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KpAcumuP HUKOJIOB ABTOPE®EPAT

JuceprauoHHUAT Tpy A € B 00eM oT 120 cTpaHULM, KaTO BKIIIOUBA aKTyaJIHOCT
Ha TemaTa, 4 TJIaBH, OCHOBHHM pE€3yJTaTH OT AUCEPTALMOHHUSA TPY[, U3I0JI3BaHA
JUTEepaTypa, CIIUChK HAa HAyYHUTE MyOJIMKAIMK MO AUCepTalusaTa, JeKiIapainus 3a
OpUrHHAIHOCT U Onaronapuoctu. Lutupanu ca o6mo 100 aurepaTypHH U3TOYHH-
. PaboraTa BritouBa 0610 77 purypu u 18 Tabaumm. Homepara na ¢urypure u
TabnuiuTe B aBTOopedepara CbOTBETCTBAT HA TE€3HW B AucepTaunoHHUS Tpyd. Oc-
HOBHUTE IMOCTHKEHUS U PE3YJITaTU OT JUCEPTALMOHHMS TPY]l ca MyOJuKyBaHH B 3
Opost Hay4YHH CTaTHH.

JlucepTallMOHHUST TPy € 00ChJIEH U HACOYEH 3a 3amuTa oT KaTeapenus chbBeT
Ha Katenpa ,,Mexanuka“ kbM Dakynter mo Tpancropra Ha TY — Codus Ha pe-
JIOBHO 3aceaanue, nposeaeHo Ha 18.03.2026 T.

[TybnuuynaTa 3amuTa Ha QUCEepTAIMOHHUS TPyA e ce cbeton Ha 30.06.2026 r.
ot 13:00 yaca B Kondepenrnara 3ana na BUL[ na TY — Codus Ha otkpuro 3ace-
JaHNe Ha HAy4YHOTO XYpH, omnpeneneHo cbe 3amoBea Ne OXK-5.1-33/26.03.2026 .
Ha Pexropa Ha TY — Codus B cheTas:

1. mpod. nu UBan Kpanos — npencenaren

2. nou. a-p Hukonait HukosioB — Hay4eH cexkperap

3. mpod. n-p I'eopru Bykos

4. nou. nH Auacrtac MIBaHoB

5. nou. n-p Bnagumup Kotes

Penenseunru:
1. nou. n-p Hukonaii Hukosios
2. moi. 14 Axacrtac MIBaHOB

Martepuanute 1o 3alIMTaTa ca Ha pas3nojoKEeHHe Ha WHTEPECYBAIIUTE CE B KaH-
nenapusta Ha dakynret o tpancnopta Ha TY — Codus, 6ok Ne 9, kabunreT No
9310.

JlucepTaHThT € IOKTOpaHT B pefoBHa ¢popma Ha 0OydeHue KbM KaTeapa ,,Mexa-
Huka* Ha DakynTeT no TpaHcnopra. M3cnenBanusara no aucepraldoHHaTa pa3pa-
00TKa ca HalpaBeHU OT aBTOPA, KATO HSAKOU OT TAX Ca MOJKPENEeHU OT HAyYHOMU3C-
JI€I0BATEJICKH MPOEKTH.

ABtop:  wmar. unx. Kpacumup Becenunos Hukonos

3arnaBue: BnusiHHe Ha cTapeeHETO BHPXYy MEXaHUYHUTE CBOMCTBA Ha MPOOHU
TeJa OT IOJIMMEPHU MATEPHUANIH, MOJYy4YEHU 4pe3 aJIUTUBHO IPOU3-
BOJICTBO

Tupax: 20 Opos

Otneuarano B UIIK na Texunuecku yauBepcuteT — Codust
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KPATKO U3JIOKEHUE HA JTUCEPTAITMOHHMUSA TPY |

AKTYAJIHOCT HA TEMATA

CrapeeHeTO Ha NOJMMEPHUTE MaTepuald MOXKE [a JOBEAE 0 HEOYAaKBAHU
npo0JieMy, CBbP3aHU C HAJIEKIHOCTTa HA KOHCTPYKIIMOHHUTE €JEeMEHTH. 3aToBa
IIO3HABAHETO Ha BIMSIHUETO HA CTAPEEHETO BBPXY MEXAHWYHUTE CBOWCTBA € W3-
KIIOYUTEHO Ba)KHO 3a IMpaBWJIHATA OLIEHKAa HA OCTaThbUuHATa HOCHMOCIIOCOOHOCT
Ha W3JENINATA.

AJUTHUBHOTO MPOU3BOJICTBO CE€ Pa3BUBa C MHOTO OBp3H TEMIIOBE, B Pe3yJITaT Ha
KOETO €[IHa CPAaBHUTEIHO MJaJa TEXHOJIOTHS CE€ NPEBPbINA B INPOU3BOJCTBEHA
MONIHOCT Ha JETalIM OT Pa3IMYHA MaTEPHUAIIH.

[Topaau ecTecTBOTO Ha MpOLECAa HA aJUTUBHOTO IMPOU3BOJICTBO, MEXaHUYHUTE
XapaKTEPUCTUKU HA TOTOBUTE M3JEJMS MOTaT Ja ObAaT pa3iudyHu OT TE€3H Ha BJO-
xeHus marepuan. ETo 3amo Bcsika upMa mpou3BOAMTEN HA KOHCTPYKIIMOHHU
€JIEMEHTH 4pe3 aJAUTUBHO MPOU3BOJCTBO TPsOBa J1a MPOBEXKAA €KCIIEPUMEHTATHU
W3CJIEIBAHUS 33 YCTAHOBABAHE HA PEAJTHUTE UM MEXAHUYHHU XAPAKTEPUCTUKH.

M3uckBaHusTa KbM MaTEPUAIUTE HENPEKbCHATO HApPacTBAT, KOETO Hajlara HaB-
JIM3aHETO HA HOBHM MAaTEPHUAIH, 32 KOUTO YCKOPEHOTO CTApEEHE YECTO € €INHCTBE-
HaTa OILMs 3a TECTBaHE B IPHEMIIMBA BpEMEBA paMKa. ToBa ompeneis akTyal-
HOCTTa Ha M3CJEIABAHE HA BIMSIHUETO HA CTAPEEHETO BHPXY MEXAaHUYHUTE UM Xa-
PAKTEPUCTUKH.

Pa3paboTBaneTo Ha CTEHIOBE 3a M3MUTBAHE HA CTAPEEHE U METOJIUKHU 3a Ompe-
JIETISTHE M OLICHKA HAa MEXaHUYHUTE XapAKTEPUCTUKHA HA U3IUTBAHUTE MAaTEPUAIIU €
aKkTyallHa 3aJja4ya, U3MCKBAIllA 3HAYUTEIHA MTPEABAPUTEIIHA HAYYHOU3CIIEI0BATEIC-
Ka JIEMHOCT, chUeTaBalla 3HaHHUs OT Pa3IMYHU 00JIACTH — MaTepuago3HaHUE, Me-
XaHUKa, EJEKTPOTEXHUKA, EJIEKTPOHHUKA, MEXATPOHMKA, KOMITIOTbPHA TEXHUKA U
TE€XHOJIOTUU.

I')TIABA 1. JUTEPATYPEH OB30P

1. MexaHN4YHH CBOICTBA HA MPOOHHU Tesia OT MOJUMEPHU MATEPHAJIM, TO-
JIy4eHHU Ype3 AJAUTHBHO MPOU3BOICTBO

1.1. BbBenenue

AIMTUBHOTO TPOU3BOJCTBO (AI]) e meTon, 0600IIaBaI MHOXECTBO TEXHOJIO-
TUH, CYPOBHHH U METOJMKH KbM €IMHEH MPUHIINIT Ha W3TPaXIaHe HA TPUU3MEPEH
00€KT OT MOAXOSIIIA CYPOBHHA UPE3 MOCTETICHHOTO ¥ T0JIaTaHe W/WJIH aKTUBUPAHE
710 TOCTUTaHE Ha KpallHUTE *KenaHu o0eM U GpopmMa.

Pa3nooOpazuero ot cypoBuHHM U mporiecu B Al eheKTHBHO MpeBpbhINa BCAKA
KoMOuHanus B otAenHa texHosorus. Ilpe3 2017 r. ¢ Hal-IIMPOKO MPUIOKEHUE
(mexny 51% u 80%) ca aguTUBHHUTE TEXHOJIOTMM 32 IMOJMMEPHHU MaTepuaiu, a
CIIOpe]l JOKJIAJ 3a ChCTOSHUETO HA UHAYCTPUATHOTO NpuioxeHue Ha A1 3a 2019
I., TEXHOJIOTUUTE C HAH-TOJISIMO ThPCEHE U ChOTBETHO MPEAOCTABSIIN HANH-TOJIEMU
MPUXOAU 32 IPOU3BOACTBEHUTE MPEANPHUATHS, Ca MaTEPHANI-TIOAABAIIUTE U MPAX0-
BO-TIOCTEITHUTE.
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1.2. Marepuaj-noaaBaiio aJUTUBHO MPOU3BO/ICTBO

Marepuan-nogaBaioto A// € CbBKYNHOCT OT HUCKOTEXHOJIOTUYHU MaHHUITYJIa-
IIMY Ha KOHTPOJIMPAHO TOJIaraHe Ha MaTepuaj BbpXy paboTHa Maca. MeXxaHUIHUTE
CBOMCTBATa Ha BJIOKEHUSI MaTEpHUal Ce 3ama3Bar B €KCTpyAUpaHaTa HUILKA, HO IIs-
JIOCTHHSI JE€TAWI 4eCTO MPHUI00MBa aHW3OTPOIHO IMOBEIECHUE MOPAIM CIOecTaTa
CTPYKTypa U pacTepHOTO 3albJIBAHE HA OTAEIHUTE cloeBe. Cpenarta HA MPUHTHPA-
HE, CKOpOCTTa Ha MoJjlaraHe Ha CypOBHUHATa, OPUEHTAIUATA Ha CJIOEBETE, pa3zMepa
Ha JI03aTa, CTPATErusiTa Ha IIPUXOBAHE HA CJIOEBETE U OTCTOSHHUETO MEXKIY OT-
JETHUTE IIPUXH, TEMIEpPATYypUTE HA EKCTpyJaupaHe, Ha paboTHaTa Maca W Ha pa-
00THHSA 00eM, KaKTO U1 MHOTO JIPYTH NapaMeTpu, BCUUKUA ChbBKYITHO ONPENEIST re-
OMETpUYHATA MPELUU3HOCT U MEXAHUYHUTE U €CTETUYECKH KauecTBa Ha U3rpaxk/ia-
Hus aetain [11, 12, 13]. Ha ¢urypa 8 e npencraBeHa sskocTTa Ha OI'bH HA pa3jivy-
HU MaTepUalii MpHY pa3sinueH bI'bJ Ha IIPUXOBAHE W HANpPEyHa MOCOKA Ha IoJjara-
HE CIPSIMO HaTOBAPBAHETO.
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Duczypa 8. HArxocm na onvH npu pasnuuen vevll HA WpUxosaue, 3a pa3iuuHu mamepuanu [12].

1.3. IIpaxoBo-noCcTe/IHO AAUTHBHO POU3BOACTBO

[TpaxoBo-MOCTETHUTE TEXHOJIOTHH CIEABAT MOYTH MACHTUYEH Ipoliec Ha pado-
Ta, IpU KOWTO MaTepuas BbB opMa Ha Iy pa OuBa pas3cTiaH BbpXY paboTHa maca
U U30UpaTeaTHO 00IBUEH Upe3 CHEPrUeH U3TOYHUK JI0 TIOCTUraHe Ha CUHTEpOBavHa
WIN CTOMHJIHA TeMIIepaTypa 3a U3rPaKIaHe Ha KEIAHOTO CEYCHHE B KOHKPETHUS
CJIOH, ClIe/l KOETO HOB CJION Iyzpa OuBa pas3cTiaH BbpXY HNPEIUIIHUSA U MPOLECHT
ce MoBTapsl.

ITynpara e ntocrarp4yHo cTabuiHA, 32 Aa MOAKPENs AeTalIuTe B MpOLieca Ha U3l-
paxkJaHe, KOETO I03BOJISIBA MPOU3BOJCTBO HAa U3KIIIOUUTEIHO CJIOXHHU JACTaniu,
0e3 HykJaTa OT AOI'BJIHUTEIHA 00paboTKa 3a MpeMaxBaHe Ha NOJANOPHU CTPYKTY-
pu. 3a cmoMaraHe Ha mpoleca U HaMaJsBaHe Ha HY’KHOTO BpeMe Ha OOJbYBaHE €
TUIUYHO LETUAT pabOTeH 00eM Ha Te3HW MAIIMHU M ChOTBETHO CYpOBHHATA B HETO
Jla ce MOAIbPIKAT MPHU TemIepaTypa OJu3Ka J10 1ejeBaTa npu o0IbYBaHe.
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Haif-mupoko pa3npocTpaHeHUTe MPaxOBO-MOCTEIHU TEXHOJIOTUM ca u30upa-
TeNHO Ja3epHo cuHTepoBaHe (Selective Laser Sintering — SLS) U MHOTOIUIONTHO
cmuBane (Multijet Fusion — MJF). MJF e TeXHOJOTHS, IPX KOSTO TPACHPAHETO HA
CEUYEHHETO M CHHTEPOBAHETO MYy Ca OTICIHHU JICHHOCTH, M3BBPIIBAHHU €IHA CIIE
npyra. Tpacupamara riaBa OTIeYaTBa CEYCHHETO HA JIeTailla B aKTHBEH arcHT,
KOMTO IMO3BOJISIBA CHHTEPOBAHE, a OKOJIHATA IUIONI B OJIOKUpAIl areHT, MPOTHUBO-
neiictain Ha mpoueca. [Ipoieca Ha cUHTEpoBaHe ciie]l 3aBbPIICHOTO TPaCHpPaAHE €
IIMPOKOIUIOIIEH, €THOBPEMEHHO I10 1isij1aTa paboTHA IO HA KaMeparta, upe3 UH-
¢padepBeHo npueHue. ToBa rapaHTHpa 3HAUMTEIHO HAMajeHa AaHU3OTPONHUS Ha
cBoiicTBaTa Ha Marepuaina B neraitna. Ha ¢urypa 20 ca mpencraBeHu KpuBH Ha

nedopmupane npu onbH Ha poOHM Tena oT [lomuamun 12 (PA12), nonyyeHu npu
pa3auyHa OpUMEHTAlUs Ha U3rpaxaaHe [26].
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@uzypa 20. Kpusu na degpopmupane na npooru mena om PA12 ¢ paznuunu opuenmayuu,
nonyuenu upez MJF mexnonoeus [26].

1.4. U3Boam

Marepuan-nogaBaure U MpaxoBO-MOCTEIHUTE TEXHOJIOTHMU ca Hah-OJIM3KHU 110
MPOU3BOJIUTEIIHOCT U MPUEMCTBEHOCT O YTBBPJACHHUTE TPAJAULMOHHU WHIYCTpPH-
aJTHU TEXHOJIOTUH.

KauecTBara Ha MpaxoBO-MTOCTETHUTE TEXHOJIOTUU CE ABJDKAT HA CIOXKHU MaTe-
pran-MaHUMYJIMPAIY MPOLIECH, OCBIIECTBUMHU UYPE3 CKbMa W MPELU3HA TEXHHUKA,
KOETO TH OTJEeNs OT OIOHKETHUTE U XO0W MPHUIIOKEHHUST Ha MaTepuas-noJaBalluTe
TE€XHOJIOTHH.

[Tpou3BOAUTEIHOCTTA HA MPAXOBO-IIOCTEIIHUTE TEXHOJOTUU € MPEABUAMMA I10-
pany MUHMMAJIHA pbuHa paboTa U 100paTa ChbBMECTUMOCT C MHAYCTPUATIHU METO-
¥ 3a JOBBpIIMTETHA 00padOoTKa HAa MPOAYKIMATA. 3aBBPUICHUTE JETailin ca ¢
BBHIIIEH BUJ], CbIIOCTABUM C TPATUIIUOHHUTE METO/IH.

Bonemu cpen monumepHUTE MPaxoBO-MOCTENHU TexHojorun ca SLS u MJF
TEXHOJIOTUUTE, C BOACIL TPOU3BOACTBEH MaTepuas PA12.

brarogapeHne Ha Ka4eCTBEHUSI KOHTPOJ BbB BCSKA CTHIIKA OT MPOU3BOJICTBEHUS
nporiec npu MJF TexHONOrusATa, MEXaHWYHUTE CBOMCTBATa Ha MaTepuaia B mpoo-
HOTO TSUJIO ca MO-0JIM3KU JI0 U30TPOIMHU. SIKOCTHUTE XapaKTEPUCTUKHU Ce T00IMKa-
BaT JI0 ChUIUTE HA MPOOHM TeJia, MOJyYeHH Ype3 TPAAULIMOHHO MPOU3BOJICTBO.

MJF TexHoJoTusiTa € Hal-eKOJOTMYHO ChoOpa3HaTa TEXHOJIOTHSl ¢ MUHUMAaJICH
OTIIEYaThK BbPXY OKOJIHATA Cpeaa.
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2. Biusinue HAa cTapeeHeTO BbPXY MeXaHNYHUTE CBOIICTBAa HA MPOOHHU TeJa
OT MOJIMMEPHH MATePUAIH

2.1. BLBeaeHnue

N3cneaBaHeTo Ha €CTECTBEHOTO CTApeeHE € Hal-HaJeKAHUSAT MOJX0] 3a Ompe-
JIeTIsSIHE Ha €KCIUIOATAl[MOHHUS JKUBOT Ha €IHO u3aenue. Excno3unusTa Ha TepeH
o0aue M3MCKBa IBJITO BpEeMe, 3a Ja ce chOepaT 3HAYMMU JIaHHU M CJIe]] TOBa Ja Ce
HaIMpaBsIT 3aKIIOYCHHUS.

[IpuBriekaTenHa aaTepHATUBA MPEICTABIISIBAT MPOIICAYPUTE 32 YCKOPEHO cTape-
ene. M300pbT Ha yckopsBaiuTe pakTopu Urpae pemaBaiia pojis B pe3yaTaTuTe OT
YCKOPEHUTE METOJM 3a cTapeeHe. Te3u yckopsiBaiy ¢akTopu TpsOBa Ja ch3aaaar
MEXaHM3bM Ha Jierpajalius, Bb3MOXKHO Hal-OJM3bBK JI0 TO3M MPHU €CTECTBEHO CTa-
pEeeHEe U B CHITOTO BpEME J1a OCUTYPST HaMaJieHO BpeMe 3a u3cieaBane. O4eBUIHO
TE3H JIBE U3UCKBAHUS ca B KOH(IJIMKT.

2.2. EcTecTBeHO cTapeeHe

3a ecTEeCTBEH IMPOLIEC HAa CTApEEHE Ha MOJIMMEPUTE IpHeMaMe, KOrato Te ca H3-
JIOKEHHU Ha €CTECTBEHH aTMOC(HEpPHH YCIOBHS Ha OTKPUTO, KaTO € BaXKHO J1a CE€ OT-
Oenexu, 4e MOJTMMEpPUTE CTapesiT JOPU IPU CKIIJ0BU yCIIOBUSI.

B cratus [41] ce pasriexna KpaTKOCPOYHO €CTECTBEHO CTAPEECHE HA JIUCTOB MO-
muniponuieH (PP) ¢ nebenuna 0,05 mm, U3JI0KEH Ha BHHIIHU YCJIOBHS 32 OKOJIO 2
Mecela Mnpe3 JIETEH TPOIMUYEH CE30H M OKOJIO 2,5 Mecela Mpe3 3UMEH TPOIHUYEH
CE€30H, KaTO Ha BCEKU 5 JIHM ca CBAJSHU MO 2 MpoOU OT BCsKa rpyna 3a chbOupaHe
Ha gaHHu. [lomydeHnuTe pe3ynratu ca nmpejacTaBeHu Ha gurypa 21.
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@Duzypa 21. Omnocumenna oepopmayus (%, 1260) u akocm na onvu (MPa, osacuo) na PP
npU pasiulHa NPoObINCUMETHOCH Ha eKkcno3uyus (Onu) [41].

Gallo u exun ca u3cienBaliv €CTECTBEHOTO CTapeeHe Ha MPOOHHU Tella OT JUCTOB
MOJIMIIPOIMIICH ¢ pazinyHa nedenuHa [42, 43, 44]. ABTopuTe 3aKiIr04aBar, 4e XU-
MUYeCcKaTa Aerpajalys ce CiayuBa INIaBHO OJIM30 J0 MOBbPXHOCTTA HAa MaTepHaa.
CreioBaTesIHO BIMSHUETO HA CTApPEEHETO BBPXY MEXaHMYHHUTE CBOMCTBA Ha MO-
ThbHKUTE PP npoOHM Tena IIe € MO-ToJIIMO, OTKOJIKOTO MPH MO-Ae0euTe.

2.3. YckopeHo cTapeeHe

VYckopeH mporiec Ha cTapeeHe HaOI0jaBaMe, KOraTo YCIOBUATA HA €KCIIOHUPA-
HC Ca 3HAYUTCIHO II0-aIrpC€CUBHHU OT CCTCCTBCHUTC, MJIM CCTCCTBCHUTC HHKJIIM HaA
TbMHHWHA-CBCTIIMHA, CTYA-TOIUUIMHA, CyIIa-BJiara ouBat 3a4€CTCHU, UJIN U ABECTEC
3aeaHO [40].
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Crarus [51] uzcnenaBa Ouo-noauaMuiHU (HOJTUEBH IJIACTUHM, TOJJIOKEHH Ha
yCKOpeHO ctapeeHe upe3 UV npueHue B AuMana3oH Ha JbJDKWHA HA BbJIHATA 295-
365 nm. [Ipo6GHuTE Tena ca MOJI0KEHN HAa PEAyBalIH CE IIUKIIH:

e temrneparypa 60°C, BnaxHoct 50-70% u UV npueHHe B NPOABIKEHUE HA
6 Jaca;

e Ttemneparypa 60°C, Brnaxxnoct 100% u nskirouenn UV namnu B IpoIbi-
»KeHue Ha 6 yaca.

[IpoOHuUTE Tena ca eKCIIOHUPAaHU 3a Pa3IMYHU EPUOU OT BPEME, Clie]] KOETO ca
U3MHUTAHU Ha ombH. [Ipeau n3nuTBaHeTo Ha OM'bH, IPOOHUTE TENa ca KOHAUIIMOHU-
paHu TpU CTaiiHa Temneparypa Haii-manko 1 geH. Ot nmomydenute pesyaratu (hu-
rypa 26) ce BUx/Ja, 4e IpaHMllaTa Ha IPOBJIAYaHE HaMaJIsiBa C YBEIMYABAHE Ha I1e-
pHOJ1a Ha CTapeeHe.

16

14 1

12 1

61 days

Stress (MPa)
[0e]

0 100 200 300 400 500 600
Strain (%)

@uzypa 26. Kpusu na depopmupane Ha 6uo-noauamuonu onuesu niacmunu, noOaI0A*CeHU Ha
yckoperno cmapeene upe3 UV nvuenue [51].

2.4. Bpb3ka MexK1y eCTeCTBEHO M YCKOPEHO CTapeeHe

B uscnenpane [28], moBeIcHUETO HA OTKPUTO HA IPP € CpaBHEHO C MOBEJACHUETO
Ha ChIIUA MOJUMeEp, MOJJIOKEH Ha YCKOPEHO cTapeeHe. ExcrnepuMeHTUTe Ha OTK-
pUTO ca MPOBEJAEHU B MPOABDKEHUE HA JBE TOJMHU M IIECT MECELAa Ha Pa3IuuyHU
Mecta B Kutail. YckopeHoTo crapeeHe € uspbpiieHo no ISO 4892-2 [35], ¢ no-
MOIIITa HA KCeHOHOBA Jiamra. [Ipennoxeno e nogoOpeHo ypaBHeHue Ha Arrhenius
3a Bpb3Ka MEXKIy €CTECTBEHOTO M YCKOPEHO cTapeeHe. B 3aBucuMocT oT mecrara
Ha U3JlaraHe Ha OTKPUTO € YCTAaHOBEHO, Y€ KOS(MUIIMEHTHT HA YCKOPEHO CTapEeHE K
Bapupa ot 8 110 30.

B cratus [55] ce cprnocTaBsaT pe3yaTaTyd OT €CTECTBEHO U YCKOPEHO CTapeeHe Ha
noymetusieH Tepedranar (PET). 3naraneTo Ha €CTECTBEHU YCIOBUS € U3BBPIIICHO
B JlonaoH. YckopeHoTO cTrapeeHe € u3BbpiieHo cbriaacHo ISO 4892-3 B QUV ka-
Mepa, obopyBaHa ¢ (ayopeclieHTHa Jammna. M3cnenBanure cBoicTBa ca SIKOCT Ha
yaap YU MOBBPXHOCTHH XapaKTepUCTUKU (UBAT W riaHu). He e oTkputa Bpb3Ka
MEXIYy €CTECTBEHOTO U YCKOPEHO CTApEEHE 3a PE3YJITATUTE OT SIKOCTTA Ha yaap.
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Kopemanuure Mexay HM3MUTBAHETO HAa OTKPUTO M YCKOPEHOTO HM3ITMTBAHE ca
WHTEPECHa, HO MPOTUBOPEYMBA TeMa OT TIOBeYe OT BeK. EMHM aBTOpU 3asBsBAT, Ue
€ Bb3MOJXKHO J1a C€ CHITIOCTABAT MOJYYCHHUTE PE3YJITaTH, IPYTU Ce KOJIeOasT, a Tpe-
TH CMSITaT, Y€ TOBA € HEBB3MOKHO 3a HAKOM nosumepu [38, 40].

2.5. U3Boan

EcTtecTBeHOTO cTapeeHe € 6aBeH MpoIiec, KOMTO 3aBUCH OT TUIIA KJIMMAT.

N3no3BaHeTo HA YCKOPEHH METO/U 3a CTApEEHE MO3BOJIABA Jla CE Ch3/1aBaT Me-
TOAU U MOJIEJIM, C KOUTO Jia C€ MPOTHO3MPA MOBEACHUETO Ha MOJIUMEPHUTE MaTe-
puay B €CTECTBEHA pabOTHA cpea.

OO6ocHoBKaTa Ha M300p HA METOJ] 32 YCKOPEHO CTapeeHe Ce KPUue BHB BB3MOX-
HOCTTA Jla C€ HAIlpaBU BPb3Ka MEXIY €CTECTBEHO U YCKOPEHO CTapecHe.

MexaHUYHUTE XApaKTEPUCTUKHU HaA TMOJUMEPHUTE MaTepuaad MoraT ja ObaaT
T00Bp MapaMeThp 3a YCTAHOBSIBAHE HA BPB3Ka MEXKIY €CTECTBEHO U YCKOPEHO CTa-
peeHe.

Edextute oT cTapeeHeTo BrpXy MEXaHUYHUTE CBOMCTBA HA TIOJTUMEPHUTE MaTe-
pHUay 3aBUCAT OT BHJA HA MOJMMEpPA, HAYMHA HAa TTPOU3BOJCTBO U JeOennHaTa Ha
npoOHUTE Tena.

[TocTuranero Ha 3aJ0BOJIUTEIIHA KOpENAlUs MEXIY €CTECTBEHOTO U YCKOPEHO
CTapeeHe BCe OIlIe € MPeU3BUKAaTEIHA 3a/ladya B UHKEHEpPHATa MPAKTHUKA.

XumudeckaTa JIerpananus ce CIy4yBa TJIaBHO OJIM30 70 MOBBPXHOCTTA HA MaTe-
puana [42, 43, 44, 56]. [Ipyra npeau3BUKaTeIHa 3aa4ya € Jia ce Onpeesn AbJI0o-
yyHaTa Ha Jerpajaius Ha mMaTepuasia. ToBa Ie MOo3BOJIM Jia C€ MPOTHO3UpA BIIUSI-
HUETO Ha CTApEEHETO BbPXY MEXaHUYHHUTE CBOMCTBA HA KOHCTPYKIIMOHHU €JIEMEH-
TH C Pa3JIMYHO HANPEUYHO CEUYCHUE.

4. Anaparypa 3a U3NMTBaHe HA CTapeeHe U HA OIIbH

4.1. AnapaTtypa 3a U3IMTBaHe HA CTApeeHe

3a eKCloHUpaHE B €CTECTBEHM KIMMATHYHU YCJOBHS MOXE Ja Ce H3I0JI3Ba
CTaHJAPTEH CTEH]I, MPEACTaBEH CXeMaTU4YHO Ha durypa 29 B auceprammsTa [57].
CTeHabT ce MOCTaBsl Taka, ye €KCIIOHMpaHaTa MOBBPXHOCT Ja ObJe HacoueHa Ha
IOT U [10/1 OIPEJIENICH BI'bJ CIIPSIMO XOPU30HTA.

Haii-uecto u3non3BanuTe yckopsiBamy (GpakTopu Ipu MPOLETypUTE 32 YCKOPEHO
ctapeene ca UV npueHue, NOBHILIEHA TEMIIEpaTypa U MOBUIIEHA BIAKHOCT, KOUTO
CTUMYJHUpAT MPOILEeCUTe Ha (OTO-OKCHIATUBHO, TEPMUYHO W/WIH XUAPOIUTHIHO
pasrpaxkaaHe Ha ToJUMeEpHHUTE MaTepuaim [56]. M3nonsBar ce crenuanu3upaHu
KaMepH, KOUTO TI03BOJISIBAT PEyBaHETO HA IIUKJIIM, BKIIFOUBAIIY PA3TUIHA KOMOH-
HAIMM OT Te3HW (PaKTOpH. YTPaBIsABAT C€ MHOXKECTBOTO MapaMeTpPH, KOETO MPaBU
T€3U KaMEpH CIIO’KHU U C BUCOKA IIeHa.

4.2. Anaparypa 3a u3NIUTBaHE HA OITbH

3a mpoBekIaHe HA W3MHUTBAHUS HA OMbH B ChBPEMEHHHTE JIAOOPATOPHUH CE M3-
MOJI3BAT U3MUTBATEITHN MAIIMHU CHC CEPBOYMPABIIEMH HATOBAPBAIIN MEXaHU3MH,
KOUTO MO3BOJISIBAT J1a C€ OCUTypsiBa Mpelu3Ho HatoBapBaune [70, 71, 72, 73]. U3uc-
KBaHUSTA 32 MPEIU3HOCT MIPABH T€3W MAIIMHU CJIOKHHU M C BUCOKA IICHA.
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3a peructpupaHe Ha cuiaTa, ¢ KOSITO C€ HaTOBapBa MPOOHOTO TAJIO, HAM-4eCTO
C€ M3MO0JI3BAT TCH30METPUYHU CHJIOMEPH, KOUTO MpeoOpa3yBaT MEXaHWYHATA JIe-
dbopmarys Ha eTaCTUYHUS UM €JIEMEHT B TIPOMTOPIIMOHAJICH EIEKTPUUECKH CUTHAIL.

B karenpa ,,Mexanuka” npu TY — Codust e Hanu4uHa cCUCTEMa 3a U3MUTBAHE Ha
ombH [78]. Ts ce cbheTom OT M3nuTBarenHa MamunHa ZD 10, komMnoTbpHa cucTEMA U
KOHTaKTHH €KCTEH30METpH 3a m3MepBaHe Ha nedopmaruu. [Ipu pabota cwhe cuc-
TeMaTa € yCTAaHOBEHO, Y€ MEXIy MOJyja 3ajaBall ABMKEHHETO Ha MOJABUKHUS
3axBaT W MOJyJia yIpaBisBall €JIeKTPOJBHUraTessi Ha MallMHaTa Bb3HUKBA KOMY-
HUKAIIMOHHA rpemika. Ta3u rpelnika Bb3HUKBA HA CIyYaeH MPUHLIUI U CJel MHO-
rOKpaTHa JUAarHOCTHKA, MPUYMHATA 3a IPElIKaTa He € YCTAHOBEHA.

B kartenpa ,,Mexanuka” e HaJuM4HAa U Jpyra MalllHa 3a W3MUTBaHE HA OIBbH,
Zwick 1474 (purypa 36 B nucepranusTa), C HepabOTEIIX yIIpaBIeHUE U CHIIOMED.

4.3. U3Boau

MarmHuTe 32 YCKOPEHO CTapeeHe, KOMTO Hai-100pe CUMyJIUpaT YCIOBUsATA Ha
€CTECTBEHO CTapeeHe, ca MaluHuTe ¢ UV JIbueHUE U NEPUOAUYHO TOTANSHE BbB
BOJIA.

Armapatypara 3a M3MUTBAHE HA CTApECHE W HAa OMBH € CIOXKHA, CrenupuIHa U
CKbIIa. 3aKyITyBaHETO Ha TOTOBU W3JeNusi € Hem3rogHo. llenecrobpa3Ho e paspa-
00TBaHETO HA COOCTBEHH MAIIIMHU WU MOJICPHU3HPAHE HA CHIIICCTBYBAIIIH.

S. lea u 3apaun

[Henra Ha auceprammonnus tpya € A CE M3CJIIEABA BJIMAHUETO HA
CTAPEEHETO BBPXY MEXAHUYHUTE CBOMCTBA HA ITPOBHU TEJIA
OT PA12, TIOJIYUEHU YPE3 MJF TEXHOJIOI' 1.

3a mocTuraHe Ha MOCTaBeHara el ca GopMyIUpaHu CASAHUTE 3a0aun:

1) Ja ce npoektupa u u3paboOTH CTOWKA 32 €KCIIOHWpaHE Ha MPOOHU Tela B
€CTECTBEHU KJIMMATUYHU YCIIOBHSI.

2) Jla ce mpoekTupa 1 n3padOTH MalIuHa 3a YCKOPEeHO ctapeeHe ¢ UV mpue-
HUE U MEPUOJUYHO MOTAMsIHE BbB BOJA.

3) Ja ce MosiepHU3Upa HAJTMYHA CUCTEMA 3a U3MUTBAHE HA OITbH.

4) Jla ce momydar rpynH OT MPOOHU Tejla C pa3IuvHa CTENEH Ha CTapeeHe,
€KCIIOHUPAHU B €CTECTBEHHM KJIMMATHUYHU YCJIOBHS M B YCIIOBHSITA Ha YC-
KOpeHo crapeeHe ¢ UV npueHne u nepuoAUYHO MOTAISIHE BBB BOJA.

5) Ha ce ompeaensaT MEXaHUYHUTE CBOMCTBA Ha MPOOHM Tejla, KOUTO HE ca
MOJJIOKEHH HA CTapeeHe M Ha MPOOHUTE Teja ¢ pa3jiMyHa CTENEH Ha CTa-
peexe.

6) [a ce cpaBHAT U aHATM3HUPAT MOJYUYEHUTE PE3YNTATH U J1a CE€ MPEIOKHU
Bpb3Ka MEX]y €CTECTBEHOTO CTapeeHe U YCKOpeHOTO ctapeeHe ¢ UV ib-
YeHHUE U MEePUOANYHO NOTAIsIHE BHB BOJA.

7) Ha ce mpeqioxu METOAMKA 3a MPOTHO3UpPaHEe Ha IbJIOOYMHATA Ha Jerpa-
Janusl Ha MaTepraia BCJIEICTBUE HA CTAPEEHETO.
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I''TABA 2. TEOPETUYHA YACT

1. Ctpykrypa u cBoiictBa Ha PAI2

[TonumepHara Bepura Ha PA 12 npeAcTasisiBa MOCIEI0BATETHOCT OT MOBTAPSIIH
ce 3BeHa (MOHOMEpH), BKJIFOUBAIIM 11 METUIEHOBU IpyIy, OTPAHUYEHHU B KpauIla-
Ta OT KapOOHWIJIHA TpyIa U BTOpHUYHA aMuHO Tpymna ((urypa 37). Bpbrikara mexay
METHJICHOBA TpyMna U aMHHO Tpynara € Hai-ci1aboTo 3B€HO B MOHOMEpaA, B KOETO
BEpUrara € Hail-BepOosITHO Jia C€ pa3pyllu Py TEPMUUHO HATOBApBaHE, XUAPOJIN3A,
MEXaHUYHO HaTOBapBaHE U Jp.

AMuHUTE TPYIU B OJMMEpPHATa BEpUra MoraT Aa opMUpaT Bpb3KH C AMUIHU
rpynu B 01au30 crosiiy Bepurd. [Ipu moaxonsmio pasmnojoKEeHUE Ha BEPUTHTE €
BB3MOXHO J1a c€ 00pa3yBar MOJIPENCHHU JIaMeJIapHU CTPYKTYpHU (KpUCTAIMHHHU 00-
JacTH, HApEYEHHU KPUCTAIUTH), KOUTO ca 3a00MKOJIEHH OT aMop(HHU (Hemoapene-
HHU) obnactu. KoHleHTpanusita Ha TakMBa KPUCTAJIMHHU PETHOHU B aMopdHaTa
CTPYKTypa Ha MOoJuMepa OIpeAeIIs HEropaTa CTeNeH Ha KpUCTAIMHHOCT.

I |
C CH CH CH CH CH N
e 2 2 2 2 2 N
A — o ~ 2 P
\T CH, (@8] TCcH, T~CH, TCH, TCI4 \ﬁ/
H SF \ \n 0
AmuaHa Bpb3ka  KapboHunHa MeTtuneHosa MKTH_AMMAHE] Bpb3Ka BropuyHa
(Hal-cnaba Bpb3ka ot
(NentnaHa) rpyna rpyna AMUWHO rpyna

AnudaTHaTa Bepura)
QDuzypa 37. Cmpykmypa na PAI2.

[IpoAbIKUTEIHOCTTa HA aIUTUBHUS MPOLEC Hajdara 3HAYUTEIHO MO-ABJITO U3-
JaraHe Ha CypOBHMHATa HAa BUCOKa TEMIIEpATypa, KAKTO U MO-IPOIBbJKUTEIHO U3C-
THBaHE, KOUTO 3a€IHO Mpeapas3noJiaraT KbM YBEJIMYaBaHE CTEIEHTAa Ha KpHCTa-
JUHHOCT Ha nonumepa [81, 82, 83] u NpoOMEHAT MEXaHUYHUTE MY CBOMCTBa CIpsi-
MO TPaJAUIITMOHHOTO MPOU3BOACTBO (Tabyuia 2).

Tabnuua 2. Mexanuunu ceoticmea na PAI12.

PAIL2 Sxocr Ha ombn, MPa OtHocuTeHA z[e(l)opMaumf) HA OI'BH
Npu pa3pymaBane, %
[Inpunsan 45-52 275-325
MJF TexHonorus 48 15-20

AJIMTUBHO MpOU3BENEHU Tena upe3 MJF TeXHOJIOrusTa UMaT MHOIO MO-MaJlKa
OTHOCHTEINHA JedopMalivsl Ha OITbH MPH pa3pylIiaBaHe COPSIMO TPAAULMOHHO MPO-
u3BeAcHUTE. Ta3u U IpyTy pasiuKu MEXKIy aAUTUBHO U TPAAMLIMOHHO IPOU3BEIE-
HU Tela ca MPEANOCTABKU 3a Pa3JIMKU B ABJITOCPOYHATA UM YCTOMYMBOCT HA JET-

pajanus.

2. MexaHHM3bM Ha eCTECTBEHOTO CTapeeHe
Bogemr mporiec Ha cTapeeHe pu MOJIMMEPHUTE € Pa3KbCBAHETO M CHOTBETHO CKb-
CSIBAaHETO Ha TOJMMEpHATa BEpUTra, BCICICTBHE OT pa3HOOOpas3ue OT XUMHUYCCKU
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peakuuu. [lTonuMepure ¢ Mo-KbCH MOJIMMEPHH BEPUTH OOMKHOBEHO JIEMOHCTPUpPAT
MO-HHUCKU SIKOCTHU CBOMCTBA M KPEXBHK MOJIEI HA pa3pyliaBaHe.

Bceuuku nmommMepu chabpikaT CBOOOTHM paJlKaad BCICACTBHE MpoIleca Ha Io-
JUMEPHU3alvs U UCTOPHUATA CH Ha 00paboTka u ekcruioatarus. CBOOOIHUTE paau-
KaJId IMaT CIIOCOOHOCT Jia Pa3KbCBaT JAbJIraTa BepUra Ha MoJuMepa KaTo U3TETIIsAT
pas3TUYHM €JIEMEHTH OT Hesl, Hall-ueCcTO KUCIOPO B MPOIEC Ha OKcuaarus. Peak-
IUsATa HA CBOOOJHU paguKalld C KUACIOPOJ Ch3/laBa HOBU CBOOOJIHH PAJMKAIH -
NEPOKCUIU W B TIOCIEACTBHE XUIPOIMEPOKCHIN, KOUTO Pa3KbhCBAT MOJIMMEpHATA
BEpHTra U MPOU3BEkKAAT MHOKECTBO MPOAYKTH, BKIIOUUTEITHO aJIICXUIN U KETOHH.

KaranuzaTopn Ha OoKcHIalMs W HATPYNBaHE Ha CBOOOJHM paauKaid MOTaT Ja
ObJaT BBHHIIHU yCIOBUS KAaTO MOBHIIEHA TEMIIEpaTypa, BIAKHOCT M BOJHU TapH,
yJITPaBUOJIETOBA CBETJIMHA, KUCEIMHHU U allKallHU Pa3TBOpPHU, TOpUBa U APYyTH [32,
56].

Ha ¢urypa 37 e nokazana cxemMa Ha MEXaHU3MHU Ha €CTECTBEHO CTapecHe.

A &

Tormnua UV npuenne Bona

v
OO0pasyBaHe Ha cBOOOIHU pajukanu + Kucinopos Xuzgponusa

v v

PaskbcBane Ha nmojJimMepHaTa Bepura

v

BiromaBane Ha MEXaHHUYHHUTE CBOMCTBA

Quzypa 37. Cxema Ha mexaHuzmu Ha ecmecmeeHo cmapeere [56].

HpOHeC’bT Ha CCTCCTBCHOTO CTApPCCHC 3aBHMCH OT YCJIOBHATA HAa CBOTBCTHUSA
KJIIMMarT Ipu CKCIIO3UIKUA Ha OTKPHUTO.

3. BugoBe KauMar

3.1. KinmmaTtuyna kiaacupuxkanust Ha Knonen-I'aiirep

Bunosere kiumar ce kinacupuuupaTr B OCHOBHH TPYNH CIIOPEH TEMIEPATYPHU U
BaJIeKH, KaTo Hali-pa3no3HaBaemarta € kiacuukauusTa Ha Keonen-I"aiirep, kosito
pazzens cBeTa Ha meT OoCHOBHM Tuma kiaumat: TpormueH (A4); Cyx (B); YMepeH
(C); Kontunenranen (D); [lonspen (£). Cucremara pa3rpaHuyaBa 30HUTE ITBPBO
110 OCPEJHEHU TEeMIIepaTypHHU T'PAaHUIIM U CJIe]] TOBA MO HUBA HA BIAXHOCT. Beska
30HA € JOI'BJIHUTENIHO pa30uTa Ha MOJ30HU CIOpe]l pa3npeeIeHUeTO Ha TeMIepa-
Typa U BJIQXKHOCT Mpe3 MECEUTE B roanuHara [85].

3.2. Kiimmat B Bbarapus cnopea kiacupuxkanusara Ha Keonen-I'aiirep

Knacudpukanusara na Koonen-lI'aiirep ompenens knumara Ha bbarapust kato
IIPEXOJIEH MEXAY YMEPEHOKOHTUHEHTAJIEH U CPEIU3EMHOMOPCKH, C SICHO U3PA3EHU
YEPHOMOPCKA U IIJIAHWHCKA 30HH.
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B Codwiicka o6iact, KbIETO € MPOBEACHO MPEABUICHOTO U3MUTBAHE HA €CTECT-
BEHO CTapeeHe, KIMMaThT € Kiacuduimpan kato ,,Cpeau3eMHOMOPCKH C BIAXHO
ns10”, ¢che cpennu Temmeparypu Mexay 0°C u 22°C u ¢ none 4 meceua Hag 10°C,
KaKTO W CPAaBHUTEITHO IMOCTOSHHA BIAKHOCT MEXIY CE30HUTE.

4. UV 1nbyenue

4.1. EcTecTBeHa yJTPABHOJIETOBA CBETJIMHA

YaTpaBuoseToBaTa CBETIMHA € CJICKTPOMarHuTHaA pajyalius ¢ IbIKHUHA Ha BbJI-
Hata Mexay 10 u 400 nm, mo-xkbca OT BUAUMATA CBETJIMHA U HEBUMMA 32 YOBEII-
KOTO OKO, HO ChC 3HAYUTEIIHO BJIMSHUE BHPXY )KMBOTA U YCJIOBUATA HA TJIAHETATA.
OcHoBeH n3TouHuK Ha UV cBernmHa e CIIBHIIETO, HO TOJIIMAa 4YacT OT CHEKThHpa,
KOWTO M3IBb4YBa c€ (PUITPpHUpPA OT O30HOBHS CIION M aTMocdepara npeau aa JOCTHUT-
HE 3eMHaTa MOBBPXHOCT. [Ipu )KUBOTHU M XOpa, yATPAaBUOJIETOBATA CBETIMHA MO-
e Jla Mpeau3BHKa M3rapsHUsg Ha KOXKaTa, JOKaTO MPHU MOJIMMEPHU MpEeIru3BUKBA
HATpyIMBaHEe Ha CBOOOHM PaUKalv, CIOMAraly IpoIeCUTe Ha CTapEeeHE.

4.2. U3KycTBeHM N3TOYHUIH HA YITPABHOJIETOBA CBETIHHA

B naGopaTopHu ycnoBus ce H3MOA3BaT U3KYCTBEHH U3TOUHUIM Ha UV cBeT/ivHa
— ra3opaspsaaHu (KCEHOHOBU IBIOBHU JIAMIIH, METal-XaluJIHHU, APYTH), ¢iyopec-
LIEHTHU JIAMIIH, BBIVIEPOJHU ABIOBU U IpyTrH. BCEKM M3TOYHMK HA CBETIMHA ITOK-
pUBa pa3IUYEH CIEKTHhD HA JIBYCHHUE U PA3INPEIACICHNE HA MOIIHOCTUTE, KaTO W3-
KyCTBEHHMTE M3TOYHHUIM HA CBETIMHA ce paznnyasar oT CiapHuero. C nen yeqHak-
BSBAHE HA CIIEKTHhPA HA U3IbUYBAHE HA W3KYCTBEHUTE U3TOYHMIM C TO3U Ha CIIbH-
LETO MOTaT Ja C€ U3MOJ3BaT (PUITPU, KOUTO Ja HAMAIAT IPEKOMEPHO MHTEH3UB-
HUTE JIbYEHUS B CbOTBETHUTE ABJDKUHU Ha BBJIHATA.

5. Ilnactmacu. MeToam 3a eKCNOHHMPaHe C JA0OPATOPHU M3TOYHUIIM HA
cBeT/inHA. Q01K yKa3aHUA ¥ U3UCKBaHus [34]

Pa3znonoxxenneTo Ha mpOOHHUTE Tesla M M3TOYHMIIUTE HA CBETJIMHA B Kamepara
TpsiOBa 1a e TakoBa, ue nmoHe 70% oT 00pYBaHETO J1a JOCTUTA A0 BCHUKH MPOOHU
tena. [lpu Hang 90% oOpuBaHE Ha BCUUKHU NMPOOHU Tela pa3MsHa HE € HeOOXOaU-
Ma, HO BBIIPEKU TOBA C€ MpEnophyuBa 3a MOCTUTaHE HA MAKCUMAJIHO PaBHOMEPHO
oOJbuUBaHe.

[ToBbpxHOCTHATA TEMIEpaTypa Ha MPOOHUTE TeJa 3aBUCH OT KOJMYECTBOTO ab-
copOupaHa pagualys, EMUCHUOHHATA CIOCOOHOCT HA MPOOHOTO TSJIO, CTEIIEHTA Ha
TOILIONPOBOIHOCT MEXKIY MPOOHOTO TSUIO M 3aXBaTUTE U OT KOHBEKLUATA MEXKITY
IpOOHOTO TAJIO U Bb3yXa B KaMepara.

BMmecro n3mepBaHe Ha TemiepaTypaTa Ha BCSIKO IPOOHO TS0, CTAHIAPTHT 1103-
BOJIIBA 32 U3MEPBAHE M KOHTPOJ Ha TEMIEparypara B KaMmepaTa Ja c€ M3MO0J3Ba
CEH30p C YepHa IMOBBPXHOCT, MOHTHpAH Taka B paBHHUHATA HA MPOOHUTE Teja U C
OpHUEHTAIIMs KaTo TAXHATAa, 3a /1a M0Jy4aBa ChIIOTO 00IbUBAHE KATO TSX.

dopwmara, pazmepure U OposIT Ha POOHUTE TENA C€ ONMPEILIIAT OT CTaHAAPTA, 1O
KONTO e ObAaT m3nuranu ciuen npoueaypure no 1SO 4892. Koraro metogsT Ha
U3MMTBAaHE HE YTOUHsBA Opos Ha MPOOHUTE TeJa, Ce MPEnopbhUBa 32 BCEKU MEPHOT

12
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Ha GKCIIOHMpaHEe B KameparTa 3a YCKOPEHO CTapeeHe Ja ce MOATOTBIT MUHUMYM I10
TpH MPOOHU TeJla OT BCEKU MaTepual.

Korato ce mpaBsT n3nuTBaHMs 3a ONPENEITHE HA MEXaHUYHUTE CBOMCTBA HA K-
CIIOHUPAHUTE NMPOOHU TeJa, T TPSOBA Aa ObAAT MOIXOAINI0 KOHIUIIMOHUPAHH.

6. Ilnacrmacu. Meroau 3a eKCrOHMpaHe ¢ JIA0OPaTOPHM M3TOYHUIM HAa
cBeT/IMHA. U3TOYHMIM ¢ KCEHOHOBA Abra [35]

M3TOYHUKBT Ha CBETVIMHA € €IHA WJIM [10BEYE KCEHOHOBU JIAMIIA, KOUTO H3JIbY-
BaT paauanus nox 270 nm B yITpaBUOJETOBHS IPE3 BUAUMHUSA CIIEKTHP U B UH(pa-
YEPBEHUS CIEKTHD.

3a 1a ce cUMyJMpa THEBHA CBETIIMHA, TPAOBA J1a c€ U3MOI3BAT (PUITPH 32 OCBE-
TSBaHE IPEe3 CTHKJIO 3a OTCTPAHABAHE HA YJITPABUOJIETOBOTO JIBYEHUE HA BBJIHUTE
C IBJDKUHM 10-KbcH 0T 310 nm. B gombnHeHne morat Aa ce u3noa3Bar u GuiTpu
3a THEBHA CBETJIMHA 3a MpeMaxBaHe Ha MH(pauepBEHOTO JIbUYCHHE, 3a Jla Ce Tpe-
JOTBpPATH HEPEATUCTUYHO HArpsBaHe Ha MPOOHHUTE Tesla, KOETO MOXKE J1a MPUYHHU
TEPMHUYHO pasrpakaaHe, KOETO He ce HaOIro1aBa Mpyu U3JiaraHe Ha OTKPUTO.

B Tabnuua 6 ca mpeacTaBeHH LMK HA €KCHO3MIMS ¢ KOHTPOJ Ha TeMIepaTy-
paTa upe3 4epHO-TaHEeJIeH TEPMOMETHP M M3MOJ3BaHE HA (QPUITHDP OT MPO30PEUHO
CTBKJIO.

Tabnuya 6. L[uxnu c ueprno-nanenen mepmomemsp u GUAMBP OM NPO3OPEUHO CIBKIIO.

ObabuBane
Iuicn. | TIpoxbBKHTETHOCT] 300400 Yepuo-nanenana |Temnepatypa|OTHOCHTEIHA
N\ 420 nm TeMIepaTrypa | B KaMepaTa | BJIAXKHOCT
] Ha u3J1araHe nm oC oC Y
,  |W/(m%nm) °
W/m
1 cyxa (aza 50+2 1,10+0,02 63+3 38+3 50£10
2 cyxa daza 50+2 1,10+0,02 89+3 65+3 20+10
3 cyxa ¢aza 5042 1,10+0,02 6343 - —
4 cyxa (aza 5042 1,10+0,02 8943 - -

7. llmactmacu. Onpeaesisine HA CBOICTBATA NMPHU ONBH [59]

7.1. TepmuHU 1 onpeeICeHUS

7.1.4. SIkocT Ha ONbH (0,,) — HAPEKEHUE MPU MHPBUS JOKAJIEH MAaKCUMyM, Ha0-
JII0JJaBaH M0 BpeMe Ha U3MUTBAHETO Ha OIThH.

7.1.5. Hanpexxenue Ha ombH npu x% aedopmaiust (0x) — HAPEKEHUETO, TIPU
KoeTo AedopmalusaTa JOCTUra ornpezesneHa cToiHocT x%. To Moxe ma Oblae mo-
JIE3HO, aKO BBPXY KpHBaTa Ha AepopMUpaHe HsIMa TOUKa Ha MPOBJIavYaHe.

7.1.6. HanpexxeHue Ha OITbH MpU pa3pyllaBaHe (0p) — HAPEKEHUETO, IPU KOETO
POOHOTO TSAJIO C€ pa3pylliaBa.

7.1.8. Jledopmariyst Ha OI'BH NpHU pazpylaBaHe (€z) — Aedopmanys Ipu mociaea-
HaTa 3alycaHa TOYKa OT JaHHH, MPEIX HAMPEKEHHUETO Ja C€ HaMajH J0 MO-MaJIKo
uiu paBHo Ha 10% OT sIKOCTTa Ha ONBbH, AKO pa3pyIIaBAHETO HACTHIBA MPEIU
IIPOBJIAYaHE.

7.1.9. lepopmartiuist Ha OIBH MPH SKOCT Ha OMBH (&,) — AepopMaius, Ipu KOSTO
€ IOCTUTHATa SIKOCTTa Ha OI'bH.

13



KpAcumuP HIKOJIOB ABTOPE®EPAT

7.1.11. Moxayn Ha enactudHOCT (E) — HAKJIOHBT Ha HAYAJIHUS JIMHEEH Y4YacThbK
0T KpuBata Ha JedopMmupaHe B uHTepBaia Ha aedopmarms &; = 0,05% u & =
0,25%.

7.2. IIpoOHM Tesia 32 U3NMTBAaHE

dopmara U pa3MepuTe Ha MIPOOHUTE TEJIa Ce OMPEIEIIT ChIVIACHO ChOTBETHATA
yacT Ha [SO 527 3a u3nuTBanus Mmarepuall.

3a BCsAKa OT M3UCKBAHUTE TOCOKM HAa M3MHUTBaHE TpsiOBa 1a ce M3MUTAT HaWd-
MAJIKO TeT MPOOHHU Tena.

7.3. YcaoBuA Ha U3NUTBaHe

CkopocTTa Ha U3MNHUTBAHE C€ PEryJjiMpa ChbIJIAaCHO CHOTBETHHUS CTaHJApT, OTHA-
cain ce 1o Marepuana. [Ipu nurca Ha TakaBa UH(pOpMaIUs, CKOPOCTTa HA U3IHT-
BaHE CE ChIJIaCyBa MEXKIY 3aUHTEPECYBAHUTE CTPAHHU.

8. Meranu. M3nurBane Ha obH. MeTo/ 32 M3NMUTBaHe NIPU TeMIIepaTypa Ha
3ao0uKajasamara cpena [60]

8.2. TepmuHu 1 onpeaeseHust

8.2.1. Hauanna mepHa apmkuHa (L,) — MEpHaTa AbKMHA HA YacTTa OT IPOOHO-
TO TSJIO C MOCTOSIHHA TUIOLI HA HAPEYHOTO CEUCHUE MPEAU MpUJIaraHe Ha CUJIaTa.

8.2.2. Kpaiina mepHa nbmkuHa (L,) — MepHaTa ThDKMHA HAa 9acTTa OT TPOOHOTO
TSJIO C TIOCTOSTHHA TUTONT HA HAMPEYHOTO CEUEHUE CIie pa3pylliaBaHe Ha TPOOHOTO
TSAJIO.

8.2.4. OTHOCUTENTHO YIBJDKEHHUE cliell paspyiaBaHe (4) — OCTaThUHO YIbJDKE-
HUE HAa MepHaTa IbJDKWMHA ciej paspyuaBane (L, - L,), U3pa3eHO B MPOLIEHTH OT
HavyajgHaTa MepHa IbJKUHA (L,).

8.2.5. MepHa nbJKMHA TIO €KCTeH30MeTbpa (L) — IbJKKMHA OT paboTHATA YacT
Ha MPOOHOTO TAJIO, KOSITO CE€ M3I0JI3Ba 3a U3MEPBAHE HA YIBJDKEHUETO Ype3 eKC-
TE€H30METhpAa.

8.2.6. OTHOCUTETHO YABIKEHUE MO0 €KCTEH30METhpa (€) — YABIKEHHUE O €KC-
TEH30METhpa, U3Pa3€HO B IPOLEHTH OT HaYajJHaTa MEPHA IbJKUHA (L,).

8.2.7. OTHOCHTETHO O0IIO yIBDKEHHE MPU paspyiiaBane (4;) — 0010 yaIbibKe-
HUE (€JaCTUYHO IUIIOC IUIACTUYHO YABJKEHHE) M0 €KCTEH30METhpa B MOMEHTA Ha
paspyliaBaHe, U3pa3eHo B MPOLICHTH OT HayajHaTa MepHA IbIKUHA (L,).

8.2.9. YcnoBHa rpaHuiia Ha MPOBJIAYaHE 32 3a/1aJICHO IACTUYHO YIbIKEHUE 10
eKCTEeH30MeThpa (R,) — HaNpeKeHUe, MpU KOETO IUNIACTUYHOTO YIBJIKEHUE 1O EKC-
TEH30METhpa € PaBHO Ha 3aJaJIeH MPOIEHT OT MEpHaTa IbKMHA 10 €KCTEH30Me-
Tbpa (L.). KbM 03HaueHueTo ce 100aBsi MHAEKC 3a 3aJaJICHUs] IPOLEHT Ha YIbJI-
YKEHHUETO, HAIIPUMED R,0,>.

8.2.10. YcnoBHa rpaHuiia Ha MpoOBJIavyaHe 3a 3a/1a/ICHO 0010 YIBIKEHUE 10 eK-
cTeH3omeThpa (R;) — HanpexXeHue, Mpyu KOeTo 00II0TO (€JIaCTUYHO TUTFOC TUIACTHY-
HO) YABJDKEHHE MO €KCTEH30METhpa € PaBHO Ha 3aJaJieH MPOIEHT OT MepHaTa
JbJDKWHA TI0 eKcTeH3oMmeTbpa (L.). KbM o3HaueHneTo ce no0aBs MHIEKC 3a 3a/a-
JICHUSI IPOLIEHT Ha YIBIKEHUETO, HAarpuMep Ry s.
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8.3. CkopocT Ha U3NMUTBaHE

B enactuynara o0nacT u 10 rpaHuIa Ha MpOBJavyaHe CKOPOCTTA HAa HapacTBaHE
Ha HaMpeXeHUEeTo TPsiOBa 1a Ob/e B TPAaHUIIUTE, IPEeICTaBEeHU B Tabauma 7.

Cren ompenensHe Ha rpaHUIA HA TPOBJavyaHe, CKOPOCTTa HAa M3MHUTBAHE MOXKE
na ObJe yBelW4YeHa JO CKOPOCT Ha OTHOCHTENHA aedopManus HE MO-TOoNsiMa OT
0,008 s

Tabauya 7. Ckopocm Ha Hapacmeane Ha Hanpe#CeHuemo.

Moyt Ha eIacTHYHOCT Ha MaTepuaia, | CKOpoCT Ha HapacTBaHe Ha Hanpexennero, MPa.s™!
MPa MHMHHMYM MaKCHMYM
<150 000 2 20
> 150 000 6 60

AKo ce u3uCKBa Ja ObJe ompenesieHa caMoO SIKOCTTa Ha ONbH Ha MaTepuala,
CKOpPOCTTa Ha OTHOcUTeNHa nedopmanms He Tpsab6sa na npesumasa 0,008 s B Te-
YeHHE Ha U3MUTBAHETO.

8.4. OnpenesisiHe HA YCJIOBHATA TPAHMIIA HA MPOBJIAYaHe 32 32/1a/I€HO IJIAC-
THYHO YAbJKEHHE N0 eKCTEH30MeThpa

VYcnoBHaTa rpaHMiia Ha MPOBJIAvYaHe 32 33JaJI€HO TUIACTUYHO YABIKEHUE MO K-
cTeH3oMmeTbpa (R,) ce onpeneist OT KpuBara Ha AepopMUpaHe Ha MaTepuala ,,Harl-
PEXKEHNE-OTHOCUTEITHO YIBIIKEHUE M0 €KCTEH30METhpPa’ Upe3 MpeKapBaHe Ha JIM-
HUS, YCTIOPEHA HA JIMHEIHATA YacT Ha KpUBaTa U Ha pa3CTOSIHUE OT HEsl, PaBHO Ha
3aJjaIcHUs IIPOLICHT OTHOCUTEIHO yABIKEHHUE e, Hanpumep 0,2%. Opaunarara Ha
TOYKATa, B KOSITO Ta3W JIMHUS MPEcuva KpuBaTa, ChOTBETCTBA HAa ThPCEHATA yCJIOB-
Ha TpaHUIA Ha MpoBiadaHe. KbM o3HaAYeHHWETO ce M00aBs MHACKC 3a 3aTafCHUS
IPOLIEHT Ha yABIKEHUETO, HAalpuUMep R, 2.

8.5. Onpenensine HA rPaHMIIA HA MPOBJIAYAHE 3a 32/71a/1eHO0 0010 yIbJIkKe-
HHeE 110 eKCTEH30MeThpa

YcnoBHaTa rpaHuiia Ha MpoBjavyaHe 3a 3aJaZeHO 0010 YIbIKEHHE M0 €KCTEH-
3oMeThpa (R;) ce onpezens oT KpuBaTa Ha AedopMHUpaHe Ha MaTepuana ,,Harpexe-
HUE-OTHOCUTEIHO YABJKEHUE MO €KCTEH30MEeThpa”’ 4pe3 MpeKapBaHEe HA JIMHUA,
yCIOpeHA HAa OpJMHATHATA OC M Ha Pa3CTOSIHME OT HEes, paBHO Ha 3aJlaJIeHUs
IPOLIEHT OTHOCUTEIHO YIBJKEHUE e;, Hanpumep 0,5%. OpaunaTata Ha TOYKara, B
KOATO Ta3M JUHUS Mpechya KpuBaTa, ChOTBETCTBA HA ThPCEHATA yCIOBHA I'PaHULIA
Ha IIPOBJIaYaHe.

8.6. Onpenesisine Ha OTHOCUTEJIHO YIbJIKEHHE CJIe/l pa3pylIaBaHe

AKO paboTHaTa IBJKMHA € MHOIO IO-TOJsiMa OT HadajHaTa MEpHa IbDKUHA
(L,), Moxe n1a 6bJie MapKUpaHa cepusl 3aCThIBAIIN CE€ MEPHU JbJKUHU.

OTHOCUTENHOTO YIABJDKEHHUE Clell pa3pylaBaHe (4) ce mpecMmsTa OT cieqHaTa
3aBUCUMOCT:

A:%IOO,% (7)

0
3a HenmpoMOpIMOHATHU NMPOOHU Tella KbM O3HAUEHUETO A TpsiOBa 1a ce A00aBu
MHJIEKC, MOKa3Balll M3M0JI3BaHaTa HauyalHa MEepHA IbJDKUHA.
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I''TABA 3. IPOEKTUPAHE, U3PABOTBHE 1 MOAEPHU3UPAHE
HA CPEACTBA 3A UBIIMTBAHE HA CTAPEEHE U HA OITBbH

1. IlpoexTpane U n3padboTBaHe HA CTOHKA 32 eKCIIOHMPAaHe HA MPOOHHU Te-
JIa B €CTECTBEHU KJIMMATHYHHU YCI0BUS

1.1. IlpoexTUpaHe u u3padoTBaHe HA CTOMKATA

Ha 0asara Ha maHHu crnienuanu3upanara auteparypa [57], e u3dpaHa KOHCTPYK-
usTa, NokasaHa Ha ¢urypa 45. Ckapara (2) mo3BossiBa MoHTHpaHeTo Ha 20 mpoo-
HU Tena — 4 pena no 5 mpoOHu Tena. CkapaTta ce MOHTHpPa KbM pamMKaTa OCPEACT-
BOM OCH 4, KOUTO JlarepyBaT B JIarepHUTE BTYJIKH J. Ta3u Bpb3Ka MO3BOJISABA 3a-
BbPTaHE Ha CKapaTa OKOJIO HaUThKHATA M OC, KOETO 1€ MO3BOJIM PABHOMEPHO CTa-
peeHe Ha MMOBBPXHOCTUTE HA MTPOOHUTE TeJa.

Quzypa 45. Cmotixka 3a usnumeane Ha eCMmecmeeHo CmapeeHe:
a) 3D mooden na npoexmupanama cmotika, 6) CHumMKa Ha uzpabomenama cmouxa.

1.2. MeTtoauka 3a U3NMTBAHE HA CTapeeHe B €CTeCTBEHM KJIMMATHYHU YC-
JIOBMS ¢ U3padoTeHaTa cToiika

1.2.2. Croiikata 3a eKCIIOHMpPAaHE HAa MPOOHU Tella C€ TMO3UIIMOHUpPA Ha TMOIXO-
TS0 MSICTO TaKa, Y€ €KCIIOHUPAHATa MOBBPXHOCT J1a ObJie HACOUEHA HA FOT M BB-
Xy Hesl Jla He Majia CAHKa Mpe3 CBeTJaTa 4acT Ha JEHOHOIIUETO U CBETIMHA OT U3-
KYCTBEH M3TOYHHUK MPE3 ThMHATA YaCT OT JIEHOHOUIUETO.

1.2.3. MoHTupar ce npoOHUTE Tesa B CTOMKATa 3a €KCIIOHUPAHE.

1.2.4. Craptupa ce U3NMUTBAHETO HA CTAPECHE.

M3nuTBaneTo 3amo4yBa B HA4YaJNOTO Ha TOAMIIEH ce30H. Ha Bceku 7 aHM ckapaTa
Ha CTOMKAaTa Cce 3aBbpPTa OKOJIO HaJUIhkHATa 1 oc Ha 180° 3a mocTUraHne Ha paBHO-
MEpHO CTapeeHe Ha MOBbPXHOCTUTE HA MPOOHUTE TEa.
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[IpoabKUTETHOCTTa HA €KCIIOHUpaHe TpsiOBa Aa Obae He Mmo-Maika oT 1 roau-
Ha ¥ HE MO-TOJisiIMa OT 5 TOJMHU, aKO HAMA JPYTU yKa3aHUsA B MporpaMara 3a u3-
NUTBAaHE U B CTAHAAPTUTE 3a MaTepHaia. MeXIMHHUTE U3NUTBAHUS HA MPOOHUTE
TEJa ce MPaBsIT 3a BCEKH CE30H, a IPYTUTe — HE MO-PAIKO OT | IbT B roAMHATA.

[IpoGHuTE TEnma OT MOCIETHOTO M3MUTBAHE TPsiOBa Ja ObJAT KOHIWLIMOHUPAHU
Hail-majko 86 yaca ciiesl CBaJsiHETO UM OT cTorkara [33].

2. IIpoexkTHUpaHe U N3pad0TBaHe HA MALIKMHA 32 YCKOPEHO cTapeeHe upe3 UV
JbYeHHEe U MePUOAUYHO MOTANsIHE BbB BO/IA

2.1. KoHCTpYKIIMSI HA MallIMHATA

Ha 6a3ara na onuta Ha kateapa ,,Mexanuka” kbM TY — Codust 1 1aHHH OT cIie-
nuanu3npanata aureparypa [34, 35], e chb3aageHa KOHCTPYKIMATA, MOKa3aHAa Ha
¢durypa 46. MamuHata € cbcTaBeHa OT YETHPU MOJIyJa — 3aJIBUXKBAILl MEXAHU3BM,
ropHa Kamepa, J0JHa KaMepa U KaceTa 3a MpoOHH Tena.

@uzypa 46. 3D mooen Ha mawunama: a) c oowuska, 6) 6e3 oouusKa.

2.2. YnpaBJjieHHe HA MALIUHATA

brok cxema Ha ynpaBieHHETO Ha MalIMHATa € okazana Ha ¢urypa 51. Ilocpen-
CTBOM 3aJBMKBAIMS MEXAaHW3bM, KaceTaTa ¢ MPOOHUTE Tella C€ MPEeMECTBa OT
ropHaTa Kamepa, KpJeTo ce oompuBa ¢ UV nbpueHue, B JojHATa KaMepa, KbAETO €
MOTOIIEHA B IECTHIIMpaHa BoJa U 00paTHO.

MarmHaTa ce ynpasiisiBa OT €JIeKTPOHEH OJI0k 3a ynpasienue (EAY), usrpaneH
Ha 0a3aTa Ha IpOrpaMupyeM MHUKPOKOHTpoJiep. MUKPOKOHTPOJIEPHT Ce Mporpa-
MUpa MOCPEICTBOM MEPCOHAIIEH KOMIIOTHP C Mporpama 3a yrnpaplieHue Ha CTeH/Ia.
B Hes ce yka3Bar NpoabKUTEIIHOCTUTE Ha u3iarane Ha UV iabueHue W Ha moTa-
NsiHEe BBbB BOJATa. YKa3BaT C€ ChILO M TEMIIEPATypUTE HA YEPHO-TIAHEIHUTE Tep-
MOMETPH, MIPU KOUTO C€ BKIIOYBAT U U3KIIIOUBAT BEHTUJIATOPUTE.
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Quezypa 51. bnok cxema Ha ynpasnieHuemo Ha MAUHama.
EBRY — enexmponen 6110k 3a ynpasienue; 4YT1, YT2 — uepno-naneinu mepmomempu,
CBT — cenzop 3a omnocumenua énasxchocm u memnepamypa, TBx — cenzop 3a memnepamypa Ha
6v30yxa, TB — cenzop 3a memnepamypa na eéooama; KU1, K12 — kpaiinu uskiroueamenu, MP —
momop-pedykmop,; KIIT — kacema c npoonu mena; I'ET — enasno enekmpuuecko maono,; bCJI —
onokoge 3a cmapmupane Ha ramnume; YBJII, YBJI2 — namnu; B — eenmunamopu,
KN — kntou 3a oucmanyuonno uskirousane Ha ramnume; @ — puampu om npo3opeuHo cmvKio,
O — ozneoana om anymunues aucm,; UPS — nesasucumo 3axpansane;
SD kapma — enepeo-nesasucuma namem, LAN — unmepnem epw3xa.

EnextponHusT OJ0K 3a ympaBlieHHE MOJydyaBa MHQOpPMAIHs OT CISAHUTE CEH-
30pu:
yepHo-MmaHeHu Tepmometpu (Y71 u UT2);

CEH30p 32 OTHOCUTEIHA BIAXKHOCT U Temneparypa Ha Bb3ayxa (CBT);
CEH30p 3a TeMIieparypa Ha Bb3ayxa (7Bx);
CeH30p 3a TeMmrieparypa Ha Boaata (7B);
CEH30pH 3a MHTEH3UTEeT Ha cBeTiinHa (VBI u VB2);
Kkpaitaute uskntouBarenu (KU1 v KH2);
e KJIIOY 3a JIMCTAaHIIMOHHO M3KItouBaHe (K/[H).

Ha nucnnes va EFY ce Buszyanusupa uapopmamusTa OT CEH30pUTe, KAKTO U Te-
KyIioTo Bpeme. MHpopMarusiTa OT CeH30pUTe Ce 3amucBa Ha €Hepro-He3aBUCHMA
nameT — SD xapma. Tazu undopmanus € J0CThIIHA AUCTAHIIMOHHO MOCPEICTBOM
MHTEPHET Bpb3ka LAN.
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Mammnara € o0opyaBaHa C KIIOY 3a AWCTAaHIIMOHHO w3KitouBaHe (K/M) Ha
namnute. ToBa € HEOOXOAMMO, 3a J1a MOKE JIAMITUTE Jla C€ BKIIIOYBAT U M3KJIIOUBAT
0e3 MpUCHCTBUE Ha TIEPCOHAJ B TOMEIIEHUETO, B KOETO ce HamHpa kamepaTa. Hem-
pexbCcHaTa paboTa Ha MalIMHATA CE OCHTypsBa OT HE3aBUCHMO 3aXpaHBaHE IMOC-
peactsoM UPS.

2.3. 3akaouenue

Pa3pabotena e opurmHanHa KOHCTPYKIMS HAa MalllMHA 32 YCKOPEHO CTapeeHe
ype3 UV npueHue v NepuoJU4HO MOTaIsHEe BbB BoAa. MalinHara ce oTjinyaBa ChC
CPaBHUTEIHO MPOCTA U HAJIeKIHA KOHCTPYKIIMS, KAaKTO U ¢ HUCKa 1ieHa. Ha ¢urypa
52 ca mpencTaBeHM CHUMKHU Ha u3paboreHata mamuHa. [IbpBoHaYanHUTE TECTOBE
MOKa3BaT, 4e€ MalllMHaTa OTroBapsi Ha M3UCKBaHUATA Ha cTtaHmaptu [SO 4892-1 u
ISO 4892-2.

@uzypa 52. Chumxu Ha u3pabomeHama MawuHa.

3. MoaepHu3upaHe HA HAJMYHA CHCTEMA 32 U3NUTBAHE HA OIbH

3.1. IIpoexTupaHe Ha cUCTEMAaTa
3a 1a ce peanu3upa MEXaHHUYHO U3MHUTBAHE HA OIbH, ChC CIEACHE U 3alMCBaHE
Ha BCUYKH CHUIECTBEHH BETMYMHHU, CA HEOOXOIUMHU CIETHUTE EIEMEHTH:

e I3nuTBarenHa mamuHa — B KaTeapa ,,MexaHnuka” npu TexXHUUECKH YHU-
BepcuteT — Codusi € HaTM4YHA TakaBa HeusnpaBHa MamivHa Zwick. Ma-
mHaTa TpsiOoBa Ja ObJe peMOHTHpaHA U MoJiepHU3UpaHa. MoaepHHU3alu-
ATa € onucaHa mo-Jomy.

e VYCTpoiCTBO 3a M3MEpBaHE Ha HAThKHA nedopmaius — B kateapa ,,Me-
XaHWKa” € HaJU4eH eKCTeH30MeThp Ha pupmara Schenck (I'epmanms) 3a
U3MepBaHe Ha HaJTbKHA JAedopMarusi. EKCTeH30MeThbphT € OmucaH IMo-
JOTTy.

e VYrmpapieHue Ha CUCTEMaTa 3a U3MUTBAHE HA OITbH — BKIIIOUBA €JIEKTPOHEH
0JIOK 3a ynpaBJIeHHE Ha U3MUTBATEIHATa MAlIMHA U MEPCOHAJIEH KOMITIO-
Thp. CUCTEMATAa € OINKCaHa Mo-A0y.
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3.3. MoaepHu3upaHe Ha U3NuTBaTeJHa MmamuHa Zwick 1474

MoHTupaH € HOB TEH30METpPUYEH cuioMep, paboremn Ha ombH. CHUIOMEPHT €
kanuopupan ceriaacHo cranaapt EN ISO 376:2011 [98].

Bopxy nsicHaTa KOJOHA HAa M3MUTBATEIHATA MAIIMHA € MOHTUPAH JIMHEEH €HKO-
7ep 3a u3MepBaHe Ha npemecTtBaHe. O0xBarbT Ha enkojepa € ot 0 1o 1500 mm.

3.4. ExcTeH30MeTHp 3a H3MEPBaHe HAa HaJIbKHa Aedopmanus
Ha ¢urypa 54 e nokazan CAD-Mozen Ha eKCTEH30METhp 32 U3MEPBaHe Ha Hajl-

abxHaA nedopmanus Ha ¢upmara Schenck. EkcTeH30MeThpbT € KanmuOpupaH ChbrI-
nacHo ctangapt EN ISO 9513:2012 [99].

@Duzypa 54. CAD-mo0en na Haonvoicen ekcmenzomemvp Schenck: 1 — enacmuuen enemenm,
2 —nunana; 3 — npobHo mAno, 4 — HodHco8e, 5 — NPYACUHHU WUNKU, 6 — O2PAHUYUMEIL.

3.5. Cucrema 3a ynpaBJieHUe
[IpuHIMnHa cxeMa Ha peaqu3upaHoTo YIpaBiIeHUE € ToKazaHa Ha ¢urypa 55.
Eb pasnonara cbc coOCTBEHA IMMaMeT, B KOSITO MOTaT Jia Ce 3aliCBaT U3MEPEHUTE
BEJIMYMHHU (33[a/leHa U OTpaboTeHa cuia, HAJIBKHA U HampedyHa nedopMmaiuu u
npeMecTBaHe Ha MOJBM)XKHA TpaBepca). OT kinaBuaryparta Ha EB, ce 3ajaBat ciel-
HUTE MMapaMeTpu:
® KamuOpPOBBUHU CTOMHOCTH HA U3MEPBATEIIHUTE KaHAIM;
® peXxuM Ha paboTa — ynpaBleHHE IO CUJIA, IPEMECTBAHE UITH BPEME;
e mpodusa Ha HATOBapBaHE — TPANCLOBUICH, CUHYCOWAANCH WM TPUBIb-
JIeH, KaTo 3a BCEKU Npoduil MoraT jaa ce AeuHupar: Opoil LUKIN; Hadal-
Ha, KpaiiHa ¥ MakKcHMaJlHa CTOMHOCT Ha HAaTOBAPBAHETO; CKOPOCT Ha Ha-
ToBapBaHe — kg/min unu mm/min; BpeMeHa 3a HaTOBapBaHe, 3aIbp>KaHe U
pa3ToBapBaHe;
® BpEMEBU MHTEPBAJ MEXK/IY 3alMCBAHUATA HA U3MEPBAHUTE BETUUMHH.

3.6. 3akiaroueHnune

Cw3mazieHa € ChbBpEMEHHA CHUCTEMa 3a M3IMTBAHE Ha OMBH. TS MO3BOJIsABA yII-
paBJieHWE 10 CHJIa, MPEeMeCTBaHe WM BpeMe. MoraT Jia ce 3a1aBar pa3IMdyHu Mpo-
(buIM Ha HATOBapBaHE — TPAICIIOBH/ICH, CHHYCOUIAICH WM TPUBI'bJICH. 3MepBa-
HUTE BEJIMYMHU CE 3alCBAT M BU3YyaJIM3HUpaT Ha KOMITIOTBP ChC CIEIUAICH COPTY-
ep. CHUMKM Ha MOJICpHHU3UpPAHATa CUCTEMa ca MPEeACTaBeHU Ha ¢urypa S7.
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@Duzypa 55. Hoso ynpasnenue na uznumeamenua mawuna Zwick: C — cunomep,
E — excmensomemop, JIE — nuneen enxooep; Eb — enexmpounen onox; KU1 u KHU2 — kpaiinu
usknrousamenu, EJ] — enekmpoosucamen,; YE][ — ynpaenenue Ha erekmpoosueamens,
TT" — maxoeenepamop, T — mpancmucusn; ECI u EC2 — enexmpomacHumnu CoeOuHumenu,
P — pemwvr; YP — uepssunu pedykmopu, CBJ[ — caumeno-eunmogu 080UKuU;
IIT — noosuscna mpasepca, 1K — nepconanen komniomup.

Quzypa 57. CHUumMKU HA MOOEPHUZUPAHAMA CUCMEMA 3a USNUMBAHE HA ONBH.
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I''TABA 4. EKCIIEPUMEHTAJIHU U3CJIEABAHUA U PE3YJITATH

1. IIpo6HM Tena

N3pabotenu ca 60 mpoOHu Tena ¢ popma u pasmepu chriacHo ctanmapt EN
ISO 527-2, upe3 texnonoruss Multi Jet Fusion. M3non3san e 3D npuntep HP Jet
Fusion 4200, 3apenen ¢ 80% penukmupana u 20% cyposa nyapa [lomuamug 12
(HP 3D High Reusability PA12). Tenata ca u3paboTeHu ¢ BUCOYMHA HA CIIOEBETE
ot 80 um, B 6amaHCUpaH peXUM Ha padoTa Ha MallMHATA U OXJIaJICHH €CTECTBEHO,
0e3 yckopeHHe Ha mporeca. Bcuuku mpoOHW Tena ca OPUEHTHPAHH €IHAKBO, C
HAIPEYHO CEYCHHE B PaBHUHA XZ U 3aBbpPTaHe OKOJIO oc y Ha 20°, 3a HaMmamsBaHe
Ha HATPYNBAaHETO HA TEMIIEPaTYpHHU HANpPEKEHHUS B MPOOHOTO TAJO MO BpeMe Ha
U3rpaKIaHe.

2. I3nuTBaHe HA CTapeeHe

2.1. ExcnoHrpaHe HA MPOOHM TeJIa B €CTECTBEHU KJIUMATHYHHU YCIOBUS

M3nuTBaHeTO € MpOBEJEHO C MOMOIITA HA CIEMAIHO U3paboTeHaTa CTOMKa 3a
eKCIIOHMpaHe Ha MPOOHU TeJla B €CTECTBEHU KIMMATUYHU YCIIOBUS, CHIIIACHO pa3-
paboTeHaTa MeTOAMKa 3a paboTa ¢ Hesl, ONMCaHu B Touka |1 Ha riasa 3.

Crolikata e moctaBeHa Ha MOKpPWBA HA KUJIUIIEH OJIOK B LieHThpa Ha rpaj Co-
¢us1, HacoueHa Ha Ior.

[IpoabmxkUTETHOCTTa HA U3NUTBAHETO € 3 roauHu. M3nuTtanu ca 25 npoOHM Te-
na. B rabnuma 8 e ganeHa mporpaMara 3a U3MUTBAHETO, a B Ta0nuIa 9 Ha AucepTa-
UsTa ca MPEeICTaBEHU OMPECIICHUTE MapaMeTpyd Ha cpelara Ha M3MUTBaHE 3a
BCEKU Mecel] Ha eKcrioHupane [93].

Taobnuya 8. I[Ipoecpama 3a usnumeate.

Pen npo6Hm Tesia IIpoOHoO TsAT0 Tepuon IpoabmxnTeTHOCT
Ne Ne B FOJAUHH
1 1,2,3,4,5 21.06.2020+21.09.2020 0,25
6,7,8,9,10 21.09.2020+21.09.2021 1
2 11,12, 13, 14, 15 21.06.2020+21.06.2022 2
3 16,17, 18,19, 20 21.06.2020+21.12.2022 2,5
4 21,22,23,24,25 21.06.2020+21.06.2023 3

2.2. ExcrioHMpaHe HAa MPOOHH TeJIa B MALIMHATA 32 YCKOPEHO CTapeeHe 4pe3
UV 1puyeHue U ePUOJIMYHO NOTANSIHE BbB BOJa

M3nuTBaHETO € MPOBEACHO C TIOMOIITA HA CTICIIMAIHO U3paboTeHaTa MaIlluHA 32
YCKOpeHO ctapeeHe upe3 UV rpueHne u nepuoJndHO NOTarsiHe BbB BOAA, ChIJIAC-
HO pa3paboTeHaTa METOuKa 3a paboTa ¢ Hesl, ONKMCaHu B TOYKA 2 Ha I1aBa 3.

[IpoABIDKUTEIHOCTTAa Ha U3MUTBAHETO € 6 ceamuiu (42 aaum). M3nuranu ca 18
poOHM Tea.

B Ta6auna 10 e namena nmporpamara Ha U3MUTBAHETO, a B Tabnuma 11 Ha qucep-
TalusITa ca NMpeACTaBeHH OMPEICIICHUTE MapaMeTpy Ha cpejiaTa Ha M3MHUTBaHE 3a
BCEKa CceIMHIIA HA EKCTIOHUPAHE.
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Tabnuya 10. [Ipoepama na uznumearne.

IIpoOHoO THAT0 Tepuon Hpoabxknreanoct | IlpoabikuTe THOCT
Ne B CeIMHLIH B IHHU
1,2,3,4,5,6 04.11.2024+18.11.2024 2 14
7,8,9,10,11, 12 04.11.2024+02.12.2024 4 28
13, 14, 15, 16, 17, 18 04.11.2024+16.12.2024 6 42

3. I3nuTBaHe HA OTBH

3.1. U3nuTBaHe HA OMBbH HA MPOOHHU TeJIa, KOUTO HE €A MOJJI0KeHHU HA CTa-
peeHe

M3nuTBaHeTO € MPOBEACHO C MOMOIITa Ha MOJIEPHU3UPAHATA CHCTEMA 33 U3ITUT-
BaHE Ha OMbH, CBIVIACHO pa3paboTeHaTa METOJMKa 3a padoTa C Hes, ONMUCaHU B
TOYKa 3 Ha ryiaBa 3.

W3Bbpiienn ca mpoOHU U3MUTBAHUS C 1€ YCTAaHOBSIBAHE Ha CKOPOCTTA HA HATO-
BapBaHE. YCTAaHOBEHO €, Y€ IpH 3a/aJeHa CKOPOCT Ha HaToBapBaHe 55 kg/min,
CKopocTTa Ha nedopmarus B TMHEWHaTa 00JacT € OT mopsiabka Ha 1% OT IbKH-
HaTa Ha paOOTHMSI Y4aCThK 3a MUHYTA.

W3nutanu Ha OMBbH ca MEeT NpOOHM Tela MpH 33JaJieHa CKOPOCT Ha HATOBApBaHE
55 kg/min.

[Tomyyenute kpuBH Ha aedopMUpaHe Ha MaTepuaia ca MpeACcCTaBeHu Ha Gurypa
66. Ha ¢urypara ca npeacraBeHH caMO KPUBUTE 3a MPOOHUTE Tejia, KOUTO ca Cce
pa3pylIMIv B TPAHUIIMTE HA MEPHATA ABJIKHUHA MO €KCTEH30METBD.
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Duzypa 66. Kpusu na depopmupane Ha npobHu mena, Koumo He ca NOOIO0NCEHU HA CMapeeHe.

CroltHOCTHTE Ha OMpPEICICHNTEe MEXaHUYHU CBOMCTBA Ca MPEJICTABEHHU B TaOJH-
ua 12 nma guceprauusta. B mocinenHara KojoHa ca JAaJieHU CTOMHOCTUTE Ha elac-
TUYHaTa aedopmalus Ha TPOoOHUTE Teja, TPU KOUTO pa3pylllaBaHETO € B TPAHUIIM-
T€ Ha MepHaTa JIbDKMHA MO0 €KCTEH30METhp (OIpeseseHaTa cpelHa CTOMHOCT €
6,2%). Ot nonyuyeHute KpuBH Ha nedpopmupane (purypa 66) ciensa, ye TMHEHHU-
Te enacTuuHu aedopmaiuu ca B auamnaszod 0,6% + 1,0%. CnemoBatenHo ca HaJIUIIE
rojieMd HEJIMHEHHU enacTtuyHu Aedopmaiuu. ETo 3aio He Moxe Ja ce omnpeaenu
yCJIOBHATA TPaHMIlA HA MPOBJIAYaHE 3a 3aJaJCHO IJIACTUYHO YIbHKEHHE IO eKC-
Ten3zomeTrwpa, cbriaacio bJIC EN ISO 6892-1:2020 [60].

Heobxomumo e paspaboTBaHe Ha METOJIWKA 3a ONpECIsIHE HA yCIOBHAaTa Tpa-
HUIIA Ha MPOBJAYAHE 3a 33/aJICHO OOII0 yIBHKEHHE MO0 €KCTEH30METhpa, KOSITO
ChOTBETCTBA HA YyCJOBHATAa rpaHUIla HAa MpPOBJIAYaHE 3a 3aJaJCHO IUIACTUYHO
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YABIDKEHUE TI0 eKCTCH30METhPa, Ha MOJUMEPHH MaTEpHAId C TOJIEMH HEJIMHEWHU
eacTUYHU JehOopMaIIui.

3.2. MeToguka 3a omnpeje/isiHe HA YCJOBHATA TPAHUIIA HA MPOBJIAYaHe HA
MOJIUMEPHHM MaTePHAJIM € TOJIeMH HeJIUHEHHH eJIaCTUYHH AedopManuu

3.2.3. IIpoOHOTO TAJIO C€ HATOBapBa M pa3TOBapBa CTHHAJIOBHUIHO. BCsko cTh-
[aJI0 CE€ XapaKTEepHU3Upa C MAaKCHMallHAa ON'bHOBA CWIa [, HA KOSATO CHOTBETCTBA
HanpexeHue o;. Ciie] BCAKO pa3ToBapBaHe ce MOAbpKa HyJIEBA CTOMHOCT Ha CUJIA-
Ta 70 W34e3BaHE Ha HEJIMHEHHUTE enacTudyHu aedopmaiuu. [IspBOTO cTHMIANO €
ChC CTOMHOCT Ha HAINPEXKEHHWETO, Ha KOETO ChOTBETCTBA OCTaTh4yHa Jedopmarius
o eKcTeH30MeThp mo-Majika ot 0,1%. Ilenra Ha BTOPOTO CTHNANO € MOJydyaBaHe
Ha ocTtaThuHa nedopmainms ot nopsabka Ha 0,1%. Cinen TpeToTo CThIao OCTa-
ThYHATa JeopmMaliis He TpsiOBa jga HajBuInaBa ¢ MHOTO 0,2%. AKO e rmo-Majka oT
0,2% ce u3nmbIHABA OLIE €AHO CTHIAI0. 32 MOJYYaBAHETO HA OPUEHTUPOBBUHHU
CTOMHOCTH 3a 0j C€ U3BBPILIBAT NPOOHU N3NNUTBAHUSL.

3.2.4. 3a BCcSKO CTHIANO Ce TOCTPOsIBa KpuBaTa Ha aedopmupane (purypa 68) u
ce omnpeziens ocTaTbyHaTa AeopMalys 0 eKCTEH30METhPA &y, .
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@uzypa 68. Kpusu na depopmupane 3a 6CIK0 Cmvnao.

3.2.5. TlocTtposiBa ce rpaduuHa Bpb3Ka MEXAY 0, U &, ; (purypa 69). Ot Hes ce
ompe/ess yCIOBHATA TPaHUIAa HAa TIPOBJIAYaHE 3a 33/1aJICHO TJIACTUYHO YABIIKEHUE
10 EKCTEH30METBPA Op0,2,i, KOATO CBOTBETCTBA HA &, = 0,2%.
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Quzypa 69. I padhuuna 8pv3xa mexncoy oju &p, ;.

3.2.6. Onpenens ce cpeqHaTa CTOMHOCT HA Ojp, 2.

3.2.7. Ot xpuBHuTe Ha nedopMUpaHe, MOCTPOCHH B ToUKa 3.1 Ha Ta3W riasa ce
OTIPECIIAT CTOMHOCTUTE Ha OOIIOTO yIBIKEHUE MO0 €KCTEH30METBD &; i, CbOTBETCT-
Balllk Ha Gy, 2.
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3.2.8. Omnpenens ce cpegHaTa CTOMHOCT Ha OOIIOTO YIBIKEHHE MO0 EeKCTEH30Me-
TBP &, Ha KOSITO ChOTBETCTBA ThPCEHATa yCJIOBHATA IpaHUIla Ha MPOBJIAYaHE 3a
3a/1a7IeHo O0I0 yABDKEHUE TI0 eKCTEH30METhPA 0.

3.3. I3nuTBaHe HA OIbH HA MPOOHHU TeJa, KOUTO He Ca MO/JIOKEHH HA CTAa-
peeHe ¢ 1eJ1 onpeaesisiHe HA YCJIOBHA TPAHUIIA HA NPOBJIaYaHe

W3nutanu Ha OMBbH ca NEeT NPOOHM Tela MPH 33]aJieHa CKOPOCT Ha HATOBApBaHE
u paszroBapBane 55 kg/min. OT nmosydeHuTe pe3ysTaTH CJe/Ba, Y€ yCIOBHATa rpa-
HHIIA HA TPOBJIAYAHE 3a 3aJaJ€HO OOIIO YIBJDKEHUE 1O EKCTEH30METbpa 025 €
paBHa Ha yCJIOBHATa rPaHUIlA HA MPOBJAYaHe 3a 33/1aJ€HO IUIACTUYHO YAbIDKEHUE
10 EKCTEH30METBPA Ty 2.

[Ipu n3nuTBaHMUATA HA OI'BH HA MPOOHU TeJa, MOJJI0KEH! Ha CTapeeHe, 1e Obae
OTIPENIENISIHO HANIPEKEHUETO 025, KOETO MOXKE J1a C€ OKa)Ke MOJIXOMSIIO0 32 YCTaHO-
BsIBaHE Ha BPH3Ka MEXY €CTECTBEHOTO CTapeeHe M YCKOPEHOTOo cTapeeHe upe3 UV
JTbYEHUE U MIEPUOJUYHO MOTAISHE BbB BOJIA.

3.4. U3nuTBaHe HA OIbH HA €KCIIOHMPAHU NPOOHM TeJIa B €CTECTBEHU KJIU-
MATUYHH YCJIOBUSA

M3nuTBaHETO € MPOBEAECHO C MOMOIITA HA MOJIEPHU3UPAHATA CHCTEMA 33 U3ITUT-
BaHE Ha OMbH.

M3nuTanu Ha OMBH ca JBalceT W MeT MpoOHM Teja MPU 3a/1aJieHa CKOPOCT Ha
HaToBapBaHe 55 kg/min.

Ha ¢urypa 70 ca npencraBenu 1o eaHa KpuBa Ha Jiepopmupane 3a BCsika Mpo-
JTBJKATETHOCT Ha CTapeeHe, IPU KOUTO Pa3pyIlIaBaHETO € HACTHIINUIIO B TPAHULIUTE
Ha MEpHATa AbJKUHA 10 €KCTEH30METhpP. 3a CPAaBHEHME € MOKa3aHa U e/lHa KpuBa
Ha neopMupane Ha MPOOHO TS0, KOETO HE € MO I0KEeHO Ha ctapeeHe (0 roauHn).

CroltHOCTHTE Ha OMNpe/esIEHUTEe MEXAaHUYHU CBOMCTBA ca MpPEeICTAaBeHHU B TaOJu-
ua 14 Ha nucepranusra.
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@Duzypa 70. Kpusu na oegpopmupane Ha npobHU mena, eKCNOHUPAHU 6
ecmecmeenu KIUMamudHu YCa06uUsl.

[TomydenuTe pe3yaTaT ca U3MOI3BAHU 3a TIOCTPOsSBaHE HA rpauKu HA HAMAIS-
BAaHETO Ha 0, U &, BbB QyHKIIUS Ha BpemeTo (purypa 71).
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QDuzypa 71. ['papuxu na Hamansa8anemo Ha Om U Em 88 PYHKYUS HA BPEMemo.

B HauanoTo BIMSIHUETO HA cTapeeHe € MHOro Mayko — cien 0,25 ronuHu o,, Ha-
MmaJssiBa camo ¢ 1,7%, a &, ¢ 2,2%. Cnen ToBa BIUSIHUETO Ha CTAPEEHE CE 3aCUJIBA —
caen 1 ronuna o, Hamansisa ¢ 12,9%, a &, ¢ 32,1%. Cnen BTopara roguHa uma ps-
3bK CHaj B IKOCTTA Ha OIbH M MaTepualia cTaBa KpexXbK — g, HaMassiBa ¢ 46,5%, a
em € 82,1%, no croitHocTu noA 2,5%. CneaoBaTesHO, HAMPEXKEHUETO 02,5 HE MOXKE
Jla Ce M3MO0JI3Ba 3a YCTAHOBSIBAHE HA BPh3Ka MEXK]Y €CTECTBEHOTO U YCKOPEHO CTa-
peeHe. B3eto e pemieHue 1a ce M3moJ3Ba AKOCTTa Ha ombH. Ciea BTOpara rojJuHa
ce HaOmro1aBa 3a0aBsiHe Ha BIUSHUETO Ha cTapeeHe — ciena 2,5 1. u 3 T. g, HaMaJis-
Ba CbOTBETHO ¢ 54,2% u 62,5%, a &, cboTBeTHO C 86,6% 1 89,6%.

ToBa moBeneHNE MOXe J1a ce OOSICHM C XUMHUYECKHUTE MPOIECH HA CTapecHe Ha
Matepuana. B moyiykpuctaiHuTe NoauMepH, KakbBTO € PA /2, kpucTaiHuTe 00Jac-
TU ca TUTBTHU U TPYAHO-NPOMYCKIIMBY 32 ar€HTH Ha CTAPEEHETO, B pe3yaTaT Ha KO-
eTo nMamMe 0aBHO 0Opa3yBaHE HAa XHIIPOMEPOKCHUIHU TpynH. ETo 3ammo B HavaaoTo
CKOpPOCTTa Ha CTapeeHe € MHOr0 Majka MU MEXaHWYHHUTE CBOMCTBA Ha MOJUMEpa
no4TH He ce npoMeHsT. Clien HaTpylBaHE HA KPUTUYHA Maca OT XUAPOIEPOKCHUIH,
MpEeIMMHO Ha MOBBPXHOCTTA, MPOLIECHT Ha cTapeeHe ce yckopsBa. [Ipu Bceku HOB
IIMKBJI Ha HarpsiBaHe M eKcrnoHupane Ha UV, Beye HATpyIaHUTE XHUAPOTIEPOKCU N
Ce pa3KbCBaT, MPOU3BEKIAANKH TOJIEMH KOJWYECTBA CBOOOJHHM DPaJMKAIN, KOUTO
MOBTOPHO Pa3KbCBAT MOJUMEpPHUTE Bepurd. Korato moBbpXHOCTTA Ha MOJUMEpa
ce OKHCIIH PsI3KO ce oOpa3yBa Jerpajaupal Cjaoi, KOeTo BOJIU 10 ps3Kka 3ary0a Ha
MEXaHUYHU CBoMcTBa. To3u cioit AeiicTBa kaTo Oapuepa, KOSATO OrpaHHyYaBa Mpo-
HUKBaHEeTO Ha UV KbM BBTPEIIHUTE CIIOEBE M CKOPOCTTA Ha CTapeeHe ce 3a0aBsl.

3.5. U3nuTBaHe HA ONbH HA €eKCIOHUPAHU NMPOOHM Tejla B MAIIMHATA 32 yC-
KOpeHo crapeeHe upe3 UV ib4eHHe U NePUOIMYHO NOTANSIHE BbB BOJa

M3nuTBaHETO € MPOBENECHO C MMOMOIITA HA MOJIEPHU3UPAHATA CUCTEMA 33 U3ITUT-
BaHE HA OITbH.

W3nuTanu Ha OIMBH ca OCEMHACEeT MPOOHU Tela, MPHU 3a7ajieHa CKOPOCT Ha Ha-
ToBapBaHe 55 kg/min.

Ha ¢urypa 72 ca npencraBenu 1o eaHa KpuBa Ha JiepopmupaHne 3a Bcska Mmpo-
JTBJKATEITHOCT Ha CTapeeHe, MPHU KOATO Pa3pyllaBaHETO € HACTHIINWIIO B TPAHULIUTE
Ha MEpHATa AbJKUHA 10 €KCTEH30METhp. 3a CPAaBHEHHE € MOKa3aHa U e/lHa KpuBa
Ha neopMupane Ha MPOOHO TS0, KOETO HE € MOI0KEeHO Ha ctapeene (0 aHu).
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CTofHOCTUTE Ha OTpeCIICHUTE MEXaHUYHU CBOMCTBA Ca MPEJICTaBeHU B TaOIH-
ua 15 Ha nucepranusTa.
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Q@uezypa 72. Kpusu na depopmupane na npoonu mena, eKCHOHUPAHU 8 MAUUHAMA 34 YCKOPEHO
cmapeene upe3 UV nvuenue u nepuoouyno nomansue b6 800d.

[Tomy4yeHuTe pe3ynraTtv ca U3MOJI3BAHU 3a TIOCTPOsIBaHE HA rpadMKu HAa HaAMaJIs-
BAaHETO Ha 0, U &, C TEUEHUE HA BpemeTo (purypa 73).
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@uezypa 73. I pagpuku na Hamara8anemo Ha Om U Em C MeUeHUue Ha 8PeMemo.

Cnen 14, 28 u 42 guu o0, HamansaBa cboTBeTHO ¢ 11,2%, 17,0% u 22,8%, a &,
cboTBeTHO € 31,3%, 43,3% u 54,5%. 3a uscnenBanusi N€pUoJl Ha YCKOPEHO cTape-
CHe, HaMaJIsIBaHETO Ha 0y, U &, € JUHEHHO.

4. Bpb3ka MekKIy eCTeCTBEHO CTapeeHe U YCKOPeHO cTtapeeHe upe3 UV ib-
YyeHHUe U MePHOUYHO NMOTaNsIHe BbB BOJA

B tabnuma 16 e HanpaBeHo 0000IeHNEe HA TTOTYYEHUTE PE3YATaTH OT HaIpaBe-
HUTE U3MUTBAHUS Ha OITbH.

Pesynratute 3a IKOCTTa Ha ON'BH 0, 32 MPOOHUTE TeJla, KOUTO HE Ca MOJIOKEHU
Ha CTapeeHe U 3a MPOOHHUTE Teja, KOUTO ca MOJI0KEH! Ha €CTECTBEHO CTapeeHe ca
U3IMOJI3BaHM 33 MOCTPOsIBaHE Ha rpaduyHa Bpbh3Ka MEXKY BPEMETO f; HA €CTECTBE-
HO CTapeeHe W SIKOCTTa Ha ONbBH o, (purypa 74). Ot Ttasu rpaduka ca oT4eTeHU
CTOMHOCTUTE Ha BPEMETO /;, HA KOUTO ChOTBETCTBA SIKOCTTA HA OMbH paBHA HA 42,8
MPa, 40,0 MPa u 37,2 MPa, Ha KOUTO CHOTBETCTBA BPEMETO £, Ha YCKOPEHO CTa-
peeHe, paBHO Ha 14 nuu, 28 nHU U 42 THU.
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Taonuya 16. Mexanuunu ceoticmea Ha npoonu mena om PA12, nonyuenu upez MJF mexuonoeus,
KOUMO He €A NOOJI0NHCEHU HA Cmapeene U ¢ pa3iuyHa Cmenex Ha cmapeene.

Ilepuon na Emy EB Gm, OB
TIpoGuu Texa crapeeHe ¢ % MPa
He ca nonnoxxeHu Ha cTapeeHe 0 13,4 482
0,25 roquHN 13,1 474
1 ronuHa 9,1 42.0
EcrecTBeHo cTapeeHe 2 TOAUHH 2.4 25,8
2,5 TOIUHU 1,8 22,1
3 roguHU 1,4 18,1
VYckopeHo crapeeHe 14 nan 9,2 42,8
¢ UV mpuyeHue u nepuouyHo moTa- 28 qHu 7,6 40,4
[IsIHE BBB BOJa 42 nEu 6,1 37,2
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@uezypa 74. I papuuna 8pv3ka medxncoy epememo Ha ecmecmeeHo cmapeeHe t
U AKOCMmMa Ha ONBH Onp.

[TomyuenuTe pe3yaTatu 3a ¢; U ¢, ca U3MOJI3BAaHU 3a MOCTPOsiBaHEe Ha rpaduyHa
Bpb3Ka MEX]ly BpEMEHaTa Ha €CTECTBEHO U YCKOpeHo crapeeHe (purypa 75).
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@uezypa 75. I papuuna 8pv3ka medxcoy epememo t; Ha ecmecmseeHo cmapeene u pememo t2 Ha
yckopeno cmapeere ¢ UV nvuenue u nepuooudno nomansue b6 00d.

5. MeToaunka 3a onpejaesisine Ha TbJA00YMHATA HA Jerpaganus 4da Ha mMare-
puaJjia, B cjieJICTBHE HA eCTECTBEHOTO CTapeeHe , Ype3 U3NUTBAHe HA OIbH
M3non3sar ce ciieqHuTe 00CTOATEIICTBA:
e XwumuyHata MoAU(UKAIMA Ce CIIy4YBa IVIABHO OJIM30 J0 MOBLPXHOCTTA HA
Martepuana. [Ipuema ce, ye B OJMU30CT 0 MOBBPXHOCTTA HA MaTepHaia ce
o0Opa3syBa ferpaaupa cjioi ¢ apydounna Aa (hurypa 76).
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Duczypa 76. [[vadoouuna na oecpadayus Aa na mamepuana, 86ciedcmaue Ha CmapeeHemo.

e JSlkocTTa Ha OMBH HA OCTAHAIHUS MaTtepual HE CC ITPOMCHA BCJICACTBUC HaA

CTapECHCTO!
F F
=" — m,a 9
it )
F
=> A, =(b-2Aa)(h-2Aa) ="
O_m
F
=> Aaz% (b+h)—\/(b—h)2+4 ma | (10)
O-ﬂ‘l

KBAETO A U 0, Ca CHOTBETHO IUIOIITA HA HANPEYHOTO CEYCHHE U SKOCTTA
Ha OI'bH Ha MPOOHOTO TsJI0, KOETO HE € MOJIOKEHO Ha crapeeHe, a A, u
F,,, ca Tuomra Ha HalpeyHOTO CEUeHHe M CuiIaTta ChOTBETCTBAIllA HA
SIKOCTTa Ha OI'bH Ha MPOOHOTO TSJIO, MOJJI0KEHO HA CTapecHe.
VYpasuenue (10) mo3BossiBa Aa ce MPUIOKH CIIEAHATA METOIUKA 3a ONpe/IeisiHe
Ha IBJIOOYMHATA Ha Aerpajganus 4a Ha MaTepuana, BCJIEACTBHAE Ha CTApEEHETO:
5.1. U3paboTBar ce miocKku MpoOHU Tella OT U3CJIEBAHUS MaTepUal ¢ UpPHUHA b
u nebennHa s Ha pabOTHATA UM JBIDKUHA.
5.2. Yact ot mpoOHUTE TeJa ce MoAjaraT Ha cTapecHe.
5.3. U3nutBar ce Ha OmbH NMPOOHU Tela, KOUTO HE ca MOJAJIOKEHU Ha CTapecHe.
Omnpenens ce SKOCTTa HAa OMBH 0,. V3mUTBaT cC€ MUHUMYM TIET IPOOHU Teja, pe-
3yJITaTUTE CE OCPETHSBAT.
5.4. 3nuTBaT ce Ha ombH NPOOHU Tela, KOUTO ca MOJI0KEeH! Ha ctapeene. Om-
penens ce cunara F, ,. I3nuTBaT c€ MUHUMYM IE€T IPOOHU TeJia 3a BCSKa MPOJIbJI-
KHUTEITHOCT Ha CTapeeHe, pe3yJTaTuTe ce ocpeAHsBar. AKo ce HabJroaaBa ToIsIMO
pasceiiBaHe B pe3yiTaTuTe, OposT Ha U3MUTBAHUTE ITPOOHHU Tella Ce yBEINYaBa.
5.5. Onpenens ce Aa. U3nons3sa ce ypasHenue (10).

6. IIporHo3upane Ha abJ0OYHMHATA Ha Jerpagauus da Ha MarTepuaJa,
BCJIE/ICTBHE HA €CTECTBEHOTO CTapeeHe.

W3non3BaHa € pa3paboTeHaTa METOAMKA B IPEIXOAHATA TOUKA U PE3YJITATUTE OT
U3MMTBAHUATA HA OITbH HAa MPOOHM TeNa MOJJI0KEHH Ha €CTECTBEHO cTapeeHe. Pe-
3yJATaTUTE ca MPEeACTaBeHU B Tadbiuua 18.

[Tosmyuenute pesynratu 3a da ca U3MOJ3BaHU 3a NOCTPOsSBaHE Ha rpaduyHa
BpPb3Ka MEKJIY BPEMETO Ha €CTECTBEHO CTapeeHe M AbJI0OYMHATA HA JAErpajanus
Ha Matepuana (¢urypa 77). Ot Hest MOXKe J1a ce MPOTHO3Upa IbIOOYMHATA HA JeT-
pamanus da Ha Marepuala, B CIEICTBUE Ha €CTECTBEHOTO CTApEeHe, KOATO Ja ce
U3I0JI3Ba 32 MPOTHO3MpPAHE Ha BIMSHUETO Ha ECTECTBEHOTO CTApEeHE BBPXY
SKOCTTa Ha OI'bH Ha KOHCTPYKLUOHHH €JIEMEHTH C Pa3IMYHO HAIIPEUHO CEYCHHE.
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Taobnuya 18. Onpeodensine na 0vabouuna na decpadayus Aa na mamepuana,
gcreocmsue Ha ecmecmeeHomo cmapeene.

b h Fm Om t Fm,a Aa

mm | mm N MPa TOJAUHH N mm
0 - 0

0,25 1896 0,024
1 1680 0,189
10 4 1928 48,2 5 1032 0.743
2.5 884 0,886
3 724 1,049

1.2

1 /EI/
0.8 /ZI’
0.6 /
0.4 /
02 _‘_/

0 [_I T T T
0 1 2 3 4
Bpeme Ha ecTecTBeHO cTapeeHe, FOAUHU

Ha maTepuana, mm

ObnbounHa Ha gerpagauus

@Duzypa 77. I'padpuuna epwv3xa medxncoy 0Ovibouunama Ha deepadayus Aa
Ha Mamepuana u 6pememo t;j Ha ecmecmeeHo cmapeexe.

7. IlporHo3upaHe Ha BJIMSIHUETO HA €CTECTBEHOTO CTapeeHe BbPXY IKOCTTA
HA O'bH HA KOHCTPYKIIMOHHU eJIEMEHTH C Pa3JIMYHO HANIPEYHO CeYeHHne

[TocTaBs ce 3amayarta Aa ce MPOrHO3MPA SIKOCTTA HA OI'bH HA KOHCTPYKLMOHHH
€JIEMEHTH C MPABOBI'BJIHU HAaNpeuHH ceueHust — A; (b =50 mm, 2 = 10 mm) u 4 (b
=40 mm, 7 = 6 mm), uzpadbotrenu ot PA12 upe3 MJF TeXHONOTHS, TOJIOKEHN Ha
€CTECTBEHO CTapeeHe B IpaJCKa cpeaa cbC ,,Cpeau3eMHOMOPCKHU KIIMMAT C BJIAYKHO
as10” (ko Cfb no Kpomnen-I"aiirep) B mpoabikeHue Ha 2,2 TOJUHH.

7.1. Onpenenst ce o,. [IpoBexxna ce M3MUTBAHE HA OMBH HA MPOOHU Tela OT
PAI12, n3pabotenu upe3 MJF TeXHOJIOTHATA, KOUTO HE ca MOAJIOKEHU Ha CTapecHeE.

o, =48,2 MPa (tabauua 16).

7.2. Onpenens ce da. YcraHoBsiBa ce rpadpuyuHa Bpb3ka MEXKAY IbJIOOYMHATA Ha
Jierpajanys Ha MaTepHualla i BpEMETO Ha eCTeCTBEHO cTapeeHe. OT Hes ce onpee-
15 Aa 3a 3a1aieHaTa NpOAbJKUTETHOCT Ha CTapEEHE.

Aa = 0,80 mm (urypa 77).
7.3. IIpecmsrat ce A u A,.
A4,=50.10=500 mm?, 4, =(50-2.0,8).(10—2.0,8) = 406,56 mm?
A, =40.6 =240 mm?, A, =(40-2.0,8).(6—2.0,8) =168,96 mm*
7.4. llpecmsta ce F,, .. I3non3Ba ce 3aBucuMoct (9).
F =0,4,=19596 N, F_=0,64,=8144 N

m,al m,a2
7.5. IIporHosupa ce TbpceHaTa IKOCT HA OI'bH.

F F
mat 19590 _ 3919 MPa, o, , = Lme2
500 @74

a?

_8 124 =33,33 MPa

1 1
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OCHOBHMU PE3YJITATHU OT JUCEPTAIMOHHMUSA TPY [

HacrosmmsaT qucepTallMOHEH TPy € MMOCBETEH Ha U3CIEABAHE HA BIMSHUETO Ha
CTapeeHEeTO BbPXY MEXaHMYHUTE CBOMCTBA Ha mMpoOHM Tena oT PAI2, momydeHu
uype3 MJF texHonorusara. Pesynrarure, oay4eHu B HETO, UMAT HAYYHO-IIPUIIOKEH
U TIPUJIOKEH XapakTep U MoraT Jia ObaaT 0000IIeHH, KaKTO Cle/Ba:

1. IlpoexTupana u n3paboTeHa € CTOMKa 3a eKCIIOHUpaHEe Ha MPOOHU Tela B ec-
TECTBEHM KJIMMATHYHU ycioBus. PazpaboTeHa e MeToiuka 3a U3MUTBAHE C Hesl.

2. IlpoexTupana u u3paboTeHa € MalllMHa 32 YyCKopeHo crapeeHe ¢ UV nmbueHue
Y TIEPUOJIMYHO MOTaNsiHE BbB BoJia. Pa3paboTeHa € MeToAMKa 3a U3MUTBAHE C Hesl.

3. MogepHu3upaHa € HaJIMYHA CUCTEMA 3a M3MUTBAHE HA ON'bH. Pa3paboTeHa e
METO/IMKa 3a paboTa C Hesl.

4. Pa3zpaboTeHa € MEeTOAMKa 3a OINpEAeNIIHE Ha YCIOBHAaTa rpaHulla Ha MpoBJia-
YaHe Ha MOJMMEPHU MaTEepPHUaIU C TOJIEMU HEJIMHEHHU eTaCTUYHU Ae(OopMaIiu.

5. OnpeneneHn ca MEXaHUYHHUTE CBOMCTBA HA MPOOHM Tela, KOUTO HE ca MOJ-
JIOKEHU Ha CTapeeHe U Ha MPOOHUTE TeJla C pa3jNyHa CTETNEeH Ha CTapecHe.

6. HammpaBeHa € Bpb3Ka MEXy €CTECTBEHOTO CTAPEEHE U YCKOPEHOTO CTapeeHe
¢ UV rpuenune u nepruoanuvHO NOTAISIHE BB BOJA.

7. Pa3zpaboTeHa e MeTOaMKa 3a MPOTHO3UPAHE Ha JBJIIOOYMHATA HA JIETPaaaIius
Ha Matepuana. [lokazaHo e Kak MOXe Ja ce M3I0JI3BA 32 NMPOTHO3UPAHE HA BIIUS-
HUETO HAa CTAPEEHETO BBPXY SKOCTTAa HA OMbH HAa KOHCTPYKIMOHHU €JIEMEHTU C
Pa3IMYHO HAMPEYHO CEYEHUE.
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SUMMARY OF THE DISSERTATION

SIGNIFICANCE OF THE RESEARCH TOPIC

The aging of polymer materials can lead to unexpected issues regarding the reli-
ability of structural elements. Therefore, understanding the influence of aging on
mechanical properties is critical for the accurate assessment of the residual load-
bearing capacity of components.

As additive manufacturing develops at a fast pace, this once-emerging technolo-
gy is becoming a mainstay for the production of parts using various materials.

Due to the nature of the additive manufacturing process, the mechanical perfor-
mance of finished products may deviate from the properties of the bulk material.
Consequently, any manufacturer of structural components using additive manufac-
turing must conduct experimental studies to establish their actual mechanical per-
formance.

Rising performance demands lead to the adoption of new materials, for which
accelerated aging is often the only option for testing within a reasonable timeframe.
This underscores the relevance of investigating the influence of aging on their me-
chanical characteristics.

The development of aging test stands and methodologies for determining and
evaluating the mechanical characteristics of tested materials is a timely task. It re-
quires significant preliminary research, combining knowledge from various fields:
materials science, mechanics, electrical engineering, electronics, mechatronics, and
computer science and technology.

CHAPTER 1. LITERATURE REVIEW

1. Mechanical Properties of Polymer Specimens Produced by Additive
Manufacturing

1.1. Introduction

Additive Manufacturing (4AM) is a method that encompasses a variety of tech-
nologies, raw materials, and methodologies based on a unified principle of con-
structing a three-dimensional object from a suitable feedstock through its gradual
deposition and/or activation until the final desired volume and shape are achieved.

Given the variety of materials and processes involved, each specific combination
effectively constitutes an independent technology. As of 2017, polymer-based ad-
ditive technologies accounted for the largest market share (ranging from 51% to
80%). Furthermore, a 2019 industrial application report indicated that material ex-
trusion and powder bed fusion systems were in highest demand, generating the
most significant revenue for the manufacturing sector.

1.2. Material Extrusion Additive Manufacturing

Material extrusion AM (MEX) is a collection of relatively simple mechanical
processes involving the controlled deposition of material onto a build plate. While
the mechanical properties of the feedstock are largely preserved within the extrud-
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ed filament, the overall part often exhibits anisotropic behavior due to its layered
structure and the raster infill of individual layers. The printing environment, depo-
sition rate, layer orientation, nozzle size, hatching strategy, hatch spacing (raster
gap), extrusion temperature, build plate temperature, and chamber temperature,
among many other parameters, collectively determine the geometric precision, me-
chanical properties, and aesthetic quality of the fabricated part [11, 12, 13]. Figure
8 presents the tensile strength of various materials at different hatching angles and
transverse deposition directions relative to the loading direction.
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Figure 8. Tensile strength at various infill raster angles for different materials [12].

1.3. Powder Bed Fusion Additive Manufacturing

Powder bed fusion (PBF) technologies follow a consistent workflow, in which
material in powder form is spread across a build plate and selectively irradiated by
an energy source. The material is heated to its sintering or melting point to form the
intended layer geometry; subsequently, a fresh layer of powder is deposited, and
the cycle continues.

The surrounding powder bed provides sufficient structural support during fabri-
cation, enabling the production of extremely complex geometries without the need
for additional post-processing to remove sacrificial support structures. To facilitate
the process and reduce the required irradiation time, it is typical for the entire build
volume, and consequently the feedstock within it, to be maintained at a temperature
close to the target irradiation temperature.

The most widespread powder bed fusion technologies are Selective Laser Sinter-
ing (SLS) and Multi Jet Fusion (MJF). MJF is a technology where the tracing of the
cross-section and its sintering are separate activities performed sequentially. The
print head deposits an active agent (fusing agent) on the part’s cross-section to al-
low sintering, while a detailing agent (blocking agent) is applied to the surrounding
area to inhibit the process. Following deposition, the sintering process is layer-
wide, occurring simultaneously across the entire working area of the chamber via
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infrared radiation. This ensures a significantly reduced anisotropy of material prop-
erties within the part. Figure 20 presents tensile stress-strain curves for Polyamide
12 (PA12) specimens produced at various build orientations [26].
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Figure 20. Stress-strain curves of PA12 specimens produced in
various build orientations via MJF technology [26].

1.4. Conclusions

MEX and PBF technologies are the most closely aligned with established tradi-
tional industrial technologies in terms of throughput and industrial adoption.

The superior qualities of powder bed fusion technologies stem from complex
material-handling processes made possible by expensive, high-precision equip-
ment, which distinguishes them from the budget and hobbyist applications of mate-
rial extrusion.

The productivity of PBF is predictable due to minimal manual labor and excel-
lent compatibility with industrial post-processing methods. The finished parts pos-
sess an aesthetic appearance comparable to those produced by traditional manufac-
turing.

SLS and MJF are the leading polymer powder bed fusion technologies, with
PA12 being the primary production material.

Rigorous process control in MJF results in material properties that are effective-
ly isotropic. Furthermore, the mechanical strength of these parts is comparable to
that of traditionally manufactured components.

MJF stands out as the most environmentally sustainable technology, with a min-
imal environmental footprint.

2. Influence of Aging on the Mechanical Properties of Polymer Specimens

2.1. Introduction

The investigation of natural aging constitutes the most reliable approach for de-
termining the service life of a product. However, field exposure requires an extend-
ed period to collect significant data and subsequently formulate conclusions.

Accelerated aging procedures represent an attractive alternative. The selection of
accelerating factors plays a decisive role in the outcomes of accelerated aging
methods. These factors must induce a degradation mechanism as close as possible
to that occurring during natural aging while simultaneously providing a reduced
testing duration. Clearly, these two requirements are in conflict.

5
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2.2. Natural Aging

The natural aging process of polymers is defined by their exposure to outdoor
atmospheric conditions, though it is important to mention they also age in storage.

Article [41] examines the short-term natural aging of polypropylene (PP) sheets
with a thickness of 0,05 mm, exposed to outdoor conditions for approximately 2
months during the summer tropical season and 2,5 months during the winter tropi-
cal season. Data collection was performed by removing two samples from each
group every five days. The results obtained are presented in Figure 21.
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Figure 21. Strain (%, left) and tensile strength (MPa, right) of PP
versus exposure time (days) [41].

Gallo et al. have investigated the natural aging of polypropylene sheet specimens
of varying thicknesses [42, 43, 44]. The authors conclude that chemical degrada-
tion occurs primarily near the material surface. Consequently, the impact of aging
on the mechanical properties of thinner PP specimens is more significant than in
thicker ones.

2.3. Accelerated Aging

An accelerated aging process is observed when exposure conditions are signifi-
cantly more aggressive than natural conditions, or when natural cycles—darkness-
light, cold-heat, aridity-moisture—are intensified, or both [40].

Study [51] investigates bio-polyamide film plates subjected to accelerated aging
via UV radiation within a wavelength range of 295-365 nm. The specimens were
subjected to alternating cycles:

e Temperature of 60°C, humidity of 50-70%, and UV radiation for a dura-
tion of 6 hours;

e Temperature of 60°C, 100% humidity, and UV lamps deactivated for a du-
ration of 6 hours.

The specimens were exposed for varying time intervals, followed by tensile test-
ing. Prior to tensile testing, the specimens were conditioned at room temperature
for at least 1 day. Based on the results obtained (Figure 26), it is evident that the
yield strength decreases as the aging period increases.
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@Duzypa 26. Stress-strain curves of bio-polyamide film plates subjected to
accelerated UV radiation aging [51].

2.4. Correlation between Natural and Accelerated Aging

In study [28], the outdoor performance of iPP was compared with the behavior
of the same polymer subjected to accelerated aging. The outdoor experiments were
conducted over a period of two years and six months at various locations in China.
Accelerated aging was performed according to ISO 4892-2 [35], utilizing a xenon
arc lamp. An improved Arrhenius equation was proposed to relate natural and ac-
celerated aging. Depending on the outdoor exposure sites, it was found that the ac-
celerated aging factor k varies from 8 to 30.

Article [55] compares results from natural and accelerated aging of polyethylene
terephthalate (PET). Natural exposure was carried out in London. Accelerated ag-
ing was performed in accordance with ISO 4892-3 in a QUV chamber equipped
with a fluorescent lamp. The properties investigated were impact strength and sur-
face characteristics (color and gloss). No correlation was established between natu-
ral and accelerated aging regarding the impact strength results.

Correlations between outdoor testing and accelerated testing have been an inter-
esting yet controversial topic for over a century. Some authors state that it is possi-
ble to compare the obtained results, others are hesitant, and some believe it is im-
possible for certain polymers [38, 40].

2.5. Conclusions

Natural aging is a slow process that is contingent upon the specific climate type.

The implementation of accelerated aging methods enables the development of
methods and models to predict the behavior of polymer materials within their natu-
ral operating environments.

The justification for selecting an accelerated aging method lies in the ability to
establish a correlation between natural and accelerated aging.

Mechanical characteristics of polymer materials can serve as an effective param-
eter for establishing a relationship between natural and accelerated aging.

Aging effects on polymer mechanical properties are governed by the polymer
type, the manufacturing method, and the thickness of the specimens.

7
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Establishing a reliable correlation between natural and accelerated aging contin-
ues to be a significant challenge in engineering.

Chemical degradation is predominantly a surface-level phenomenon [42, 43, 44,
56]. Another challenging objective is to determine the degradation depth of the ma-
terial. This would enable the prediction of aging's influence on the mechanical
properties of structural elements with varying cross-sections.

4. Aging and Tensile Testing Equipment

4.1. Aging Testing Apparatus

or exposure to natural climatic conditions, a standard exposure rack may be uti-
lized, as schematically presented in Figure 29 of dissertation [57]. The rack is posi-
tioned such that the exposed surface is south-facing and oriented at a specific tilt
angle.

The most frequently utilized acceleration factors in accelerated aging procedures
are UV radiation, elevated temperature, and increased humidity, which stimulate
the processes of photo-oxidative, thermal, and/or hydrolytic degradation of poly-
mer materials [56]. Specialized environmental chambers are employed that allow
for alternating cycles involving various factor combinations. The requirement to
control multiple variables makes this equipment technologically complex and ex-
pensive.

4.2. Tensile Testing Apparatus

In modern laboratories, tensile testing is conducted using testing machines
equipped with servo-controlled loading mechanisms, which ensure high-precision
loading [70, 71, 72, 73]. The stringent requirements for precision render these ma-
chines complex and high-cost. To record the force applied to the specimen, strain-
gauge load cells are most commonly used, which convert the mechanical defor-
mation of their elastic element into a proportional electrical signal.

A tensile testing system is available in the Department of Mechanics at TU — So-
fia [78]. It consists of a ZD10 testing machine, a computer system, and contact ex-
tensometers for strain measurement. During system operation, it was found that a
communication error occurs between the motion control module of the moving
crosshead and the motor control unit. This error occurs randomly, and after multi-
ple diagnostics, the root cause has not been identified.

Another tensile testing machine, a Zwick 1474 (Figure 36 in the dissertation), is
also available in the Department of Mechanics, though its control system and load
cell are non-functional.

4.3. Conclusions

Accelerated aging machines that most accurately simulate natural weathering
conditions are those featuring UV radiation and periodic water immersion.

The aging and tensile testing apparatus is complex, specialized, and expensive.
The procurement of commercial off-the-shelf systems is often economically disad-
vantageous. Consequently, it is practical to develop proprietary machines or to
modernize existing equipment.
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5. Aim and Objectives

The aim of this dissertation is TO INVESTIGATE THE INFLUENCE OF AG-
ING ON THE MECHANICAL PROPERTIES OF PA412 SPECIMENS PRO-
DUCED BY MJF TECHNOLOGY.

To achieve this aim, the following objectives have been formulated:

1) To design and fabricate an exposure rack for specimen testing under natu-
ral climatic conditions.

2) To design and fabricate an accelerated aging machine featuring UV radia-
tion and periodic water immersion.

3) To modernize an existing tensile testing system.

4) To obtain specimen groups with varying degrees of aging, exposed to nat-
ural climatic conditions and accelerated aging by UV radiation and period-
ic water immersion.

5) To determine the mechanical properties of unaged control specimens and
specimens with varying degrees of aging.

6) To compare and analyze the results and propose a correlation between
natural aging and accelerated aging by UV radiation and periodic water
immersion.

7) To propose a methodology for predicting the material degradation depth
resulting from aging.
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CHAPTER 2. THEORETICAL FRAMEWORK

1. PAI2 Structure and Properties

The molecular chain of PA12 consists of a series of repeating monomer units
containing 11 methylene groups capped by carbonyl and secondary amine groups
(Figure 37). The methylene-amine bond is the most vulnerable site in the mono-
mer, susceptible to cleavage during thermal degradation, hydrolysis, or mechanical
loading.

Amide groups within the polymer chain can form bonds with amide groups in
adjacent chains. Under specific chain alignments, ordered lamellar structures (crys-
talline regions termed crystallites) can form, which are surrounded by amorphous
(disordered) regions. The concentration of these crystalline regions within the
amorphous polymer matrix determines its degree of crystallinity.
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@uzypa 37. Structure of PAI2.

The extended processing time in additive manufacturing requires the raw mate-
rial to withstand prolonged high-temperature exposure and slower cooling rates.
Combined, these factors lead to a higher degree of crystallinity [81, 82, 83], modi-
fying the mechanical properties compared to conventional manufacturing methods
(Table 2).

Table 2. Mechanical properties of PAI2.

PA12 Tensile strength, MPa | Elongation at break, %
Injection molding 45-52 275-325
MJF technology 48 15-20

Additively manufactured specimens produced via MJF technology exhibit sig-
nificantly lower tensile strain at break compared to conventionally manufactured
parts. These and other disparities between additively and traditionally produced
components serve as factors for variations in their long-term resistance to degrada-
tion.

2. Natural Aging Mechanism
The predominant aging process in polymers is the scission and subsequent short-
ening of the polymer chain resulting from a variety of chemical reactions. Poly-
mers with shorter chain lengths typically exhibit reduced strength properties and a
brittle fracture mode.
10
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All polymers contain free radicals as a consequence of the polymerization pro-
cess, as well as their processing and service history. Free radicals possess the ca-
pacity to cleave the long polymer chain by abstracting various elements from it,
most commonly oxygen during the oxidation process. The reaction of free radicals
with oxygen generates new radical species, such as peroxides and subsequently
hydroperoxides, which induce chain scission and produce numerous byproducts,
including aldehydes and ketones.

External conditions such as elevated temperature, humidity, water vapor, ultra-
violet light, acidic and alkaline solutions, and fuels can act as catalysts for oxida-
tion and the accumulation of free radicals [32, 56].

A schematic of the natural aging mechanisms is shown in Figure 37.
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Figure 37. Natural aging mechanisms schematic [56].

The process of natural aging is dependent upon the specific climatic conditions
encountered during outdoor exposure.

3. Climate Types

3.1. Koppen-Geiger Climate Classification

Climate types are classified into primary groups based on temperature and pre-
cipitation. The most widely recognized is the K&ppen-Geiger classification, which
divides the world into five major climate types: Tropical (A); Arid (B); Temperate
(C); Continental (D); and Polar (E). The system differentiates zones first by mean
temperature thresholds and subsequently by humidity levels. Each zone is further
subdivided into subzones based on the monthly distribution of temperature and
moisture throughout the year [85].

3.2. Climate of Bulgaria According to the Koppen-Geiger Classification

The Koppen-Geiger classification defines the climate of Bulgaria as transitional
between humid continental and Mediterranean, with distinct Black Sea and moun-
tainous zones.

In the Sofia region, where the planned natural aging testing was conducted, the
climate is classified as "Mediterranean with a humid summer," featuring mean
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temperatures between 0°C and 22°C, at least four months above 10°C, and relative-
ly constant humidity across seasons.

4. UV radiation

4.1. Natural ultraviolet light

Ultraviolet light is electromagnetic radiation with a wavelength between 10 and
400 nm, shorter than that of visible light and invisible to the human eye, yet pos-
sessing a significant influence on life and planetary conditions. The primary source
of UV light is the Sun; however, a large portion of its emitted spectrum is filtered
by the ozone layer and the atmosphere before reaching the Earth's surface. In ani-
mals and humans, ultraviolet light can cause skin burns, whereas in polymers, it
induces the accumulation of free radicals that facilitate aging processes.

4.2. Artificial Sources of Ultraviolet Light

Laboratory testing employs various artificial UV sources, such as gas-discharge
lamps (xenon arc, metal-halide, and others), fluorescent lamps, and carbon arc
lamps. Each light source covers a distinct radiation spectrum and power distribu-
tion, and these artificial sources typically differ from natural sunlight. To align the
emission spectrum of artificial sources with that of the Sun, filters may be em-
ployed to attenuate excessively intense radiation at specific wavelengths.

5. Plastics. Methods of Exposure to Laboratory Light Sources: General
Guidance [34]

The arrangement of specimens and light sources within the chamber must ensure
that at least 70% of the irradiance reaches all specimens. If irradiance exceeds 90%
for all specimens, rotation is not mandatory; however, it is still recommended to
achieve maximum uniformity.

The surface temperature of the specimens depends on the amount of absorbed
radiation, the emissivity of the specimen, the rate of thermal conductivity between
the specimen and its holders, and the convection between the specimen and the
chamber air.

Instead of measuring the temperature of each individual specimen, the standard
permits the use of a black standard thermometer (BST) or black panel thermometer
(BPT) to monitor and control the chamber temperature. This sensor must be
mounted in the same plane and with the same orientation as the specimens to re-
ceive the same irradiance.

The shape, dimensions, and quantity of the specimens are determined by the
specific testing standard applied after the ISO 4892 procedures. If the testing meth-
od does not specify the number of specimens, it is recommended to prepare a min-
imum of three specimens of each material for every exposure interval.

When performing tests to determine the mechanical properties of exposed spec-
imens, they must be appropriately conditioned.

12
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6. Plastics. Methods of Exposure to Laboratory Light Sources. Xenon-arc
Sources [35]

The light source consists of one or more xenon-arc lamps, which emit radiation
extending from below 270 nm through the ultraviolet and visible regions into the
infrared spectrum.

To simulate daylight filtered through window glass, specific filters must be used
to eliminate ultraviolet radiation with wavelengths shorter than 310 nm. Addition-
ally, daylight filters may be employed to remove infrared radiation, thereby pre-
venting unrealistic specimen heating that could induce thermal degradation not typ-
ically observed during outdoor exposure.

Table 6 outlines the exposure cycles utilizing temperature control via a black-
panel thermometer and the application of a window glass filter.

Table 6. Exposure cycles with black-panel thermometer and window glass filter.

Irradiance
Cvele Black-panel Chamber Relative
y Exposure period | 300-400 420 temperature | temperature | humidity
N nm W/(m2n :lm) °C °C %o
W/m? )
1 Continuously dry 50+2 1,10+0,02 63+3 38+3 50+10
2 Continuously dry 50+2 1,10+0,02 89+3 6543 20+10
3 Continuously dry 50+2 1,10+0,02 63+3 = =
4 Continuously dry 50+2 1,10+0,02 89+3 - -

7. Plastics. Determination of Tensile Properties [S9]

7.1. Terms and definitions

7.1.4. Tensile strength (o,,) — stress at the first local maximum observed during a
tensile test.

7.1.5. Tensile stress at x% strain (o,) — stress at which the strain, €, reaches the
specified value x%. This is useful if the stress-strain curve does not exhibit a yield
point.

7.1.6. Tensile stress at break (o,) — stress at which the specimen breaks.

7.1.8. Tensile strain at break (e,) — strain at the last recorded data point before
the stress is reduced to less than or equal to 10% of the strength if the break occurs
prior to yielding

7.1.9. Tensile strain at strength (e,) — strain at which the tensile strength is
reached.

7.1.11. Tensile modulus of elasticity (E£) — slope of the stress/strain curve o(g) in
the interval between the two strains ¢; = 0,05% and &, = 0,25%.

7.2. Test Specimens

The shape and dimensions of the specimens are determined according to the rel-
evant part of ISO 527 for the material under test.

At least five specimens must be tested for each required testing orientation.

13
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7.3. Testing Parameters

The test speed is regulated according to the relevant material standard. In the ab-
sence of such information, the test speed shall be agreed upon by the interested par-
ties.

8. Metallic materials. Tensile testing. Method of test at room temperature
[60]

8.2. Terms and definitions

8.2.1. Original gauge length (L,) — gauge length of the part of the test piece with
a constant cross-sectional area before application of force.

8.2.2. Final gauge length (L,) — gauge length of the part of the test piece with a
constant cross-sectional area after fracture of the test piece.

8.2.4. Percentage elongation after fracture (4) — permanent elongation of the
gauge length after fracture (L, - L,), expressed as a percentage of the original gauge
length (L,).

8.2.5. Extensometer gauge length (L.) — initial gauge length of the extensometer
used for measurement of extension.

8.2.6. Extensometer percentage extension (e) — extension measured by an exten-
someter, expressed as a percentage of the extensometer gauge length (L.).

8.2.7. Percentage total extension at fracture (4,) — total extension (elastic exten-
sion plus plastic extension) at the moment of fracture, expressed as a percentage of
the extensometer gauge length (L.).

8.2.9. Proof strength, plastic extension (R,) — stress at which the plastic exten-
sion is equal to a specified percentage of the extensometer gauge length (L.). A suf-
fix 1s added to the subscript to indicate the prescribed percentage, e.g. Ry,2.

8.2.10. Proof strength, total extension (R,) — stress at which total extension (elas-
tic extension plus plastic extension) is equal to a specified percentage of the exten-
someter gauge length (L.). A suffix is added to the subscript to indicate the pre-
scribed percentage, €.g. Ry,s.

8.3. Testing rate

In the elastic range and up to the yield strength, the stress rate shall be within the
limits presented in Table 7.

After determination of the required yield/proof strength properties, the test rate
may be increased to a strain rate no greater than 0,008 s™.

Table 7. Stress rate.

Modulus of elasticity of the material, Stress rate, MPa.s™!
MPa minimum maximum
<150 000 2 20
> 150 000 6 60

If only the tensile strength of the material is required, the strain rate shall not ex-
ceed 0,008 s! throughout the test.
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8.4. Determination of proof strength, plastic extension by extensometer

Proof strength at prescribed plastic extension by extensometer (R,) is determined
from the stress-strain curve by drawing a line parallel to the linear portion of the
curve and at a distance from it equivalent to the prescribed plastic percentage ex-
tension e,, e.g. 0,2%. The point at which this line intersects the curve gives the
stress corresponding to the desired proof strength plastic extension. The latter is
obtained by dividing this force by the original cross-sectional area of the test piece
A suffix is added to the subscript to indicate the prescribed percentage, e.g. R,

8.5. Determination of proof strength, total extension by extensometer

Proof strength at prescribed total extension by extensometer (R;) is determined
on the stress-strain by drawing a line parallel to the ordinate axis curve and at a dis-
tance from this equivalent to the prescribed total percentage extension e;, e.g. 0,5%.
The point at which this line intersects the curve gives the stress corresponding to
the desired proof strength.

8.6. Determination of the percentage total extension at fracture

If the parallel length is significantly greater than the original gauge length (L,), a
series of overlapping gauge lengths may be marked. The percentage elongation af-
ter fracture (4) is calculated using the following relationship:

A:%loo,% (7)

0
For non-proportional test pieces, the symbol 4 should be supplemented by a sub-
script indicating the original gauge length used.
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CHAPTER 3. DESIGN, FABRICATION, AND MODERNIZATION OF
AGING AND TENSILE TESTING EQUIPMENT

1. Design and Fabrication of an Exposure Rack for Specimen Testing under
Natural Climatic Conditions

1.1. Design and Fabrication of the Rack

The configuration illustrated in Figure 45 was chosen based on technical refer-
ences [57]. The mounting grid (2) accommodates 20 samples in a 4x5 array. It is
attached to the main frame using shafts (4) supported by bearing bushings (5). This
rotational coupling allows the grid to pivot around its longitudinal axis, promoting
consistent environmental exposure across all sample surfaces.

1.2. Natural Weathering Test Protocol using the fabricated rack

1.2.2. The exposure rack shall be positioned in a suitable location such that the
exposed surfaces are south-facing. The site must ensure that no shadows fall on the
specimens during daylight hours and that no artificial light sources affect them dur-
ing the night.

1.2.3. Mount the test specimens into the exposure rack.

Figure 45. Natural aging exposure rack: a) 3D model of the designed rack;
b) Photograph of the fabricated rack..

1.2.4. Initiate the aging test.

The test shall commence at the beginning of a calendar season. Every 7 days, the
mounting grid of the rack is to be rotated 180° around its longitudinal axis to
achieve uniform aging of the specimen surfaces.

The duration of exposure shall be no less than 1 year and no more than 5 years,
unless otherwise specified in the testing program or material standards. Intermedi-
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ate testing of the specimens shall be performed every season, with other evalua-
tions conducted at least once per year.

Specimens from the final testing interval must be conditioned for at least 86
hours following their removal from the rack [33].

2. Design and Fabrication of an Accelerated Aging Machine utilizing UV
Radiation and Periodic Water Immersion

2.1. Machine Design

Utilizing research from the Department of Mechanics (TU — Sofia) and technical
references [34, 35], the assembly shown in Figure 46 was constructed. The ma-
chine is divided into four modules: the drive mechanism, upper and lower cham-
bers, and a specimen holder (cassette).

2.2. Machine Control System

A block diagram of the machine control system is shown in Figure 51. Via the
drive mechanism, the specimen cassette is transferred from the upper chamber,
where it undergoes UV irradiation, to the lower chamber, where it is immersed in
distilled water, and vice versa.

Figure 46. 3D model of the machine: a) with enclosure; 6) without enclosure.

The machine is managed by an Electronic Control Unit (ECU) based on a pro-
grammable microcontroller. The microcontroller is programmed using a personal
computer equipped with the test stand management software. This software allows
for the configuration of UV exposure and water immersion durations. Additionally,
the temperature setpoints for the black-panel thermometers, which trigger the acti-
vation and deactivation of the cooling fans, are also specified.
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@uzypa 51. Block diagram of the machine control system:
ECU - electronic control unit; BPT1, BPT2 — black-panel thermometers;
RHT — relative humidity and temperature sensor, TA — air temperature sensor;,
TW — water temperature sensor, LS1, LS2 — limit switches; GM — gear motor;
SC — specimen cassette; MEP — main electrical panel; LSB — lamp starter blocks;
UVLI, UVL2 — lamps, F — fans; RSS — remote shutdown switch for the lamps,
GF — window glass filters; M — aluminum sheet mirrors;, UPS — uninterruptible power supply;,

SD card — non-volatile memory; LAN — internet connection.

The Electronic Control Unit (ECU) acquires data from an array of integrated

sensors, including:
e black-panel thermometers (BPT1 and BPT2);

relative humidity and temperature sensor (RHT);
air temperature sensor (7A4);
water temperature sensor (7W);
UV irradiance sensors (UV1 and UV2);
Limit switches (LS and LS2);
Remote shutdown switch (RSS).

Sensor readings and timestamps are displayed on the ECU controller screen. All
acquired data is logged to an SD card and is also accessible remotely over a LAN
connection.
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The machine is equipped with a remote shutdown switch (RSS) for the lamps.
This is necessary so that the lamps can be turned on and off without personnel pre-
sent in the room where the chamber is located. Continuous operation of the ma-
chine is ensured by an independent power supply via a UPS

2.3. Conclusion

An original construction of a machine for accelerated aging via UV radiation and
periodic water immersion has been developed. The machine is characterized by a
relatively simple and reliable construction, as well as low cost. Figure 52 presents
photographs of the fabricated machine. Preliminary testing demonstrates that the
machine complies with the specifications of the ISO 4892-1 and ISO 4892-2 stand-
ards.

Figure 52. Photographs of the fabricated machine.

3. Modernization of an existing tensile testing system

3.1. System design
To perform mechanical tensile testing while monitoring and recording all essen-
tial variables, the following elements are required:

e Testing machine — such a defective Zwick machine is present in the De-
partment of Mechanics at the Technical University — Sofia. The machine
needs to be repaired and upgraded. The modernization is detailed below.

e Device for measuring longitudinal strain — a Schenck (Germany) exten-
someter for measuring longitudinal strain is available in the "Mechanics"
Department. The extensometer is described below.

e Tensile testing system control — includes an electronic control unit for the
testing machine and a personal computer. The system is described below.
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3.3. Modernization of Zwick 1474 testing machine

A new strain-gauge load cell, operating in tension, was installed. The load cell is
calibrated according to the EN ISO 376:2011 standard [98].

A linear encoder for displacement measurement was mounted on the right col-
umn of the testing machine. The encored range is from 0 to 1500 mm.

3.4. Extensometer for longitudinal deformation measurement
Figure 54 shows a CAD model of a longitudinal extensometer by Schenck. This
device is calibrated according to EN ISO 9513:2012 requirements [99].

<

Figure 54. CAD model of the Schenck longitudinal extensometer: 1 — elastic (flexure) element;

2 — sensor arms, 3 — test specimen, 4 — knife edges; 5 — spring clips; 6 — travel stop.

3.5. Control System

A schematic diagram of the implemented control system is shown in Figure 55.

The Electronic Unit (EU) features internal memory for recording measured vari-
ables (setpoint and actual force, longitudinal and transverse strain, and moving
crosshead displacement). The following parameters are configured via the EU key-
pad:

e Calibration values for the measurement channels;

e Operating mode — control by force, displacement, or time;

e Loading profile — trapezoidal, sinusoidal, or triangular. For each profile,
the following can be defined: number of cycles; initial, final, and peak
load values; loading rate (kg/min or mm/min); and durations for loading,
dwell (hold), and unloading;

e Data logging interval for the measured variables.

3.6. Conclusion

A modern tensile testing system has been developed. It facilitates control via
force, displacement, or time. Various loading profiles can be implemented, includ-
ing trapezoidal, sinusoidal, and triangular waveforms. The measured variables are
recorded and visualized on a computer using specialized software. Photographs of
the modernized system are presented in Figure 57.
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Figure 55. New control system for the Zwick testing machine: LC — Load cell;
E — Extensometer; LE — Linear encoder; EU — Electronic unit;

LS1 and LS2 — Limit switches;, EM — Electric motor;, MDC — Motor drive controller;
TG — Tachogenerator; T — Transmission, EC1 and EC2 — Electromagnetic clutches;
B — Drive belt; WGR — Worm gear reducers; BSA — Ball screw assemblies,
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Figure 57. Photographs of the modernized tensile testing system.
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CHAPTER 4. EXPERIMENTAL RESEARCH AND RESULTS

1. Test Specimens

A total of 60 ISO 527-2 specimens were produced via Multi Jet Fusion on an HP
Jet Fusion 4200 system. The material used was 80% recycled and 20% virgin
PA12 (HP 3D High Reusability PA12). The specimens were produced with a layer
height of 80 um in a balanced operating mode and were allowed to cool naturally
without process acceleration. To minimize internal thermal stress buildup during
the build process, all specimens were orientated, with the cross-section in the xz
plane and a 20° tilt around the y-axis.

2. Aging Test

2.1. Exposure of Specimens to Natural Climatic Conditions

The testing was conducted using the fabricated natural aging exposure rack, fol-
lowing the methodology described in Section 1 of Chapter 3.

The rack was positioned on the rooftop of a residential building in the center of
Sofia, oriented toward the south.

The total duration of the test was 3 years, involving 25 specimens. The testing
schedule is detailed in Table 8, while Table 9 of the dissertation presents the spe-
cific environmental parameters recorded for each month of exposure [93].

Table 8. Testing schedule.

Specimen row Ne Specimen Ne Period Duration (years)
1 1,2,3,4,5 21.06.2020+21.09.2020 0,25
6,7,8,9,10 21.09.2020+21.09.2021 1
2 11,12, 13, 14, 15 21.06.2020+21.06.2022 2
3 16,17, 18,19, 20 21.06.2020+21.12.2022 2,5
4 21,22,23,24,25 21.06.2020+21.06.2023 3

2.2. Exposure of Test Specimens in the Accelerated Aging Machine utilizing
UV Radiation and Periodic Water Immersion

The test was conducted using the custom-fabricated accelerated aging machine
employing UV radiation and periodic water immersion, following the operational
methodology detailed in Section 2 of Chapter 3.

The total duration of the test was 6 weeks (42 days), during which 18 specimens
were tested.

Table 10 outlines the testing program, while Table 11 of the dissertation presents
the specific environmental parameters recorded for each week of exposure.

Table 10. Testing schedule.

Specimen row Ne Specimen Ne Period Duration (days)
1,2,3,4,5,6 04.11.2024+18.11.2024 2 14
7,8,9,10,11, 12 04.11.2024+02.12.2024 4 28
13,14, 15,16, 17, 18 04.11.2024+16.12.2024 6 42
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3. Tensile Testing

3.1. Tensile Testing of Unaged Specimens

The testing was performed using the modernized tensile testing system, follow-
ing the operational methodology detailed in Section 3 of Chapter 3.

Preliminary tests were conducted to establish the loading rate. It was determined
that at a specified loading rate of 55 kg/min, the strain rate in the linear region is
approximately 1% of the gauge length per minute.

Five specimens were subjected to tensile testing at the specified loading rate of
55 kg/min. The resulting stress-strain curves are presented in Figure 66. The figure
includes only the curves for specimens that fractured within the extensometer
gauge length.
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Figure 66. Stress-strain curves of unaged specimens.

The determined mechanical properties are presented in Table 12 of the disserta-
tion. The final column provides the elastic strain values of the specimens that frac-
tured within the extensometer gauge length (the determined mean value is 6,2%).
From the obtained stress-strain curves (Figure 66), it follows that the linear elastic
strains fall within the range of 0,6% + 1,0%. Consequently, significant non-linear
elastic deformations are present. Therefore, it is not possible to determine the proof
strength for a specified plastic extension according to BDS EN ISO 6892-1:2020
[60].

Consequently, a new methodology is required to define the proof strength at a
specified total extension that corresponds to the proof strength for a specified plas-
tic extension for polymer materials exhibiting large non-linear elastic deformations.

3.2. Methodology for Determining the Proof Strength of Polymer Materials
with Significant Non-linear Elastic Deformations

3.2.3. The specimen is subjected to incremental (stepwise) loading and unload-
ing. Each step 1s characterized by a maximum tensile force F; and its corresponding
stress a;. After each unloading phase, a zero-load state is maintained until the non-
linear elastic deformations have fully dissipated. The first step utilizes a stress val-
ue that results in a residual extensometer strain of less than 0,1%. The second step
aims to achieve a residual strain of approximately 0,1%. Following the third step,
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the residual strain should not significantly exceed 0,2%; if it remains below this
threshold, an additional loading step is performed. Preliminary tests are conducted
to determine approximate values for o;.

3.2.4. For each step, a stress-strain curve is plotted (Figure 68) to determine the
residual extensometer strain ¢, ;.
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Figure 68. Stress-strain curves of each incremental loading and unloading.

3.2.5. A graphical relationship is established between o; and ¢, ; (Figure 69).
From this relationship, the proof strength for a specified plastic extension a2,
(corresponding to ¢, = 0,2%) 1s determined.
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Figure 69. Plot of stress ojversus residual strain ¢, .

3.2.6. The mean value of g, 1s calculated.

3.2.7. Using the stress-strain curves generated in Section 3.1 of this chapter, the
total extension values &;; corresponding to g, are identified.

3.2.8. The mean value of the total extension ¢; is determined. This value corre-
sponds to the sought proof strength for a specified total extension ;.

3.3. Baseline proof strength determination of unaged specimens

Five unaged samples were tested at a loading/unloading rate of 55 kg/min. Data
analysis confirms that the proof strength at 2,5% total extension (o 5) correlates
directly with the 0,2% plastic offset proof strength (a,,2).
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The parameter o, 5 will be used in subsequent aged-specimen evaluations to es-
tablish a correlation factor between natural weathering and accelerated

UV/immersion cycles.

3.4. Tensile Testing of Specimens Exposed to Natural Climatic Conditions

The testing was conducted using the modernized tensile testing system.

Twenty-five specimens were tested at a specified loading rate of 55 kg/min.

Figure 70 presents one representative stress-strain curve for each aging duration
where fracture occurred within the extensometer gauge length. For comparison, a
stress-strain curve for an unaged specimen (0 years) is also shown.

The values of the determined mechanical properties are detailed in Table 14 of
the dissertation.
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Figure 70. Stress-strain curves of naturally aged specimens.

Figure 71 presents the plots of the reduction in tensile strength o, and strain at
tensile strength ¢, as a function of time.
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Figure 71. Plots of the reduction in o, and en as a function of time.

Initially, the impact of aging is negligible — after 0.25 years, o,, decreases by on-
ly 1,7% and &, by 2,2%. Subsequently, the influence of aging intensifies — by the
1-year mark, o, drops by 12,9% and ¢, by 32,1%. Following the second year, a
sharp decline in tensile strength occurs as the material becomes brittle — g, de-
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creases by 46,5% and ¢,, by 82,1%, reaching values below 2,5%. Consequently, the
stress at 2,5% strain (o,,5) cannot be utilized to establish a correlation between nat-
ural and accelerated aging. A decision was made to use tensile strength (o,,) in-
stead. After the second year, the rate of degradation slows — at 2,5 and 3 years, g,
decreases by 54,2% and 62,5%, respectively, while &, drops by 86,6% and 89,6%.

This behavior is attributable to the chemical aging mechanisms of the material.
In semi-crystalline polymers like PA72, the dense crystalline regions are resistant
to the penetration of aging agents, resulting in the slow initial formation of hydrop-
eroxide groups. This explains the minimal change in mechanical properties during
the early stages. Once a critical mass of hydroperoxides accumulates — primarily at
the surface — the aging process accelerates. During each subsequent heating and
UV exposure cycle, existing hydroperoxides break down, generating high concen-
trations of free radicals that induce further chain scission. When the polymer sur-
face oxidizes, a degraded layer forms rapidly, leading to a precipitous loss of me-
chanical integrity. This layer then acts as a barrier, limiting UV penetration to the
inner layers and slowing the overall rate of aging.

3.5. Tensile testing of specimens exposed to UV radiation and periodic water
immersion via the accelerated aging machine

Testing was conducted using the modernized tensile testing system.

Eighteen specimens were tested at a specified loading rate of 55 kg/min.

Figure 72 presents representative stress-strain curves for each aging duration
where fracture occurred within the extensometer gauge length. For comparison, a
stress-strain curve for an unaged specimen (0 days) is also included.

The values of the determined mechanical properties are detailed in Table 15 of
the dissertation.
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Figure 72. Stress-strain curves of specimens exposed to UV radiation and periodic water immer-
sion via the accelerated aging machine.

Figure 73 presents the plots of the reduction in tensile strength o,, and strain at
tensile strength ¢, as a function of time.
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Figure 73. Plots of the reduction in o, and em as a function of time.

After 14, 28, and 42 days, o, decreased by 11,2%, 17,0%, and 22,8%, respec-
tively, while ¢, decreased by 31,3%, 43,3%, and 54,5%. Throughout the investi-
gated accelerated aging period, the reduction in both g,, and ¢, remained linear.

4. Correlation between natural aging and accelerated aging via UV radia-

tion and periodic water immersion

Table 16 provides a summary of the results obtained from the tensile tests.

The tensile strength (6,,) data for both the unaged control specimens and those
subjected to natural aging were used to construct a graphical relationship between
natural aging time (¢;) and tensile strength (o,,) (Figure 74). From this plot, the nat-
ural aging time values (#;) were determined for tensile strengths of 42,8 MPa, 40,0
MPa, and 37,2 MPa. These specific stress levels correspond to the accelerated ag-
ing times (¢,) of 14 days, 28 days, and 42 days, respectively.

Table 16. Mechanical properties of PA12 specimens derived by MJF, unaged and at various
stages of natural and accelerated aging.

Specimens Agm% time s,,:%sg ol'\,;,[,Po:
Unaged 0 13,4 48,2

0,25 years 13,1 474

1 year 9,1 42.0

Naturally aged 2 years 2,4 25,8
2,5 years 1,8 22,1

3 years 1,4 18,1

_ o o 14 days 9,2 42,8
Aged via UV rad1at10n gnd periodic 28 days 7.6 40,4

water immersion

42 days 6,1 37,2

27



KRASIMIR NIKOLOV AUTHOR’S SUMMARY

o~
20 \E\E\a

O T T T

0 1 2 3 4
Duration of natural aging, years

Figure 74. Plots of the reduction of on versus natural aging time t;.

The obtained results for #; and ¢, were utilized to construct a graphical relation-
ship between the natural and accelerated aging times (Figure 75).
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Figure 75. Graphical relationship between the natural aging time t; and the accelerated aging
time t2 via UV radiation and periodic water immersion.

5. Methodology for Determining the Material Degradation Depth Aa result-
ing from Natural Aging via Tensile Testing
The following key considerations are utilized:

e Chemical modification occurs primarily near the surface of the material. It
is assumed that a degraded layer of depth 4a forms adjacent to the materi-
al surface (Figure 76).

b

Ada
7
Ada

A A4

Figure 76. Material degradation depth Aa resulting from aging.
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e The tensile strength of the remaining (core) material remains unchanged

by the aging process:
F F
:_m: m,a 9
TR ©)
F
=> A, =(b—-2Aa)(h—2Aa)=—"% ,

JWl

= Aa:l|:(b+h)_\/(b_h)2+4Fm»a:|, (10)
4 O,

where 4 and o, are the cross-sectional area and tensile strength of the
unaged specimen, respectively, while 4, and F,,, represent the cross-
sectional area and the force corresponding to the tensile strength of the
aged specimen.

Equation (10) facilitates the application of the following methodology for de-
termining the material degradation depth A4a:

5.1. Fabricate flat test specimens from the studied material with a width b and
thickness /# within their parallel (gauge) length.

5.2. Subject a portion of the specimens to the aging process.

5.3. Perform tensile testing on the unaged specimens to determine the tensile
strength g,,. Test a minimum of five specimens and average the results.

5.4. Perform tensile testing on the aged specimens to determine the force Fj,,.
Test at least five specimens for each aging duration and average the results. If sig-
nificant scatter is observed in the data, increase the number of test specimens.

5.5. Determine 4a. using Equation (10).

6. Predicting the material degradation depth A4a resulting from natural ag-
ing.

The methodology developed in the previous section was applied using the tensile
test results of naturally aged specimens. These results are presented in Table 18.

The obtained values for 4a were used to construct a graphical relationship be-
tween natural aging time and the material degradation depth (Figure 77). From this
plot, the degradation depth 4a can be forecast. This predictive data can then be
used to estimate the impact of natural aging on the tensile strength of structural el-
ements with various cross-sectional geometries.

Table 18. Determination of material degradation depth Aa resulting from natural aging.

b h Fm Om t Fm,a Aa

mm | mm N MPa years N mm
0 - 0

0,25 1896 0,024
1 1680 0,189
10 4 1928 48,2 ) 1032 0,743
2,5 884 0,886
3 724 1,049
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Figure 77. Plot of the increase in the material degradation depth Aa versus natural aging time t;

7. Predicting the Influence of Natural Aging on the Tensile Strength of
Structural Elements with Different Cross-Sections

The objective is to forecast the tensile strength of structural elements with rec-
tangular cross-sections — A; (b =50 mm, # = 10 mm) and 4> (b =40 mm, 7 =6
mm), manufactured from PA12 via MJF technology. These elements are subjected
to natural aging in an urban environment characterized by a "Temperate Oceanic
climate" (Koppen-Geiger code Ctb) for a duration of 2,2 years.

7.1. Determination of a,, — Tensile testing is conducted on unaged PA/2 speci-
mens produced via MJF.

o, =48,2 MPa (Table 16).

7.2. Determination of 4a — A graphical relationship is established between the
material degradation depth and the natural aging time. From this relationship, 4a is
determined for the specified aging duration.

Aa = 0,80 mm (Figure 77).

7.3. Calculation of 4 and A4,.

A4, =50.10=500 mm?, 4, =(50-2.0,8).(10—-2.0,8) = 406,56 mm*
A, =40.6 =240 mm?, A, =(40-2.0,8).(6—2.0,8) =168,96 mm?

7.4. Calculation of F,,. By using equation (9).

F =0,4,=19596 N, F

m,al m,a2
7.5. Prediction of the target tensile strength.
F F
S i 19596 _ 3919 MPa, o, = ~mez 8144
’ A 500 ’ A 240

1 1

=c A, =8144N

=33,33 MPa
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MAIN CONTRIBUTIONS OF THE DISSERTATION

This research investigates the influence of aging on the mechanical properties of
PAI2 specimens fabricated via Multi Jet Fusion (MJF) technology. The findings
contribute to both scientific theory and practical engineering applications and are
summarized as follows:

1. Designed and fabricated a specialized rack for exposing specimens to natural
climatic conditions and established a corresponding testing methodology.

2. Designed and fabricated an accelerated aging machine utilizing UV radiation
and cyclic water immersion, including the development of a standardized opera-
tional protocol.

3. Successfully modernized an existing tensile testing system and developed a
comprehensive methodology for its application in polymer research.

4. Developed a methodology for determining the proof strength of polymer ma-
terials characterized by significant non-linear elastic deformations.

5. Quantified the mechanical properties of unaged specimens and specimens
with various aging states.

6. Established a correlation between natural environmental aging and accelerated
aging via UV radiation and immersion in water.

7. Developed a methodology for forecasting the degradation depth of the materi-
al. Demonstrated its utility in predicting the impact of aging on the tensile strength
of structural components with varying cross-sectional geometries.
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