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BCTBIUTENHO CJ1IOBO

Mapa KAHOEBA

lpedcedamen Ha Obwecmesomo Ha mpubosiodume 8 bbrezapus

Ckbnu koneru n roctu Ha 10-Tata mexxayHapogHa koHdepeHuusa BYITTPUB 2013,

OT nmeTo Ha OBwecTBOTO Ha Tpubonosute B bbvnrapus Bu npusetcteam ¢ [obpe gowrnm B
Codhusa Ha TepuTopusiTa Ha TexHuveckust yHneepcuteT-Codus!

BYNTPWB 2013 ce npoBexaa BbB BpeMe Ha MHOIO MHTEH3MBHO pasBuTUE Ha TpubonorusaTa B
ceeta M Ha bankanute. lMpegn manko noeBeve OT Mecey ce npoBede MawabHo cbbuTMe Ha
cBeToBHata Tpubonorms — [leTmaT cBeTOBEH KOHrpec Mo Tpubonormsa B TOpuHO nog
npeacegaTencTsoTo Ha MexayHapogHust CbBET No Tpubonormsa n 4oMakuHCTBOTO Ha OBLLeCcTBOTO Ha
Tpubonosnte B Wtanusa. bvnrapckata generauus ot 6 Aywm npenctaBu NOCTMKEHWSATA cvu B 5
Aoknaga.

Mpes 2014 r. npe3 mecey OKTOMBpPU LLe ce npoBede 8 —maTa MexayHapoaHa KoHdepeHuns
BAJIKAHTPUB 2014 Ha BbankaHckaTta TpubonornyHa acoumaums. CobutmeTo we ce cbetom B CuHas,
PymbHMA, kbaeTo PymbHckaTa TpubonornyHa acoumaums e noemMe mMaHgarta Ha pbKOBOACTBO Ha
BankaHckaTa TpubonormyHa acoumaums ot Mepuus.

YBaxaemu Tpmbonosu, Ha HacTtosiwarta koHdepeHuna BYJNITPUB 2013 B ka4yecTBOTO CU Ha
npeacepnaten Ha OTB cu nossonsBam Aa nocrtass Ha BaweTto BHUMaHWE eavH MHOMO CbLUECTBEH
BbMNPOC, CBbP3aH C Pa3BMTUETO Ha TPUBOMOrMYHUTE 3HAHMSA B YHMBEPCUTETCKOTO obpasoBaHue B
Bwnrapusa. A nmeHHo obCcbxaaHe Ha Bb3MOXHOCTUTE 3a pa3KpuMBaHe Ha MarmcTbpcka crieumarnHocT
3a obyyaBaHe Ha MarucTpu-Tpnbonosm c HammeHoBanune ,TPUBOUNHXEHEPUHI™ B MawwuHHO -
TexHonornyeH cdakyntet npu TY-Codums.

B obem oT 1 cTpaHuua npegnaram KpaTKo OnNMcaHve Ha npegnocTaBKMTe U Bb3MOXHOCTUTE
3a ocCbllecTBABaHe ToBa NpeAsioXkeHne B Hawarta cTpaHa. lNpeanoxeHneto Oewe ob6cbaeHO K
Hamepwu nogkpena ot YnpasuTtenHusa cbeeT Ha OTB.

Mons ga uspasute BawuTe MHeHMs, NpenopbkM M Mogkpena Mo BpemeTo, OTAeNeHO B
nporpamara Ha ToBa NpeanoxXeHue.

Moxenasam npusaTHa 1 NON30TBOPHa paboTta Ha koHdepeHuuATa!

Hou. a-p Mapa Kangesa
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OPENING SPEECH

by Mara Kandeva

President of the Society of Bulgarian Tribologists

Dear colleagues and guests of the 10" International Conference BULTRIB’13,

In the name of the Society of Bulgarian tribologists, | would like to welcome you in Sofia and in
the area of the Technical University of Sofia.

The Conference BULTRIB 2013 hits the time of highly intensive development of tribology
worldwide and in our region. A month ago the most important tribological forum — the 5" World
Tribology Congress — took place in Torino. It was organized by the International Tribology Council and
the Italian Ttribology Association. Bulgaria had 6 delegates presenting 5 papers.

In October 2014 in Sinaia, Romania, the 8" International Conference BALKANTRIB'14 will be
chaired by the Balkan Tribological Association and hosted by the Romanian Tribology Association
(RTA). Then the RTA will obtain the mandate of the Balkan Tribological Association from Greece.

Dear colleagues tribologists, being president of the Society of Bulgarian Tribologists, | would
like to call your attention to a highly important question related to the development of the tribological
knowledge in the university education in Bulgaria, particularly, thinking about the possibilities for
opening a MSc discipline for tribologists named ,TRIBOENGINEERING” at the Faculty of Industrial
Technology of the Technical University - Sofia.

| propose a short description of the conditions for accomplishment of this proposal in our
country. The proposal was discussed and approved by the Managing Committee of the Society of
Bulgarian Tribologists.

I would like to ask you to express your opinion, recommendations and possible approval
during the presentation of the proposal in BULTRIB Program.

| wish you pleasant and fruitful work during the Conference!

Mara Kandeva, Assoc. Prof. Dr.
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MESSAGE TO BULTRIB ’13 and
CEEPUS WORKSHOP

24 - 26 October 2013
by

PROFESSOR H PETER JOST CBE DSc DTech DEng

Greetings to the Chairman, Members of the Organising Committee and all participants of the
BULTRIB Conference.

We all know that Technology and Engineering are moving at a rate faster than ever and so is
Tribology. Since last you met at this Conference, there have been many developments. Some of
these were demonstrated by over 800 scientific and technological papers presented at last
month’s Fifth World Tribology Congress in Turino at which were present participants of 74 nations.

Judging by the scientific and engineering papers to be presented at this conference, many of the
developments described, of value to the economy and the environment, have already been
recognised.

Indeed if the papers and discussions of BULTRIB ‘13 will contribute to moving towards the goal of
saving materials and energy and of enhancing the environment and the quality of life, the
Conference will have served a valuable purpose, not only for tribology but, in its field, for the
maintenance of life as we know it. Tribology is a worthy cause to pursue and to play its rightful
part for the benefit of science, technology and ultimately, mankind.

With this | wish you an informative and enjoyable BULTRIB ‘13 enabling you to return to your
place of occupation strengthened in mind and having made new friends and acquaintances.

W5

//
H Peter Jost
President
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IMnenapeH Aoknad
MOBAJTHATA KPU3A B TPUBOJIOTMYEH CPE3

Haron MaHonos

C Ta3n obuwa no xapakrepa cu Tema Cu NOCTaBsIM TpU 3a4a4un:

MbpBoO: ga 06ABs M 0OACHA NEHCMOHUPAHETO CU BbB (DYHKLMOHANHOTO MPOCTPAHCTBO Ha
OTB.

BTopo: ga obneka oyxbT Ha TpubonorvaTa B napagurMmaneH mogen.

TpeTo: oa Hanpass TpubonormyHa nHTepnpeTauns Ha OywyBaliaTta B cBeTa rnobarnHa kpusa.

Mo nbpBaTa 3agava:

AOMUHUCTpPATUBHO ce neHcuoHupax B TY-Codwmsa npe3 2000-ta roguHa. ®yHKUMOHAMHO ce
neHcuoHmnpax B TY-Codus npes 2012 r. Ha 80 roguilHa Bb3pacT.

Mpes 2013 r. Ha koHgepeHumsita ,BYJITPUB13” wn3dbuvpam p[ga ce nNeHcuoHupam
agMUHUCTPATUBHO UM (OYHKLMOHANHO B MpocTpaHcTBoTO Ha OTB. OOWuAT MM TPpyAoOB CTax KaTo
yYnTen, YHMBEPCUTETCKM npenogasBaTen M Tpubomror AOTyK Bb3nu3a Ha 61 rogmHu. OT TAX kaTo
n3crnegoBaTen, pbKOBOAUTEN N OpraHn3aTop CbM NocBeTun 45 roauHu.

Kon ca TpamHuTe cnegw, kouto npegasam B Hacneactso Ha OTB, octaBeHu npes Tesm 45
rOOVHM:
paskpMBaHe Ha HOMEHKNaTypHa cneumnanHocT no Tpubonorus;

Hay4HO-NpunoxHa nabopatopus no Tpubonorus — TY-Codus;

rpaxgaHcko capyxeHue ObLiectBo Ha TpubonosuTe B bbnrapus;

BankaHcka TpubonornyHa acoumaums (BTA);

WuTepavcumnnuHHa rpaxgaHcka akagemus (MHICA);

HauuvoHarnHa koHuenuusa no Tpubonorus;

NYEH MarbK 1 rofsiM oKTopar no Tpubornorus;

yYEHULUM 1 nocrnegoBatenu: Nnpodecopu, AOLUEHTU, AOKTOPU N NHXEHEPU;

cnucanma no Tpubonorua: CnucaHne Ha bankaHckata TpubonormyHa acoumauumsi, Ha
WHIA u Ha OTB;

e 300 HayyHu nybnukauumn, 20 HaydHO-obpasoBaTenHu MoHorpadum u y4ebHuum, 40

n3obpeTteHus;

OCHOBHUTE MM CBbTPYOHULM M nocnegoBateny no Tpubonorusi, B3enuM akTMBHO yyacTue B
OCbLLECTBABAHETO Ha Te3u cneau ca: gou. a-p Mapa KaHgesa, gou. o-p Emunua AceHosa, npod. a-p
Backo TeHueB, pou. A-p AnekcaHabp AHkoB, pou. A-p Mapyca AHTOBa, gou. g-p CraHuo
Kasanmkues, a-p Jlo6omup WopaaHos, npod. aAtH Codwms Kapanetposa, fou. A-p AWMUTBP
Munepkos, gou. a-p Xpucto Unues, npod. axH Cnasu MeaHos, npod. ATH Mutko Muxoscku, npod. a-
p Bacun Anekcangpos, gou. a-p Bspa lNoxupaesa, npod. acH WMeanno Kyces, gou. a-p lNeHko
Mopos, npod. a-p KOnuka CumeoHoBa, npod. a-p CumeoH MaHeB 1 gp.

B pestome ¢ Tasnm MO HayyHo-npenogaBaTericka U opraHusaumoHHa AEWHOCT ca NOCTaBeHU
OCHOBMTE Ha Obnrapckara wwkona no Tpubonorus.

lMo3Bonete mMu Hakpas no Tasu 3agada ga Bum kaxa cborom m ¢ Bawe nossoneHve ga
NMPeEMUHA B 3aKMOUYUTENHUSA €Tan Ha CBOS XMBOT KaTto Bu 3asaBaBam, 4ye BpaTMTe Ha MOs OOM, Ha
MOETO CEMENCTBO U HAa MOETO CbpLie OCTaBaT LUMPOKO OTBOPEHM 3a Bac.

Mo BTOpa 3apgava:

OcHoBHaTa napagurmMma Ha 4oBeWwkKuTe 4yBCTBa, MWUCIIM W nNoBedeHMe B HallaTta
LENCTBUTESNIHOCT Ce OCHOBaBa Ha [ABYMOJIOCEH OHTONorMyeH mogen. M3pas Ha To3u Mopen ca
hOPMYNUTE: HULLIO-HELLLO; UCTUHA-MbXa; MaKpo-MUKPO, O06po-3no; MaTepuanHo-QyXOBHO W T.H.
[BYNoniocHOTO Havano npeanonara ABe ONOPHM TOYKM KaTo AyanucTUyieH Moaen, nopaam KoeTo To e
HeycToiuMBo. Tasn e npuyMHaTa Harm-4yecTo TO Aa ce pedyuupa OO E€4HOMOSOCHO Hayano 4pes
abconoTusnpaHe Ha egHOTO OT TsX. Hanpumep, anagara ,MatepuanHo-4yxoBHO" ce pedyuypa camo
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A0 MaTepuarnHo unu camo O OYXOBHO KakTo e npu Mapkc n Xeren, BbB Bpb3ka C KOETO Bb3HUKHA
npesyMumsiTa 3a OCHOBHMS BbMNPOC Ha unocodursaTa 3a MbpPBMYHOCT Ha MaTepusTa Uinv Ha gyxa.

Tpnbonornsita KaTo MOAEN Ha CBOUTE efleMEeHTapHN KOHTAKTHU CbeANHEHUS BKIIOYBA MeXay
anTepHaTMBMTE Ha [ABYMOJIIOCHWS MOAEN TpeTo Hayano nog dopmarta Ha (YHKUMOHAMHO TSmO,
Hape4veHo ,KoHTakT”. o TakbB HAYMH AMaguTe ce npeBpbLiaT B Tpuagu. Hanpumep, avagarta ,tano-
NpoTUBOTAMNO” ce TpaHcdopmupa B Tpuaga ,TANO-KOHTAKT-MPOTMBOTAMO”; Avagata ,nibarad-
HanpaensaBawa” ce TpaHcdopmupa B Tpuaga ,nnb3ray-KOHTaKT-HanpaensiBawa”. [locnegHaTta ce
obo3HayaBa KaTo e4HO Usno ¢ MMeTO ,Mb3raly narep”.

C BbBeXdaHe Ha KOHTaKkTa KaTo TPeTO Hayano BCSKO HeLo KaTo KOHTaKTHa cuctema ce
naeHtTuduumpa ¢ TpuM Hadana: copma, CTPyKTypa U cbAbpkaHue. KoHTakTute npeBpbLliaT BCAKO
LSANo oT ABYEAVMHHO B TpMeaMHHO. [lyanuambT 3a BCAKO USAMN0 OT ceBeTa no Apuctoten u [lekapT kato
OHTONOrM4YeH Moaen ce npespblya B Tpuanmabm. C Apyrn AyMu BCUYKO, KOETO BuTyBa B cBETa Kato
USAno, CbabpXa MUHUMYM TpW efieMeHTa — Be anTepHaTuBM U TpeTn PYHKUMOHANEH eNeMEHT MexXay
TSIX, HApPEeYeH ,KOHTaKT .

Taka ce pgoctura OO maesta 3a NpPeAcTaBaHETO Ha BCAko usano (A) moa dopmaTta Ha
dyHKUMOHaneH atom (PA), cbCTosAL, ce OT ABe antepHaTuen (A;) n (Ay) C KOHTaKT (Az) Mexay Tax
ype3 mogenute Ha cwur. 1 n dur. 2.

QA
A
A1 € P A2
® A1 A3 A2
A3
®wur. 1: pocmpaHcmeeH modes Ha QA dwmr. 2: PagHuHeH modesn Ha ®A

Bcsiko UsSNo He3aBUCMMO OT HEroBOTO €CTECTBO W CROXHOCT MOXe Ja ce NpefcTaBu KaTo
cuctemMa OT (YHKUMOHanHW aTtoMu, PasnofioXeHW Ha pasnuyHM paBHMLIA M Cpe3oBe, Taka 4e
TeopusTa Ha KOHTakTHMTE cUCTeMM Aa ce cBede A0 TeopuaTa Ha PYHKUMOHanHM atomu. ETo Hakonko
npuMepa 3a (OYHKUMOHANHWTE aToOMW Ha PasfnnyHW MOHATWUSA: NITb3ralw, farep, YOBeK, CEMEMNCTBO,
cBeTbT (ur.3).

Tprvanusbm — ToBa e dunocousaATa Ha TpUeOWHHWA CBATM TpuanekTuka — ToBa e
Avanektvkarta Ha TPUeAMHHUSA CBAT U TPUONOrMs — TOBa € HaykaTta 3a TpMeaMHCTBOTO Ha CBeTa.

B npocTpaHCTBOTO Ha TpMOrorMsaTa ce HaMmMpaT BCUYKM Hayku, B TOBa YMCro u Tpubonoruata
KaTo HayKka 3a KOHTaKTUTe U KOHTaKTHUTEe B3aUMOAENCTBNA Ha TEXHUYECKUTE CUCTEMM.

nnb3rauy narep n=0 30=1
A
©a30B0O HMBO
\ 4
nib3rad KOHTaKT Hanpasnssawa | n=1 31 =3
A1 A3

@A Ha nnb32aw nazep
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(DyHKL{UOHaﬂeH amom Ha YoeeKa

DyHKYUOHaNeH amom Ha cemelicmeomo

QyHKYUOHaeH amoM Ha ceema 8 rnpocmpaHCMeeH cpe3

®yHKUUOHaNeH amom Ha ceema 8 Hay4HO-MemodoIo2uyeH cpes

®DyHKUUOHareH amom Ha ceema 8b8 8peMes8U CPe3
dur. 3

Mo TpeTa 3agava:
KoHTakTHUTE cucTemMu ca CUCTEMMU OT (*)yHKLl,MOHaJ'IHM aTtomu, obeauHeHN B eQUHCTBO upes

cuctemMa OT KOHTaKTHU MPEXN. MNocnegHuTe ca Te3n, KOUTO 4ype3 CUNoBU, eHepreTu4Hn n matepuanHu
noToun noaabpxart yCTOFNVIBO OUTMEeTO Ha BCSIKO LSNO B cBeTa.
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Mo meTadhopudHaTa npeacrtasa Ha [boTe ,Mexay ABe KpaHOCTM He ce Hamupa uctmHata, a
npobnemute”, Nno npegcraBata Ha HwoToH ,Bor He ce Hammpa B Hewarta, a Mexay Tax”. ARHLWaNH
KoHCTaTmpa ,He 3apsaguTte u yacTuuuTe B TBbpPAUTE Tena, a NoreTo Mexay TAX € CbLeCTBEHO 3a
npoTmnyaHe Ha umandeckMTe npouecu” n No-HaTaTbk ,He Moxell ga pelaBall NpobreMm CbC CbLLOTO
MMWCINEHe, C KOeTO cu M cb3gaBan’, a crnopen HUKCbH ,AKO OT ABE 3MMHM HE MOXELU Aa HanpasuLl
efHo fobpo, onutan ¢ Tpu”.

OT cur. 3 ce Bwxaa, Ye TEKyLLMs CBAT, B KOMTO >XUBEEM, Ce SBSIBA KOHTaKT Mexay
obekTnBHUA 1 BUpTyaneH ceat. MNpobnemute, kouto TpsbBa Aa ce peluaBaTt, ce HamupaT B TeKyLuusi
CBAT B CbOTBETCTBME C popmynaTa Ha boTe. nobanHaTta kpusa no mogena Ha ®A e KOHTakTHaTa
Kpr3a Ha CBeTa, CbabpXalla Ce B TEKyLUUSA CBAT, KONTO € 3aMbpPCEH C HepeLleHn npobnemn. Tasu e
npuymMHaTa CBEeTbT Aa € HECUrypeH U HeycTomumB. VI3TOYHMKBT Ha TasuM HEYCTOMYMBOCT ce sIBsiBa
AeUUMTBT Ha YOBELLIKOTO Cb3HaHWE CMPSIMO pPeanHoTO CbAbpPXKaHWE U CTPYKTYPU HA KOHTAKTHUTE
cucTemu.

B Tpuonorusita n B 4acTHOCT B TpubomnorMsTa KaTto Hayka 3a KOHTAKTUTE B TEeXHMYEeCKuTe
cucTeMm ce cbabpka hopmMynaTa 3a U3xod OT KpusancHarta cutyauus.

3akno4eHune

Bwnrapckata wkona no TpubGonorus ce wuaeHTUdMUMpa C ycunusTa, uU3crneaBaHusTa U
pe3ynTaT|/|Te, nonyquM B OGJ‘IaCTTa Ha KOHTAKTHUTE Bsammoueﬁcmmn KaTo LLeHTpaJ'IHVI M BogeLlin BbB
hopMMpaHeTO Ha TeopusTa Ha KOHTAKTHUTE CUCTEMMW.
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Plenary paper (summarized)

THE GLOBAL CRISIS IN A TRIBOLOGICAL CROSS-SECTION

N. Manolov

Prof. Manolov follows three lines in his exposé:

First: The traces he has personally left in the development and history of Bulgarian Tribology;
Second: The tribological paradigm model he has proposed;

Third: Interpretation of the global crisis.

The first task: Development and history of Bulgarian Tribology

Prof. Manolov has 61 years of work as teacher and lecturer; 45 of them as researcher, leader
and organizer of Tribology, including:

Opening the nomenclature specialty of Tribology;

Interdisciplinary Civil Academy Development of the Laboratory of Tribology at the
Technical University - Sofia;

Founding the civil Society of Bulgarian Tribology;

Founding the Balkan Tribological;

Founding the Interdisciplinary Civil Academy;

Development of the National Conception of tribology;

Defense of PhD and DSc theses in tribology;

Followers and learners: professors, associate professors, doctors and engineers;
Tribological Journals: Journals of the Balkan Tribological Association, of the
Interdisciplinary Civil Academy and the Society of Bulgarian Tribologists;

300 scientific publications, 20 monographs and textbooks in tribology, 40 patents.

Summarized: his scientific, teaching and organizational work has put the foundations of

Bulgarian Tribology

The second task: The tribological paradigm model

Tribology as a model of the contact pair includes between the alternatives of the two-pole
model (the dyad of the dualism) the third body — a functional body called “contact”. The contacts
transform every entity from dyad to triad. So, the idea emerges, that every entity can be presented as
a Functional Atom FA consisting of minimum two alternatives and one contact.
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Fig. 1: Spatial model of FA

Fig. 2: Plane model of FA

The third task: Interpretation of the global crisis

Contact systems are systems of functional atoms gathered in unity through contact networks.

The global crisis according to the model of the functional atom is a contact crisis of our world,
which is polluted by the non-solved problems. This is the reason why our world is non-safe and non-
sustainable. The source of the lack of sustainability is the deficiency of human knowledge about the

real contents and structure of the contact systems.

Prof. Manolov believes that through Tribology as science of the contact systems solution and

way out of the crisis could be found.
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INFLUENCE OF “VALENA” METAL-PLATING ADDITIVE ON THE FRICTION
PROPERTIES OF BALL BEARINGS

Mara KANDEVA, Aleksandar VENCL, Emilia ASSENOVA

Abstract: The repair-regeneration oil additives are new generation additives with important
place in the application of lubricants. Added to oils or greases they assure partial regeneration of worn
surfaces and, at the same time, decrease the moment of friction and the coefficient of friction in the
contact pairs of machines. Most common are the organic oil-soluble additives. The paper exposes
results of the study of the oil-soluble metal-plating composite additive “Valena”. The influence of this
additive on the friction parameters of ball bearing lubricated by motor oil M-63/14 (SAE 15W-40, API
SF/CC) and transmission oil TM-5-18 (SAE 80W-90, API GL-5) has been investigated.

Key Words: Friction properties, additives, ball bearings

1. INTRODUCTION

The continuous improvement and advance technology of machines necessitate higher quality of
lubricants and lubrication technologies, which influences equipment life and environment [1,2]. Being a
working medium in the contact systems, lubricants reduce friction and wear replacing the external dry
friction between surfaces by internal friction between lubricant molecules.

The repair-regeneration oil additives are new generation additives and have an important place in
the application of lubricants. Added to oils or greases they assure partial regeneration of worn
surfaces under special dynamic friction conditions. At the same time they decrease the moment of
friction and the coefficient of friction in the contact pairs of machines. Different names were given to
these additives, depending on their composition and condition. Most common are the organic oil-
soluble additives. The hard non-soluble non-organic materials are habitually called antifriction
additives, and the composites based on polymers — modifiers.

The metal-plating composite additives are also named remetallizers. Their development is based on:

o the theory of system self-organization as per |. Prigogine, W. Ebeling, D.N. Garkunov, G.
Polzer, etc. [3,4];

o the scientific discovery and the application of the selective transfer of materials between
contacting surfaces and the no-wear effect originating with the work of D.N. Garkunov, |.V.
Kragelskii, G. Polzer, V. Babel, etc. [5,6]

This paper exposes results of the study of one of the newest additives, the oil-soluble metal-
plating composite additive called “Valena”, manufactured by the company “Rudservice” from
Kazakhstan. The influence of this additive on the friction parameters of ball bearing lubricated by
motor oil M-63/14 (SAE 15W-40, API SF/CC) and transmission oil TM-5-18 (SAE 80W-90, API GL-5)
has been investigated.

2. MATERIALS
2.1. Metal-plating composite additive “Valena”

“Valena” additive is a metal containing oil-soluble composite lubricant additive registered as
patent in 2005 in Russia by V. Babel, D. Garkunov, S. Mamikin and P. Kornik [5]. It is designed for
improvement of the tribological properties of lubricants, namely the decrease of friction, normal wear
and seizure. The additive is a dense dark-green liquid with good solubility in oils and greases, in which
it forms a solution, with the metal in the form of ions. The solubility of this additive is due to its
particular composition; it contains metal salts of non-organic and organic acids. The non-organic acid
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salts are salts of Cu, Co, Pb, Sn, Ni (chlorides, bromides, and iodides). The organic acid salts belong
to metals of variable valence with carbon atoms Cys....Cys.

Improvement of the tribological properties by use of “Valena” additive is achieved through the
selective transfer of material between the frictional surfaces and the effect of no-wear during friction
process. The essence is in the forming of 1 to 4 um thick protective layer on the real contact area of
the friction surfaces called by D.N. Garkunov “servotite” metal-plating layer. This layer compensates
the wear and screens the infiltration of hydrogen in the surfaces, reducing thus the hydrogen wear.
The recommendations of the manufacturer for the percent contents of “Valena” additive in the
lubricant depend on the state of the tribological pair, as given in Table 1.

Table 1: Recommended percent contents of “Valena” additive

" : . . % of Valena additive
Condition of the tribological pair Grease oil
new 1% 1%
in-service 5% 3%
worn-out 9 % 9%

2.2. Motor oil M-63/14 and transmission oil TM-5-18

The motor oil M-63/14 is a multigrade mineral oil designated as SAE 15W-40, API SF/CC. lt is
designed mainly for petrol engines, but it can be used in Diesel engines as well.

The transmission oil TM-5-18 is a universal multigrade mineral oil designated as SAE 80W-90, API
GL-5. It is designed for mechanical gear boxes and, transmission gears of petrol and Diesel engines.

3. EXPERIMENTAL PROCEDURE

The tribological parameters: moment of friction and coefficient of friction have been studied under
lubricated conditions, with motor and transmission oil at various normal loads. Device “DM 28M” used
for measurement of moment of friction in ball bearings is shown in Figs. 1 and 2. The device consists
of casted housing with mounted driving shaft. A bearing (measuring) box is connected to the end of
the shaft, where the four ball bearings (two in the middle and two at the end), which are tested, are
located. Single-row steel ball bearings (Designation 308, GOST 8338-57) were used, with bore
diameter of 40 mm, outside diameter of 90 mm and width of 23 mm.

1 — belt-drive in housing
2 —indicator
3 — loading screw for the bearing
4 — location for the thermometer
5 — injector for regulation of oil level
6 — bearing box
7 — load of the pendulum
8 — dial for moment of friction reading
9 — pendulum
10 — on and off buttons of the motor
11 — switch on for the circuit
12 — dynamometric beam

Fig. 1: View of the device DM 28M”
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oA [m] 1 — external housing;
2 — indicator;
L I D 3 — loading screw for the bearing;
— 4 — thermometer;
5 —injector;
6 — cased housing;
7 — load of the pendulum;

R i / \ 8 — ball;
9 — pendulum;
3 10 — clamp;
% e 11 — middle bearings;
12 — driving shaft;
14 13 — dynamometric beam;
5 8/1/ 9 ﬂ A11 6 14 — end bearings

Fig. 2: Bearing box (detail from the Fig. 1)

=
=

The outer rings of the two middle bearings are located in common chamber, and the outer rings of
the two end bearings are fixed tightly in the housing of the bearing box, so that they form tight contact.
The inner rings of the bearings are connected tightly on the driving shaft. In this manner the motion of
the driving shaft is transmitted to the inner rings of the bearings and to the outer rings of the bearings
by means of the rolling balls. The outer rings of the bearings transmit the motion to the housing of the
bearing pair, and the bearing box tends to rotate in the direction of shaft rotation. As a result, the
appearing moment of friction sweeps along the bearing box. A pendulum is connected to the bearing
box. The deflecting angle of the pendulum against the vertical position corresponds to the value of the
moment of friction.

The bearing are externally loaded by means of the loading screw. The load is read on the loading
indicator dial, graduated in accordance with the reference characteristic of the dynamometric beam.
Oil is put into the bearing box through the casted housing and its level is regulated by means of piston
displacement. All experiments are done at one, same for all tests, oil level, measured near the center
of the bearing balls in order to ensure equal lubrication conditions in the bearing box. During the
lubricant change, the bearing box is cleaned with benzene and dried by hot air. Bearing temperature is
measured by the thermometer immersed in the oil. Appropriate limiters inhibit bearing head rotation
during engine start. The number of revolutions (1880 min_1) was constant, set through the regulation
of the belt-drive, and controlled by the remote revolution counter.

Moment of friction and temperature is measured in the regime without load (unloaded conditions)
and under four different loads (1130, 1635, 2725 and 5650 N). Test durations were the same for each
load, i.e. 10 minutes, with data readings on every 2 minutes. The reduced (arbitrarily brought to one of
the four bearings in the box) coefficient of friction in a bearing is determined by the formula:

_2M
Ur_ﬁy

where: M is moment of friction, P is normal load and d = 0.04 m is inner (bore) diameter of the bearing.
4. EXPERIMENTAL RESULTS AND DISSCUSION
4.1. Study of friction in bearings, lubricated by motor oil M-63/14 without and with additive

Experimental results show the variation of the moment of friction with the temperature of oil in the
bearing, in regime without normal load, for motor oil M-63/14 without and with additive. The values are
measured every 2 min with overall duration of 10 min. Figure 3 shows the variation of temperature and
Fig. 4 shows the variation of moment of friction during the period of 10 min. For both variants (without
and with additive) moment of friction reached steady-state values after 8 to 10 minutes (Fig. 4). This is
the reason why time interval of 10 minutes was chosen as test duration in loaded bearings studies.
The temperature of oil with additive is slightly lower than that of oil without additive (Fig. 3).

Four different loads are applied in tests with loaded bearings, with test duration of 10 minutes for
each load. Oil temperature and moment of friction are measured for each load and are presented in Figs.
5 and 6. Calculated values of the corresponding coefficient of friction, for each load, are shown in Fig. 7.
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Fig. 7: Dependence of the coefficient of friction on load for motor oil M-63/14 without and with additive

From Figs. 6 and 7 it is obvious that the values of the moment of friction and coefficient of friction
are for each load lower in the case of motor oil that contain “Valena” additive. Fig. 6 shows that the
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moment of friction increases with the increment of the normal load, and the relationship is non-linear.
The differences between moments increase with the augmentation of load. The reduction of the
coefficient of friction by using “Valena” additive differs (from 13 to 23 %) with the applied load, and the
average reduction is 18.3 %.

The results for oil temperature measurement (Fig. 5) show that in the case of motor oil with
additive the temperature increases only 5 °C from unloaded to fully loaded conditions, while in the
case of motor oil without additive temperature increases 25 °C for the same load increase. This
suggests that the decrease of moment friction and coefficient of friction in the case of motor oil with
“Valena” additive is not due to oil viscosity reduction at higher temperature, but due to the physic-
chemical surface effects in the contact region during friction. Although it was not measured the wear of
the balls and rings might be also diminished by the presence of additive, since its positive effect on
friction properties.

After dismantling, the presence of thin reddish film on shaft surface was observed. The
composition, structure and thickness of this film were not exanimate in this investigation, but it seems
logical to suggest that this film has been formed during friction, due to physic-chemical and
mechanical processes of selective transfer of copper on the steel shaft surface. The metal-plating
additive “Valena” contains copper ions which are possibly transferred on the shaft under the specific
conditions of the experiment. The formed film compensates the roughness on the surface, and due to
the small tangential resistance it makes the plastic deformations during friction in the surface layers
easier.

4.2. Study of friction in bearings, lubricated by transmission oil TM-5-18 without and with
additive

Experimental results show the variation of the moment of friction with the temperature of oil in the
bearing, in regime without normal load, for transmission oil TM-5-18 without and with additive. The
values are measured every 2 min with overall duration of 10 min. Figure 8 shows the variation of
temperature and Fig. 9 shows the variation of moment of friction during the period of 10 min. In case
of transmission oil lubrication (without and with additive), moment of friction reached steady-state
values after 4 to 6 minutes (Fig. 9). This time interval is shorter than it is in the case of motor oil
lubrication (see Fig. 4), but the same time interval of 10 minutes was chosen as test duration in loaded
bearings studies with transmission oil.

40 e 0.70
o z —8— without additive
T35 S 0.60 —8— with additive
o e}
3 S
T 30 27 + 0.50
g 25 25 S
Ext 20 o o o m S04 035 036 035 035 035
- g —®—o oo
24 24 s
20 22 225 0.30
15 —&— without additive | | 0.20 - " "
—B— with additive 023 022 o022 02 o022
10 L L L L L 0.10 'l 'l 'l L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time, min Time, min
Fig. 8: Variation of temperature of TM-5-18 oil in Fig. 9: Variation of moment of friction during
bearing during friction without loading friction without loading

Figure 8 shows that the temperature of oil with additive is slightly lower than that of oil without
additive (as it was in the case of motor oil lubrication, see. Fig. 3). The moment of friction (Fig. 9) is
almost constant in time for both transmission oil variant (without and with additive), being significantly
lower for oil with additive. This difference in the moment of friction for oil without and with additive is
much bigger in the case of transmission oil compared with the motor oil (see Fig. 6).

As in the case of motor oil test, four different loads are applied in transmission oil tests with
loaded bearings. The duration of the test for each load is also 10 minutes. Oil temperature and
moment of friction are measured for each load and are presented in Figs. 10 and 11. Calculated
values of the corresponding coefficient of friction, for each load, are shown in Fig. 12.
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Fig. 12: Dependence of the coefficient of friction on load for transmission oil TM-5-18 without and with
additive

From Figs. 11 and 12 it is obvious that the values of the moment of friction and coefficient of
friction are for each load lower in the case of transmission oil that contain “Valena” additive. Fig. 11
shows that the moment of friction increases with the increment of the normal load, and the relationship
is non-linear. The differences between moments increase with the augmentation of load. The
reduction of the coefficient of friction by using “Valena” additive differs (from 10 to 32 %) with the
applied load, and the average reduction is 21.4 %.

The results for oil temperature measurement (Fig. 10) show that in the case of transmission oil
with additive the temperature increases only 10 °C from unloaded to fully loaded conditions, while in
the case of transmission oil without additive temperature increases 24 °C for the same load increase.
This suggests that the decrease of moment friction and coefficient of friction in the case of
transmission oil with “Valena” additive, similar to the case of motor oil with “Valena” additive, is not due
to oil viscosity reduction at higher temperature, but due to the physic-chemical surface effects in the
contact region during friction. Although it was not measured the wear of the balls and rings might be
also decreased by the presence of additive, because of the positive effect of the additive on friction
properties.

After dismantling, the presence of thin reddish film on shaft surfaces was observed. The
composition, structure and thickness of this film were not exanimate in this investigation, but it seems
logical to suggest that this film has been formed during friction, due to physic-chemical and
mechanical processes of selective transfer of copper on the steel shaft surface. The metal-plating
additive “Valena” contains copper ions which are possibly transferred on the shaft under the specific
conditions of the experiment. The formed film compensates the roughness on the surface, and due to
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the small tangential resistance it makes the plastic deformations during friction in the surface layers
easier.

5. CONCLUSION

The influence of “Valena” metal-plating additive on friction properties of ball bearings is studied in
two cases, i.e. with motor oil and with transmission oil lubrication.

In both cases the values of the moment of friction and coefficient of friction are for each load lower
in the case of oil that contain “Valena” additive.

The reduction of the coefficient of friction in the case of motor oil was app. 18 %, and in the case
of transmission oil app. 21 %.

The results for oil temperature measurement confirmed that the decrease of moment friction and
coefficient of friction in the case of oil with “Valena” additive is not due to oil viscosity reduction at
higher temperature, but due to the physic-chemical surface effects in the contact region during friction.

The obtained results stimulate a future systematic study of the influence of “Valena” additive on
friction, wear and other tribological process in tribosystems operating under various conditions and
various characteristics, i.e. additive concentration, composition and structure of the contacting
surfaces; the parameters of friction regime: loads, sliding speeds, presence of particles, vibrations,
temperatures, lubricant availability (lubricity) in different friction regimes, etc.
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THE INFLUENCE OF STRONTIUM ADDITION ON THE TRIBOLOGICAL
PROPERTIES OF Zn25AI1Si ALLOY IN BOUNDARY LUBRICATED CONDITION

Aleksandar VENCL, llija BOBIC, Filip VUCETIC, Biljana BOBIC

Abstract: The zinc-aluminium based casting alloy ZA-27 is well-established alloy and is
frequently used materials for sleeves of plain bearings. It has good physical, mechanical and
tribological properties. However, one of the major disadvantages is its dimensional instability over a
period of time (ageing). To overcome this, the copper in the alloy may be replaced by silicon.
Coarsening of the silicon patrticles is controlled by suitable additions of strontium. The influence of the
strontium addition on friction and wear properties in boundary lubricated conditions was done on
block-on-disc tribometer. The tests were carried-out for three Zn25AI1Si alloys with variable strontium
content (0 wt. %, 0.03 wt. % and 0.05 wt. %), and, for the purpose of comparison, for standard ZA-27
alloy. Tests have confirmed that the wear rate of zinc-aluminium alloys with silicon is lower than the
standard ZA-27, and have shown that the strontium addition lowers that rate additionally, with the
slight increase of the coefficient of friction.

Key Words: Zn-Al alloys, strontium addition, sliding, boundary lubrication, friction, wear

1. INTRODUCTION

The zinc-aluminium based casting alloy ZA-27 is well-established alloy and has widely been used
in a variety of tribological applications as cost and energy effective substitutes to bronzes, cast irons
and aluminium alloys [1,2]. It major disadvantages, like all conventional zinc-aluminium alloys
containing 8 to 28 wt. % Al and 0.5 to 2.5 wt. % Cu, are inferior mechanical properties at temperatures
above 100 °C [1,3] or 120 °C [2,4] and long-term dimensional instability (irreversible change of
dimensions over a period of time) [1,2,5]. Heat treatment of the conventional zinc-aluminium alloys
reduces the extent of dimensional changes but also deteriorates their hardness and tensile strength
while ductility and sliding wear behaviour improve after the treatment [1,6].

Another approach, to overcome dimensional instability, is to replace the copper with silicon. The
silicon not only improves the dimensional stability of zinc-aluminium alloys but also the wear properties
[2,3,6]. However, too high silicon content can deteriorate the wear characteristics, and for each Al
content there exists an optimum Si content [7]. This appears to be due to a coarsening of the silicon
particles. Modification of the alloy melt with strontium addition prior to solidification refines the silicon
structure, and improves the wear resistance [8].

The idea of this paper was to investigate the influence of strontium addition on the tribological
properties of Zn25Al1Si alloy, since its addition already improved alloy structure. The tests were
carried-out for three Zn25Al1Si alloys with variable strontium content (0, 0.03 and 0.05 wt. %), and, for
the purpose of comparison, for standard ZA-27 alloy.

2. EXPERIMENTAL DETAILS
2.1. Materials

The investigated materials were made in the Department of Materials Science of the “Vinca”
institute. The chemical composition of the alloys is given in Table 1. Technically pure zinc and
aluminium were used to obtain these alloys, with the addition of master alloys Al7Si and Al18Si for
achieving the desired content of silicon. Strontium was added in the alloys using the master alloy
Al10Sr. The alloys were melted in the laboratory electric resistance furnace. The molten alloys (570
°C) were poured in the steel moulds preheated to 200 °C. Immediately before pouring the melts
were intensively mixed by hand. In addition, for the purpose of comparison, a commercial ZA-27
alloy [9] was used (designated as ZA-27). The alloy was supplied from the RAR® foundry, Batajnica.
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The alloy was also casted following the procedure identical to that for Zn-Al-Si and Zn-Al-Si-Sr
alloys.

Table 1. Chemical compaosition of Zn-Al-Si and Zn-Al-Si-Sr alloys (wt. %)

Alloy designation Al Si Sr Zn
Zn25Al1Si 0

Zn25A118Si-0.03Sr 25 1 0.03 Balance

Zn25A118Si-0.05Sr 0.05

The microstructures of the tested materials were examined on the samples prepared in the
standard metallurgical way and etched with 9 vol. % water solution of HNO; (Fig. 1). The
microstructure of the conventional ZA-27 alloy (Fig. 1a) consists of complex dendrites with the core (a
phase), the periphery (a mixture of a and n phase) and the interdendritic space (n phase). The
elements of the structure are indicated in Fig. 1a. The a phase is rich in aluminium and the n phase
contain about 93 wt. % zinc [10]. The morphology of the dendrites is a consequence of the peritectic
reactions during the solidification of the alloy [11].

Fig. 1. Microstructures of tested materials: (a) ZA-27 alloy, (b) Zn25AI1Si alloy, (c) Zn25AI11Si-
0.03Sr alloy and (d) Zn25AI1Si-0.05Sr alloy

Due to the content of zinc and aluminium in Zn25Al alloy, it can be considered that solidification of
this alloy with 1 wt. % Si occurs analogously to solidification of the conventional ZA-27 alloy, so it can
be followed using the phase diagram aluminium-zinc [12]. The basic micro-constituents in the structure
of Zn25AI1Si alloy (Fig. 1b) are the same as in the conventional ZA-27 alloy (Fig. 1a). The addition of
silicon has resulted with some reduction in the fraction of a phase in the structure of Zn25Al1Si alloy, as
well as with finer dendritic structure. Silicon particles, which differ in size, are located within the
dendrites of a phase as well as in the interdendritic phase. Cavities (black regions in Fig. 1b) occurred
due to the fallout of large silicon particles during metallographic preparation of samples. The addition of
0.03 or 0.05 wt. % strontium has no significant effect on the morphology of a phase, but it affects the
size and distribution of silicon particles in the alloy structure (Figs. 1c and d). The silicon particles now
are approximately equal in size. With an increase of the content of strontium from 0.03 to 0.05 wt. %,
the size of silicon particles was reduced, while their distribution became more uniform.

Hardness measurements were performed in the Department of Materials Science of the “Vinca”
institute. Five hardness readings were taken for each sample at different locations. The results of the
Vickers hardness (HV5) are as follows: ZA-27 alloy (119.0); Zn25Al1Si (114.7); Zn25Al1Si-0.03Sr
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(113.3); Zn25AI1Si-0.05Sr (114.0). The measured hardness of the ZA-27 alloy is in accordance with
the value prescribed in the standard [9]. Alloys with silicon content (Zn25A11Si, Zn25AI1Si-0.03Sr and
Zn25AI1Si-0.05Sr alloy) show a slightly lower hardness values compared to the hardness of ZA-27
alloy. This was expected considering that ZA-27 alloy contains copper (2 to 3 wt. %) and magnesium
(0.01 to 0.02 wt. %) that favourably affect hardness of the alloy. Addition of strontium had no effect on
the hardness of alloys with 1 wt. % silicon.

2.2. Tribological testing

Tribological test were performed in the Tribology Laboratory at the Faculty of Mechanical
Engineering in Belgrade, on the block-on-disc tribometer. The environmental conditions were: lubricated
sliding and ambient air at room temperature (= 28 °C). A schematic diagram of tribometer is presented in
Fig. 2a. Rectangular blocks of tested materials having 6 mm width and 16 mm length were used as wear
test samples. Disc (hereafter referred to as counter body) of 44 mm diameter and 10 mm thickness was
made of steel C60E (46 to 48 HRC). Lubrication was provided by revolving of the disc which was sunk
into oil container (Fig. 2a). Lubricant was mineral engine oil (SAE 15W-40, ACEA E3). Lubricant
temperature during the tests was more or less constant, and at the end of test it was = 30.9 °C.

(b)

Wear scar width

Volume
loss (AV)

Disc Lubricant

Fig. 2. Tribological testing: (a) schematic diagram of the block-on-disc tribometer and (b) block
wear scar measurements

Before and after testing, both the block and the counter body were degreased and cleaned with
benzene. Wear scars on pins were measured in accordance with ASTM G77 [13] with accuracy of
0.05 mm, after each test to calculate the volume loss AV (Fig. 2b). The values of oil temperature,
friction coefficient, normal and friction force were monitored during the test and through data
acquisition system stored in the PC. Tests were carried out at selected test conditions: sliding speed
of 0.5 m/s, sliding distance of 1000 m and normal load of 100 N. Calculated pressure at the end of
tests it was app. 5 MPa for ZA-27 alloy and app. 10 MPa for the other alloys. After testing, worn
surfaces of blocks were examined by scanning electron microscope (SEM).

3. RESULTS AND DISCUSSION

This tribological investigation was just an initial one, with preliminary results and some more
experiments to be done to completely understand tribological behaviour of these materials. In order to
achieve a higher confidence level in evaluating test results, three to five replicate tests were run for all
the tested materials. The values of the coefficient of friction are presented in Fig. 3.

Coefficients of friction were from 0.05 to 0.08, which suggest that the sliding was performed in
boundary lubrication regime, since the approximate values for the boundary lubrication are from 0.05
to 0.15 [14,15]. Since the tests were performed in lubricated conditions the hardness of the materials
did not have noticeable influence on friction values. Conventional ZA-27 alloy shows the highest value
of the coefficient of friction of 0.07. Risdon et al. [16] tested differently obtained ZA-27 alloys and for
permanent mould casted alloy the obtained coefficient of friction was between 0.03 and 0.07, but the
used oil had lower viscosity and higher working temperature. In addition the sliding speed was lower
and normal load differ as well.

The replacement of copper with silicon (Zn25Al1Si alloy) significantly lowers the values of the
coefficient of friction (from 0.07 to 0.047). On the other hand, addition of strontium has negative effect
on the coefficient of friction, i.e. with increase of Sr content coefficient of friction also increase. Similar
dependence in dry sliding conditions was noticed for the Al20Si alloy modified with Sr, when Sr
content exceeds some optimal value [17].
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Fig. 3. Steady-state averaged values of the coefficient of friction

According to the SEM analysis (which is not presented in this paper), the dominant wear
mechanism is a combination of adhesion and abrasion. Adhesive wear occur in highly-loaded, poorly
lubricated sliding contacts, and was noticed at all sliding pairs. Abrasive wear was mostly pronounced
at ZA-27 alloy, and this is the reason why this material showed the worse wear resistance (highest
wear rate). The obtained value of the wear rate for this material of 1.41 x 10-3 mm3/m (Fig. 4) is in
accordance with the data from the literature for the permanent mould casted ZA-27 alloy [16]. It should
be noted that the wear process was not tracked during the tests, so the results in Fig. 4 present total
wear rates.
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Fig. 4. Total wear rates for the tested materials

The wear rate of ZA-27 alloy was almost one order of magnitude higher than the rest of tested
materials (Fig. 4), which suggests that the addition of Si instead of Cu in conventional ZA-27 alloy
significantly improves its wear resistance.

Similar dependence was obtained by Savaskan and Murphy [6], who tested several Zn25Al based
alloys with silicon and copper addition. The alloys were produced by gravity casting in the preheated
(250 °C) steel mould. The testing conditions were as follows: block-on-disk tribometer (with conformed
geometry of the block); normal load of 329 N (7.1 MPa); sliding speed of 1.73 m/s and motor oil (SAE
30) as a lubricant. The authors showed that the as-cast Zn25Al alloy containing 2.7 wt. % Si wear
resistance was 4.5 to 12 times (after 1495 km and after 150 km sliding distance) higher than the same
alloy containing 3.1 wt. % Cu. It is interesting to note that the wear rates of these two alloys were
unproportional to its hardness, i.e. Zn25Al-2.7Si alloy showed higher wear resistance despite the fact
that its hardness (81.6 HRF) were lower than the hardness of Zn25AI-3.1Cu alloy (93.7 HRF). The
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same unproportion was in this study, i.e. hardness of all alloys containing Si was lower slightly than
ZA-27 alloy.

In the study conducted by Jian et al. [8] alloys containing Si instead of Cu also showed wear
resistance one order of magnitude higher than the alloy containing Cu. All tested materials (Zn27Al,
Zn27Al-2Si, Zn27Al-2Si-0.05Sr and Zn27Al-2Si-0.5Sr alloy) were sand casted. They used block-on-
disk tribometer (with conformed geometry of the block); normal load of 8 MPa; sliding speed of 0.21
m/s and grease as a lubricant. The authors also showed that the modification with strontium
additionally improves the wear resistance by reducing the silicon particle size. The alloy containing
0.05 % Sr showed the highest wear resistance. At the same time the alloy containing 0.5 % Sr showed
wear resistance lower than the alloy that was not modified with Sr (Zn27-2Si alloy), suggesting that
over modification with Sr is possible situation. Nevertheless, with further testing, by continuously
increasing normal load from 4 to 18 MPa, the influence of strontium addition on wear rate becomes
lower and insignificant.

In this study the influence of strontium addition in Zn25Al1Si alloy was also beneficial to wear
resistance, as the Fig. 4 shows. Addition of strontium decreases the wear rate, and in case of 0.05 wt.
% Sr it is twice lower. This is in accordance with the data obtained by Jian et al. [8]. The fact that the
addition of 0.05 wt. % Sr decreased wear rate more than addition of 0.03 wt. % Sr suggests that the
further addition of strontium may decrease the wear rate even more, which should be investigated.

4. CONCLUSION

The microstructure of the Zn25AI1Si alloy was improved with addition of strontium. The
morphology of a phase was not affected, but the addition of strontium affected size and distribution of
silicon particles in the alloy. With addition of strontium (0.03 wt. %) the size of silicon particle become
more uniform, and with further increase of strontium content (0.05 wt. %), the size of silicon particles
was reduced, while their distribution became more uniform.

The hardness of the alloys with silicon content showed slightly lower values compared to the
hardness of ZA-27 alloy. Addition of strontium had no effect on the hardness of alloys with 1 wt. %
silicon.

Tribological tests have confirmed that the replacement of copper with silicon in the ZA-27 alloy
gave greatly improved wear resistance, and even lowers the coefficient of friction value. Strontium
modification of Zn25AI1Si alloy improved wear resistance additionally, and the improvement was
higher in the case of 0.05 than in the case of 0.03 wt. Sr. The coefficient of friction value was higher as
strontium content increase.
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NMPEANOXEHUE
3A PASKPUBAHE HA MATUCTBPCKA CNEUUAIIHOCT
» TPUBOUHXEHEPUHI™

Mapa KaHgeBa
Mpeancepnaten Ha O6wecTBOTO Ha TpUbONo3uTe B Bbnrapus

I'Ipep,BM,q Ha Kpu3ata B YHUBEPCUTETCKOTO o6pasoBaHV|e B CTpaHa, Juncata Ha
q)yHKLI,VIOHaJ'IHVI KOHTaKTh Mexny MHXeHepHUTe yHMBepcuteTn n I'IpOGJ'IeMVITe Ha 6usHeca HamMmunpame,
Ye e Heobxoammo oboraTsiBaHe Ha 3HaHUATA U Kyntypata Ha WHXeHepute CbC CbBpPEMEHHUTE
NOCTMXEeHUATa Ha TpI/I60]'IOFI/ILIHI/ITe 3HaHUA N TEXHOIIOINMN B TEXHNYECKUTE CUCTEMMN.

|. MpepnocTaBKu

1.0peaHuU3ayuUoOHHU:

- KoHuenuus 3a passuTtue Ha TpubonoruaTa B bbnrapus, ogobpeHa Ha HauMoHanHo HUBO;

- HauunoHaneH KoopauHauMoHeH LeHTbp no Tpubororuss;

- HauuonanHo rpaxgaHcko capyxeHue ,ObectBo Ha TpubonosuTte B bbnrapus’;

- BankaHcka TpmbonornyHa acounaums

2. TeopemuKo-MemoO0JI02UYHU:

-Hanmune Ha y4yebHo-meToamyHM nocobus: Obwa Tpubonorusi, HTepancumMnnMHHaTa napagurma Ha
Tpubonorusta, KoHTakTHMAT nogxon B MHXeHepHaTa Tpubonorus, KoHTakTeH nogxoa v ap.;

- PaspaboteHn ca TeopeTMKO-MeTodONOMMYHN BBMAPOCK, CBBP3AHM C MPUMIOXKEHWE Ha HOBa
WHTEPAUCUUNIIMHHA NapagurMma u KOHTakTeH Noaxon B MHXeHepHaTa Tpnbonorus.

3. Yyeb6HOo-MemoduyYHu:

- Hanu4ne Ha gencTtBawm y4yebHu nporpamu no Tpubonorna B obpasoBaTenHa CTeneH ,MarucTbp” -
~anHamuka n Tpubonorna Ha mawwuHute” n MHxeHepHa Tpuboekonorma” B TpU crneumanHocTu Ha
MT®. MNpeacTton paspaboTBaHe Ha HOBa nporpama no ,HaHoTpubonorua” no eBponenckn NPoekT Ha
TY-Codmsa 3a HOBa MarncTbpcka cneumnanHocT ,MrUKpo n HaHOTEXHOorMKn”.

- Hanu4yre Ha crneynanuampaHo hpMeHo obyyeHne no Tpubonorus;

-KagpoBM NOTEHUMan: 3alWnUTeHN Marnku 1 roneMu goktopatu, npodecopu, AOLEHTU, JOKTOPaHTK Mo
Tpubonorus;

- yuebHo-u3cnegoBartencku nabopatopum no Tpubonorus

4. PaszpabomeaHe Ha ob6pa3oeamesiHu, u3criedoeamesiCKuU U MEXHOJI02UYHU MpoeKkmu,
cebp3aHu ¢ mpubosiozusima:

- Mpoekt CEEPUS no nbpearta TpubonormdHa mpexa Ha ClII-BG-0703-02-1314 "Modern Trends in
Education and Research on Mechanical Systems - Bridging Reliability, Quality and Tribology” — etan 2
- MexayyHuBepcuteTckm npoekT ,[logobpsiBaHe Ha BUCLLETO TEXHUYECKO 0Opa3oBaHMe Ha OCHoBaTa
Ha MHTepaMcuMnNnHeH noaxoa”, pmHaHcmpaH ot CeeToBHaTa 6aHkKa;

- MpoekT BG051P0O001-4.3.04-0045 “Pa3Butre Ha enekTpoHHN hopMM 3a AUCTAHLMOHHO 00y4eHue B
obrnacTTa Ha CbBPEMEHHU MHAOYCTPUAITHN TEXHOMOMMM 3a HYXAuUTe Ha y4ebHust npouec Ha MT® nipu
TY-Cocuns”

- TMpoekt BGO051P0O001-3.1.07-0048 “AkTyanusvpaHe Ha y4ebHWTE nNNaHoBe W nporpamm Ha
cneymnanHoctnte BbB PETT, ®TK n MT® Ha TY-Codwmsa m cb3gaBaHe Ha HOBaA CbBMECTHa
MarncTbpcka crneymnanHocT B CbOTBETCTBME C NOTPEOHOCTUTE Ha Na3apa Ha Tpyda“

- TpuboTtexHonorum n TpubotexHuka TREFA 3a pereHepauusi Ha Bb3ayLIHW aBTOMOOWITHU pmATpu 3a
HyXgute Ha koprnopauus ,Kasaxmbic“, Penybnuka KasaxcTaH;

5. UughopmayuoHHo-uzdamersicka deliHocm:

- MnpoBexpaHe W yyacTue B HauMOHaNHM U  MexayHapodHu koHdepeHumn ,BYINTPUB” nu
-DANIKAHTPUB”;

- un3gaBaHe Ha 3 cnucaHus no Tpebonorus: ,TpubonoruyeH xypHan BYJNTPUB”, ,CnucaHue Ha
BankaHckaTa TpubonornyHa acoumaums” n ,KoHtaktun’;

- n3gaBaHe Ha cOopHULM, CTaTUM U MOHOrpadnyHM TpyaoBe.
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Il. AprymeHTauus

1. HeobxooumMoOCT OT WHXeHepHM Kagpu Mo npobnemute Ha Tpubonormsta B 06pa3oBaHMETO,
WHAOYCTpUSTa U ynpaBreHneTo:

2. MNoBuwaBaHe Ha WHTEpAMCUMMNMHHATA KynTypa Ha WHXEHepa 3a peluaBaHe Ha KOMMMEKCHU
npobnemu:

3. 3apoBonaBaHe Ha noTpebHOCTUTE Ha OBLLECTBOTO OT eKCnepTu M u3cnegosaTenu B obnactra Ha
KOHTaKTHUTE B3aMMOOEeNCTBUA B CTONaHckaTa cgepa.

lll. Bb3aMOXHOCTHU

1. Hannuune Ha npegBapuTenHo cbrnacue mexay TpubonosnTte B yHMBEpCUTETMTE Ha CTpaHaTa.
2. Hanuune Ha HeobxoamMmaTa matepuanHa 6asa

3. Hanunuyme Ha kagpoBu npenogaBaTericku CbCTaB

4. Hannume Ha NpoekTu, CBbP3aHU C YCbBbPLLEHCTBAHE HA YHUBEPCUTETCKOTO 0Bpa3oBaHme

5. Moakpena o1 hupmun B cTpaHaTa.

Bb3 ocHOBa Ha uU3noxeHuTe NpPeanocTaBku, apryMeHTH U Bb3MOXHOCTM Npeanaram ga ce
3anoyHe paboTa Mo paskpMBaHe Ha HOBa MarncTbpcka cneumanHoct ,TPUBONHXXEHEPUHI™.

PROPOSAL
FOR THE OPENING OF MSC SPECIALTY ,,TRIBOENGINEERING”

Mara Kandeva, Assoc. Prof. Dr.
President of the Society of Bulgarian Tribologists

Having in view the crisis in the engineering education in our country, the lack of functional
contacts between the engineering universities and the problems of the business, we are facing the
necessity of improvement of the knowledge and culture of engineers by the modern tribological
knowledge and technology about technical systems.

I. Background as availability of necessary condition

1. Organizational:

- Conception of the development of tribology in Bulgaria, accepted on national level;

- National Coordination Center of Tribology;

- National civil organization ,Society of Bulgarian Tribologists”;

- Balkan Tribological Association.

2. Theoretical and methodological:

- Availability of teaching and methodological literature: Overall Tribology; Interdisciplinary Paradigm of
tribology; The contact approach of engineering tribology, The contact approach, etc.;

- Development of theoretical and methodological problems related to the application of the new
interdisciplinary paradigm and the contact approach in the engineering tribology.

3. Teaching and training:

- Availability of active syllabuses in Tribology for the educational Master degree - ,Dynamics and
tribology of machines” and ,Engineering triboecology” for three specialties of the Faculty of Industrial
Technology at the Technical University - Sofia. We are preparing a new syllabus ,Nanotribology”
under the European Project of the Technical University - Sofia for the new Master specialty ,Micro-
and nanotechnologies”.

- Availability of specialized company teaching in tribology;

- Personnel of experts: defended PhD and DSc dissertations, professors, associate professors, PhD
students;

- Training and research laboratories in tribology.

4. Development and design of educational, research and technological projects related to
tribology:

- Project CEEPUS in the first tribological network CIII-BG-0703-02-1314 "Modern Trends in Education
and Research on Mechanical Systems - Bridging Reliability, Quality and Tribology” — stage 2;
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- Interuniversity project ,Improvement of the higher technical education based on the interdisciplinary
approach”, funded by the World Bank;

- Project BG051P0001-4.3.04-0045 “Development of electronic forms for remote teaching in the field
of modern industrial technologies for the educational needs the Faculty of Industrial Technology at the
Technical University - Sofia”

- Project BG051P0O001-3.1.07-0048 “Updating the syllabuses for the specialties in three of the
faculties of the Technical University - Sofia and opening of a new common MSc specialty meeting the
needs of the labor market*

- Tribotechnology and tribotechnique TREFA for regeneration of air automotive filters for the needs of
the corporation ,Kazakhmis®, the Republic of Kazakhstan;

5. Informational and publishing activities:

- Organizing and participation in national and international conferences BULTRIB and BALKANTRIB;

- Publishing of three tribological journals: ,Tribological Journal BULTRIB”, ,Journal of the Balkan
Tribological Association” and ,Contacts”;

- Publishing of articles, papers, monographs.

1. Justification

1. Necessity of engineering specialists in the field of tribology in education, industry and management;
2. Improvement of the interdisciplinary culture of the engineering staff aiming complex problems
solution;

3. Satisfying the social needs in experts and researchers in the field of the contact interactions in
business.

lll. Potential: availability of:

1. Preliminary agreement between the tribologists in the universities of the country;
2. Appropriate equipment;

3. Teachers and lecturers resource;

4. Projects in the field of advance of university education;

5. Support of companies from the country.

Based on above argumentation, | propose beginning of the preparation of the new MSc
specialty “TRIBOENGINEERING”.
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STUDIES ABOVE EROSION BEHAVIOR OF ROTOR TURBINE MATERIALS
Razvan George RIPEANU

Abstract: Erosion and corrosion are the main wear mechanisms of rotor turbine surface. To
reduce corrosion the stainless steels are used, but the hardness of these materials could not avoid
erosion. Paper presents the tests made by author in order to characterize the erosion and corrosion
behavior of hard thin layers obtained on stainless steels materials.

Key Words: Erosion, rotor, stainless steels, roughness

1. INTRODUCTION

Gas turbine rotors works in works in special conditions, rotor blades being exposed at erosion,
fatigue, tension stresses due to important centrifugal forces. When working medium are hot gases,
appear also hot corrosion and thermal stresses. Materials used for blade manufacturing are special
alloys, designed to resist at hot corrosion, thermal and mechanical fatigue stresses in conditions
erosion wear due to small solid particles contained in gases, [1, 2, 3]. Erosion wear due to these fine
solid particles generate craters on blades surfaces. The microgeometry modification due to erosion
and corrosion modify flow conditions and also diminish blade fatigue resistance, [3, 4].

To diminish destructive effect of erosion and corrosion wear, hard thin coatings with good
adherence and with good behavior at micro-fatigue could be used, [1, 4].

Paper presents the test made in order to evaluate erosion wear behavior of thin layers applied on
AISI 316L base materials.

2. EXPERIMENTS

Abrasive erosion wear depends of fluid speed, solid particles geometry, hardness and mass, and
of surface hardness and of impingement angle. At tensile materials with low hardness the critical
impingement angle is between 15° and 30%and at hard materials the maximum wear is obtained at
normal impingement, [2, 3, 4].

Erosion tests were conducted on sand blasting equipment type PR-50 adapted for this purpose.
As erosive particles was used siliceous sand with dimensions smaller than 63 um. These dimensions
are closed of particles contained in turbine gas working medium. The gas turbine rotor blades have
angles between 55° and 65° and at experimental tests was used an impingement angle of 60°. In
figure 1 it is presented the erosion testing device, [5].
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Fig.1. Erosion testing device
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In figure 2 it is shown the constructive dimensions of the sample holder and in figure 3 the tested
sample dimensions, [5].

Fig.2. Sample holder

Were tested 5 sample types. Sample type 1 was base material AISI 316L coated on active surface
with TiN, sample 2 was base material AlSI 316L coated on active surface with ZrN, sample 3 was base
material AISI 316L coated on active surface with TiN and ZrN in two stratums, sample 4 was base
material AISI 316L coated on active surface with multilayer’'s of TiN / ZrN and sample 5 was AISI 316L
not coated.

21,5

—

'—--

T

L

" Hard layer
Fig.3. Sample dimensions

Tests were made at ambient temperature of 20°C. Compressed air was passed threw two filters
before siliceous sand admission in order to avoid contamination with oil the sand or the active sample
surface.

Testing conditions were, [5]:

e air pressure p = 0.4 MPa;
nozzle diameter d =10 mm;
distance between nozzle and sample | =50 mm;
testing time for each sample t =10 minutes;
siliceous sand mass consumption for each sample m =7 kg;
grain sand size g <63 um;
impingement angle a = 60°;
5 sample types:

o sample type 1 was base material AISI 316L coated on active surface with TiN;

o sample 2 was base material AISI 316L coated on active surface with ZrN;

o sample 3 was base material AISI 316L coated on active surface with TiN and ZrN in

two stratums;

o sample 4 was base material AISI 316L coated on active surface with multilayer’s of

TiN / ZrN;

o sample 5 was AISI 316L not coated.

To evaluate erosion wear was used roughness modification values and surface profiles. To
measure micro-geometry parameters a Surtronic 3+ device was used and parameters were calculated
with Tally ProfileLite soft [2, 3, 4]. In table 1 are presented the roughness values obtained.
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Table 1. Initial and final roughness values

Initial values for roughness parameters, Final values for roughness parameters,
Sample type [um] [um]
Ra Rz Rt Ra Rz Rt
1 0.175 1.76 1.97 0.310 4.46 6.68
2 0.247 1.43 1.61 0.532 4.30 5.32
3 0.751 6.20 7.05 0.442 4.00 4.26
4 0.289 2.92 3.21 0.527 3.55 4.51
5 0.339 2.06 2.52 0.475 3.73 4.24

To calculate parameters a microroughness filtering is used, with a ratio of 2.5 ym. In tab1. The Ra,

Rz and Rt were calculated were:
Ra means arithmetic mean deviation of the roughness profile;
Rz: - maximum height of roughness profile;
Rt - total height of roughness profile.

In table 2 are presented the roughness increasing values obtained.

Table 2. Roughness increasing values due to erosion

Increasing of the roughness parameter,
Sample type [um]

ARa ARz ARt
1 0.235 2.88 4.71
2 0.285 2.87 3.71
3 - 0.309 -2.20 -2.79
4 0.238 0.63 1.30
5 0.136 1.67 1.72

In figure 4 it is shown the profile graphs for sample 1.

a) Initial profile graph for sample 1

b) Final profile graph for sample 1

Fig.4. Profile graphs for sample 1
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From fig.4 we could observe that surface profile after erosion test is similar with initial profile but
presents holes more sharped and more frequent which indicate local detaching of the TiN stratum.
In figure 5 it is presented the profile graphs for sample 2.

a) Initial profile graph for sample 2

b) Final profile graph for sample 2
Fig.5. Profile graphs for sample 2
From fig. 5 we could observe that profile after erosion test is fundamentally different from the

initial situation, on surface could be observed great deeps which pass the layer thickness.
In figure 6 it is shown the profile graphs for sample 3.

Vb) Final profile graph for sample 3

Fig.6. Profile graphs for sample 3
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The profile graphs for sample 4 it is presented in figure 7.

a) Initial profile graph for sample 4

b) Final profile graph for sample 4
Fig.7. Profile graphs for sample 4
At sample 4 the peak after erosion tests are rounded as we could observe from fig.7 which

indicate a good erosion behavior.
In figure 8 it is presented the profile graphs for sample 5 not coated.

a) Initial profile graph for sample 5

b) Final profile graph for sample 5

Fig.8. Profile graphs for sample 5
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An important deterioration of roughness after erosion is observed from fig.8, asperities profile
presenting sharp peaks and holes.

3. CONCLUSIONS

From profile graphs presented in fig. 4 to 8 and the dates from tab.1 and 2 we could conclude:
- For initial status:

- roughness of layers reported at non coated sample is smaller at samples labeled 1, 2 and 4
and greater at sample 3;

- the smallest roughness was obtained at sample labeled 1.
- After erosion tests:

- asperities of the profiles were different depending of each layer type;

- at sample 1 asperities profile after erosion is similar with initial one but presents many and
more than initial sharp holes, which indicate the layer dislocation;

- at sample 2 profile asperities after erosion is significant modified related to the initial profile,
on surface being observed important holes greater than layer thickness:

- at sample 3 the very sharp peaks were removed, but were created after erosion tests many
cavities with sharp holes with dimensions greater than layer thickness;

- at sample 4 the peak after erosion tests are rounded which indicate a good erosion
behavior;

- at non coated sample labeled 5 was observed an important deterioration of surface, profile
roughness presenting sharp peaks and holes.
As a conclusion, the best erosion behavior presents sample 4 with base material AISI 316L

coated on active surface with multilayer’s of TiN / ZrN;
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STUDIES REGARDING IMPROVING SEALING AT THREE CONE BITS BEARINGS
Razvan George RIPEANU, Vasile ISPAS, Dorina ISPAS

Abstract: Sliding bearings at three cone bits are lubricated in heavy conditions. To improve
bearing durability the sealing must avoid drilling mud to enter in the bearing. Sealing material, as
VITON, NBR and HNBR, behavior with temperature, with different compression loads and also O-ring
seat dimensions were studied in order to improve the durability of bearings.

Key Words: bearing, O-ring, plastic deformation, temperature

1. INTRODUCTION

At three cone drill bearing active surfaces we have abrasive, erosive, corrosive, adhesive and
impact wear at variable loads. These working heavy conditions are rarely meet in surface industry, so
construction, materials and technology used at drill bits manufacturing have to solve many problems.

As shown in figure 1, [1, 2], sealing’s at three cone bits bearings consist of two radial sliding
bearings (6), one axial sliding bearing, and a radial and axial ball bearing (4,5). This entire are inside a
conic surface sealed with O-ring placed at cone base. During the drilling radial and axial sliding
bearings must realize loads compensation. Each bearing load depends of radial clearance and of
relative surfaces positions. At the start of drilling the axial-radial ball bearing must be discharged and
the cone base surface must be not in contact with drill button, this two surfaces being not designated
to commentate axial loads. During bore hole correcting, axial load is compensated by ball bearing.
Durability of three cone bearings depends by sealing capacity of O-ring. In figure 1 we could see that
sliding bearings 5 and 6 is close of sealing 3. It's very important that lubricant to not be contaminated
with drilling fluid. Because properties of rubber used at sealing are maintained till 80°C the
temperature in sliding bearings must not exceed this temperature. When drilling mud enter in the
bearings appear an intense abrasive and corrosive wear. Paper presents the results and the solutions
to raise the durability at three cone bits sliding bearings. Grease lubricant type is also important above
wear and friction behavior.

Fig. 1. Sealing and lubrication of bearings
1- lubricant reservoir; 2- ball valve; 3- O-ring: 4,5-axial-radial ball bearing;6- radial sliding bearing; 7,8 channels
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1.1 Dimensions of O-ring seat

Characteristics surfaces which delimitate the O-ring seat are presented in figure 2 and table 1, [3].
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Fig. 2. Dimensions for O ring seat

Nominal dimensions of seat where are placed rubber O-ring it is shown in figure 3 and the
tightening of elastic ring in table 2, [3].

Table 1. Dimensions of seat sealing with O-ring at drill cone

Type and drill dimensions Cone Button

Dl Dz b R dl dz g Rl RZ
S-83/8GJ
SM — 8 3/8 KGJ 60C8 | 69,6 H8 | 8s13 60 h8 | 69,4 h10
MA -8 3/8 DGJ +0,186 | +0,046 | +0,110 | 1,6 0 0 05|02 2
MTA - 8 3/8 DGJ +0,140 0 -0,110 -0,046 | -0,120
TEA -8 3/8 KGJ

Starting with drill assembling rubber O-ring presents important tightens.

_H, Jf

h,

Fig.3. Nominal dimensions of seat where are placed rubber O-ring

D, -d
We could observe that seat length L= b-j;, [mm] and seat width H:% ,[mm]

Table 2. Tightening of elastic ring
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Type and drill dimensions L | H | Jomn d Smax

mm | mm | mm mm mm | %
S-83/8GJ
SM -8 3/8 KGJ
MA - 8 3/8 DGJ 75|48 0,070 |57+£0,15| 0,9 | 15,8
MTA — 8 3/8 DGJ
TEA — 8 3/8 KGJ

The recommendation for internal diameter of O-ring is to be increased with 6% and for external O-
ring diameter to be reduced with 3% [3, 6]. Taking account of these recommendations the dimensions
for:

-diameter of shaft surface at assembling:

d=1.06-d,;
-diameter of bore surface at assembling:
D=0.97-(dq +d;)
were dq is the internal nominal diameter of toroid ring;
d; - the transversal diameter of toroid ring.

Plastic deformation depends mainly of rubber type, shape and quality, value and time of tightening,
temperature and working medium. Paper presents the results obtained above different rubber types
tested in different mediums with different tightening in order to improve three cone bits bearing
sealing.

2. EXPERIMENTS

Tests were made in order to establish the plastic compression deformation obtained at different
temperatures of 20°C and 50°C and with different tightening of 10, 20 and 30% in the presence of
grease drill lubricant with respecting Romanian standard $3TAS 12043/2-81, [3, 4, 5].

In figure 4 it is shown the dimensions of rubber O-ring.

da

Fig.4. Dimensions of tubber O ring
do— O-ring diameter before deformation; dg — O-ring diameter in time of deformation with load applied;
d¢ — O-ring diameter after deformation and without load.

The device used it is shown in figure 5.

do1

Fig.'5. Device used for tests
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Testing conditions were:
- ring with initial cross section nominal diameter do =5.7 mm;
- internal initial ring diameter ¢ =59.2 mm;

- rubber materials VITON, HNBR, NBR;

- 0g1=5.19 mm, dg,=4.62 mm, dy3=4.04 mm corresponding for 10. 20. 30% tightening;
- working medium- grease tyge UM 185 Li 2

- tempearature: 20°C and 50°C

- time for maintained at temperature 22 hours;

- 30 minutes relaxing time before measuring d;.

In figure 6 it is presented the plastic deformation D, % function of initial deformation for VITON
rubber, in figure 7 for NBR rubber and in figure 8 for HNBR rubber, [3, 4].

D= jo;dl .100%

Odg

2
A 3
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Initial deformation, D,; %o

Fig.6. Plastic deformation vs. initial deformation at 1-50°C, 2-20°C for VITON rubber O-ring
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Fig.7. Plastic deformation vs. initial deformation at 1-50°C, 2-20°C for NBR rubber O-ring
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Fig.8. Plastic deformation vs. initial deformation at 1-50°C, 2-20°C for HNBR rubber O-ring

We could observe from figures 6, 7 and 8 as a general behavior for tested rubber O-rings that
plastic deformation rise with temperature. Meanwhile between different rubber types appear
differences. At NBR rubber O-ring especially at 50°C O-ring diameters is greater that the initial one
(fig.7). HNBR O-ring diameters were smallest influenced by initial deformation and by the

temperatures.

In figure 9, 10 and 11 are presented the reduction of initial cross diameters of O-rings due to initial
deformation and temperatures for O-rings made of VITON, NBR and HNBR rubber types, [3, 5].
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Fig.9. Reducing initial diameter vs.initial deformation at 1-50°C, 2-20°C for VITON rubber O-ring
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Fig.10. Reducing initial diameter vs.initial deformation at 1-50°C, 2-20°C for NBR rubber O-ring

44



S5

gl

56
24

(]

52

»

43

46 [
44 |

™~

p <k
)

42

Diminishing initial diameter, %o

Fig.11. Reducing initial diameter vs.initial deformation at 1-50°C, 2-20°C for HNBR rubber O-ring

The less influenced by temperature and initial tightness are O-rings made of HNBR rubber (fig.11)
were we could observe also a diminishing of plastic deformation vs. temperature and initial
deformation. At VITON O-ring (fig.9) at 50°C was observed a diameters diminishing with 20% and at

10 15 20 s

Initial deformation, Dg %o

NBR (fig.10) at 50°C a diameters diminishing with 10%, [3].
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Fig.12. Mass rising vs. initial deformation at 1-50°C, 2-20°C for rubber O ring at 20°C
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From figures 12 and 13 could be observed for all O-rings rubber types tested that mass rising is
diminished with temperature, [3]. The smallest mass risings were observed at VITON rubber.
At NBR rubber at initial deformation of 20% a maximum of mass rising was observed.

3. CONCLUSIONS

Based on theoretical —experimental researches we could conclude:

- Plastic deformation measured immediate after removing from testing device at all rubber types
O-rings rise with temperature:

- O-rings of VITON rubber plastic deformation is sensible influenced by temperature;

- O-rings of NBR rubber at 50°C at 20% initial deformation has a plastic deformation negative
which indicate a tendency of absorption of oil from grease;

- O-rings of HNBR rubber were small influenced by initial deformation and temperature and are
considered the most stabile materials.

- Plastic deformation after a period of relaxing at ambient temperature was different depending
temperature and initial deformation:

- O-rings of VITON rubber at 50°C presents a critical deformation of 20% with a maximum
reduction of initial diameter;

- O-rings of NBR rubber at 50°C and initial deformation smaller of 15% have a greater final
diameter;

- O-ring of HNBR rubber at 50 °c presents the smallest tendency of diminishing initial diameter.

- Oil absorption from grease depends of temperature:

- VITON rubber has the smallest absorption tendency at 20 °C and at 50 °C;

- NBR and HNBR rubber at 20 °C absorption is greater than at 50 oc;
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INVESTIGATION ON SURFACE ROUGHNESS OF CARBON STEEL MACHINED
BY ABRASIVE WATER JET USING TAGUCHI METHOD

Miroslav RADOVANOVIC

Abstract: Taguchi method is employed to investigate surface roughness of carbon steel
machined by abrasive water jet. Design of experiment was conducted using Lg orthogonal array with
four factors (water pressure, abrasive flow rate, traverse rate and standoff distance) and two levels.
Analysis of means, analysis of variance and signal-to-noise ratios are employed to determine
influence of factors on surface roughness and to determine optimal factor levels. Regression analysis
was used to find correlation between surface roughness and factors.

Key Words: Abrasive water jet machining, surface roughness, Taguchi method

1. INTRODUCTION

Abrasive water jet (AWJ) machining is an advance non-conventional technology. AWJ machining
is like grinding, except that abrasive particles are moved through the material by water jet rather than
by a solid wheel. Almost any material can be cut. Mix high pressure water jet with abrasives gives an
effective cutting tool. AWJ can cut a wide range of thickness. Maximum thickness is 100 mm for
stainless steel, 120 mm for aluminum, 140 mm for stone, 100 mm for glass, but not limited. AWJ
makes it possible to cut random contours, very fine tabs and filigree structures. Tolerances of £0.1 mm
can be realized in metal cutting. There is no thermal effect on the workpiece. AWJ produces very little
lateral force. Scheme of abrasive water jet machining is shown in Fig. 1.

Onfice High pressure water
N p[MPa]
Mrang \
chamber \
Abrasive AR Cutting head
d, [mm] X
b | -
Abrasive SRS Orifice
m,[g/min] AAARARRRNNN
Mixing chamber
v [mm/min]
K Focusing tube
= I dr [mm]
E
N 3&
E o
E / — Worlpiece
< J

Fig. 1. Abrasive water jet machining
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When cutting with AWJ high pressure pump produces water pressure up to 600 MPa. High
pressure supply line directs the pressurized water from the pump via accumulator to the cutting head.
Cutting head consists of orifice, mixing chamber and focusing tube. Orifice is made of sapphire, ruby
or diamond. Orifice is with diameter of 0.15 to 0.35 mm. Focusing tube is made of hard metal.
Focusing tube is with diameter of 0.54 to 1.1 mm and length of 50 to 100 mm. Water is pressed out of
the orifice in form of jet at a speed of approximately 900 m/s — nearly three times the speed of sound.
Result is a very thin, extremely high velocity water jet. Solid abrasive particles are added and mixed
with the water jet in the mixing chamber of the cutting head and then focused by a focusing tube. High
speed of the water jet creates a partial vacuum in the mixing chamber so that abrasive particles are
sucked in and flushed away by the water jet. Focusing tube focuses and directs the abrasive water jet
to the workpiece. Abrasive water jet cuts workpiece along the contour guided by NC programme.

Many factors affect on abrasive water jet machining. AWJ machining factors can be classified into
categories that relate to: workpiece (material type, thickness, chemical structure, hardness,
toughness, grain size), high pressure pump (pump pressure, water flow rate, water purity, accumulator
volume), abrasive (material type, hardness, particle diameter, particle shape, particle size distribution,
humidity), cutting head (orifice diameter, orifice material, focusing tube diameter, focusing tube length,
focusing tube material), motion system (precision, accuracy, stiffness, working conditions) and
process (water pressure, traverse rate, abrasive flow rate, standoff distance, impact angle, traverse
direction). AWJ machining performances can be classified into categories that relate to: process
(orifice wear, focusing tube wear, temperature, noise, vibration), quality (form deviations, dimension
deviations, cut quality: surface roughness, burr, depth of cut, kerf width, kerf taper), productivity
(machining time, productivity), and economy (machining cost, power consumption, abrasive
consumptions).

There are some studies regarding investigation of surface roughness in AWJ machining using
Taguchi method. Babu et al. in [1] were presented a study on the use of single mesh size abrasives in
AWJ machining of aluminum 6063 T6. Ly orthogonal array with four factors (single mesh size
abrasives, water pressure, traverse rate and abrasive flow rate) and three levels is employed to
investigate depth of cut, kerf width, kerf taper and surface roughness. Azmir et al. in [2] were
presented an investigation on AWJ machining of aramid fibre reinforced plastics composite using
Taguchi approach. Lgs orthogonal array with four factors (water pressure, abrasive flow rate, standoff
distance and traverse rate) and three levels is employed to investigate surface roughness and kerf
taper. Kechagias et al. in [4] were presented a study of the influence of sheet thickness, focusing tube
diameter, standoff distance and traverse rate on surface quality characteristics in AWJ machining of
transformation-induced plasticity sheet steels. Lg orthogonal array with four factors and three levels is
employed for investigation. Aydin et al. in [5] were presented an investigation on surface roughness of
granite machined by AWJ using Taguchi method. L4¢ orthogonal array with five factors (traverse rate,
abrasive flow rate, standoff distance, water pressure and abrasive size) and four levels is employed to
investigate surface roughness.

2. DESIGN OF EXPERIMENT AND RESULTS

Experimental investigation was conducted in order to study the influence of factors on surface
roughness in abrasive water jet machining of carbon steel. The equipment used for machining the
samples was abrasive water jet cutting machine Hydro Jet Eco 0615 with pump pressure of 150 MPa,
power of 7.5 kW and water flow rate of 2.4 I/min. Cutting head is with orifice diameter of 0.35 mm and
a focusing tube diameter of 1.02 mm. Focusing tube length is 76 mm. All experiments were conducted
with water pressure of 150 MPa. Abrasive material was Garnet with mesh size of 80. Workpiece
material used in experimental tests was carbon steel EN S235, thickness of 6.5 mm. Chemical and
mechanical characteristics of EN S235 are shown in Table 1.

Table 1. Chemical and mechanical characteristics of S235
C|Si|Mn| P S N |[Cu| Cr| Ni| Mo | Al V | Rpoz Rm A
YD | % | % | % % | % | % | % | % | % % % [N/mm? N/mm? | %
0.13]0.25|0.58(0.013]0.008|0.01|0.32{0.08|0.10|0.013|0.033|0.001| 240 |(360-440| 25

Design of experiment was conducted using Taguchi method. Taguchi method [7] is a relatively
simple and powerful tool for design of experiment, analysis and optimization of the process. Taguchi
method includes experimental design, conducting an experiment, data analysis, selection of factors,
determining the optimal factor levels, and verification. Taguchi method uses a special design of
orthogonal arrays where the experimental results are transformed into signal-to-noise (S/N) ratios as
the measure of the quality characteristic. Orthogonal array and signal to noise (S/N) ratios are two
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major tools used in Taguchi method. Depending on the criterion for the quality characteristic to be
optimized, the S/N ratio characteristics can be divided into three stages: smaller-the-better, larger-the-
better, and nominal-the-better. Larger S/N ratio corresponds to the better performance characteristic.
Influence of factors on process performance can be determined using the analysis of means (ANOM)
and analysis of variance (ANOVA). Optimal level of the factor is the level with the highest S/N ratio. A
confirmation experiment is the final step in Taguchi method and is used to verify the optimal
combination of the factor settings.

Control factors (independent variables) selected for the present investigation are: water pressure
(p), abrasive flow rate (m,), traverse rate (v) and standoff distance (h). Investigated performance
(depended variable) is surface roughness (R,). The Hommel Tester T500 was used to measure the
surface roughness. Control factors and their levels are shown in Table 2.

Table 2. Control factors and levels

Code Control factors y Levels 5
A |Water pressure, p (MPa) 130 150
B |Abrasive flow rate, m, (g/min) 500 700
C |[Traverse rate, v (mm/min) 50 100
D |Standoff distance, h (mm) 1 3

Four control factors with two levels are arranged in Lg (24) orthogonal array. Table 3 shows
standard Lg orthogonal array and results. Left side of the table includes coding values of the control
factors. Right side of the table includes the responses of the surface roughness (R,), and S/N ratios

(m)-

Table 3. Orthogonal array and reponses

No Control factors Ra n

A|lB|C|D um dB
1111111 4.72 -13.4788
2 |1 ]1]2]2 4.77 -13.5704
31112 ]1]2 4.56 -13.1793
41112121 4.64 -13.3304
512 (1]1]2 4.47 -13.0062
6121121 5.02 -14.0141
712121111 4.50 -13.0643
8122|122 4.76 -13.5521

n= -13.3994

3. ANALYSIS OF RESULTS, OPTIMIZATION AND CONFIRMATION TEST

To analyze the effect type of factors on surface roughness Normal plot and Pareto chart were
generated. In Fig. 2 and Fig. 3 are shown normal plot of the standardized effects and Pareto chart.

Normal Plot of the Standardized Effects
(response is Ra, Alpha = ,05)

Effect Type
@ Not Significant
95 4 W Significant

90 4 Factor Name
mC A A

B B
° c c
D D

Percent
g

-10 5 0 5 10 15
Standardized Effect

Fig. 2. Normal plot
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Pareto Chart of the Standardized Effects

(response is Ra, Alpha = ,05)
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From Fig. 2 and Fig. 3 it is seen the effect type of factors and interactions (significant and not
significant). Traverse rate is significant factor on surface roughness. Water pressure, abrasive flow
rate and standoff distance are not significant factors. Interactions are not significant on surface
roughness. Influence of factors on surface roughness was analyzed using the analysis of means and
analysis of variance. Main effects plot for surface roughness (Ra) is presented in Fig. 4. The verticality

Fig. 3. Pareto chart

of the line indicates the effect of factors.
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From Fig. 4 it is seen that as the water pressure and traverse rate increase the surface roughness
increases. If the abrasive flow rate and standoff distance increase the surface roughness decreases.
Fig. 4 indicates that the traverse rate is more significant factor as the slope gradient is big.

Fig. 4. Main effects plot for surface roughness
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Fig. 5. Interaction plot for surface roughness
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Interaction plot for surface roughness (Ra) is presented in Fig. 5. Parallel lines indicate that the
interactions are not significant factors, such as interaction CD.

Objective of the experiment is to optimize the cutting conditions for AWJ machining with regard to
the minimum surface roughness. For this purpose was used smaller-the-better characteristic defined
as:

1 n
n= -10 |0910[HZ inJ )
i=1

where is: 7-signal to noise (S/N) ratio, n-number of repetitions of the experiment, y-measured values
of the quality characteristic.

High S/N ratios are always preferred in a Taguchi's experiment. For smaller-the-better
characteristic, this translates into lower process average.

Analysis of means (ANOM) is a statistical approach of estimating the mean S/N ratios for each
parameters and each of its levels. The mean S/N ratios smaller-the-better for each level of the control
factors is shown in Table 4.

(1)

Table 4. Response table for S/N ratios

Code Control factors y Level 5 Max-Min | Rank
A |Water pressure, p (MPa) -13.39* -13.41 0.02 4
B |Abrasive flow rate, m, (g/min) | -13.52 -13.28* 0.24 2
C |Traverse rate, v (mm/min) -13.18* -13.62 0.43 1
D |Standoff distance, h (mm) -13.47 -13.33* 0.14 3

* Optimum level

Table 4 shows the rank of factors. In the first place is traverse rate, in the second place is
abrasive flow rate, in the third place is standoff distance, and in the fourth place is water pressure.
Results from Table 4 suggest that the optimum values of control factors within the tested range are
given by A,B,C,D,, i.e. the optimal combination of the process factors could be achieved by using a
water pressure of 130 MPa, abrasive flow rate of 700 g/min, traverse rate of 50 mm/min, and standoff
distance of 3mm.

Analysis of variance (ANOVA) is used to estimate the relative significance of each factor. In
ANOVA, the ratio between the variance of factor and the variance of error is called Fisher’s ratio (F). It
is used to determine whether the factor has a significant effect on the quality characteristic by
comparing the F table value (F,) at the a significance level. Greater the F-ratio more significant is the
factor. ANOVA was carried out to find the relative effect of factors on the surface roughness. Table 5
shows analysis of variance for S/N ratios.

Table 5. Analysis of variance (ANOVA) for S/N ratios

Code | DF SS MS F p %
A 1 0,000756 | 0,000756 0,33 0,669 0.10
B 1 0,111247 | 0,111247 | 48,32 0,091 14.70
C 1 0,377756 | 0,377756 | 164,07 | 0,050 49.91
D 1 0,041988 | 0,041988 | 18,24 0,146 5.55
AC 1 0,196321 | 0,196321 85,27 0,069 25.94
AD 1 0,026508 | 0,026508 | 11,51 0,182 3.50
Error 1 0,002302 | 0,002302 - - 0.30
Total 7 0,756877 - - - 100
DF - degree of freedom, SS - sum of square, MS - mean square, F -
variance ratio, p — value, and % - percent contribution

Standard F table value at 95% confidence level is Fgs514=161.45. From Table 5 it can be seen
that process factors water pressure, abrasive flow rate, traverse rate and standoff distance have effect
on the surface roughness with contribution of 69.51%. Traverse rate is significant factor with strong
(clearly statistically significant) effect on the surface roughness and effects on surface roughness with
contribution of 49.91%. Water pressure, abrasive flow rate and standoff distance are not significant
factors. Water pressure effects on surface roughness with contribution of 0.10%, abrasive flow rate
effects with contribution of 14.70% and standoff distance effects with contribution of 5.55%. From
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Table 5 it can be seen that the interactions are not significant factors. Interaction water pressure-
traverse rate effects on surface roughness with contribution of 25.94%, and interaction water
pressure-standoff distance effects with contribution of 3.50%.

Regression analysis (RA) was used to find correlation between surface roughness and factors.
Regression analysis is a powerful tool for mathematical modeling real process. RA includes the
experimental data, mathematical methods and statistical analysis. For mathematical model was
selected the quasi-linear model:

K k-1 Kk
Y=Y, —e=B+> BXi+ D D B XX, )
i=1

i=1 j=i+1

where Y is the estimated response, Y. is the measured response, X; are the factors, € is the
experimental error, k is number of factors, B, is the free term, G; is the linear effect and G; is the
interaction effect.

Quasi-linear regression equation representing the surface roughness (Ra) can be expressed as a
function of AWJ factors such as water pressure (p), abrasive flow rate (m,), traverse rate (v) and
standoff distance (h). The following regression equation, with coefficient of determination of R?=99.8%,
was obtained:

R, =4.68—-0.0075p+0.065m, —0.1175v +0.04h +0.085pv —0.0325ph , 3)

Surface plot of surface roughness (Ra) versus abrasive flow rate (m,) and traverse rate (v),
according equation (3), is shown in Fig. 6.

Surface Plot of Ra vs m (g/min); v (mm/min)

50
48

4,6 700

44 600
m (g/min)

75 500

v (mm/min)

Fig. 6. Surface plot of surface roughness versus
abrasive flow rate and traverse rate

Confirmation test is the final step in Taguchi method and is used to verify the optimal combination
of the factor settings. For that purpose, a confirmation test should be carried out implying the optimal
levels of the factors. Therefore, a confirmation test was performed using optimal condition A;B,CD,
for surface roughness.

The predicted S/N ratio using the optimal levels of the design factors (ﬁopt) can be calculated as:
- _ _ 1l
Fop =71 + 2 oo —=77), 71 =21, 4)
i=1 t i=1

where 77, is the mean S/N ratio for i-th factor at the optimal level, 77 is the total mean S/N ratio, k is
the number of factors that significantly affect the quality characteristic, N, is the total number of trials,

and 7, is the S/N ratio in i-th trial in the orthogonal array (OA).
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Aopt = —13.40+(~13.39+13.40)+(~13.28+13.40)+(~13.18+13.40) +

(-13.33+13.40)=-12.98 dB , 5)

In order to statistically judge the closeness of predicted to observed data, the confidence interval
was determined. A confidence interval (Cl) can be calculated using the equation [5]:

Cl=x [F o V| =+—| ©)

where Fa(L f,) is the F value from the F-table at a required confidence level of 1-a=0.95 at degree of

freedom DF=1, and degree of freedom of error fe=1, F;q5,,) =161.45 , V.=0,002302 is the error

variance, n,,=1 is the validation test trial number, and n:lzl_(; is the effective number of

1+v
replications where N=8 is the total number of experiments and Vv =1x4=4 is the total degree of
freedom (DF) of all parameters.

Cl = i\/161.45-0.002302-(% + 3 —+0.78 @)

The 95% confidence interval of the predicted optimal S/N ratio is:
(gt —C1 )< 7o < (g +C1). (8)

—13.76 < 7,,,(dB) < -12.20, (9)

Real value of the surface roughness can calculate based on equation (1) as:

_ﬁopt

R,=10 *°, (10)
 -1298

R, =10 20 =4.46m, (11)

Predicted and the test observed value of surface roughness at the optimum levels of the factors
are shown in Table 6.

Table 6. Predicted values and test results

Optimal factor settings
Prediction Test
Level A:B,C,D, A:B,C,D,
Surface roughness Ra (um) 4.46 4.56
S/N ratio (dB) -12.98 -13.18

Since the prediction S/N ratio is within confidence interval (Cl), the combination of factor levels for
optimization of surface roughness can be validated.
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4. CONCLUSION

Factors of abrasive water jet machining, water pressure, abrasive flow rate, traverse rate and
standoff distance, have effect on the surface roughness with contribution of 69.51%. Traverse rate is
significant factor with strong effect on the surface roughness and effects on surface roughness with
contribution of 49.91%. Water pressure effects on surface roughness with contribution of 0.10%,
abrasive flow rate effects with contribution of 14.70%, and standoff distance effects with contribution of
5.55%. Interactions effect on surface roughness with contribution of 29.44%. Interaction water
pressure-traverse rate effects on surface roughness with contribution of 25.94%, and interaction water
pressure-standoff distance effects with contribution of 3.50%. If the water pressure and traverse rate
increase the surface roughness increases. If the abrasive flow rate and standoff distance increase
surface roughness decreases. Optimal levels of factors based on surface roughness in abrasive water
jet machining using Taguchi method are given by A;B,C+D,, i.e. the optimal combination of the factor
levels could be achieved by using a water pressure of 130 MPa, abrasive flow rate of 700 g/min,
traverse rate of 50 mm/min, and standoff distance of 3mm. Regression model gives a good correlation
between the surface roughness and the factors with coefficient of determination of R?=99.8%.
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PHOTOCATALYTIC DEGRADATION OF METHYL ORANGE USING
MECHANOCHEMICALLY PREPARED Fe,;03-ZnO MIXED OXIDES
DOPED WITH SILVER

Nina G. KOSTOVA, Alexander ELIYAS, Martin FABIAN, Erika DUTKOVA, Peter BALAZ

Abstract: The mixed oxide photocatalysts were synthesized by mechanochemical method.
The effect of Ag dopant also was studied. The resultant photocatalysts were characterized by X-ray
diffraction (XRD) and diffuse reflectance spectroscopy (DRS). The photocatalytic activity of mixed
oxides was also evaluated by degradation of methyl orange (MO) as a model compound. The
experimental results showed that the prepared Ag-Fe,Os/ZnO photocatalyst exhibited higher
photocatalytic activity for the decomposition of MO than Fe,Os-ZnO mixed oxide.

Key Words: mechanochemical synthesis, mixed oxides, dopant, photocatalysis

OOTOKATAITIUTUYHO PA3Ir'AXKOAHE HA METWUJ1 OPAHX BbPXY
MEXAHOXUMUYHO CUHTE3UPAHMU Fe,03-ZnO CMECEHU OKCUWOU
AOTUPAHU CBHC CPEBPO

HuHa I' KOCTOBA, Anekcanabp ENUAC, Maptud ®PABUAH, Epuka [lyTkoBa,letep BAJTAX

Pe3trome: CMeceHO-0KCUOHU ros1yrnpo8odHuUuU bsixa rnosly4YeHU Ype3 MexaHOXUMUYEH CUHME3.
Bewe uscnedsHo u enusiHuemo Ha 0obaskama om cpebpo. MonyyeHume ¢homokamanu3amopu ca
uscnedgaHu ¢ peHmaeHos ¢hasos aHanu3 (XRD) u dugpy3sHo ompaxxamenHa crekmpockonusi (DRS).
®omokamanumu4yHama akmugHocm Ha cMeceHume okcudu cbujo bewe onpedeneHa 8 peakyusma
Ha pasnazaHe Ha 6azpuno wmemunopaHx (MO) usbpaHo kamo MOOesIHO CbeOUHEHUE.
EkcniepumeHmarnHume pesynmamu rnokasaxa, 4e rosnydyeHusm Ag-Fe,0s/ZnO gomokamanusamop
rokasa no-eucoka pomokamarsnumu4Ha akmugHocm & pasnazHemo Ha MO e cpasHeHue ¢ Fe,0s/Zn0
cMeceH okcuo.

Knroyoeu dymu: MexaHOXUMUYEH CUHME3, CMEeCeHU OKcudu,, 0obaeska, ghomokamarsus

1. yBO[4

OnasBaHeToO Ha oOKkonHata cpefa € edHO OT OCHOBHUTE Mpeau3BUKaTencTBa B CbBpPEeMEHHUsI
cBAT. 3ambpcsiBaHETO Ha Bb3gyxa W Bogata e rnobaneH npobnem [1]. lpe3 nocnegHute
netaeceTmMHa roAuHU LUMPOKO ce npwunara doTokaTanu3a 3a npeBeHUMss Ha LWweTute OT OT
3amMbpcsiBaHe C OpraHWMYHM BeLlecTBa Ha BoauTe M Bb3ayxa [2]. 3a Tasu uen ce ynotpebsasaT
NnonynpoBOAHULM, KaTO Hanpumep TUTAHOB AMOKCUMA UMK LMHKOB okcup (ZnO) [3-4]. LuHkoBuAT
oKCuA € [OOCTbMNEH, €BTMH M He TOKCu4YeH doTokatanusatop C Lupoka 3abpaHeHa 30Ha, KOETo
YaCTUYHO BBH3MPENATCTBA HEFOBOTO OLLIE MO-LUMPOKO NPUITOXKEHUE. YCunusaTa Ha uscrnegoBatenute 3a
nogobpsisaHe Ha hoTokaTanuTUyHaTa akTMBHOCT Ha npaxoobpa3sHust ZnO npogbinkaBat. 3a 1asu uen
ce npunarat pasnuMyHM Nogxoam kaTo ynotpebarta Ha gobaeku OT metanum kato Au, V, Fe unm P,
HemeTanu kato N, S, C P [5-6]. [lpyr Bb3MOXEH NOAXO4 € CMeCBaHe Ha [Ba MonynpoBOAHMKA, Npu
KOeToO ce ocurypsiea nogobpsiBaHe Ha e(EeKTUBHOCTTAa Ha MOMyYEeHUs CMECEHOOKCUAEH
doTokaTanusaTop [7]. MNpunarat ce pasnMyHN XMMWYHU U (DPU3UYHU MeToaMu 3a MoriydyaBaHe Ha
doTokaTanmsaTopu ¢ NOAOOPEHN CBOMCTBA KaToO 30M-ref, XMApoTepManeH CUHTE3, MeXaHOXUMUYEH
cnHTes [8-9]. Manon3BaHeTo Ha nnaHeTapHa TOMKOBA MeENHULA 3a MEeXaHOXMMWYEH CUHTe3 Ha
CMeCceHOoOoKeuaeH potokatannsaTtop € NnoaxodsLy MeTo 3a nonydaBaHe Ha HaHOpPa3MepHU npaxose
[10-11]. UsBecTHO e, Ye BRMAHMETO Ha MNPEexXoaHWa MeTan Bbpxy poTokaTanuTuyHaTa akTUBHOCT
3aBMCU OT MHOro (pbakTopu, TakMBa KaTto BuMA Ha gobaBkaTa, METO4 Ha BHACAHE W KakTto M OT
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KONMMYEeCTBOTO Ha BHacsiHaTa gobaBka. B HacTosiwoTo u3cnepBaHe cpebpoTo Gelle m3bpaHo 3a
MoaudmumpaHe Ha cMmeceHuTe okcuaHu doTokaTanusaTopu. CpebpoTo nputekaBa MONE3HM
CBOWCTBA KaTO XMMWYHA CTaBUMHOCT, eNeKTPo U TOMMONPOBOAHOCT, aHTUGEKTePUOCTaTUYHN CBOMCTBA
W HENMUHENHO ONTUYHO NoBeaeHmne.

Llenta Ha HacTosILOTO u3cnedBaHe e nogobpsiBaHe Ha oTokaTanuTMYHaTa akTMBHOCT Ha
cMeceHookcuaeH doTokatanusatop Fe,03-ZnO nocpeactBoM BHacsiHe Ha Ag B nMpolieca Ha cMuaHe
B TOMKOBa MenHuua.

2. EKCNEPUMEHTAJTHA YACT

MnaHetapHa TonkoBa MenHuua (Fritch- Germany) ©Gewe wu3snonsBaHa 3a nonyyaBaHe Ha
obpasuyute. CbabT M M3NonN3BaHUTe TOMKU ca n3paboTteHu ot BondpamoB kapbug. O6embT Ha cbaa
bewe 250 mn, a anameTbpa Ha Tonkute Gewe 10 Mm. BB BCUYkM ekcnepumaHTu Gewe nposBeaeHo
BMaXXHO CMuUIIaHe C JdecTunvpaHa Boda kKaTo OBMNaxHsBawa cpeda. MsnonssaHoTo npu
eKCNepumMeHTMTe CboTHOWeHMe npax:Tonku 6ewe 1:20. CMunaHeTo Gelle NpoBeAEHO NPU CKOPOCT Ha
potauusa 200 rpm, Bpeme Ha cmunaHe 1 yac. Cnepg cMunaHeTo cycneHsusTa belle npexBbprieHa B
CTbKrneHa valua, nocrneasaHo ot cyweHe npu 103°C B npoabixeHne Ha 4 yaca. CbabpXaHWeTo Ha
Xena3o B cmeceHookcuaHute obpasum bewe 2 tern.%. 3a BHacaHeTo Ha 0.5 tern. % cpebpo Gewe
M3Mnon3BaHo KonouaHo cpebpo ¢ koHueHTpaums 0.1 r/n.

100 mr oT npaxobpasHua doTtokaTanusatop ce gobassa kbm 100 mn pasTBoOp Ha METUM OpaHX
(MO) c koHueHTpauma 10 mr/n. Cnea ToBa cycneH3nsTa Ce NocTaBsA B peaktopa U ce pas3bbpksa
HenpekbCcHaTO ¢ MarHuTHa Obpkanka cbc ckopocT 500 06/muH. MNpaxoobpasTnHe oTokaTanmsaTopu
apcopbupat MmeTunopaHx Ha TbMHO. AgcopbunoHHO-AecopbUNoHHO paBHoBecKe Belue 4OCTUraHo 3a
30 muHyTM. C nomowiTa Ha cnpvHUoBKa ce B3emaTt 3.5 mn OT cycneHsusaTa. TBbpautTe vactuum ce
duntpyBat u pa3teopa oT MO ce npexBbpns B KBETa 3a CNeKTPOOTOMETPUYHO OMNpeaensiHe
cbabpxaHneto Ha MO npu A=463 HM. Cneg NbpBOTO M3MEpBaHE MpW OOCTUrHATO agcopOMLIOHHO-
AecopbUMOHHO paBHOBECKE Ce BKIHOYBA YNTpaBMOSieTOBaTa namna M ce MaMepBa KOHUeEeHTpauusita
Ha MO Ha paBHM BpeMeBW MHTepBana.

PeHTreHoBUTE gndpaTorpamm Ha obpasuuTe 6sixa 3anucaHu uanonssankn gugppakrometsp TYP
M62 ¢ Co K a nbyeHne. [IncysHo oTpaxaTenHuTe CnekTpu 6sixa nofy4YeHn Ha cnekTpodoToMeTbp
Thermo Evolution 300 UV-vis nsnonseavku cnekTpanoH KaTo eTaroH.

3. EKCMEPUMEHTAJTHU PE3YNTATH

PeHTreHoba3oB aHanu3 Gelue M3non3BaH 3a U3cnefBaHe CTPyKTypaTa M (hasoBusi CbCTaB Ha
MEXaHOXMMMWYHO CUHTE3NPaHUTE CMECEHOOKCUAHM (hOTOKaTanmM3aTopu.

UHTeH3uTeT, OTH.EA.

5 10 15 20 25 30 35 40 45 50
20

®ur. 1. PeHtreHoBu gudpakrorpamm Ha 1 - ZnO; 2 - Fe,03-Zn0 n 3 - Ag/Fe,05-Zn0
c¢oTokaTanmsaTopu
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Ha curypa 1 ca npeacrtaBeHn peHTreHorpamuTe Ha obpasumte naxogeH ZnO, cMeceHus okeupg
Fe,03-ZnO wn Ha potupanms Ag/Fe,03-ZnO. [Oudpaktorpammte Ha obpasute nokassar
XapakTepPUCTUYHM JIMHUKN Ha XekcaroHanHa ¢asa ot ZnO (JCPDS 36-1451). He Gewe peructpmpaHo
NpUCLCTBME Ha HOBa (pasa B PEHTTEHOrPaMUTE Ha MEXaHOXUMWYHO CUHTe3npaHute obpasuun. B
peHTreHorpamnTe Ha obpasuute nonydeHuTe Ype3 cMunaHe B TOMKOBa MENHWUa € perncrTpupaHo
ywmpeHue Ha andpakumoHHuTe nuHmum (dur.1 - 2,3) B cpaBHEHME C peHTreHorpamarta Ha U3Xo4HuWs
ZnO (dur. 1-1). ToBa ywwupeHue cBuAeTeENcTBa 3a CbLUECTBEHO MNOHWKaBaHe Ha pasmepa Ha
YacTUUUTE B MEXaHOXMMWYHO CUHTe3npaHuTe obpasun. [dobaBsaHeTo Ha cpebpo He npuynHsBa
OoTMecTBaHe B nosuuuTte Ha nukosBete Ha ZnO (dur. 1 - 3). ToBa MOXe Aa ce AbIDKM Ha MankoTo
KonmyecTBo Ha gobaskaTa u cBuaeTencTsa 3a (PMHHOTO AncneprupaHe Ha cpeboTo.
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®ur. 2 AncdysHo-oTpaxaTenHu cnekTpm Ha 1- Ag/ZnO u 2- Fe,03-Zn0O ¢poTokaTanusaTopm

OndysHooTpaxaTenHute cnekTpu Ha obpasuute ca npeactaBeHn Ha durypa 2. Obpasunte
nokassaTt UHTeH3MBHa abcopbuusa B ynTpasunoneToBaTa obnact. AbcopbunoHHnTe nBuum B obnacrra
200-400 HM oTroBapsT Ha d-d eneKkTPOHHU nmpexoan Mexay Zn>" u O® nuraHgn. Mo-BUCOKWST
WHTEH3UTET Ha MBULUMTE B CMeKTbpa Ha cMeceHookcuaHus Fe,03;-ZnO katanusaTop ce OAbImKMU Ha
HacnarBaHe C MBMUA AbMxawa ce Ha d-d enekTpoHHn npexomu Mmexay Fe® u OF nuraHgw.
[o6aBsAHeTO Ha xensa3o oTMecTBa kpas Ha abcopbumnoHHaTa MBMUa KbM BUaMMara obnacr.
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Fig. 3. ®domokamanumuyHa akmueHocm Ha 1 - ZnO; 2 - Fe,03-Zn0; 3 - Ag/Fe,03-Zn0
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doToKaTanMTMYHaTa akTUBHOCT Ha obpasunTe Oelle onpegeneHa ype3 poToKaTanUTUYHOTO
pasnaraHe Ha meTunopanx (MO) — sambpcuten B npomuLLnieHnTe otnagHn sogn. MO He moxe ga
Obae pasrpageH B OTCbCTBUE Ha KaTanusaTop npu obnbYBaHe CbC CBETMHA.

Ha cdwurypa 3 ca npeacraBeHM KpuBUTE Ha (QOTOKATaANMTUMYHO pasrpaxpgaHe Ha MO npu
o6nbyYBaHe C ynTpaBMosieToBa CBETIMHA B MPUCHCTBME HA MEXAHOXUMUYHO CUHTE3upaHuTe obpasuu.
C, € HavanHata KoHueHTpauua Ha MO cnepn pocturaHe Ha aacopOBLMOHHO-AeCOPBUUOHHO
paBHoBecue. C e KoHueHTpauudata Ha MO cneg obnbyBaHe € ynTpaBMONeToOBa Namna npu pasnuyHu
BpemeHa Ha TecTa. CmeceHookeuaoHuaT doTokatanuadatop Fe,03-ZnO  nokasa no-gobpa
doToKaTanMTU4Ha aKTUBHOCT B pasrpaxBaHeTo Ha MO B cpaBHeHune ¢ 4uct ZnO. BHacaHeTo Ha
cpebpo AoMbNHUTENHO MoBuUwWaBa doTokaTanuTuyHaTa aktuBHOCT (dur. 3 — 3). LIMHKOBUAT okcmAa
KaTo nonynpoBOOHWK C LIMpoKa 3abpaHeHa 30Ha 3a Aa cb3daje OBOWKA AyNKa-eneKkTpoH M3UcKea
CBETNMHA C AbMXMHa Ha BbnHaTta nog 388 HM. BknouBaHeTo Ha gobaBka oT cpebpo nomobpssa
doToedeKTMBHOCTTA Ha €enekTPOHHUTA npouec. BeceHoTo cpebpo noTucka peakuusdta Ha
pekoMbuHnpaHe. EnekTpoHu we 6baaTt npeMecTeHn oT Matepuarna ¢ Hucka paboTtHa yHkuus (ZnO)
KbM MaTepuarn ¢ Bucoka paboTtHa cuna (Ag), KoeTo Boau A0 NPEHOC Ha eNEeKTPOHU OT LIMHKOBUS OKCUA
KbM cpebpoTo. B gonbnHeHne BHeceHOTO cpebpo moBuIaBa KONMMYECTBOTO Ha hOTOreHepupaHute
HOCUTENW Ha 3apsg B CpaBHEHME C U3XOOHUS cmeceH okcup. Kato pesyntat B npoueca Ha
doTopasnaraHe yyacteaT noseyve POTOreHepupaHu eneKkTpoHu M AYMKWU, AoBexXAanku OO No-BUCOKa
doTokaTanuMTniHa eeKTUBHOCT.

4. 3AKNIOYEHUE

CMeceH/ oKCuaM C BUCOKa poToKaTanuTUyHa aKTUBHOCT 3a pasnaraHe Ha MeTunopaHx Gsxa
MONyYEeHN 4pe3 MeXaHOXMMMWYEeH CuHTe3. 3a MoHWXKaBaHe pasMepa Ha 4acTuuuTe Ha
dhoKkTOKaTanM3aTopuTe, KakTo M 3a BHacsiHe Ha JonaHT B TAX Gelle NPUIIOKEHO CMUNaHe B TOMKOBa
MenHuua. doTokaTanMTUYHUTE eKcnepuMeHTU nokasaxa, Ye Ag/Fe,0s-ZnO katanusaTop vMa Hai-
BMCOKa aKTMBHOCT BbB (poTOpasrpaxgaHe Ha MeTUIIopaHX, KOeTo ce ObIKM Ha Mo-e(DEKTUBHOTO
pasgensiHe Ha poToreHepupaHUTe ABOMKM OyMnKa-eNeKTPOH.
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EXPERIMENTAL RESEARCH OF THE EFFECTS OF SLIPPER BEARING
GEOMETRY AND WORKING CONDITIONS ON THE SYSTEM RIGIDITY IN AXIAL
PISTON PUMPS

C. SINANOGLUY, E. YILMAZ?, E.S. TOPAL®, F. CANBULUT?

12 Department of Industrial Design Engineering, Erciyes University, Kayseri 38039
34 Department of Mechanical Engineering, Erciyes University, Kayseri 38039

Abstract: In this study, the effects of loading pressure, orifice and various slipper bearing
geometry on the rigidity in axial piston pumps were researched. In axial piston pumps the slope of the
oil film on the hydrostatic bearings is very important. This slope is called rigidity and it is the ability to
withstand changing loads in relation with the changing thickness of the oil film on the bearing. In
experimental studies it is shown that the rigidity changes with varying revolutions, orifice diameter, and
changes in pressure. However it is understood that the geometry of slipper bearings has a bigger
effect

Key Words: Rigidty, orifices, axial piston pumps, hydrostatic bearings

1. INTRODUCTION

Bearing rigidity in axial piston pumps is one important factor in selecting parameters of the
bearing working under variable loads. Circular pocket hydrostatic axial bearings (slipper bearings) in
hydraulic axial piston pump are under the influence of a wide variety of forces. Therefore, the sliding
surface of hydrostatic bearing must have the necessary axial rigidity. The constitution of the slope of
load film thickness curve is quite important for hydrostatic bearing applications. The value of this slope
called rigidity is capability of the bearing to withstand the variation in the load depending on the
variation of film thickness. Therefore, the bearing must be designed in such a way as to obtain
maximum rigidity in minimum oil film thickness and maximum load.

Canbulut, Sinanoglu and Yildirnm presented the effects of orifice diameter and the size of pocket
in slippers with circular pocket, which affect the performance of swash plate axial piston pump and
motor are examined using neural network. In their paper, theoretical and experimental results that
orifice diameter and radius ratio significantly affect on bearing rigidity [1]. The same researcher was
experimental investigation of the performance of slippers, in various working conditions, which affect
the efficiency of pump with axial pistons. As slippers have a considerable impact on the performance
of the system, the effects of surface roughness in the slippers with varying hydrostatic bearing area on
lubrication have been studied. It was shown that the experimental and simulation results, neural
network was exactly followed the desired results. This kind of neural network predictors could be
applied on bearing systems in real time applications [2]. Another approach for different lubricant and
lubrication condition can be given in (Durak, 2003). An experimental investigation has been presented
for the performance of porous bearing under different lubricating conditions. The experimental results
obtained in his study indicated that the correct selection of lubricant and suitable running conditions.
(3]

Ko¢ and Hooke have examined the design of hydrostatically balanced bearings as used in the
slippers of high pressure axial pumps, and outlined a design procedure whereby the slipper behaviour,
minimum film thickness and loss of high pressure fluid could be estimated. It was shown that for
successful operation the slippers need to have small amounts of non-flamess on the running surfaces.
In addition, good agreement between the measured and calculated film thickness was demonstrated
[4]. The same researchers experimentally investigated the performance of hydrostatic slipper bearings
in axial piston pumps and motors [5]. The effect of clamping ratio, offset loading and orifice size on the
behaviour of overclamped and underclamped slippers was outlined. It was shown that the slippers run
satisfactorily with no orifice and have their greatest resistance to tilting couples and to minimum film
thickness. The underclamped slippers and slippers with larger orifice diameter run with relatively larger
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clearance and tilt than those of overclamped slippers with no orifice. Cavitation tends to affect the
slippers, especially at the rear of the slipper. Ineffective flood lubrication might be the cause of the
cavitation and oil jet pressure must have maintained to prevent oil starvation. In high pressure
hydraulic equipment the bearings and seals are usually designed to operate hydrostatically in partial.
In some, such as the end plates or bushes of gear pumps and the valve plates of axial piston pumps,
this is achieved by adjusting the pressurised areas so that the hydrostatic loads are nearly in balance,
leaving a small residual clamping load to be carried by hydrodynamic pressures [6].

Wang and Yamaguchi presented the characteristics of disk-type hydrostatic thrust bearings
supporting concentric loads, simulating the major bearing/seal parts of water hydraulic pumps and
motors [7]. They evaluated the characteristics by studying the relationships among the load carrying
capacity, pocket pressure, film thickness, and leakage flow rate.

Wang and Yamaguchi also theoretically investigated the load carrying capacity, power loses and
stiffness of disk-type hydrostatic thrust bearings including the case of eccentric load for elastic and
rigid materials respectively [8]. In their paper, a numerical analysis method was employed based on a
two-dimensional elastohydrostatic problem with elastic deformation model.

In the scope of this project the slipper bearings and orifices made of brass has been examined on
a hydrostatic axial pump test equipment. The effects of the size of orifice, pocket size, and the surface
structure of the slipper bearings which have a great role in the efficiency of axial piston pumps and
which work with the hydrodynamic and hydrostatic principles have been investigated in relation to its
effects on bearing rigidity.

2. SYSTEM THEORY

Fig. 1 shows typical hydrostatic bearing and plate system used in this study. As can be seen in
the figure, the slipper moves on slipper plate with a certain film thickness (h). The fluid coming from
piston side is transferred to the pocket (bottom of the slipper) by orifice to equilibrate the slipper. While
the system is running, the clearance (h) between the slipper and the slipper plate must be neither
small enough to cause metal-metal contact nor too big to cause fluid leakage. Therefore, this critical
area has to be precisely designed in consideration of the dynamic working conditions.
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12 o-ring

13 slipper

14 hydrodynamic bearing area
15 hydrostatic pocket

16 slipper plate

17 orifice

Fig. 1 Hydrostatic bearing and plate system [1]
The vertical load W (Fig. 1) acting on circular pocket hydrostatic bearing and formed by loading

pressure Pp is kept in equilibrium by the fluid pressure between the load bearing face and the

opposite element.
The vertical load [10] is

_ (R -RY)
2n(R, R, 0

where, P is pocket pressure, R, and R; are outer and inner radii of bearing respectively.
The flow-rate (QC) transferred from loading area of the bearing to bearing pocket and the radial

direction flow-rate (Qr) neglecting the speed of the hydrodynamic bearing are

Qc = ﬂdc (Pp _Pc)

12871, 2)
and
P.zh°
Q=—>
677|n(Rd /Ri) 3)

respectively, where d, and | are the diameter and length of orifice, 77 is the dynamic viscosity of oil.

If P, is drived from Eq.(3) and substituted into Eq.(1), we obtain

W 3an(F;§ -R?)
(4)

If the fluid permanency is considered (Qc = Qr) and Eq. (2 )is placed to Eq.(4), the load expression
becomes independent of viscosity

K, 1 1

(5)
where, P =P /P, k, =d}/1281 and R=R,/R;.
Generally, the rigidity of hydrostatic bearing system is denoted by
dw
k=——"—- 6
ah (6)
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The negative sign (-), is written to signify the positivity of rigidity equilibrium not in mathematical
sense. Rigidity (k) can be driven in the following form from the Eq. (5) regarding to derivative of h
film thickness

k=3"

h (7)

If necessary for the sake of the simplicity in working with dimensionless values, the bearing rigidity
in dimensionless form can be expressed as follows

|
=1 g

(8)
wherein h =h/R, , W =W/P,R}, k =k/P,R, .
3. EXPERIMENTAL PROCEDURE

3.1. Testing Equipment

The testing equipment consists of three main units. (fig 3.1). These are the control unit, test unit
and the power unit. Both Axial piston pumps and slipper bearings on the pumps according to
hydrostatic and hydrodynamic bearings principles. The main test unit is developed to be able to test
the slippery bearings according to these principles. The main components that construct the main test
unit are 3 slipper bearings and hydrolic loading cylinders. The slipper bearings form hydrostatic
circular pocket bearing systems. A unit supported by these bearings is a servo motor driven slipper
plate.
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Fig 3.1. Test equipment
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3.2. Experimental Study

In circular pocket bearings the lubricant is transferred to the liquid bearing pocket via orifice. This
lubricant (fig 3.2) lubricates the slipper bearing and the turntable creating oil pressure between the two
components and a lifting force.

The parameters measured on experimental study;

Pressure Measurements:
e Loading pressure
o Set pressures measured from three various locations in the set region of the slipper bearing with
120" angular
e Recess pressure measured from the single point in the location of slipper bearing recess

Flow Measurements:
e  Output flow rate of the bearing (radial flow)

Temperature Measurements:

e  Environment temperature

Slipper bearing temperature

Oil temperature measured from slipper bearing set region

Qil temperature measured from slipper bearing recess region
Qil temperature in the oil tank

The data obtained from this experiement are transfered to a computer through a data logger
system. Mathematical calculations are done using measurements after the system has reached its
regime (approx. 2-5 mins.). Shell Tellus 68-01 mineral oil is used as the lubricant liquid.
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Fig 3.2 Slipper bearings used in the experiments
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4. EXPREMENTAL RESULT

Experimental studies show that rigidity values differ according to the slipper bearing type
and orifice diameter. It is observed that the hydrostatic bearing system has a higher rigidity
value with higher pressures than lower pressures. It is also observed that the rigidity value
declines with higher orifice diameters. At the same time the type of the slipper bearing used in
the test affects rigidity. The changes of slipper bearing geometry has bigger effects on
rigidity.
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Fig. 4.1 Rigidity variations in the different orifices (20 Bar pressure, slipper bearing no. 1.1)

Fig 4.1 shows the differences of slipper bearing 1.1 (fig. 3.2) under 20 bars of pressure with
different orifice diameters. The values show that the revolution speed has little effect on rigidity. The
figure explains that changes in the diameter of the orifice have a greater impact. As the orifice
diameter increases rigidity declines.
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Fig. 4.2 Rigidity variations in the different orifices (20 Bar pressure, slipper bearing no. 2.1)
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Fig 4.2 shows the differences of slipper bearing 1.1 (fig. 3.2) under 20 Bars of pressure with
different orifice diameters. In this study the rigidity value falls as the orifice diameter and the
revolution speed increase.
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Fig. 4.3 Rigidity variations in the different orifices (20 Bar pressure, slipper bearing no. 2.2)

Fig 4.3 shows the differences of slipper bearing 1.1 (fig. 3.2) under 20 Bars of pressure with
different orifice diameters. In this graphic also an increase in the diameter of the orifice creates a
fall in the value of rigidity. The slipper bearing numbered 2.2 has the highest rigidity value.
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Fig. 4.4 Rigidity variations with dc=0.5 orifice, slipper bearing no. 2.2

Figure 4.4 shows the changes in slipper bearing number 2.2 under different loading pressures
with dc=0.5 orifice. It is observed that as loading pressures increase rigidity also increases.
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Fig. 4.5 Rigidity variations with dc=0.7 orifice, slipper bearing no. 2.2

Figure 4.5 shows the changes in slipper bearing number 2.2 under different loading pressures
with dc=0.5 orifice. As loading pressure increases the rigidity value also increases. As seen on
the last two graphics an increase in the diameter of the orifice creates a decline in the rigidity
value

5. CONCLUSIONS

As a result of the studies conducted, the diameter of the orifice, slipper bearing geometry and
loading pressure have a great effect on the rigidity value. Rigidity value declines with an increase in
the diameter of the orifice. With the slipper bearings used in the test (fig 1. part no 16), an increase in
the contact surface between the slipper plate and the slipper bearings (Ri/Ro) creates an increase in
the rigidity value. However the slipper bearings 2.1, 2.2 with the same (Ri/Ro) value

It is observed that even though the contact surface is smaller the rigidity value shows an increase.
This is the result of sets cut in the slipper surfaces. The changes in the geometry of the slipper
bearings also have serious effects on rigidity values. Also as shown in figures 4.3 and 4.4 an increase
loading pressures also increases the rigidity value.

According to the figures obtained, with the smaller orifice diameter (dc=0.5) the rigidity value is
higher compared to greater orifice diameter (dc=0.7). However considering varying revolution speeds
the rigidity values show less change with greater orifice (dc=0.7) than with smaller orifice (dc=0.5).

As a result the study shows that the slipper bearing surface textures and orifice diameters have
great effect on changes of rigidity values.
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Bb3MOXHOCTU 3A NOBULWLABAHE PECYPCA HA PABOTA HA LUIMNMPULIBALLIA
MHCTPYMEHTH

Feoprn Muwes, Benko Pyneyos, Mupocnae Cumon

POSSIBILITIES FOR INCREASING THE RESOURCE OF INJECTION MOLDS

Georgi Mishev, Velko Rupetzov, Miroslav Simov

Abstract: Increasing the resource of injection moulds is a basic task of polymer products
manufacturers. The task involves organizational, design and production actions.

The paper deals with the requirements to instrumental materials for the production of injection
moulds and the inputs affecting their choice. The most often applicable steels are shown. An analysis
and classifying of the reasons for injection moulds failure is made based on the study of the operation
of injection moulds in ,Arexim Engineering‘Ltd, the city of Smolian. Deposition of extra-hard VAD-
coatings allows the improvement of wear-resistance and oxidation resistance of the working surfaces.

Key words: injection mould materials, wear, wearresistance improvement.

BbBEOEHUE

HapacTBalloTo MpunoXeHWe Ha nnacTtMacoBuTe U3OeNUss B pasnuyHM obrnactm Ha
nHOycTpuaTa, ocobeHO B aBTOMODUIIOCTPOEHETO, PbYHUTE ENEKTPUYECKM MHCTPYMEHTH, KOcMoca M
Ap. Ce AbIMKN Ha nogobpeHuTe UM PU3NKO-MEXAaHNYHN CBOWCTBA, TOYHOCT Ha pasMepute u copmMara,
pa3Hoobpa3eH 1 KpacuB An3anH 1 ap.

3a nNpon3BOACTBOTO Ha NMacTMacoBu U3genns Han-LWMpoKo NPUNoXeHne e Hamepun npoteca
LINpMLOBaHe, KOUTO Ce CbCTOM OT TPM OCHOBHM KOMMOHEHTA: LUNpuuMallmHa, maTepuan (nnactmaca
Ha rpaHynu) n MHCTPYMEHT (wnpuudopma-matpuua). Ha cur. 1 e nokasaH LMKbn 3a NofyvyaBaHe Ha
eavH getann [4].

Cycle ends Cycle starts

Cooling

due. 1. 1 - 3ameapsiHe Ha UHCMpPyMeHmMa; 2 - GeuXKeHue Ha wnpuysawus azpe2am Hanpeo; 3 -
wnpuyeaHe; 4 - donpecoeaHe; 5 - dsuxxeHue Ha wnpuyeawust agpe2am Ha3ad ; 6 -
nnacmucukayusi (Go3upaHe); 7- omeapsiHe Ha UHCMPYMeHmMa U u3xebpJisiHe Ha demailina.
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3a ga ce JOMbIHK UgnaTa MaTpuua ¢ pasTorneHus MaTepuan v ia He ce nonydaT BCMYKHaTUHMW B
JeTaiina B UMKBIBT, € npeasuaeHo gonpecosBaHe. LUnpuueaHeTo e Mpouec CUMHO 3aBUCUM OT
TemnepaTtyparta Ha uMHcTpyMmeHTa. OT TemnepaTtypaTa B ronsama cTeneH 3aBUCAT MeXaHW4HUTE U
BU3yarnHUTe XapaKkTepuUCTUKX Ha NpounsBexaaHus getann.

l. N3BOP HA UHCTPYMEHTAINHUA MATEPUANN

Mpn n3genuaTa oT NONMMMEPHU MaTepuanu OU3arHbT Ha NOBBbPXHUHUTE Urpae BakHa porns. 3a
Aa ce OTroBOpY Ha BUCOKUTE M3UCKBAHWS MO OTHOLWeEHMe Ha dopma, DYHKUMOHAMNHOCT, ecTeTuka,
KayeCTBO Ha NPOAYKTa U AbITbI XMBOT HA UHCTPYMEHTa U3bopbT Ha MHCTPYMEHTaneH maTtepuvan nva
BaXXHO 3HaYeHMe.

KbM MHCTpymeHTanHuTe maTtepuanu 3a udpaboTBaHe Ha wnpuudopmn ce npeasiBaBaT MHOMO
BVCOKW M3NCKBaAHWUS NMO-BaXKHW OT KOUTO ca:

e [00Opa mMexaHn4yHa 06paboTBaEeMOcCT;
BMCOKa N3HOCOYCTOWYUBOCT;;
CTabUNHOCT Ha pasMepuTe;
BMCOKA SIKOCT Ha HATUCK;

e  BMCOKa KOPO3MOHHA YCTOMYMBOCT U Ap.

Bbpxy n3bopbT Ha martepuan 3a mspaboTBaHeTo Ha LWNpUUdOPMU BNAUSAT MHOro daktopw,
kato[1,5]:

* (PYHKLMSA, KOSATO e M3MbIIHABA eneMeHTa OT wnpuudopmara;

* W3HOCBAHE M XXUBOT Ha MHCTPYMEHTA;

» Bpori Ha NnpousBexagaHuTe geTannu;

* MeToA Ha 0bpaboTka Ha hbopmoBaLLMTE MOBBPXHUHY;

* BWUA Ha nonumMepa u ap.

PaboTeH pecypc (KMBOT) Ha MHCTPYMEHTa € TEPMUH, U3MOM3BaH, 3a onpeaensiHe Ha NpMeMvB
Opow pgetannu, n3paboTteHn OT efHa wnpuudopma. PecypcbT Ha MHCTPYMEHTa € MpPSiKo CBbp3aH C
N3HOCBAHETO Ha paboTHUTE NOBBPXHUHMU.

Mpeon wn3paboTBaHe Ha WHCTPYMEHTanHaTa eKunupoBka e Heobxogumo pJda  6baar
NnpenBapuUTeNiHO M3BECTHU OCHOBHWTE (paKkTopu, BRMSEWM BbpPXYy M3HOCBAHETO W pecypca Ha
WHCTPYMEHTa: AbnbounHata Ha TepMoobpaboTka (npu TepmoobpaboTeHn cTtomaHu), TBbpAOCTTa Ha
NMOBBbPXHOCTTA HAa MHCTPYMEHTa 1 abpasvBHUTE XapakTepUCTUKM Ha MaTepuana (nonumepa).

WHcTpymeHT, 3akaneH go no-manko oT 50 HRC, npuTtexaBaT He BMCOKaA W3HOCOYCTOMYMBOCT.
PecypcbT Ha MHCTpyMEHTa ce yBenu4yasa npu yBennyeHne Ha TebpaoctTa o okono 60 HRC.

Cunute, yyacTBalum B npoueca Ha LwnpuuBaHe nog HansraHe ca Ha Hatuck. Te ca nopogeHu ot
NPUTUCKAHETO Ha ABETE MOMOBWHM HA MHCTPYMEHTAa (CUNN Ha 3aTBapsiHe) U BbTPELLHOTO HansiraHe Ha
cTonunkara.

BHJIOBE CTOMAHH BHHCTPYMEHTA/THOTO ITIPOU3BOJICTBO

| | | |

Beruneponna IimvenTaipionHa Tlonobpena KopozmonHoycToirmEa Obemuo 3akamma
cromana CTOMaHa cromaHa cTOMaHa cToMaHa

| | | |
1.1730 1.2162 1.2085 1.2083 1.2083
1.0577 157141 1.2311 1.2085 1.2210
1.2312 1.2316 1.2343
1.2316 1.2344
1.2714 HH 1.2379
2738 1.2714
1.2767
— 1.2842

OzHauerye-HoMep > CTOMaHa 3a paboTa mpu HKCKa Temrieparypa > no 200°C
OznHaueHye-HOMEp > CTOMaHa 3a paboTa MpH BUCOKA TeMriepatypa > Han 200°C
HH > sBucoka TeBpAOCT

duez. 2. BuGoee cmomaHuU 8 UHCMPYMeHMasHomo rnpou3eodcmeo
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Mopagn cTporo cneunmduyHUTE WU3NCKBaHMUS 3@ BCEKM KOHKPETEH Ccryyaw, WM KoMOuHauusi oT
U3NCKBaHMS U PakTopu — N36OPbT HA UHCTPYMEHTANHN MaTtepuany e UHAMBUAyanHO KOHCTPYKTOPCKO
pelleHve, HanpaBeHO Ha 0asa cbCTaB Ha MaTepuana W kadectBata My crep npegBuaeHaTta
TepMmoobpaboTka. Hali-4ecTo npunoxmmMmm BUOoBe CTOMaHM ca NocoYeHn Ha cur.2 [6,7]]

MHCTpyMeHTanHuTe cToMaHu 3a u3paboTBaHe Ha wwnpuy opmu ce AenAT Ha OBEe OCHOBHM
rpynu:
e CTOMaHu 3a paboTta Ha CTygeHo (CTy4eHM) — Npu MHCTPYMEHTUM KOUTO Ce 3arpsiat B
npotieca Ha paboTa Ho TaxHaTa TemnepaTypa He Hagsuwasa 200° C.
e CTOMaHu 3a paboTa npu BUCOKM TemnepaTypu (TONSOYCTOMYMBMK) - Harpsisat ce npu
TsiXHaTa nocTtosiHHa pabota Hag 200° C. lNMpu paboTHUTE TemnepaTypu He TpsibBa Aa
cTaBaT (pa30BM NpeBpbLLAHMSA B CTOMaHaTa, T.e. CTpykTypaTta TpsibBa ga e ctabunHa u
yCTONYMBa Ha OTBPbLUAHE.
BaxHa xapakTepucTuka Ha WHCTPYMEHTanHUTE CTOMaHW CbLO € M3MEHEHMEeTO Ha TBbPAOCTTa B
3aBMCUMOCT OT Temnepartypara Ha oTBpbLUaHe — cwur. 3.

Tewppocr, HRC
w
(o)

|1 -ctynemu cromasm

2 - TOIJH CTOMAHH

0 100 200 300 400 500 600 700 800
Tenmeparypa Ha oTEpbiRHE, °C

duz. 3. [loeedeHue Ha mebpdocmma Ha UHCMpyMeHmarsHu cimoMaHu cjied omepubujaHe

CTyoeHuTe WMHCTpPYMEHTanHU CTOMaHuM MMaT BUCOKa HavanHa TBBbPAOCT, HO oOue npwu
TeMmnepaTypu Ha oTBpbLuaHe Hag 200° C ta 6bp30 naga. HavyanHaTa TBbPAOCT Ha TONNOYCTONYMBUTE
WHCTPYMEHTAlHM CTOMaHN € 3HaYMTENTHO MO-HUCKA, HO TSt OCTaBa NOCTOAHHA OO0 TeMnepaTypu OKOMo
600° C (TepmuyHa ctabunHocT). MNMprynHa 3a ToBa NoBefeHUEe ca BbTPELLUHM Andy3NOHHM npouecu
npyv BUCOKM TEMMepaTypu, KOUTO BOAAT [0 obpasyBaHe Ha TBbpAW kapbugn m ToBa BOAM [0
noBuLLIaBaHe Ha TBbPAOCTTa 40 HOB MAaKCUMYM, HapeyeH BTOPUYEH MaKCUMYM.

Il. AHANMU3 HA NMPUYUHUTE 3A OEPEKTUPAHE HA LULNPUL®OPMUTE

Wnpuy dopmuTe paboTAT NPU MHOTO TEXKUM PEXUMM - TONEMU HATOBapBaHWS;, BUCOKU
TemnepaTypu; ronemMm n3HocBaHus. Han-4yecto cpelllaHuTe HaTOBapBaHWsA Ha Wwnpuy popmute ca:
- MEXaHWYHO;
- KOPO3MOHHO;
- abpasnBHO/ epO3nIHO;
- TEPMUYHO.
Te 4ecTO cu B3aMmogencTesat e€4HO Ha OpYro, kato Mo TO3M Ha4YMH ca KymyraTuBHM (OeWcTBaT C
HaTpyneaHe).
Hain -pasnocTtpaHeHaTa npuymMHa 3a KOPO3MOHHO paspylleHMe Ha WHCTPyMeHTa ca npouecute
CBbp3aHM C TEPMUYHO NOBPEXaAaHe OT cTonunkaTa kaTo [1]:
e TepMM4YHa HEEQHOPOOHOCT B TOMSO KaHanHaTa cCMCTemMa;

e [IPEKOMEPHO ABLJITOTO BpeME 3a 3aabpXXaHe B LUnpuuBalina Bb3es1 Ui B TOMNO KaHanHaTta
cucrtema;
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e BRaraTa B rpaHynaTta; Hemarnka 4acT oT nnactmacute fnecHo nornbliart Brarata u Tpsabsa ga
Obaat wartenHo noacyweHn npeam npepabotkarta.[2] Ako Bnarata ce ocTaBu B Matepuana,
npv onpegeneHn ycroBus TS MOXe Aa pearvpa C Opyrv eneMeHTu, B pe3yntaT Ha KoeTo Aa
KoposupaT hopMeLLmTe NOBBPXHMHM Ha WnpuudopmaTa.

e  XMMMW4YECKM areHT obpa3syBall NsiHa (Hanpumep nofly4aBaHe Ha CUIHO NopecTa CTPYKTypa);

e BellecTBa 3abaBsALUN TOPEHETO;

PaspylieHne Ha MeTanHuTe NOBbPXHMHU OT ABaTta Buaa nsHocsaHe (abpasnBHO M €PO3UIAHO)
Ca NOpOAEHN OCHOBHO OT MbIIHWUTENMW, MOACWMBALLM MaTepuanu 1 Ap. TBbpAM 4Yactuum. TakoBa
n3HOCBaHe e 3aryba Ha MaTepuarn OT MOBbPXHOCTTA, MPUYMHEHO FMaBHO OT TPMEHE NMpu Nnb3raHe. Ha
dur. 4 ca nokasaHu hakTopuTe, Bogewm Ao abpasmBHO N3HOCBaHe.

KOMIIO3HTHH MATEPHATH KOHTAKT ¥BAIIIO TATO/
Temarpn ope Kcecrumisia
- BHO ¥ CTPYKT ypa Ha MO QATBANHA
- H3HOCBAHE
- $ubpu, MeTHITE; - ®opma;
- YO PHKAHTH; - PAMEDH;
- KOMITO3HITHH; - Octpora;
- OpHEHTalA Ha pubpute. - H3IpPBHITHEOCT;
- TBBPZOCT;
OTHOCHTE.THO DAPAMETPH
IOPEMECTBAHE
-Harozapeane:;
- eIHO(a3HO CHCTORHME; - Cxopocr;
g Is‘JHOTOCbaﬁ{O CBCTOAHHE, -KonrakTveaun TUTOL;
- Imbarane; MEXAHH3BM HA - OTHOCHTEJHA RTANHOCT;
H3HOCBAHE - Tevmneparvpa;

- Muxpo opase;

- Muxpo pazane;

- Pasnpobaeane;

- Cuymizane;

- Ymopa

Que. 4. Pakmopu sodeuwju 0o abpa3ueHoO U3HOCe8aHe.
AHanu3bT Ha nonydyeHute pgedekTn Ha wnpuy copmute e HanpaBeH Ha 6asaTa Ha
nscnegBaHe paborarta Ha Te3u MHCTPYMeHTU B "Apekcum VHxeHepuHr — EOO” — CmonsiH.
Ha ¢wur.5 e nokasaHO MexaHVW4YHO W3HOCBaHe (3agupaHe) Ha M3XBbprady BCreacTeMe Ha
TpUeHe Npuv Nib3raHe, CbNPOBOAEHO C BMCOKA TemnepaTypa 1 He4OCTaTbyHO BUCOKa TBbPAOCT.

Qdue. 5 Qdue. 6
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Ha ¢ur.6 e nokazaHO KOPO3MOHHO U3HOCBaHEe BCEACTBUE Ha Bb3AENCTBMETO HA XUMUYECKU
arpecrBHM CbCTaBKM B MaTepuana v BNusHMETO Ha ,[usen edekrta® npyu 3aTBapsiHETO Ha ras nop
BUCOKO HansraHe.

Ha ¢wur.7 e nokasaHo abpa3nBHO M3HOCBaHe Ha dopmMellaTta MOBbPXHUHA Mopaaun
abpasnBHOTO AENCTBUE HA CTbKIEHUTE BMakHa B MaTtepuana.

Qdua.7 duz.8

Ha ¢ur.8 e nokaszaHo OTKbPTBAHETO Ha YacT OoT hopmaTa BCNEeACTBME yMOpa Ha mMatepuana,
nopogeHa OT LUKNMUYHO HaToBapBaHe Ha OrbBaHe W OMbH, NMPUOPYXKEHO C Pe3Kn TemnepaTtypHu
NMPOMEHMN.

Ha dwur.9 e nokasaHo HacnosiBaHe (MorenBaHe) Ha OCTaTbYHM MPOAYKTU OT LUNPULIBAHETO
BbpXy dhopMaTa, KOUTO Ce OTKbCBAT MO BpeME Ha [OBWKEHMETO Ha Bb3NUTE Ha WMHCTPYMEHTa U
cb3aBaT NpeanocTaBka 3a 3agupaHeTo M.

du2.9

1. METOOU 3A NOBULLABAHE HA U3BHOCOYCTOMNYNBOCTTA HA LLNPULIGOPMUTE

3a HamansiBaHe Ha HAKOM OT Mony4YyeHWTe AedekTM Ha wnpuy dopmuTe 6M Morno da ce

npegnpuemMaT CrefHUTe MeponpuUaTUS:

e rnonobGpsiBaHe Ha ra3o0TBEXOaHETO OT UHCTPYMEHTA;

e nonobpsiBaHe Ha cylleHeTo Ha MaTepuana;

e  ONTUMU3MPAHE HA KOHCTPYKUMSATA U TEXHOMOrnaTa 3a nspabotBaHe Ha MHCTPYMEHTa U NpaBwUreH
noaGop Ha MHCTpyMEeHTarnHuTe MaTepuanmu.

Te3n meponpusaTUS ca OpraHM3auMOHHKW, KOHCTPYKTUBHM U MPOM3BOACTBEHU, KOUTO camarta
dhupma MoXe Aa NPUNoxu.
3a ga ce noBuWM pecypcbT (KMBOTBLT) Ha wWnpul opmMuTe, KOETOo Le AoBede A0 CbLUECTBEH
MKOHOMUYeckM edekT, € HeobxoaMMo Aa ce npeanpuemar cregHUTe MeponpuaTUS:
- noBuULaBaHe TBbPAOCTTa HA PabOTHWUTE NMOBBPXHUHWN HA UHCTPYMEHTA;

- noBuLLlaBaHe M3H000yCTOl7I‘-WIBOCTTa Ha pa6OTHMTe NOBBbPXHUHN HA MHCTPYMEHTA,
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3a u3nNblHEHWE Ha Te3n [Be MeponpuaTusS Han-eeKTMBHM Ca MeTOAMTE 3a HaHacsiHe Ha
TBbPAOCNIAaBHN MOKPUTUSI.

B nocnegHo BpeMe Hal-LUMPOKO MPUITOXEHME ca Hamepunu metoguTe 3a dusudecko (PVD) u
Xumu4yecko otnaraHe Ha (CVD) rasose.

MN36opbT Ha egunH OT ABaTa MeToda 3aBucy OT MaTepuarna 3a u3paboTBaHe Ha wnpuvy dopmara,
T.e OT TemnepatypaTta Ha oTrpsiBaHe. PasHoBmgHocT Ha PVD meToabT ce siBfBa eneKkTpo AbroBara
TEXHONOrMs 3a HaHacsiHe Ha cnoese BbB BakyyM (VAD), KOSTO No3BoNnsBa HaHacsiHe Ha PasrfM4Hn Nno
cbCTaB M CTpykTypa nokputus [3]. C nomowta Ha TO3M MeTo4 MoraT Aa ce nomy4vaTr MoKpUTUs C
TBbpAOCT no-Bucoka ot 40 GPa., n3BecTHun kKaTo “CBPBXTBbPAM”, KAKTO U BUCOKA M3HOCOYCTOMYNBOCT
N YCTOMYMBOCT Ha OKUCTIEHUE.

B nocnegHute rogvHu ce paspaboTMxa TEXHOMOrMM U CbOPBXKEHMS 3a HaHacsHe Ha
HaAHOKOMIMO3UTHW CBPBbX TBbPAW NOKPUTUS, Ynnto aebenuHa Ha cnoga e o 1-2um.

3AKINIOYEHUE

Bbpxy uKOHOMMYECKUTE MapameTpu Ha edHa cdupma B rongma creneH Brvsie paboTHUAT
pecypc Ha MHCTpYMeHTanHaTa ekMnupoBka. ToBa Baxu ocobeHo 3a dompma "Apekcum VHXEHEepUHr -
EOOL’- CmonsiH, B koATO Hag 90% oT MHCTpyMeHTUTE ca wnpuy popmu. KaTto ce nma B npeasus, ve
TE€3N MHCTPYMEHTU Ca MHOIO CMOXHW U CKbMW MOBMLIABAHETO Ha TeXHMAT xuBoT ¢ 10 - 20% we
posede OO0 MKOHOMMYecka nomnsa Ha ¢upmarta. NoBuwaBaHeTo Ha paboTHUS pecypc Ha Lwnpuy
dopMnTE MOXE Aa ce NOCTUrHe Ype3 M3NON3BaHe Ha CbBPEMEHHWUTE TEXHOMOMMM 3a HaHacsHe Ha
TBbPAOCNIABHM NOKPUTKS.

JINTEPATYPA

1. Peter Unger. Gastrow injection molds — 130 Proven Designs 4th. Edition. Hanser Publishers,
Munich, 2006.

2. http://www.stle.org/resources/lubelearn/wear/

3. MawwuHckn Y., lNMonyyaBaHe Ha CBPBXTBbPAM MOKPUTWS, BKMYUTENTHO HAHOKOMMO3WUTHU, 4pe3
eneKkTpoabroBa TEXHOMOIMS U TAXHOTO nacnegsaHe, guceptauus, Codus, 2013.

4. Tim A. Osswald,Lih-Sheng Turng,Paul J. Gramann. Injection Molding Handbook. Hanser Verlag,
2008 - 764 cTp.

5. Herbert Rees. Mold Engeneering.Hanser Publishers, Munich,2002.

6. www.bohler-international.com

7. www.meusburger.com

KOHTAKTMU:

Meoprn Muwes, npod. o-p. UHX.

KaTtegpa ,MawunHocTpontTenHa TexHnkKa n TexHonornm®
TexHnyeckn yHnsepcutet Codus, Punnan Nnosams
yn. ,U. OioctabaHoB® 25

4000 lNMnosaue , bvnrapus

e-mail: gmishev@tu-plovdiv.bg

Benko PyneLoB, rn.ac. uHx.

My, MNancnn XuneHgapckun® NMnosamne- TexHu4eckn konexx CMmonsH
yn. A. MNMetpos* 28

4700 CmonsH , Bbnrapusa

e-mail: velko _r@abv.bg

Mwupocnae CMMOB, UHX.KOHCTPYKTOP
FESTO lNpowusesogcteo EOO[

yn. ,dumnutbp MakegoHcku “ Ne4
4700 CwmonsiH , Bbnrapus

e-mail: miroslav_simov@festo.com

74


mailto:gmishev@tu-plovdiv.bg
mailto:velko_r@abv.bg
mailto:miroslav_simov@festo.com

Tribological Journal BULTRIB, Vol. IV, 2014
Papers from the International Conference BULTRIB '13

October 24-26, 2013, Sofia .
Society of Bulgarian Tribologists “

Technical University of Sofia

CHARLES COULOMB AND HIS CONTRIBUTION TO TRIBOLOGY

Katarina D. Zivkovic, Mathematical High School, Belgrade, Serbia
Viara PoZidajeva, Univesity of Mining & Geology, Sofia, Bulgaria

Abstract: Serbian nobel prize winner Andri¢ said: “In the battle between old and new, scientific
knowledge of the old is as necessary as correct understanding of the new”. Knowing about the genesis
of tribology, will make acquiring new knowledge easier. This paper goves a short overview of the
beginnings regarding the acquisition of knowledge about friction and its evolution from empirics to
science. This evolution certainly defined the work of Charles-Augustin de Coulomb. This paper also
shows Coulomb’s contribution to tribology.

Keywords: tribology, Coulomb friction, dry friction

1.INTRODUCTION

The international term “tribology™ is derived from the Greek word ,,tpifoc*, which means
friction, so that tribology basically means friction science. Such a definition of tribology as a science is
very narrow and does not include all its domains of interest. Today, tribology is defined as a science
which deals with: friction, wear and tear, lubrication and the interactionof contact surfaces, during
their mutual movement [1], [2], [3].

Under friction we understand the resistence of a pair of surfaces of two bodies during their
relative movement, caused by sliding, rolling or combined slide-rolling movement. Friction act against
the relative movement of the body. Friction appearing on contact surfaces of two bodies is called
external friction and is different to internal friction, which is caused by relative movement of elements
within the volumes of solid, liquid or gaseous bodies [4].

2. SCIENCE FRICTION OF THE OLDEST TIMES TO THE COULOMB

At the beginning of his history, man has encountered the problem of transfer, or material
handling. The first transport means, probably around 6000 BC were sledges. Ancient Egyptians put a
board underneath the sledges to reduce friction and therefore the pulling force, which would be treated
with water or oil (Figure:1).

The first person to make observations related to friction probably was the ancient philosopher
Avristotle (384 - 322 BC). He analyzed the sliding of a body over a surface and found out that for the
movement of the body to be uniform, the body should be continually acted upon in the same way.

After Aristotle and till the endof the 15th century, friction was not scientifically treated,
because Leonardo da Vinci was the first person to systematically dealing with this matter.

Some of the basic settings of tribology are related to Leonardo da Vinci (1452-1519). In his
unpublished manuscripts, named "Madrid codex", Leonardo da Vinci writes 1508: "...friction force
depends on the material of the interacting surfaces, and also on the level of their machining and it does
not depend on the contact surface; it is proportional to the load mass and it can be reduced by
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implementing "rollers"” or lubrication material between the frictioning surfaces"[6]..Leonardo was the
first person to implement the termfriction coefficient.
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Almost two-hundred years after Leonardo da Vinci, Guillaume Amontons (1663-1705),
1699 . in his report pointed put two laws about slide friction, and they apply today. They are as

follows:
1. zhe friction force is proportional to the normal force with which the body-puts .

2. The intensity of the friction force depends on the size of the contact surface of the body .

Amonton established an empirical law of linear dependency of the friction force on the load
(Figure:2), which has the form:
Fr=p-Fn
where:
F; — friction force,
Fx — load perpendicular to the friction surface,

K - coefficient of friction.
| I N

+«— |3 ..__,,”'
m.’;/rll}'ﬁ'ﬂ LIl

Fp,l G=mg

Figure 2: Forces acting on the body on a horizontal surface

From this elation we can derive the independence of the friction force from the nominal
contact surface.

Another scientist, Leonhard Paul Euler (1707-1783) (Figure:3), the founder of machine
dynamics, in his work, "On machines, in general”, for the first time extracted the force of resistance
that the machine overcomes during movement and divided it into friction force and inertial force.

He assumed that the friction force is a consequence of gravity, which tends to minimize the
potential energy of a body. In Euler’s model, sliding starts when the inclination of the roughness,
which is assumed to be of triangular shape, becomes horiyontal on an inclined plane. If a typical
inclination angle of the surface is a, the friction coefficient is p = tg a. (Figure:4). Eur designated this
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coefficient with the Greek letter pu and was the first to notice the difference between static and kinetic
friction [7].

w m@ C

Figure 4: Triangular shaped roughness as the case of friction in
Euler’s model,

Figure 3: Leonhard Paul
Euler (1707-1783)

3. CHARLS AUGUSTIN COULOMB (1736-1806)

The great french scientist and army engineer Charles Coulomb (1736 — 1806) (Figure:5) is
considered the founder of tribology.

The Coulomb family in Languedoc was known for generations of lawyers, and Henri Coulomb
was the inspector of royal estates, when his son Charles-Augustin was born on June 14th 1736. In
1758, at age 22, Charles Coulomb goes to Paris, studies mathematics and was accepted to the Royal
Engineering school in Meziers. He attended this school from 1760. to November 1761, when he
became lieutenant.

Lieutenant Coulomb is sent to the port of Brest, where he maps the coastline. Accidentally,
when a ship was to transport a group of engineers to the island of Martinique, one of the engineers fell
sick, and Coulomb is ordered to replace him. In February 1762, lieutenant Coulomb arrives at Fort
Royal, where he gets the task to build a new fortress (the old one was destroyed in 1759 by the
English). For eight years Coulomb commanded the building of the fortress.

Coulomb returned to Paris in 1772 as an experienced and well accepted engineer; he was 36
years old. After his return to France, from 1772 to 1781, Coulomb lives in Bouchaine, Cherbourg,
Besancon, Rochefort and Lille. At all this locations he has no complicated tasks, so that he had much
time for research that was oriented towards the Academy of sciences in Paris. He found themes for
research in his environment, at work, and in tenders from the Academy of sciences.

At that time, Coulomb already was an associate member of the Academy in Paris, thanks to his
papers prepared while on Martinique, especially the one dealing with the application of infinitesimal
calculus on the problems in statics. There he considers strength of material, bending and breaking of
bars, the construction of arcs and other topics. Reviewers state that he has covered ,the entire
architectural statics". In July 1774, he becomes an external member of teh Academy of sciences in
Paris. During the next seven years, he will be reading six papers before the Academy.

The Parisian Academy in 1773 makes a call for works on the topic ,,How to best design a
magnetic needle". Two years later, this call is extended to another two years, because no paper has
fulfilled the goal that was set, and the prize to be awarded is doubled. Coulomb, although he never
dealt with magnetism, senses that the main problem lies in the behavior of the material, and he used
his major experience: he focused on torque and friction. He finishes the paper on time and in 1776 he
shares the prize with Van Svinden. This paper was the base for later measurement of electric and
magnetic force.
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In the following year, the Academy makes a call for papers about friction during sliding and
during rolling, bending strength and about the application of the solutions to these problems on simple
devices used in the Navy. Again the story is the same: from 1777-1779 there was no winner, the call
was extended and the prize doubled. This time Coulomb wins the prize alone, in 1781. The paper
contained a series of empirical formulae about friction,. The same year, Coulomb becomes an
extraordinary member of the Parisian Academy, in the Mechanics section.

Coulomb did, one century after Amonton, introduce the third empirical friction law:
3. From the moment of slip, the friction force is independent from the relative sliding speed.

Therefore, these three laws are today known as da Vinci Amonton-Coulomb or Amonton-
Coulomb’s law on dry friction.

Coulomb studied the how friction occurs. Based on research, similar to Euler, he said that the
microsized roughness at the contact location causes friction. Coulomb’s findings on friction have
dominated science for a centurz and a half, and many of his concepts are still accepted today, so that
the term ,,Coulomb friction” still can be found in modern publications (Figures:6 ans 7). The
instrument used for measurements in this field, the tribometer, as given its name by Coulomb [8].

Coulomb determined that the static friction force increases with the time that a body spends in
staitonary condition.

Figure 5: Charles Coulomb, Figure 6: Coulomb’s sketch showing

interaction between roughness elements

(1736 - 1806) as an origin of the friction force

In his work, "The theory of simple machines”, Coulomb covered three basic aspects of
friction: sliding resistence, rolling resistence and cutting resistence. Doing research on friction
occurring during sliding of various metals, minerals and wood types, Coulomb generaliyed Amonton’s
law in the case when the friction force does not or very slightly depends on the load:

FT =M FN + A
where:

A — is a variable which takes into account the engaged surfaces and the proportionality of the
contact surface.
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Most materials have a static friction coefficient in dry contact with values between 0.3 + 0.6.
Values outside of this range are very rare (Teflon, for example, has a friction coefficient of 0.04).
During the contact of rubber with other materials, the static friction coefficient can reach values from
1to2[9].

Figure 7: Coulomb’s sketches for the determination of the friction force

For the rolling resistence, Coulomb gave the following formula:

Figure 8. Forces that act on the body during rolling over
a horizontal surface

Fr= Mkor-Fn /T
where:
Fn — force perpendicular to the load,

Mkot — rollinf friction coefficient,
r — cylinder radius.
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Coulomb’s contribution to tribologz lies in the fact that he was the first to find out that friction
depends on a large number of factors, and that the relations between them were majorlz empirical. He
noticed that the friction coefficient is influenced not only by load and sliding speed, but also by the
type of material of engaged surfaces, their roughness level, position; fibres in the material, and even
by humidity.

4. DEVELOPMENT OF SCIENCE FRICTION AFTER COULOMB

After Coulomb, there was a number of scientist that have contributed to the development of
tribology.

Independently from Coulomb, Samuel Vince (1749-1821) in 1785 proposed the idea that the
nature of static friction is related to cohesion and adhesion.

An alternative approach to friction was given by John Theophilus Desaguliers, who in 1734
caimed that molecular adhesion is the phenomenon most important in relation to friction. The intesitz
of the corresponding force in this case is proportional to the contact surface, which contadicts
Amonton’s second friction law.

Some time later, Jonh Leslie (1776-1832), professor of physics in Edinburgh, considered the
energy aspects of friction produced by solid bodies. Based on that analysis he concluded that they
cannot be explained based on the idea that roughnesses of the ,upper” body move over the
roughnesses of the ,,Jower” body, because in that case the potential energy lost when sliding down the
roughness of the base would be regained in the climbing phase over the next roughness.

The fact that mechabnical energy does not vanish during friction, but is converted into heat,
was forst discovered by Benjamin Thomson, Count Rumford (1753-1814). Rumford's discoveries
meant a lot in explaining the phenomenon of friction, although the cause of heat produced through
friction was still not clear enough [5].

The solution of this problem was made possible only in mid 19th century. In 1842 J.R. von
Mayer (1814-1878), and in James Joule (1818-1889) in 1843 established the principle of equivalence
of mechanical energy and heat, and Hermann von Helmholtz (1821-1894) introduced in 1847 the
fundamental approach to energy and formulated it in the general form of the third law of energy
maintenance.

This field of expertise further developed in the 20th century, because new experiment
techniques and models were adopted, that enabled better analysis of the structure and microgeometry
of real surfaces. Based on that, Tomlinson and Deryagin reconsidered the role of adhesion, and the
macroscopic expression of friction in the way we register it as the consequence of molecular
interaction and energy dissipation.

In 1950, Frank Philip Bowden (1927-1968) and David Tabor (1913 - 2005), using
systematic experiments showed that the contacts between macroscopic bodies is established through a
series of small peaks. Based on that, the term real cotact surface was introduced, and it is smaller of
the natural geometrical contact surface.
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Abstract: There is a belief in present-day tribology that the sliding friction coefficient has no
physical significance and represents merely a convenient design parameter defined as the ratio of the

force of friction F to the normal load N However, a theoretical (Triboergodynamics) analysis, a
revised energetic interpretation of Amonton (Leonardo da Vinci) friction coefficient, and numerical
calculations have shown the friction coefficient to be not only a basic but and most informative
characteristic of the friction. May be it is an enigma of Leonardo da Vinci for modern engineers?

Key Words: energy balance, friction coefficient, evolution, nanostructure, wear standard

1. INTRODUCTION

For discussion the basic conclusion about the essence of friction sliding coefficient of conceptual
triboergodynamics theory [1-3] is proposed. The general evolution regularities of states and properties
of tribosystem in the frame of triboergodynamics are analysed. Triboergodynamics is based on our
modern knowledge of friction: 1. friction is a phenomenon of resistance to relative motion between two
bodies, originating at their surfaces contact area; 2. friction is the process of transformation and
dissipation of energy of external movement into other kinds of energy; 3. friction is the process of elasto-
plastic deformation localized in thin surface layers of rubbing materials; and on analysis method to plastic
deformation of ergodynamics of deformed solids [4].

2. TRIBOERGODYNAMICS METHOD

The friction is generally described by the energy balance equation and with thermodynamical
point of view [1-3] is the process of two interrelated, oppositely directed and concurrent trends
operating in a strained contact. According to the energy balance scheme (Figure 1) for plastic
deformation and fracture [4] presented below, equations for friction work W, frictional force F and

friction coefficient p (without lubrication) has view

W, =AU, +Q =AU, +AU,, +AUg +AUp, +0, +0,, M
Wf:Ue+Q:Ue1 +U92 +UH+UT2+Q1+Q2’ @
EZAUe+Q=AU€’1+AUBZ+Ql+Q2, (3)
/ [ / /
U, +U +
Fv = . v = i Ql v Q2 = Umechanical + Fm()]eculara ’ (4)
B AUe1 +AU62 0, +0, B _ 5
H; = NI + NI - Hadapt_’_ Hais = l“"adapt+ “T(dis) + uQ(dis) ’ ( )
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_Ue1 +Ue2 +Q1 +0,
Nv Nv

My = Mde_/brmati(n + Wadhesion (6)

where AU, =V Au,; O=V,q; U, =V u,; u,=du,/dt; V, -is the deformable (friction) volume; p-
friction coefficient; n,,,,- adaptive friction coefficient; pr.;, and R o static and dynamical
components of dissipative friction coefficient; AU, - thermal component of internal energy; N - normal
load; /- distance of friction. The latent energy density Au, is an integral parameter of tribostate and
damageability (failure ( Au. )).

Work of deformation
Or=Au,+q

|
. ¥

Change Thermal effect
— in latent energy of deformation
Au, q
Change Energy
in thermal energy of heat exchange
Au, q
Change Internal energy
— in internal energy in the initial state
Au=Au,+Au, u(0)

l J
v

Internal energy
u=u(0)+ Au

Fig. 1. Scheme of the energy balance for the plastic deformation of a solid body [4]

Thus, viewed thermodynamically, the work done by friction forces W, (the friction power ), the

friction force F and the friction coefficient p may be classified conventionally into two specific

components with different kinetic behavior [3]. The first component is associated with microscopic
mechanisms of adaptive type and relates to the change of latent (potential) energy (Au, ,Au,, ) of

various elementary defects and damages that are generated and accumulate in the deformable
volumes of materials friction pair (Figure 2). This energy is a unique and integral characteristic of the
submicro- and microstructural transformations that occur in plastically strained materials [4]. This
energy is a measure of strain hardening and damageability of materials. The second component is
associated with microscopic mechanisms of dissipative type and relates to dynamic recovery
processes in which latent energy is released and heat effect of friction (¢,, ¢, ) take place. This energy

originates in the motion and destruction of various elementary defects of opposite signs, the egress of
these defects to the surface, the healing of reversible submicroscopic discontinuities, etc. The ratios of
the components Au, and Au,, as well as g;,q, of the balance vary over a wide range, depending

on the physical, chemical, and structural properties of the materials that comprise the friction couple
and the friction process conditions.
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Fig. 2. Schematic view of elementary friction’s contact [1-3]

Thus, the thermodynamic analysis of friction (plastic deformation and fracture) has led to
generalized (two-term) relations for the force F and coefficient of friction p, which agrees with current
concepts of the nature of friction.

Relationships (1)-(6) which generalize the mechanism of energy dissipation at friction allow to
classify the tribosystem states. According to ergodynamics of deformed solids (relationships
Au=Au, +Au; and g=Au; +¢g) and equations (1)- (6) , all exhibitions of friction and wear may be
reduced conventionally at least to two basically different states: the first state defines all types of
damage and wear, the second — the so-called "wearless" condition. The state of damage and wear is
characterized by the components of energy balance (1)-(6), which are responsible for accumulation of
internal energy in deformed volumes Au=Au, +Au,, +Auy +Aup,, i.e. the process is irreversible.
The "wearless" state is characterized by the components responsible for dynamic dissipation
(reversibility) of strain energy into elastic and structural dissipated energy of friction contact
d=q,+4>-

In its turn, the first state may be classified depending on the relation between potential Au, and
kinetic Au, components of internal energy. It is subdivided conventionally into mechanical damage

and wear (due to so-called structure activation) and thermal damage and wear (due to thermal
activation). For instance, let the thermal component of internal energy Au;, be equal to zero
(Auy =0) and the internal energy variation at damage and wear be defined only by variation of the
potential component Au,(Au=Au,) .

Then, the mechanical damage and wear with brittle fracture of surfaces take place. On the
contrary, if we have Au, =0 (Au=Au;), then the thermal damage and wear with ductile fracture of
surfaces take place. All the intermediate values of the components are associated with quasi-brittle or
quasi-ductile fracture of solids.

In the most general case, the energy balance at dry friction (1) should be written as
Wy=AUy +AUp +AU ;5 + O + O + 05 . (7)

In the special case, where the friction is localized into volume of the "third body" equation (7)
develops into

According to thermodynamic theory of strength [4], the damageability parameter and the fracture
criterion are defined in terms of the internal energy density U accumulated within the strained element
of a solid body. A solid body is assumed to suffer fracture if the internal energy density has reached a

critical value u" in at least a single macrovolume that is responsible for fracture.

3. ENERGY INTERPRETATION OF AMONTON'’S FRICTION COEFFICIENT

According to thermodynamic theory of strength [4], the structure parameter should be related to
the portion of the accumulated plastic deformation that is responsible for strain hardening. This portion
is uniquely and integrally defined by the density of the potential component of internal energy (that is,
the latent energy density Au,) of various defects and damages that accumulate in a plastically
strained material. With this in mind, if we neglect the heat effect Q of friction, one will infer from the

thermodynamic analysis of friction of equations (1)-(6) that the Amonton (Leonardo da Vinci) friction
coefficient is
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Consequently, the coefficient of friction has a very deep physical sense. On the one hand, it is the
parameter which generally characterizes the resistance of relative displacement (movement) of
surfaces, for it reflects the portion of energy, which «is done by friction away» as accumulated latent

energy AU,, by relation to parameter of external forces work u*N/ (energy of external relative

movement). On the other hand, it is the generalized characteristic of damage, for it is defined of the
latent energy density Au, as integral characteristic of the structure defectiveness measure, because

this energy is the generalized parameter of damage. Here too, coefficient of friction generally reflects
the structural order (disorder) of deforming contact volume, since the parameter AU, =Au/V, is
defined of the energy of defects and damages of different types, that are accumulated into contact
volumes V', solids.

Therefore, coefficient of friction is a true and generalized parameter of tribosystem state. From this
conclusion we can say that the analysis of the evolution of the states of a tribosystem is primarily an
analysis of the latent deformation energy accumulated within the contact friction volumes.

4. ENERGY REGULARITIES OF RUBBING SURFACES EVOLUTION
An analysis of modern experimental data using equations (1)-(9) has shown that the experimental
friction curves of type nw=w(N,v) are the generalized friction curves that reflect the evolution (the

change in the friction coefficient) of tribosystem.
We propose an energetic interpretation of the experimental friction curves p=w(,v) (Figure 3).

According to our concept [1-3], the ascending portion of the friction coefficient curve p is mainly
controlled by processes associated with the accumulation of latent energy AU, in various structural
defects and damages. Here the increase in p is due to the increasing density of latent (potential)
energy Au, and the increasing adaptive friction volume V.. The descending portion of the friction
curve is mainly controlled by processes associated with the release and dissipation of energy
O =AU, + 0. Here the decrease in p is due to the decrease in latent energy density within the friction

volume V, or (which is virtually the same) to the decrease of the adaptive friction volume V,,,,,

(u, =u, ) and to the increase of the dissipative volume V. (§* =u.).

i Ut =AU, U'=AU;
k) [ AR —
T 2 5
|
|
|
| U'=A4U,+ AUy, AU, = AU,
| 2 5
i / T,=05Tg, Q=min
. i n —— .| Compatibility
- N l Di .
i N ~ Ho(ais) / iapason
i | N . AU=0,
i ! /'<\ 0 < AU, < AUy
: : 7 \\<i Fatge 0 = max
® = Static S A S ...~
3 2 == Bl Sfriction o~ h .-_"-
3 3 i Homin = 1,5:10
Run-in Compatibility Ny
i (P =0
Structures
Statical : Dynamical
I

Fig. 3. Structural-energy diagram for evolution of rubbing surfaces [1-3]
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Evolution of tribosystem, presented as a diagram view (Figure 3), has an adaptive-dissipative
character (1)-(6) and reflects the competitive (dialectical) nature of friction. Evolution curve has the row
of principal points (1-5) of transitional tribosystem states, which strictly obeys the balance principle of
friction; there are morecharacteristic areas of tribosystem behavior between these points. These
areas reflect the common properties of nonlinear dynamic of evolution.

One may specify conventionally the following stages and points in Figure 3: 0-1, the stage of static
friction and strain hardening; 1, the limiting strain hardening point; 1-2, the excess energy uptake
stage; 2, the galling point for external-to-internal friction transition (critical instability-adhesion); 2-3, the
stage for temperature flash and dissipative structure formation;3, the compatibility point; 1-3, the
adaptation and self-organization region; 3—4', the compatibility stage; and 4, the point of
anomalously low friction; 5- thermal adhesion point.

Ideal evolution of tribosystem is symmetrical. The process is started and finished in elastic areas.
Between these points there is the plastic maximum (superactivated state) of contact as
selforganization and adaptation terms.

Generally, two stages may be envisioned in the evolution (adaptation) of a tribosystem. At the first
stage (1-2) of adaptation the evolution of friction contact rushes to form some critical volume of friction

V,* (point 2). It is elementary tribosystem that is the elementary and self-sufficient energy transformer.

This friction volume ij- is constant at the second stage of evolution, but here it is evolutionary

developed owing to structural transformation; by this one may realize wide spectrum of compatibility
friction structures (Figure 3). Second stage (2-4) is a stage of conversion of the critical friction volume

V; to an adaptive V,,,,, and a dissipative V', volume. In the limit (point 4), this stage terminates in

*

the complete conversion of the adaptive critical volume V,,,,, to the dissipative volume 7, . These
two volumes reflect specific conversions of the energy of external mechanical motion with friction. The
adaptive volume is associated with irreversible uptake of deformation energy. Within this volume, the
latent deformation energy Au, accumulates and damage sites are generated. The dissipative volume
is capable of transforming (dissipating g) reversibly the energy of external motion. This volume
accumulates no latent energy due to reversible elastical-ductile-plastic deformation. Culmination of

tribosystem evolution is final and limited state (point 4). This is a state of anomalously-low friction and
«wearlessness».

5. ABOUT MECHANICAL (NANO) QUANTUM OF DISSIPATIVE FRICTION STRUCTURES

As the result of more full evolution of elementary tribosystem (Figure 3, point 4) the unique
nanostructure is formed and the basis of which is one mechanical (hano) quantum [5]. This
mechanical quantum represents the minimum number of atoms that can be arranged in a structure
capable of reversibly absorbing and dissipating (recovering) the energy of external mechanical motion.
Mechanical quantum represents the least structural form of solid material body in conditions of plastic
deformation too and under transition tribosystem across the limit activated state by development of
selforganazing processes of tribosystem adaptation are formed. The universal size (volume) of
mechanical quantum [3,5] is equal to:

Vo =(€%)? =(20,08553695...)° =8103,083969... atom’s oscillators. (10)

Mechanical quantum is dynamic oscillator of dissipative friction structure. Linear size of quantum
is equal to diameter of spherical ideal crystal:

DQ=2-W-07a-(3/4-7t)%=7,177nm. (11)

Here d,- mean atomic diameter for metals; W = € - parameter of state for mechanical quantum [3].
Mechanical quantum (Figure 4) can be examined as the elementary nanostructure of metal’s solid

body. Calculations have shown the number No of such mechanical «quanta» (subtribosystems)

within the elementary tribosystem’s volume V; =V, to be 0,63-10*, which is close to the safe

number n, of fatigue cycles.

In these terms (point 4) only one mechanical quantum [3] is the lost — standard wear. The
tribosystem (friction contact) has the ideal damping properties — «wearlessness».
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Fig. 4. Model of elementary nanostructure of friction (8103 atomic cubical cells) [5]

The quanta model of the surfaces damping with dissipative friction structures has been examined.
3RyoTn;  Upn;

p'dzssQ NI U]q"* n, “’adapt ( )
Hadaptzl_%:% . N; =My = Ngegrs (13)

Here R0 =k-8103,083...(J/ K -MQ) - universal constant of mechanical quantum ( MQ ); 3Ryl =U,

- one mechanical quantum energy; »n, - the fatigue number (damping quanta (reversible component));
ng., - the destruction quanta (irreversible process component) k - Boltzmann’s constant.

According to the quanta damping model of surfaces under friction, when we have the state of
more full evolution of elementary tribosystem, the all mechanical quanta to elastic and reversible
transform the energy of external mechanical motion. Only one mechanical quantum (8103 atoms) is
the minimum loss (the essence of «wearlessness»).

CONCLUSIONS

1. Energy balance analysis of the friction process has shown the friction coefficient is a basic and
most informative characteristic of the friction process;

2. Energy analysis of the friction process allows us to examine the friction process as the evolution
process;

3. From the energy balance equations of friction follows that the evolution of tribosystem has an
adaptive-dissipative character.

4. The fuller evolution of tribosystem has symmetrical view - the friction process is started and finished
within elastic area.

5. Experimental friction curves of p=p(N,v) type may be examined as generalized friction

experimental curves;

6. Under fuller evolution of friction contact (elementary tribosystem) the unique nanostructure is
formed; the basis of this structure is the mechanical (nano) quantum and the contact (material
mechanics point) consists of about 0,63-10% such quanta.

7. We can examine the mechanical quantum as the least structural form of solid material body and the
standard of wear.

8. All parameters of compatibility (optimal) friction have to be in quanta levels - commensurable with
the parameters of the one mechanical quantum.
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Abstract: The mechanochemical treatment at different activation times -1, 3, 5 and 7 hours
was performed to initiate the phase changes in cobalt ferrite-type material obtained by co-precipitation.
The results show that the higher milling times lead to presence of nanosized spinel ferrite with smaller
particle size and cobalt iron phase. The intermediate oxihydroxide disappeared at milling time 5 hours.
The co-precipitated cobalt ferrite-type photocatalyst tested for degradation of the Malachite green
oxalate under UV light possess rate constant 4x10° min™ and 78% sorption of the dye after the dark
period.

Key Words: phase changes, mechanochemical activation, cobalt ferrite, photocatalyst

1. INTRODUCTION

Milling is a important unit operation in the many fields such as chemistry, pharmacy, mineral
processing of materials such as minerals, foods, medicine, chemicals and building materials [1,2]. The
mechanical milling is a complex process which includes the optimization of a number of variables to
obtain a desired phase or microstructure. The milling atmosphere, ball to powder ratio, milling speed,
milling ball size, milling time, process control agent, starting powder size range, ductility of the initial
powders should be considered to prepare the desired products. Presented parameters influence both
the stages of milling and the quality of milled product [3]. The mechanochemical activation of
crystalline solids conducted in high energy mills, can produce textural and structural changes which
are of great significance for the development of new materials [4].

The present research is focused on the phase transformations in nanostructured cobalt ferrite-
type material Co,Fe; 04, x=0.75 induced by mechanochemical treatment. For this purpose the co-
precipitated nanosized cobalt ferrite was mechanochemically activated at different milling times. The
phase composition and properties of obtained ferrite samples were investigated by X-ray diffraction
analysis, Moessbauer and FTIR spectroscopy. The photocatalytic and sorption properties of co-
precipitated nanodimensional cobalt ferrite-type material via photocatalytic decolorization of the
Malachite green oxalate dye under UV irradiation are also discussed in our investigations.

2. EXPERIMENTAL

The initial nanodimensional cobalt ferrite-type sample (Cog75Fe22504) with additional amount of
intermediate phases - B-FeOOH and iron-cobalt hydrotalcite was prepared by co-precipitation procedure
using 0.03 M aqueous solutions of FeCl,*4H,0, FeCl;*6H,0, CoCl,*6H,O mixed in a ratio of 1:8:3 and
precipitant 0.3 M NaOH in our previous investigations [5]. The synthesized cobalt ferrite-type material
was mechanochemically treated at different milling times - 1, 3, 5 and 7 hours. Highenergy planetary ball
mill type PM 100, Retsch, Germany was used for mechanochemical treatment. The milling activation
process was carried out in argon atmosphere, milling container — 50 ml and rotation speed 500 rpm. The
weight ratio between powder and balls is 1:30. The structure, phase composition and magnetic
behaviour of obtained products were established by different techniques - X-ray diffraction analysis,
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Moessbauer and FTIR spectroscopy. The X-ray diffraction measurements were made on TUR M62
apparatus with PC, HZG-4 goniometer at CoKa radiation. The Moessbauer spectra are reglstered with
equipment Wissenschaftliche Elektronik GmbH, at a constant acceleratlon mode with *’Co/Cr source
and a-Fe as standard. FTIR studies in the region 400-4000 cm™ were recorded on a Fourier infrared
spectrometer Bruker-Vector 22 using KBr tablets.

The photocatalytic experiments were carried out with UV-illumination by lamp Sylvania 18 W BLB
T8 and emission in the region 345-400 nm with maximum at 365 nm. The photocatalytic reaction was
performed using aqueous solution of Malachite green oxalate dye (10 M) and 1 g/l co-precipitated
nanosized cobalt ferrite-type catalyst. The dye concentration was determined spectrophotometrically
using Specol 11 by the band at 622 nm.

3. RESULTS AND DISCUSSION

The X-ray diffraction analysis of starting co-precipitated cobalt ferrite-type sample discussed in
our previous study [5] established the presence of non-stoichiometric ferrite phase Co,Fe;O4 (PDF-
22-1086; 75-0449), additional phases as B-FeOOH (PDF-75-1594) and iron-cobalt hydrotalcite (PDF-
14-0191) [5]. The recorded X-ray diffraction patterns of mechanochemically activated cobalt ferrite-
type materials treated at different milling times — 1, 3, 5 and 7 hours are presented on Fig. 1. As can
be seen the hydrotalcite phase is removed after one hour mechanochemical treatment. The
oxihydroxide phase (B-FeOOH) (PDF-75-1594) observed at activation time 1 and 3 hours disappeared
at 5 hours. The mechanochemical process after 3, 5 and 7 hours initiate the formation of non-
stoichiometric spinel ferrite Co,Fe;O4 (PDF-22-1086; 75-0449) and cobalt iron (CoFe) (PDF-44-1433)
phases.
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Fig. 1. XRD patterns of mechanochemically activated cobalt ferrite-type samples at different
milling times — 1h (MCS-1h), 3h (MCS-3h), 5h (MCS-5h) and 7h (MCS-7h)

The average crystallite size, lattice microstrain parameter and unit cell parameter of investigated
spinel ferrite phase was determined by Scherrer equation [6]. The obtained results are presented in
Table 1. The calculated data correspond to the synthesized nanosized cobalt ferrite materials with
mean crystallite size about 11.3 nm. The longer activation time reduced the particle size of spinel
ferrites.

Table 1. Calculated values of mean crystallite size (D), lattice strain (£) and unite cell parameter
(a) of spinel ferrite phase

Sample D, nm g au a, A

Cog 75Fe2.2504 11,82 4,210° 6.037
MCS-1h

C00.75F92.2504 11,78 3,1.1 0-\5 5.964
MCS-3h

C00.75F92.2504 11,78 1,71 0-5 5.898
MCS-5h

C00.75F92.2504 9,91 5,2.1 0-5 5.947
MCS-7h
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The Moessbauer spectra at room temperature of the obtained nanosized cobalt ferrite-type samples
after mechanochemical treatment are displayed on Fig. 2. The presence of doublet lines only is
registered in the Moessbauer spectra of co-precipitated (not shown) and mechanochemically treated
cobalt ferrite-type material after one hour. The Moessbauer spectra of cobalt ferrite samples at 3 and 5
hours include a superposition of the sextet and doublet components. The Sn component belonging to
the cobalt iron phase is observed in the spectra at mechanochemical activation for 5 and 7 hours The
calculated Moessbauer parameters as isomer shift (IS), quadrupole splitting (QS), hyperfine effective
magnetic field in the site of iron nuclei (Heg), line widths (FWHM) and component relative weights (G)
by fitting the spectra using CONFIT program are presented in Table 2. The calculated hyperfine
parameters of doublet components could be assigned the presence of ferrite particles with
superparamagnetic (SPM) behaviour. On the other hand the doublet components partially include also
the existence of some iron ions in additional phase (oxihydroxide or hydrotalcite phase). The
calculated hyperfine parameters of sextet components relate to tetrahedrally coordinated Fe*" ions in
a spinel phase — Sxt1 and octahedrally coordinated Fe* ions in a spinel phase — Sxt2 [5,6]. The
Moessbauer results confirm the X-ray diffraction studies.
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Fig. 2. Moessbauer spectra of mechanochemically activated cobalt ferrite-type samples at
different milling times — 1h (MCS-1h), 3h (MCS-3h), 5h (MCS-5h) and 7h (MCS-7h) at RT

92



Table 2. Moessbauer parameters of samples
Sample Components | IS, mm/s | QS, mm/s | Het, T | FWHM, mm/s | G, %
C00.75F92.2504 Dbl 1 0.36 0.53 - 0.40 62.4
MCS-1h Dbl 2 0.36 0.93 - 0.41 37.6
C00.75F92.2504 Sxt 1 0.33 -0.05 42.9 2.21 39.7
MCS-3h Dbl 1 0.36 0.65 - 0.54 52.8
Dbl 2 0.39 1.01 - 0.61 7.4
COo_75F62_2504 Sxt 1 0.27 -0.08 46.1 0.81 51.3
MCS-5h Sxt 2 0.62 0 451 1.72 42.2
Dbl 0.34 1.00 - 1.48 51
Sn -0.08 - - 0.45 14
C00.75F62.2504 Sxt 1 0.29 -0.06 47 1 0.70 61.5
MCS-7h Sxt 2 0.61 0 45.8 1.54 35.7
Sn -0.07 - - 0.45 2.8

The FTIR spectra in the range 400-4000 cm™ of the mechanochemically activated cobalt ferrite-
type samples by varying the milling times - 1,3,5 and 7 hours are illustrated on the Fig. 3. As can be
seen from the Fig. 3, the obtained FTIR results are in agreement with XRD and Moessbauer
investigations. The observed absorption bands around 590 cm” correspond to the stretching vibration
of metal-oxygen (M-O) bond indicating the presence of cobalt ferrites. The located peaks at about

3400 cm™ due to the stretching vibrations of hydroxyl groups [7].

Absorbance Units

Fig. 3. FTIR spectra of mechanochemically activated cobalt ferrite-type samples at different
milling times — 1h (MCS-1h), 3h (MCS-3h), 5h (MCS-5h) and 7h (MCS-7h)

The photocatalytic results about degradation of the Malachite green dye under UV irradiation using
co-precipitated nanodimensional cobalt ferrite-type material as photocatalyst are presented in
coordinates -In(C/Cy)/t, where Cq is the concentration after the “dark” period, and C is the concentration
after t min of irradiation (see Fig. 4). The apparent rate constant of ferrite catalyst k=4 x 10° min” is
calculated assuming first- order kinetic. The nanostructured cobalt ferrite-type material shows a sorption
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ability 78% of the dye after the dark period.
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Fig. 4. Photocatalytic activity of co-precipitated cobalt ferrite-type material

4. CONCLUSION

The nanosized cobalt ferrite-type materials with high dispersity and mean crystallite size of spinel
ferrite particles in the range 10 nm - 12 nm were obtained by mechanochemical activation. With
increasing of milling time decreasing of particle size is established. The mechanochemical treatment
leads to reduction and complete removal of additional oxihydroxide phase in mechanochemically
activated cobalt ferrite-type materials. The formation of non-stoichiometric spinel ferrite and cobalt iron
phases is observed during the milling process. The good sorption ability of 78% and photocatalytic
activity 4x10°® min'rate constant give a possibility to use the obtained nanodimensional cobalt ferrite-
type material by co-precipitation as photocatalyst and absorbent for treatment of polluted waters.
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Abstract: This study reports the synthesis of nanosize perovskite LaMnO; nanoparticles by a
mechanochemical method using oxides of La and Mn as starting materials. Powders of Mn3O,
(prepared by precipitation of manganese nitrate) and commercial La,O3; were mixed in stoichiometric
proportion and milled 6 h for obtaining this manganite. Their physico-chemical properties are studied
by means of X-ray diffraction (XRD) and Fourier Transform Infrared (FT-IR).

Key Words: perovskite, mechanochemical activations, LaMnO;
1.INTRODUCTION

Nowadays metal oxides with transition elements are the object of a great research interest
because they are associated with important advances in solid state physics and chemistry. Perovskite
oxides display special attention due to their particular electrical, magnetic, catalytic and
superconductive properties that can be taken in advantage to technological and basic materials
science investigations [1-3]. Perovskite-type oxides, general formula ABO3 (where A and B are rare
earth and transition metal cations, respectively) are very good oxidative catalysts and cheaper than
noble metal supported catalysts. The redox properties of the transition cation, the availability of weakly
bonded oxygen at the surface and the presence of lattice defects make perovskites such as LaMnO3
be suitable for the total oxidation of VOCs. One of the advantages of this type compounds is that
partial substitution of A and B cations can lead to a modulation in the oxidation state of present metals,
oxygen mobility and redox properties. Among the others, the compound LaMnO3 has been
investigated thoroughly because it is of fundamental interest as a colossal magnetoresistive (CMR)
material [2] and has been widely used in many applications including as electrode material for solid
oxide fuel cells (SOFCs) [4],gas sensors, membranes for separation processes and catalysts etc.
[5,6].Traditionally, perovskite is prepared by a conventional solid-state reaction [7] at high
temperature. This leads to a material with large particle size, poor compositional homogeneity and
which requires a high sintering temperature for bulk fabrication. To date, a variety of chemical
methods have been developed to prepare perovskite nanoparticles at low cost and lower processing
temperature, such as the citrate process [8], sol-gel process [9], Pechini method [10], to name just a
few. However among these established synthesis methods, it is still critical to find simple and cost
effective routes to synthesize nanocrystalline perovskite-type material by using cheap, nontoxic and
environmentally benign precursors. An alternative method for mass production of these materials
could be mechanochemical synthesis. This method is used in this work to obtain of nanosize
lanthanum manganite. The goal of this work was to carry out the synthesis of this manganite
(LaMnO3) without annealing treatment and evaluating its phisicochemical properties.

2. EXPERIMENTAL
1.1. Sample preparation

LaMnO; perovskite sample was prepared by two steps — precipitation of Mn;O, and subsequent
mechanochemical activation with La,O;. Aqueous solution of Mn(NO3),.6H,O was precipitated with
aqueous solution of NaOH (2 mol/l). NaOH added slowly with continuous stirring. The final pH of
solution was 10. After that we washed the solution to neutral pH during filtering and at last the powder
sample was dried 12 hours at 60°C. Mixed powders of La,O; (Alfa Aesar 99,9%(REO) and as-
prepared Mn3zO,4 in stoichiometric ratio were milled. High-energy planetary ball mill type PM 100,
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Retsch, Germany is used to promote mechanosynthesis. The process is carried out in for 6 hours and
rotation speed 600 rpm. The weight ratio between balls and powder is 12:1.

1.2. Sample characterization

Powder X-ray diffraction (XRD) patterns were collected using a TUR-M62 apparatus (Germany)
with Co-Ka radiation. Data interpretation was carried out using the JCPDS database. The PowderCell
software [11] was applied to determine the lattice cell parameters and the average size of the
crystallites and microstrains. Infrared spectra of the samples were recorded with a Nicolet 6700 FTIR
spectrometer (Thermo Electron Corporation, USA) in the middle (400—4000 Cm_1) and far (250-600
cm’ ) regions. The materials were studied in transmission mode using (in KBr pellets).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the synthesized manganese oxide precursor and sample
prepared after 6 h milling.The low intensive diffraction peaks (Fig. 1a) correspond to the tetragonal
Mn;0O,4 phase (JCPDS no 080-0382). The spectrum is change after mechanochemical treatment of this
oxide with La,0;. Figure 1b shows the powder X-ray diffraction of LaMnOj. All the observed reflections
were indexed on the basis of a cubic cell with the refined cell parameter of a = 3.89 A, which is close
to the reported cell parameter of LaMnO; (JCPDS no. 75-0440). No presence of an impurity phase of
initial oxides was observed in the mechanochemlcally prepared sample. Calculated values of mean
crystallite size and microstrain are 14 nm and 2,1. 10 respectively.
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Fig. 1. X-ray diffraction spectra of manganese precursor (a) and LaMnO; perovskite sample

(b).

The obtained after mechanochemical treatment product was investigated by infrared
spectroscopy. Figure 2 shows the mid- and far- IR af this sample and far-IR of La,O3 precursor. Two
intensive bands about 400 and 600 cm 1 are registered. In the Ilterature [12] have three main
absorptions in the regions 650- 500 cm” (very intense), 450-250 cm” (with several maxima and
components), and near 175 cm” (sharp). According to the interpretation of the spectra of different
perovskite phases, the first absorption arises from the v3 vibrational mode of the perfect octahedral
species MOg (F1u) that is active and belongs to the same F1, symmetry species also for the cubic
perovskite structures. This mode is essentially an asymmetric M-O-M stretching. The loss of
degeneracy upon lowering of the symmetry of the octahedron and the increase of the unit cell to more
than one ABOj; units cause this mode to split into several components. In the region 450-250 cm’ ! the
modes arising from the deformations of the MOy octahedra (v4, F1u) are expected; they have the
same symmetries and activities also in the case of cubic perovsk|tes The spectra we have recorded
agree with those reported in the literature. The band at 594 cm ! corresponds to the stretching mode
(vs), which mvolves the internal motion of a change in length of the Mn—-O-Mn or Mn-O bond. The
band at 405 cm™" is due to the bending mode (vb), which is sensitive to Mn—O—-Mn bond angle. The
characteristic bans for La,O3 not registered in IR of lanthanum manganite sample.

96



LaMnOg3

Absorbance, arb.u

204 ¢ —— LaMnO5 1.04 3
»»»»»»»» LayO3
1 387
: s
1.6 - =
©
J 8 o054
-
(1]
o]
1.2 = ]
(7]
= ©
- 38 S
0.8 T T T T T T |‘ T 1 0.0 T T '_/‘/\w-‘-
505 Bop A0k ©hE BB 1000 2000 3000 4000
-1
Wavenumber, cm Wavenumber, cm™

Fig. 2. FT-IR spectra of sample LaMnO; collected in FAR and MID regions

It was pointed out by Goldschmidt [13] that the ABO; type perovskite structure is stable only if the
tolerance factor t = (ra+ro)/ [2“2(rB+ro)} is nearly equal to unity, where ra, rz and ro are the radii of the
cations A, B, and anion O respectively. A cubic structure is found if t=1. Deviation of t from unity
indicates compressional or tensile stresses in various bonds. These structural stresses resulting from t
< 1 in LaMnOj; can be partially removed by cooperative rotation of Mn0Og octahedra around different
cubic axes giving rise to rhombohedral, orthorhombic, tetragonal, monoclinic and triclinic structures.
Therefore lowering crystal symmetry (to orthorhombic and rhombohedral mainly) is the first
mechanism of stabilizing perovskite structure. The second one is obtaining non-stoichiometric cubic
perovskite. LaMnOj3 perovskites has been shown to tolerate a considerable portion of vacancies in the
A site (La site ) giving rise to compositions of the type LasMnO; with the charge ompensated by Mn*
ion formation [14].The Mn** content in lanthanum manganites can be varied by altering the firing
temperature and atmosphere. The physicochemical characterization of mechanochemical synthesed
material show cubic perovskite structure. We explain that with high and various temperatures in
location of the contact between particles and walls and balls in triboreactor. This overheating have
impulse character (alternation of the process arise tensions and relaxation). When the mechanical
process and the formation of the stress field and its relaxation is greater than the time for the chemical
reaction mechanochemical synthesis is performed. As result we obtain non-stoichiometric material
with defects.

4. CONCLUSIONS

Specifically, the synthesis of LaMnO; by solid-state reaction using high-energy reactive ball
milling from manganese oxide (as —prepared Mn;O,) mixed with lanthanum oxide in stoichiometric
ratios without thermal treatment is reported. This is a useful route used to maximize defects while
preserving the cubic perovskite structure determined by XRD and IR. The prepared material has high
dispersion and high degree of microstrains which is of great importance of their catalytic behavior in
reaction of oxidation of hydrocarbons.
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Abstract: The Metal-On-Metal (MOM) Total Hip Prostheses (THP) with self directed balls has
as its greatest advantage the replacement of the sliding movement between the femoral head and the
acetabulum socket specific to regular hip prostheses with the rolling movement between the balls, the
socket and the femoral head. The balls aren't fixed but rather are freely rolling between the femoral
head and the acetabulum socket as a consequence of the movement of the femoral head and the
frictional force, finding their own space to move in while imposing minimal resistance on rolling. The
balls do not take up the entire space between the femoral head and the acetabulum socket. It is a
well known fact that a rolling friction coefficient is always smaller than a sliding friction coefficient. The
studied experimental models have allowed the measuring of values of this coefficient, of a maximum
value of 0,05. Studies of lubrication with saline solution have indicated a lubrication schedule EHD,
the minimum value for the thickness of the lubrication film (h.,,), measured through the contact
resistance methodology, being 0,06 um. Notwithstanding, when continuously benchmarking the
friction coefficient we detected seizure tendencies or even seizure. This paper presents the laboratory
models of the ball-socket contact (taken as having an infinite radius, so on a flat surface), for different
roughness values of the stainless steel surface SS315L (R, = 0.015 um; R, = 0.045 um; R, = 0.075
um; Ry = 0.075 um and R, = 0.190 um), which allowed determination of friction coefficients of y =
0.038; u = 0.042; y = 0.078 and u = 0.080, respectively. In order to increase the wear resistance of
the tested samples and the acetabulum sockets we have used thin covering layers of titanium nitride
(TiN) and chromium nitride (CrN). The best performance derived out of tests using a CrN layer has
been achieved on an sublayer of SS316 L, which under a surface roughness R, = 0.015 um
determined a coefficient of friction of 0.035, without nearing seizure at any time under test conditions.

Keywords: MOM total hip prosthesis, self directed movement, wear, rolling friction
coefficient, TiN and CrN surface coatings, EHD lubrication

1. AIMS AND BACKGROUND

The Total Hip Prosthesis (THP) is one of the biggest successes of the 20" century in the field
of orthopaedic biomechanical engineering. While less resources are consumed ensuring the primary
and secondary mechanical stability of the THP, the loss of stability, a dynamic process, takes place
throughout the life of the prosthesis. The loss of stability depends on the mechanical stress, the
movements and the heat [1] on the supports of the artificial hip joint, the bone-cement and cement-
stem interface strength for cemented stems [2], on the growth of bone inside of uncemented stems [3],
the efficiency of the porous coatings of the femoral stems [4] and acetabulum sockets and on the
resistance to wear of the femoral stems, acetabulum sockets and femoral heads of the THP [5]. So
far, the most successful orthopaedic device is a progressive bio-tribo-system due to the on-demand
nature of the components under the hostile environmental conditions specific to the human body. The
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Co-Cr-Mo alloy and the Ti-6Al-4V alloy are the materials most used in manufacturing prosthetic
femoral heads. Prosthetic femoral head damage remains a major problem with THPs in spite of all the
technological advances such as coatings with mono or multi-thin films.

Titanium and its alloys are resistant to corrosion [6] and are therefore biocompatible with the
manufacturing of orthopaedic implants, being light weight and having low elastic modulus. However,
the use of these materials in joint implants is limited by their high friction coefficient and poor wear
resistance. In order to improve their tribological properties, these materials have been subjected to
surface modification treatments. Since TiN alloys are hard biocompatible materials [7, 8, 9] of
excellent abrasion resistance, many advanced processing methods have been developed aiming at
the production of a nitrided layer on the materials surface. In plasma nitriding [10], nitrogen atoms
diffuse into the Ti matrix thus forming a top layer of TiN and Ti,N compounds followed by a deeper
diffusion layer. This layered structure produces a continuous hardness profile thus providing an
adequate support of the protective layer [8]. The physical properties of the treated surface, however,
depend strongly on the plasma technique and processing parameters. The excellent corrosion
resistance of the Ti alloys results from the formation of a very stable protective oxide film strongly
adhered to the metal surfaces. See also L. Capitanu et al [10] for a report of controlling the wear for a
hip joint.

Notwithstanding these improvements, the conventional metal on polyethylene (MOP) THP is
undergoing a progressive wear process [19-24]. Following the metallurgic industry advances in the
fields of manufacturing and processing biocompatible alloys, the last 10-15 years have seen a
reconsidering of the metal-on-metal (MOM) constructive method in order to better ensure EHD
lubrication conditions of the femoral head — acetabulum socket device. There are several studies of
this method. Leiming Gao et al [1] published a paper on the effect of the 3D physiological load and
movement over the elasto-hydro-dynamic properties of the lubrication of the joints in a MOM THP. In
this study they present a simulation of the EHD lubrication of a MOM THP taking into account both a
static state as well as transitory movement during walking cycles in all three directions.

Leiming Gao, Peiran Yang, lan Dyamond, John Fisher, Zhongmin Jin have released a paper
on the effect of surface texturing on the analysis of the EHD lubrication for MOM THPs in which they
have presented an advanced numerical model for calculating the EHD properties of a surface textured
with cylindrical dimples. The dimpled structure has been numerically simulated to correspond to a
static state as well as walking cycles.

Qingen Meng, Leiming Gao, Feng Liu, Peiran Yang, John Fisher si Zhonming Jin [13] have
released a paper on the mechanics of contact and the EHD lubrication in a new THP implant with an
asferical surface.

R. Pourzal, R. Theissmann, M. Morlock si A. Fischer [14] have analyzed micro-structural
differences in various zones of the articulated surfaces of an MOM system with a reconditioned head
demonstrating that wear-related particles at nano-scale are a limitation due to the theoretical damage
to the human body. In order to investigate the release of wear-related particles in ultra-low wear
conditions, one must first understand the micro-structural changes in the substrate. Previous studies
on MOM THPs have shown the in situ formation of a nano-crystalline layer that, together with the
mechanical mixing, allows the Co-Cr-Mo alloy to adapt to its current loading requirements and
maintain a very low wear rate. However there is little information on wear resistance for hip surface
replacements which are subject to different stress / deformation conditions.

Y. Yana, A. Neville et al [15] have published a paper on the effect of metallic nano-particles on
bio-tribo-corosion of MOM THPs, centred around the particles in the third body and their effect on the
tribology and the corrosion processes of the bearing surfaces. A hip movement simulator together with
a electro-chemical cell have been used to study the bio-tribo-corrosion system. Pre-built cobalt
particles have been used (28 nm diameter). The diameter of all the femoral heads used in this study
has been 36 mm. The Open Circuit Potential (OCP) has been monitored with and without these nano-
scaled Co particles.

C.X. Li, A. Hussain, A. Kamali [16] have presented considerations on conditions for non-
bearing surfaces and their potential effect on tests for wear simulation, in which they show that the
potential mass loss of the non-bearing surfaces (specimens) and its contribution to the total results of
gravimetric readings are rarely mentioned in scientific papers. This study involved testing Co-Cr-Mo
alloy discs for up to 1200 hours and the recovery of socket surfaces under different surface conditions.
For the new generation of MOM hip joints the surfaces of the bearing are generally polished with a
great degree of precision following the introduction of the international ISO 7202 standard for
orthopaedic hip prostheses. Even so, the materials used, the shape and the finish of the bearing
surface can show wide differences. These can be pre-worked, sanded, coated with Ti, hydroxyapatite
(HA), with or without beads and so on. Even a layer comprised of the same material may be porous,
non-porous, synterized, thermically pulverized or plasma pulverized at different temperatures and with
different techniques. Under such kinematic and kinetic conditions as the ones described in the ISO
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14242 standard, a variation of the state of the non-bearing surface is less probable to affect the wear
process that takes place on the articulated surfaces during a simulation tests, given unchanged
contact conditions.

S. Kataria, N. Kumar, S. Dash, A.K. Tyagi [17] have reported on the tribological behaviour and
the deformation of the Ti layer under different sliding conditions, trying to explore the tribological
properties of a Ti coating 1 micrometer thick on a D9 steel substrate. The friction tests have been
undertaken using a tribometer with reciprocal linear movement, on steel spheres, alumina and silicon
nitride.

W. Osterle, D. Klaffke, M. Griepentrog, U. Gross, |. Kranz si Ch. Knabe [18] have published a
paper on the wear resistance of Ti-6Al-4V coatings for the bearing surfaces of the artificial hip joint in
which they talk about the tribological tests (sphere/plane) undertaken in order to identify the right
coating for bearing surfaces in hip joints whose acetabulum socket and femoral heads are made out of
Ti-6Al-4V alloys. This alloy is highly appreciated for its low weight, good compatibility and the elastic
properties similar to natural bones.

In parallel with reconsidering the potential for MOM prostheses there is ongoing research on
new manufacturing and functional solutions.

The current paper discusses the Metal-On-Metal total hip prosthesis with self directed balls
[19, 20]. It has the great advantage of replacing the relative sliding motion between the femoral head
and the acetabulum socket, specific to a regular THP, with the rolling motion generated by the balls,
the socket and the femoral head. The balls aren't fixed in a cage but freely roll continuously between
the femoral head and the acetabulum socket, as a consequence of the motion of the femoral head and
the generated friction, thereby finding the space where minimum resistance to rolling is met. The balls
do not occupy the entire space found between the head and the socket and some free space is
technologically allowing the movement of the balls. It's a known fact that a rolling friction coefficient is
always smaller than a sliding friction coefficient. As such, so should the wear. Several studies have
been published on the load transfer in rolling balls THPs [21]; the wear and tear of the femoral head of
a THP [22, 23] and the stability of hip endoprosthetics [24].

2. MATERIAL AND METHODS

For lab experiments three MOM THPs with self directed balls have been manufactured, using
commercially available femoral heads and stems, having:

1 — Socket, balls and the closing/adjustment nut made entirely out of stainless ASTM SS 316L
stainless steel, having 150 HV 30 hardness (fig. 1, 2, 3 and 4);

2 — 316L stainless steel socket with a 3 ym Ti N coating, having 2000 HV 0.02 micro-
hardness.

3 — 316L stainless steel socket with a Cr N coating, having 627 HV 5 micro-hardness.

Figure 1 comparatively shows the classic THP and the new self directed balls THP, the latter
being dismantled, showing the stem, the femoral head, the socket including the balls and the closing-
adjustment nut, its components.

(a) (b)
Fig. 1. Comparison of the classic THP (left) and a dismantled self directed balls THP (a),
showing its components (b): the stem, the femoral head, the socket including the balls and the
closing-adjustment nut.

For a clearer view Figure 2 shows an overhead view of the acetabulum socket and the
SS316L rustproof steel balls. The layer of balls is not complete, there being a free space by design,
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that allows the movement of the balls as a consequence of the motion of the femoral head and the

friction between the balls, the head and the socket.
The transversal forces acting on the femoral head are shown in Figure 3.

Fig. 2. Overhead view of the acetabulum Fig. 3. Transversal forces acting on the
socket and the SS316L rustproof steel balls. femoral head of a THP with self directed balls
[19].

One can easily observe that overall, most of the friction components will cancel each other
(given an even number of balls). The initial consideration was that the absence of a ball from the total
number allowed by the available space between the femoral head and the acetabulum socket would
ensure the self directed motion of the balls. The lab experiments on a simplified testing bench (Figure
4) with a 2D oscillatihg motion of + 30° on a vertical plane (non-anatomical position) have
demonstrated that the space created is insufficient.

Fig. 4. Testing bench with a 2D oscillating motion of + 30°

A complex geometrical analysis of the distribution of the balls as well as Fortran software for
calculating the number of balls per row have been produced [19], obtaining:

n0=37;n1=19;n2=19;n3=19;n4=19;n5=19;
Ne=19;n7=19;ns=14;,n9= 9 ;Nyp=5;ny=1.

. Figure 5 shows the way to arrange the balls from three different perspectives (150; 0° and -
15°).
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Fig. 5. (a) Lateral view adjusted by B = 15% (b). Frontal view (B = 0°); (c). Lateral view adjusted
by pB=-15°[20].

The main design and the design of the articulated body and the closing-adjustment nut are
shown in Figure 6 (a) and (b).

taza corp arficuiatie

\ g —1Ras® |

02 (4 gour

(b

Fig. 6. CAD Designs of the self directed balls prosthesis (a), the closing-adjustment nut (b) and
the SS316L acetabulum socket (c).

Measurements taken using the friction coefficient on the contact surface have revealed some
seizure tendencies so two other SS316 L stainless steel prostheses models have been manufactured,
using yitanium nitride (TiN — Figure 7) or chromium nitride (CrN — Figure 8) as the interior coating.

15/03:12'012 % : 5/03/2012 1159

Fig. 7. SS316L acetabulum socket and closing- Fig. 8. SS316 L acetabulum socket and self
adjustment nut with interior TiN coating directed balls with interior CrN coating

The coatings have been created using the Pulse Laser Deposition method (PLD), with help
from our colleagues at the National Laser and Plasma Physics Institute of Bucharest — Magurele and
support from Professor Dr. loan Mihailescu.

The SS 316L stinless steel (SREN X2CrNiMo18-14-3) has the following chemical composition:

C Si Mn P (max) S Cr Mo Ni
<0.03 <1.00 |<2.00 0.045 <0.015 17.0-19.0 | 2.50-3.00 | 12.50-15.00

Experiments have been made using a ball — plane device, presented elsewhere [25],
assuming an infinite radius for the acetabulum socket (flat surface). The tests have shown the
presence of seizure tendencies even when the acetabulum socket is coated with thin layers of TiN or
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CrN. The testing device can determine the seizure load, the thickness of the lubricating film and,
through microscopy, photograph the wear marks and then calculate the volume of removed material.

For the sake of clarity Figure 9 shows an image of the friction torque components with single
dot contact (spherical nut on a flat disc) used in testing.

Fig. 9. The friction torque used in experimental modelling.

Under static conditions the compression efforts due to the single dot contact, pmax Si Pmed
(maximum and average contact pressure) are given by:

pd. = 1.5 PE*/ m P (1 — 1) (1)

()

Pmed =
7Za2

while the radius a, of the circular contact surface, is:

a® ~151- w2 3)

Where P is the load; a the radius of the contact surface and r the radius of the sphere.
For steel made friction couple components the values of the above equations become:

D max = 5800 ¥/P (4)
D mea = 1700 /P (5)
a=0.09 3P (6)

Particular care has been given to finishing the friction surfaces of the samples. The state of the
surface, being defined by its topography, the micro-structure of the superficial layer and its oxidation
state, has a major contribution to the wear process. Due to the complexity of creating the surface
through an abrasion process, the safest way to ensure a consistently reproducible surface is by strictly
adhering to all the stages of the finishing process. The following stages have been established: the
turning of the shape, the finishing turning, thermal treatment, grinding, fine adjustment and finally the
super finishing of the work surface. While all the stages, up to the fine adjustment, are using traditional
manufacturing techniques, it is worth mentioning that the overall intensity of the process is
purposefully maintained at a low level in order to protect the superficial structure of the material.

The super finishing stage uses the metallographic polishing techniques and includes: wet
polishing using abrasive paper of 32 ym and 17 ym granulation, diamond paste polishing of 6 ym and
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1 um granulation and, finally, wet polishing using alumina suspension having a 2000 A granulation.
The surfaces are then cleaned with alcohol and distilled water and then dried. The storage of the
finished samples is done in sealed containers on a silica gel layer.

Following the super finishing stage we have obtained four different roughness values for the
SS316 L sample surfaces: R, = 0.015 ym, R, = 0.045, R, = 0.075 ym si R, = 0.190 pm.

The roughness of the surfaces has been determined using a profilometer with parameter
translator and graphic recording. The instrument allows not only the recording of the surface profiles
but also the determination of the R, and r.m.s. values, defined as:

|
1
Ra=] ! i ™)

rms=

—=

|
Jyzdx (8)
0

4. RESULT AND DISCUSSION
4.1. Evolution of the surface state in the wear process

Experimental determinations were made under these test conditions:

- Load: variable between P = 20 + 300 N for determining of seizure limit. A load of 50 N was
used for wear tests.

- Sliding speed: main speed for determining the wear rate was u = 174 cm/s. To determine the
influence of speed on the wear, the device allows achieving the following speeds:

u=60cm/s;u=18 cm/s and u = 3,2 cm/s.

- Lubricant: BSF (Body Simulated Fluid) having a density of 1183 kg/m3 and a viscosity of 0.84
Pa-s (HyClone, SH30212.03).

Using the above mentioned parameters, the couple operates in elasto-hydro-dynamic regime.

Archard [8] proposed the following relationship for the minimum thickness of the lubricant film:

0.741 20074
ho 0.84[ i ] [ELJ 9)
r r

P

where: hy - minimum thickness of lubricant film; r - radius of the sphere; a - pressure coefficient of
viscosity; u - velocity sum; o - dynamic viscosity at atmospheric pressure; E - reduced elasticity
modulus; P — load.

/ /s
\\*/ ‘;"
~— \\.\:\ \ / :.“A‘A
(a) (b)

Fig. 10. (a) Variation of lubricant thickness in the x = 0 plane and (b) the z = 0 plane, as a
function of load, at speed u =8 cm/s.
“0.7N; ¥V 1.1N; -1.5N; O3N;=46N; A 7.8N; 0 10.8 N

Relationship (9) successfully reproduces the dependence of hy on the main quantities u, uo, r
and P. The exact determination of the minimum lubricant film thickness depends on the knowledge of
pressure coefficient a for the lubricant used and the accuracy of the numerical coefficients of
relationship (9). In working conditions, using an estimated value a, a minimum lubricant film thickness
of h = 0.06 ym was obtained. The spatial form of lubricant film in the loaded area is shown in Fig. 10
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(a) and (b), which represents the longitudinal and cross sections of lubricant film (in relation to the
movement) on the symmetry axes.

Curves were obtained experimentally, under conditions close to those used by Dowson [9].
Significantly higher values for minimum thickness hy are noticed even at speed u = 23 cm/s. To
observe the wear of fixed surface as a function of couple roughness in ideal conditions the following
solution was used: roughness of the couple was focused on one of surfaces, in particular on the
mobile one. The fixed surface will always have the minimum achievable roughness of about R, =
0.015 ym. The composed roughness of the couple, expressed as standard deviations, g, is:

UZ = 0'12 + 022 (10)

where g4, 0, represent the standard deviations of the two surfaces.

If one of the surfaces has a small roughness value, i.e., 04 << 0,, then ¢ = 0;. It is therefore
possible to study the influence of roughness on the wear, just by changing the roughness of a single
surface. Under these conditions and at a load P = 50 N, speed u = 1.74 m/s and volume temperature
of the lubricant 6 = 50 °C, it was determined the evolution of the surface wear function of the time, for
the following roughness of the mobile surface: R, = 0.015 ym; R, = 0.045 ym; R, = 0.075 ym and R, =
0.19 um. Figures 11 and 12 exemplify the cross profile and the optical micro-photography of the
seizure marks of the sample surfaces with R, = 0.015 ym and R, = 0.19 um, for a 30 second test.

Petdl

Fig. 11. Central cross profile and the image of the wear marks. R, = 0.015 um, t = 30 sec.
Sample 835.

Fig. 12. Central cross profile and the image of the wear marks. R, =0.19 um, t = 30 sec. Sample
849.

The oscilloscope recordings of the contact resistance (the breakage of the lubricating film —
BSF) have shown seizure tendencies while the wear volume of the flat sample has increased with its
roughness as a consequence of the heavy wear of the tips present in the topography of the surface
during the initial testing period. The recording is presented in Figure 13.

BODY FLUID SERUM
—N | I

S | 4

— —-w u :

al_l t

t (mm) Tdw=2 min

Fig. 13. Oscilloscope recordings of the contact resistance
(the breakage of the lubricating film — BSF) for SS 316L. Sample 849.

Figure 14 shows the double logarithmic friction and wear evolution relationship as a function of
the test duration and the roughness of the surface.
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Figure 14. Friction and wear evolution as a function of time for different roughness values of
the flat surface

Regarding usage tests it must be stated that at the same time as measuring surface wear the
friction coefficient has also been measured. Surprisingly, the minimum friction coefficient doesn't

coincide with minimum wear. Figure 15 shows the data points of a V, / y model for the four roughness
values used.

(mm
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4 0,015 pm " 0,019 pm

Fig. 15. The variation of used material as a function of the friction coefficient

Figure 15 indicates the existence of a minimum wear volume for roughness R, = 0.045 pm. At
the same time the friction coefficient reaches a minimum at roughness R, = 0.015 pm.
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The rapid decrease of the wear speed as a function of time is obvious, exception being the
surface roughness value of R, = 0.045 ym. 25% to 50% of the wear recorded in a 30 minute wear test
is being produced during the first three seconds. Increasing the test time from 5 to 30 minutes only
increases the wear by 10%. The wear evolution is explained by the conformation of the surfaces that
results in changing of the lubricating conditions. It must be noted that the value of static wear is
determined by the initial wear (during the first few seconds). This observation allows the usage of the
wear value of t = 5 min. as representative for the usage conditions. Using this duration the spread of
values is greatly decreased.

The different roughness values used have resulted not only in differences in the used volume
of material but also in differences in the shape of the wear scar. For surfaces with R, = 0.015 ym, R, =
0.075 pm, (t =3 sec.) and R, = 0.19 ym, (t =3 sec.), the wear is of an adhesive type (metallic aspect
with emphasized fissures). For surfaces with R, = 0.045 um, the prevailing wear is of an oxidative
type. Once wear speed is reduced, following the conformation of the surfaces, the R, =0.075 ym and
R, = 0.19 um surfaces also enter an oxidative wear stage.

For R, = 0.045 um the wear is reduced to such an extent that during the entire test time the
lubrication conditions remain largely unchanged.

The average values of volume of used material (calculated using the imprint method [11] that
consists in considering the wear imprint as on a spherical surface, photographing it using optical
microscopy, dividing it into ten equidistant spherical segments, calculating their volumes and summing
them up using the approximate formulas (4), (5) and (6)) for the four roughness values are:

R,=0.015 pm; — V, = 7.0 x 10° mm* — u =0.038;
R,=0.045 pm; — V,=7.0x 10° mm* — u=0.042;
R.=0.075 ym; —» V,=3.7 x 10° mm*; — u=0.068;
R, =0.190 ym; — V, = 1.0 x 10° mm®, — u = 0.080.

For R, = 0.015 uym, R, = 0.075 ym and R, = 0.19 um roughness, the values for the volume of
used materials vary according to the degree of stress for the contact determined by the h ., / o
parameter of the lubricating pellicle.

For R, =0.045 pm roughness we have also observed an influence on the grind. After the first
5 minutes the entire contact surface is oxidized. The imprint obtained after another 5 minutes using
the same liner has a particular shape, the oxidized area halving itself at the boundary of the load area.
It follows that after grinding the lubrication conditions improve. For super finished surfaces there was
no obvious grinding improvement.

Regarding the influence of the initial roughness on the wear and the friction coefficient it must
be said that the surface wear is a value determined by the fraction of the surface that stays in contact
and should therefore be a monotonous function of the h / o film parameter. The minimum wear value
must coincide with the minimum surface roughness value. Time-observed wear evolution leads to the
conclusion that, under the tested conditions, the minimum wear value is obtained for a particular (and
not the minimum) roughness value. To verify this result a great number of determinations have been
performed for the four different roughness values: R, = 0.015 pm; R, = 0.045 pym; R, = 0.075 ym and
R, = 0.19 um. The existence of the optimal roughness value may be explained either through the
effect on the lubricating film or through a modification of the mechanical properties of the surface. In
the latter case, for the optimal roughness, the decrease of the h / o ratio is cancelled by an increase in
wear resistance. In order to limit the possibility of seizure we used thin coatings of TiN and CrN on the
flat SS316 L surface (Figure 9), resulting in a micro-hardness value of 2000 HV 0.02 for the TiN
coating and a 627 HV 5 value for the CrN coating. Figure 16 shows the PLD coating process that was
used, as described in [9].

.
M y coh
. oM e s

Target rotation system 28 (o0 )

Fig. 16. The PLD process Fig. 17. X - Ray analysis of theTiN coating on
the SS316 L surface
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The structures of the coatings have been analysed using X-Ray diffraction. An example of this
analysis is shown in Figure 17. Checking the adherence of the coating has been done using scratch
tests and is presented in [10].

Figure 17 shows that for 43.5°, austenite y — Fe (111), for 50.6° y — Fe (200), while for 74.7° y
— Fe (220). The presence of ferrite can also be observed for an angle of 44.6° a - Fe (110). The
sample used for the TiN coating has been corrosion tested by submerging in a 3% NaCl solution at 25
°C. No corrosion was observed after three weeks. In conclusion these coatings have an excellent
corrosion resistance as well as an increased hardness.

The TiN coated surfaces have been polished for the same roughness states as the uncoated
surfaces. The wear profiles and the seizure marks have been recorded. Figures 18 and 19 show the
central cross profiles and the micro-photographs of the SS316 L sample surfaces with TiN coatings of
2000 HV 0.02 micro-hardness and roughness values of R, = 0.015 ym and R, = 0.045 ym after 5
minutes of testing.

Fig. 18. Central cross profile and TiN wear mark photography R, = 0.015 um, t = 5 min.
Sample 1057

5 y’\(‘

>

Fig. 19. Central cross profile and TiN wear mark photography R, = 0.045 um, t = 5 min.
Sample 1058

In the particular case of a TiN coated sample (1057), for R, = 0.045, the variation of the
contact resistance has been observed on the oscilloscope recording, such that after 48 minutes the
breakage tendency of the lubricating pellicle was apparent and after 66 minute effective seizure took
place for a load of 50 N at the relative speed v = 1.73 m/s and the contact temperature 6 = 50°C.

During the adherence tests for the TiN coatings we have plotted diagrams of the applied force
as a function of the scratching distance for highlighting critical events. These are presented elsewhere.

Even so, the modelling of the ball on disc device that showed seizures for SS 316 L also
showed seizures for SS 316 L with a TiN coating (Figure 20).

- 3
BODY FLUID SERUM

t (min) 1v=2min

Fig. 20. Oscilloscope recording of contact resistance (breakage of the lubricating pellicle BSF)
for TiN coating on SS 316L surface. Sample 1057.
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The following shows the cross-cut profile and the micro-photography taken after the seizure of
the SS 316 L samples coated with CrN through the PLD process, for a micro-hardness of 627 HV 5
(Figure 21). The metallic samples coated with CrN have been polished to the same surface roughness
values as the uncoated or the TiN coated ones.

0.1 mm

Fig. 21. Central cross-cut profile and CrN wear mark ghotography.
R,=0.045uym,t=45min, N =50 N, v =1.73m/s, 8 =50"C. Sample 706.

Figure 22 shows the oscilloscope recording of the contact resistance for the CrN coating. Here
too we can observe seizure but after more than 1200 hours of continuous testing under the same lab
conditions.

BODY FLUID SERUM

50 o

t (min) 1dv=2 min

Fig. 22. Oscilloscope recording of the contact resistance for the CrN on SS 316L coating.
Sample 706.

Comparing Figures 11-12 (uncoated SS 316 L), 18 -19 (TiN coated SS 316 L) and 21 (CrN
coated SS 316 L) the superior performance of the CrN coating stands out, due to its increased
hardness.

In fact, this observation is very well highlighted by comparing the inner surface photography of
the SS 316 L acetabulum socket coated with CrN and TiN (Figure 23) after 1200 hours of continuous
testing on the testing device presented in Figure 4.

(a) (b)
Fig. 23. Inner surface photography of the SS 316 L acetabulum socket coated with CrN (a)
and TiN (b) after 1200 hours of continuous testing on the testing bench presented in
Figure 4.

Experimental lab measurements for the global rolling friction coefficient in the three total hip
prostheses with self directed balls have been made on the simplified test bench (Figure 4) with 2D
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vertical plane 30° oscillating motion (non-anatomical position), for a load of 3200 N (4 BW) under
BSF lubrication conditions. The global rolling friction coefficient values in a static state have been
established as follows:

1— ASTM SS 316 L prosthesis with a hardness value of 150 HV 30: uy = 0.048.

2 — ASTM SS 316 L prosthesis coated with a 3 pm layer of Titanium Nitride (TiN) with a
hardness value of 2000 HV 0.02: y = 0.042.

3 - ASTM SS 316 L prosthesis coated with a 2 pym layer of Chromium Nitride (CrN) with a
hardness value of 627 HV 5: y = 0.035.

It's worth mentioning that J.H. Dumbleton [26] has established sliding friction coefficient values
of between 0.04 and 0.12 for classic prostheses using a UHMWPE socket on a stainless steel femoral
head under saline lubrication conditions.

4. CONCLUSION

The MOM total hip prosthesis with self directed balls seems to offer good functioning
parameters for a low rolling friction coefficient (< 0.05) under experimental conditions. It was found that
for the SS 316 L socket coated with a 2 ym chromium nitride layer (CrN) with a hardness value of 627
HV 5, the friction coefficient value is y = 0.035. This is an encouraging find. Moreover, it is close to
those values established by the ball on plane modelling proving that the assumption of infinite radius
for the interior surface is a realistic one.

From determinations of the evolution over time of the wear in ball on flat conditions, it resulted
that, in the experimental conditions used, minimal wear occurs at a certain value of roughness and not
at the minimal roughness.

Surprisingly, the minimum friction coefficient, does not coincide with minimal wear.

The existence of a minimum in the wear curve results for roughness R, = 0.045 um. At the
same time the friction coefficient is minimal at roughness R, = 0.045 ym. A mathematical relationship
between the friction coefficient and wear cannot therefore be established.

Notwithstanding, this paper has limitations and extended research continues to be necessary
for the precise determination of the complex lubrication mechanism in the total hip prostheses with self
directed balls.
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Abstract: Often for the laboratory studies, modeling of specific tribological processes raises
special problems. One such problem is the modeling of some temperatures and extremely high
contact pressures, allowing modeling of temperatures and pressures at which the injection or
extrusion processing of thermoplastic materials takes place. Tribological problems occur mainly in
thermoplastics materials reinforced with glass fibers. They produce an advanced wear to the cylinders
and screws of processing machines, in short time. Obtaining temperatures around 210 °C and higher,
as well as pressures around 100 MPa is very difficult in the laboratory. This paper reports a simple
and convenient solution to get these conditions, using friction sliding couplings with linear contact,
cylindrical sleeve plastic filled with glass fibers on plate steel samples, steely and super-finished. Steel
C120, which is steel for matrix and Rp3 steel, a high speed steel for tools, were used. Obtaining the
pressure was achieved by continuous request of the sleeve in rotational movement up to its elasticity
limits, when the dry friction coefficient reaches or exceeds the value of 0.5. By dissipation of the power
lost by friction in flat steel sample, are reached contact temperatures at the metal surface that reach
and exceed 230 °C, being placed in the temperature values of the injection. Contact pressures (in load
conditions and materials used) ranging from 16.3 - 36.4 MPa were obtained depending on the plastic
material used and the glass fibers content.

Key words: plastics with glass fibres, dry friction, linear contact, contact temperature, contact
pressure, experimental simulation

1. AIMS AND BACKGROUND

Preventive maintenance guide cylinder/ screw to combat wear of the cylinder in extrusion and
injection molding of XALOY Inc. company [1] mentions that in the wear of the injection machine are
involved four main factors: alignment of the screw and the cylinder; conditions of the processing such
as the pressure, temperature and geometry of the screw; processed material characteristics such as
the lubricating ability of the molten resin and the presence and nature of any additives, fillers and
contaminants, and last but not least, the metals used to produce the cylinder and the screw. In
consideration of the four main factors mentioned, the three main wear types of the cylinder and screw
are adhesive, abrasive and corrosive wear.

Adhesive wear is the result of metal on metal contact between the screw and the cylinder’s
wall. With the naked eye, a new screw and cylinder seem to have very smooth surfaces, bright. But an
enlarged cross-sectional view shows that the real surface consists of a series of ridges and valleys. If
the top of a ridge on the surface of the screw encounters the top of a ridge on the cylinder’s wall, the
collision energy is sufficient to cause momentary adherence, in the form of a thin weld. If the screw
continues to rotate, the welding is sheared. After repeated collisions, particles begin to be removed
from the surface that becomes a source of abrasive wear. For example, the severity of adhesive wear
is related to incompatibility between the screw and the cylinder materials. Thus, a screw of Stellite 6,
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which has been used for four months in the cylinder or in the X - 800, a composite of tungsten carbide
particles in a nickel alloy matrix was found to be an inconsistent combination that is not recommended.
Materials differ substantially in their trends of adherence to each other. The use of compatible
materials is one of two key ways to combat adhesive wear. The other is to minimize the metal to metal
contact between the screw and cylinder.

Good alignment will minimize metal to metal contact. Ideal is that the screw to be perfectly
straight, the cylinder to be perfectly straight, and their alignment to be perfect. Significant investments
were made to have resistant screws and cylinders, but even the perfectly straight screw, aligned in a
straight cylinder, perfectly aligned, cannot prevent absolutely metal to metal contact. The reason is
that in real mode, during the work, there are other forces involved. One of them is related to the
misalignment due to the heat. Because they do not have the same size and shape, the screw and the
cylinder are inherently a different warm of the mass. Also, they usually are made of different materials.
This leads to different rates of thermal expansion, which produces misalignment.

Another source of metal on metal contact is screw’s buckling, caused by the discharge of
pressure at its front end. Effects of length (L) and diameter (D) of the screw is particularly important on
buckling and on the contact with the cylinder's wall. For example, the length of the screw, with L/D
ratios of 24:1 or 30:1, is especially prone to buckling effects. Also, the smaller diameter of the spindle
of the most screws is a new factor in the buckling effect.

Physical laws, also produce a third potential source of contact between screw and cylinder
deformation under its own weight. Being supported only at one end, a screw is of course a cantilever
device. Deflection of the lever arm is proportional to its length at power 4. As a result, the length of
screw is liable to deformation. Applying the formula for the deflection of lever arm, a screw extruder
with an L/D of 24:1 will deform by 1.5 mm. Of course, it cannot deviate more, because it stops on the
cylinder’s wall. A 200 mm thick screw would deviate a little more, about 11.6 mm, if it would be free to
do so. When the cylinder is filled with molten plastic under pressure, the melt separate the screw from
the cylinder’s wall and acts as lubricant.

However two precautionary measures should be noted [2]. One is that the cylinder is
completely filled with molten plastic. If during processing it contains undissolved or partially melted
particles, the intermittent contact between the screw and the cylinder’s wall can take place.

Another relates to taking into consideration the fact that the plastic materials melts differ in
lubrication properties of melting. Rheological curves of linear polymers, such as, for example, high or
low density polyethylene, shows the continuity of the flow to a certain level of shearing stress. Then,
there is a ridge on this curve. This discontinuity can cause disruption and of the melted film and can
increase the adhesive wear.

The second of the three wear forms found in plastics processing machineries is the abrasion.
In the cylinder of the machine two types of abrasion produce. One is abrasion with two bodies as a
result of axial movement of the filler particles (for reinforcement) or glass fibers in the extruder.
Because the cylinder and screw materials are highly resistant to wear, the effect of two bodies wear
are not of great interest. If the abrasive particles become trapped in the space between the screw
mounted on the cantilever and the cylinder’s wall, the three bodies wear appears. As a result of the
deflection force acting on the cantilever screw, the particles become quite efficient cutting tools,
resulting generally in grooves and scratches in the direction of screw’s motion.

The third type of wear encountered in plastics processing equipment is the corrosion wear.
This type of wear is encountered in situations like processing of fluoropolymers, fire-resisting resins
and composite resins containing volatile corrosion substances. Solution against corrosive wear is
mainly a matter of selecting the materials for the cylinder and screw. Experience has shown that X -
309 alloy is the best material for resistance at corrosion wear.

H. Dominghaus [3] presented severe abrasion and corrosion wears of some screws and
cylinders of 30, 45 and 60 mm in melting and kneading areas.

W. Knappe and W.D. Mahler [4] have reported the wear of different alloys coated with nitride
in PAG.6 injection with 35% GF in a space of screw-cylinder interspace & = 0.2 mm, an external
pressure P, = 1100 kp / cm, injection time Ts = 6 sec., injected volume V = 25 cm®, plastics injected
temperature of approximately 310 °C. The worst behavior had 18550 DIN nitrided steel in the bath.
They have shown corrosion occurred at PA 6.6 + 35 % GF injection for 20 hours, at a temperature of
280 °C and a pressure of 100 MPa.

H. Ladwig and K.D. Sommer [5] analyzed the wear of some screws after 20000 functioning
cycles, showing its dependence on the manner of execution of the screw.

W.W. McCandless et al [6] reported on a comprehensive analysis of the wear and corrosion
behavior of cylinders and of screws for plastics processing machines. All these works relate to
quantitative and qualitative observations made on processing machines.

P. Boey, W. Ho and S.J. Bull [7], from the University of Newcastle - UK, studied the effect of
temperature on the abrasive wear of the deposited layers and of hybrid surfaces treatments of the
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working bodies from injection processing machines produced at processing of polymers composites
with glass fibers, adapting ASTM G65/1994 standard.

In an injection machine, the polymer pellets are pushed and move along the cylinder due to
the action of a rotating screw, while they are heated and melted. As a result, the cylinder and the
screw will be in contact with the composite solid polymer pellets, with the semi plasticized polymer and
the molted one, the contact differing on the length of screw-cylinder assembly. As a result of the high
mechanical stresses to which it is subjected and its mode of construction, the screw will have an
inherent vibration in the cylinder, which leads to the metal/ metal contact and appearance of adhesive
wear. The occurrence of corrosion wear is also possible due to the action of the polymeric material or
other additives on metal surfaces, in particular at temperatures above 200 -250 °C registered against
the cylinder nozzles and the mold in which this is injected. Boey et al. realized these tests in order to
rank abrasion resistance of the materials, treatments and metallic coatings of the working bodies of
the processing by injection machines, although the test conditions do not provide modeling of all wear
forms. The experimental installation was achieved by adjusting the scheme with rubber (ASTM G65)
rotary drum, but the drum has been replaced by one of the same steel used to manufacture the screw
of processing by injection machine. Periphery of the steel drum was heated to the desired temperature
by blowing hot air, ensuring a deviation of about £ 10 °C to the operating temperature. The drum is
streaked and allows training of the plasticized material, which acts at the interface with study samples
(heated by a thermal resistance thermometer).

The test sample is depressed by a light load, on the plastic material layer, by means of a
pivoting system with lever and weights. In order to increase the efficiency of the heating process and
to reduce the heat losses, by convection, nozzles were used for blowing hot air and its focus on the
grooves of the drum. Test sample holder was heated independently of the drum, the temperature
being controlled with an accuracy of £ 2 °C.

Compared to the ASTM G65/1994 test, the abrasive sand has been replaced by polymer
granules, supplied from a bin into the space between the drum and the test sample. In static
conditions, it is maintained at a short distance from the drum by means of a flat spring. The spring
allows the transmission of the load on the granules passing through the contact area. The pressure
and duration of contact may be changed by changing the load and the speed of the drum. Striations
practiced on the drum surface are designed to enhance the driving ability of the granulated polymer
and thus to reduce the possibility of metal/ metal contact appearance.

For the simulation and limitation of direct contact of the screw with the cylinder of processing
by injection machine, was used a flat spring mounted at one end of the loading rocker-arm, the other
end being embedded in a solid stop. Changing the spring stiffness leads to space adjustment between
the test sample and the drum. Normally, this space is so determined as to be smaller than the size of
the composite material grains.

When the rocker-arm is stressed, the test sample holder produces the bending of the flat
spring, thus appearing a force opposite to the normal stress of the test sample. Bending is indeed very
small compared to the thickness of granular material layer and therefore under static conditions it does
not result in direct metallic contact between the drum and the test sample. When a polymer granule is
taken by the grooved drum and placed in the contact area, the flat spring is not stressed and the test
load is fully applied to the polymer particle.

By controlling the stiffness of flat spring and the position of the attachment point the metal/
metal contact can be prevented for any static load applied. Bending of the spring during testing is
monitored by a transducer in order to determine the size of the metal/ metal contact. This occurs over
a period of less than 5% of the total time of the test, which is compatible with observations made on
processing by injection machines.

The maximum operating temperature of 250 °C and was carried out by heating with hot air
system and by heating the test sample holder by means of two thermal resistances of 75 W. Directing
the hot air blown through the nozzle of a compressor placed at an angle of 90° to the surface of the
drum is carried out by means of a reflective mirror. This led to a strong increase in temperature of the
drum while reducing the heat losses. Maximum temperature of the drum can reach 300 °C, while
supporting plate of the test sample can reach 316 °C. But practically, the maximum temperature of the
test should not exceed 250 °C, value at which the polymer starts to degrade.

The wear rate of the samples was measured by loss of mass and volume. The measurements
of mass loss are generally highly accurate, but in the case of tests carried out at temperatures around
200 °C or more, they are not conclusive, because the polymer melt is trapped in the pores of the
microstructure and in cracks and cannot be removed by ultrasonic cleaning. Therefore, for a better
assessment of the wear rate it is also necessary to measure the volume of worn material.

All these methods [4, 7] are very difficult to reproduce in a tribology laboratory especially due
to very high temperature at which the tests should be made. Therefore, a method has been designed
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to provide the temperature of polymer/ metal contact by dissipation of the power lost by friction, which
converts into an increase in temperature of contact surfaces.

2. MATERIAL AND METHODS

In order to study the metallic counter-part’s wear in dry contact with glass fibres reinforced
plastic materials Timken type friction couples (with linear contact), cylinder on plan are used, which
allows to attain high contact pressures, hence high contact temperatures. In this matter it is possible to
observe, whether and in which conditions the plastic material transfer to the metallic surface takes
place as well as the influence of the glass fibres filling during this phenomenon, and its effect on the
surface’s wear. As it is not followed the polymer’s wear, but only the polymer’s friction influence, over
the samples’ metallic surfaces wear, is used the unidirectional sliding movement.

2.1. Experimental method

The tests are performed using experimental equipment containing a Timken type couple with
linear friction contact, continuously controlling the normal and friction loads, and contact temperature.
The unidirectional movement and the linear contact allow to attain very high contact pressures and
temperatures. The friction couple is built out of a plastic cylinder Nylonplast AVE polyamide + 30%
glass fibres, which rotates at different speeds against the polished surface of a steel plan disk. The
cylinder has an outer diameter of 22.5 mm and 10 mm height. Was chosen as sample steel disks with
18.2 mm diameter and 3 mm thickness. The disks’ surfaces were polished successively using
sandpaper of different granulations (200, 400, 600 and 800) and, finally, were polished on the felt with
diamond paste. Mirror polished surfaces, with roughness Ra of 0.05 um were obtained. This metal
surface’s quality allows to eliminate the influence of the metallic surface’s state on the friction
coefficient’'s evolution and visualization, to make measurements using optical microscopy and to
accurately record the wear traces appeared on the metallic surfaces. Figure1 shows the friction couple
(a) and its installation within the experimental equipment (b). Modul in care se misca bucsa impotriva
mostrei plane este ilustrat in Fig. 1c.

Figure 1. Friction couple (a) and its installation in the experimental equipment (b), where 1 -
cylindrical liner; 2 — steel disk sample; 3 —nut; 4 — hole; 5 - knife-edge, (c) the way how the liner
moves against the disk

Figure 2 shows the scheme of the experimental equipment.

The friction couple is build out of a cylindrical liner (1) and a plane disk type sample (2). The
liner is fixed with the help of a nut (3) on the driving shaft (4). The disk sample is placed in a special
hole made within the elastic blade (5). The sample disk base is built in such a manner so that the base
allows the sample to make small rotations around the edge of a knife fixed in the sample’s bezel,
perpendicularly on the driving arbor. In this way a uniform repartition of the load on the entire linear
contact between the liner and steel sample is ensured, even if there are small building or assembling
imperfections. An electric motor (7) puts the shaft (4) into a rotation movement using trapezoidal
transmission belts (6). The normal and tangential (friction) efforts through resistive converter strain-
gauges, assembled on the elastic blade (5). The use of a pair of converters strain-gauges connected
within the circuits of two strain-gauges bridges, offers the possibility to make simultaneous
measurements, while separately, gives the possibility to measure the normal and friction forces. The
normal load to the elastic blade (5) is applied, through a calibrated spring system (8). The installation
allows to register the friction force on an X-Y recorder. The tests’ duration is controlled through an
alarm clock and the contact temperature is measured with the help of a miniature thermocouple (9),
connected to a millivoltmeter calibrated in mV. The installation offers the possibility to study the wear
behaviour by using also several other radiometers techniques. For this purpose, the installation

116



includes a tank (10) assembled on a base (11) and a tube collecting the radioactive wear particles
(12).

Figure 2. The scheme of experimental equipment with linear contact friction couple, Timken
type.

The uni-directional testing was used because the purpose of investigations was the study of
metallic surface wear. The tests are performed, based on Hooke's law, at normal loadings of 10; 20;
30; 40 and 50 N, loadings which are adequate to some contact pressures all calculated considering
the elastic contact hypothesis, that is: 16.3; 23.5; 28.2; 32.6 and 36.4 MPa (for Nylonplast AVE
polyamide with 30% glass fibres) respectively, sliding speeds are used, adequate to the diameter of
the plastic composite sample, which are: 0.1856; 0.2785; 0.3713; 0.4641; 0.5570; 1.114 and 1.5357
m/s, and which resulted as a consequence of electric motor’s speed and the belt pulleys’ primitive
diameters.

2.2. Analytical method

The Timken frictional couple (with linear contact) under loading reveals the appearance of some
wearing trace on the plane surface of the metallic material. The wearing trace is produced by the
penetration of the plane semi couple material by the cylindrical bush (Figure 3).
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Figure 3. The imprint scheme (top) and elastic deformation of the cylindrical liner in the contact
area (bottom) for Timken friction couples (a —theoretical, and b — practical)

Theoretically, considering the bush as rigid and accounting for the generally low non-
uniformity of the imprint, this could be considered as being formed by a series of cylindrical
sectors having the length g. Assuming that, the area of the lateral surface of the cylindrical
sector is a circle segment, it results:

S; =0.5r? (¢ /180°—sin g, ) ()
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where: §; - lateral surface of the cylindrical sector; ¢, - the angle; r - the circle radius

The radius r could not be identified with the cylindrical bush radius for the plastic/metal
couples. And this fact is possible due to the elastic deformation of the bush under loading conditions,
which has as effect the increment of the radius in the contact area. We illustrate this by the sketch
plotted in Fig. 2.

Using r; for the undeformed bush radius and r, for the radius — in the contact area — of the

deformed bush, we could notice from figure 1b thatr, > 1,.
Increasing the bush radius in the contact area conducts to the decrease of the depth of the
wearing trace from h, - (Fig. 4a), which would appear if the elastic deformation of the bush would be

neglected, to the value h - (Fig. 4b), with the quantity h,:
h,=h —h 9)

Figure 4. The elastic deformation of the cylindrical liner on the contact area (bottom) for
Timken friction couples (a —theoretical, and b — practical)

Using | for the width of the wear imprint, from AABC, it results:
(26 —h)h =12/4

Because the value of the depth h, is very small, the term hf is neglectable and we could
write:

h,=12/8r, (10)

Similary, in AFGH , we have:
(2r2 —hz)h2 :I2/4
Using the same assumption, for the term h, ,we obtain:

h, =12/8r, (11)

Introducing (10) and (11) in (9) it results:
h=12(Y/r,-1r,)/8=1%(r,—1,)/8rr, =12/8r (12)

where r is the equivalent curvature radius given by:
1r=1r-1Yr,=(r,—1)/nr, (13)
From (12) it results:
(r,—r)/nr, =12/8h, (14)
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Considering that the frictional couple is loaded in the elastic domain with an elliptic distribution
of stresses, the Hertz formula for computing the width of the wear imprint is:

12/4=8Nr (1-v?)/7EL (1)
where: v - Poisson ratio; L - the length of the wear imprint; E - equivalent Young modulus.

Using index 1 for quantities related to the cylindrical bush, and index 2 for those related to
plane half-couple, the equivalent elasticity modulus is given by:

YE=05[(1-v2)/E +(1-12)/E, ] (16)

Because the numerical values of v; and v, are between 0.3 and 0.32 the equivalent elasticity
modulus could be approximated by:

E = 2E,E,/0.91(E, +E,) (17)

From (15) we could express the width of the wear imprint:

|=4[2Nr(1-v2)/zEL]" (18)

Introducing in (18) the equivalent elasticity modulus and the equivalent radius expressions, the
numerical value of Poisson ratio, one could obtain:

h, =0.527N(E, +E, )/LEE, (19)

Considering the relations (10) and (19), we have for the depth of the wear imprint the
expression:

h=(12/8r,)-0.527N (E, +E,)/LE,E, (20)

Assuming that the wear imprint is the sum of some cylindrical sectors, expanding in series the
relation (8), neglecting the high-order terms and reducing the similar terms we could obtain, for the
area of the lateral surface of a sector, the expression:

S, = r24° 12 (21)

Replacing in the relation above the angle ¢ with the ratio I/r and accounting for (13) and
(14), we obtain:

S, =13(r, —r,)/12rr, =2Ih, /3 (22)

Replacing the value of h, obtained from (20) in (22) we could obtain the expression for the
area of lateral transversal surface of a cylindrical sector:

S, =0.351(E, + E,)NI/EE,L (23)
The wear volume of metallic material will be:

) 24
Vy ZZ(SiQi):0-351(E1+EZ)NIm/ElEZ -
i=1

where |, is the mean width of the wear imprint.

Practically, it is needed to measure the width of wear imprints in three points established
before, computing then the mean value of this width. With this value we could obtain the volume of
worn metallic material V, and the mean of the depth of removed layer h,,,.
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The studies concerning the metallic sample wear are generally based on the elastic contact
hypothesis. For these plane half-couple the values for the equivalent elasticity module are: A.
Nylonplast AVE polyamide + 30% glass fibres; E;o = 40.25 MPa. B. Noryl polyamide + 20% glass
fibres; E;g = 31.76 MPa. C. Lexan polycarbonate + 20% glass fibres; E,c = 42.08 MPa.

Assuming that the plastic liner does not crush, the condition pmax < [10.5H is imposed, where
H stands for theBrinell hardness. The required condition allows to establish the following values of the
maximum loadings (contact pressure) of the couple:

Pa1 = 16.3 MPa; Paz2 = 23.5 MPa; Pa3z = 28.2 MPa; Pas = 32.6 MPa; Pas = 36.4 MPa; Ps1 = 12.3 MPa;
ps2 = 17.4 MPa; pg3 = 21.4 MPa; pgs = 24.6 MPa; pgs = 27.6 MPa; pcq = 16.9 MPa; pc, = 23.9 MPa:
Pes = 29.3 MPa; pes = 33.8 MPa; pes = 37.8 MPa.

The experimental tests are performed considering broader domains to vary the relative speed
and normal loadings, or contact pressures. Couples with liner made from thermoplastic material with
linear contact on a steel surface (C120, Rp3, a.s.0.) are used.

Tests have aimed in addition to the wear of metallic surface and coefficient of dry friction and
contact temperature following friction at different loads (contact pressures) and sliding speeds.

4. RESULT AND DISCUSSION

The wear tests were detailed presented elsewhere [9]. While measuring the wear traces
widths with the help of optical microscopy, microphotographs are also taken, in order to identify the
plastic material’s transfer and the metallic surfaces’ wear mechanisms. These microphotographs
prove that the wear mechanisms vary from one couple to another, due to surfaces’ nature: metallic
and composite plastic material, especially their hardness (59 HRC for C120 hardened steel and 62
HRC for Rp3 hardened steel), the glass fibres content, 30% and 20%, the composite plastic materials’
elasto-plastic characteristics while in contact with metallic surfaces. Considering the same loading
conditions, the two couples to which is made reference have a different behaviour. On C120 steel
sample (Fig. 5), at a normal load of 20 N and a contact temperature of 150°C, there are plastic material
transfer bridges, crossing on the wear traces (Fig. 5a), as well as the glass-fibres torn from the
polymer matrix.

Figure 5. Wear, glass fibres and plastic material transfer on C120 steel surface, following the
friction with Nylonplast AVE polyamide reinforced with 30% fine glass fibres (a), in
experimental conditions (sliding direction is indicated by the arrow):

v =27,85cm/s; N=20 N; T = 150 °C; t = 60 min and (b) in experimental conditions v = 27.85
cm/s; N=30N; T =175°C; t = 60 min.

Considering the same mechanical stress conditions (load and relative speed), the microscopic
inspection of the Rp3 steel samples, while in friction contact, with the same composite plastic material,
reveals a less pronounced plastic material transfer through adherence onto the metallic surface,
visible on the left side in Figs 6 (a) and 6 (b). If the test duration is double (120 min), practically there is
no plastic material transfer as one can see in Fig 6 (c).

If the test duration is double (120 min), practically there is no plastic material transfer as one
can see in Fig 6 (c).

It is considered that due to high registered contact temperature (237 °C) the transfer takes
place for sure, but the transferred material is subsequently removed through friction from the contact
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area, under the form of wear particles following the glass fibres abrasive action. After this stage, the
abrasive wear due to glass fibres becomes predominant.

v=27.85cm/s; N =40 N; v=27.85cm/s; N=30N; v=27.85cm/s; N =40 N;
t=60 min; T =217 °C. t=120 min; T=175°C. t =120 min; T =237 °C.

Figure 6. Wear and plastic material transfer on C120 steel surface, following the friction with
Nylonplast AVE polyamide reinforced with 30% short glass fibres (sliding direction is indicated
by the arrow)

It is possible that the less pronounced plastic material transfer emphasized on the Rp3 steel
surfaces to be due to this steel’s chemical composition and structure.

We detect the same findings in the case of Noryl polyamide + 20% glass fibres in friction on
the same steels, but to a lesser scale. In the case of Lexan 3412 polycarbonate reinforced with 20%
glass fibres friction onto the same metallic surfaces and considering the same stress conditions,
generally speaking there is no plastic material transfer — Figs. 7 (a) and 7 (b) The transfer appears
only if the load reaches 40 N, which corresponds to a contact pressure of 33.8 MPa, and when the
contact temperature reaches 251 o°c - Fig. 7 (c). We do consider that probably the polycarbonate has
a lesser transfer capacity than the polyamide.

@ (b)
v=27.85cm/s; N=20N; v=27.85cm/s; N=30N; v=27.85cm/s; N=40N;
t =60 min; T = 164 °C. t =120 min; T = 185 °C. t =120 min; T = 251 °C.

Figure 7. Wear and plastic material transfer on Rp3 steel surface, following the friction (sliding
direction is indicated by the arrow) with Lexan 3412 polycarbonate reinforced with 20% short
glass fibres

In the case of polyamide reinforced with 30% glass fibers plastic transfer on steel surfaces is
manifested up to around a temperature of 240 °C, when it comes to the vitrification state of the plastic
bushing surface (glass transition temperature).

Table 1 summarizes the experimental results concerning the friction coefficient, mean wear
rate (linear and volumetric) and contact temperature. Results show the growth of these quantities at
increase of glass fibers content, normal load and sliding speed.
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Table 1. The range of mean wear’s rate, friction coefficient’s and contact temperature’s rate for
tested friction couples

Friction couple Mean friction Volumetric wear Linear wear rate Contact
coefficient rate (10'6 cm3/h) (10'4 mm/h) temperature (OC)
v =(18.56 —46.41) cm/s; N= (10— 50) N
Polyamide + 30% 0.51 0.139 —1.621 0.965 — 8,549 155 - 240
glass fibres/C120
Polyamide + 30% 0.47 0.214-1.169 2.382 - 6.004 150 - 225
glass fibres/Rp3
Polycarbonate + 0.43 0.244 —1.309 3.592 - 6.366 140 - 230
20% glass
fibres / C120
v =(46.41-111.4)cm/s; N= (10— 50) N
Polyamide + 20% 0.40 0.440 - 2.578 3.269 - 6.794 145 - 230
glass fibres/C120
Polyamide + 20% 0.36 0.473 —2.549 3.792 - 6.627 130 — 220
glass fibres/Rp3

Although cannot be made a mathematical correlation between friction coefficient and contact
temperature, it is obvious that the contact temperature increases while increasing the friction. Contact
temperature increase causes transfer of plastics, whether in the form of transfer bridges, or plastic
material depositions and glass fibers on the edge output of the wear scar.

4. CONCLUSION

In order to study the metallic counter-part’s wear in dry contact with glass fibres reinforced
plastic materials Timken type friction couples (with linear contact), cylinder on plan are used, which
allows to attain high contact pressures, hence high contact temperatures.

In this matter it is possible to observe, whether and in which conditions the plastic material
transfer to the metallic surface takes place as well as the influence of the glass fibres filling during this
phenomenon, and its effect on the surface’s wear. As it is not followed the polymer’s wear, but only
the polymer’s friction influence, over the samples’ metallic surfaces wear, is used the unidirectional
sliding movement.

In the case of sliding friction thimble with linear contact, plastic material on steel, contact
temperature increase can achieve in certain stress conditions (contact pressure and sliding speed)
elasto-plastic transition temperature of the polymer and even of the vitrification state of its surface.

Presented paper has some limitations. Thus, the contact temperature was measured using a
miniature thermocouple inserted into a hole of 1 mm practiced in the middle of the back surface of the
flat metallic sample up to 0.5 mm behind the surface friction. Although small, this distance with the
friction surface makes that the measured contact temperatures to be relatively lower than the real
ones. Another limitation consists in the fact that the elastic contact hypothesis in which contact
pressures were hardly calculated can be accepted in the case of the elasto-plastic transition
temperature of the plastic material reinforced with glass fibers.

However, by modeling the linear dry sliding contact, the bush of plastic material reinforced with
short glass fibers on flat steel surfaces, were obtained the contact pressures and temperatures similar
to those found in processes of processing by injection or extrusion of plastic materials reinforced with
short glass fibers.
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Abstract: In this paper we tried to present a qualitative correlation, based on extensive experimental
determinations between the value and the evolution of the friction coefficient in the case of linear dry
contact, thermoplastic material reinforced with short glass fibres (SGF) and various steel surfaces.
The aim was to highlight the evolution of the wear process depending on the evolution of the friction
coefficient. As a result, it was possible to graphically illustrate the evolution of the friction coefficient
and the change of the wear process, emphasizing the abrasive, adhesive and corrosive wear. It was
aimed and it was highlighted the evolution of the plastic material transfer function of the contact
temperature, namely of the power lost by friction (product between the contact pressure and sliding
speed, pv). It has been demonstrated that in the case of a 30% SGF content it can reach and even
exceed contact temperatures very close to the flow limit of the plastic material. We tried, believing
successfully, the graphic illustration of the evolution of the steel surface wear and of the contact
temperature, depending on the friction coefficient. It was analysed in detail the influence of the normal
load and sliding speed, but also of the metallic surface roughness on the friction coefficient.

Key words: friction coefficient evolution, wear of steel surface, contact temperature, plastic
material transfer, hardness of steel surface influence

1. AIMS AND BACKGROUND

Composite thermoplastic materials are biphasic materials consisting of a mass of polymer and
the reinforcement embedded in it. The polymer provides the compressive strength of the material,
while the reinforcement improves the tensile strength. Homogeneity of the material and its cohesion
has an important role in obtaining some good mechanical characteristics. Thus, the disposal of the
reinforcement considerable influences the tensile strength feature. Also the elasticity of the polymer
can improve the compression resistance or bending resistance of the reinforcement material. The role
of the basic polymer is first of all mechanical and is to provide the bond with the reinforcement fibres. It
is the one that transmits the efforts between the reinforcement fibres. Therefore, it is necessary to
ensure a minimum adhesion between these two phases. The adhesion cannot be achieved by
mechanical means, is necessary to achieve a chemical bond for the polymer coating with the basic
polymer. The treatments performed for this purpose are specific to each thermoplastic material.
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Basic polymer acts as a bridge between the reinforcement glass fibres. If the binder is slightly
deformable, the fibres cannot move, so only a small number of them support loading. The polymer
must allow a balanced distribution of efforts between the reinforcement fibres, but in the same time
must limit their movement to prevent an excessive deformation of the product. Also, the basic polymer
ensures the tightness against humidity, because most of the reinforcement fibres have a high affinity
for water, resulting in the loss of some of the properties. The glass nature has importance on the time
constancy of mechanical, electrical and chemical properties of reinforced thermoplastic material. In
order to obtain stable products alkali-free glass is used, because all of the fibres with a high content of
Na or K have characteristics that decrease rapidly in time, as a result of their superficial hydrolysis by
the action of humidity. In order to improve the mechanical properties, in particular elastic modulus,
glasses containing metal oxides are used in certain proportions.

The glass fibres used to reinforce the thermoplastic materials, when they are free of defects,
have a minimum tensile strength of 25 MPa, and with their usual surface defects achieve maximum 15
MPa, although the glass itself has a resistance of 0.5 — 0.6 MPa. Elastic modulus achieves 750 — 790
MPa. Fibres have elongations of 2 — 3 %, total elastic elongation. No permanent deformations occur
before breaking and no hysteresis at normal temperature.

Also, the presence of the glass fibres leads to reduction of the factor time in the creeping
process. Dimensional changes due to water absorption remain a problem of hygroscopy, polymers
inherent. By incorporating glass fibres in the thermoplastic materials their mechanical properties are
preserved, in a wide temperature range.

Thermoplastic materials with glass fibres structurally present a mechanical association of
glass and polymer fibres. Thermoplastic compounds are characterized by high plasticity under certain
conditions of temperature and by their returning to the initial stage by cooling. In the plastic stage they
can be processed into finished products.

Ever since the year 1964 Bowdon and Tabor [1] experimentally found that the values of the
friction coefficients of the "clean" metals couplings on plastic materials and in the presence of some
moderate loads are similar to those of the plastic material/ plastic material friction couplings. They
considered that the shear force is due to friction of the micro-junctions formed on the contact surface
of the two semicouplings.

In the specialty literature there are works which give values of the friction coefficient of plastic
material/ metal, plastic material/ plastic material, reinforced or unreinforced couplings, operating both
under dry friction and in the presence of lubricants. Jacobi [2] presents for polyamide reinforced with
glass fibres, values of the friction coefficient ranging between 0.04 and 0.5. Bilik [3] determined for the
friction coefficient of the polyamides/ steel, values up to 2.0. All the mentioned works emphasize the
fact that the value of friction coefficient is not constant, it depends on the relative sliding speed,
contact pressure, surface roughness, temperature, etc.

Clerico [4] studying the friction behaviour of the polyamide/ metal coupling found that the
friction coefficient values are higher for short periods of operation, than for long term operation of the
coupling. He indicates friction coefficient values from 0.1 up to 0.65 for the first three hours of
coupling’s operation, values that decrease up to 0.42 in the next 67 operation hours. He explains this
by the viscoelastic properties of the polymer.

Hrusciov si Babicev [5, 6] shows the growth of microcutting component of the friction force for
plastic material reinforced with fibreglass/ steel couplings, with increasing the polymer content.

Bely [7], Bartenev and Laventiev [8] studied the influence of the polymer’s nature and of the
glass fibres orientation in its mass, on the friction coefficient. They found that the friction coefficient
values increase when glass fibres have not the same orientation in the basic polymer.

Watanabe et al [9] show the increase of the friction coefficient with the increase of the normal
load. They explain the influence of temperature on the friction coefficient value’s decrease by the
intensification of plastic material transfer to the steel.

Lancaster [10] taking care of the friction behaviour of the polymers reinforced with different
natures fibres, established the dependence of the friction coefficient of the ratio 77vd3/N for lubricated
couplings beak (of diameter d) / disc type. He found the decrease of the friction coefficient with the
reduction of the metallic surfaces roughness and with the increase of the mentioned report value. The
friction coefficient decreases from 0.19 to 0.04 when the ratio nvdS/N increases from 10" to 10™" m2,
for a roughness of 0.15 um of the steel surface. For roughness of 0.46 um, the friction coefficient is
constant when the mentioned report increases from 10" to 10" m?.

Studying the friction behaviour of the thermoplastic materials, Barlow [11] provides for friction
coefficient of these on steel, values of 0.1 + 0.28, in the presence of a lubricant. He notes the increase
in the value of friction coefficient with the increase of the relative sliding speed between the surfaces of
friction torque.
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West [12] examining the friction behaviour of the polyethylene/ steel coupling shows the
reduction of the friction coefficient from 1.24 to 0.78, when the normal load increases from 10 to 5000
N. He demonstrates that for normal loads of 250 (1500 N, the friction force is proportional to the factor
(NO' 88), and the friction coefficient is proportional to (N'O' 22)

Bartenev, Lavrentiev et al [13] establish in the case of plastic materials friction on metallic
surfaces, the increase of friction force with increasing the logarithm of sliding speed. This dependence
is expressed by Vinogradov, for friction on metals of crystalline polymers. In the case of adhesion
processes preponderance, he finds also an increase of the friction force with the normal load.

From the above, it can be concluded that the friction process of thermoplastic materials is
extremely complex, a variety of parameters influencing the value of the force and of the friction
coefficient. These parameters, physical and mechanical, influence the friction process in the presence
of a lubricant in the contact region, and in the absence thereof. Although relatively numerous, the
published works do not allow a complete characterization of the process, due to the heterogeneity of
the materials tested and the experimental conditions used as well as of the contact types variety and
of the research installations used.

If realized researches and published works on the friction behaviour of the thermoplastic
material reinforced with glass fibres/ metal coupling are quite numerous, not the same can be said
about those published in the wear domain. The data presented in the specialty literature concerning
the wear of this coupling, refer to certain limited domains of use of the reinforced thermoplastic
materials. Most papers treat qualitative aspects of the wear phenomenon, just few presenting and its
qualitative side. Thus, Bowden and Tabor [14] have highlighted the importance of the distribution of
stresses on the contact surface, showing that in the case of a Hertzian contact with a pressures
elliptical distribution, the central area of the contact surface will be more seriously damaged than the
marginal areas due to higher values of surface tensile stresses (y¢p) and reach to exceed a certain
critical value (up) .

Jost [15] highlights that for the polyamide/ metal coupling adhesion wear predominates both in
the dry friction conditions and in the presence of the lubricant.

Lancaster and Evans [16] studying the wear behaviour of reinforced polymers under
hydrodynamic lubrication, observed the decrease in wear rate with increasing the value of the factor
77vd3/ N for beak type couplings with diameter (d), made of plastic material, in friction on metal discs.
The decrease is more pronounced, as the metal surface roughness is more reduced. He set for
polyamide (PA) + MoS,/ steel coupling (R, = 0.15 gm), the wear rate of 5 x 10 mm*Nm and for the
(PA) + graphite/ steel coupling (R, = 0.15 um), the wear rate of 5 x 10" mm®Nm, while for the (PA) +
glass/ steel coupling (R, = 0.15 um) the wear rate reaches 4 x 10™* mm®*Nm, and 3 x 10 mm?®Nm for
(PA) / steel coupling (R, = 0.15 gm).

Shen and Dumbleton [17], comparatively studying the wear behaviour of high density
polyethylene and polyoxymethylene (Delrin 150 commercial type), processed by injection, establish for
the wear coefficient values from 7.8 to 28.6 x 10™'° cm?N. They propose to calculate the linear wear of
high density polyethylene (UHMWPE), a relation of the type:

h = kpx

where: h — linear wear; k - wear factor; p - nominal pressure; x - sliding distance.

Based on the above relation they have established for the wear factor of high-density
polyethylene, values ranging from 1.3 - 3 x 10" cm?/daN.

L. Capitanu, A. larovici and J. Onisoru [18] reported about the behaviour of polyamide and
polycarbonate reinforced with glass fibres in friction on steel surfaces, and L. Capitanu and V.
Florescu [19] presented some tribological aspects of the steel surfaces wear in dry friction on polymer
composites with glass fibres.

2. MATERIAL AND METHODS

Friction and wear processes were analysed for a relatively wide range of tribological
parameter values that affect it (load, relative speed, temperature). Range of values used for the
parameters mentioned include both values commonly encountered in industrial applications, as well
as some extreme values, less common, but that are of interest from the point of view of the friction and
wear mechanism. Thus, although the values of the stresses and the speeds some parts made of
thermoplastic materials usually work are between 0.2 — 1 MPa and respectively 1 — 500 cm/s,
attempts were made at speeds and loads greater than or less than the ranges mentioned.

The two elements of friction couplings (cylindrical sleeve and flat sample) were made of
plastic material and metal, respectively. The metallic elements of the examined couplings were made
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of steels of different qualities and with different surface states. Of tested steels only a few qualities
widely used in industrial practice have been selected for presentation.

For friction and wear tests polyamides and polycarbonates were selected from the wide range
of thermoplastic materials processed in industry, in view of their increased reinforcing possibilities with
glass fibres and high density polyethylene because of its use as a replacement of metals in some
practical applications.

Experimental tests have been conducted using polyamides and polyesters reinforced with
20% and 30% of glass fibres. For comparison, friction-wear tests were performed and with
unreinforced polyamides and polycarbonates.

For the experimental tests have been used thermoplastic matherials whose characteristics are
shown in Table 1.

A certain variation of such characteristics according to the various commercial types is
observed, variation which occurs in rather limited ranges. From, Table 1, it is noted the improvement
of physico-mechanical properties of materials reinforced with glass fibres, compared to the
unreinforced ones.

Nylonplast AVE Polyamide [20] has incorporated 30% glass fibres having a diameter of 12
um, resulting in an accentuated decrease of products deformation. Thus, at 50°C and a compression
of 140 daN/cm?, deformation decreases from 1.4% in the case of unreinforced polyamide to 0,2% for
the reinforced one.

Noryl Polyamide [21], reinforced with 20% glass fibres is characterized by a very low water
absorption and high value of elastic modulus.

Lexan Polycarbonate [22], reinforced with 20% glass fibres, has a high mechanical strength, a
very good dimensional stability, and high resistance to shock.

Makrolon polycarbonate [23], unreinforced, has high resistance to shock, outstanding
dimensional stability, low water absorption and low deformability.

Technyl Polyamide [24], although unreinforced with glass fibre, presents due to its high
capacity of crystallization, a high consistency of mechanical properties, low deformability, good
resistance to bending, strength and shock, a good friction resistance.

Friction and wear behaviour of the materials above, considered significant for the polyamides
and polycarbonates tribological manifestation, has been studied and will be presented in detail in this
paper.

In Figure 1 is shown a series of photomicrographs intended to restore some details on the
structure of thermoplastic materials tested.

f (x100)

Figure 1. Microphotographs of the structures of thermoplastic materials reinforced with glass
fibres, submitted to friction and wear tests. a. Nylonplast AVE Polyamide + 30% glass fibres; b.
an image of the cross section from a dent of a gear wheel manufactured through injection from
Nylonplast AVE Polyamide + 30% glass fibres; c. the image of a cross section for a sample
made of Noryl Polyamide + 20% glass fibres; d. image of the microstructure of Lexan
Polycarbonate reinforced with 20% glass fibres of approximately 8 um diameter; e. a cross
section of the dent of a gear wheel manufactured from Lexan polycarbonate reinforced with
glass; f. The image seen in polarized light of the microstructure of non-reinforced Technyl
polyamide.
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In Figure 1.a is shown the microstructure of Nylonplast AVE Polyamide reinforced with 30%
glass fibres with a diameter of approximately 12 um [20].

Figure 1.b presents a cross-section from a dent of a gear wheel manufactured through
injection from Nylonplast AVE Polyamide + 30% glass fibres [20].

In Figure 1.c is shown the image of a cross section for a sample made of Noryl Polyamide +
20% glass fibres [21].

Figure 1.d renders the image of the microstructure of Lexan Polycarbonate reinforced with
20% glass fibres of approximately 8 um diameter [22].

Figura1l. e shows a cross section of the dent of a gear wheel manufactured from Lexan
polycarbonate reinforced with glass [23].

Figure 1.f shows the image seen in polarized light of the microstructure of non-reinforced
Technyl polyamide.

Metallic contrapieces of tribological tested couplings were made of the following steels: C 120
steel hardened 59 HRC; Rp3 steel, hardened 62 HRC and 33 MoC 11 steel hardened 51 HRC.

The mechanical characteristics, chemical compositions and some microstructure
considerations of these steels are given in Table 1.

Table 1. Physical-mechanical and metallographic characteristics of the metals submitted to
friction -wear tests.

Steel Metallographic Chemical composition (%) and mechanical characteristics
Characteristics
C Si Mn S P Cr Mo \ Ni W
max max max max. max.
0.7 0.2 0.45 0.02 | 0.025 3.5 0.6 1.0 0.4 175
0.8 0.4 4.4 1.4 19.5
Rp3
Carbides uniformly Hardened in oil, 1250 °C — 1350 °C; Hardness 62 HRC
segregated, on
matertesite field.
Small residual
austenite (attack nital
2%).
C Si Mn S P Cr Mo \ Ni w
max max max.
1.8 0.15 0.15 0.02 0.03 11 - - 0.35 -
2.2 0.35 0.45 5 13
C120
1500
<onexd Hardened in oil, 930 °C — 960 °C; Hardness 59 HRC
Precipitate of globular
carbides uniformly
distributed in a
martesite mass
slightly tempered
(attack nital 2%).
C Si Mn S P Cr Mo \Y Ni w
max max max.
1.8 0.15 0.15 0.025 | 0.03 11 - - 0.35 -
2.2 0.35 0.45 13
33MoC11
$ 002 = 7 MPa; g, =9 MPa
NN A e o Hardened in oil; Hardness 51 HRC
Acerose martesite,
slightly tempered
(attack nital 2%)

The surfaces of metal samples were processed by grinding, wet polishing with aluminium
oxide and polishing with diamond paste for different grain sizes. This technology has allowed to obtain
surfaces with R, = 0.025 um, R, = 0.045 um, R, = 0.075 um and R, = 0.125 um. For the experiments
were used samples with roughness higher or lower than the one mentioned above, for a more
complete characterization of the friction and wear process.

Due to the wide range of loads and speeds considered, and the need to achieve the greatest
possible variety of working conditions (contact pressures, sliding speeds and temperatures) for a more
complete characterization of the tribological behaviour of composite material/ steel coupling was used
an experimental installation with Timken type friction torque (with linear contact). This can achieve
very high contact pressures (between 16 and 36 MPa).
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Testing installation has been presented in detail elsewhere [19].

3. RESULTS AND DISCUSSION

Tests carried out have had the purpose of determining the influence of the main factors
affecting the friction in the case of thermoplastic material reinforced with glass fibres/ metal couplings.
It is well known the law established by Coulomb (1780) that the friction force F; is direct proportional to
the normal force N:

F, =N (1)

Multiple studies conducted later have shown that p, the friction coefficient, is not only
dependent on the normal force.

Relations for variations of the friction force, depending on the load applied can be considered,
of the form:

F, =aN+bN" (2)
or more simply:

F, =a-+bN (3)
or:

F, =a+bN" (4)

Last relationships lead to the conclusion that when the normal force is equal to 0, the friction
force has other value than 0 (F; =a). Although this could be explained by the presence of a

remanent force of adhesion of the two surfaces, even after the removal of the normal load, however,
we consider more accurate the use of a relationship of the form:

Fe =kN" (%)
where n is subunitary.
Friction coefficient, according to Coulomb's Law, has the expression (of rel.1), u = F; IN .

We can express the friction coefficient for the plastic materials and in the following form:

u=z,1p, ©)

where 7; represents the shear strength of the softer material, and p_ represents the flow pressure of

the same material. Because p, = HB/3, results:
u=3r, /HB (7)

Equation (7) is in agreement with the experimental preliminary results.

Increasing the friction coefficient increases the wear rate, but no one managed to establish a
mathematical relation between the two quantities, although this is widely recognized. In the following
we shall give some suggestive graphical representations that make a qualitative correlation between
the two quantities, and tying them to the contact temperature.

The influence of load on the friction coefficient of the Nylonplast AVE PA + 30% glass fibres/
C120 steel coupling is shown in Figure 2 for Timken type coupling (with linear contact), at the sliding
speed of 18.56 cm/ s. It can be seen the increase of the friction coefficient of with the increase of
normal load applied to the coupling. The variation of friction coefficient is nonlinear, in accordance with
equation (5).
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Figure 2. Variation of friction coefficient and contact temperature function of the normal load at
the sliding speed of 18.56 cm/ s for Nylonplast AVE PA + 30% SGF/ C120 steel

At this sliding speed the dry friction coefficient on C120 steel has values between 0.27 and
0.37, the contact temperature ranging between 108 and 165°C. In the case of friction on Rp3 steel, dry

friction coefficient values (Figure 3) are between 0.25 and 0.38, the contact temperature ranging
between 78 and 155°C.
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Figure 3. Variation of the friction coefficient and contact temperature function of the normal
load at sliding speed of 18.56 cm/s for PA Nylonplast AVE + 30% SGF/ Rp 3 steel coupling
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Figure 4 shows the variation of the friction coefficient and contact temperature function of the
normal load for PA Nylonplast AVE + 30% glass fibres/ C120 steel coupling, at sliding speeds of 27.85
and 37.13 cm/s.
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N=10N; T =135"°C; t = 60 min. N =20 N; T =150 °C: t = 60 min.
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Figure 4. Variation of the friction coefficient and contact temperature function of the normal
load for PA Nylonplast AVE + 30% SGF/ C120 steel coupling, at sliding speed of 27.85 cm/s.

At this sliding speed the dry friction coefficient has values between 0.32 and 0.35, the contact
temperature ranging between 108 and 165°C. In the case of friction on Rp3 steel, dry friction
coefficient values (Figure 3) are between 0.27 and 0.38, the contact temperature ranging between 135
and 188°C, function of the applied normal load.
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Comparing the images of the three figures the mixed character, adhesive and abrasive of the
metallic surface wear is easily seen (Figures 2 and 3) at low load (20 N), followed by strong transfer of
plastic materials at loads of 30 — 40 N, with transfer bridging at 30 N and even plastic flow at 40 N,
when the temperature of metallic surface reaches 188°C (figure 4). At the beginning of the wear
process, the glass fibres are got away from the polymer matrix, broken and expelled on the output of
the wear defects.

The characteristic of wear of metallic surface is changing noticeable at the speed of 37.13
cm/s, becoming predominantly abrasive, the adherent material being removed and deposited on the
output of the wear traces. It begins to appear the corrosion wear manifested by pinches localized in
the centre of the wear traces. Figure 5 shows the wear traces after 60 min of testing at this speed. The
friction coefficient varies between 0.33 and 0.37, and the contact temperature varies between 135°C
and 190°C.

N=10N; T=135"C. N=20N; T=173"C. N=30N; T=190"C.

Figure 5. Changing of the preponderant character of the wear and contact temperature function
of the normal load for PA Nylonplast AVE + 30% SGF / C120 coupling, at speeds of 37.13 cm/s.

Evolution of contact temperature and of C120 steel surface wear appearance at the speed of
55.70 cm/s, for the same friction torque, is shown in Figure 6, when the friction coefficient varies
between 0.37 and 0.40 and contact temperature is between 150 and 267°C. The wear character
becomes visible adhesive when the applied load increases at the value of 40 N (contact temperature
238°C).

300 4 TIC] NYLONPLAST AVE +30%glass/C120
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50 (=§gg\\7r:)ules
V= cm/s N [N]

0 5 10 15 20 25 30 35

N=10N; T =150 "C: t = 60 min. N=20N; T=191"C; t=60 min.

Figure 6. Evolution of contact temperature and of C120 steel surface wear appearance at the
speed of 55.70 cm/s, for PA Nylonplast AVE + 30% SGF / C120
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At the highest sliding speeds used for testing, 111.4 and 153.57 cm/s, in the case of C120
steel friction coefficients between 0.37 and 0.48 are reached, the measured contact temperatures
ranging between 279 and 295°C. This makes the wear to manifest mainly by adhesion and corrosion
(Figure 7).

205 4 T[C] NYLONPLAST AVE+30glass/C120

290 /

285
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275
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265
260
255

—o— Vv=153.57cm/s 1202 R=1

250 N[N]
245 s
0 5 10 15 20 25 30 35 40 45
v=111.4cm/s
N =20 N; T =279 °C; t = 60 min. N =40 N; T =291 °C; t = 60 min.

v =153.57 cm/s

N =40 N; T=238"C; t=60 min.

Figure 7. Evolution of contact temperature and of steel surface wear appearance at the speeds
of 111.4 cm/s and 153.57 cm/s, for PA Nylonplast AVE + 30% SGF / C120

At higher loads (50 N), the tests are inconclusive because the surface of polymeric sample
moves into vitrification (transition at the glassy state) due to very high temperature, covering it with a
glass layer.

In the case of friction of polymer with 30% glass fibres on Rp3 steel surfaces that are harder
(62 HRC) up against C120 steel surfaces, can make the same findings on wear evolution function of
the normal load and sliding speed as in the case of C120 steel. Thus, under the same test conditions,
the wear increases with increasing the normal load of the sliding speed, friction coefficients are
somewhat lower, ranging in 0.27 - 0.42 domain, but the contact temperatures are between 164 and
249°C, in used test conditions. For example, Figure 8 shows the contact temperature variation function
of the normal load, at the speeds of 37.13 and 46.41 cm/s, for the friction of polyamide Nylonplast
AVE + 30% SGF on Rp3 steel surfaces.
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Figure 8. Evolution of contact temperature and of steel surface wear appearance at the speeds
of 37.13 cm/s and 46.41 cm/s, for PA Nylonplast AVE + 30% SGF / Rp3

In the case of friction of polyamide Noryl + 20% SGF and polycarbonate Lexan 5412 + 20%
SGF friction coefficient value varies between 0.35 and 0.50, and contact temperatures vary between
220 and 251°C, function of the test conditions. On the input side of the wear stamp a massive transfer
of polymer removed by abrasion and torn reinforcing fibres manifests, and on the output side of the
wear trace a massive transfer of plasticized polymer from the composite material matrix occurs. For
example, Figure 9 shows the diagram of contact temperature variation and images of the phenomena

described above.
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v =27.85cm/s, t =60 min.

Fibre de sticla smulse, depuse pe
marginea de intrare a amprentei de Amprenta de uzura
uzura
Figure 9. Evolution of contact temperature and of steel surface wear appearance at the speed
of 27.85 cm/s, for PC Lexan 3412 + 20% SGF / C120

Material plastic transferat pe
marginea de iesire a amprentei

4. CONCLUSION

From the above, we can draw several conclusions:

- the wear process of metallic surfaces in dry friction contact against plastic materials
reinforced with short glass fibres evolves over time, depending on loading, moving from the initial
abrasive wear caused by glass fibres, at adhesion wear characterized especially by the transfer of
plastic material on the metallic surface, but also by corrosion;

- the friction coefficient has values in a wide range comprised between 0.2 and 0.5;

- contact temperatures increase function of the applied load and the sliding speed, reaching
values of 295°C, resulting in plasticizing of plastic material and exceeding the transition temperature at
the glass and even the flow one;

- the friction coefficient values of the reinforced plastic materials, on the surfaces of the C120
steel samples are higher than those obtained on the surfaces of Rp3 steel samples. The explanation
for this phenomenon lies in the difference in hardness of samples surfaces made of the two steels.
This behaviour confirms equations (6) and (7). Equation (7) is consistent with the results shown in
Figures 2 and §;

- friction coefficient values on C120 steels, of the thermoplastic materials reinforced with glass
fibres, pass through a minimum located in the normal loads domain of 20-30 N. In the case of the
same materials friction on the Rp3 steel surfaces, the increase of the friction coefficient with normal
load is quasilinear. The explanation for this phenomenon is that, under the action of the tension states,
the C120 steel undergoes superficial hardening manifested by the increase of its hardness in the
friction area. Hardening occurs at contact pressures between 1.75 and 2.0 MPa, corresponding for the
linear contact couplings used for a load of 20 N. At higher loads, respective greater efforts, the harden
layer is destroyed and entails the increase of the friction coefficient as result of hardness decreasing;

- although it can not establish a mathematical relation between the friction coefficient, contact
temperature and metallic surface wear, we believe that the manner of graphical presentation of the
wear state of the metallic surafce and the contact temperature (friction coefficient) is significant for the
plastic material/ steel contact.

However, this research has some limitations.

Thus, at high contact temperatures, is unlikely that the elastic contact assumption in which the
modelling was made, to be valid.

Also, the contact temperatures were measured at 1 mm below the metallic contact surface, so
obviously the real temperature was higher.

Evaluation of the friction coefficient was done over time as an average of the friction coefficient
during the test and not as a friction coefficient at a certain time.
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EFFECT OF THE THICKNESS OF THE FRICTIONAL LINING ON THE
THERMOELASTIC BEHAVIOUR IN THE DRY CLUTCHES

Oday |. Abdullah, Josef Schlattmann, Mumtaz Jamil Akhtar

Abstract: when the clutch starts to engage, frictional heat will be generated due to the
difference in the velocities between the driving and driven shafts. A finite element method has been
used to investigate the effect of thickness of frictional facing on thermoelastic behavior of the clutch
disc. The coupled thermal and elastic analysis has been carried out for the single-disc clutch system
(flywheel, clutch disc and pressure plate). The results present the contact pressure distribution, heat
flux and temperature field distribution. Analysis has been completed using two-dimensional
axisymmetric model. Thickness of the frictional facing of a clutch disc is a significant parameter that
affects the thermoelastic behavior of the clutch system. The results show that the values of the
temperature and contact pressure will increase dramatically when the thickness of the frictional
facining decreases.

Key Words: Transient thermal analysis, frictional heat, dry clutch, FEM, thermoelastic
behavior.

1. INTRODUCTION

Experience shows that the most premature clutch failures can be attributed to an excessive
surface temperature generated during the slipping period. To prevent the clutch failure before an
expected life cycle, it is necessary to know the maximum surface temperature and contact pressure
and how these parameters vary with the known conditions of loading, physical properties, dimensions
of the clutch disc and degree of air cooling.

Belhocine and Bouchetara [1] studied the thermal behavior of the ventilated brake discs of
vehicles using ANSYS software. The modeling of temperature distribution in the disc brake is used to
identify all the factors and important parameters that involve during the braking operation such as the
type of braking, geometric design and material of the disc. The numerical simulation for coupled
transient thermal field and stress field is carried out by sequentially thermal-structural coupled method
based on ANSYS to evaluate the stress fields and deformations which are established in the disc with
the pressure on the pads.

Shahzamanian et al. [2] investigated the thermoelastic contact problem of functionally graded
(FG) rotating brake disk with heat source due to contact friction using finite element method. In this
work the material properties of disk are assumed to be represented by power-law distributions in the
radial direction. The inner and outer surfaces considered are metal and ceramic, respectively. Pure
material is considered for the brake pad. Coulomb contact friction is assumed as the heat source. The
results show that the maximum value of radial displacement in mounted FG brake disk is not at outer
surface. It is found that all the area between pad and brake disk is in full contact status when the ratio
of pad thickness to brake disk thickness is 0.66.

Abdullah and Schlattmann [3, 4, 5, 6, 7, 8 & 9] investigated the temperature field and energy
dissipated from dry friction clutch during a single and repeated engagement assuming uniform
pressure and uniform wear conditions. They also studied the effect of pressure between contact
surfaces on the temperature field and the internal energy of clutch disc varying with time using two
approaches; heat partition ratio approach to compute the heat generated for each part individually
whereas the second applies the total heat generated for the whole model using a contact model.
Furthermore, they studied the effect of engagement time and sliding velocity function, thermal load
and dimensionless disc radius (inner disc radius/outer disc radius) on the thermal behavior of the
friction clutch in the beginning of engagement.
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This work presents a modeling analysis of transient thermoelastic behavior of single-disc clutch
system. A finite element method is used to investigate the transient thermoelastic analysis. The
present work is based on the fully coupled thermal and elastic fields. This paper shows the effect of
thickness of frictional facings on the temperature field and contact pressure distribution in a clutch
system. The wear effects are neglected in this analysis as sliding occurs for very short time.

2. FINITE ELMENT ANALYSIS

The finite element simulation of the clutch system involves the construction of two different
models. One is used to solve the elastic problem to yield the displacement field and the contact
pressure distribution whereas the other model is used to solve the transient thermal problem to
account for the change in temperature field. The two models are however coupled to each other since
the contact pressure from the first model is needed to define the frictional heat flux for the second
model. Furthermore, temperature field from the thermal model is required for the computation of
contact pressure from elastic model for the next load step.

Thermoelastic analysis
(to=0)

\ 4
. Geometry and model specifications

. Material properties

. Initial conditions {temperature, time steft], initial relative sliding velocity}

»
A 4
[ Start with elastic mod ]

A\ 4
| Calculate the contact pressure of clutch |

A\ 4
[ End of elastic analys ]

f =G+ At
Wherei is the load step number and
i=1,2,3,4, ... A 4

Calculate the heat flux at particular time

A
[ Start withtherma mode ]

Use the temperature distribution of clutch v
system as an initial condition for next loag
step Calculate the temperature field of clutch
system (flywheel, clutch disc and pressure
plate) during the time step

A

\ 4
[ End oftherma analysi: ]

No

Relative sliding
velocity =0

[ End olthermoelastic analys ]

Fig. 1. Schematic diagram of FE simulation
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To account for the coupling and variation of sliding speed with the time, clutch engagement
time is divided into small time steps. At each time step, the instantaneous nodal temperatures are
used in elastic contact model to determine the contact pressure distribution. The pressure distribution
is assumed to remain constant during the subsequent time. Fig. 1 shows the schematic diagram for
the finite element simulation of a coupled-field problem of clutches.

The first step in this analysis is the modeling. Due to the symmetry in the geometry (frictional
lining without grooves) and boundary conditions of the friction clutch (taking into consideration the
effect of pressure and thermal load due to the slipping), two-dimensional axisymmetric FEM can be
used to represent the contact between the clutch elements during the slipping period as shown in
figure 2. The axisymmetric finite element models (elastic and thermal) of friction clutch system with
boundary conditions are shown in figures 3 & 4. In Figure 4, h is the flow of heat to the environment
due to convection and Qgent, Qgenc @and Qgenp are the amounts of heat flux that enter to the flywheel,
clutch disc and pressure plate respectively. Four values of thickness for the frictional facing were
selected to achieve this analysis (1, 2, 3 and 4 mm). In all computations for the friction clutch model,
material has been assumed a homogeneous and isotropic material and all parameters and material
properties are listed in Table 1. Analysis is conducted by assuming there are no cracks in the contact
surfaces.

4 4
backside 6/ 6/

« Flywheel
flywhesel
L
2 - Clutch disc Contact surfac
the frictional lining 4 axial
r cushion
Pressure plate
Pressur
Fig. 2. The Contact model for clutch system Fig. 3. FE model with boundary
conditions (elastic model)
Qgent+ Qgenc
Flywheel
T Clutch disc h h
Pressure plate h
h Qgenp* Qgenc

Fig. 4. FE models with the boundary
conditions. (Thermal model)

3. RESULTS AND DISCUSSIONS

The contact pressure distribution, temperature field and heat flux of the single-disc clutch
system have been determined at a single engagement. In this work, effect of thickness of frictional
facing on the thermoelastic behavior has been investigated.

Figures 5-12 show the contact pressure distribution for both sides of the clutch disc (flywheel
and pressure plate sides) for different values of thickness of frictional facing (t) at selected time
intervals. The behavior of contact pressure for both sides of the clutch disc is almost similar. The
values of contact pressure increase when the thickness of frictional lining decreases. The maximum
values of contact pressure occur at thickness equal to 1 mm for both sides of the clutch disc. During
the slipping period the values of contact pressure increase with time and the maximum values occur
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near the inner radius of the clutch disc. The maximum values of contact pressure when t = 1mm are
found to be 3.55 MPa and 3.53 MPa corresponding to the flywheel and pressure plate sides
respectively.

Figures 13-20 demonstrate the heat flux distribution with disc radius for both sides of the
clutch disc (flywheel and pressure plate sides) for different values of t at selected time steps. For both
sides of the clutch disc, the trend of heat flux is approximately similar. It can be seen that when the
thickness of frictional facing decreases, the values of the heat flux will considerably increase. The
maximum values of the heat flux at t = 1mm are found to be 7.99 MW/m? and 8.00 MW/m? for flywheel
and pressure plate sides respectively.

Figures 21-24 illustrate the temperature field along the radius of the clutch disc for different
values of thickness t at selected time intervals. The maximum value of temperature occurs when the
thickness of frictional facing is Imm. It can be noted, that the peak values of temperature occur near
the mean radius of the clutch disc for both sides of the clutch. The maximum values of temperature at
t = 1mm during the slipping period are found to be 494.8 K and 494.6 K corresponding to the flywheel
and pressure plate sides respectively.

Figure 25 shows the history of maximum temperature for different thicknesses of frictional
facing. The maximum value of temperature is found to be 494.88 K with t = 1mm.

The temperature distributions of clutch system (flywheel, clutch disc and pressure plate) for
different thicknesses of frictional facings at time 0.24s during a single engagement is shown in figures
26-29.

Table 1. The properties of materials and operations

Parameters Values
Inner radius of friction material & axial cushion, r; [m] 0.06298
Outer radius of friction material & axial cushion, r, [M] 0.08721
Thickness of the axial cushion [m], taxi. 0.0015
Inner radius of pressure plate [m], rip 0.05814
Outer radius of pressure plate [m], rop 0.09205
Thickness of the pressure plate [m], t, 0.00969
Inner radius of flywheel [m], ri 0.04845
Outer radius of flywheel [m], ro 0.0969
Thickness of the flywheel [m], t; 0.01938
pressure, p [MPa] 1
Coefficient of friction, p 0.20
Number of friction surfaces, n 2
Young’'s modulus for friction material, E; [GPa] 0.30

Young's modulus for pressure plate, flywheel & axial cushion, (Ep, Er, and Eax), [Gpal 125

Poisson’s ratio for friction material, 0.25
Poisson’s ratio for pressure plate, flywheel & axial cushion 0.25
Density for friction material, (kg/m3), o] 2000
Density for pressure plate, flywheel & axial cushion, (kg/m3), (Pp, pf, and paxi) 7800
Specific heat for friction material, [J/kg K] 120
Specific heat for pressure plate, flywheel & axial cushion, [J/kg K] 532
Conductivity for friction material, [W/mK ] 1

Conductivity for pressure plate, flywheel & axial cushion [W/mK] 54

Thermal expansion for friction material and steel [K'l] 12e®
Slipping time, ts [s] 0.40
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Fig. 5. Contact pressure distribution at flywheel side with  Fig. 6. Contact pressure distribution at flywheel side with
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with varying thickness of friction surfaces at time =0.12s ~ With varying thickness of friction surfaces at time =0.24s
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Contact Pressure [MPa]

Fig. 11. Contact pressure distribution at pressure plate side Fig. 12. Contact pressure distribution at pressure plate side
with varying thickness of friction surfaces at time =0.36s
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Fig. 15. Heat flux distribution at flywheel side with
varying thickness of friction surfaces at time =0.24s
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Fig. 14. Heat flux distribution at flywheel side with
varying thickness of friction surfaces at time =0.12s
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Fig. 16. Heat flux distribution at flywheel side with
varying thickness of friction surfaces at time =0.36s
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Fig. 17. Heat flux distribution at pressure plate side with
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Fig. 26 . Temperature field distribution with t = 1mm at Fig. 27 . Temperature field distribution with t = 2mm at
time = 0.24s (Tmax= 494.8K) time = 0.24s (Tmax= 476.8K)
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Figure 28. Temperature field distribution with t = 3mm  Figure 29. Temperature field distribution with t = 4mm
at time =0.24s (Tpax= 465.4K) attime =0.24s (Tmax= 458.1K)

4. CONCLUSIONS

In this work, transient thermoelastic analysis of a single-disc clutch system (flywheel, clutch disc and
pressure plate) during a single engagement has been performed. Two dimensional axisymmetric
models (elastic+thermal) were used to simulate the single-disc clutch system. This work highlights the
effect of thickness of frictional facing on pressure distribution and temperature field of a clutch system
during the slipping period. It can be seen from results that the thickness of frictional facing is an
essential parameter in the design of clutches. To obtain a successful design of a clutch it is very
important to find the optimal dimension for the thickness of frictional facing. When the thickness of
frictional facing was decreased from 4mm to 1mm, an increase of 41.1% and 8% was found in
maximum contact pressure and maximum temperature respectively. The values of contact pressure
and temperature increase dramatically when the thickness of the frictional facing decreases. If a clutch
disc with thickness of frictional facing less than the optimal thickness would be used, failure of the
clutch before a normal expected life is very certain.
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INCREASE THE WEAR RESISTANCE OF INJECTION MOLDS USING PVD
COATINGS

Geogy MISHEV Stefan DISHLIEV Velko RUPETSOV

Abstract: Injection molds to produce plastic products are subject to heavy abrasion wear.
Increase their wear resistance significantly reduces the production cost. In the current work are
presented results of the researches to increase the wear resistance of injection molds made of steel
1.2343. PVD nanocomposite coating ncAlTiN/aSisN, was examined. Study the wear rate is done using
the volumetric method, which was made corresponding computer program. The survey results are
embedded in "Arexim-Ingeneering” - Smolyan / BG.

Key Words: Injection molds; Nanocomposite coatings; PVD; Wear rate

NMOBULLABAHE HA U3HOCOYCTOMYMBOCTTA HA LUMPUL®OPMU C
NMOMOLLUTA HA PVD - NOKPUTUA

Feoprn MULLEB Ctecan OULLITMEB Benko PYMELIOB

Pe3srome: Llnpuuygopmume 3a npou3sodcmeo Ha rnnacmacosu u3denusi ca rnodroxXeHU Ha
UHMEH3UBHO abpa3ueHo u3HoceaHe. [losuwasaHemo Ha msixHama u3Hocoycmou4dugsocm 8o0u 00
3Ha4YumersiHo HamarssisaHe Ha cebecmolHocmma Ha rpoussexdaHama npodykyus. B Hacmoswama
paboma ca npedcmaseHu pe3ynmamu om u3crnedsaHusma 3a [rosuwiasaHe Ha U3HOCOYC-
mouyueocmma Ha wnpuugopmu, uspabomeHu om cmomaHa 1.2343. MU3cnedsaHo e
HaHokommno3um+Homo nokpumue NncAITiN/aSisN, omnoxeHo no PVD memoda,. M3cnedsaHemo Ha
U3HOCB8aHemo ce u3sbpwuU C¢ MnoMouwjma Ha obemMHuUsi Memod, 3a Koumo 6e HarnpagseHa cbOomeemHa
KoMrtombpHa rpoepama. Pesynmamume om u3credgaHemo ca eHedpeHuU 8 ,Arexim-Ingeneering” —
CmonsH/Br.

Kmoyoeu oymu: Llinpuygopmu; HaHokomnodumHomu nokpumusi; PVD-memod; MHmeH3us-
HOCmM Ha u3HocgaHe

1. BbBEOAEHUE

M3HocoycToMYMBOCTTa Ha MHCTPYMEHTUTE B MAaLUMHOCTPOUTENHOTO MPOM3BOACTBO € OCHOBEH
dakTop 3a Npov3BOAMTENHOCTTa M cebecToMHOCTTa Ha npou3BexgaHata Npoaykuus. M3HocBaHeTo
Ha MHCTPYMEHTUTEe BOAM OO 3aryba Ha TOYHOCTTa Ha NPoOn3BOACTBEHUTE ndgenus. [2, 4].

MoBrwaBaHeTO Ha M3HOCOYCTOMYMBOCTTA HA UHCTPYMEHTUTE € eAuH OT OCHOBHWUTE npobrnemu B
npakTukata 3a yBenuyaBaHe Ha XuBOTa UM, cCrnefoBaTenHo W rofiiM M3TOYHUK 38 UKOHOMUS. Tosu
npobnem umMa ronaAMo 3HadyeHume npu pas3paboTBaHe Ha WHCTPYMEHTW, KbAeTo ce Habnopgasa
NnocTosiHHa TeHAEeHUMs1 3a yBernuyaBaHe Ha CKOpOCTTa, Temneparyparta, MexaHW4HUTEe HanpexeHus
npu paboTa Ha WHCTPYMEHTa, KaTo CblUeBpeMEHHO ce 3ana3Ba HeroBaTa (YHKUMOHANHOCT U
ObNroTpanHocrT.

3a nosuLaBaHe Ha M3HOCOYCTOMYMBOCTTA HA MHCTPYMEHTUTE OCHOBHO Ce M3nonssaT MeToauTe
3a HaHacsHe Ha TBbpAM MOKpuTUSA. KaTo yHMBepcanHO MNOKPUTUE LUMPOKO MNPUMOXEHWE Hamupa
TuTaHoBust Hutpug (TiN) B obnactta Ha pexewmuTe WHCTPYMEHTU, dopMoobpasyBalumTe
WHCTPYMEHTW, WHCTPYMEHTUTE 3a nnactudHa obpaboTka 3a noBuaBaHe Ha TAxHaTa
TOBapPOHOCUMOCT, M3HOCOYCTOMYMBOCT 1 TparHoCT [1, 5]. B HacToAWwmMA MOMEHT akueHTbT naga Bbpxy
M3MoN3BaHeTO Ha CBPBbXTBbPAW TPAAWEHTHM HAHOKOMMO3UTHWM MOKpUTUA OT Tuna nc-(Aly,Tiy)N/a-
Si3Ny4, kKOMTO MMaT Habop OT CBOMCTBA, rapaHTMpaLLM NOOXOASLOTO MM M3non3BaHe 3a nogobpsiBaHe
KayecTBOTO Ha obpaboTBawim WHCTpymMeHTM [6]. Tesam nokputms ca ocobeHo noaxoasLm 3a
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WHCTPYMEHTW, paboTelM npu TEXKM HaTOBapBaHUs W [OCTUraHe Ha BUCOKa TemnepaTypa.
OTnaraHeTo UM BbpPXY PasHOPOAHW MHCTPYMEHTANHW U OpYrM BUMOOBE Matepuanu BOAM He camo A0
MoaudUKaLmMs Ha maTtepuana Ha MOBbPXHOCTHUS CIOW, HO M 40 obpasyBaHeTO Ha MPUHLUWMHO HOB
BWI KOMMO3NLMOHEH MaTepwuan. Mpu npaBuiiHo M3bpaH TEXHOSOMMYEH NPOLIEC Ha Mosly4yaBaHe, Tesun
NOKPUTUS UMaT peauLa NpeauMcTaa.

2. UEN HA PABOTATA

Hacrtosiwata pabota uma 3a uen ga mscnegBa MHTEH3MBHOCTTA Ha M3HOCBaHE Ha MOKPUTUETO
ncAlTiN/aSi;N4, HaHeceHo no meToga PVD Bbpxy nognoxka oT ctomaHa 1.2343, mu3nonseaHa 3a
nzpaborsaHe Ha wnpuydopmu. 3a NOCTUraHeTo Ha Tasu Len e Heobxoaumo Aa ce pellat cnegHuTe
3agauu:

1. N3roTBsiHE Ha OnMUTHKU obpasum OoT cToMaHa 1.2343 1 NOKPMBaAHETO MM C HAHOKOMMO3UTHOTO

nokputue ncAlTiN/aSisN, no metoga PVD;

2./360p Ha mMeToAuKa 3a eKCrepuMEeHTanHo M3crneaBaHe Ha M3HOCOYCTOMYMBOCTTA Ha ONUTHUTE

06pasum CbC CbOTBETHOTO MOKPUTHE;

3.MpoBexaaHe Ha ekcnepyMeHTanHu n3cnegBaHus;

4. AHanu3 Ha pesynTtaTtuTte u N3BoaMw.

3. U3AroTBAHE HA ONMUTHU OBPA3LU
3a npoBexgaHe Ha ekcrnepumeHTanHute uscnegBaHus 6sxa mspaboTteHn onutHu obpasum ot

ctomaHa 1.2343 (X38CrSiMo5), nog dopmata Ha npasBoObIrbNEH napanenenunei, C pasmepwu
nokasaHu Ha cur.1, usnonasaHa 3a n3paboTBaHe Ha LLNPULIOPMU.

e
’//\‘\\\ "
» j .
// ,//,
f\\ ~ - A
~ \\E e

Que. 1. Popma u pasmepu Ha onumHume obpasuu

O6pasuunTe 69xa NOAroTBEHM KaKkTo cneasa:
- HesakaneHu wnundoBaHn (03HaveHn kato 2343 A) ¢ TBbpaocT 145 HB u rpanaBocT Ha
noBbpXxHUHUTE Ra = 0,8 um;
- 3akaneHu wnundoBaHn (o3HayeHn kato 2343 B) ¢ tBbpmoct 52 HRC u rpanaeBocT Ha
noBbpxHUHMUTE Ra = 0,8 um;
- 3akaneHu nonupaHu (o3HadyeHn kato 2343 C) c TBbpAoct 52 HRC u rpanaeBocT Ha
NnoBbpPXHUHUTE Ra = 0,2 um.
Cnea v3roTBaHETO MM cbluTe Baxa MOKPUTM C HaHOKOMNO3WMTHO nokpuTtne ncAlTiN/aSisNg no
metoga PVD.

4. METOOUKA 3A EKCMEPUMEHTANHO U3CNEABAHE HA M3HOCOYCTOWYMBOCTTA MO
OBEMHUA METOA HA TbHKW, TBbPOU MNOKPUTUA

MeToaukaTa ce cbCToM B crnegHoTo: MuHepanokepaMmyHO KOHTpaTAno, oOpMEHO C paguyc
R=2,45mm, ce OBWXM NPaBOSIMHENHO Bb3BPATHO-NOCTBLMNATENHO BbPXY NOBBLPXHOCTTA HA U3NUTBaH
obpaseu, obpasysariku cnega ¢ npodun Ha HaNPeYHOTO ceveHne — cermeHT (cur.2) [3].

Cnepata moxe Aa Obde pasfeneHa Ha Tpu yacTu. [MpaBonvHenHa 4yacT, KOSTO NpeacTaBnsiea
oTpe3 OT UMNMHABLP M OBa Kpasi, KOMTO CbedWHEeHW 3aedHO NpeacTaBnsiBaT oTpe3 OT ernencoug.
ManonsBgaiikn napameTpute paguyc R, WmMpoynHata Ha cnegata b (xopgaTa, oTcuualla cermeHTa) u
ueHTpanHua bren AOB ce Hamupa NUUETO Ha HanpeyHoTO cedyeHue Ha crnegaTta S. Ha 6asata Ha
onpegeneHata CTOMHOCT 3a NMLUETO Ha HamnpeyHOTO CeyeHue Ha criejaTa U HelHaTa ObfKuHa ce
onpenenst HEMHUAT 06eM, pecrnekTUBHO oGemMa Ha KONMYEeCTBOTO CHET MaTepuarn oT NOBbPXHOCTTA Ha
obpaseua. ObembT Ha criegaTta V Moxe ga ce npencrasu kato coop oT o6emMuTe Ha NpaBoNMHeNHaTa
yacT (oTpes oT umnuHabp) Vi n gBarta kpas V, (oTpes oT enencoug).
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§oARPMAY

ATIAAO

< A B )
MOKPUTHE
i

OCHOBEH MATEFMAA

due. 2. [puHyunHa cxema 3a onpedesisiHe Ha usHocoycmoliyueocmma 4Yype3 onpedesisiHe Ha
obema cHem memain

MHTEeH3nBHOCTTa Ha u3HoceaHe |, ce onpegend cbC 3aBUCUMMOCTTA:

I, =——, mm*N.m 1
v T NL (1)
KbaeTo: V - obema Ha KonnyecTBOTO CHET maTepuan (cnegara), mm?;
N - HopmarnHoTo HaTtoBapsaHe, N;
L - uamuHaT nbT unn npober Ha obpasela CNPsMO KOHTpaTANoTo, M.
O6embT Ha cnepaTta ce onpefens KaTo:

_ 3
V=V, +V,, mm (2)
Ob6embT Ha npaBonMHenMHata YacT Ha cregata (oTpe3 OT UMAMHOBLP) ce onpegens CbC
3aBMCUMOCTTA:

_ 3
V, =S.l, mm )
KbAeTo: |; - AbMKUHA Ha NpaBoONMHEHaTa YacT Ha cnegara, mm;
S - NMUETO Ha HanNpPeYyHOTO ceveHne Ha crieaara, mmZ.

A | B | C | D | E | F

R= 2.4

B= 0225 | ]

ALPHA= 0.091869038 5.2638634 SIN(ALPHA)= 0,0917399

h

Ch‘u: |4—‘m |Iu ‘I—‘-

[radian] [degree]
| 8 | 8= 0,000387716
[ 9 |
10 L= 11,00
11 V= 0.004265
12

due. 3. U306paxeHue Ha Ouanozoeusi NPo3opey Ha Npo2paMama 3a npecMsimaHe Ha obema Ha
cnedama

3a no-ygobHo, 6bP30 M TOYHO M3uMcnsiBaHe Ha napameTbpa V;, Oe rHepupaHa nporpama B
EXCEL (dwur.3). lNpu 3agaBaHe Ha pasnuyHy CTOMHOCTW 3a NapaMeTpuTe LUMPOYMHA U ObIDKMHA Ha
npaBonuHeMHaTa YacT Ha crejata M Ha 0asaTa Ha KOHCTaHTHUSI paguMyC Ha KOHTpaTanoTo,
nporpamarta npecMsiTa LUeHTpanHus brbil @, NULETO Ha HanpeyHoTO CeYeHMe Ha cnejata u
CTOMHOCTTa Ha obema.

3a onpegensHe Ha obema V, Ge reHepupaH mogen Ha ABaTa kpas Ha criegjata (oTpes oT
enencoua) ¢ npopykta SolidWorks (cwur.4). Mogenbt ©6e MNOCTPOEH M3NON3Barku napameTpuTe
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-1,

LInpo4YnHa Ha cnepgarta b, abmkuHaTa Ha Kpada Ha cnegarta n gbnboymHaTta Ha cnegata h or

dur.2.

ay

Quez. 4. Moden Ha dsama Kpasi Ha crieGama (ompe3 om esnericoud), 2eHepupaH ¢ NPodykKkma
SolidWorks

R edaias e
E |

OR2HBD S OIC T o (oo oo (i) AN 24U E- HIOOS SR &[22

%) e ‘

[ ]
[Z)shom uf. coondee systom i comes of widow

(s of rorss o prncod et o et L rons * sauwe vl

oot
Tiken  the ot of s,

@ue. 5. U306paxeHue Ha Auanozoeus nNposopeuy, kolimo aea uHgopmayus 3a obema Ha
nocmpoeHust Mmodes1 (ompe3 om esiericoud)

5. EKCNEPUMEHTAJTHU U3CNEABAHUA U PE3YNITATHU

EkcnepumeHTanHute u3cneaBaHMs Ha M3HOCOYCTOMYMBOCTTa 6sixa OCBLUECTBEHU BBPXY
eKcrnepumeHTaneH cTeHf, YMATO MpUHUMMHA CXema e nokasaHa Ha ¢wur.6. Peanusvpa ce Tpuelua
OBOVika Mexay u3nuTBaHua obpasey M KoHTpaTsanoto. O6paseubT M3BbPLIBA MNPaBOSIMHENHO
Bb3BpPaTHO-NOCTbNATENHO ABWKEHMNE CbC CKOPOCT V, @ KOHTPaTANOTO € NO3MLUOHMPAHO HENOABWKHO
HaToBapBaliky obpaseua c onpegeneHa HaTtoBapBawa cuna N. CkopocTTa Ha MpaBOfIMHEWHOTO
Bb3BpaTHO-MOCTbNATENHO ABWXKEHWE W rofieMuHaTa Ha HaToBapBalla cuna morat ga ce usbupaTt B
3aBMCMMOCT OT XernaHusi pexunm Ha paboTa Ha TpnboasovikaTa.

keumpamso

obpasey, <

M GO o om g g GE oy B A I T L e g o

®ue. 6. EkcnepumeHmasieH cmeHO, NPUHYUMNHa cxema
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M3cnenBaHuaTa ce npoBegoxa B ABE CEPUM 3a BCEKU €OMH OT NOKpUTUTE 00pasum (2343 A; 2343
B; 2343 C) u ertanoHHuTe (Henokputu) obpaseun (ETAJIOH A; ETAJIOH B; ETAJIOH C) B
3aBMCMMOCT OT BpeMeTo Ha paboTa Ha Tpuewata [ABounka. PexumuTte Ha paboTta Ha cTeHpa ca
nokasaHu B Tabn.1. Peanuanpa ce yCKOPEHO M3HOCBaHe Mpu Cyxo TPUeHe Ha onuTHUTEe obpasun 6e3
3agupaHe npuv ctanHa Temnepartypa. KonmyecTtBeHMTe CTOMHOCTU Ha napameTpuTe, NofyyYyeHu cneg
eKCnepuMeHTanHNTe MU3NUTBaHMS U WHTEH3MBHOCTTA HA W3HOCBaHE Ha MNOKpuTMTe obpasun wu
eTanoHHuTe (HenokpuTn) obpasum ca AageHu B Tabn.2.

NpaduyHMTE 3aBUCMMOCTM Ha obemnTe Ha cneamnTe OT M3HOCBaHe Mpu M3NUTBaHE Ha MOKPUTUTE
obpasuu n eTanoHHUTE (HENOKPUTK) 0OpasLUM NpM CLOTBETHUTE PEXUMM ca AafeHn Ha cwur.7, ¢ur.8,
dur.9, cur.10.

paduyHMTE 3aBMCMMOCTM Ha MWHTEH3MBHOCTTA Ha MW3HOCBaHE Ha MOKpUTMTe obpasum wu
eTarnoHHUTE (HenoKpuTKn) obpasum Npu CbOTBETHUTE BPEMEHA Ha M3NUTBaHe ca gageHu Ha cdwr.11,
dwur.12, cour.13, cur.14.

6. AHAIIU3 U U3BOAU

OT nonyyeHuTe pesynTatM € BWAHO, Ye NOMMpaHeTO Ha TpuelumTe MNOBBbPXHWHW He wurpae
CblUECTBEHA pOns BbpXy U3HOCBaHETO. [onMpaHeTo Ha paboTHUTE NOBBLPXHUHU HA MHCTPYMeEHTa 6u
TpabBano ga ce npunara korato Ha usgenveTo Tpsbsa da ce npugage cyneprragka noBbpXHUHA.
HaHokomnosnTHoTO nokputme ot Tuna NncAITiN/aSizN4, HaHeCceHO BbpXy MHCTPYMEHTU M3paboTeHn oT
ctomaHa 1.2343 nosuwasa U3HocoycTomnymsocTTa oT 1,5 40 2 NbTw.

Tabnuua 1. Pexxumu Ha paboma Ha cmeHOa

OG6pasey Bpeme | Ckopoct | ObmkumHa | HatoBapBaHe | U3muHar KoHTpaTtano
Ha Ha nbT
c
nokpuTme pa6ota paGoTHus (npoGer)
p T, min V, mm/s xon F, N P
(cnepara) L, m
[, mm
2343 A ¢
ncAITIN/ 30 6,78 11 0,65 12,21 MwuHepanokepamnyHa
aSi:N, nnactuHa
60 6,78 11 0,65 24,42
2343B ¢
ncAITIN/ 30 6,78 11 0,65 12,21 MwuHepanokepamnyHa
Si-N nnactuHa
aslsNa 60 6,78 11 0,65 24,42
2343 C c MwuHepanokepamnyHa
ncAITiN/ 30 6.78 " 0,65 12,21 nnactuHa
aStNs 60 6,78 11 0,65 24,42
2343 A 30 6,78 11 0,65 12,21 MuHepanokepamumyHa
ETAJIOH 50 6.78 E 0.65 24.42 nnactuHa
2343 B 30 6,78 11 0,65 12,21 MuHepanokepamumyHa
ETAJIOH 50 6.78 E 0.65 24.42 nnactuHa
2343 C 30 6,78 11 0,65 12,21 MuHepanokepamumyHa
ETAJIOH 50 6.78 E 0.65 24.42 nnacTuHa
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Tabnuuya 2. EkcnepumeHmasnHu pesynmamu

O6pasey c
nokpuTtue T, min | R, mm b, mm S, mm? vV, mm?® lw, mm¥N.m
2343A ¢C 30 2,45 0,400 2,181.10° 23,996.10° 3,023.10°
ncAITiN aSisN, 60 2,45 0,528 5,025.10° 55,272.10° 3,482.10°
2343B ¢ 30 2,45 0,296 8,831. 10" 9,715. 10° 1,224.10°°
ncAITiN aSi;N, 60 2,45 0,320 1,116.10° 12,277.10° 0,773.10°
2343C ¢ 30 2,45 0,352 1,485.10° 16,345.10° 2,059.10°
ncAITiN aSi;N, 60 2,45 0,488 3,965.10° 43,615.10° 2.747.10°
2343 A 30 2,45 0,523 4,883.10° 53,713.10° 6,768.10°
ETAJIOH 60 2,45 0,617 8,028.10° 88,312.10° 5,563.10°
2343 B 30 2,45 0,458 3,276.10° 36,043.10° 4,541.10°
ETAJIOH 60 2,45 0,552 5,743.10° 63,178.10° 3,980.10°
2343 C 30 2,45 0,472 3,587.10° 39,457.10° 4,971.10°
ETAJIOH 60 2,45 0,568 6,258.10° 68,848.10° 4,337.10°°
V.1 0’3, mm?
90 - /.
80
70 / —— 2343 B
- /0 —A— 2343 C
50 /./ / —¥—ETAJIOH C
40 / A |——ETAIIOHB
30 / / -l ETATIOH A
// / —0—2343 A
20 // /
. % N
O T 1 .
0 30 60 T, min

due. 7. MpacghuyHu 3asucumocmu Ha o6emume Ha ciedume om u3HoceaHe 3a MoKpumume
obpasyu u emanoHHume (Henokpumu) obpasyu

V.10, mm®
90 ~
80 /.
70
60 - ETAJIOHA
© n _*
40 / —8— 2343 A
30 /
20 / /./
ol 2
0 /

v.10°, mm®
90 -
80

70

60

50

—-2343B

40

/

—— ETAIIOHB

30
20

10/*
0 T

0

30

@ue. 8. paghuyHa 3asucumocm Ha obemume
Ha crnedume om u3HoceaHe 3a NMoKpumu u

emasioHHU (Hernokpumu) obpa3syu om

He3akasieHa winugoeaHa cmomaHa 1.2343
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®ue. 9. paghuyHa 3asucumocm Ha obemume
Ha cnnedume om u3HoceaHe 3a MoKpumu u
emaJloHHU (Hermokpumu) obpa3syu om
3akKasieHa wnugoeaHa cmomaHa 1.2343




V.10'3, mm?
90 1

80

50 /

40 A

70 /
60 —A— 2343 C

—¥— ETAJIOHC

Que. 10. Mpaghu4yHa 3a8ucumocm
Ha o6emume Ha ciiedume om
u3HoceaHe 3a NMoKpumu u
emarnoHHu (Hernokpumu) obpasyu

30 /
20

0 30 60 T, min

om 3akKaJsieHa rnoJsiupaHa cimomaHa
1.2343

- 2343 B

N
\

—— 2343 C

- ETAJTIOH A

L

-e— ETAJIIOH B

60 T, min

due. 11. MpaghuyHu 3aeucuMocmu Ha UHMeH3UeHOCMMa Ha U3HoceaHe 3a noKkpumume
o6pa3uu u emanoHHume (Hernokpumu) obpasyu

1,107, mm®/N.m
7
. /‘\\-
: //
4 / ——2343A
L
3 -8 ETANIOHA

30 60 T, min

1,107, mm’°/N.m
7
6
5
4 Y --2343B
3 -e—ETAJIOHB
2
-
]
0 %

Que. 12. MpaghuyHa 3asucumocm Ha
UHMeH3UeHoCcmMma Ha U3HOceaHe 3a
noKpumu u emaJsioHHU (Hermokpumu) obpa3yu
om He3akasneHa wnudoeaHa cmomaHa 1.2343
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Que. 13. NpaghuvyHa 3aseucumocm Ha
UHMeH3ueHocmma Ha U3HoceaHe 3a
noKpumu u emaJsioHHU (Hernokpumu) obpa3yu
om 3aKasieHa wiuchoeaHa cmomaHa 1.2343



I,,.IOJ, mmS/N.m

7

6

5 /\ Que. 14. MpaghuyHa 3asucumocm
. e 2343C Ha UHmMeH3uesHocmma Ha
/ U3HoceaHe 3a rnokpumu u

——ETANOHC emasioHHU (Hernokpumu) obpasyu
om 3akaneHa nonupaHa cmomaHa
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THE BEHAVIOUR OF ROLLING GARNET PORPHYROBLASTS IN
TRIBOZONES

Evgenia KOZHOUKHAROVA

Abstract: The deformed helicite microstructure “snowball’ which is characterized by spiral-
shaped inclusion trails in a garnet porphyroblast, is thought to be formed during syntectonic growth
and rolling of the porphyroblast. This idea does not agree to observed features of destruction of the
garnet as well as the theoretical and experimental data of behaviour of a crystal under stress. Most of
the facts observed are in favor of syntectonic deformation of pretectonically crystallized porphyroblast.

Key Words: snowball structure, syntectonic growth, deformation.

NOBEAEHUE HA POTUPALLUN TPAHATOBU NOP®UPOBJIACTU B
TPUBO3OHUTE

EBreHusa KOXKYXAPOBA

Pesrome: [JeghopmauuoHHama xenuuumosa MUKpPOCMpyKmypa "CHexHa morka”, Kosimo ce
Xapakmepusupa CbC CrupasHo pasrosnoxeHa peduya om 8K/IOYEHUsI 8 epaHamos rnopghupobnacm,
ce npuema, Yye e obpasyeaHa rpu CUHMEKIMOHCKO HapacmeaHe Ha pomupauwy ce epaHam. Tasu udes
obave, npomueopeyu Ha ycmaHogeHume credu om paspywaeaHe Ha epaHama, Kakmo U Ha
meopemuyHUme u ekcriepumeHmarsnHu OaHHU 3a nosedeHUemoO Ha Kpucmanume npu cmpec.
lNoseyemo om HabnwdasaHume ¢hakmu ca 6 roOKperna Ha CUHMeEKMOHcKa Oegopmayus Ha
npedmeKmoHCKU Kpucmarnusuparsn nopgupobracm.

Knroyoeu dymu: cmpykmypa "CHexHa morika”, CUHMEKMOHCKU pacmex, 0eghopmauyusi

1. BbBEOAEHUE

Hedopmaunara Ha pasnnyHNUTe MUHEPANM B 30HUTE Ha TPUEHE Npu MeTamopdHUTe
CKanM He ca W3y4yeHUn [OoCTaTbyHO B acnekta Ha Ttpubonoruata. [dedopmMaunoHHUTE
CTPYKTYpPU 4eCcTO ce WHTepnpetupaTt B TPaauUMOHHUTE MOCTAHOBKM Ha MeTamopdHaTta
neTponorns, OCHOBaHM Ha MWKPOCKOMCKM HabnwogeHud, 6e3 ga ce ortdutar peguua
eKCNepUMEHTanHM M TEOPETUYHN [aHHU 3a CTPYKTYPHUTE M3MEHEHUS Ha MUHepanute B
YCINOBUSI HA MEXaHUYHa aKTMBU3aLUs.

XapaktepHa gecdopmauusa Ha poTupall ce meTamopdeH MruHepan B Tpubo3oHa e
T.H. ,CHEXHa Tonka”, HabnogasaHa npu rpaHaToBn nopdupobnacTu B crntogeHn n kapboHart-
cniogeHn wmnctn. MUKpoCTpyKTypaTa ,CHeXxHa Tonka”, BapuaHT Ha XxenuuyuTtoBaTta, ce
Xapaktepuampa CbC CnuMpanHo nogpexaaHe Ha HU3 OT BKOYEHUS B rpaHaToB
nopdgupobnact (cur. 1). Cunta ce, Ye TS MHOMKMPA pOTaUMA Ha KpucTana B 30HM Ha
MEXOYCNONHN MNb3raHus, CUHXPOHHO Ha HeroBust pacTtex. [lopobeH u3Bog obaue,
NPOTMBOPEYN HA CbBPEMEHHUTE AaHHM 3a NOBEOEHUETO Ha KpucTanHaTa pelueTka, KOSiTO B
YCINOBMWS Ha CTPeC 1 TpueHe ce gedopmunpa 1 paspyLuasa, a He uarpaxga.

CbLHOCTTa Ha BbMNpoca, KOMTO NOCTaBAME €: Bb3MOXEH NN € pacTeX Ha rpaHaToBuSA
nopgupobnact B yCrnoBMs Ha MEXAYCNOWHU TEKTOHCKM AOBWXEHMUS, €OHOBPEMEHHO C
HerosaTa poTauusa n gecdopmMaums.
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2. ®©OPMUPAHE HA NE®OPMALIMOHHATA CTPYKTYPA ,,CHEXXHA TOMKA”

CnupanoBugHaTta CTpyKTypa ,CHeXHa  Tonka” e ©6una o6ekT Ha MHOXEeCTBO
nacnegpaHus cneg nbpBoTo durypmpare (dour. 1) n nyénukauunsa Ha dnet [5]. [okasaHo e,
ye KpucTanmbT M3pacTBaWKku B CIIOAEH LWMCT, 3aneyaTBa donuaumsata, MapkmpaHa 4ecto
ypes3 peauvua OT BKMYEHUsT KaTo rpaduT, pytun u ap. Bwxectute ce crnoese yBnuyaTt B
poTauMs No-yCTOMYMBU Ha TPUEHE MUHepanu, KakbBTO € rpaHaTbT, KOUTO MpU BbPTEHETO
N3MeCTBaT nocokaTta Ha ponmauusaTa Cnpsmo NbpBOHAYanHoOToO 1 nonoxeHue. Bapea ce, oT
noBeYvYeTO M3crnedoBaTeNnun, Ye xapaktepHaTa cnupana ce norfyvaBa, NpwW HapacTBaHe Ha
nopcgpupobnacra, kaTto BCEKM HOBOoOpadyBaH Crov duKcMpa 4pes3 BKIHOYEHudATa
cblyecTByBalWlaTa B ckanarta gonuaums, npy BbpTEHETO nocregHaTa ce uamecTsa, crneasa
obGpasyBaHe Ha HOB Crol Mo nepudepusaTa Ha KpucTtana, HoBa poTauusi U 3aBbpTaHe Ha
BKMIOYEHMATaA-Mapkepun u Taka HaTaTbk (dour. 2a). YecTo cnvpanoBugHata CTpykTypa e
nogyepTaHa OT BbTPELLHU CroeBe OT KBapL.

®ue.1. TunudyHa MUKpocmpykmypa ,,CHeXxxHa mornka” e gpaHamoe nopgupobsacm [9]

Cnpan [9] noabpxa uaesTa 3a CUHTEKTOHCKM pacTex Ha nopdupobnactute, Ho
otbendasBa, Ye ToBa e TpyaoHO Aa ce Aokaxe. [BepHoH [11] nocoyBa KaTto MHAMKATOPM 3a
cvHaedPOpMaUNoOHEH PacTeX MWHTEH3MBHUTE OMbBaHMSA Ha vMBUUATa OT BKIOYEHUSA U nosiBa
Ha MukpobyauHn B nepudpepuaTa Ha kpucTtana. [locodeHuTe uHOMKATOPM 3a pacTex
BCBLUHOCT MOKasBaT MO-MHTEH3MBHa AdedopMaums B nepudpepmsita Ha poTumpalums ce
KpucTan, a He HapacTtBaHe. [pyrm aBTopu [3] ocnopBaT aprymeHTuTe, M3TbKBaWKK, 4e
oTgenHa portauusa Ha nopdupobnactuTe CnpsAMO KpeHynauusaTa Ha MaTpukca He BUHaru
cblecTByBa. [lokazaTencrBo 3a HapacTBaHe HAKOW aBTopw [7] BMxXAaT B 30HanNHOCTTa Ha
KpucTana, cuMTanku, 4ye T9 CbLUEBPEMEHHO yKa3Ba 3a M3MEHEHWEe Ha KpUCTanmsaumoHHUTE
ycrioBusi - Temnepartypa W HansraHe no BpeMe Ha pacTexa Ha kpuctana. Hesasucumo ot
AUCKycunTe 3a MexaHusma Ha opMupaHe Ha crnvpanHata CTpykTypa, TpaguuuMoHHaTa
WMHTepnpeTauns 3a CUHTEKTOHCKUSA pacTex Ha nopdumpobnacti B MmetamopdHUTE CKanum oLle
e akTyanHa [12, 4].

U3BecTHO e [6,10], ye npu cuneH cTpec, NpeansBuKaH OT MEXOYCMNOMHO TpUEeHe n
poTauus Ha Mno-yCTOMYMBM MWHepanu, KakbBTO € rpaHaTbT, HacTbhneBa gedopmauus B
KpucTanHata pelueTka. [losasaBaTt ce TOYKOBM, NIMHENHU U NNaHapHU gedektu, nocnegHnte
npeMvHaBalLm B aucriokaumu. NnaHapHu gucnokauumn B rpaHatv no (211) ca 3acHeTn Ha
TEM [8]. Te OGnaronpusTcTBaT BbTpPELUHUTE XNb3raHWs Ha OTAENHM OOMEHWU. Bcumykm
NNICTpUpaHu urypn  oT pasnuyHn astopu [2, 7, 9, 11] nokasBaTt rnaBHO BbTpelUHa
NNacTUYHOCT Ha KpucTana npu potauusaTa, CbLUEBPEMEHHO C paspyLlaBaHEeTO My, HO He U
HapacTBaHe. N3BeCTHO e [1] HanU4MeTo Ha YeTnpn BUHTOBM OCU B KpUCTanHaTta pelletka Ha
rpaHaTa, no kouto ca nogpegeHu SiO, TeTpaeapn. Bb3MOXHO e BUHTOBUTE OCK Aa okassaT
BNUsiHWE BbPXY NAACTUYHOCTTA Ha rpaHaTa 1 oopmMupaHe Ha CnvpanoBuaHu gucrokaumm Ha
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TpaHcnMpaHe Ha aedopMaLMOHHUTE JOMEHU, KAaKBMTO NO4OOHM TpaHCcnauumn npu HaTUCK ce
Habnogasat npu. KBapua.

Que. 2. Cxema Ha 0e8a 8 b3MOXXHU 8apuaHma 3a ghpopMmupaHe Ha MUKpPOCMpyKmypama
,,CHEeXHa monka”:
a) pomauyusi U CUHMEeKMOHCKU pacmex;
6) pomauyusi u deghopmayus Ha NpedMmeKmMoOHCKuU nopgupobnacm.

Ha ¢wur.2 cxemaTnyHo ca npeacTtaBeHuM ABa npegnonaraeMyv MexaHu3ma Ha
obpasyBaHe Ha cnupanoBugHaTa CTPyKTypa B poTuMpaliusa ce mexagy ABa Tpuewm ce
cnoese nopdupobnacTt. AKO KpUCTanbT HapacTBa €4HOBPEMEHHO C BbPTEHETO CU, HaWl-
BbHLWHATa 30Ha 6wm TpsbBano BuHarM ga dukcupa 4Ype3 MapkMpawmuTe BKNHOYEHUS
donnaumnata Ha meTamopdHaTa ckana.n ocBeH ToBa fa € Ham-3gpasa (¢ur.2a). Ha dwur.1
obaye ce Bwkaa 06PaTHOTO - BKIKYEHMATA Ca OPUEHTMPaHU NEepneHAVKYNApPHO Ha
donuaunaTta, a 3oHata € cunHo pasbuta. Ako ce npueme obade, Ye nopdupobnacTuT €
obpasyBaH MNPEeATEKTOHCKM, TO NO BpeMe Ha [ABWXKEHuATa W poTauusata, TPUEHETO U
poTtauuaTa My, gecdopmMaumaTa 3anodsa OT HaW-BbHLIHATA 30HA, B HAYaNoOTO MAAaCTUYHO U
MOCTENEHHO YyBMMYa M yCykBa NO-BbTpewHute (cur. 26). BeposTHO cnuvpanosugHaTta
AedopmMaLms ce yrnecHsasa oT nosisaTa Ha AMCMNOKALMOHHM 30HW B KpUCTanHaTa peLlueTka Ha
rpaHaTa n HanuM4MeTo Ha BMHTOBW OCK B Hes. 1o ancrnokaumoHHuTe 30HU aedopmMaumsaTa e
AECTPYKTMBHA W nogvepTaHa OT paspylleHuTe, MNOCTTEKTOHCKM MNpekpuctanuanpanm
NPOAYKTK, KaTo KBapy 1 Ap. Tbi kaTo NnopmpobnacTbT ce BbPTM B HEXOMOreHHa TBbpaa
cpega, KOATO Oka3Ba CbNPOTUBMEHME W CUINHO TpUEHe MO MOBLbPXHOCTTA My,
AECTPYKTUBHUTE U3MEHEHNS Ca Hal-CUSTHN BbB BbHLUHATA 30Ha, KOATO YEeCTO e pas3KbCaHa.

3. 3AKINKOYEHUE

CnupanoBugHaTta CTpyKTypa ,CHEXHa Tornka” e gedopMauMOHHa, HanoXeHa BbPXy
NPeATeKTOHCKM obpasyBaH nopdupobnacT, KOMTO NPU TEKTOHCKO MEXOYCNOMHO TpUeHe ce
poTupa n gedopmmpa nNNacTMyHo U OeCTpyKTUBHO. Becneacreue cneuundpmnyHaTta KpuctanHa
CTPYKTypa Ha rpaHaTa, npu gedopmMmaumsata ce obpasyBaT BbTPELUHN SUCNOKALNOHHN 30HU
Ha nnb3raHe W OecTpykuusa. PacTex Ha KpucTtana no BpemMe Ha TEeKTOHCKU [ABWXKEeHUS,
NPOTUBOPEYUN Ha NPUHUUNUTE Ha AedopMaLms Ha MUHepanuTe Mpu CTpec U criegoBaTernHo
He € Bb3MOXEH.
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N3CNEOABAHE HA CbCTABA U CTPYKTYPATA HA ENIEKTPOUCKPOBO
HAHECEHU NOKPUTUA CIEAQ HATPABAHE

Topop MeHsawku - UMA3P - Cocpus, yn. "Loce BaHka Ne3

STUDY OF THE INFLUENCE OF TEMPERATURE ON THE STRUCTURE OF
THE DEPOSITED ELECTROSPARK COATINGS

Todor Penyashki - IPAZR - Sofia, Road Bankia, Ne 3
Research Institute for Land Reclamation and machinery - Agricultural Academy

Abstract: The present work is to study the phase composition and micro hardness of electrical
discharge caused coatings with pseudo amorphous structure, after heating at 200, 400 and 600 ° C.
The coatings are caused by carbide composites based of WC on high-speed steel R6M5. Established
the nature of variation of the phase composition, and micro hardness of coatings, depending on the
material of the electrode stratification, parameters of modes stratification, and temperature of heating.
Results makes it possible for different operating conditions of the layered products to select modes
and materials for lamination to ensure the maximum possible wear resistance of coatings .

Key Words: electrospark alloying, impulse energy, coating, electrode for lamination

AKTyanHo HanpaeneHue B obnacTtrta Ha enekTpoOMCKPOBOTO HanmnacTtasaHe /EH/ e nonyyaBaHeTo
Ha MOKpPUTMA C BCe NO-BMCOKa TBbPAOCT M U3HOCOYCTOMYMBOCT. TOBa ce nmocTura Ypes cb3gaBaHe Ha
HOBWM MaTepuanu 3a HannactasBawm enektpogu [1] M upes pasBuMTME U YCbBbPLUEHCTBAHE Ha
obopyasaHeTo 3a HannactaBaHe. [opaan BUCOKMTE TeMMepaTypu M BUCOKaTa CKOPOCT Ha oxnaxaaHe
npu EH ce dopmupaTt KpanHO HepaBHOBECHM MO CbCTaB M CTPYKTypa MNOKPUTUS C Hanuyve Ha
OCTaTb4HM HaNPEeXeHusi, KpuctanHu pedektn, mukponopu u ap. [1,2,3]. MNpu u3nonssaHeTo Ha
MawwuHute EJIOA” e yctaHoBeHO [4] , Ye C yBenu4yeHne Ha eHeprusTa Ha eauHUYHUA umnync /Ee/
HapacTBaT MpeHoCa Ha enekTpodeH martepuan BbpXy HanmacTaBaHOTO M3fenue , PecneKkTUBHO
pebenuHata u rpanaBocTTa Ha MNOMyYeHUTE MOKPWUTMS, HapacTBa WM CTeMneHTa Ha OUCMEPCHOCT —
CTpyKTypaTa u3gpebHsBa u npu eHeprusa Ha eaMHnYHnS umnync Ee = 10?J ce nonyyasa 6sn cron ¢
ynTpagucnepcHa xeTeporeHHa CTPyKTypa W CTpoex 6nu3sbk o amopdHus. MNpu Ee>10"J 3anouBa
3apaxgaHe Ha amopdHuM yyacTbuu B nokputueto. C nmo-HaTaTbWHO yBenuyeHne Ha Ee pacte u
cTeneHTa Ha amopcdwusmpaHe n npu eHeprum Ee > 0,05J cnoa e nodtn usyano amopdeH. Ha
peHTreHorpamuTe B Te3u Criydan NpUcbCTBa efHa eQUHCTBEHA XapakTepucTuyHa nuHua B obnactTa
Ha MapTeH3WTHaTa W aycTeHuTHa a3n. 3a ycTaHOBsBaHe [OKOMKO € YCTOWYMBO MOMy4YeHOTO
CbCTOSIHME U MOXe N TO Aa Obae NonesHo 3a NpakTukaTa Bb3HMKBA HEOOXOAUMOCT OT U3yyaBaHe Ha
CbCTaBa, CTpyKTypaTa M CBOWCTBaTa Ha NOKPUTUSTA CMnef HarpsBaHeTo UM, KOeTo e U obekT Ha
HacToswarTa pabora.

NOCTAHOBKA HA EKCMEPUMEHTUTE

MpoBegeHo € wu3cnegBaHe Ha as3o0BMS CbCTaB, CTPyKTypaTta W  MUKPOTBbPAOCTTA Ha
,MICEBOOAMOPMHNTE” TMOKPUTMS Crnel HarpsiBaHe Mpu pasnuyHn TemrepaTypu C focrneasallo
oxnaxpgaHe. Cnepn BcaAko HarpsiBaHe 6e onpegensiH asoBus cbCTaB U Oewe wuamepBaHa
MWUKPOTBBHPAOCTTA Ha NOKpUTUATA.

Ycnoeusi 3a EH

MokputnsaTa ca HaHacsHW Ha MalumHa ,Enda 541”7 ¢ fONBbAHWUTENHU U3TOYHULM Ha eHeprus
BbpXY WnndoBaHy NNacTnHu ¢ pasmepu 12x12x3mm oT 6bp3opexeLta ctomaHa P6M5,
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TepMmoobpaboTteHa o 1Bbpaoct HRC 63-65. Manon3yBaHu ca TBbPAOCMNIaBHM HannacTaBalm
€neKTpoau CbC CreaHUTE YCNOBHU O3HAYEHNS:

-BK 1 P25 — Ha ocHoBa cbotBeTHO WC n WC 1 (Ti,Ta,Nb)C cbc cnonawa maca ot kobant —Co;
- THM n TH — Ha ocHoBa cboTBeTHO TiC 1 TiN cbc cnomnBawa maca ot Ni, Mo u Cr.

3a HannactaBaHeTo ca noabpaHu pexuMu C Hal-HUcKaTa, CpedHa W Han-BUCOKaTa eHeprusi Ha
€OVHUYHMS MMMYNC 3a MawnHuTe «Enda», a Cblio M pexumMm ¢ No-BMCOKA eHeprusi, nomyyeHa ot
JonbiHUTENEH M3TOYHMK. CTOMHOCTUTE Ha enekTpuyeckutTe napameTpu Ha pexuma 3a EH — Toka |,
kanaumteta C, KkoedMUMEHTa Ha 3ambhBaHe T U NPOOBLIPKUTENHOCTTAa Ha umnyncute Ti, KakTo u
AnanasoHa Ha M3MEHEeHMe Ha napameTpuTe Ha HaHeceHUTEe C TSX MNOKpUTUS — rpanaBocT Ra, aebenvHa
3, n MukpoTBbpAOCT Hv ca nokasaHu B Tabnuyail.

Memoduka Ha usmepeaHusima

Cnep HaHacsHEeTO Ha NOKPUTUATA, NNAcCTUHWUTE ca 3arpsiBaHn BbB BakyymMHa new, Ao
Temnepatypu t = 200, 400 n 600° C ¢ 15 min 3aabpkaHe, crieg KoeTo ce oxnaxgaxa 6aBHO B newjTa.

Cnep Bcsiko HarpsiBaHe e m3crieaBaH (ha3oBus CbCTaB Ype3 peHTreHoB AndpakTtomeTsp ,AdpoH2”
B Co-Ka nbueHue.

MukpoTBbpaoCTTa Ha Genusa crol , Ha rpaHuyaTa crion-ocHoBa U Ha ~ 5 n10um gbnbouynHa B
OCHOBaTa e M3mMepBaHa Ha Hanpe4veH meTtanorpaddcku Wndg Ypes MMKpoTBbpAOMEp ,Laitz”. BpodaT Ha
napanenHuTe namMepBaHusa Ha MUKPOTBBbPAOCTTa € 5.

Ta6bnuyal. CmoiliHocmu Ha napamempume Ha pexxuma 3a EH u Ha nony4yeHume nokpumus

Table 1. Values of the parameters of the regime of ESA, and the resulting coatings

Enektpoa | I, A C, MF | Ti, us T Ra,um/ | §, uym Hv, Mpa.10°
Ne | Electrode | current of | capacity | Pulse a duty | layer Layer Layer Micro
pulses duration | cycle roughness | thickness | hardness
1. | P25 14,4 0,2 3 0,1 1,14 4,83 11,36
2. | P25 14,4 0,5 8 0,1 12,44
3. | P25 16 0,2 12 0,1 1,18 5,0 14,79
4. | P25 16 0,7 20 0,1 1,39 54 14,53
5. | P25 14,4 1 12 0,1 1,36 6,5 15,45
6. | P25 50 - 10 0,04 1.42 7,63 16,76
7. | P25 60 1 20 0,1 2,44 16,66 17,84
1 BK 14,4 0,2 3 0,1 1,20 51 13,79
5. | BK 14,4 1 12 0,1 1,37 6,6 14,32
6. | BK 50 - 10 0,04 1,76 8,68 15,39
7. | BK 60 1 20 0,1 2,46 21,6 16,15
1. | TH 14,4 0,2 8 0,1 0,63 3,9 11,37
4. | TH 14,4 1 12 0,1 1,12 5,1 13,06
5. | TH 50 - 10 0,02 1.28 5.54 13,81
1. | THM 14,4 0,2 3 0,1 0,82 3,79 11,80
5. | THM 14,4 1 12 0,1 1,19 4,83 12,89
6. | THM 50 - 10 0,02 1,35 5,46 13,29

AHAIIN3 HA NONYYEHUTE PE3YNTATU

B Tabnuya1 ca pageHun pexxvumute 3a EH , KakTo U CTOMHOCTUTE Ha NapamMeTpuTe Ha NonyvyeHuTe
C TSX NOKpUTUA C Hannactseawwm enektpogn BK v P25. AHanorm4Hu ca u pesynrature, Noy4YeHun ¢
OCTaHanuTe ABa enekTpoaa, C Ta3u pasnuka, Ye Npu HannacTsBaHe ¢ TAX rpanaBocTTa u gebenunHaTa
Ha Nosly4eHnTe NOKPUTUS Ca NMO-HUCKMN.

OT npoBegeHuTe uscnenBaHns Ha a3oBUs CbCTaB NpuW CTarHa TemnepaTypa ce YCTaHOBSBa, 4e
npu EH c enexktpon BK NOBbPXHOCTHUAT CIION Ce CbCTOM OT (pasnTe Ha OCHOoBaTa — MapTeHauT — Feq,
aycteHuT- Fey, n cnoxHu xensaso-sondpamosu kapbuagm ot tuna FesWsC n Fey(W,Mo),C, umeTo
KONMMYEeCTBO € NMo-B1COKO OT TOBa B OCHOBATa.
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CTpyKTypHUTE MaKCMMyMM Ha XapaKTepUCTUYHWTE INMHMU Ha MapTeH3uTa U aycTeHuTa ca
paswnpeHn N OTMECTEHM CMpSAMO Te3n Ha ocHoBaTa - Que.1, KOeTo e nokasaTen 3a Hanuume Ha
TBbpaun pa3teopu Ha W n Co B xensd3oTo, KpuctanHu gedektn 1 3a n3gpebHsaBsHe Ha CTpyKTypaTa
[3]. AHanuaupainkm gudpakTorpammTe, MOXe Aa Cce 3akNuK, Ye ha3oBUAT CbCTaB Ha NOKPUTUETO ce
OTNiM4aBa OT TO3N Ha OCHoBAaTa rmaBHoO no oboratsaeaHeTo U ¢ FesW;C n Fe,(W,Mo)4C, a cTpykTypaTa
— C no-BMCOKaTa CTeMNeH Ha HepaBHOBECHOCT M Ha AucnepcHocT. C yBenvMyeHne Ha eHeprusita Ha
eouHNYHMs mumnync Ee /B nocoka oT Pexum1 kbM pexum 7 - Tabnuual/ BucounHaTa
/IMHTEH3NTETBT/  Ha CTPYKTYPHUTE MakKCMMyMU HamansBa, a XapakTepuUCTUYHUTE TIMHUKU Cce
paswmpsBaT, KOeTo 3aTpyaHsaBa pasrpaHMyaBaHeTO Ha oTaenHuTe asn. HapacTtsa cteneHTa Ha
cMmecBaHe Ha dhasuTe, a CTpykTypaTta m3gpebHsBa n ctaBa Bce No- AucrepcHa, npubnuxkasanku ce
KbM amopdHaTta TakaBa. B peHTreHorpamute ce HabniogaBa ywumpeHue Ha AndpakunmoHHUTE
MaKkCMMyMU 1 HamansiBaHe Ha MHTEH3UTEeTa Ha NMMHUMTE B 30HaTa Ha MakcumymuTe Ha Fe, n Fe, - 260
= 48+54°. 3a cTeneHTa Ha OWCMEPCHOCT M amopduanpaHe MOXe [a Ce CbAM MO YLIMPEHWETO K
CMMBAHETO Ha XapaKTepUCTUYHWUTE INWHMM Ha oTdenHute dasun. Komkoto no-rondmo e
HabnaaBaHOTO YLIMPEHME U KOJKOTO MO-MalbK € MHTEeH3WTeTa /BUcounHaTta/ Ha NMMHUNTE, TONKoBa
no-BMCOKa € CTeneHTa Ha amopduampaHe Ha cnos. Cnosit NnpefctaensiBa CMec OT BUAOM3MEHEHUTE
MaTepuanu Ha HE un ocHoBata — B cnyyasa ctomaHa P6M5. C yeBenuyeHne Ha Ee HapacTtBat
KONMMYeCcTBOTO MpEeHeceH aHoA4eH maTepuan M MUKPOTBbpAocTTa Ha cnosa [2,3]. lMpu pexuma c
MakcuManHata 3a MawunHute ,EJTOA” eHeprus - Ne5 — Tabnuyal, ce HabnogaBa HamansiBaHe Ha
WHTEH3WTETa M paslMpEHNE Ha XapakTEPUCTUYHUTE NMMHMU Ha (hasuTe, KOETO MOXe [a ce npueme
KaTo nokasaTen 3a MoBuMLIaBaHe Ha AMCMEPCHOCTTa Ha 4yacTuuuTe M nosiBata Ha ncesgoamopgHO
CbCTOsAHME Ha crnos. lNpu yBenuyenne Ha Ee Hapg 0,025J — go 0,5 J mukpoTBbpaocTTa n gebenvnHata
Ha MOKPUTUATA CBLUECTBEHO Ce yBenuyaBaT / MO-BUCOKATa €Heprus BoAW OO MNoriydyaBaHe Ha
NMOKPUTUSA C Hag ABa MbTW no-ronama aebenuHa oT nonyyYyeHata C KOHBEHUMOHANHMS U3TOYHUK Ha
mMawuHute EJIOA”/. PaswmnpsasaT ce u CTPYKTYPHUTE MakCUMyMU, KaTo Npu Han-BMCOKUTE eHeprun ce
nonyyaBaT onucaHute B [4] CbCTOSIHUS C eOuMH LUMPOK MakCMMyM B 30HaTa Ha MapTeH3uTa u
aycTeHuTa, KOETO e rnokasaTen 3a HanM4YneTo Ha aMopdHO CbCTOSHME Ha MOKPUTUETO. XapakTepHute
pasnukn B peHTreHorpamMuTe U CTpoexa Ha MOKpUTMATa ca yNTpagvCcnepcHOCT, Nunca Ha OoTAEeNnHU
dasn, nonydaBaHe Ha CMecu OT gBaTa maTepuana, No-BUCOKM CTOMHOCTM Ha Ra, 3, Hv . MNpu EH ¢
enektpog P25 —®ue.2 ocBeH n3bpoeHuTe no-rope a3 B NOKpUTUATA € PErMCTPUPAHO Hanu4ume u Ha
CNnoXxeH TuTaHo-Bondpamos kapbua ot tmna /Ti,W/C 1.,. ToBa nokasBa, 4e B npoueca Ha npeHoca WC
n TiC npeTbpnaBaTt YacTuyHa gucoumauus.

Mpu EH c enektpoan TH u THM B cbcTaBa Ha NoKpuTUsTa NpucbeTBaT U kapbuam ot tuna TiC,
n Ti(C,N)1x. KonuuectBoTo Ha xens3o-sondpamosmTe Kapbugun e no-Marnko OTKOMKOTO B NonyvyeHuTe
¢ BK n P25 nokputus n € CbM3MEepUumo C TOBa Ha OCHOBaTa. PaslwmpeHneTo Ha CTPYKTypHUTe
Makcumymun Ha Fey n Fea un oTmectBaHeTo 1M e no-cnabo n3paseHo OTKOMKOTO Npu Te3n, NONyyYeHu
npv HannactsBaHe ¢ enekTpoau BK n P25, T.e. TBbpauTe pas3TBOPU Ca C MO-HMUCKA KOHLEHTpauus v
CTeneHTa Ha AUCNEpPCHOCT Cblo e no-Hucka. C yBenuyeHue Ha eHeprusita 3a HannactsBaHe Mo
WHTEH3UTeTa W LUMpUHaTa Ha CTPYKTYPHUTE FIMHUW Cce YCTaHOBSABA, Ye pacTe KONMMYEeCcTBOTO Ha
kapbuauTe, Ha aycTeHWUTa M CTeneHTa Ha fernpaHeTo My, a KONIMYeCTBOTO HA MapTeH3uTa Hamarnssa.
PaswupaBaT ce n CTPYKTYPHUTE MakCUMyMU, HO OTAenHuTe dasn ca pasrpaHuyeHun, T.e. Npu Han-
BVMCOKUTE EHEPrMmn He ce norlyyasa LUMPOKUA MakCUMYM B 30HATa Ha MapTeH3WTa U aycTeHuTa, KOWUTo
€ nokasaren 3a HannyneTo Ha aMopdHO CLCTOSTHUE Ha NMOKPUTHETO.

Cnep oTrpABaHeTo BbB (pa3oBuMs CbCTaB WM CTpPyKTypaTa Ha MoOKpuTMaTa ce Habniopasat
crnegHuTe U3MEHEHMS:
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QPue. 1. PenmeeHozpamu Ha EH nokpumusi om HE BK ebpxy cm.P6M5
Fig- 1. Radiographs of ESA coatings of electrode BK on the st. R6M5

Mpn Temnepatypa t =200°C NPy NOKPUTUATA HAHECEHMN MPU PEXMMUTE C HUCKa eHeprus -Nel n 2 —
Tabnuuyal n HE BK 3anouyBa pasfgensiHe U CTEeCHsIBAHE Ha NIMHUUTE Ha KapOmauTe u OcHoBaTa -
XapakTepUCTUYHMUTE NMHMK Ha da3uTe 3anoyBaT da ce CTECHSIBAT, a UHTEH3UTeTa Ha CTPYKTYpPHUTE
MaKkCMMYyMW Ha kapbuauTe u Ha hasnTe OT OCHOBaTa, HaMMpaLLM ce B 30HaTa Ha ,xanoTo” 3ano4yea ga
HapacTBa. [lpn Temnepatypu t = 400°C nuHuuTE Ha KapbuanTe ce 3acuneart, a Ha MapTeH3UTHaTa U
aycTeHUTHa da3n HamarnsiBaT Mo MHTEH3UTET M ce cTecHsiBaT. [Npwu 600° nMHUMTE Ce CTecHSIBaT oLLe
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114,4A,C0,2uF, Ti3ps,t400°C 114,4A,C0,7uF, Ti8 ps,t400°C
114,4A,C0,2uF, Til2ps,t400°C 114,4A,C1UF, Ti12 us,t400°C
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114,4A,C0,2 UF,Ti3 ps,t 600°C 116A,C0,7 uF,Ti8 ps,t 600°C
I50A, Ti50 ps,t 600°C 114,4A,C0,2 pF,Ti12 ps,t 600°C

Que. 2. PeHmeeHozpamu Ha EH nokpumusi om HE P25 ebpxy cm.P6M5
Fig- 2. Radiographs of ESA coatings on electrode P25 on the st. R6M5

noBeye, MHTEH3UTETBLT UM HapacTBa M ce AobnwkaBaTt JO Te3n Ha OCHOBaTa B M3XOOHO CbCTOSIHNE —
npeau HannacTtsiBaHeTo. WHTEH3UTETbT Ha Makcumymmte Ha kapbuguTte HapacTBa M CTaBa
3Ha4yUTENHO MO-BMCOK OT TO3U B U3XOOHOTO CbCTosAHMe. [MogssaBaTt ce cneam ot Fey(W,Mo),C u
(Cr,Fe,Mo), a wmpounHaTa Ha XxapakTepucTuiHuTe nNuHuM Ha Fe, cTaBa olle no-marnka.

Mpun NOKpUTKATA, HAHECEHM C BUCOKOEHEPTUHUTE pexkumm -Ne 4,5 n 6 — Tabnuuya1, ckopocTtTa
Ha onucaHuWTe MNpoLecu e MO-HUCKA, T.€. KOMKOTO MO-BUCOKA € eHeprusita Ha e4VMHUYHUS MMMYMC,
TONMKOBa MO-AbLNMO BpeMe W Mnpuv MNO-BMCOKa TemrnepaTtypa Cce 3ana3BaT MbpBOHAYaNHOTO
ynTpagMcnepcHoO U aMopdHO CbCTOSIHUE U Ce CbXpaHsaiBa TBbPAUSA pa3TBOp Ha Bondpama B KenasoTo.
PasgensHeTo, 3acvnBaHeTO Ha WHTEH3UTETa WM CTEeCHABaAHETO Ha IuHUUTE M npouechbT Ha
KpucTanuanpaHeTo e no-6aeeH u 3ano4ysa npu 400°, a npu t=600°C He e u3usNO 3aBbpLUEH -
XapakTepUCTUYHUTE NIMHUM Ca BCe OLle MO-LUMPOKWU, MHTEH3UTETHLT Ha Kapbuante — MNO-HUCHK OT TO3M
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npu ocTaHanure pe)KVIMVI Taka Hanpumep VMHTEH3UTETbT W LUMPOYMHATa Ha kapbugHute casu npu
pe>+<V|M 6 npu t =600 °C ca 6nm3ku go Teau Ha I'IOKpVITVIeTO HaHeCceHo C pexum 3 cnepg oTrpsiBaHe npu
200°C, unm Ha pexum 4 cnepg otrpsiBaHe npu 400 °C . Tosa nokasea, ye npu M3non33aHe Ha Ee no-
Bucoka ot 0,02J nceBaoamopHOTO CLCTOSIHME ce 3ana3sBa npu HarpsisaHe go 600 °C. XapaktepbT Ha
M3MEHEeHWe Ha MHTEeH3UBHOCTTA || Ha xapakTepuctuiHute nuHum npyu EH ¢ HE BK e nokasaH Ha due.3.
C yBenu4yeHneTo Ha TemnepaTypaTa Hamansaea LupuHaTa Ha MakCuMymuTe, T.e. 3anoysa pasnagaHe
Ha TBbpAWUTE pPas3TBOPU W HamMansiBaHe Ha CTeneHTa Ha HepaBHOBECHOCT M AMCMEPCHOCT, KaTo
rOPHOTO € NO-CUIHO M3pas3eHo Npu NOKpUTUATa, HaHeceHu ¢ enektpoan TH v THM v npu no- HUCKK
eHeprun. [pu NOKPUTUATA, HAHECEHU NPU PEXMMUTE C NO-BUCOKA €HEPrusl, CKOPOCTTa Ha OnNucaHuTe
npouecu e no-Hucka. Taka Hanpumep npu pexum 4 pasnagaHeTo Ha TBbpAMTE Pa3TBOPM M Ha
HEepPaBHOBECHOTO CbCTOsIHME BCE OLLe HE € U3LUANO0 3aBbpLUEHO, MHTEH3UTETBLT Ha ANGPaKLUNOHHUTE
MaKkCMMyMW Ha KapbuanTe e No- HUCBLK OT TO3U Npu PEXMMUTE C NO-HUCKATa EHEeprus, LIMpuHaTa um —
no-rofisiMa, a KoriM4ecTBoTO Ha kapbuaute npu t =400 °C e 6m3ko o Tosa npu pexum 1 n t =20°C. -
Qdue. 2 n due.3s,2. pn pexnmuTe C Han-BMCoKa eHeprnd -5 n 6 pasnagaHeTo eaBa 3anoysa.
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Temnepamypa Ha omepsieaHe/annealing temperature

a) M3mMeHeHUe Ha UHMeH3umema Ha xapakmepucmuyHume JIUHUU Ha MOKpuUmMue HaHeCeHo ¢
ennekmpod BK npu pexum1, Tabnuyal e 3asucumMocm om memrepamypama Ha omzpsieaHe
a) Change of the intensity of the characteristic lines of a coating applied to an electrode in WC
model, Table 1 in dependence on the temperature of the annealing

U3meHeHUe Ha UHMeH3UBHOCMMa Ha XapaKkmepucmuy4yHume AUHUU
Ha nokpumue om BK npu pexum7, Tabn.1 e 3asucumocm om
memnepamypama Ha omepsieaHe. / Variation of the intensity of the
characteristic lines of the coating of BK , applied in rezhim7, Tablel
° 50 l
s 45 \
I
§ g 40 oy X<‘.
E S 35 44 A —=— BK Feaq, 2,03
S =
g a2 30 ——Fe3W3C, 2,12
o2 <SS o5
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0 200 400 600 800
Temnepamypa Ha omepseaHe / annealing temperature

6) U3smeHeHUe Ha UHMeH3UMema Ha xapakmepucmuyYyHume JIUHUU Ha NOKpumue HaHeCeHo ¢
esrekmpo0d BK npu pexxum7, Tabnuuyal e 3agucumMmocm om memMrepamypama Ha omapsieaHe
b) Change of the intensity of the characteristic lines of a coating applied to an electrode in WC
model, Table 1 in dependence on the temperature of the annealing
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UHmeH3ueHocm Ha xapakmepucmu4Hume JIUHUU Ha MokKkpumue om esiekmpod BK
npu memnepamypa 600 C / Intensity of the characteristic lines of the coated of

electrode BK at a temperature of 600 C
70

60 \
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3 2
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3 S M
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I 10 2,24
X —F— '
—»— Fe3W3C,
0 2,52
p1, p2 p3 p4 p5 p6 p7
T600°C

Homep Ha pexxuma 3a eflekmpoucKkpoeo HannacmsieaHe, Tabn.1/
Number of mode for elektrospark stratification, Table 1

e)lHmeH3uBHOCM Ha xapakmepucmu4HUMe JIUHUU Ha MOKPUMusi HaHeceHU ¢ es1IeKmpodgd
BK npu memnepamypa Ha omepﬂeaHeGOOOC
c) Intensity of the characteristics lines of coatings caused by electrode BK -temperature 600°C

60

/

50

) ‘ﬂ_\\\.\.—.
20 ,A/\\—\ —— BK Fea, 2,03
—e
%::‘\\;\;\M = Fe3wsC, 2,12
20

S — Fey, 2,08
10 —— Fe3W3C, 2,24
—— Fe3W3C, 2,52
’ p1,T20°C | p2 p3 p4 p5 p6 p7

UHmeH3ueHocm /omH. EQuruyu / Intensity
relatif units

Pexum 3a EH, Tabn.1/ Mode of ESA, Table 1

2)lumeH3ueHOCM Ha xapakmepucmu4YyHUmMe AUHUU Ha NMOKPUMuUsi HaHeceHU ¢ esiekmpood BK -
memnepamypa 20°C
d) Intensity of the characteristics lines of coatings caused by electrode WC -temperature 20°C

®ue.3(a,6,8,2 ) U3aMeHeHUe Ha UHMeH3UBHOCMMa Ha xapaKkmepucmu4yHume JIUHUU 8
3asucumMocm om memnepamypama Ha omzpsieaHe , Hannacmsieaw, enekmpod — BK
Figure 3 (a, b, c, d) Changes in the intensity of the characteristic lines depending on the
annealing temperature, stratification electrode - WC
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duz4. U3smeHeHUe Ha MUKpomebpdocmma Ha nokpumusi om esiekmpo0d BK e 3asucumocm
om memnepamypama Ha omapsieaHe
Fig4d. Amendment of microhardness of the coating of the electrode according to the VC in
the temperature of the annealing
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a) UameHeHue Ha MUKpomebpdocmma Ha NnoKpumusi om esiekmpod BK HaHeceHu npu pexum1,
Ta6bnuya1 e 3agucumocm om memMnepamypama Ha omapsieaHe

a) Amendment of micro hardness of coatings electrode WC done in model, Table 1,
depending on the annealing temperature
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6) UsmeHeHue Ha Mukpomebpdocmma Ha nokpumusi om enekmpod BK HaHeceHU npu pexum?,
Tabnuua 1 e 3agucuMocm om memrnepamypama Ha omapsieaHe

b) Amendment of micro hardness of coatings electrode WC done in mode7. Table 1.
depending on the annealing temperature
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Mukpomesbpdocm Ha nokpumusi om HE BK cned omepsieaHe npu 600 /
Microhardness of the coating by laminating of electrode BK after annealing at 600 C.
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process - Table 1

8) MukpomebpdAocm Ha NoKpumusi om esiekmpod BK npu memnepamypa Ha omepﬂeaHeGOOOC
c)Micro hardness of coatings applied WC electrode at annealing temperature of 600°C

Mo-BrCcOKaTa cTerneH Ha HaculliaHe Ha TBbpAMTEe pa3TBopy Ha nokputuaTa oT BK n P25 | kakto u
Nnony4yeHOTO aMopdHO CbCTOSHME, npenonarat U no-gobpa agxesnss ¢ OCHoBaTa M MO-BUCOKU
AKOCTHM M eKCNMoaTauMOHHU XapaKTepUCTWKW, KOEeTO [M MpaBuM MpPUrogHM 3a YCroBus Ha
ekcnnoaTtaums, npuapyXeHu OT YyAapHW HaToBapBaHus. [lony4eHOTO amopdHO CbCTOsiHUE €
YCTOW4YMBO [0 600°C , KkoeTo ro npaBvM MOOXOAALLO0 HE caMO 3a Tpuelwm ce M3Oenus, HO U 3a
MeTanoobpaboTBalin MHCTPYMEHTU. [Mo-BucokaTta U3HOCOYCTOMYMBOCT Ha aMOPMHUTE MOKPUTUSA €
noTBbpAeHa 1 oT pedynTtatute B pabotute [5,6]

OnuncaHuAT no-rope npouec ce oTHaca 3a nokputudara ot enektpoan BK n P25. Ipu HaHeceHuTe C
enektpoan TH n THM nokputnsi pa3wiMpeHNeTo Ha CTPYKPYPHUTE MakCUMyMu e no-crnabo napaseHo,
Aaxe 1 npu pexxummTe ¢ Han-BMCOKa eHeprus.

Ha ®ue.4. e nokazaHoO N3MEHEHMETO MUKPOTBBLPAOCTTA Ha MOKPUTUSATA HAaHeCeHU C ernekTpo BK 3a
pasnuyHu pexumn 3a EH n Temnepatypu Ha oTrpsasaHe. OT durypata ce BWKAa, Ye C yBernmyeHne Ha
Ee HapacTBa U MUKpPOTBBbPAOCTTa Ha 6enusa crnon. C yBenuueHne Ha TemnepartypaTa Ha OTrpsBaHe
ce nosiesBa cnaba TeHAEeHUUS KbM HapacTBaHe Ha MUKPOTBBLPAOCTTa Ha Benusa croi n Ha rpaHyuaTa
crnomn-ocHoBa. Pasnukute B MUKPOTBBPAOCTTA Ha MOKPUTMATA HaHECEeHW C W3NOon3BaHuTe nBa
ernekTpoga ca Marku U He CbOTBETCTBAT Ha pasnukniTe B U3xogHata UM TBbpAocT. MNMpuymHa 3a ToBa
Ca NpoMeHuTe, KOUTO aHOAHUTE MaTepuanu NpeTbpnaBaT B NpoLeca Ha NpeHoca.

Mo aHanorMyeH HauvH ce WU3MeHAT AudppakuuoHHaTa KapTuHa M MUKPOTBBPAOCTTa Ha
NMOKPUTUATA, HAHECEeHW C OocTaHanuTe Tpu enekTpoja C Ta3u pasfnuka, Ye C YyBenuMyeHwe Ha
TemnepaTypaTa Ha oTrpsiBaHe MUKPOTBBbPAOCTTa Ha NokputusTa, HaHeceHun ¢ TH n THM HapacTBa
no-crnabo, a MO-MHTEH3MBHO pacTe TBbPAOCTTA Ha rpaHuuarta CriolM-OCHOBa, KaTo CTOMHOCTUTE ce
ctabunmampaT u pasmaxbT HamansiBa. OT CHUMKMUTE Ha MuKpoLLnndoBe Ha nokputuaTa npu 20, 400
1 600°C - ®ua.5. ce YyCTaHOBSIBa, Ye crnej HarpsBaHe TepMOMNoBNuAHaTa 30Ha ce 3anuyaBa, a apyru
CTPYKTYPHM NPOMEHN He ce 3abensasBear.

Bbp3oTo HarpsBaHe u oxnaxgaHe B npoueca Ha npeHoca u 6Gbp3ata kpucTanu3aums Ha
maTepuanute Ha HE n ocHoBaTa BOASAT OO U3MEHEHWE Ha CTPyKTypaTa M CbCTaBa Ha HaHECEHOTO
nokputre. KpaTkoBpeMEeHHOTO TEeYHO CbCTOSHWE € MpeanocTaBka 3a MpOoTUYaHe Ha M3paBHABaLLa
andysnsa n hopmmupaHe Ha crnom ¢ ycpeiHeH XMMNYeCcKn CbCTaBs, a OXnaxgaHeTo C BUCOKa CKOPOCT
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Quaypa 5. Mukpocmpykmypa Ha esieKmpoucKpos8u NnoKpumusi cried omepsisaHe npu
memnepamypa 600°C
Figure 5. Electrical discharge coatings microstructure after annealing at 600°C

NPOMEHST MexaHu3Ma Ha Kpuctanusauusita. B pesyntaTt cTpykTypaTta nocTeneHHo usgpebHsiBa OO
nosieaTa Ha ynTpagucnepcHoTo aMOpdHO CbCTOsIHME, YCTONYMBO A0 600°C. [OpHUTE N3MEHEHMSs B
3HauuTenHa CTeneH OnpeaenaT Makpo CBOWCTBATA W EKCMIoaTaLUOHHWUTE XapakTepUCTUKM Ha
NoKpUTUATa NPW pas3nnyHM ycrnoBusi Ha paboTta. [Mo3HaBaHETO Ha Te3n U3MEHEHUsI MMa BaXHO
3HayeHne, Tbil KaTo AaBa Bb3MOXHOCT 3a pasfu4YHM YCrnoBusi Ha paboTa ga ce noabupat Hai-
NOAXOASILLNTE 3@ KOHKPETHWSI Crnydal pexvMuM W MaTepuan Ha HannacTsaBalims enekTpon
onpefensawmM Buaa M CTpykTypata Ha MOKPUTMETO, koeTo e obesneynm Bb3MOXHATA MakcumanHa
W3HOCOYCTONYMBOCT HA HanmacTeHoOTO U3genue.

n3Boau:
1. YcTaHOBEHO € Ye Npu eneKkTPoONCKPOBO HannacTsaBaHe ¢ enektpog P25

NMOBBPXHOCTHUSAT CIoN ce oboraTsBa ¢ kapbvam B No- ronsima cTeneH OTKOMNKOTO npw enektpoau BK.
2. WVsnonsBaHeTo Ha peXxunmMmu C No-BUCOKa eHeprus Boau A0 NO-4bJIT0 CbXpaHeHne Ha
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HEpaBHOBECHUTE YNTPAAMCNEPCHM N aMOpPdHM CTPYKTYpU M TBBPAMTE pPas3TBOPU HA aHOOHUTE
MaTepuanu B XXensa30oTo, KOeTo e nNpeanocTaBka 3a MNo-B1COKa M3HOCOYCTOMYMBOCT Ha MOKPUTUSITA.

3. Tlo-BucokaTa CTeneH Ha OMCMepPCHOCT Ha NOKpUTUSATA OT enekTpoan Ha ocHoBa WC
npu PeXMMNTE C BUCOKa EHeprusi cb3gasart NpeanocTaBki 3a po-gobpa aaxeans 1 no-BUCOKM SIKOCTHU
XapakTepUCTUKM Ha To3n BuA nokputusi. CnepgoBatenHo, npu EH Ha u3genus, paboTewm B ycroBus
Ha BWCOKM TemrnepaTypu W yAapHM HaTOBapBaHUSA € HeoOXoAMMO MOKPUTMSATA Oa Ce HaHaceaT ¢
enekTpoau Ha ocHoa WC npu pexxumMmuy ¢ Bb3MOXHaTa 3a cnyyas Han-BUCOKa eHeprus.
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Pe3rome: B Hacmosiwjama paboma e npogedeHo u3criedsaHe Ha bazosusi cbcmas U
MuKpomebplocmma Ha eJIeKmpPOUCKPO8O HaHeCeHU rnokpumusi ¢ rncesdoamopgeH cmpoex cried
omepsisaHemo um rpu memnepamypu 200, 400 u 600°C. [lokpumusima ca HaHeceHU om
mebpoocnagHU KOMMIO3UUUOHHU Mamepuanu Ha ocHoga WC ebpxy 6bp3opexewia cmomarHa P6MS.
YcmaHoseH e xapakmepa Ha U3MeHeHue Ha ¢has3oeusd cbcmas U Mukpomebpdocmma Ha
rokpumusima 8 3asucuMOoCI Om Mamepualsia Ha Harjacmseawus efekmpood, napamempume Ha
pexuma 3a HarnacmsieaHe U memrepamypama Ha omepsieaHe. [lonydyeHume pe3ynmamu dasam
8b3MOXHAcCmM 3a pasfiuyHU yCri08Us Ha eKcriyioamauyusi Ha HarniacmeHume u3denus 0a ce nodbupam
pexumu u Mamepuanu 3a HannacmsieaHe, Koumo Oa obesrneyagam MakCUMasiaHO 6b3MOXHama
u3Hocoycmou4u8ocm Ha rokpumusma.

KOHTAKTMU :
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3D SURFACE LAYER CHARACTERIZATION FOR HYDROGENATED X 65 STEEL
SAMPLES

Claudiu TELETIN, Constantin SPANU, lulian Gabriel BIRSAN and Sorin CIORTAN

Abstract: The paper studies the influence of hydrogen embrittlement on the surface
roughness of samples collected from slabs of steel X 65 obtained by continuous casting. It was

considered same parameters of the roughness: Sa(average roughness), Sku(kurtosis) and

Ssk (skewness). For the determination of these parameters it was used a universal microtribometer

(UMT).
Key Words: hydrogen embrittlement, 3D roughness.

1. INTRODUCTION

Hydrogen is the element with the simplest structure. Its reactivity and rate of diffusion is very
large. Hydrogen can reach into steel in several ways: through steelmaking and casting (so called
internal or metallurgical hydrogen) and through the surface of the steel, at the manufacture of metal
parts and then, due to environmental conditions and mechanical stresses. After adsorption of atomic
hydrogen in metal, it diffuses [1] and accumulates in the crystalline structure defects (nonmetallic
inclusions, voids, grain joints, interfaces etc.). These defects are traps for it. Here the hydrogen
recombination takes place, resulting in molecular hydrogen, with volume greater than the atomic
hydrogen. Thus, in the traps, it creates high pressure (>0.5 MPa), which can lead to embrittlement of
the steel, if a critical threshold is reached. Numerous damages due to the presence into petroleum
products of harmful substances, particularly hydrogen sulphide, which favors the penetration of
hydrogen into steel and the resulting embrittlement has led to the need to study the influence of
hydrogen on steels used in the construction of pipelines and oil facilities. The X 65 PSL 2 steel
(according standard API 5 L) studied in this paper is used in construction of oil pipelines.

During the hydrogen embrittlement in a H,S medium, atomic hydrogen is produced by hydrogen
sulphide dissociation, while the corrosion process in hydrated environment. The final reaction is [2, 3] :

Fe + HpS = FeS + 2H 1)
2. EXPERIMENTS

2.1. The test specimens

¥
'y

The samples were taken from the surface of a slab
obtained through continuous casting. They have form and

size like in Fig.1 and were grinded on a horizontal grinding
machine. /

To simulate environmental conditions caused by
hydrogen sulphide in the oil industry installations using X 65
steel, sets of samples were treated in hydrogen sulphide
environment, for different periods of time.

Samples treatment was made under similar conditions of the test HIC (NACE Standard TM 0284
[4]), using a saline solution, acidified, in which was bubbled H,S. The hydrogen sulphide is prepared in
a Kipp bows from sodium sulphide and sulphuric acid according to reaction:

Fig. 1. The test specimen form and
dimensions.
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Na,S + H,SO, =Na,SO, + H>S (2)
Same of the test specimens where hydrogenated for 96 hours and 192 hours, while others do not
[5]. Hydrogenation was done by bubbling sulphured hydrogen into acidulate salt solution.

2.2. 3 Droughness measurement

The characterization of 2D roughness is usually done using among others the Ra parameter.

This is easy to define, easy to measure giving a general description of surface amplitude. The
parameter is insensitive to small variations in the profile [6]. However, the 2D surface roughness
characterization has inherent limitations, as non indication of functional aspects of the surface. The
three dimensional techniques give a better understanding of the surface in its functional state [7]. So a
3D roughness study was necessary. This was made with a universal microtribometer (UMT). The
results can bee seen in the Figs. 2 — 4 where are presented the aspects of the investigated surfaces.

To analyze the surface condition of nonydrogenated and hydrogenated samples was chosen to
follow the development of quality parameters at surface irregularities that describe both the height and
shape of the surface [8].

The considered surface parameters are: Sa surface average roughness (eq.3), Ssk - surface

skewness (eq.4) and Sku - surface kurtosis (eq.5).

mmme

199 cols x 200 rows
0,50 mm x 0.50 mm
Z:9.25 pm

Display ratio 1:1:6.759

o.o ’ 025 ‘ ' o
a) plane view b) 3D view
Fig. 2. Non-hydrogenated sample

200 cols x 201 rows
0.50 mm x 0.50 mm
2Z: 9.55 ym

Display ratio 1:1:6.545

a) plane view b) 3D view
Fig. 3. 96 hours hydrogenated sample
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200 cols x 200 rows
0,50 mm x 0.50 mm
2:9.12 pm

Display ratio 1:1:6.855

a) plane view b) 3D view

Fig. 4. 192 hours hydrogenated sample

S =iii|2|(x y;) 3)
® MN v

j=1 =1
1 &,
Sy = NG JZ;,Z:,Z (X, Y;) 4)
were: Sq root mean square, that is calculated with (5a)
S, = iiizz(xwy-) (4a)
MN {53 v
1 &,
Sk :WS;‘;;Z (X, Y;) (5)

In equations 3, 4, 5: M is the number of columns on the surface and N the is the number of rows
on the surface. Their vales can be seen in Figs. 2 — 4.

As concerning Sa , it is considered not to be a significant parameter in surface characterization.
Sq instead is a much more statistically significant parameter.
The Ssk parameter is the measure of the profile symmetry about the mean plane. The direction

of the skew is dependent on whether the bulk of the material is above the mean plane (negative skew)
or below the mean plane (positive skew). This parameter is very useful because make a difference

between two surfaces having the same Sa value.

As an example a good bearing surface have a negative skew. A positive skew is obtained
because of the lack of deep valleys. Surfaces with a positive skewness can be turned surfaces that
have high spikes above the mean plane. For a Gaussian surface that has symmetrical topography, the

skewness is zero. The Ssk parameter correlates well with load carrying ability and porosity.

The correlation between the value of Ssk and the surface shape is shown in Fig. 5 [9].
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R,=1,Rg =15

Ry =1,Rg =-1.5

Fig. 5. Three surface with different
skewness parameters and equal

R, roughness [9]

Profile

Distribution

Kurtosis > 3

e
D

Fig. .6. Two surface with different kurtosis
parameters [6]

Kurtosis < 3

The Sku parameter is a measure of the
sharpness of the surface height distribution
and characterized the spread of the height
distribution. A Gaussian surface has a
kurtosis value around three as in Fig. 6. In
opposition with Ssk this parameter, the Sku
parameter can indicates of the spikiness of
the area: high kurtosis value signify a spiky
surface and a low kurtosis value a bumpy
surface. This parameter is very useful in
predicting the wear behavior and the
retention of lubricant. As an important
observation that kurtosis cannot differentiate
between a picks and a valley [6].

The calculated values of the: Sa,

Ssk and Sku parameters are presented in

table 1. With the results were obtained the graphs shown in Figs. 7-9.

Table 1 The surface parameters values vs. hydrogenation time

Hydrogenation time [h]
Surface parameter 0 96 192
Sa 1.6 0.89 1.12
Ssk -0.432 -0.214 -0.823
Sku 2.618 4.043 3.76
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Surface average roughness Sa

0 96 192
Hydrogenation time [h]

Fig. 7. The surface average roughness Sa values vs. hydrogenation time

Looking at the graph in Fig. 7 it can be seen that hydrogenation leads to lower Sa roughness
values.

Surface skewness Ssk

0 96 192

Hydrogenation time [h]

Fig. 8. The surface skewness Ssk values vs. hydrogenation time

The graph in Fig. 8 by negative values of the skewness suggests that the roughness profile is
intermediate to those shown in Figs. 5b and 5c.

Surface kurtosis Sku

0 96 192

Hydrogenation time [h]

Fig. 9. The surface kurtosis Sku values vs. hydrogenation time
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Values of the surface kurtosis in Fig. 9 shows that for nonhydrogenated sample the roughness
has a non-Gaussian distribution, while for the hydrogenated samples is a Gaussian one, as shown in
Fig. 6.

3. CONCLUSIONS

From the measurements of 3D roughness is noted that for nonhydrogenated samples, the surface
profile is net, obvious and continuous edged, whereas hydrogenated samples presenting a softer
surface profile, edges being interrupted by numerous discontinuities.

The presence of surface discontinuities may be attributed to the contamination of the sample
surface with various compounds (particularly oxides) which characterizes the corrosion generated by
the hydrogenation process.

The surface parameters like: average surface roughness, surface skewness and surface kurtosis

are very useful for characterizing the roughness profile and its distribution.
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QUALITY OF ELECTRON BEAM WELDED CHARPY SPECIMENS
Ina YANKOVA

Abstract: This paper reports results connected with the quality of electron beam welded
joints. reconstitution of the Charpy specimens by electron beam welding technology. Material used in
this study is reactor pressure vessel steel with thickness 10mm. Visual inspection, radiographic
testing and metallographic analysis were conducted.

Key Words: EBW, imperfections, Charpy specimen

OLEHKA HA KAYECTBOTO HA 3ABAPEHU YPE3 EJIEKTPOHHO JTbYEBO
3ABAPABAHE LUAPTIN OBPA3LIU

Nua AHKOBA

Pesrome: B Hacmosiuwjama paboma e OUyeHEeHO Ka4ecmeomo Ha 3asapeHu CbeOUHEHUS], Ype3
€/IeKmMPOHHO /TbYEB0 3asapsisaHe. 3a uscredsaHemo € u3ros3eaHa HUCKO 8besiepodHa peakmopHO
KopriycHa cmomaHa ¢ OebenuHa 10mm. [llposedeHu ca eulyarneH paduospaghudeH bespaspyluu-
mersnieH KOHMPOoJ1 U MemarnozgpaghcKu aHanus.

Knroyoeu dymu: EJf13, HecvebpweHcmea, obpasyu mun "LLapnu”

1. BbBEOEHUE

PasButneTo Ha sagpeHaTta eHepreTuka MnocTaBs Ha MpedeH nnaH BbLAPOCUTE, CBbP3aHu C
ocurypsBaHeTo Ha 6GesonacHa M HagexgHa ekcnnoatauus Ha sapeHuTe peaktopu. PecypcbT Ha
BCekn eHeprobnok Ha AELl, ce onpegens OT pecypca Ha kopnyca Ha peakTopa, 3aloTO HerosaTa
nogmMsiHa € TEXHUYECKM MHOrOo CIOXHa W MKOHOMUYECKM HeornpaBhaHa. 3a OueHka cTeneHTa Ha
OKPEXKOCTSIBAHE Ha MeTana Ha Koprnyca Ha peakTtopa ce npoBexaaT cepust OT OUHAMUYHU
nacneaBaHusa Ha obpasum Tun Wapnu. Konnyectso obpasuun-cengerenn, NpeaBapuTenHo 3anoxeHu
B peakTopuTe OrpaHU4YeHo, 3a yBenuyaBaHe Ha MHdopmauuaTa OT TAX ce npunara Bb3CTaHOBsIBAHE
cnef MbpBOHAYanNHOTO UM paspyluaBaHe. BaxHocTTa Ha npobnema Ha Bb3cTaHOBABaHe Ha obpasuu
3a AVHaMU4YHU mn3nutaHusa Tun “lapnn” e Hanoxuno pa3paboTBaHETO Ha creuuwaneH cTtaHgapT Ha
ASTM E1253-07 A Standard Guide for Reconstitution of Irradied Charpy Specimens [1]. B ctaHgapTa
Cca 3anoXeHW OCHOBHWUTE W3NCKaHUS CBbP3aHW, KaKTo C MNOoAroToBkaTa, Taka U CbC CaMuat
TEXHOSOMMYEH MpoLEeCc Ha 3aBapsiBaHe NpW Bb3cTaHoBsIBaHe Ha obpasum tun “lapnn”. CbrnacHo
ASTM E1253-07, npu Bb3CTaHOBsBaHe Ha obpasum - cBuOETENU, Ype3 erNeKTPOHHONbYEBO
3aBapsiBaHe TpsibBa ga ce ocurypu MbJIHO NpoBapsBaHe Ha obpaseua (T.e. AbNOOYMHA Ha LeBa He
TpsibBa ga 6bae no manka ot 10mm), KaTo TemnepaTtypaTta B LieHTpanHa My 4acT, Ha pas3cTosiHune
2mm oT noBbpxHocTTa (Touka C, Ha ¢ur.1) Ha Hagpesa He Tpsibea aa npesuwasawa 300°C, npes
LenuaT NpoLec Ha 3aBapsiBaHe. B 3aBapbyHMA LWEB 1 30HATa HA TEPMUYHO BIMSIHUE HE € LOMYCTUMO
HanM4YneTo Ha HECBHBBPLUEHCTBA, HapyLLaBaLLy XOMOreHHOCTTa Ha 3aBapeHOTO CbeAMHEHME.

Mpun EN3, kakto u nNpu gpyrute meToan ce HabnogaBaT HECHBBLPLUEHCTBA Npu hopmupaHe Ha
lweBa M OTKMNOHeHWs oT dopmaTta My. Hapeg c Tax, npu EJI3 Bb3HMKBAT TMNMYHWM 3a npoueca
HeCbBbpLUEHCTBA [2, 3]: HECBBBPLUEHCTBA B KOPEHA Ha LUEBA, HEMOCTOsIHHA AbN6oYMHa Ha NpoBapa,
Npo4bAroBaTH KyxnHu B o6emMa Ha LieBa, NyKHaTUHM B cpeaTta Ha 3aBapbyHUst LLEB, OTKITIOHEHUE Ha
reoMeTpusaTa Ha LWeBa OT TUNMYHaTa “KnHxanHa” dopma.

HecbBbplueHcTBaTa B 3aBapeHOTO CbeAMHeHMe MoraT Aa 6bOaT yCTaHOBEHU 4Ype3 pasfiuyHu
6e3paspywmntenHu nsnutesaHns. PagnorpaduyHmaT 1 ynTpasByKOBUAT METOAU Ca Han-noaxoaswm 3a
yCTaHOBSIBaHEe Ha Hanmn4yme Ha nopuv un NykHatuHu [3, 4, 5].
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Llenta Ha Tasn pabota e ga O6bAe OLEHEHO KayeCTBOTO Ha 3aBapeHWUTe CbedWHEHUSI BbB
Bb3CTaHOBEHM Ype3 ENIEKTPOHHO NMbyeBO 3aBapsiBaHe (EJ13) o6pasuu.

2. EKCMEPUMEHTANHA NPOLEOYPA
2.1. M3cnedeaH mamepuan u anapamypa

3a uscnegBaHusiTa € U3nona3eaHa peakTopHo kopnycHa ctomaHa 15X2HM®A ot cuctemata Cr-Ni-
Mo-V. ToBa ca TONNOYCTONYMBM, HUCKONErMPaHM CTOMaHN C NOBULLIEHA MEXaHNYecKa SIKOCT MpU BUCOKU
TemnepaTypu u NpoabImHKUTENHN NOCTOSHHN HAaTOBapBaHUA.

3aBapsiBaHETO € NpoBeAeH Ha MHCTanaums 3a enekTpoHHOMbYEBO 3aBapsiBaHe Tun ESW300/60-15
npou3seaeHa oT cdupmarta Leybold — Heraeus B VHcTuTyTa no enektpoHuka npu BAH npu cnegHus
TEXHOMOMMYEH PEXUMW: TOK HA eneKTPOHHWUS cHomn — | =50mA, MOLUHOCT Ha enekTPOHHUS CHOoM - B
ananasoH ot 3-15kW npu yckopsiBawo HanpexeHnune 60kV; (P=U.l); ckopocT Ha npemectBaHe Ha XY
KoopauHaTHa maca V = 10mm/s; Tok Ha dpokycupallaTa cuctema If= 497maA [8].

3a Ges3paspywmTenHus KOHTPON € U3MNom3BaHo criegHoTo obopyaBaHe: PeHTreHoB gedekrockon,
moa.”Eresco 200/8” — Seifert — Germany; Cuctema 3a aurutanHa paguorpadusi ¢ OeTekTop
nonyreBkaeu nnakn (CR) - Toea e HoBa TexHonorus 3a paguorpaduyeH KOHTpon. [eTekTopbT e
doccopeH cnou, HaHeceH Ha nonyrbBkaBa OCHoBa — Mnaka. NogobHo Ha dunmosaTa paguorpacdus,
n306paxxeHneTo He ce Cb3gaBa AMPEKTHO, a Ype3 MexauHHa hasa — ckpuTo (NaTeHTHO) nsobpaxeHue.
MpeumywlecTBaTa Ha aurMTanHata paguorpadus ca: Mo-marnkv ekcnosuumu, no-manku pasxoau 3a
KOHCYMaTuMBW, Bb3MOXXHOCT 3a nogobpsiBaHe Ha M300paXeHNETO U1 YCroBMATa 3a apxmBupaHe [5].

Cneg npoBexgaHe Ha €eKCMEPUMEHTUTE Ha Bb3CTaHOBeHWTe o6pasuu, ca W3roTBeHu
mMeTarnorpadcku wnndgose. 3a NposiBABaHe Ha MaKpOCTPyKTypaTa e nanonasaHe 4% pasteop Ha HNO;
B eTaHomn. [eoOMeTpUYHUTE XapakTEPUCTMKA Ca M3MEPEHM C MOMOLLTa Ha OMTUYEH MeTanorpadcku
mukpockon Neophot-2, Olympus GX41 n codbTyep 3a aHanmM3 Ha N3006pakeHNETO.

2.2. Cxema Ha onumHama rnocmaHoekKa

Ha owur.1 e nokaszaHa cxema Ha cbcTaBeH obpasel Tvn “lLapnu”, cbCTOSAL, Ce OT LieHTparnHa 4Yact
A n pgBe ponbrHUTENHW 4Yactu /BctaBku/ B, cbegmHeHu 4ypes EJN3, cvoreetHo (3LU) 1 m 2.
LleHTpanHata 4acTt Ha obpaseua e c pasmepu 10x10x10mm, a ABeTe AONBIAHMTENHM YacTu
22,5x10x10mm.

=)
[
n

0)

due.1l Cxema Ha eb3cmaHoeeH “lllapnu “ obpa3sey

Mpun oueHka Ha Ka4yeCcTBOTO Ha 3aBapbyYHWUTE LUEBOBE OT eauH obpaseu, TpsibBa ga ce vMma
npeasua, Ye 3a Ja Cce OLEHW KayeCcTBOTO Ha uenus obpasel e HeobxoaMmo M ABaTa LieBa ga
NMOKpMBAaT Ka4eCTBOTO 3a Hawv BUCOK knac B, cernacHo BC EN ISO 13919-1 [6].

3. PE3YNTATU N AHANMU3

3a uenta Ha wuscnegBaHeToO ca Bb3CTAaHOBEHM ABaHageceT obpasun Tun “lapnun”, 4pes
€NeKTPOHHO MbYyeBO 3aBapsiBaHe. Ha obpasuuMte e HanpaBeH BusyaneH u paguorpaduyeH
BespaspywmteneH KoHTpon. PagmorpadpmnyHuat KoHTpon e HanpaBeH cbrnacHo BAC EN ISO 17636-
1:2013 no TexHonorusa oTroBapslia Ha knac B — nogobpeHa TexHonorusa [5, 9]. MNpn nponbyBaHa
aebennHa 10mm e wu3non3BaHO PEHTreHOBO fbueHMe C HanpexeHne 170kW. WN3bpaHata 3a
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TexHonorusa knac B dunmosa cuctema, e knac C4. Ontuyeckata NnbTHOCT HA paguorpammute € rno-
ronsma ot 2,3, a CTOMHOCTTa Ha Ka4eCTBOTO Ha MOMy4YeHOTO M300pakeHne onpeaeneHo CbC XUYKOB
VKN e Hag W14, KoeTo NoKprBa ycnoeusita Ha nogobpeHa TexHonorus - knac B. C uen yBenvyaBaHe
Ha MHdopMauusTa e HanpaBeHOo M NPOTbYBaHE MO ObJIKMHA Ha LUEBOBETE.

3a oueHKa Ha KayeCcTBOTO Ha 3aBapeHV CbeOUHEHUS MpU eNeKTPOHHOTbYEBO 3aBapsiBaHe nMa
otgeneH craHgapt: BAC EN ISO 13919-1 ,3aBapsiBaHe. EnekTpoOHHONMbYEBO M fla3epHO 3aBapBaHe
Ha cbeauHeHusi. PbKOBOOCTBO 3a HMBaTa Ha KayecTBO cCrnopej HecbBbplUeHcTBaTa. Yact 1:
CtomaHa” [6]. HecbBbplueHcTBaTa kouTo ca 06ekT Ha oueHka B BAC EN ISO 13919-1 [6], kakTO 1
o3HayveHuaTa um no BAC EN ISO 6520-1 [7] ca nageHn B Tabn.1.

Ta6n.1 Npynu HecbebpweHcmea npu EJI3 o6ekm Ha oueHka e BC EN ISO 13919-1

OsHaveHve | HecwBbplueHcTsa npu EN3, kouto | O3HaveHne | HecbBbplieHcTBa npu EN3, kouto
no BAC EN | ce oueHnsBat no BAC EN ISO | no BAC EN | ce oueHsiBaT no BOC EN ISO
ISO 6520-1 | 13919-1 ISO 6520-1 | 13919-1

100 [MykHaTUHa 500 HecbBbplueHa popma 1 pasmepu
104 KpatepHa nykHaTtvHa 501 [Nogpes

200 KyxvHa 5011 Mopgpes -HenpekbcHaT

2013 pynupaHa nopmuctocT 5012 Mopgpes -npekbcHaT

2014 JInHenHa nopuctoct 502 ManuweH metan Ha wesa

202 BcmykHaTuHa 504 [MpokanBaHe

2024 Kpatep (kpatepHa nyna) 507 JInHenHo nsmecTeaHe

300 TBbpOo BKNOYBAHE 509 XnbTBaHe Ha weBsa

400 HecnnassaBaHe n HenbrieH nposap | 511 HeposanbnBaHe Ha weBa

401 HecnnaesBaHe 515 Bonb6HaTOCT Ha KOpeHa

402 HenbneH npoBap (Henposap) 602 3aBapbyHM NPBCKM

MpeacrtaBeHun ca pesyntatuTe OT ABaHageceT obpaseua ¢ No ABa 3aBapbyHu wesa. Obpasyute
ca uscrnefBaHu crieq npoBeAeHa MexaHuvHa obpaboTka — wnudoBaHe u n3paboTBaHe Ha Hagpes,
T.e. u3paboreaHe Ha obpasey Tvn ,Lapnun“. H1BoTO Ha kayecTBo cbrnacHo BAC EN ISO 13919-1 u
HMBOTO Ha npuemaHe cbrnacHo BAC EN ISO 10675-1 Ha 3aBapb4HUTE LLUEBOBE € MPeACcTaBeHO B
Tabn.2.

Mpwn o6pasum Net, 2, 3, 6, 7, 9 ,12 He ce HabnogaBa HaNMYMETO HA HECHLBBLPLUEHCBA, KAKTO Ha
paguorpamnTte, Taka u Ha metanorpadckute obpasum (cur. 2).

®uz.3 Makpocmpykmypa Ha Hanpe
ceyeHue Ha 3LU Neo4.1

Que.2 Makpocmpykmypa Ha HarnpeyHo ce4yeHue
Ha 3LU Ne1.1, 31U Ne2.1 u 3Ll Ne3.1

Mpu 3L 4.1 Ha o6paseL, Ne4 ce HabnogaBa HECHBBLPLUEHCTBO B KOPEHa Ha LeBa — HEMOCTOSAHHA
obnboyrMHa Ha npoBapa; MO Ab/KMHATa CU KOpEeHa Ha LWeBa uma urrnoobpasHa ¢opma. ToBa ce
ObImKM Ha ocobeHOCTUTE Ha MpPeHOC Ha MeTana B 3aBapbyYHaTa BaHa, @ UMEHHO MEepUOAVMYHOTO
3anvMBaHe Ha MaporasoBusi KaHan No BMCOYMHATA MY, KOETO Bb3NpensaTcTBa TpaHCNOPTUPaHeTo Ha
MeTan npes3 kopeHa Ha wesa (cur. 3 n dur. 4). HeCbBBLPLUEHCTBOTO € C AbIMKMHA 3,5mm, KOeTo
cnopen cTaHapTa  OTroBapsi Ha HW-HUCKO HMBO Ha MpuMeMaHe, KOeTO He yaoBneTBopsiBa
nocTaBeHUTEe U3NCKBaHUA.

Mpu obpasey Ne5 ce HabniogaBa CbLIOTO HECLBBLPLUEHCTBO, KaToO AbIDKMHATa My e 5,5mm,
KoeTo cnopen cTaHgapTa He OTroBaps Ha HUKOe HUBO Ha npuemaHe. Moxe ga ce cumta 3a
HeJoMnyCTMMO Cropes pasMepuTe CU HECBHBBLPLLEHCTBO (dour. 4 u dour. 7).
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3u14.1¢ 3m4.2¢ 3W5.1 BL5.2 l

Quz.4 Paduozpamu Ha ob6pa3syu Nedu Ne5

Mpn o6pasum Ne8 u Ne10 ce HabniogaBaT NpoAbAIrOBaTU KyxMHW B obema Ha LweBa, KaTo
pa3mepuTe UM OTFOBapAT Ha HUBO Ha ka4vecTBO - C, cbrnacHo BC EN ISO 13919-1 (cwur.5).

3LIJ8.1¢ 3LIJ8.2¢ 3LU10.1 3LIJ10.2¢

Qua.5 Paduozpamu Ha o6pa3yu Ne8 u Ne10
Mpn obpaseu Ne11 ce Habniogasa B 3LWU11.1 npogbnroBata kyxvHa B obema Ha LieBa.

ObmkuHaTa Ha HECLBBPLUEHCTBOTO ObXBalla no4tn nonosuHaTa oT 3L, koeTo ro onpefens kato
HeLonyCTUM.

3u111£ 3umg

@ue.6 Paduozspama Ha ob6pasey Ne11 u Makpocmpykmypa Ha Hanpe4Ho ce4deHue Ha 3Ll Ne11.1

Pesyntatute ot meTanorpadckms aHanm3 B 30HaTa Ha LWEeBa Ha 3aBapeHUTE CbeAWHEHMS
NnoTBbPXAABAT OLeHKaTa Ha paguorpamuTe. [loka3BaT M CbLECTBYBAHETO HA HECHLBBLPLUEHCTBA ,
KOWTO He ce BwxaaT Aobpe Ha paguorpamuTte, Kato Manku nopu. C nogobpsiBaHe Ha Ka4eCcTBOTO Ha
N300paeHNETO M yNeCHsIBaHE Ha OLIEHKAaTa e MPUITOXEH U aurMTtaneH paguorpaguyeH KOHTPON Ha
o6pasum Ne5 n Ne12. AurutanHuTe paguorpamu (ur.7) ca ¢ MHOTO Mo - Jo6bp KOHTPACT U Ka4ecTBO
Ha n300paxxeHneTo.

3W5.1p 3LWs5.2 3w12.1  3u12.

QPuz.7 Paduozpamu Ha o6pa3yu Ne5 u Ne12
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C npoBefeHVTe M3crneaBaHnsl C KOHBEHLMOHAMHU U CrieunanuampaH TeEXHUYEeCKU CpeacTsa ce
MOTBbPAM OLiEHKaTa oT paguorpagusaTa. YCTaHOBY ce, Ye 3a pasrnefaHnTe 3aBapeHn CbeaVHEHUs ¢
AebenuHa 10mm, 3a No NpeuusHo onpedesisHe Ha reoMeTpusiTa Ha LWeBa U HeCbBbpPLUEHCTBaTa €
HeobxoaVMO Ja ce npunaraT cneuuanmampaHn TeXHUYEeCKU cpeacTea.

Ta6n.2 Huea Ha ka4yecmeo u rnpuemMaHe Ha HabnwdaseaHume HeCcbe8bpUweHcmsea

Ne | HabniopasaHu HuBo Ha | H1BO Ha | Ne HabntopaBaHu HueBo Ha | HMBO Ha
HECBHBBLPLUEHCTBA | KAYECTBO | NpuemaHe HECbBBLPLUEHCTBA | KAYECTBO | NpuemaHe
cbrnacHo  BMC | cbrnacHo | cbrnacHo C 03Ha4yeHWe no | CbIMacHO | CbrNacHo
EN I1SO 6520-1 BOC EN | BAC EN BOC EN ISO | BAC EN | BAC EN

ISO ISO 6520-1 ISO ISO
13919-1 10675-1 13919-1 10675-1

1.1 - B 1 71 | - B 1

1.2 | - B 1 72 |- B 1

21| - B 1 81 |- B 1

2.2 | - B 1 8.2 | 2015 C 2

31 - B 1 9.1 |- B 1

3.2 - B 1 9.2 |- B 1

4.1 | 2011 B 1 10.1 | - B 1

4.2 | 2015 D 3 10.2 | 2015 C 2

5.1 | 2015 D 3 11.1 | 2015 D 3

5.2 | 2011 B 1 11.2 | 2011 B 1

6.1 - B 1 12.1 | - B 1

6.2 | - B 1 12.2 | - B 1

4. 3AKNMIOYEHUE

AHanunanpanu ca gedektute B 3L n 3TB npu EJI3 Ha ctomaHa 15X2HM®A ¢ pebenuHa 10mm.
EkcnepymeHTanHo ca NOTBbPAEHW [AHHWTE 3a NoflydaBaHe Ha TUMWYHWM 3@ eNEeKTPOHHOITbYEBO
3aBapsiBaHe HecbBbpLUeHCTBA. OT HanpaBeHaTa OLeHKa Ha HMBO Ha KavecTBo cbrnacHo BC EN ISO
13919-1 n HmBoTO Ha npuemaHe cbrnacHo BAC EN ISO 10675-1 ce Bwxaa, Ye no-ronsama 4act ot
obpasuute OTroBapAT Ha MOCTAaBEHOTO M3UCKBAHE 3@ HE HanuuMe Ha HEeCbBbPLUEHCTBA BbLB
Bb3CTaHOBEHUTE 0Opasuyn. 3aBapbyHUTE LWEBOBE, MpUM KOUTO ce Habniogasat HeaonycTUmm
HECBHBBLPLUEHCTBA NpuMHagnexar Ha eavH obpasel u npuMynHaTa 3a TAXHOTO CbLUECTBYBaHE MOXe Aa
Ce TbPCK B HEMPABUITHO U3MbJTHEHA TEXHOMOIMS Ha 3aBapbYHMSA NpoLLeC.
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Abstract: Oxide ceramic coatings on S275JR non-alloy structural steel substrate were
produced using plasma transferred arc (PTA) scanning process. Coatings were carried out by
preplaced powder method using pure ceramic powders (Al,Oz and Cr,03) and a mixture of Ni-Al,Os
and Ni-Cr,0O; powders and a binder, painted over the substrate. Microstructural characterization
studies were carried out by optical and scanning electron microscopy (SEM) with energy dispersive X-
ray energy spectrometer (EDS). Wear resistance experiments were conducted using pin on disk wear
test apparatus.

Key Words: ceramic, layers, PTA process, microstructure, wear
1. INTRODUCTION

In the recent years a lot of investigations, considering different surfacing techniques were carried
out in order to improve surface properties of the materials. Most of these techniques involve high
concentrated energy sources for producing coatings with fine microstructure and enhanced
mechanical and tribological properties without affecting seriously the properties of the substrate
material. Ceramics, such as alumina, zirconia, cordierite, etc., offer cost-effective alternative to modify
the component surface properties and are used in a wide range of industrial applications, primarily for
wear resistance, thermal barrier and corrosive environment [1]. In this respect there has been
considerable interest in the use of ceramic powders with different overlaying methods such as plasma
spraying [2-8], laser cladding and remelting [9-11] and plasma transferred arc processing [12-13] for
their extremely high temperature, which is essential for dealing with feedstock like oxide and carbide
ceramics, whose melting temperature is very high [2]. Hou et al. showed the beneficial effect of nano-
AlL,O; particles on the microstructure and wear resistance of a nickel-based alloy coating deposited by
plasma transferred arc (PTA) [12]. Wang et al. investigated the effect of three nano-particles additions
(Al,O3, SiC, Ce0,) on the high temperature wear behavior of a Ni-based alloy coatings produced by
laser cladding technique and reported that the addition of these nanoparticles increased the wear
resistance of the coatings [9]. The effect of incorporation of nano-ZrO, particles in a Ni matrix has
been studied by Fernandes et al. and the results show that hardness and wear behavior of coatings
was improved with nanostructure zirconia additions while the friction coefficient is decreased [2].

Among these processes PTA surfacing process is characterized by extremely high temperature,
excellent arc stability, low thermal distortion of the part, and high coating speeds and so it is widely
used for the surface treatment of materials. Although, there is a lack of investigations taking in
consideration the use of PTA process for production of alumina and chromia layers. And since these
are ceramic materials of high level of hardness, wear and oxidation resistance, its use as
reinforcement material in nickel-based coatings deposited by PTA processes should be investigated.

In this context the aim of present work is to study the possibility of obtaining oxide ceramic
coatings on S275JR non-alloy structural steel substrate using preplaced powder method and
subsequent plasma transferred arc (PTA) scanning process.

2. EXPERIMENTAL PROCEDURE
2.1. Materials and PTA overlaying
The analyzed ceramic coatings were carried out by preplaced powder method, where the filler

material is pasted as slurry over the substrate and subsequent plasma transferred arc scanning.
S275JR non-alloy structural steel plates of 100x100x4 mm in dimension were used as substrate

181



material. The filler material slurry was made by mixing pure oxide ceramic powders (Al,O5; and Cr,03)
and a mixture of Ni-Al,O; and Ni-Cr,O3 powders with a 20% sodium silicate solution in water as a
binder. Chemical composition of coating materials and substrate are presented in table 1 and table 2,

respectively.

Table 1. Composition of coating materials

Coating material PA PAN PC PCN
A|203 100 wt% 50 wt% - -
Cr,05 - - 100 wt% 50 wt%
Ni - 50 wt% - 50 wt%

Table 2. Composition of substrate materials

C Mn P S N Cu

S275JR non-alloy structural steel 0.22 1.5 0.04 0.04 0.012 0.55

The plates were then covered with so prepared slurry and heated up to 90°C for 30 min in order
to dry out the moisture. The resulting thickness of pasted filler material was about 1.3-1.5 mm. The
specimens were then mounted on a cooper plate and scanned with the plasma arc to melt the coating
layer and the upper surface of the substrate forming metallurgical bond between them. Schematic
drawing of the plasma transferred arc scanning process is presented in previous investigations [15].
Four different sets of experiments were done with varying the composition of coating material (refer to
table 1). Main PTA overlaying parameters used for layer preparation are: Scanning current [=85 A,
Scanning speed V=85 mm/min, Plasma gas flow rate (Ar) — 8.0 I/min, Shield gas flow rate (Ar) — 5
I/min. The parameters of the PTA process were chosen so as to provide sufficient thickness and
formation of the coating layers. Overlays were produced and cooled under Ar atmosphere. All
analyzed coatings were deposited in one pass.

2.2. Layer characterization

Metallographic preparation of coated surfaces for examination involved preparing transverse
sections by grinding and polishing up to 1 ym diamond paste and then etching the specimens with 2%
HNO; solution in ethanol. Overlay characterization included microstructural analysis on the transverse
section of specimens by optical (OM) and scanning electron microscopy (SEM), using the secondary
electron and backscattered imaging mode. Chemical composition identification of a certain points of
overlaid coatings was performed in SEM by energy dispersive X-ray microanalysis (EDS).

2.3. Pin on disk testing

Wear resistance experiments were conducted using pin on disk wear test apparatus with
parameters, listed in table 3. The pin-on-disk testing machine consists of rotating disk whereon the
abrasive paper (cloth) is fixed. The tested specimen is fixed in the holder and pressed against the
abrasive cloth. Schematic drawing of the testing process is presented in a previous investigation [16].
The weight loss was measured by the WPS 180/C/2 electronic balance with the precision of 0.01 mg.

Table 3. Wear testing parameters
Parameter Value Units
Nominal contact are, A, 2.5 cm®
Specimen shape square 158x158 mm
Nominal contact pressure, pa 4.12 N/cm®
Average sliding velocity, V 22 cm/s
Sliding distance, S 110 m

3. RESULTS AND DISCUSSIONS

3.1. Microstructural characterization

Four different layers were produced by changing the coating material from using pure ceramic

powders (Al,O3 and Cr,O3) and a mixture of Ni-Al,O3; and Ni-Cr,03 powders. Visual inspection of Al,O;
and Cr,03 coatings showed poor formation of the layers with a lot of welding defect, such as pores,
cracks and even zones without layer formation. These defects led to the exclusion of these specimens
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(PA and PC) from further characterization. Addition of Ni to form a mixture of Ni-Al,O; and Ni-Cr,0;
powders, led to the formation of better coatings with much smaller amount of welding defects.

Fig. 1 and 2 shows the optical micrograph of Ni-Al,O3; and Ni-Cr,O; respectively. It can be seen
that the cross section of the obtained samples can be generally divided into deposited coating and
substrate. Microstructural analysis on the transverse section of specimens by optical (OM) microscopy
revealed the presence of Widmanstatten-like morphology formed in the fusion zone between substrate
and coating layer for both specimens. The coating layer is well bonded to the substrate without cracks
and porosities in the interface zones, as can be seen in fig. 1 and fig. 2.

Fig. 2. Microstructure of PCN layer

More details about the microstructure of the deposited coatings can be obtained by SEM analysis.
Scanning electron microscopy (SEM), using backscattered imaging mode revealed the formation of
(Fe,Ni) solid solution dendritic phase and interdendritic precipitates, which are considered to be Al,O;
(for PAN layer) and Cr,0O5 (for PCN layer). Chemical composition identification of a certain areas of
overlaid coatings which was performed in SEM by energy dispersive x-ray microanalysis (EDS)
revealed also the presence of some silicium oxides, formed in the upper surface zones of the layers. It
was also cleared that a high dense concentration of ceramic particles are situated mainly in the upper
layer of the coatings, where some pores and micro cracking are also observed (fig 3 and fig.4).

Because of the high temperature of the plasma transferred arc some of the Al,O; and Cr,0O;
particles are expected to be decomposed into Al, Cr and O atoms. Nevertheless, the other particles
could not be decomposed and are expected to be found preserved in the deposited coatings because
the cooling rate of the PTA treatment was quick [12, 13]. This is proved by EDS analysis in SEM,
which revealed particles rich in Cr and O for PCN coating and in Al and O for PAN coating. Therefore,
the Al,O3 and Cr,O5; phases could be indexed more precisely by XRD analysis, which will be part of a
future investigation. Though some Cr atoms exist in the Ni-Cr,O3; coating, carbides could not be
formed in this coating, because the tested substrate contained low carbon [13].
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Fig. 3. SEM images of PAN layer
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Fig. 4. SEM images of PCN layer

The spinel compound NiAl,O, could be expected based on a previous investigations [11]. Also
both o and y phases of Al,O3 are suspected to be present in PAN coating [14].

EDS analysis in SEM has shown that high density concentration of the alloying elements is
observed in a thin surface layer on the top of a specimens which decreases in the fusion zone
direction. In this respect the formation of a kind of an intermediate Ni based layer between steel
substrate and high dense oxide surface layer of the ceramic coatings is observed. And the elemental
mapping has proven homogenous distribution of aluminum and oxygen (PAN specimen) and
chromium and oxygen (PCN specimen) through the dept of that intermediate layer.

3.2. Wear characterization

Pin on disk test results are listed in table 4. As it could be seen Ni-Al,O; layer shows less mass
loss and wear loss rate than Ni-Cr,O5 layer. This could be due to the higher hardness of alumina
compared to the chromia. It is also obvious that the mass loss of PAN coating is more than two times
lower than the substrate material (fig.5).

Table 4. Abrasive wear results

Coating material PAN PCN Substrate
Mass loss, mg 28.2 37.4 64.1
Wear loss rate, mg/min 12 15.6 27.5
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Fig. 6 shows the abrasive wear resistance of the deposited coatings. It can be seen that abrasive
wear resistance of Ni-Al,O3; coatings is higher than Ni-Cr,O; coating. Both coatings have higher wear
resistance than the substrate material. This could be due to the fact that undecomposed oxide
particles blocked dislocation movement and contributed to the increase of wear resistance [13].
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Fig. 6. Wear loss rate results

Among the investigated Ni-Al,O; and Ni-Cr,O3; coatings, a maximum resistance against abrasion
was provided by the Ni-Al,O3 coating. Although none of the coatings could improve significantly the
abrasive resistance of steel for the given sliding distance of 110m. However, the outcome of the study
would help in designing and developing ceramic coatings for abrasive wear applications.

4. CONCLUSION

Described plasma transferred arc technology is a promising technique for producing ceramic
layers on plain carbon steel

A typical solidification structure for PTA overlaying is obtained, consisting of (Fe,Ni) solid solution
dendritic phase and interdendritic precipitates, based on oxides.

The investigation has revealed that a high dense concentration of ceramic particles are situated
mainly in the upper layer of the coatings, where some pores and micro cracking are also
observed

AlL,O; based layer showed slightly higher wear resistance, than Cr,O3; based coating, which is
considered to be due to higher hardness of Al,O; particles
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TRIBOLOGICAL PROPERTIES OF Ni DOPED TiO, COATINGS

Mara KANDEVA, Viadimir BLASKOV, Irina STAMBOLOVA, Nina G. KOSTOVA, Sasho
VASSILEV, Konstantin BALASHEV, Maria SHIPOCHKA

Abstract: Titania (TiO,) thin films doped with Ni are obtained by spray pyrolysis. Aluminum
foils are applied as substrates. The obtained samples contain 2, 5, 10 and 15 at % Ni. The films are
investigated by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The tribological
properties of the films are investigated. The samples with 2 and 15 at% Ni revealed the higher wear
resistance.

Key Words: tribology, titanium dioxide, nickel doped, solid lubricant, abrasive wear
resistance, spray pyrolysis

TPUBOJIOMMYHU CBOMUCTBA HA CITOEBE OT TiO, JOTUPAHU C HUKET

Mapa KAHOEBA, Bnagumup BJTbCKOB, UpnHa CTAMBOJIOBA, HuHa I'. KOCTOBA, Cawo
BACUNEB, KoHctaHTuH BAJTALLEB, Mapusa LULUMMOYKA

Pe3rome: C nomowima Ha Mmemoda cripel rnupornu3sa ca rnosydyeHu crioge om TiO, domupaHu ¢
Ni. Kamo nodnoxku ca u3snonseaHu anymuHuesu nucmoee.Obpasyume cudbpxam 2, 5, 10 u 15 am
% Ni.Croeeeme ca uscrnedeaHu ¢ peHmaeHos ¢pasos aHanus (XRD) u penmezeHoea ¢pomoenex-
mpoHHa criekmpockonusi (XPS). U3zcnedeaHu ca mpubonosudHume ceolicmea Ha obpasyume. Hal—
8uUCOKa U3Hocoycmoulvyueocm nokasaxa obpasyume crObpxawu 2 uls5 am % Ni.

Kmoyoeu Oymu: mpuboriozusi, mumaHoe Ouokcud, OonaHm Hukes, mebpda CcMaska,
abpasusHa usHocoycmoudusocm, criped rnuposnu3sa

1. yBO[4

TuUTaHOBUAT OWOKCUO HamMupa LWMPOKO MNpPUNoOXeHWe B MeauuuHaTa; 3a MofyvyaBaHeTo Ha
pasfnuMyHM XEeTeporeHHW KaTanuaaTopw, CeH30pu,ClbHYeBM GaTepum u T.H. [1,2]. B nocneghute
rodvHM ce 3acufBa WHTEPeCcbT Ha Yy4YeHWTe KbM W3CNedBaHe Ha HeroBute TPUOOMOrMYHU U
MexaHn4Hn cBowicTBa. Okas3Ba ce 4Ye nokputmsaTa oT TiO, umat gobpa M3HOCO- M KOPO3MOHHA
yctonumeocT [3,4 ]. CnoeBeTe OT TUTAHOB AMOKCUA C JOOpU TpMOOMOrMyHM CBOMCTBA Ca MoJjlydaBaHu
npeaumHo 4dpes3 cdusmdHmn metoam [3,5]. Tean meTogn obade u3nckKBaT ga ce WU3MOM3Ba CkbNa u
CnoxHa anapaTtypa. [JaHHuTe 3a nony4aBaHeTo Ha cnose oT TiO, ¢ noMowTa Ha EBTUHUTE U FIECHO
AOCTBMHM XMMWYHM MeToaW (30N - ren W cnpew nuponusa) ca ockbaHu [6,7].0we no-ockbaHM ca
OAHHUTE 3a MOJly4YaBaHETO Ha CrioeBe OT TUTAHOB AMOKCUMA AOTMPaAHU C PasfMyHM MeTanu u
HemeTanu [5-8]. 3atoBa B HacTosilwarta paboTa ce HacoYMxXMe KbM MOfly4aBaHETO Ha CroeBe OT
potupaH ¢ Huken TiO, Bbpxy anyMmvHuMeBa MoAnoxka 4Ypes crnpen nMponusa u nscnegsaHe Ha HaKou
TEXHU TPMBONOrMyYHM CBOWCTBA.

2. EKCNEPUMEHTAJTHA YACT
2.1. lNony4yaBaHe u oxapakTepusupaHe Ha crioeBere
TutaHosuaAT xnopua (TiCly) ce pasTBaps B eTaHon (pa3teop A). [lonyyeHusaT pas3TBop ce cMecBa

¢ usonponaHon n dytun kapéuton (C4HyOC,H,OC,H,OH) npn nHTeH3mMBHO pa3bbpkBaHe, creq KoeTo
ce cmecBa ¢ pa3tBop Ha NiCl, Taka 4Ye ga ce nonyum KOHUEHTpauus Ha Huken mexay 2 u 15 at%.

187



ManpbckBa ce BbpXy Harpsta anymuHWeBa nognoxka. EgHa yacT oT cnoeBeTe ca OTIIOXEHU BbpXY
nonvpaHata cTpaHa Ha Moarnoxkara, a gpyrata — BbpXy HenonupaHata cTpaHa. [lonyyeHusaTt
obpasel ce HarpsiBa M3oTepMnUYHO npu TemnepaTypa 400°C 3a 1 yac. ®a3oBuAT cbCTas Ha Npobute e
onpegerneH 4pe3 peHTreHoB ¢as3oB aHamu3d (XRD) npu CuK, nbyeHne. XMMWYHUAT CbCTaB Ha
NMOBBbPXHOCTTA € U3cneaBaH C NoMoLTa Ha peHTreHoBa hoTOoeNeKTpoHHa cnekTpockonus (XPS).

2.2. Merognka wn ycrpoﬁcrso 3a wn3crsiegBaHe Ha U3HOCBAaHeTO B yCJ/I0BHUsI Ha 3akKperieHun
86p33MBHM yacrnyn

EkcnepumeHTanHOTO u3cregBaHe ce OcCbllecTBsiBA MO MeToguka, paspaboTeHa B Hay4HoO-
npunoxHarta nabopartopus , Tpubonorusa” kbm kategpa ,MTM” — MT®-TY-Cocusa nog pbKOBOACTBOTO
Ha pou. a-p M. KaHpeBa. MetoaukaTta ce peanusnpa ¢ YCTPOMCTBO MO KMHEMATU4YHaTa cxema ,auCK-
ponka” Ha TABER ABRASER, konto e moguduumnpaH kbM paspaboteHaTa metoanka. MetoamkaTa e
cbobpaseHa ¢ M3UCKBaHMATa Ha OeNCTBaLLMsA CTaHAapT, XapMOHU3NpaH C eBPOMNenNckUTe cTaHgapTu.

dyHKUMOHaNHaTa cxema Ha YCTPOMCTBOTO e npeAcTaBeHa Ha cour. 1.

O6paseubt 1 (TANOTO) C p
HaHeceHO nokputne 2 ¢ dopma Ha
Kpbrna nnacTMHa € noaxoAsilo
3aKpeneH BbpPXY XOPU3OHTaneH AucK
3, «Kkomto ce  3agBuMxBa  OT
enektpogsuraten 4 C MNOCTOSHHA
BIMOBa CKOPOCT @ npu Opon Ha

o6opotute N =60 tr /min .
MpoTnBoTANOTO 5 Npeacrasnsea
JVCK (pornka) oT cneumaneH
abpasumBeH wmatepman CS 10,
MOHTUPaH BbPXY XOpPU3OHTanHarta oc
6 B yCTpOMCTBOTO 8, Ype3 KoeTo ce
3agaBa XenaHoTo HOpMasHo
HaToBapeaHe P B uUeHTbpa Ha
KOoHTakTHaTa 3o0Ha K. Mo T03n Ha4yuH
Tanoto 1 u npoTtuBoTAnoTo 5 ce
HamMuMpaT Ha ABe KpbCTOCaHW OCU U
npv NOCTOsIHHaTa broBa CKOPOCT Ha
obpaseua 1 1 NOCTOAHHO HOMWHAIHO

KOHTaKTHO HandraHe pa TpueHeTo B

Que. 1: dyHKYUOHaIHa cxemMa Ha ycmpolicmeomo 3a
u3HoceaHe rnpu mpueHe ¢ abpa3usHo NPoOMuU8omMsisio

KOHTaKTHaTa 3oHa K nogabpyka NOCTOsSIHHA CKOPOCT Ha poTauus Ha NPOTUBOTANOTO 5.

MeToavkaTa Ha uscneaBaHe BKIOYBa crieqHaTa nocnegoBaTesiHoCT:

1. Bcuuky oBpasuy ce NoaroTBAT ¢ egHaksa hopMa M pasmepu npeau U cried HaHacsHe Ha
nokputMeTo. ToBa € 3agbIPKMTENIHO YCMOBME, KOEeTO rapaHTupa LOCTOBEpHOCTTa pesynTaTure oT
nscrnensaHeTo.

2. NamepBsa ce macaTta Ha Bceku obpasew npeau v cnep onpenened nbT L Ha TpueHe (6pon
uvknn N ). Macata Ha o6pasumnTe ce U3amMepBa C NoMmolLTa Ha enekTpoHHa BeaHa Tun WPS 180/C/2 ¢
ToyHocT o 0,1 mg.

Mpeoun BcsikoO M3MepBaHe ¢ Be3HaTa obpasuute ce NoYMcTBaT C pPa3TBOP, HeyTpanuaupay

CTaTU4YHOTO eNneKTpn4ecTBO.
3. O6p836LI,'bT 1ce 3aKkpenBsa BbpPXy HOCeLWNA XOpU3oHTaneH guckK 3n Ypes J1IoCToBa cucrtemMma

B YCTPOWCTBOTO 8 ce 3adaBa XenaHoTo HopmanHo HaTtoBapsaHe P . Mbrar Ha tpuene L ce
npecmsTa upes 6pos uuknu N, kouTo ce otumutat ¢ obopoTomepa 8.

OcCHOBHUTE NapaMeTpu Ha M3criedBaHeTo ca:
e abcosmomHo macoeo usHoceaHe M, [Mg] - paspyweHaTa maca oT NOKpUTHETO B Npoueca

Ha WMU3HOCBaHe, KOATO Ce onpenenda KaTo pasfika Mexay Macute Ha obpaseua npean u cnepn
onpeneneH NbT Ha TPUEHe.

e ckopocm Ha Mmacosomo usHocsaHe dm/dt [mg/ min] - paspyweHata maca OT
MOKPUTMETO 3a onpeaeneHo Bpeme, B Criyyasi 3a BpeMe eHa MUHYTa.
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e UHMEH3UBHOCM Ha JIUHeUHOMO u3HoceaHe | - HamaneHata BUCOYMHA (MUHENHO
W3HOCBaHE) Ha MOKPUTUETO 3a eauHuua NbT Ha TpueHe. ToBa e 6e3AMMEHCUOHHO YUCIIO, KOETO
n3paseHo Ype3 N3MEPEHOTO MacoOBO U3HOCBaHe, ce onpeaens no popmynara:

m

' AL

(1)
KbaETO:
0 € NbTHOCTTa Ha NoKpUTHETO. B cryyas p(TiOz): 3,899 Jem?3; p(AI ) =279 /cm?3

Aa € HOMWHarHaTa KOHTaKTHa noLy, Ha B3auMoaencTaue.

L e nbTaT Ha TpueHe, KOMTO ce npecmsita upes 6pos umknu N Ha TpueHe no dopmynara:

L=27z.R.N )

MapameTbpbT R npeactaensBa pascToOsHMETO MeXOy OCTa Ha BbpTeHe Ha HOoCewms OWUCK U
MacOBWs LLEHTbP Ha KOHTaKTHaTa nnowagka mexay obpaseua 1 u koHTpaTsanoTo 5.

e abcomom+a fuHelHa usHocoycmotiyugocm | - 6e34UMEHCMOHHO YMCIO, KOETO Ce MpecMsiTa KaTo
peunnpoYHa CTOMHOCT Ha UHTEH3MBHOCTTA Ha N3HOCBaHe, T.e.

=== (3)

1_ pAyl
i m

2
e HOMUHamHO KoHmakmHo HansieaHe Py, [N/Cm®] - HopmanHoTo HaToBapBaHe, KkoeTo ce

pasnpenena Ha egunHuua HOMMHaNHa KOHTakTHa nnoul Ha B3aMMogencTemne Aa , T.e.

D, = P (4)
a Aa

e cpedHa ckopocm Ha nib3zave V , [CM/S] - nuHeiiHaTa cKOpPOCT Ha LEHTbpa Ha TexecTTa Ha
KOHTaKTHaTa nrowiaaka, onpeaeneHa no opmynara:

g
30

V=wR= (5)

B tabnuua 1 ca npeactaseHy gaHHKM 3a obpasuuTe.

Ta6nuua 1: OnucaHue Ha obpa3yume

Kon na ob6pazen Konuenrpanus Ha Ni Crpana Ha HaHACSHE
[aT. %]
K9 2 HoJMpaHa
K10 5 MOJIpaHa
K11 10 MoJIMpaHa
K12 15 MoJIMpaHa
K13 2 HENoJIMpaHa
K14 5 HENoJIupaHa
K15 10 HENoJIupaHa
K16 15 HEToJIMpaHa
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B Tabnuua 2 ca npeacrtaBeHn napameTpute Ha KOHTaKTHOTO B3aUMOAENCTBUE, npn KOUTo e
npoBeaeHo ekcnepnmMmeHTarnHoToO nacneasaHe.

Tabnuua 2. NMapamempu Ha eKcrnepumMeHma:

HomuHanHa koHTakTHa nnowl, Ag 26.10_6 [m2]

CpepaHa cKOpoCT Ha nnbaraHe, V 17,90 [cm/s]

3. EKCNEPUMEHTAJIHU PE3YNTATH

Ha curypa 2 e npeacraBeHa peHTreHoBa AudpakrTorpama Ha Cnow oT TUTaHOB AMOKCUA, A0TUPaH
C HUKer, NoNy4YeH Ypes cnpen nuponusa.

TiO2- Anatase (PDF84-1285) Al

Intensity,a.u.

A

\ A W
i, Wy W W "

25 30 35 40

20, degrees
®ue. 2 TunuvyeH peHmzeHo8 ughpakyuoHeH cnekmbp Ha csioli om TiO,, domupaH ¢ 5 am % Ni.

OT peHTreHoBuTE gMdpakTorpamMmu Ha crioeBeTe Ce YCTaHOBM Ye aHaTa3HaTa dasa (A) e OCHOBHa
3a BCUYKM u3cnegsaHu obpasum, kato He ce HabniogasaT NMKOBE, MPUHaANeXaly Ha HUKENOBM
dasn.Habnogasa ce 1 nHTeH3mnseH nuk (Al) oT nognoxkara.

Ti2p

A Y

455 460 465 470
Binding Energy (eV)

Quez. 3 PeHmeeHo8uUu homoesrieKmpPOoHHU criekmpu Ha Ti2p eZlIeKmpPOHHO CbCMOsIHUE Ha clloege

om TiO, domupaHu ¢ 5 am. % npedu u cned abpazueHume mecmoee (a u b, pecn.) u 15 am. %
Huken npedu u cned abpasueHu mecmoee (C ud , pecn.)
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O1s

N

525 530 535
Binding Energy (eV)
Qdue. 4 PenmeeHosu d)omoe.nekmpOHHu CriekKmpu Ha O1s €JIEKMPOHHO CbCMOsIHUEe Ha cJioege

om TiO, domupaHu ¢ 5 am. % npedu u cned abpa3zusHume mecmose (a u b, pecn.) u 15 am. %
HuKen npedu u cned abpasueHu mecmoee (C ud , pecn.)

durypn 3 n 4 nokassar peHTreHoBuTe doToenektpoHHn (XPS) cnektpy Ha Ti2p n O1s
€IeKTPOHHM CbCTOsIHUS 3a obpa3uu pgotupann ¢ 5 n 15 at % Ni. 3a Ti2p cbcTosiHue (Pwur.3),
CMNEKTbPBT CbAbpXKa [Ba Nuka CbC CBbp3Bawm eHeprumn 464.4 eV and 458.8 eV 3a Ti 2pqp and Ti
2p3> CbCTOSAHUSA, CbOTBETHO. Te3n eHeprum CboTBETCTBAT Ha Ti*" cbcrosiHMe. XPS CNEKTbPBLT Ha
kncnopogHoto cbeTosiHne O1s (dur. 4) e cnabo acMmeTpuyeH U cbaobpKa Ba Nuka, KaTo nuka npu
no-BMCOKa CBbp3Balla eHeprnd CbOTBETCTBA Ha KUCMNOPOAEH aToM (02_ ) B peweTkata Ha TiOy,
AOKaTO MO HWCKO E€HEeprumHus MUK CbOTBETCTBa Ha KMCMOPOAEH WNOH (02') BbB BOAHW MOJIEKYIH,
agcopbupaHu Ha MoBbPXHOCTTa.Buxaa ce Cblio, Ye MHTEH3MTeTa Ha BTOpPUSA MWK HapacTBa cneq
abpasuBHUTE TECTOBE.

EKCI'IepVIMeHTaJ'IHI/ITe pe3yntatu 3a NBHOCBAHETO Ha BCEKN 06paseu, Ca npeacrtaBeHn BbB (erpr 5un6.

=
o

=¢—K9
== K10
e K11

== K12

dHe=K13

H3HocBane, [Mg]

—0—K14
K15

O R N W A U O N ® O

100 200 300 400 K16

Bpoii muxau N

@ue.5 3asucumocm Ha Macoeomo u3HoceaHe om 6pPol YUKIU Ha mMpueHe
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40
40 36 36
35
30
25 19
15 -

10
5

K9 K13 K10 K14 K11 K15 K12 K16

38

EK9 OK13 K10 OK14 EK1l OK15 EK12 OK16

®ue.6. Quaecpama Ha usHocoycmolivueocmma l,, Ha NOKpumMusi, HaHeCeHuU 8 bPXy noJsiupaHa u

HerloslupaHa Yacm Ha nodsoxkama 3a nbm Ha mpueHe N=400 cl (L=72 m)

4. 3AKIIOYEHME

Upes cnpein nuponusa ca nonyvyeHn TeHKn cnoese oT TiO, AoTnpaHm ¢ Huken. KoHueHTpauuarta

Ha Ni Bapupa ot 2 go 15 at %. Cnopepn peHTreHoasoBMs aHanu3 aHaTasHaTa ¢pas3a € OCHOBHa 3a
AoTnpaHuTe obpasum npeamn v crneq abpasmBHUTE TECTOBE.

Hain-sucoka VI3HOCOYCTOI7I'-II/IBOCT nokaseart 06pa3u,V|Te, HaHeCeHWN BbpPXYy HenosnpaHata CTpaHa

Ha noanoxkarta u gotupanun ¢ 2 n 15 at % Ni.
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Abstract: The perovskite materials LaFeO3; and LaCoOs;, were prepared by co-precipitation and
mechanochemical activation. They have nanometric size and cubic crystal structure. These properties
were found by X-ray diffraction (XRD).

Keywords: co-precipitation, mechanochemical synthesis, perovskite, LaFeO3; and LaCoO;

1. INTRODUCTION

Perovskite-type oxides having general formula ABO; (where A is cation of larger size than B) are
very good oxidative catalysts and cheaper than noble metal supported catalysts. The redox properties
of the transition cation, the availability of weakly bonded oxygen at the surface and the presence of
lattice defects make perovskites such as LaFeO; and LaCoO3; be suitable for the total oxidation of
volatile organic compoundsVOCs[1-3].

Perovskite materials are stabile to high temperature but often their limit in catalysis is presented
by low surface area. Synthetic methods produce perovskites to be crystalline and defect in different
forms. Co-precipitation and mechanochemical activation have been studied due to their simplicity and
low temperature synthesis. Moreover these methods produce pure phase and homogeneous powder.
The effects of crystalline and defect forms in perovskites are key factors in determining the catalytic
activity besides the surface area. Both synthetic methods should provide appropriate conditions in
producing high catalytic performance perovskites. In this regard one of the key factors is the
preparation of ultradispersedperovskites. Physicochemical properties of nanosize materials strongly
depend on the preparation conditions. There are many different methods for preparation of nanosize
powders that are described in the literature. It is very important particle size and particle size
distribution to be controlled during the synthesis [4]. Mechanochemistry is the subject that deals with
the chemical and physicochemical changes of substances induced by mechanical force [5]. In the last
decade, mechanochemistry was frequently used to produce different nanosize compounds.
Depending on the system and the applied conditions, solid state reactions could be done at room
temperature or at reduced temperatures, because the mechanochemical treatment already induced
structural changes [4]. Several mixed oxides of perovskite structure have been recognized as active
catalysis for a variety of reactions f some significance in environmental catalysis such as the catalytic
combustion of hydrocarbons [5-7] and other volatile organic compounds (VOC) [7-8],
NOxdecomposition [9-10] and NOxselectivecatalyticreduction [11-12].

The aim of this study is the mechanochemical synthesis of monophase LaFeO; and
LaCoOgsperovskiteswith high dispersion avoiding high temperature treatments and to study their

physicochemical properties (composition, structure, crystallite size and dispersity).
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2. EXPERIMENTAL
2.1. Samples preparation

Materials: LaCoO; and LaFeO; were prepared by combination of co- precipitation and
mechanochemical activation methods.

Aqueous solution of Co(NO3),.6H,0 or Fe(NO3);.9H,O we precipitated with aqueous solution of
NaOH (2 mol/l) added slowly with continuous stirring. The final pH of solution was 10. After that we
washed the solution to neutral pH during filtering and at last the sample was dried 12 hours at 60°C.

Highenergy planetary ball mill type PM 100, Retsch, Germany is used for mechanochemical
treatments. Mechanochemical milling of the Fe- or Co-hydroxide precursor materials is done for 10h
and rotation speed 600 rpm for preparation of single phase materials. The stoichiometric ratios of
obtained materials and La,Osare taken for the next milling activation process. La,O3 (Alfa Aesar
99,9%(REOQO) was added to Co30,4 orferrihydrite materials in triboreactor. It is carried out for 6 hours
and rotation speed 600 rpm. The weight ratio between balls and powder is 12:1.

2.2. Samples characterization

Powder X-ray diffraction (XRD) patterns were collected using a TUR-M62 apparatus (Germany)
with Co-Ka radiation. This method is for use in the study of crystalline substances which use X-ray
diffraction. The process is fundamental to the diagnosis and determines a point of the structure and
the symmetry of the crystal body. Data interpretation was carried out using the JCPDS database.
Average crystallite sizes were determined from the XRD peaks using Scherrer’'sequation[13].

3. RESULTS AND DISCUSSION
3.1. Characterization of Fe sample

The investigated samples were characterized using the XRD to monitor the process of
preparation of the aimed systems and the presence of crystalline phases.

Figure 1(left) shows the XRD pattern of precipitated Fe(NO3).9H,O with aqueous solution of
NaOH.It can be seen that the synthesized phase is amorphous because the observed lines are very
wide and X-ray amorphous halo is registered. It can be supposed that XRD spectrum of the iron
precursor corresponds to the two-line ferrihydrite. Figure1 (right) shows the XRD pattern of
precipitated Fe(NO3).9H,0O with aqueous solution of NaOH, milled for 3 hours. Again the spectrum
shows an amorphous halo. Comparative analysis showed that the mechanochemical activation does
not lead to a significantly improved crystallinity. There is no occurrence of a crystal phase.

Increaseof themilling time results inappearsof thecrystalphase. The Ilow intensive
peakscorrespond to 5Fe,03°9H,0.

Figure 3 shows the spectrum of a sample obtained by mechanochemical processing mixture and
La,Osand iron oxide precursor milled 10 hours.The resulting spectrum haswell-pronounced peaks
corresponding to LaFeO; with cubic crystal structure. Already visible crystal structure indicates that the
aim of our synthesis is achieved and LaFeO;perovskite is obtained. On the bases of the recorded
spectrum some calculations were done. From the equation of D.Sherer (D = k A / B cosQ) the average
size of the crystallite which is 15nm is to be defined. Obtained sample has cubic crystal structure and
unite cell par?meter a= 0,390nm. Calculated values of microstrains were determined from XRD data
are e=3,2.10™.

Intensity,imp/s
Irntersity, imp's

T T T
108 6 71 2 T
22

d. A a4
Fig.1.XRD patterns of precipitated Fe(NO3);.9H,0 with aqueous solution of NaOH(left) and
mechanochemically activated 3 hours (right)
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Fe(NO3).9H,0 with aqueous solution of hours milling of mixture of La,Os; powder and

NaOHmechanochemically activated 10 hours iron oxide precursor

3.2. Characterization of Co sample

In order to make our work more complete and to explore differences in catalytic behavior between
the two materials, in our future work,we also synthesized LaCoOs.

In Figure 4 we can see the presence of the crystal phase of Co(OH), after precipitation of
Co(NO3),.6H,0 with aqueous solution of NaOH. In order to improve synthesis procedure the precursor
material was mechanochemically activated.

+ Co(OH)2 . . « ColOH),
. = Coy0y4

Intensity,imp/s
¥
htensity,impés

T
T T T ke e 4

08 © 4 . &
dA
Fig. 4. XRD pattern of precipitated Fig. 5. XRD spectrum of precipitated
Co(NOs),.6H,0 with aqueous solution of NaOH. cobalt precursor after 3 hours

mechanochemical activation.

After 3 hours of mechanochemical activation which results in the formation of a new phase of
Co0504.Prolonged mechanical treatment leads to increase of spinel cobalt oxide phase and decrease
of hydroxide phase as it can be seen in figures 5 and 6. La,O; was added to this precursor material in
triboreactor. Mechanochemical milling of this mixture for 6 h leads to the formation of single phase
material LaCoO3;.We can see the final spectrum of obtained perovskite materials in Fig. 7. The
obtained sample has cubic crystal structure and unite cell parameter a = 0,386 nm. Calculated values
of mean crystallite size and microstrains were determined from XRD data: D = 14nm and e = 3,2.10°.
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Fig. 6. XRD spectrum of precipitated Fig. 7.XRD pattern of sample obtained

Co(NO3).6H,O0 with aqueous solition of after 6 hours milling of mixture of La,O;
NaOHmechanochemically activated 3 hours powder and cobalt oxide precipitate
and additionally milled 7 hours. previously milled for 10 hours

4. CONCLUSIONS

Precursor materials were prepared by combination of co-precipitation and mechanical milling.
Nano-sized single phase perovskite type materialsLaFeO3; and LaCoOswere successfully synthesized
by mechnochemical activation method. The prepared materials have nano-metric size which is of
great importance of their catalytic behavior.
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Abstract: The paper presents a wear degree and durability modeling and simulation tool for
oils, by developing a fast diagnostic device for liquid lubricants, with minimum investment, with a high
precision degree and easy to use. Significant benefits are made by the proposed procedure: the small
amount of lubricant required for a determination, the short time measurement and the possibility of
adapting the method according to concrete conditions. This is used as a method of educating and
training students and specialists in the lubricating process.
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1. INTRODUCTION

The paper aims to present an integrated tool for the lubricants wear degree and durability
modeling and simulation, which was made during a partnership project.

Researches basic idea consider the current fabrication conditions by developing a fast diagnostic
method for liquid lubricants, able to be used in automotive domain. The actual need for rapid and
adaptive design in industry requires the use of advanced technologies, the namely tools for modeling,
simulation and integrated products.

Based on current practice of exchanging oil from cars, the proposed idea was to make the
change when the oil is completely worn out and not according to the manufacturer's theoretical
recommendations. Using advanced technologies by making a modeling and simulation tool for
lubricants behavior involved minimal investment, a high degree precision and an easy to use way. The
procedure has as advantages a small amount of lubricant required for a determination, a short time
measurement and the possibility of adapting the method according to specific conditions.

1.1. The current state of research in the field

At current stage, in western europe, usa or japan - the oil from equipment is changed according
to manufacturer's recommendations, considering the minimum number of operation hours or of miles
traveled. in romania these instructions are almost not followed, the oil is changed faster because the
engine oil market was invaded by pirate products. the oil replacement timing is difficult to establish,
there are many factors to control, that is why the oil changing is more frequently than necessary, being
an harmless technical process, but expensive.

The replacement of used oil can not be established by a common term for all engines, to define
the vehicle distance covered or the timing. oil degradation during service depends on the engine life,
oxidation and contamination. the oil degrees of contamination and utilization time depend on operating
conditions, on oil quality, engine construction and technical condition. the assessment of degradation
state and changing time are made considering a periodical analysis of its physical and chemical
characteristics; there are established acceptable limit values for each type of engine, by the
manufacturer.

At international level, the main directions and guidelines are channeled in predictive maintenance,
which is applicable to any closed loop lubrication system. to be effective, it is necessary to adopt a
modern program for oil analysis, monitoring the wear residues for the qualitative determination of the
wear particles nature, which are carried by working lubricant and monitoring lubricant estate, which is
based on physical-chemical tests, to determine if the lubricant is fit for exploitation [1], [2].
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1.2. The proposed method for the achievement of the integrated instrument

The new method for the lubricants diagnosis is based on the expulsion process of lubricant film
(squeeze-film). It is a fast one; determinations for lubricants behavior are made during 5-10 minutes
on a small amount of lubricant (about 100 ml).

By collecting and comparative test of oil samples at different times and varying wear degrees,
there are assigned viscometric curves for each lubricant. Using an appropriate mathematical
apparatus, it can be determined the variation law of the wear degree according to time, which is
required in order to establish the lubricant "reserve life" considered. It is an objective criterion for
assessing the oil degradation and the optimal timing of replacement. The accuracy and precision of
the method are provided by the determinations comparative character, by using two parallel
measurement systems, one in original conception and the other — the viscometric reference one.

LabVIEW software facilities were used among the advanced technologies to create the modeling
and simulation tool for evaluating and quantifying the lubricant wear degree. It represents one of the
most modern management tools, used for processing and data acquisition, also being a device for the
education and training for lubrication processes, in this case [3].

The device has a multidisciplinary character, by combining its centralized type architecture, which
manages a set of four main working modules: the theoretical module, the rheological experimental
module, the validation viscometric module and the spectrometric analysis module.

2. ADVANCED TECHNOLOGIES OF INTEGRATED INFORMATICS DEVICE USED FOR
EDUCATION AND TRAINING IN LUBRICATION PROCESSES

Among the advanced technologies used in education and training for lubrication processes a
special one is represented by the Lab VIEW software - Laboratory Virtual Instrument Engineering
Workbench, a graphical programming environment developed by National Instruments Corporation.
The software is useful in data acquisition, processing and presentation, also for control and industrial
process control, for the systems dynamic behavior analysis.

The specialists are using a graphical programming language; in this environment they can run
applications, which are called virtual instruments. There are used block diagrams (Figure 1), which are
then compiled into machine code. Virtual instruments are made up of a front panel, which simulates
the mask of the meter and a block diagram, which represents the executable software. The front panel
contains icons representing various buttons, switches, screens and other elements that might enter
into the meter composition, [3].

The integrated informatic device uses advanced technologies, which are present in the four
working component modules, in order to realize the lubricants behavior modeling and simulation. Their
core functions are described here:

1. The theoretical module role is to analyze the phenomena which are based the lubricant film
extrusion process. Also it generates theoretical curves specific to the interstitial fluid flow, which are
necessary for the experimental results correlation and interpretation, [7]. This module is based on
LabVIEW software.
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Fig. 1. The block diagram of LabVIEW application
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2. The rheological experimental module is a modern one, containing an original measurement
device, which is coupled with a data acquisition and data processing system. By using a small amount
of lubricant for the diagnose (100 ml) and two semi - coupling, it is registered the time variation
function lubricant pressure and thickness.

‘ $

Mechanical
drivin,

Fig. 2. Experimental stand for lubricants testing in "squeezing" movement

It is important to work with qualified staff or to educate students and specialists to work with the
three presure transducers and one proximity sensor, while the oil film is expelled under the wight of
the upper coupling (Figure 2). Squeeze-film curve is recorded as the ,fingerprint” of the used lubricant,
that depends on many factors, including the lubricant wear degree, [4].

3. Considering the viscometric validation module, this one is based on a PHYSICA rheometer
(Figure 3) and it is composed of a mechanical unit and an electronic one. The components of
mechanical unit are represented by the measurement system, thermostat installation, training system
and additional installations.

The electronic unit is composed of a transfer system for the measured parameters, the data
processing system and the central control and command unit. The module role is to validate the
experimental results which are supplied by the experimental rheological module and to establish the
necessary correlations [5], [6].

Fig. 3. PHYSICA Rheometer — general view

4. The spectrometric analysis module is based on the use of transmission electron microscopy
by obtaining information concerning the wear particles which can be identified in samples of worn off
lubricants (Figure 4). By comparing two microscopic structures of the same lubricant, in various stages
of use, it may reveal the wear particles, their shape and their size [8].
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Fig. 4. Transmission electron microscopy — general view

3. RESULTS

The experimental research was monitored for 10W40 oil, used for internal combustion engines, during
its working time, until the complete degradation. The theoretical LabVIEW simulation of the flow process
(variation of the pressure versus radius and load versus film thickness), is presented in Fig. 5.

The rheological and structural tests were conducted, over the entire service time of the four
lubricants; finally there was obtained the following characteristics:

¢ the “fingerprint” of the lubricant, which is expressed by the experimental variation of the pressure
versus film thickness (Fig. 6);

o the reference rheological lubricant feature, obtained with the viscometer validation module, which is
expressed by the variation of the shear stress versus shear rate (Fig. 7);

¢ the structural (microscopic) lubricant feature, obtained with the wear particles analysis module,
which is done by the solid particles type which are identified in the fresh and worn lubricant Fig. 8).
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Fig. 5. Theoretical simulation with LabVIEW
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Fig. 8. Wear particles in the lubricant

4. CONCLUSIONS

By using advanced technologies it was obtained a new, modern and efficient methodology.
By developing research in this area it was assured the modernization of existing laboratories and there
were created premises for new ways for lubricants sustainability development. Modern technologies
used to achieve the integrated informatics instrument have contributed to obtain a "friendly"
environment device, also friendly with its users. It can be used by a large number of beneficiaries, both
in research, educational and training laboratories and in production units with small financial
possibilities.
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The high level of performance and quality parameters of developed system is outlined by the
main characteristics and performance:

The system is fully integrated. All modules are interlinked, the users can work simultaneously
and they can process the same network data. Data flows are fast and well organized, which is an
important support for information management.

The system is flexible and scalable. It is easy to adapt the system to each specific beneficiary
potential, with a minimal cost. It is possible to achieve an optimal configuration for each user, by the
selection of components and services required.

The system uses top information technology. It is well adapted for network work. There are
achieved quality and performance, ensured by the processing system and Lab VIEW data acquisition
use.

The system is open. The access to inner system data is free, for the use in analysis program or
other systems. It is capable of operate on multiple hardware platforms, with latest technologies (Web /
Intranet / Internet). There are facilities which allow integration with existing applications and a smooth
transition, with minimal efforts, from other applications to the developed software system.
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Abstract: This paper is motivated by the tremendous interest in the functionally graded
materials (FGMs). Here we present a brief review of the main principals in the FGMs with an emphasis
on the connection with tribology. It includes stress, stability and dynamic analyses, testing and
fracture. The need to focus more research effort on an extensive studies on material characterization
of FGMs is discussed in order to bring down the manufacturing cost of FGM and increase productivity
and applicability in this regard.

Key Words: Functionally graded material, Applications of FGM, Material characterization of
FGMs

1. INTRODUCTION

The present work is motivated by the nowadays tremendous interest in the functionally graded
materials (FGMs) [1-20]. The information contained in this study has been compiled from the literature
and it may be considered as a brief introduction to the subject mentioned above. Functionally graded
material (FGM) is an advanced material characterized by variation in properties as the dimension
varies. In a FGM the properties change gradually with the position. The property gradient in the
material is caused by a position-dependent chemical composition, microstructure or atomic order. The
overall properties of FMG are unique and different from any of the individual material that forms it.
There is a wide range of applications for FGM and it is expected to increase. In this paper, an
overview of the most promising properties of FGM is presented. The emphasis is made on the
connection of FGMs with tribology, as they are a distinguished area in the field of material tribology.

2. ALITTLE HISTORY ABOUT FGM

In the case of a position-dependent chemical composition in FGMs the gradient can be defined by
the so-called transition function which describes the concentration of the component as a function of
position. Already in 1972, the usefulness for applicability of functionally graded composites with a
graded structure was recognized in theoretical papers by Bever and Duwez [2], and Shen and Bever
[3]. However, their work had only limited impact, probably due to a lack of suitable production methods
and technologies for FGMs at that time. It took 15 more years until systematic research on
manufacturing processes for functionally graded materials was carried out in the framework of a
national research program on FGMs in Japan. Today many countries have their own research
programs on FGMs. In [4] an overview of the achievements of the German priority program on FGMs
in the field of processing techniques is given (see Fig. 1).

There is a substantial difference between FGM and composite material (CM). CM is a class of
advanced material, made up of one or more materials combined in solid states with distinct physical
and chemical properties. CM offers an excellent combination of properties which are different from the
individual parent materials. Wood is a CM from nature. CMs will fail under extreme working conditions
through a process called delamination (separation of reinforcement from the matrix) [5]. To solve this
problem, researchers in Japan in the mid 1980s, confronted with this challenge and came up with a
novel material called FGM.

FGM, a revolutionary material, belongs to a class of advanced materials with varying properties
over a changing dimension. The gradation of properties in an FGM reduces the thermal stresses,
residual stresses, and stress concentrations found in traditional composites. FGMs occur in nature
as bones, teeth etc. Nature designed these materials to meet their expected service requirements.
This idea is emulated from nature to solve engineering problem, the same way artificial neural
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network is used to emulate human brain. FGM may include more than two constituent phases (as
CM) (see Fig. 2).
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Fig. 1. Comparison of the predicted and observed tungsten content in
an electrochemically graded W/Cu composite, (- - -) analytical model;
(—) numerical model. The numerical model includes the effects of structural
changes on the current distribution in the porous electrode. Initial
tungsten content was 75 vol.%, current density 12.2 mA/cm? and NaOH
concentration 2 mol/l (see Fig. 20 [4]).
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Fig. 2. Material of two phases. (a) constant composition and properties; (b) FGM — gradual
change in composition and microstructure gives a gradient in properties [6]

FGM eliminates the sharp interfaces existing in CM which is where failure is initiated [7]. It
replaces this sharp interface with a gradient interface which produces smooth transition from one
material to the next. One unique characteristic of FGM is the ability to tailor a material for specific
application. Such unique characteristics possess also semiconductor superlattices and quantum wells,
which electronic structure may tailor for specific applications.

An FGM’s gradation in material properties allows the designer to tailor material response to meet
design criteria. For example, the Space Shuttle utilizes ceramic tiles as thermal protection from heat
generated during re-entry into the Earth’s atmosphere. However, these tiles are prone to cracking at
the tile / superstructure interface due to differences in thermal expansion coefficients. An FGM made
of ceramic and metal can provide the thermal protection and load carrying capability in one material
thus eliminating the problem of cracked tiles found on the Space Shulttle.

There are different methods for producing FGMs. FGMs can be divided into two broad groups
namely: thin and bulk FGM. Thin FGM are relatively thin sections or thin surface coating, while the
bulk FGM are volume of materials which require more labour intensive processes. Thin section or
surface coating FGM are produced by Physical or Chemical Vapour Deposition (PVD/CVD), Plasma
Spraying, Self-propagating Hightemperature Synthesis (SHS) etc [8]. Bulk FGM is produced using
powder metallurgy technique, centrifugal casting method, solid freeform technology etc [9].
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3. APPLICATION AREAS OF FGMS

FGMs find various applications in aerospace, automobile, medicine, sport, energy, sensors,
optoelectronic etc [10]. Owing to the importance of FGM applications, there are lots of research efforts
at improving the material processing, fabrication processing and properties of the FGM. Here we
present a brief overview of application areas of FGMs:

3.1. Aerospace

FGMs possess very high thermal gradient resistivity, which makes them suitable for use in
structures and materials for space plane body, rocket engine component and are promising in wider
areas of aerospace industry [11].

3.2. Medicine

FGMs have find a wide range of applications mostly in dental [12] and orthopedic applications for
teeth and bone replacement [13].

3.3. Defense

FGMs have the strong ability to inhibit crack propagation. This property makes them useful in
defense applications, as a penetration resistant materials used for armour plates and bullet-proof
vests [14].

3.4. Energy

FGMs are used in energy industry as energy conversion devices. They also provide thermal
barrier and are used as protective coating on turbine blades in gas turbine engine [5].

3.5. Optoelectronics

FGMs are used in optoelectronics as graded refractive index materials and in audio-video discs
magnetic storage media.

Other areas of application are: cutting tool insert coating, automobile engine components, nuclear
reactor components, turbine blade, heat exchanger, tribology, sensors, fire retardant doors, etc [5].
The list is endless and more application is springing up as the processing technology, cost of
production and properties of FMGs improve [5].

4. RECENT RESEARCH ACTIVITIES IN FGM

A lot of studies have been made on the subject of the properties, manufacturing and behavour of
FGMs [5], and the literature is very rich on this because of the wide areas of application of this novel
and useful materials. Performance of FGM under localized transverse loading was investigated by
Woodward and Kashtalyan [15]. A comprehensive review on performance of FGM was published in
2007 by Birman and Byrd, [16]. An overview on fracture behaviour of FGM was conducted by
Shanmugavel et al., [17]. Other reviews on FGMs available in the literature are: review study on
research and development by Cherradi et al., [18], Tilbrook et al., also conducted review study on
crack propagation in functionally graded materials [19]. A number of researches have also been
conducted in the areas of analysis and modeling work on functionally graded material; some of these
work can be found in [5]. There are still more to be done in terms of research to improve the
performance of manufacturing processes of FGM.

5. MODELING OF FGM PROCESSING

In the field of FGMs computer simulations and modeling (which are an important component of
modern science) are particularly useful. They complement, develop and connect theory and
experiment and technology. Today modeling can predict many of the properties of substances from
their composition. Here we also examine the possibilities for the application of computer modeling and
numerical simulations tools for the design of parts and for the optimization of manufacturing
processes. Process modeling may be especially important in connection with functionally graded
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materials, since gradients often cause special problems. In some cases the simulation can help to
establish the desired gradient, and to maintain it throughout the entire process by an appropriate
process control. In other cases, process modeling may help to circumvent or at least minimize
problems such as warpage or cracking during the fabrication of a component.

The theses [20] show the accuracy of modeling FGMs using ABAQUS software. Conclusions
drawn from FGM characterization are used to develop a patch to retrofit a cracked aircraft exhaust
wash structure and reduce thermally induced cracking.

In [6] were reported several simulations on FGMs. Here are some of them:

In order to account for the gradient, several SEM images were assembled and used to build
the FEM grids;

Thermal residual stresses were simulated and experimentally measured on samples obtained
by percolation in alumina substrates (see Fig. 2);

The hydrostatic stress in the alumina was calculated as a function of depth along the glass
infiltration direction. The simulated values were compared with the experimental ones,
obtained by means of apiezo-spectroscopic technique (see Fig. 3);

Elastic properties - OOF allowed to evaluate the elastic properties as a function of depth. The
so obtained values could be compared with the results of the Rule of Mixture and with the
experimental data obtained via a depth-sensing Vickers micro-indentation test performed on
the cross section;

In the plasma sprayed systems, the predicted values were slightly overestimated with respect
to the experimental ones. The discrepancies were likely to be caused bymicrocracksand other
defects which, due to their thinness, could be hardly seen in SEM images (see Fig. 4);

Crack propagation - in FGM specimens obtained via percolation, cracks mainly started from
residual pores and then propagated through glass domains. The system failure was
substantially governed by microstructural defects (pores) and glass spatial distribution. No
delamination was predicted;

In the plasma sprayed sample, the weakest link —as far as the adhesion was concerned —was
represented by the graded coating-substrate interface; the coating broke off from the
substrate when the (simulated) applied strain was just 0.2%.

Microstructural detail Tensile stress oy, Compressive stress oy,

W glass [ alumina 0 MPa 59.0 MPa 0 MPa -123.7 MPa

Fig. 2. Simulations —Thermal residual stresses [6]
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6. FINAL REMARKS AND FUTURE RESEARCH DIRECTION

FGMs are really complex systems: they are multi-phase materials, with a peculiar compositional
and microstructural variation in space. FGMs represent a rapidly developing area of science and
engineering with numerous practical and potential applications. The research needs in this area are
uniquely numerous and diverse, but FGMs promise significant potential benefits that fully justify the
necessary effort.

By exploiting the possibilities in the FGM concept, it is anticipated that scientists and engineers
will optimize the properties of material systems and new and novel multifunctionalities, and
applications will be created.

The recent progress in the characterization, modeling, and analysis of FGM has been briefly
reviewed in this paper. Due to the broad and rapidly developing field of FGM, these conclusions
cannot encompass all significant directions, trends, and needs. Nevertheless, they reflect some of the
observations based on the published research.

To faithfully predict the properties and performances of FGMs, a suitable computational tool is
required, which is able to account for the microstructural features of such graded systems (distribution
of the constituent phases; pores; interfaces; etc.). This field of activity is now widely open to every
scientist.
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KOHUENTYAJIHU TPUBONOTI’MYHU NPOBJIEMU

Mar.unx. LUoHka KocTteBcka

Peslome:TpueHemo, U3HoceaHemo U cmMma3geaHemo Ha meJjiama 8 npupoaama u 8 yYacmHocm e
mexHukama, ca Se/1eHUsI Heu3bexHU rpu u3riori3eaHemo Ha MexaHu4HuU 8pb3KU, MawuHu Uu
MmexHU4YeCKU CbOPBXEHUA. Loknadbm pa3ene)KOa Hakpamko pa3sumuemo Ha mpu60noaugma 8
pasiudHU mexHuU4ecKuU HaripassieHus Ha 4oeewkKama OeliHocm.

Knroyoeu dymu: mpu6onoaun, mpueHe, cma3gaHe, U3Hoc8aHe, HaHOITl,OU6OJ'IOZUFI.

Resume: Friction, wear and lubrication of the bodies in nature, particularly in technology are inevitable
phenomena in the use of mechanical joints, machinery and equipment. The report briefly discusses
the development of tribology in various technical areas of human activity.

Keywords: tribology, friction, lubrication, wear, nanotribology.

KOHUENTYAJTHU TPUBONOINM4YHU NPOBIEMUA
(no maTepuanu oT cBETOBHMA Nneyvar)

Mar.uHx. LloHka KocTteBcka

TpueHeTo, M3HOCBAHETO M CMa3BaHETO Ha Tenata B npupojaTta M B YacTHOCT B TexHWKaTa, ca
ABNEHNs1 HEN30EXHW NPY U3MNON3BaHETO HA MEXaHUYHU BPBH3KW, MALUMHU U TEXHUYECKN ChOPBKEHNS.
Te cbnbTCTBAT Pa3BUTUETO M yNaabka Ha peguvua LMBUNU3aUMM Ha YOBEYECTBOTO. XopaTa oT efHa
Unu gpyra enoxa ca npunaranu pasnuyHu HauMHW U CpeacTBa, Hanpumep TeYHOCTU OT pPasHOBMAEH
XapakTep, 3a Aa NpeodonesT KpUTUYHM NPOSIBM B CbOPBXEHUATA NPU HannymMe Ha TpUueHe, N3HOCBaHe
UM CMa3BaHe MPU KOHTAKT - CTaTMYEH UK OT PenaTMBHOTO NPEMECTBAHE Ha efHa CNpsiMO Agpyra Ha
MUHUMYM [Be onuMpaliy ce NoBbPXHOCTU. BoeHHaTa nHaycTpusa B CbBpeMeHHUs CBAT, crned BropaTta
CBETOBHa BOWHa u nocneppawara s CTygeHa BOWHa, ce pasBuBa OypHO. BnoxeHute wuHBECTULMU
M3NCKBAT KayeCcTBO WM CbLOTBETHO KOnm4yecTBO. [1pOM3BOACTBOTO € rMaBHO B oGractute aBmauwus,
KopabonnaBaHe, aBTOMOOUITOCTPOEHE, BOEHHA TEXHMKA, @ OTTaM W B CbMbTCTBALLMTE MM UHOYCTPUN.
Havanoto e npe3 1946 roanHa B CALL, Benukobputanus, ®paHums, CCCP, a B nocneactene BbB
depepanHa Penybnuka Mepmanua /OPI/ n AnoHusa. MNMpoussogntenn Ha TEXHUYECKUTE usgenusa B
Te3n cTpaHu otumutat npe3 1960 rogmHa ronemu 3arybu No OTHOLUEHWE Ha MaLWHKW, CbOPBXEHUS U
CbCTaBHUTE MM 4acTuM MOpaan M3HOCBaHe, Nunca Ha AOCTaTb4yHO pPEe3epBHU  KONMMYecTBa W
duHaHCOBM 3arybu, MpuUYMHEHW OT Te3n cuTyauuu. PelwwaBaHeTo Ha 4YacT OT npobrnemute e
CbMbTCTBAHO OT PA3BUTMETO HA HOBM WHTEP OUCLMMIIMHAPHU HayKn KaTto eKONornsita, KubepHeTuka,
Tpubonorus.

TpueHeTo e sBMneHne, oTpMUATeNHO 3a NPOAYKTMTE Ha Te3u Npou3BoacTBa. Hamansaea koeduuneHTa
Ha nonesHo geicTeue, cb3faBa obCToSATencTBa 3a 3aryba Ha eHeprust U U3HOCBaHe Ha CbOTBETHUTE
JOMNVpHW Tena, nocneasaHu oT 3arybu Ha maTtepuany, CbOTBETHO Ha AeTainu. 3arybuTe ca orpoMHu
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B cBeToBeH Mawab. Te3n chaktn ctaBat 6a3a 3a Bb3HMKBaHe Ha HaykaTta Tpubonorusa npes 1966 r.
HewnH ocHoBaTen e npod. MNMutbp xocT

| Peter Jost /. lHec, cTpaHu kato Nepmanusa, CALL, KaHaga, Kutain, BenukobputaHua n AnoHua ca
N34UCIIUNIK, Ye CMecTsIBaHMsITa, OT MHBECTMPaHE B pellaBaHeTo Ha nNpobnemn, CBbp3aHu ¢ TPUEHETO,
oTroBapsaT Ha 1,4% ot BBIT.

C'bLIJ,eCTByBaT ABe rmMaBHU TeMU B EKOJIOTMYHUA aCNeKT Ha TpVI60]'IOFI/IF|Ta N Te ca CBbp3aHu C TOBa Aa
Obaart ceegeHn ao MWUHUMYM CbOTBETHO!

. M3HocBaHeTO Ha mMmatepunannTte MU KOHCyMauunAatTa Ha eHeprud /oCcHOBHO eJiIeKTpnu4ecka wun
cbmsmquKa/ KaTo Ce npunarat 3HaHuATa 3a npoueca Ha TPUeHeTO.
. CTpaHVI‘-IHVITe e(beKTVI nnn HexenaHute nocrnegnun OT NPakTU4eCKOTO MNpPpUIIoXeHne Ha

TpUeHeTo.
Tpubornorvata npasu MbPBU CTLMKM B NMPOM3BOACTBOTO C OCHOBHAaTa Len Aa nogobpu pabotaTta u
yObIKN XKU3HEHUS LMK Ha MalLnHuTe B peguua VHAYCTPUMN.

Buear Hacbp4YaBaHN WKOHOMUYECKUTE WU €EKONMOrM4HnTE non3m OT KOHTpOJla Ha TPpUEeHeTo U
HamanAaBaHETO Ha M3HOCBAHETO B MpouecuTe Ha ekcnnoatauudarta Ha I/I3,El,eﬂVIFITa.TpVI60]'IOI'VIﬂTa e
4acTt oT O6pa3OBaHI/I6‘TO Ha BUCLUNTE TEXHUYECKU Kapgpw. YyeHun ot peounua CcTtpaHun mnascneaBsat u
pa3pa60TBaT HOBM HOBM METOAMN N TEXHONOIMM, 4YMeTo MnpurnoxeHme B NpakTukata no3BOoJiABa
WKOHOMUA Ha MaTepunanm un ﬂ,'bJ'II'OTpaIZHOCT npwn ekcnnoartauuna Ha n3agenumaTta.

HayKaTa TpI/IGOJ'IOFMFI e Hammpa BCe MnoBeYdYe NnpakTn4ecko npurioxXeHmne B obnactute XyMaHHa u
OeHTanHa MeauunHa, HaHOTEeXHONOormnu, anTepHaTtuBHU U3TOYHULUUM Ha eHeprud, BATbPHU Typ6I/IHI/I,
eKonorua.

HaHOTpVI6OJ'IOFI/IFITa n3y4vyaBa npouecuTe, XapakKTepHu 3a ynTpa HUCKO HandraHe Ha KOHTaKT Ha
npunNTb3BaHETO M 3alenBaHETO NPU NOBBPXHOCTUTE HA KOHTAKTyBalln Tena,.

PassutneTto Ha MUKPOESNIEKTPOHUKATA, CUCTEMUTE 3a MaArHUTHO CbXpaHeHne Ha I/IH(bOpMaLI,VIﬂTa n
pa3pa60TBaHeTo Ha HOBWU mMmaTepuanun c nebenuHn ot nopAagbka Ha HaHO pa3mMepu npes 90-Te roguHu
Ha 20 Bek, pa3suBat TpM6OJ'IOFI/IFITa N HEMHOTO npunoXxeHme B HoBa obnacr - HaHOTpVI60ﬂOI'MFI nnn
MOIneKynapHa Tpl/l60]'IOFVIF|.TOBa HanpaBlfieHne e CBbp3aHO C TeOPEeTUYHOTO U eKCnepuMeHTariHoTO
n3y4yaBaHe Ha npouecuTte Ha TpueHe, U3HOCBaHe, B3aMMOOENCTBME Ha NOBBPXHOCTUTE, adxe3ud,
M3HOCBaHE Ha KOHTAaKTHUTE NOBBPXHOCTU B aTOMHU N MOJNEKYINAPHU pa3mepn.

MNosiBABaAT ce HOBW TEXHOMOMMW B U3YUCNIMTENHATA TEXHWKA WU TOBa M3NCKBA HaHOTpI/I6OJ'IOFI/IF| na
n3cnegBa pasfiMdyHM npouecnm Ha aTtoOMHO, MOJEKYNMHO U MUKPOCKOMUYHO HMBO.Te3n unacnenBaHus
nognomarat pa3BUTUETO HaA 3HaHUATA OTHOCHO MUKPO- U HAHOCTPYKTYpWU Ha pasnndHKM Bugose
NOBBXHOCTM WU/MNN  Macu. HaMI/IpaT npunoXxeHme B obnactta Ha XxumusiTa, cCUCTeEMUTe 3a
npon3BoACTBa Ha NnekapcTBa, Cb34aBaHe Ha HAHO4YaCTUUKM C pa3fiM4HU NPUNOXeHNA B TeXHUKaTa, 4Ymn
cncTtemMmun, HoOBO NOKOJIeHUe nasepu.

5I/IOTpI/I6OJ'IOFI/I9|Ta € BCbLHOCT TpI/I6OJ'IOFI/IF|, KOATO HaMupa npuroxeHmne B MeanKo-bnonornyHmn
cuctemun.Bknousa rama oT nsgenusa u MaTepuanm aamecTteallin yBpeaeHn 4actm OoT HOBELLKOTO u/ vnn
XXMBOTMHCKOTO TAano.Te ca pa3pa60TeHv| OT CUHTETUYHU WU eCTeCTBEeHW TbKaHW noaxoadalln 3a
NPUIIOXEHNETO UM B CJI0OXKHU WUHTEPAKTUBHU BronormyHn cpenun. N3penuaTta ca c1:o6pa3eH|/| C
npoueca Ha TpueHe B Xu3HeHaTta cpena, sunaa, An3anHa 1 HadnHa Ha pa60Ta Ha CbOTBETHUA OpraH
WIN KOCTU, U3HOCBAHETO W/MNKN CMa3BaHETO CbLOTBETHO Ha GMOMOrMyHM NOBBPXHOCTHU. Toea nomara
3a TAXHOTO 6e3np06neMHo npunoXxeHme npun pasinyHn HapylweHua Ha d)yHKLI,VIVITe Ha opraHun mnu
KOCTW.

Napenuata samecTBaTt unu nognomarat yHKLMUTE Ha KoXaTa, KpbBOHOCHWUTE CbAOBe, CTaBHUTE
BPb3KU, XPYLUSANUTE, AEAHOCTTa Ha CbpLEeT U APYru.

BrvomMmmMeTukaTa Kato Ayma uma rpbLku npomsxon.TepMUHBT ,OMOMMMETMKA® CBbp3Ba ABE OYMM -
rpbukaTa gyma piog , BIOS - "xuBoT" n Hactaekata , HEMUMETUYHO ", M3passaBaLlo ,, MUMUKPUS
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"lMNocnegHata pAyma, MbpBOHayanHo e wmanonseaHa ouwle oT 1630-Te m npouanu3a OT rpbLKaTa
MIMNTIKOG , mimetikos, koeTo oO3HayaBa , nogpaxartenHu " . buomumeTukaTa € cb3gageHa oT
amepuKaHckns onogusnk n eHumknoneanct Oto Wmut npes 1950 r., no Bpeme Ha pa3paboTBaHETO
Ha HeroBaTa AOKTOpCKa AucepTaumsi.ToraBa ToW S pa3BMBa, KaTo M3y4YaBa HeEpBWUTE B CeEnuUs U ce
onuTBa Ja  KOHCTpyMpa YCTPOWCTBO, KOETO [a Bb3npou3Bexga OuonormyHata cuctema Ha
pasnpocTpaHeHue Ha HepsuTe . MpogbkaBa ga ce okycumpa BbpXy YCTPOMCTBA , KOUTO MMUTUPAT
ecTecTBeHUTe cuctemu ot npupogata.Cb3gaBa HoBaTa Hayka OuommmeTuka npe3 1957 r kato
npuema obpaTHO Ha Buocpmamnkara BmxkaaHe.CmaTa, ye brodusuka He e NpeaMeT, a e rnegHa Touvka.
To3n nogxoa kbM npobnemute Ha GuonormyHaTa Hayka U3NOM3Ba TeopusTa M TexHonorusTa Ha
dusnyecknte Haykm . ObpaTtHO, GMoMMMeTMKaTa € noaxon Ha Guonormsita KbM npobnemute Ha
dusnyeckaTa Hayka U UHXeHepcTBO. MamucneHn n uspaboTeHn OT YoBelukaTa AeVHOCT npoLlecw,
YCTPOWCTBA, BELLeCTBa, M CUCTEMW, KOMTO UMUTMpAT nuMpogaTta ce HapuyaTt OVOMUMETUYHW.
MN3kycTBOTO M HaykaTa ga ObAaaT nNpoekTMpaHu 1M u3paboTeHu BUOMMMETMYHM anapaTu ce Hapuda
ovommumeTmka. TA Hamupa npunoxeHune B obnactta Ha HaHOTexHonormiTe, poboTukaTa,
MeguumMHCKaTa U BOEHHaTa NPOMULLNIEHOCTUN, U3KYCTBEHNS MHTENeKT. Hakon BuomMmnmeTnyHn npouecu
ca ynotpebsiBaHu Npu CUHTE3a Ha BUTAMWHM U aHTUBMoTUUKN. BomumeTnkaTa Hamupa nNpunoxeHne
npu pa3paboTBaHETO Ha CUCTEMM 3a MALUMHHO 3pEeHWe, CUrHamHW ycuneaTenu, MalliuHu 3a cucTemm
3a cryxa, HaBurauumoHHn cuctemu. HeBpoHHaTa Mpexa € XvnoTeTnyeH GUomMumMeTU4eH KOMMNITHLP,
Tb KaTo paboTn ypes acoumaumm 1 NpeanonoxeHus. buommmeTukata Hammpa nNpunNoXeHne OHec
npu paspaboTBaHETO HAa M3KYCTBAHW OpraHuM U KpawmHWLa OT YOBELLKOTO TAMO, KaKTO U B pasfnyHu
€NeKTPOHHM yCcTponcTea. brounnsT, MUKponpouecopsT M onfiogeHaTta snuuekneTka ce cumTar 3a Haw-
WHTEpeCHN n3obpeTeHns B Ta3n obnacr.

3eneHaTa TpI/I6OJ'IOFI/IF| CbNbTCTBa exegHeBMeTo Ha YoBeKa U HeroBata 3JJ,e'bVIHOCT, He3aBUCUMO OT
xapaktepa Ha nocrnegHata. KoHuenuuaTa 3a 3eneHa tpubonorus € BbBegeHa oT r-H lMutbp XKocT.
Ton A onpegens KaTo ,Hayka U TEXHOMNOrMA OTHOCHO TPWUOOMOrMYHWTE acrneKkTU Ha EeKOSIOrMYHOTO
paBHOBECKE, EKONOrM4YHUTE N BMOMNOrMYHM Bb3AEeNCTBUS". YueHuTe ca ybeaeHun, Ye peamua npobnemu
moraT pga ObgaTr peweHu OT 3eneHata Tpubonorus. Te pasrnexgatr npobnemunte Ha
B3aVMOAEWNCTBALLM NOBBbPXHOCTU B OTHOCWUTENIHA CKOPOCT Ha ABWXEHWe, KOUTO UMAaT 3HaveHue 3a
eHepruaTa, YyCTOMYMBOCTTa Ha OKonHaTa cpeda W/wnM Xxapaktepa Ha BhvsiHAEe BbpXy OKOMNHaTa
cpena.

Yuyenute HocoHoBcku /Nosonovsky/ n Bywan / Bhushan/ ca npegnoxunu, a moxe 61 no-To4HO
KasaHo ca ycTaHoBunu, 12-Te npuHUMNa Ha 3eneHarta Tpubonorus. Te ca :

1. HamansiBaHe Ha TpUeHeTo;

M3HocBaHe;

HamangesaHe wnu nbNHO MpeMaxBaHe Ha CMasBaHeTo,  BKMOYMTENHO CaMOCTOATENHO

cMmasBaHe /KOMNKOTO U napagoKkcanHo aa 3syyu/;

dursmnyecknTe cMasBaHuA

Buopasrpagnma cmasBaHus;

M3non3BaHeTo Ha YCTOMYMBA XUMUS U UHXEHEPHU NPUHLUMN;

BriomumeTnyHm nogxoau;

[MOBBLPXHOCTHO TEKCTYpUpaHe;

EkonornyHnte nocneanum ot NOKpUTUATA;

10. MOHUTOPWHTI B pearnHo BpeMeE;

11. OusanH 3a pasrpaxgaHe /Hanpumep:MNpeoBuoeH € HauMHa Ha pasrpaxgaHe Ha
NMOBBPXHOCTHOTO MOKPUTME U OTKPMBAHE HA MOBBPXHOCTTA MOA Hero./

12. YCTON4YMBM EHEPIUAHN NPUNOXKEHMS.
CobwuTte y4yeHM onpenenat M TpUM OCHOBHM 0OMNacTTm Ha 3eneHata Tpubonorus:
1.BbuommnmeTmkaTta 3a TPUBONOrMYHM NPUNOXKEHNS;
2.Cmasku, Wwagsawm okonHaTa cpeaa;
3.Tpubonorusata Ha Bb30OHOBSIEMa eHeprus .

W~

W0 N A
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BATbpHU Typ6GUHU ca eHO OT roremMmTe TEXHWUYECKWU PELLUEHUS Ha YoBe4vecTBOTO.Te HamupaT OHec
NMPUNOXeHNe KaTo anTepHaTUBEH M3TOYHMK Ha eHeprus.Te ca TpyAHM 3a mogabpaHe M CKbMu 3a
PEeMOHT. Bb3HukBaT NpoGneMu oT TpuGOrorMyeH XxapakTep B CKOPOCTHUTE KyTUM U CMa3BaHETO Ha
TypbuHaTa.Te3an chakTopy MoraT ga HamansaT TaxHaTa HaOeXOHOCT M KM3HEeH LMKb. peguua
MpoyyYBaHUsi U M3creaBaHus B 06nacTTa Ha CMas3oyHUTE MaTepuanu, narepute U CKOPOCTHUTE KyTUn
ca npaBeHU, a BEPOSITHO M e CbMbTCTBAT BMHar ynotpebarta Ha Te3n TEXHUYECKU CbOPBKEHUS, C
OCHOBHa Lien Aa ce nogobpu HaaexXaHoCTTa Ha TypGuHaTa B EKCTPEMHU CUTYaLUu.

Tpubonornsita B Kocmoca e Hal-HoBaTa M Han-Hemno3HaTa obracT Ha KOHTakTa Hayka — npupoga.
[MbpBUTE CTLMNKM B TOBA HanpaBfieHME Ca CBbp3aHM C TEXHMKaTa, KOSTO YOBEYECTBOTO OTMNpaBs B
AbnbuHuTe Ha BceneHata. CnbTHMUMTE U M3rpaxgawmTe rm MexaHWYHU CUCTEMU ca U3rpageHun oT
peavua MexaHu4Hu Yactu. Mima peanua n3anckBaHus 3a TaxHata HageXaHOCT Mpu ABMXKEHUE, KOATO e
CUINMHO OrpaHM4YyeHa OT W3HOCBAHETO W BlOLIABAHE HA CbCTOSIHMETO Ha CMAa304yHMTE MaTepuanu.
Cuctemunte ca M3MNOXEHU Ha pPasnUYHU BNUSIHUSA, XapakTepHU 3a 3a0buKanswoTo M KOCMUYECKO
NPOCTPAHCTBO - aTOMEH KWUCIOpOoAd, PasnUYHW €eneKkTPOoCTaTTUYHM 4YacTuuM, ChibHYeBa pagunauus,
TeMnepaTypeH guanasoH - OT KPUOreHHO [0 400°C. Huicku /kproreHHW/ TemnepaTypu ca Tesu, KOUTo
ca nog 120 K go temnepatypa 0,7 K, T.e oT TeMmnepaTtypaTa Ha KOHAEH3aunsa Ha NpupoaHMs ras ao
TemnepaTypaTa Ha xenusi BbB BakyyMm. Temnepatypu nog 0,3 K ca B obnactra Ha CBpbX HUCKUTE
TemnepaTypu. Te ce nonyvyaBaT nNpW W3NoN3BaHe Ha crneuManHyn MeTOAM Ha oxnaxaaHe.
FopenocoyeHnTe cuctemMm noHsikora octaBat B Kocmoca 3a rognHm B nopsigbka ot 10 go 30 , a ot
Apyra cTpaHa ce U3nuTBaT U CbXpaHsaBaT Npu 3eMHU YCINOBMSA 3a Obblr NepUog oT BpeMe.

HaHO-KOMMO3NTHN U HAHO-CTPYKTYpUpaHU MOKPUTUS ce Mpunarat 4Ype3 TEeXHOSIoOrMUTE Mpu KOUTO
umame BaKyyMHO oTnaraHe. TeXHUTE MeXaHW4YHW U TPUOONOrMYHN CBOWCTBA 3aBUCAT OT rPaHUYHUTE
€(eKTU/Bb3MOXHOCTU Ha 3bpHaTa Ha MOKPUTMETO M CHOTBETHO CUHEPIrUYHUTE CbCTaBKM Ha
NoKpMTMETO. Te3n MOoKpuUTMA npegnaraT OoT gpyra CTpaHa M3KMI4YMTENHa Bb3MOXHOCT fa Obaar
nNpou3BeXaaHW afanTMBHU WM cMapT TpubomnormdHyn nokputus. [locnegHnte ca  HapeyeHu
,XameneoH* nopagu crnocobHocTTa MM Aa npegnasBar OT TPUEHE U U3HOCBaHe CbOTBETHUTE
NMOBBLPXHOCT, 4YpPe3 MNPOMSHA Ha XUMUYecKaTa MOBBPXHOCT M MUKPOCTPYKTYpa Npwu pasnuyHuTe
Bb34EVNCTBUS Ha OKOMHaTa cpefa, T.e KakTo XMBOTMHKATa XaMerieoH Cv MPOMEHS LiBEeTa Ha Koxara
Npyv Bb3HMKHaNa OMacTHOCT OT XWWHWK. KoHuenumaTa 3a MaswunHM BewecTBa - MOKPUTUS
.XameneoH* e paspaboTeHa [fJa OTroOBOpPU Ha Te3u npeaus3Bukatencrea. [logxoobT pasyuta
NMOKPUTMETO Aa NPOMEHN NMOBBPXHOCTTA, BbPXY KOSITO € MOMIOXKEHO, KaTo XMMMKS U KaTo CTPYKTypa T.€.
Ja Cce caMoHacTporBa KbM OKONHata cpeja M [da noctura no To3W HauuH CbOTBETHaTa
AbAroTpanHocT. MNbpBOTO NOKONEHUE ,XaMerneoH “ NOKPUTUSA ca HamnpaBeHU OT UaMaHTeH BbIrepos
/DLC/ , BTOpPOTO - OT uUTpuh cTtabunusmpaH umpkoHwnh /YSZ/ B 3naTtHM MaTpuuM C KancynupaHu
pe3epBoapu ¢ HaHo4dactTMumM Ha MoS2 u DLS. lNokputuata ,xameneoH“ ¢ pasHOBUAEH XUMUYECKM
CbCTaB ce wu3paboTBaT C pas3nMUHM XapaKTepHU aHanUTUYHW, MEXaHWYHW U  TpPUBONOrMyHU
MeToau.Ham — 4yecTo M3nNon3BaHMTE CMa304YHU MarTepuanu B KOCMUYeckaTa UHOYCTPUSi ca NpaxoBe,
pa3paboTeHun Ha 6asaTa Ha MoS2 , WS2 , NbSe2 n cmeceHu ¢ pasfnnyHn OpraHUyYHN U HEOPraHUYHU
BeLlecTBa.
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STUDY OF MATERIALS AND COATINGS THAT WORK UNDER CONDITIONS OF
IMPACT-ABRASION

Kristina ILIEVA-STOYCHEVA

Abstract: The object of this paper is the wear of elements that work under conditions
of impact-abrasion wear. For the needs of the study it has been elaborated a bench for testing
the impact-abrasion wear of materials and coatings. In this paper are given the methods for
conducting of bench tests in accordance with the international.

Key Words: tribology, impact-abrasion wear, bench, construction, methods

N3CNEABAHE HA MATEPUAIU U NMOKPUTUA, PABOTELLIU B YCITOBUATA HA
YOAPHO-ABPA3UBHO HATOBAPBAHE

Kpuctuna UMIMEBA-CTOUYEBA

Pesrome: B cmamusima ca pa3anedaHu 8brpocu 3a U3HOC8AHEMO Ha enleMeHmu, pabomeuwu
8 ycrogussima Ha ydapHo-abpa3usHO u3HoceaHe. 3a Hyxdume Ha u3criedeaHemo e paspabomeH
cmeHO 3a uscnedeaHe Ha ydapHo-abpa3ueHO U3HOCBaHe Ha Mamepuanu u riokpumus. [NokasaHa e
memodukama 3a ripogexodaHe Ha uscrnedgaHusi CbC cmeHda cbanacHo Mex0yHapoOHU cmaHdapmu.

Knroyoeu dymu:. mpubornoeusi, yOapHo-abpa3ueHO U3HOC8aHe, CMeHO, KOHCMPYKUUS,
memoduka

1. BbBEOEHUE

OcHOBHa nMpuyvHa 3a HamansiBaHe Ha [ObAroTpalHOCTTa Ha [AeTalunute Ha MalluHUTeE,
MEeXaHU3MUTE U MHCTPYMEHTUTE B MaLLUMHOCTPOEHETO € U3HOCBaHeTo. B crecTBMe Ha U3HOCBAHETO
ce cbKpblyaBa epeKTMBHOTO BpeMe 3a paboTa Ha MalUMHUTE U YCUNUSITA Ce HAco4YBaT KbM PEMOHT,
Bb3CTaHOBSABaHE N 3aMsHa Ha U3HOCEHUTe AeTannu.

BuaooBeTe M3HOCBaHUS ca pasfnMyHM U ce OnpeaensaT B 3aBMCUMOCT OT YCroBusi Ha paboTa Ha
KOHKpeTHUTe o06ekTu. [lo-ronsiMata 4YacT OT MWHHaTa MexaHu3auusi e MOANOoXeHa Ha yaapHo
HaToBapBaHe BbB Bpb3ka CbC creuudukata Ha TEXHONOrMYHWUTE MNpOoLEecH /TpolleHe, cMunaHe,
konaeHe/. KOHTakTbT cbC cUMNHO abpasuBHa cpea CblUOo € NpeAnocTaBka 3a U3HOCBaHe.

YnapHo-abpasvBHOTO WM3HOCBaHe MpoTMYa MpW ygap No TBbPAM YacTuuM, KOMTO MoraT ga
rnoBpexaaT KOHTaKTHaTa MOBbPXHOCT OT MPSKOTO MM AMHAMWYHO BHeapsiBaHe [1]. MexaHu3mbT Ha
yaapHo-abpa3nBHOTO M3HOCBaHe ca CbCTOM BbB BHEAPSIBAHETO HAa TBbpAaTta Yactuua B meTana u
npeansBMKBaHETO Ha Jdedopmauumsl, Bodella [0 paspyllaBaHe Ha Mukpoobemu B MeTana W
obpasyBaHe Ha YacTULM OT M3HOCBaAHETO.

2. YCTPOUCTBO U METOOUKA HA CTEH[ 3A YOAPHO-ABPA3UBHO U3HOCBAHE

WacnepBaHusaTa Ha yoapHo-abpasvMBHO M3HOCBAHE Ha MaTepuanu u NoKpUTUsi ce OCbLLecTBSABaT
CbC CcTeHq, pa3paboTeH B kaTedpa ,MalmnHo3HaHne” Ha MY ,Ce.MBaH Punckn” — Codous [2, 3].

2.1. Yempoiicmeo

dyHKUMOHanNHaTa cxeMa Ha cTeHa e nokasaHa Ha dur. 1, a cteHga — Ha dur 2.
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Que. 2. CmeHO 3a yO0apHo-abpa3ueHo U3HOC8aHe

CTeHObT NpeacTaBnsiBa MeTanHa KOHCTPYKLUSA, CbCTOsILLA Ce OT HOCEelM rpeaun 2, Ha KouTo e
MOHTMpaHa posnika 7 ¢ abpa3uBHO MOKpWUTME MOA 30HaTa Ha obpaseLa u xopu3oHTanHa rpega 11,
BbPXY KOSITO € MOHTMpaH enekTpoMarHnT 12. MiscneaBanmaT obpasey 8 e 3akpeneH HENOABWKHO KbM
3axBaljalloto npucrnocodbneHne Ha npbT 10. Bbpxy nognoxeHus Ha wuscnegBaHe obpasel ce
Ccb3[aBa HaToBapBaHe C NomoLyTa Ha TeXecTu 9 1 ygapHuM UMNYICK, Cb3daBaHu C eNeKTpoMarHmT 12.
Ha ponkaTta 7 ce npegaBa BbpTHAW, MOMEHT OT Auratens 3 upe3 pembyHa wanba 4 n pembk 5.
O6paseubT 8 ce Tpue B abpa3uBa Ha BbpTALLATa Ce porika 7 M yCnopeaHo ¢ ToBa My ce npedasa
yaapeH nmnync ot enektpomarHuta 12 nocpencteom npbTa 10. MNpenaBaHusaT Ha obpaseua yoap e
LieHTpareH ¢ BbroBo OTKIOHeHue o 5° .

EHeprusta Ha ygaapa no obpaseua moxe Aa Bapupa B gnana3soH ot 3 go 30 J, koeTo ce nocTura ¢
Habop OT pasnMYHN MO MOLLHOCT eNEKTPOMarHmTH.

OnutuTe ca npoBedeHU NMpU U3NuUTaHWs ¢ eHeprua Ha ygapa 4.9 J u ckopocT Ha yaap 1 m/s ¢
yecToTa Ha ygapute 50 Hz 1 abpasus - wkypka Ne E-28-P80.

OTunTaHeTo Ha MacaTa Ha obpa3uuTte e ¢ enekrtpoHHa Be3Ha WPS180/C/2 ¢ TouHocT go 0.1 mg.

ManutaHusita ca npoBedeHn Npy e4HaKBKU 3a 0OpasunTe ycrioBus /BpemMe Ha U3NuTBaHe, EHeprusi
Ha yaapa u dmanyeckn obem Ha obpaseLa/.

2.2. Memoduka Ha u34ucrisieaHe Ha yOapHo-abpa3ueHO U3HoceaHe

MeToamkaTa Ha uM3uucnsiBaHe Ha yAapHo-abpasvMBHO M3HOCBaHe BKI4YBA ONpedensHe Ha
cnegHWTE napameTpu: cpeaHa 3aryba Ha Termno u OTHoCUTeNHa U3HOCOYCTOMYMBOCT.

CpepgHata 3aryba Ha Terno Ha obpasumMte OT wu3crefBaHuss mMartepuan ce onpegens no
dopmynara:

3
;gui

9o =75 (1)

KbOETO:
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g, - Maca Ha nscneaBaHusi Matepuan npu oTaenHuTe onutu, [gl,
OTHocuTenHaTa 3HOCOYCTOMYMBOCT Ha M3cneaBaHUs maTepuarn ce onpeaens no gopmynara:

—Ve, )

KbOeTo:
V, - obeMm Ha nscnegsaHusa matepwarn, [sms],

p, - NTbTHOCT Ha n3cneasaHus matepwuan, [g/sm3],

2.3. Peaynmamu

Onutnte npoTuyat c Tpu Tena OT M3NUTBaHUA obpaseu M Tpu Tena OT eTanoHHus obpased.
Pesyntatute ce HaHacsaT B MpPOTOKON M Ce onpefens OTHOCMTernHaTa M3HOCOYCTOMYMBOCT MO
MeToauKaTa.

W3cnepsaHnte obGpasuu ca: 1 — enektpogHo nokputue Lincoln Hardfacing 2008 n 2 —
TBbpAOCNNaBHa nnactuHa MoHO6rok u B Tabnuua 1 ca nokasaHu pesyntatute OT onNuTUTE 3a
yAapHo-abpa3nBHO U3HOCBAHE.

Ta6nuya 1. Peaynmamu om ydapHo-abpa3ueHomo U3sHoceaHe

O6pa- Haume- nnbT- | obem | onut Maca mMaca 3aryba cpeaHa N3HOCO-
3ey HoBaHue HOCT npeau cnen Ha 3aryba ycTOW-
yaapa yaoapa mMacaTta Ha YMBOCT
[g/m°] | [sm’] [] [a] [a] Ma[c?Ta
g
1 MokpuTtune 1 41.4510 | 41.4350 | 0.0160
Lincln 7.61 5.44 2 41.4349 | 41.4183 | 0.0166 0.0163 | 0.2540.10M4
Hardfacing 3 41.4182 | 41.4018 | 0.0164
2008
2 TBbpoo- 1 74.8794 | 74.8491 0.0303
cnnaBsHa | 13.748 | 5.44 2 74.8491 | 74.8190 | 0.0301 0.3020 | 0.2476.1074
nnacTumHa 3 74.8191 | 74.7891 0.0300
MOHOONOK

Ha owur. 3 e npeactaBeHa gvarpaMa Ha OTHOCMTESNHaTa M3HOCOYCTOMYMBOCT Ha M3cregBaHuTe
obpasuu npu yaapHo-abpasneBHO N3HOCBaHE.

TabGonorpama Ha yaapHo-abpa3sMBHOTO M3HOCBaHe

0.2600

0.2540 @ nokputne Lincin

Hardfacing 2008

0.2476 B TBBLpAOCNaBHa
nnactmHa
MOHOGMOK

M3HOCOyCTOIH4MBOCT i.10%4

0.2400

P
o6pasen

®ue. 3. U3Hocoycmolivueocm Ha obpa3uyume npu ydapHo-abpa3ueHo U3HoOceaHe

Cnea aHanus Ha HanpaBeHUTE eKCnepumMeHTallHn pe3ynTtaTtn ceé KOHCTaTupaTt CXOO4HU pe3yntatu
Ha OTHOCuUTeHaTta I/I3H000yCTOIZLII/IBOCT Ha n3cneanBaHoOTo NOKpUTHe n Mmatepunana.

3. 3AKNMIOYEHUE

Cb3gaBaHeTo Ha MHXEeHepHU MeTOoAM 3a onpedensiHe Ha WHTEH3MBHOCTTA Ha W3HOCBaHe npwu
yAaap M NporHo3MpaHeTo My € CBbp3aHO C YCTAHOBSIBAHE Ha 3aBMCMMOCTTA MeXZdy W3HOCBaHeTo U
(hb13MKO-MEXaHNYHUTE CBOWCTBA, CUMOBUTE XapaKTEPUCTUKM U MUKPOTrEeOMeTpusiTa Ha KOHTAKTHUTE
MOBBPXHOCTW.
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YaapHo-abpasvMBHOTO  M3HOCBaHe € LUMPOKO PasnpoCTpaHeHO B MHOTO OTpacnu  Ha
MalUMHOCTPOEHETO U OMPEAEnsHETO Ha OCHOBHWUTE My MPU3HAUM € C Hay4HO U MpPaKTUYEecKo
MPUIIOXEHNE.
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N3CNEONBAHE HA CTPYKTYPATA U MUKPOTBBPOOCTTA HA 3ABAPEHU
OBPA3LUUN OT CTOMAHA WELDOX 700

rn.ac. o-p Enncaseta Tawesa, rn.ac. BanentuH Nangapos, gou. g-p lNnameH Tawes,
oou. a-p NanvHa 3amduposa, gou. o-p Cepboxa BbnkaHoB

Pestome:. [[posedeHo e MemarnozpaghcKo U MUKPOUHOEHMAaUUOHHO u3criedeaHe Ha obpasyu om
sgucokosika cmomaHa Weldox 700. U3cnedeaHemo e HanpageHo Ha obpasyu om pPbYHO
en1ekmpodb2080 3asapeHU CbeOuHeHusl. U3cnedsaHemo ekmoysa U onpedensHe Ha peduua
Xapakmepucmuku: Mukpomebpdocm rno Bukepc u Onueep-®aap, HuHamuyHa u MapmeHcosa
mukpomebpdocm, Modyn Ha efacmu4yHocm u 0p. u 0aga 8b3MOXHOCM 3a OUEHKa Ha MexaHU4YHUme
ceolicmea Ha Mamepuasna 8 pa3/luyHU XapakmepHU 30HU 8 U OKOJI0 3asapbyHusi wes. HarnpaseH e
aHanu3 Ha ronyYeHume  pe3ynmamu om  2ne0Ha moyka Ha  epb3kama  Mexoy
MUKPOUHOeHmMayuoHHUMe XxapakmepucmuKku U cmpyKkmypama Ha Mamepuarna.

Knroyoeu dymu: 3asapsisaHe, CmomMaHu, besiogu 3asapeHu CbeOUHEHUS!, 8UCOKOSIKU CIMOMaHU,
Mukpomebpdocm, OuHamu4yHa U MapmeHcosa Mukpomebpdocm, mModyn Ha enacmu4Hocm, Weldox
700

1. BbBeaeHue

Weldox 700 e KOHCTPYKUMOHHa CTOMaHa C BWCOKA S$KOCT W LUMPOKO MPUIOXEHne 3a
n3paboTBaHETO Ha HOCELUM KOHCTPYKUMM. XapakTepusupa ce C MNoBTapsieMOCT Ha CBOMWCTBaTta, U
pobpa 3aBapsiemoct. Weldox 700 otroBapsa Ha wmanckBaHuAta Ha EN 10025. Uscneposatenu Ha
CbBPEMEHNTE BUCOKOSIKM CTOMaHU ca yCTaHOBWMN.[2]

AHanus Ha CTpykTypaTta Ha Te3u CTOMaHu e 3aTpy4HeHo, nopaan n3sectHa cesoboaa npu nsdopa
Ha XMMWYEH CbCTaB U TEXHOMOMUS Ha MPOU3BOACTBO OT NpoussoauTenuTe. [4].

3a pga ce nocturaHe HeobOXOOUMOTO BUCOKO KA4YeCTBO Ha 3aBapeHuW CbeAMHEHUS OT Tasu
CTOMaHa e HeobxoaMMO [a ce Aaje OLEeHKa Ha 3aBapsemMocTTa Ha CToMaHara.

2. CBbLHOCT Ha uscnegBaHeTo.

lMpoBegeHn ca cepus e€KCNepUMMEHTM C METOA4 M YCTPOWCTBO 3a U3NMTBaHe W OLeHsiBaHe
CKIMOHHOCTTa KbM oODOpasyBaHe Ha CTyQeHW MNyKHATUMHWM Ha bBbINOBU 3aBapeHU CbeauHEeHUs OoT
BUCOKOSIKM CTOMaHu. [1]

M3nutBaHuTe 06pasum ca napaboteHn oT NUCTOB MaTepuan ¢ gebenvHa 5 mm.

XVMUYECKUAT CbCTaB W MEXaHUMYHMTE CBOWCTBA Ha CTOMaHaTa cropen MNpUIOXeHUaT
cepTudukaT ca nokasaHu B Tabnuumn 1 n 2.

EkcnepymeHTUTE Ca npoBedeHM C METO4 PbYHO ENEKTPOABLIOBO 3aBapsiBaHE C 0OOMasaHu
enektpogu. Tun Ha obmaskarta Ha enektoga — 6asnyHa.

Ta6bnuua 1. Xumuyecku cbcmae 6 %

C Si Mn Cr Mo Ni Cu \Y Nb Ti N
0,13 032 |12 10,24 0,136 0,04 0,01 0,12 0,02 0,014 | 0,004
Al B P S EW

0,042 { 0,001 | 0,01 | 0,002 | 0,41

Tabnuuya 2. MexaHu4Hu ceolicmea

Reg, Rm As ISO-V/ -40°C
[N/mm?] [N/mm?] [%] [J]
828 864 17 50
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Msnon3eaHn ca OBa pexuma 3aBapsiBaHe (Tabn.3), eguHuAT e ¢ NuHenHa eHeprua Q=0,67
[kd/mm], koATO e 6nu3ka Ao npenopbyBaHaTa OT mpmaTa npomsBoauTen 3a gedenvHn go 5 [mmj,
OPYTUAT pexnMm e ¢ 6nmn3o aBa NbTu NO-BMCOKA CTOMHOCT OT npenopbyBaHata - Q=1,24 [kJ/mm].

Tabnuuya 3. Pexxum Ha 3aeapsieaHe

Pexum del l, U Vias. Q
k=0,8 | [mm] | [A] [V] [mMm/min] | [kJ/mm]
I 4 180 | 24 167 1,24
Il 3,2 | 100 | 22 214 0,67

I'IonyquMTe pe3yntatn OT U3aNNTBaHUATA Ca NOKa3aHu B Tabnuua 4.

Tabnuua 4 . Pesynmamu om usnumeaHemo

Q Tass O6p. c, PaspywaBaHe | [edop.
[kd/mm] [s] Ne [MPal] [mm]
1 630 o X
2 700 0 X
1.24 14 3 960 > 33
5 1600 L -
6 630 0 X
0,67 10 7 960 o 2,0
8 700 0o X

0 — He paspyleH obpasey B NpoabimkeHne Ha 24 yaca

L - orbHaT Ha 90° 1 He paspyLwweH obpasel B npoabikeHne Ha 24 yaca

X — HAMa ocTaTbyHa gedopmaums

Mpu NbpPBUAT pexum Npu HaToOBapBaHWS Ha orbBaHe paBHM Ha 630 n Ha 700 [MPa] He ce
HabnogaBa octatbyHa Adedopmaums M HAMa paspyllaBaHe B npoabrikeHne Ha 24 yvaca. [lpu
HaToBapBaHe oT 960 [MPa] ce HabniogaBa octaTbyHa gedopmaums ot 3,3 [mm], 6e3 paspyliaBaHe,
KOeTo nokasea, Ye e [JoCcTurHata rpaHvuaTta Ha npoBnayBaHe 3a Tasu cTomaHa. [lpoBeneHo e
HaToBapsaHe ¢ ¢, 1600 [MPa], o6paseua ce orbsa noa 90° 6e3 aa ce paspywim.

Mpwn BTOPMAT pexuM Npu HaToBapBaHWS Ha OrbBaHe paBHM CbOTBETHO Ha 630 u Ha 700 [MPa] He
ce Habniogaea ocTaTbyHa gedopmaumsi U HAMA paspyllaBaHe B MpoabimkeHne Ha 24 vaca. [lMpwm
HaTtoBapBaHe oT 960 [MPa] ce HabnogaBa octatbyHa gedopmauus ot 2,0 [mm], 6e3 paspyLuaBaHe,
KOeTO MoKa3Ba, Ye M TyK € JOCTUrHaTa rpaHyLaTa Ha NnpoBnaYyBaHe Ha cToMaHara.

3. U3cnepBaHe Ha CTpyKTypaTta MU MMKPOTBLPAOCTTA Ha 3aBapeHu obpasum OT CTOMaHa
Weldox 700

3a nacnegsaHe 6sxa onpegeneHu obpasum - Ne 2, 5, 7 n 8 (cbrnacHo tabn.4). Obpasuunte b6sxa
pasps3aHn HagmbXHO MO OCTa Ha cumeTpus U oT TAX Bsxa uspaboteHn metanorpadcku WNUAOoBeE.
XapakTepHo 3a nscneasaHute obpasuu e, Ye He3aBMCMMO OT CTOMHOCTTa Ha HaTOBapBaHETO Te He ca
paspyLleHm.

MeTanorpadckuat aHanmM3 e HanpaBeH ¢ Mukpockon Olympus BX41 3a yctaHoBsiBaHe oOwus
BMA Ha CbeAUHeHNeTOo, CTPyKTypaTa 1 eBeHTyanHu gedekTu.

TBbpoocTTa Gelwe usMepeHa B 4eTvpu 30HM -1 — meTan Ha wWweBa, 2 — 30Ha Ha TEPMUYHO
BMMSAHME, No-6nmn3o A0 NMHUSATA Ha cnnaesABaHe, 3- 30HA Ha TEPMUYHO BRMSAHWE, No-6nmn3o Ao
OCHOBHWS MaTtepuan, 4 - ocHoBeH meTan (dwr. 1).

Ha dwmrypa 2 e nokasaH oTneyaTbk OT M3MepBaHe B 30HaTa Ha TEPMWYHO BNusiHWe Ha obpasey
Ne8, npu yBenunyeHune x500.

NamepBaHusita ca npoBedeHn ¢ [duHamuueH yntpamukpotBbpgomep DUH-211S (Shimatzu-
AnoHus) YcnosusaTta 3a u3nutaHusTa ca:

e Pexum - HaToBapBaHe-pa3TOBapBaHe

e VHgoeHTOpbT e BukepcoBa nupamupga ( npaBuinHa YeTMpWbIbNHA NMpamMuaa C brbi
Mexay cpellynexatwiute ctpaHu 136°)
CkopocT Ha HaToBapBaHe— 14 mN/s;
MakcumanHa cTonHocT Ha HaToBapeaHeTo - 500 mN;

e Bcuukn n3amepBaHusa ca M3BBbPLLEHW NpuY CTalHa TeMnepaTypa.
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MeTtoaguTte ca usBectHu kaTo “depth-sensing indentation“(DSI) nnun “instrumented indentation
testing” (IIT). Ha c¢wur. 3 e nokasaHa TuMnNUYHa WHOEHTAUMOHHA KpuBa. 3a BUCOKO €facTU4HU

mMaTepuanu Tasu 3aBUCUMOCT He € NIMHENHA.
Upe3 WHAOEHTAUWMOHHMTE KpWMBW, MoraT ga ce onpeaenaT ClegHUuTe MUKPOTBbPAOCTHU
xapakrtepucTtuku (ctaHgapt ISO 14577-1):

[ w
N

100 um

@ue.l. Tebpdocm usmepeHa 8 30HU ®uz. 2. OmneyambK 8 30Hama Ha MepPMUYHO
efiusiHue Ha obpasey Ne8 (x500)

-1 — Mmeman Ha wesa,
2 — 30Ha Ha MepMUY4HO eJiusiHue, No-61u30

do TuHUsiMa Ha crnsassieaHe,
3- 30Ha Ha MepMU4HO eJiusiHue, No-6s1u30 3o

OCHOBHUST Mamepuari,
4 - ocHOB8EeH Memauii

Pl
Elastic-plastic ' Elastic
deformation éunloading

% Loading ” Unloading

(“ ' '

g e

= | Elastic | gron

deformation -

-
- '
' '
'

Indentation depth h

®ue. 3. 3asucumocm Ha Obs1I604YUHamMa Ha NPOoHUKeaHe Ha uHOeHmopa, h, kamo ¢yHkyusi
Ha npusioxeHomo HamoeapeaHe, F, npu nocmosiHHa ckopocm Ha HamoeapeaHemo.

1. AuHamnyna 18BpAocT (HMV) [3]:
a.F

HMV = e
h
KbEeTO a € KOHCTaHTa, onpegeneHa oT BMaa Ha MHOEHTOopa, F »n h ca cboTBETHO npunoxXxeHarta
cuna un ﬂ,'bJ'IGO‘-IVIHa Ha NPOHUKBaHe Ha UHOEeHTopa. Tasun XapeKTepucTuka e cBbp3aHa C nnacTtuyHaTa,

enacTuyHaTa 1 BUckoenactuyHa gegopmaums no BpemMe Ha TecTa.
2. MapTteHcoBa TBbpaoct (HMs) [3]:
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1
26,43.m* '

KbOETO M e HaKkfoHa Ha MHAEHTaLMOoHHaTa KpuBa npu HaTtoBapBaHe B HTepBana (0,5-0,9)F ax
3. HgeHTaumoHHa 1BbpaocT (Hit) [3], onpeaeneHa cernacHo mogena Ha Onueep-Paap:

HMs =

. P
Hit=———— |,
24,50.h
K'b,lJ,eTO hC e ﬂ'b]'l60‘-l|/1HaTa Ha KOHTakTa Ha WHAOEHTOpa C NOBBLPXHOCTTA Ha W3cneaBaHuA

obpaszel.
4. WHpeHTaumoHeH moayn Ha enactudHoct (Eit), onpepensiy, ce oT KpuBaTta Ha

pa3TtoBapBaHe:
1_(-v?) G-v)

E Eit E,

r 1
kbaeTo E, e mogyna Ha enacTU4HoCT GasvpaH Ha WMHAEHTAUMOHHMSA KOHTakT, E; mogyna Ha
€NacTUYHOCT Ha MHAEHTOPA, a Vs 1 V;ca koedpuumeHTuTe Ha [NoacoH 3a obpaseLa n MHAeHTopa.
5. EnactnyHata 4act oT paboTtata B npoueca Ha MHAEHTauus, onpegeneHa oT nrowita nog
HaTOBapBallaTa M pasToBapBallaTa 4YacT Ha WHAeHTaumoHHaTa kpuea (W = |Pdh), uspasena B
NPOLEHTU:

nlt = WeI/(WeI + Wp|)
6. MukpoTtBbpaocT no Bukepc (HV):
HV =

k.F
dz ’

KbAeTO K € KOHCTaHTa, onpepeneHa OT reomMeTpudata Ha nupamuaara, F e NPUNOXeHOTO
HaToBapBaHe BbpPXYy UHOEHTOpa U de cpegHoapuTtMeTnyHata CTOMHOCT Ha [fBaTa guaroHana Ha

oTneyaTbka. MuKpoTBbpAOCTTa NO Bukepc xapakTepuavpa JOKanHOTO CbMNPOTMBIIEHUE CpeLly
nnacTuyHa gedopmauus.

OBPA3EL| Ne2

O6paselbT e HaToBapeH Ha orbBaHe ¢ 700 [MPa], He ce Habnogaea ocTaTbyHa Aedopmanms 1
HAMa paspyllaBaHe B NpoabikeHne Ha 24 vaca.

Ha cur.4 ce BmxgaTt TpuTe CTPYKTYPU XapaKkTepHW 3a TPUTE 30HW Ha 3aBapeHn CbedUHEHUS,
30HaTa Ha MeTana Ha wesa (MLW), 3oHa Ha TepmuyHo BnusiHue (3TB) n ocHoseH meTtan (OM). Ha
cur.5 AcHO ce BUXaAa NUHMATA Ha CNNaBsiBaHe.

Quz.4 Cmpykmypu xapakmepHu 3a mpume Que. 5 JluHusi Ha cnnassieaHe
30HU 3a 3ag8apeHuU CbeOUHEeHUs1

Ha ¢ur.6 ce HabniogaBa HUCKOBLINEPOLHA MapTEH3WTHA CTPYKTypa Ha 30HaTa Ha TEPMMUYHO
BnuaHue (3TB).

Ha dour. 7 ce Bumxga ceputHa CTPyKTypa C HUCKOBBLIMEPOOHM MAPTEH3UTHU y4acCTbLN, KOETO e
XapaKTepHO 3a BMCOKOSIKM CTOMaHM.
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Ha c¢ur. 8 e nokazaHO N3MEHEHNETO Ha MUKPOTBBbPAOCTTa Ha obpasey 2. CTOMHOCTTA 11 B 30Ha 2
€ MNo-B1COoKa, KOETO MOXe Aa Cce OAbIMKN Ha 0bpa3yBaHETO Ha HUCKOBbLITIEPOAEH MAaPTEH3UT.

@ue. 6. HuckoebanepodHa MapmeH3UmMHa due. 7 PepumHa cmpykmypa ¢
cmpyKkmypa Ha 30Hama Ha mepMu4HoO HUCKO8B2J1ePOOHU MapmeH3UMHu
enusiHue (3TB) y4Yacmbyu

5000

HMV]
HMs
Hit

4000 4 # Hv*
HY

3000

4ponm

H [MPa]
4P

b

~@- -
o
o =®

2000

-0 B i

®u2.8. UsmeHeHue Ha Mukpomebpdocmma Ha o6pasey 2 € 3agUcUMOCM oM 30Hama Ha
usmMepeaxe.

OBPA3EL| Ne5

Mpn HaToBapBaHe c¢ ¢, 1600 [MPa], obpaseua ce orbBa nop 90° u He ce paspywasa B

npoagbiKeHne Ha 24 vaca.

Ha ¢wur.9 oTtHOBO ce BwxXOaT TpUTE CTPYKTYPU XapakTEpPHW 3a TpUTe 30HU XapakTepHu 3a
3aBapeHn CbeavHeHus1, 30HaTa Ha MeTana Ha weBa (ML), 3oHa Ha TepmuyHO BnusHue (3TB) u
ocHoBeH MeTan (OM), KakTo 1 NMUHKUATa Ha cnnaBsBaHe. Bbnpeku, ye HaAMa paspywaBaHe Ha ¢ur. 10
SICHO Ce BmXAa NyKHaTuHa.

Mpn HaToBapBaHe ¢ ¢, 1600 [MPa], obpasey Ne5 ce orbBa nog 90° u He ce paspywasa B

npoabikeHne Ha 24 yaca. OTHOBO MMame MO-BUMCOKM CTOMHOCTM Ha MUKPOTBBPAOCT B 30Ha 2
(cbur.11), B pesynTaT n Ha NpoTeknarta nrnacTuyHata gecdopmMaums
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®u2.9 Cmpykmypu Ha Memajsia Ha weea @ue. 10. lMykHamuHa obpa3yeana ce
(MLL), 30Ha Ha mepmu4Ho enusiHue (3TB), npu o2beaHe Ha obpa3seua
ocHoeeH memaui (OM)

5000
HMV

HMs
Hit
Hv*
HV

4000 4

LAdponm

3000 +

H [MPa]

2000

@ B

@il P
~ @ e

Que.1l. U3ameHeHue Ha Mukpomebpdocmma Ha obpa3sey 5 e 3agsucumMocm om 30Hama Ha
usmMepeaHe

OBPA3EL| Ne7

Mpn HaToBapBaHe oT 960 [MPa] ce HabniogaBa octaTtbyHa gedopmauusa ot 2,0 [mm], Ge3
paspyllaBaHe, KOETO MOKa3Ba, Ye € [ocTUrHaTa rpaHuuaTa Ha npoBnayYBaHe Ha cTomaHaTta. Ha
dur.12 ce BuxaaT NMHUMTE Ha BaruyBaHe.

Que.12 JluHuu Ha eanuyyeaHe @uz.13 U2noeudHa MuKpocmpykmypa Ha
HUCKO8Bb2J1epo0eH MapmeH3um
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du2.14. U3meHeHUe Ha Mukpomebpdocmma Ha ob6pa3sey 7 6 3aeucuMocm om 3o0Hama Ha
usmMepeaHe

Ha cwur.13 ce Bwkga MrmoBMOHUS XapakTep Ha MUKPOCTPYKTypaTa Ha HWUCKOBLITEePOAHWS
mMapTeH3uT. Ha cur. 14 e napeHo M3MEHEHMETO HAa MUKPOTBBLPAOCTTA B 3aBUCMMOCT OT 30HaTa Ha
U3MepBaHe.

OBPA3EL| Ne 8

MNpu HaToBapeaHe ¢ ¢, 700 [MPa] He ce Habniogasa ocTaTbyHa Aedopmauus M Hama

paspyllaBaHe B NpPoAbimkeHue Ha 24 yaca. OTHOBO ce HabnaaBa HUCKOBBLIMEpPOoAHa MapTEeH3UTHa
CTPYKTypa Ha 30HaTa Ha TepMmuyHo BrusiHue (3TB) (cdur.15). Ha cur. 16 ce BmxagaT MHOro uHM
3bpHa Ha hepUT 1 TUTAHOBU HATPUAN.

Ha cour. 17 ce Buxaa nsmeHeHMETO Ha MUKPOTBBPAOCTTa Ha obpa3sel, 8 B 3aBMCUMOCT OT 30HaTa

Ha n3MepBaHe

@ue2.15. HuckoebasiepodHa @Pue2.16. PuHU 3bPHaA Ha ¢hepum U
mMapmeH3umHa cmpykmypa (3TB) mumaHoeu HUmMpudou

MukpoTBbpaocTTa no Bukepc HV e nokasaHa Ha cur. 18, Buxaga ce Ye CTOMHOCTUTE N B 30HM 2,3
n 4, n Ha yeTupute obpaseLa ca OT eguH NopsiabK, pasnukata B 30Ha 1 Moxe ga ce obsicHM C
nonagaHe Ha uHgukatopa B 06nacTu ¢ No-BMCOKO CbAbpXKaHue Ha Kapouawn.
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Que.17. U3smeHeHue Ha Mukpomebpdocmma ®ur.18. MukpoTtebpaocTt no Bukepc HV
Ha obpa3sey 8 8 3asucumMocm om 30Hama Ha
usmepeaHe

MupeHTaumoHeH moayn Ha enactuyHocT (Eit), onpegensi ce oT kpuBaTa Ha pasToBapBaHe Ha
YeTnpuTe obpaseua e gageH Ha gur. 18.

u 404 .
n o 2 A
150000 5 ® 2
; v 7 — 5
1 v g . X v 7
= v x 31 8 e
o 1 o
% 100000 i ° i é A
¢ :
4 M ) Wol © 6 v
50000 T T T T T T T T
1 2 3 4 1 2 4
®ue.19. UHdeHmayuoHeH MOOy Ha @ue.20. EnacmuyHama yacm om pabomama
enacmu4Hocm (Eit), 8 30HUMe Ha u3MepeaHe 8 npouyeca Ha UHOeHmauyusi 8 30HUmMe Ha
usmepeaH

EnactnyHata yact ot pabortata B mpoueca Ha MHOEHTauus, onpegeneHa OT MnowTa nog
HaToBapBallaTa 1 pasToBapBallaTta 4acT Ha MHAEeHTaUMOHHaTa KpuBa e gageHa Ha dwur. 19.

Ha dwur.21 e nokasaHo nameHeHveTo Ha OJuHamunyHa TBbpAocT (HMV) B 30HMTE Ha M3mepBaHe
Ha yeTupute obpaseLa.
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®ue.21. QuHamuyHa mebpdocm (HMV) ®ue.22. UhdeHmayuoHHa mebpdocm (Hit) Ha

Onueep-®aap

N3meHeHneTo Ha nHaeHTaumoHHa TBbpaocT (Hit) Ha Onueep-Paap e nokaszaHo Ha dur. 22
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4. AHanus Ha pesynTarure:

Tean pesyntatu ca BanvaHu 3a uacnensaHata gebenvHa, nnaBka, METOA4 Ha 3aBapsiBaHe U
enekTpoa.

MonyyeHaTa MMKpPOCTPYTypaTa € HUCKOBBLITIEPOAEH MapTEH3UT C WITIOBUAEH XapaKTep Wnu
depnTHa CTPYKTYpa C HUCKOBBLITIEPOAHW MAapTEH3UTHW Yy4acTbUM, XapakTepHU 3a CTOMaHu C
NoBULLEHA AKOCT, MOANOXEHW Ha HarpsiBaHe CbMNPOBOAEHO C ONpeAeneHa CKOPOCT Ha oxXnaxaaHe.

N3mepeHaTa MMKPOTBBLPAOCT B 30HATa Ha TEPMUYHO BRUSIHWE 3aBUCU OT CTPYKTYpa, KOSATO ce
nony4yaea npv nony4yaBaHe Ha HUCKOBbLITIEPOAEH MapTEH3UT ce HabnoaasaTt No-BUCOKU CTOMHOCTU
Ha TBbpAOCTTA.

Mpn oBpasumte, C HaTOBapBaHe OOBENo A0 MpPeMuHaBaHe Ha rpaHvuaTta Ha nposnaysaHe ce
HabnoaaeaT No-BUCOKN CTOMHOCTTU HA MUKPOTBBbPAOCTTa B pe3ynTar Ha nnacTuyHa gedopMmaums.
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STUDY OF LAYER BUILT-UP WITH ADDING TiN NANOPARTICLES

Assoc. Prof. Dr. Plamen Tashev, Assoc. Prof. Dr. Rumyana Lazarova

Annotation: On plates of low carbon steel, there layers with nano modifier TiN + Cr are
overlaid by TIG method using additional wire. Metallographic examinations on the structures of
specimens from surfaced welds with and without introduction of nano modifier are conducted; the
microhardness is measured in the base zone, heat affected zone and weld seam metal. Conclusions
are made about the influence of the nano modifier on structure and microhardness.

Key words: nanomaterials, nano modifiers, nano technology, TiN, overlay welding, TIG,
modification, metallography, micro hardness

Introduction

Recently, with the development of nanotechnology, the ability occurs to modify
the metal of the seam with nanometre-scale particles during the processes of welding
or overlay welding. The introduction of nano dispersed materials with unique physical
chemical and mechanical properties in the fused steel furthers the modification of the
metal, steers the redistribution of harmful impurities, decreases the grain size, and
leads to formation of a zone or a layer with increased strength, micro hardness, and
wear resistance [1, 2]. The influence of the iron cladded nano modifiers TiCN, TiCN
and Y203 in welding of low carbon steel is examined [3]. It is found that the
employment of nano modifier alters the micro structure of the welded joint and
improved strength properties and Vickers micro hardness in width and height of the
weld are registered.

Nano modifiers used

An alternative to the presently used modifiers are some high-melting
compounds (nitrides, carbides, carbonitrides, borides, etc.) as nanopowders obtained
through plasma-chemical synthesis and having a small particle size (4-100 nm). The
IMSETCH-BAS is conducting research on the impact of various types of nano
modifiers on the performance properties of steels and cast irons. The following nano
modifiers are used in the experiments: TiC, TiN, TiCN, SiC, etc. [4,5]. The nano
powders TiCN, TiC, TiN are manufactured by the company Neomat CO, Latvia and
the Institute of Theoretic and Applied Mechanics CO PAH. The powders are
passivized with oleic acid for prevention of atmospheric influence. In order to facilitate
the wettability, the powders are cladded with Ni, Cr, Fe, Al, Cu, etc. in advance. The
cladding is carried out through mechanochemical processing in planetary mills or in
special tanks by electroless method [6, 7]

The nanomaterial used for the present development is TiN cladded with Cr.

Preparation of the specimens

The specimens used are plates with thickness 4[mm] made of steel S235JR
according to DIN17100/Rst 37-2; EN10025/ S235JR. The chemical content is shown
in Table 1.
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Table 1. Chemical content of steel S235JR

C max Mn max S max P max Si N max

0.17 1.40 0.040 0.040 0.15-0.25 0.012

The surfaced of the plates are abrasively cleaned (Fig. 1) and degreased.

Method of overlaying

According to the technology developed, the TIG method is applied for overlay
welding, i.e. arc overlay welding in inert gas with unmeltable electrode, using welding
wire coated with nano material. The test specimens are overlaid in position PA.

Shielding gas

The inert shielding gas used is argon according to BSS EN ISO 14175
designated as | 1.

Welding wire

The welding wire selected for TIG welding is DT-SGMo according to DIN 8576
with nominal diameter 1.6mm, which is appropriate for overlay welding of specimens
of the steel used.

A new and original technology for cladding nano- and ultra-dispersed powders
on the welding wire is created [8]. The cladding consists of several operations that
ensure uniform distribution of the powders upon the wire's surface. Herein the
selected welding wire is used coated with a layer containing nano-modifier TiN +Cr
and binding agent.

Equipment and mode of surfacing

The experiments are carried out using equipment Fronius Magic Wave 2500
(Fig. 1). That is designated for TIG welding and surfacing.

Fig. 1. Impulse equipment Fronius Magic Fig. 2. Surfacing of test specimen
Wave 2500 designated for TIG welding and
surfacing.

The following welding mode is used:
Welding current | = 90A; voltage U = 12V.
Technique of welding

The equipment used for surface welding is shown in Fig. 2. The additional wire
is fed in the zone of the weld bath at a certain distance out of the arc. The wire is fed
at angle 30 - 45° to the surface of the welded workpiece. The welding torch and wire
move from left to right (for right hand working welder).

Experiments
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Two types of test specimens of the following designations are surfaced:
Specimen No 1: Reference, made with welding wire without coating.

Specimen No 2: Made using welding wire coated with a layer containing nano-
modifier TiN +Cr and bonding compound.

Metallographic analysis

The specimens from overlaid welds are prepared for metallographic
examinations according to the methodology developed. The micro-structure is
observed using metallographic microscope PolyvarMet from ReichertJung Co. with
maximum magnification 1000 x provided with digital camera and computer with
display.

In Figures 3 and 4 the metallographic images of the different zones are shown
in different magnifications: No 1 without nano-modifier, and No 2 with nano-modifier.
The structures of the different zones in two magnifications are shown.

The examinations indicate that the micro-structure of the base metal zone in
both specimens is ferrite-perlite (with a small amount of perlite) and does not vary
substantially. In both specimens there perlite clusters are observed within the
transition zone between the base metal and heat affected zone. The microstructure
in the heat affected zone consists of ferrite with beynitic sectors. The microstructure
in the heat affected zone of both specimens is beynitic; however in specimen No 1 it
is rough beynitic with precipitations of Widmanstatten ferrite, and in specimen No 2 it
is fine ferritic.

Base metal

Heat affected zone — base metal Heat affected zone — base metal
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Heat affected zone

Heat affected zone

Weld seam

Weld seam

modifier. Zones of the surfaced

Fig. 3. Micro structure of Specimen No 1 without nano

joint in two magnifications.

Base metal

Base metal
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Base metal — heat affected zone —weld
seam

Weld seam Weld seam

Fig. 4. Micro-structure of Specimen No 2 with nano-modifier. Zones of the surfaced joint
in two magnifications.

Measurement of Vickers micro hardness

The micro hardness is measured using micro hardness measuring device
MicroDuromat 4000 according to Vickers' method with loading 50 g and duration 10s.

The measurements of the micro hardness in the weld zone from the surface to
the inside indicate that in specimen No 1 without nano modifier (Fig. 5) there the
hardness is almost unchanged with value around 276 kg/mm2; and in Specimen No
2 with nano modifier (Fig. 6) it decreases from the surface to the inside from 368
kg/mm2 to 295 kg/mm2, as the average value in the core is 295 kg/mm2. The
average value of the core is achieved at depth about 450 from the surface.
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Fig. 5. Specimen No 1. Recesses from micro
hardness measurements.

Fig. 6. Specimen No 2. Recesses from micro
hardness measurements.

Conclusions

The introduction of nano modifier TiN + Cr through coated additional wire in
the process of TIG overlay welding of specimens with thickness 4 [mm] of low
carbon steel S235JR results in:

e Grain refinement of the structure in the weld zone; and
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¢ Increasing the microhardness of the surface layer of the weld seam with
23%.

The examination indicates that the zone of influence of nano particles is about
400-450um extending from the surface to the core of the overlaid specimens. The
micro structure in the rest zones remains unchanged.
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