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Mepiinym

H epyacia agopd TV TEPAUATIKY] UEAETN TNG TPLBOAOYIKNG CUUTEPLPOPAS TPLWV XAAVPBwWV
KATOOKEVT epyoAelwv peta amd (a) Bepukn katepyooio okAnpuvong kot (B) Oepuxn
KATEPYAOIOt OKANIPUVONG KAl ETLPAVELNKNG evavOpakalwTwons. H mepapatiky Siatan movu
xpnowonomonke eac@dAlle TNV EMMESN EMAEN TwV €EETACOUEVWY  VALKWV, HE
TEPLOTPEPOUEVO SloKo avTaywvioTikol UAlkoU. Ta tpila VAKA, o€ OAEG TIS KATAOTAOELS
KATEPYAOIOG TOUG, SOKIHAcONKav pe TNV eMPBOAT TPLWOV TIUWV T{EONS Kol Y §V0 TaXUTNTES
TEPLOTPOPNG TOU aVTAYWVIOTIKOU. Katd Tn Sdpkela Twv SOKIHWY, KATAYPAEOTAV O
OLVTEAECTNG TPLPRNG Tov TpLocuGTUATOS Kot ) Oepuokpacio Twv SoKIUiwy, wg cuVEPTNON TOV
xpovou Sokuymg. [pv kot HeTd To TEA0G KABE SoKLUNG, TO BAPOG KAl 0L SIKOTACELS TWV SOKIUiwY
edeyydtav pe Qoylomn Kot TaYVUETPN 0T, EVE UE TNV OAOKATPWOT TWV TELPAUATWY Ol ETTLPAVELES
@Bopag eEeTAOONKAV OE GTEPEOCKOTILO, TIPOKELUEVOL VA TIPpoaSloplaBovv oL unyavicpoi @Bopdg.
ZuvoAdikq, SoxipaoOnkav efdopnvta dVo (72) Sokipa ava kAdon xdAvBa, aptBpdg tkavog yua

™mv e€aywyn a€lOTIOTWVY CUUTEPAGUATWY, TA oTola avaAvovtal 6to Ke@dAalo A g epyaociag.

Abstract

The present diploma thesis is dealing with the experimental study of the tribological
performance of three different high-alloyed steel grades, commonly used for manufacturing of
metalworkimg tools, dies and moulds. Specimens from all the three grades were tested after
being (a) heat-treated and (b) heat-treated and surface-nitrocarburized. The experimental set-
up used was a tribometer that assures the plane-contact of the tested specimens against a
rotating disk (counterbody). The three steel grades in all their states, were tested under three
different applied pressure and two rotational speed values. During testing, both the friction
coefficient of the tribosystem, as well the temperature of the specimens were recorded in real
time. Before and after each test, the weigh and the dimensions of each one of tested specimens
were measured, whereas by the completion of the tests the worn surfaces were observed with
the aid of a stereoscope, in order to reveal the wear mechanisms. In total, seventy two (72)
specimens per steel grade were tested, quantity significant to extract reliable remarks that are

analysed in Chapter D of the present work.
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EIZAT'QI'H

H epyacia auty amotelel tpoidv G ovvepyaciag touv Epyaotnpliov Mnxavikig Emipaveiwmv
touv Tunuatog MnyxavoAdywv Mnyavikwv, Tov vuv Iavemomuiov AuvTikig ATTIKNG, UE T
Tunuata: (o) Exmodeutikov MoAtikwv Mnyavikwv, tg AZIAITE kat (B) Exmaidevtikwv

MnyavoAoywv Mnxavikwv tg AZIIAITE, ta omola a@evog xpnuatodotnoav thv mapovod

gpyaocia, péow ™G MPOUNOelag Tou MAB0VG VAIKGOV TOU NTAV ATApAlTNTA YIX TNV §aywyn

AfLOTOTWY TMEPAUATIKOV ATIOTEAECUATWY, APETEPOV 8 cuveX({oUV TN OXETIKN £pELVA OTNV

KaTteLOLVOT NG AVATITUENG HOVTEAWY VELPWVIK®WV SIKTUWV, Ta omola Oa emLTpEMOULY TNV

TPOPAEYT Kal TNV KABoAKT Teplypa@n NG TPPOAOYIKIG CUUTIEPLYOPAS XOAVBwY PEOW TNG

KATACTPWONG XapTwV QOopac.

H epyacia amotedel ocuvéxela kat omplleTal OTA TEPAUATIKA EVPNUATA TIPOYEVEGTEPWVY

gepyaciwv tou Epyactnpiov, mouv vAomomnkav ota TAAICLX TITUXLOKWOV KAl UETATITUXLOKWY

epyaciwv amd to 1998, kal ol 0Toleg £X0VV WG AKOAOVOWS (KATA XPOVOAOYLKT GELPA):

o I Kepadlovikag (1998): «MeAétn TG TPLPOAOYIKNG OCUUTEPLPOPAS OepUOYMUIKA
KATEPYATUEVWY XOAUBwv» (mTuytaky TEI leipaia)

o A Kavaxng (2005): «MeAétn tporoyikng cupmeplpopds epyareoxdAvfBa Cr-Mo-V petd
AT BEPULKT KATEPYATLO ETLPAVELXKN G OKAT| pLUVONG» (TrTuytaky TEI lepait)

o 0. IlamdloyAov (2003): «MeAétn TP BOAOYIKNG CUUTIEPLPOPAS AVOEEISWTOV XAAUPA HETE ATLO
Bepukn katepyaoia emupavelakng okApuvons» (mruytaxy TEI lewpaid)

e K-M. Kapapmoikn (2009): «Emidpaon mpodtepng Oepuiknig katepyaciag otn Siepyacia
evavOpakalwtwong Kat TNV TPLRoA0YIKY) CUUTEPLPOPA EpYaAELOXaAVPwv» (TTuytakn ATIME
Havemiothuiov lwavvivwv)

Ol oxeTikég Snuootevoelg o€ SlEBV EMOTNUOVIKA TTEPLOSIKA, OL 0TIOlEG TIPOEKL PV ATIO TIG

EPYACIEG AUTEG, TAPATIOEVTAL GTA AVTIOTOLYOVVTA ONUELX TNG TTAPOVC UG TITUXLAKG KoL

mepAappavovtal otn ouvoAlkt BLBALOYpa@ia 0TO TEAOG TOV KELWEVOU.

['a Toug avwtépw Adyous, Ba emBUHOVOAUE VX EVXAPLOTIICOVIE OVOUAOTIKG: (o) TNV

Ap. TI. WuAAdxn (YmevBuvn touv Epyaotnpiov Mnyavikig Em@aveiwnv), ywx tnv

emifAeym ™G epyaciag kaB® OAn 1N Sidpxeln ekmoévnong g, (B) tov A. MoupAd

(Epyaotnplakd Xvvepydatn touv Epyaotnpiov Mnyavikng Emupaveiwv), yia t Bondeid

TOU OTNV vAomoinon twv mepapatwy, (y) tov Ap. II. Aotepn kat (8) tov Ap. N.

BaeBavidn (Kabnyntég AZIIAITE) yia tnv tpounfeta twv SOKIUIwY Kal TNV TEPALTEPW

emeepyaoia TWV TEPAUATIKWV PO EVPNUATWV.

Idoovag HAadng kat Kwvotavtivog Ztapatiov
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A. OEQPHTIKO MEPOX

Tig TteEpLOGOTEPEG POPESG TA UNXAVOAOYIKE CUOTUATA EVOWUATWVOUV UTTOOUVOAQ, TK OTiolx

AELTOUPYOUV HE TN OXETIKN KIVNON OTEPEWV OTOLKEIWV OF EMOPY], HUE OKOTO TN HETAPOPL

klvnong, oxvog 1 unxavikol @optiov. Autd Ta ovlevypéva eEAPTHUATA OUVIGTOUV TO

kaAovuevo TpLocvomua 1 TpLolevyog, mov kabopiletal amd To VAIKO Kal TN YEWUETPIlO TwV

OTEPEWY, VO WG TXPAUETPOL AelToupylag Tou pmopolV kKaboploBolv SLA@opeg TIUES

eTMPBAAAOUEVNG POPTIONG, OXETIKNG TaXVUTNTAG Kivnong Kot TEPLBAAAOVTIKWY GLVONKWY

(Almavon, Beppokpacia, vypacia). Etnv mepimtwon mov TapatnpnOel SuoAettovpyla TETOLWV

UTIOGUVOAWY, 1| AELTOVPYiat TOV PNYavoAoyilkol cuvoiou Tibetal o kivéuvo. T'a Tapdaderyua,

TETOLX UTTOOVVOAX EVOG OXNLOTOG ElvaL:

e Ta cvomiuata TESNONG, OTIOU £VA AVOALOKOUEVO OTOLYE(0 («TOKAKLY) PE TNV EQAPUOYY|
SUvaung oAwoBaivel emi Tou Slokov TESTOMG, TIPOKELUEVOU Vv TIapeUTOSioEL TNV Kivion Tov
Tpoxov (Pantazopoulos et al. 2015).

o Ta cvoTHHaTA CAAQYNG TAXUTHTWY, OTIOU 0 8{0KOG TOU CUUTAEKTN OAloOaiveL £vavTl TOU
Slokov TieonG, TPOKEWWEVOU Vo ETILTPATEL 1] UETAKIVIION TWV 080VTWTWV TPOYXWV TOU
OXMUATOG TIOV EAEYOLV TNV Kivnor) tou (Psyllaki et al. 2012).

o Ta cuoTiHATA EEXEPLOUOV, OTIOV 1] TPOXUAIN CUVEEETAL GUESH IE TOV GUUTILEGTI] KAL [LE TOV
oTPOPAAOPOPO GEova TNG UNXavis, HECW V0 TPOXOALWY TAVOOMG Kal €VOG TTOAVHEPLKOV
twavta tomov V. H kakn Aettovpyia omolaodnmote amd Ti§ Tpoxaiies autég Ba emupépel To
OTOUATNUA TNG KIVIONG TOU HAVTA, 0ONYWVTAS TEAIKA 0€ SLOKOT TNG AELTOUPYING TOU
KUKAQHATOG NAEKTPLKOU EAEYXOV TOU QUTOKLVI TOV.

Katd mn Asrtovpyia evdg tpifocuotipatos, 1 @Bopd Twv 600 0TEPEWY IOV EIVAL OE ETOPT] KAL)

TPOOSEVTIK ATOUAKPUVOT) VALKOU aTtd TI§ oL{UYels emupaveleg eival avapevouevn. ‘Etot, évag

oxeSLo TG Ba TIPETEL VA ETAEYEL VAKA YLX TNV KATACKELT TETOLWV UTIOGLVOAWY, T OTIolal val

Staoc@aiifouv ™ Aettovpyla g€ pHOVIUN KATAGTAOT), TNV OUOLOMOPEN KOl TIPOOSEVTIKY pBopa

KoL TNV OTMOHAKPUVOT VAoV pe Oedopévo kat otabepd pubpd. Ly TEPITTWON TWV

UETOUAALK®OV EEAPTNUATWY 1) POPA AdpUBAvEL xwpa, KUPIWS, HECW TOU UNXAVIGUOU TIPOCPUONS

(Williams, 1996), o omoi{og o€ HIKPOOKOTIKO €Timedo yiveTal pe TN SLATUNOM Kol TAQGTIKY

TAPAUOPPWOT] TWV TIPOEEOXWV TOV ETLPAVELAKOU AVAYAVPOL TIOV €{val 0€ EMAPN KAl UE TN

UETAPOPA VALKOU PETAED TV §V0 EPATITOUEVWV ETLPAVELWV. 0TOCO0, OE APKETES TIEPITTTWOELS,

N Suolettovpylad Twv HETOAMKWV TPROCVOTNUATWY pTOpeEl va odnynoel o€ aotoyia

0@PEOUEVT OE SLAPOopPEG aTieS, OTWG elval ) avénomn Twv duvapewv TP, galling, (Pantelis et

al,, 1997), n pwYHATwOoT), 1| EKTETAUEVT 0EelSwaom 1] akOun KL 1 SPUHEIN TAXCTIKN TTAPAUOPPWON

(Psyllaki et al. 2003), oL omoieg cuvS€ovTal, kKatd kKUpLo AGyo, e TNV Un 0pB1) ETA0YT TOU UALKOU
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KATAOKEVTG Yla TN OUYKEKPLUEVT e@appoyT. Eldikd to «galling», ylvetal avtiAnmtd wg amotoun
avénon tou cuvvtedeotn TPLPNGS (apvidix SuokoAla otnv kivnomn), xwplic va €xel mponynbel
UETABOAN TWV TIUWV TWV TTAPAUETPWVY AELITOVPYIAG. ZE GUVSVACUO LLE TNV TAUTOXPOVT] TTAQCTIKY)
TAPAUOPPWOT] KAl TN MK HETa@OpPA& VAWKOU, To «galling» amofaivel €évag KATaoTPOELKOS
UNXOVIOHOG PBOPAES AOYW TIPOGPUGTG, 0 OTIOL0G EVEEXETAL VAL 08T YNIOEL GE AVAGXEDT] KL TEALKT
SLaKoT) TNG OXETIKNG Kivnong Twv §Uo otepewvy, seizure, Adyw TOTIK®OV UIKPOGUYKOAAT|GEWY
TWV EQATITOUEVWV ETILPAVELWV.

ZToV KAGS0 NG HETAAAOTEYVIAG, OL UNTPES SLEAXGNG, CPUPNAATNONG KL ATTOTUNOTG, KABWE Kol
oL TUTOL XUTEVONG ATOTEAOVV QVTLTIPOCWTEVTIKA TAPASEIYUATA LOXUPA KATATIOVOUUEV®WYV
TP OCUCTNUATWY, TA OTIOlN (VAL ETILPPETT) G AGTOXI [LE TOUG TPOTIOUS TIOV TIPOAVAPEPONKAV.
Y€ TETOLEG EQUPUOYES, ) XPTIOT) LOXUPA KPAUATWUEVWV XAXAVBwV (epyaieloxoadwv 1 XaAUBwv
gpyarelwv) eival emBeBAnuévn. Mpokettal ya l8ikeg kKAdoelg xaAUBwv, oL oTolol TepLEYouv
ONUAVTIKE TT0G00TA KapPLSloydvwy aTolxeiwv. AvGAoya Pe TN XNKY 6VGTON TOUG, oL XAAUBES
epyareiwv ep@avitovv evav evdlagépovia cuvbuacpd BLOTHTWY, OTwG eival 1 LVYMAY
SuoBpavoTOHTNTA, I AVTIOTAOT) 0€ ALPVISLAGHOVG, 1] KATEPYAGIUOTNTA, 1] AVTioTAoT o€ eKTPLPN
Kal 1 Ogppokpaciaky otabepoTnTa TwV WBoTHTWVY. ISaitepa, n vVYMAN epfamTédTHTA KoL 1
SlaoTaolak oTABePOTNTA TOUG, EMITPEMOVV TN OEPUIK] KATEPYAOIA, WOTE VA ETMITEUYXOVV
Std@opa emimeda OYKIKNG OKANPUVONG TOVG. ZuviBwg, ol xaAvBeg avtol SiatiBevtal amd tov
TAPAYWYO GE AVOTTNHEVT KaTAoTaon (pe TiuEG okAnpotntag 22-24 HRC) kai, ev ovveyeia,
vTofdAAovTal 0t BOepUIKEG KATEPYAOIEG, WOTE va emTELXOElL 1M TN OKANPOTNTAG TOU
QToLTETAL Y TN OUYKEKPLUEVT e@apuoyn. evikd, 1 Beppikn katepyaoia okAnpuvong yivetal
oe Swboxkd otadla T omola mepAaufavouv TNV TPOBEPUAVOT] TOU  VALKOU, TNV
WOTEVITOTOMOT TOU Kal Beppuikos KUKAOUG Stadoxikwv emava@opwyv. Mia tétola Stadikacia
Bep kN okAnpuvons xaABwv epyadeiwv eptypd@etal amd Toug Karamboiki et al. (2013).
EmumAéov, ya petaAdikd eaptiuata, ta omoia oxedidlovtal wg pépn TpLocuotnudtwy,
QTOULTELTOL EVIOTE 1) EMLPAVELAKT KATEPYAT X TOVUG, WOTE VA EVIOXLOEL 1] avTOoXM] TOUG O€ KATIWOT)
Kal 1 avtiotaon toug oe @Bopd kot o Safpwon. o mapdderypa, oL PNTPEG TOU
XPNOWOToVVTAL Yyl TNV SLEAACT] TWV TAACTIK®V €(VAl KATAOKEVAOUEVEG ATO XOALPES
epyadelwv Tov €Youv UTOOTEL emupavelakn kKatepyaoio. Katad Tig teAdevtaies SekaeTies,
Slapopeg un ovuPatikés TeEXVIKEG, PBaowWlopeves ot xpnon Oecuwv LVYMANG evEpPYELag
(Rodriguez 1997; Gemelli et al. 1998; Katsamas and Haidemenopoulos 1999) mpotdBnkav yia
NV EMLPAVELNKT] KATEPYAOIA OLBNPOUYWVY KPAUATWY, SE60UEVWV TWV TIOAAA UTIOCYXOUEVWY
EMOTNUOVIK®OV ATOTEAECUATWY TIOU TIPOEKLYPAV ATIO TIG OXETIKEG EPEVVNTIKEG TIPOOTIADOELEG.
Q0T000, Ol OepUOXNUIKEG ETLPAVELAKEG KaTEPyaoieg, OMwG elvat 1 evalwTwon Kol 1

evavOpakalwTwor, EYOVV OXETIKA XUUNAGTEPO KOGTOG EEOTALGHOU KAl AELTOVPYIAG, KAL Yl TO
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AOYo qutd Tapapévouv 1 KOPLX ETIAOYN Yl TNV EMPAVELNKN Katepyaoia xaAvfwv Kot
xutoodnpwv (ASM Handbook, 1996).

Tuykpwopevn pe aAAeg Texvikég evavOpakalwtwong (Zagonel and Alvarez 2007; Corengia et al.
2006; Mirjani et al. 2009; Mirjani et al. 2012), n texvwkn tufftriding amoteAel v mo
Sadedopévn TexviKn, SLOTL €lval OXETIKA XOUNAOU KOOTOUG, €UKOANG EQPOPUOYNG KOl TA
amoTeEAEGUATA TG Xapaktnpilovtal amd VPNAT AVATIAPAYWYLICLUOTNTA, TTAPOTL ATIALTEITAL EVa
emmMA£0V 0TAd10 emegepyaoiag Twv Snuovpyovpevwy amofAntwy (Pye, 2003). H texvikny av
ouvioTatal otnv eURATTION TWV HETAAAK®OV €EQPTNUATWY GE AOUTPO KLAVIOUXWV OAATWY
otoug 580 C (Pantazopoulos 2013), Ogpuokpacio xaunAdtepn twv evtkrtoedous (591°C) tou
Suepovs SLaypAUUATOS LoOPPOTIAG TWV @AcewV Tov cvothipatos Fe-N. ‘Etol, 1 tautoxpovn
Stayvon Twv aTOpwY Tou al®Tou Kol TOU GvBpoaka yiveTtal evtdg NG @EPPLTIKNG SOUTG
(Karamboiki et al. 2013), £xoVTaG WG ATOTEAEGUA TO OXNUATIOUO SU0 SLAKPLTWV ETLPAVELAKDV
OTPWUATWY HE SLPOPETIKY TEPLEKTIKOTNTA 0€ GlwTto. To TPWTO, EEWTEPIKO OTPWUA TNG
KATEPYAOUEVNG ETLPAVELNG ElvAl YVWOTO WG OTPWUN aVTISpacoNG 1| AEUKO GTPWUA, KOl
amoteAeital, kata kVplo Adyo, amo e-kapBovitpidio Fey3(C,N). To eowteplkd oTpwpa gival
YVWOTO WG OTPWHA SlaXLUoTN§ KAl AmoTeEAETAL, KATA KUPLo Adyo, amd oteped SidAvpa a-(Fe,N)
(Yu 1977; Torchane et al. 1996). Autd Ta 600 EMGAANAQ OTPOUATA ATTOTEAOVV TO CTPWHX TNG
evavOpakalwTtwong, To omoio €xel TMAX0G amd HEPIKEG SEKASEG €wG HEPIKEG EKATOVTASES
HIKPOUETPA, AVAAOY WG TNG CXPLKNG XTIUKNG 6VOTAONG TOU Katepyaldpevou xdAvfa.

H vypn evavBpakalwTwon amoTeAel TNV TEAKT KaTEPyaoia Tov VAIKOU KAl XpnopoToleital,
KATA KOPOV, Yl TN BEATiwon TG TPLBOAOYIKNG CUUTIEPLPOPAS SLAUPOPWV UNYXAVIKWOV HEPWV KL
otolyeiwv, Ta ool Katd ™ Aertovpyia Touv Ba TeBoVV LVTIO KaBeoTWS 0AloONONG 1] KUALONG. TN
Stebvn) BBAoypaia ava@épovtal Sla@opes epeuvnTikEG Tpomabeleg BeAtioTomoinong g
Stadikaociag emAoyng VAIKOU KAl EMLPAVELNKNG Katepyaoiag, AauBavovtag vmoym Tig elSIkeG
OTIALTOELG OCUYKEKPLUEVWV EQAPUOYWV. EVEEIKTIKG ava@EpovTal ol TPOoTAOELEG AVAAVGT|G TNG
OUUTIEPLPOPAS EVAVOAKAIWTWHEVWY XOAUBwV LT KabBeotwg: oAioOnong (Psyllaki et al., 2003;
Pantazopoulos et al., 2004; Pantazopoulos et al, 2006), k0Aiong (Corengia et al, 2006),
unxavikns (Dong, 2010) xat/ 1 xnuwkngs StaBpwong (Liu kat Yan, 2010).

OMws ava@épBnke oV eloaywyn, N TAPoLoA EPYACIA ATOTEAEL CUVEXELX TWV TEGOAPWV
TPONYOUUEVWY TIOU VAoToOnkav oto Epyactiplo kai, yU autd Sev kpivetal OKOTIHO Vo
eMavaAn@BoLV BBALOYPA@IKG OTOLKEIQ YLt TO TEPLEXOUEVWY EVPUTATAV YVWOTWV EVVOLWY,
OTIwG elval: xdAvPes epyareiwv, TpIPn-@bopd, evavBpakalwtwon. H éupaon g TTUXLaKNG
epyaciag Sivetal ot ovykpLtikn a&loAdynon g TPLBOAOYIKNG CUUTIEPLPOPAES TPLWV XAAVBwWV
epyarelwy, OKANPUUEVWY Beppikd O SL@OPETIKA eMIMESA, HE Kol XWwPIG EMUPAVELXK
Katepyaoio evavipakalmTwong, XPNOLUOTIOLWVTOS TELPAUATIKY Siatan Tov eEac@aiilel v

0AloOMn oM EMIMESWV EMPAVELOV EVAVTL TTEPLOTPEPOUEVOU GTEPEOY CWUATOG AVUPOPUS.
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B. IEIPAMATIKO MEPOX

B.1. YAlk& Kkt kKatepyaoia
H % xatd BApog OVORAOTIKI XM ULKT cVOTAOT TwV TPLWV XaAUBwv epyadeiwv Tov eetdlovtal
otV Tapovoa epyacia mapovoidfovtal atov Iivaka B.1, eve 1 Tumomoinor] toug katd AISI kat

1 TIPOTELVOUEVT Xp1j0T] TOUG otov [Tivaka B.2.

Mivakag B.1. Ovopaotiki xnukr ovotaon (wt. %) Twv TpLov XaAvBwv Tov e€etdonkav.

YAwko C Si Mn Cr Mo \' Fe
XaAvBag A 1.55 0.30 0.40 11.3 0.80 0.80 Bal.
XaAvBag B 0.60 0.35 0.80 4.50 0.50 0.20 Bal.
XéAvBag T 0.39 1.00 0.40 5.20 1.40 0.90 Bal.

Mivakag B.2 Tumomoinon kot xprion Twv TPLHV YaAUBwv TTov eEeTdodnkav.

YAwko Tumomoinon kata AlSI Xp1on

XaAvBag A D2 Epyoieia Yuxpnraciog
XaAvBag B - Epyadeia Yuyxpnraciag
XaAvBag T H13 Epyoideia BepunAaciog

ATo kabe KAGOM VALKOU 0€ KATAOTAOT TANPOUG QVOTITNOTG, ME HUNXAVOUPYLKH KATEPYATIX
eMMednoav eBSounvta dvo (72) Soxiplax kLAVSpIKoU oxNuatos (oTuAiokol), ue Stapetpo 8 mm
Kal uKog 55 mm, katdAAnAa va mpooappocsBolv dueca atn Sdtain TploAoyIK®Y SOKIUWY
emimedng emans. To éva Tpito Twv Sokiuiwy autwv (24 Sokipa) vTofANnOnKe o€ SLPOPETIKEG
BepIKEG KaTePYAoieg OKATIpUVOTG, ATIO TOV TIPOUNBEVT TwV XXAUBWY, WOTE TEAIKA YA K&Oe
KAGo™ VALKOU va An@Bovv Tpelg opddes Twv 24 Sokipiwy, e okAnpotnta oykouv: (a) 40 HRC, (B)
50 HRC xat (y) 60 HRC. El8iké& otnyv mepimtwon tov xaAvBa I, kaTtdAANA0L ylx TNV KATAOKELT
epyareiwv BepunAaciag, 1 HEYLOTN OKANPOTNTA TOU €MITEVXONKE pe TN Bepuikn katepyaoia
Nntav 55 HRC.

Tt ovvéxel, To 50% twv Sokipiwy TG Kabe opadag vTTORANONKE TTEPALTEPW OE ETLPAVELXKT
katepyaoia tufftriding, umo Tig (Sieg cuVONKES KoL amd Tov (510 TTpounBevTy. ‘OTIWG Exel SeiyBel
oTIG Tpoyeveéatepes epyaoies (Psyllaki et al.,, 2003; Pantazopoulos et al, 2004; Pantazopoulos et
al., 2006; Psyllaki et al. 2006; Karamboiki et al., 2013), ot Blounyavikés auTég GLUVONKES VYPTS
evavOpakalwtwong odnyolv otn dnuovpyia evog oTpwHATOS avtidpaong, pe mixog ~10 pm,
To omolo amoteAsital amo e-kapPovitpidio kat eufavidel vYmAn avtiotaon ot EHopd, Adyw

TpBNG oAloBnomg.
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B.2. Audtaén TpLodoyik @V SoKIpwV

[ ™ Sevépyela twv Sokipwy xpnoomomdnke éva TpopeTpo TUTOV oTUAloKOU-8{oKOL
Cameron-Plint (Zynua B.1.a), To omoio Stabétel atcOnmpa SVvaung (Zxnua B.1.8), uéow tov
oTlo{ov YIVETAL GUVEXNG KATAYPAPT] TOU GUVTEAESTI] TPLPNG, KATA TN SLApPKELX TwV SOKIU®V
oAloOnong. Zuykekpuéva, 6NV TELPAUATIKY SLdtaln eivatl evowuatwpévo duvapduetpo TOTOL
Z OV EMITPETIEL TNV KATAY PPN TNG 0OALKNG SUVauNG TPLPTG, o cVELEN E HETATPOTIEN OT)ULATOG
amd avaAoywn oe ymeuakn popen (analog- to-digital (A/D) converter). H kataypagn tou
ymnolaxkov ofpatog ywotav pe tn Bondeia kwdika, o omoiog avamtuxOnke oto Epyactnplo, o€
mepBéArov LabVIEW®,

Kata ™ &udpkela 6Awv Twv Sokuwv, 600 opola KuAwdpikd Sokipa (otuAiiokol)
KATAOKEVAOUEVA amd Tov efetalOpevo, kKabe @opd, xaAufBa epxOTOV OE EMAPN UE TO
AVTAYWVLIOTIKO VALKO (Zxnua B.1.I'), pue tavutdypovn emifoAr] TG TPOETIAEYUEVNG TLUNG TTEONG.
[ v mapovoa epyacia, kat AapuBavopuévwy vTToYn Twv SIKCTACEWY TWV OTUAIOK®WY, OL TIUEG
mieong tav 3, 5 ko 7 bar (0.3, 0.5 kot 0.7 MPa). ' 0Aeg TIG SOKIUES, WG AVTAYWVIOTIKO UALKO
xpnowomomonkav meplotpe@duevol Siokol ydAvBa AISI D6, petd amd Bepuikn katepyaoia
okApuvong Tov ota 62 HRC. H Ttaydtnta TEPLOTPO@NG TOU avTAYWVLIOTIKOU EMAEXONKE Vi
eivat 300 kat 1050 rpm. ‘OAa ta melpdpata éywvav ot meptBariovtikeg ouvOnkes (25 °C, 50%
RH) xat Smpkecav 30000 meploTpo@EG, €KTOC amld TI TEPLMTWOELS TOU THPATNPNONKE
alpvidia avénomn tov ouvtedeotn TPIPNG, dpa Kat awpvidia avinem e suvaung tppng (galling),
0TOTE TO TElpapa SlakOTMKE NOEANUEVA.

Kata tn Sidpkela twv Sokpwv, avd evte (5) Aemtd, ) Oepuokpacio g empavelag Tpng Twv
OTUAIOK®WV UETPLOVTAV €€ ATMOOTACEWS, HE TN xpnomn Oeppopétpov vmeplbfpwv. Qotdoo, ot
OXETIKEG PETPNOELS Ba TpEmeL va BewpnBolv TPOCEYYIOTIKEG Kal 1 €E€AE] TOUG KATA TN

SLApKELX TWV SOKLUWY, LOVOV EVEELKTIKN.

B.3. ALKy VWO TIKEG TEXVIKEG

Me v oAokANpwon kabepiag Sokiung, ot 8o oTuAiokol QUYLIOTAV 0€ NAEKTPOVLIKY JuyapLd HE
akpi(Bela EKATOOTOV TOU YPAUUAPIOU KAl TO UNKOG TOUG UETPLOVTOV WE TIOXVUETPO, akpiBelag
£KOTOOTOV TOV XIALOGTOV.

TéAog, oL emipaveles @OopPAG OAwV TWV OTUVAIOKWY TApATNPNONKAV € OTEPEOCKOTILO,
TIPOKEIUEVOL VA EKTIUNOEL 1 ELPAVIOT UNYXAVICHWV PBOPAS, AAAWVY EKEIVOU TNG OUOLOLOPPTS.
Tétolol mBavol pnyxaviopotl eivat n extetapévn ofeldwon G emPAveLas @OOPAS, ONUAVTIKN
TAQOTIKY] TAPAUOPPWOT] OTO ETIMESO TNG EMUPAVEING ETIAPNG KOAL ONUAVTIKY] TAXGTIKN

TUPAUOPPWOT] TNV TIEPLPEPELX TNG KUKALKTG SLATOUTG TOU GTUAIGKOV.
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W, Fr

W, Fr

Iynua B.1. TpBouetpo PLINT, eninedng emagrg: (a) ewdva ¢ melpapatikis Sietaing, (B)
TpLdotato okapipnua kat (y) okapi@nua o€ 500 Slactacelg o€ emimedo KAOETO aTNV ETAP.
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I'. AIIOTEAEXMATA

I.1. XaAvBag epyareiwv Ppuxpniaciag vymiov avlpaka

H €€éAi&n Tov ovvteAdeot TIPS Katd T StdpKelx TG SOKIUNG, Yia OA0UG TOUG GUVSVACHOVG
Kataotaons Tou xodAvBa A (udvo Oepuikd okAnpupeEvo 1 Oepulkd  OKAMPUUEVO KOl
evavOpaka{wTwUéVo), YIX TIG TPELG TIUES TTEONG KAL TIG SUO TLUEG TaXVTNTAG TIEPLGTPOPNS TOU
AVTAYWVLIGTIKOU VALKOV, Tapovaialovtal ota Txnuata IL1.1-T.1.6.

Ot petafoArés Bapoug Kol UNKOUG TWV GTUAICKWY, yla OAES TIS ouvOnKeg SokIuns cuvoyifovtal
otov Ilivaka I'.1.1. Ta 600 evyn TWW®V OV TTAPOVCLA{oVATL ava ETIRAAAOUEVN TTLEGT, ALPOPOVY
TIG pHeTafoAEG TwV avTtioTolywy peyedwv Twvdlo oTtudickwy Tov LTORGAAOVTAL TAUTOXPOVWS
o€ doxuun.

Ol €lKOVEG OTEPEOOKOTIIOU TWV EMPAVELWV @O0PAS 0AwvV Twv Sokwiwv ydAivfa A, Tov
vmofAbnkav oe Sokég TIPS, mapovoidlovtatl ota Zynuata I.1.7-T.1.18, kat ol oxeTIKEG
Tapatnproels cuvolifovrat otov Mivaka I'.1.2.

TéAog, n €€€AEn NG Beppokpaciog TG empavelans @BoOPAG Y@ OA0UG TOUG GUVEUAGHOUG
Kataotaong Tou XoAvBa A (uovo Bepuikd OKANPUMEVO 1| BepUIKA  OKANPUMEVO KoL
evavBpaka{wTwUEV) KAl Yl TIG TPELG TIUEG Tieon g, mapovoialovtal oto Zxnua I.1.19, ywx
SoKIEG UTIO Yapun AN Tax VLT TA TEpLoTpo@nS (300 rpm)kat Txnua I.1.20, yia Sokipeg vd vimAn
ToxLTNTA TEPLoTPOPNS (1050 rpm).
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ITINAKAZX I'.1.1. MetaBoAég Bdpoug kKat urkoug eEetaoBEvTwY Sokipiwy xaAvpa A, xwpl§ KAl HE ETLPAVELNKT KATEPYATia evavOpakalwTwaong, Yl
OAEG TIG TIHEG TIUPAUETP WY SOKLUNG.

40 HRC 50 HRC 60 HRC
TAXYTHTA
IEPIZTPO- [::)E;ZI:‘;'I 0.K. 0.K. + E.K. 0.K. 0.K. + E.K. 0.K. 0.K. + E.K.
PHE (rpm) aw | Mo lawe | YN awe | M awe | A (awe | A awe | Y
(mm) (mm) (mm) (mm) (mm) (mm)
0.41 1.20 0.03 0.05 0.04 0.00 0.01 0.00 0.08 0.02 0.01 0.00
; 0.13 0.40 0.03 0.00 0.04 0.00 0.02 0.05 0.05 0.02 0.01 0.00
1.13 3.00 0.06 0.15 0.31 0.80 0.02 0.00 0.26 0.70 0.03 0.00
(=]
g ° 0.59 1.65 0.06 0.15 0.19 0.55 0.03 0.05 0.14 0.45 0.04 0.00
0.36 0.95 0.14 0.40 0.23 0.70 0.12 0.25 0.07 0.15 0.04 0.00
! 0.26 0.75 0.17 0.50 0.38 1.05 0.11 0.20 0.10 0.35 0.08 0.05
0.05 0.20 0.02 0.05 0.07 0.00 0.06 0.05 0.70 1.8 0.03 0.00
’ 0.03 0.18 0.09 0.10 0.98 2.60 0.10 0.05 0.05 0.15 0.08 0.00
L% ; 0.09 0.30 0.07 0.15 0.12 0.25 0.05 0.15 0.07 0.25 0.13 0.35
a 0.12 0.40 0.40 0.15 0.12 0.35 0.19 0.30 0.11 0.45 0.115 0.25
0.32 1.30 0.32 1.25 0.24 0.90 0.26 1.05 0.19 0.70 0.29 1.15
’ 0.16 1.70 0.40 1.45 0.22 0.95 0.32 1.25 0.21 0.75 0.28 1.10
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ITINAKAZX TI'.2.2. [Tapatnpnoelg el Twv €lKOVwY otepeookomiov (Zxnuata I.1.7-.1.18), mov
aPOPOVV OTOVUG UAKPOOKOTIKOUG HUNXOVIoUOUS @Bopdg 1)/ Kol aoToxlog, Twv EMUPAVELWY
ETTOPENG TOU XGALBa A.

OEPMIKA XKAHPYMENOX

OEPMIKA XKAHPYMENOX KAI
ENANOGPAKAZQTQMENOX

YXKAHPOTHTA OIrKOY: 40 HRC

EAdxL10Tn €w¢ undevikn TAAOTIKN

25935 otpopés

3 bar Xwpig TAAGTIKN TIAPAUOPPWOT).
TAPAUOPPWOT)
g_ 5b EAdx10Tn €w¢ undevikn TAXOTIKN EA&x10TN €W unSevikn TAXOTIKNY
= ar
§ TAPAUOPPWOT) TAPAUOPPWOT)
EAdx1otn €W undevikny TAAGTIKY
7 bar Xwpig TAAGTIKN TTHPAUOPP WO
TAPAUOPPWOT
EAdx1otn €w¢ undevikn TAAGTIKN
3 bar Xwpig MAAGTIKN TIAPAUOPPWOT
TAPAUOPPWOT)
= . . .
=% [MAaotikn Tapapopewon kot galling otig
; 5 bar MAaotikn Tapapdpewaon.
n 19215 otpo@ig
= , , : , , .
- [MAaotum mapapopewon kot galling otig | [MAaotkn mapapdp@won kat galling
ar

oti 23117.5 otpo@ég

XKAHPOTHTA OIr'KOY: 50 HRC

£ 3 bar | Xwpig TAXGTIKN TTAPAUOPP WO Xwpig MAACTIKN TTAPAUOPP WO
E' 5 bar | EAdxlot éwg undevikn mAaoTikn Tapap. | Xwplg TAACTIKY Tapaudp@won
& 7 bar | EAdxiot éwg undevikn mlaotikn apap. | Xwpilg TAAoTIKY TTapapdp@won
3 bar | EAdxlotn €wg undevikn mAaotikny mapap. | Xwpig TAXCTIKY THpaALOp@wo
g g 5 bar | [TAaoTik Tapaudp@won. [MAaoTIKN TTAPAUOPPWOT).
7 bar | MeydAn TAQGTIKI TIAPAUOPOWON [Maotikn Tapapdpewon.

XKAHPOTHTA OIrKOY: 60 HRC

galling otig 19705 otpo@ég

£ 3 bar | Xwpig MAao Tk Tapapdp@won. Xwplg TAAOTIKY TAPALOPPWOT).
Q 4 /4 J4 r’ 4 /4
= 5 bar | Xwpig mAaotikn Tapapop@won. Xwplg TAACTIKY TOHPAROPPWON.
8 4 /4 J4 r’ 4 4
o 7 bar | Xwpig mMAaoTtikn Tapapdp@won. Xwplg MAAOTIKT TTAPAROPPWOT).
EAdx10Tn w6 unSevikn TAXOTIKN
3 bar Xwplg MAAGTIKY TAPAUOPPWOT).
= TAPAUOPPWOT)
2,
oy 5 bar | MeydAn mAao Tk Tapapdp@won [Maotikn Tapapdpewon.
mn
S MeyaAn TAQGTIKY TIHPAPOPPWOT) Kal ) ) )
7 bar MeydAn MAAOTIKN TTHPAUOPPWOT)
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Iynua I.1.1. EEEAEn tov ovvtedeotn) TpLns Tov xdAvPag A, Oepuikd okAnpupévou ota 40 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTNTA TEPLOTPOPNG TOU
aVTAYwVLoTIKOU VALkoU 300 rpm (MmAé ypauun: Uovo ue okAnpuvon, TopTOKAAL Ypauun: UETE
amno evavlpakalwtwon).
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Iynqpa IL1.2. EEEAEN Tov ouvtedeoTr] TPIPTS Tov xaAuBag A, Bepikd okAnpupévov ota 40 HRC,
pe emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat toyOTHTA TEPLOTPOPNS TOL
AVTAYWVIETIKOV VAKOV 1050 rpm (MTAE ypauun: uovo ue okApuvan, mTopTokaAl ypauun: UET
ano evavOpakalwtwaon).
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Iynpa I.1.3. EEEAEN Tov ocuvteleoTr] TPIPTG Tov xaAuBag A, Bepuikd okAnpupévov ota 50 HRC,
pe emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat toyOTHTA TEPLOTPOPNS TOL
AVTAYWVIOTIKOV VAIkoV 300 rpm (MTAE ypauun: uovo ue okANpuvon, TopToKaAl ypauun: UETA
ano evavOpakalwtwaon).
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Iynpa I.1.4. EEEAEN Tov ouvteleoTr] TPIPTS Tov xaAuBag A, Bepuikd okAnpupévou ota 50 HRC,
pe emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat toyOTHTA TEPLOTPOPNS TOL
AVTAYWVIETIKOV VAKOV 1050 rpm (MTAE ypauun: uovo ue okANpuvan, TopToKaAl Ypauun: UET
ano evavOpakalwtwaon).
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Iynua I.1.5. EEEAEn tov ouvtedeotn) TpLnis Tov xdAvPag A, Oepuikd okAnpupévou ota 60 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTNTA TEPLOTPOPNG TOU
aVTaywvloTikoU VALkoU 30 rpm (MmAE ypauun: uévo ue ckANpuven, TopTokal ypauun: UETE amo
evavOpakalwtwaon).
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Iynua I.1.6. EEEAEN Tov ouvtedeoth) TS Tov x&AvPag A, Oepuikd okAnpupévou ota 60 HRC,
ue emiBoAn mieong: (a) 3 bar, () 5 bar kat (y) 7 bar kat tox0TnTA TEPLOTPOPNG TOU
AVTAYWwVLoTIKOU VAKOU 1050 rpm (MmAE ypauut: uovo ue okApuven, mopToKaAl ypouun: HeTd
amno evavlpakalwtwon).
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ApLOTEPOG G TUALT KD

Aeliog cTulic Ko

I bar

5 bar

Thar

Iynua I.1.7. Ztepeoypa@ia TV EMPAVELDV ETTAPTS TOV XGAVBag A, Bepuikd okAnpupévou ota

40 HRC, yla Toay0TnTa TEPLOTPOPTG TOU AVTAYWVLIOTIKOU VALKoU 300 rpm.

3 bar

5 bar

Tynua I.1.8. Ztepeoypa@ia TwV EMUPAVELDOV ETTAPNS TOV XGAVBag A, Bepuikd okAnpupévou ota
40 HRC kat evavBpakalwTwUEVOU, YLIO TaXUTTA TIEPLOTPOPTIG TOU AVTAYWVIOTIKOU VALKoU 300

rpm.
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A=hiog orulaoxog

ApLoTzpes 0 TUALTKES

1 har

5 bar

Thar

Tynua I.1.9. Ztepeoypa@ia TV EMUPAVELDOV ETTAPNS TOV XGAVBag A, Bepuikd okAnpupévou ota

40 HRC, yia To0TnTa TEPLOTPOPTG TOV AVTAYWVLIOTIKOU VALKOU 1050 rpm.

Azhiog oTuliorog

3 bar

5 bar

T bar

Iynua I.1.10. Ztepeoypa@ia TwV EMPAVELOV ETA@NS Tov XdAvBag A, Bepuikd okAnpupévou
ota 40 HRC kat evavBpakalwTwpEVo, Yo TOXUTNTA TEPLOTPOPIS TOU AVTAYWVLIOTIKOU VALKOU

1050 rpm.
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3 bar

5 bar

7 bar

Iynua IL1.11. Ztepeoypa@ia TwV MEPAVELOV Ta@ns tov xdAvBag A, Bepuikd okAnpupévou

ota 50 HRC, ya toax0TnTa TEPLOTPOPTS TOU AVTAYWVIGTIKOU VALKOU 300 rpm.

[pE——————

Iynua I.1.12. Ttepeoypa@ia TV EMPAVELOV ETAPTS TOL XdALBAg A, Oepuikd okAnpupévou
ota 50 HRC kat evavOpakalwTwuévov, Yo Tay0TNTo TEPLETPOPNS TOU AVTAYWVIGTIKOV UALKOU

300 rpm.
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Azhiog cTelig koG

3 bar

5 bar

¥ bar

IynuaI.1.13. Ttepeoypa@io TV EMPAVELOV ETAPTS TOL XdAvBag A, Oepuikd okAnpupévou

ota 50 HRC, ylo toxtnTa TEPLETPOPNS TOU AVTAYWVIOTIKOU VALKOL 1050 rpm.

 Pmp—pp——

A=hiog oTuliokog

e

Iynua I.1.14. Ztepeoypa@ia TV EMPAVELOV ETAPTS TOL XdALBAG A, Beppikd okAnpupévou
ota 50 HRC xat evavBpakalwTwUévou, Yo TaYUTNTA TEPLOTPOPTS TOU AVTAYWVIOTIKOU VALKOU

1050 rpm.
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Ashiog oTulaowog

e -

3 bar

& bar

T bar

Iynua I.1.15. Ztepeoypa@ia TV EMPAVELOV ETAPTS TOL XdALBAg A, Bepuikd okAnpupévou

ota 60 HRC, ya toax0TnTa TEPLOTPOPTS TOV AVTAYWVIGTIKOU VALKOU 300 rpm.

AeliegoTulionogs

ApPLCTIpOCOTUALO KDGE

Jhars

Shara

Thara

IyNnua I.1.16. Ztepeoypa@ia TV EMPAVELOV ETAPTS TOL XdALBag A, Oepuikd okAnpupévou
ota 60 HRC xat evavBpakalwTwUéVoy, Yo TaYUTNTA TEPLOTPOPTS TOU AVTAYWVIOTIKOU VALKOU

300 rpm.
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ALE0C TTUALTKDE

IynuaI.1.17. Ttepeoypa@io TV EMPAVELOV ETAPTS TOL XdAvBag A, Oepuikd okAnpupévou

ota 60 HRC, ylo ToxtnTa TEPLETPOPTS TOU AVTAYWVIOTIKOU VALKOL 1050 rpm.

APLo T1pos 0 TUIGRIGE

SIEOCO TUALTROCE

Thare

[l

S liare

Thare

Iynua I.1.18. Ztepeoypa@ia TV EMPAVELOV ETAPTS TOL XdALBAG A, Beppikd okAnpupévou
ota 60 HRC xat evavBpakalwTwUévou, Yo TaYUTNTA TTEPLOTPOPTS TOU AVTAYWVIOTIKOU VALKOU

1050 rpm.
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OEPMIKA XKAHPYMENOZX KAI
OEPMIKA XKAHPYMENOX
ENANOPAKAZQTQMENOX
450 450
400 - 400 -
350 - 350 -
~— ~
& i &
& 300 & 300 -
3 ]
g 250 g 250
§ g 200 - ? 200
= = 3
2150 3150
=)
S ® ®
100 100
50 50 | —2—7 bar
0 : . ‘ : : 0 : : . : ‘
20 10 60 80 100 120 0 20 40 60 80 100 120
Xpovog (min) Xpovog (min)
450 450
400 400 |
350 350 -
~ ~—
g 300 g 300
St
P olgogoBapng = Bgoa8ss
‘g‘ 250 "g‘ 250
S g' 200 g' 200 -
= 2 3
o g‘ 150 —s—3 bar g‘ 150 - ——3 bar
n 100 —=—5 bar 100 - —5—5bar
50 —&—7 bar 50 - —=—7 bar
0 ; : : : : 0 : : ; : :
20 40 60 80 100 120 0 20 40 60 80 100 120
Xpovog (min) Xpovog (min)
450 450
400 400 -
350 350 |
S s
£ 300 PRegledtggaad < 300 -
R} B ga88885
g 250 g 250 - ooagedE®
1 5] Q*G
(@] [~5 (=8
= £ 200 £ 200 - B,B‘QB
= = 3
p g 150 - =g b g— 150 - —s—3 bar
° 100 —&—5 bar 100 - —F—5 bar
50 —=—7 bar 50 - —=—7 bar
0 . ; , , : 0 : : ‘ \ :
20 40 60 80 100 120 0 20 40 60 80 100 120
Xpovog (min) Xp6vog (min)

Iynua T.1.19. MetaBoA tng Oeppokpaciag ¢ empdvelag emagns A, ywx toydtnTa

TEPLOTPOPTG TOV AVTAYWVIGTIKOU VALKoL 300 rpm.
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OEPMIKA XKAHPYMENOZX KAI
OEPMIKA XKAHPYMENOX
ENANOPAKAZQTQOMENOX
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Iynua T.1.20. MetaBoA tng Oegpuokpaciag ¢ empdvelag emagns A, ywx toydtnTa

TEPLOTPOPTG TOV AVTAYWVLGTIKOV VALKOU 1050 rpm.
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I.2. XaAvBag epyareiwv Puxpniaciag xauniov avlpaka

H €€éAi&n Tov ovvteAeot TIPS Katd T StdpKelx TG SOKIUNG, Yia OA0UG TOUG GUVSUVACHOVG
Kataotaons Tou xAdAvBa B (pudvo Oepuikd okAnpupévo 1N Oegpuikd  okAnpupévo  Kal
evavOpaka{wTwUEVo), YIX TIG TPELG TIUEG TIEONG KAL TIG SUO TIUEG TaXVUTNTOG TIEPLOTPOPNG TOU
AVTAYWVLIGTIKOU VALKOV, Tapovaialovtal ota Txynuata I.2.1-T.2.6.

Ot petafoArég Bapoug Kol UKOUG TWV GTUAIOK®WY, Yl OAES TIS ocLuvONKeS SokIun G cuvoifovtatl
otov [livaka I'.2.1. Ta 600 evyn TW®V OV TTapovaLadovatl avd eMIRAAAOUEVN TTLEGT), A@OPOVV
TIG petafoAéc Twv avtioTolywv peyedwv Twvdlo oTudickwyv Tov vToRdAAovTal TAUTOXPOVWS
o€ doxuun.

Ol €lKOVEG OTEPEOOKOTIIOU TWV EMPAVELWYV @BopAs 0Awv Twv Sokpiwv ydAivBfa B, mou
vmofAbnkav oe Sokés TIPS, mapovoidlovtal ota Zynuata I.2.7-T.2.18, koL ol oXeTIKEG
Tapatnproels cuvolifovtat otov MMivaka I'.2.2.

TéAog, 1 €€€AEn NG Beppokpaciog TG emupavelans @BoOPAG Y@ OA0UG TOUG GUVEUAGHOVG
Kataotaong Tou XoAvBa B (ndvo Bepuikd okAnpupévo 1 Bgpuikd  oKANPULHEVO Kol
evavBpaka{wTwUEVO) KAl Yl TIG TPELG TIUEG Tleong, mapovoidlovtal oto Zynua I.2.19, yw«
SoKIEG UTIO Yaun AT Tax VTN TA TEpLoTtpo@nS (300 rpm)kat Zxnua I.2.20, yia Sokipeg vd vimAn
ToxLTNTA TEPLoTPOPNS (1050 rpm).
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ITINAKAZX I'.2.1. MetaBoAég Bdpoug kat prkoug egetaoBévtwy Sokipinv xaAvpa B, xwplig kol He EMLPAVELNKT KATEPYATia evavOpakalwTwaong, Yl
OAEG TIG TIHEG TIUPAUETP WY SOKLUNG.

40 HRC 50 HRC 60 HRC
TAXYTHTA
IEPIZTPO- [::)E;ZI:‘;'I 0.K. 0.K. + E.K. 0.K. 0.K. + E.K. 0.K. 0.K. + E.K.
PHE (rpm) aw | Mo lawe | YN awe | M awe | A (awe | A awe | Y
(mm) (mm) (mm) (mm) (mm) (mm)
0.10 0.20 0.03 0.05 0.07 0.20 0.02 0.00 0.08 0.15 0.02 0.00
; 0.12 0.05 0.05 0.05 0.09 0.15 0.01 0.00 0.09 0.10 0.02 0.00
0.05 0.10 0.04 0.05 0.12 0.20 0.04 0.00 0.03 0.05 0.02 0.00
(=]
g ° 0.07 0.35 0.02 0.00 0.13 0.20 0.02 0.00 0.06 0.05 0.06 0.00
0.13 0.40 0.03 0.00 0.09 0.20 0.04 0.00 0.52 1.35 0.30 0.65
! 0.10 0.25 0.03 0.00 0.13 0.30 0.04 0.00 0.48 1.35 0.82 2.00
0.08 0.30 0.08 0.20 0.11 0.05 0.05 0.20 0.04 0.10 0.02 0.00
’ 0.08 0.30 0.07 0.15 0.04 0.05 0.15 0.25 0.04 0.05 0.03 0.00
o ; 0.07 0.35 0.30 1.00 0.19 0.55 0.41 1.40 0.32 1.00 0.39 1.10
‘é’ 0.13 0.50 0.40 1.25 0.18 0.55 0.38 1.20 0.30 0.95 0.25 0.60
0.40 1.65 1..35 4.25 0.34 1.30 1.46 4.15 0.48 1.70 0.40 1.35
’ 0.37 2.30 1.24 4.20 0.59 3.45 0.94 3.20 0.79 2.95 0.39 1.85
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ITINAKAZX TI'.2.2. [Tapatnpnoelg el Twv €KOVWY otepeookomiov (Zxnuata I.2.7-.2.18), mov
aPOPOVV OTOUG HOKPOOKOTIKOUG HUNXOVIoUOUS Bopag 1/ Kol aoToxlog, Twv EMUPAVELWV
ETPNG TOL Y&Avfa B.

OEPMIKA X KAHPYMENOX

OEPMIKA XKAHPYMENOX KAI
ENANGOGPAKAZQTQMENOX

YXKAHPOTHTA OIrKOY: 40 HRC

3 bar | Xwpig MAAOTIKN TTAPAUOPPWOT). Xwpig MAAGTIKN TIAPAUOPPWOT).
§_ EAdx10Tn €w¢ unSevikn TAXGTIKN
= 5 bar Xwpig MAAGTIKN TIUPAUOPPWOT).
S TAPALOPPWOT).
!

7 bar | EAdylotn TMAQOTIKN TOAPAUOPPWOT. Xwpig MAAGTIKN TIAPAUOPPWOT).

EAGx10TnN WG unSevikn TAAGTIKY

= 3 bar | EAdylotn MAQoTIKY TApApOp@waon). )
& TAPAROPPWOT).
LE 5 bar | EAdxlomn TAQGTIKY TTApapop@waon). [MAaoTikn Tapapdp@waon.
~ 7 bar | MeydAn mAQOTIKY TTAPAUOPPWOT MeydaAn TAQGTIKY TTAPAUOPPWOT.

XKAHPOTHTA OIr'KOY: 50 HRC

otis 8102,5 otpopég

3 bar | Xwpig MAAGTIKN TTAPAUOPPWOT). Xwpig TAAGTIKN TIAPAUOPPWOT).
g_ 5 bar | Xwpi¢ TAacTIKN TAPAUOPPWON. Xwpig TAAGTIKY TTUPAUOPPWOT).
1
S 7 bar EAdx10Tn €6 undevikn TAAOTIKN EAdy1otn €w¢ undevikn TAAOTIKNY
!

TAPALOPPWOT). TAPAUOPPWOT).
3b EAdylotn €wg undevikn mAao Tk EAdxiotn €wg undevikn mAaotikn
ar

= TAPALOPPWOT). TAPAUOPPWOT).
2
[ A / , ,
S 5 bar | [TAaoTtikn TTapapop@won. [TAaoTIKN TTHPAUOPPWOT).
S Moty Tapapdopwon kat galling ) ) )

7 bar MeydAn mAaoTIKY] TTAPOUOPQEWOT).

XKAHPOTHTA OIrKOY: 60 HRC

£ 3 bar | Xwpig MAAOTIKN TAPAPOPPWOT). Xwplg MAACTIKY TAPAUOPPWOT).
2 ; ; ; ; ; ;
; 5 bar | Xwplg mMAaotikn TTapapop@won. Xwplg TAAOTIKN TXPAPOPPWON.
& 7 bar | [TAaoTIKN TAPALOPPWOT. Xwpig MAAGTIKN TIUPAUOPPWOT).
3 bar | Xwpig MAAOTIKN TAPAPOPPWOT). [Maotikn Tapapdpewon.
g. [Maotkn Tapapopewon kat galling
; 5 bar | [TAaoTiKN TAPAPOPPWOT).
0 oTi§ 20405 otpoeg
- 7 bar | MeydAn TAQGTIKY TIAPAUOPOWON MeydaAn ARG TIKY TTAPAROPPWOT)
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Iyqpa I.2.1. EEEAEN Tov ocuvteleoTr] TPIP1§ Tov xdAuBag B, Bepuikd okAnpupévou ota 40 HRC,
pe emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat ToxOTnTA TEPLOTPOPNG TOU
AVTAYWVIETIKOU VALkoU 300 rpm (MTAE ypauun: uovo ue okANpuvon, mopToKaAl ypauun: HETE

ano evavlpakalwtwon).
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Tynua I.2.2. EEEAEn tov ovvtedeoth) TpLfng tov xdAvPag B, Bepuikd okAnpupévou ota 40 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat tox0TnTA TMEPLOTPOPNG TOL
AVTAYwVLoTIKOU VAKoU 1050 rpm (MmAE ypauut: uovo ue okApuven, mopToKaAl ypauun: UETd
amo evavlpakalwtwon).
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Iynpa I.2.3. EEEAEN Tov ocuvteleoTr] TPIP1§ Tov xdAvBag B, Bepuikd okAnpupévou ota 50 HRC,
ue emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat ToxOTNTA TEPLOTPOPNG TOU
AVTAYWVIETIKOV VALkoU 300 rpm (MTAE ypauun: uovo ue okANpuvon, mopTokaAl ypauun: UETE
ano evavOpakalwtwaon).
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Iynmpa I.2.4. EEEAEN Tov ouvteleoTr] TPIPTS Tov xdAuBag B, Bepuikd okAnpupévou ota 50 HRC,
ue emPBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat ToxOTnTA TEPLOTPOPNG TOU
AVTAYWVIETIKOV VALKOV 1050 rpm (MTAE ypauun: uovo ue okApuvan, TopToOKAAL ypauun: UETA
ano evavOpakalwtwaon).
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Iynqpa I.2.5. EEEAEN Tov ouvteleoTr] TPIP1§ Tov xdAuBag B, Bepuikd okAnpupévou ota 60 HRC,
ue emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat ToxOTNTA TEPLOTPOPNG TOU
AVTAYWVIETIKOV VALkoU 300 rpm (MTAE ypauun: uovo ue okANpuvon, mopTokaAl ypauun: UETE
ano evavOpakalwtwaon).
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Iynua I.2.6. EEEAEN Tov ouvtedeotn) TpLNG Tov xdAvPag B, Bepuikd okAnpupévou ota 60 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat tox0TnTA TEPLOTPOPNG TOU
AVTAYWVLOTIKOU VAKoU 1050 rpm (MmAE ypauut: uovo ue okAjpuven, mopToKaAl ypauun: UETH
amo evavlpakalwtwon).
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1 bar

5 bar

7 bar

Tynua I.2.7. Ttepeoypa@ia Twv EMLPAVELOV ETAPNS TOL XdAvBag B, Bepuikd okAnpupévou ota

40 HRC, yla Toay0 TN Ta TEPLOTPOPTG TOU AVTAYWVIGTIKOU VALkoU 300 rpm.

Thar

S har

Thar

Tynua I.2.8. Ttepeoypa@ia Twv eMUPAVELDV ETTAENG TOV XdAvBag B, Bepuikd okAnpupévou ota
40 HRC kat evavBpakalwTwUEVOU, YLIO TaXVUTTA TIEPLOTPOPTIG TOU AVTAYWVIGTIKOU VALkov 300

rpm.
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3 har

5 har

7 bar

Tynua I.2.9. Ztepeoypa@ia TwV EMLPAVELDV ETTAENS TOV XdAvBag B, Bepuikd okAnpupévou ota
40 HRC, yla Toay0TnTa TEPLOTPOPT TOU AVTAYWVIOTIKOU VALKOU 1050 rpm.

Thar

S har

Thar

Iynua I.2.10. Ztepeoypa@ia TwV eM@PAVELOV eTa@ng tov xdAvBag B, Bepuikd okAnpupévou
ota 40 HRC kat evavBpakalwTwpEVOD, Yo TOXUTNTA TIEPLOTPOPIS TOU AVTAYWVLOTIKOU UALKOU

1050 rpm.
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Iynua I.2.11. Ztepeoypa@ia Twv em@avelov ema@ns tov xdAvpag B, Bepuikd okAnpupévou

ota 50 HRC, ya toax0TnTa TEPLOTPOPT§ TOU AVTAYWVLIOTIKOU VALKOU 300 rpm.

T bar

5 bar

Thar

1mm

Azbiog oTvALONOC

Jhar

APIOTIPOC GTUALGKDE

5 har

Thar

Ipa I.2.12. Ttepeoypa@ia Twv MPAVEL®V eTa@n§ Tov xdAvBag B, Bepuikd okAnpupévou
ota 50 HRC kat evavOpakalwTwpévoy, yia TaxVTNTA TIEPLOTPOPIS TOU AVTAYWVLIOTIKOU VALKOU

300 rpm.
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Iynua I.2.13. Itepeoypa@ia Twv em@avelov ema@ng tov xdAvpag B, Bepuikd okAnpupévou

ota 50 HRC, yx tox0tnTa mEPLOTPOPTS TOU AVTAYWVIOTIKOU UALKOU 1050 rpm.

Azfiog oTUAOKDG

Abar

ApLOTIPO, OTUALOKDG

5 hiar

Thar

1 har

5 har

T bar

Tynua I.2.14. Itepeoypa@ia TwV EMPAVELOV ETa@nS Tov xdAvBag B, Bepuikd okAnpupévou
ota 50 HRC kat evavBpakalwTwpEVOD, Yo TaYUTNTA TEPLOTPOPIS TOU AVTAYWVLOTIKOU UALKOU

1050 rpm.
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Iynua IL.2.15. Ztepeoypa@ia Twv em@avelov ema@ng tov xdAvpag B, Bepuikd okAnpupévou
ota 60 HRC, ya toax0TnTa TEPLOTPOPTS TOU AVTAYWVLOTIKOU VALKOU 300 rpm.

Ibar

A2500C CTVALTROL

5 har

Thar

. Imn:.

Azfiog oTuliowng

Thar

5 har

Thar

Iupa I.2.16. Itepeoypa@ia Twv MPAVEL®OV ETa@N§ Tov xdAvBag B, Bepuikd okAnpupévou
ota 60 HRC kat evavOpakalwTwpévoy, Yia TaxVTNTA TTEPLOTPOPTS TOU AVTAYWVLGTIKOV VALKOU

300 rpm.
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Azfiog oTulioRng
-

APIOTIPOC CTUALTNOL

Y har

5 bar

Thar

Tynua IL.2.17. Ztepeoypa@ia Twv em@avelov ema@ng tov xdAvpag B, Bepuikd okAnpupévou
ota 60 HRC, yo Tox0tnTa TEPLOTPO PTG TOV AVTAYWVLIOTIKOV UALKOU 1050 rpm.

ApLOTEPL, TTUALOKO

har

5 har

Thar

Iynua IL2.18. Ttepeoypa@ia TV EMUPAVELDV ETAPNG TOL XAAVBaS B, Bepik& okAnpupévou ota
60 HRC kot evavOpakalwTwHEVOU, YIX TaXUTTA TEPLOTPOPNS TOU AVTAYWVIOTIKOU VALkov 1050

rpm.
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OEPMIKA XKAHPYMENOX KAI

Xpovog (min)

Xpovog (min)

OEPMIKA XKAHPYMENOX
ENANGPAKAZQTQOMENOX
450 450
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V=) ~~
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[~% (=8
= £ 200 £ 200
= 2 3
= 2150 & 150 1 ——3bar
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= =
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3 o SAeeeaaaaEs = Q/Qegaﬂaﬁ
B g 2501
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® ®
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Iynua T.2.19. MetaBod g Oepuokpaciag G em@dveng emagns B, yw tayxdtta

TEPLOTPOPTG TOU AVTAYWVIOTIKOV VAKoU 300 rpm.
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OEPMIKA XKAHPYMENOX KAI
OEPMIKA YKAHPYMENOX
ENANOGPAKAZQTQMENOX
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Iynua T.2.20. MetaBoA tng Oegppokpaciag ¢ em@dveiag ema@nis B, ywa tayvmrta

TEPLOTPOPTG TOV AVTAYWVLGTIKOV VALKOU 1050 rpm.
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I.3. XaAvBag epyareiwv Oepuniaciog

H €€éAi&n Ttov ovvteAdeot TIPS Katd T StdpKelx TG SOKIUNG, Yia OA0UG TOUG GUVSVACHOVG
Kataotaons Tov Xx&AvBa ' (uovo Oepuikd oxkAnpupévo 1M Ogpulkd OKANPUUEVO KAl
evavOpakal{wTwUéVo), YIX TIG TPELG TIUES TTEOTG KAL TIG SUO TLUEG TaXVTNTAG TIEPLGTPOPNS TOU
AVTAYWVLOTIKOU VALKOV, Tapovaialovtal ota Txynuata I.3.1-T.3.6.

Ot petafoArég Bapoug Kol UIKOUS TwV OTUAICK®Y, Yl 0AEG TIG ouvBnKeg Sokung ocuvoilovTal
otov [livaka I''.3.1. Ta 800 {evyn TV IOV TTAPoVCLAOVATL avA ETMRAAAOUEVT TILEGT, APOPOVV
TIG pHeTafoAEC TwV avTioTolywv PeyeBwv Twvdélo oTUAICKWY TIOU LVTIORAAAOVTAL TAUTOXPOVWG
o€ Soxuun.

Ol €lKOVEG OTEPEOCKOTIOU TWV EMUPAVEIWV PBOpAG 0Awv Twv Sokipiwv ydAvBa T, mov
vmofAbnkav oe Sokég TIPS, mapovoidlovtal ota Zynuata I.3.7-I.3.18, kat ol oXeTIKEG
Tapatnproels cuvolifovtat otov Mivaka I'.3.2.

TéAog, 1 €€€MEn TG Beppokpaciag TG empavelang @OoPAS Y@ OA0VUG TOUG GUVEUAGHUOVG
Kataotaons Tou xoaAvBa A (udévo Oepuikd okAnpupévo 1M OepUIKA  OKANPUPEVO KOl
evavOpakal{wTwUévo) Kal Yyl TI§ TPELS TIEG mieong, mapovoialovtal oto Tynua I.3.19, y
SOKLUEG UTIO Yapun AN TaxVTNTA TIEpLoTpoEns (300 rpm)kat Zynua I.3.20, yix Sokipég vo viman
TayvtnTa meplotpo@ns (1050 rpm).

44/66



ITINAKAZX I'.3.1. MetaBoAég Bapoug kat unkoug eéetacfévtwy Sokipiwv xdAvBa I, xwpls kal Le EMUPAVELNKT KATEPYATia evavlpakalwTwong, Yl
OAEG TIG TIHEG TIUPAUETP WY SOKLUNG.

40 HRC 50 HRC 55 HRC
TAXYTHTA
IEPIZTPO- [::)E;ZI:‘;'I 0.K. 0.K. + E.K. 0.K. 0.K. + E.K. 0.K. 0.K. + E.K.
PHE (rpm) aw | Mo lawe | YN awe | M awe | A (awe | A awe | Y
(mm) (mm) (mm) (mm) (mm) (mm)
0,06 0,10 0,01 0,00 0,18 0,25 0,01 0,00 0,24 0,50 0,00 0,00
; 0,05 0,05 0,02 0,00 0,18 0,20 0,25 0,45 0,32 0,80 0,03 0,05
0,56 1,4 0,01 0,00 0,19 0,15 0,01 0,00 1,42 3,60 0,03 0,05
(=]
g ° 0,29 0,65 0,13 0,20 0,24 0,40 0,48 1,10 1,91 5,00 1,08 2,65
0,25 0,40 0,11 0,20 0,37 0,80 0,10 0,20 1,83 4,80 0,04 0,00
! 0,26 0,45 2,33 0,90 2,17 0,45 0,29 0,50 1,70 4,90 2,3 5,75
0,10 0,10 0,00 0,00 0,08 0,05 0,02 0,00 0,23 0,50 0,03 0,05
’ 0,12 0,10 0,29 0,60 0,08 0,05 0,48 1,05 0,64 1,65 0,35 0,75
o ; 0,39 1,05 0,14 0,25 0,62 1,80 0,18 0,50 0,18 0,50 0,07 0,20
‘é’ 0,47 1,30 0,31 0,90 0,72 2,00 0,77 1,95 0,19 0,50 0,47 1,05
0,77 2,50 0,14 0,65 0,87 3,40 0,18 0,60 0,51 2,40 0,19 0,70
’ 0,95 3,45 0,29 1,30 1,06 4,45 0,39 1,55 0,81 3,85 0,20 0,95
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ITINAKAZX TI'.3.2. [lapatnpnoelg el Twv €lKOVwY otepeookomiov (Zxnuata I.3.7-.3.18), mov
aPOPOVV OTOVUG UAKPOOKOTIKOUG HUNXOVIoUOUS @Bopdg 1)/ Kol aoToxlog, Twv EMUPAVELWY

emaPng Tov xaAvBar.

OEPMIKA XKAHPYMENOX

OEPMIKA XKAHPYMENOX KAI
ENANOGPAKAZQTQMENOX

YXKAHPOTHTA OIrKOY: 40 HRC

3 bar | Xwpig MAAOTIKN TTAPAUOPPWOT).

Xwpig MAAGTIKN TIUPAUOPPWOT).

§' 5 bar | EAdxlotn TAAGTIKY TTAPAUOPPWOT). Xwpig TAAGTIKY TTUPAUOPPWOT).

& 7 bar | EAdylotn mAaotikny mapapdp@won. Xwpig MAAGTIKN TIAPAUOPPWOT).
3 bar | EAdaylom £éwg undevikn mAaotikn mapap. | Xwpig MAACTIKN Tapaudp@waor).

g. S bar MeyaAn TAQGTIKI TTAPAUOPPWOT). EAGx1oTn €W unSevikn TAAGTIKY

LE TAPAUOPPWOT).

i

7 bar | MeydAn TAAOTIKY TAPAUOPPWOT.

MeyaAn TAQGTIKT TTAPAUOPPWOT).

XKAHPOTHTA OIr'KOY: 50 HRC

3 bar | EAdylot £éwg undevikr) TAAGTIKY TTAPALL.

Xwpig TAAGTIKN TIAPAUOPPWOT).

=
5 5 bar | EAdxlot éwg undevikn mAaotikn mapap. | Xwpig TAAGTIKI TTHPAUOP@WOT).
& 7 bar | EAdylotn €wg undevikn mlaotikny mapap. | Xwpig TAACTIKN Tapapop@won.
EAdylon €wg undevikn mAaotikn

3 bar Xwplg MAACTIKY TAPAUOPPWOT).
= TAPAUOPPWOT
a
; ) ) EAdxiotn €wg undevikn mAaotikn
I 5 bar | [TAaotikn TTapapop@won. .
S TOPALOPPWOT)

7 bar | MeydAn TAAGTIKY TAPAUOPPWOT. [MAaoTIKN TTAPAUOPPWON.

XKAHPOTHTA OIr'KOY: 55 HRC

EAdx10Tn €W unSevikn TAAOTIKN

3 bar Xwplg MAACTIKY TAPAUOPPWOT).
£ TAPAUOPPWOT
= EAdylon €wg undevikn mAaoTikn
S 5 bar ) Xwpig TAAGTIKN TIUPAUOPPWOT).
e TAPAUOPPWOT

7 bar | MeydAn mAQOTIKY TAPAUOPPWOT Xwpig TAAGTIKN TIUPAUOPPWOT).

EAdylon €wg undevikn mAaotikn

3 bar Xwpig TAAGTIKN TIUPAUOPPWOT).
= TAPAUOPPWOT)
a
L% S bar EAdylotn €wg undevikn mAaotikn EAdxiotn €wg undevikn mlaotikn
S TAPAUOPPWOT) TAPAUOPPWOT)

7 bar | MeydAn mAQOTIKY TAPAUOPPWOT

MeyaAn TAQGTIKY TTAPAUOP@WOoT).
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Iynua I.3.1. EEEAEN tou ovvtedeot TpIP1ig Tov xdAvBag T, Bepuikd okAnpupévou ota 40 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTnTA TMEPLOTPOPNG TOU
aVTAYwVLoTIKOU VALkoU 300 rpm (MmAé ypauun: Uovo ue okAnpuvon, TopTOKAAL YpauUun: UETE
amo evavlpakalwtwaon).

47/66



03
025
02

é 015
01

0.05

0 5000 10000 15000 20000 25000 30000 35000
I Im)
03
025
0.2
w
8 0.15
0.1
0.05
0
0 5000 10000 15000 20000 25000 30000 35000
1 (m)
04
035
03
025
w
8 02
0.15
0.1
0.05
0
0 5000 10000 15000 20000 25000 30000 35000
L(m)

Iynua I.3.2. EEEAEN tou ovvtedeotn TpIP1ig Tov xdAvBag T, Bepuikd oxkAnpupévou ota 40 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTnTA TMEPLOTPOPNG TOU
AVTAYwVLoTIKOU VALKoU 1050 rpm (MmAE ypauut: uovo ue okApuven, mopToKaAl ypouun: HeTd
amo evavlpakalwtwon).
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Tympa I.3.3. EEEAEN Tou ouvtedeotn TpLPNS Tov xdAvBag T, Bepuikd okAnpupévou ota 50 HRC,
pe emPBoAr mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar xat toyOTnTA TEPLOTPOPNS TOL
AVTAYWVIOTIKOU VAIkoV 300 rpm (MmAE ypauun: uovo ue okAnpuvveon, mopTokaAl ypauun: UETA
ano evavOpakalwtwaon).
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Iynua I.3.4. EEEAEN tou ovvtedeotn TpIP1ig Tov xdAvBag T, Bepuikd okAnpupévou ota 50 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTnTA TMEPLOTPOPNG TOU
AVTAYwVLoTIKOU VALKoU 1050 rpm (MmAE ypauut: uovo ue okApuven, mopToKaAl ypouun: HeTd
amo evavlpakalwtwaon).
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Iynua I.3.5. EEEAEN tou ovvtedeotn TpIP1ig Tov xdAvBag I, Bepuikd okAnpupévou ota 55 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTnTA TMEPLOTPOPNG TOU
avVTaywvloTikoU VALkoU 300 rpm (MmAé ypauun: Uovo ue okAnpuvon, TopTOKAAL Ypauun: UETE
amo evavlpakalwtwaon).
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Iynua I.3.6. EEEAEN Tov ovvtedeotn TpIP1ig Tov xdAvBag T, Bepuikd okAnpupévou ota 55 HRC,
ue emiBoAn mieong: (a) 3 bar, (B) 5 bar kat (y) 7 bar kat toxOTnTA TMEPLOTPOPNG TOU
AVTAYwVLoTIKOU VALKoU 1050 rpm (MmAE ypauut: uovo ue okApuven, mopToKaAl ypouun: HeTd
amo evavlpakalwtwaon).
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3 bar

7 bar

Iynua I.3.7. Ztepeoypa@ia Twv EMEPAVELDV eTa@NS ToL XaAvBag T, Bepuikd okAnpupévou ota
40 HRC, yla Toay0TnTa TEPLOTPOPTG TOU AVTAYWVLIOTIKOU VALKoU 300 rpm.

Apiovepdq orubioneg Bzfiég orukioncy

3 bar

5 bar

7 bar

Iynua I.3.8. Ttepeoypagia Twv em@avelny ema@ns Tov xaAvBag T, Bepuikd okAnpupévou ota
40 HRC xat evavOpakalwTwUEVoU, YIo TaXVUTNTA TIEPLOTPOPTIG TOU AVTAYWVIOTIKOU LALkoU 300
rpm.
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Iynua I.3.9. Ttepeoypagia Twv eM@PAveLDV eTa@ns Tov xaAvBag I, Bepuikd okAnpupévou ota

40 HRC, yla Toay0TnTa TEPLOTPOPTG TOU AVTAYWVLOTIKOU VALKOU 1050 rpm.

Bouotepds aruliowas

Befuds orubiawsg

3 bar

T bar

Iynua I.3.10. Ztepeoypa@ia Twv em@avelwy ema@ns Tov x&AvBag I, Bepuikd okAnpupévou
ota 40 HRC kat evavBpakalwTwpEVo, Yo TOXUTNTA TEPLOTPOPIS TOU AVTAYWVLIOTIKOU VALKOU

1050 rpm.
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Iynua I.3.11. Ztepeoypa@ia Twv em@avelmv emagnis Tov xdAvBag I, Bepuikd okAnpupévou

ota 50 HRC, ya toax0TnTa TEPLOTPOPTS TOU AVTAYWVIGTIKOU VALKOU 300 rpm.

3 bar

5 bar

7 bar

Belics orulioneng

AiTTepsd TTelionsg

b tar

5 bar

7 bar

Iynua I.3.12. Ttepeoypa@ia Twv em@avelmv ema@ns Tov x&AvBag I, Bepuikd okAnpupévou
ota 50 HRC kot evavBpakalwTwpévov, yia ToXUTNTA TTEPLOTPOPIS TOU AVTAYWVIGTIKOU VALKOU

300 rpm.
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3 bar

5 bar

T bar

Iynua I.3.13. Ztepeoypa@ia Twv em@avelmv ema@ng tov xdAvBag I, Bepuikd okAnpupévou

ota 50 HRC, yx Tyt Ta TEPLOTPOPTS TOU AVTAYWVIOTIKOU VALKOU 1050 rpm.

Aguorzpag orwlkionog

Bzfiog orukiouog

3 bar

p—

5 bar

7 bar

Iynua I.3.14. Ttepeoypa@ia Twv eM@aVeEL®V eTa@ns Tov x&AvBag T, Bepuikd okAnpupévou
ota 50 HRC kot evavBpakalwTwpévov, yia ToXUTNTA TTEPLOTPOPIS TOU AVTAYWVIGTIKOU VALKOU

1050 rpm.

56/66



[ rey—p— Befuas oruhiewos

3 bar

5 bar

7 bar

Iynua I.3.15. Ztepeoypa@ia Twv em@avelmv emagnig tov xdAvBag I, Bepuikd okAnpupévou
ota 55 HRC, yla toax0TnTa TEPLOTPOPTS TOU AVTAYWVLIGTIKOU VALKOU 300 rpm.

Agorzps orubiowag

3 bar

5 bar

T bar

Iynua I.3.16. Ztepeoypa@ia Twv em@aveL®V eTa@ns Tov x&AvBag I, Bepuikd okAnpupévou
ota 55 HRC kat evavBpakalwTwpévov, yia ToXUTNTA TEPLOTPOPIS TOU AVTAYWVIGTIKOU VALKOU
300 rpm.
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3 bar

5 bar

7 bar

Iynua I.3.17. Ztepeoypa@ia Twv em@avelmv ema@ns Tov xdAvBag I, Bepuikd okAnpupévou

ota 55 HRC, ya tox0tnTa mEPLOTPO PTG TOU AVTAYWVIOTIKOU VALKOU 1050 rpm.

[P —

Y@ (Ctrl) -

Iynua I.3.18. Ttepeoypagia Twv em@avelov emagng tov xdAvpag I, Oeppikd oxkAnpupévov ota
55 HRC xat evavOpakalwTwUEVOU, YIX TaXVUTTA TIEPLETPOPNS TOV AVTAYWVIGTIKOU LVALkoU 1050

rpm.
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©OEPMIKA XKAHPYMENOSE OEPMIKA XKAHPYMENOZX KAI
ENANOGPAKAZQTQMENOX
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Iynua TI.3.19. MetaBoAn TG Oeppokpaciag tng em@dvelas emaens I, yua taxvmmta
TEPLOTPOPTG TOU AVTAYWVLIOTIKOV VAoV 300 rpm.
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OEPMIKA SKAHPYMENOX OEPMIKA XKAHPYMENOX KAI
ENANGOGPAKAZQTQOMENOX
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Iynua TI.3.20. MetaBoAn TG Oeppokpaciag TG empdvelas emaens I, yua taxvmmta

TEPLOTPOPTIG TOU AVTAYWVLIOTIKOV VALKOU 1050 rpm.
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A. AZIOAOT'HXH, 2YMIIEPAXMATA, ITIPOOIITIKEX

ATo TN ouykpltikn a§loAdynon Twv SeSOUEVWV TV SLaYPaPPAT®Y €EEAENG TOU CUVTEAEDT)

TPLP1NG, umopel va ouvaxBel 6TL Ta e€eTaopeva TPLFOCVOTIHATA TTAPOVCLALOVV V0 SLUKPLTEG

CUUTIEPLPOPEG:
(o) Mux emBupuntn, OV VTTOSNAWVEL Kivnom VTIO ocLVONKEG POVIUNG KaTtaoTtaong (Zxnpa A.1).

Metd amo pla mpwn mepiodo mpocapoyng Tov TpioovoTipatos (running-in period), o

ovvtedeoTig TPIPNG Slatnpeltal, KAT& TPooEyylon, oTabepds €wg TNV OAOKANPWON TNG

SoKLung.

(B) M avemiBOun T, KAt TNV omoia 0 GUVTEAEGTIS TPLPNG AUEAVETAL ALPVISIWG, EVEEIKTIKO

™G aotoyiag ¢ Asttovpyiag Tov Tptfocuotipartog, Adyw galling (Zxnua A.2).

0.60

0.50

Friction coefficient
o o
3 e
[} [-]

o4
2
=3

0.10

0.00 +

5000

1: Running-in period
2: Steady-state sliding

—— Steel A, 40 HRC
——Steel A, 40 HRC and nitrocarb urized

10000 15000 20000

Sliding revolutions

25000

Ipa A.1. Embountr e€€AEn tou ocuvtedeoth) TpPns (xdAvBag A, okAnpuuévos ota 40 HRC, ue

Kat ywplic emipavelakn katepyaoia, o mieon 3 bar kat TayvTnTa mepLoTpoprc 300 rpm).
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——Steel A, 60 HRC
——Steel A, 60 HRC and nitrocarburized
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'
——— Steel B, 60 HRC
——Steel B, 60 HRC and nitrocarb urized

0 5000 10000 15000 20000 25000

‘ 1: Running-in period, 2: Steady-state sliding, 3: Galling ‘

Iynua A.2. AvemtlOountn €€€Ai€n tou ouvtedeot TPIPYG, OToL avayvwpiletal N aotoyia Tng

Aettoupylag Tou TpLloocuoTpatosg, Adyw galling.
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At ™) ovykpltikn afloAdynon Twv Tapatnpnioewy e TN Borbela otepeoockoTiov, pmopel va
ouvvax0el 0tL 0Aa ta e€etaldpeva tpllocvotnuata @BeipovTal, HECW TECCAPWV SLAKPLTWV
unxaviopwv (Zxnmua A.3):

e Opoldpop@M Kal TTPOOSEVTIKY ATOUAKPUVOT VALkOU (Zynua A.3a), TTov mapatnpnonke
VIO XOUNAEG TIUES ETULRAAAOUEVN G TH{EON G KOl ToX VTN TAS TIEPLOTPOPNG.

o IIp0o0SevTIKN ATOUAKPUVGT] VALKOV, GUVOSEVOUEVT ATIO TOTIKY 0EEIBWON TNG EMLPAVELNS
ema@ns (ZxMua A.3B), Tou TapatnpONKe VIO XAUNAEG TIUEG ETMBAAAOUEVNG TTiEOTG KAl
VUMAEG TIHEG TaxVTNTAG TIEPLOTPOPT|G.

e [MAaoTik] pon TOU VAWKOU OTNV TEPLOXN TNG EMPavelag emaens (Zxnmua A.3y),
TEPLOCOTEPO EUPAVIG OTLG TIEPLTTWOELS XAUNAOU BaBpol) oKAPUVONG Kol HECEG TLUES
emPBaALOUEYT G TIiEOTG.

o Apwela mAaoTikn mapapopewon (Zxnua A.38), n omola avidvetal pe tnv avénon g
eTPBAAAOUEVTG THEON G KL TNG ToXVTINTAG TEPLOTPOPTG, EVW UELWVETAL E TNV aUENoM

Tou Babuov TPdTEPNG OKAPLUVOTG TWV EEETATOUEVWV XAAVBwV.

Oxidized
jarseg |0

‘ared‘ :
LR

Severe plastic
deformation

Tynua A.3. Alakprroi unxaviopoi @Bopds Adyw oAioBnong twv e€EeTalopévwy VAIKWOV:
() opowdpopen amopdkpuvon VAkov, (B) TPOOSEVTIKY ATOUAKPUVOT VAIKOU KAl TOTILKN
o&eldwon, (y) MAAOTIKY por} TNV TEPLOXT TNG EMLPAVELNG ETAPNG Kal (8) Splueiar TAXOTIKNY

TAPAUOPPWOT) GTNV TEPLPEPELX TNG ETILPAVELNS ETTALPN.

AdYw Twv Tpoava@epBEVTWVY TAPATNPCEWY, OL LETPNOELS TNG METABOANG TNG HAlAG KAl TOU
UNKOUG TwV oTVAioKWY, 8¢ umopel va aglomomBel Tapd pLOVo 0TV MEPITTWOTN TIOV TO GUOTNHA

Sev éxeL odnynbel oe avdaoxeon kivnong (galling) kat n @Bopd Aapupavel xwpo pEow NG
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OUOLOHOPPNG KAl TIPOOSEVTIKNG ATOUAKPUVONG VALKOV. ‘'OAEG Ol GAAEG TTEPITTWOELS, KATA TIG
omoleg eite To TPpLocVoTUa 08dNYNONKE o€ SuoKkoAla oxeTIKNG Kivnong, eite To e€etalopevo
VAIKO vméotn ofeldwon 1 TMAaoTikn por), elval avemBOunteg kat ot emMPBAAAOUEVEG TIUES
Aettovpylag (Tieon kAt TaYOTNTA TTEPLOTPOWPNIS) [UT) CUVIOTWEVES.

Ao ™V ouykpLTIKn a§loAdynomn TV Sy pappuatwy eEEAENG TNG BEpLOKPATIAG TNG EMUPAVELOG
ETTOLPNG, UTTOPEL ATPAAWDGS Vo eEaxOEl TO TTOLOTIKO cLUTIEPAGUA OTL T AVUENGT TNG EMBAAAOUEVNG
Tieomn 11/ KAt TG TaxTNTAG TIEPLOTPOENSG 001 Yel o LYMAGTEPT a’Enom g Beppokpaciag, Evw
N EMPAVEIAK KATEPYATia evavOpakal{wTwong odnyel o€ eAd@P®S UELWUEVN TN TwWV
avtiotolywv Bepupokpaciwv. Tpemel, wotdoo, va onuelwdel OTL Yyl TNV KATAYPAPY] TWV
aKkpLBWV TWWV NG Bepuokpaciag Kot TNV eEaywyn aflOTIOTWY TTOCOTIKWV ATTOTEAECUATWY, OL
Soklués Ba mpémel va emavaAn@Bdovv ue T xprion GAAwv Satdfewv PETPNONG TNG
Beppokpaoiag, .. Ue eppUTEVOT Bepuolevywyv o BAB0G TTANGIOV TNG ETTLPAVELXG ETAPNSG TNG
efetalduevwy oTUAIOKWV.

ATd N ouykpLTikn afloAdyN o1 TNG CUUTIEPLYOPAS G TPLPN KAl 6 @OOPA TWV TPLWV KAGGEWYV
XQAUBWV YL TNV KATAOKEUN epyaAsiwv, pmopovv va gfayBovv, emmA£ov, Ta akOAouvOa
OUUTIEPACUATOL:

e Edav to tplfoclomua avapévetal va Aettovpynoel vmd duoueveic cuvOnkes (LPMAY
Tieon kal ToaxVLTNTA kivinong) elvat mpotTuuntéa 1 €MAOYT XOAUBwWVY SLa@OPETIKNS
XNUKNG oVOTACNG, Yl Ta SLPOPETIKA oTolyeia Tov. Edv Ta Aomd XapaKInploTikd
Asrtovpylag To emTpEmMoOVY, N €mAOYN XGALBa, 0 oToiog Tpodlaypa@eTal amd TOV
KATOOKEVAOTY, WG XAAUPBAG KATOOKEUNG epyoAsiwv Bepunlaciag avoapévetal va
BeATioTOTIOMOEL TNV ETIAOYT.

e OL VYMAOGTEPEG TIUEG OYKIKAG OKANPOTNTAG 1/KAl EMUPAVELNKNG KATEPYATIAG
evavOpakalwtwong odnyolv oe Slelpuvon TwVv oplwv AELTOVPYIAG, VTIO TIG EMOVUNTES
OLUVONKEG HOVIUNG TPLPNGS KoL pBopdg.

Ta TEWPAUATIKA ATOTEAECUATA TIOU TEPLEXOVTAL OTNV TAPOVCA TITUXLAKI], XTOTEAOVV TA
Sedopéva TEPALTEPW AVAAVONG YL TNV €EaywYN EVOG YEVIKOTEPOU aAyopiBuov mpdfAieyms g
Aettoupyiag TéTolwv TpLocuaTNUATWY. To 0KEAOG AUTO TUVEXLOTG TNG EPEVVAG AVATITUCGETL
amdé v AZIAITE, o0Twg ava@épbnke oTnv E0AYWYN, EVW OXETIKA TPOKATAPKTIKA

amoTeEAEoPATA TIEPLEXOVTAL 0TI oLV UUévT Snpocisvon (Psyllaki et al.., 2018).
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Abstract. In the present study two highly alloyed steel grades, intended
for cold working applications, were subjected to plane-contact, non-
lubricating sliding friction testing in order to estimate the working regions
(applied pressure and sliding velocity) that are governed by mild, moderate
and severe wear mechanisms, before and after nitrocarburizing. For this
purpose, both tool steel grades were initially pre-subjected to the proper
heat treatments, in order to achieve a final bulk hardness of 40, 50 and 60
HRC whereas, after heat treatment, half of the material specimens were
further subjected to nitrocarburizing surface treatment. The comparative
experimental study of heat-treated and heat-/ surface-treated grades within
a wide range of applied pressure and sliding velocity values, in
combination to the development of a relevant Artificial Neural Network,
allowed to determine the areas of recommended operation of such
tribosystems. In all cases, the positive influence of the post-hardening
surface treatment was proved; further work is in progress to generalize
these preliminary results and establish the relevant wear maps correlating
the wear lifetime, the hardening levels and the surface treatment to the
operational plane sliding conditions.

1 Introduction

Galling is one of the most crucial problems that appear when metallic tribosystems, -
two metallic surfaces in relevant motion to each other, - operate under severe working
conditions. An adverse combination of loads, sliding velocities and environmental factors
can often induce severe failure of the surfaces in contact, via tearing, ploughing and
significant plastic deformation, while massive material transfer between the two surfaces
can be simultaneously observed [1, 2, 3, 4]. This disastrous adhesive wear mechanism
could result in seizure - virtual welding of the two surfaces - eventually rendering the
relevant motion of the two metallic bodies no longer possible. A typical example of such
heavily loaded tribosystems in the field of metal working, are the extrusion and shearing

: Corresponding author: psyllaki @puas.gr
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dies, where, in order to overcome the problem of galling, highly alloyed steels are used.
These “tool steels”, depending on their chemical composition, exhibit high toughness and
hardenability, dimensional stability and abrasion resistance.

Various surface modification techniques are employed to protect such Fe-based parts
from galling failure, among them thermochemical treatment [5] and pulsed-CO, laser
surface texturing [2]. Previous studies from several groups, among them of one of the
present authors [6], have identified nitrocarburizing surface treatment as an effective means
for the diminution of the wear coefficient of tool steels by an order of magnitude.
Capitalizing on these results, in the present study two representative cold work tool steels
after heat treatment and heat/surface treatment were subjected to plane-contact, non-
lubricating sliding friction testing. The experimental findings on the friction coefficient
evolution and the post-testing evaluation of the wear mechanisms were used to develop a
reliable Artificial Neural Network (ANN), dedicated to predict the tribological performance
of these materials.

2 Experimental details

2.1 Materials and treatments

The chemical composition of the two steel grades examined and their characteristic
microstructures in their soft-annealed state (22-24 HRC) are presented in Table 1 and Fig.
1, respectively. Both steels contain carbide-forming elements that render them suitable for
cold work applications. Their thorough microstructure characterisation has been reported in
previous publications [3,4].

Table 1. Nominal chemical composition (wt. %) of the materials examined.

C Si Mn Cr Mo \Y Fe AISI
Steel A 1.55 0.30 0.4 11.3 0.8 0.8 Bal. D2
Steel B 0.6 0.35 0.8 4.5 0.5 0.2 Bal. -

Fig. 1. SEM micrographs of tool steel grades in soft-annealed state: (a) steel A and (b) steel B [3].

Since tool steels are not used in their soft-annealed state, but commonly after their heat
treatment to the bulk working hardness required by their specific application, both grades
were subjected to heat treatments in order to achieve three series of specimens per grade,
having a bulk hardness of 40, 50 and 60 HRC. In all cases, the procedure followed was that
recommended by the steels’ supplier and each thermal cycle included preheating,
austenitization and three successive tempering stages; a similar processing is described
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elsewhere [6]. After hardening, half of the specimens of each series were further subjected
to liquid nitrocarburizing under conditions similar to those applied on industrial-scale, via
the Tufftriding technique that employs specimens’ immersion in molten cyanide salt baths
at an operating temperature of 580 °C [5].

Under these conditions, usually, a wear-resistant compound layer with a thickness of ~10
pm is formed on the steel surface, overlaying a diffusion layer that improves the fatigue
behaviour of the material. The thickness of the latter depends on the chemical composition
and the hardening level of the steel [4].

2.2 Tribological testing and evaluation techniques

A Cameron—Plint pin-on-disk testing machine [2,3], equipped with a force transducer (Fig.
2) was utilized for the real-time recording of the sliding friction coefficient evolution. In
particular, a Z-type load cell was used for measuring to total frictional force, in conjunction
with an “analog- to-digital (A/D)” converter. The digital signal was recorded with the aid of
an in-house developed routine implemented in the LabVIEW® software.

During all tests, two identical cylindrical pins (@ 8, 55 mm length) of the tool steel to be
examined were mounted and pressed against a rotating disk (counterbody), manufactured of
AISI D6 steel and heat-treated to a bulk hardness of 62 HRC. All specimens’ series were
tested by applying a pressure of 3, 5 and 7 bar, -i.e. 0.3, 0.5 and 0.7 MPa, respectively,- and
a rotational speed of 300 and 1050 rpm. All experiments were carried out at ambient
atmosphere (25 °C, 50% RH) and lasted for 25000 revolutions, except of the cases where
galling occurred, leading to test interruption.

Fig. 2. (a) Cameron-Plint pin-on-disk testing machine [http://triblab.teipir.gr/en/pg000.html] and (b)
experimental setup [2].

In order to estimate the level of wear and the mechanisms involved, both the length
reduction of the pin and the resulting weight losses were recorded for all the experimental
conditions and materials examined, whilst the worn surfaces were post-observed at low
magnification via an optical stereoscope.

These experimental findings were used to propose the relevant wear maps, based on the
Back-Propagation Neural Network (BPNN) technique, as analysed in paragraph 3.2.

3 Results and discussion

3.1 Tribological testing and evaluation techniques

Fig. 3 compares the friction coefficient evolution for steel A in two states, -i.e. after heat
treatment to 40 HRC and after being further subjected to a subsequent surface treatment
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(nitrocarburizing),- when applying a pressure of 0.7 MPa at a rotational speed of 300 rpm.
After a first running-in period, the friction coefficient tends to a rather constant value,
indicative of steady-state sliding without galling. The friction coefficient of the heat-
treated-only material (blue line) varied from 0.24 up to 0.30, tending practically to a mean
value of 0.27. These fluctuations can be attributed to the presence of large-sized chromium
carbides (Fig. 1a) that interfere in the sliding mechanism. The friction coefficient of the
nitrocarburized material (red line) exhibited a slightly lower mean value (0.22-0.24), with
much lower fluctuations, substantiating the positive influence of the surface treatment.
During previous similar experiments on the same steel in its soft-annealed state (24 HRC)
[3], galling occurred when applying lower pressure (0.3 MPa) and higher rotational speed
(640 rpm), indicating that even heat-only treatment can provide some anti-galling
protection.

| 1: Running-in period
: 2: Steady-state sliding
0.50

Friction coefficient
= o
8 3
=
=
%

0.10 Steel A, 40 HRC
~———Steel A, 40 HRC and nitrocarb urized

0.00
0 5000 10000 15000 20000 25000

Sliding revolutions

Fig. 3. Friction coefficient evolution of steel A, hardened to 40 HRC with and without subsequent
surface treatment (applied pressure: 0.7 MPa, rotational speed: 300 rpm).

For all the experiments carried out with a rotational speed equal to 300 rpm and for both
steels, the friction coefficient exhibited likewise a clear steady-state sliding stage until the
end of the test, with the mean values of the nitrocarburized material slightly lower than
those for the hardened-only state.

In the case of the much higher rotational speed of 1050 rpm, after the second stage of
steady-state sliding, several of the tribo-pairs arrived to galling [7], depending on their pre-
treatment and applied pressure. For reasons of brevity, only three characteristic relevant
diagrams are presented in Fig. 4; the main remarks extracted from the comparative
evaluation of all the experiments can be summarized as follows:

¢ QGalling is more common for steel A when sliding against a rotating disk manufactured
of the same steel grade. Even in this case, bulk hardening of the steel to 40 HRC
prevented galling when applying low pressure (0.3 MPa). Subsequent nitrocarburizing
of the 40 HRC-hardened steel prevented galling when applying medium pressure (0.5
MPa, Fig. 4a), whilst neither hardening to 40 HRC nor subsequent surface treatment
prevented galling at higher pressure (0.7 MPa). In the case of steel A heat-treated to the
higher hardness (60 HRC), galling occurred only for the non-surface-treated material
(Fig. 4b).

o In the case of steel B that has different chemical composition from that of the rotating
counterbody, galling was observed only in the case of the highest pressure applied (0.7
MPa) on the non-surface-treated material.
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Fig. 4. Friction coefficient evolution at 1050 rpm, leading to galling: (a) steel A hardened to 40 HRC,
sliding against steel A, under 0.5 MPa, (b) steel A hardened to 60 HRC, sliding against steel A, under
0.7 MPa and (c) steel B hardened to 60 HRC, sliding against steel A, under 0.7 MPa.

Stereoscopic observations of the worn surfaces allowed distinguishing four different types
of material degradation during plane-contact sliding, even in the cases where galling was
not taking place (Fig. 5):

e Uniform and progressive material removal (Fig. 5a), under low applied pressure and
low rotational speed.

e Progressive material removal accompanied by local oxidation (Fig. 5b), under low
applied pressure and high rotational speed.

e Plastic flow of the material at the vicinity of the contact (Fig. 5¢), more intense in the
cases of lower hardening levels and medium applied pressure.

e Severe plastic deformation (Fig. 5d), increasing with: increasing applied pressure and
rotational speed, and decreasing hardening level of the examined steels.

Severe plastic
deformation

Fig. 5. Different types of material degradation during sliding: (a) uniform material removal, (b)
progressive material removal and local oxidation, (c) plastic flow at the vicinity of contact and (d)
severe plastic deformation.
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3.2 Wear maps using Artificial Neural Networks

This section summarizes the basic concepts of artificial neural networks (ANNSs) as well as
the architecture of the optimum ANN model developed for the wear characterization of the
two steel grades under investigation. ANNs are information processing models configured
for a specific application through a training process. A trained ANN has learned to rapidly
map a given input into the desired output quantities (similar to curve fitting procedures) and
thereby can be used as a meta-model enhancing the computational efficiency of a numerical
analysis process. This major advantage of a trained ANN over conventional numerical
analysis procedures like regression analysis, under the condition that the training and
validation data cover the entire range of input parameters values, is that the results can be
produced with much less computational effort [8-15].

In the present study, using the experimental results (72 datasets) concerning the tribological
tests of the two highly alloyed steel grades presented in the previous sections, the Back-
Propagation Neural Network (BPNN) technique was used for the development of a reliable
and robust ANN that can predict the wear for these materials. This work focuses on the
development of an optimum ANN model able to produce a set of wear maps emphasizing
the determination of areas under steady-state wear that are recommended for use. To this
end, each input training vector is of dimension 1x7 comprising the two parameters for the
encoding of the material, the two parameters encoding the nitrocarburizing of the materials,
the rotational speed, the applied pressure and the bulk hardness. The corresponding output
training vectors are of dimension 1x1 and are based on the type of wear (steady-state wear
or not recommended use).

In the light of the above, 36900 BPNN models (900 with one hidden layer and 3600 with
two hidden layers) have been studied. Each one of these models was trained by means of 36
datasets (out of the total of 72, that is a percentage of 50%) and the reliability of the results
was validated by means of 18 datasets (25%) and was tested against the remaining 18 data
sets (25% of total), by calculating the Pearson’s correlation coefficient R as well as the
Root Mean Square Error (RMSE). The parameters used for the training of NN models are
summarized in Table 2.

Table 2. Training Parameters of BPNN models.

Parameter Value

Training Algorithm Levenberg-Marquardt Algorithm

Number of Neurons per Hidden Layer 1 to 30 by step 1

Cost Function Mean Square Error (MSE); Sum Square Error (SSE)

Hyperbolic Tangent Sigmoid transfer function (tansig);
Transfer Functions Log-sigmoid transfer function (logsig); Linear transfer
function (purelin)

Based on these results, the optimum BPNN model is that of 7-8-17-1 structure. This
network corresponds to the case of architecture with two hidden layers of 8 and 17 neurons
respectively. Furthermore, the achieved optimum BPNN corresponds to the case of using as
transfer functions the MATLAB function tansig for the first hidden layer, the logsig for the
second hidden layer and the purelin for the output layer. Using this optimum ANN model,
preliminary wear maps for the two steel materials have been produced. Some representative
ones are shown in Figs 6-8.
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Fig. 6. Wear maps for steels before nitrocarburizing and under rotational speed 300 rpm: (a) steel A
and (b) steel B. Blue area: desirable steady-state wear. Red area: non-recommended combination of
bulk hardness (material’s property) and applied pressure (operating condition).
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Fig. 7. Wear maps for steel A under rotational speed 300 rpm: (a) before nitrocarburizing and (b)
after nitrocarburizing. Blue area: desirable steady-state wear. Red area: non-recommended
combination of bulk hardness (material’s property) and applied pressure (operating condition).
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Fig. 8. Wear maps for steel A under rotational speed 1050 rpm: (a) before nitrocarburizing and (b)
after nitrocarburizing. Blue area: desirable steady-state wear. Red area: non-recommended
combination of bulk hardness (material’s property) and applied pressure (operating condition).
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4 Conclusions

Two different highly alloyed steel grades with different hardening levels were surface-
treated via the Tufftriding technique and, consequently, subjected to plane-contact sliding
under non-lubrication conditions. The evolution of friction coefficient during testing,
together with post-testing optical observations were evaluated, in order to estimate the
operational values’ range of applied pressure and rotational speed that ensure steady-state
wear of the tribosystems examined, without galling or plastic deformation. The
experimental findings were used to develop an ANN and to propose the relevant wear
maps. The main results can be summarized as follows:
e The choice of different conjugate steel grades is recommended for more severe
operational parameters.
e Higher bulk hardness values extend the steady-state wear region, whilst further surface
treatment of the hardened steels limits even more the region of non-recommended use.
o Increasing the sliding speed causes displacement of the region of recommended use to
higher bulk hardness values.
This approach is currently explored further, employing additional steel grades and
operational conditions, in order to propose a generic approach for the construction of more
elaborate wear maps that will take into account the specific steels microstructure.
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