
Composition 2 3 | 1 2 1 4

Forming method 3 | Conventional Isostatic Impulse Explosive | Thermo-plastic
method pressing pressing pressing pressing
P=10 P =130 P =2.786 P=24.00
MN/m? MN/m? GN/ma2 GN/m

Firing temperatur,
s R at e 4 | 1.570°C, 2h 1.580°C,2h | 1.570°C.2h | 1.560°C.2h | 1.600°C,2h

and time

Initial density

(after forming) Po. 5 162 20.0 20 25

wsm’

Relative share of 6 40.50 475 58.00
density after
forming in respect
to the theoretical
density of pure

corundum

Final density (after | p, g/sm® | 7 3.75 385 3.90

firing)

$7.00 93.85

y after firing
in respect to the
theoretical density
of pure corundum

Transmission of the | Vi,m/s | 9 10,300.5 10,350.00 9,800.00

speed of sound

9,780.5

Poisson's coefficient n 10 0.20 0.22 0.22 023 0.20

Bending strength a.MPa | 11 320 420 425 480 330

Modulus of E.GPa 12 390.00 390.00 400 380

clasticity

DE.
Im*kg

Relative share of 13
absorbed kinetic

energy

11 GPaata
load of 1,000g

11,5GPaata
load of 1,000g

102 GPaata
Toad of 1,000g

HRC 14 10 GPaata

load of 1,000g

11,5GPaata
load of
1.000g

Knoop Hardness
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I1. Boron carbide ceramics

1. Materials and influence of their properties on the quality
of the boron carbide products.

The properties of boron carbide products depend on the
properties of the starting material (boron carbide powder) and the
production technology. The properties of the powder are
structurally sensitive and depend on the porosity, shape and size of
the grains, their orientation, the type and amount of impurities, as
well as their volume distribution. In addition, boron carbide has a
phase-varying composition that depends on the ratio of components
B and C. Boron carbide is produced in a number of countries -
USA, Germany, Russia, China and others. For now, China is the
largest producer of B,C and at the lowest price. The purest B,C is
produced in the US and Germany, but at a very high price.

The quality of the products, as noted, depends on the purity of
boron carbide and the molding and sintering technology. Assuming
that hot pressing is the best technology for a given sedimentary and
chemical composition of B4,C powder, the question arises as to
which factor determines cost and how to improve it. Generally hot
pressing is performed in rigid graphite molding equipment in an
argon or vacuum environment. Regardless of the quality of graphite
and the atmospheric conditions, the molding equipment breaks
down and pollutes the surface layer of the articles changing the B:C
ratio.

In view of the unlimited number of suppliers of different
chemical and chemical compounds, our task was to buy ready-to-
use powder from B4,C and to focus on the main part of the
technology- molding, temperature regime and clinkering of the
products.

When developing our technology, we use boron carbide,
bought from Thermo Fisher - Germany, accompanied by a
Certificate of analysis of the boron carbide 99 +% product. The
product has the following composition presented in the following
table:

Table 2 Certificate of analysis of the boron carbide 99 +%
product

Particle size -325 mesh
Boron Carbide 99.01 %
Total Boron + Carbon 99.75 %
Total Boron 78.41 %
Free Boron 0.09 %
Boron Anhydride 0.12 %
Boron Compound 78.32 %
Total Carbon 21.34 %
Carbon Compound 20.69 %
Iron 0.10 %
2. Factors influencing the production of B,C-based
products

The process of molding of preforms from B,C is one of the
most important. To a great extent it determines very important
properties of the sintered products, especially the mechanical
strength. Various molding methods have been developed which are
also applied to other ceramic materials. Compaction in steel molds,
isostatic pressing, hot-pressing with simultaneous sintering, slip
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casting (thermoplastic and in the form of aqueous dispersion colloid
systems) are widely used for the forming of products from high
melting point powders. The latter two methods are very rarely used.
Forming in metal molds is primarily for modified boron carbide
compositions. It is widespread and productive. Isostatic pressing
produces good results but is economically ineffective. Top quality
products are produced by hot pressing with simultaneous sintering,
but they are very expensive and are used for special purposes only.
The essence of the pressing process is in obtaining preforms with
definite shape by reducing the volume of boron carbide powder
used by exertion of pressure resulting in increased contact between
the particles. In the free fill state the contact area between the
powder particles is very small. In the initial stage of compaction,
the particles are moved and fill the empty spaces, and thus increase
the area of the contacts. Deformation begins to occur at the points
of contact where the pressure is transmitted. Gradually, these
contacts begin to appear in small groups of particles and finally
throughout the volume of compressed powder. As a result, the
powder particles begin to deform plastically if the temperature is
high or broken into small pieces if if the temperature is low.

Compaction of powders by pressure is a complex process that
depends on the properties of the pressed material and of the
particles and on the manner and conditions of the pressing. Before
compression of powders of difficult-to-melt compounds such as
B,C, plasticizers are added to obtain the necessary molding
plasticity. Rubber dissolved in gasoline, bakelite dissolved in
alcohol, polyvinyl alcohol and the like are used as plasticizers. The
plasticizers are mixed and homogenized with the powder and then
the plasticized material is granulated. It should be noted that the
plasticizer facilitates compression, but adversely affects the quality
of the product, as it enters the gaps, closes the air and limits the
possibility of obtaining high-density products. This requires that the
minimum required amount of plasticizer should be determined
experimentally, depending on the pressing method. There are two
technologies that we have studied and are using in our practice to
obtain B4C products. One involves the compression of a modified
B4C based composition with 99% purity plasticized with gasoline-
dissolved rubber into a metal die using a hydraulic press, and the
other is isostatic pressing of preforms with the same composition
and with reduced plasticizer content followed by machining until
raw materials are obtained before sintering. These technologies are
described in detail above for the production of high alumina
corundum ceramics. Thus, 50 x 50 x 10 mm and 50 x 50 x 8 mm
tiles of boron carbide ceramics were obtained. In order to avoid
labor-intensive machining after isostatic pressing, the articles are
first compressed into a metal die in a hydraulic press and then are
placed in thin-walled elastic cuffs and pressed isostatically to
eliminate structural differences in the raw material volume, which
are the main reason for deformation of the products during the
sintering process. The heat treatment was performed in a high
temperature furnace in argon medium. The articles are placed in a
closed box made of high-density graphite covered with B,C powder
of the same composition as the test pieces. The high temperature
heat treatment time is 30 min at 2,250°C. The physico-mechanical
parameters of the obtained boron carbide ceramics are shown in
Table 2.
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Table.3. Physical and mechanical parameters of boron carbide
ceramics obtained by hydraulic pressing and isostatic additional

pressing
Ne 1 1
Composition 2 3
Forming method 3 Hydraulic pressing
P =10 MN/m?
Sintering time and 4 Isostatic additional pressing
pressure
2,250 °C, 1/ 2h
Initial density Pos 5 12.30
(after forming) glsm®
Relative share of % 6 35.60
density after
forming in respect
to the theoretical
density of pure
corundum B,C
Final density after | p, g/sm® | 7 2.47
sintering
Transmission of Vi, m/s 8 12,490
the speed of sound
Bending strength oiMPa | 9 430
Modulus of E,GPa | 10 395
elasticity
Relative share of DE, 11 72
absorbed kinetic Im?/kg
energy
Knoop Hardness HRC 12 14 GPa at a load of 1,000g
Poisson's n 13 0.19
coefficient
I11. Conclusion

In conclusion, we can summarize that a literature and marketing
study was conducted on the standards and raw materials for the
production of corundum and boron carbide ceramics. In-depth
information is presented on the indicators that must be met by both
types of ceramics related to the production of materials with desired
properties. The constructive developments for molds and the
production of rubber bellows for isostatic pressing are presented.
The physico-mechanical parameters of corundum and bocarbide
ceramics compositions have been studied and described, and the
best values are presented in a table.
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KOHCTPYKI[I/II/I 3a BJIaraHe 1 XoMorcamsanus Ha €¢JICMCHTH B CTOIIMJIKH OT aJIYMI/IHI/Iﬁ Hu
AJJYMUHUECBH CIVIaBH

Constructions for introduction and homogenization of elements in melts of aluminum and aluminum alloys

Chief Assistant PhD Boyko Krastev, Assoc. Prof. PhD Valentin Manolov, Assoc. Prof. PhD Angel Velikov
Institute of Metal Science, Equipment and Technologies with Hydroaerodynamics Center “Acad. A. Balevski“ —
Bulgarian Academy of Sciences, Sofia, Bulgaria

I'n.ac.n-p boiiko KpbereB, nou.n-p Banentun Manonos, mou.n-p Anren Benmkos
HHCTUTYT 10 MeTano3HaHue, CbOPHKEHH M TEXHOJIOTHH € IICHTHP M0 XUAPO- aepoauHaMuka "Axan. A. banescku"
Bearapcka akagemus Ha Haykute, Codus, beiarapus

Pe3rome: Pa3paborenu ca 1Ba Opost KOHCTPYKIIMH 32 BbBEXKAHE B CTOIMIIKATA Ha SJIEMEHTH , KaKTO CJIe/Ba:
e 3a BBBEXKAaHE Ha Kanimii (Ca) Ha rpaHysM , 38 HOBUIIABAaHE Ha BUCKO3UTETA M XOMOTE€HH3ALUS Ype3 MEXaHUIHO pa30bpKBaHe;
e 3aBwBexane Ha TiH, , xomoreHusamus, mocieaBamo GopMrupaHe Ha TOpecTaTa CTPYKTypa M KPACTAIH3AIHSL.
IIpoBeneHu ca U3cieABaHMs 3a I0JaBaHE HA €IEMEHTHTE B CTONMIIKATa. EKCIIepuMEHTHpaH! ca pa3IMyHU CKOPOCTH Ha BbPTEHE Ha
nporenepa, cborBeTHO 300-400 06/MuH npu Biarane Ha Ca u 300-600 06/muH npu Bnarane Ha TiH,.
K1040BM AyMuU: KOHCTPYKIUH, XOMOT €HH3AIHS

Abstract: Two constructions for the introduction of elements into the melt have been developed:
e for introduction of granulated calcium (Ca), for the viscosity increasing and for homogenization by mechanical stirring;
e for the introduction of TiH,, homogenization, subsequent formation of the porous structure and crystallization.
Studies have been carried out for feeding the elements into the melt. It has been experimented different speeds of propeller rotation,
respectively 300-400 rpm at Ca introduction and 300-600 rpm at TiH, introduction.
Key words: constructions, homogenization

1. BnBenenue
IMosyyaBaHeTo Ha QJIYMHHUH M aJyMHHHEBH CIUIABH C BHCOKa Ha ¢ur. 2 e HarmeqHo e mOKa3aH BBHIIHUS BHA Ha
MOPECTOCT WM HAPUYaHH OLIE NMEHH € NMpeaMeT Ha paboTara Ha YCTaHOBKaTa.
penmia uscnenoBareny. Te3n MaTepHalld UMAT HUCKA IUIBTHOCT €
TOJISIMO KOJIMYECTBO pasmpeseieHn nopu. Hamupar npuiioxxeHue 3a
TOIUIOM30JIAlMS. M 3a 3alluTa IpU MHOXKap, a ChIIO Taka 3a
3BYKOM30JIAMs ¥ 3a (uiTpupaHe Ha TEYHOCTH. B Hacrosmara
paboTa ca mpeICTaBeH! Be KOHCTPYKIIMH 3a BilaraHe Ha allyMHHUI
U aTyMHHUeEBa ciuiaB A356.

2. Koncrpykums (ycraHoBKa) 3a Biarane Ha Ca B CTOIIHJIKA
Ha ¢wur.1 cxematndHO € moka3aHa yCTaHOBKa 3a Biarane Ha Ca B
CTONIJIKAa OT aJIyMHHHH WIH arlyMuHHEeBa ciuaB  A356.
VcraHOBKaTa € HEMOBMKHO MOHTHPaHa KbM CHIPOTUBHUTENHA TTEII]
1, B KOSITO Ce OCBILIECTBSBA CTOISIBAHETO. Y CTAHOBKATa C€ ChCTOU
OT KOJIOHA 2,00pMamrHa 3, 3alUTeH WIMHABD 4, 3allUTHA IJI0Ya
5 1 nporenep 6.110Ka3aHa YCTAHOBKA

3a/BIKBAHETO Ha IIpoINeNiepa Ce OCBIIECTBSABA I10CPEICTBOM
GopMannHaTa, KbM KOSTO € MOHTHPAHO YCTPOICTBO, OMpPEACISIIO
obopotu 300-400. YcrpoiictBoTo € m3paboreHo ot pupma TOMIS
EOOD wu uype3 Hero ce perymupar obopoTutre (CKOpOCTTa) Ha
BBbPTEHE.

@ur. 2. BpHIICH BUJ] HA yCTaHOBKATa.
Kanuusat,BpB BUA Ha IpaHyly, € IpPEIBApUTEIHO ONAKOBaH B
aTyMHHHEBO (OO M € THpHUKpereH KbM mpomenepa. Crern

ﬁ4 S CTOIIIBAHECTO Ha MaT€puajla B INCHITA, KaJIIUAT CE€ BHACA B

CTOTMIIKATA W Ce 3a/IBIDKBa Mporesepa. Pa3obpkBaneTo Tpae 6
] MHHYTH, KaTO 1O TO3W HAYHH C€ MOBHIIABA BHCKO3UTETHT HA
cToneHust Matepuan (¢ur.3).

S
©

®ur. 1. YcraHoBka 3a Biarane Ha Ca B CTOITHIIKA
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®ur.5. YcranoBka 3a Biuarane Ha TiH, B cronmika
| 3 ! g— w pu1

®ur.3. XoMoreHn3upaHe Ha Kaaui

CJ'ICI[ XOMOT€HU3UPAHETO Ha CTOIWUIIKATa, TA CE€ MpEInBa B
METaJIHa I10Ta, MNPECABAPUTEIIHO IIOATPATa BBB BTOpa MNEI]

@ur.6. BoHIIEH BU/T HA YCTAHOBKATA.
Cren mpenMBaHETO Ha CTONMIIKATA CE 3a[BI)KBA ITpoIIeNepa u
3anouBa pa30bpKBaHETO HA TjHj MpeIBAPUTENHO ONAKOBAH B
amyMHHHEBO (oo, B pasroneHus marepuai (¢ur.7).

Owr.4. [IpennBaHe Ha CTONIIIKA
3. Komucrpykims (ycTaHoBka) 3a BiaraHe Ha  TiH, B

CTOITHJIKA
Ha ¢wur.5 cxemaTuuHo e Ioka3aHa YCTAHOBKA 3a BJaraHe Ha
TiH, B cTomuKa OT aTyMHHHIA WITH anyMHUHHEBa crijtaB A356.
VYcraHOBKaTa € MOJABMKHA M € MOHTHpaHa B OJM30CT 110
CBIPOTUBHTENHA Tiem; 1, B KOSATO C€ OCBIIECTBSABA
CTOIISIBAaHETO. YCTaHOBKaTa C€ CBHCTOM OT HOcema maca 7,
YcTpolicTBO 3a perynupaHe Ha o0opoTHTe 6, KOJOHa 5
HOCeIIa peiika 4, eNexTpoaBurarel 3 u npomenep 2.
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®ur.7. XoMorenusupane Ha T;H,.

Tasu onepauus mpoasnkasa 90 cexkynan. Cien NpUKITIOYBaHE
Ha XOMOTCHH3ALHUATA CIUIaBTa ce pasIeHBa.
ExcriepMeHTHpaHO € MHTEH3MBHO OXJaXIaHe, C Lel
(ukcupaHe Ha pasneHeHus Matepuai (¢ur.8).

@ur.8. [IpuHyIUTEITHO OXJIaXKIAHE.
Ha ¢wur.9 e noxaszana mosrydeHa pasneHeHa OTINBKA.
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®ur.9. Pa3nieHeHa OTIIMBKA.

4.3axmoueHne

Paspaborenu n m3paboTeHN ca ABEe KOHCTPYKIHH (YCTAaHOBKH)
3a prnarane Ha Ca u TiH, B anymMuHmMii ¥ aTyMHHHEBA CIUIaB.
VYcraHoBkuTe mie OBAAT W3MON3BAHM M TPH  CIIEIBALIH
eKCIIepHMEHTH 3a BIaraHe Ha HAHOMATepHaIN B CTOITMIIKA.
Paborara e momkpenena oT mpoekT mo jgoroBop Ne KII-06-
H47/12 or 03.12.20r., ¢unancupan ot DoHA 3a HaydyHH
W3CIIEABAHUS, Benrapus. ObopynBaHeTo u
CKCICPUMCHTAJHUTE COMHMIM Osixa (QuHAHCHpaHH OT
EBponelickust GoHA 32 PETHOHATHO pa3BUTHE B PaMKHUTE Ha
OIl ,,Hayka u OOpa3oBaHue 3a MHTEIUTeHTeH pacTex 2014-
2020, mpoekt CE ,HammoHaneH HEHTHP MO MeXaTpOHHKA H
yucTH Texuosorun, Ne BG 05M20R001-1.001-0008-C8.
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Study of the microstructure evolution during forging in a new design strikers implementing
alternating deformation by finite element method
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Abstract: The study of the microstructure evolution during forging in a new design strikers implementing alternating deformation based on
computer modeling by the finite element method was carried out. The influence of the flat face inclination angle was studied, for which
models with an inclination angle of 0, 15, 30 and 45 degrees were studied. It was established that the most optimal option is the use of
strikers with an angle of 30°. On this strikers configuration the influence of the workpiece heating temperatures and the punch movement
speeds was studied. The analysis of these technological parameters on the microstructure evolution showed that both parameters affect the
structure grinding intensity, while the influence of the heating temperature is more significant.

KEYWORDS: FORGING, BROACHING, SHEAR DEFORMATION, COMPUTER MODELING, MICROSTRUCTURE EVOLUTION.

1. Introduction

In traditional metal forming operations, to improve the metal
quality by grinding the structure to a fine-grained state, it is
necessary to significantly change the workpiece sizes, which leads
to significant energy and labor costs. However, it is often necessary
to obtain a blank, the dimensions of which differ slightly from the
initial one. The implementation of these two principles in practice is
possible due to the intensification of shear and alternating
deformations [1]. At the same time, for a high-quality processing of
the initial structure, it is necessary to ensure such a technological
process of deformation that sufficient shear or alternating
deformation occurs in the entire deformable volume [2]. Currently,
to solve this problem, a number of new forging processes and tools
for their implementation have been developed [3-7], which allow
implementing a high level of shear or alternating deformations.

In the work [8] the technology of broaching in lock strikers
was developed and studied, which allows to realize intensive shear
deformation over the entire volume of metal, and a forging tool for
its implementation was proposed. This technology showed very
good results, which consisted in improving the quality of the metal
of forgings [9]. But this technology has its own small drawbacks -
this technology is mainly applicable for forgings of only rectangular
cross-section, and there are concentrators of tensile stresses due to
the angles in this design.

Therefore this tool has been improved so that it is possible to
use it for round forgings and to avoid the occurrence of even small
concentrators of tensile stresses. At the same time, the design of this
tool (Fig. 1) will allow for more significant alternating deformations
over the entire volume of the deformed workpiece.

The purpose of this work is to study the influence of the faces
inclination angle of the strikers shown in Figure 1, as well as
kinematic and temperature factors on the microstructure evolution.

2. Computer simulation

Computer simulation of the forging process with an additional
macroshift was carried out using the Deform software package.
5HV2S steel was chosen as the billet material. The initial billet had
a diameter of 45 mm. The deformation was carried out at a
temperature of 1000 °C. A non-isothermal calculation type was set
for the simulation. The vertical speed of the upper striker was 1
mm/sec. When the workpiece came into contact with the strikers,
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the value of the friction coefficient was set to 0.25. An absolute
tetrahedral grid was built on the blank, condensed on the surface for
better rendering of the round shape. The minimum size of the
element was set to 0.3 mm, the maximum size of the element was
set to 0.6 mm, the parameters for the grid remesing were set by
default.

2

Figure 1 - Tool for broaching: 1 — upper striker; 2 - lower striker;
3 - flat working surface of the striker;
4 - working surface of the striker, made in the form of a circle
segment

During computer modeling, the influence of the flat face
inclination angle, as well as kinematic and temperature factors on
the microstructure change was studied. The value of 60 microns
was taken as the initial grain size. 4 deformation cycles were carried
out with the workpiece turning at 90° after each compression. When
analyzing each model, the study of the selected parameters was
carried out on the last cycle.

First, the influence of the flat face inclination angle was
studied. For this purpose, models with an inclination angle of 0, 15,
30 and 45 degrees were built. In order to identify the most rational
strikers design, it is necessary to introduce a criterion of optimal
values. The following criterion for grain size was adopted - "less is
better".
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Figure 2 — Grain size change in strikers with different inclination angles of a flat face

The analysis of the microstructure evolution (Figure 2)
showed that in all variants the grain grinding area covers most of
the cross-section of the workpiece. At the same time, the initial
grain is crushed most intensively in strikers with flat face
inclination angle of 0° (11 microns) and 30° (13 microns). Based on
the accepted optimality criterion of the grain size "less is better", the
following sequence was identified in descending order: 15° — 45°
— 30° — 0°.

Thus, the most optimal option would be to use strikers with an
angle of 30°, since in this case there is a fairly extensive distribution
of strain across the cross-section in the workpiece (the second in
terms of cross-section coverage after strikers with an angle of 0°)
with a significantly lower deformation force [10]. The result is the
second most intense level of grain grinding.

For further analysis of the influence of the technological
parameters in the new strikers on the microstructure evolution, it
was decided to use strikers with an inclination angle of flat faces of
30°. The temperature of metal heating and the speed of the punch
movement were chosen as variable parameters, since the values of
these parmeters are easy to change in real conditions. The resulting
model is shown in Figure 6b at a temperature of 1000 °C and the
upper striker speed of 1 mm/s was taken as the base model. As a
result, to study the influence of the technological parameters in new
strikers on the microstructure evolution, the following models were
additionally constructed:

- with heating temperatures of the workpiece up to 1200 °C
and up to 800 °C;

- with upper striker speeds of 0.1 mm/s and 10 mm/s.

Figure 3 shows the results of calculating the change in grain
size for various technological parameters. When considering models
with different values of the heating temperature (Figure 3 b-c), it
was found that this parameter has a very significant effect on the
grinding intensity of the structure. When the heating temperature
increases to 1200 °C, the grain grinding intensity decreases
significantly, which is the result of an increase of static and

dynamic recrystallization. When the heating temperature decreases
to 800 °C, on the contrary, the intensity of structure grinding
increases significantly. This is due to the fact that for steel 5SHV2S,
the temperature of the beginning of recrystallization is 775 °C
(point AC1). Heated to 800 °C, the workpiece gradually cools
down, bypassing the AC1 point, as a result, the recrystallization
processes are completely suppressed.

When considering models with different values of the upper
striker speed, it was found that this parameter affects the intensity of
structure grinding, although not as significant as the heating
temperature. When the upper striker speed increases to 10 mm/s, the
intensity of grain grinding decreases, and when the upper striker
speed decreases to 0.1 mm/s, the intensity of structure grinding
increases. This phenomenon is also associated with recrystallization
processes. The recrystallization intensity depends on the workpiece
temperature, the intensity of change of which depends on the strain
rate. At a reduced upper striker speed, the total duration of the
deformation process increases. As a result, the workpiece has time
to cool down more, which affects the level of grain grinding. At an
increased strain rate, the intensity of cooling of the workpiece
decreases, which leads to a decrease in the level of grain grinding.

Based on the data obtained, the most optimal conditions
from the point of view of the final grain size are the heating
temperature 800 °C and the upper striker speed 0.1 mm/s. However,
in order to approve these parameters, it is necessary to evaluate the
resulting deformation forces in the models under consideration,
since this parameter is critical at the stage of implementation of the
developed technology. Summary data on grain size and deformation
force are presented in Table 2.

It can be seen that despite the minimum grain size obtained,
the option of lowering the heating temperature of the workpiece to
800 °C is not optimal, since in this case, due to cooling and
lowering the plasticity of the metal, the force level increases almost
2.5 times compared to the basic level. At the same time, all three
options for the upper striker speed can be recommended for the
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implementation of this process in practice. The key factor in
choosing the speed here will be the rated power of the pressing
equipment. With a sufficient margin of safety, it is desirable to
conduct the deformation process at reduced deformation rates,
which will lead to additional grinding of the initial grain.

Grain size, um

Table 2 - Grain size and deformation force in models with different
technological parameters

Base o o 10 mm/s
s | 1200°C | 800°C | 0,1 mms
g;z'” 13um | 36um | 6pm | 10um | 19 pum
Force 202kN | 164KN | 495kN | 278kN | 185kN

Grain size, um

60.0 I

52.5
45.0
37.5
30.0 I
22.5
15.0
7.50
0.000

Grain size, um

60.0
60.0 I I
525 52.5
45.0 45.0
37.5
37.5 l _ I
300 30.0
225 22.5
15.0 15.0
7.50 7.50
0.000 0.000
b) 9
Grain size, um Grain size, um
60.0 I 60.0 I
525 52.5
> 45.0 450
375 I 375 I
30.0 300
225 225
£ 15.0 15.0
\ 7.50 7.50
0.000 0.000
d) e)
a - base model; b —at 1200 °C; ¢ — at 800 °C; d — at 0,1 mm/s; e —at 10 mm/s
Figure 3 - Grain size change in models with different technological parameters
Conclusion of technological parameters on the microstructure evolution showed

The paper presents the results of computer modeling of the
microstructure evolution during forging of round-section blanks in
new design strikers. The analysis of models with different
inclination angles of flat faces showed that the most optimal option
is to use strikers with an angle of 30°. The analysis of the influence
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that both parameters (upper striker speed and heating temperature)
affect the structure grinding intensity, while the influence of the
heating temperature is more significant. The most optimal heating
temperature of the workpiece in terms of grain size and the resulting
force is the base value of 1000 °C, while all three options for the
speed of movement of the punch can be recommended for the
implementation of this process in practice.
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Abstract: The paper investigated the effect of cyclic deformation on the destruction nature of workpieces during broaching in step-wedge
strikers. AISI 1020 was chosen as the workpiece material. According to the experiment results, the influence of turning and cycles number on
the values of impact strength was carried out. Fractography analysis of the fracture surface structure was also conducted.

KEYWORDS: BROACHING, STEP-WEDGE STRIKERS, CYCLIC DEFORMATION, IMPACT STRENGTH.

1. Introduction

At the present time, many energy-saving technologies are
known in the world that allow to obtain high-quality metal products
by rolling, forging, pressing and other methods of metal forming.
When forging, this problem is successfully solved when deforming
metals in special tools that implement shear and alternating strains
throughout the entire volume of the deformed metal. Since it is the
implementation of intense shear strains in the forging process of
forgings from ferrous and non-ferrous metals that leads to a
significant change in the initial microstructure and an increase in the
physical and mechanical properties of the deformed metal. In this
regard, the production of blanks by new forging methods with a
significant reduction in energy and labor costs improving the
quality of forgings is economically advantageous. One of the ways
to achieve this goal is the use of deformation methods and tools that
implement shear and alternating strains in the entire volume of the
metal.

Previously, various investigations have already been
conducted to study the stress-strain state, forces, mechanical
properties and microstructure during broaching in step-wedge
strikers [1-4]. The main purpose of determining the impact strength
during bending is to assess the performance of the material under
difficult loading conditions and its tendency to brittle fracture [5].

2. Experimental part

The experiment was carried out as follows: blanks of AISI
1020 steel with dimensions of 30x60x250 mm were heated in a
resistance chamber furnace to a temperature of 1200°C, and then
deformed in step-wedge strikers with an angle of inclination of 30°
and with a wedge angle of 160° (Fig. 1) with different angles of
turning.

The first batch of blanks was deformed without turning -
workpiece immediately after alternating deformation in step-wedge
strikers was fed to a flat section of these strikers for straightening.
After the 2nd, 4th and 6th deformation cycles, standard samples
were made from deformed workpieces for impact strength testing
(GOST 9454-60).

The second batch of blanks was deformed in the same tool,
but with 180° turning, i.e. after each pass, the workpiece was turned
by 180° and alternating deformation was performed. Standard
samples for impact strength and compression testing were also
made from deformed workpieces. Impact strength tests were carried
out using a pendulum.

The impact strength was calculated by the formula [5]:

a=A/F @)
where F — the cross-sectional area of the sample at the incision zone
before the test;

A - the work spent on deformation and destruction of the sample.
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Figure 1 - Step-wedge-shaped strikers
1 - upper striker; 2 - lower striker; 3 - smaller stage with wedge of
the upper striker, 4 - inclined section with wedge of the upper
striker; 5 - large flat stage of the upper striker; 6 - smaller stage
with wedge of the lower striker; 7 - inclined section with wedge of
the lower striker; 8 - large flat stage of the lower striker

It is known from the works [6, 7] that the more dislocation
sliding systems are simultaneously involved in the plastic metal
flow, the higher the mechanical and technological properties of the
material. The maximum increase in the number of dislocation
sliding systems involved can be achieved with cyclic deformation
of metal in step-wedge strikers due to the implementation of
alternating strains, both in the longitudinal and transverse
directions. In addition, the desired effect is achieved faster if the
workpieces are deformed with 180° turning. Thus, with an increase
in the number of deformation cycles of workpieces in step-wedge
strikers according to the proposed schemes, the impact strength of
the metal progressively increases. The results of the calculated
values of impact strength are presented in Table 1.

Table 1 - Results of calculated values of impact strength

Method of Number of Average value of

deformation cycles impact strength, N/mm
In step-wedge 2 176,69
strikers without 4 191,71
turning 6 206,61
In step-wedge 2 188,03
strikers with 180° 4 202,57
turning 6 212,56
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Figure 2 - Fracture structures
a —fracture structure after two deformation cycles; b - fracture
structure after eight deformation cycles without turning;
¢ - fracture structure after eight deformation cycles with 180°
turning

The experiment results were also confirmed by a fractography
study of the fracture surface, which showed that at the initial stages
of processing in step-wedge strikers (Figure 2a), the fractures of the
samples, in addition to the fibrous component of the viscous
fracture, have a sufficiently large proportion of the brittle
component. As the deformation cycles increase (Figure 2b), the
fraction of the brittle component decreases due to an increase in the
plastic characteristics of the material [5]. The same effect is
enhanced when deforming samples with edging (Figure 2c).
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Conclusion

The test of workpieces formed in step-wedge strikers for
impact strength was carried out. According to the experiment
results, the influence of the turning and the number of broaching
cycles on the impact strength values was investigated. A
fractography study of the fracture surface of the workpieces showed
that with an increase in the number of cycles, the plastic
characteristics of the metal increase with a simultaneous decrease in
brittle ones.
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Abstract: The research of the technology of obtaining new copper-ferrochrome composite material has been done. The results of its structure
and properties analysis are presented. The material structure consists of the copper base, non-dissolved coarse inclusions of ferrochrome,
diffused zones, forming around these inclusions and phases, having formed in the place of completely dissolved inclusions of ferrochrome
fine particles. The material has good mechanical properties and a high wear resistance due to the formed solid solutions of the carbides in

the copper.
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1. Introduction

To manufacture antifriction and construction details the alloys
on the copper base — bronze and brass — are widely used. The
products from these materials are obtained by casting and pressure
treatment of compact materials [1] or from metallic powders by
pressing and sintering [2]. The mechanical properties of the powder
materials depend on the chemical composition, obtaining
technology, porosity, dispersion of the initial powder components:
having the same porosity, they increase with the decrease of the size
of the powder particles. The promising tribotechnical materials are
powder bronzes, being alloyed with chrome [3]. The disadvantage
of cast and powder bronzes is their comparatively low carrying
ability and a high price for the tin. Due to this, the development of
the technology for obtaining composite material on the base of
copper, and being reinforced by the dispersed inclusions, is of great
interest.

2. Premises and means for the problem solution

The works [4, 5] present the results of researching the properties
of the composite materials tin bronze — ferrochrome FC 800 with
the particles’ size of 40-50 pum. It is ascertained that during the
sintering of the samples with low porosity the more increase in the
sizes occurs the more the content of Fe-Cr is, the highly porous
samples undergo the shrinkage. At the porosity of 15 % the increase
of Fe-Cr content up to 3 % leads to the increase of the yield point
and to the decrease of the unit elongation. With the further increase
of Fe-Cr content the strength and the plasticity decrease. The
composition, containing 5% of Fe-Cr, has the maximum
tribotechnical characteristics. The researches have shown that to
work in the loaded units it is efficient to use pore-free composite
material on the copper base, containing ferrochrome and a solid
lubricant, i.e. graphite. Such material can be obtained by the
technology of the powder metallurgy which includes the following
actions: mix material preparation, pressing the porous workpieces,
sintering, compaction up to the pore-free state. Moreover,
considering a high cost of the copper powder, it is reasonable to use
a cheaper copper powder, got from the industrial waste.

The given paper presents the results of researching the structure
and properties of the composite material on the copper powder base,
obtained from the copper electric conductor waste, mixed with
ground ferrochrome.

3. The problem solution

The samples for the research were made from the mixture of
copper powders 93.8 %; ground ferrochrome of FC-400A brand 5
% (ISO 5448-81) and 1.2 % fine-dispersed graphite. The
ferrochrome and the copper powder were sifted through the sieve
with the cells of 80 pm.

According to the conducted chemical analysis, the ferrochrome
contains 54.97 % Cr, 3.8 % C, the rest is iron. When introducing the
mix material of FeCr — 5%, C — 1.2 %, Cu — 93.8% into the
composition the content of the components in the mixture will be as
follows: Cr — 2.75%, Fe — 2.06% and C — 0.19%. The density of the
powder pore-free composite material, calculated by the additivity
formula, is 8.46 gr/cm?®.
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The workpieces with the dimensions 12.6x54.3x10.0 mm and
10% porosity were pressed from the obtained mix material in the
moulds in the hydraulic press. The lubricant — molybdenum
disulfide — was applied on the matrix surface. The mass of the
powder sample for pressing workpieces, which was calculated
considering the mass loss during the pressing and sintering, was
53.7 gr. The pressing pressure was taken as equal to 600 MPa. The
rated force of the pressing was 410.5 kN.

The pressings were sintered in the synthesis gas environment in
the furnace according to the stepped regime with equalizing during
25 minutes at the temperatures 200-220°C and 300-320°C, the
growth up to 400-420°C, equalizing during 90 minutes, heating up
to the temperature 500-520°C and 600-620°C with the equalizing of
25 minutes at each temperature, the rise up op the temperature of
900-920°C and equalizing of 90 mins.

The sintered workpieces were stamped in the closed stamp with
the cross flow of the metal with a fringe for 90 °, and then were
sintered in the same environment at the temperature of 780-820°C
for 30 minutes. The stamping pressure was 800 MPa, and the
stamping strength was 535.7 kN. The samples for tension testing
with the diameter 5 mm and the initial calculating length was 25
mm were turned from the prismatic samples.

While doing the researches the visual examination was done,
the mass and the sizes were controlled. The samples for pressing
workpieces were weighed on the laboratory scales with the
precision up to 0.05 gr, the mass of the produced samples was
determined by weighing on the electronic scales with the precision
up to 0.0001, the density was calculated.

The hardness was measured by Brinnel hardness test with the
ball of 5 mm under the load of 2452 N. The structure was
researched on the metallographic sections before the etching, and
after the etching in the iron acid the structure was studied by the
microscope MIM8 (MIMS8). The microhardness was determined by
the device PMT-3 under the load of 200 N.

4. Results and discussion

The visual examination of the samples after pressing, sintering
and stamping showed that cracks, tightening, fissures and other
defects of the shape were absent.

The composite has a high compression rate. The density of the
compressed workpieces was 7.74-7.59 glem®, this corresponds to
the calculating porosity 6-10%. However, during sintering there was
a growth of the samples, it is explained by the “hydrogenous
disease” of the copper. The decrease of the sizes was 1.3% in
length, 1.6% in the width, 8.7% in the height. As a result the
porosity increased up to 19-20%.

The density of the stamped samples was 8.44 gr/ cm’, i.e.
practically pore-free material was obtained (the calculating porosity
does not exceed 0.4 %). The hardness of the material after stamping
was HB 68-72. As a result of annealing the sizes and the density of
the samples did not change, while the hardness decreased and was
HB 42-47. The limit of the strength under tension was 117 MPa, the
unit elongation was 1.6 %, it is lower than of the chrome-tin
bronzes.

To determine the wear resistance the tests were done on the
friction machine according to the scheme “disc-block” of the tested
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material and a known antifriction powder material on copper base
(APMCP), containing 5-10.5% of chrome [4]. The counterbody
from steel 45 had the hardness HRC 43. The pressure on the
samples was 5.25 MPa, the rubbing speed was 2.1 m/s. Before the
tests the samples were weighed on the analytical balance, and were
well-lubricated, the lubrication consisted of molybdenum disulfide
and machine oil. During the test the lubrication was not supplied to
the friction zone. After the test end the samples were washed out by
acetone, then dried and weighed again. The wear resistance was
evaluated by the intensity of the wear:

@,

where:

W is the value of the linear wear of the friction samples;

L is the friction length of the given sample, the friction length
corresponds to the wear W , m.

L

1

While determining the wear by weighting, the value of the
linear wear W was determined by the formula:

@, w28,
PA
where:
AG is the change of the samples’ mass under the test, kg;
p is the density of the worn out materials, kg/m?;

Ais the contour contact area of the samples, m2.

The friction length was defined by the ratio:

@A), L =7dN

where:

N is the amount of full disc turns (determined by the counter
registration of the turns’ number on the friction machine);

d is the diameter of the roller, mm.

As it is evident from the tests’ results, presented in Table 1, the
wear resistance of the researched material is by 1.9 times higher and
it wears out the counterbody by 1.7 times faster.

Table 1: The results of the trial on the friction machine
The intensity of the wear,

Material micron/km
Counterbody The tested material
Antifriction powder material I 8
on copper base (APMCP) 5.22:10 2.62:10
The tested one 2.98-10° 1.39-10°

The structure of the obtained material is heterophase, and
consists of the copper base, non-dissolved coarse inclusions of
ferrochrome, diffused zones, forming around these inclusions and
phases, having formed in the place of completely dissolved
inclusions of ferrochrome fine particles (Fig. 1, 2).

a b
Fig. 1. The microstructure of the non-etched samples from the

copper-ferrochrome composite material: a — 320x, b — 500x

According to the chemical analysis, ferrochrome contains 3.8 %
of carbon. Apparently, it contains a great amount of carbides of the
following type (Cr, Fe),Czand (Cr, Fe),3Cs. Besides, it may contain
solid and fragile o -phase (intermetallic compound FeCr). The
carbides (Cr, Fe);C; and (Cr, Fe),3Cs have a complex crystalline
lattice. Such carbides easily dissolve in the steels under heating in
y —Fe [6]. The information about dissolubility of carbides in the
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steel is not found in the reference literature. It is possible to
presume that carbides dissolve in the copper well due to the fact that
y —Fe has a face-centered cubic lattice with the period 0.3645 nm

and the atomic radius 0.1411, the copper also has a face-centered
lattice with the period 0.3608 nm and the atomic radius 0.1413.

Table 2 presents the results of measuring the microhardness of
different phases of the composite material. The microhardness of
powder copper without alloying additions is given for comparison.
As it is seen, the hardening of the copper base happens. It is
possible to presume that the copper hardening takes place due to the
formed solid solutions of the carbides in the copper. The structure
of the diffused zone can be presented by a mechanical mixture of
solid solutions on the basis of copper and carbides.

Fig. 2. The microstructure of the samples from the copper-
ferrochrome composite material after etching: a — 320x; b — 500x

Table 2. The results of the microhardness’ measurement

Limits of the Average value
Material microhardness v '
MPa
values, MPa
Unalloyed powder copper ]
before annealing 748-944 845
Unalloyed powder copper )
after annealing 228-412 345
Copper as the base of the
composite material 616719 706
Diffused zone 1463 -1738 1553
Ferrochrome in the 10478 - 19855 14955
composite

The carried out researches have demonstrated that the copper-
ferrochrome composite material has very good mechanical
properties and a high wear resistance. Such material can be used for
manufacturing details, working in the friction units. The obtained
results also indicate that further enhancement of the composite
properties is possible due to the use of more dispersed ferrochrome
particles, and also due to the thermal material processing, i.e.
hardening and aging.

5. Conclusion

The research of the new copper-ferrochrome composite material
has been done. The material structure consists of the copper base,
non-dissolved coarse inclusions of ferrochrome, diffused zones,
forming around these inclusions and phases, having formed in the
place of completely dissolved inclusions of ferrochrome fine
particles. The material has sufficient strength properties and high
wear resistance. The reason for this is hardening of the copper due
to the formed solid solutions of the carbides in the copper.
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Abstract: The paper presents the developing of a technology and the designing of fixtures for assembling and machining a crane column.
The whole process related to the production of a certain crane column is considered - from the 3D model to the real product. A technology
and fixtures for assembling and machining the column have been developed. A control card to control the dimensions at each stage of the
production of the column has been made. A control programme for machining using a specific CNC machine has been developed. The 3D
models are designed with the CAD system SolidWorks. Complete design documentation is created for each of the fixtures and the process is

automated by using SolidWorks template files.
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1. Bveeoenue

B noxnmaga e mpencTaBeH ChBMECTHO pa3pabOTEH HPOEKT,
CBBP3aH C KOHCTPYHPAHETO U BHEAPSBAHETO B NMPOU3BOJACTBOTO Ha
CrelMaNIu3UpaHa HECTaHJAPTHA TEXHOJOTHYHA CKUIIMPOBKA 3a
n3paboTBaHETO Ha KPaHOBH KOJNOHHW. PazpaboTkaTa € Ha €KHIl OT
Pycenckn ynuBepcurer ,Anren KvnHueB® u ¢upma ,,CJI
Wnasctpuc EOOJ, rpan Pyce [17]. ®dupmara e mpou3BoauTe Ha
pa3NMYHU 3aBapbYHH KOHCTPYKIMM (LIacuTa, CTaOMIN3aTOpH,
HpEeITHN U 3a]JHA MOCTOBE, KOJIOHH M CTPEITH 3a KPaHOBE), MAIIHHHO
00paboTeHN JeTaily M U3AeNnus, KOMIIOHEHTH W CHelHalIn3upaHa
SKHIIMPOBKA 3a KpaHOBE, MOTOKAapH, TOBapayu, BICKauH, Oarepu u
Jpyru Maimunu. PupMmara Ipou3Bexk/aa pa3IMyH BUAOBE rpaiidepu
¥ Ko(H 32 HACUITHU MaTEepPHAIH.

B noxnama e pasrienaH mnporeca Ha u3paboTBaHE HA €MH OT
OCHOBHHTE KOMIIOHEHTH Ha KPaHOBETE, TOBAa € KpaHOBAaTa KOJIOHA.
KpaHoBata KoJllOHa ce MOHTHpa Ha pa3lIMYHH BUJIOBE KpPAHOBE,
ABTOKPAHOBE, TOHJOJNU 3a CKpall, JIEKOTOBAPHH aBTOMOOMIM H
JPYTY CHeNUaIN3UPaHN MallIMHH.

Pa3Hoo0pa3nero Ha KOJIOHH € TOJIIMO M OCHOBHO 3aBHCH OT
MpeJHA3HAYEHHETO MM W TaBapOHOCHMOCTTa Ha KOHCTPYKIHATA.
KosioHuTe  mpencraBnsABaT  CHELHUANM3UpaHa  KOHCTPYKIMS,
yCTOiYMBa Ha ToJsIMO HaToBapBaHe. MOHTHpaHETO M KBbM KpaHa
cTaBa upe3 3allenBaHe Ha 3bOHO KOJNENO CbhC 3bOHa peiika. Ha
TSJIOTO HA KOJIOHATAa C& MOHTHPAT XHIPABIMYHU LMIHHAPH, KOUTO
ca 3aKperneHH Ha KPaHOBHUTE CTPEIH M OCUTYPSBAT ChOTBETHHS MM
xoJ1. KonoHnara ocurypsiBa 3aBbpTaHETO Ha TEJICCKONMYHATA CTpena
mo BpemMe Ha pabora. Toa mo3BONsABa MO-TONSIM O0OXBaT Ha
JeficTBHe Ha cTperaTa U pa3IinpsiBa Bb3MOKHOCTHTE Ha KpaHa.

Ha ¢ur. 1 e nokasaHa KpaHoBaTra KOJIOHA, MPOLECHT Ha
u3paboTBaHe, Ha KOSATO Ce pasriiex/a B gokiazaa [18].

@ur. 1. Kpan Ha ¢pupma ATLAS ¢ xononara.

OcHOBEH Ipo0IIeM TIpH M3padOTBAaHETO Ha KPAHOBH KOJIOHU €
ciloxHata ¢GopmMa M KOHCTpYKOus, Kosto mmar. Heobxomumo e
MIOCTUTaHETO Ha TOYHOTO Pa3NOJIOKEHUE Ha JICTallIuTE UM, 3a 1a ce
MONTyYaT 3afaicHUTe B KOHCTPYKTOpPCKATa JOKyMeHTanus ¢popMa u
pa3Mepn Ha KojoHata. ToBa Baxku 0coOeHO 3a jeTailnm 3BOHO
KOJIEJIO, KOWTO € ¢ TOYHO OIIPE/IeJICHA OPEHTALUs B KOJIOHATA.
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ChBIIIacCHO M3HMCKBAaHUATA Ha YEPTEXKHUTE Ce MPABH MEXaHHIHO
obOpaboTBaHe Ha (YHKIMOHAIHUTE MOBHPXHHUHH, 33 J1a MOXE Jia ce
U3BBPIIM MOHT@X HA M3IEIHETO M TO Ja U3IIbJIHABA
HpeHa3HAYCHUETO CH.

ToBa Hanara 3a crio0sBaHETO U MEXaHMYHOTO 0O0paboTBaHe Ha
KOJIOHaTa Ja ce Pa3palboTAT W M3MOJI3BAT MPH MPOHU3BOACTBOTO M
CIICHUANIM3UPAHN TIPUCHOCOOJNCHHS WIM T. Hap. HECTaHAApTHA
TEXHOJIOTHYHA SKHITHPOBKA.

2. IlIpeonocmasku u cpedcmea 3a peuiasane Ha
npoonema

2.1. Obugu céedenus 3a Kpanoeama KoJjioHa

PasnuuHuTe BHOOBE KPAaHOBH KOJOHM Ce pa3inyaBar Imo
rabapuTHATe CH  pa3Mepd, OpHEHTAlMsATa B  MAllWHATa,
KOHCTPYKIIMSATA W HATOBapBaHETO, KOETO MOrar nga monecar. Ha
¢ur. 2 e mokazaH OOIIMAT BUI HA KOJIOHATA, KOSATO mie ObIe
pasrienana. M3memuero € 4acT OT MPOM3BOJCTBEHA MporpaMa Ha
¢dupmara.

®ur. 3. CbCTaBHU €JIEMEHTH Ha KOJIOHATA.

CerylacHO paspaboTeHaTa TEXHOJOTHs, 3a CrjaoOsBaHe Ha
KOJIOHAaTa Ce M3MO0J3Ba CIEHUATH3UPaHo mpucnocobienue. Upes
HPUCIIOCOOICHUETO Ce M3BBPIIBA OPUEHTHPAHE U YCTAHOBSBAaHE Ha
JIeTaiiiuTe Ha KOJOHAaTa B  ONPENENCHO IOJOKeHHe. 3a
MO3UIMOHUPAHE Ha HAKOU OT JETAIINTE Ce M3IOJI3BAT MA0IOHH.



MACHINES. TECHNOLOGIES. MATERIALS. 2022

2.2. Texnonozuuna noozomoexKa Ha oOemaiuaume
Ha KoloHama

ChIIacHO JOKYyMEHTalMATa Ha H3AEIHMETO, MPEeJOCTaBeHa OT
¢upma ATLAS, ce Hamara mnpegBapHTENHO Ja C€ HOATOTBAT
TEXHOJIOTHYHO JIeTaiIuTe My M CaMOTO H3JelHe, 3a jJa Obaar
n3paboTeHH B yCIIOBUSATA HA upMara.

EtanuTe 0T TeXHOIOTMYHATA MOATOTOBKA HA M3JeJIHETO ca
cJIe/HUTE:

- Cb3JaBaHC HA TPUMEPHH MOJEIM Ha JeTaiiure U Ha
U3/IeNHETO;

- pa3paboTBaHE Ha TEXHOJIOTHATA
JeraiinuTe U Ha u3nenueto [16];

- Ch3/1aBaHE Ha HOBH USPTEXKHU HA JETAMINTE U Ha U3/IEIHETO,;

- moAarotoBka Ha (aiiyoBeTe 3a pa3Kpod Ha JeTalnuTe OT
JIMCTOB MaTepHa;

Ch3/J]aBaHe Ha BH3JIU B U3/EIHETO;

pa3paboTBaHe Ha TEXHOJIOTHS 3 CII00sSBaHE Ha U3/IEIUETO;
pa3paboTBaHe HAa TEXHOJIIOTHYHA EKUIHUPOBKA 3a CII00sBaHEe;
pa3paboTBaHe Ha TEXHOJIOTHS 32 3aBapsiBaHE Ha M3JEIHETO;
pa3paboTBaHe Ha TEXHOJIOTHS 3a MEXaHWYHO 00OpaboTBaHe Ha
U3/ICIHETO;

- pa3paboTBaHE HAa TEXHOJOTHMYHA CKUIHPOBKA 32 MEXaHHYHO
00OpaboTBaHe;

- 1300p Ha MamMHAa 3a UW3BBPIIBAHE HA MEXaHHYHOTO
00OpaboTBaHe;

- pa3paboTBaHE Ha METOJMKA 32 KOHTPOJI Ha U3/CIUETO;

- pa3paboTBaHE HAa PEMOHTHA TEXHOJIOTHS HA U3/IEIUETO.

Cp3aBaHeTo Ha TPHMEPHU MOJIEIH € BayKHA CTHIIKA OT IIpolieca
Ha pa3paboTBaHE Ha afeHO H3JeiHe. TpHUMEepHHTE MOAEIN MOTatT
Ja ce M3IO0JI3BaT 3a Ch3/JaBaHE HA HOBAa KOHCTPYKTOPCKA
JOKyMEHTAIVs 3a HY)KIUTe Ha pupMara. B TpumepHuTe Mogenu ce
3a/1aBa HeoOXoauMaTa HH(OPMAIUs Ype3 aTpUOYTH, KOSTO MOXKE Ja
ce W3MOJI3Ba 3a YNPaBICHHWE Ha JOKyMEHTAUUATa NPU HaJIU4HA
PDM cucrema, KakTo W OT JAPYTUTE OTIAECNH BBB (upMara NpH
nanmmuna ERP cucrema [4, 5, 11, 12].

Ha 6a3za wMogmenute ce ompeaens M TEXHOJIOTHATa 3a
n3paboTBaHe Ha AeTainuTe — J00OaBsSHE Ha OTBOPH, NMPHOABKH 3a
MEXaHWYHO  00paboTBaHe, mpeABapuTelHA  00paboTka  Ha
OIpe/ieNieHn TOBBPXHUWHM. ToBa Hajlara Ch3JaBaHETO Ha HOBA
KOHCTPYKTOpCKa JOKyMEHTalUs, KOATO Ja Ce W3Moi3Ba B
npomnsBojcTBoTO. (el yTOYHSBaHE Ha BCHUYKH OCOOEHOCTH,
TPUMEPHUTE MOJENH MOTaT Ja Ce M3IOJ3BaT 3a Ch3JaBaHE Ha
(haitmoBeTe 3a pa3Kpoli Ha AETAWINTE OT JIUCTOB MaTepHall.

3a 1a ce Hamanu BpeMeTO 3a M3paboTBaHE, MHOTO YECTO Ce
npujara MeTola Ha pa3feisHe Ha H3IENHEeTO Ha BB3JH, KOUTO
NpEeBapUTENIHO Ja ce H3paboTsT, Clie] KOEeTO Ja ce H3I0J3Ba
HpHUCIOCOOIeHHE 3a CTIIO0SIBAHETO UM B KPaifHOTO U3JielHe.

TocieneH eram € Ch3/1aBaHETO Ha HEOOXOAUMATa EKUITUPOBKA
3a cra00sBaHe U 32 MEXaHMYHO 00paboTBaHE Ha U3JIETHETO.

B cmywas 3a pasrmexngaHara KoJOHa ca  pa3paboTeHH
TPUMEpHHUTE MOJENHN Ha JeTainTe, HAPaBeHNU ca TEXHOJIOTHIHH
HPOMEHH, CBBP3aHH C MPOU3BOJICTBOTO MM M Ca Ch3JaJACHU HOBH
BB3JIU OT U3/EIHETO.

Tpumepuute Mogmenu ca paspaborenn ¢ CAD cucremara
SolidWorks [1, 2, 3, 6, 7, 19].

3a m3paboTBaHe Ha

3. Pewienue na pasenesxcoanus npooiem

3.1. Ilpucnocooénenue 3a cenodsaeane Ha KonoHaAmMa

Cnex KaTo € YTOYHEHA TEXHOJOTHsTAa 3a M3pabOTBaHETO Ha
Jeraiimure, ce pa3paboTBa TEXHONOTHATA 3a Crio0sBaHEe Ha
KOJIOHaTa W HeoOXOAMMara EKHIIMPOBKA 3a peali3upaHe Ha Tasu
TEXHOJIOTHSI.

IIpucnocobnernero e paspadoreno upes CAD cucremara
SolidWorks u Ha ¢ur. 4 e mokazaH oOIIUAT My BHI C YCTaHOBEHHU
JIeTailii Ha KOJIOHATa.
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®ur. 4. O0m BUA Ha PUCIOCOOICHHUETO 3a CTIIO0SBAHE.

Ha ¢ur. 5 e moka3aHO NPHUCMOCOOICHHETO C BCHYKHTE MY
CBCTaBHH eJeMeHTH. TO OCHIypsiBa MO3HLMOHUPAHE HA AeTailiIuTe
B ONpEICTCHO TOJOXEHHE M C TOYHO ONPEICNCHH Pa3CTOSHHUS
Mexay Tx [8, 9, 10, 13, 14, 15].

2

Our. 5. CbCTaBHH €IEMEHTH Ha IPUCIOCOOICHHETO.
1 — Croiika npenna, 2 — Croiika cpenna,
3 — 1lla6:moH 3a opHeHTHpaHEe Ha 3bOHOTO KOJIEIO,
4 — OcHoBa, 5 — [Tpm3mu, 6 — Maca cBoena 2x1670 mm

3a peanu3upaHe Ha TEXHOJIOTHATA 3a CIJIO0SBaHE Ha KOJIOHATA €
pa3paboTeHO MPHCIIOCOONICHHE, CHCTOSIIO CE OT HSAKOJKO Bh3ela.
Te ce ycraHoBsBaT Ha MeXaHHMYHO oOpaboTeHa ClIBOEHa Maca ¢
pasmepu 2x1670 mm, BbpXy KOSTO ca HallpaBEeHH [EHTPOBH OTBOPHU
?¥43 mm u npoxogHu pe3boBu oTBopm M20 3a mEHTpoBaHE H
3aKpenBaHe Ha BB3IIHTE.

Ha Bcexn enwn BB3en OT NPUCTIOCOONEHHETO CE€ H3BBPIIBA
MEXaHNYHO o00paboTBaHE Ha IOKAa3aHWUTE C YEepBEH IBAT
MOBBPXHUHH.

C MexaHM4YHOTO 00paboTBaHe ce IOCTUTa TOYHOCT Ha
pa3MepuTe M Ha B3aMMHOTO PA3MoJiOKeHHEe Ha (YHKIHOHATIHUTE
MOBBPXHHMHH Ha TIPUCIIOCOOJICHUETO.

IIpucniocobnennero ocurypsiBa BHCOKa MPOU3BOIAWTETHOCT, HE
€ CIIO’KHO 3a MaHUITYJIAIHs, C IIeN J]a ce M30erHaT BCIKaKBH I'PEIIKH
0T CyOeKTHBEH XapaKTep.

Ha ¢wr. 6 e nokazano u3paboTeHOTO MPUCIIOCOOICHHUE.

®ur. 6. [IpucnocobneHue 3a criaobsBaHe Ha KOJOHATA.
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TexHoJiorusaTa Ha CriI00siBaHe HAa KOJOHATA € CJIeJHATA.

Crno0siBaHeTO Ha KOJIOHATa 3aMo4yBa C YCTAaHOBSBAHE Ha
3p0HOTO  Konenmo  3512.020.10.05.000  BBpXy — mpU3MHTE.
OpueHTupaHeTo Ha 3b0a OT 3bOHOTO KOJEJO CIPSIMO LIEHTHhPa Ha
KOJIOHaTa cTaBa ¢ mabioH. Brynkure ¢ Homep 0905.100.13.00.823
ce mpuxsBamar kpM gerailn 3512.020.10.03.002 u 3aemHO ce
YCTaHOBSBAT Ha IPHCIOCOOIEHHETO C JOPHHMK, MHHaBAll IIpe3
orBoputre uM. CreaBamusT IeTail, KOWTO Ce YCTaHOBSBAa €
3512.020.10.03.001. KbM Hero ce mpuxBailaT BTYJIKHTE C HOMepa
0905.106.13.00.501 u 0905.106.11.00.939. Te ce ueHTpoBaT KbM
MIPUCHIOCOONICHUETO C JOOPHMK, MHHaBal mpe3 oTBopure. Cren
YCTaHOBSIBAHE HAa OCHOBHHTE €JIEMEHTH Ha KOJIOHATa ce J00aBAT U
BCHYKH OCTaHAIM AETaiiay, Moka3aHu Ha ¢ur. 3. Beuuku neraitnu

Cce 3aKpernBar B ChOTBETHOTO UM IIOJI0KEHHE Ype3 MPUXBAIIAHE.
n3paboreHa

Ha ¢ur. 7 e mnoka3ana c

TIPUCIOCOOJICHHUETO.

KOJIOHarTa,

k|

@ur. 7. Kononara crief; criio0siBaHe ¢ MPUCIOCOOICHHETO.
3.2. 3asapnsane na Kononama

Cnen xaro e yTOYHEHa TEXHOJOTHATA 3a CIJI00sBaHE, ce
pa3paboTBa TEXHOIOTHUATA 3a 3aBapsIBaHE HA KOJIOHATA.

3aBapsBaHETO Ha KOJIOHATAa € CJIOXCEH MpOIEC M ce M3IbIHSABA
CBIVIACHO pa3pabOTeHHWTE 3a BCAKA €IHAa KOJIOHA 3aBapbuHU
IJTAHOBE. 3aBapsIBAHETO MOJKE J1a ObJIc pPHYHO WK POOOTU3UPAHO.

3aBapbuHUAT amapar Tpa6Ba ma Opme 3a MUI-MAT
3aBapsiBaHe.

30HHTEe HA 3aBapsBaHe TpsAOBa ga ObJAT MOYMCTCHH U Ha
OTIpEeNeNieHd MeCTa TPENBApUTEIHO MOATPSITH [0 OIpeAeieHa
TeMIIeparypa.

Crnen w3BakaaHE Ha KOJIOHATa OT IMPHUCIOCOOJICHHETO CIeaBa
ISUTOCTHOTO ¥ 3aBapsiBaHE CHIIACHO M3UCKBAHUATA Ha 3aBapBUHUS
yeptexxk. Cnen 3aBapsiBaHe, KOJIOHATa CE IMOYMCTBA OT MPBCKH.
W3BbpiBa ce KOHTPOJ Ha (YHKIUOHAIHHUTE M Pa3MepH M KOHTPOJ
Ha pas3MoJIOKEHUETO Ha JeTainure H. AKO uMa HSIKaKBU
OTKJIOHCHHUS B pa3sMEpUTE M B Pa3MOJIOKEHUETO Ha JeTaiiuTe, ce
HM3BBPIIBAT KOPEKINH 32 OTCTPAHIBAHETO HM.

M3BppmiBa ce KOHTPOJN Ha KAauyecTBOTO Ha HW3MBIHEHHE Ha
3aBapbYHUTE IMIEBOBE C YATPa3BYK, KaTo ce TIpoBepsiBa 3a
HAJIMYMETO Ha Ie(EKTH OT THUIA HA MyKHATHHU M LIYTUTH.

Crnen karto KOJIOHATa € 3aBapeHa, MOXKE J1a Ce MPHUCTHIN KbM
ClieqBallMs €Talm OT TEXHOJIOTHATa 3a H3pabOTBaHETO M
MEXaHMYHOTO M 00paboTBaHe. 3a yCTAHOBSABAHETO HA KOJOHATA Ha

mammHata ¢ HIIY cpmo ce wu3mon3Ba —cHenuaIu3upaHo
npucnocobeHue.
3.3. Ilpucnocoonenue 3a MEXAHUUHO

obpabomeane Ha Kononama

Crex xaro e YTOYHEHAa TEXHOJIOTHATA 3a CIIIOOSBaHE W
TEXHOJIOTHATA 32 3aBapsBaHe, ce pa3pabOTBa TEXHOJIOTHATA 3a
MeXaHMYHO oOpaboTBaHe Ha KOJOHaTa H ce pa3paboTBa
HEO0OX0IMMaTa eKHIHPOBKA.

MexannqaoTo 00paboTBaHe IMe ce W3BBPIIM Ha €IHa
ycraHoBka. OmUCBAaT ce ONEpalMUTe M MOBBPXHHHHUTE, KOMTO CE
00paboTBaT, M3MON3BAHUTE METAIOPEKEIM HHCTPYMEHTH, WU
PEXUMHUTE Ha psi3aHe.

3a peanu3upaHe Ha TEXHOJIOTHSATA 33 MEXaHWYHO 0OpaboTBaHe
Ha KOJIOHATa M 3a JIa Ce HaMaJM BPEeMeTo 3a Oa3upaHe, 3aKperBaHe
M IEHTPOBAaHE Ha KOJOHAaTa BBPXY MAaIIMHATA, CE H3IOI3BA
CIIEIMAIN3UPAHO TIPUCIOCOOJICHNE 3a YCTAaHOBSBAaHETO M HA
mammHata ¢ [ITY.
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Kononara ce Oasupa u 3akpensa B
HPHUCIIOCO0ICHNE, TPEIBAPUTEIHO YCTAHOBEHO,
3aKpENeHO Ha MaIllHATa.

TIpucnoco6nennero e paspaboreno upe3 CAD cucrtemara
SolidWorks 1 Ha ¢ur. 8 ¢ mokazan oOIHUAT My BHJL.

CHEeUATU3HPAHO
LEHTPOBAaHO |

@ur. 8. O0m BUI Ha MPHUCIIOCOOTEHNETO 32 MEXaHUYHO 00paboTBaHe.

Ha ¢wur. 9 e mokazaHo NpuCHOCOOICHHETO C BCHYKHUTE MY
cberaBun  enementd [8, 9, 10, 13, 14, 15]. To ocurypsiBa
MO3UIMOHUPAHE HA KOJIOHATA B OMPEIICIICHO MOJIOXKECHUE U C TOYHO
OTpe/ieNieHa OPUCHTALIHS.

9
1
®ur. 9. CpCcTaBHH €IEMEHTH Ha IIPUCHOCOOICHHETO.

1 — Mexaunn4Ho obpaborena maca 2675 mm, 2 — Croiika npeasa,
3 — Kpanosa xonona, 4 — bren nputuckam (2 6p.), 5 — Iputnckad,
6 — I1aGuoH 32 opHeHTHpaHe Ha 360HOTO KoJteno, 7 — [Ipu3mu,

8 — OcHoBa, 9 — Maca Ha MamuHara

Ha mnpucnocobnennero 3a MexaHWYHO 0OpaboTBaHE HE ce
MpaBU JOMBIHHUTENHA 00paboTKa, 3aI0TO CEe M3MOI3Ba OCHOBATA M
npU3MaTa OT NPUCHOCOOTIEHHETO 3a crio0sBaHe (Te ca MEXaHHYHO
obpabotenu). Ilpeanata croiika € wu3paboTeHa OT JeTailid OT
namapuHa c JnebenuuHa 8 mm. Jlerainure ce M3ps3BaT Ha Jasep,
KOHTO MOCTUTa TOYHOCT Ha psiza 1o 0,1 mm.

Bb3nure Ha NPHUCIOCOOJEHHETO CE€ yCTAaHOBSBAT —BBPXY
MpeaBapuTeIHO 00paboTeHa Maca, KaTo Ce IEHTPOBAT C IMU(PTOBE
?¥43 mm. Ha macara ca HanmpaBeHM IIEHTPOBH OTBOpH Y43 mm u
MpOXOTHH pe300oBH oTBOpH M20 3a LEHTpOBaHE W 3aKperBaHEe Ha
Bb31MTE. HampaBeH ¢ IIEHTPOBH OTBOp MO CpelaTa Ha MacaTa Ha
npucrnocobiaeruero P50 MM 3a LEHTPOBaHETO I KbM MacaTa Ha
MmamnHara. Ciej MoCTaBsHE Ha Macarta Ha IMPUCHOCOOJICHHETO
BbPXY MacaTa Ha MalllMHATa, T CE LEHTPOBa KbM Hesd ¢ oc B50
MM, HO TOBa HE 51 OTpaHMYaBa HAITBIHO. Bropara cremka e Macarta
Jla ce IeHTpOBa INMEepACHAUKYISIPHO Ha mmuH7ena. L{eHTpoBaHeTo
CTaBa C M3MEpBaTEeNIeH YaCOBHUK, OTKJIIOHCHHETO HA Macara TpsOBa
na e B pamkute Ha 0,02 mm.

Bepxy crolikara 2 ce ©6asmpa BTynKara, KOSTO I[EHTPOBA
kosoHata 1mo oc X 1o 0,01 mm. OrpanudeHueTo mo oc Z crasa c
JIB€ BEPTUKAIHM IUIAHKK Ha cTpaHa. OTrpaHHYEHHETO Bapupa 10
0,20 mm. Cnex KaTo KOJIOHAaTa € LEHTPOBaHA TE3H BEPTUKAIHU
IUNIAHKM C€ IpeMaxBaT, 3a Ja He HpedaT Ha oOpabOTBaHETO Ha
BTynKata. Te ca 3akpenenu ¢ uMOycen 6ont M16.

Upe3 wm3mon3BaHe Ha IIPHCHOCOOIEHHETO C€ TapaHTHpa
HEM3MEHHOCT Ha MOJI0KCHUETO Ha 00pabOTBaHUTE TOBEPXHUHH.
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Ha ¢wur. 10 e nokasana KoJOHaTa CJEA MEXaHHYHOTO M
obpaboTBaHe.

®ur. 10. KosonaTa ciieqy MEXaHU4HOTO 00paboOTBaHe.

Cnen npuKIIOYBaHE HAa MEXaHMYHOTO oOpaboTBaHe ce

U3BBPIIBA KOHTPOJ Ha U3ACIUECTO.

3.4. Konmpon na kononama

Crnen xaro e YTOYHEHAa TEXHOJOTHATa 3a CIVIOOsBaHe,
TEXHOJIOTHATA 3a 3aBapsiBaHE M TEXHOJOTHATA 32 MEXaHHYHO
o0paboTBaHe, ce pa3paboTBa METOIUKA 32 KOHTPOJI Ha KOJIOHATA.

Cnen TpUKIIOYBAHE HA MEXaHWYHOTO o0OpaboTBaHe Ha
KOJIOHAaTa c€ U3BBpIIBA IBUIOCTEH KOHTPOI Ha oOpaboTeHHTE
MMOBBPXHHUHY CHIVIACHO JOKYMEHTAIMsATa Ha n3nennero. KoHTpoasT
ce M3BBpIIBAa OT KOHTpoibop mo kadectBoto (OTKK), karo 3a
LenTa ce IONbiBa KOHTpoiHa kapra. Ha ¢ur. 11 e noxasana
KOHTPOJIHATA KapTa Ha KOJIOHATA.

\e

SL Industries Ltd

Address: 71 Tutrakan Str. Town: Ruse 7003
Country: Bulgaria

tel.:+ 359 8284 10 14

QUALITY CERTIFICATE Ne
Part Ne 6129589 | Order Ne

8.2.4MK03/01

Required dimension according ™ - ton
te el [ Tacking Weid WMachining | Quality Control
[mm] | qmm | fmm] | [mm] |
1 A=550
2 B=1886
+05
3 80 .5
+5
4 80 o5
+5
s 412 32
6 1317 7}
T ©50H7 00
s @65H7 20030
s 218 G
5
10 286 05
+0.076
1 ®60F8 10,030
+#3
12 167 03
- IMIwnl'y::hm R
column. bl
14 es -
no e
15
16
17
18

NOTE: ]

coammo:  coon[ ] surnamer ] poon| ] sesomas [ Jmes[ag  welmn e lwer w]

Production Manager: ................
Welding inspecting

ICanclusion: General rules for welding

Date:

®ur. 11. KonTponHa KapTa Ha KOJIOHATA.

KoHTposiHaTa kapTa € HampaBeHa Taka, 4e pasMEpHUTe, KOHTO
TpssOBa Jla Ce U3MBJIHAT ChITACHO YepTeka Ce KOHTPOJIUpAT Ha
BCHYKH €Tamd OT IPOU3BOJACTBOTO Ha u3jenuero. ToBa ca — erar
crio0siBaHe, Ciiejl MpUXBAlllaHE Ha JETailmre, Ciel 3aBapsBaHe,
Clle]] MEXaHUYIHOTO 0OpaboTBaHe M OKOHYATEIEH KOHTPOJL

Ilpy KOHCTATUpAaHE HA OTKJIOHEHHS HA KOHTPOJIHMPAHHUTE

pasMepd H3BBH  JIONyCKa, C€ M3BBPUIBAT KOPEKIHH 32
OTCTPaHsABAHETO MM  CBIJIaCHO  pa3paboTeHarta  PEMOHTHa
TEXHOJIOT'Hs.

3aabDKATENIEH TIPH IIPOU3BOJCTBOTO Ha KOJIOHATa € KOHTPOIBT
Ha KauecTBOTO Ha M3NBIHEHWE Ha 3aBapbuHHTe meBoBe. C
YATPa3BYK Ce NMpOBEpsiBa 3a Bh3HUKHAIH JS(PEKTH KaTo IMyKHATHHH
M OIyIUIM B 30HUTE Ha 3aBapsBaHe. [Ipum KoHcTaTHpaHe Ha
BB3HMKHAIH Je()eKTH B 3aBapbUHUS IIEB, CE U3BHPIIBAT KOPEKIIUH
3a OTCTPaHsIBAaHETO WM, CBIVIACHO pa3paboTeHaTa pPEMOHTHA
TEXHOJIOTUSI.
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3.5. Pazpabomeane na ynpasnaeawia npozpama

3a MeXaHHYHOTO 00paboTBaHEe Ha KOJOHaTa € pa3paboTeHa
ynpasisBama nporpama. Mznonssan e nporpamen e3uk FANUC.

O6bpaboTkara mie ce M3BHPHOIM Ha MamuHeH HeHTsp c¢ LITY
AWEA BL2018S, nokasaH Ha ¢ur. 12.

Our. 12. Mammuen ueatsp AWEA BL2018S.

Ilporpamata ¢  paspaboTeHa  Ype3  HU3MOJ3BaHE  Ha
crermanusupan  copryep CIMCO Edit V6 [20]. TIporpamara
ChIbPKA KOOPIAWHATHTE HA XapakTepPHH TOYKH OT H3IEIHETO,
METAIOPEKEIINTe HHCTPYMEHTH, IBIKCHUATA UM M PEKHMUTE Ha
psizame.

Cb31aBaHeTO Ha YIpaBIsIBallM MPOTPaMH Ype3 M3MOJI3BaHE Ha
coptyep Bomum g0 wu30ATBaHE Ha TPEIIKATE, JOMYCHATH B
HOpPOrpaMHpaHeTo, KOMTO OWXa JIOBENH JO paspyllaBaHe Ha
HHCTPYMEHTHTE WIN HOBpEXAaHe Ha 00pabOTBAaHOTO U3JEIHeE.
3HAYMTENHO Ce HaMalsBa HYXHOTO BpEME 3a Ch3[aBaHC Ha

HpOrpamure.
CodtyepbT pemaBa © oOpaTHaTa 3agadya — OT TOTOBa
yhnpapisBamia Iporpama, ce HU3BE&XKAAT KOOPAMHATHTE Ha

XapakKTepHU TOYKHU OT TPACKTOpUATA HA [JABHXKCHUATA, KOUTO
H3BBPIIBAT MHCTPYMECHTHUTE, T.C. MOXKE Jla C€ CUMYJIMpa pCaiHusA
Mpouec Ha MEXaHUYIHO 06p3.60TBaHe.

3.6.  Ocobenocmu npu Mmooderupanemo Ha
mpumepuume  modeau 6 CAD  cucmemama
SolidWorks

3a pa3paboTeHHTE NPUCIOCOOJICHUS € HampaBeHa IThJIHA
KOHCTPYKTHBHa JOoKyMeHTanus. IIpomeca Ha chb3laBaHeTO M €
aBTOMATH3UpaH, Ype3 H3IOoJI3BaHe Ha InabioHHM (ailioBe Ha
JIOKyMeHTHTE, kouTo n3noszBa CAD cuctemara SolidWorks.

ITpu cp3naBaHeTO Ha TPUMEPHUTE MOJENH Ha JICTAHINTE U Ha
CrII00CHUTE EJIMHUIIM Ca U3MOJI3BaHHU 11a0IoHHHM (aiiose 3a Part u
Assembly moKyMeHTHTE. 3a BCEKH €IHH TPHMEPEH Mojed Ha
netaiin WM criaobeHa enuHWIa, oT MeHio File Properties, B
npo3opena Summary Information, B cekusara Custom ce u30upar

HE0OXOJUMHTE aTpuOyTH. [Tpu pa3paboTBaHEeTO Ha
KOHCTPYKTHBHATa JOKYMCHTAIMS Ca W3MO0JI3BAHH IIA0JOHHH
¢aiitoBe 3a Drawing [IOKyMEHTHTE, KOWTO MpEICTaBISIBAT

cTaHIapTHUTE uepTokHH (popmatu — A4, A3, A2, Al u A0 [4, 5, 6,
7,11, 12].

B mabnona Ha Bcekw eIMH TPUMEpPEH MOJEN Ha JeTaiil WIN
criobeHa eIWHMIIA ce 3aJaBa HeoOXoammaTa WH(MOpPMAIHs dpe3
aTpuOyTH — MOTpeOUTeNcKH U ciryxeOHH. Tasm wmHpopmanus e
HyXHa NpH pa3pabOTBaHETO Ha KOHCTPYKTHBHATa JIOKYMEHTalUs,
ThHl KAaTo u3IM3a aABTOMATHYHO B Ta6J'lI/lLlI/lTC Ha YCPTEIKUTE.
Wupopmanmsita OT aTpuOyTHTe MOXKE Ja Cce H3MoiI3Ba 3a
yOpaBlIeHUE Ha JOKyMeHTauusaTa npu HanuuHa PDM cuctema,
KaKkTo M OT [pyruTe OTHAeAM BbB (upmara npu HanuuHa ERP
cHcTEMA.
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4. 3aknrouenue

Bb3 ocHOBa Ha HampaBEeHOTO IO NpEACTaBeHaTa pa3paboTKa,
MOJKE J1a C€ HATIPABSIT CIICAHUTE U3BOIH:

1. PazpaboTeHa € TEXHONOTWS W MPHCIOCOOJICHHE 3a
criao0sBaHe Ha KoJjoHata. llpucmocoOieHHeTo ocurypsBa TOYHO
MO3UIMOHMpaHe Ha MAETalIUTe Ha KOJIOHAaTa, HE € CIIOXHO 3a
MaHUMyJIalys, C Lel Ja ce H30erHar BCSKAKBU TPEIIKA OT
CyOEKTHBEH XapakKrTep.

2. Pa3paboTeHa ¢ TEXHOJOTHUS HW TpPHUCIOCOONECHHE 32
MEXaHMYHO o00paboTBaHe Ha KoJIoHaTa. Upe3 wH3MON3BaHE Ha
MPHUCIIOCOOJICHUETO CE HaMaJlsiBa BpEMETO 3a Oa3HpaHe, 3aKpernBaHe
W IICHTPOBAHE Ha KOJIOHATA BHPXY MaIllHHATA.

3. Tlpucmocobnenusita 3a  Criao0sBaHe W MEXaHHYIHO
00paboTBaHe MOTaT Ja ce M3MOJI3BAT 3a U3PabOTBaHE HAa Pa3IUUYHH
BU/IOBE KPAaHOBH KOJOHM. 3a IeiTa € HeoOXOOMMO caMo jJa ce
3aMEHsIT ONpeneNeH: Oa3upaly 1 3aKpeMnBally eIeMEHTH U Bb3JIH.

4. HampaBeHa ¢ mbJIHA KOHCTPYKTHUBHA JOKYMCHTAllMs Ha
paspaboTeHuTe mpUcHocoOneHus. IlponeckT Ha Ch3AaBaHE Ha

KOHCTPYKTHBHaTa  JOKyMEHTallUs € aBTOMAaTU3MpaH  d4pe3
M3II0JI3BaHETO Ha 1abioHHU (aiinose 3a Part, Assembly u Drawing
JOKYMCHTHTE.

5. Taka cp3ganenata 0a3a TaHHA MOXKE Jla C€ M3MOJI3Ba IpHU
pelaBaHe Ha CXOJHH IPOOIEMH TIPU TTOAOOHHU U3IEIHSL.
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MOZAEJI HA CEU3BMAWYEH IMUE3OEJEKTPUYECKHU CEH30P

Hou. n-p boitues . 1.
MMCTILXA - BBJITAPCKA AKAJEMUS HA HAYKUTE, 67 ya. llnmuencku npoxon, 1574 Codwus, benrapus

A MODEL OF SEISMIC PIEZOELECTRIC SENSOR

Associate professor Boychev Y. D.
Institute of Metal Science Equipment and Technologies with Hydroaerodynamics Centre “Acad. A Balevski” at Bulgarian Academy of
Sciences, 67 Shipchenski Prohod Street, 1574 Sofia, Bulgaria

E-mail: y_boichev@abv.bg

Abstract: One of the most common seismic sensors are piezoelectric, which are used to monitor the seismic situation in industrial areas, to
build security systems, to monitor landslides, etc. The main task in their design and operation is to determine the relation between
mechanical parameters of the sensor and its response to seismic impacts. To solve this problem, a mechanical-mathematical model of a
piezoelectric sensor and an approach for determining its response to vibration with a frequency of 1 Hz to 200 Hz and applied force with a

maximum acceleration of 0.1 g are proposed.

Keywords: piezoelectric sensors, seismic waves, mathematical modeling

1. Yeoo

IIpunBmkBaHeTOo Ha Ha3eMHAaTa BOEHHAa TEXHHKAa €
CBIPOBOJCHO C IIyM M BHOpamuu. AKYCTHYHHMTE EMHCHH ca
CBBP3aHH C BHJa Ha JBUTaTells, TEOMETPHs Ha aycllyxa, BHJ Ha
ryMHTe, I'bTHaTa HacTiiKa. CEeU3MUYHHUTE CHTHAIHM 3aBHUCST OT
THUIIA Ha TPAHCIIOPTHOTO CPEACTBO, HETOBOTO OKauBaHEe, HAYMHA Ha
3aIBWKBaHe (KOJIECHO WJIM BEPW)KHO) BHUJA Ha IIoYBaTta W IIp.
PasnpocTpaHeHHeTO Ha FeHepUpaHNTEe CEM3MUYHH BBJIHU B [I0YBATa
B 3aBUCHMOCT OT HEHHHMA BHUJI € pasrienaHo B [1-7]. [loreHuuamst
Ha TOBBPXHOCTHHTe M PeneeBM Ccen3MHYHM BBIHH 32
uaeHTH(UKAIMA Ha BOGHHA TEXHUKA ca U3cieBaHu oT Succi et al.
[8], Tian et al [9].

Ilpn pa3paboTBaHETO Ha CHCTEMH 3a aBTOMaTH4HA
JeTeKnus. W WAeHTH(UIMpaHe Ha Ha3eMHa BOGHHA TEXHHKa,
0a3upaHn Ha aHaJIM3 Ha TEHEPUPAHUTE OT Hesl CEM3MUYHH BBIIHH,
OCHOBEH €JIEMEHT ca IHe30eNIieKTpuYecKuTe ceH3opu. [lopaan ToBa,
KakTO M TIOpagyl YCHBBPIICHCTBAHETO HA TEXHOJOTWUHUTE 32
0o0paboTBaHE W aHaJNM3WpaHE Ha MHPBUYHATA HHOOPMAIIL
MOTydYaBaHa OT CEM3MHYHUTE CEH30PH € M3KIIOUMTEIHO BAKHO 12
ce IMO3HABaT TEXHHUTE AaMIUINTYIHO-4ECTOTHH XapaKTePHCTHKU
(AUYX). 3a n3bareaHe Ha TPYJOSMKUTE HAaTypHU TECTOBE, KAKTO U
3a paslMpsiBaHe Ha JMala30Ha Ha CEM3MHUYHUTE BB3/ICHCTBHS €
HalpaBeH MeXaHO-MaTeMaTHYeH MOJeNl Ha MHEe30eNeKTPHIeH
CeM3MHMYEH CEH30p M TIOJlyYeHHWTE pe3y/lTaTd ca MOCOYeHH B
naseHara pabora.

2. Ilen na uzcneosanemo

Lenta Ha W3cneABaHETO € Ja ce ONMpPEAETH BIUSHHETO Ha
(DU3UKOMETPUYHUTE  XapaKTePUCTHKH Ha  pa3pabOTBaHH B
NMCLXA-bBAH BUOpoakyCTHYHU CEH30pU BBPXY PETUCTPUPAHUTE
OT TAX JIaHHU 32 TIOBbPXHOCTHUTE CEM3MHUYHH BBJIHH, TCHEPUPAHU
OT Pa3IMYHM BUAOBE HA3eMHa TEXHHMKA. 3a OLEHKAa € Ch3JaJcH
MeXaHO-MaTeMaTH4YeH MOJE Ha BUOPOAKYCTHUEH CEH30D.
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3. Mexano-mamemamuuen mooen

Pazpaborenuar moxmen ce ©Oa3upa Ha pemaBaHETO Ha
MOCIIEJOBAaTEHOCT OT TPAHMYHM 3aJaddl CBBP3aHU ChC CIEIHHUTE
THUIIOBE aHAJIN3:

- CraTuueH aHaNM3 Ha CEH30pa IIPH HATOBapBaHE OT
coOcTBeHO Terno (T.e. NPU JIMIICA HAa BHHIIHM BB3JICHCTBHE) U
(UKCHpaHO 3aKperBaHe Ha OCHOBATa;

- Mopnanen ananus 3a ompenensae Ha mepsute 30-50 6p.
COOCTBEHH YECTOTH IPU (PUKCUPAHO 3aKpelBaHe Ha OCHOBATA;

- CrhexTpaneH aHaIM3 Ha peakIUATa Ha Mojena Ha
BUOpauMoHHO BB3AcHcTBHE ¢ dYectota 1Hz mo 200 Hz u
akceJeporpama IpuIoKeHa CHiIa o octa ¢ yckopenue 0,1g.

3a oleHKa Ha BIMSHHETO Ha CEM3MUYHHTE KOJICOAHMUS
BBbPXY aMIUIMTYAHO-YECTOTHUTE XapaKTEPHCTUKH Ha CEH30pHUTE
Oerre M3BBPUIEHO Mojenupane, OasupaHo Ha 3D monen Ha mueszo
SJISKTPUYECKH CEH30pU C M3IOJ3BaHE Ha MPOrpaMeH MPOIYKT
ANSYS Mechanical. [Ipegna3zHaueH e 3a penraBaHe Ha ITUPOK KJIac
3aJa4d B MEXaHUKaTa W IIMPOKO H3IION3BAaH TPH HPOSKTUPAHE H
pa3paboTBaHe Ha ChbBPEMEHHU NPOAYKTH B HHAYCTPHUsATa paboTenn
IpU CIOKHW MEXaHWYHHM HATOBAapBAHMUS, BBIHOBH BB3ICHCTBUA,
€JISKTPOMArHUTHH BB3JICHCTBUS U .

3a Hy)XUTEe HAa MOJCIUPAHETO € pa3paboTeH TIeoMeTpHYeH
Mmozen (dur. 1) kaTo e U3Mos3BaHa €K3eKyTHBHATa JOKYMEHTALUs
Ha ceH3opa paspadoreH B UMCTIIXA — BAH kosaTo chabpika
4epTeXH Ha KOHCTpyKIusATa. HampaBeHM ca HAKOM ONPOCTSBAHUS
(OCHOBHO CBBp3aHHM C TIPeHEOperBaHE Ha MAalKU 3aKPBIJICHHUS B
OTAENHHUTE JEeTailni), KOMUTO HE BONIT JO OTKIOHEHHE B
pe3yaTaTuTe, HO OOJICKYaBaT M3TOTBSHETO HA KpaifHO-eleMEHTCH

MOJECII.

T

Que. 1. 'eomempuuen mooen Ha nue30ereKmpuieck ceH3op
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MogensT € cboOpaseH ¢ BB3MOKHOCTHUTE Ha METOJAa Ha
kpaiinute enementd (MKE) u e npuwioxum 3a peanuzanus B
komepcuaned nmaker ANSYS no MKE, kaTo ca n3non3BaHu KpaiiHu
enementd tun Solid KE Solid Shell KE 3a ThHKOCTEHHHTE
MeMOpanu (ur. 2). M3non3Banu ca KpaifHU €IeMEHTH C 6 CTeIIeHH
Ha cBOOOJA.

0

2

50,00 (men)
)

1250

Que. 2. Kpaiino-enemenmen MoOen Ha NUE30EIEKMPUYEH CEH30D
U3NON36AUY NPEOCMABSIHE UPe3 MBHKOCMEHHU MeMOPAHUL.
bpoui 6v3iu — 31363, 6poti enemenmu — 9328
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MarepuanHuTe XapakTepUCTUKHM Ha OTJCIIHUTE JEeTalan ca
B3€TH OT JOKyMEHTAIMATa Ha MPOAYKTa, a JAaHHM 3a MOAYJIa Ha
€JIACTUYHOCT, KoeuuueHT Ha [10acoH 1 IITBTHOCT HA MaTepHaja ce
M3MCHST 32 YCTHPH Pa3IMYHA KOHCTPYKTHBHU Marepuana - Ha
KOpITyca, Ha MacaTta M Ha eJaCTHIHaTa MeMOpaHa ¢ MUe30eJIeMEHTa.

3a 1enuTe Ha MOJICIUPAHETO ca HEOOXOIUMH BXOIHU JTAHHU
OTHACSIIHN CE JO IUTBTHOCT, €IaCTHYCH MOMAYJ, U KOCHHUIMEHT Ha
Tloacown, xouto ca gagenu B Ta0m. 1.

Ta6u.1 BxoaHu nansu

Enactuuen
. [InpTHOCT Koedumuent na
Aeraiin [kg m™3] Moy Ioacon
g [Pa]
Kopmyc (¢ur.3)
D16T 2770 7.2E+10 0.3
Kanaxk (¢ur.4) 7850 2E+11 0.3
Maca (¢ur.5) 10660 2E+11 0.3
Membpana

(dur-.6) 8400 9E+10 0.31

Korpus 3.1
3082071 . 1056

00 . 70.00(men)

J

150

Que. 3 Kopnyc (3eneno)

5250

167

i

WA

ex
Fe—

Que. 4 Kanax (3eneno)
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Due. 5 Maca ( 3€JZ€H‘O)

Mendewa ' AN
NN

“.“K ~o

Que. 6 Membpanu (3eﬂeﬂo)

PazpaborennsaT Monen naBa BB3MOXKHOCT 3a aJeKBaTHO
MOJIEIIPaHe Ha CEH30PUTE IIPU Pa3JIn4yHU aKCEIepOrpaMu, KOUTO ca
pe3yaTaT OT Pa3INYHH TEKKH MAIIMHU MIPU ABIKCHHETO MM BBPXY
pa3sIM4HU TEpEHH. YCIEIIHO MOraT BUPTYaJHO J1a €€ HU3CIeBaT
pa3sIM4HU KOHCTPYKTHBHU PELICHUs 3a CCH30PUTE IPH Pa3IUdHU
CeM3MHMYHU Bb3AeHCcTBUs. CeM3sMUYHHTE BB3JECHCTBHUS Ce 3a/1aBar
KaTa aKCeJIeporpaMy B UECTOTHUST CIIEKTBP.
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4. Pesynmamu

3a BanuAupaHe Ha METOAMKaTa M MoOJela 3a MPOBEICHU
cepusi OT YHCIEHH CHUMyJauuH. PesynTatd oT cuMylanuuTe ca
NIPEJICTABCHH Ha ClIe/IBAIIUTE HUTYPH:

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1
30.8.2021r.15:14

0.0019244 Max
0.0017106
0.0014968
0.0012829
0.0010691
0.0008553
0.00064147
0.00042765
0.00021382

0 Min

0.00 50.00
25.00 75.00

100.00 (mm)

Que. 7 Cmamuyen ananus. [Jepopmupano cbcmosnue om
cobcmeeno mezio

JedopMupaHOTO CHCTOSTHHE OT COOCTBEHO TETJIO MO3BOJIABA
Jia ce OLICHH NPOBHCBAHETO Ha MEeMOpaHHWTE IPHU HATOBAPBAHE OT
coOcTBeHO Terno Oe3 cemsMUuHa Bb3zeicTBHe. ToBa € ChCTOSHUE
Ha “mokoii” Ha ceHzopa. Ilpm MemOpaHM C pa3nuuHa KOpaBUHA
MOXE Ja Ce OLEHM Jald TOBa IPOBHCBAHE € JOMYCTHMO 3a

(YHKIMOHAIHOTO IpeJHa3HaYeHHEe Ha IPOIYKTa.

C: Modal
Solution
Frequency: N/A
3082021 r. 15:16
000 100.00¢
3
5.0 .00
Sraph » 3 OX Tabular Data
30. Mode |[v Frequency Mz [
32862 1 89296
2 12 903.95
o T He
otrratpppil 44 14445
5 |s 46418
2 7 0o 2 8 20 2 24 26 23
12345678910 12 W 16 ¥ 4 26 28 s -l
7 7. 5068.7

Que. 8 Mooanen ananus. I paghuuno ca npeocmasenu 30
COOCMEeHU Yecmomu Om aHAIU3A.

MopgaHuSIT aHaH3 € H806X0}II/IM 3a NOJIy4aBaHETO Ha
JAOCTAaThbYHO coOCTBEHH HYECTOTH, KOUTO CC€ H3IMOJ3BAT IIpU IO

cicaBaliysaT aHAJIn3.

C: Modal

Total Deformation
Type: Total Deformation
Frequency: 892.96 Hz
Unit: mm

30.8.2021 r. 1517

106.84 Max
94,967
.09
n.225
50,354
47484
35.613
23,742
187
0 Min
000 10001
1
25.00 75.00
Graph v 3 OX Tabular Data
Animation [ b 1 |E 0Fmmes  ~|2Sec(Auto) <~ BB @ [ ¥ __|Mode|[V Frequengy iHa

1 892.96

3. 2 |2 903.95

32862 303 91336

g S TTTTTY T TN IT NN U] =

i 4 7 2 3 % aa. = 3 s s 4641.8

123 5s6 8910 12 1“6 8 20 2 24 26 283 6 6. 50322

7|7 50687

Que. 9 Mooanen ananus. [lvpsa cobcmeena wecmoma

D: Response Spectrum
RS Acceleration 2

ime: 1.5
30.82021 r. 15:19

[ RsAccelention 2
000 50.00 100.00 (mm)
=
25.00 75.00
Graph v 3 OX Tabular Data

Frequency [z | [V Acceleration [mevs’y) [

5000, ICX] 100.

|os 150.

| 2o lo2 400,

100. V 03 100.

los 50.

fon [un [ s o [

Que. 10. Cnexmpanen ananus npu 3a0a0eHa mecmosd
axcenepozpama u cpaHuiHy YCaosus CbOmeencmeauu Ha
3aKpensanemo Ha mepeH Ha ceH3opa

D: Response Spectrum
Total Deformation
Type: Total Deformation
Unit: mm

Time: 0

30.8.2021 r. 15:21

1.7543394e-5 Max
1.5584128e-5
1.3644862¢-5
1.1695596e-5
0.74633e-6
7.797064¢-6
5.847798e-6
3.898532¢-6
1.949266e-6

0 Min

70.00 (mm)

17.50 52.50

Que. 11. Cnexmpanen ananuz SRSS method. Toukama(zonama) na
Makcumaanama degopmayus

Wznonsean e SRSS(square root of the sum squares) method
32 CyMHpaHe NPH CIICKTPATHHUAT aHAIH3.

D: Response Spectrum
Equivalent Stress
Type: Equivalent Stress
Unit: MP3
Time: 0

2.9.2021 r. 20:41

0.046116 Max
0.040992
0.035868
0.030744
0.02562
0.0204%
0.015372
0.010248
0.005124
1.3592e-12 Min

b

Que. 12. Cnexmpanen ananus. Hanpeoicenusma ¢ omoennume
e/leMeHmU Ha CeH30pA.

70.00 (mm)

17.50 52.50

4, 3aknrouenue

PazpaboTeHnsaT n3unciuTeNeH MOJEN JlaBa BH3MOXHOCT 3a
aJIeKBaTHO MOJICJIPaHe Ha CEH30pa IIPU Pa3INIHH aKCeIeporpaMHy,
KOMTO ca Pe3yNTaT OT Pa3iuYHM TEKKU MAIIMHU MPU JBHKECHHETO
UM BBPXY Da3NUYHM TEPEHU. YCMEITHO MOraT BHPTYyalHO Ja ce
U3CIIe/IBAT PA3jIMYHU KOHCTPYKTHUBHH PELICHUS 3a pa3paOOTBaHe.
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|
MopenbT mO3BONABAa Aa CE€ IapaMeTpU3Hpa, KOETO YJIeCHsBa
ONTUMH3AIMA Ha KOHCTPYKLIUSTa TPH  Pa3IW4HU KPUTEPHU
nepuHupanu 0T mnoTpeburend. M3mons3BaHeTo Ha ChBPEMEHHH
METOIM 3a IPOEKTHpPaHE I03BOJSABAT CKBbCSBAaHE BPEMETO OT
MIPOEKTHO PpEIIeHHE 1O THProBCKaTa peanu3anus. YCIOpeIHO ¢
TOBA, MOTaT J]a Ce aHAIW3Mpa BIUSHUETO Ha (M3MKOMETPHIHUTE
XapaKTePUCTHKN HAa BHOPOAKYCTHYHHTE CCH30pH pa3pabOTBaHH B
MMCTIXA — BAH BbpXy peructpupasure OT TAX JaHHH.

Pesynaratute oT ToBa H3cieABaHE Ca HACOYEHH U KbM
m3nbiHeHHe Ha PaGoren maker 2 ,VIHTEMTHIeHTHH CHCTEMH 3a
curypHoct® Ha mpoekt BGOSM20P001-1.002-0006 ,,A3rpaxknane
u pasButHe Ha lLleHTsp 3a KkommereHTHOCcT “KBaHTOBa
KOMYHHKAI[Hs, UHTEIUT€HTHH CUCTEMH 3a CUTYPHOCT U YIIpaBIeHHE
Ha pucka (Quasar)“, KOWTO e HONydw1 (QHUHAHCHpPAaHE OT
EBpomeiickus ¢oHn 3a pernoHaigHo pasButhe upe3 OnepaTHBHA
nporpama ,,Hayka u oOpa3oBaHue 3a MHTeIUTreHTeH pacTex" 2014-
2020.
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Analysis of specific absorption rate of electromagnetic field, generated by smartphone

Magdalena Garvanova
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Abstract: This article analyses the Specific Absorption Rate (SAR) and outlines the thermal effect in depth of the human head. SAR is the
most important dosimetric value when the human body is irradiated with signals in the radio frequency range. For this purpose, a computer
model is created using COMSOL Multiphysics software, taking into account the specific characteristics of the human head and the
parameters of a working smartphone. This model is suitable for studying the effects of radio waves on humans.

Keywords: Specific Absorption Rate, computer model, thermal effect

A distinction between the instantaneous SAR and the
permissible SAR should be made, where an average value is
Creating a model to study the process of absorbing  measured for a given mass of tissue and a specified period of time.
electromagnetic energy, emitted by a mobile phone and the
subsequent thermal effect in the human body, is crucial in analyzing
the effects, caused by the use of wireless smart devices. The
purpose of the model is to facilitate the research and understanding SART

1. Introduction

The increase of the temperature can be estimated by the
equation [5]:

. . . — et/
of the processes leading to an increase in the temperature of the AT ¢ (1 e T) @)
human head as a result of the absorbed radiation, emitted by a
mobile device [1]. where 7 is the thermal time constant. The created computer model

examines the interaction of heat transfer between tissues due to the
presence of two heat sources. It does not take into account the
influence of vascular geometry on heat transfer.

Biophysical effects such as tissue heating and nervous
stimulation of the body by strong electromagnetic fields are well-
known to scientists, as radio frequency radiation is not ionizing and

therefore cannot directly cause damage to human DNA [2], [3]. 3. Computer model of SAR
According to researchers, the most significant effect of radio waves '
is the heating of the tissues of the human head. Harmful thermal The created model is a combination of a model of a human head

effects cause cataract, but there are also non-thermal effects that are and a model of an antenna built into a mobile phone. The human
controversial [4]. It should be noted that not all biological effects head pattern includes layers of varying thickness, skin, skull, and
necessarily lead to negative consequences on human biophysical brain tissue patterns. This model allows to simulate the processes of
conditions. penetration and absorption of electromagnetic energy from the
tissues of the head, as well as to observe the thermal processes,
caused by high-frequency fields. The characteristics of the human
head and the parameters of the biological tissues, used in the model,
are as close as possible to the real ones.

In addition to the characteristics of the electromagnetic fields,
the thermophysiological processes of the human body and the
parameters of the environment such as the specific heat capacity of
the tissues, the cooling of the blood circulation and the ambient
temperature should be taken into account. The aim of the present The design and geometry of the human head are provided by the
study is to create a computer model of the Specific Absorption Rate IEEE, and the model was imported into the COMSOL Multiphysics
of the electromagnetic field, generated by a working mobile phone. software from a file named sar_in_human_head.mphbin (Fig. 1).

Its verification will be carried out through author’s experimental '
research, done via thermal images from a thermal imaging camera
and electroencephalogram — EEG.

2. Specific Absorption Rate

As already mentioned, SAR is a characteristic that describes the
absorption of the power of the electromagnetic field that propagates
in different types of tissues [5]. Local SAR is defined as the loss of
power dP;, absorbed in an infinitesimally small mass dm, and can
be described by the following equation:

SARzﬁzmzﬁi 1)
dm p POerf f

where E,,s and J,,s are the root mean square values of the electric
field strength and the density of electricity, respectively o, is the
effective conductivity of human brain tissue and p is the tissue
density. As it is known, the energy from the electromagnetic fields
in the radio range is absorbed into the tissue of the human body and
transformed into heat. This leads to another definition of SAR,

namely:
AT 7
AR = ¢, — 2 g
S T )
where ¢, is the specific heat capacity of the tissue and AT is the Fig. 1. Human head model

change in temperature over a period of time At. . o .
The source of electromagnetic radiation is a model of a mobile

phone that was added manually (Fig. 2). The electromagnetic
parameters of the biological tissues of the human head are modelled
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using an interpolation function that applies the characteristics of a
particular tissue inside the human head.

Fig. 2. Human head model and GSM

The output data for this function is directly taken from a system
file that is created using multiple magnetic resonance images of
human head sections. The model is obtained from 109 images, each
with a size of 256 by 256 pixels. The sar_in_human_head_interp.txt
system file can also be used to visualize the dielectric permittivity
and perfusion inside the head.

The pattern of propagation of the electromagnetic field is
simulated by a mobile phone, located one centimeter on the left side
of the human head (Fig. 2). The distribution of the strength of the
electric field E is obtained by solving the equation [6]:

1
VX —VXE—kicE=0 4)

r

where u, is the relative permeability, k, is a wave vector and &, is
the permittivity of the tissues.

The depth of penetration of the electric field into the biological
tissue of the human head depends on the frequency of
electromagnetic waves and is determined by the formula:

-1/2

1 Erlr Uesz
Sl o ) B 5
w| 2 w?o? ©)

At the frequency of the electromagnetic field at f = 900 MHz
the depth of penetration for different tissues of the human body is
shown in Table 1.

Table 1. Depth of penetration of the electromagnetic field

Tissue Skin Fat Muscle Skull Brain
§[mm] 40.2 164.5 42.3 131.8 475
4, Results

The simulation of the created computer model in the
environment of COMSOL Multiphysics allows to estimate SAR on
any shape and tissue of the human body. The local SAR value in a
human head at an electromagnetic field frequency of 900 MHz is
demonstrated in Fig. 3. When a human head is irradiated with an
electromagnetic wave, it penetrates the tissue and gives part of its
energy to the head or the wave is absorbed into the head tissue.
Electromagnetic energy affects the particles in the tissue due to the
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electrical and magnetic components of the electromagnetic field.
SAR values are higher in the surface layers of the human head.

Fig. 3. Human head SAR model

The created computer model calculates only the local value of
the SAR parameter. The maximum value of the local SAR is always
higher than the maximum value of the average SAR value.

The propagation of electromagnetic waves in biological tissues
takes the form of absorbed energy. Most of the absorbed energy is
converted into heat, which leads to an increase in temperature in
biological tissues. The thermal effect, obtained from
electromagnetic radiation of a mobile phone, is most pronounced on
the surface of the head skin (most often the area of a person’s ear)
[2]. The increase in temperature depends on the physiological
properties of the tissues (blood perfusion) and can be calculated
using a biothermal equation that takes into account heat loss due to
blood circulation in the human body. The thermal effect on and in
the human head for a frequency of 900 MHz is shown in Fig. 4.

0.05
1 0.04

1 0.03

0.02

0.01

Fig. 4. Thermal effect in the depth of the head

It can be seen that the temperature is highest in the area near the
source of electromagnetic radiation, where the mobile phone is
positioned. The temperature of the brain tissue rises about 0.6°C
and decreases inside the head. The validity of this computer model
was experimentally confirmed using a thermal imaging camera and
EEG. The results of the experiment for the distribution of the
temperature on the surface of the head after using a mobile phone
are outlined in Fig. 5.
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Fig. 7. A participant during the experimental procedure

7

Fig. 5. Temperature distribution at the surface after 15-minute

phone call 0, p<0.05
o, p<0.05
B, p<0.05
Temperature distribution at the surface of human head is in
correlation with ambient temperature while the temperature inside 6, p<0.05 8, p<0.05
biological tissues does not depend on it. It is interesting to know a, p<0.05 0, p<0.05

that the microwave change in the temperature of the human head
can lead to an increase in the temperature of the hypothalamus (Fig.
6) by about 0.2-0.3°C, which may cause health problems [7].

&

Hypothalamus

Fig. 6. Hypothalamus Fig. 8. SAR model and points of change in human brain activity

A o033
The hypothalamus has some basic functions such as controlling

body temperature, hunger, thirst, libido, heart rate, releasing _ 0
hormones from the pituitary gland, producing digestive juices,

balancing body fluids, etc. As the body’s various systems send -0.5
signals to the brain, they alert the hypothalamus to any imbalances.
As a result, the hypothalamus responds by releasing the right -1
hormones to balance the body. s
The influence of mobile phone exposure on the nervous
response was studied in [8], [9] by analysing electrophysiological -2
measurements of brain wave activity. EEG test measurements were
taken in two situations when the participant was not using and when 25
using a mobile phone (Fig. 7).
-3
A series of paired samples t-test analysis on spectral power,
conducted over the EEG spectral band delta — & (2-4 Hz), theta — 6 35
(4-8 Hz), alpha — a (8-13 Hz), and beta — B (13-32 Hz) for all points —

was applied. The results with p-values less than 0.05 indicate

statistically significant differences in EEG power in T3 (0, o, and . . .
B), T5 (0 and o), and F7 (0 and a) points as shown in Fig. 8. Fig. 9. Distribution of SAR in the human head

In the points, which are in the immediate vicinity of the GSM
device with highest absorption of the electromagnetic field, a
significant change of the signal spectrum is observed (Fig. 8), as
revealed our previous research [8], [9], [10].

A section of the head at the level of maximum absorption (Fig.
9) shows coincidence of the sites of change in brain activity with
the maximum SAR levels. The change in brain activity due to
prolonged use of a mobile phone is a prerequisite for loss of
concentration, memory problems, feelings of fatigue, anxiety, and
intense affective states [11], [12].
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5. Conclusion

This article examines the Specific Absorption Rate (SAR), as
well as the thermal effect, caused by the use of a mobile phone. The
study is conducted using a computer model via COMSOL
Multiphysics software, which takes into account the specific
characteristics of the human head and the parameters of a mobile
phone. The advantage of the simulation compared to the thermal
imaging camera is possibility to analyse temperature distribution
through head and inside biological tissues. The validity of the
created computer model is confirmed by a series of experimental
studies using thermal images and EEG.

The results of research show that the temperature to which the
tissues of the head are heated depends on the amount of energy,
absorbed by the human head. The resulting high SAR values on the
skin surface are not biologically hazardous, as peripheral blood
circulation and thermal conductivity to the environment effectively
cool the skin. More worrying is the fact that prolonged use of a
mobile phone leads to a change in the brain activity of the user. Our
future research efforts are oriented towards creating a
comprehensive model for studying the risk factors of excessive use
of smart technologies among children and adults.
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Abstract: Climate change and efforts to reduce greenhouse gas emissions, have significantly increased interest globally in implementing
technologies utilising renewable energy sources such as wind energy. This rise in interest it also in countries in which there is a lack of data
showing longitudinal measures of wind speed. Balkan Wind Atlas was developed from Sander&Partner Institute in October 2014. It offers
wind maps that are suitable to identify the windiest areas covering a surface of 325 000 km? and a database for secured planning of wind
energy for Albania, Kosovo, North Macedonia, Montenegro and Serbia. This study investigated the high level of consistency of empirical
wind measurements conducted on-site, compared to the ones offered in Balkan Wind Atlas. We also explore the ways of utilising the atlas
through the WasP software to study wind potencial even in those areas where there are no on-site measurements, thus lowering costs for
investments in wind farm projects. The evaluation of the wind energy potential in Topoja area was taken as a case study.

Keywords: WIND ENERGY DATA, BALKAN WIND ATLAS, WAsP, ALBANIA.

1. Introduction

Renewable power generation is becoming the default economic
choice for new capacity. Solar PV and onshore wind projects are
able to produce power for less than the cheapest new fossil fuel-
fired cost project. It has become clear that renewables will become
the backbone of the electricity system and help decarbonize
electricity generation [1]. For the most of world’s population,
electricity production from new renewables is more cost effective
than from new coal-fired power plants [2]. 2020 was the best year
in history for the global wind industry with 93 GW of new capacity
installed, driven by China and the US [3]. For onshore wind
projects, the global cumulative installed capacity between 2010 and
2020 grew from 178 GW to 699 GW [1].

In most of Europe, the increase in utilization of wind power for
electricity has resulted in increased economic stability against
fluctuating fuel prices. Renewable energy sources are able to reduce
the European Union’s dependence on foreign energy imports, also
meeting sustainable objectives to tackle climate change and to
enhance economic opportunities[4].

One of the major economic advantages of harvesting wind
energy in Albania is the reduction in the country’s economic
dependency on hydropower for producing electricity. Based mostly
on one source of the energy resources, Albania has been facing
severe energetic crisis which express visibly the high scale of the
hydrological risk in the stability of electricity generation for the
uninterrupted supply of customers of the Electricity System[5].
Albanian government has considered the promotion of renewable
energy use as an important tool of energy policies for the increase
of the security for energy supply, economic development, energy
sector sustainability and environment protection[6].

But the lack of long-term measurements by the standards
required by the assessment of wind farm projects, is among other
reasons, that has hindered the development of this energy sector in
Albania. The history of wind speed measurements in Albania is
mainly related to meteorological studies for weather forecasting or
for air and naval services. Many researchers have noted that a major
barrier to deployment in many regions of the world is a lack of
reliable and detailed wind resource data[7]. On the other hand, wind
data analysis and accurate wind energy potential assessment is
critical for proper and efficient development of wind power
application and is highly site dependent. The wind potential
assessment of a site requires the knowledge of statistical
characteristics, prediction of wind speed, persistence, availability,
diurnal, and monthly variation, etc.[7].

The most serious effort for wind resource assessments in
Albania was the study conducted from CETMA Consortium in
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cooperation with Department of Physics in University of Genova,
based on an agreement between the Albanian government and the
Italian Ministry for Environment, Land and Sea (IMELS), on 30
July 2008 in Tirana[8]. Figure 1 shows the map of average wind
distribution over the territory of Albania assessed at a height 50m
above the ground level.

[ms]

Latitude [deg]

Longitude [deg]

Fig. 1 The map of the distribution of average wind speed at 50m above
ground level, over Albanian territory.

And undoubtedly an important development was the publication
in October 2014, with the support of the Bank KfW which has
financed many energy projects in Albania, the Wind Atlas for
Balkan Peninsula, by the Sander & Partner Institute(Fig.2). This
atlas offers wind maps that are suitable for identifying windy areas.
It includes wind data for more than 40,000 locations in the form of
30-year time series data with a 3km resolution, including wind
speed and direction, temperature and air pressure, and solar
irradiation. The Wind Atlas for the Balkans offers wind maps and
data for it covering the territories of Albania, Kosovo, North
Macedonia, Montenegro, and Serbia. The weather model calculates
the wind under the influence of the regional topography and other
regional features like vegetation or the water exchange from the soil
to the atmosphere(Wind-Atlas-Balkan, Workshop, October 23,
2014, Tirana).
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Fig. 2 Map of areas with wind energy potential, good wind conditions,
no conflicts with inhabited areas and respecting natural parks.

In this study, data collected over a 15-month period (March 19,
2013, to June 14, 2014) in Mamaj, Tepelena, were compared with
those obtained from Wind Balkan Atlas for the closest point to this
area in 2013 which make up the last year of the atlas data. By this
comparison was investigated the high level of consistency of
empirical wind measurements conducted on-site, compared to the
ones offered in Balkan Wind Atlas. Furthermore, using the
longitudinal data from Balkan Wind Atlas is very useful for
investors. By using the WASP (Wind Atlas Analysis and
Application Program) software, investors can develop wind
potential distribution maps (resource grids) at 50m above ground
level for the site of interest. The initial evaluations of the wind
conditions are typically based on numerical products, such as wind
atlases, which generally provide convenient, fast, and easy access to
estimations of the characteristics wind conditions at a site[9].

Wind Atlases are produced for many countries including Egypt,
South Africa, Finland, Germany, Greece, Russia, Iceland[9],
Oaxaca(Mexico)[10], Armenia[1l], etc. They are used for
assessment of wind energy potential in several topographic regions
all over the world, for determining the location of areas with high
wind potential and for setting up wind farms, such as: Eritrea[12],
Thailand[13], Spain[14], Qatar[15], etc.

The goal of this study is to raise awareness to both Albanian
and foreign investors on the usefulness of Balkan Wind Atlas’s data
for assessing wind potential in areas of interest. This data would
help investors find the appropriate location of anemometric towers
to run on-site measurements of wind speed. Furthermore,
considering that areas of interest for Albanian investors are
relatively small, as well as that the Energy Regulatory
Authority(ERE), approved Feed-in-Premium tariffs of 76€/MWh
for wind farms up to 3SMW installed power on July 27™, 2017, there
is a high incentive for wind farm engineers to utilize data from the
Balkan Wind Atlas as well as the WASP software. Making use of
these tools would allow them to correctly choose the exact location
and type of wind turbines to produce the highest capacity factor, as
well as cut down on significant costs.

2. Materials and Methods

In the area of interest in setting up a wind farm, in Mamaj, north
of Tepelené, Albania (Fig.3), measurement campaign started on
March 19, 2013, and lasted until June 14, 2014. Wind speed data
were acquired through anemometers with 3 cone shaped cups
installed on 40m, 50m and 60m height and averaged every 10min.

Wind direction was acquired through wind vanes mounted at 45m
and 55m height. Air temperature was measured on height 13m.

Fig. 3 The site of Mamaj, Tepelené, Albania

The meteorological measurement data were obtained from 2
measurement stations installed in two separate towers(Valley and
Hill tower) with a height of 60m each and in a distance of about
800m from each other(Fig. 4). The geographical details of the data
measurement stations are given in Table 1. State-of-the-art wind
data analysis tool Windographer(2011) was used for obtaining the
statistical summaries of all the data: diurnal and seasonal variation
of the wind speed, seasonal Weibull shape and scale parameters,
wind power density, vertical wind shear, etc.

Fig. 4 The location of the measurement towers in the site of Mamaj,
Tepelené, Albania

Table 1: Geographical Details of Data Collection Station.

Station Latitude (°) Longitude (°) Altitude (m)
Valley 20.0166E 40.3233N 158.3
Hill 20.0090E 40.3090N 311

The data collected for the period March 2013-December 2013
from the anemometric tower installed in the valley, were compared
to those extracted from the hypothetical anemometric tower of
Balkan Wind Atlas for this area in 2013.

Geographical coordinates of the location of these two towers are
shown in the Table 2. The distance between them is 580m.

Table 2: Geographical Details of Data Collection “Atlas” and Valley tower.

Station Latitude (°) Longitude (°) Altitude (m)
Valley 20.0166E 40.3233N 158.3
“Atlas” 20.0120E 40.3160N 147
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Figure 5 shows the reciprocal position of Valley tower and the
hypothetical anemometric “Atlas” tower which is closest point to
this area obtained from Balkan Wind Atlas.
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Fig. 5 The location of the measurement towers in the site of Mamaj,
Tepelené, Albania

In Table 3 are shown the monthly mean wind speed values for
the period 19 March 2013-December 2013, based on measurements
carried out by the anemometric tower in the valley as well as that
hypothetical “Atlas”.

Table 3: Mean monthly wind speed respectively by the “At/as” and Valley
tower for the period March 2013-December 2013.

Mean wind Mean wind
speed (m/s) by speed(m/s) by
“Atlas” tower Valley tower
March 2013 7.52 8.3
April 2013 4.84 5.04
May 2013 5.31 5.43
June 2013 4.98 3.77
July 2013 4.63 3.84
August 2013 4.48 3.92
September 2013 4.38 4.2
October 2013 5 4.7
November 2013 7.31 6.8
December 2013 4.86 4.602
Overall Mean
Wind Speed 5.331 5.0602

The graph (Fig. 6) reveals a noticeable trend where the data
from Balkan Wind Atlas matches the measured data.

The greatest data discrepancy pertains to months June, July, and
August.

Mean Wind Speed 2013
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Fig. 6 Mean monthly wind speeds in 2013, by Balkan-Wind-Atlas and
actual data measurement in Mamaj, Tepelené, Albania

Many records (about 4%) from on-site measurements conducted
during these months were considered erroneous and were deleted.
We stress that the cone-shaped anemometers lacked a calibration
date. But in terms of overall average wind speed for this period, the
mismatch was about £5%.

WASP (Wind Atlas Analysis and Application Program) was
used to determinate Observed Wind Climate(OWC), by using the
wind speed and direction information. The WASP is a PC software
that extrapolates vertical and horizontal statistics regarding wind
climate[16]. WAsP simulation program is a program that can
conduct an analysis by using the wind speed data obtained from
meteorological stations and analyzes the data by modeling
regarding the direction of wind on the land to establish wind
farms[17].

According to the data coming from Observed Wind Climate
(OWC) from each anemometric tower, the average wind speed at
50m above ground level, for Valley tower was U=5.32m/s from
March 2013 to June 2014, while the average wind speed for “Atlas”
tower was U=5.52m/s from January 2013- December 2013. In this
case the mismatch rate was +3.7%.

Therefore, the long-term data coming from Balkan Wind Atlas
can be used with high confidence especially in non-complex
terrains of the Western Lowland of the country. According to
National Agency of Natural Resources of Albania, 4 investment
company are licensed to develop wind farms with 3 MW installed
power each of them in the Topoja area which lies in the Western
Lowland, near the Adriatic Sea (Fig. 7).
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Fig. 7 The Topoja area, Fier, Albania.

The best wind potential area is shown in Figure 8.

Fig. 8 The windiest site in Topoja area, Fier, Albania.

This is an area of 5.6km? and 2-2.5m above sea level. Data
obtained from Balkan-Wind-Atlas for the period 2000-2013, were
used to study wind climate in the area of interest in Topoja, Fier,
Albania for the hypothetical anemometric tower with the
coordinates 40°47°57.5”N, 19°22°08.7”E whose position on the
topographical map is shown in Figure 9.
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Fig. 9 The hypothetical anemometric tower in Topoja area, Fier,

Albania.

According to the Observed Wind Climate(OWC) of the
hypothetical anemometric atlas tower, mean wind speed and the
power density in 50m a.g.. were found to be 5.08m/s and
150.27W/m? respectively. Turbine with 50m height hub was placed
in the area and by using WASsP software wind rose and Weibull
distribution were studied (Fig. 10), (Fig. 11). It is noted that the
probability of having wind speeds above 5.5m/s in 50m a.g.l is
36.6%.
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Fig. 10 Resource grid of Topoja area for 50m a.g.l..
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Fig. 11 Frequency wind distribution and Weibull distribution in the
windiest potential area of Topoja.

According to the wind turbine, the average wind speed, and the
wind power density at 50m a.s.| are 5.10m/s and 185 W/m?. This
identifies the Topoja area as class 1 wind power[7].

However, of interest will be comparing these results with those
of real measurements that are being carried out on the site.
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Furthermore sensitivity economic analysis would help the decision-
makers to estimate the sensitivity of important financial indicators
in relation to key technical and financial parameters in order that the
investments in Topoja area to consider acceptable [19].

3. Conclusions

This study supports the idea that the use of Balkan Wind Atlas
data is an important tool for identifying areas with wind energy
potential especially for countries where long-term measurement
data is lacking. To increase reliability in Balkan Wind Atlas, data
collected over a 15 month period (March 19, 2013 to June 14, 2014)
in Mamaj, Tepelena, were compared with those obtained from
Wind Balkan Atlas for the closest point to this area in 2013. This
reveals a noticeable trend where the data from Balkan Wind Atlas
matches the measured data. In this case the mismatch rate was
+3.7%.

The long-term data coming from Balkan Wind Atlas were used
to evaluate the wind energy potential in one of the non complex
terrains of the Western Lowland of the country, in Topoja area. The
wind turbine, was located by WASP in the windiest area given by
Balkan Wind Atlas. The average wind speed and the wind power
density at 50m a.s.l are 5.10m/s and 185 W/m? respectively. This
identifies the Topoja area as class 1 wind power.

Provided with this context, there is high interest in comparing
these data to those of real measurements being carried out on the
ground. The comparison will further increase the reability of Balkan
Wind Atlas data which will eventually serve as a tool for conducting
initial assessments of wind potential in areas of interest to investors
in the field.

Conducting a thorough analysis on wind potential in areas of
interest is particularly important in a country like Albania where no
wind farms have been established yet. Assessing wind energy
potential as well as conducting an economic sensitivity analysis will
be crucial for guaranteeing success for future investors.
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Abstract: A lot of economic analyses have been conducted in the last ten years to establish the most cost-effective solution for irrigation and
evaluation of the project profitability. The benefits generated by the PVWP providing water by a submersible pump located inside a deep
well have been highlighted for Divjaka region. The solar potential in the site is quite enough to be used to pump water from the deep well
into the tank positioned at an effective altitude which can provide the water quantity and pressure by gravity. The study shows that installing
a PVWP system represents the best technical and economic solution to drive a water pump that provides water for sprinkler irrigation. The
economic benefits have been also addressed, evaluating the energy production and distribution throughout the year and the specific cost per
m® of water supplied (€/m>). Renewables are the key to enhance food and water security, drive agri-food productivity, leading to socio-
economic benefits in recovering from post-Covid-19. By combining our knowledge, data collected, surveys together can contribute to
economic growth of our community-ensuring access to clean and affordable energy and raising the standard of living of rural and most
vulnerable communities. In the area there are used two types of water pumping for irrigation purposes: Diesel driven water pumps and
electricity powered water pumps. Both systems are very costly due to the high fuel cost and on the other hand self-investment to bring

electricity from the national distribution lines are needed.
Keywords: PVWP, PVsyst, RES, Irrigation

1. Introduction

The development of renewable energy sources as a means of
meeting the global energy demand and simultaneously replacing
fossil fuels as one of the key drivers of climate change has become
one of the major societal challenges of our time. In this context,
photovoltaic (PV) systems offer great potential and are considered
even more efficient in capturing sunlight energy than
photosynthesis [1]. Energy and agri-food systems are deeply
connected, and it is needed at every stage of agri-food systems, its
current use in their development is unsustainable. On the other
hand, about 30% of the world’s energy is consumed within agri-
food systems, mainly in the form of fossil fuels, and this energy is
responsible for a third of their greenhouse gas emissions [2].
Renewable Energy Sources is essential for agri-food systems
transformation and development, climate resilience and net-zero
strategies by 2030 in Albanian context as the majority of the rural
population lies their economy on agriculture. Over 2.5 billion
people worldwide rely on agriculture for their livelihoods making
the sector a key driver for development. These findings are
becoming even more relevant, as water demand for irrigation is
expected to increase in prospective future climatic conditions [3-4].
Hence, a properly and well-designed irrigation system addresses
uniform water application quantities in a timely manner while
minimizing losses and damage to soil and crops as well. The design
of a proposed gravity sprinkler irrigation system will smooth water
characteristics and application rates in respect to the demand and
the right time.

In the other hand physical characteristics of the area to be irrigated
must be considered in locating the lines and spacing the sprinklers
or emitters, and in selecting the type of mechanized system.

The location of the water supply, capacity, and the source of water
will affect the size of the pipelines, irrigation system flow rates, and
the size and type of pumping plant to be used. The power unit
selected will be determined by the overall pumping requirements
and the energy source available. The use of PVWP technology for
irrigation is considered an innovative and sustainable solution with
the aim to provide cost-effective solution within off grid PV
concept. Such systems can promote the use of agriculture land,
especially in remote areas of Albania.

The combination of PVWP technology with water saving irrigation
techniques and sustainable management of the groundwater
resources can lead to several benefits. From the technical point of
view this system can offer the improvement of grid reliability and
limitation of power outages, protection of critical loads,
independence from national grid supply, and increased energy
security coupled with a fixed energy cost which is immune to future
tariffs and fossil fuel costs increases. This article presents a real
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application “Photo Voltaic Water Pump” (PVWP) installed in
Divjaka region to provide water for irrigation 2.0 ha.

2. Off - Grid PV systems applications

Solar irrigation, among the most mature applications, is being
widely adopted to improve access to water, thus enabling multiple
cropping cycles and increasing resilience to changing rainfall
patterns. The use of solar irrigation pumps has raised farmers’
incomes by 50% or more in India compared to rain-fed irrigation. In
Rwanda, smallholder farmers’ yields have grown by about a third.
The use of solar irrigation also displaces current and future fossil
fuel use as the land area under irrigation expands. In so doing, it
lowers  emissions. Bangladesh’s  Nationally = Determined
Contribution under the Paris Agreement, for example, identifies
solar irrigation as a key measure to mitigate climate change. Life-
cycle emissions for solar-powered water pumping are estimated to
be 95% to 98% lower than for pumps powered by grid electricity or
diesel fuel [5]. Today, PV is one of the fastest-growing renewable
energy technologies and is ready to play a major role in the future
global electricity generation mix and a contribution for some 3.8
million jobs, or nearly a third of the sector total [6.]]. Using solar
PV to power mini-grids is an excellent way to bring electricity
access to people who do not live near power transmission lines,
particularly in developing countries with excellent solar energy
resources and reducing the negative effect on environmental.

The cost of manufacturing solar panels has plummeted dramatically
in the last decade, making them not only affordable but often the
cheapest form to be replaced and integrated in existing power
systems. Solar panels have a lifespan of roughly 30 years and come
in variety of shades depending on the type of material used in
manufacturing.

Off grid PVWP systems applications have been studied to cover a
lot of issues, especially to provide water for drinking purposes in
the areas that suffer the lack of electricity. Nevertheless, the drastic
fall in prices of PV modules due to the new-born production and
costless technologies of the PV lead to increased interest on
research and development of off grid PV systems, encouraging
greater system flexibility and large-scale integration and new
applications especially in Albania. It is also essential to identify
economic, technical, and environmental constraints that can
negatively affect the 3 operations of PVWP systems.
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Figure 1: Integrated proposed PVWP system.

Both systems can be applied using open or under pressure water
tank. The pump can be immersed or on the ground level. The water
is pumped into a storage tank, according to sun availability.
Pressure (head) is mainly related to the difference between the input
and output levels. The pump should at least provide a total head
which as a result of several contributions. In PVsyst the ground
level served as a reference, hence:

1
where:
Hg=head due to the height of the outlet pipe above the ground
(assuming that outlet pressure is negligible).
Hs=static head due to the depth of the water level in the well, in
absence of any pumping.
Hp = dynamic "drawdown" head: in a borehole well, the effective
water level is dynamically lowered by the water flow extraction
He=friction losses in the piping circuit, which depend on the
flowrate. Solar PV offers better benefits and reliable solutions for
consumers in rural areas who do not have access to the grid [7]. The
economic benefit is assessed based on the LCOE which represents a
good starting point to compare benefits and competitiveness of
different technologies. Photovoltaic systems are cost-effective in
small off-grid applications, providing power, to rural homes in
developing countries, off-grid cottages and motor homes in
industrialised  countries, and remote telecommunications,
monitoring and control systems worldwide.
The studies have demonstrated that a solar PV combined with diesel
engine (hybrid) has relatively lower LCOE than a pure diesel
generator-only. The IEA estimates that to achieve the goal of
universal electricity access, 70% of the rural areas that currently
lack electricity will need to be connected using mini grid or off-grid
solutions. Photovoltaic systems can be combined with fossil fuel
driven (Genset) motors. Off-grid applications include both stand-
alone systems, and hybrid systems, which are similar to stand-alone
systems but also include a fossil fuel generator (Genset) to meet
some of the load requirements and provide higher reliability. The
studies have demonstrated that a solar PV combined with diesel
engine (hybrid) has relatively lower LCOE than a pure diesel
generator-only. Nevertheless, the capital cost of the battery, which
is one of the most significant components in LCOE evaluation aims
to be reduced to more than 60% by 2030 [8]
3. Photovoltaic theory and PVWP calculations.
In this paper the off-grid applicability of the PVWP project altering
the existing genset/electric water pump options is investigated for
irrigation. Thus, an accurate methodology comprehending in-depth
analysis of the benefits must be applied and always required. The
need for a pile of datas including physical characteristics, financial
viability, environmental advantage, carbon credits, social or other
self-interests of the project, will help the energy planers to a mature
decision. For this work PVsyst model is chosen. The model uses a
computerized system with integrated mathematical algorithms and
top to bottom approach. It provides a cost technical and economic
analysis and also some financial summary. The PVsyst Software
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has been developed to overcome the barriers to clean energy
technology implementation at the preliminary feasibility stage.

First it is analysed the capacity and structure of the actual water
demand and then choosing the right PVWP system. For the chosen
water demand and pumping water system it is easy to select from
the database the most suitable module type and model, respectively
matching on recommendations and trends. The water is provided
from surveys in the site, from the literature of the field from
recommendations and also from the owner declarations.

4. Basics of Solar Energy Theory

Before entering into the details of the PV model, it will be useful to
review briefly some basic concepts of solar energy engineering.
Many of the variables derived in this section will be used in several
parts of the model. For the most part, the equations in this section
come from a standard textbook on the subject, Solar Engineering of
Thermal Processes, by Duffie and Beckman (1991) [9], to which the
researchers can address various technical aspects.

5. Declination

The declination is the angular position of the sun at solar noon, with
respect to the plane of the equator. Its value in degrees is given by
Cooper’s equation:

& = 23.45sin (27: @

284+n )
where n is the day of year (i.e. n=1 for January 1, n=32 for February
1, etc.). Declination varies between -23.45° on December 21 and
+23.45° on June 21.

6. Solar hour angle and sunset hour angle

The solar hour angle is the angular displacement of the sun east or
west of the local meridian, morning negative, afternoon positive.
The solar hour angle is equal to zero at solar noon and varies by 15
degrees per hour from solar noon. The sunset hour angle oy is the
solar hour angle corresponding to the time when the sun sets and
given by equation 3:

o, =—tanytans ©)
W/ represents the latitude of the site specified by the user.
7. Extraterrestrial radiation and clearness index
Solar radiation outside the earth’s atmosphere is called

extraterrestrial radiation.  Daily extraterrestrial radiation on a
horizontal surface, H,, can be computed for day n from the
following equation:

H, =86400% 1+ 0.33cos(27 1)
V4 365
(cosy cososinw, + w, sinysind)
where G is the solar constant equal to 1,367 W/m2, and all other
variables have the same meaning as explained in equation 1 and 2.
Before reaching the surface of the earth, radiation from the sun is
attenuated by the atmosphere and the clouds. The ratio of solar

radiation at the surface of the earth to extraterrestrial radiation is
called the clearness index, defined in equation 4:

(4)

K-H
Ho
where H is the monthly average daily solar radiation on a

horizontal surface andHyis the monthly average extraterrestrial

()

daily solar radiation on a horizontal surface. Ky values depend on
the location and the time of year considered; they are usually
between 0.3 (for very overcast climates) and 0.8 (for very sunny
locations).
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8. Calculation of average efficiency

The array is characterized by its average efficiency, n,, which is a
function of average module temperature Ta,:

np:nr[l_ﬂp(Tc_Tr] (6)
where 77, is the PV module efficiency at reference temperature T,
(25°0), and/;p is the temperature coefficient for module efficiency,

T, is related to the mean monthly ambient temperature T, through
Evans’ formula (Evans, 1981) [10]:
[T,-T.]=(219+ 832@)7'@?;0’ 20 )

where NOCT is the Nominal Operating Cell Temperature and K; the
monthly clearness index. n,» NOCT and B, depend on the type of

PV module considered. Such values can be manually entered into
the model, but for “standard” technologies, assumed values are
given in Table 1.

Table 1: PV module characteristics for standard technologies.

PV module type n, N(?(%T B,
(%) (%/°C)
Mono - Si 13.0 45 0.4
Poly - Si 11.0 45 0.4
a-Si 5.0 50 0.11
CdTe 7.0 46 0.24
CIS 7.5 47 0.46

The equation above is valid when the array’s tilt is optimal (i.e.
equal to the latitude minus the declination). If the angle differs from
the optimum the right side of equation (8) has to be multiplied by a
correction factor Cf defined by:

C, =1-1.17x107(s, -s)° ®
where sy is the optimum tilt angle and s is the actual tilt angle, both
expressed in degrees.

PV array efficiency Misc. PV array
(1) losses (1 —4,)
HTT Fr
Other power
conditioning losses
(1 - ’1::)
Ea

Figure 2: Flowchart for PV Array Model

9. Other corrections

The energy delivered by the PV array, Ep, is simply:

Ep=S-n, H, ©)
where S is the area of the array. It has to be reduced by
“miscellaneous PV array losses” A, and “other power conditioning
losses” Ac.

Ey=Ep(1—-2,)(1—-2) (10)
where E, is the array energy available to the load and the battery.
The overall array efficiency n, is defined as:

Ey
Na = <=4/

=2 (1)

10. Off-Grid Model

Off-grid renewable power can come from a variety of sources,
ranging from large-isolated power grids to solar lights and solar
home systems. In addition to households, off-grid renewables
provide power for water pumping, street lighting,
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telecommunications towers, rural schools and clinics, as well as for
remote commercial and industrial facilities and other uses [11].

The off-grid model represents stand-alone systems with a battery
backup, with or without an additional genset. The conceptual
framework of the model is shown in Figure 3. Energy from the PV
array is either used directly by the load or goes through the battery
before being delivered to the load. The remainder of the load is
provided by the genset if there is one, that is, stand-alone and hybrid
systems differ only by the presence of a genset that supplies the part
of the load not met directly or indirectly by photovoltaics.

Average pump
efficiency (pump)

B

Figure 3: Energy transformation workflow.

Average pump
etficiency pgQh

PPump

v

Edeliv

The water pumping model is based on the simple equations found in
Royer et al. (1998) [12] shown schematically in Figure 16. The
daily hydraulic energy demand Epygr, in J, corresponding to lifting
water to a height h (m) with a daily volume Q (m%/d) is:

E,yar = 86400pgQh(1+17y) (12)
where g is the acceleration of gravity (9.81 m s), p the density of
water (1000 kg/m™®), and  is a factor accounting for friction losses
in the piping. This hydraulic energy translates into an electrical
energy requirement Ep;mp.

E _ Eﬁydr

pump — (13)

N pump

where Mpump is the pump system efficiency. If the pump is AC, this
equation has to be modified to take into account the inverter
efficiency njny:

E/zydr

EPump = — (14)
Energy delivered is simply:
Egeliv = Npump minif@Epump vEq) (15)

where EA is the energy available from the array (this quantity
should be multiplied by ninv in the case of an AC pump), and daily
water delivered is obtained from:

Edeliv

86400pgQh (1+n) (16)
Suggested array size is calculated simply by inverting the above
equations and is therefore equal to E,ymp/ma Where na is the overall
array efficiency (see equation 10). This quantity is calculated on a
monthly basis and the maximum over the season of use is the
suggested array dimension. In the case of an AC pump, suggested
inverter capacity is simply taken equal to the nominal array power.
This is the only method possible since it is assumed that the pump
power rating is not known (only the energy demand is known)

Quetiv =

11. PVWP system in PVsyst environment

The selection of the PV must meet different criteria simultaneously:
- generate high quality electricity according to specific
standards.
- withstand  the
characteristics.
- require less maintenance interventions and costless.
- compete economically with other energy sources.
- fast and cost-effective compliance.
- Guarantee the water demand in time and reducing the unused
energy level.
From the PVsyst database and technical information obtained from
the manufacturer, comparisons were executed to determine the most
efficient PV module among five alternative types taken in this
study.

high variability of solar radiation
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After creating the data file in the PVsyst for the selected area the
first step is to define the orientation of the solar plane. The quick
optimization of the solar energy should be accordingly with respect
to function and aim of the proposed PV system. As our system will
be used to provide water for irrigation purposes in summer period
and for the fixed titled plane type the maximums fall in the 23°
titled angle and azimuth 0°. For the summer period (April to
September) the transposition factor resulted 1.06, loss in respect to
optimum is -0.2% and global yield (in summer) on collector results
1307kWh/m? (see table nr 2).

2000

1900

38F

1800

1700

Azinmh [']

1600

Maximum at
Tit30°

B3 Azimuth 0 °

Globinc 1994.7 KWh/!

.11375 5' 1'5 oy
Figure 4: Optimization tilt and azimuth angle
PVWP system.

1400
35 45

at the proposed

PVsyst enable the users to perform automatically a set of
simulations, where one or more parameters are varied
systematically according to a specified range. Optimization tools of
the 'Orientation’ suggest a tilt angle of 30° and azimuthQ°. In our
calculation the tilt angle is suggested 23° up 30°. But in our case is
approximated to 23° as the aim is to provide water during summer
period global yield on collector is 1309 kWh/m? while for 30° is
1294kWh/m?.

Table 2: The preliminary parameters chosen for the PVYWP
model.

Transposition  Loss in respect to Global yield (in
factor optimum summer) on collector
(%) (KWh/m?)
1.06 -0.2% 1307

In the second step it is obligatory to define the "Water needs" button
selecting "Pumping Hydraulic Circuit” and one can choose among
one of the three available systems (refer figure 4):

1. Pumping from a deep well, to a tank storage,
2. Pumping from a lake or river, to a tank storage,
3. Pumping into a pressurized tank, for water distribution.

In our case study pumping from a deep well to a tank storage is
defined. The well can be 5 meters up to 15 meters deep. From the
farmers statement, normally 10 meters deep well can guarantee the
water demand referring the driest month (July) for more 10 hours
for irrigation of carrots or potatoes. The actual well is around 15
meter and the water amount is able to provide 8 hours irrigation per
day and the specific drawdown of -0.08m/mh with a maximum
flowrate of 62.5m°/h, dynamic lower level -10m, the tank volume is
defined 200m® which can easily provide the water amount per each
irrigation day with a reserve of 40%. Feeding altitude is selected
6.5m above ground level calculated as a result of the water
parameters needed at the end of the circuit line.

Table 3: Main parameters from a deep well to a tank storage.

Unit Value
Static level m -5
Specific drawdown m/m*h -0.08
Maximum flowrate m3/h 62.5
Lower dynamic level m -10
Hydraulic circuit m 250
Number of elbows pieces 30
Other friction losses % 3-10
Tank volume m? 200
Tank diameter m 6.5
Water full height m 6.03
Feeding altitude m 6.5
Pipe « 4
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The tank diameter volume is defined taking into account the daily
water quantity demand referring the worst case (the most dry month
of the year results July), crop type and soil type. The references for
the water needs profile are provided form the literature given below
in figure 5. Sprinkler irrigation systems are well adapted to carrot
and potatoes irrigation. In the region, sprinkler designs of 12x12 m
were common in carrot irrigation. Sprinkler flow rates varies from
0.3-4m*/h. Similar result, 2.57 m*h sprinkler having flow rate at
2.38 atm pressure with 4.5/4.8 mm nozzle diameter was also
mentioned elsewhere [13] in same region. Durations for using
sprinklers with 0.3-1.0 m¥h and 1.5-2.5 m*/h flow rates were 9-10 h
and 5-6 h. Yield or quality of carrot root is highly affected by carrot
cultivar, fertilizer management, cultural practices in vegetation
period and correct selection or management of irrigation system. In
our study, carrot root yield was in the range between 60 and 85
m*/ha. Irrigation water was obtained from the ground water source
in research region. Average electricity consumption for pumping
unit volume of water and seasonal electricity consumption were
determined as about 0.305 kwh/m® and 5338 kwh/ha
(17500x0.305), respectively. In research of, energy consumption of
such pump was about 0.340 TL/kwh. It was calculated as 1815
TL/ha or $485/ha. In generally water requirement for vegetable crop
can be calculated by using the following formula [14]:

A x PE * Pc * Ko *w,
req = E,

Where: Wi=Peak water requirement (m%day); A=crop area (20
000m?); PE =Pan Evaporation rate (mm/day) converted to m/day;
(8-10 mm/day); Pc=Pan Coefficient (0.7 to 0.9); Kc=Crop
Coefficient (0.8 to 1); wa=wetted area (%) taken (90% for sprinkler
irrigation); Eu=Emission uniformity of sprinkler irrigation (0.8).
By substituting the mentioned above values, the water requirement
is approximately 137.7 m*/day

Water needs profile
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Figure 5: Water demand profile for the proposed case study.

As it can be seen from the water needs profile given in figure 5 the
average yearly water demand is around 45 m®/d or 16 334 m?® for
the whole year for the given surface in figure number 1.


mk:@MSITStore:C:/Program%20Files/PVsyst7.2/PVsyst.chm::/pumping_deep_well.htm
mk:@MSITStore:C:/Program%20Files/PVsyst7.2/PVsyst.chm::/pumping_lake_river.htm
mk:@MSITStore:C:/Program%20Files/PVsyst7.2/PVsyst.chm::/pumping_pressuriz.htm
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The next step is select the most suitable water pump based on the
water needs profile. This selection should take into the
consideration the well type, control type and solar radiation
potential as well. The simulation should be performed to provide
the best solution in terms of specific energy, system and pump
efficiency and reducing fraction of unused energy produced by the
PV system. The result from the simulation carried out are
summarized in table 4.

Table 4: Main technical parameters of the water pump
Centrifugal Multistage (Grundfos SOF 9-3 v30-300V) |

Maximal power 1400 W

Voltage 170V

Max.Current 82A

Head 5 15 25
min/Nom/Max

(meterW)

Corresp.Flowrate 17 14.4 11.0
Corresp. Power 1400 1400 1400
Efficiency 16.6 41.9 53.7

Table 5: Main technical parameters of the PV module used in the
study

Technolog Specification

PV System Generic/Si-poly 285Wp 30V

Sizing voltages Vmpp (60°C)
31.2v
Voc (-10°C)
499V

Modules in series 3

Operating conditions

Vmpp (60°C) 94V

Vmpp (20°C) 111v

Voc 150 vV

Plane irradiance 1000 kWh/m?

Impp 7.9A

Isc/lsc (STC) 8.4A/8.4A

Maximum operating 0.8kW

power at 1000 W/m?

and 50°C

Array nominal 0.9kW

power (STC)

Inverter type for this case study is provided from the model
universal controller 1000W and suggested control type MPPT - DC
converter.

12. Results and analysis

From the simulation of the proposed PVWP system the final results
for the efficiency of the system and other techno economic features.

In figure 6 it is given the flowrate as a function of available energy
delivered at the pump. At the maximum head of 25m flowrate
reaches the level of 11.0 m*h

The pump results DC motor and the maximum flowrate is 17 m¥h
but in nominal condition the water flowrate then can be pumped is
14.4 m*/h. The water needs can be provided if the pump works 6-8
hour per day then 115m°®day can be discharged into the tank. That
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is the water demand that system can be provided in one day
referring the worst case (July period).

Flowrate function of Pumps power
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Figure 6: Flowrate function of pumps power.
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Lc: Collection Loss (PV-array losses) 0.57 kWh/kWp/day

Ls: System losses (Converter, Threshold) 0.32 kWh/kWp/day

Yf: Effective Energy at Pump 2.6 kWh/kWp/day

Lu: Unused energy (tank full)
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Figure 7: Normalized Energy (kWh/kWp/day).
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In figure 7 the normalized production (kWh/kWp/day) per each
month is given. The maximim production fall in July while in
March the unused energy happen due to the zero water demand
profile. In January up to May the faction of unsused energy
prevails. In summer period from April to October the unused
fraction becomes zero as the water demand is higher. The collection
losses (PV-array losses) are higher during the summer period
reaching the maximum value in July (0.57kWh/kWp/day).

Conveter losses are in the range of 0.32 (kWh/kWp/day).

Normalized Production and Loss Factors
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Lu: Unused energy (tank full)
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Ls: System losses (Converter, Threshold) 6 %
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Figure 8: Normalized Production and Loss Factors.
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In figure 8 the unused energy fraction results 35.2 % due to the
water profile demand during winter season. PV array losses are
10.6% while effective Energy at pump results 48.2%.



Table 7: Main balances and results from the simulation of the
selected PVWP system.

GlobEff
| _kWhim?
94.0
1215
1649
190.1
2082
2192
2441
2301
184.0

EArTMPP
KWh

E_PmpOp
KWh
766 63
o7.1 0.0
1289 0.0
1446 46.1
156.1 106.6 364
159.0 148.0 00
1735 1814 0.0
1536 0.0
1354 1257 00
86.2 57.2 178
732 66 588
45.0 0.0 36.7
ua1g 5035 |

ETkFull
KWh
61.0
88.3
1185
858

H_Pump |WPumped | W_Used | W_Miss

meterw mo | ow | om
11.43 100 0 a
0.00 ] 0 0
0.00 o o l a
11.52 741 w0
11.61 1688 1705 a
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1167 2649 2657 1218
11.70 2537 2537 1183 165.9
11.63 2074 1931 19 1354
1147 807 281 a B88.1
1164 11 0 0 734

449

| 108 |

EArray PR
| _kwh
786
97.0
1289
1445
156.0
158.9
1735

ratio

0.078
1.000
1.000
0.276
0582
0770
0.754
0761
0778
0.582
0.082
1.000
0.482

.Jinuzry
February
March
April
May
June
July
August
September
Octaber 117
November a1.8
December 55.5

166.2

0.00 0 0 o
1182 13211 13111 3330

Year | 19162 8116
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Legends

GlobEff Effective Global, corr for IAM and shadings
EATMPP  Array virtual energy at MPP

E_PmpOp Pump operating energy W_Miss
FTKFull  Unused energy (tank full) EAmay
H_Pump  Average total Head at pump PR

WPumped Water volume pumped

W_Used  Water drawn by the user

Missing water

Effective energy at the output of the array
Performance Ratio

In table 7 Balances and main results per each month of the year are
given. The water used throughout the year results 13111 m® while
the missing water results 3330 m®. Having in mind that system
suggested to incorporate a water tank with 125 m* which is taken
200 m® providing a reserve of 30% more then the water needs.
Other important outputs are carried out for evaluation in the case if
the system changes (water pump or well type).

13. Conclusion

The present paper address various aspects related to PVWP energy
systems for irrigation purposes in agriculture sector in Divjaka
district. Nowadays, benefits coming from the PVWP system is
becoming extremely beneficial from both technical and cost point
of view and of course environmentally friendly. The perspective of
a wide use of green power especially in agriculture sector motivates
the policy makers in Albania to evaluate the possibility of funding
the proposed systems.

The simulation from the study shows that for 2.0 ha, referring to the
chosen PVWP system, the energy at pump becomes 812 kWh,
specific energy 0.06kWh/m°, system efficiency 56.3%, pump
efficiency 52.2% while the unused energy fraction results 34.9%
(503kWh). The missing water rate is evaluated at a range of 19.6%
which is covered by the extra dimension of the water tank.

The study shows very good results compared to the existing water
pump systems (totally based on fossil or electricity from the grid)
applied for irrigation purposes in Albania. Further investment in
RES is essential for agri-food systems transformation and
development, climate resilience and net-zero strategies by 2030 in
Albanian context, as the majority of the rural population lies their
economy on agriculture. The use of this kind of system could have
an important contribution in the diversification of energy sources,
mitigation of GHG, social and economic development of our
country.
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Electricity generation from PV plants up to 2MWp in Albania. Case study:
Térbuf-Divjaka Municipality
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Abstract: Albania has a significant potential of Renewable Energy Sources (RES) and therefore represents a promising energy source for
Albania. The use of PV for electricity generation supports the long-term objective of the country's energy policies set out in the national
energy strategy 2018-2030, including support for the development of economic sectors, increasing security of energy supply and
environmental protection. The use of Renewable Energy Sources (RES) will help reduce dependence on energy imports and increase the
security of energy supply, with quality and without interruption. The possible benefits generated by the PV system implementation for the
selected region should be highlighted, as well as the effects of the most sensitive parameters. The solar potential in Térbuf-Divjaké showed
that PV can be the best solution to provide electricity installed on saline non-agricultural lands near the Adriatic coast.

Keywords: PV-PUMP STATION, CO,, GHG, RETScreen Expert.

1. Introduction

The physical phenomenon responsible for converting light to
electricity-the photovoltaic effect-was first observed in 1839 by a
French physicist, Edmund Becquerel who noted that a voltage
appeared when one of two identical electrodes in a weak conducting
solution was illuminated. The PV effect was first studied in solids,
such as selenium, in the 1870s. The photovoltaic (PV) effect is the
basis of the conversion of light to electricity in photovoltaic, or
solar, cells. Described simply, the PV effect is as follows: Light,
which is pure energy, enters a PV cell and imparts enough energy to
some electrons (negatively charged atomic particles) to free them. A
built-in-potential barrier in the cell acts on these electrons to
produce a voltage (the so-called photovoltage), which can be used
to drive a current through a circuit. In the 1880, selenium
photovoltaic cells were built that exhibited 1 up to 2% efficiency in
converting light to electricity. Selenium converts light in the visible
part of the sun's spectrum,; for this reason, it was quickly adopted by
the then-emerging field of photography for photometric (light-
measuring) devices. Even today, light-sensitive cells on cameras for
adjusting shutter speed to match illumination are made of selenium.
In the 1920s and 1930s, quantum mechanics laid the theoretical
foundation for our present understanding of PV. A major step
forward in solar-cell technology came in the 1940s and early 1950s
when a method (called the Czochralski method) was developed for
producing highly pure crystalline silicon. In 1954, work at Bell
Telephone Laboratories resulted in a silicon photovoltaic cell with a
4% efficiency. Bell Labs soon bettered this to a 6% and then 11%
efficiency, heralding an entirely new era of power-producing cells
achieving an overall efficiency of 20% for on-grid electricity
generation. Considerable, interest in renewable energy sources
(RES) and significant increases in cost of imported oil have
compelled various countries to search for low-cost energy sources
and improved technologies such, wind turbines, and synergies
between systems to achieve lower cost of electricity generation. The
world is now moving towards reliable and feasible hybrid
renewable energy affected by the depletion of fossil fuel reserves
and the negative effect on the environment as well as the potential
attributes to merits of hybrid combinations. The share of renewable
energy in the world is expected to increase from 19% in 2008 to
about a third in 2035 while Albania is expected to increase its share
of renewable energy in the total energy consumption to 42% by
2030 [1]. Solar and wind energy largely depends on the climatic
conditions in a particular location, they depend on the availability of
sunshine and wind flow respectively, hence it’s very important in
the renewable energy sector to conduct feasibility studies before
implementing a project.

In the beginning of 2022 Albania is facing with energy crisis
leading to high electricity cost. It is therefore important to give a
boost to Albanian energy policy by increasing the RES share in the
country’s energy mix to drive down the high cost of energy
generation and to build a climate friendly environment for the
future. This requires considerable research, planning and
development to help integrate renewable energy into the existing
transmission and distribution system.
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2. Site background and installation of proposed PV
plant

The 2MW photovoltaic plant will be installed on the ground in

Térbuf. The property is located 14.8 km from the city of Divjaka,

73.6 km from the Albanian capital, Tirana.

Site reference conditions
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Figure 1: Location of the 2MW PV project. Village of Térbuf,
Divjaké Municipality, Albania.

From the model and data provided from Albanian Meteorological
Institute it is shown that this region has a high solar potential.

From [2] and its Earth Science research program has long supported
satellite systems providing important weather data capable to be
fully integrated in RETScreen model. These data include long-term
climatologically averaged estimates of meteorological quantities
and surface solar energy fluxes. These satellite and model-based
products have been shown to be accurate enough to provide reliable
solar and meteorological resource data over regions where surface
measurements are sparse or non-existent. The highest values are
observed during the summer season of the year, while the lowest
values are observed in the winter months. The highest solar
radiation value 6.834 kWh/m?/d is reached in July, while the lowest
value 1.55 kWh/m?/d hits in December. According to Albanian
Institute of Geo-Sciences, Energy, Water and Environment the
annual mean solar radiation for Divjaka region is 4.082 while
referring to NASA and 4.56 kWh/m?d (11% lower).
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Figure 2: Comparative climate data between data obtained from
NASA and meteorological station, Térbuf village, Divjaké
Municipality, Albania. Daily solar radiation kWh/m%day at the
proposed location.

Table 1: The site-specific solar energy data. Divjaka region. [3]

As shown in Table 1, the specific photovoltaic energy produced by
each kWp installed produces approximately 1554.8kWh of specific
electricity (kWh/kWp). However, these values remain to be
confirmed by the energy model selected for this feasibility analysis
through RETScreen Expert. The suggested optimal angle of
inclination of the photovoltaic module is 34°.

Specific photovoltaic power | PVour 1554.8  kWh/kWp
output specific

Direct normal irradiation DNI 17252  kWh/m?
Global horizontal irradiation | GHI 1640.9 kWh/m?
Diffuse horizontal irradiation | DIF 620 KWh/m?
Global titled irradiation at | GTI 19125  kWh/m?
optimum angle opta

Optimum tilt of PV modules | OPTA 34/180 °

Air temperature TEMP 174 °C
Terrain Elevation ELE 2 m

From Global Solar Atlas, energy planers can generate suitable site
information for preliminary studies in EU-28 countries as they
consider default values for many factors that are important for a
design of a photovoltaic system. For more professional and detailed
estimation it is used PVsyst tool that allow configuration of the
proposed projects using more detailed solar and weather data as
primary inputs to the simulation.

3. Albanian’s Energy System overview.

Having in mind the fact that electricity comes from RES
(almost100% hydro sources), a balanced configuration of the
energy system dominated by fossil fuel powered vehicles (100%),
will be preferred by an energy system with opposite fuel portions.
This fact, together using technical approach of the current study will
help in the selection of the optimal RES configuration in the
transport sector. Combining different technologies that support new
fuel types in compliance with the main two objectives of the
national energy strategy and sector strategic action plan is
mandatory. This analysis is very hard and may require the use of
technologies that are still in the early stages of development. The
total final energy consumption in Albania referring 2018 is 24 TWh
(2081ktoe) where the consumptions by different sectors in Albania
is given in table 2. Indeed, the transport sector is by far the biggest
consumer of energy sharing 40% of PES in Albania. According to
in 2018, Albania’s total primary energy supply (TPES) amounted to
2131(ktoe).

2018. Source: [1]

Sector %
Transport 40
Residential 24
Industry 20
Services 10
Other 6
Table 3: Fuels going through Final Energy Consumption in
Albania, 2018. Source [1]
%
Crude, NGL and Feedstock 57
Hydro electricity 25
Solid fuels 9
Biomass (Fuelwood) 8
Solar energy 1
NG Negligible
Derived heat 0
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Distribution of energy by fuel type going to the final energy
consumption in Albania is given in table 3. Crude oil cover around
57% of the final energy consumption in the country followed by
hydroelectricity 25%, biomass as wood fuel type 8%, solid fuel 9%
and the rest (1%) comes from solar energy. Albania’s electricity
demand grew rapidly in 1995- 2000. This was due to demographic,
economic and social trends, including rural-to-urban migration,
increased use of electricity for space heating and cooling and rising
living standards [16].

The Albanian power system is dominated by hydropower,
representing more than 95% of the country’s installed capacity with
a total of 2,506 MW installed. The majority of the installed capacity
(1448MW) 58% is owned by the Albanian Power Corporation
(KESH) and the rest 42% belongs to the private producers
(1058MW) [4] (where the installed capacity of independent
producers is 436 MW, while 622 MW belongs to the producers with
priority). According to [4] the installed hydropower capacity
comprises mainly large hydropower installations (i.e., above
10 MW in size) constituting 1904MW, while small hydropower
installations amount to 192MW. The country has a 98MW fossil-
fuel thermal power plant representing 4% of the total installed
capacity that has not been put into use since its construction in 2011
due to a failure in its cooling system.

The remaining 1% (10 MW) of installed capacity in 2018
comprised small-scale (i.e., each less than 2 MW) solar photovoltaic
(PV) plants. The electricity import varies and depend on weather
conditions. Historically about 3TWh/year of electricity is imported
from regional market [4]

mm— Production(GWh/Yr) s System Balance(GWh/Yr) =----&---- Consumption(GWh/Yr)

8500

e

6500

4500

2500

500

Yearly Energy balance 2007-2018 (GWh)

-1500

-3500

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 3: Yearly electricity balance in Albania (GWh), 2007-2020.
[4]
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The net domestic electricity production of 5313 GWh is registered
during 2020. As can be seen in the graph in figure 3, the lowest
electricity consumption recorded in our country is in 2007 with
5,767 GWh and the highest electricity consumption is the one
recorded in 2013 with 7855 GWh. For 2020, electricity
consumption in our country is 7,588 GWh. Compared to 2019, there
is a slight decrease in electricity consumption in the country by 23.4
GWh. Generation of electricity for 2020 is about 9.7% lower than
average production for the 2009-2020 period. Despite the increase
in production capacity during 2020 due to a bad hydrological year,
the electricity production for this year has resulted in the amount of
5,313 GWh or 569 GWh less than average electricity production in
the 2009-2020 period. This indicator clearly represents the high
degree of hydrological risk in the production stability of electricity
in our country, which bases the production of electricity mainly on
hydro sources.

Technical and non-technical losses still remain critical issues for the
national power system accounting for around 21.7% of the total
electricity consumption in 2019. Between 2014 and 2018, the
amount of net energy imported varies from 12% of the TPES in
2015 up to 46% in 2017.

4. Solar energy progress.

The Paris Agreement sets a goal to limit the increase in global
average temperature to well below 2°C above pre-industrial levels
and to attempt to limit the increase to 1.5°C. Implicit in these goals
is the need for a transition to a low-carbon energy sector, which
accounts for two-thirds of global emissions. RES, coupled with
energy efficiency gains, can provide 90% of the CO, emissions
reductions in the roadmap to 2050. Renewable energy is therefore a
key component of Nationally Determined Contributions (NDCs)-
the central implementation tool for countries under the Paris
Agreement. At present, the level of detail contained in NDCs differs
from country to country, with little in-depth analysis and limited
quantitative information about the role of renewable energy in
meeting greenhouse gas (GHG) emission reduction targets [5].
Based on the targets projected in global level Albania is making
efforts to reduce import of electricity, improve its security of supply
and to attain the Paris Agreement. The Albanian ministry of Energy
and Transportation and its dependency institutions has compiled the
"The National Energy Strategy 2018-2030", consisting on 6
possible scenarios of energy's transition process toward a
sustainable and reliable energy by shifting Albaniato
decentralized renewable energy market, and energy efficiency. This
strategy requires reaching a RES share of 42% to the total energy
consumption and also reducing CO, (referring 2016) level up to
11.5% by the end of 2030. The first goal can be achieved by large
scale integration of RES capacities, especially wind generation
capacities [1] The RES share in global electricity generation
reached almost 27% in 2019, renewable power as a whole still
needs to expand significantly to meet the SDS share of almost half
of generation by 2030 which requires the rate of annual capacity
additions to accelerate [5].
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Figure 4: The global installed capacity trends of the PV systems.
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In the graph in figure 4 the global installed PV capacity is given.
The growth of PV capacity worldwide tends an exponential
progress and results 18 times more in 2020 compared to 2010.

The second national energy goal, compared to the baseline scenario
in 2016, should be fully in line with EU objectives, its commitment
is to reach a reduction of 11.5% of CO, emissions by the end of
2030. Considerable interest in RES and significant increases in cost
of imported oil and very frequent services of related power
generation technologies have compelled various countries to search
for low-cost energy sources and improved technologies based on
RES, PV and synergies between systems to achieve lower cost of
electricity generation.

5. Economic aspects of PV systems

Three key factors are essential when designing PV power plants.
First there must be a sufficient source of solar potential in the
proposed region,

Second, PV technology must be promising as well as cost effective.
Studies has shown that it is cost-effective for small loads (less than
10 kWp) need lower capital costs than grid extension and have
lower O&M.

Third, possibility for shortest distribution lines and access to the
national distribution-transmission lines.

Any factor that leads to lower total lifecycle costs, or that yields
greater kWh over the chosen analysis period, lowers the LCOE of a
PV system. The total lifecycle cost in the numerator is a function of
the initial capital cost (which primarily includes the module, the
installation hardware and labour, and transaction costs for system
installers and financers), as well as ongoing operation and
maintenance expenses (which oftentimes includes inverter
replacement) and decommissioning costs including module
collection and recycling. The global weighted-average LCOE of
utility-scale PV plants declined by 82% between 2010 and 2019,
from around $0.378/kWh to $0.068/kWh in 2019, with a 13%
reduction year-on-year in 2019. At an individual country level, the
weighted average LCOE of utility-scale solar PV declined by
between 66% and 85% between 2010 and 2019.

6. PV Project Cost distribution

Although the cost of PV panels energy has dropped dramatically in
the last 10 years, technology requires a higher initial investment
than traditional fossil fuel generators. Approximately 55% of the
cost goes to module, 15% to inverter and the rest is belongs to BoS
and installation costs (see graph in figure 5).

PV Panels

Inverter
5%
12%

= Rack installation

12%

47%

Electrical parts

Civil & Installation

Development

Figure 5: Cost breakdown of PV system components (%).

7. Capital Investment Cost

With very rapid reductions in solar PV module and balance of
system costs, utility-scale solar PV is now increasingly competing
head-to-head with alternatives and without financial support. Lower
solar PV module prices and ongoing reductions in balance of
system costs remain the main driver of reductions in the cost of
electricity from solar PV. The costs for renewable energy
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technologies reached new lows again last year. Solar and wind
power have emerged as the most affordable power source for many
locations and markets, with cost reductions set to continue into the
next decade. The latest improved manufacturing processes and
enhanced module efficiency enabled are the key drivers of lower
module costs. In addition, as project developers gain more
experience and supply chain structures continue to develop in more
and more markets, declining BoS costs have followed. This has led
to an increased number of markets where PV systems are achieving
competitive cost structures and resulted in falling global weighted-
average total installed costs [1]. In 2019, significant total installed
cost reductions have occurred across all the major markets such as
China, India, Japan, Republic of Korea and the United States. An
increasing number of cost competitive projects in India led to
weighted average total installed costs of $618/Kw in 2019, around a
fifth lower than in China. However, competitive costs structures are
not confined to established markets anymore. Between 2010 and
2019, total installed costs have declined between 74% and 88% in
markets where historical data is available back to 2010. The global
capacity weighted-average total installed cost of projects
commissioned in 2019 was $995/kW, 18% lower than in 2018 and
79% lower than in 2010 (see graph in figure 6). Based on the costs
of the developed projects around the globe, yearly variation of total
installation cost and LCOE is given graphically in figure 6.
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Figure 6: Global weighted average total installed costs, capacity
factors and LCOE for PV, 2010-2019 [6].

An important driver of improved competitiveness historically, the
downward trend in solar PV module costs continued during 2019.
By the end of 2009 and 2019, crystalline silicon module prices
declined between 87% and 92% for modules sold in Europe,
depending on the type. The weighted average cost reduction could
be in the order of 90% during that period. More recently the cost of
mainstream module technology declined 14% between December
2018 and December 2019, reaching $ 0.27/W. A wide range of
costs exists, however, depending on the type of module considered,
with costs for December 2019 varying from as low as $0.21/W for
the lower cost modules to as high as $0.38/W for all black modules.
The cost of high efficiency crystalline modules at $0.37/W was
slightly above thin film offerings, which sold for $0.36/W during
that period. These costs declines and the advances in the ability to
securely operate the grid with high shares of variable renewables
are not only decarbonizing the electricity sector but are unlocking
low-cost decarbonization in the end-use sectors in conjunction with
increased electrification. On average, in 2019, balance of system
costs (excluding the module and inverter) made up about 64% of
total installed costs. In 2019, total BoS costs ranged from a low of
48% in India to a high of 76% in the Russian territories. Overall,
soft cost categories for the evaluated countries made up around 40%
of total BoS costs and about a quarter, on average, of the total
installed costs. In 2016, these values were a third and 17%
respectively.
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Figure 7: Global weighted average capacity factors for utility-scale
PV systems by year of commissioning, 2010-2019 [6].

The global weighted-average capacity factor for new, utility-scale
solar PV, increased from 13.8% in 2010 to 18.0% in 2019. This
was predominantly driven by the increased share of deployment in
sunnier locations. A constant increased between 2010 and 2018 of
the capacity factor is given in Figure 7. The development of the
global weighted-average capacity factor is a result of multiple
elements working at the same time. Higher capacity factors in
recent years have been driven by the shift in deployment to regions
with higher irradiation, the increased use of tracking devices in the
utility-scale segment in large markets and a range of other factors
that have made a smaller contribution (e.g., reduction in system
losses).

8. Operation and Maintenance Costs

The Operation and Maintenance costs of utility-scale solar PV
plants have declined in recent years. However, in certain markets,
the share of O&M costs in total LCOE has risen, as capital costs
have fallen faster than O&M costs. O&M cost declines have been
driven by module efficiency improvements leading to reduced
surface area required per MW of capacity. At the same time,
competitive pressures and improvements in the reliability of the
technology have resulted in system designs optimised to reduce
O&M costs and improved O&M strategies that take advantage of a
range of innovations from robotic cleaning to “big data” analysis of
performance data to identify issues and preventative interventions
ahead of failures driving down O&M costs and reducing downtime.
For the period 2018-2019, O&M cost estimates for utility-scale
plants in the USA have been reported at between $(10-18)/kW
per year. Recent costs there seem to be dominated by preventive
maintenance and module cleaning, with these making up as much as
75% and 90% of the total, depending on the system type and
configuration. The rest of the O&M costs can be attributed to
unscheduled maintenance, land lease costs and other component
replacement costs. The current benchmarks without inverter
replacement are $11.5/kW/year (residential), $12.0/kW/year
(commercial), $9.1/kW/year (utility-scale, fixed-tilt), and $10.4/
kW/year (utility-scale, tracking), significantly below previous
O&M, only benchmark estimates. Average utility-scale O&M costs
in Europe have been recently reported at $10/kW/year, with
historical data for Germany suggesting O&M costs came down 85%
between 2005 and 2017, to $9/kW/year.

9. Results and discussion

PV configuration to supply on grid electricity in Albania was
presented. The perspective of a wide use of green power motivates
the scientific community to study the possibility of fabricating PV
modules providing on grid electricity production. The technical
aspects of module type selection are of particular importance as a
fairly technical choice of PV module type and type has a direct
impact on the annual revenue generated. Based on credible
references such as IRENA; IEA etc. PV should achieve CF at least
over 16%. In our case study, the proposed PV project located in
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Térbuf village part of Divjaka Municipality referring the chosen PV
module, SunPower module performs satisfactorily and achieves an
efficiency of 19.3%.

Table 4: Main technical parameters (electrical and physical) of the
PV module.

Model Type SunPower model mono-
Si - E19-310-COM

Nominal Power (+5/-3%) (Pnom) W 310
Efficiency % 19
Rated Current (Iypp) A 5.67
Rated Voltage (Vmpp) \% 54.7
Short Circuit Current (Isc) A 6.05
Open Circuit Voltage (\Voc) \% 64.4
Nominal operating temperature of °c 45 £2
cells (NOCT)
Maximum System Voltage \% 1000
Standard Operation Temperature °c 25
(Te)
Specific energy (E) W/m? 1000
Dimensions mm 1559x1046
Weight kg 18.6
Technology mono-Si
Class Class A
Impact Resistance Hail — 25 mm at 23 m/s

Max load-550 kg/m? (5400 Pa), front (e.g. snow) w/specified
mounting configurations 245 kg/m? (2400 Pa) front and back -
e.g. wind

Frame-Anodised aluminium alloy type 6063 (silver); stacking
pins

In the above table the electrical and mechanical features of the
chosen cell type are given. The type of module is chosen based on
the overall efficiency and prices available from the producer.
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Figure 8: Current/voltage characteristics with dependence on

irradiance and module temperature.

It can be clearly seen that the cell output voltage related with the
temperature and the cell output current is affected by irradiation
level. Due to these characteristic dependencies, extraction of
maximum power from PV modules mainly changed by the
temperature and irradiance level Furthermore, for specifying rating
of power electronics equipment, these variations should be taken
into consideration. Open circuit voltage (Voc) is primarily affected
by temperature and the relationship between them is inversely
proportional whereas the current is only slightly dependent. This
relationship can be extracted by using Equation (1).
Voc = Voc-ser =V (T — Tsr¢) 1

y" is a constant which can be obtained from datasheet of a PV
module. It is a negative value and shows change of open circuit
voltage by increasing or decreasing ambient temperature for 1 °C.

Is¢c = Vscsgr - (L +a - (T — Tsrc) Core 2

Short circuit current (Isc) is mostly affected by irradiation level and
the relationship between them is directly proportional as shown in
Equation 2.

"

Table 5: Summary of the proposed On-grid PV system.

Sunpower mono-Si - E19-310-COM

Unit

Power Wp 310
Number of modules Pieces 6452
CF % 19.3
Annual energy production MWh 3319
Area m? 1.538
Weight kg 18.6
Module Surface m? 10364
Total soil area m? 20728
Inverter 30KW 450-700V Pieces 52

Max 900V LF Tr 50Hz
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As it can be seen from table 5 the capacity factor of the chosen
module is 19.3%. For proposed PV system of 2MW of capacity is
needed approximately 6452 PV modules and 52 inverters.

To design a power electronic inverter for grid-tied PV system, an
overview of rules and regulations should be investigated in order to
be allowed to connect to the grid. There are various grid codes,
standards and related documents are available. As it can be seen
from in figure 9 the proposed PV system of 2MW of capacity can
generate 3319 MWh per year. The maximum of it production falls

in July exporting to the national grid approximately 380.9 MWh.
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Figure 9: Monthly electricity generation (MWh) from the proposed
PV plant.

Before making a network connection of a PV system, it should be
evaluated to show how it affects the network. From the simulation
in RETScreen Expert the annual energy production is 3319MWh.
Further investigation needs to be performed on how the system
synchronized with the network.
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Figure 10: Pay back period of the proposed PV power plant in
years.

From the cash flow analyse it results that the investment return
period occurs within 6.7 years. This is a positive indicator of the
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investment of the photovoltaic plant with a capacity of 2MW and
annual energy generated 3319MWh.

For a chosen total investment of 743€/kW and a benchmark of
electricity rate the SPP results 6.7 years. In the sensitivity analyses
it is clearly shown that the total investment cost and electricity
export rate are the most important parameters that affect other
economical indicators of the proposed system. In our calculation
other costs such as the grid extension cost and O&M costs is
considered.
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Figure 11: Total investment cost (€) at 8% discount rate and
extended 35% sensitivity analysis

10. Conclusion

The supply of electricity from inland production is sometime risky
and highly affected on weather conditions. In the current situation,
more than ever, it is necessary to encourage and realize investments
in the field of electricity generation to overcome energy crises in
our country. From the official statistics on energy balance especially
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to that of electricity generation and import ratio, in the last 10 years
our country has survived a positive balance only in 2010, 2016 and
2018, Albania has imported electricity from the region at a high
price, aggravating the economic situation of energy supply (refer
graph in figure 3) in the last 4 years, our country has imported
2915GWh, 913GWh, 2406GWh and 2276GWh electricity. The
maximum annual electricity that we can produce by the system is
3319 MWh and SPP results 6.7 years if the total installation cost is
assumed 743€/kW and electricity export rate 65€/MWh.

Hence, the implementation of small PV on grid power plants is very
important for the diversification of the energy sector in Albania,
will push the economy opening new jobs and reducing the
electricity import.
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Abstract: The definitions of Hermitian splines with nonlinear expressions in the links are given.

Formulas for the parameters of

Hermitian splines with exponential-power links with four parameters are derived. The definition of the balance approximation of functions
by splines is given. The formula for the balance approximation error for Hermitian splines with four parameters are obtained. The error of
approximation of functions by polynomial Hermitian splines is compared with the error of approximation of functions by Hermitian splines

with exponential-power expressions in the links.
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1. Introduction

Approximation of functional dependencies is necessary for
practical calculations in many fields of technology and in research.
Analytically given functions, which are represented by a complex
expression, often need to be replaced by a simpler expression, so
that their properties are preserved. This is required when calculating
functions on a computer.

To increase the accuracy of the representation of functional
dependencies, various approximation methods are used: minimax
approximations, least squares method, spline approximation of
different types and so on. A number of problems require
approximation not only of the function itself, but also its
derivatives. Hermite splines are used for this purpose in papers
[1,2,3]. To improve the accuracy of the approximation of functions
in the spline links, you can use not only polynomials, but also
nonlinear expressions

(1) F(A;X):F(ao,al,...,am;x)'

In works [4,5,6] expressions are got for the parameters of
Hermitean splines with exponential and logarithmic links, by links
as a sum of exponent and polynomial, relation of polynomial to the
linear function. In works [7,8] formulas are shown out for the errors
of approximation of functions by polynomial Hermitean splines. By
analogy to the minimax approximation [9] in the article [4,10] a
theorem that allows to take approximation nonlinear Hermitean
splines with difficult expressions in links (for example
superposition of power function and a polynomial) to polynomial
Hermitean is proved.

2. Formulation of the problem

Let a and B be given real number, such that O <o < <oo.
Denote by X ={xe[a,B]:a=xy <X <...<x =P} the set of
1, 0

uz= L
— the characteristic
0, <0

function of half-interval [0,0). C"[at,B] - the set of functions
f:[a,B] >R

f(k)(x),k=ﬁ. Assume that values of the function

nodes of interpolation. e(u)={

which have continuous derivatives

f(x)e C"[a,B] and its derivatives up to N are givenontheset X .
It is needed to build a Hermitian spline with the links of the form

@) F(AX) =a,ex(ax)x* " x>0,

(3) F,(Ax) =a exp(a1x+a2x2)xae, x>0,
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where a; — parameters of links of spline, i :(73, i. e. quantity of
parameters iseven m+1=4.

The aim of the article is to construct Hermitian splines with
exponential-power links with four parameters and to obtain a
formula for estimating the error of approximation for functions by
these splines.

3. Definition of Hermitian splines with nonlinear
expressions in the links
We give the definition of Hermitian splines with nonlinear

expressions in the parameters (below we shall use the shot form
nonlinear Hermitian splines) with an even number of parameters..

Definition 1. Suppose  that  functions f(x),

F(AX)=F(ag,a,...,ay;X) € C"[0,B]. A function

& S(AX) =D F(AGx)#8((x— X)X = X)),
k=1

which satisfy the system of equations

®) fOx)-SO(Ax)=0; i=

n, k=o,r,

where A, - parameters k's link of spline, is called the nonlinear

Hermitian spline with even quantity of parameters m+1

(m=2n+1).

From system (5) we get S(A; X)eC”[(x, B] An expression
F(A;X) is called the link of Hermitian spline. Approximation
error of function f(x) by using Hermitian spline S(A;X) is
characterized weighting distance (function of error)

(6) p(x) = [ (X) = S(A X /w(x) ,

where weighting function of approximation W(X)eC”[oc,B],
w(x) =0 for x e[o,B].

From definition 1 follows, that for determination of parameters
for every link of a nonlinear Hermitian spline it is necessary solve
the system of equations (5).

4. Derivation of formulas for the parameters of
Hermitian splines with exponential-power links
First, we construct a Hermitian spline with a link, which is

represented by expression (2). Since the approximate expression (2)
does not change the sign, this expression can be used to
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approximate functions that do not change the sign. Suppose for f

specificity that f(x)>0.

According to definition 1 parameters of the link of Hermitian
spline (4) with the link (2) satisfy a system of equations (5). In this
case we have the following system:

a,+azX
fo —ag exp (ayxo Jxg* " =0
fg —ag P (3% X322 x

- x (ag%o(L+In g )+a, +a;%;)=0
f —ag exp(apx x> =0 |
fy — ag exp (ayx Jx;* "% x

x (agx (1+1In % )+a, +a;x)=0

where X, — left limit and X; — right limit of the link, X, < Xq,
fi(j) = f(j)(xi), i=01, j=01. Let us solve the system (7)
for unknown parameters &, i =03.

From the first and third equations of the system (7) we find the
expressions for the parameter a,

a = foexp (_ & Xo )Xa (a2+a3x0)’
®)

(aZ +a3X1)

2y = frep(—ax g :
We equate the expressions for a, and get the expression ay;

1X[

-0

© a = In % —(ay +agXg)In xo —(a, +agx, )In Xl] :

X 0

Substitute the first expression for a, and the expression for a;
into the second equation of system (7) and obtain a linear equation
with respect to unknown parameters a, and aj

(10) may +6183 =711,

where

Xo

n =1+ (Inxy —Inx,),

X —Xo

Xo
X —Xg

Inx, -

0, = x0[1+ Inx, +

X
L Inx |,
X

X1 —Xg

fg
= Xy — —
Y1 0fo

X
—0|n
X —Xp

fi

fo

Substitute the second expression for a, and the expression for
a, into the fourth equation of system (7) and obtain the second
linear equation with respect to unknown parameters a, and aj

(11) N2, + 6,33 =7, ,
where

X

n, =1+ (INxo—Inx),

X —Xg

Xo

0, = x1[1+ Inx, + Inx, —

X
L in xlj,
% —Xo % —Xo
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Ini.
fo

X

_y
Yo=X— —
X1 — X

fi

We have obtained a system of two linear equations (10) and
(11) with respect to two unknowns parameters a, i az. Solving it

we get expressions for the parameters a, and a;

(12) a, = 1102 — 726, ’
60, =m0,
(13) a, = Y1= M
0

From formulas (8)—(9) and (11)-(12) for the parameters

g, 1=0,3 follow that the necessary condition for the existence

of the Hermitian spline approximation with link (2) is the
fulfillment of the condition X >0 and.

We derive the expressions for the Hermitian spline with the link
(3). According to definition 1, the parameters of the link for the
Hermitian spline (4) with the link (3) satisfy the system of equations
(5). We have the following system:

fo —a, exp (alx0 +a,x? )xga =0

2),a,-1
fo —agexp (alx0 +ayXg )xo X
x (ag + xo(ay +2a,%7))=0

(14) 2\, a '
f/—a,exp (alx1 +ayx? )xlafl x

x (a3 + % (a, +2a,%))=0

where Xq — left limit and X; — right limit of link, Xy <X,
fi(j) = f(j)(Xi), i =0,1. Let us solve system (14) with respect to

the unknowns parameters @, iza’). The process of deriving

formulas for parameters is similar to deriving formulas for
parameters of Hermitian spline with link (2). Therefore, we omit the

detailed conclusion and present the final result. The parameters a;
and a, are the solution of a system of two linear equations and are
calculated by formulas

0, —7v40
(15) a, = V3Ya " Y43
N304 —M405
—1,a
(16) a2:Y3 N3y
03
where
2 2
Xq — X{ —X,
In 22 In =%
X X
InL
fo fo 2 X1 2
YS—Xof—'i' et 0, =X|1+2In—=|—Xg
0 |n’0 Xo
X
X fl . X f
=%[1+IN 22 =%, va=%—-=IN"2+In-L
114 1( le o YaTh fo % fo

Parameters a; and a, we calculate by formulas
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ay (X —xo )+ az(xl2 ) In :
(17 az = X 9
In =0
X
(18) ag = foexp (— Xy — azxé )xg %

It follows from formulas (15) - (18) for the parameters

q,
Hermitian spline approximation with link (3) is the fulfillment of

the condition x>0 and f(x)>0.

i =0_,3 that the necessary condition for the existence of the

5. Error of approximation of functions by
Hermitian splines

One of the important characteristics of splines as a means of
approximating functions is the error of approximation. Here is the
definition of balance (with the same maximum error on each link)
approximation of functions by splines.

Definition 2. The approximation of a function f(x) by a

Hermitian spline S(A;X) is called a balance approximation with a
given quantity of links r, if

[(F()—S(AX)/W(X) =g, i=1r,

max
xe[zj_1,7j]

W=
where p; — error of approximation for the link with number i
which define on the segment [Zi,l,zi],

links, {x,zj } < [0, B], i =1r .

Z; — extreme points of

It is known [1,4] that the error of the balance approximation of
functions by Hermitian splines with an even number of parameters
is calculated by the formula

m+1
|n f F ﬂ

T I| W(x) dx {l+0(

where r — quantity of links for spline on the segment [oc,B],
w(x) — weighting function, n(f,F) - kernel of error of
approximation. To use formula (19), it is necessary to have an
expression for the kernel of error of approximation n( f, F) , which
i=03 the link
F(A;x) of the spline. Expressions for kernels can be found using

the properties of kernel of errors that follow from exchange
theorems [4,10]. So for links (2) and (3) the kernel of error has the
form

B-a

r

™ m+1)!r

would not depend on the parameters a

o2 |n[x2(|n f(x))"]

ﬂ(val): f(x, NV ;
(15— ) '”(XX:Z; W)

It is known [4], that for Hermitian splines with a link in the
form of a polynomial of the third degree the kernel of error is equal

to n(f,Py) =f*(x).

6. Results and discussion
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A number of numerical experiments are performed. Thus, when
approximating the function tan(x) on the segment [01%] the

error of approximation by the Hermitian spline with the link (2) is
0.053638, , with the link (3) — 0.032912 and by the Hermitian spline
with the link in the form of a polynomial of the third degree —

0.086386. When approximating the function li on the segment
+Xx

[0.1,10] the approximation error of the Hermitian spline with the

link (2) is 0.047731 with the link (3) — 0.103071 and by the
Hermitian spline with the link in the form of a polynomial of the
third degree — 0.746865. From the given examples the advantage in
accuracy of approximation by Hermitian splines with exponential-
power links is obvious. The disadvantage of exponential-degree
Hermitian splines is that they can approximate only functions that
acquire positive valuesat x>0.

7. Conclusion

Hermitian splines with exponential-power links of two types
with four parameters are constructed. The formula for estimating
the error of balance approximation of functions by Hermitian
splines is given. Analytical expressions for kernels of errors for
Hermitian splines with exponential-power links are obtained.
Theoretical results are confirmed by practical calculations. Since
the error of approximation of functions by Hermitian splines with
exponential-power links is in some cases smaller than that of a
polynomial Hermitian spline, it is expedient to use them to
approximate functions. The prospect of research in this direction is
the construction of Hermitian splines with more parameters in the
links. Since physical processes are described by various nonlinear
dependences (logarithmic, fractional-rational, in the form of the
sum of a polynomial and exponential or power expressions), to
obtain more accurate models of the described processes it is
advisable to build and study Hermitian splines with other nonlinear
expressions.
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