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NMPUBETCTBEHO CJ10BO
npoc. a-p Mapa KAHOEBA

YBaxaemu r-H 3am. PekTop no HaykaTa,
YBaxkaemu r-H [lekaH,

YBaxkaemu npocp. MaHonMoB.,

CKbnu Konerun, rocTn 1 NpuaTenwu,

C ronamo yposoncteue Bu npusetctBam c¢ ,[obpe gownun“ Ha nopegHata 13-Ta
KoH(pepeHuns BYITPUB'2018!

N3nutBam Abnboko yaoBneTBOpeHne n pagocT, Ye HaweTo TPMBONorMyHo CEMENCTBO Ha
BankaHnte Beve 25 rogvHM npoBexaa penoBHO CBOMTE cpewu Ha TpubonornyHute
KOH(bepeHUMM B pasnnyHuTe cTpaHun Ha bankaHckata TpubonornyHa acoumaumnsa — benrapus,
Mpums, PymbHua, Cbpbus n Typuma. Ha Te3n koHdepeHumn Hue TpnbonosuTte cnogensve
CBOUTE MOCTWXEHWS, TPYOHOCTU, HOBU MAeW, NevyeriuM HOBWU NPUATENU U eQHOBPEMEHHO C
TOBa noryvyaBame No-cunHa ybeaeHoCT B HepasKpUTUTe Bb3MOXHOCTU Ha Tpubonornsarta 3a
YOBELLKNA NpoCcnepuTerT.

TpubonoruaTa KaTo MHTEpAUCUUNIIMHAPHA HayKa N TEXHOMOIMS € OpraHuyeckn cBbp3aHa
¢ rmobanHunTe npobrnemun Ha cCbBpeMeHHaTa LUuBMnu3auus — onasBaHeTo Ha OKonHaTta cpega
N eHeprunHaTa e(peKkTMBHOCT U PYHKLIMOHAMNHOCT Ha UHOYyCTpUuAaTa.

TprnbonornyHnTe npouecu NpUCbCTBAT BbB BCUYKM €Tann OT XXU3HEHUSA LMKBIT KakTo Ha
npypogata M OOLWECTBOTO, Taka M Ha TEeXHONMOorMuTe M TexXHWKaTa Mpu MNpoeKkTUpaHeTo,
n3paboTBaHeTO, eKkcnnoaTauuatTa U NMKBMOAUMATA Ha CbOPbBXEHUATA, MeXaHu3muTe U
MawmrHuTe. 3HaHMATa 3a TPUEHETO, N3HOCBAHETO, CMa3BaHETO M KOHTaKTHaTa NpoBOAMMOCT,
NOCTUXEHMATA Ha HaykaTa 3a MmaTepuanuTe, HaHOTEXHONOrMnTe, BUPTYarHOTO UHXEHEPCTBO,
no3BonsBaT MoOCTUraHe Ha BUCOKa (PyHKUMOHANHaA W eKonormyHa HaaeXxgHocT Ha
TEXHUYECKUTE CbOpPbXKeHMA. Pa3paboTBaHETO Ha HOBM KOHCTPYKUMOHHM M CMa304HU
MaTepuanu Ha ocHoBaTa Ha Bb30OHOBSEMU M3TOYHULM HA eHeprusi e oT 0COBeHO 3HayYeHune
3a rpwxara Hu 3a NnaHeTtaTta, ObuwecTBoTO N YoBeKa.

Bsapsam, ye anckycumnte no Tesn BLNPOCK Ha HacTosiLaTa KoOH(epeHUns e poasT HOBU
naew, e NpoBOKMpaT HalaTta KpeaTMBHOCT M MOTMBAaUUSA 3a NOCTUraHe Ha HOBW YCNexu B
nomnsa Ha 4Y0Be4eCTBOTO.

Tyk € MACTOTO OT MMeTo Ha BGbnrapckute TpMOOMNO3M Aa M3kaxa cBoATa GrnarogapHoOCT
Ha PbKOBOACTBOTO Ha TexHu4decknsa yHmBepcntetT-Codusa B NMUETO Ha npod. A-p uHX. /BaH
KpanoB n Ha MalUMHHO-TEXOMNOMMYHNA pakynTeT B NMUETO Ha npodd. O-p UHX. [eoprn
TonopoB 3a JoBepuneTo, MopanHata U oMHaHCOBa nogkpena, KOSTO okasBaT 3a pPa3BUTUETO
Ha Tpubonoruara.

M3kaseam cneumanHa 6narogapHocT Ha npod. ATH Hsaron MaHoOnoB — Hawms ydnten u
ocHoBaTen Ha 6bnrapckata n 6ankaHckaTa TpMbonorus, 3a HeroeaTa KpeaTUBHOCT, Abnboka
MOTMBALMA N BCEOTAANHOCT KbM MAEWUTE U NocnegoBaTtenuTe Ha Tpubonoruara.

MoxxenaBam Ha BCUYKM Bac BbIIHyBalLla U Nnon3oTBOpPHa KOH(.bepeHLl,I/IFI!

Mpodh. o-p nHx. Mapa Kangesa,

Mpencenarten Ha O6WecTBOTO Ha TpMbonosnte B bbnrapus,
PtkoBoauTten Ha JlabopaTopus , Tpubonorus®,
MaLunHHO-TeXHOOorn4YeH hakynrteT

TexHnyeckun yHmepcutet — Codmsa
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OPENING SPEECH

Prof. Dr Mara KANDEVA

Dear Mr. Vice Rector of Science,
Dear Mr. Dean,

Dear Prof. Manolov,

Dear colleagues, guests and friends,

It is my great pleasure to welcome you to the 13" BULTRIB'2018 Conference!

| am deeply pleased that our tribological family in the Balkans has been holding regular
meetings at the tribological conferences in the different countries of the Balkan Tribological
Association for 25 years now - Bulgaria, Greece, Romania, Serbia and Turkey. At these
conferences we tribologists share our achievements, difficulties, new ideas, make new
friends, and at the same time gain greater conviction in the undiscovered possibilities of
tribology for human prosperity.

Tribology as an interdisciplinary science and technology is organically linked to the global
problems of modern civilization - the protection of the environment and the energy efficiency
and functionality of industry.

Tribological processes are present in all stages of the life cycle of both nature and
society, as well as of technology and technics in the design, manufacture, operation and
removal of facilities, mechanisms and machines. The knowledge of friction, wear, lubrication
and contact conductivity, the achievements of material science, nanotechnology, and virtual
engineering, make it possible to achieve high functional and environmental reliability of
technical and natural facilities. The development of new construction and lubrication materials
related to renewable energy sources is of particular importance to our concern for the Planet,
Society and Man.

| believe that discussions on these issues at the present conference will give birth to new
ideas, provoke our creativity and motivation to achieve new success for the benefit of
humanity.

On behalf of the Bulgarian tribologists, | express my gratitude to the management of the
Technical University-Sofia in the person of Prof. Dr. Eng. lvan Kralov and of the Faculty of
Industrial Technology in the person of Prof. Dr. Georgi Todorov for the trust, the moral and
financial support they provide for the development of tribology.

| would like to express my special thanks to Prof. Dr. Nyagol Manolov - our teacher and
founder of Bulgarian and Balkan tribology, for his creativity, deep motivation and devotion to
the ideas and followers of tribology.

| wish you an exciting and fruitful conference!

Prof. Dr. Mara Kandeva,

President of the Society of Bulgarian Tribologists,
Head of the Tribology Laboratory,

at the Faculty of Industrial Technology

Technical University of Sofia
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ANATHOCTUKA HA NATEPUTE YPE3 N'PANMABOCTTA HA KOHTAKTHUTE
ENEMEHTHU

Bsapa NOXWOAEBA, Mapa KAHOEBA, Emunua ACEHOBA

Abstract: The article proposes an analytical method for fixing the ripple frequency of rolling
bearings, resulting of roughness and small defects on working surfaces. The method has been
developed for the roller bearings from open-pit mining machines. On the basis of theoretical
precondition and test measurements limit values are received for intensity pulses in the vibrosignals as
function of bearings weatr.

Keywords: vibration control, roll bearings, wear, mining, machines

1. BbBEAEHUE

B peanHu ycrnioBusi paspyllaBaHeETO Ha KOHTAaKTHWUTE MOBBLPXHWHWU ce 00ycrnaBsi OT KOMMIEKCHU
NPUYMHN NPeausBMKBALLM €OHOBPEMEHHOTO Bb3HMKBaHe M pasBUTME Ha peguua nospeaun. B
HavyarnHusST CTagui Ha W3HOCBaHe OOWKHOBEHO ce HabnogaeBa MOCTENEeHHO yBenvvaBaHe Ha
rpanaBoCcTTa Ha MOBBPXHUHUTE, a Cred ToBa NPOLECHT ce 3aabfibovyaBa [0 Bb3HWKBAHETO Ha
oTAeNnHW gedekTn no TaxX. TunMyeH npuMep B TOBa OTHOLUEHWE ca TbpKansawuTe narepu, KouTo Ha
npakTMKa psaOko uavepnsaT pecypca cu B CrnedcTBue Ha ymopa Ha maTtepuana.  Toan akT
npegonpenens noTpebHOCTTa OT paHHa AMarHoCTMKa Ha NpoLecuTe Ha U3HOCBaHe B narepute ¢ orneq
Ha TAXHOTO TMpPaBUIHO TEXHUYECcKo OOCMNyXBaHe W Cb3daBaHe Ha Bb3MOXHOCT 3a TaAXHaTa
eKcnnoartaums 4o u3dyeprneaHe Ha NnarepHusl pecypc.

2. TEOPETUYHA NOCTAHOBKA

B mpaktukaTta ca u3BecTHM MHOMO AMArHOCTUYHM NOAXO0AW, HO Han-ePEKTUBHUAT 3a AMArHoCTuKa
Ha W3HOCBaHETO B farepute Ce OCHOBaBa Ha KOHTpona Ha BUOpPAUMOHHMA CUrHam BbB
BMCOKOYeCcTOoTHaTa obnact (27-35 kHz). B cniyyas ce naxoxaga ot 06CTOATENCTBOTO, Y€ ThbPKansAWUAT
narep npefcTaenisiBa reHepaTop Ha CryyYyalHW MMMYNCKU, KOUTO Ce mopaxgaTt npyu OBWKEHWETO Ha
TbpKandawmTe Ttena no narepHute nbTedku. NMprynHa 3a nosdBa Ha MMMyNCUMTE € rpanaBoCTTa Ha
KOHTaKTHUTE MNOBBPXHOCTM HA B3aUMOLEWCTBYBALLUMTE CW B MacreHa cpefa narepHn enemeHTu.
MHTEH3UBHOCTTa Ha MMMYNCHUTE B3aUMOAEWCTBUS, KAaKTO W rofieMuHaTa Ha BCEKM OTAENeH MMnync
3aBucK oT gebenvHaTa Ha MacneHusT UM B KOHTaKTHUTE 30HM U CTEMNEHTA Ha U3HOCBaHe B narepa
n3paseHa, Ypes rpanaBoCTTa Ha NOBBbPXHUHUTE.
B ToBa oOTHOweHue nybnukauusta Ha Sohoel [1] paBa BL3MOXHOCT A ce HOpPMUPAT CbOTBETHM
CTOMHOCTM Ha WHTEH3MBHOCTTA M MUMMyJiCHaTa NoCcrnegoBaTeNHOCT Npean3BukaHa OT HEPaBHOCTUTE B
KOHTakKTa.

MNMuezceaekmpuueH eanemeHm | b . b
- +l »
] . AN
HNuzumaaeH ocuuaockon Hakaon i=1/20

¢ue.1. TeopemuyeH moden 3a uscnedsaHe Ha ¢husudeckama CbUHOCM Ha erlacmuyHu ydapHu
8bJIHU

Ha ©asata Ha mogena oT cur.1. ce onpenensT crnegHuTe BMOpPaUMOHHU XapaKTepPUCTUMKU Ha
eOWHWYEH yaapeH UMMyNc, a UMEHHO:
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V =,/2.g.bi (1)

KbgeTo: V, [m/s] e ckopoCT Ha yaapeH uMmnync, Npeav3BrkaH OT KOHTakTa mexay ABe U3MbKHaNnocTu B
npocuna Ha B3aMmMogeNCTBYBALUNTE CU NAarepHN eneMeHTH;
b, [m] e pa3cTosHMeTO Mexay ABe nocreaoBaTenHn N3NbKHaNoCT1 B Npogumna;

g=9,81 m/s2.

1 (2
(V)s
kbaeTo: T, [us] e Bpeme Ha ygapHOTO B3aMMOLENCTBME OT HaYanoTo Ha ygapa A0 MOMEHTa B KOMTO
BMBpaumnoHHaTa ckopocT cTaHe 0;
R, [mm] e pagunyc Ha TbpkanawoTo TANOo;
K1 = 4.5 KOEULIMEHT YyCTAHOBEH MO EMMUPUYEH MbT.

6 3 1
Phnax = (V )g (m)g (R)g °k2 (3)

KbaeTo: Pyax, [N] € makcumanHa koHTaktHa cuna (npu V = 0);

m, [mm?®] e oTHOCUTENHa Maca Ha TbpkansLo Tano, m = R®;
Ko = 1,16 KoedUUMUEHT YCTaHOBEH MO eMNUPUYEH MbT.

Taka onpeaeneHnTe BUOPaLMOHHM XapaKTEPUCTUKN HA eAMHWYEH yaapeH MMNyNnc no3sonsasaTt Te
Aa 6baaTt n3dMcneHn 3a pasnnyHn CTOMHOCTU Ha M3HOCBAHETO B rpaHMLMTE Ha HOPMUPAaHWN NapameTpu
Ha Mukponpodwmna.

3a onpegensiHeTo Ha eBeHTyanHuAT 6por Ha yaapHUTE MMMYNCUM B KOHTaKTHATa 30Ha LWe ce
MO30BEM Ha CTaHZapTa 3a rpanaBoCT Ha MOBBPXHUMHWUTE M MO-CNeumManHo Ha napameTbpa “cpegHa
CTbMKa Ha npoduna nNO BbPXOBETE Ha rpanaBuMHUTE - S”, KOWTO OKayecTBABA WMEHHO
pasnpegeneHneto uM 6pos Ha nuKkoBeTe CNpsIMO CpefgHata InWHMA W Cce onpegens kKato
cpefHOapUTMETUYHA CTOMHOCT Ha CTbMKUTE b Mexay BbpxoBeTe Ha npodwuna B rpaHuuMTe Ha
6asoBaTa AbSKUHA ¢ (3a narepHu NoBbLPXHUHK ¢ = 0,25 mm.) (dour. 2)

1 m
S=— Z b, (4)
m 55
C'bFJ'IaCHO onpeaeneHneTo 3a rpanaBoCT Ha MNOBBbPXHUHU NapamMeTbpa S ce O6B‘bp3Ba C
napameTbpa RZ (BI/ICO‘WIHa Ha rpanaBvuHUTE Mo 10 TOYKM CNpAMO CcpeaHa J‘IVIHVISI) 3a OKa4yecTBABaHe Ha

rpanaBoCT, 3 UMEHHO:

S
~<50 -

z

\?l [

0 0

Quea. 2. Cmbrika Ha npogburia rno 8bpxogeme Ha eparnaguHume

CobrnacHo BC EN ISO 1302 uncneHarta CTOMHOCT Ha R, napameTbpa 3a NnarepHn NOBbLPXHUHN €

1 um 1 3a ga 6bae U3NbrHeHo ycnosue (5) OT CbWUAT cTaHaapT u3bmpame YmcreHa CTOMHOCT 3a by =
0,05 mm. ToraBa eBeHTyanHusaT 6por Ha NukoBeTe q B Ga3oBaTa AbIMKMHA MOXe [a Ce NpecMeTHe
NpUGNN3NTENHO OT:
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q=- (6)
b

KaTo 3a narep ¢ HopMaliHa rpanaBoOCT Ha NMNOBBbPXHUHUTE 6p0ﬂT e 6bﬂ,e:
¢ 0,25

q1 = —= = 5 6p,
b, 0,05

a 3a narep C yBenu4eHa rpanasocT, NMpy MakCUMasiHO fOLLO Ka4eCTBO Ha NOBbPXHOCTTA, OT CTaHaapTa
otyutame bo = 0,002 mm 1 6poAT Ha NuKoseTe €:

l 0,25
=—=— =125 6p.
% b, 0,002
MapametbpbT | — B (1) MOXe ga ce maeHtTudumumpa [2] npy peaneH 06EKT C OTHOCUTESNTHOTO

cOnKeHne Mexay KOHTAKTHUTE MOBBPXHOCTM X [um], KOeTO 3a Hy)XKAUTe Ha HOPMUPaHeTo NpuemMa ABe
rPaHNUYHM CTOMHOCTM @ UMEHHO:

1

2
x ~1,54 —— [ (P.0)5

max

um (7)

cobnmxeHne npn HEN3HOCEH I'IpO(bI/Iﬂ n

xS 4—(cRO)’ |

max

m (8)

cOnkeHne nNpu wm34yepnaH narepeH pecypc OnpederneHo Kato KpuTudyHa gedopmauus,
CbOTBETCTBYBALLA Ha Npexoda Ha Matepuarna KbM CbCTOsIHME Ha NNacTUYHOCT.

O3sHa4veHuaTa BB hopmynum 7 u 8 ca KakTo crneasa:

r— cpefeH pagnyc Ha 3akpblfieHNe Ha BbPXOBETE Ha rpanaBuHNTE, um;

Rmax — HaW-ronsMata BUCOYMHA Ha HepaBHOCTWTE Ha npoduna B pamkute Ha 6GasoeaTta
ObIDKMHA, pum;

Pe, [N/m?] — dhakT4ecKko HansraHe B narepa onpeaerieHo KaTo OTHOLLIEHWNE MeXy HaTOBapBaHETO

F 1 nuueTo Ha KoHTakTHaTa nnowaaka Ag, onpefeneHo CbrnacHo TeopusaTa Ha XepLl.
Po=—7 (9)

6 [Ns*/m?] - enacTyHa KOHCTaHTa Ha MaTepuarna Ha KOHTaKTHUTE NOBBPXHOCTW MpecMeTHaTa Ypes
koeduumeHTa Ha [NoacoH [Ns/mz], n Moayna Ha enactnyHoct E [N/mz]

0=—— (10)

€ — KoedMUMEHT 3aBucell OT dopMaTa Ha BbpPxOBeTe Ha rpanasuHuTe. 3a cdepuyHa dopma,
KakBaTo e Bb3rpueTa B cnyyasd ¢ = 0,55.

B cboTBeTCTBME C KNaca Ha TOYHOCT Ha TbpKanswmMTe farepy, ONUTHO YCTAHOBEHW U U3YUCIIEHM
ca cnegHute xapakrtepuctuku (Tabnuua 1)

Ta6nuua 1. [Napamempu Ha 2panasocmma Ha rnogbpPXHUHUME

Ra, Rmax, r,

um um pm
0,16-0,08 1,0-0,5 30
0,08-0,04 0,5-0,25 40
0,04-0,02 0,25-0,125 55
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dakTbT, 4Ye BUOPALMOHHMTE HMBA HA PE30HAHCTHUTE farepHu 4ectotu ce o6Bbp3BaT C
rpanaBocTTa Ha MOBBPXHUHWTE, @ CbLLO W ONpedeneHNeTo 3a Bb3npuemMaHe Ha CUrHam OT TOYKOB
N3TOYHWK, NMO3BONSABAT Aa Ce NPearonoxu, Ye YyBCTBUTENHATA YacT Ha CHEPUYHUST HaKpParMHWK Ha
npeobpasyBaTtens npuTexaBa pasMepu paBHW Ha CTaHAapTuM3upaHaTa 6a3oBa ObiKMHA ¢ MPpU KOSATO
Ce oOKayecTBsBa rpanaBoCcTTa Ha narepHuTe MOBbPXHUHW, a umeHHo ¢ = 0,25 mm. Torasa
npeobpasyBaTennTe 3a KOHTPON Ha narepu Lie peructpvpart Bb3OyaeHWTe MMNyncu He OT udanaTa
KOHTaKTHa nnowiagka, a caMO OT TOYKOBMS W3TOYHWMK B pamkute Ha 0asoBaTa AObmkuHa /
npubnuautenHo no nuHua (¢ aebenvHa ~ 1 mm) . [pyu Te3n nNpeanonoXeHus pasmepbT Ha
KOHTaKTHaTa Mol 3a HyXAWTe Ha HacTOSALLOTO HOpMUpaHe e 6bae:

A, =1l =n(0.25x1)=0.25n  mm? (1)

KbAeTO n e OposT Ha 6a3oBWTe ObIDKMHM f, KOUTO LUe MpeMuHaT npe3 daTyMka 3a BPemMeTo Ha
nsmepBaHe 1 cbbupaHe Ha otyeTu [3]. CbWwnUTe MoraT ga ce onpedesnisiT ¢ NoMOoLUTa Ha TeopusiTa Ha
XepL 3a BCekV OTAENEH farep, B CbOTBETCTBUE C HEroBaTa KOHCTPYKUMS U paboTHa YecToTa.

n3soau

1. CbllecTByBa Bpb3ka Mexay M3HOCBAHETO B narepute U napaMeTpuTe Ha BMCOKOYECTOTHUTE
BMOpaumn.

2. 3a HyxauTe Ha 6e3pas3pylunTenHNUs KOHTPON Ype3 BUOpaUMOHHU M3MepBaHUS € Heobxogumo
npeaBapuTenHO HopMMpaHe Ha CbOTBETHW KOpEecrnoHAaupaliM CU CTOMHOCTM Ha W3HOCBaHETO U
BMOpaUMoOHHaTa XapakTepucTMka B CbOTBETCTBME C KOHKPETHUTE KOHCTPYKTMBHM OCOBEHOCTU Ha
narepHoTo BrpaxaaHe.

3. CneumanHo 3a narepuTe OT MMHHATa MexaHu3auusi, paboTellm nNpu roneMym HaToBapBaHUS U
HUCKM pabOTHWU YECTOTH, UMNOCTPaTUBEH NapamMeTbp 3a HalNMYHWUS NarepeH pecypc e rpanaBoCcTTa Ha
NMOBBbPXHOCTUTE Ha NarepHUTe enemMeHTu.

4. Hacroswara wmeToauka MO3BOMsiIBA ONPEAEnsHETO Ha MnapamMeTpuTe Ha  UMMYFCHUTE
B3aUMOAEWNCTBUSA B farepa No aMmnnuTtyga W 4ectoTa, KOeTo yOOBMeTBOpsiBA M3UCKBaHMATA 3a
KOpeKTeH BMOpaLIMOHEH KOHTPOI.
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MECHANOCHEMICAL SYNTHESIS OF ZINC SELENIDE IN INDUSTRIAL MILL
FOR PHOTOCATALYTIC DEGRADATION OF AZO DYE

Nina KOSTOVA, Marcela ACHIMOVICOVA, Martin FABIAN

Abstract: Nanocrystalline ZnSe was prepared by mechanochemical synthesis in industrial mill from the
mixture of Zn and Se powdered precursors. XRD measurements indicate the formation of the cubic
modification of ZnSe. An application of the industrial mill verified the possibility of a large-scale
mechanochemical production of ZnSe semiconductor at ambient temperature and in a short reaction
time. The photocatalytic activity of the mechanosynthesized ZnSe was evaluated by photodegradation
of Methyl Orange dye under visible light irradiation.

Keywords: ZnSe, industrial vibratory mill, mechanosynthesis, photocatalysis, Methyl Orange

1. INTRODUCTION

Environmental pollution is one of the greatest problems in the world and consists of three basic
types of pollution, namely: air, water, and soil [1]. Wastewater effluents from textile industries are
severe threat to environment and human health [2]. The azo-dyes constitute the largest portion present
in wastewaters from textile industries. Various technologies have been developed for remediation of
dye contaminated colored water such as adsorption, ozonation, photocatalytic processes, biological
treatment, etc. Photodegradation is one of the process projected to remove pollutants from the
environment [3, 4]. In the past decades semiconductor photocatalysts have attracted considerable
attention for a long time in the field of photochemistry because of broad applications in the solving of
the environmental problems [5]. Conventional semiconductor photocatalysts are mostly oxides,
especially TiO, but which can only absorb UV light. Exploration of visible-light photocatalysts with high
catalytic activity is currently a hot research topic. Zinc selenide belongs to group of II-IV
semiconductors that have been the focus of attention for various applications. The preparation routes
of ZnSe have been hydrothermal [6], solvothermal [7], chemical bath deposition [8], combustion
synthesis [9], electrosynthesis [10]. De Lima and co-authors were the first to have investigated the ball
milling technique for preparation of ZnSe mixture [11, 12].

Mechanochemical synthesis of various chalcogenide semiconductors has been described in the
several works [13-17]. This preparation route concerns with the solid state reactions induced by
mechanical energy. Gock and co-authors have described the industrial production of nanoscale metal
sulfides by means of reactive grinding [18].

The aim of present work was to prepare the nanocrystalline ZnSe by mechanochemical synthesis
in an industrial mill in short reaction time. The photocatalytic activity to Methyl Orange azo dye under
visible light irradiation was investigated.

2. EXPERIMENTAL PART

The mechanochemical synthesis of ZnSe nanoparticles was performed by milling of the mixture of
zinc(97% mean particle size 39 um, Ites, Slovakia) and selenium powders (99.5%, mean particle size
46 pm, Aldrich, Germany) in the industrial eccentric vibratory mill ESM 656-0.5 ks (Siebtechnik,
Germany), according to the following reaction: Zn + Se = ZnSe. The reaction is thermodynamically
possible because of the negative value of enthalpy change AH g = - 159 kJ mol™.

The following conditions were used for mechanochemical synthesis in the industrial eccentric
vibratory mill: loading of the mill — material of 5 | milling chamber and balls — tungsten carbide, the balls
(30 mm in diameter) with the total mass of 17 000 g, mass of Zn — 45.3 g, mass of Se — 54.7 g, milling
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atmosphere — Ar, the rotation speed of motor — 960 rpm, the amplitude of the inhomogeneous
vibrations — 20 mm and milling time 15 min.

X-ray diffraction measurements were carried out using a X'Pert diffractometer (Philips,
Netherlands), working in the geometry with CuKa radiation. The JCPDS PDF database was utilized for
phase identification. The crystallite size values of the product was calculated from (111) reflection using
Scherrer equation [19].

The specific surface area was determined by the low-temperature nitrogen adsorption method
using a Gemini 2360 sorption apparatus (Micromeritics, USA).

The diffuse reflectance UV—vis spectra for evaluation of photophysical properties were recorded in
the diffuse reflectance mode and transformed to absorption spectra through the Kubelka-Munk
function. A Thermo Evolution 300 UV-vis Spectrophotometer (ThermoScientific, USA), equipped with a
Praying Mantis device was used. The reflectance data were obtained relative percentage reflectance to
a no absorbing material (spectralon) which can optically diffuse light.

The photocatalytic activity of all samples was determined by photodegradation of organic azo dye
Methyl Orange (MO) under visible light illumination. At first, 0.10g of prepared ZnSe was suspended in
100 mL of MO solution (10 mg L™). The obtained mixture was subjected to stirring in the dark for 30
min to achieve adsorption-desorption equilibrium. Then, the mixed suspension was kept under visible
light illumination. At a given time interval, 3 mL of mixed suspension was sampled and centrifuged to
eliminate the photocatalyst. The residual concentration of MO was estimated at 463 nm using a
SPEKOL 11 (Carl Zeiss Jenna, Germany) spectrophotometer.

3. RESULTS AND DISCUSSION
Fig. 1 shows the X-ray powder diffraction pattern of the mechanosynthesized product formed after

15 min milling in the industrial vibratory mill. The cubic phase was formed.
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Fig. 1. XRD pattern of mechanochemically synthesized ZnSe in the industrial mill

The XRD analysis of the mechanosynthesized ZnSe product confirmed its nanocrystalline nature.
Calculated crystallite size using the reflection of ZnSe (111) plane was 10 nm for prepared
nanoparticles and their specific surface area was 2.3 ng'1.

The optical properties of semiconductors are related to their band gap energies. Therefore UV-vis
diffuse reflectance spectrum of mechanosynthesized ZnSe powder semiconductor was measured and
the result is shown in Fig.2. The experimental results indicated that the mechanosynthesized ZnSe
powder shows good visible light absorption and remains stable at longer wavelength event up to 1000
nm. This result is in accordance to the color of the sample which was brownish.

The band gap energy was calculated by modified Kubelka-Munk function, F(R) [20]:

F(R) = (1-R)’/2R = K/S, (1)

where K and S are the absorption and scattering coefficients, respectively. The absorption coefficient a
is related to the incident photon energy by means of the Tauc’s equation [21]

ahv = C(hv - E))"”? (2)
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where C is proportionality constant and hv is the proton energy. The band gap energy was calculated
from the slop of graph against photon energy hv by extrapolating the linear fitted region to (oxhv)2 =0
[21] (Fig. 2, inset). The band gap of mechanochemically synthesized ZnSe is 2.3 eV, which is narrower

than that of bulk ZnSe (2.7 eV).

Reflectance (a.u.)

whv? (eVzcm'z)
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Fig. 2. Diffuse reflectance spectra and plot of (ahv)2 versus photon energy of
mechanosynthesized ZnSe.

The photocatalytic activity of mechanosynthesized ZnSe was examined through the degradation of
Methyl Orange (MO) azo dye in aqueous solution at various time durations. We decided the MO as a
target pollutant because it is good model compound, stable under light irradiation. Dye pollutants are
major source of environmental contaminant. Azo dye accounts for over 50 % of total number of dye
structures known. These dyes are non-biodegradable and show a relatively high persistence in soils
and aquatic systems. The characteristic absorption of the MO dye at A = 463 nm was selected to
monitor the photocatalytic degradation process. The molecule of MO is relatively stable in aqueous
solution. The control analyses show that degradation of MO is negligible without visible light irradiation
or in the absence of ZnSe photocatalyst.
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Fig. 3. Photodegradation curves of the MO dye solution under visible light in the presence of
mechanosynthesized ZnSe (1) and without photocatalyst (2).
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As illustrated in Fig. 3, 60 % of the MO azo dye decomposed after exposure to 120 min under
visible light in the presence of the mechanosynthesized ZnSe. The photodegradation of MO under
visible light irradiation, catalyzed by the mechanosynthesized ZnSe fits pseudo-first order reaction i.e.
In Co/C = kt, where Cy and C are the initial and actual concentration of MO, respectively, and k is the
apparent rate constant of the degradation. In our experiment k is found to be 3 x 10" min™. The linear
relationship between InCy/C and time 7 can be achieved for photodegradation curve of ZnSe (Fig. 4).
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Fig. 4. Degradation kinetic of MO with mechanosynthesized ZnSe under visible light irradiation

The reusability of the ZnSe was also studied. The absorbance spectra of the MO dye solution in
the presence of ZnSe with irradiation after 120 min were recorded.

o}
o
L

g
"M

Ll
g

o
N
L

[—
N
A B

3
Recycling Times

Fig. 5. Recycling activity of ZnSe for MO degradation
After each examination, the ZnSe was immersed into fresh MO azo dye solution of the same

concentration for another cycle. This process was repeated 4 times. A slight decrease in the
degradation rate was observed and may be attributed to the unavoidable loss of ZnSe into solution
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during the experiment. The results are given in Fig. 5 and demonstrate that the mechanosynthesized
ZnSe can be used as an environmentally safe, effective and recyclable photocatalyst.

The ZnSe absorbs visible light with an energy of hv with exceeds the band gap energy of the n-
type semiconductor ZnSe to generate electron (e-) and hole (h+) pairs. The energy of the band gap of
the mechanosynthesized ZnSe estimated from the DRS is 2.33 eV. It is helpful to generate higher
electron and hole pairs. The holes are subsequently trapped by absorbed H,O on the surface of ZnSe
to generate highly reactive hydroxyl radicals (*OH). Correspondingly O, acts as an electron acceptor
from the conduction band to form a superoxide anion radical (*O;) which combines with protons to
generate *OOH. The radical*OH can also be generated from the trapped e- after formation of the
radical *OOH. These radicals including *OH and *O", present extremely strong oxidizing properties and
are able to degradation the MO [22]. It is regarded that oxidative degradation of azo dyes such as MO
is generally caused by the subsequent attacks of *OH radicals [23]. After addition of *OH radicals to
the aromatic group MO the carbon atom bearing the azo bond, followed by the hydroxylated ring is
opened to finally yield CO, gas, H,O via oxidation steps, shown as follows MO + <OH/°O-, >
(intermediates) 2 CO, + H,0 [24]:

4. CONCLUSION

ZnSe nanoparticles have been successfully synthesized by mechanochemically route. The
industrial vibratory mill has been proved as the effective reactor for solid state synthesis of ZnSe
nanoparticles starting from zinc and selenium as reaction precursors. The final ZnSe material
possesses the cubic structure. The mechanosynthesized ZnSe was demonstrated as effective,
environmentally safe and recyclable photocatalyst under visible light.
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Abstract: Seismic-tectonic shear zones of the Earth’s crust produce an enormous amount of
kinetic energy as a result of inter-block friction and seismic waves. The kinetic energy causes
destructive deformations and activation of the rock system and its shear zones, which transform later
into constructive creative processes, e.g. crystallization in new rocks of the damaged broken mass.

Keywords: friction process evolution, friction and waves, geotribology, seismic waves, energy

Pe3tome: CeuaMomeKkmoHCKUMe 30HU Ha cpsidgaHe 8 3eMHama Kopa npou3gexoam 02poMHO
KOu4ecmeo KuHemuy4Ha eHepausi ecriedcmeue Ha Mex0y6/10K080Mo MpUeHe U Ceu3MUYHUMe 8bJTHU.
KunemuuHama eHepausi npuduHsea decmpykmusHa Oeghopmauusi U aKmueusupaHe Ha ckarHama
cucmema, MO-KbCHO mpaHcopMupaHa 6 KOHCMYKMUSHU Ccb3udamesnHu npouecu  Kamo
Kpucmanusauyusi Ha nogpedeHama pa3buma maca 6 Hogu cKarsu.

Knoyoeu Oymu: egonouyusi Ha npoueca Ha mpueHe, mpueHe U 8bilHU, 2eompuborioaus,
CeU3MUYHU 8bJTHU, eHepausi

1. INTRODUCTION

The Earth's crust is a living organism in a state of eternal movements. Tectonic processes like
earthquakes, collision, folding, faulting, thrusting, subduction and obduction provide formation of a
great number of shear zones of friction, which appear on various scale level: mega - transcontinental
zones, mesozones observed on outcrops, microzones, and submicro- or nanozones in the crystal
lattice. Various triboprocesses develop in these zones during tectonic movement.

A wave effect - a specific derivative form of friction outside the shear zones manifested as
eclogitization on the serpentinites, was noted [1,2] in the Eastern Rhodope Mountain. The shear zones
of friction and wave action, as well as the changes induced by them on the rocks are object of research
and study of the interdisciplinary science geotribology [3-6].

Geotribology has been developing for more than ten years in the Society of Bulgarian Tribologists
as a branch of the Overall Tribology and a particular trend in the group of Earth’s sciences studying the
transformation of rocks in seismic-tectonic zones under the influence of kinetic energy [5-7].
Geotribology traces the energy link between destructive and constructive processes in the Earth’s
crust.

The aim of the paper is to present a brief review on friction and wave effects on the geological
processes in the Earth’s crust based on the energy balance of the interaction of bodies during friction.

2. TRANSFORMATION OF ENERGY DURING FRICTION
Friction - the resistance to movement — is a global natural phenomenon of energy transformation

and dissipation during the joint work of surfaces in contact. Numerous experimental and theoretical
studies explore the effect of friction on the physical-chemical properties of matter and formulate the
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thermodynamic principles of tribology. According to the energy model, friction is considered as process
of transformation and dissipation of energy and process of elasto-plastic deformation localized in the
surface layers of the interacting bodies [8-10].

Friction results of two opposite simultaneous trends: Accumulation of potential energy by the
deformable contact and release (dissipation) of that energy. The first one defines the effect of
deformation and damage; the second one - the heat effect of friction. Based on the energy balance
equations of friction and the structural-energy relationships in the contacting surfaces evolution, the
adaptive-dissipative character of the evolution of tribosystems can be tracked [9,10] (see Fig. 1). It
reflects the competitive (dialectical) nature of friction, the variable friction surfaces compatibility and the
nonlinear dynamics of friction evolution. Friction evolution goes through stages.

According to the thermodynamic balance principles of friction, the evolution curve has a number of
principal points (1 to 5) of the transient stages of the tribosystem. Between these points are located the
most characteristic areas of tribosystem’s nonlinear behavior, as follows:

0-1- section of static friction and deformation strengthening; 1 — limit deformation strengthening
point; 1-2 — stage of pumping of excessive energy; 2 — point of seizure and transition from external to
internal friction (critical non-stability); 2-3 — stage of dissipative structures formation (heat fluctuation in
the friction volume); 3 — minimum compatibility point; 1-2-3 — self-organization area; 3 —4'- stage of
compatibility; 4 - point of abnormal low friction; 5 — point of heat seizure. The points of synergy are the
points of specific equilibrium states of the contact. Between them are the sections of structural-energy
transformation. Three main sections — a triadic friction process evolution, are observed:
Deformation/destruction (under external energy impact); Culmination — transition from external to
internal friction; and Regeneration of the system at a new level and with new structures (formation of
dissipative protective structures).

Self-organization emerges with the fulfilment of a synergy principle: availability of the combined
(joint) effect and balance between the two opposite trends: accumulation of internal energy by the
deformable contact body and release/dissipation of energy with forming of dissipative structures.

The evolution of the contact follows the development of opposite trends immanent in the friction
process, i.e. the transformation of energy (degenerative /negative processes and constructive
/regeneration processes), aiming an optimistic end — preservation of the system on a new level with
new structures.

Analogy with above model and general diagram of the structure-energy evolution of frictional
contact and to the considered energy approach is developed below concerning friction processes in the
frictional zones, i.e. the geotribozones between blocks of rock in the Earth’s crust (see Fig. 2) [6].

3. GEOTRIBOLOGICAL PROCESSES IN THE SHEAR ZONES OF FRICTION
3.1. Evolution of the frictional contact between rocks. Energy influence inside the tribozones.

Being a branch of tribology and an interdisciplinary science of the group of geosciences,
geotribology considers the contact interaction during friction between blocks or layers in the seismic-
tectonic zones within the Earth’s crust and the transformation of rocks and minerals there under the
influence of tectonic energy. Tectonic zones in the Earth’s crust emerge always with fracture between
blocks. When the tectonic stresses in a given section reach critical values, the rock blocks that have
been in a state of rest or preliminary displacement are brought to a relative motion. The initial moment
of relative motion associates with a sudden and abrupt change of the state of rest to state of movement
and is manifested as a shock of destructive effect, transforming the tectonic zones into seismic
tribological zones. An immense amount of energy is produced in the friction zones, which is completely
sufficient to ensure the high temperature and pressure required for crystallization of new mineral
associations, e.g. for the HP/UHP eclogite crystallization [5].

Similarly to the general structure-energy evolution of friction (see Fig. 1), three main branches of
friction process evolution are observed in the geotribozones (see Fig. 2): 1. Deformation/destruction
and melting of rock in the interface of the contacting blocks (under tectonic energy impact); 2.
Culmination — maximal activity of triboprocesses and transition from external to internal friction; 3.
Regeneration/crystallization of the system at a new level and with new structures [6].
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Fig.1. Evolution curve: General diagram of
the structure-energy evolution of a
tribosystem (a deformable frictional
contact volume) [9]

Evolution of the contact begins with the first, destructive stage; it is progressive stage as
sequence of development. Destruction starts with elastic and plastic deformation, followed by
brecciation, cataclasis and mylonitization of the rocks. Point, line and planar defects emerge even in
the mineral lattice. The inner dislocations and shift of the crystal structure lead to fracture and
fragmentation of the minerals. In an advance stage of deformation, the crystal chemical bonds tear to
complete decomposition of the minerals, reaching molecular and atomic level till to exoemission of ions
and electrons and to formation of melts.

At the second stage of maximal activity of triboprocesses, specific thermodynamic circumstances
in the tribozone are established. The kinetic energy, supplied by tectonic movements, transforms to
thermal one. The internal energy increases, the free energy decreases, the entropy and enthalpy also
change. Due to all mechano-chemical and tribochemical processes, the temperature, pressure and
chemical activity increase considerably. The cumulated effect of tribo-processes can provoke extremely
high temperature and pressure in the narrow closed space of the tribozone. The high concentration of
energy into confined space accompanied by a high velocity of friction can for a moment bring a
temperature “explosion”, so in an instant the temperature increases to more than 1000°C [5].

A specific feature of the triboprocesses is the preservation of higher temperature and pressure
only in the narrow space of a tribozone while beyond its boundaries temperature and pressure
decrease rapidly. The tribozone may be considered as a closed or semiclosed thermodynamic system
comparable to an autoclave in which chemical reactions reach local equilibrium.

The third stage is regressive regarded as sequence of evolution and constructive from the point of
view of creation of new mineral assemblages. The supply of tectonic energy has stopped, however the
system is still charged with a high amount of stored energy. The tribozone still does not exchange
mass but it is no more closed and exchanges energy with the environment. Temperature and pressure
begin to decrease with a speed depending on the depth level of the tribozone, although in any case
much slower than the rapid, even in some cases, flash increase during the progressive stage of the
tribological process. This is a stage of new crystallization and consolidation of the tectonic zone. Upon
reaching the crystallization point, the activated mass is structured at the appropriate temperature and
pressure, which are still much higher than those in the environment. The newly crystallized minerals
are normally high-thermobaric anhydrous silicates and oxides, with a dense crystal lattice. The melts
crystallize in new high-thermobaric mineral assemblages containing sometimes micro-diamonds and
coesite. In the shallow levels of the Earth’s crust, glassy pseudotachylites may occur due to a rapid
cooling of the melts, however, going deeper, the new rocks show a granoblastic structure. The velocity
of structure growth is much lower than that of the rate of melting. Temperature T and pressure P begin
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to decrease with a speed depending on the depth level of the tribozone, and yet anyways much slower
than the rapid, even flash increase during the progressive stage of the tribological process.

At the same time, out of the tribozone the country rocks are composed of lower thermobaric
minerals. The newly crystallized high thermobaric mineral associations are synchronous but
heterofacial to the mineral assemblages of the host rocks.

The entire thermodynamic situation in the Earth’s crust is changed by the evolution of
geotribological friction processes. lllustration is given further with the example of fault/leap shear zone
formation and the change of the thermodynamic situation under the influence of tectonic energy (see
Fig. 3).
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Fig. 3a - the rock system before tectonic
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Fig. 3d - result: tectonic movement: a faulting,
Fig. 3c— additional latent energy in the zone movement down, the layers are dislocated,
new thermodynamic situation, anisotropic
distribution of T and P

It follows from the foregoing considerations that a solid mass forms out of melt during the process
of crystallization during the constructive stage. It is significant to note that crystallization may also take
place as rapid restructuring under the tectonic energy impact, with fast passage through the individual
stages and practically without forming a melt. Both cases prove that the friction process evolution
regarded through the model of synergy and energy transformation has led to an optimistic trend -
preserving and extending the life of the system with its components of new mineral structures.
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3.2. Energy influence outside the tribozones. Wave impact.

Friction—vibration interactions refer to a wide variety of dynamic phenomena in mechanical
systems consisting of a sliding interface. The interactions between friction and vibrations could
substantially influence either the vibrations of mechanical systems, or the friction, or both. On one
hand, friction in a dynamic system with a sliding interface has the role of exciting vibrations; on the
other hand, the vibrations of the system and the variation of normal forces affect the real contact area
and interface properties, and thus the friction itself. A related area is also the friction-induced vibration
[11-13]. In a broad sense, friction and vibration are interactive and coupled. Friction influences vibration
and friction is also influenced by the vibrations of the dynamic systems within which they are

generated.

The action of one body sliding on the surface of another can cause the propagation of elastic
waves. These waves can, in turn, affect the observed friction behavior. Such waves can be in different
forms (see Fig. 4). An example is the elastic interface wave, which is qualitatively similar to a surface
wave that can exist on the free surface of an elastic body, e.g. a water surface. The existence of such
waves is believed to have also an effect in geotribology.
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An important fact is that the tectonic energy influences not only directly the friction between rock
blocs in the tribological zones but also outside them. It is known from the geophysics that the friction in
its three modifications: sliding, rolling and striking/impact, produces mechanical waves, e.g. seismic
waves. Propagating outside the contact zone, they cause mobilization and vibration of the particles in
the contact zone. The component particles start to fluctuate around their equilibrium positions.

The seismic-tectonic event provides shock body waves, which propagate as a longitudinal P-wave
(primary compression wave) and a transversal shear S-wave (see Figs. 4 & 5). Longitudinal P-waves
form rhythmic zones of dilatation and compression, which result in rarefaction and condensation of
particles. The second type — S wave or secondary transverse shear wave is slower than the P-wave.
The particles fluctuate in two directions: one perpendicular to the first ones and the other to the
direction of propagation (see Fig. 5) [1,14].

The mechanical vibrations and waves caused by friction, lead to deformation and instabilities in the
components of a tribosystem. Thanks to the energy of tectonic process in geological systems,
vibrations and seismic waves from outside the contact zone affect friction in the contact between
geological plates and result in further instabilities and dynamic behavior in bulk and contact zones. On
the other hand, waves caused by friction have also reverse influence upon the contact intensifying the
instabilities in the contact system.

The evolution of friction influences mechanics and thermodynamics, as well as the whole energy
conditions of the Earth’s crust.

4. CONCLUSION

1. Friction is a global process of joint action of two surfaces in contact. Issues of the energy
approach to friction point out that synergy (joint action) of the two frictional surfaces activates
the mechanisms of transformation and dissipation of their external motion energy with balance
of the joint action of two interrelated and opposite tendencies: accumulation of internal energy
and its release/dissipation with forming of dissipative structures.

2. Geotribology is extremely favorable for exploring friction on mega, meso, and micro level
scales. The paper highlights the energy relation of the destructive and
constructive/regeneration processes during friction in the shear zones/the geotribozones
between blocks of rock in the Earth’s crust, and the formation of new mineral assemblies. The
thermodynamic anisotropy in the Earth’s crust is emphasized. The evolution of friction
influences mechanics and thermodynamics situation of the Earth’s crust.

3. The paper pays special attention to the effect of waves and seismic waves inside and outside
the geotribozones on the processes in the Earth’s crust.

4. Above analyses lead to new hypothesis about the genesis of some rear rock species.

REFERENCES

1. KOzHOUKHAROVA, E. Eclogitized layered serpentinites in the East Rhodope block. — C. R. Acad.
Bulg. Sci., 49, 6, 69-71, 1996

2. KoXyxApOBA E. PutmuuHa npukoHTakTHa Kpuctanusauus. - Cn. KoHtaktu, Tom 17, 02, (106),
usg. TEMTO, Cocpus, 2017, pp 9-13 (in Bulgarian with an English abstract)

3. ZHANG SIWEI, WANG HONGBO, Geotribology — The Application and Progress of Tribology in
Geoscience, Earth Science Frontiers, 2002

4. STACHOWIAK GWIDON, BATCHELOR ANDREW, Engineering Tribology, 4™ edition, Butterworth-
Heinemann, September 2013

5. KOZHOUKHAROVA E., Apﬁ)lication of Tribo-principles in Geology. An example for Tribochemical
Genesis of Eclogites, 6" Intern. Conference on Tribology BALKANTRIB, Sozopol, Bulgaria,
2008

27



10.

11.

12.

13.

14.

15.

KOZHOUKHAROVA, E. Geotribology — a new view on the tectonometamotphism. — R.Bul. Geol.
Soc., 77, 2-3; 51-60, 2016

KoxXyxXAPOBA E., ACEHOBA E., eoTpnbonorusi: UHTEpAUCLMNIIMHAPHOCT, EHEPTUNHA U
CUHEpPrMnHKU ecpekTn B TPMOBO30OHNTE Ha 3eMHaTa kopa. - Cn. KoHTaktu, Tom 17, 04, (108), nag.
TEMTO, Codoms, 2017, pp 3-15 (in Bulgarian with an English abstract)

®EnorPoB C.B. OcHoBbI TPMOO3ProguHaMmkn 1 n3nMKo-XMMmMIeckme npeanochiliiky Teopum
coBmecTumocTu. — KanuHuHrpag.: KI'TY, 2003 (in Russian)

FEDOROV S.V. Energy balance of friction and friction coefficient in energetic interpretation, 14"
Int. Conf. SERBIATRIB’15, Belgrade, 2015, pp. 563-571

FEDOROV S.V., ASSENOVA E. Synergy and Self-organization in Tribosystem'’s evolution. Energy
Model of Friction. 2018 IOP Conf. Ser.: Mater. Sci. Eng. 295 012028

ADAMS G.G. Contacts Involving Wave Propagation. In: WANG Q.J., CHUNG Y.W. (eds)
Encyclopedia of Tribology, Springer, Boston, MA, 2013

Friction-Induced Waves. In: WANG Q.J., CHUNG Y.W. (eds) Encyclopedia of Tribology,
Springer, Boston, MA, 2013

NOSONOVSKY M., ADAMS G.G., Dilatational and shear waves induced by the frictional sliding of
two elastic half-spaces. Int. J. Eng. Sci. 39, 1257-1269, 2001

KOzHOUKHAROVA, E. Eclogitization of serpentinites into narrow shear zones from the Avren
syncline, Eastern Rhodopes. — Geochem., Miner. and Petrol., 35, 29-46, 1998 (in Bulgarian
with an English abstract)

Ublas A., BUFORN E., Principles of seismology, Cambridge University Press, 2017

28



Tribological Journal BULTRIB Vol. 7, 2018

Papers from the 13" International Conference BULTRIB '18 ".

25-27 October 2018, Sofia, Bulgaria

Society of Bulgarian Tribologists "
FIT — Technical University of Sofia

WU3CNEOABAHE HA N3HOCOYCTOUYUBOCTTA HA BUCOKOA3OTHM
XPOMMAHIAHOBU CTOMAHU

INVESTIGATION OF THE WEAR-RESISTANCE OF HIGH
NITROGEN CHROME-MANGANESE STEELS

Xpucto APTMPOB, ABop JIYKAPCKHU, Cawo NMOMOB

Abstract: The wear-resistant of high nitrogen (till 1% N) chrome-manganese austenitique
steels contain 10% Mn, 25% Cr and silicon and vanadium as perspective wear-resistant material is
investigated. Increasing of the wear-resistant of the investigated high nitrogen austenitique steels is
established thanks to considerable strengthening to the solid solutions and to the deformational
strengthening. By the values of the wear-resistant in the conditions of abrasive wear the high nitrogen
chrome-manganese steels with Si are of the level of the conventional steels. In the conditions of rolling
friction the high nitrogen chrome-manganese steels essentially exceed the nitride ferromagnetique
38CrMoAl steel and the nonmagnetique aged 40Mn14Ni9Cr3AIV steel.

Keywords: wear-resistant, high nitrogen steels, abrasive wear, rolling friction

5. BbBEOEHUE

EoHO OT HanpaBneHusiTa 3a pellaBaHe Ha cTpaTernyeckus npobnem ¢ yabmkaBaHeTO Ha
paboTHMS LMKBN Ha MHAYCTPUANHU MaLUMHU 1 MHCTPYMEHTU € 3aMaHaTa UM C TakMBa, NpoM3BeaeHN OT
HOBM NN noaobpeHn maTepuanu C MOoBULUEHM eKkcrnoaTauuoHHK cBoncTBa [1]. Kakto e u3BecTHO,
KayecTBeHaTa MeTanypruss € meTtanyprusi Ha CTOMaHu U CnraBu C MOBULUEHW eKcrnnoaTaunoHHU
cBOMCTBa. Ts Mo3BONsiBa Cb3daBaHETO Ha HOBW UMW nogobpsiBaHe Ha WM3MNOM3BaHWM OO MOMEHTa
CTOMaHu 1 cnnaBu CbC CreumnanHn cBoMcTBa. HoBMUTe CTOMaHM M cnnaBu npuTexaBaT Heobxoanmmns
KOMMMNEKC OT MeXaHW4YHU U  (U3NYHU  CBOWCTBA, KaTo MNPEBBL3XOXOAAT CBOWCTBATa Ha
KOHBEHLMOHaNHNTE Mapky cToMaHu. bnarogapeHue Ha NoBULLIEHUS KOMMMEKC OT CBOWCTBA, OT efHa
CTpaHa, N OT apyra-bnarogapeHve Ha MOHWXABaHETO Ha EHEepPruriHuTe, Ha MaTepuanHute u Ha
apyrute pasxogu 3a MpOM3BOACTBO, CTOMaHUTE MMAT pecypc 3a AbnrocpoyHa pabota. EgHo ot
HanpaBneHusaTa B Pa3BUTMETO Ha KayecTBEHaTa MeTanyprusi € Metanyprusita nog HansaraHe. Tosa e
MeTo[ 3a MnofyyaBaHe Ha HOBM CTOMaHW M CMnaBu Nof HandraHe Nno-BMCOKO OT aTtMocdepHoTo. B
VHCTUTYTa N0 MeTano3HaHue, CbOPBXKEHNA N TEXHONOMMN C LLEHTBLP MO XMAPO U aepogmHamuka ,Akaa.
A. banesckn“ kbm bbnrapcka akagemunsa Ha Haykute (MMCTLXA-BAH) ca cb3gageHu TeopeTuyHu
OCHOBM B 00facTTa Ha NnermpaHeTo CbC CBPbXPABHOBECHW KOHLIEHTPaLMM a3oT U Cb34aBaHETO Ha HOB
KNnac CTOMaHW-BMCOKOA30THW CTOMaHM WU TEXHOMOMMW 3a TAXHOTO MPOM3BOACTBO MO METoAMTE Ha
mMeTanypruata nog HansraHe [2]. B ocHoBaTa Ha TEexXHOMOrMYHMTE KOHLENUWM Cca 3anoXeHu
opurMHanHuTe Obnrapckm MeToou 3a feeHe ¢ npoTtuBoHansraHe (MJIM) n  enekTpoLunakoBo
npetonsBaHe nog HandraHe (ELWUMH). Metogute MIIM w ELWMNH mMmaT OoCHOBHWM npegumcTBa npu
NpPOM3BOACTBOTO Ha CTOMaHu U NEermpaHeTo UM € a3oT: a30oTbT Ce pa3npenenis paBHOMEpPHO B obema
Ha Onoka, TbMA KaToO Ce BbBeEXAa B TeyHaTa BaHa, KOATO WMHTEH3MBHO ce pa3bbpkBa U ce
XOMOTEHM3MPa; Bb3MOXHOCT 3a TOYHO perynmpaHe Ha KOHLEHTpauusiTa Ha a3oTa; 3amsiHa Ha CKbMnn
nervpawm enemMeHTn (HUKen); NNaBHO U paBHOMEPHO 3ambfiBaHE Ha Kokunata ¢ metan. B cneacrteme
Ha TEXHOMOrMYHOTO HansraHe ce npou3BeXxaaT KayeCTBEHO HOBU B CpPaBHEHME C KIACMYECKOTO
pasnuBaHe 6nokoBe: C nogobpeHa CTPykTypa, BUCOKA MABLTHOCT M NO-Manka MbpTBa [NaBa;
YHVUBEPCANHOCT MpuW MoflyYaBaHe Ha pasfMyHM Mapku fiermpaHyu CTomaHu, ocobDeHO B CbyeTaHue C
ELUMH [3].

C HanuuHaTa nabopatopHa 6asa B Cb4YeTaHWE C Hay4yHMS W TEXHOMNOMMYHMSA MOTeHuman B
MMCTLUXA-BAH ca cb3gageHu pasnuyHyM HOBU MapKM CTOMaHW C NMOBULUEHO CbAbpXXaHWe Ha a3oT U1
TEXHOMOMMM 3@ THAXHOTO MPOU3BOACTBO: Obp30pexeLyn, ropeLLowamnoBy, CTyAEeHOLAMMNOBMY,
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KOHCTPYKUMOHHM 1 apyrn. [lokasaHo e, Ye BMCOKOa30THUTE cTomaHu nputexasaTt mexay 30 n 150%
NO-BUCOKN MEXaHWYHM NnokasaTenu B cpaBHeHWe ¢ 6e3a30THUTE aHano3u. Taka Hanpumep, 3a pexeLum
WHCTPYMEHTU, n3paboTeHn OT BMCOKOa3oTHaTa ctomaHa P6A2MS (aHanor Ha P6M5, DIN S 6-5-2) e
YCT@HOBEHO MOBMLUEHWE Ha eKcnnoaTauuMoHHUTe nokasaTtenu ot 38 o 100%. Ypes neeHe nopg
HamnaraHe (Mnu c NPOTUBOHanNsAraHe) MoraT Aa ce NPou3BeXAaT HEMarHUTHU XPOMMAaHIraHOBU CTOMaHu
(BKMIOUNTENHO ANCNEPCUOHHO-TBBPAEEeLN), cbabpxawm ao 35% Cr, 20% Mn, 4% V, 3% Sin 1% N [2,
4].

YBENMYEHNAT ekcnnoaTalMoHEeH pecypc Ha MOAMOXEHUTE Ha TPUEHEe eNeMEHTW Ha MallvHU U
WHCTPYMEHTU € CBbp3aH C npobnema 3a NoBMLLABAHE Ha W3HOCOYCTOMYMBOCTTA HA WU3MON3BaHUTE
ayCTEHUTHM CTOMaHu. EQuH OT edeKkTMBHMTE METOAM 3a MOBMLUABAHE HA M3HOCOYCTOMYMBOCTTA Ha
CTOMaHWTE € a3oTMpaHeTo. M3non3BaHWTe B MPOMULLIIEHOCTTA BMCOKOTEMMEPATYPHU PEXUMU Ha
asoTupaHe (ta3oT>650°C) ocurypsiBat noflydyaBaHe Ha JocTaTbyHa AbMOOYMHA Ha TBBPAOCTTA Ha
NMOBBPXHOCTHWS CMON, HO AOBEXAAT OO0 MOHWXKaBaHe Ha AKOCTTa Wi OKPEXKOCTSBaHE Ha CbpueBMHaTa
Ha pfeTavna W, kKaTto creacTeMe, QOO0 TOHWKaBaHe Ha TEXHUA eKchnroaTauuMoHeH pecypc.
M3HOCOYyCTOMYMBOCTTA Ha MHOTO KOHCTPYKLMOHHM CTOMaHW € MNpsiko CBbp3aHa C TAXHaTa SKOCT
(TBBPAOCT), KOATO CbLUECTBEHO 3aBUCKM OT XUMWYECKUS CbCTaB Ha cToMaHuTe. bnarogapeHve Ha
3HAYNTENHOTO YysikYaBaHe Ha TBbpAWTE pasTBopy M Ha [edOpPMaUMOHHOTO  ysAK4aBaHe,
BMCOKOA30THUTE ayCTEHUTHN CTOMaHN ca NepcrnekTMBHU KaTo M3HOCOYCTOMYMB HEMArHMTeH MaTtepuarnn.
Ysk4yaBalLloTO AeNCTBUE Ha a30Ta NpeBuLLaBa TOBa Ha XpOMa UM MaHraHa. 3aBMCUMOCTTa Ha SIKOCTTa
Ha BMCOKOA30THWUTE ayCTEHUTHU CTOMaHMW OT KOHLEHTpauusiTa Ha a3oTa uMa NIMHeeH xapakrep.

Llen Ha HacTosiwaTa paspaboTka € u3crnefBaHe Ha M3HOCOYCTOMYMBOCTTA Ha BMCOKOA30THM
XPOMMaHraHOBM CTOMaHW KaTo MNepCrnekTMBEH N3HOCOYCTOMYUB MaTepumarn.

6. EKCMEPUMEHTAITIHA YACT

EkcnepumeHTanHute cbetasm ca nonydeHn B UMCTLIXA-BAH Ha vHcTanaums 3a nponsBOACTBO Ha
a30THW N BMCOKOA30THM CTOMAaHW OT Hamn-pasnu4HKu knacose Ha duvpmata Leybold Heraeus-I'epmaHus
[2]. MNMpownsBoacTBEHUAT arperat npeacrasnsaBa MHAYKUMOHHA MeLly ¢ TUren 3a CTonsiBaHe Ha CToMaHa B
konuyecTBo Ao 10 kg ¢ BB3MOXHOCT 3a paboTa nog BakyyM, Npu aTMoCcqepHMX YCroBUS U Nog HansaraHe
po 3 MPa. Cxema Ha newrta e nokasaHa Ha ®dwur. 1, a obw BuA Ha wHcTanauusata Ha dur. 2.
WHcTtanauusita nossonsisa ob6emMHO HacullaHe Ha CTOMaHuTe C asoT, KaTo ferMpaHeTo C asoT ce
OCblLECTBSABa upe3 TBbpAM a3oTvpaHu depocnnasBu (a3oToHocuTenu). B 3aBucumocT oT mapkata
CTOMaHa ce AOCTUraT BCUYKW XKeraHu 3a CTOMaHOA00MBaHETO KOHLUEeHTpauum Ha asoTta. 1o To3m HaumH
Ce 3aMeHAT CKbNW nervpawy enemMeHTn U ce noflyyaBaT CTOMaHW C NogobpeHn Mim HOBW CRyXebHu
CBOWNCTBA.

Que. 1. Cxema Ha uHcmanayus 3a due. 2. O6w, 8ud Ha UHCManayus 3a rnosiy4yasaHe
JNeeHe nod a3zomHo HansizaHe: 1 - Ha cmomaHu c 610K 3a ynpaeJsieHue
wJr0308a Kamepa; 2 - omeop 3a
HabsmodeHue; 3 - nynm 3a ynpaeJsieHue;
4 - popma 3a nneeHe; 5 - aemoksiae; 6 -
UHOYKUUOHHa neuwj
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N3cnegBaHa e W3HOCOYCTOMYMBOCTTA Ha BMCOKOa3oTHM (4o 1% N) aycTeHuTHM cToMaHw,
cbabpxawm 10% Mn, 25% Cr 1 pasnuMyHo KonuyecTso cunuuuin u BaHagun: 3%Si, 1%V (cbectaB 1);
3% Si (cbctaB 3); 2% Si (cbctaB 4). Crtomanute ca npowussegeHn B WMCTUXA-BAH B
cyllecTByBalllaTa MHCTanauns 3a MHOYKUUMOHHO TOMEHe Npu CBPbXPaBHOBECHO HamnsraHe Ha asoTa.
Cnutbunte ca npecoBaHu npu 1180°C Ha 3aroToBkK, KOMTO ca 3akansasaHu ot 1150°C. CtomaHaTa,
CcbObpXallia BaHaauK, crnep 3akansiBaHe e noanoxeHa Ha ctapeeHe npu 650°C B npoabmkeHne Ha 10
h.

N3nuTBaHMATa Ha abpasvBHO W3HOCBaHe ca npoBedeHW B MHCTUTYTA MNo MeTanyprust u
maTepuanosHaHue ,A. bankos* (MMET-PAH) Ha maluvHa 3a TpMeHe 3a BUCOKU KOHTaKTHWU HamnsraHus
no cxemarta ,BbpTslla Ce pofka-nb3ra4” CbC CMa3ka BpeTeHHO Macno. KaTto KoHTpaTtano e
n3nonseaHa ponka ot ctomaHa 100Cr6, TepmoobpaborBaHa o TBbpaoct HRC-63. CkopocTtta Ha
BbPTEHE Ha pofikaTa € MNOCTOsiHHa BenuuuHa M paBHa Ha 0,5 m/s. O6wWoOTO BpemMeTpaeHe Ha
nmanuteaHeto e 20 min. HaTtoBapBaHeTo nocTeneHHO € fgoBedeHo Ao 1 kg, cpaboTBaHeTo Ha
KOHTaKTHUTE MOBBPXHOCTU MpogbikaBa 5 min, cned KOeTO HaTOBapBaHETO e yBenu4yeHo Ao 2 kg.
KoHTakTHOTO HandraHe npu ToBa € 62 kg/mmz. M3HocBaHeTO Ha obpaseua e onpefensHo no
CTOMHOCTUTE Ha AedPOPMUPYEMOTO METHO (UNN METHOTO Ha CbMPUKOCHOBEHUETO). KoednuneHTbT Ha
TpueHe e onpeaensaH no dgopmynara f,=F/P, kbaeto F-cuna Ha TpueHeto; P-cuna Ha HopmanHoTo
HansraHe.

CTeHOoBUTE U3NUTBaAHUA B YCIOBUATaA Ha TPUEHe Npu TbpKandHe ca npoBefeHu nNpu BbpTeHe B
NPOTUBOMOSIOXHA MOCOKa Ha ABovika pornku (anametbp 28,7 mm) cbe ckopocT 360 n 425 o6/min un
cneundunyHo npunnb3saHe 15% cbc cmaska MC-20. lpu BcaAko HaToBapBaHe oOpasuuTe ca
n3nuTBaHM B npoabikeHne Ha 40 h. MsHocBaHeTo e omnpegensHo no 3arybata Ha TternoTo [5].
EpHOBpeMeHHO € u3cnegBaHWTE CTOMaHM Cca WU3NUTBaAHW KOHTPOMHM obpasum oT depomMarHuTHaTa
nsHocoyctonumBa ctomaHa 38CrMoAl, oT crtapeewara aycteHutHa ctomaHa 40Mn14Ni9Cr3AIV un
HecTapeelyaTta aycteHuTHa ctomaHa X10CrNiTi 18 9, DIN 1.4541.

3.NONYYEHU PE3YNTATU U AHATNIN3
[MonyyeHuUTe eKkcnepumeHTanHu pesyntaTin 3a CTOMHOCTUTE Ha M3HOCBAHETO U Ha KoeduumneHTa

Ha TpueHe B yCIioBUATaA Ha 86pa3MBHO N3HOCBaHe Ca npeacraBeHn B Tabnuua 1.

Ta6bnuuya 1. U3Hocoycmoliivyueocm u MUKpomebpdocm Ha aycmeHUmMHuU
cmomaHu csied usnumeaHe Ha abpa3ueHo U3HOC8aHe

Cncmase Cmomana O6pa6omka o lMnow; Ha Mukpomenp-
Ne u3HoceaHe, mm docm
YR
1 Cr M’;’z 3" Si 3akansieame 0,130 2,48 435
0, H 0,
2 CrMnN, 3/0 Si, 1% iakanﬂeaHe 0,124 0,69 460
cmapeeHe
3 CrMnN, 3% Si 3akKaJsisisaHe 0,125 3,02 458
4 CrMnN, 2% Si 3aKasisieaHe 0,220 33,3 372
5 40Mn14Ni9Cr3AIV 3a+"'+ cmapeeHe 1, 142 3,87 815
azomupaHe
6 X10CrNiTi 18 9 3aKasisieaHe 0,340 64,2 246

AHanNM3bT Ha NONy4YeHUTE eKCnepuMeHTanHW pesyntatM Ha CTOMHOCTUTE Ha M3HOCBaHETO U Ha
KoedumLMeHTa Ha TpueHe Ha CTOMaHuMTe B YCNoBuUsiTa Ha abpasvMBHO M3HOCBaHE MokKasea, 4e
KOMMMEKCHOTO NernpaHe Ha XpoOMMaHraHoBM CTOMaHu C a3oT U CUNULUIA B KONUYECTBO CbOTBETHO 1 1
3% (cbcTtaBu 1-3) ocurypsisa no-BUCOKO CbMNPOTUBIIEHNE KbM M3HOCBaHE B CpaBHEHME C a3oTupaHaTta
ctomaHa 40Mn14Ni9Cr3AlV. CtapeeHeTo Ha BUCOKOA3OTHaTa XpOMMaHraHoBa CTOMaHa, CbabpKalla
BaHaauh (cbectaB 1), AOMbMAHUTENHO NOBULLABA U3HOCOYCTONYMBOCTTA B CPaBHEHME CbC 3aKaneHoTo
CbCTOsAHME.

YCcTaHOBEHa € fMvHenHa 3aBMCMMOCT Ha M3HOCOYCTOMYMBOCTTA OT HAaTOBApBaHETO M BPEMETO Ha
nanuteaHe (dur. 3). CkopocTTa Ha HapacTBaHe Ha M3HOCBAHETO crieq npuinandgaHe Ha KOHTaKTHUTE
NMOBBPXHOCTM PSA3KO HamMansiBa Npv yBenunyaBaHe Ha cbabpkaHneto Ha N n Si B cTomaHaTa (cbcTaB
4). MNpn cbabpxkaHme B ctomaHata Ha 1% N n 3% Si (cbctaBum 1-3) ckopocTTa ocTaBa MOYTU
NOCTOSIHHA.
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due. 3. 3asucumocm Ha KoeghuyueHma Ha mpueHe fmp om HamoeapeaHemo P (kg) /a/ u Ha
omHocumesiHomo usHoceaHe (I=f,’- f,,”, kbdemo f,,’ u f,,”” — cmoliHocmu Ha KoeghuyueHma
Ha mpueHe cCbOMEEeIMHO 8 Kpasi Ha usnumeaHemo U 8 Kpasi Ha npuwnalighaHemo) om epemMemo
Ha usnumeaHe cned npuwnaligare /b/ npu abpa3usHo usHoceaHe Ha uscnedeaHume
cmomaHu. ugppume Ao nuHuume dasam HoMmepa Ha cboMmMeemHUsi cbcmae 8 mabnuyama

CobrnacHo [5] 3a MHOro MeTanHW MmaTepuann C XOMOreHHa CTPyKTypa wu3HocBaHeTo (/) Ha
MOBBPXHOCTTA 3aBUCU OT HenHata TBbpaocT (H;), or TBbpAocTTa Ha KoHTpatanoto (H,) u e
npubnmnautenHo pasHo Ha / = H4-1,5 x H,-1. CpaBHEHMETO Ha mony4eHnTe No Tasu chopmyna AaHHu C
eKcrepvMeHTanHnTe pesyntaTtv Moka3ea, Ye eKCMepMMEHTANIHOTO M3HOCBaHE € Marko Mo-rofsiMo B
CpaBHEHME C TEOpPeTUYHOTO. Ta3n pasnvka B M3HOCBAHETO € CBbp3aHa CbC CTPYKTYPHUTE O0COBEHOCTU
Ha u3cnedBaHUTE CTOMaHM U MO-TOYHO C OCOBeHOCTWTE Ha pasnpedeneHueTo U C pasmepa Ha
yactuumMte Ha yskvaBawata ¢asa. [lpy enekTpOHHO-MUKPOCKOMCKO m3cregBaHe Ha ob6pasuu crieq
n3nMTBaHe B YCroBusiTa Ha abpasmMBHO M3HOCBAHE BbPXY TsIXHATa MOBBPXHOCT Ca YCTAHOBEHW MBULN,
LUMPOYMHATa Ha KOUTO U pa3CToAHMATa MEXAY TAX 3aBUCAT OT HMBOTO Ha M3HOCBaHeTO. [Mpu no-manko
M3HOCBaHe e HabngaBaHO MO-rONAMO PasCTOsiHME Mexady uBuuMTe, obpasyBaHu OT abpasvBHUTE
yactuum (dwur. 4)
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@ue. 4. Mukpoghomozpadghuu (x1000) Ha noe bpxHOCMMa Ha o6pa3yume om XxpoMMaH2aHoeu
cmomaHu: cbecmase 4 /a/ u cbcmae 3 /b/ cned abpa3ueHo usHoceaHe

ToBa gobpe ce cbrnacysa ¢ TBbpPAOCTTa Ha CTOMaHuTe. HannumeTo B CTpykTypaTta Ha CTOMaHVITe c
BMCOKO CbAbpXXaHWe Ha a30T U CUIMLMIW Ha ronamo komuvectso Tebpau (H=1570 kg/mm ) XpOMOBM
HUTpMam oT Tvna CroN, paBHOMEpHO pasnpederneHyn B ysikdeHaTa OT as3oTa ayCTeHUTHa matpuua,
MoBULLIABA HEMHOTO CBLMPOTUBIIEHNE KbM abpasvBHO u3HOCBaHe. B cTomaHaTa, cbabpXallia BaHaguwm,
OOMBIHUTENHO YysikieHa OT OTAensilwMTe ce Npu crapeeHe OpebGHOAMCNEPCHW BaHagWEBU HUTPUAM
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(H=1520 kg/mmz), TO3N edekT ce ycurnea, HO HEroBOTO HapacCTBaHe ce onpenernii OT CbOTHOLLIEHNETO
Mexay pasmepuTte Ha oTgenswmTe ce Yyactuum VN n Ha abpasvBa (B gageHus crnyyan kapbug ot tuna
Me;C ¢ H=840 kg/mm2 ). AKO YacTuumTe Ha ysikyaeallaTta dasa ca 3HauuTenHo no-gpebHu B cpaBHEHME
C YacTuuute Ha abpasmBa, TO TEXHUAT NPUHOC HE € ronsam 1 3aBUCKM OT BENWYMHaTa Ha HapacTBaHe Ha
AKOCTTa 3a CMeTKa Ha ANCNEPCUOHHOTO TBbPAEEHE.

M3nuTBaHMATa Ha BUCOKOA30THUTE CTOMaHMW, NErMpaHn CbC CUNULMIA, B YCNOBUSTA Ha TpUeHe npwu
TbpKansHe NOTBbpAMXa TAXHaTa NOBULLEHA U3HOCOYCTOMYMBOCT (Pur. 5).

CymapHarta 3aryba Ha Terno Ha porku, n3paboTeHn OT ayCTEHUTHU XPOMMAaHraHoBM ctomaHu ¢ 1%
N, 3% Si, 1% V (cbctaB 1), oT asoTupaHata aycTeHuTHa cTtomaHa 40Mn14Ni9Cr3AlV wn ot
MapTeHauTHaTa ctomaHa 38CrMoAl crnepn nsnuTBaHe Npy BUCOKU KOHTAKTHU HanpexeHnust oo 80 kg/mm2
e cvotBeTHo 0,001; 0,02 n 0,018. N3HOCOYCTONYMBOCTTaA HA BUCOKOA30THUTE CTOMaHu € Ao 20 mbTu no-
BMCOKa B CpaBHEHWE C NpeaBapuTernHo asoTvpaHata u 0e3asoTHaTa ayCTeHWTHa U MapTeH3WTHa
ctomaHu. [Npu uscnegsaHe € nomoluTa Ha pacTepeH enekTPOHEH MUKPOCKON Ha MOBbPXHOCTTa Ha
porkiTe cneg wsnutBaHe e HabnogaBaHa rragka (6e3 NUTWHIOBO paspyllaBaHe) MOBBbPXHOCT.
[MOCrnovHOTO M3MepBaHe Ha MWKPOTBBLPAOCTTA Ha M3NUTaHUTE PONKU OT BMCOKOA3oTHaTa CTOMaHa
(cectaBn 1 n 3)- dur. 6, nNokasea HanmuumMe Ha TbHbK (=20 Pm) MNOBBLPXHOCTEH CMOW C BUCOKA
MukpoTeBbpaocT (H=600 kg/mmz), CbOTBETCTBALL, HA HUCKOTO HMBO Ha TBbPAOCT Ha paboTHMA a3oTupaH
CIoW Ha MHOTO CTOMaHW.
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®ue. 5. 3asucumocm Ha 3azybama Ha Que. 6. UsmeHeHUe Ha MuKpomebpdocmma
meanomo (AP) om koHmakm+omo no ceyeHuemo Ha obpasey om
HanpexeHue (6,,.,) Npu mpueHe npu euUCOKoa3omHama cmomaHa csied usnumeaHe
mbpKaJisiHe 3a CMoMaHU CbC cbcmaesu 2, 3, 5 Ha mpueHe npu mbpKasnsiHe (8,,,=80 kg/mmz;
(uugppu Ao nuHuume) u 3a cmomaHa Tusn=240 h).

38CrMoAl cned asomupaHe (kpuea 7)

OT KOHUEHTPaUMOHHUTE KPUBU Ha pasnpeaerieHre Ha CUnMums 1 Ha asoTa, NonyYyeHu ¢ nomMoLuTa
Ha PEeHTreHoB MWKpOaHanu3aTop, He ce ycTaHoBM oboraTs#BaHe C Te3n enemMeHTU Ha 30HaTa ¢
noBuLieHa TBbPAOCT. MUKPOCTPYKTYPHUAT U PEHTFEHOCTPYKPYPHUAT aHanMsn nokasaxa Hanuuve B
TO3X MNOBLPXHOCTEH cnon Ha apebHosbpHecTa (d,=10 pm) aycTeHuTHa CTpyKTypa C ronsmo
KONMMYeCcTBO He MHOro egpu (<2 pm) Hutpugn. CbrnacHo AaHHWTE OT MUKPOPEHTreHOCMeKTpanHus
aHanus, B CbCTaBa Ha HUTPUMAMTE OCBEH XPOM WM a30T BMAM3aT CUNUUMA M Bbrmepod. 1o To31 HauuH,
nuncata Ha AedopmauMOHEeH MapTEeH3WUT M Ha cerperauus Ha nervmpawmTte efnemMeHTU B Cros C
noBULLIEHA TBBPAOCT NO3BOMsABA NOsyYeHaTa N3HOCOYCTONYMBOCT HA BUCOKOA3O0THUTE XPOMMaHIaHOBU
CTOMaHW Ja ce OTHece 3a CMeTka Ha AedOpMauUMOHHOTO YysK4yaBaHe Ha aycTeHWTa C ronsiMo
KONMMYECTBO HUTPUAHM YacTuuu. HesHauyuTenHoTo yBenuvyeHue Ha W3HOCBaHETO C HapacTBaHe Ha
HaToBapBaHeETO MNOTBbpXA4aBa Ka3aHOTO MO-fope, TbW KaTo BWCOKOA30THWTE CTOMaHW ce
Xxapaktepusmpatr € 0Obp30 HapacTBaHe Ha nNMbTHOCTTAa Ha AucroKauuviTe Mpu nnactuyHarta
Aedopmaums, OcMrypsiBallo HempeKkbCHaTO NogabpKaHe Ha BUCOKO HMBO Ha TBBPAOCTTa Ha BBHLUHUSA
CroW nNpuv 3anasBaHe Ha NacTUYHOCTTa BbB BbTPELLHUTE 06emu.
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4. 3AKINIOYEHUE

YCTaHOBEHO € noBulaBaHe Ha W3HOCOYCTOMYMBOCTTA Ha W3CneaBaHWTE BUCOKOA30THU
ayCTEHUTHU CTOMaHu OGrnarogapeHue Ha 3HaAYMTENHOTO YsKYaBaHe Ha TBbPAMTE Pas3TBOPU U Ha
AedopmaLnoHHOTO ysikiaBaHe, 6e3 obpasyBaHe Ha AedopMaLMoHEH MapTeH3NT. 1o CTOMHOCTUTE Ha
N3HOCOYCTOMYMBOCTTA B YyCrnoBuMsiTa Ha abpasmBHO M3HOCBaHe BuUcokoas3oTHUTe (~1% N)
XPOMMaHraHOBM CTOMaHW, CbObpXally CUMULMKA Ca HA HUBOTO Ha KOHBEHLMOHaNHUTEe cToMaHu. B
YyCINoBMsATa Ha TPUEHE MNpV TbpKansHe BMCOKOA30THUTE XPOMMAHIaHOBM CTOMaHW CbLUECTBEHO
npeBb3xoXaaT azoTupaHaTa depomMarHuTHa ctomaHa 38CrMoAl 1 HemarHuTHaTa cTapeella cToMaHa
40Mn14Ni9Cr3AIV.
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GRAPHENE - SOME BASIC ASPECTS

Juliana JAVOROVA, Svetla LEKOVA, Sandra SOVILJ-NIKIC, Virgil ILIUTA

Abstract: The work aims at presenting the relatively new material graphene, which is of great
interest due to the favorable combination of remarkable mechanical, thermal, chemical and electrical
properties, as well as its expected wide application in the near future. Brief information on the history of
its discovery, its structure and properties, some major applications to date, and expectations for future
research are provided. Particular emphasis is also placed on the outstanding tribological characteristics
of graphene, which increase its attractiveness for application in micro and nano devices and systems.

Keywords: graphene, carbon, 2D material, tribological characteristics

1. INTRODUCTION

The paper aims at presenting the relatively new material graphene, which is of great interest due
to the favorable combination of remarkable mechanical, thermal, chemical and electrical properties, as
well as its expected wide application in the near future.

In recent years, a whole family of two-dimensional (2D) crystalline materials have been identified
and analyzed. As their representative, graphene is the world's first 2D material to represent a single
layer of carbon atoms. Due to its enviable properties, since its isolation it has captured the attention of
scientists, researchers and industry around the world.

The paper gives in synthesized form brief information about the history of its discovery, structure
and its properties, some major applications at the time, and expectations for its future use and new
research.

Furthermore, its exceptional tribological characteristics are emphasized. Due to its superior
strength, graphene has great potential to be used as an ultra-thin protective coating for various
precision components. It turns out that various graphene coatings can be successfully used to reduce
friction and wear in nano-, micro- and macro-mechanical applications. However, the conditions under
which graphene serves as an effective protective coating remain a function of the operating
parameters.

2. HISTORY

Theoretically, the graphene has been studied by P. R. Wallace as early as 1947 as a starting point
for exploring the electrionic propertiesof 3D graphite.

However, for the first time, graphene is isolated in 2003 at the University of Manchester by both
Russian researchers Prof. Andre Geim and Prof. Konstantin Novoselov.

The method of isolation used is somewhat rudimentary: Using a sticky tape strip, both scientists
remove from the lump of graphite thin flakes, which transfer to a silicon substrate, noting that some of
the flakes are thinner than others (Fig. 1). By separating the graphite fragments sequentially and
repeatedly, they manage to separate flakes with a thickness of only one atom [1]. Their experiment
leads to the isolation of graphene for the first time.
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Fig. 1. Atomic Force Microscopy (AFM) picture of a monolayer of graphene, [1]
(the black area is the silicon substrate, the dark orange is a mono layer of graphene with
thickness of~ 0.5 nm, the bright orange part contains a few layers with thickness of~ 2 nm)

The discovery is so bizarre that at the beginning even encounter skepticism from the scientific
community [2]. The journal Nature even rejected twice their article about the experiment and results.
Ultimately their research with the description of the preparation, isolation, identification and
characteristics of graphene were published in 2004 in the journal Science [3]. Six years later, in 2010
Geim and Novoselov win Nobel Prize in Physics for their discovery [4].

3. STRUCTURE, PROPERTIES, FORMS
3.1. Structure and properties

Graphene is a unique material that should be considered as composed of spz-bonded carbon
atoms, which form a stable, self-retaining sheet with a thickness of only one atom.

In other words, graphene is a single layer (flat sheet) of carbon atoms, forming a finite number of
hexagonal lattices, similarly to a flat honeycomb [5], but that is a million times thinner than a sheat of
paper (Fig. 2). In turn, the graphite, the most common type of carbon in the form of lead pencils, has
substantially a structure consisting of multiple layers of graphene stacked one above the other. In fact,
one millimeter of graphite consists of three million layers of graphene stacked on top of one another.

% Oo e o ® :

Fig. 2. Graphene atoms are arranged in hexagonal lattices

Namely the already described arrangement of the graphene atoms predetermined its
enviable electrical and mechanical properties (strength) and good electrical and thermal
conductivity, which are higher than those of copper. Due to its two-dimensional structure (which
is maintained even at room temperature), it is extremely thin and flexible, which, along with its
other properties, makes it a unique material that can be used in aviation, automotive, electronics,
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battery manufacturing and many more. lIts field of action can be greatly expanded, as graphene
can be combined with other elements and then the resulting substances with each other.

Graphene is called "material-miracle" because of its superior properties and the scientists are still
looking for various potential applications. It is thin and flexible but stronger than diamond and it is, in
fact, the strongest material ever tested, with an intrinsic tensile strength of 130 GPa and a Young's
modulus of 1 TPa [5]. Graphene is very light and weighs only 0.77 mg/m® At the same time it is
transparent, highly electrically and thermally conductive and impermeable to most gases and liquids [1,
5, 2].

All these unique properties of graphene lead to the rapid disclosure of its potential applications
shortly after its isolation.

3.2. Forms of the graphene

It is known that carbon can exist in several different allotropic forms.

The most common form is graphite, which is composed of hexagonal carbon sheets (layers),
which are glued on each other [1, 6]. Diamond is the most stable form of carbon and is formed under
high pressure.

With their discovery, Geim and Novoselov show that from graphite can be isolated a single carbon
sheet, as it remains stable in an isolated state. The single carbon sheet is called graphene (Fig. 3).

Fig. 3. Two different schemes for presenting the forms of
graphene - graphite, fullerenes, carbon nanotubes

Fullerenes are a new form of molecular carbon [1, 6]. Generally speaking, they contain 60 carbon
atoms and looks like a soccer ball, formed by 20 hexagonal and 12 pentagonal structures. This is what
allows them to form a sphere.

Closest to fullerenes quasi-one-dimensional forms of carbon - the carbon nanotubes [1, 6] have
been known for several decades but monoatomic nanotubes are known since 1993. They can be
formed from graphene sheets that are rolled into a tube and their ends are hemispherical, like
fullerenes.

Graphene-like structures have been known since the 60's of the 20th century, but as mentioned
above, at this time there are still experimental difficulties in isolating single carbon sheets [1, 6].
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4. APPLICATIONS AND FUTURE RESEARCH

Due to its numerous positive characteristics, graphene has been the subject of intensive research
for potential applications. Remarkable in so many ways, graphene inspires scientists to think of a wide
range of applications in various fields (Fig. 4), such as consumer technology and environmental
science.

If that material goes into mass production, flexible devices, superfast quantum computers,
electronic clothing as well as devices that can communicate with cells in the human body may soon be
expected.

Scientists at the University of Manchester [7] state that, in addition to its powerful electrical
properties, graphene is of the few materials in the world, that are simultaneously transparent, flexible
and good conductors, and together these properties are extremely rare in one and the same material.

This makes it ideal for use in portable electronic devices. With the application of graphene-
technologies smartphones and tablets could become much more durable, thinner, faster and cheaper
than silicon-based ones. It will be able to create extremely compact touchscreens and smartphones
that have the thickness of a sheet of paper and can be folded to make it more convenient carrying them
in the pocket [8]. Samsung has already begun production of flexible displays and next-generation
devices. The latter are already a fact from last year, but according to some information references the
graphene-technologies are not fully integrated into these products. With graphene these devices can
be made even more useful, designed to fit snugly around the limbs and to bend when necessary. Of
course, Samsung is not the only company looking for ways to use the wonder material. Researchers
from IBM, Nokia, SanDisk, etc. have been experimenting with graphene for a long time trying to create
miniature sensors, transistors and Solid State Drive memories.

However, the flexibility and microscopic width of graphene also provide useful opportunities in
biomedical research. Miniature sensors and devices can be created with material graphene, capable of
moving easily and harmlessly through the human body, analyzing tissues, or even delivering drugs to
specific areas.

Graphene is both highly conductive and transparent. As such, it has great potential as a material
in solar panels and solar cells.

Usually, solar cells use silicon, but they provide approximately 25% efficiency in the conversion of
solar energy, which is significantly less than the estimated 60% efficiency of graphene solar cells [2].
Although to the current time studies in this area are still theoretical, studies of graphene solar cells are
continuing and their effectiveness is increasing.

Because of its high conductivity, graphene can be used in semiconductors to significantly increase
the speed of information transmittion.

Recent tests have shown that semiconductor polymers conduct electricity much faster when
placed on a graphene layer than on a layer of silicon, and this applies even with a thicker polymer
layer.

The tight atomic bonds of graphene make it impermeable to almost all gases and liquids with
water being the exception. Since water can be evaporated by graphene while most other gases and
liquids cannot, graphene can be an exceptional filtration tool [2].

Graphene can be especially useful for purifying water from toxins. There have been published
studies, which showed that oxidized graphene can even retrieve radioactive materials such as uranium
and plutonium present in water, leaving the liquid free of contaminants. Furthermore, thanks of
graphene it could be possible to clean nuclear waste and chemical runoff, considered as some of the
biggest environmental hazards to the current time.

It is well known that overpopulation continues to be one of the most pressing environmental
problems in the world. In that relation, providing drinking water will become increasingly important.
Graphene filters (with dozens of times less energy requirements than reverse osmosis ones for filtering
the seawater) have a huge potential to improve water purification and by this way to increase the
amount of fresh water available.
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Fig. 4. Applications of graphene

Graphene is 100% resistant to all acids and corrosion. Graphene based paint has already been
developed that can practically be considered eternal.

A battery for cell phones based on graphene and silicon has been created in the United States,
lasting up to a week with a single charge, while the latter lasts only 10 minutes. China has already
produced graphene batteries for smartphones that charge up to 80% of their capacity in a minute. This
type of battery is expected to charge electric vehicles in just a few minutes.

Other potential applications of graphene include new ultra-strong composite materials that are
incredibly thin, elastic and lightweight used in satellites, aircraft, automotive, and many more.

5. SOME TRIBOLOGICAL ASPECTS

Exceptional mechanical properties, high chemical stability and a very low coefficient of friction of
graphene predetermine its treatment as a promising 2D solid lubricant, as well as the thinnest antiwear
and corrosion-resistant coating.

In that relation, miniaturized devices with high surface/volume ratios, such as micro- and
nanoelectromechanical systems, are a suitable object of future tribological application of graphene.
Moreover, thanks to its excellent strength characteristics [9], graphene has great potential for use as an
ultra-thin protective coating for various precision components exposed to contact stress.

The various graphene coatings, graphene as a lubricant and as a reinforcing material in a metal
matrix can be successfully used to reduce friction and wear in a wide variety of other tribological
applications. In this regard, numerous studies are being conducted around the world.

Some reaserch related to applying graphene protective coatings as a nanoscale solid lubricant
have been described in the review papers [9, 10]. Graphene is primarily considered as a nanomaterial
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and, in this regard, research is predominantly devoted to the tribology of graphene at the nano level
(Fig. 5). AFM is the most commonly used tool for conducting such kind of research (Fig. 6).

Fig. 5. Simulation of a spherical nanoasperity sliding over a graphene film (gray bonds)
supported by a substrate of rigid atoms (red bonds)
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Fig. 6. (a) Bright-field optical microscope image of graphene sample; (b) Topographic and
friction (forward scan) images measured simultaneously by AFM;
(c) Friction on areas with different layer thicknesses, [10]

As one of the first tribological studies on graphene could be mention the work of Lee et al. [11],
where is given an experimental determination of the friction forces and the coefficient of friction for
graphene and graphite. Experiments show that the behavior of graphene and graphite is quite different,
although these materials have a similar surface in terms of morphology and chemical structure.

On the other hand, the tribological characteristics of graphene coatings depend on the adhesion
between the coating and the particular substrate [12]. The coefficient of friction is influenced by
different parameters, as well as by the material on the original substrate, such as the coatings on nickel
have a lower coefficient than the coatings on copper (Fig. 7). The characteristic parameters of the
friction and wear of the multilayer graphene are improved when graphene is tightly bonded to the
particular substrate and shows nanoscale changes in thickness. At the same time, for multilayer
graphene, AFM studies have confirmed that as the number of graphene layers increases, the friction is
reduced (Fig. 8).
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Fig. 7. (a) Friction force as a function of load and (b) coefficient of friction for
graphene samples. /Gr- graphene/, [12]
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Tribological research in microscale show that the introduction of defects in the graphene increases
friction [13]. Tribological studies of graphene as a lubricant additive clearly confirm that it reduces
friction and wear regardless of weather conditions (wet or dry) and also acts as a perfect passivation
layer. Macroscale studies show that graphene layers largely suppress the friction and wear of sliding
interfaces.

Decreasing sliding friction of steel on steel with the addition of graphene flakes as a solid lubricant
[10] is explained by the low shear and the highly protective nature of graphene resulting from its ability
to increase the surface load capacity [13]. Moreover, when graphene is defected, it loses its ability to
provide less friction and wear.

The literature review shows that the graphene has already been used for improving the tribological
performance of the nano, micro and macro level in a variety of applications at room temperature.
Extensive research is needed on the use of graphene and for applications at high temperatures such
as those in the space industry, internal combustion engines, etc. [14].
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Fig. 8. (a) Four-layer suspended graphene assembly. (b) Contact force vs. Friction force and
the corresponding friction coefficients as function of number of layers, [10]

Together with other remarkable characteristics of the graphene, it is non-toxic and environmentally
friendly. In addition to using graphene as a surface coating or solid lubricants, graphene sheets are
also considered as 'green' lubricant additives since graphene contains the elements C, H and O
instead of N, S, P and heavy metals. Furthermore, graphene has no toxic particles.

The ftribological properties of graphene oxide nanosheets in mineral oil have also been
investigated under boundary and mixed friction and under elastohydrodynamic conditions [15]. The
experiments concern to the monitoring of the reduction of friction due to the addition of nanosheets
dispersed in oil. The results clearly demonstrate that the lubricant based on graphene platelets forms a
protective film, thus preventing direct contact between the steel surfaces and improving the lubrication
of the base oil. In testing the graphene as a lubricating additive in greases [16], it was found that as
compared with the graphite, the multilayered graphene as an additive for bentonite lubricating grease
reduces the friction and wear, but also significantly improves the thermal stability and load capacity of
lubricating grease.

As mentioned above, graphene is gaining interest as a unique and attractive material that is used
in many applications such as electronics, mechanical and tribological systems. Despite the ultra-thin
nature of graphene sheets, they are effective in reducing friction and wear, not only at contact loads on
a microscale, but also at relatively high loads with and without lubricant and also partially under high
temperature conditions. It has been found that graphene is effective even on metal substrates, with
typical surface topography [14]. Using graphene as a lubricating additive and as a reinforcing material
the graphene nanoparticles contribute directly to the formation of tribologicalfilm which helps to reduce
the coefficient of friction.

Recent studies in the field of biosurface engineering (engineering surfaces for biomaterials) show
that graphene-based materials combine their excellent mechanical and tribological properties with good
biocompatibility and attractive antibacterial properties [17]. Therefore, graphene-based materials can
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also potentially be used for engineering surfaces of biomaterials for high-performance, long-lasting
medical devices and body implants (Fig. 9).
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Fig. 9.Tribological study of graphene in the field of biosurface engineering, [17]

With the growth of more economical methods for the synthesis of graphene, its use in
tribological applications is expected to increase steadily in the near future.

6. CONCLUSION

It is no coincidence that scientists claim that graphene has the potential to change our world
fundamentally.

Despite the long list of strengths of graphene, it is still not widely used. One of the main factors is
its high cost of production in large quantities, which limits its use in products requiring mass production.
So, as always the economiccal aspects influence significantly. Furthermore, when creating large
graphene sheets, there is an increased risk of small cracks and other material defects.

Research on graphene continues to be active despite mass production problems. Research
institutes of the University of Manchester, where graphene was first discovered are continually filing
patents for new methods relating to graphene - for its obtaining and applications. The same situation is
also observed in many research laboratories around the world. It is known that in few years ago the EU
approved the funding of one of its flagship programs specifically to support graphene research in the
field of electronics. As already noted, many major technology companies in Asia (including Samsung,
HTC, Huawei, etc.) are conducting intensive research on graphene. As the EU seeks to strengthen its
position in the face of Asia's explosive economic growth, graphene may be an important battleground
for international politics in the coming years [2].

The existence of limitations in the use of graphene does not currently prevent research teams from
seeking new applications, from light bulbs to body armor [5].

Obviously not all related to our expectations of graphene will be happen as soon as we want. It is
known that [2], the silicon was discovered in the mid-19th century, but it took nearly a century before
silicon semiconductors paved the way for the rise of computers. Whether graphene with its almost
mythical qualities can be the resource that would propel the next leap in our scientific and technological
development? Really only time will tell.
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TPUMEPHO BUONMPUHTUPAHE 3A TBKAHHOTO MHXEHEPCTBO
OnuaHa ABOPOBA

A6cmpakm: Pabomama npedcmaegsi Hakpamko CblUHOCMa Ha MpPUMepHOmMo 6UOMpPUHMUpPaHe
Ha Yoeewku mbkaHu. [adeHa e uHgbopMmayusi 3a emarnume Ha OCHOBHUS MPOUec, npurazaHume
Memodu u Mamepuanu 3a masu cpasHUmMesnHo Hoga mexHonoaus. OnucaHu ca HSIKOU ycrnewHu
npunoxeHusi Ha 3[] 6uoneyama u ca MapKupaHu O4YakeaHus 3a He2oeomo 6bOewo paszsumue.
lMokasaHa € 3Hayumocma Ha 6UOMPUHMUPaAHemMo Kamo CcmuMys 3a Hoea UHOycmpuasnHa
KOHBepeaeHUUsi Ha MeduUU U UHXEeHepu om pasfuyHU HanpasieHus.

Knrodosu ayMU: mpumepHO buonipuHmupaHe, buomMamepuarnu, MbKaHHO UHXeHepcmeo

1. BbBEOEHUE

BMONPUHTUHIBT (MeyaTt Ha BMOMOrMYHM CTPYKTYPY KaTo TbKaHW U OpraHv 3a TpaHcnnaHTauus) e
HoBa obmnacT Ha u3cnefBaHe M TexHWKa, KOSITO BKMKOYBA MPUHTUpAaLLM YCTPOWCTBa, KOMTO Bnarat
6uonornyeH matepuan. ObnrocpoyHa Uen e TexHonoruata ga 6bae ma3nons3eaHa 3a Cb3gaBaHe Ha
TbKaHW W OpraHy Unu Sopw LENn OpraHoBU CUCTEMU OT XKMBU OMOMNOTMYHM MaTepuanm.

TpyMepHUAT nevaTt 3a nonyyaBaHe Ha KNeTbYHWM KOHCTPYKLMW € NPeAcTaBeH 3a MbpBU MbT npes
2003 r. ot Thomas Boland ot Clemson University, naTeHTOBan M3non3eaHeTo Ha MacCTUIIEHOCTPYEH
nevat 3a knetku [1, 2]. BMoNpUHTUHIBT ce pasrmexaa KaTto MoTeHuManHo pelueHve 3a rnobanHus
HegoCTUr Ha AOHOPHW opraHn. OpraHuTe, KOMTO ca OunM ycrnewHo OTneyaTaHun U MPUIIoKEHU B
KnNnHM4Ha obCTaHOBKa ca MoCKM (Hamp. KoXa), CbAOBM (Hanp. KPbBOHOCHW CbOOBE), UK Kyxu (Hanp.
NMUKOYEH MeXyp).

BuomacTHno BuoxapTha

Que. 1. KomnoHeHmu Ha 6uonpuHmupaHemo

TpumepHoTto ( 3D ) GuonpuHTUpaHe ce Hapuya MpouechT NO Cb3[aBaHe Ha KMeTbYHW Lamnu B
onpefeneHo OorpaHUYeHoO MNPOCTPaHCTBO, W3MON3BalkM TEXHOMOrMMTe 3a TPUMEPEH Meyat, Karto
KNeTbyHUTE (DYHKUMM U XKM3HECNOCOBHOCT GuBaT 3anaseHu B npuHTMpaHus npogykt (dwur. 1). 3D
BUONPUHTMPAHETO M3Non3Ba Hav-Bevye MeToda C MOCMOMHO HaHacsHe Ha martepuanu, U3BEeCTHWU KaTo
BuomacTtuna, ¢ uen cb3gasaHe Ha NOAOBHM Ha TbKaH CTPYKTYPW, KOUTO Aa Ce U3nonsBsaT 3a HyxxauTe
Ha MeguuMHaTa M TbKaHHOTO WHXeHepcTBO. B cpaBHeHve c HeBuomnornyHusa neyat, npu 3D
BGuoneyaTbT Ce BKMOYBAT YCNOXHABALLM hakTopu KaTo n3bop Ha MaTepuanu, TUNoBe KNeTKU, hakTopu
Ha pacTexa n avdepeHumaumnaTa, Kakto 1 JOMbIHUTENHN TEXHUYECKM MPean3BuKaTenicTea, CBbp3aHn
C YYBCTBUTEMHOCTTA Ha XVBUTE KNETKM U U3rPaKOAHETO HA ThKaHuTe.

Llen Ha HacToswaTa paboTta e fa npeactaBu egHo KpaTko oboblueHne Ha npoleca, U3non3BaHu
METOAM, MaTepuanm 1 HAKON NPUIMOXEHUS HAa TPUMEPHOTO BUONPUHTMPAHE.
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2. MATEPUANN

2.1. Budoee

Matepuanute 3a 3D neyat 0o6MKHOBEHO Ce CBbCTOAT OT anrMHaTHWM Unn GUOPUHOBM NoNUMeEpH,
WHTErpypaHn C KINeTbYHW agxXe3MOHHW MOMEKYNM, KOUTO nogabpxaT (PM3n4eckoTo npukpenBaHe Ha
knetkuTe [3]. TakmBa nonumepu ca cneyunanHo NPoeKTUpaHn Aa nogabpXxaT CTPYKTypHaTa cTabunHocTt
1 Oa Bb3nNpueMar KrneTbyHaTa UHTerpaums.

XvgporenHuTte anrMHaTh ca €4HU OT Hal-4ecTo M3NOoMn3BaHUTe mMatepuanu npu GuonpuHTUpaHe,
TbW KaTo Te ca MHOro afanTuMBHM U MoraTt ga 6baaTt pMHO HACTPOEeHU, 3a Ja CUMyNUpaT ONpeaeneHn
MEXaHW4YHM W OUONOrMYHM CBOWCTBA, XapaKTepHuM 3a ecTecTBeHaTa TbkaH. CnocobHocTTa Ha
xuaporenute gda 6baaT cbobpaseHM C KOHKPEeTHWUTE HYXXOM NO3BONsSIBA [a Ce M3MNon3eaT KaTo
afjanTMBHO cKerfe, KOeTO € MOAXOASIO 3a pasfMyHM TbKaHHU UMW OpraHWYHKM CTPYKTYpPU WU
msmonornyHn ycnosus [4].

Hai-o6Lw0 Ka3aHO OCHOBHUTE MaTtepuanu 3a GuonpuMHTUpaHeTo ca bnomacTuna (KneTku B3eTn oT
Guoncrsa unu CTBOMOBY KITETKN) U BUoxapTus (Xmaporer, KorareHn, HyTpueHTu u ap.).

HsKoM CxeMHM pelueHus 3a Te3um matepuann U TAXHOTO MHTEerpvpaHe B UANOCTHUSA Mnpouec Ha
OGuoneyaTaHeTo ca npefcTtaBeHun no-gony (o1 dur. 2 go dwur. 6).

L N

[a] [B] [c] [D] Blo-papar
Bioink spheroids Additional layers Bioink spheroids Final living
printed into layer printed to build fuse together and tissue
of hiopaper gel object bhiopaper dissolves

Call aggregate

Que. 2. Knemku om buomacmurio 8bpxy crioli om xudpozers Que. 3. KnembyeH agpecam
8bpxy buoxapmusi

Neural tissue

Cell types Skin lissue
Stem cells :
({IPSCs. ESCs, MSCs, ADSCs, AFSCs, MDSCs) Cardiovascular tissue
@ - Hepatic tissue
m Adipose tissue
A

syl Endothelial cells

Neurons F|broblas!5
Musculoskeletal tissue

[ —
e

L) o) e
Hepatocytes Smooth muscle cells

Osteocytes

Que. 4. Tunose knemku 8 pasfuyHu 8udose MbKaHU Ha HO0BELWKOMO Msifio

(a) hdECM (b) Hybnd of cdECM ¢) Hybrid of adECM
gel structure and PCL framework and PCL framework
! PCL framework PCL framework
(moderate, wide) § (hne)

%

\/ = =8
chCMg‘\lh’ aaECMg’ﬂ' - i
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Que. 5. lNpuHmupaHe Ha xudpozesnn kKamo Que. 6. bBuomamepuaru e npoyeca
ckene/mampuua Ha 6p0ewama mbKaH Ha buornie4yam
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2.2. Heo6xodumu ceolicmea Ha Mamepuanaume 3a 6uoneyam

YcnewHoTo npunaraHe Ha matepwanuTe, nsnonssaHu 3a 6uoneyat (buomactuna u GuoxapTtus),
npegnonara Te Ada npuTexaBaT CregHuMTe CBOMCTBa [5]: rogHoCT 3a neyaT; GMOCHBMECTUMOCT;
KMHETMKA Ha pasrpaxgaHe M HETOKCUYHOCT Ha BTOPUYHMTE NPOAYKTW Mpu pasrpaxgaHe; [odpu
HM3NKO-MEXaHNYHN CBONCTBA; OMOMUMUKPUSA Ha Bruomartepmanure.

3. MPOLEC

LisnoctHuaT npouec Ha 3D GuonpuMHTUMpaHEeTo NpoTU4a Han-obLo Ka3aHo B cnegHuTe Tpu eTana
[6, 7]: npenbuoneyart, buoneyat n noctémoneyvar (Pur. 7).

——— Components of
CAD
Bioimaging \ Organ Printing
Ao Technology

I Blueprint |
I. Pre-processing

[oemi,
v

Bioprinter

Il. Processing

Biomonitoring
A J /
| Bioreactor I

lll. Post-processing Bioprinting Process

®ur. 7. KOMNOHEHTW Ha TEXHOMOIUSITa 3a NPUHTUPAHE Ha TbKaHU 1 OpraHm

3.1. lMpedbuoneyam (pre-bioprinting; pre-processing)

lMpegbuvoneyatsbT e nNpouec Ha reHepupaHe Ha KOMMIOTbPEH MOAEen, KOWTO BMOCMeAcTBME Lie
ObOe cb3gageH oT OGUOMpuUHTEpa, KAaKTO M CbOTBETHWMS M30Op Ha Marepuanu, KouTo e Gbaart
N3Mon3BaHu 3a Ta3u Lern.

Kato 3agbmkuTeneH etan B Ha4anoto TpsAbea ga 6bae nony4yeHo TOYHO OUrUTanHo usobpaxeHue
Ha CbOTBETHaTa TbKaH UMM OpraH MOCpPeACTBOM CbLBPEMEHHWUTE METOOM M TeXHonorum 3a obpasHa
AunarHocTuka — KomniTbpHa Tomorpacua (KT) n agpeHo-marHute pesoHaHc (AMP). Bnocnegcteue ce
npaBn TomMorpagcka PEKOHCTPYKUMS Ha M3obpaxkeHusTa, KOMTO CBedeHM [0 OBYMEPHU MpPOEeKumM
(CAD) ce usnpawat Ha buonpuHTepa 3a CbOTBETHOTO MOCNONHO OTNeYaTBaHe.

Cnep kato obpasbt 6bae cb3gageH nocpeacteom KT w/unu AMP [5], onpeneneHn KneTtkm ot
TbKaHTa (B3eTW 4Ype3 BGuoncMa unu CTBOMOBM KIETKU) Ce mu3onupat M nognarat Ha pa3mMHOXaBaHe.
Brnocnegctene Te3n KNeTKM Ce CMecBaT CbC ChneumaneH BTEYHEH martepwarn, KOWTO ocurypsiea
KMCNOopOoa 1 XpaHUTENHN BELLECTBA, KOUTO NOAObpXKaT BUTANUTETA Ha KINETKUTE.

3.2. Buone4yam (bioprinting; processing)

Ha cneppawms etan ,6uoMactunoTro” OT KMETKW, MEXAYKNETbYHO BELLECTBO M XpPaHUTENHM
BELlecTBa Ce MOCTaBd B CbOTBETHaTa kaceta Ha GuonpuHTtepa. Npu Guoneyata GuomacTunoTo ce
OTnara B CbOoTBeTCTBME C MEeOUUUHCKM CKaHUpaHu I/I306pa)KeHVIF| Ha nayuneHTa. KoraTo
OvonpuHTMpaHaTa ‘Npea-TbkaH Obae npemecteHa B T.Hap. MHKybaTopwu, Ts ce pas3BmBa OO0 TbkaH. 3D
buonevyataHe 3a M3paboTBaHe Ha OMONMOrMYHM CTPYKTYPHU ENEMEHTU (TbKaHu/opraHu) Hamn-4ecTo ce
0a3npa Ha BMPbCKBAHETO Ha GMOMAcTUIOTO (KNEeTKM) BbpXy OMOCHLBMECTUMO ckerne (buoxapTtus),
N3nons3eankn nocriegoBaTenieH MOCMOEeH MNoaxod, 3a Aa ce reHepupaTl TbKaHOMoZoOHWM TpUMEpHU
CTPYKTypu. BaxxHO e ga ce otbenexu, ye nonyyeHmuTte ¢ 3D GuonpuHTMpaHe U3KYCTBEHM OpPraHn KaTo
Hanp. YepeH apob n 6GuOpeUn HIMAT XU3HEHOBAXKHN KOMMOHEHTU KaTo KPbBOHOCHW CbAoBe U Ap., 6e3
KOUTO € HEBBb3MOXHO OCUrypsiBaHe Ha KreTb4yHaTa XXM3HEecCrnoCOOHOCT M CTabuIHOCT Mo BpeMe Ha
npoleca Ha cb3gaBaHe Ha Te3n OMONPUHTUPaHK opraHm [8].
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3.3. Mocmb6uoneyam (post-bioprinting; post-processing)

TpeTnat ocHoBeH eTan — nocTbuonedyar ce oOcbliecTBABa B OuopeakTopu W ocurypsisa
Cb3daBaHETO Ha cTabunHa CTpyKTypa OT M3NpuHTUpaHus 6uornormdeH matepuan. Tosu npouec
rapaHTMpa CbXpaHSBHETO HA MeXaHW4yHaTa UAnocT U (PyHKUMOHANHOCT Ha oTrnevataHusl ¢ TPUMEpPHO
NpuHTUpaHe oOeKT MNoCpeaCTBOM MEXaHUYHM WM XUMUYECKM cTuMmynaumui. Tesn CcTMMynauumm
npeacTaBnsABaT uM3npaliaHe Ha CUrHanM Ha KreTKUTe 3a  KOHTponuMpaHe Ha peMOofenupaHeTo u
pacTexa Ha TbkaHuTe. B Ouopeaktopute ce ocurypsiBa M Obp30TO Cb3psiBaHe Ha TbKaHUTe W
coobvBaHETO UM C KPbBOHOCHA CMCTeMa (Backynapusaumsi), KakTo M CnocoOHOCTTa UM Aa Tonepupar
TpaHcnnaHTUpaHu TbkaHu [7].

[pyro OCHOBHO npegHasHadeHne Ha OwuopeakTopuTe € fAa crnocobcTBaT 3a MpeHoca Ha
XpaHUTENHN BellecTBa OO0 TbKaHuTe, Cb3AaBaHe Ha MOAXOOSALM MUKPOrpaBUTaUMOHHM cpean 1 gp.
PasnuuHute BuOoBe OuopeakTopyM Ca MNOAXOOAWM 3a pasnNMyHW BUAOBE TbKaHW, Hanpuvep
reHepMpaHeTO Ha XPYLUANHA ThKaH € NOAX0AdALO a Ce OCbLLECTABABA B OMOpeakTopm C KOMMpPEecus.

4. noaoxoamn
TprMepHOTO GMOMPUHTAPaHe ce OCHOBaBa Ha CredHWTEe TPWM OCHOBHWU METO[a, HapuyaHu olle

noaxooum 3a Bb3NPOM3BEXAAHE Ha KUBWM OMOMOrMYHW TbKaHu [5]: OMOMMMWKPUS, aBTOHOMHO
camoacembnupaHe u nsrpaxgaHe Ha MUHU-TbkaHn (Pur. 8).

Bruomumukpus AcembnupaHe MWHKN-TBKaHW

our. 8. OcHoBHU MeToau/noaxoamn 3a 3D 3a buoneyar

4.1. Buomumukpus

BVIOMVIMVIKpI/IFITa npeacraerndBa  Cb3aBaHe Ha nogpeneHm  CTPYyKTypun, WOEHTUYHU C
€CTeCTBEeHUTEe TakmBa, KOUTO C€ HaMMUpaT B TbKaHUTE N OpraHNTE Ha YOBELUKOTO TAJ10 [9] Ta BknoYBa
npon3BoACTBOTO Ha MOEHTUYHWU penpoayKuun Ha KNeTbYHUTE U U3BBHKIETbYHUTE KOMIMOHEHTU Ha
TbKaHn NN opraHun.

4.2. AemOHOMHO camoacembupaHe

Opyr noaxoa KbM Bb3Mpou3BeXaaHETO Ha OMOMNOrMYHM ThKaHM € Aa ce M3Mon3Ba pasBUTUETO Ha
eMGpUoHanH1Te opraHn kaTo ocHoBeH meToa [5]. To3n noaxon ce ocHoBaBa Ha (PU3UYECKUS NPOLIEC
Ha pa3BUTUE Ha eMbpuoHanHUTe opraHy KaTo MoAen 3a Bb3NpousBexaaHe Ha CbOTBETHaTa ThKaH.

Cxemarta "0e3 ckene" Ha TOo31 NoAXo4 M3Mon3Ba camocrnodbsiemun knetTbuH cdeponamn, KoMTo ce
nognarat Ha CnMBaHe W KNeTbyHa  oOpraHu3auus, 3a Aa UMUTUPAT pasBMBALLUTE Ce TbKaHMW.
ABTOHOMHOTO camoaceMbnvMpaHe Ce OCHOBaBa Ha kKreTkaTa KaTO OCHOBEH [fBuraTen Ha
XWUCTOreHesaTa, Haco4BalkM CbCTaBa, flokanusaunsaTta, yHKLMOHaNHUTE 1 CTPYKTYPHUTE CBOMCTBA Ha
TbKaHTa.

4.3. MuHu-mbKaHu

Te moraT ga 6bOaT onpedeneHn KaTo Hal-mMankusi CTPYKTYpeH M oyHKLUMOHaNeH KOMMOHEHT Ha
TbkaHTa [5]. MUHU-TbKkaHUTe MoraT Aa GbaaT Cb3dadeHu U CrnoGeHn B Mo-ronisiMata KOHCTPYKLMS
(dbyHKUMOHaNeH MakpoTUM, HapeyeH Makpo-TbKaH) Ypes3 pauvoHarneH ausarH, camoacembnupaHe unm
KOMOVHaLUus OT ABeTe.
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5. ANAPATYPA U CO®PTYEP

5.1. Anapamypa

B cpaBHeHMe ¢ 0BUKHOBEHUTE MacTUneHn npuHTepu, buonpuHtepute (dur. 9 n dur. 10) umat TpK
OCHOBHM KOMMOHEHTa. ToBa ca u3non3saHus xapgyep, snga buomactnno n martepuana, Bbpxy KOMTO
ce otnevyatsa (buomatepuan) [6].

Hgoe g

®ur. 9. 3D Discovery Evolution 6uonpuHTtep ®ur. 10. 3D buonpuHTep Ha 6baeLLeTo

Kakto Beye 6e cnomeHaTo, GOMacCTUOTO € MaTepuar, NPOM3BEAEH OT XXMBW KINETKN, KOWTO Mma
noBedeHMe Ha TEYHOCT, Nnos3BonsiBalku ga Obae "oTneyataH" M C Bb3MOXHOCT 3a Cb3faBaHe Ha
XenaHa c¢opma. 3a ga Obae nonydyeHo OMOMAcTUNOTO Ce Cb3fdaBa CYCMNEH3Us OT KIeTKM,
pasnofiokeHa B XxpaHuTenHa cpefa. buomactunoto ce 3apexga B naTtpoH/kaceTa u ce nocTtaes B
OGuonpuHTEepa, 3aedHO C Apyra KaceTa, cbabpxalla ren (xvgporen), u3BecTeH kato duoxaptusa [10].

Moxe ga ce 0606w, Ye GMoNpMHTEPBT BKITHOYBA ABE Nevartallym rnaBu, egHaTta 3a NocTaBsHe Ha
YOBELUKUTE KNeTKn, a gpyrata 3a MNOoCTaBsHe Ha Xugporen, ckene wnv noggbpxawa matpuua.
KneTtknte, KOMTO ce M3Non3BaT OT YCTPOMCTBOTO TpsbBa fa 6baaT KNeTku Ha Tasn TbKaH (MK OpraH),
KOSITO e ce Bb3CTaHOBSABa — Hanp. U3rpaxaaHeTo Ha apTepust M3nckeBa apTepuanHa knetka [11].

| — — -———
) ‘T’
[}
(]
1 i
i) Y
MacTUIEHOCTPYEH eKkcTpyaupall nasepeH

Que. 11. Budose 6uornpuHmepu

[Mpn BGUONPUHTMPAHETO Ce M3MNOM3BaT TPU OCHOBHM TUNa NpUHTEPU (O6a3upaHn Ha TpUTe pPasnMyHM
MeToda Ha GMonpuHTMpaHe). ToBa ca MacTUIEHOCTPYMHU, Na3epHU n ekcTpyanpawm npuHtepn (dur.
11).

MacTuneHoCTpynHUTE NPUHTEPU Ce U3NOMN3BaT NpeguMMHO 3a GuonevyaTt Ha ,LuMpokomallabHu’
(no-ronemun) npoayktu. bbaewarta TeHOeHUUS NpyM TAX € oTrneyaTBaHE Ha MaTepuanun B TOYHU
KonmyecTBa, KOeTO MUHMMU3UPa pa3xogute n otnagbumuTe [12]. EAMH 06y HegocTaThbK Ha TO3WU TuM
OUONpUHTMPaHe e, Ye BGuonorMdyHMAT matepuan TpsibBa ga Obae B TeyHa dopma, 3a Aa NO3BONU
obpasyBaHeTO Ha Kanuuuu; kaTo pesynTtaT, oTneyataHaTa TeyHocT TpsAbBa cnen ToBa Aa dopmupa
conugHa 3D cTpyKTypa C noaxodsiia opraHv3aumsi u pyHKUMoHanHocT. [l pyro orpaHn4eHne npu Tax e
TPYQHOCT NpPW MOCTUraHeTO Ha OWMOMOMMYHO 3HAYUMKM KNEeTbYyHU nbTHOCTU. OT Jpyra cTpaHa,
MaCTUNEHOCTPYNHNUTE OUOMPUHTEPU NPUTEXABAT U HSKOMKO CbLLUECTBEHM NPEAMMCTBA, BKIHOYUTENHO
HWCKa LeHa, BUCOKa pasgenutenHa CrnocobHOCT, BWCOKA CKOPOCT M CbBMECTMMOCT C MHOrMo
BuonormyHn matepuanu. JlasepHute npuvHTEpUTE OCUIypsiBaT neyat C BMCOKa pPe3oniouus, HO Tean
MPUHTEPM YECTO Ca MHOMO CKkbMu. EkCTpyoupawmTe npyHTEpy OTnevaTBaT KMeTKATe CIOoW Mo Crow,
TOYHO kakTo 3D npuHTMpaHeTo 3a cb3gaBaHe Ha 3D usgenusa. B gonbrHeHMe KbM CaMUTE KNETKU
eKcTpyaepuTe Morat ga u3nonssaT M Xugporenose, KOMTO Ce BAMBAT 3aedHO C KneTkute [6].
OCHOBHOTO MpeauMMCTBO Ha TexHonorusatTa 3a buoneyatr ¢ MUKPOEKCTpyauMpaHe e CrnocobHoCT 3a
oTnaraHe Ha MHOMO BUCOKU KNEeTbYHU MITbTHOCTH.

y
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5.2. Cogpmyep

3D BuonpuHTEPBT BKNOYBA COPTYEPEH UHTEPdENC, KOMTO NO3BONSABA M3rpaXaaHe Ha Moaen Ha
TbKaHHaTa KOHCTPYKUMS Npean NpuHTEpa Aa 3arnoyHe Ja KOHCTpyMpa opraHuTe KreTka Mo Knetka u 3a
uenTa u3nonseBa aBTOMaTU3UpPaHW nasepHo—kanubpupaHu nevatHn rmasu. EgHM oT MmacoBo
n3nonssaHuTe coptyepHu npoayktun [13] kbM MomeHTa ca:BioCAD, BioCAM, BioCUT u gp. (dwur. 12).

'mlaraa

Que. 12. Uimepgbelic Ha cogbmyepHu npodykmu 3a 3D 6uonpuHmupaHe

6. MPUNOXEHUA

B1ONpUHTMPaHETO € CbBpeMEeHHa MOLLHa TEXHOMOMMS 3a NPOU3BOACTBOTO HA TbKaHW U OpraHu,
KosITO Konabopupariku cn ¢ MeguumnHata, buotexHonorunte, hapMaLleBTMKaTa v MHXEHEPHUTE HayKu
LLle MMa BCe NO-ronsiMo 3HavYeHue 3a 34paBeona3BaHeTo Ha YOBEYECTBOTO B HefaneyHo obaelue.

Tb  kaTo  OWOMPUHTEPUTE  UMAT  CBOETO  KOHKPETHO  MEAMLMHCKO  NPUIOXEHUe,
Bb3Npou3BeXaaHuTe ‘U3KYyCTBEHW oOpraHn e O6baaT cbobpaseHuM WU3LAN0 € UHAMBUOYANHUTE
ocobeHoCcTM Ha naumeHTa. Bcekn GuopasnevataH ‘aptukyn’ we Obde cb3gadeH OT KynTypa oT
COOCTBEHM KMNETKM Ha MauueHTa M No TO3W HAYMH PUCKBT OT OTXBBLPJISHE Ha CLOTBETHMS OpraH 3a
TpaHcnnaHTauus wWwe 6bae cBeaeH 4O MUHUMYM.

MoTeHUManbT Ha Ta3n HOBa TEXHONOMMS MOXe [a Ce MOKaXe CbC CriedHUTe YChewHn npuMmepn
(®ur. 13) Ha TPMMEPHO NPUHTUPAHE:

Que.13. KoHKpemHu npunioxeHusi Ha buonpuHmupaHemo

- TbKaHW C KPbBOHOCHU CbAOBE - KOXHW KMETKWU, MPEnnuUTalLM ce B CbeAMHUTENHaTa TbKaH, KOUTO
noTeHuManHo Morat ga yHKLUMOHMPAT KaTo KpbBOHOCHM cbaoBe (Harvard, MA, USA);

- MNpoTesn — cb3gaBaHe Ha CPaBHUTENHO EBTMHW W JIECHO NPUCMNOCOOMMM NPOTE3HM 4YacTu 3a
naumeHTn (Toronto, CA);
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- MsnnTBaHe Ha nekapcTBa — BbpXy NPOTOTMMM HA XWBM TbKaHW WU OpPraHu, Mosly4YeHu MoCpeacTBOM
ouonpuHtnpaHe (Glasgow, UK);

- CeH30pu 3a YOBELIKM OpraHM — OT4YMTaHe Ha NpPOMEeHW B TemnepaTtypa, HansiraHe, oGemu,
KMCENWHHOCT Ha cpeparta (St. Louis, MI, USA);

- MeguvumHckM Mogenu — 3a uscnegBaHe Ha pacTex 1 pasnpocTtpaHeHue Ha Tymopu (USA, China);
- OTne4vaTBaHe Ha opraHu - CbpAeyHa Krana, yxo, Koxa.

7. BbAELWLE

3aegHo ¢ Hanpegbka B obracta Ha HAHOTEXHOMOMMUTE U FEHHOTO WHXEHepCTBO GmonpuHTUpaHeTo
MOXe [a Ce OKaXe MOLLEH MHCTPYMEHT 3a Te3u, KOUTO ce CTPeMAT KbM yabIhkaBaHe Ha xusoTa [14].
Hapeg c ToBa, NpuHUMNUTE U TeXHoMorusaTa Ha GuonpuHTUPaHETO HEM3BEXHO Le cTuMynMpaT U no-
HaTaTblUHaTa HOBa WHAyCTpUanHa KOHBEPreHuus, KaTto Iekapu, WHXEHepU U KOMMIOTbPHU
cneumanncTn BCe MOBeYe Lle OBNaadBaT 3HAHWSATA U YMEHUsiTa 3a MaHunynupaHe Ha XwueaTa
OGMOTBKaH oLLe Ha Han-6a30BO KNETBbYHO HUBO.

* Production of
biomaterials

= small scale labric

| * Custom replacement. * 3D printed replacerment
replenishment

3D printed joints (hip bodies commonly

and knee} available at affordable
* Printed organ . COSt

replacerment In 30 (high Printing of camplex

cost) organs and tissues

= Cell imprinting: skin,
cartilage and bone

tissue

= Vascularized tissues

* Speciiic small-scale
tissue replacement for
complex argans: kidneys
liver, pancreas

= Development of madels
for pharmacological
tests

Que. 14. OuakeaHo passumue Ha 3D 6uonpuHmupaHemo 8 criedsawomo decemurnemue

THE FUTURE OF 3-D PRINTED ORGANS
AMERICA HAS

titee
AN ORBAN _— mm‘|8 o
SHORIARE . glln == ttt i

NOW, SCIENTISTS ARE WORKING '

ON BID-PRINTED DRGANS .
SCIENTISTS HAVE STARTED  THE 3-D PRINTING THAL 3-0 PRINTING MARKET I 106
3-D PRINTII 522 8L

MARKET IS READY
TO BOOM .

! e 3 Que. 16. buonpuHmupaHe Ha cbpue
@ue. 15. brdewemo Ha 3D buornpuHmupaHu opeaHu

MpoyyBaHeTO Ha creuuanuavpaHata nuTepaTypa nokassa, Ye KbM MOMeHTa Beve ca (hakT:
Npou3BOACTBOTO Ha OuocbBMecTMMM OuomaTepuanu, oTneyaTBaHe Ha KOXHA TbKaH, XPYLAnu u
Manku CTaBHM TbKaHu. [lo Tpu-4yeTMpu rogMHM ce o4vakBa da Obpgat HanuuHu Beve u 3D
GUOMPUHTUPAHN TbKaHM Ha KPbBOHOCHM CbAoBe, cneumduyHuM ManomawabHu Bb3npousBexaaHu
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TbKaHW Ha KOMMMEKCHW opraHn kato 6vubpeum, yepeH Apob, naHkpeac. [Jo naHuTe cegem roguHu ce
nnaHvpaT TpaHCcnnaHTauum Ha OMOMPUHTUPaHW KOMsHHM W Ta3obedpeHn cTaBu, a A0 Kpas Ha
cnegBawoTo gecetunetue (dur. 14) cTpemexbT € Aa ce OOCTUIHe OO0 TpaHcnnaHtupaHe Ha 3D
BUONPUHTMPAHN MITBTHN U KOMMNSIEKCHW OpraHu Ha no-A0CTbMHM LEHMN.

lMpobnembT € nUNcaTa Ha AOCTaTbYHO AOHOpPM B cBeToBeH mawab (Bmx cur. 15) nssexaa Ha
npegeH nnaH Heobxogumocta oT 6bp30 passuTuMe Ha 3D GUMNPUHTMPaAHETO KaTo egHa cnonyynuea
anTepHatuBa B TOBa OTHOLIeHVe. 3a Tasu uen, 6asupankm ce Ha MOCneaHUTe OOCTUMKEHMS B
mMeguuuHaTa, GuoTexHonorumTe, BMPTYanHOTO npoTotunupaHe [15] u Tpubonoruata (KOHTaKHTHUTE
B3aumogencTeusa n npouecu) [16], Tasn TeXHONOMUSA LWe TbPnu ronsiMo pasBUTUE U YCbBBLPLUEHCTBaHE
1 BCe MO-LUMPOKO NpunaraHe B 3gpaBeonasBaHeTo. A moxe 6u B No-ganeyHo 6baelle e ctaHe dakT
n GuonpuHTUpaHe Ha YoBeLKo cbpue (dur. 16).

8. 3AKNIOYEHUE

CraTusiTa OaBa B cuHTesupaH Bua oGo6lieHMe Ha edHa OT Hait-CbBPEeMeHHWTE TeXHOMormu
GasvpaHa Ha OOCTWMXKEeHUsITa Ha MeauuMHata U UHXeHepHUTe Hayku — 3D GuonpuHTUpaHeTo. Bes
npeTeHuUn 3a OeTalnHo npeAcTaBsAHe Ha MHGOPMaUMATa, TyK ca ONMcaHU CbLUHOCTa, eTanuTe Ha
OCHOBHMS MpOLEC, MpunaraHUTe MeToaM W MaTepuany 3a Tasu CPaBHUTENHO HOBa TEXHOMOrus.
JaneHa e 1 nHOPMALIMS 38 CbOTBETHUTE WHCTPYMEHTapuym 1 coddTyep, KakTo U HAKOW YCMeLLHW
NPUNOXeHNas 00 MOMeHTa B obnacta Ha TbKaHHOTO WHXEHEepPCTBO, pereHepaTMBHata W
nepcoHanusupaHa meguumHa, Nnpoeepka 1 paspaboTeaHe Ha nekapctsa v Ap. CneuunanHo BHUMaHVe e
OTAEenNeHo U Ha GbaelmTe oYakBaHus B pa3suTeTo Ha 3D GuoneyaTa npeaBua Heroeata 3HaAYMMOCT
3a 3gpaeeonasBaHeTo Ha xopaTa. lNogyepTaHa e HeobxoAMMOCTa OT MHTErpupaHe Ha CTOALMTE Ha
AnameTparnHo MpPOTMBOMOMOXHWUTE Ha MNPbLB MOrMed MeAuUMHA U WHXEHEPHW HanpaBneHus KaTo
MalLMHOCTPOeHe U MaTepuanosHaHue 3a noanomMaraHe Ha Tasu aBaHrapgHa TexHonorusi. O4eBMaHO
Hay4YHOTO U TEXHWYECKOTO 0Ge3neyaBaHe Ha HACTOSLLETO HA HaluWs COLUyM U 0COBEHO Ha HEroBOTO
Gbaellle NpUHaAnNexaT Ha UHTePAUCLMNIIMHHATE Hay4HW oBnacTu.
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3D BIOPRINTING FOR TISSUE ENGINEERING

Juliana JAVOROVA

University of Chemical Technology and Metallurgy
Sofia, Bulgaria

Abstract: The paper briefly presents the essence of three-dimensional bioprinting of human
tissues. Information is given about the steps of the basic process, the methods and materials used for
this relatively new technology. Some successful applications of 3D bioprinting are represented and
expectations for its future development are outlined. The importance of bioprinting as an impetus for
new industrial convergence of medical professionals and engineers from different fields is shown.
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EQUIVALENT VISCOUS DAMPING FOR FRICTION IN GEAR TRAIN
Stefan GARABITOV

Abstract: An energy method was proposed to calculate the mesh damping using friction. The
calculation result showed how to model vibrations of gears. The mesh damping was presented as a
function. As a pattern to which the results were derived, the mathematical model of the gear tooting
was used, in which the characteristics of the gearing were modeled with a non-continuous function
describing friction zone. The numerical results revealed that the gear system primarily performs a non-
harmonic-single-periodic motion.

Keywords: gear mesh; gear tooting; mesh damping; friction; nonlinear dynamics

1. INTRODUCTION

For a better understanding of dynamic gear behavior and gear damage analysis, dynamic
modeling of the vibration of the gear is widely used. The main source of vibration in a geared
transmission system is usually the meshing action of the gears. The vibration models of the
gear-pair in the mesh have been developed taking into account the most important dynamic
factors such as the effects of the friction forces at the meshing interface, gear-backlash, the
time-varying mesh stiffness, and the excitation from gear transmission errors [2]. Mostly used
a dynamic model of a pair of gears is shown (see Fig. 1) [3]. The gear mesh is modeled as a
pair of rigid disks connected by a spring-damper set along the line of contact.

M)

base circle of the \

pinion

~ base circle of
the wheel

line of contact

Fig. 1. Dynamic model of a pair of gears

Determination of the coefficient k; is easy using methods of finite elements. More difficulty offers
calculation damper coefficient ¢, . Damping in the gear system usually is an unknown quantity, but it
has an important effect in resonance vibration. In the gear train, the main energy losses are friction in
the teeth meshing. damping dissipates energy constantly because of sliding friction. The magnitude of
sliding friction is a constant value, independent of surface areas, displacement or position, and velocity.
The system undergoing damping is periodic or oscillating and restrained by the sliding friction
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2. BASICS OF THE EQUIVALENT VISCOUS DAMPING

X
X s
M — I
—
C 0O

Fig. 2. Forced mass-spring-damper system (3)

The energy lost per cycle in a damper in a harmonically forced system may be expressed as:

Wd:[ﬁFddx, (1)

where Fd . represents the damping force. The simplest case mathematically is that of viscous damping

where F, =CX. Letting the steady-state solution be expressed as

x = X sin (wt) (2)
X =wX cos(wt) (3)
W, :[J‘]m'(dx:[ijo‘(2 dt (4)
lew
W, =Cao” (kX )2 j cos’ (wt)dt = zCaw(kX )2 (5)

0

3. PROBLEM

The problem is that the friction is not in the direction of movement. The friction occurs on the teeth
surfaces in the area of engagement and is in the direction of the common tangent which is different
from the teeth engagement. The relationship between the two displacements must be determined to
determine the equivalent friction power loss in the model. Defining the ratio occurs in contact of working
surfaces of the gears.

h=tos Y ©)
X X
y =hX sin (ot) (7)
y =haoX cos(a)t) (8)
W, =chydx:mc(h>'<)2 dt 9)
oA
W, =Ca)2(hX )2 I cos’ (a)t)dt=7zCa)(hX )2 (10)
0
c=— o (1)
mw(hX)
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4. EQUIVALENT VISCOUS DAMPING FOR FRICTION

v N Ji)=F sinwt

L,

L

Fig. 3. Simple friction model

The resistance force, F, in the case of friction dissipates W =4FcX in energy over each quarter
cycle as shown in Figure 4, hence, equating the total dissipative work per cycle to that done by a
viscous damper, we have

W, = 4F,hX = zcw(hX )’ (12)
4F
c=—-2 (13)
hX

x(t), F,, F,

#Lg

iy
[~

Fig. 4. Normalized viscous and friction resistance force,
and displacement over one period. (3)

5. DEFINING THE RATIO

=2 (14)
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Fig. 5. Geometry of gearing

All characters in the formulas 14 to 20 for the theory of gear tooting correspond to [1]:

O =, — 0y _Vafl

o =a, =PV,

ay _a)lt
@ € [aw —a, —inv(ozfl );—(0{al -a, +inv(05al ))J =

(—% - mv(aa] )+ a; + mv(afl ))

tel0,
(01
Py =0 T TV,
=0yt P, =V, -t
(—ozaI —inv(a'al )+af] +inv(af] ))
t| 0,

@,

Ty Iy

cos(ay) b =>a, = Arccos [r—bJ
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(16)

(17)

(18)

(19)
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The radii of curvature and the slip velocity are respectively (1):

P =119 (e) (22)
P, =119 (0‘2) (23)
Relative sliding speed is:
Vy = P&y — p,0, = @ — Py @, (24)
|Vsl|
k = - (25)
%]
X=1, o (26)
F =t 27)
rbl
Friction force is:
F. = uF, (28)
F.= ylfn\_/sl = ﬂlfn (pl&.)l - pZiZIE)l) (29)

The total dissipative work per cycle to that done by a damper is:

W, = []F,dx (30)
Vibrating of the model mass is:
MX+cx+ Kx=F, sin(a)t) (31)
The steady-state magnitude may be written:
F
X |= 0 (32)

\/(K—Mw2)2+c2a)2

_ RN -16F;
(33)

(K> ~Mo?)

16F? 4F,
Ry [1- P Fy [1- (
,

F. < zhF, (35)

X |= (34)

A

A

Friction resistance force:
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Coefficient of friction is:

Note that the amplitude grows unbounded as @ — @, In addition, for real (physically meaningful)

solutions:

J75

4F

c

rhF,

F

n

Frh

0

6. NUMERIC SAMPLE

Using

Table 1. Example

Number of teeth Pinion/ Gear | z | 17 44
Normal module m, | 10 10 (mm)
Center distance (working) ay | 305 305 (mm)
Pressure angle a |0.348 0.348 (rad)
Tip diameter d, | 190 460 (mm)
Reference diameter d | 170 440 (mm)
Base diameter d, | 159,74 413,46 (mm)
Root diameter di | 145 415 (mm)
Operating pitch diameter dw | 170 440 (mm)
Addendum h, | 10 10 (mm)
Dedendum he | 12,5 12,5 (mm)
Tip profile angle 0, | 0,572079 | 0,453689 | (rad)
Start profile angle af | O 0,086041 | (rad)
P =0y =y —V, = 0.3490
o =a,-¢p-v, —ot=t
Py ==y Ty +V, = 0.1212
a,=a,+e,—v, —wt=04363 —1—7'[
2 44
- (—aa] —inv(ocal )+0¢fl +inv(05fl )) 87 _ 0,585
), 45
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(36)

(37)

(38)

(39)

(40)

(41)

(42)



159
P =ntg(e) =Tt9 (t)

413 17
Py = I’bztg (0{2) = Ttg (04363 —atj

_ - - 17 3485 17
|Vs|| = |p1a)1 —,02602| = ‘pl — P H = ‘—th (0'4363 _at)"' 799 (t)‘

0.1 02 0.3 04 05

Fig. 4. Glide speed during engagement

t

max

[ vydt=9.6
0
tmax
_[vs,dt
v _—_0 — mm
V=t ——=17.1985 -
h="Y9 —022
h, @,

T, =25882Nmm = F, =323N
1=0.1
F. =1.625uF, =52.49N overlap factor 1.2

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

The final form of the formula for determining dissipation is obtained from formulas (1) to (50) and

has the following form:
_ 4F,
7whX
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7. CONCLUSION

Formula (51) enables the calculation of dissipation with acceptable accuracy with further use to
calculate the amplitudes of the natural and forced frequencies

As a pattern to which the results were derived, the mathematical model of the gear tooting was
used, in which the characteristics of the gearing were modeled with a non-continuous function
describing friction zone.

The analysis was carried out for the zero initial conditions (correction of teeth is zero) which
allowed more easy calculations for all considered values of the system parameters.

The source of the excited mechanical vibrations of meshing gear teeth is the so-called
performance and location errors. They are mainly caused by radial beating and geometric deviations of
the tooth profile. This parameter depends on the accuracy of the production and assembly of the
cooperating wheels. The entire mentioned factors mean that the phenomenon of energy dissipation in
cooperating toothed wheels is a complex issue. However, due to the complexity of the energy
dissipation phenomenon in meshing, the energy losses are usually modeled with a viscous damper.
Taking into account these factors leads to a nonlinear mathematical model of a gear transmission in
which chaotic phenomena may occur.
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SPACE APPLICATION OF ELECTROLESS NICKEL COATING

Zdravka KARAGUIOZOVA
Grzegorz CIESLAK
Anna MAZUREK

Abstract: Some characteristics of electroless nickel coatings plated on aluminium alloy after a
stay of two years and four months outside of the ISS are presented in this paper. Nickel coating is
produced by a technology for preliminary treatment and electroless nickel deposition developed on the
base of EFTTOM-NICKEL Method. The deposition rate, determined by coatings thickness measured
per an hour, is assessed on 17, 67 um. Test for metallographic and SEM observation, EDEX analysis,
also microhardness and thickness determination are performed. The results show that the coatings
retain its good appearance after being in space. They are uniform, dense, without defects when the
observation by means of a digital microscope is carried out. Nickel layer follows the topography of the
substrate. EDEX analysis shows the presence of phosphorous about 5, 53 mass. %, which is lower
than that in the nickel coating deposited on steel or iron substrates.

The study proves the perspective for application of electroless nickel coating as a suitable
material in the space industry.

KeywWords: electroless nickel coatings, aluminium alloy, hardness, space application.

1. INTRODUCTION

The opportunity for materials modification by surface plating gives an advantage to expand their
application by gaining novel, unique properties. One of the preferred methods in this direction is
electroless plating and especially electroless nickel plating. Without external power source the
electroless plating ensures to obtain thickness uniformity all over the complex components and a good
coating adhesion to the substrate that acquire excellent functional properties such as high wear and
corrosion resistance, increase hardness, contact fatigue. The process allows maintaining a constant
mode of operation and preserving the qualities of the coating over time. The technology also allows
improving the reliability and consistency of the process, resulting in increased productivity of the
original parts not only in the ground conditions, but also in the aviation and space industries [1].

The coatings are used on bearing journals, servo valves, compressor blades, turbine blades,
pistons, engine shafts, engine mounts, landing gear, hydraulic and manifold systems, gyroscope
components and optics. On jet engines, they are used on fuel control assemblies and bellows and in
the space program, also they have effectively usage on the docking, cargo bay and rudder
mechanisms of the space shuttle [2, 3].

Especially useful in preventing the leakage of the compressed air between the rotating and
stationary parts in the high pressure compressor spacers is high phosphorus electroless nickel [4]. This
is due to ensuring the uniform coating for protection of these parts. Also high phosphorus electroless
nickel characteristics as a high strength, obtained by applying on a strong, light metal such as
aluminum or beryllium, leads to an expanding use in space applications [2, 7].

High corrosion and wear performance and a good lubricity of the nickel coatings and the excellent
performance of composite nickel coatings makes them suitable for use in the space shuttle
components [5, 6].

Aluminum alloys are widely used in aerospace and allied fields due to their inherent lightness, high
strength to weight ratio, excellent thermal and electrical conductance, good reflectivity and low working
cost [8 - 11]. Application of aluminium alloys in these fields leads to a reduction in the structural mass
resulting in a higher payload capability and higher fuel mass and from here in a longer spacecraft life.
Among the conventional structural material used in space application aluminum alloys are frontrunners
[12]. But the direct use of aluminum alloys is prevented by the severe influence of the operating
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conditions such as high specific pressure, high temperature, a corrosive environment or abrasive wear,
which corrodes the aluminum surface [13, 14].

Aluminum and its alloys therefore require special surface preparation for successful use in
aerospace industry for which the electroless nickel plating is an ideal opportunity [15].

The aim of this study is to investigate some characteristics of nickel coating deposited on
aluminium alloy after a stay of two years and four months outside of the ISS.

2. EXPERIMENTAL PROCEDURE

The sample tested in this investigation is a part of the space experiment “Obstanovka”, carried out
on the aboard of the Russian Segment of the International Space Station (RS ISS) [16].

A specially designed block called the DP-PM block made of aluminium and nickel plated is used for
a container of samples for testing. Block is mounted on the outside of the ISS. After a stay of two years
and four months, the DP-PM unit is dismantled and brought down to Earth in accordance with all
requirements for storage and safeguarding and ensuring further safe handling of the samples. After
microbiological testing and safety the box sample is subjected to examination of its properties. For the
period from 04.2013 to 08.2015 the measured radiation in the space from the outside of the ISS is 425
kGy at temperature changes from - 120 ° C to + 150 ° C in 2 hours. [17].

Aluminium alloy is used as a substrate material for making the box. The composition of Aluminium
alloy and microstructure are shown on Table 1 and Figure 1.

Table 1. Aluminium alloy composition

% mass % atom
4.72 10.14
O 2.68 4.31

Al 87.20 83.30

Si 0.22 0.20

Zn 5.18 2.05

Total |100.00 100.00

62



int WA

SED  10.0kV WD10mm P.C67 HV x500 50pm
sample 0001

Figure 1. Microstructure of aluminium alloy

The following stages of operation are performed to obtain coatings of good quality (Figure 2):

10.
11.
12.
13.

Ultrasonic Drying Chemical Hot water

Cleaning f r Cleaning ™ washing
¥
Cold water
washing
Activation n Eold watar o Aciu_!
o washing cleaning
’/
Zincating
o7 Re-zincating 4 Zincating / Cold water
] B washing
=
5 e First
Drvin Cold water Nickelization o nickelization
rying washing

Figure 2. Stages of nickelization process

Ultrasonic degreasing by tri-chloroethylene at room temperature (255 °C) for about 20 min.
depending on the grease.

Drying at ambient temperature

Chemical cleaning by alkaline solution containing sodium carbonate (Na2CO3), 20 g/L and
trisodiumorthophosphate (Na3P0O4 -12H20), 25 g/L operating at 60+5 °C for 2—-3 min.

Hot water rinse

Cold water rinse

Acid cleaning for 2-3 min in a water solution of nitric acid (50:50) at room temperature (2515
°C) for about 2-3 min.

Cold water rinse.

Activation in an old solution for nickelization

Zincating at ambient temperature for 15-30 min. in a solution containing ZnO, 95 - 105 g/L;
sodium hydroxide, NaOH, 450 - 550 g/L

Zinc coating dissolving at ambient temperature for 15 - 25 sec.in HNO3, 300 - 400 g/L
Zincating by repeating the step 9

Cold water rinse

Nickelization in a solution NiCI2.6H20, 40 g/L, H3PO4 1 g/L at T= 40 - 50 °C for 10 - 20 sec.
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14. Electroless nickel plating in a solution EFTTOM-NICKEL now how of TU-Sofia at following

conditions:
—-pH=46+47
-T=(92+95)°C

— Coating time = 20 min.

— Optimal uses of the solution 7 + 8 times per hour.

Chemical process of nickelization is:

3NaH2P0O2+3H20+NiSO4 - 3NaH2PO3+H2S04+2H2+Ni

Part of the sodium hypophosphite has undergone a reduction process with phosphorous formation:

NaH2PO2+H —» H20+NaOH+P

Hereby the coating obtained is amorphous alloy consists of nickel and phosphorus.

The plating bath is exhausted during operation despite adherence to the technological parameters.
Therefore, the solution needs to be corrected. The corrections are made every 10 minutes of the
working process

15. Water rinse

16. Drying.

The samples are put to pretreatment procedure before plating including degreasing and acid
pickling all the excess grease or fat and corrosion products to be removed.
After that the activation process is performed in the old Ni plating bath at the ambient temperature.
The surface activation aim is to obtain Ni nucleus on the substrate and to receive an adherent to the
surface Ni-layer during the main nickelization process.

The coating microstructure is observed by means of the optic metallographic microscope Keyence
VHX-5000. The samples are treated with 3 % HNO3 — C2H50H solution. The thickness of the coatings
is determined. The microhardness measurements of the coatings are made by Knoop’s Method using
10g load.

The coating surface observation and thickness determination are performed by SEM analysis, using
Jeol JSM-IT100 LA apparatus. EDEX analysis is carried out to determine the composition of nickel
coating and aluminium alloy.

3. RESULTS AND DISCUSION

The results achieved under investigation of the coatings microhardness and thickness, also coating
and substrate base composition and microstructure observation are presented in Figures 3-6 and
Tables 2-2.

Microhardnes measurement is performed on the part of the box sample plated for 20 minutes in
the solution bath. The technological conditions are set out in our previous research [18].

Nine measurements are performed on the coating and on the substrate material and the results are
averaged. The microhardness value is presented in the Table 2 and Figure 3.

The obtained results for the coatings microhardness are about eight times haigher compared to that
of aluminium matrix which is consequence of the significantly stronger synergistic effect between Nickel
coating and aluminium alloy on the microhardnes than this one between nickel coating and steel
samples [19, 20].

Table 2. Microhardnes of Nickel coating and aluminium alloy

HK 0,01

substrate | coating

90 624
86 572
84 717
80 717
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85 717

106 683
82 526
84 717
90 683
average 87 662

standard deviation 7,699206 |71,60792

800
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200
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substrate coating
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Figure 3. Microhardness of Nickel coating and aluminium alloy.

The measurement of the plating speed is performed at above mentioned technological parameters
for the time of plating procedure (20 minutes) by thickness determination. Tests for the thickness
measurements are carried out on 5 points (Table 3, Figure 4). The deposition rate determined for the
coating thickness obtained for an hour is 17,67 ym. This speed is lower than the usually received in
nickel plating on steel and cast iron [21].

Table 3. Thickness of Nickel coatings

Sample Thickness,
number um

1 5,72

2 5,8

3 6,2

4 6,2

5 5,52
average 5,89
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Figure 4. Metallographic observation of nickel plated aluminium alloy

The Nickel coating is found to be approximately 6um in thickness and show good adhesion to the
substrate. It is obvious the coatings can also be applied without modifying the substrate geometry and
the nickel coating is the final procedure. The coatings are uniform and appears as a white strip,
following the surface topography and filling defects as micro and micro cracks. The same results are

observed in most of our previous works [22].

EDEX analysis, performed on the Nickel coating proves the presence not only Nickel, but
phosphorous about 5, 53 mass. % (Table 4). The result is lower than that received for the coating
deposited on steel and iron samples iron [23]. There is no evidence of phosphorus presence in the
substrate material. Or space conditions do not promote the diffusion of phosphorus into the aluminium

alloy.

Table 4. Nickel coating composition

Coatiing %mass % atom
composition
C 2.26 9.73
P 5.53 9.21
Ni 92.21 81.06
Total 100.00 100.00

The SEM observation by EVO® MA10 ,Carl Zeiss” equipped with X-Ray microanalyzer ,Bruker*
shows the results confirmed the composition obtained from the EDEX analysis (Figure 5, 6).

66




cps/eV

1034

keV

Figure 5. Chemical composition of the sample, analyzed by SEM EVO® MA10
»Carl Zeiss” equipped with X-Ray microanalyzer ,,Bruker*
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Figure 6. Microstructure observation of coated by Nickel aluminium alloy.

5. CONCLUSION

The paper is a short investigation of the surface characteristic of the sample stayed outside of the
ISS two years and four months. In this period the measured radiation in the space is 425 kGy at
temperature changes from - 120 ° C to + 150 ° C in 2 hours. The sample is produce from aluminium
alloy coated by electroless nickel plating.

A solution for suitable pretreatment and electroless nickel plating for this alloy is developed. The
obtained coating is uniform with good adhesion to the substrate material. The coatings can also be
applied without modifying the substrate geometry and the nickel coating is the final procedure.

The deposition rate of nickel coating is determined to be about 17, 67 ym. This speed is lower than
the usually received in nickel plating on steel and cast iron. The average coating thickness received for
20 min deposition is 5, 89 um.

The measured microhardness value is about eight times higher compared to that of aluminium
matrix which is consequence of the synergistic effect between Nickel coating and aluminium alloy.
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EDEX analysis proves the presence of phosphorous about 5, 53 mass. % in Nickel matrix. The
result is lower than that received for the coating deposited on steel and iron samples iron.

SEM microanalysis also proves the results received by EDEX analysis for the chemical composition
of the sample.

All results obtained demonstrate that the analysed Nickel coating obtained by electroless method is
promising to be used in the aerospace industry.
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ELECTROLESS NICKEL COATINGS PLATED ON 2024 ALUMINIUM ALLOY

Zdravka KARAGUIOZOVA

Abstract: The present study is based on the investigation and characterization of electroless
nickel (Ni-P) coatings plated 2024 alluminium wrought alloy. The bath composition and the
technological regime for electroless nickel plating are proposed applying developed EFTTOM-NICKEL
method. The obtained coatings are smooth, dense and follow the topography of the substrate. The
observation of coatings morphology and 3D images by means of a digital microscope HIROX KH 8700
shows thicker coatings with larger nodules formation with an increase in deposition time. It is found that
thicker coatings are harder. Roughness investigation of the coatings surface indicates that growing Ni-
P coating forms more irreqular surface with higher peaks. The received results are encouraging for the
production of aluminum alloys with improved surface characteristics

Key Words: electroless nickel coatings, morphology, hardness, roughness.

1. INTRODUCTION

Thanks to the unique combination of light weight, high strength and ease of manufacture of
aluminium alloys and aluminium composites they are a preferred material for application in the
terrestrial and aerospace conditions.

Severe operating conditions in air and space often limit the possibility of using some of these Al
alloys directly and for a long time. Therefore, in order to reduce the impact of unfavorable
environmental and space conditions, for successful use in the space industry and transport, aluminum
alloys and their products require special surface treatment by metal deposition.

The metal deposition on the material surfaces is well known method for improvement their
properties. Improving the properties of low-cost and depleting materials is a good opportunity to expand
their application areas. The possibility to produce well performing coatings, uniform over the whole
substrate surface is achieved by electroless plating process. The simplicity of electroless plating
technology and its ability to produce high quality coatings is the reason for their popularity in surface
modification and for their application in numerous industrial fields.

The electroless plating process is conducted in an aqueous solution of a salt of the metal being
deposited. The process run without external current and a selective reduction of metal ions on a
catalytic substrate occurs. The formed deposit itself has a catalytic role ensuring continued deposition
on the substrate, which describe the catalytic action of the plating process [1].

In the literature and industry there are sufficient data for such coatings on Al alloys, but the most
extensive application finds electroless nickel coatings [2, 3].

Nickel is a preferred metal in this method for producing coatings with excellent physical and
mechanical properties such as high hardness, good wear and corrosion resistance, uniform thickness
all over the complicated surfaces etc. [4-10].

They are expected to replace the toxic chrome containing coatings ensuring increasing
environment and working people protection [11].

The production of metallic nickel in nickel solutions by reduction with hypophosphite is discovered
by Wurtz [13]. The mechanism of the chemical reaction during the process of metallization is
described by Bretau,[14] Paaland Friederici,[15] Scholder and Heckel,[16] and Scholder and
Haken.[17].

During extension of the work the controlled catalytic reduction of nickel ions to nickel is achieved
and a high quality coatings of nickel on a steel substrate are obtained by Riddel and Brenner without
the use of an external electric current [12].
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The mechanism of the chemical reaction determines formation of a alloying nickel —P layer, not
pure nickel [1]. The structure of Ni—-P coatings depends on phosphorous quantity in the coating and on
the conditions of the plating process. [18]. At low content of phosphorous in the coating (between 1-3
wt.%) a semi crystalline structure is formed and above this value the structure becomes amorphous
[19-25].

[26] , [27] and [28] establish that EL Ni—-P coating have a typical cauliflower-like nodular
morphology, inherent for amorphous material in as-plated condition.

The difference in coating morphology is also determined depending on the composition of the
boron-based or phosphorus-based reducing agent used.

Surface observation of the coatings by SEM in [29] and [30] shows the typical cauliflower-like
texture [31-34] for electroless nickel-boron coatings and a faint waviness texture, apparently smoother,
with bigger cells for nickel-phosphorous coatings. A lot of pores at the cell junctions in the texture of
the lowP coating are defined.

[28] observes also some pores on the conventional Ni—P coating probably due to the formation of
H2, whereas in work [27] the dense coatings with no porosity are obtained. The heat treatment of the
coating leads to the reduction of the size of the nodules and of the volume. The nodulated surface
morphology leads to the low wear and friction of EN coatings [35].

In [30] the investigation of roughness value show also dependence on the composition of nickel
layer produced by reducing agent with boron or with phosphorous. The lowest Ra value is obtained for
the monolayer NiB coating while Rp (mean of the 5 highest peaks) value is lower for the NiP coating,
which suggests a more regular roughness. The multilayer coatings Ni-B/Ni-P have higher roughness
than both the monolayers. It is obvious that the Ra value of all the coatings stays close to that of the
substrate as the coating follows the topography of the substrate.

The plating bath composition influence on the phase structure and hance on the coatings
hardness. [30] and [29] receive highest value for the microhardness of Nickel-boron monolayers than
nickel-phosphorus. The results for multilayer coatings hardness show prevailing influence of the first
layer on the hardness testing results. The hardness of the multilayer systems is closer to that of NiP
than to NiB. The heat treatment of the coatings increase their hardness to varying degrees. The highest
hardness value is find for LowP coating of all nickel-phosphorous coatings after heat treatment [31, 36,
37] and the worse result is obtained for high phosphorous electroless nickel.

The suggestion of the present sudy is to investigate some properties of electroless Ni-P coatings
deposited on aluminium 2024 alloy to obtain material suitable to be applied both in terrestrial and in the
severe space conditions.

2. EXPERIMENTAL PROCEDURE

2.1 Material and samples preparation

Substrates from aluminium 2014 alloy are produced to be undergo to plating by electroless nickel
solution. The technology based on the EFTTOM-NICKEL Method is applied the nickel-phosphorous
coating to be obtained as Natrium Hypophosphite is used as a reduction agent.

The samples are put to pretreatment procedure before plating including degreasing and acid
pickling all the excess grease or fat and corrosion products to be removed.

After that the activation process is performed in the old Ni plating bath at the ambient temperature.

During the activation Ni nucleus are formed on the substrate surface and initiate the formation of
adherent to the surface Ni-layer.

The solution for electroless plating is prepared in the composition shown in Table 1. The process
conditions are also listed in Table 1.

The samples are thoroughly rinsed in de-ionized water after each of the listed processes.

Electroless nickel deposits are obtained at 4 different plating tames (10, 20, 25, 30 minutes).

2.2 Analytical methods

The morphology and 3D images observation of the coatings are performed by means of a digital
microscope HIROX KH 8700.

The measurement of the coatings thickness is carried out by a digital microscope Leika BVBA and
the average value of 5 measurements is determined. The data are used the kinetic of the process to
be tracked.

The microhardness of the samples was assessed on polished cross sections with an automatic
hardness testing machine AUTOVICK HM 200 by Knoop Method on a holding time of 20 s and a load
of 0,005 g. The presented results are average value of ten measurements.
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The cross sections of all of the samples are made by polishing with silicon carbide paper, then with
diamond paste, to achieve a very subtle surface.

The roughness analysis is performed by a surface texture measuring instrument surfcom 14000
3DF based on the mechanical contact of a stylus with a load 0,01 N on the sample surface.

3. RESULTS AND DISCUSION

3.1. Structural and morphological characterization

Surface observation of the coatings by a digital microscope HIROX KH 8700 detects a wavelike
structure with small islands above and a decreasing quantity with increasing plating time. The waves’
width (corrugations) and the size of the islands show a tendency to extend with time of deposition and
nodules with a cauliflower-like surface texture is observed inside them Figure 1 (a-d).

10 um 10 ym

10 min. 20 min.

25 min. 30 min.

Fig. 1. Surface morphology of electroless Ni-P coating at different deposition times

Cross section of the samples presented in Figure 3 illustrates dense, uniform and smooth coatings
following the surface of the substrate (Figure 3). No features inside the coatings are present.

The sample plated for 10 min shows a low adherent of the coating to the substrate. It suggested that
this is due to faulty pretreatment of the sample surface.
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10 min. 20 min.

25 min. 30 min.

Fig. 4. Cross section of the samples illustrated coating view and thickness measurement

The wavelike structure and the presence of the islands above are also demonstrated on the coatings
surface during observation by a digital microscope HIROX KH 8700 in Figure 2.

10 min. 20 min.
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25.min. 30 min.

Fig. 2. 3D images of Ni-P coating at different deposition times at magnification x 1000
3.2. Coating thickness and hardness

The thickness of the coating defines on the cross section and no deviation is determined between 5
measurements performed (Table 1 and Figure 4). The coatings thickness increases with the plating
time about 2,5 times for a half an hour. It is obvious that the average plating rate of the nickel-
phosphorous deposit slowly decreases with the plating. It is slightly higher (0,7 ym/min at the
beginning) than that at 30 minutes after it (0,56 um/min). The chemicals consumption during the plating
process is the supposed reason for the plating rate reduction.

Table 1. Dependence of the coating thickness on the plating time

Number of | Thickness, um

measurement 10min. 20min. 25min. 30min.
1 7 12 13 17

2 7 12 13 18

3 7 12 13 17

4 7 12 13 18

5 7 12 13 17
average 7 12 13 17,4

The Ni-P coatings hardness, measured by Knoop method, indicates obtaining harder coatings with
increasing of the plating time (Table 2 and Figure 3). The thicker coatings have a higher hardness. But
no correlation is observed between the rate of the thickness and hardness increase with the plating
time. For the thickness the increase is about more than 2 times while for the hardness is only about
40%.
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Table 2. Hardnes of Ni-P coatings plated in different deposition time

Number of | Hardness (0,005 HK) at different plating time

measurement (min)

1 382,4 549,7 663,3 729,0

2 4922 651,5 710,5 663,3

3 380,7 472,6 724,3 663,3

4 433,5 460,6 571,9 706,0

5 460,6 639,4 692,8 643,3

6 420,9 511,7 655,2 729,0

7 446,7 531,7 609,6 655,2

8 4229 465,4 710,5 655,2

9 458,2 624,3 701,6 651,2

10 4314 440,1 701,6 697,2

average value 474,95 534,7 671,23 679,27
Coating hardness

700 A

600 -

500 -~

400 A

300 A

200 A

100 A

0 10 ' 20 ' 30 | Time of plating

Fig. 3. Dependence of the coatings hardness on the plating time
3.3. Roughness of the coatings

The main roughness parameters arithmetical mean roughness Ra and maximum profile peak height
Rp, are shoun in Table 3.

Data for Ra indicates that coatings obtained in the beginning of the plating process have lower
average of the absolute values of the profile height deviations from the mean line, recorded within the
evaluation length. Ra increases with the plating time. The same dependency is established for the Rp
results. The growing Ni-P coating forms more irregular surface with higher peaks.
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Parameter Name Ra Rp
sample 10

min(average value) 0,39 1,51

6 0,472143 1,97

7 0,377646 1,276667
8 0,379785 1,64

9 0,363121 1,42

10 0,355377 1,243333
sample 20

min(average value) 0,39 1,55

1 0,404127 1,506667
2 0,374991 1,166667
3 0,405032 1,293333
4 0,402238 2,46

5 0,361374 1,33
sample 25

min(average value) 0,42 1,62

11 0,399978 1,586667
12 0,44007 1,236667
13 0,396978 1,83

14 0,358698 1,163333
15 0,483275 2,306667
sample 30

min(average value) 0,56 1,63

16 0,571209 1,366667
17 0,591157 1,826667
18 0,56243 1,416667
19 0,559053 1,76

20 0,532347 1,78

5. CONCLUSION
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Table 3. Data for the Ni-P coatings roughness at different plating time

Electroless nickel-phosphorous coatings deposited on samples from aluminium 2024 alloy are put
under testing.

The morphology of the tested coatings corresponds to that described in the literature. Wavelike
structure with small islands above is observed, changing to extension with the plating time. This view of
the surface proved by 3D visualization is inherent for amorphous material in as-plated condition.

Observation of the cross sections of the coatings shows uniform, dense coatings without any futures




inside. The coatings follow the substrate surface.

It is obvious that the coatings thickness increases, but the average plating rate of the nickel-
phosphorous deposit slowly decreases with the plating time.

The thicker coatings have a higher hardness. But the thickness of the coating increases faster than
the hardness with the deposition time.

Data for roughness parameters Ra and Rp indicate that growing Ni-P coating forms more irregular
surface with higher peaks.
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EFFECTS OF DIFFERENT FINISHING PROCEDURE ONTO NANOMECHANICAL
CHARACTERISTICS OF VENEERING CERAMIC

Marko PANTIC, Miroslav BABIC, Slobodan MITROVIC, Danimir JEVREMOVIC, Dragan DZUNIC,
Tatjana KANJEVAC, Ivana LUKOVIC

Abstract: This paper describes the nanomechanical characteristics of fluorapatite veneering
ceramic (IPS e.max Ceram, Ivoclar Vivadent) treated with three different surface finishing procedures:
polishing, glazing and grinding, using the Anton Paar nanoindentation. Also, AFM analysis of different
surface finishing procedure was done in order to determine the 3D surface topography and roughness
parameter Ra. The hardness (HV) and Young's modulus (E) of the surface structure were presented as
results of nanoindentation measurements. Nanoindentation tests was done using Berkovich diamond
pyramid and the experiment was organized in a 3x4 array. Indentation imprints were investigated using
the optical and Atomic Force Microscopy. The obtained results show that the nanomechanical
properties mostly depend of prepared surface finishing procedures.

Key Words: Nanoindentation, Fuorapatite veneering ceramic, different finishing procedure,
AFM analysis.

1. INTRODUCTION

The aesthetic and biomechanical properties of dental materials mostly depend of the distribution
and particles size, as well as the concentration of the crystals in the structure of material itself [1].
Glass ceramics has become very important material in the last few years and one of the most used
materials in dentistry, solely because of its excellent aesthetics, good mechanical properties and the
longevity of the dental restoration itself [2].

IPS e.max Ceram is a veneering ceramic with excellent aesthetics results designed for use in
conjunction with all-ceramic systems. IPS e.max Ceram is a homogeneous mixture of fluorapatite-
containing glass ceramic and sintered glass powders. Veneers are thin «laminates» made of ceramic,
which are attached to the tooth and which do not cover the entire tooth. Only a small amount of tooth
structure is ground away for veneers. Veneering ceramics play a key role in the esthetics of a
restoration. Their interplay of shade, translucency, and brightness allows for a lively appearance of the
natural and restored dentition [1,3].

The mechanical properties of ceramic materials largely depend of the surface roughness and
structural defects of the material itself. Porosity has a major influence on the mechanical properties of
ceramic materials, where the mechanical properties of the material significantly decreasing with
pronounced porosity [4]. The indentation test allows useful information’s about mechanical properties of
investigated material, such as hardness, Young’s modulus, induced stresses, work hardening and
residual thermal stresses [5,6].

The aim of this study is to identify the nanomechanical properties of veneering ceramic (/PS e.max
Ceram, Ivoclar Vivadent), under different finishing procedure (polishing, glazing and grinding), using
the Anton Paar Nanoindentation. The obtained results of nanoindentation measurements were
performed in order to define the hardness (HV) and the Young's modulus (E) of the surface structure as
a function of the applied indentation load. Also, AFM analysis was done in order to determine the 3D
surface topography and roughness parameter Ra, for all prepared samples.

2. EXPERIMENTAL PROCEDURE

2.1. Material and samples preparation

Veneering ceramic IPS e.max Ceram consists of a multicomponent system SiO,-Li,O-Na,O-K,0-
Zn0O-Al,O3. The glass structure of fluorapatite is additionally strengthened by a certain wt. of the
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components CaO, P,Os5 and F, (Figure 1a). These three basic components are a prerequisite for the
formation of a fluorapatite crystal Cas(PQO,)sF. Thus, the formed fluorapatite content has a big influence
on the natural aesthetic appearance of restoration in the form of reflection, trasuency and opalescence.
The main component of the structure is SiO, with ~ 60% of wt. Chemical composition of commercial
Veneering ceramic IPS e.max Ceram is given in Table 1 [2,7].

Fig. 1. IPS e.max Ceram veneering ceramic.

Table 1. Chemical composition of Veneering ceramic IPS e.max Ceram [3].

Standard composition (in % by weight)
SiO, 60 — 65
Al,O3 8—-12
Na,O 6-9
K,O 6-8
CaO 1-3
Zn0O 2-3
Li,O 1-2
ZrO, 1-15

F 1-2
+ Others oxides 05-7

The preparation of samples required the mold manufacturing (diameter 20 mm and height 5 mm).
Before testing, all samples were firstly sintered at prescribed temperature according to manufacturer's
instructions (/voclar Vivadent). After sintering, the contact surfaces of samples are prepared with 3
different finishing procedures (polishing, glazing and grinding), Figure 1b.

The 1st sample was polished on the polishing machine, under controlled speed, using diamond
sandpaper with different grits (280, 400, 600, 800, 1200 and 2000) with hand pressure and water
cooling. The fine polishing was done after that by using the liquid emulsion with grain size of 6 and 0.04
pm. Final roughness prior to testing was Ra=12.239 nm. The contact surface of the 2nd sample was
glazed according to the manufacturer's recommendations (Ivoclar Vivadent). Testing roughness was
Ra=17.253 nm. On the end, contact surface of the 3rd samples was grinded by using diamond borer
(Medin, ISO: 806 314 146 534 016, 150 ym — max). Measured roughness of grinding sample was
Ra=0.786 um.

On the end, all samples surfaces were cleaned with 70 % alcohol before every test, in order to
remove any remaining surface contaminants.

2.2. AFM analysis

All results of roughness parameter (Ra) and 3D surface topography were obtained by NT-MDT AFM
microscope (Fig. 1). The measurement range on all samples is 100x100 ym. AFM have been
described thoroughly in a previous publication [8].

2.2 Nanoindetation

Nanoindentation tests were done using Anton Paar Nanoindenter, which is located at the Tribology
center on the Faculty of Engineering in Kragujevac (Figure 2).
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Fig. 2. Anton Paar Nanoindenter [1].

Indentation data were obtained using loads of 50, 100, 200 and 400 mN for each samples. Maximum
load holding time was 10 s. A Berkovich diamond indenter was used for all indentations. Each test was
repeated three times. The study obtained values of hardness and Young's modulus.

Indentation imprints were investigated using the Optical and AFM microscopy.

3. RESULTS AND DISCUSION

Nanomechanical tests were preceded by the AFM analysis in order to determine the roughness
parameters Ra and 3D topography of the tested material under different surface finishing procedure
(Figure 3). Presented results, show that lowest values of R, have polished finishing procedure, as
expected.

o o

Fig. 3. AFM analysis (3D topography) of samples: a) polished, b) glazed, and c) grinded surface.

Surface roughness has a big influence on the many things as well as aesthetic of the contact
surface of material itself, changing color on the dental restoration, secondary caries and gingival
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irritation, and the mutual wear of contact surfaces of teeth and antagonists (natural tooth or dental
restoration). The most main goal in esthetic dentistry is that the finishing procedure of the contact
surface of material should be as smooth as possible [1,2,8].

The obtained results of nanoidentation (hardness and Young's modulus) are presented at the Fig. 4.
Results are presented as mean values of all measured parameters obtained as the arithmetic mean of
the 3 repeated tests.
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Fig. 4. Nanoindentation results: a) Hardness (HV) and (b) Young's modulus (E).

From the presented Figure 4 it can be clearly seen that the highest value of hardness and Young's
modulus has a glazed sample. Also, is visible trend for polished and glazed surfaces that hardness and
elastic modulus decreases in a very small range with increasing normal load. Grinding does not have a
trend as polished and glazed surfacesses probably due to the pronounced surface roughness at the place
of testing. The contact between the Berkovich indenter and the surface of the sample is realized mostly per
tops of roughness. The phenomenon of decreasing hardness by increasing the indentation load is known
under the term "Indentation size effect (ISE)" [10,11]. Figures 4a and 4b clearly show that the glaze has a
significant impact on the obtained results, ie, provides better mechanical properties of the material itself.

Figure 5 shows the load-displacement curves for different prepared samples as mean values of
three indentations for loads 50, 100, 200 and 400 mN. The curves have proper form and clearly show
that it is maximum load holding time properly selected [12,13].
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Fig. 5. Load-displacement curves under different finishing procedure: a) polished, b) glazed and c) grinded.
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The diagrams (Figure 5) clearly show that the indentation depth proportionally increasing with the
increase of normal load. There are no major differences in indentation curves for polished and glazed
tested samples, while the grinding curve has a mild deviation from the previous two samples, especially in
the case of a 400 mN indentation load, where is a irregular shape of the load-displacement curve result of
different surface roughness in the contact zone and gas bubble occurrence in contact suraface of
samples, whose presence is characteristic for this material [1].

The Figure 6 shows representative indentation imprints (400 mN) of Veneering ceramic under different
finishing procedure, obtained on optical (x100) and Atomic force microscopy. Nanoindentation on grinding
sample was presented just by optical microscopy because it was impossible to find indentation imprints on
AFM due to their small size of imprints and big surface roughness of the material.

Fig. 6. Indentation imprints at load of 400 mN, analysed by optical (left, x100) and AFM
microscopy (right): a) polished; b) glazed and c) grinded surface.

Indentation imprints are clearly formed with visible edges in the surface layer of material. On Figures
6a and 6b around imprints it can be noticed mild plastic deformation (brighter zone), as a result of
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displacement of material (piling-ups) during the penetration of indenter.

Plastic creep of material on the along the side of the indentation marks can be considered as the
basic physical process softening the material due to the phenomenon of shear [14]. The reason for this
is that the plastic creep of material by shearing causes certain structural changes in the field of the
material itself, which means that the deformation in that zone is much faster than in the other zone of
the material [15]. Materials that move from the piling-up condition to the sinking-in condition, become
much more elastic [16]. This also shows the importance of the Young's modulus, which present a
measure of the stiffness of the material. Since the polished and glazed surfaces are most common in
practice, mechanical properties of materials has big importance on lifetime of dental restoration
because they mostly depends on quality of the finishing procedure.

Presented results are in accordance with the obtained results of several similar studies [15,17-21], also
they may assist in better understanding of the mechanical behaviour of Veneering ceramic under different
finishing procedure and thus facilitate the design and CAD/CAM manufacture for dental restorations.

5. CONCLUSION

The mechanical properties of ceramic materials largely depend of the surface roughness and
structural defects of the material itself. Based on the obtained results, it can be concluded that
nanomechanical properties mostly dependent of applied surface finishing procedures.

The highest value of hardness and Young's modulus has a glazed sample. The glaze, as a finished
procedure, has a significant impact on the obtained results, ie, provides better mechanical properties of
the material itself.

Presented results may assist in better understanding of the nanomechanical behaviour of veneering
ceramic under different finishing procedure and thus facilitate the design, selection and CAD/CAM
manufacture for dental restorations.
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TRIBOLOGICAL BEHAVIOR OF ZA-27 ALLOY BASED NANOCOMPOSITE
REINFORCED WITH SiC NANOPARTICLES

Dragan DzUNIC, Slobodan MITROVIC, Miroslav BABIC, Marko PANTIC, llija BOBIC

Abstract: Dry sliding friction and wear behaviour of ZA-27 alloy nanocomposite reinforced with
SiC nano particles of size 50 nm was evaluated. The content of SiC particles in the alloy was 1, 3 and
b5vol. %. The nanocomposites were produced by the compocasting procedure. The SiC nanoparticles
as reinforcement were added into the semi-solid ZA-27 alloy under intensive mixing. Mechanical
characteristics of obtained nanocomposites were evaluated through hardness tests. A block-on-disc
tribometer was used to evaluate the wear volume and friction coefficient, while 30CrNiMo8 steel disc
was used as the counterface, under dry sliding conditions at different specific loads and sliding speeds.
Wear tracks were examined using optical microscopy. Results indicated that hardness and wear
resistance decreases with increasing the content of reinforcement in ZA-27 alloy.

Keywords: Wear, Friction, ZA-27, Nanocomposite

1. INTRODUCTION

Zinc-Aluminium (ZA) alloys are widely used in numerous tribological applications and due to that
this family of alloys is very attractive for researchers. Neither one other alloy does not provide such
combination of strength, toughness and stiffness as casted zinc-aluminium alloys. In the beginning,
content of aluminium was varied, starting from 8% [1, 2], than 12% [3] and finally 27% was proved to
be the best balance of zinc and aluminium for tribological applications. Zinc-Aluminium alloys were
developed to replace heavy conventional bearing bronze [2-7] and expensive aluminium alloys. These
alloys contain a very small amount of copper which is the main reason why these alloys can be very
economic and efficient replace for a large number of non-ferrous metals, while they possess higher
strength, better wear resistance and lower casting temperature [8]. Main restriction for these alloys is
working temperature. On elevated temperatures over 100°C mechanical properties of ZA alloys
deteriorates [8, 9].

ZA-27 alloy is the most attractive for many researchers because of their great strength. Great
mechanical and tribological properties makes them very applicable for journal bearings, thin walled
castings, electrical components, automotive, industrial and agriculture machines and devices, valves
etc. [10]. There are a numerous research investigation in order to improve mechanical and tribological
properties of ZA-27 alloy, primary trough obtaining composite materials based on ZA-27 alloy. In order
to improve frictional properties graphite as hard lubricant was added [11-13], while hard particles were
added in order to improve wear resistance [14-19]. In order to combine benefits from hard particles and
graphite as a hard lubricant, hybrid composite materials were developed [20]. ZA-27 alloy and their
hard particle reinforced composites shown a good corrosion resistance [21-23].

This paper presents tribological investigation of nanocomposites based on ZA-27 alloy obtained by
compocasting procedure. Composites are reinforced with SiC nanoparticles. Average nanoparticles
size was 50 nm, while the content in the base alloy was 1, 3 and 5 vol. %. Among the various
nanocomposites production procedures stirring casting is generally accepted as most cost-effective
procedure and also due to mass production applicability compocasting was selected as
nanocomposites obtaining procedure.

2. EXPERIMENT
2.1. Materials and method of fabrication

ZA-27 based nanocomposites reinforced with SiC nanoparticles with average size 50 nm were
obtained using compocasting procedure. Chemical composition of the base ZA-27 alloy is presented in
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table 1. Compocasting procedure is carried out in two phases. The first phase is the preparation of
semi-solid melt, then infiltration of reinforcement SiC nanoparticles (average size 50 nm) during
intensive mixing of the melt. After infiltration of reinforcement nanoparticles the resulting mixture was
stirred for 15 min at 1000 r/min and then it is poured in preheated mold. After cooling obtained
nanocomposites are cut and then hot pressed on temperature 250°C and pressure of 350 MPa. After
hot pressing, nanocomposites are cut into blocks for tribological test.

Table 1. Chemical composition of ZA-27 alloy

Alloy Chemical composition (weight %)
Al Cu Mg Zn
ZA-27 25-27 2do 25 0,015-0,02 Balance

Before tribological tests hardness test and density measurement using Archimedes’ principle were
done, on base alloy and obtained nhanocomposites. Hardness test was realised using diamond Vickers
pyramid with normal load of 50 N. Obtained results are presented in table 2.

Table 2. Hardness and density values for tested materials

Material Hardness, HV; Density, g/cm3
1 ZA-27 122 4.845
2 ZA-27 + 1 vol% SiC 113 4.664
3 ZA-27 + 3 vol% SiC 112 4.650
4 ZA-27 + 5 vol% SiC 95,5 4.323

2.2. Tribological tests

Tribological tests were carried out in a computer aided block-on-disk sliding testing machine
(developed at the Faculty of Engineering ex. Faculty of Mechanical Engineering) with the contact pair
geometry in accordance with ASTM G 77-05. A schematic configuration of the test machine is shown
in figure 1. More detailed description of the tribometer is available elsewhere [24].

The test blocks (6.35x15.75x10.16 mm) were prepared from obtained nanocomposite materials.
The counter face (disc of 35 mm diameter and 6.35 mm thickness) was made of EN: 30CrNiMo8 steel
of 62HRC hardness. The surface roughness of the counter face steel disk was Ra=0.192 ym, while the
surface roughness of nanocomposites was around 0.09 um.

an

Wear scar

Figure 1. The scheme of contact pair geometry [24].

The tests were performed under dry sliding conditions at different sliding speeds (0.25 m/s, 0.5 m/s,
1 m/s) and applied loads (10 N, 20 N, 30 N). Sliding distance was 300 m and each experiment was
repeated five times. The tests were performed at room temperature. The wear behaviour of the block was
monitored in terms of the wear track (scar) width (figure 1). Using the wear track width and geometry of
the contact pair, the wear volume (expressed in mm3) was calculated.
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3. RESULTS
3.1. Wear

Values of calculated wear volume as function of normal load and sliding speed are shown on
figure 2a-c and 2d-f, respectively. It should be noted that in the beginning contact is realised through
line contact between block and steel disc, while it exceeds in area contact with development of wear.
The increase of the normal load produced increase of wear volume (figures 2a-c), especially
pronounced under the lowest sliding speed on this test, 0.25 m/s. The increase of sliding speed
produced decrease of wear volume and based on that it can be clearly concluded that the lowest value
of wear volume can be achieved under the lowest value of normal load and the highest value of sliding
speed. figure 2d confirms previous statement. Mentioned trends are noticeable for all tested materials,
both base ZA-27 alloy and nanocomposites reinforced with SiC nanoparticles.

It is noticeable from figure 2 that there is no clear distinction in wear volume values between tested
materials. Under the lowest value of sliding speed the lowest value of wear volume exerts base ZA-27
alloy, while in all other cases the lowest value of wear volume exerts hanocomposite with 5 vol.% of
SiC nanoparticles.
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Figure 2. Dependence of wear volume on normal load (a-c) and sliding speed (d-f).
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3.2. Friction

Obtained value of coefficient of friction as function of normal load and sliding speed is shown on
figure 3a-c and 3d-f, respectively. The increase of the normal load and sliding speed produced increase
of coefficient of friction, for all tested materials. The obtained values of coefficient of friction for all
tested materials are very close and oscillate in the range from 0.38 to 0.49. Due to that it is impossible
to conclude which of the tested materials possess the best frictional properties. Values of coefficient of
friction presented in figures 3a-f are steady state values. Also, from presented plots on figure 3 it can
be concluded that increase of reinforcement content in base za-27 alloy has no influence on coefficient
of friction.
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Figure 3. Dependence of coefficient of friction on normal load (a-c) and sliding speed (d-f).
4. DISCUSSION

From presented results it can be clearly noticed that there is no major differences in obtained
values of coefficient of friction and wear volume between all tested materials. Based on obtained
hardness and density values of tested materials, increase of reinforcement content in base alloy result
in decrease of hardness and density of nanocomposites. Decrease of those values indicates on
structural irregularities of obtained nanocomposites, such as porosity [25-27] and uneven distribution of
nanoparticles in base alloy and formation of an agglomerate of nanoparticles [28-30].
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Since the tribological tests were performed without lubrication increase in sliding speed results in
increase of contact temperature and based on that oxidation process is pronounced. Decrease of wear
volume value with increase of sliding speed indicates that on contact surfaces some kind of tribological
layer was generated. Generated oxide layer on contact surfaces protects them and decrease intensity
of wear processes.

Figure 4. Wear tracks at 20N and 0.5m/s: a) base ZA-27 alloy, b) 1 vol.% of SiC, c) 3 vol.% of SiC
and d) 5 vol.% of SiC.

Analysing optical microscopy images of generated wear tracks on tested materials, both base ZA-
27 alloy (figure 4a) and obtained nanocomposites (figure 4b-c) the existence of pits within wear track
that are surrounded with parallel grooves can be noticed. Parallel grooves within the wear track
indicate that abrasive wear is the dominant wear mechanism while noticed pits are result of
fragmentation from generated tribological contact layers. Fragmentation can be result of agglomerated
nanoparticles in sub surface layer or a result of fatigue of the contact layer [31]. During fatigue process
initial crack is generated in places where agglomerates and pores are present. Due to shear force
crack develops until reaching the surface or merging with another crack which results in fragmentation
of surface layer.

5. CONCLUSION

Paper presents tribological investigation of nanocomposites based on ZA-27 alloy, reinforced with
SiC nanoparticles, with average size of 50 nm. It should be noted that nanocomposites were obtained
using compocasting procedure, while the content of SiC particles in the alloy was 1, 3 and 5 vol.%.
Conclusions drawn from this experimental work are as follows:
e Increase in volume content of reinforcement results in decrease of density and hardness due to
existence of structural irregularities such as porosity and uneven distribution of nanoparticles
and their agglomeration.
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e  Present structural irregularities diminishes positive effects of nanoparticles reinforcement and
due to that increase volume content of reinforcement has no influence on wear and frictional
properties.

o  Wear resistance of all tested materials increases with sliding speed increase as a result of
tribological layer generation.

e Dominant wear mechanism was abrasive wear combined with fragmentation of generated
tribological surface layer.
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THE ABRASIVE PROPERTIES OF DETONATION NANODIAMONDS
Anna PETROVA, Adelina MITEVA

Abstract: A large area in the application of detonation nanodiamonds is surface polishing.
Mills, diamond cutting blades, drill bits and blades with embedded diamond particles are used in the
various industries, with new metal-diamond connections, resistant to high temperatures and
mechanical stress, ensuring a high cutting speed. An important process in the production of details is
the finishing of high-precision polishing for the needs of: radio engineering, electronics, optics and
mechanical engineering

Keywords: detonation nanodiamonds, abrasive properties, carbon nanostructures, coatings,
poloshing

1. INTRODUCTION

The applications of detonation nanodiamonds (DNDs) are very diverse in industry and science
[1-18]. In some applications, the use of untreated detonation nanodiamonds is acceptable - the starting
charge, which is almost twice as cheap. DNDs are used to create high quality materials and coatings
with nanocrystalline structure and particle size up to 100 nm.

The use of DNDs in polishing surfaces has been proven in science. A small percentage of the
addition of particulate matter (oxides, carbides, or borides) in electrochemical coatings provides
increased hardness of the composites and reduces the wear of the coatings. This is explained by the
finer crystalline structure of the metal coatings. The added particles play the role of crystallization
centers. The microhardness of the metal grows in proportion to d" where d is the size of the crystal.
The DNDs in the electroplating bath must be sufficiently dispersed and the particles (in the form of a
suspension) distributed as evenly as possible in the volume. Environmental protection is now a vital
and global priority, which is also a priority in the coating processes.

Nanoscale diamonds are part of nanomaterials whose production, modification and use are of
increasing interest to scientists and engineers. Of the whole variety of nanodiamonds, detonation
nanodiamonds are the most interesting in practice.

Their application in the field of composite coatings is determined by the following
characteristics:

- the small size of nanodiamond grains (4 + 6 nm) is related to their anomalous properties
compared to the properties of other diamonds;

- the particles are a single crystalline nucleus with a spherical shape and a three-layer coating;

- highly developed active surface;

- functional groups on the surface of particles of different composition (COOH , OH , SO;H ,
NO; , NO, ) are formed during the redox process of purification.

2. THEORETICAL CONSIDERATION

Nanocomposites are materials in which the dimensions of the filler particles are in nanometric
ranges from 10 to 1000 nm. In recent years, it has become clear that the definition of nanoparticles is
far beyond their dimensional characteristics and includes the specificity of the state of matter in the
particle sizes in the nanodiamond.

Kadomtsev-Shevchenko's synergistic theory describes the specificity of the condition
depending on the size. The nanoworld is obtained by separating the macroworld from the elementary
particles. Thus, nanoscale objects have classic properties in complex with quantum effects (new
properties). We are looking at nanocomposites, a type of metal designed to produce segments used in
stone cutting.
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To amplify the effect of the nano-filler, the movement of dislocations is essential. The influence
of the size and content of the filler, in this case DNDs, is also significant. These are single crystals with
a maximum allowable Mohs hardness value of 10. An approximate qualification can be given to
nanoparticles. Particles up to 1000 nm in diameter are thinner, i.e. they do not give a noticeable effect.
Strengthening are from 100 to 1000 nm in diameter.. Enhancement of the effect of the filler is obtained
by adding particles of size 10 to 100 nm and strengthening - at sizes from 10 to 45 nm.

For DND as filler, the following change is observed depending on the grain diameter d. A
decrease in d leads to an increase in the specific surface area S of the diamond powder and a
decrease in the pycnometer density p.

The advantage of synthetic diamond powders compared to natural ones is the high abrasive
ability of sizes smaller than 200 um, the ability to sharpen and the low financial value.

Depending on the size of the grains, the following is the division of diamond powders:

Grains with grain size 3000 - 60 pm. Grinding powders are divided into fractions by two sieves
- they pass through the steam and hold on to the second (for example 60/40). There are methods for
sorting by the magnetic, electrical, adsorption and geometric characteristics of grains.

Micropowders with a grain size of 60 to 1 ym. They are used for polishing in pastes and
suspensions. The main characteristic of micro-pores for surface treatment is their abrasive ability and
roughness.

The sub-micro powders are 1 to 0.1 ym in size and down.

3. SOME APPLICATIONS

In article [1] are discused the nanodiamonds, dynamically synthesized from graphite, represent
a promising material for obtaining superhard compacts. Abrasive properties of diamond powders with
the nanostructure of grains are better than those of powders of natural and synthetic single crystal
diamonds The composite thickness 1-2 mm is suitable for making cutting tools, cylindrical samples with
the height and diameter larger than 2-3 and 3-5 mm, respectively, are needed for producing wire
drawing dies. The infiltration depth can be increased by the use of diamond powder with a narrow
particle size distribution. The authors describe the process of producing bulk superhard ceramics from
SiC and dynamicallysynthesized nanodiamonds, as well as their mechanical behavior and
microstructure. One of the results of this work is the synthesis of bulk cylindrical samples 2-2.5 mm in
height and 3.5 mm in diameter, on the nanodiamond base with a very high hardness of 80 GPa and a
Young’'s modulus of 700 GPa. They suggest that structural defects of the diamond-SiC boundaries
account for the discrepancy in the case of a nearly dense composite. The structure fitting diamond-SiC
was observed. The SiC structure changes from the nanostructure to submicronstructure in the
diamond-SiC direction. [1]

The presence of nanodiamond on the surface of the Ni-ND composite was apparent in [5]. It
was not possible to remove ND from the surface in an ultrasonic bath or a nitric acid chemical etching
bath. The adhesion of ND to the coating surface is very strong. The nanodiamond agglomerate size on
the surface is very small, for some areas lower than 100 nm. Nanodiamond particles of such small
sizes located on the surface shouldn't result in harmful abrasive properties of the surface [5].

Shear resistance is expected to be lowered when temperature is increased in [6]. The
coefficient of friction could be lowered with decreasing shear resistance. Protective non-sticky coating
with nanodiamond ranging from 0 to 4 wt. % was fabricated to investigate the effect of nanodiamond
addition on tribological performance. The enhanced tribological properties with the small addition of
nanodiamond were achieved by the uniform dispersion of nanosized particles having large specific
surface area and excellent properties. The width of wear track and coefficient of friction were reduced
significantly by the addition of up to 4 wt. % nanodiamond at both room temperature and 150 °C. The
variation of microstructure due to nanodiamond addition and the transferred layers containing
nanodiamond was the main mechanism for the tribological behavior of nanodiamond added PTFE film
[6].

A number of unsolved technological and marketing problems that hinder wide applications of
detonation nanodiamonds in great quantities have been analyzed in [7]. A proposal has been made
that ammunition should be utilized in a closed pool without discharging it and abrasive diamond
powders should be synthesized simultaneously with the detonation nanodiamonds by an explosion of
a large-weight charge in a heavy shell under water.

Owing to its superior mechanical properties, nanodiamond holds great potential to improve
tribological characteristics of composites in [8]. The author reports on the wear and dry friction of
epoxy- nanodiamond composites prepared from as-received and aminated nanodiamond across the
length scale range from macro to nano. Comparison of macroscale, microscale, and nanoscale
frictional behavior shows that nanodiamond is highly effective in improving the wear resistance and
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friction coefficients of polymer matrices across the different length scales. Both types of
nanodiamonds wear resistance and friction coefficients of epoxy-nanodiamond composites were
significantly improved, aminated nanodiamond outperformed as-received nanodiamond, which
authors account to the formation of a strong interface between aminated nanodiamond and the
epoxy matrix. This study also shows that agglomerates within epoxy-nanodiamond composites
containing 25 vol. % nanodiamond were able to wear an alumina counterbody, indicating very high
hardness and Young’s modulus of these agglomerates, that can eventually replace micron sized
diamonds currently used in industrial abrasive applications [8].

Friction accounts for a large amount of energy lost in mechanical systems and applications [9].
Nanofluids, with particles less than 100 nm, added to a base fluid have been proven to be effective in
reducing friction and wear. Diamond has superior mechanical, thermal, optical, electrical, and chemical
properties. Nanodiamond holds a lot of promise for use in nanofluids. The tribological properties of oil-
based nanofluids with spherical nanodiamond particles with the size of 3-10 nm in diameter were
investigated using a ball-on-disk friction test by varying nanodiamond concentration, sliding velocity,
normal load, and disk roughness. The friction testing was performed from authors using a UMT-2 Micro
Tribometer and wear analysis was performed and chemical composition of the disk surface was
examined using a WYKO 3D surface profiler with X-ray photoelectron spectroscopy. The addition of
nanodiamonds to oil leads to a reduction in the coefficient of friction but an increase in wear of the disk.
[9].

To improve W. Miao et all. the oxidation resistance of ultrafine diamonds and broaden their
applications in the field of ultra-precision grinding, titania-coated UFDs were prepared successfully with
the aid of acetic acid and polyvinylpyrrolidone (PVP). Compared with the pristine UFDs, the oxidation
resistance temperature of titania-coated UFDs was enhanced by around 130 °C. The titania shell
thickness was approximately 4 nm. They disscus that titania-coated UFD-vitrified bond wheels were
manufactured through the titania-coated UFD-vitrified bond composite powders obtained by a
polyacrylamide gel (P-G) method, with which their mechanical performances were largely improved.
These results in [10] provide a new pathway of manufacturing high-quality ultra-precision grinding
wheels.

The results of polishing, using suspensions of nanodiamonds produced by detonation
synthesis at different plants, of the surfaces of 23 solid materials having different chemical
compositions, production processes, structure, electronic properties, hardness, reactivity, and
application are described are presents in [11]. AFM technique is used to compare the roughness of
these surfaces with the surfaces of such materials subjected to polishing with diamond synthetic
micropowders (of grades 1/0, 0.25/0, 0.1/0) and to chemical-mechanical polishing (CMP) with
amorphous colloid silica. Stable nanodiamond suspensions are shown to cause a number of effects,
namely, polishing, scratching, plastic flow of surface layers, and CMP. The aggregative state of solid
particles is shown to be of importance. Polishing with NDs is found to be accompanied by
mechanical nanoscratching, which can be leveled by the introduction of certain etchants into an ND
suspension. The author use of amorphous nanoparticles is the only technique that does not induce
deformation in the surface layer of a material [11].

The mechanical properties of epoxy-based nanocomposites reinforced by nanodiamond
particles were investigated in [12]. The results showed that while the addition of 0.1 wt % of ND
improved the Young’s modulus and tensile strength compared with those of the pure epoxy, the
mode | fracture toughness did not show any improvement. The effect of shear deformation on
fracture properties of nanocomposites, mixed mode fracture resistance of nanocomposites was
investigated. [11], polymer-based nanocomposites [13] was found that as the share of shear
deformation in mixed mode loading increases, the positive effect of ND particles enhances. By many
authors nanodiamonds have attracted considerable attention in several engineering fields such as
biological systems, abrasive pastes and suspensions for high precision polishing [11], polymer-based
nanocomposites [13], wear-resistant surface coatings, cooling fluids, lubricants, and electroplating
baths [14]. Few research studies have been performed to investigate the mechanical properties of
nanocomposites reinforced by nanodiamonds. Ekimov and Gromnitskaya [1] reported 4.6 % and
11.6 % improvements in the tensile strength and Young's modulus of nanocomposites reinforced
with 3 wt % of ND.

The boundary between technical diamonds and diamonds suitable for jewelry production is
very approximate and depends on the specific conditions of rejection of the extracted stones. Some
types of particularly responsible tools use diamond jewelry. Synthetic diamonds are mainly used for
technical purposes.

The main applications of diamonds are given in the form of tables (see table 1 and table 2).
Depending on the quality and purpose, industrial diamonds can be divided into the following groups:
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1) Diamonds processed to obtain grains of a certain geometric shape. These include diamonds
intended for the manufacture of cutters, drills, tips, glass cutters, bearings, etc.;
2) Diamond crystals used in raw form in drill bits, diamond-metal pencils, etc.;
3) Abrasive diamonds - mainly small crystals having significant defects (cracks, inclusions, voids) and
suitable only for grinding into powder.

“Atelier Jacques Dembitzer” company produces diamond tools from single crystals and
crushed diamonds. Diamonds and diamond tools made in Belgium are exported mainly to the USA,
Great Britain, France and Germany.

Table 1. Two types of diamonds

Diamonds

Technical diamonds | Jewelry diamonds

Table 2. Three main types of technical diamonds

Technical diamonds

l. II. 1.

- typeable diamonds - abrasive diamonds, powders - drilling tool

- incisors - grinding wheels - diamond metal pencils
- dies - cutting discs - Straightening diamonds
- contacts - lapping - glass cutters

- drill - paste - contacts

- bearings - drill bits

- (faceted) glass cutters - diamond metal pencils

- circle edging diamonds - polishing powders

- hardness tips - denture tool

- surface cleanliness tips

Large enterprises for the production of diamond tools are also organized in the USA, Israel and
Germany.

The United States is the main consumer of industrial diamonds in the capitalist world and the
largest consumer of diamond tools. Diamond tool manufacturing company engaged in "Norton
Company" and "Korborundum" with the enterprise, not only in the USA but in the UK, France, South
Africa, Australia and Canada, and producing almost all kinds of diamond tools.

Consumption of industrial diamonds in the USA over the past decades has been growing
steadily. So, it amounted to (in million carats): 1955 - 11; 1960 - 13.5; 1965-15; 1970 - 21; 1974-1975 -
25-26. At the same time, the use of diamonds for various technical needs is approximately: grinding,
sharpening and finishing of tools and machine parts from hard alloys 60-70 %; grinding wheel mandrel
10-12 %; diamond drilling 10 %; wire drawing 10 %; cutting and grinding of parts and products made of
glass, ceramics, marble, drilling and finishing of carbide parts, processing of watch and jewelry 10-12
%. Since 1975, accurate USA diamond consumption data has not been published.

The largest consumers of diamonds in Western Europe are the United Kingdom, Belgium,
Germany, France, Italy, Sweden and Switzerland [15].

4. CONCLUSION

It turned out that detonation nanodiamonds have a number of unusual properties. Recent studies
have shown that nanodiamonds can be used to create nanocomposite materials, elements of
nanoelectronics, selective adsorbents and catalysts, and objects of biomedical use.

The most advanced application area of nanodiamonds is polishing compounds. The abrasive
properties of DNDs are the most applicable properties of DNDs up to now.

REFERENCES

1. Ekimov, E. A., E. L. Gromnitskaya, S. Gierlotka, W. Lojkowski, B. Palosz, A. Swiderska-Sroda, J. A.
Kozubowski, A. M. Naletov, Mechanical behavior and microstructure of nanodiamond-based composite
materials, J. of materials science letters, 21, 2002, pp. 1699-1702.

2. Kandeva, M., Zh. Kalitchin, P. Svoboda, S. Sovilj-Nikic, General Methodology for Studying the
Tribological Processes on the Basis of the Communicative Potential, Journal of the Balkan Tribological
Association, 25, 2019, pp. 432-442.

96




3. Kandeva, M., P. Svoboda, Zh. Kalitchin, T. Penyashki, G. Kostadinov, Wear of Gas-Flame
Composite Coatings with Tungsten and Nickel Matrix. Part I. Abrasive Wear, Journal of Environmental
Protection and Ecology, 20, 2019, pp. 811-822.

4. KangeBa-MBaHoBa, M., KoHTakTHUAT noaxon B nHxeHepHaTa Tpmnbonorus, TY-Codus, 2012.

5. Petrov, I., P. Detkov, A. Drovosekov, M. V. lvanov, T. Tyler, O. Shenderova, N. P. Voznecova, Y. P.
Toporov, D. Schulz, Nickel galvanic coatings co-deposited with fractions of detonation nanodiamond,
Diamond and Related Materials, Volume 15, Issues 11-12, 2006, pp. 2035-2038.

6. Lee, Jung-Yeob, Dae-Soon Lim, Tribological behavior of PTFE film with nanodiamond, Surface and
Coatings Technology, Volumes 188-189, 2004, pp. 534-538.

7. Danilenko, V. V., Nanodiamonds: Problems and prospects, Journal of Superhard Materials, Volume
32, Issue 5, 2010, pp 301-310.

8. Neitzel, I., V. Mochalin, J. A. Bares, R. W. Carpick, A. Erdemir, Y. Gogotsi, Tribological Properties of
Nanodiamond-Epoxy Composites, Tribology Letters, Volume 47, Issue 2, 2012, pp. 195-202.

9. Caymen Novak, David Kingman, Kyle Stern, Qian Zou & Luan Gara, 2014, Tribological Properties of
Paraffinic Oil with Nanodiamond Particles, J. Tribology Transactions, Volume 57, 2014, Issue 5, Pages
831-837.

10. Weipeng Miao, Ning Yan, Yucheng Zhao, Mingyao Liu, Yapeng Li, Liping Wang, Qin Zou, Hu Tang,
Lina Qiao, Mingzhi Wang, 2016, Synthesis and application of titania-coated ultrafine diamond abrasive
particles, Ceramics International, Volume 42, Issue 7, pp. 8884-8890.

11. A. S. Artemov, 2004, Polishing nanodiamonds, Physics of the Solid State, Volume 46, Issue 4, pp.
687-695.

12. Ayatollahi, M. R., E. Alishahi, S. Shadlou, Mechanical Behavior of Nanodiamond/Epoxy
Nanocomposites, International Journal of Fracture, Volume 170, Issue 1, 2011, pp. 95-100.

13. Kuznetsov, V., Lipa, S., Nanodiamond and onion-like carbon polymer nanocomposites. Diamond
and Related Materials 16, 2007,1213-1217.

14. Dolmatov, V. Y., Detonation synthesis ultradispersed diamond: properties and applications.
Russian Chemical Reviews 70, 2001, 607-626.

15. Bacunbe, JI. A, benbix, 3. M., Anmassbl, MX CBOMCTBA W  MNPUMEHEHMUE,
http://iznedr.ru/books/item/f00/s00/z0000035/st019.shtml

CORRESPONDENCE

Anna PETROVA

Space Research and Technology Institute - Bulgarian Academy of Sciences,
Acad. Georgy Bonchev st., bl. 1, 1113 Sofia, Bulgaria

e-mail: ani@phys.bas.bg

CO-AUTHORS

Adelina MITEVA

Space Research and Technology Institute - Bulgarian Academy of Sciences,
Acad. Georgy Bonchev st., bl. 1, 1113 Sofia, Bulgaria

e-mail: ad.miteva@gmail.com

97



Tribological Journal BULTRIB Vol. 7, 2018

Papers from the 13" International Conference BULTRIB '18 ".

25-27 October 2018, Sofia, Bulgaria

Society of Bulgarian Tribologists '
FIT — Technical University of Sofia

DETONATION NANODIAMONDS - SOME BIOMEDICAL APPLICATIONS
Adelina MITEVA, Anna PETROVA

Abstract: Nowadays investigations of detonation nanodiamonds are the subject of great
interest. This is mainly due to their unique properties and consequently to their actual and potential
applications in various fields of industry and everyday life. In this paper we briefly review some of the
main existing medical and biological applications of detonation nanodiamonds. Possible future
extensions of these biomedical applications are considered.

Keywords: detonation nanodiamonds, biomedical applications, carbon nanostructures, drug
delivery system, nanomedicine

1. INTRODUCTION

Nanodiamonds (NDs) have attracted a great deal of interest, scientific and technological, due to
their unique properties - electronic, structural, thermal, chemical, biological, mechanical, and optical [1-
43]. NDs properties make them suitable for numerous actual and potential applications in various fields
of industry and life [1-13]. Among all nowadays obtained nanodiamonds the most suitable as novel
nanomaterials for biomedical applications are the detonation nanodiamonds (DNDs) or the detonation
nanodiamond powders [1,3,6,7,9,12,14,25]. This is due to superior DNDs properties such as: low size
dispersion - the bulk of all particles are 4 to 5 nanometers in size; stable inert core; reactive surface;
ability to form hydrogels; facile surface functionalization including bio-conjugation; versatile
functionalization; large surface area; high adsorption capacity; inertness in relation to the environment
of the digestive tract.; as well as high biocompatibility. We can see in the available literature the
growing interest in DNDs as numerous: patents [14-22]; review papers [28,30,35-40,42]; books
[6,7,9,12,13,25]; companies, which produce and sell nanodiamonds (Nanostructured and Amorphous
Materials, Inc, (USA); YTM ARGE A.S. (Istanbul, Turkey); Beijing Grish Hitech Co. (China); etc.).

In this paper we will briefly present several biomedical applications of DNDs, namely some of the
most useful and attractive.

Here we will only look at detonation nanodiamonds (DNDs): diamonds that are nanoscopic
particles of diamond, fabricated by detonation (DND) or high-temperature high-pressure (HPHT)
methods.

2. EXAMPLES OF SOME APPLICATIONS

Nanodiamonds have attracted considerable attention in recent years in different research
biomedical areas such as biological sensing, medical therapy, fluorescent markers, enzyme
immobilization and so on [1].

In article [19] are discussed the main characteristics of the DNDs, with their potential use in
stimulation, indication and monitoring of the wastewater treatment and biodegradation processes. The
effect of diamond nanoparticles on the transformation of the azo-dye amaranth during the treatment
process, modeled in sandy sequencing batch biofilter has been discussed as case study. In the
described examples key parameters were evaluated: residual concentration of amaranth, enzyme
activities, effectiveness of amaranth decolorization, chemical oxygen demand and total organic carbon.
The data showed the positive role of the diamond nanoparticles as a modulator. These results discover
perspectives for further research and potential applications of DNDs in the stimulating of
biodegradation processes in wastewater treatment technologies.

The paper [20] discusses the prospects for using modified detonation nanodiamonds with novel
properties as a new promising material for the development of nanotechnologies intended for biological
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and medical purposes. The authors report that nanodiamonds synthesized by detonation can be used
to further purify commercial protein preparations and that enzymes adsorbed on diamond nanoparticles
retain their activity. The paper presents results of in vivo experiments with nanodiamonds administered
to animals via different routes.

In the review [28] authors presented recent studies on carbon nanomaterials for biological
applications revealed that carbon nanodiamonds are much more biocompatible than most other carbon
nanomaterials, including carbon blacks, fullerenes and carbon nanotubes. The noncytotoxic nature of
nanodiamonds, together with their unique strong and stable photoluminescence, tiny size, large
specific surface area and ease with which they can be functionalized with biomolecules, makes
nanodiamonds attractive for various biomedical applications both in vitro and in vivo. In this article, we
present some of the important issues concerning the synthesis and surface functionalization of
diamond nanoparticles for nanomedicine as well as an overview of the recent progress in this exciting
field by focusing on the potential use of nanodiamonds and their derivatives for single particle imaging
in cells, drug delivery, protein separation and biosensing.

During the last decade, ND has furthered its way into the biomedical field, due mainly to its
inherent photoluminescent properties [30]. In parallel, the development of advanced biomedical
imaging methods and techniques have faced a steep upswing, making these two a ‘perfect match’. The
optical and physical properties of ND can be tuned, rendering them highly interesting as versatile
biomedical imaging probes. In the short review [30], authors cover a few of the most recently emerged
applications of ND in biomedical imaging and contemplate on current challenges and future directions.

DLC (Diamond Like Carbon) films are used in many applications, and nanoparticles are being
used as dopant materials in a large number of films. In the investigation [29], DLC films doped with
nanodiamond were deposited on TizAl,V substrates. Detonation nanodiamond was stirred in hexane
with a sonicator at 750 W to obtain a suspension, which was introduced by an evaporation process into
a PECVD reactor to produce DLC films continuously doped with nanoparticles. An amorphous silicon
interlayer was used before depositing the DLC on the TigAl,V substrate. Raman spectroscopy results
showed films with hydrogen contents around 22 %. A scratch test on the TizAl,V alloy showed critical
loads close to 19 N, and corrosion resistance measured via potentiodynamic polarization was improved
with doped DLC over that of the bare substrate. An antibacterial test was carried out with Gram-
negative Escherichia coli, showing antibacterial activity close to 95 % 6 hours after direct contact with
the film. This result suggested that DLC is an excellent material for biomedical purposes. After 18 hours
of direct contact with the doped DLC film, antibacterial activity close to 25 % was observed, which
suggested that nanodiamonds [29] are able to maintain their antibacterial properties and produce
damage to Escherichia coli cells.

In vitro studies [31] of macrophages exposed to micro-sized diamond powder have shown that it
does not affect cell viability for at least 30 hours and does not activate or alter cellular morphology. The
use of nanodiamonds, alone or attached to small molecules, is used in drugs in various fields such as
oncology, cardiology, gastroenterology and dermatology.

Nano-diamonds have been found to accelerate the initial detoxification phase, causing cells to
synthesize more and more active enzymes [32].

The effectiveness of modified nanodiamonds (NDs) for the adsorption of mycotoxins, aflatoxin B1
(AfB1) and ochratoxin A (OTA), are investigated in the paper [33]. Binding and release mechanisms of
the mycotoxins were addressed using an assortment of NDs modified by different surface treatments,
including carboxylation, hydrogenation and hydroxylation, followed by isolating NDs of different sizes.
Results indicate that AfB1 adsorption on NDs is directly related to aggregate size, whereas OTA
adsorption is primarily centered upon electrostatic interactions that depend on the types of surface
functional groups on the ND. Findings show that modified NDs with small aggregation sizes (40 nm)
have greater adsorption capacities for AfB1 than yeast cells walls and untreated NDs from various
vendors, but comparable to activated charcoal. In OTA studies, positively charged NDs outperformed
clay minerals, which are well-known and efficient sorbents for mycotoxins. Furthermore, ND adsorption
capacities can be preserved in a wide range of pH.

Due to the inertness of nanodiamond particles, their small size and surface structure, they are
well - suited for biological applications, such as labelling and drug delivery [34]. In [34] were discussed
the surface structure and functionalisation of diamond nanoparticles. Non - covalent as well as
covalent grafting of bioactive moieties is possible, and first applications of fluorescent diamond
nanoparticles are described.

Nanodiamonds (NDs) are members of the diverse structural family of nanocarbons that includes
many varieties based on synthesis conditions, post-synthesis processes, and modifications. First
studied in detail beginning in the 1960s in Russia, NDs have now gained world-wide attention due to
their inexpensive large-scale synthesis based on the detonation of carbon-containing explosives, small
primary particle size (4 to 5 nm) with narrow size distribution, facile surface functionalization including
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bio-conjugation, as well as high biocompatibility. It is anticipated [35] that the attractive properties of
NDs will be exploited for the development of therapeutic agents for diagnostic probes, delivery
vehicles, gene therapy, anti-viral and anti-bacterial treatments, tissue scaffolds, and novel medical
devices such as nanorobots. Additionally, biotechnology applications have shown the prospective use
of NDs for bioanalytical purposes, such as protein purification or fluorescent biolabeling. The review
[35] critically examines the use of NDs for biomedical applications based on type (i.e., high-pressure
high-temperature [HPHT], CVD diamond, detonation ND [DND]), post-synthesis processing and
modifications, and resultant properties including bio-interfacing. The discussion focuses on
nanodiamond material in the form of nanoparticles, while the biomedical uses of nanodiamond coatings
and thin films are discussed rather briefly. Specific use of NDs in both non-conjugated and conjugated
forms as enterosorbents or solid phase carriers for small molecules including lysozyme, vaccines, and
drugs is also considered. The use of NDs as human anti-cancer agents and in health care products is
already showing promising results for further development. The review [35] concludes with a look to the
future directions and challenges involved in maximizing the potential of these exciting little carbon-
based gems in the fields of engineering, medicine, and biotechnology.

In [36] diamond has been considered for use in several medical applications and methods for
preparing synthetic diamond surfaces and particles are also described. In addition, developments
involving the use of diamond in prostheses, sensing, imaging, and drug delivery applications are
reviewed. These developments suggest that diamond-containing structures will provide significant
improvements in the diagnosis and treatment of medical conditions over the coming years.

The results in [36] have demonstrated the use of diamond in a variety of medical applications,
including drug delivery devices, microelectromechanical devices, and cardiovascular devices.
However, several challenges for diamond-based materials and devices must be overcome.
Reproducible, scalable processes must be developed to facilitate the translation of diamond coatings to
clinical use. The short-term toxicity, long-term toxicity, and fate of diamond, impurities, and breakdown
products must be carefully considered using medical application-specific parameters. Additional work is
also necessary to optimize the properties of diamond for particular medical applications. Efforts are
underway to increase the density of nitrogen-vacancy point defects in small (< 5 nm) nanodiamond
particles; for example, Smith et al. ([28,76] in [36]) prepared nanodiamond particles containing
nitrogen-vacancy point defects by means of high-energy (2.5 MeV) proton irradiation and thermal
annealing. The relationships between biological functionality, surface functionalization, purity, and
physical properties (e.g., aspect ratio) must also be carefully considered. Furthermore, improved
methods for conjugating pharmacologic agents and biological molecules to diamond must be
developed. If these hurdles are overcome, diamond-based materials and devices may be translated to
use in medical devices, drug delivery, and medical diagnostic applications over the next few decades.

The review [37] focuses on the selective targeting of NDs for biomedical and biophysical
applications from the viewpoint of ND surface functionalizations and modifications. These
pretreatments make possible the specific targeting of biomolecules of interest on or in a cell by NDs via
a designed biochemical route. The surface of NDs is covalently or noncovalently modified with silica,
polymers, or biomolecules to reshape them, control their size, and enhance the colloidal stability and
biomolecular selectivity toward the biomolecules of interest. Electroporation, chemical treatment,
injection, or endocytosis are the methods generally adopted to introduce NDs into living cells. The
pathway, efficiency, and the cell viability depend on the selected method.

General significance from [37]: In the biomedical field, the surface modification facilitates specific
delivery of a drug, leading to a higher therapeutic efficacy. In biophysical applications, the surface
modification paves the way for the accurate measurement of physical parameters to gain a better
understanding of various cell functions.

Nanodiamonds (NDs) are emerging as a promising platform for theranostic particles because they
unite a spectrum of important properties into a single agent, including facile synthesis, small size,
inertness, rich surface functional groups, biocompatibility, stable fluorescence and long fluorescence
lifetime. These unique properties have stimulated the application of NDs in cancer treament and
imaging [38]. The majority of these applications rely on the rational engineering of the particle surface,
as the surface plays a critical role in carrying bioactive molecules, resisting aggregation and
constructing composite materials. In the review [38], recent developments of functionalising NDs for
cancer treatment and imaging purposes are discussed. A brief introduction in the structure of NDs and
properties of NDs was given, followed by a summary of various surface functionalisation methods. The
latter part was organised in three subsections: NDs coated with bioactive compounds, NDs coated with
synthetic polymers and NDs/inorganic composites.

Finely divided carbon particles, including charcoal, lampblack, and diamond particles, have been
used for ornamental and official tattoos since ancient times. With the recent development in
nanoscience and nanotechnology, carbon-based nanomaterials (e.g., fullerenes, nanotubes,
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nanodiamonds) attract a great deal of interest. Owing to their low chemical reactivity and unique
physical properties, nanodiamonds could be useful in a variety of biological applications such as
carriers for drugs, genes, or proteins; novel imaging techniques; coatings for implantable materials; and
biosensors and biomedical nanorobots. Therefore, it is essential to ascertain the possible hazards of
nanodiamonds to humans and other biological systems. In [39] was for the first time, assessed the
cytotoxicity of nanodiamonds ranging in size from 2 to 10 nm. Assays of cell viability such as
mitochondrial function (MTT) and luminescent ATP production showed [39] that nanodiamonds were
not toxic to a variety of cell types. Furthermore, nanodiamonds did not produce significant reactive
oxygen species. Cells can grow on nanodiamond-coated substrates without morphological changes
compared to controls. These results [39] suggest that nanodiamonds could be ideal for many biological
applications in a diverse range of cell types.

The unique combination of properties that nanodiamond provides, are the distinct parameters that
render nanodiamond superior to any other nanomaterial when it comes to biomedical applications. The
most exciting recent results have been related to the use of nanodiamonds for drug delivery and
diagnostics - two components of a quickly growing area of biomedical research dubbed theranostics.
However, nanodiamond offers much more in addition [40]: it can be used to produce biodegradable
bone surgery devices, tissue engineering scaffolds, kill drug resistant microbes, help us to fight viruses,
and deliver genetic material into cell nucleus. All these exciting opportunities require an in-depth
understanding of nanodiamond. The review [40] covers the recent progress as well as general trends in
biomedical applications of nanodiamond, and underlines the importance of purification,
characterization, and rational modification of this nanomaterial when designing nanodiamond based
theranostic platforms.

The plasma polymerization of the well known hexamethyldisiloxane monomer was used [41] for
deposition of PPHMDS layers with excellent adhesion on different substrates and remarkable
properties. For the first time in [41], composites of the type DNDs/PPHMDS were obtained and
precisely characterized by different physicochemical methods. The most important result of the study
[41] is that by varying DNDs particles type, it is possible to alter the morphological and chemical nature,
as well as the biological performance of the resultant composite layers. The treatment of composites
surface by ammonia plasma reduce its surface hydrophobisity.

The cytotoxicity test [41] indicates that the cells survive and also grow well in presence of DNDs.
The biological studies performed under short term cultures of osteoblast-like MG63 cells proved that on
the plain surface of Si-DND/PPHMDS composite, the number of the attached cells is the highest. FN
pre-coating improved the celular interaction to all surface, but the cell adhered more readily on Ag-
DND/PPHMDS. The same effect was observed after treatment by ammonia plasma.

Multi-color fluorescent nanodiamonds (FNDs) containing a variety of color centers are promising
fluorescent markers for biomedical applications (in order to analyze complex biological processes, as
well as to track and localize individual drugs, proteins, nucleic acids, and small molecules). Compared
to colloidal quantum dots and organic dyes, FNDs have the advantage of lower toxicity, exceptional
chemical stability, and better photostability. They can be surface functionalized by techniques similar to
those used for other nanoparticles. They exhibit a variety of emission wavelengths from visible to near
infrared, with narrow or broad bandwidths depending on their color centers. In addition, some color
centers can detect changes in magnetic fields, electric fields, and temperature. In the review article
[42], are discussed the current trends in FND’s development, including comparison to the early
development of quantum dots. In [42] were also highlighted some of the latest advances in fabrication,
as well as demonstrations of their use in bioimaging and biosensing.

3. CONCLUSION

NDs are widely used as nanomaterials for biomedical applications, especially in drug delivery and
imaging systems. They exhibit remarkable luminescence properties with emission of great stability and
of high quantum yield which originate from color centers, as Nitrogen-Vacancy centers emitting in far-
red/near infrared, perfectly adapted for biological labeling [8].

The main applications of NDs include its use as a carrier for biologically active substances,
biomarkers, biosensors, high efficiency adsorbents, coatings for surgical instruments, cosmetic
compositions, UV screening creams and additives for dental materials [43].

Interest in nanodiamonds is great all over the world. But widespread adoption is hindered by a
number of problems: lack of standardization of nanodiamonds; low quality stability of nanodiamonds
from various manufacturers; immaturity of technology; lack of experience with nanodiamonds; etc.

However, the unique properties of nanodiamonds guarantee their presence in the arsenal of
innovative technologies. And unresolved problems enable scientists to apply their creative potential.
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Undoubtedly, the study of NDs properties will continue. The main areas of application of DNDs
may not yet be completely found, but we have reason to believe that NDs can be used virtually
everywhere, and especially in high innovative technology [3].
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INTRODUCTION

Hob milling process is one of the most important links in the chain of machining because
productivity, final geometrical accuracy and gear cutting are very dependent on it. The quality of the
machining of gear serration is one of the conditions for achieving the required quality of the work-piece.
In this paper the methodology for the identification of topography of tool teeth and gear serration
produced by uncoated and coated model and real hob milling tool is presented. The research is
realized mainly at the Faculty of Technical Sciences, University of Novi Sad and it is also based on
cooperation between academic partners from Eastern and Central Europe.

GEAR CUTTING AND TOPOGRAPHY OF THE SURFACE

Hob milling, as one of the most complex machining processes, has the widest application in the
process of gear cutting of cylindrical gears due to the high productivity of the process. The complicated
kinematic and geometric relationships between the hob milling tool and the work-piece create a series
of difficulties and problems that prevent the optimal use of tool and machine.

The hob milling tools with changeable teeth beside that
they allow larger constructive back angles, they also have a
relatively large, usable cutting length. Various variants of hob
milling tools that combine different processes such as roughing
and finishing and machining of chamfers for removing
irregularities have also been developed.

Characteristic parameters formed during the technological
process define macrogeometry and microgeometry of contact
surfaces. The connection between topography of contact
surfaces and the development of tribological processes is very
complex. The change of topography in the development of
tribological processes can be shown by the model as in the Fig.
1. For the correct analysis of tribological processes, but also  Fig 1. Change of topography during
tribologically correct construction, the roughness of the contact development of tribological processes
surfaces is especially significant.

It is known that for analysis of the roughness of the machined surface of the elements, there are
more than 30 parameters that are less and those that are more represented. The basic parameters of
roughness are defined according to national and international standards. The first three parameters Ra,
Rmax and Rz represent a small group of the three most common parameters, while Rt, Rq and Rp are
the parameters that are also used, but considerably less than the three previously mentioned
roughness parameters.
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RESEARCH OF TRIBOELEMENTS TOPOGRAPHY OF HOB MILLING PROCESS IN
LABORATORY CONDITIONS OF GEAR CUTTING OF CYLINDRICAL GEARS

In the research of the process of hob milling of cylindrical gears serration long-term experimental
tests are implemented by appropriate method and devices / integral hob milling tool, a device for model
hob milling and a single-tooth tool /.

* Roughness parameters of lateral flank of model hob milling tools during gear cutting
of cylindrical gears

This experimental study contains an analysis of the roughness parameters of the input and output
side lateral flank of four subgroups of thirteen model hob milling tools. Some of the results for input
lateral flank of uncoated tools are shown in figures below.
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Fig. 2. Roughness parameters for unworn and worn-out tool with module m=3 mm

* Roughness parameters of the tooth-face of model hob milling tools

Part of the results for tooth-face of model tools are presented in next figure.
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Fig. 3. Roughness parameters of coated and unworn tool with modules m=3 mm and m=5 mm

CONCLUSION

As can be seen from the results presented the roughness parameters Ra, Rq are parameters
whose results are fairly uniform and their dissipation is insignificant. For the Rp roughness parameter,
the dissipation is slightly higher than the parameters Ra and Rq, while the parameters of the roughness
Ry, Rz, Rmax are the parameters in which the largest dissipation of the results is observed. The basic
roughness parameters of the lateral flank and tooth-face of the model hob milling tools cannot fully
define the quality of this surface, so it would be necessary to use stochastic indicators of roughness for
a more complex and better quality assessment of the profile of the tribo-mechanical element.
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ABSTRACT

The paper is focused on modeling of a nonlinear bar element. The purpose is to study the
elastic and plastic deformations of mechanical systems, caused by impact forces. The
distribution of an impact wave in elastic-plastic mechanical system is considered based on a
numerical example. In the current paper the influence of the period of action of the external
force, the influence of the internal resistance and the influence of the mass distribution are
defined. The problem is solved using Matlab Simulink.

Keywords: FEM, nonlinear bar element, plastic deformation
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FRICTION INDUCED VIBRATIONS OF A CANTILEVER BEAM
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ABSTRACT

In the present work friction induced vibrations of a fixed support beam considered as a
continuous system are studied. The dynamic model is made using FEM, as the internal
damping is taken into account (Rayleigh damping). The friction force, applied on the beam is
nonlinear function of the relative velocity of sliding and its modeled as a cubic function in its
drop-down section. Stationary process of motion is considered in the study. The problem is
solved using Matlab Slimulink. The numerical solution is confirmed by experiment.

Keywords: Self-excited vibration, continuous system, FEM
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INFLUENCE OF THE FRICTION GEO-MODIFIER ON THE ANTI-WEAR
PROPERTIES OF PLASTIC LUBRICANTS

I. LEVANOV', E. ZADOROZHNAYA', M. KANDEVA?>' Zh. KALITCHIN?,
N. DOLGUSHINA', E. POLYACKO'

! Faculty of Automobile and Tractor, Motor Transport Department, South Ural State
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2 Faculty of Industrial Engineering, Tribology Center, Technical University — Sofia,
8 KI. Ohridski Blvd, 1000 Sofia, Bulgaria, E-mail: kandevam@gmail.com

3 SciBulCom 2 Ltd., P.O.Box 249, 1113 Sofia, Bulgaria, E-mail: kalitchin@gmail.com

ABSTRACT

The article describes the influence of the friction geo-modifier on the antiwear properties of
greases and gear oils. Geo-modifiers of friction are the fine powders of mineral materials. The
work is directed on the investigation the influence of the geo-modifiers of friction in the form of
the hard lubricant compositions, which based on a mineral serpentinite, on the anti-wear
properties of plastic lubricants. This composition is the fine powder serpentinite with the
addition of components such as chalk, borax, kaolin and talc. We compared the antiwear
properties of the greases without geo-modifiers of friction and the antiwear properties of
greases containing the geo-modifiers of friction from 1% to 3%. The Litol-24, Shell Gadus S3,
Mobilgrease XHP 222, Castrol LMX was used for testing. The four-ball machine of friction
was used for tests. As geo-modifiers the serpentinite was used, the fraction of which has a
size from 0.87 microns to 2.2 microns. The parameter “wear scar diameter” was used for
evaluation of the antiwear properties of lubricants.

This work was supported by the Ministry of Education and Science of the Russian Federation
(grant No 9.7881.2017/8.9).

Keywords: geo-modifier of friction, serpentine, plastic lubricant, wear scar diameter
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DYNAMICAL STRESSES IN THE HIGH CLASS WIND TURBINE BLADES
CAUSED BY THE VERTICAL WIND SPEED GRADIENT.
PART 1 - AERODYNAMICAL LOADS

J. GENOV', M. TODOROV?
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ABSTRACT

For the powerful wind turbines having large dimensions, the aerodynamic interaction
becomes a function of the angle of the turbine rotation (azimuth angle), dues to the impact of
the vertical gradient of the wind speed. This distribution is in result of a multitude of a
tribological and thermodynamics factors. The authors of this study in previous researches
show that this results in significant dynamic loads on the turbine blades. Furthermore, the
longitudinal turbulence of the wind speed introduces additional dynamic excitation. The
investigation of these dynamic loads is the main objective of this study.

Keywords: wind turbine, vertical distribution and longitudinal turbulence of wind, aero-
dynamic loads
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DYNAMICAL STRESSES IN THE HIGH CLASS WIND TURBINE BLADES
CAUSED BY THE VERTICAL WIND SPEED GRADIENT.
PART 2 - STRESS ANALYSIS IN THE TURBINE BLADES

J. GENOV', M. TODOROV?
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ABSTRACT

In the first part of the study, are obtained the distributions of the thrust and torque forces
along the turbine blades of the high class wind turbines, as variable functions of the time,
derived as a complex result of accounting the vertical gradient and the longitudinal turbulence
of the wind speed. On the base of this, this second part perform a stresses analysis of the
turbine blades. The turbine's blades are considered as Euler-Bernoulli beam under the impact
of the trust and torque forces as well as of the centrifugal forces. The Finite elements method
is applied in for the solving of the partial differential equations describing the model under
consideration. It is using two nodes for an element, with of four degrees of freedom for each
nodes and a cubic polynomial approximation of the modal shapes. The deformations are
relatively small within the separated finite elements and this gives possibility for applying the
superposition principle.

Keywords: wind turbine, vertical distribution and longitudinal turbulence of wind, dynamic
loads, Finite elements method.
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OPTIMIZATION OF MEMS PIEZOELECTRIC ENERGY HARVESTERS WITH
INTERDIGITATED ELECTRODES

Todor TODOROV, Nikolay NIKOLOV', Rumen NIKOLOV?, Yavor SOFRONOV',
Lachezar KOCHEV'

! Theory of Mechanisms and Machines Dept., Faculty of Industrial Technology, Technical University of
Sofia
? Precision Engineering and Measurement Instruments Dept., Faculty of Industrial Technology,
Technical University of Sofia

ABSTRACT

A method for optimization of piezoelectric voltage of vibrating MEMS energy harvester with
respect to the output voltage is considered in the paper. The investigated vibrating elements
are cantilevers and doubly clamped beams with piezoelectric thin film layers. Interdigitated
electrodes are applied at the top surface of piezoelectric layers in order to increase the
efficiency of the energy harvester. The non-uniform distribution of piezoelectric charges along
vibrating structure is a result of non-uniform distribution of bending stress. The length and
position of the piezoelectric layers on the elastic surface have to be chosen in such way so to
avoid the electric charges decrease or total output energy termination. The aim of
optimization method described in the paper is to determine the optimal length and position of
the piezoelectric interdigitated electrodes on the surface of the elastic beam in such way so
the maximum output voltage to be obtained with minimal lengths of the piezoelectric layers.

Keywords: Energy harvester, MEMS, vibration, interdigitated electrodes, cantilever,
doubly clamed beam
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ACOUSTIC METHOD FOR IDENTIFICATION OF RAILWAY WHEEL DISC
STRUCTURAL VIBRATIONS USING COMSOL

K. NEDELCHEV, |. KRALOV

Technical University of Sofia, Department of Mechanics, Sofia, Bulgaria

ABSTRACT

An investigation of structural vibrations of a simplified disc model of a railway wheel is
treated in this study. A numerical investigation of the structural vibrations of a finite
element model of the disc is investigated using COMSOL software. An experimental
setup is built and used to verify the numerical results. The excitation is caused by the
impact hammer and the sound pressure is measured to obtain vibrations response.
Based on the results, a method for identification of the disc structural vibrations and noise
radiation is verified and few useful conclusions have been made. These results could be
used in the process of future investigation and design of low-noise railway wheels.

Keywords: railway wheel, structural vibrations, sound pressure level.
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TRIBOLOGICAL CHARACTERISTICS OF AUSTEMPERED DUCTILE IRONS
WITH NANOSIZED PARTICLES

J. KALEICHEVA', V. MISHEV', Z. KARAGUIOZOVA?
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Technical University — Sofia, Bulgaria
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ABSTRACT

The samples of austempered ductile irons (ADI) with nanosized particles of TICN+TiN,
TiN and cBN are investigated. The austempering mode consists of heating at 900°C,
1 h and isothermal retention at 380°C, 2 h. The obtained structure of the upper bainite is
examined by an optical metallographic microscope GX41 OLIMPUS. SEM and EDX
analyses of cast samples with nanosized particles are performed. Wear test is carried out
of ADI samples on thumb-disc circuit during friction on the fixed abrasive. The influence
of nanoadditives on the tribological characteristics, hardness and microstructure of ADI is
established.

Keywords: nanosized particles, austempered ductile irons, upper bainite, wear
resistance, hardness
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DEVICE AND METHOD FOR SIMULTANEOUS DETERMINATION OF
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ABSTRACT

This paper presents the methodology and its related device for the simultaneous
determination of the spinning friction moment and the rolling friction moment in a
concentrated contact.

The method is illustrated by a concrete example, the values obtained for the two
coefficients being in the order of the microns in accordance with other papers and with
the roughness characteristics of the ball and rod surfaces.

Keywords: spinning friction, rolling friction, experimental
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ABSTRACT:

The paper presents the authors general procedure for tribological processes study based on
the communication potential and the general law of contact interaction in tribology. The
procedure is applicable for arbitrary scope of perturbation influence, if the scope is divided in
sectors where the communication potential varies in a monotone.

The procedure was implemented for a concrete case of static friction study in a contact
system containing high-strength cast iron with various tin micro-alloys. The obtained results
are as follows:

- Procedure is developed and experimental relationship is obtained for the static coefficient
of friction variation with the content of tin.

- The communication potential of the static friction is attained and its experimental variation
is obtained for the content of tin in the interval 0% to 0,032% .

- The law for variation of the total communication potential with the content of tin in the
interval 0% to 0,032% is obtained .

- The law for the static coefficient of friction variation with with the content of tin in the
interval 0% to 0,032% is obtained.

The results obtained are not duplicated in the literature and are not published by the
authors.

This study and the results are related to the implementation on tasks:

(a) Contract: OH 07/28-15.12.2016 “Research and creation of new wear-resistant coatings
using composites and nanomaterials”, funded by the National Science Fund at the Ministry of
Education and Science, Bulgaria;

(b) CEEPUS Il Network: CIII-BG-0703-07-1819 “Modern Trends in Education and Research
on Mechanical Systems — Bridging Reliability, Quality and Tribology”.

(c) Project FSI-S-17-4415 from the Ministry of Education, Youth and Sports of Czech
Republic.

Keywords: tribology, contact interaction, relationships and laws, friction, high-
strength cast iron
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ABSTRACT

The paper presents the authors general procedure for tribological processes study based on
the communication potential and the general law of contact interaction in tribology. The
procedure is applicable for arbitrary scope of perturbation influence, if the scope is divided in
sectors where the communication potential varies in a monotone.

The procedure was implemented for a concrete case of static friction study in a contact
system containing high-strength cast iron with various tin micro-alloys. The obtained results
are as follows:

- Procedure is developed and experimental relationship is obtained for the static coefficient
of friction variation with the content of tin.

- The communication potential of the static friction is attained and its experimental variation
is obtained for the content of tin in the interval 0% to 0,032% .

- The law for variation of the total communication potential with the content of tin in the
interval 0% to 0,032% is obtained .

- The law for the static coefficient of friction variation with with the content of tin in the
interval 0% to 0,032% is obtained.

The results obtained are not duplicated in the literature and are not published by the
authors.

This study and the results are related to the implementation of the tasks:

(a) Contract: H 07/28-15.12.2016 “Research and creation of new wear-resistant coatings
using composites and nanomaterials”, funded by the National Science Fund at the Ministry of
Education and Science, Bulgaria;

(b) CEEPUS Il Network: CIII-BG-0703-07-1819 “Modern Trends in Education and Research
on Mechanical Systems — Bridging Reliability, Quality and Tribology”.

(c) Project FSI-S-17-4415 from the Ministry of Education, Youth and Sports of Czech
Repubilic.

Keywords: HVOF coatings, tribology, abrasion wear, erosion wear
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ABSTRACT

Object of investigation are the characteristics of wear and wear resistance of composite
powder coatings, deposited by supersonic flame stream (High Velocity Oxygen-Fuel HVOF
spraying). Two groups of coatings have been obtained — powder composites of tungsten and
nickel matrices, where each group includes coatings of different size of powder particles. The
coatings are tested in two cases - during abrasion and erosion. The research work consists of
two parts. The first part represents results on wear characteristics during dry friction on the
surface with fixed abrasive particles. The present publication represents the second part of
the study. Results are given here on the wearing of coatings under the effect of air stream,
carrying solid abrasive particles /erosion wear/, particularly — mass erosion wear, erosion rate,
erosion intensity, absolute and relative wear resistance under identical conditions of erosion.
It has been found out that upon increasing the size of the particles 4 times from 11 to 45
microns in the case of coatings with tungsten matrix the wear resistance grows up 2.1 times,
while in the case of coatings with nickel matrix the growth of the erosion resistance is
insignificant — 1.2 times. Comparative results on wear of the tested coatings during abrasion
and erosion show different tendencies in the influence of the size on wear and on wear
resistance. The abrasive wear resistance of both kinds of coatings is greater in the case of
smaller sizes of powder particles. The same coatings in case of erosion are of lower wear
resistance, i.e. lower resistant ability under impact effect of the abrasive particles in air
stream.

The obtained results have not been reported so far in the current literature and they have not
been published yet by the authors.

This study and the results are related to the implementation of the tasks:

(a) Contract: 1H 07/28-15.12.2016 “Research and creation of new wear-resistant coatings
using composites and nanomaterials”, funded by the National Science Fund at the Ministry of
Education and Science, Bulgaria;

(b) CEEPUS 1l Network: CllI-BG-0703-07-1819 “Modern Trends in Education and Research
on Mechanical Systems — Bridging Reliability, Quality and Tribology”;

(c) Project FSI-S-17-4415 from the Ministry of Education, Youth and Sports of Czech

Republic

Keywords: HVOF coatings, tribology, abrasion wear, erosive wear
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INFLUENCE OF ADDITIVES ON STRUCTURAL AND PHYSICO-MECHANICAL
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ABSTRACT

Al-Fe-V-Si alloys are promising materials for the space and automotive industries. The
ribbons are obtained by a plurality of planer flow casting technique. The purpose of this
work is to analyze the influence of additional particles on the microstructure of aluminium
ribbons. Two types of microstructure are observed. Microhardness (Vickers) is measured
with a hardness tester and a NanoScan microscope.

Keywords: Nano-microcrystalline Al-Si alloys, nanostructure, microhardness
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DIRECT METAL DEPOSITION FOR HYBRID MANUFACTURING
G. TODOROV' Y. SOFRONOV', M. ZAGORSKI'
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Sofia, Blvd. Tsarigradsko Shose 111

ABSTRACT

The presented paper concerns the controllable parameters for direct metal deposition
technology (DMD). It demonstrates milestone stages of the part production using direct metal
deposition and achieved accuracy. A complex part - turbine blade was used as an example.
The obtained results have no analogue in the current literature and they have not been
published by the authors.

This study and the results are related to the implementation on the task:
Project D-063-2018/20.06.2018 “Research of capabilities of additive technologies for
building metal structures with direct and indirect methods”.

Keywords: Direct Metal Deposition, Rapid Prototyping, Additive Technology, Turbine Blade
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ABSTRACT

This article provides a virtual based functional analysis and friction reduction of a grapple
and a concept for grouping the different grapple parts in modules with the main purpose to
show the ability of designing grapple families in which the different size grapple is formed by
existing logical modules. Using the modular approach for designing families further provides
easier and faster optimized manufacturing and logistics, lower cost price, shorter delivery
times and met customers’ requirements.

Keywords: virtual prototyping, concept design, optimization, modular design, grapples
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ABSTRACT

In recent years there is an increasing number of articles presenting and/or analysing the
scientific production from discrete geographical regions on a certain scientific topic. These
articles applied the so-called bibliometric methods in order to evaluate the contribution of
different countries in a scientific research field. In the present work, the research output of all
countries in Southeastern Europe (SEE) on the scientific topic of thermal spray coatings is
presented by using bibliometric indices such as the total number of publications and citations
as well as the h-index and the average number of citations per publication. Analysis spans the
last ten years and the required scientific data in order to calculate the bibliometric indices
were retrieved using the Scopus® scientific database.

The obtained results are not duplicated in the literature and have not been published yet by
the authors.
This study and the results are related to the implementation on the tasks:

(a) Projects TR 34028 and TR 35021, supported by the Republic of Serbia, Ministry of
Education, Science and Technological Development;

(b) Contract: OH 07/28-15.12.2016 “Research and creation of new wear-resistant coatings
using composites and nanomaterials”, funded by the National Science Fund at the Ministry of
Education and Science, Bulgaria;

(c) CEEPUS Ill Network: CllI-BG-0703-07-1819 “Modern Trends in Education and Research
on Mechanical Systems — Bridging Reliability, Quality and Tribology”.

Keywords: thermal spray coatings, Southeastern Europe, bibliometric indices, scientific
publications, Scopus database
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ELECTROLESS NICKEL COATING OF CARBON MICRO FIBERS AND
NANOTUBES INTENDED FOR A REINFORCING PHASE IN MMC AND PMC

Valentin KAMBUROV, Rayna DIMITROVA, Kiril NIKOLOV

Faculty of Industrial Technology, Technical University of Sofia, Bulgaria

ABSTRACT

The paper concerns the study of electroless nickel coating of carbon microfibers (CFs)
and carbon nanotubes (CNTSs) in order to be utilised as reinforcing phase for composites with
metal and polymer matrix. The efficiency of the developed alkaline solution based on two
salts — nickel sulphate (NiSO,4) and nickel chloride (NiCl,) for nickel alloy coating (Ni- P) onto
the CFs and CNTs was confirmed. The electroless Ni-P coating of CNTs was performed at
room temperature under conditions of ultrasonic bath treatment, which assist avoiding
excessive agglomeration during metallization.

Keywords: Carbon fibres, Carbon nanotubes, Electroless nickel coating, MMC, PMC
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CHARACTERIZATION ON ZrN COATINGS DEPOSITED BY DC MAGNETRON
SPUTTERING

Maria ORMANOVA, Dimitar DECHEV, Nikolai IVANOV, Peter PETROV

Institute of Electronics of Bulgarian Academy of Sciences, Sofia, Bulgaria

ABSTRACT

The ZrN coatings were deposited on 304L and R18 steel substrates by means DC
magnetron sputtering method. The structure of the coating was observed by X-ray diffraction.
The hardness and elastic modulus was measured. The wear resistance of the coatings was
investigated. ZrN films has a face-centered cubic structure; nanohardness is H=31.27315.8
GPa and elastic modulus - E=291.469+39.809 GPa for ZrN on 304L substrate;
H=19.016+2.151 GPa and E=219.147+169.918 GPa for ZrN on R18 steel.

Keywords: Magnetron sputtering, ZrN coatings, hardness, elastic modulus, wear resistance
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ABRASIVE WEAR OF ULTRA-HIGH-MOLECULAR-WEIGHT POLYETHYLENE,
MODIFIED WITH CARBON NANOTUBES
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ABSTRACT

The present study presents comparative results on the wear and wear-resistance
characteristics of Ultra-High-Molecular-Weight Polyethylene (UHMWPE) samples containing
a different concentration of carbon nanotube (CNTs) additive: 0.5%, 0.75%, 1% and 1.5% at
dry abrasive friction and abrasive friction when lubricated with sea water. The test samples
are made from UHMWPE with the addition of carbon nanotubes with nickel coating and
carbon nanotubes without nickel coating.

Results of mass wear, velocity, wear intensity, absolute and relative wear-resistance of
samples with carbon nanotubes with and without nickel coating were obtained. The highest
abrasion resistance was found to have UHMWPE samples containing 1% carbon nanotubes
without nickel coating.

Keywords: abrasive wear, UHMWRPE, carbon nanotubes, composite materials
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IMPROVING THE TRIBOLOGICAL CHARACTERISTICS OF HELICAL DRILLS
FROM HIGH SPEED STEEL BY MEANS OF A CONTACTLESS LOCAL
ELECTRICAL DEPOSITION WITH COMPOSITE CARBIDE ELECTRODES BASED
ON TiC AND TiN

T. PENYASHKI, G. KOSTADINQV, E. DIMITROVA, |. MORTEV
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ABSTRACT

In this work was conducted a study of the wear of drills from high-speed steel HS-5-2 at
cutting of carbon steel 45(with 0, 45%C). The tools are coated with new non-tungsten carbide
composite materials based on TiC, TiN and TiCN. The coatings are applied by contactless
Local Electro Spark Deposition - LESD. The complex influence of the electrical parameters of
the deposition process and the electrode materials, (respectively the morphology and
composition of the coatings) onto the wear of the drills, and on the contact processes during
cutting were investigated. It has been found the nature of the amendment of the wear
depending of the layering electrode materials and of the parameters of the LESD mode. The
use of the new non-tungsten electrodes results in an increase in the durability of the coated
drills more to 1.9+2.5 times as compared than the non-coated ones and up to 1.4 times than
that of the coated with electrodes based of tungsten carbide. The technological conditions in
which are obtained a minimal wear of the layered drills are determined. The wear analysis
show that the LESD can successfully be used for increasing wear resistance of drills, but in
order to obtain maximum a durable and reliable tribological effectiveness is needed
preliminary optimization of parameters of the regime and materials for deposition according to
the specific cutting conditions.

Keywords: coatings, electrode materials, non-tungsten carbides, wear, roughness,
microhardness, phase composition
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COMPARATIVE STUDIES OF TRIBOLOGICAL CHARACTERISTICS OF CARBON
STEELS WITH GAS FLAME COATINGS FROM NEW MULTI-COMPONENT
CARBIDE COMPOSITE MATERIALS
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ABSTRACT

A new type of wear-resistant and high-hard composite coatings with a complex structure and
different phase composition has been obtained and studied in the present work by gas-fuel
spraying on carbon steels. The choice of powder compositions is made in order to maximise
the adhesion and wear resistance of the resulting coatings, and hence the operating lifetime
of the contact surfaces in terms of resistance to abrasion. For this purpose, are selected
conventional composite powders - semi-self-fluxing alloys based on Ni-Cr-Co-B-Si to which
tungsten carbide alloys BK8 have been added, and ultra-hard phases - WC, TiB,, B,C and
others both individually and in combinations with each other in different ratios. The wear of
the coatings under conditions of dry friction is investigated. It has been found that new
composite coatings have repeatedly reduced the wear of the coated surfaces. The influence
of the B4C, TiB, and WC on the rate of wear and on wear resistance, as well as the relation of
abrasive wear with the proportions of components in the powder compositions, has been
determined. On the basis of the experimental data and comparative analysis, appropriate
materials for deposition of coatings with optimum tribological properties have been defined.

Keywords: Gas flame spraying, WC, B,C, TiB,, wear resistance coatings, microstructure,
microhardness, self-fluxing alloys
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MATHEMATICAL MODEL FOR THE ANALYSIS OF OPERATING CONDITIONS OF
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OF THEIR CONTACT SURFACES

K. GAVRILOV', A. DOIKIN', Y. GORITSKIY?, Zh. KALICHIN®

'Faculty of Automobile and Tractor, Department of Motor Transport, South Ural State
University, 76 Prospekt Lenina, 4564080 Chelyabinsk, Russia, E-mail: gavrilovkv@susu.ru

’National Research University "MPEI", 14 Krasnokazarmennaya, 111250 Moscow, Russia,
E-mail: goritskiy@yandex.ru

3SciBulCom 2 Ltd., P.O.Box 249, 1113 Sofia,Bulgaria
E-mail: kalitchin@gmail.com

ABSTRACT

This article describes, develops and applies approach of the interaction of rough surfaces for
one of the tasks of simulation of tribological systems of the piston engine. In this paper we
described the general approach to building a model of interaction between rough surfaces,
leading to the analysis of the Markov process. Given the initial data and the method of
calculating the trajectory of movable elements on the lubricating layer, we determined the
tribological parameters defining the service life of tribological systems of the piston engine on
the example of crankshaft bearings.

Keywords: surface asperities interaction, Markov process, tribological parameters, crankshaft
bearings
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BEM THEORY ADAPTATION TAKING INTO ACCOUNT NON-UNIFORM, NON-
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ABSTRACT

The powerful wind generators, producing electric power on the order of megawatts are with
significant sizes. The studies on the interaction between the airflow and the wind turbine
usually assume that the airflow is homogeneous in vertical direction, which admission is made
also in the classical Blade element momentum (BEM) theory. For the powerful generators the
vertical gradient of the wind velocity causes a dependence of the aerodynamic interaction
from the azimuth angle and leads to a significant cyclic variability of the forces and moments
acting on the blades.

Keywords: BEM theory, vertical speed gradient, wind generators
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ABSTRACT

The wind generators generating power in the order of megawatts have significant dimensions.
Due to the vertical wind speed gradient in these plants it is important to note that the
aerodynamic interaction is a function not only from the wind speed at the level of the turbine
axis bat also from the blade’s azimuth position. The authors propose the adaptation of the
BEM theory to take into account the different aerodynamic conditions for the separated
blades at a given angle of the turbine rotation. In this article are given more detailed the
obtained results for the aerodynamic characteristics and forces in compared to the classical
approach.

Keywords: power wind turbine, vertical speed gradient, aerodynamic forces
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ABSTRACT

For the large megawatts wind turbines the authors has been investigate that due to the
vertical wind speed distribution arise dynamical variable loads of the turbine blades that are
functions of the azimuth angle. In an addition the longitudinal turbulence of the wind speed
introduces additional dynamic excitation. The investigation of the stress caused by these
dynamic loads on the turbine blades in the upwind direction is the main publication task. The
blades are considering as an Euler-Bernoulli beam. Finite element method is applied in for the
solving of the obtained model.

Keywords: dynamic analysis, continuous system, harmonic response, finite element method
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ABSTRACT

The zinc-aluminium casting alloy ZA-27 is well-established alloy and is frequently used
material for plain bearing sleeves. It has good physical, mechanical and tribological
properties. lIts tribological properties can be further improved by adding hard ceramic
microparticles to the alloy, i.e. by producing the metal matrix composites. However, the
addition of ceramic particles usually decreases the ductility of the alloy. To overcome this,
ceramic microparticles in the composites are replaced by 1 or 2 wt. % titanium microparticles
(particle size approx. 10 ym). Titanium is quite ductile and has relatively low density and high
strength. It is recognized for its high strength-to-weight ratio. Titanium melting point is much
higher than the matrix alloy, and it is assumed to have an effect on improving the mechanical
properties of the composite at elevated temperatures. Small amount (0.5 wt. %) of ceramic
nanoparticles (particle size 20 — 30 nm) are also used, with the aim to increase the composite
mechanical and tribological properties through some of the strengthening mechanisms,
without lowering ductility of the composite. Structure of the composites was examined and
their basic mechanical and tribological properties were tested. The results are evaluated and
compared with the matrix alloy.

Keywords: ZA-27 alloy, metal-metal composites, nanopatrticles, microstructure, friction, wear
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ABSTRACT

The studies of self-organization, energy dissipation, abnormally weak friction, the effect of
Rebinder and “no-wear effect” in machine and technical joints, which are corner stones of
synergetics, allowed to formulate the concept of “engines’ maintenance and repair without
disassembling and while running”.

The results of tribological tests of the metalorganic additive «Renom Engine» indicated its
high efficiency for use as a repairing tool for recovery of motor and tractor engines
functionality.

It should be noted that the process of formation of a stable servovite is quite long, and most
importantly, gradual process. Thus, there is no immediate improve of technical characteristics
of the treated machine, but there is always a positive dynamics.

Based on exploitation tests it was found that the use of the metalorganic additive «Renom
Engine» enables to restore the engine compression, to reduce the carbon monoxide
concentration in the exhaust gases three times, to save up to 10% of lubricant and fuel, as
well as to provide an easier start-up and stable operation of the engine.

The paper presents results of laboratorial tribological and operational tests of various
metalorganic additives (repairing and maintenance compositions) including those created by
nanotechnology, and introduces a concept of engines’ maintenance and repair without
disassembling.

Keywords: self-organization, repairing and maintenance products, tribological tests of
metalorganic additives, nanotechnology.
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A GREAT TECHNICAL TAMPING WHICH WAS CONSIDERED A PROMOTING
DISCOVERY. MICRO-TEXTURING OF THE SURFACE OF THE PROSTHETIC
FEMORAL HEAD TO REDUCE FRICTION AND WEAR

Lucian CAPITANU, Liliana - Laura BADITA, Constantin TIGANSTEANU,
Virgil FLORECSCU, Liviu Florin ISVORANU

ABSTRACT

The paper refers to a technical solution that has raised much interest and has been published
in a relatively large number of works, even in prestigious journals. This is the micro-texturing
of the femoral head surface. It examines the validity of the possibility of increasing the
durability of the hip joint, as a result of the improvement of its lubrication by micro-texturing of
the femoral head surface. The paper focuses on the micro-texturing of the Co-Cr femoral
head surface using a scheduled multi-indent technique. Although experimental studies have
shown that the micro-texture solution cannot be applied to hip prostheses, there is still a gain:
the use of the multi-indentation technique used to achieve micro-texture of surfaces for other
industrial uses.

Keywords: total hip prosthesis, micro-texturing, multi-indentation, Co-Cr alloy, friction
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THE TRUNION FRETTING AND WEAR OF THE STEM OF TOTAL HIP
PROSTHESIS AND ITS INFLUENCE ON THE PROSTHESIS STABILITY

Lucian CAPITANU, Liliana - Laura BADITA, Constantin TIGANSTEANU, Virgil FLORESCU,
Liviu Florin ISVORANU

ABSTRACT

This work refers to the fretting phenomenon and the fretting wear manifested at the conical
trunion between the stem and the femoral head of the classic hip prosthesis, metal -
UHMWRPE, as additional factor influencing the loss of the stability of the prosthesis over time.
This wear cannot be monitored during the in vivo functioning of the prosthesis, but it is
obvious by analyzing the hip prosthesis replaced after surgical intervention. Unfortunately,
wear debris could not be highlighted, but only the wear scars produced on the conical trunion
of the femoral stem.

Keywords: hip prosthesis stability, conical junction, fretting wear, mechanical loading
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ABOUT ENERGY BALANCE OF FRICTION AND MACHINE AS
TRIBOSUPERSYSTEM

Sergey V. FEDOROV
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ABSTRACT

Machine is regarded as tribosupersystem, which is composed of subsystems — tribosystems.
From the position of energy-entropy analysis of adaptive-dissipative nature of states and
properties of tribosystem a generalized machine rule is suggested. An idea is discussed
about natural and real tribosystems and machines. A set of fundamental principles of
tribosynthesis in natural and real machines is singled out.

Keywords: machine, tribosystem, energy, enthropy, balance, reliability, damageability, wear,
tribosynthesis
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ABSTRACT

The possibility of using esters of citric and aconitic acids as antiwear (AW) and extreme
pressure (EP) additives to vegetable oils has been investigated. The aim of the study is to
develop completely non-toxic AW / EP additives for a number of lubricants. Such materials
include both biodegradable lubricants based on vegetable oils and lubricants based on
synthetic hydrocarbons for food processing equipment. It has been established that esters of
polybasic acids and aliphatic alcohols can exhibit antiwear properties at a level comparable to
zinc dialkyldithiophosphates. The possibility of increasing the solubility of such additives in
vegetable oils at low temperatures when using a mixture of different alcohols for the
esterification has also been clarified.

Keywords: citric acid esters, aconitic esters, biodegradable lubricants, food equipment
lubricants, non-toxic AW/EP additives
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ABSTRACT

The purpose of the article is to predict the service life of the connecting rod bearing of an
internal combustion engine. The technique of calculation is based on lubrication
hydrodynamic theory and the molecular-mechanical theory of friction and wear fatigue
theory. It includes several stages.The first is to set the load conditions of the engine. The
second is the definition of the forces acting on the connecting rod bearing. The third is the
calculation of the hydromechanical characteristics of the bearing such as the minimum
thickness of the lubricating layer, the maximum hydrodynamic pressure, the loss of power for
friction, and others. The fourth is the definition of the duration of the zone where liquid friction
is violated. The fifth is the calculation of bearing wear for 720 degrees of crankshaft rotation
(loading cycle) for each mode. Then the wear is recalculated taking into account the duration
of each mode of operation. The characteristics of the crank journal and bearing are taken into
account. The diagram of the wear of the connecting rod bearing is based on the simulation
results. This work has been carried out within financial support of Russian Foundation for
Basic Research (project Ne 16-08-01020\16).
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ABSTRACT

The most of the theoretical and experimental works on the study of friction units are based on
the classical hydrodynamic theory of lubrication. In the presented study, a system of
equations for hydrodynamic problems that take into account the processes of heat exchange
between a lubricant and a solid is given. To model non-Newtonian properties of modern
lubricants, a rheological model of the lubricant was used. A series of comparative calculations
for evaluating the performance of hydrodynamic units, taking into account their thermal
loading, is performed on the example of calculating the dynamics of a flexible asymmetric
rotor. The results of the calculations showed that the temperature difference between the
rotor bearings was 15-18 degrees. The results of theoretical studies have shown good
agreement with the results of experimental studies.

This work was carried out with the financial support of the Russian Foundation for Basic
Research (Project No 16-08-01020 / 16) and the Ural Branch of the Russian Academy of
Sciences (Project No 0407-2015-0005).
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