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[Tomrrosanmu,

Ha ocnoBy Bamer 3axteBa Opoj: 01-01/864-15 ox 23. 03. 2023. roaune 3a MOTBPIY OLEHE
TEXHHYKOI pelleha noJ HazupoM Maia JadopaTopHCcKa KHIAJIHIA 33 HCNHTHBAaH€
MEXAHHYKHX KapaKTePHCTHKA MaTepHjaja 3are3ameM, YHjH Cy ayTopu: ap Bragumup
Kouosuh, nouent, ®@akynrer uHxkemepckux Hayka YHuBepsutera y Kparyjerny, ap Coma
Koctuh, npodecop cTpykoBuuX cTyauja, Akagemuja cTpykoBHHX ctyauja Lllymanuja, Oncex
Kparyjesai, Anekcanap Ilerposuh, pa3zsojuu capajnuk — ucrpaxusay, Mactutyt "Muxajno
[Ilynun", beorpaa, np bBophe Bykenuh, penosuu npodecop, Dakynter TeXHHUKHX HayKa
Vuupepsutera y Hoom Cany u bpanko Taguh, pemoBHu mpodecop, @Paxynrer
HHXKemepcKkux Hayka YHuuBepsurera y Kparyjesuy (2018) nmpumermyje ce ox 2018. Ha
dakynrery umKewepckux Hayka y Kparyjeruy. Tpakena kareropuja HoBo TexHHUYKO
periehe MPUMEHhEHO Ha HAlMOHATHOM HUBOY (M82)

Oo6agemrasam Bac cnenehe:

Hakon npuOaB/beHHX MHIIBEHA O HABEJICHOM TEXHHYKOM peulewy wianon MHO 3a
MAIITHHCTBO M MHIYCTPHJCKH cO(pTBep Cy HX, Ha ceiHHUM oapxanoj 31.01.2023. roausne,
pazMarpaid W CAYMHWIM TpEUIOr Ja TEXHHYKO peliemhe MoJ HasuoM Mauna
1a60paTopucKa KHAAINLA 32 HCNHTHBAKE MEXaHHYKHX KAPAKTePHCTHKA MaTepHjaia
3aTe3ameM, ddju cy aytopu: ap Brazgumup Kouosuh, nonent, @akyaTeT MHKEHEPCKHX
Hayka Yuupep3utera y Kparyjeruy, ap Coma Koctuh, mpodecop cTpykoBHEHX cTyauja,
Axagemuja ctpykoBHux cryadja lllymanuja, Oncex Kparyjesau, Anexcanpap Ilerposuh,
pa3BOjHH capajHuK — ucTpaxkusad, WMuctutyr "Muxajno Ilynun", Beorpan, np bophe
Bykenuh, penosau npodecop, @akynrer TeXxHHUKHX Hayka YHuBep3utera y Hosom Cany u
bpanko Tamuh, pemoBu mnpodecop, PakyiareT HHKEHEPCKUX HayKa YHHUBEp3HUTETa Y
Kparyjesuy (2018) npumemyje ce oa 2018. Ha @akyaTeTy HHKECHEPCKHX HayKa Yy
Kparyjesuy.. HCIIYIBABA cBe ycioBe npeasuhene [lpaBuaHHKOM 0 CTHUABY
HCTPRKHUBAYKUX M HaydHHX 3Bama (.,CiyxOenu rmacauk PC”, Op. 159/20 u u 14/23) 3a
noneny kareropuje M82 - HoBO TEXHHYKO peliehe PHMEHEHO Ha HAIMOHATHOM HUBOY.

[Tpeanor ce nocrasba HUTPA PC paau npouene v npuxsarama HCTOT.
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YHUBEP3UTET Y KPATYJEBLY
DakynTeT HHKEHEPCKUX HAyKa
bpoj: 01-1/864-15
23.03.2023. roguue
Kparyjesay

Ha npeanor Kareape 3a npox3soaHo mawunHcteo (dpoj 01-1/801 oa 10.03.2023. roauue) u
3axteea aou. ap Bnagumupa Kovosuha (bpoj 01-1/693 on 03.03.2023. roaguHe) @ Ha OCHOBY
ynaHosa 1 v 3. ctas 5. [[paBUAHKUKA O CTHUAHKY UCTPAKHUBAYKMX M HayuHUX 3Bawa (Cn. m. PC
bp. 159/2020 w1 14/2023) v unana 173 Cratyta Qakynrera HHKEHEPCKUX Hayka y Kparyjesuy
(bpoj 01-1/932 oa 01.04.2021. roauHe — npeunwhen Tekct v bpoj 01-1/1638-7 oa
27.05.2022. roa.), HactaBHo-HayuHo Behe MakynTeTa MHKEHEPCKUX Hayka y Kparyjesuy, Ha
ceaHuuu oapxanoj 23.03.2023. roaune, AoHENO je

OAONYKY

I  YcBaja ce npujaBa TEXHUUKOr pelwewna noj HacnoBom: ,Mana nabopatopujcka
KHAA/IHLA 3@ HCMTHTHBAKE MEXAHHYKHX KapaKkTEPHCTHKA MaTepHjana 3aresamwem”,
ynjy cy aytopu: ap Bnapgumup Kowoswh, pouent, ap Cowa Koctuh, npodecop
CTPYKOBHMX CTyauja, Anekcanaap lletposuh, pa3BojHH CapafHWK - MCTPaXHWBay, Ap
hophe Bykenuh, pesosHu npodecop v ap bpanko Taauh, penosuu npodecop.

Il TexHuuko pewewe ce ynyhyje MatuuHom 0ADOpY 3@ MALWMHCTBO M WHAYCTPHjCKH
cocrep.
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KPATYJEBAL
HactasHo nayunoMm eehy akyaTera HHKCHepCKHX Hayka Yuusep3ntera y Kparyjesuy

Behy Karenpe 3a [lponssoano MammucTso

Y cknany ca oapenbama paxeher [lpaBuinmMka © NOCTYNKY, HauMHY BpEAHOBaMka M
KBAHTHTATHEHOM HCKalHBaHy HAYYHOHCTPARHBAYKHX PCivITaTa HCTpadHEaa NOJHOCHM

3AXTEB

3a npujaBy TEXHHUKOT peilierka noj HasusoM . Mana nabopatopHjcka KHALTHLA 38 HCIHTHBAE
MEXAHHYKHX KapakTepHCTHEA MaTepujana jatesameM”, Koje npunaja xareropujn M82 — Hoso
TEXHHYKO PELICH:E IPHMEILEHO HA HALIHOHAIHOM HHBOY,

AYTOPH TEXHHUKOT pellieiba Cy:
ap Baramamup Koworsh, gouent (Dakyirer ninkeepeknx Hayka Y uusepaurera y Kparyjesuy);

ap Comwa Koctuh, npodecop crpykosuux cryanja (Axanemuja cTpykosuux cryauja Hlymaamja,
Ouncex Kparyjesaul);

Anexcangap [lerpoeuh, passojun capamnnk — wmerpamusad (Mucruryr "Muxajao Tlynun",
beorpaxn);

ap ‘hophe Byxemmh, peaosun npodecop (Qaxynrer texnnukux Hayvka Yuusepautera y Hosom
Cany);

ap bparko Taauh, penosam npodecoop (Paxynrer HAKEHCPCKMX Hayka YHMBepIHTETa Y
Kparyjesuy).

Y upunory jocrassbam:

JlokyMenTauujy npe/uiokeHOr TEXHHYKON PEIctba

Crncax pannje npuxBaheHIX TEXHHYKHX PElISiba 3a CBE ayTope

Texnuuxy JOKYMEHTALN]Y TEXHHYKOT pellietba

Pan nybsamkosan v waconucy Engineering Science and Technology, an International
Journal; (M21)

YroBop 0 NOCIOBHO TEXHHIKO| Capa/iHhH

[orepiy o nponaju 1 pauyn
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OAKVYIJITET UHXEBEPCKNX HAYKA
YHUBEP3UTET ¥V KPAI'VJEBLY

TEXHMYKO PEHIEILE

M82 HoBo TEXHUYKO pelleHhEe MPUMEHEHO Ha HAITMOHAIHOM HUBOY

MAJIA JJABOPATOPUICKA KUJAJIULIA 3A
NCTIUTUBAE MEXAHUYKNX
KAPAKTEPUCTUKA MATEPUJAJIA 3ATE3ALEM

AYTOPU

np Bnaguvmup Kogosuh, qoreHT

ap Comwa Koctuh, npodecop cTpykoBHHX CTyAH]ja
Anexcannap IlerpoBuh, pa3BojHu capalHUK-UCTPaKUBAY
np bophe Bykenuh, penoBau npodecop

np bpanko Tanuh, penosHu npodecop

Kparyjesar, 2023.
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HOI[aHI/I 0 TCXHUYKOM PCIICHY

Bpcra TexHuukor

MS82 — HoBO TEXHUUKO PELIEHE NPUMEHEHO HA HAL[MOHATTHOM HUBOY

peniema
AyTOpHM TEXHUYKOT np Bragumup Kodosuh, noneHT
peniema np Coma Koctuh, npodecop cTpykoBHHUX CTYIH] a’

Anekcannap IlerpoBuh, pasBojHI capagHUK - HCTPAKUBAY
np bophe Bykenuh, penopau Hpoq)ecop4
np bpanko Tanuh, penosuu Hpod)ecoop1

dakynTeT HHXEHEPCKUX Hayka YHHUBep3uTeTa y Kparyjesmy
Axanemuja ctpykoBHEX ctyauja [llymanuja, Oncek Kparyjean
Hucturyr "Muxajno [Iynun", beorpan

®dakynTeT TEXHUYKUX Hayka YHuBep3urera y Hosom Cany
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Ha3uB TexHnukor
peliema

Mana naboparopujcka KUAQIWIA 332 HWCIUTHBAKE MEXAaHUYKUX
KapaKTEepUCTHKA MaTepHjalia 3aTe3amheM

KibyuHne peun

Mamna, maboparopujcka kunanuia; Moy enacTHIHOCTH; MexaHudKe
KapakTepucTuke marepujana; [lomycTibuBocT

Hapyunian TeXHH4KOr
peliema

C3P Mamusr
HparocnaBa Credanosuha 34, Kparyjesaig

KopucHuk TexHmukor
peliemha

Axanemuja CtpykoBaux Cryamja Llllymamuja, Oncek TpcreHnk

I'opuna uspane

2018.
TEXHUYKOT peliemha
Ionuna kaja je movesio ga
ce mpuMemyje texumuko | 2018.

peleme

Bepuduxanuja pesynarara

Pesynratu pemema cy oOjaBibeHu y paay Sonja Kosti¢, Jasmina
Miljojkovié, Goran Simunovié, Porde Vukeli¢, Branko Tadi¢, (2022)
Uncertainty in the determination of elastic modulus by tensile testing,
Engineering Science and Technology, an International Journal,
Volume 25, 100998, https://doi.org/10.1016/j.jestch.2021.05.002,
ISSN 2215-0986 koju je BeprduKOBaH U MyOIMKOBAH y BPXYHCKOM
MelyHapoaHOM Yacomnucy, kareropuje M21

Ko je npuxsaTno
TEeXHHYKO peliere

dakynTeT MHKEHEPCKUX Hayka, Y HuBep3uteT y Kparyjesiy

Ha4yun kopumhema
TEeXHUYKOI peliema

VYpehaj u pasBujeHa MeToAa ce MPUMEBY]Y 3a EKICIEPUMEHTAIHO
onpehrBame MEXaHWIKUX KapaKTEPHCTHKA MaTepHjaia y eIyKaTHBHE
U UCTPa)KUBAUKe CBPXE, KA0 M Y UHAYCTPHjU

O0JacT Ha Kojy ce
TeXHHYKO pelllerhe 0THOCH

HcnutnBame MEXaHUUYKUX KapaKTepUCTHKA MaTepHjaa 3aTe3amhbeM
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1. OBJIACT HA KOJY CE TEXHUYKO PEHIEILE OJJHOCHU

Hajpamupenuja ¥ HajjeJHOCTaBHHMja METOAAa KOja €€ KOPHCTH 3a HCIIMTUBAHE
MEXaHUYKHX OCOOMHA MaTepujajia je HCIUTHBAKkE MaTepujaia 3aTe3ameM, Tlie Ce y30paK
(empyBeTa) 3aTexke AYK HBETOBE CPEIUIIHLE HajayX e oce 10 Jioma. McnutuBama MaTepujaia
3are3ameM Haj00Jhe OMHCYjy TOHAIlame Marepujana moa ontepehemem. [lo3HaBame
KapakTepUCTHKa Marepujaia JoOWjeHuX OBOM METOAOM C€ HajBUIIEC KOPUCTE IPHU
JTMMEH3UOHHCAKY W TpOpavyyHaBamkby MAIIMHCKHX elieMeHaTa W KOHCTpyKiuja. Ha ocHoBy
BUX CE€ BpPIIM KOHTPOJIA TEXHOJOIMIKMX TWpoleca pPa3HUX MAIIMHCKUX CHCTEMa U
KapaKTepUCTHKa HOBHX Matepwjana. llomamu o CBOjCTBEMMAa OTIOPHOCTH MaTepHjajia
omoryhaBajy na ce TpHOJIKHO Ofpe/e APyre BaKHE KapaKTEPHUCTUKE MaTepHjalia, MOIyT

TBpaohe, TMHAMUYKE U3APKIbUBOCTH UT/.

KonBennmonanau ypehaju 3a MCIMTHBaKkE MaTepHjalia 3aTe3albeM - KHIAIUIE, CY
Hajyemrhe BEIMKUX rabapuTa U Mace U KOPUCTE C€ Y TOCEOHUM, JIA0OPATOPH)CKUM yCIIOBUMA.
I'eoMeTpHjcKe KapaKTEPUCTHKE U OOJIMK y30paKa MaTepHjaia 3a HCIUTUBAE (CTpyBeTa) Cy
NPONKCAaHU CTaHIapAuMa. JlaHallmka TCHICHIMja Ka AWTUTATU3AlMjH, ayTOMAaTH3alMjH U
UMIUIEMEHTALUjU BeIITauKe MHTEJIMICHIM]Ee Y UHIYCTPUjH HJE y KOpaK ca ONTUMHU3AIN]OM
npolieca Npou3BO/Ike, HabaBKe U IUIacMaHa MPon3Bo/ia Ha TpxkuiiTe. CBe je BUILE 3aXTeBa Ka
npou3BohaunMa ypehaja 3a UCTIUTHUBAKE, 3a MMPOU3BOAMMA KOJU CY KOMITAKTHH, TIOY3/IaHU U
JEITHOCTaBHU 3a PYKOBame, JM3ajHUPAHU 32 Mamke M CPEImhe CHIIe TPUIMNKOM HCIUTHBAKHA
pa3NMYUTUX MaTepHjaja, yuja Ou MHCTaNalMja Moria OuTH, 06e3 moceOHUX yciIoBa, TUPEKTHO
y Npou3BOAHOM morony. Kao pesyiarar Te Tpaxme, peHOMHpaHM NPOU3BOhayM KuaaiIuna
nu3ajHUpajy ypehaje ca pamoBMMa 3a CTOHY WJIM TOJAHY MOHTaXy, Ca NPUJIAroJJbUBHUM
CTE3HHM 4YeJbYCTHMa 3a TPHUXBAT PA3IMYUTHUX OOJIMKAa W BEIMYMHA ETPYyBETa METATHHX U

HCMCTAJTHUX MaTeij ajia.

[Topen Tora, pa3Boj Hayke M TEXHOJIOTHje MOKAa3a0 je jacaH TPEeH] NMPHUMEHE HOBHX,
CKyNUX MaTepHjayia y MallUHCKHM CHUCTEMHMA, Ka0 M CMamHBamka HBUXOBUX radapura, Kako
300r TPOIIKOBA, TAaKO M 300 MUHUMU3ALIMj€ UHIAYCTPHJCKUX KOMMIOHEHTH. Tako je Hacrtaia
notpeda 3a MPOU3BOAKBOM MaNX, HEKOHBEHIIMOHAIHUX KUAJIMIIA, KOje MMajy MoryhHocT na
BpILIE MCIUTHBAaKE MaTepHjajia Ha y30pIHMMa MamUX MONPEYHUX IpeceKa, HeCTaHAapaHUX
o0nMKa W TMMEH3H]ja, a 1a ce IOOHMjeHU PE3yNITaTH MEXaHUYKUX KapaKTEPUCTHKA MaTepujalia
MOTY CMaTpaTH TOYy3laHMM W TadyHUM. 10 oTBapa MoryhHocT crpoBohema 3HauyajHUX

UCTpaXMBama y 00JIaCTH UCTIMTHBAKA MaTepHjaja Mo JejCTBOM CIOoJballlbuX cuia. Takohe,
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Maiie, JJabopaToOpujCKe KUAAIUIE CE MOTY KOPHCTUTH U Yy €AyKaTHBHE CBpPXE, Kako 300r
CBOJUX TEXHOJIOIIKO-EPTOHOMCKHUX MPETHOCTH Y OJHOCY Ha KOHBEHIIMOHAHE KUIAJIHIIE, TAKO

1 Ca aCIICKTa UCINIaTUBOCTH YJIOXKCHUX Cp€AcTaBa.

Pa3Bojy HEKOHBEHIIMOHATHHMX KHIAJHMIA, OJHOCHO TEXHHUKaMa WCIHTUBAKbA
MaTepujaia 3a J00Mjame MEXaHMUKUX CBOjCTaBa MaTepHjaia Ha y30pLuMa MajluX MOMPEYHUX

npeceka, nocsehyje ce cBe BUIIIE MaXKHHE.

Cpenunom nponutor Beka D.M. Marsh (1961) je npencraBuo ypehaj 3a ucnurupame
Marepujana 3aTe3ameM, y3 ayTOMaTCKO CHUMambe rojaTaka. VcnuTiuBane cy TaHKE MpEeBIIake
u BiakHa. Ypehaj ce Oa3upa Ha paBHOTEXKH NPUMEHCHOT TOp3HOHOT ontepehema u
TEJIECKOIICKOT CHCTeMa 3a Mepeme m3ayxema. D.A. LaVan (1999) je npukaszao ypehaj 3a
UCIIMTHBAKE 3aTE3aleM YEIMYHUX Y30paka MallMX IMONPEYHHX Hpeceka, I/ie ce MpUXBaT U
MO3UIMOHHNPAakEe y30paka y CTE3HE IJaBe BpIIM BujiuuMa. lcrnuThBaHe cy MeXaHHUKE
0cOOMHE METATHUX MaTepHjaja ca 3aBapeHHM CIIOjeBUMa, y3uMajyhu y o03up u mpasie
ceuema y3opaka u3 ucte tabne. lepopmanuje cy MepeHe JlacepckuM cucteMoM. MexaHnuKa
CBOjCTBa Ha HEKUM JIOKallMjaMa yHyTap Bapa MOTY 3Ha4ajHO BapupaTH y OJHOCY Ha IpaBail
ceuema. Z. Ma u koaytopu (2015) cy pa3sunu ypehaj 3a ucnutuBame Matepujaja 3aTe3ambeM
y3 CKEHHpame EIEKTPOHCKAM MHKpOCKomoM. [lomepame mokpeTHe cTe3He uesbycTH ypehaja
Oenexu ce OECKOHTAKTHUM JIACEPCKUM CEH30pOM ca Op3UM O/I3UBOM M 100pOM PE30JIYLIH]jOM.
Kako Ou ce u3berna momycT/bUBOCT M KaKO Y30pak He OM MPOKJIM3aBao y 30HU IpHUXBaTa
ernpyBeTe, 3a CTe3amhe y30pKa Cy KOPUCTHIIM OKPYIJIM BHjaK ca MPELM3HUM JIEBUM U JIECHUM
HaBojeM. J[oOujeHun pe3yaTaT 3a y30pKe MaTepHjaia o]l KOHCTPYKTUBHOT YeInKa U 6aKpa cy
nopeheHn ca pe3ynaTaTMa U3 JINTEpaType U MoKazaiu cy onunHa nokianama. Y.C. Chao n
D.S. Liu (2003) cy mpojexkroBanu ypehaj 3a HCIHUTHUBamE 37aTHE JKUIE NPU MaJIUM
ontepehemuma, koja ce 3amajy DC-cepBomoropom (ere. Direction of Current Flow). 3a
Mepeme U3IyKema KOpHITheH je eKCTeH3noMeTap TauHocTH | Mukpomerpa. [ToceOHa makma
nocseheHa je mpuUIpeMH y30pKa Kako OM ce CHpeylsIo €BEeHTyallHO oluTeheme y30pKa,
ErOBO KIIM3akhe M OJIAaKIIajJo MOpaBHAWKE y30pKa M oce 3ajaBama onrepehema. G.
Partheepan u koayropu (2005) cy 3a MCIUTHBamEe MEXaHMYKHX OCOOMHAa MaTepHjaja Ha
3aTe3ame KOPUCTHIIN jeTHOCTaBaH MUHHUjaTYpPHH YEITMYHU Y30paK OOJIMKa JHCKa. Y30pak je
npuuBpirheH nmomohy KpyTux 4MBHja y CHEIMjaJIHO AW3ajHUpaHe CcTe3He yesbycTu. JloOujeHe
pesynTaTe Bepu(UKOBAIHM Cy METOAOM KoHauHMX eneMeHara FEM. Mane maGoparopujcke
KHJAJIUIIE 32 UCITUTUBAE Y30paka MajMX MONPEUYHUX MpeceKka KOjU 3a CUCTEM MEpema CUie
U U3AyKema KopHucTe mHe3oenekTpuunu aktyatop PZT (enr. Piezoelectric actuator)

4
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npojexToBany cy pasnu ucrpaxkuauu [P.H. Hou, 2005; S.S. Kim, 2005; Q.S. Bai, 2012].
P.H. Hou (2005) uctnue na cy oBakBu ypehaju nmaBanm moysgaHe M TadHE pe3yJiTare
UCIIMTUBAKA, Y3 KOHTPOJIY HCTE3amha CTE3HUX YEJbYCTH CHCTEMOM JIUTHTAITHOT MHUKPOCKOIIA
[P.H. Hou, 2005], pa3Bojem oaroBapajyhe meroae Ha 06a3u mHBep3He (yHkmmje [S.S. Kim,
2005] wim mu3ajHoM (aexcubmnHe mapke 3a PZT akryarop [Q.S. Bai, 2012]. Y3opuu cy

MMO3UIMUOHHPAHU Y CUCTCME CTC3HUX YCJbYCTU OCJIatbalbEM Ha paMCHaA.

JIBa y30pKa HCTe BeIMUMHE, PA3IMUUTHX MaTepHjajia, NICIIMTUBAHU CYy Ha 3aTe3ambe Ha
ypehajy koju cy mpojexkroanu S. Baharuddin u 1.Yani (2018). Y3opak y 30HH XBaTama nMa
OTBOP KpO3 KOjU TpOJIa3H YMBHja KOja Ta IMOBE3yje ca CTe3HOM uelbycT ypehaja. Ilopen
y30paka, METOJIOM KOHAUYHUX eJIeMEHaTa, UCTIUTUBAHH Cy W BUTAJHU JICJIOBU KOHCTPYKIIH]E,
Kao INTO Cy 30HE XBaTama y30pKa KIMHOBHMA Yy CTE3HHM YeJbyCTUMa Kako OM ce H30erio
MPOKIIN3aBame, Kao U cTe3He uesbycTtu. Z. Ezzouine m A. Nakheli (2016) cy xopuctunu
coricTBeHH ypehaj 3a mcnuTHBame y30pKa 3aTe3ameM y3 npumeHy copreepa LabVIEW 3a
NPUKYIUbAkhe W aHAIW3Y TOAAaTaka M EJIeKTPOMArHeTHOT CEH30pa 33 MEpeme H3IyXKema
tagHoct 10-3 pum/mv. JloOujern pe3ynaTaTté Moxayja eIacTHYHOCTH M 3aTe3He uBpcTohe cy
Oounu 3an0BoJbaBajyhu, mpu yeMy Cy ayTopu Harjacuiau Aa he y OyayhHocTu pasBujatu
ypehaj ca mobospmanom Taunomthy. B. Hasgelik u R. Eren (2016) nuszajuupanu cy
XOPHU30HTANHU ypehaj 3a UCIIMTHUBAKE 3aTE3akhEM y30paKa Oof TeKCThiIa. 300T MpOKIN3aBama
u3Mel)y y3opaka TKaHMHE U CTE€3HE YeJbYCTH, Ka0 U CaBHjama MOKPETHE CTE3HE YeJbYCTHU U
MEeXaHHUYKe HECaBpIIEHOCTH KOHCTpyKuHWje ypehaja, ayTopu Bple ONTHMM3aLHM]y ypebhaja,
MOCTaBJbakbEM MEKOT MaTepujaja ca BUCOKUM KOE(PUIIMJEHTOM TpeHa Ha MOBPIIUHE CTE3HUX
YeJbYCTH KaKo OM Ce CIIPEeumIio KIIN3ame n3Mely y30paka TKaHWHE M CTe3HHX MOBPIIMHA, KA0
1 yKpyhuBame MOKpPETHE CTE€3HE YeJbyCTH, TAKO JIa Cy € J0OMjeHU pe3yaTaTu MPUOIMKUIN

pe3yjiTaTuMa UCIIMTUBAkd HA KOHBCHIWUOHAJIHUM KHJAJIUIIaMa.

HcnutuBame MaTepurjana ce Mopa BPIIMTH Kako OW Ce€ OJIpeniia HEeroBa MEXaHWIKa
CBOjCTBA M CcepTU(UKOBAO KBAIUTET Mpomu3BoAa. Mimajyhu y Buay nma 4eTBpTa MHIYCTPHjCKA
peBOJIyIIMja JTOHOCH HOBE KOHIIEITe, MOMyT nmaMeTHUX ¢adbpuka (eHr. Smart Factories), kox
KOjUX je U3paxkeHo yuelnhe AUTHTaIM3alyje, ayToMaTu3alije U BeIITauyKe WHTEIUTeHIIje, Y
MporecuMa ONTUMH3aIje Ha0aBKe, MPOU3BOIE U IIacHpama MPOU3BoIa Koju Ou Tpedasio
Jla Cy KBaJIMTETHHU]U HETO paHHje, CBE Cy YellhM 3aXTEeBU Jia C€ UCIUTHBAKkA U MEpPEHa BpIIe
BaH J1abopaTtopuja, OAHOCHO TUPEKTHO y mpomu3BoaHOM moroHy. MaCh 3D je munujaTypHH
ypehaj 3a ucnuTHBamE IUIACTHYHHX MaTepujana 3aTe3ameM, pa3BHjeH 3a CepTU(UKOBAHE
MPOM3BOJIa U MaTepujalia IUPEKTHO HA MECTY IMPOM3BOE. Y30pILHU Cy HEKOHBEHIIMOHAIHH,
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ca TakBOM T'€OMETPHjOM Ja ce Jako mpuuBpiuhyjy Ha ypehaj y3 momoh Bujka. [loOujenn
pesynratu cy mopehenu ca pesyiararuma AOOWjeHHMM Ha KOHBEHIMOHATHUM ypehajuma u
oKasaJiu Cy 3a70BosbaBajyhy taunoct [L. Bergonzi, 2018]. L. Woong u K. Ho-Kyung (2013)
Cy TpeacTaBwiM Manu ypehaj 3a UCIUTHUBaKE MaTepHjajga 3aTe3ameM, KOjU YKJIby4dyje
ynotpeOy crenujasHo IU3ajHHPAaHOT MHHHJATYPHOT Y30pKa, KOjU C€ CTeXe y TiaBamMa
ypebaja. Ilpukazanu cy pe3yiraTd MEXaHHMYKUX KapaKTepUCTHKAa Ha y30pLUMa O] Jerypa
aTyMHHHjYMa ca 3a70BoJbaBajyhoM TauHomihy. Ypehaj ce Moke KOPUCTUTH Yy €IyKaTHBHE
CBpXE, Kako OM CTyJIEeHTHMa OJIaKIIAa0 HM3BOhCHE WCIUTHBaKka MaTepHjalia Ha 3aTe3arme
nomohy MUHHjaTypHOT y30pKa. Ypehaj ce Moxke KOPHCTUTH U y HHAYCTPHjH TI€ UMa MoTpede
3a BaHCEPHjCKMM HMCIUTHBAKEM MaTepujana, jep ypehaj He 3axTeBa CIENHjaTHO OKPYKEHeE

HHU YCJIOBC UCIIMTHBAKA.

[lo nomammma KOjuUMa pacrojaxy ayTOpH OBOI TEXHHYKOI pellemha Hema
VMHUIHjaTUBE JAPYTHX UCTPAKMBaya 3a MPOjEKTOBAEM M TU3ajHOM OBAKBUX ypehaja y 3emibn

U OKPYXEHY.

2. TIPOBJIEM KOJU CE TEXHUYKUM PEHIEILEM PEIIIABA

AHamM30M JIMTEpATypHUX H3BOpa 3aKJbydeHO je Ja ce mpobieMu ao0ujama
MOY3/IaHUX W TAaYHUX BPEIHOCTH KapaKTEPUCTHKA MaTepwjaiia (M3IyKeHa, CHIC W HaIlOHA,

MOJTyJia eJaCTUYHOCTH) Ha KHJaJIuIaMa jaBJbajy 300T BeTMKOTr Opoja yTUIajHUX (pakTopa.

Heku on HajyrunajHux ¢akropa cy MHONYCTJBUBOCTH y oJpeheHuM 30Hama came
KOHCTPYKIIWj€ KUJAJIHIIE, OTHOCHO TMOIMYCTIEUBOCTH OApel)eHNX MOACKIIONOBa KOHCTPYKIIH]E.
AHanmm3upaHe Cy TOMYCT/BUBOCTH y CBHM KPUTHYHUM 30HaMa KOHCTPYKIIHjE, ca MOCEOHHM
OCBPTOM Ha MOMYCTJBHBOCT KOja C€ jaBJba y CTE3HUM ueJbyCTHUMa ypehaja, ITo 3a MOCIeqHUILy
uMa TpeUIKe y Mepemy M3IyKema M Cuie 3aTre3ama. HoBUM HAuMHOM IpUXBaTa H
MO3UIIMOHHUPAka ETPYBETE y CTE3HE YeJbYCTH MOryhe je MHHHMHU3UpPATH TPEIIKEe Meperma
U3IyXKemha MPUIMKOM ucnuTHBama [S. Kosti¢, 2022]. daxie, no0ujame Moy3aaHuX U TAUHUX
pe3yiTara UCIIUTHBAKkA y JUPEKTHO] je Crpe3u ca oarosapajyhom kpyrouthy ypehaja, rae cy

MOT yhe MOITYCTJbUBOCTHU IMOJACKIIOIIOBA MUHUMHU3UPAHC.

Mepna uHCTpyMeHTalnuja ypehaja uma jako BEJIMKM YTHIA] HAa TayHOCT pe3yJiTara
Mepema. AHanu3a OBOT yTHIAja j€ W3BpIIEHA MepemeM U mopehemeM nodujeHnx pesynrara
MOJTyJia €IaCTUYHOCTHU ca pe3yiaTaTuMa JT0oOMjeHHM Ha KOHBEHIIMOHAIHO] Kuganuiy. Behuna

JUTEpPATypHUX HABOJA, KA0 W CTaHAApAM KOJU TPOMHCY]Y HCIHMTHUBAKRE MaTepHjajia
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3are3ameM, Cy CTaBa Jia Ce U3AYKCHE CNPYBETE Y TOKY MCIUTHBAbA MOXKE TAYHO M3MEPHUTH
camo y3 moMoh excTeH3nomeTapa, jep Cy U3AyKema y o0nacTH enacTHYHux aedopmarmja
jako Maia, peia BeJIMIrMHe JeceTor aeia muiaumerpa. Ha ocHoBy Hooke-oBor 3akona moryhe
j€ U3BPILIUTH MPOIECHY HEM3BECHOCTH MEPCHha MOJIYyJIa SIACTUYHOCTH U aHATUTUYKHM ITyTEM
OJIPEIUTH KPHBE HEU3BECHOCTH MEpEHma KOje Ce MOTYy CMaTpaTH I'pPaHUYHUM BpPEIHOCTHMA
OUYCKUBAHHMX pPacUllarba CKCICPUMEHTAIHO OJpeheHUX BPEAHOCTH MOAYJAa EJIACTUYHOCTH.
CBako oOjCTymame pes3ysitaTa OJ BPEIHOCTH YHYTap AaHAIUTHYKUX KPHBHX, IMPEJCTABIha
HEOYEKHUBAHO pACHIAmke KOje HUje HACTANO ycje[ TeOMETPHje MCIUTHBAHUX y30paKa WU

Ta4HOCTH MepHe nHcTpymenTauuje [S. Kosti¢, 2022].

Kox y3opaka manux muMmeH3Wja Mepeme jaedopmainimje ce BpIIM Ha OCHOBY Mepema
nomepama CTE€3HE 4esbyCTH ypehaja 3a MCIMTHBamE 3aTe3ambeM, MPU YeMy je HU3MEPEHO
U3AYKEHE YKIBYUWIO M H3IYXKEHE 30HE paaujyca enpyBeTe U U3AYKEHe MPUXBATHOT Jeia
enpyBeTe y CTE3HO] 4eJbyCTH ypehaja, a HE caMO FHEHOT MOYETHOT MEPHOT Jiena.
AHAIUTHYKAM TPOPAadYyHOM Cy J0OMjeHH U3pa3H Ha OCHOBY KOjUX je Moryhe NpoLeHHTH
yIe0 M3IyXKeHa y CBAKOj 30HU EMpyBETe Y YKYITHOM M3AYyXKEHY U Ha Taj HAUMH yTUIATH Ha
TAa4HOCT JOOWjEHHMX pe3yiTara, MOCMaTpamkeM H3IyXKema KOje Ce PeallHO JOTOAMIO Ha

MepHOj ayxunu enpysete [S. Kosti¢, 2019].

3. CTABLE PEHIEHOCTH ITPOBJIEMA Y CBETY

VY yBOAHOM TOIJaBJby j€ HarjalieHa MoTpeda 3a pa3BojeM M MPOjEKTOBAHEM MaHX
71ab0paTopHjCKUX KHUJIAINIIA, ca acleKTa MUHUMU3AlMje Tpellaka Mepemha U LIeHE KOIITamba.
[IpukazaH je kparak mperiyes focTurayha y cBeTy, Kao U mpobieMu ca Kojuma ce Hajuenthe
cpehy uctpaxuBauu y oBoj obmactu. OHM KOJU HajBHIIE YTUUY Ha TAYHOCT M MOY3/1aHOCT
Mepema Cy KpyTOCT HEKOHBEHIIMOHATIHUX ypehaja, MomyCTI/bUBOCT KOja ce jaBJba y BUTATHUM
JIelIOBUMa KOHCTpyKLHMje (moceOHO y 30HaMa IMpHuXBaTa y3opaka), MpaBWiIaH U300p MepHe
WHCTpYMEHTanuje W oapehuBame MeEpHE HECHTYPHOCTH HW3MEPEHHX BeIMYMHA, Kao W
ONITUMaJTHA TeoMeTpHja y3opka 3a ucnutubame [T. Klemens, 2007; K. Kumar, 2016; H. Liua,
2017].

['pemke Mepema TPWIMKOM HCIHTHBAaKA MaTepHjaia 3aTe3albeM MOTY HacTaTh
YKOJIMKO y30paKk HHUje J00po MO3HMIIMOHMPAH y 30Hama IpuxBara ypehaja (cTe3He 4esbyCcTH).
HajBaxxnuje ko n300pa METOIe XBaTama je noTpeda Ja ce y30pak OCUrypa O]l IPOKJIN3aBambha

IpY WUCIUTHUBAKY M 3ajlaBalkby MaKCUMailHOr onrtepehema WM NPUIMKOM JoMa y 30HHU
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xBarama. CaBujame Tpeba na Oyne cBeneno Ha munumyM [J.R. Davis, 2004]. [lakie, cre3ne
4eJbYCTH MOpajy Ja OAroBapajy ys3opuuma (Wid OOpHYTO) W Mopajy Outu mo0po
MPOjEKTOBAaHE Ja C€ TOKOM HCIUTHBaWka HE OW omTeTwie. Y HWACATHOM Cly4ajy, 30Ha 3a
MPUXBAT y30pKa y CTE3HO] YeJbyCTH OU Tpebaio Aa Oy/e UCTe MUPHUHE KA0 U KPajeBH Y30PKa,
y CyIpOTHOM, OOYHa TOpaBHaWka 3aBHCE CaMoO O] BEIITHHE pyKoBaola. lleHTpupaHOCT
y30pka je OutHa 300r oOe30ehema uucror 3are3ama. Ha HEHTpUpaHOCT y30pKa MOXe
yTHIATH paM ypehaja 3a ucnuruBame, CTe3HE YeJbyCTH U MOJICIT ITPUXBATa y30pKa, Kao M caM
y30pakK. EKCIIEHTpUYHOCT y30pKa MOXKE H3a3BaTH Tpelike y Mepemy omnrtepehema ycnen
nmojaBe cuia caBjama. J.R. Davis (2004) je nmpuka3ao MeTO[ 3a HPOIIEHY I'PEIIKe U3MEPCHE
rpaHuIle enacTUIHOCTH. [IpeMa OBOM KOHIICTITY, aKO j€ Y30paK KPY>KHOT IOMPEYHOT Mpeceka
npevyHuka d MO3MIMOHMPAH y 30HM MPHXBAaTa TAaKO Jia MOCTOjU HEKa EKCIIGHTPUYHOCT €
rpemka he 6utu oko 8-(e/d). Ao xenumo ma rpemka Oyae ucrnon 1% tama ogHoc ¢/d mopa

outu mawu o 0.00125 (0.125%) [A. Mucsi, 2013 a].

Kanma cy y nurtamy y3opuu (empyBere) ca MpaBOYraOHHUM MOMPEYHUM IMPECEKOM U
paBHU y30pLIM, MPUXBAT Y CTE3HUM YeJbYyCTUMa c€ OOMYHO BPIIM Ha3yOJbEHUM KIMHOBHUMA
WIA YUBHjaMa KPO3 OTBOP Ha IMPOIIMPEHOM JAENy Y30pKa 3a MPHUXBAaT, Ka0 U MHEYMATCKHM
CHCTEMOM, TJie ce IpeHoc ontepehema n3Boan TpewmeM. [Ipema mocagammsiM 3anaxamuMa, Yy
BehMHHU cllyyajeBa KOHCTPYKLHMja cHCTeMa 3a MpHUXBaT Yy30pka koj ypehaja u somre
MO3ULIMOHUPAakE Yy30pKa y 30HM MpHUXBaTa Cy MOXJa M IPBEHCTBEHO OATOBOPHU 3a
HEOYEKUBAHO BEJMKY HEM3BECHOCT M3MEPEHUX TOJaTaka MPWIMKOM HCIUTHBama [A. Mucsi,
2013 0]. 3a HUCKOYIJbEHUYHE YENUKE MOCEOHO je MpoOIeMaTHUHO TauHO oJipehuBame ropme
rpaHuie Teuewa. [lo3HAaTO je Ja MEKM YenuIM ca HUCKUM CaJip)KajeM YIJbeHUKa HMajy
BHUCOKY TOplY TpaHuily Teuewa [H.B. Sun, 2006]. ¥V npakcu To 3Ha4m Aa je moryhe nooutu
CKOpo nyrio Behe BpeTHOCTH TOpH-E TauKe HAllOHA TeYeHa y OJHOCY Ha Jomy. Bemuku pact
HaIoHa TE€YEHa Y TOPH0] TAUKU MPUITUCY]e ce ePEeKTy KOHIIEHTpAIlHje HAIlOHA U TJIAaCTUYHOM
npegHanpe3amy KOje Ce jaBjba Ha CHPErHyTHM MOBpIIMHAMa H3Mel)y NMpHXBaTHUX 30HA U
caMor y30pKa, Kao M YHMI-CHHIIM JIa j€ HeroBa M3MepeHa BPEIHOCT M3y3€THO OCeT/bHBa Ha
moryhy HecaocHoCT m3Mmel)y mpaBiia 3a1aBama onrtepehema u oce yzopka [H.B. Sun, 2006].
T.G.F. Gray u A. McCombe (1992) kopuctunu cy cnenujaiHe y30pKe 3a HCIHUTHBAE
MaTepHjasia Kako Ou MPOLEHUIIN PacIojiesly HaroHa npu 3are3amy. OTKpWIM Cy Ja je HaIlloH
caBHMjama, KOjU C€ JaBUO Kao MOCJIEIUIa pa3IMYUTUX HAaYMHA MpHUXBaTa y30pKa, 3Ha4ajaH U

MIPOMEHJBUB TOKOM HCITUTHBaMka MOCEOHO Y eacTUYHO] obsactu onTepehema y3opka.
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Bpno uecro pemiewe 3a mpuxBaT y30pka (enpyBeTe) KOJ HEKOHBEHIIMOHATHHMX
KHJIAJIMIa 3aCHUBA CE Ha MPHUTE3amy y30pKka u3Mmelyy aBe miode y3 nmomoh Bujaka [Q.S. Bai,
2012; L. Woong, K. Ho-Kyung, 2013; Z. Ma, 2015]. YTunajem cucrema 3a mpuxBaT y30pKa
Ha KapaKTEePHCTUKE MaTepHjaja MPUIMKOM HCIHUTHBama 3aTe3ameM OaBwo ce u Z. Ma ca
capagauiuma (2013). OHm cy paBHE y30pKe OJ JieType alyMHHHjyMa NpPUXBATAIH Y
pPa3IMYUTUM TIOJOXKajuMa W OCNeXWIN TPOMEHE H3MEPCHUX BEJIMYMHA, Ca MOCEOHUM
OCBPTOM Ha MOJIYJI €IaCTUYHOCTH OBHX Jierypa. EKCIIiepuMeHT je mokas3ao Ja ¢y BPEIHOCTH
MOJTyJia €TaCTUYHOCTH CKOPO J[Ba IyTa Mamke KaJia je MPUXBAT BPUICH HA MPOIIUPEHOM JIETy
enpyBeTe, HEr0 KaJla je NMPUXBAT CMPYBETE jeJHHM JeJIOM OHO M IMPEKO MEpHE JYXKHHE
enpyBete. Kana cy y nurtamy ykynHe aedopmainuje y3opaka, Behe BpPEeIHOCTH H3IYXKCHa
U3MEPEHE Cy ca CUCTEMOM 3a MPHUXBAT MO3UIIHOHUPAHUM Ha TPOIIUPEHOM JIeNTy CIPYBETE, jep
ce TpaHuIla enacTuyHe nedopmanuje W MiIacTUuHe AedopMalyje MojaBUiia HA PaaUjyCy
y3opka [Z.C. Ma, 2013]. Kox y3opaka majiux MONPEYHHX MpeceKa MPUXBAT y YesbyCTUMA
ypehaja Moxe OWTH M CIOOOJMHMM OCIamamkeM KpajeBa 3a NMPHUXBAT y30paka WIH BE30M
BHjIIMMa Kpo3 OTBOp Ha mpoinupeHom jeny emnpysete [G.B. Rathmayr, 2013; K. Kumar,
2014].

VYTunaj MepHe MHCTpYMEHTAllMj€ Ha HUCXOJEe Mepema Ouhe cariiejaHe Kpo3 Mepeme
MOJTyJIa €JIACTHYHOCTH MCIMTHBAKHEM 3aTe€3aheM Ha HEKOHBEHIMOHAIHUM KUAAJIHUIIaMa, jep
Jj€ TO BEeJIMYMHA Koja ce opehyje MpH jako MaJluM eacTUYHUM Jiepopmalidjama y3opaka, Ipu
pelaTUBHO MaJUM cHUJIaMa 3aTe3ama. Mepemwe edopmalirje y 30HH eJaCTHUYHOCTH j€ M3a30B

3a CBC UCTpaXuBayvcC.

AKTyeITHH CTaHIapJy 3a HCIUTHBame Merana 3are3ameMm cy EN 10002-1, ASTM
EB/E8M-09 u EN ISO 6892-1 (3a Cpbujy unaentudan cranaapz je SRPS EN ISO 6892-1).
[TomenyTu craHzapau cy mpeTexxHo (OKycHpaHM Ha JedUHHCAkE KpHBE HAIOH-
nedopmaija, TpU YEeMy 30Ha eIACTUYHUX Jedopmaiyja 4ecTo YMHH CaMO MajH JIe0
KoMIUIeTHEe KpuBe. [Ipn ncnuTrBamy 3aTe3ameM, TPEIIKe Y MEpermy MOAYIa €NaCTHIHOCTH
Behe Cy oj rpemaka Koje ce jaBjbajy NpPU MEpemy OCTAIMX MEXaHHYKHX CBOjCTaBa
matepujana [J.D. Lord, 2005 a u 2005 6, 2006]. Y oBOM TpeHYTKY HE MOCTOj€ CTaHAAPIHO
nepuHNCaHE TOWE M TOPHE TPaHUIIe TOHAIIaka MaTeprjajia y eacCTHIHOM MoApyYjy. Y pamy
H.M. Sonne (1999) npennoxeHe cy dYeTHpH BapHjaHTe 3a ojApehuBame M0mE H TOPHHE
rpaHune enactTuuHe oOnactu. HajjenqHocraBHMja U Hajuemhe kopuinheHa BapHjaHTa
neguHUIIe KOHCTAaHTHY JOBY M TOpHY TpaHHIly, KOja 3aBHUCH OJl 3aTe3He dYBpcTohe
Mmarepujana. TeopHjCcKO CTaHIAPAHO OJCTYyNAamke MOIyJa enacTudHoctH je + 5% [S. Suttner,
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2017]. Oncrynmama Mory Outd W Beha, mITO 3aBHCH O] yTHIaja ypehaja 3a HCIUTHBAME,
CyOjeKTHBHE MPOIICHE KOPUCHHKA U JETCKIUje yUECTAIOCTH M3MEPEHUX BpeAHOCTH. Jlakie,
TAYHOCT TPU WCIHUTUBABY j€ jelaH OJf OCHOBHHX YycjoBa 3a oapehuBame MOy3JaHuX
pesyarara Moayia emactuaHocTH. Ayropu [S. Suttner, 2017] y cBom paay majy u3pas 3a
npenu3Huje oApehuBame TOPHE TPAHUIIC JTUHEAPHOT €JACTUYHOT TOHAIIAamka y 3aBUCHOCTH

0]l MaTepujaa.

Jenan o HauMHA Mepema U3YKEemha Y30pKa KO KOHBEHIIMOHATHUX MAallliHa BPIIH CE&
KopunthemeM MEpHUX Tpaka, jep ¢y jedTune, oaroBapajyhe Ta4HOCTH | JIake 3a Kopuirhemne,
amu HajBehm mpoOieM je BHUXOBO BE3WBAKE 3a y30pak, MOCEOHO aKo je y30paK Major
norpeyHor npeceka. [lopex Tora, rpemike Mepema ce jaBibajy yclea HECUTYPHOCTH MEPHOT
cucTeMa, Y3pOKOBaHEe HM30M M3BOpa Ipeliaka, 0 KojuMma JietajbHo roBope y paaxy W. Montero
u koayropu (2010). Hajnoysmanuje Mepeme H3IAYKECHa y30pKa IMOCTHXKE  Ce
eKCTEH3MOMETpHMa pa3inuuTHX kiaca TayHoctu [H.B. Motra, 2014]. Kox y3opaka mammx
JMIMEH3H1ja, HAIlOH y T0JbY €NAaCTUYHUX JedopMalrja ce MOKE M3padyHaTH Ha OCHOBY CHIIC
Koja ce CHMMa Ha ypehajy mpu UCHHUTHBamy 3aTe3ameM, JO0K j& TAYHO MEPCHE eJacTUYHE
nedopmanuje uzaszos [H.B. Motra, 2014, J. Kazakeviciute, 2019]. H.B. Motra u koaytopu
(2014) cy y cBOM pajy ymopenwiu TeXHHKE Mepema Jaedopmaiije momMohy MEpHUX Tpaka,
EKCTCH30METpa M MEPEHEM IoMepama CTe3He Ii1aBe. 3akJbydak je Jia ce 3a Mepeme MOIyJa
€JIACTUYHOCTH, OJHOCHO JedopMalnyja y HOJby €JaCTUYHOCTH MOTY KOPUCTHTH M MEpHE
Tpake U EKCTEH3MOMETPH, jep [ajy Moy3JdaHe pe3yJsTaTe, I0OK C€ MEpeHme MOMepama CTe3He
rJlaBe TOKa3ajo Kao METOAa ca BHCOKHMM pacHIlalkeM pesyliTata Mepema nedopmanmja. S.
Adamczak u xoaytopu (2012) o6jamimaBajy a Kajga ce UCIIMTHBAKE MaTepHjasia 3aTe3ambeM
cnpoBoau ypehajeM ca EKCTEH30METpOM, TIpelllka I[0jeIUHAYHOI Mepemha BPEAHOCTU
nedopmaiije oAroBapa TpaHUYHO) TPELIIH TOI HHCTPYMEHTA. AKO C€ UCIUTHUBAE BPIIN Ha
ypehajy 0e3 ekcTeH3zomeTpa, pe3yiaTaT Mepema aehopmalije caapKu CUCTEMATCKy TPEIIKy
Koja je pesydaTtar emactuuHe JAedopmaije KOMIIOHEHATa YyHHBEp3ajJHE MalluHe 3a

ucnutuBame. OBy CUCTEMATCKy IPEUIKy Tpeba y3eTH y 003up y 00IHMKY HCIIpaBKe.

Kao mto je Beh HarmameHo, Koja y30opaka MaluxX MONPEYHHUX NpeceKa W AUMEH3H]a,
HajBehu mpolbiieM NPUIMKOM UCIUTHBAaKa 3aTe€3akheM MPECTaB/ba TAYHO MEPEHE eJacTUUHE
nedopmarmje. Kon crammapnHux y3opaka enacTudHa nedopmanuja ce ca HajBehom
tauHomhy oapehyje y3 moMmoh ekxcTreH3moMeTapa, aju KOJl HECTAaHIapJHUX y30paKa MaJlux
Maca M 3alpeMHHa NMpHMEHA EKCTeH3HMOMETpa je OTeXaHa W Hajuemthe ce He NpHMEY]je.
Kopucte ce mpyre merone 3a Mepeme enacTudHe aedopmainyje, Kao IITO Cy Kopesanuja
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murutande cauke DIC (eng. Digital Image Correlation), nacepcka uHTEphepoMeTpHja WK ce
Mepeme nedopmMaije BpIIM HA OCHOBY MeEpema IoMepama CTe3HE uesbyCcTH ypehaja 3a
ucnuTuBame 3are3ameM [S. Kosti¢, 2019]. Ilocnenma HaBeaeHa TEXHUKA HE 3aXTeBa J0JaTHY
orpeMy ¥ 00pajy HojaTaka aju ce Py Meperhy MOTY jaBHUTH 030MJbHE TPEIKE Y 3aBUCHOCTH
0]l TEOMETPHje y30pKa (ETPYBETE) U HETOBE BEIMYMHE. PABHOMEPHO M3AYKEHE U H3TYKCHE
HaKoOH (hopMHpama BpaTa Ha €MPYBETH MPWIMKOM HCIUTHUBaKA PACTEe Ca CMAKBCHEM MEpHE
nyxuHe ¥ moBehamem neOibMHE y30pka. EKcreprMeHTallHE Tpemike y MepemHMa
nedopmaimja 100HMjeHe Ha OCHOBY MepeHha MoMepama CTe3He YesbyCcTH ypehaja npunucyjy ce
MOMYCT/FUBOCTH ypehaja 3a ucrnuTuBame (MMOCEOHO pama KOHCTpyKIHWje) u aedopmarmjama
KOje HacTajy y 30Hama paawmjyca empysere. [lomenyre medopmarmje ce mosehaBajy ca
noBehameM eOJbUHE U CMabCHEM MEPHE JIy)KUHE eTpyBeTe, MoceOHOo nedopmaliije HacTaie
HakKoH (opMupama Bpara npu ucnutubamy [Y.H. Zhao, 2009; A.V. Sergueeva, 2009; F.H.
Akbary, 2013].

Janac Huje Moryhe KBaHTHUTaTMBHO H3pa3UTH OWIO KOjH pe3yiTaT Mepema 0e3
oJpeheHe cyMme y BeroBy TauHy BpenHOCT. HemocraTtak 3Hama 0 (hakTopuma KOju yTH4Y Ha
Mepeme (ClydajHH M CHCTEMAaTCKd (akTOpH) JOBEO HAC je 10 M3pa3a Kao IITO je MepHa
Hen3BeCHOCT. CBAaKO MEpEHmE j€ M3JI0KEHO Pa3IuYUTHM yTHIajuMa U CMeTHhama Owio na
MIPOU3HJIa3e U3 CIIy4YajHUX WIM CUCTeMaTcKuX edekara, oOnyHo u3 oba. Ilpema objaBieHOM
BOJIMUY 3a H3pakaBame HewsBecHOCTH y Mepery GUM (eng. Guide to the Expression of
Uncertainty in Measurement), npsu nyt o6jaBiben 1993 u ypehen 2008 [BIPM, 1993; JCGM,
2008] cymma y pesyaTaT Mepema je HEM3BECHOCT. M3BOpHM BelIMKEe HEW3BECHOCTH 3a
onpehuBame Moayn enacTHUHOCTH E koIl MCcruTHBama 3aTe3amkeM METATHOT MaTepujaia Cy:
cucteM ypehaja 3a ucnutuBame (ypehaj 3a Mepeme IUMEH3Hja, CHCTEM MEPHUX TapKa, THIT
eKCTEH3MOMETpa, CHUCTEM CAOCHOCTH, KPYTOCT KHMJAJIHUIE, TAYHOCT MEpema Cuie, TayHOCT
eKCTEH3UOMETpa) U TpollecC HCIHUTHBama (HamoH W Op3uHa jaedopmanuje, CUCTEM
NpUKyIJbatha IMOJAaTaka, Op3WHA TPUKYIUbaka momataka, codreep) [S. Tarafder, 2004].
[To3HaBame KBaHTUTATHBHUX e(dekata TMOjeIMHAYHUX BEIMYMHA HA PE3YJITAaT HCIUTHBAbA
no0oJblIaBa TMOY3/1aHOCT TOCTYNKa HCIHUTUBama. Jla OM ce MOjeHOCTaBWIM MPOpavyyHH
HEU3BECHOCTH Mepema, MOXKEJbHO je TMperpynucatd 3HayajHE H3BOpE KOJU YTHUUY Ha
pesynTaTe HCIHUTHBaWka 3aTe3ameM Y cielehe Kareropuje: HEM3BECHOCT 300r rpemiaka y
Mepewy TOBPIIMHE IOTPEYHOT Mpeceka, HEM3BECHOCT 300T Trpemiaka y Mepemy CHIe,
HEM3BECHOCT 300T Ipellaka y Mepemy MoMepama M HEM3BECHOCT NPOLEHEHUX BEIHMYUHA

(anp. Monyn enactuunoctu) [W. Gabauer, 2000]. M3Bopu HEM3BECHOCTH Cy YIJIaBHOM THIIA
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b, ¢ 003upom 1a ce OHM MOTy KBaHTH()MKOBATH Ha OCHOBY IOJaTaKa JOCTYIHHX & Priori,
noryT ceprudukaTa 0 KanuOpamnuju, mojaraka mpousBohaya WiM NpOIeHE CTpyumaka. M.
Soy u M. Lus (2018) Bpuie mopeheme HEM3BECHOCTH Mepema THlla A ¥ b y WcnuTHBamy
3aTe3ama METATHUX MaTepHjaia Ha COOHOj] TeMIepaTypH, I/e MpeaHocT aajy Tum A jep nmaje
Ta4HHjE pe3yaTare o] THuia Hem3BecHocTH b. Pesynratu HemsBecHoctn thna b cy Oune Behe
3a cBe rpymne y3opaka. [IporieHa MepHEe HEM3BECHOCTH 3a OApeheHH MOAYN €IacCTUYHOCTH

Moxe ce u3BpuTH npema CWA 15261-2 unu npema EN 1SO 6892-1:2019.

4. CYIITUHA TEXHUYKOI' PEHIEIHA

Opn moyetHe ujaeje A0 pa3Boja Male, JIabopaTOpPHjCKe KHIAIHUIE OWIO je MOTpeOHO
carfnefatd Benuku Opoj dakTopa KOju Cy MOINM Ja yTudy Ha (yHKIUMOHAIHOCT ypehaja,
OJTHOCHO HHETOBY IIOY3/aHOCT M TAa4HOCT Mepema. Mopajo ce BOAWTH padyHa O HCHHUM
TEXHUYKO-TEXHOJIOIIKUM U €PrOHOMCKHM CBOjCTBHMA, Ca MOCEOHMM OCBPTOM Ha €KOHOMCKH
acmekT. 3amoBosbaBajyha kpytocT ypehaja, 0THOCHO €TUMHUHHCAKE T0jaBe MOMYCT/BUBOCTH
MoJICUCTEMa KHUJAUIIe, MOCeOHO MOIMyCTIUBOCTH KOja CE jaBJjhba y CTE3HUM 4YeJbYCTHMA
KHJQJIIA, TPEMET Cy MCTpaKUBama BEIHMKOT Opoja ayropa. MexaHHMUKe KapaKTePHCTUKE
Marepujajga Koje ce ao0Mjajy Kao pe3yiTaT HUCIUTHUBama 3aTe€3alkbeM HE MOry Outu
pelieBaHTHE YKOIUKO TOCTOjU HEKOHTPOIHMCAHO IMOMEPAhe Y CTE3HUM YeJbyCTUMA KUIAJIHIIC.
To ce moceObHO onHOCHM Ha ojapehuBame MoJyja €IacTUYHOCTH MaTepujana, jep ce Ta
BelIMUYMHA ofpehyje y obnacTuMa enacTUUHUX Jedopmalija, TAe Cy U3MepeHa H3ayKema
Mama 0] MUIIMMeTpa. YHanpehemeM HauMHa MPUXBaTa M CTe3amba y30pKa 3a HCIUTHBAKE Y
CTE3HUM YeJbYCTUMa MaJie JIJA0OPATOPHUCjKE KUIAIHIIC 3HAYAJHO j€ CMambeHO HEKOHTPOJIHUCAHO
noMepame, ITo je nosehasio Moy3IaHOCT U TAYHOCT MEpema MEXaHWYKUX KapaKTepUCTHKa
MmaTepujana. Pa3Boj mane maboparopujcke KuAanuie 10 (UHAIHOI MPOM3BOJA j€ MPOILA0
KpO3 TpH 3HauYajHA pa3BOjHA peliema, Koja Cy ToApasyMmeBalia TOCTaBJhalke U OCTBAPCHE
HOBHX 3aXTeBa, KaKO y TMOTJeNy IOY3JaHOCTH W TAayHOCTH pe3yJTara HCIUTHBAMbA

MaTeijaJla, TAaKO U y IOTJICAY TEXHOJOTUIHOCTH U CPrOHOMHUYHOCTH ypeljaj a.

Kopumihetem HOOKe-oBor 3akoHa, Koju y3uMa y O03Up T'COMETPHUjCKE
KapaKTEePHUCTHKE Y30pKa MaTepHjaja KOju C€ UCIUTYyje M TaYHOCT MEpPHE HMHCTPYMEHTAIIH]e
(Mepeme cuiie U U3ayKema), MOTyhe je aHATUTHIKUM ITyTeM OJPEIUTH KPUBE HEM3BECHOCTH
Mepema MOJylla eacCTUYHOCTU. Te KpUBE MpeCTaBibajy TPaHHYHE BPEAHOCTH OUCKHBAHHX
pacunama eKCIepUMEHTATHO oJpel)eHrX BpPeTHOCTH MOAyJa €NacTUYHOCTH. Ha Taj HauywmH

MO’K€ C€ M3BPILUUTH MPOILIEHa HEM3BECHOCTU MEPEHa MOJyJia eIaCTUYHOCTH, ciauka 1. CBako
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OJCTyHame pe3yinTara J0OMjeHHX eKCIEPUMEHTAIHUM IyTeM OJ BpPEIHOCTH YHYTap
AHAINTUYKUX KPHUBMX, IIPECTaB/ba HEOUEKMBAHO PacHUIIalkbe HACTAJIO KAo MOCIEINLA HEKUX

Apyrux (hakTopa KOju yTHUy Ha IpoIiec HCIHTHBamka Matepujana [S. Kosti¢, 2022].
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Cauxa 1. HeoueknBaHO pacuname H3MEPEHOT MOlyJa eIaCTUYHOCTH; TOpHa U J0Hka aHAJIUTHYKa KpUBa

Kako Ou ce poOuna enactudna aedopmairja HUCIUTUBAHOT Y30pKa MPU MEpPEHY
noMepama CTe3HE YeJbYCTH, MOpa C€ UMATH y BUAY Ja je M3MEpPEHO U3IYKCHE eNpyBeTe
YKJBYUHIIO U HU3YKEHE 30Ha pagujyca ernpyBeTe U U3yKeHmhe MPUXBATHOT Jieja enpyBeTe
KOjU Ce IOCTaBJba y CTE€3HY UeJbyCT ypehaja, OqHOCHO Mopa ce y3eTH Y 003Up MOMYyCT/BUBOCT
ypehaja kxoja je y QyHKuuju ammmkoBaHor ontepehema TOKOM HCNUTHBama. EnacTuyHO
M3IyKEHE HECTAHIapHUX, MAJIUX y30paKa je peJaTUBHO Majio, a MOMyCTJHUBOCT ypehaja nma
3Ha4ajaH yTHUIA] HA TAYHOCT Mepema OMepama CTe3HE YeJbyCTU MPUIMKOM MCIIUTHBABbA [S.
Kosti¢, 2019]. la 6u ce Buzaeo TayaH yTuuaj aedopmanyja HacTaauX y 30HaMa pajaujyca
enpyBeTa MaJiX TUMEH3Hja M y 30HaMa MPHUXBaTa emnpyBeTe ca CTE3HUM YeJbycTuMa ypehaja
(momycTipuBOCT ypehaja y moackionoBuMa) Ha yKymHE aedopmaiuje T00HjeHe MPUITUKOM
UCTIMTUBAkba 3aTe3alkbeM M3BpILICH j€ HUXOB IMPOpauyyH U JOOMjeH aHAJIUTHYKU MOJEIL.
Ony3umameM MpopadyHaTHX BPEJHOCTH U3y’KeHha y 30HaMa pajifjyca U MpuxBaTa ernpyBeTe
0J1 YKYITHE BPETHOCTH HM3IyKeHa JO00HjeHEe MepemeM MoMepama CTe3HE YeJbyCTH ypehaja
MOXKE€ C€ M3BPILIUTH KOPEKIHUja T€ BPEAHOCTH M MHUHHUMH3UPATHU Tpelika MHpu Jo0ujamy

MCXaHUYKUX KApaKTCPUCTHUKA MaTeij ajia.
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5. AETAJbAH OIIMC TEXHUYKOI' PEHIEIBA

3a morpebe wucnUTHBama MaTepujaia IPOJeKTOBaH je U pa3BujeH ypehaj 3a

UCTIUTHBAKE MaTepHjaia 3aTe3ameM, Majia JJAopaTopHjCcKa KUAAIUIa, CIIMKa 2.

Canka 2. Ypehaj 3a ucnutiBame MaTepujalia 3aTe3ambeM

KoHcTpykuunjy Kuganuie 4uHe HeluHe:

e Hoceha xonctpykiuja kupamune (1) je wuspahleHa o KpyTUX allyMHHHU)jYMCKHX
npoduiia, KOju Cy CIOJEeHH PAacTaB/bMBOM Be30M. [IpMXBaTHH e€leMEHT - cTaOwmiHa
JIeBa CTE€3HA YeJbYCT je (pUKCcHpaHa 3a 00a BepTUKAJIHA CTy0a Kako Ou ce yKyITHa CHJia
3aTe3ama MOJEeNWIa Ha JIBE jeHaKe CWJIE€ M Ha Taj HAYMH YMamWIM HaloOHH U
enactuuHe jAedopmaigje BepTUKAJIOr CcTyOa. Y LMIby CMamema KOHIIEHTpaluje
HAIoOHA y BEPTUKAIHUM CTYyOOBHMMa, FBUXOBA BE3a Ca HENIOMHUYHOM CTE3HOM UYEJbYCTH
M3BEJICHA j€ MPEKO YEIWYHUX IJI0Ya BEJMKE KPYTOCTH, Koje moBehaBajy moBpIIMHY

JIejCTBa CHJIE M yMamby]jy eJlacTHYHe JedopMaliije KOHCTPYKIIH]e.
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Cuctem 3a EHTpUpamke U BOHEHE 10 OCH 3aTe3ama (2) PeIleH je MPeKo JIMHEeapHUX
nexajeBa (3) Koju Cy CMEIITeH! y KyhuImTrma, Koja ce MOTy MOJICIIaBaTH 110 CBE TPU
oce. Ha oBaj HauumH cy OTHOpHE CHJIE, CHJIE TpEHa, KOje C€ MOTY jaBUTH YCIE[
HETIOKJIalamka oca JiekKajeBa M OCE IOKPETHE YeJbyCTH, 3HA4ajHO yMmameHe. To
notBphyjy pesynraTu Mepema CHila Tpemha IMPH KpeTamy MOKPETHE 4YeJbyCcTH 0e3
enpyBere.

[ToroHckr CHUCTEM KHIAIWIE YHHH Kopaunu mortop ,,Nema 23 (4), xoju 3amaje
KPY>)KHO KpeTame 3ymuyactoj pemenunu 15 (5) koja je ympecoBaHa Ha OCOBHHY
mMotopa. OOpTHO KpeTame ce MpeHocH Ha Behy 3ymyacty pemenwuiy. [IpeHocHn ogHOC
1:6 oGe30ehyje cmameme Op3MHE 3aTe3ama U CMAmkEHe OOPTHOI MOMEHTa MOTOpA.
HaBojuu cmoj pemenuiie u 3aBojHOr BpereHa (6) KpYKHO KpeTame pPEeMEHHIE
npeTBapa y JMHEAPHO KPETame 3aBOjHOT BPETCHA.

YeTBpTH CUCTEM KUAAIMIIEC YMHE TPaHUYHHIM Tonoxkaja (7). Tlonoxkaj HHIYKTHBHUX
ceH3opa JedUHUIIe TPAaHWYHE TIOJIOKAje - TMOJIOKA] 3a MO3UIMOHUPAKE M CTE3arhe
y30pKa 3a HCIUTHBAkE W KpajibM I0JIOKAj, KOjU JeQHUHUIIE W OrpaHHYaBa
MaKCUMaJTHH Mpel)eHn myT MOKpeTHE YeJbyCTH Y IIHJbY cpeuaBama olnrehema ypehaja.
3aceban cucteM 4MHH Tpareha enekTpoHHKa, Koja je cMmemTeHa y kKytuju (8), a
cactoju ce ox Koutposepa (koju je USB kabmoMm mpeko com porta MoBe3aH ca
pauyHapoM, IpH 4eMy pa3BHUjeHa aIuIMKalfja NpUKyIsba U oOpalyje monaTke cuie u
U3/Iy’KEeHha y PEaTHOM BpeMeHy), moreHnuoMeTpa u AD koHBepTOopa (KOju KOHBEpPTYje
U JIoTIpeMa MoAaTKe KOHTPOJIEpy).

MepHu cucteMm ce cacToju W3 TOMHYHOT KJbyHactor Mmepmwia (10) ca omcerom
nomepama o1 150 mm, taunoctu 0,01 mm, u qfuHaMomeTpa Tuna ,,S* (9), koju paau y

orcery cuia 10 2000 N, taunoctu 0.6 N.

VYnpassbauka jenuHuna (8) ce HaloOjHUM KabJoM MoOBe3yje Ha MpEXHHU HamoH 220 V

(50 KHz). AxTuBupameM Ipekyaada Ha 3a/ii0j CTpaHU yIpaBJbauKe JeTUHUIE aKTUBUpPA CE

WCIIpaBJbad CMEIIITCH YHYTap yNpaBJhauKe JeIMHUIIC KOjU TpUiIarohapa HaIoOH MOTPOIIaunuMa

MEpPHOT, IOTOHCKOI M ympaBjbaukor cucrema (12 V m 5 V), Ttako nga je 1meo cuctem

ynpaBjbamba 0Oe30emaH 3a pykoBame. EmpyBera 3a wucnuTHBame Martepujama (13) ce

MO3UIIMOHKpPA U MIPUXBaTa y CTE3HE YeJbyCTU. BpIu ce nmputesame ernpyBeTe Npeko yaypa ca

Bujiiuma (14). IlecHa cre3na vespyct kumanuie (12) ce mocraBiba y MOYETHU TOJIOXKA] (JieBa

yespycT kuganune (11) je HemomuuHa).
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VY3 nomoh npekugaya Ha Ipemboj CTPaHU YIpPaBJbauKe jeAMHHIIEC aKTUBUPA CE MOTOH
KHJIAJIMIIE, OJTHOCHO KOpauHu MOTOp. KopauHu MOTOp BpIIM 3aTe3amhe MOKPETHE YE/bYCTH Y
NpoIecy MCIHWTHBamka WM Bpahame Yes/bYCTH Yy IOYETHU TMOJI0Xa] HAKOH HCIUTHBAMA,
MIPOMEHOM CMepa €JIEKTPOMOTOpa jeJHOCTABHUM OKPETamheM IMOTCHIIMOMETPa Ha jeJHY WIN
npyry crpaHy. bp3mHa kojom ce 3amaje onrtepeheme MpH MPOIECY HCIHUTHBAaKA OJHOCHO
3are3ama MaTepujana, aeduHmIie ce momohy jeawHmIe (IpajBep) Koja yIpaBiba PajioM
KOpa4yHOT MOTOpa Tj. IehuHUCameM Opoja Kopaka MOTOpa y JeIMHULIA BpeMeHa. MoTop ce y
cMepy OmyITama okpehe 3HaTHO Oprke, Kako OU ce IITO Mpe yCIOCTaBUO MOYESTHHU IOJIOKA].
VY TpeHyTKy Kajia CTe3Ha 4eJbyCT 3ay3UME IMOUCTHHU MOJI0Ka]j, HHIYKTUBHH CEH30D 3ayCTaBJba

KpETarmhe eIICKTPOMOTOpA.

[Ipe moueTka HWCNHUTHBaWKA, Kaja je empyBeTa MO3UIMOHHMpAHA M TMpUYBpIINEHA Yy
CTE3HUM 4YeJbycTuMa ypehaja, y MoYeTHH MOJI0Ka] Ce JOBOAM IIOMUYHO MEPUIIO, HYJIUpa Cce U
Ha Taj HAYMH 33J1aje peepeHTHa Tauka. HakoH aKTHBUpama pa3BHjeHOT H HMIDICMECHTHPAHOT
copTBepa 3a aKBH3HMIMjy TOJaTaka, YHOCOM YJa3HUX II0JIaTaka O T'€OMETPHjKUM
KapakTepucTHKama emnpyBeTe mHokpehe ce Mmepeme, CTapTOBAamkEM KOpPayHOT MOTOpa KOjU
MPEKO KaWIIHOT MPEHOCHHWKA BPIIM MPEHOC KpeTama Ha 3aBOjHO BpeTeHo. Ha Taj HauuH ce

BpIIHX 3aaBamkbe onTepeheH)a Ha UCIIMTHBAHU Y30paK, OJHOCHO HCTOBO 3aTC3aml:C.

Haxon 3aBpuieHor wcnuTHBama, cCOPTBEp KUAAIUIE TPYyKa MOTYNHOCT TpaBibemha
u3BeinTaja y obiuky EXcel maroreke ca TabemapHUM BpPEIHOCTHMA CHIIE U U3Y)KEHha WU
naroreke y pdf dopmary, koja cagpxu aujarpame 3aBUCHOCTH MEPEHHX BEIHYMHA CHIIA -
M3IyKEHe, Ka0 U JujarpaMme Koju ce Jo0ujajy oOpajoM mojaTaka HAaKOH MCIHTHBAMKbA, Kao
MTO Cy JWjarpaMd HamoH - naedopmaivja, CTBaApHM HAmoH nedopmaliija, 3aBUCHOCT
MOBPIIUHE TOMPEYHOT Mpeceka OJ HaloHa, 3aBUCHOCT KOHTPAKIIMje MOMpPEeYHOr MpeceKa O

HaIrioHa HUT/I.

[IpojexToBame M pa3Boj Maje JabOpaTOpPHjCKEe KHIAIHUIE ca CIUKE 2. TEKJIO je Kpo3
Bulle (a3a U HEKOJIMKO Bep3uja peliewma. Ypehaj je mpBOOMTHO OMO HaMEWEH CTyAEeHTUMA
TEXHUYKHX HayKa, Kao y4mslo, KOJ KOjer TayHOCT Mepema HHje mpecyaHa. buio je nameko
3HaYajHUje Jla YYWIO OCTBapu CBOjy (GYHKIHM]y y oOnacTd oOpa3oBama, OJHOCHO Ja Ce€ Ha
HBEMY MOJKE JIAKO JIEMOHCTPUPATH TIOHAIIAKE PA3THUUTHX MaTepHjalia MpU 3aTe3amy U J1a ce
Kao pe3ydaTrar noOujy JujarpaMd 3aBUCHOCTH CHJIa 3aTe3ama M M3IYyXKema y3opaka
Martepujaja, OJJHOCHO HamoHa u nedopmarmja. Y HapeaHuMm ¢aszama pas3Boja, yHamnpeheme

KOHCTPYKOHUOHOI' pCHICHKHAa OAHOCWIIO C€ Ha Behu crenen 3a0BOJbCHA  3aXTCBaA
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TEXHOJIOTUYHOCTH, €PrOHOMHUYHOCTH M TOY3IaHOCTH (jeJHOCTaBHjE€ PYKOBam€, PE3yJITaTH
WCTIMTHBAka Ca MalkbOM Heu3BecHOIIhy Mepema, IPUKYyIUbake NojJaTaka y3 nomoh pauyHapa,
cMambeme Oyke, MoOOJbLIaAke YIEKHUIITEHa HABOJHOT BPETEHA, CMAlEHhe Tpemha KIU3amba,
noBehame KpyTOCTH, pa3BOj HOBOI PEllCHa MpUXBaTa EMPyBETE Yy CTE3HE YEJbYCTH, Pa3Boj
coc(hTBepa 3a NpUKyIUbalbe U 00paay mojaaraka). Taksa Bep3uja ypehaja koja je moboJsbirana
y CMHCIY TAa4HOCTH JOOHMjeHHMX pe3yJsiTaTa HCIUTHBAaKba, MOINA je na Oyae mpuMemeHa y
UHAYCTPUJHU U Y UCTPAXKMBAUKe CBpPXE, TAaKO Ja je ypehaj, oa yumna 3a eayKaldjy CTyaeHaTa

ocTao J1abopaTopujcku ypehaj 3a ucnuTHBame MaTepujaia U UCTPAKUBAkE Y 0BOj 00JIacTH.

Tpu pa3BojHa pemema Mase 1ab0paTOpUjCKe KUAAIUIIE, Ca OCHOBHAM 3aXTEBHMA KOje

je ypehaj Mopao j1a 3a10BOJbH, Cy MPUKA3aHa Ha CIUIH 3.

Pa3Bojno pememe 1 Pa3BojHO pememe 2 Pa3BojHo pememe 3

——

e Heu3BeCcHOCT Mepera <10% ® HEHM3BECHOCT Mepema < 5% e Heu3BeCHOCT Mepera <2%
¢ MAaHYCJIHO PYKOBamk€ ® ayTOMAaTCKO yIIpaBJbalke e 11000JbIIABKE YASKHUIITEHA
®  HCIUTHUBAKE CTPYHA e mpobnem Oyke HaBOjJHOT BpeTeHa

Camka 3. [Ipukas paBojHUX pellieka, TPU BapHjaHTE Majie 1abopaTopHjcKe KUAAINIIE

Kox npBobutHor pemiewma ypehaja-kuganuue, NpuKka3aHor Ha CIUIU 3, Pa3BOJHO peleme 1,
3aTe3ame ENpyBETE€ BPILICHO j€ PYYHO MPEKO CHEIMjaTHO H3paljeHe HaBPTKE BEJIUKOT
npeyHuka. M3myxeme je MepeHO MOMHYHHM KJBYHACTUM MEpHJIOM, a CHJla 3aTe3arbha
JTUTHTATHUM JuHamMoMmeTpoM. OunTaBame pesynraTta BpIIeHO je pydHo. [Ipyra pa3BojHO
pemewme ypehaja, cnuka 3, yHanpeheHo je ayToMaTCKUM yIpaBJbamkbeM, TIe Ce CUIa 3aTe3ama
3aJjaBajla IOrOHOM KOpauyHOT MOTOpa MPEKO YIpaBJbayke jeMHHIIE 32 peryyanujy Op3uHe u
cMepa KpeTama IMOKpeTHEe 4YebycTH. EmpyBeTa ce clI000HO Oociamana y CTe3He YeJbyCTH
CBOjUM KpajeBMMa 3a TmpuuBpinhuBame. CHCTEM akBH3HWj€ MOJaTaka je ayTOMaTH30BaH Y3
nmoMoh IEHTpaliHe YIpaBJbaukKe jeIMHUIEe, KOoja je ToBe3aHa ca pauyHapoM. lloOGospiamem
Be3€ YJIeKMIITEeHa IPEHOCHUKA, MOJI0XkKaja U BOema HaBOJHOT BPETEHA, CMAIEHO j& TPEHE
KOj€ j€ Y3pOKOBaJIO BEJIMKE Mapa3uTHE CUIe KOje Cy yTHUIlalie Ha TAYHOCT pe3yJiTaTa Mepema,
IITO je MpHUKa3aHO Ha ciauiy 3, kao Tpehe pa3BojHo pememe ypehaja. Kako 6u ce m3berio

TPCHC KJIN3aha, IMOCTaBJbCHA CY JIBa JIMHCAPHA KYTJIMYHA JIC)Kaj a, 3a I(Oje je KapakTCpuCTH4aH
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Beoma Manu koepunujeHt Tpema [B.A. Hélouvry, 1994]. Jlexaju ce ocnamamajy y 4eTUpU
Ta4Ke, Ma je MOJI0XKa] TOJECUB y MPOCTOPY MO CBE TPH OCe X, Y U Z, unMe ce 00e30ehyje u
CaOCHOCT, OJJHOCHO IEHTPUYHOCT U MUHHMH3HpPA Taj Y3poK rpeimke. Kao HajekoHOMHYHH]E
peleme 3a MpoOJieM YISKUIITCHha HABOJHOT BpETeHAa H3a0paHW Cy KOHYCHH BaJbKacTH
nexaju [V. Kosti¢, 2018]. Y3 mocrojame Beh onmcane moryhHoCTH To/IeIIaBakba CAOCHOCTH
nexkaja, YICKUIITCHhEM HABOJHOT BpETCHA je TeHEepalHO peHieH NpoOdJIeM CaoCHOCTH
WCIIMTUBAHOT y30pKa M MpaBlia CHJIE 3aTe3ama. [IpuxBaT ermyBeTe y CTE3HE 4YeJbyCTH Ce
BPIIMO HEHUM CIOOOTHHM OCIamameM KpajeBa 3a mpuuBpiihuBame. M3riien nujarpama
CWJIa-U3y’KEHE OJHOCHO HAIOH-IedopMaliija JOOUjeHUX HCIMTUBAKEM 3aTE3akheM Ha TPHU

BapHjaHTe Maje JabopaTopujcKe KUAaIuIle, NpUKa3aHe cy Ha vy 4.

Pa3Bojno pememe 1 Pa3BojHo pememe 2 Pa3BojHo pememe 3
220 n— . —— 210 - . -\
s 180
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& 10 2 z, "
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f “ &
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’ 0 1 23 456 7 8 9 1011 121314 15 16 00" 050 LIS 20 23730 95 400 W 0 05 1 15 2 25 3 35 4 45
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Camuka 4. [Ipuka3 aujarpama cuiia-u3yxemhe OJJHOCHO HaroH-ehopMaliuja 100HjeHUX HCITUTHBAbEM
3aTe3ambeM Ha TPH Pa3BOjHA pellera Majle JJabopaTopHjCcKe KUAaNuIe

3axTeBU KOjJU Cy MOCTaBJHEHH TIpeJ MOCIEABY BEP3U]y Malie J1abopaTopHjCcKe KHIAIUIE ca
ciuke 2. cy OWiaM: WMIUIEMEHTalldja CeH30pa MOoJoXKaja, MMIUIEMEHTaluja codrBepa 3a
ayToMaTcKy o0pajly mojaTaka, HeM3BeCHOCT Mepema <1.6%, mobospiiame KpyTocTu ypehaja,

MOOOJBbIIAE CUCTEMA 32 MMPUXBAT U IIPUTEC3AC CIPYBETEC Y CTEC3HEC UCIbYCTHU.

[TonycTsbMBOCTH MOJCKIIONOBA U €JIeMEHaTa KOHCTPYKLM]€ K1Iaauie OUTHO yTHYe Ha
pesynraTe Mepema H3IyXKema M CHJEe 3aTe3ama, OJHOCHO Ha TpeliKe Mepema (Tperke
Mepema MoMepama M Ipelike Mepema cuie). I1omycT/buBOCT MOACKIONOBAa KOHCTPYKIH)E
ypehaja ce ofHOCH Ha 30HE MOIYCTJHUBOCTU KOje MMajy HajBehu yTHIlaj Ha rpemike Mepema

MoMepama U 30He y KOjUMa Ce€ jaBJbajy MapasuTHE, HEKOPHCHE cuie (Tpeme) Koje CTBapajy

IPELIKYy Meperha CHIIe 3aTe3ama, CIIUKa 5.
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Canka 5. lllemarcku npukas Kujanuie

[ToryctsbuBoCTH y Ozipel)eHHM 30HaMa KOHCTPYKIMj€ KUAAIHIIE Y TUPEKTHO] Cy BE3U

ca rpelikamMa Mepema oMepama U CBPCTaBajy ce y TPelIke yCue:

e mnomyct/buBOCTH HOcehe koHCTpYKIHje (pama) kunanuie (tauke F; F, F3 Fy),

® TIONYCT/BUBOCTU IMOJCKIIONA Be3e paMa Hocehe KOHCTPYKIMje H JIEBE YEJbYCTH
kunanuie (AB),

® T[OMYCTJBUBOCTH caMe KOHCTpyKIyje sieBe yesbyctu (CC'),

® T[OMYCT/bUBOCTH HCIIMTHBAHOT Y30pPKa y 30HM KOHTAKTa JIEBE YEJbYCTH M Y30pKa
(empyBere) 3a ucnutubame (LCH),

® TOMYCTJFUBOCTH JIECHOT MOCKJIONA 32 MpuxBaTame enpysere (GG'),

® T[IOMYCT/bUBOCTH WCIUTHBAHOT Yy30pKa y 30HM KOHTaKTa JCCHE YEJbYCTH W Y30pKa
(empyBerte) 3a ucnutubame (RCH),

® TIOMYCTJFUBOCTH €JIEMEHTA KOjH TOBE3Yje JIEBY UeJbyCT Ca JUHAMOMETPOM M BYYHUM

cuctemoM kunanuie (ER).

I'pemike Mepewma Be3aHe 3a TMOMYCTJBUBOCTH ojpeheHux 1enuHa (MOICKIONOoBa)
Moryhe je y BeJTHKOj] MEpH CBECTH Ha MHHUMAJIHY BPEIHOCT TEXHUYKO-TEXHOJIOMIKAM Mepama
Y ONTHMU3ALUjOM peliera. KpuTuuHe 30He ca acrneKkTa MOMYCT/BUBOCTH U Ipellaka Mepema
NPEJICTaBJbajy 30HE KOHTAKTa MCIUTHBAHOI y3opka (empysere) ca JeBoM LCH u necnom
yesbyct RCH, cnuka 5. CraHmapaHe empyBeTe KoOje ¢€ KOpUCTE€ Ha KOHBEHIIMOHAHUM
KHJAJINI[aMa, CTeXY CE€ Y CTe3HHUM 4YeJbycTUMa KHAAJUIIE 10 MoBpImnHama mnpuxsara. Cua
3aTe3ama MPEHOCH CE ca eTPYBETe Ha CTE3HE YEeJbYCTH MPEKO MOBPIINHA Y KOHTAKTY, CHIIaMa
Tpemwa. Y OBaKBOM CIIyuyajy MpeHoca ontepehema HacTajy 3HauajHe MOMYCT/BUBOCTH Y CAMOM
KOHTaKTy CTE€3HMX d4esbycTH M y3opka [B. Tadi¢, 2012]. ¥V cymTuHu, jemaH oa KJbYYHHX
y3pOKa HacTaHKa 3HaYajHUX Tpelaka oapehruBama MEXaHMUKUX KapaKTePUCTHKA MaTepujaa,

MOCceOHO MOJy/la EeJaCTUYHOCTH, JeCTe HEKOHTPOIHMCAHU €0 IOMepama, KOJH TOKOM

19



JlokyMeHTaI#ja TEXHUUKOT peliemha

3aTe3ama y30pKa HacTaje y CaMOM KOHTAaKTy eMpyBeTe M CTe3HUX uesbycTH. be3 003upa mrto
jeé cucTteM, CTaTHYKM MOCMAaTpaHO, y PAaBHOTEKHM, HAMOHM KOjHU C€ jaBJhajy HA CaMUM
MOBpIIMHAMa KOHTaKTa MOpajy M3a3BaTu ojapel)eHH HUBO IOMEpama, KOjU je€ y JUPEKTHO]
Be3M ca HHUBOOM cuie 3ate3ama [V.L. Popov, 2010]. IIpoGieMu momyCT/bUBOCTH OJHOCHO
noMepama MPUXBAaTHUX JEJIOBA CIPYBETE Ca JIEBOM U JECHOM 4YeJbyCTH MOTY C€ carjie[laTu
npeko cneaehux ynmennmna. Hanexxyhe moBpmmHe enpyBeTa, Tpeba na Oymy 3HaTHO Behe
BPEJIHOCTH y OJTHOCY Ha TIOBPILIUHY MPEceKa MEPHOT Jiella eIPYBETE KOja Ce MCTEXKE, Y IUIbY
CMamekha BPEIHOCTH KOHTAKTHOT TNPHUTHCKA (HANOHA) KOJH C€ jaBjha M3Mely Hamexxyhux
MOBPIIIMHA ETPYBETE ca JICBOM U JIECHOM YeJbyCTH. AKO ce Jeo ernpyBere Beher mompedHor
npeceka ocjama Ha JIeJOBHMA JIeBE M JIECHE 4YeJbyCTH, T'pelIKa HacTaje 300T CI0KEHOT
HATIOHCKO-Je()OPMALIMOHOT CTama, MPETEKHO Y CaMoj 30HM KOHTakTa m3Mmely emnpysere u
YeJbyCTH M HE IIOCTOJM HA4YMH Jila C€ BPEAHOCT HACTAJle TPEIIKEe EKCIIEPUMEHTAIHO

KBaHTH(UKY]E.

VY TOKy pa3Boja ypehaja y muiby MUHHMH3AIM]jEe HEKOHTPOJIUCAHOT Jea MOMepama
(MOTMYCTJBMBOCTH Y CaMOj 30HM KOHTAKTa) PeajM30BaHO je U CKCICPUMEHTAJIHO HCIUTAHO
BUIIIE pelIemha CHCTEMa CTe3ama eNpyBeTe y CTe3HMM uesbycTuMa. IIpBo peannzoBaHO
pelehe MopasyMeBaio je cao00IHO OCIIOmEHYy enpyBery (ciuka 6), mTo je y CKiaaay ca
nuteparypuum HaBoguma [C.T. Li, 1985; J.R. Davis, 2004; A. Mucsi, 2013; G.B. Rathmayr,
2013; L. Woong, 2013; K. Kumar, 2014]. VkynHa KOHTaKTHa MOBPIIHHA CMPyBETe A,
NpUKa3aHa Ha CIULIM 6, MpU WCHHUTHBAKkY MaTepujajia Ha Majoj Ja00opaTOpHjCKOj KUAATUIN
Owa je meT myTta Beha y 0JIHOCY Ha MOBPIIIMHY MOYETHOT MPEeceKa Ha MEPHOM JIeNTy €NpyBeETe.
Mehytum, TO He 3Hauum na he HamoHW W Jedopmalvje y 30HM HaJleTama emnpyBeTe Ha
MOBPIIMHE CTE3HE 4YeJbyCTH HMMAaTH CPa3MEpPHO Mame BPEJHOCTH. MaKCHMallHU HaloHH Y
OBOM CJIy4ajy jaBJbajy ce Mo ae0JbMHHU enpyBeTe t (oca Z) y 30HamMa Zgx' U Zg» y OKOJHMHHU

Tayaka K' u K”".
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Cauxa 6. CucteM NO3UIIMOHUpAEka U IPUXBATa CPyBETe: CII000IHO OCIOmhEHA enpyBeTa Ha ypehajy
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[Ipu nejcTBy cuie 3aTe3ama F Ha HaBeneHHMM KOHTAaKTHUM IOBPIIMHAMA JIENTY]Y
HAMIOHHU TIPUTHUCKA W JIOJIa3W JI0 cadujama eJIEMEHTapHHUX JAeinha MaTepujaja enpyBeTe y
camoj 30HM KOHTaKTa, IPH YeMy je MaKCHUMallHa KOHIICHTpallija HallOHa Ha JelioBuMa Zg' U
Zy». 300T BelWKe KOHIIGHTpAllMje HAallOHA Ha KOHTAaKTHO] TOBPIIMHU emnpyBeTe HacTahe u
onpehena momepama enpyBeTe y CTE3HO] 4esbycTH. To momepame HHje MOTyhe H3I1BOjeHO
KBaHTH(HUKOBATH, Beh ce MCTO y MpoIecy Mepema MPUAPYKYje YKYITHOM U3TYKEHY MEPHOT
nena empyBere. To 3HauM Jla OBa TIpellKa Mepema HacTaje Kao JUPEKTHA IMocieauia
MOITYCTJFUBOCTH KOHTAKTa CIPYBETE M CTE3HE YeJbyCTH. [IpeTnocTaBbeHO MoJbe HamoHa G(Y)
y TOTIYHOCTH OATOBapa OOJHKY emnpyBeTe aedopMucane mpu OBOM HA4yHMHYy Oasumpama y
CTE3HUM YeJbyCTHMA, IITO Cy MOKa3alu U pe3ynratu uzBegaeHux FEA ananuza u o6aBpeHUX
eKCIIepUMeHaTa. Y OBOM pa3MaTpaHOM CIy4ajy, HEKOHTPOJIKMCAHU JICO MOMeparmba 3Ha4YajHuje
yTUYEe Ha BPEIHOCTU EKCIIEPUMEHTATHO onpeheHOr Mojylia eJNacTHYHOCTH (M OCTauX
MEXaHUYKUX KapakTepuctuka). Ha caumm 7. cy npukasanu pesynratu FEA ananuse
noOWjeHn y YCIIOBUMAa HCTe3ama enpyBeTe oja denuka. FEA anammsza je pabhena y
nporpamckoM makery Simufact Forming 15.0. Mpexa xekcaeaapHuX KOHaYHHX eJieMeHaTa U
Opoj enemenara (ykymHo 21688 ejemeHara) cy reHepHcaHH y CKJIaay ca 30HaMa y KOjuma ce

0YeKyjy 3HauajHe KOHIICHTpALlHje HAIIOHA 1 ITOMeparha eJIEMEHATA.

0.0020
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L0000
00008
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max: 20000

min: 0.0000

25328
2526
197.23
169.21
141.19
1316
8514
57.12
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107
max: 281.30
min: 0.

A a

Camuka 7. Pesynratn FEA ananm3e 3a HAalmoOHCKO cTame enpyBeTe (JIEBO) U U3Y)KEHha SMPyBETe IO OCH 3aTe3amba
(mecHo)

Ca cimke ce JacHO MOX€E YOUUTH J1a Cy HallOHU U MIOMEpama yIpaBo KOHIIEHTPUCAHH Y
MMOMEHYTHM 30Hama (cnuka 7/, netab A u netasb b). majyhu HaBegaeHo y BUIY TpoU3HIIa3u
Jla ce TOMYCTJHHUBOCT MOXKE CBECTH HA MHHHMMAJHY BPEIHOCT MU300pOM IHMMEH3Hja erpyBeTe,
OJTHOCHO TMoBehameM BpeTHOCTH KOHTAaKTHE MOBpINWHE, MoceOHO aebsbuHe enpysere. Kako
OM ce CMamWIM HAallOHU M MOMepama Y 30HM KOHTAKTa €lpyBeTe M CTE3HE 4YeJbyCTH, 30HA
MpUXBaTa €NpyBeTe jeé U3MEHEHA TaKo, J1a CE YMECTO CII000HO OCIOHEHE ENpyBeTe MU3BEIE

CTe3ame MO IeJI0j 30HU MPUXBATa.
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Konauno pememe cucrema cre3ama €npyBeTe y CTE3HHM 4eJbyCTUMa, CIuKa 8, y
HajBeho] Mepu eTUMHUHKCANIO je TPEelIKe MOMYCT/bUBOCTH Y 30HaMa KOHTAKTa CTpPYyBETE U
CTe3HHMX 4YesbyCcTH. [lomuio ce ox wiaeje a ce KOMIUISTHOM IPHUXBATHOM JIeNly €IpYBETe,
WJICHTUYHE T'eOMETpHUje Kao y MPETXOAHOM pa3Marpamy, OHeMoryhu moMepame Mo CBUM
ocama, OJJHOCHO, J1a KOMIUIETaH IPUXBATHH JIE0 ENPYBETE MPEICTaBIba 3apO0JHEHY 3alIEMHUHY
MaTeprjaia y CTE3HHM 4YeJbyCTHMa, KOjé Ce MOTy, y KOHKPETHOM CIydajy, cMaTpaTh

AIICOJIYTHO KPYTUM TCJIOM.

1-[ "S_Sll
R P(y.2)

S_,| p(x.y)

B) r)

Cuanka 8. CucreM NO3UIIMOHUpAha U CTE3amba eNpyBeTe: a) MIeMaTCKy Ipuka3, 0) FE nomepate,
B) 3D mopnen u r) ¢pororpadceku npukas

Crnuxka 8. mpeacraBiba meMaTcku npukas, 3D moaen u ¢potorpadcku npukas cuctema
3a CTe3ame CNpYyBETe, ca CBUM €IEMEHTHMa W KapaKTePHUCTUYHUM 30HaMa. EnemeHTH
CUCTEMa 3a TPHUXBAT U CTe3ame enpyBeTre cy: y3opak (empysera) (1), ememeHT 3a
MO3UIIMOHUpAkEe U TMPHUXBAT y30pKa (cTe3He uesbycTu) (2), yaypa (3), MONYyHUIUHAPUIHU
cte3nu enemeHt (4), u Bujak (5). IlomycT/pMBOCT ce pa3maTpa camMO Y KOHTAKTHO] 30HH
n3Melyy y3opka um jieBe cre3He 4esbycTH ypehaja. Y3opak (1) ce mocraBba y €JIeMEHT 3a
MO3UIIMOHUpamke (2) U cTexe Mpeko cre3Hor enementa (4). Yaypa (3) u Bujax (5) noctaBibeHn
Cy TpeKo eleMeHTa 3a TOo3WIHOoHupame. [lumMHApUYHa CTpaHHMIIa eJIeMeHTa 3a
MO3UIIMOHUPAakE OAroBapa 0OIUKY yaype. MoHTaka TUX eJIeMeHaTa ce OCTBapyje ca MajluM
3a30poM m3Mely mux. ['eoMeTpujcke Mepe empyBeTe W elieMeHaTa 3a TO3HIMOHUPAmE H
CTe3amhe HAKOH 3aTe3ama BHjKa 00e30eljyjy CaoCHOCT JIeBE€ M JIECHE CTE€3HE YeJbYCTH U
PaBHOTEXKY CHJIa MO OCH 3aTe3ama M y MpaBIMMa HOPMAlHUM Ha ocy 3aTe3ama. OBaKBOM
IIEMOM CTe3ama, CNpyBETa je y CTe3HHM YeJbYCTHMa H3JI0K€Ha CBECTPAHOM IPUTHCKY II0

CBHM OCama M TIPeJCTaBsba ,,3apO0JbEHU’ 10 MaTepHjaja KOju MPHU JICJCTBY CHIIC 3aTe3amba
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¥Ma BEOMa IMOBOJBHY pacIofiely MoJba HAMoHa U JAeopMaliija ¥ MUHUMAJIHY TOMYCT/BUBOCT
y 30HM KoHTakTa. Ha cimumm 8.0) mpukaszaH je W AeTajb aHaJIM3e KOHAYHUM EJIeMEHTHMa
(FEA), xoju ykasyje Ha BeoMa IOBOJbHY pACIOJEIy M Majle BPEIHOCTH IOMEpama y

KOHTAaKTHHMM 30Hama, KOja HE Mpe€BasnIa3c BpCAHOCTH O 2 pm.

Tpeba HarnmacuTu 1a je Impu pealu3aldju MPeaokKEeHOT METOAa MO3UIMOHHpama U
CTe3ama enpyBeTe BeOMa OMTHO MCIIOIITOBATH HU3 TEXHOJIOIIKUX 3aXTeBa, KOjU Ce OJHOCE Ha
BpPEIHOCTH TOJIEPAHIIMja ¥ OCTBapUBamk-€ 0JIaro MPecoOBaHUX CII0jeBa EIPYBETE U eJIeMeHTa (2)
o JUMEH3WjH l;, enpyBeTe W yaype Mo AUMEH3UjU W;, y3 aJCKBaTHO CTE3albe CIpyBETe
npeko 3aBpTma (5) u cre3nor enementa (4). Edexktu oBakBor HauMHa cTe3ama EMpyBETE

MOTBPJWIN Cy pe3ystaTtu u3BeaeHux FEA, kao u pesynTaTu U3BeACHUX EKCIIEpUMEHATa.

EnpyBera koja ce KOpHUCTH 3a HUCIUTHBAKE MaTepHjaja Ha Maloj JIabopaTopHjCKoj
KAJAIHIE Pa3IuKyje 0 OOJIMKY U TEOMETPUjCKUM MapaMeTapiMa O] CTaHAapIHUX eIpyBeTa
KOje Ce KOPHCTE KOJi KOHBEHIMOHAJIHWMX kumanuia. Ha cioukama 9. u 10. mpukasanu cy
OOJIMIIM CTaHJAp/IHE SMPYBETE OJ1 JMMa U HECTaHIAp/HE CIPYBETE OJ1 JHMa, KOja C& KOPHCTH

Kao y30paK KoJI Majie, JJAbOpaTopHjCcKe KUIAIHIIE 32 UCTIUTHBAKE MaTepHjajia 3aTC3ambEeM.

Cianka 9. OOk u F€OM€TpI/IjCKe KapaKTCPHUCTUKE CIPYBETE 3a UCITUTHBALC 3aTE3albEM 3a KOHBCHIIMOHAIHE
Kngajiuuie
QL\(Q
i) ’ 1
2 ;

i 180

213

Caunka 10. O01HMK ¥ TeOMETPHjCKe KapaKTePUCTUKE SIPYBETE 32 UCIIUTHBAKE 3aTE3ambEeM 32 MaJle,
nabopaTopHjcKe KUAATUIIES

Moayn enactuyHocTH ce Moxe oapeautd u3 Hooke-osor 3akona. Ilporena
HEU3BECHOCTH M3pauyyHATOr pe3yiTata E Moxe ce OoJApeuTH Ha OCHOBY HEU3BECHOCTH Y
NpUMapHUM MepemuMa. HeusBecHOCT pesynrara MoJyJa €JIacTUYHOCTH MOXKE Ce

NpPEJICTABUTH JIATHM HEM3BECHOCTHMA He3aBHCHHMX mpomensbuBux [R.J. Moffat, 1988; J.P.

Holman, 2011; GUM].
OE\? OB\’ OE \* OF
W = (§> ‘Wi + (6_10> Wi + (—0) W3, + (—) Wi 1)
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rae je Wg HEM3BECHOCT MOJyJa €nacTHYHOCTH, Wy HeHM3BECHOCT cuie, Wi HEM3BECHOCT
NOYETHE JIy)KMHE enpyBeTe, W, , HEU3BECHOCT IOYETHE IOBPIIMHE MONPEYHOI MPECcEKa
enpyBete U W, HEM3BECHOCT MPOMEHE MEpHE Jy>KUHE eNpyBeTe, AOK HaplujaaHd W3BOJIU

TPEJICTaBIbajy KOEPHIN]EHTE OCETIBUBOCTH CaF, Cjy» CA,> CAl PECTIEKTHBHO.

IMperxoguu m3pa3 (1) ce oaroeapajyhmm TtpaHchopmalidjama aeTa/bHO ONHCAHMM Y |[S.
Kosti¢, 2022], moxxe HanucaTi y QyHKLIHUjU caMO jeJJHEe TeKyhe NMpOMEHJbUBE, Tj. TPCHYTHOT

m3nyxema Al:

2 2 2
We(AD = % (El—jxo) Wi + G_()l) Wi + (i—i) W3, + Wi )
[IperxomHM wW3pa3 CYMTHHCKHA Ne()UHUIIEC AHAIUTHYKE TPAHHUIE HEH3BECHOCTH MOIyJja
€JIACTHYHOCTH y OJHOCY Ha pedepentHe BpeaHocTH E pauynate npema Hooke-oBom 3akony,
OJTHOCHO HMHTEPBaJl Y KOME C€ ca JIaTOM BepoBaTHONOM Haja3u IMpaBa BPEIHOCT MEPEHE
BennunHe, u3pa3 (2). OBa HEHW3BECHOCT OJroBapa IUIYC-MHUHYC jEIHOj CTaHAapIHOj
JICBUjaIlUju y 3aKOHY HOpMaJTHE PacIiojieliec BPEAHOCTH MpoydyaBaHe BenuunHe. KomOmHOBaHA
HEU3BECHOCT MMa TOBEe3aH HUBO ToBepema o 68.27%. To 3Haum na ce eKCrepuMEeHTaTHO

ozxpehene BpenHOCTH MOMIyIa enacTHYHOCTH Tpeba aa ce kpehy y rpaHuIama:
Egxp = E = Wg(AD 3)

Ha cnumum 1. mpukasa je npumep aHaTUTUYKUX KPUBUX HEM3BECHOCTH MOJIyJIa €aCTUYHOCTH
Wi (Al), Ha ocHOBY m3pasa (2) u (3), ca pedepeHTHOM BpeaHONIINy MOIya €TaCTHYHOCTH 32
ucnuThBaHu Matepujan (Ha npumepy E =210 GPa) kao acuMnToTOM KpUBHX, Ka0 U JeJaH O]l

MOT YHHX cnyqajeBa CKCIICPUMCHTAJIHO O,I[pebeHI/IX BpCAHOCTH MOAYyJIa CJIAaCTUYHOCTHU

Egxp(AD.

Ha pacniogeny MepHUX pe3yiTara OKO Cpelbe BPeTHOCTH YTHUY UCKIbYYUBO CIIy4ajHe
TpEelIKe, aKo Ce MPETIIOCTaBU Ja Cy CHCTEMAaTCKe TpelIke KOPHIOBaHE KaTHOpalnoOHUM
noctynkoM. MehyTum, NoTiyHa KOpEKIMja CHCTEMAaTCKUX Ipemiaka je perko moryha. Te
npeocTajge CUCTEMATCKe TpelIKe Cy pas3sior 300T KOjer je KOHAYHM pe3ysTaT Mepema YBeK
HEW3BECHUJHU HETO MITO MoKa3yjy u3pasu (2) u (3). 300r mpeocTannx CUCTEMATCKUX Tpeliaka

IpaHuIE TOY34aHOCTH CPEIHE BPEIHOCTH CE€ MPOILIUPY]Y.

3a BepuduKaIujy pesysirara Mepema NPWINKOM HCIUTHBAKkA 3aTE3amheM Ha Malioj

1a00paTOpPHjCKOj KHUAAMULIM KOpUIIheHH Cy pe3ynTaTH A00HjeHH Ha KOHBEHIIMOHAIHO]
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KHUJQJTMIH, IPY Y€MY Cy eIPyBeTe UMaJie TeOMETPH]jCKE KapaKTEePUCTHKE JaTe Ha cirkama 9 u
10. Marepujan empysera je udenuk S355J2. HcnutmBama cy palheHa y ycloBUMa Koje

npunucyje crangapa SRPS EN I1SO 6892-1:2020. PesynrTatu ucnutuBama Cy 1aTH Ha CIUIA
11.

Amnanutnuke kpuse 1, 2 (cnuka 11) npencraBibajy rpaHuie ,,04€KMBAHUX ' pacUMama
pe3yaTrara Mepema MOJyja €JIaCTUYHOCTU jep Cy HacTale Kao MOCJeIuIa HEH3BECHOCTH
MEpHE HMHCTPyMEHTallMje KopuilheHe NpWIMKOM H3BOhEHa INPHKA3aHUX CKCIIePHUMEHATA.
Moxe ce 3aKJby4dTH Ja Cy HEOUYCKHMBAHE HEHM3BECHOCTH EKCIIEpUMEHTAJor ojpelhuBama
MOJlyJla €JacTUYHOCTH CaMO OHE M3BaH KpuBHX 1, 2. ¥V muramy je, Aakie, Ie0 pe3ynraTta
Mepema KOjH ce He MOXE OMpaBiaTd HecaBpiieHomhy MepHe uHCTpyMeHTarmje [S. Kostic,
2022]. Cpenma BpeIHOCT HEM3BECHOCTH MOJyJia €JIACTHYHOCTH 3a Maiy J1abopaTOpHjCKy
kunanuiy MJIK usnocu 1.56% (upBena ucnpekugaHa nuHUja, ciuka 11), mok je cpenama
BPEIHOCT HEW3BECHOCTH MOJYJIa €JNAaCTHYHOCTH 32 KOHBCHIMOHAJIHY KHIAIWIy ca
excrensrnomerpoM KK 1.97% (runaBa ucnpekuaana guHuja, ciuka 11). Mepeme usayxema je
Ha KOHBCHIIMOHAJHO] KHIAIWIM Ca CKCTCH3MOMETPOM BpIICHO ca TayHomhy oj jeaHor
MHKpPOMETpa, JOK je HCTO Mepeme Ha Mayio] J1a0opaTOpHjCKOj KHIAIUIM BpPIICHO ca

tagnothy o 10 mukpomeTapa [S. Kosti¢, 2022].

=#-KK ekcniepimeHTaHa KpHBa =&~MJIK ekcriepnMeHTaIHa KpHBA
— ‘KK, cpenma BpenHocT (eKCepHMEeHTaIHA KPHBa) — ‘MIJIK, cpenma BpeIHOCT (eKCTIepHMEHTATHA KPHBa)
— KK, anannTiika kpusa 1 — KK, anammrimika kpusa 1
so — MIJIK, amamuTiika Kpnsa 2 — ‘MIJIK, ananuTHIKa KpHBa 2
\ \
\ AN
40 - :
N
\ .
~
\ '~
30 . ~
g
'\ AHaIHTHYKa KpHBa | ~. AHanuTHYKa KpHBa 2

Hemspecnoct mepersa Moztyna enactuanocti (%)

AHaIMTHYKA KpuBa 2

-50
TIpomeHa MepHe nviKiHe enpvBeTe (H3nviKeme)Al (mm)

Cauka 11. [lujarpamMcku IprKa3 HEM3BECHOCTH MOJyJa €1aCTHYHOCTH, 32 MaTepHjajie HCIUTHBAaHE Ha
konseHMoHanHOj kunammuy KK u manoj naboparopujckoj kunanunn MJIK, y obiacTu Manux u3gayxema
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Ha kpuBama ca ciuke 11, yodaBa ce n1a y obiactu enacTuuHUX aedopMaiija i Majaux
U3IyXKema, MPU PEIaTUBHO HUCKUM HHBOMMA CHJIE 3aTe3amba, NMpeoBial)yjy HEM3BECHOCTH
Mepema yciel HECaBPIICHOCTH MEpHE HHCTpYMEHTaluje. Ped je o m3myxemuma 10 0.06 mm.
Pacuname pesynaTata Mopayna eNacTUYHOCTH je Behe mpu HCnUTHBaWkY Ha Maloj
nabopaTopujcKoj KUaamuiy. Pas3ior je Mama Ta4HOCT MEpema U3IyKema. TauHOCT Mepema
m3nyxkema Ha MJIK je 0.01 mm, ma u HeMa perucTpoOBaHUX IMOJAaTaKa O U3MYKEHY Y 00IacTH
usnyxkema enpysete Mawux o1 0.01 mm. Ca nujarpama ce youasa Aa 3a u3gyxema Beha of
0.06 mm npomeHe penaTuBHE HEU3BECHOCTH MOJIyJIa €JIACTUYHOCTH UMajy UCTH TPEH]I 3a 00€
kuganune. [Ipy ToMe, Ha HEW3BECHOCT MEpema He YTHYe CaMO HECaBpPIICHOCT MeEpHE
MHCTpYMEHTalNWje, Beh W MOMyCTJBMBOCT KOja C€ jaBJba y IOJACHUCTEMHMAa KOHCTPYKIIH]E
KUJlanuile, moceOHO y 30HM KOHTAaKTa emnpyBere W cre3Hux 4despyctu [S. Kosti¢, 2022].
OuurnenHo je Aa HEU3BECHOCTH oOjpehuBama MOJylla €JacTUYHOCTH HacTale yclen
HECaBPUICHOCTH MEPHE HHCTPYMEHTaIMje npeoBal)yjy y 00JacTH MajiX IOMEpama U MalluxX
BPEIHOCTH CHJIa 3aTe3ama, JOK je VYTHLAj MOMYCTJBUBOCTH W3PAXCHUjU TpH Behum

BpCaAHOCTHUMA CHJIA 3aTC3akba.

6. BAK/bYYAK

Kako Ou Mornu ma ce ucIyHe CBU YCIIOBH 3a Pa3Boj Maje JJabopaTOpHjCKe KHUIATUIEe
Koja he mpencTaBibaTH MOY3AaH U TayaH ypehaj 3a UCHUTHBaWkE MaTepHjajia, HEOMXOIHO je
O6uno oTkiaoHMTH BehuHy yTunajHux Qaxrtopa. Mopana je OMTH NMOCTHUTHYTa ojronapajyha
KpyTOCT ypehaja, Koju je y oIcery 3ajatux onrepehema Tpedasno aa npeacraBiba cucTeM 0e3
MOITyCTJBUBOCTH, IITO HUjEe jeJHOCTAaBaH 3aJaTak. AHaIM3UpaHe Cy IMOMYCT/BHBOCTH CBHUX
nojckionosa ypehaja u Ha BehuHy ce MOTJIO YTHIATH aJeKBaTHUM TEXHHUYKO-TEXHOJIOMIKHM
pememeM. [TomycT/bMBOCT Koja ce jaBibasla y KOHTAKTy €NpyBeTe M 30HE MpHXBaTa CTE3HE
4yeJbyCTH ypehaja mpencTaBipaiia jeé M3BOP BEIMKHX TpeIlaka Mepema KapaKTePHUCTHUKA
MaTepHjajia UCIIMTHBAmbEM 3aTe3ameM. 300r Tora je pa3BHj€H HOBU CHCTEM 3a NpPUXBAT U

CTe3ame enpyBeTe, KOjU je MUHUMHM3HPAO Taj U3BOP IPELIKE.

[Tponiec u3pane empyBeTe, OOJUK M T'€OMETPHUJCKH IMapaMeTpu enpyBeTe, OHIU Ccy
MpeIMeT aHaJUTHUYKOI UCTpakuBama y OBOM pany. llopen onTumuszainuje reoMeTpujcKuUx
Mepa, y cMmHciay noBehama MepHE Ay)KHMHE M CMamema MONPEYHOr Npeceka, mnoBehama
JMMEH31ja 30HEe IPUXBAaTa ENpyBeTa, pa3BUjeHO j€ aHAIUTHYKO PELIeHhe, YHjOM IPUMEHOM je
Moryhe KOpHroBaTu BPEJHOCTH M3MEPEHOT YKYITHOT M3/y)KeHha TOKOM HCIUTHBama. Jlakie,

M3IyKEeHha KOja Cy HacTaja y 30HHM pajaujyca €npyBeTe W IMOTEHIIMjallHA M3AYyKeHha Koja ce
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jaBipajy nedopMalljoM 30HE TMpUXBATa EHPYBETE MOTY CE€ OMy3eTH OJ] YKYITHOT M Ha Taj
HAuYUH CEe MOTY JIOOWTH HM3Iy)KCHha MEpHE TY)KHHE eIpyBeTe, Koja MpeACTaBbajy OCHOB 3a

MpopavyH KapakTepUCTUKa UCIUTUBAHUX MaTepujaja.

[Topen moOMEHYTHX YHEHCHHUIIA, HECABPIICHOCT MEpPHE HHCTpyMEHTanuje ypehaja je
Oua OCHOB 3a MPOpPavyH HEM3BECHOCTH MEPEHa MOJYJa €IaCTUYHOCTHU, KOJH C€ IMPUIUKOM
UCTIUTHBAka 3aTE3aleM CMaTpa KapaKTePUCTHKOM KOjy j€ jaKo TEIIKO OJIPeAUTH ca
3aoBoJbaBajyhom Tau”omihy. TeopujCKUM MPUCTYNOM KOjU je€ MPUMEHEH neduHucaHe Ccy
aHAJIUTHMYKE KpHBE Kao TpaHWYHE KpHBE OOJACTH OYCKMBAHHMX pe3ysitaTa MOJyJia
€JIACTHYHOCTH JOOMjeHHX eKCIIEPUMEHTAIHUM IyTeM. CBako OjACTymame JI00WjeHuX
pe3yaTara BaH 00JacTu AePUHUCAHUX AHAIUTHYKAM KpHUBaMma, CMaTpa c€ HEOYCKHMBAHUM U
HE MOXE Ce OIpaBlaTH HecaBpIICHOIINY MepHE HHCTpyMeHTaiuje. Pesynratu noOujeHH
UCIIUTHBAKEM MaTepujaja Ha Maloj JIabopaTOpHjCKO] KUIAIUIM Cy MOKa3alld cjlarame ca
pe3yiaTaTiMa HCIUTHBaKka Ha KOHBEHIMOHANHO] Kumanumu. llpu Tome, mnpopadyHOM
HEU3BECHOCTH MOJyJIa €JIACTUIHOCTH J0OWjeHe Cy BpEOHOCTH Koje Ccy Owmie Ommke
pedepeHTHM BpETHOCTHMMA 3a KOHKPETaH MaTepHjasl OJf BPEJAHOCTH JIOOWjeHHX Ha

KOHBeHI_II/IOHaJ'IHOj KHJAJIUIU Ca CKCTCH3UOMCTPOM.

Marne HEKOHBEHIIMOHAJIHE JAa0OpaTOPUjCKE KHUIATUIE WMajy HHU3 EBUACHTHHUX
MPEAHOCTH y OJHOCY Ha KOHBEHIIMOHAHE KHAAJIUIE Ca TEOPHJCKOT, TEXHHUYKOT,

TEXHOJIOIIKOT ¥ ITOCEOHO €KOHOMCKOT acIeKTa.

Haxne, Mane nabopaTopujcke KHIanuie, 300r MaluX HUBOA CHJa 3aTe3ama U
PENaTUBHO MAaJIOT MOMPEYHOT MpeceKa enpyBeTa, Y BEJIUKO] MEPH €ITUMHUHHILY CHCTEMATCKY
IPEIIKy HacTaly Kao MOCIeIUIa MOMYCT/bUBOCTH MOACKIIONOBA KUJAIUIIE U OTBapajy IUPOK
MIPOCTOP 3a UCTPaKMBamba U Kopulllheme, KaKo y eIyKaTUBHE U UCTPaXKMBAYKe CBpPXE, TAKO U

34 UCIIUTHUBALC PA3TIMIUTHX MaTCpI/Ij ajay I/IHIIYCTpI/IjI/I.
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Hpuaor 1. Cnncak pannje npuxsaheHuX TEXHUYKHX pelieha

e Ayrop ap Baagumup KouoBuh nma cneneha panuje npuxpaheHa TeXHUUKA peLIeHa:

0 Kareropuja M84 (butHO mo00JBIIIAHO TEXHUYKO PEIICHE HAa HAIIMOHATTHOM HUBOY):

1.

Panhenosuh C., Bykenuh BH., Tomoposuh II., KouoBumh B., Bormanosuh b.,
Weanosuh JI., Taguh Bb.: Ontumuszamnuja mpoieca 3aBpirHe 00page KOTPIbameM
KYTJIMIIE TI0 TIOBPIIMHHU MPEAMEeTa 00pajie Ha OCHOBY TyOHWHE MEeHEeTpalnje KyTJINIe
y MaTepujai npeameta odpaze, 2015.

Tanguh b., Panhenosuh C., Togoposuh I1., Bykenuh b., KouoBuh B., bornanosuh
b., Jepemuh M.: KpyTu amar HaMemeH 3a 3aBpIIHY oOpaay MeTajga KOTPJhambeM
Kyrauie, 2015.

0 Kareropuja M85 (HoBo TexHu4ko pemiewme y pa3u peanusaiyje):

1.

Bykenuh 'b., XKuskouh M., Mussojkosuh J., KouoBuh B., bynak W.: Ypehaj 3a
WCIHUTHBAE allCOPIIIH]jE BOJIE APBEHHUX paaHuX npenmerta, 2017.

e Ayrop ap DBophe Bykeanh nma cneneha panuje npuxsaheHa TeXHUUYKA peliekha;

0 Kareropuja M82 (HoBo TeXHHYKO peliemhe TPUMEHEHO Ha HAMOHATHOM HUBOY):

1.

bynak U., Taguh b., Jepemuh b., Bykeaunh B., Musbanuh JI., Tomoposuh II.,
Xomonmuu J., Wanmyctpwjcku mnpoTroTHn ypehaja 3a ucnUTHBaEmkE CTATHYKE
MONYCTJBUBOCTH M HOCHBOCTH CIIOja €JIeMeHaTa 3a CTe3alkhe W PaAHOT IPEIMETa,
2012.

[okar M., bynak U., JakosmeBuh XK., Bykeauh B., Cantomm XK., IIporpamcku
CHCTEM 3a CErMEHTAllljy CHUMaKa T'€HEpHUCAHUX IMPHUMEHOM KOMIIjyTepHU30BaHE

tomorpaduje, 2020.

0 Kareropuja M83 (ButHO mo00JbIIAHO TEXHHYKO PEIICHE Ha Mel)yHapOTHOM HHUBOY):

1.

Taguh b., babuh M., Murtposuh C., Jlasamuh M., Bykeauh B., YHuepsamuu
tpubometap, 2010.

Xomonmuy J., Taguh b., Bykeauh 'B., HoBo ekcnepuMeHTaAIHO MOCTpOjeme 3a
CaBHjame TAHKO3UIHUX IIEBH MIPUMEHOM TOILTOTE reHepucane tpemem, 2011.
Tanuh b., Bykeaunh B., Togoposuh I1., Jepemuh b., Mauyxuh U., bormanosuh b.,
HoBo ekcrnepuMeHTaIHO TIOCTpOjee 3a oApehuBame TUHAMUYKE TOMYCTJHHBOCTU
CTE€3HMX M OCIIOHUX eneMeHara npubdopa, 2013.

0 Kareropuja M84 (butHO Mo60JBIIIAHO TEXHUYKO pElICHE Ha HAITMOHAITHOM HUBOY):

1.

Bykeauh B., Taguh b., Xogonuu J., Mutposuh J., Cumeynosuh H.: Crienujamuu
MOJYJIapHHU CHCTEM CTE3HUX Iprbopa 3a oOpaanu neraTap XY P11O-500, 2011.
Panhenosuh C., Bykeauh B., Togmoposuh II., KowoBuh B., bormanosuh b.,
Weanosuh JI., Taguh Bb.: Ontumusamnuja mnpoieca 3aBpirHe 00page KOTPIJbameM
KYTJIMIIE TIO TIOBPIIMHHU MPEAMETa 00pajie Ha OCHOBY TyOWHE MEeHEeTpalnje KyTJInIe
y Matepujan npeamera oopaze, 2015.



3.

Tanguh b., Panhenosuh C., Togoposuh II., Bykeauh B., Kouosuh B., bornanosuh
b., Jepemuh M.: KpyTu amar HaMemeH 3a 3aBpIIHY OOpaay MeTajga KOTPJhambeM
kyrnuie, 2015.

0 Kareropuja M85 (HoBo TexHuuko pemiewme y pa3u peanusaiuje):

1.

Tanuh b., MapjanoBuh H., Bykeauh B., I'anoBuh C.: Ypehaj 3a ocrtBapuBame
€KCTPEMHO BUCOKUX npuTHcaka, 2007 .

Canrommu X., bBynak U., Tpudkosuh b., [llokarr M., Bykeaunh B., Xaygucresuh M.,
Xomonuy J.. HoBa MeTona 3a akBH3WIIM]y TE€OMETPHJCKHX IMOJATaKa Y JCHTAIHO]
MPOTETHIM Ha 0a3u Oiucko-tpeametHe gororpamerpuje, 2015,

Arapcku b., bynak U., Cphesuh b., Bykeauh B., nuh Muhynosuh M., Xononuu
J.: IIporpaMcku cUCTEM 3a MHTETTUT€HTHY BUILIEKPUTEPU]YMCKY aHAJIN3y MPOU3BO/IA
u niporieca, 2015.

Bykeaunh B., XKuskosuh M., Muwsojkosuh J., KouoBuh B., bygak W.: Ypehaj 3a
WCIHUTHBAGE allICOPIIIH]jE BOJIE APBEHHUX paaHUX npenmerta, 2017.

e Ayrop ap bpanko Taguh uma cneneha panuje npuxsaheHa TeXHUYKa pelIemha:

0 Kareropuja M82 (HoBo TeXHHYKO peliemhe TPUMEHEHO Ha HAMOHATHOM HUBOY):

1.

bynak W., Taguh Bb., Jepemuh b., Bykenuh B., Mmwsanuh /., Tomoposuh II.,
Xomonmuy J., Wanmyctpwjckum mnpoTroTun ypehaja 3a ucnuTHBaEKE CTATHYKE

MOITYCTJEUBOCTH M HOCHBOCTH CIIOja €JIeMEHAaTa 3a CTe3ame M PaJHOT TpeMeTa,
2012.

0 Kareropuja M83 (ButHO mo00JbIIAHO TEXHHYKO PEIICHE Ha Mel)yHapOTHOM HHUBOY):

1.

Taguh b., badbuh M., Murposuh C., Jlasuh M., Bykemuh B., YHuBepsamHu
tpubdomerap, 2010.

Xoponmnu J., Taguh B., Bykenuh bH., HoBo ekcrnepuMeHTATIHO MOCTpOjeHmHE 3a
CaBHjame TAHKO3UIHUX IIEBH MIPUMEHOM TOILTOTE reHepucane tpemem, 2011.
Taauh b., Bykenuh 'b., Tonoposuh I1., Jepemuh b., Mauyxxuh U., bornanosuh b.,
HoBo excrniepuMeHTaHO MOCTpOjere 3a oApehuBame TUHAMUYKE MOMYCTIHUBOCTH
CTE3HMX W OCJIOHUX eJieMeHara npubopa, 2013.

0 Kareropuja M84 (buTHO M060JBIIAHO TEXHUYKO PEIICHE Ha HAIIMOHAIHOM HUBOY):

1.

bo6uh U., babuh M., Mutposuh C., Beniyt A., boouh b., Taguh B., Kepamuuku
JIOHAI] eJIeKTpoOoTHOpHE Niehu 3a u3Boheme KoMmokacTuHr nocrymnka, 2008,

bo6uh U., bobuh b., babuh M., Murposuh C., Beaun A., Taguh B., Enexrpuuna
METOAa 332 KOHTPOJIY PEOJIONIKOT HAHOIICHA MOJYOUBPCIUX PACTONa OCHOBHUX
JeTypa ¥ KOMIIO3HTa P u3Bohemy peo/KoMHOKacTHHT mocTymka, 20009.

Bykenmuh B., Taguh b., Xogonuu J., Mutposuh J., Cumeynosuh H.: Crienujamuu
MOYJIapHHU CHCTEM CTe3HUX Iprbopa 3a oOpaanu neraTap XY PI1O-500, 2011.
Panhenosuh C., Bykenuh B., Tomoposuh II., KowoBuh B., bormanosuh Bb.,
Weanosuh JI., Taguh B.: Ontumuzanuja mporeca 3aBpiiHe 00page KOTPJbambeM
KYTJIMIIE TI0 TIOBPIIMHHU MPEeAMeTa 00pajie Ha OCHOBY ITyOWHE MEeHEeTpalnje KyTJInIe
y Matepujan npeamera oopaze, 2015.



5. Tanuh B., Panhenosuh C., Togoposuh II., Bykenuh B., Kouosuh B., bormanosuh
b., Jepemuh M.: KpyTu amar HaMemeH 3a 3aBpIIHY OOpaay MeTajga KOTPJhambeM
kyrnuie, 2015.

0 Kareropuja M85 (HoBo TexHHYKO peleme y (ha3u peanusaimje):

Taguh B., Viskosuh b., Pa3zBoj tpudomerpa TI1J[-93, 1993.

Taguh B., Visxosuh b., Pa3zsoj tpudomerpa TI1J[-96, 1996.

Taguh B., Pa3Boj mammne 3a 001MKOBamke KpajeBa JTyKoBa TaHKo3uHUX 11eB, 2000.
Taauh b., IBkoBuh b., Tonoposuh I1., Pa3Boj tpudomerpa TI1/{-2000, 2000.
Taauh b., Mutposuh P., Pa3zoj mammne 3a caBujame Tanko3uaaux mesu, 2000.
Taauh B., PeanuzoBana KOHCTpyKIIHja JJake HyMEpPHUYKE MAIIMHE 3a 00paay ApBeTa,

o g wh e

IJIACTUKE U OCTAIMX HeMeTaaHuX marepujana, 2004.

7. Tapuh B., Mapjanosuh H., Bykenuh b., Tanouh C.: Ypehaj 3a ocrBapuBame
€KCTPEMHO BUCOKUX IpuTHcaka, 2007.

8. Taamh B., babuh M., Murposuh C., Tonoposuh I1., bo6uh U., 3ajennnuxku mepHH
CHCTEM 3a YHHUBEp3aJHU TpuOOMeTap-TpuOoIomK:d MepHH wnenrtap, TP 05,
JlaGopatopuja 3a Tpubosnorujy MammuHckor ¢akyirera y Kparyjesity, Mammacku
¢dakynrer, 2010.

Aytopu ap Comwa Koctuh u Anexcanaap IlerpoBuh Hemajy panuje mpuxsaheHa TeXHHUYKa
peniema.
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The paper presents the results of theoretical and experimental research related to the uncertainty in the
elastic modulus measurement on different types of tensile testing devices and their comparison. Factors
that affect the uncertainty in the measurement of the elastic modulus were defined. Analytical limits of
the uncertainty in the elastic modulus, i.e. the limits of “acceptable” uncertainties, were determined. The
mean values of the uncertainties in the elastic modulus are 1.97% on a conventional tensile testing device
with an extensometer and 1.56% on a small laboratory tensile testing device. In the region of lower forces
and small elongations, the uncertainty in the elastic modulus measurement has higher values, which is
primarily caused by the imperfections of measuring instrumentation.

© 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
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1. Introduction

The elastic modulus is an important characteristic of the mate-
rial, and its value is one of the primary input parameters for the
design of constructions and material quality control. The value of
the elastic modulus can be experimentally determined by applying
various direct and indirect methods. Through the application of the
direct methods, the elastic modulus is determined based on the
longitudinal and transverse deformations and the effects that
directly depend on them. Indirect methods are based on the deter-
mination of other elastic constants such as shear modulus and bulk
modulus. Also called inverse methods, indirect methods are based
both on experiments and models and a minimization procedure for
the identification of the parameters. Inverse methods based on
both dynamic experimental data and Finite Element Model Updat-
ing (FEMU) can also be considered a powerful method [1]. Indirect
test methods are simpler, more economical, less time-consuming,
and more adaptable to the industrial application [1,2]. Errors in
modulus measurement by dynamic methods are small, typically
of the order of + 1% [1]. Bucciarelli et al. [3] used an effective and
reliable non-destructive method based on sound waves to measure
the elastic modulus. A procedure was proposed to reduce the
errors and uncertainties in the measurements for high acoustic
reflective materials such as composite or polymeric materials. An
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https://doi.org/10.1016/j.jestch.2021.05.002
2215-0986/© 2021 Karabuk University. Publishing services by Elsevier B.V.

error of only 2% was achieved when comparing the elastic modulus
results with those obtained by tensile testing [3]. Nunn [4] pro-
poses a simple way to determine the elastic modulus by measuring
the speed of sound. He points out that the analysis of uncertainties
leads to the identification of the main contributor to the overall
uncertainty, which further leads to the improvement of the exper-
iment. At low strain rates, values of the elastic modulus are
between the values obtained through the Monotonic Uniaxial
Compression Test (MUCT) and the values obtained using Mono-
tonic Uniaxial Tension Test (MUTT) and Indirect Tensile Test
(ITT). The authors prefer the ITT method because it is more cost-
efficient and easier to handle than MUTT [5]. Oliver and Pharr [6]
introduced the method for measuring hardness and elastic modu-
lus by instrumented indentation techniques. Their method has
been widely adopted and it was improved over time [7,8]. To
obtain more realistic uncertainties of the elastic modulus deter-
mined through nanoindentation tests, Coorevits et al. [9] imple-
mented the basis of the virtual machine concept, which is
commonly used in coordinate measuring machines. According to
their results, the most relevant sources of uncertainty are related
to the calibration procedure, particularly to the elastic modulus
of the calibration material and the estimation of the contact depth;
however, the relevance of the uncertainties is system-dependent.
Cagliero et al. [10] proposed a new model for the measurement
of elastic modulus by the instrumented indentation in the macro
range. To evaluate contact stiffness, which is necessary for the elas-
tic modulus estimation, they used a nonlinear regression proce-
dure instead of linear extrapolation method (LEM) and power-
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law method (PLM). The three methods were then compared using
the uncertainty evaluation according to GUM. The results have
shown that the only significant contributor to the uncertainty
was the measurement reproducibility. When PLM was used, uncer-
tainty intervals were about two times wider than the intervals
obtained using two other methods, mainly because the significant
uncertainty was associated with the evaluation of the last depth
value of the unloading curve. LEM was compatible with the
method proposed by the authors. Ali et al. [11] used regression
analysis and an artificial neural network model to analyze correla-
tions between hardness and mechanical characteristics of the
material. By increasing the percentage of silicon in certain alloys,
they obtained higher values of hardness and mechanical character-
istics, while the elongation had a decreasing trend.

Even though the values of the elastic modulus obtained by ten-
sile testing exhibit greater variations and scatter than the results of
dynamic measurements, the elastic modulus is often determined
through the application of tensile testing. Relevant standards for
tensile testing are EN 10002-1 [12], ASTM E8 /| ESM-09 [13], and
EN ISO 6892-1 [14].

The standards mentioned above primarily focus on determining
the stress-strain curve, whereas the zone of the elastic deforma-
tions often makes only a small part of the complete curve.

In tensile testing, the errors in the elastic modulus measure-
ment are higher than the errors that occur in the measurement
of other mechanical properties of the material [2]. At the present
moment, there are no standard-defined lower and upper limits of
material behavior in the elastic area.

Sonne [15] proposes four different methods to determine the
lower and upper limits of the elastic region. The simplest and most
common method uses the constant lower limit o,,;;, and the con-
stant upper limit o4, dependent on the tensile strength of the
material TS.

The theoretical standard deviation of the elastic modulus from
uniaxial tensile tests of sheet metals is +5% [15]. The deviation
can be even higher, depending on the testing device, the subjective
assessment made by the user, and the detection frequency of mea-
sured values. Therefore, the measurement accuracy is one of the
essential preconditions for achieving reliable results when deter-
mining the elastic modulus. The authors in [16] provide an expres-
sion for a more precise determination of the upper limit of linear
elastic behavior depending on the material.

The measurement of the specimen elongation is often done by
using strain gauges, as they are inexpensive, of appropriate accu-
racy, and easy to use. However, the biggest problem is their joint,
particularly if the specimen has a small cross-section. Furthermore,
the measurement errors are caused by several sources of errors,
which were discussed in detail by Montero et al. [17]. The most
reliable measurement of the specimen elongation can be achieved
by using extensometers of various accuracy classes [18].

When using small specimens, the stress in the elastic region can
be accurately calculated based on the force recorded on the device
during the tensile testing, while the accurate measurement of the
elastic deformation remains a challenge [18,19]. However, when
specimens have a small mass and small volume, the application
of extensometers is difficult. Instead of extensometers, two alter-
native methods can be used to determine the elastic deformation
of small specimens. The first method uses Digital Image Correlation
(DIC) [20-22]. The second method is based on the measurement of
the displacement of the clamping head. This method does not
require additional equipment and data processing. However, the
stiffness of the testing device has a significant effect on the mea-
surement of the specimen elongation. The data on the specimen’s
deformation contains the sum of all displacements made in the
direction of the tensile force, which is difficult to be determined
experimentally [18,23,24].
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After comparing different measurement techniques, Motra et al.
[18] concluded that strain gauges and extensometers provide reli-
able results when used in the measurement of the deformation in
the elastic region, while the method based on the measurement of
the displacement of the clamping head has high variability in the
strain measurement.

As stated by Adamczak et al. [25], when tensile testing is per-
formed on a device with an extensometer, the error in the defor-
mation measurement corresponds to the limiting error of the
measuring instrument. Usually, an extensometer is used to mea-
sure small deformations. If the test is performed on a device with-
out an extensometer, the result of the deformation measurement
will contain a systematic error resulting from the elastic deforma-
tion of the components of the universal test machine. This system-
atic error should be considered in the form of a correction.

According to Silva [26], the measurement uncertainty associ-
ated with the use of an extensometer represents a variation of
59% to 73% of the total uncertainty, depending on the cross-
section of the test sample. Such verification relies upon the
assumption that the extensometer was previously subjected to a
tensile test to determine its actual effective capacity.

Today, it is not possible to quantify any measurement result
without a certain doubt about its accurate value. Each measure-
ment is exposed to different influences and disturbances, whether
they are caused by random or systematic factors, usually by both. It
is the lack of knowledge about factors influencing the measure-
ment that led to the formulation of expressions such as measure-
ment uncertainty.

According to the Guide to the Expression of Uncertainty in Mea-
surement (GUM), first published in 1993 and edited in 2008
[27,28], the doubt in the measurement results is the uncertainty.
The most influential sources of high uncertainty in the determina-
tion of the elastic modulus of metallic materials via tensile testing
are test system (dimension measurement device, gauge determina-
tion system, extensometer type, alignment system, test machine
stiffness, force measurement accuracy, extensometer accuracy)
and test procedure (stress and strain rate, data acquisition system,
data acquisition rate, testing software) [29-31]. The knowledge of
the quantitative effects of each quantity on the test result improves
the reliability of the test procedure.

Gabauer [32] considers it advisable to regroup the significant
sources affecting the tensile testing results to simplify the uncer-
tainty calculations and recommends the following categories:
uncertainty due to errors in the measurement of cross-sectional
area, uncertainty due to errors in the force measurement, uncer-
tainty due to errors in the displacement measurement and uncer-
tainty due to evaluated quantities (e.g. Young’s modulus). Sources
of uncertainties are mostly of Type B, since they can be quantified
from data available a priori, like calibration certificate, manufac-
turer’s information, or an expert’s estimation. Soy and Lus [33]
compared the uncertainties of Type A and Type B in tensile tests
of metallic materials at ambient temperature and found that Type
A gives more accurate results than Type B. The results of Type B
uncertainty were higher for all sample groups.

The authors of this paper will pay special attention to random
errors, especially those caused by the imperfections of the measur-
ing instrumentation, provided that the test conditions and test pro-
cedures do not change during all tests.

The estimation of the measurement uncertainty for a deter-
mined elastic modulus can be done according to CWA 15261-2
[34] or according to [14]. The estimation of the measurement
uncertainty according to [34] is based on absolute values. The esti-
mation of the measurement uncertainty according to ISO 6892-1 is
based on relative estimations [14]. However, the aim of this
research was not only the estimation of the measurement uncer-
tainty. In contrast to previous investigations, this research focused
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on analyzing the problems related to acquiring accurate elastic
modulus measurement results on a small laboratory tensile testing
device. Those results were compared with results obtained on a
conventional tensile testing device with an extensometer. The
aim was to identify influencing factors and predict the conditions
that need to be met for the uncertainty in the elastic modulus to
be within acceptable limits. That can be achieved if the analytical
limits of the uncertainty in the elastic modulus measurement,
i.e,, the limits of the acceptable measurement uncertainty, are
determined. Furthermore, the aim was to define relative uncertain-
ties in the elastic modulus measurements performed on different
types of tensile testing devices and to use the obtained values to
compare the experimental results to the reference value of the
elastic modulus. The paper focuses on the measurement uncer-
tainty caused by the imperfection of the measuring instrumenta-
tion under the test conditions as described in this paper.

2. Theoretical considerations

The problems in obtaining accurate values of the elastic modu-
lus on tensile testing devices occur due to a large number of fac-
tors. In addition to the accuracy of the measuring
instrumentation, the compliance of subassemblies of the testing
device has a significant effect as well.

Based on Hooke’s law, which is related to the area of elastic
deformations, the elastic modulus can be determined by using
the following equation:

O-, Flo
2 Ao Al (1)

where E is the elastic modulus, o is the stress, ¢ is the strain, F is the
tensile force applied during the test, Iy is the initial gauge length of
the test specimen, Ao is the initial cross-sectional area of the test
specimen, Al = | — I, is the change in the gauge length, [ is the cur-
rent gauge length of the test specimen.

Based on the previous equation, it can be concluded that the
elastic modulus is a function of the quantities mentioned above,
which can be written as follows:

E = f(F,ly, Ao, Al) (2)

We wish to estimate the uncertainty in the calculated result of E
based on the uncertainties in the primary measurements. The
uncertainty in the elastic modulus W can be expressed as follows

[35,36]:
8 i ) (G i () )

3)

where Wg, Wy, W,,, W, are the uncertainties in the independent
variables from equation (2), while the partial derivatives represent
sensitivity coefficients car, ¢y, Ca,, Cai, T€SpECtively.

After the differentiation of the function f in equation (3), the
equation defining the overall uncertainty in the elastic modulus
has the following form:

[ e ot " 5 )
(4)

Using equation (1), we can substitute the expressions placed

inside the parenthesis in equation (4) as follows:

o _E _F _E . Fly _E. Flg _E

Ag-Al = F' AgAl — Io* AZAl — Ao’ AgaP — Al

and get the final equation for the calculation of the uncertainty
in the elastic modulus:

E—
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Wg=E
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V) Wi @) v (m) W (@) W
(5
From equation (5), it can be concluded that the uncertainty in
the elastic modulus within the elastic region depends on the mag-
nitude of the tensile force, the geometric parameters of the test
specimen, and the elongation (Al). Considering that the quantities
mentioned above change during the measurement process (the
force increases, the elongation increases), it can be concluded that
the uncertainty in the elastic modulus value will vary as well.
Equation (5) can be written as:

Weg=E-o (6)

where 6 is the overall measurement uncertainty, as the function of
the quantities measured during the tensile testing:

N2, /1N, -1\, -1\* .,
o () e () ) e o

or:

6 = \Jo(F)? + 8(lo)? + 6(Ao)’” + (ALY (8)

where 6(F), 6(lp), 6(Ao) and 6(Al) are measurement uncertainties, as
functions of the force (F), the initial gauge length (ly,), the initial
cross-sectional area of the test specimen (Ap), and the elongation
(Al), respectively. Measurement uncertainty, as the function
of5(F), d(lp), 5(Ap)ands(Al), is affected by the changes in values of
quantitiesF, ly, Ap and Al during the testing.

From the equations (7) and (8) it can be concluded that the
measurement uncertainty é tends to zero when quantities F, Iy,
Ag and Al tend to infinity, whereas their measurement uncertain-
ties Wg, W,,, Wy, and W, have finite, small values.

lims = lim V(P2 + 6(00)” + 6(A0)? + 3(AD)?
lp — o0 9)
Ag — 0
Al — 0

The previous statement indicates the possibility of minimizing
the overall measurement uncertainty § through the selection of
suitable specimen geometry. However, the options for minimizing
the overall uncertainty (5) are limited due to the compliance of cer-
tain subassemblies of the device. This problem is related to the
maximum value of the tensile force that is transferred from the
specimen to the clamping zones (grips) and the entire structure
of the device as well.

Although the ISO Guide [27] is the key reference guidance doc-
ument about the measurement uncertainty, there are other publi-
cations [32,37-39] that could be consulted as well. When
determining the uncertainty in the elastic modulus experimen-
tally, one can use the B-type method, the statistical A-type method
based on the arithmetic means for a series of measurements or
both methods to get the combined uncertainty.

Let us observe the measurement uncertainties &(F), 6(lo), 6(Ao)
and 6(Al) from the equation (9), using as an example a steel spec-
imen whose elastic modulus is E = 210GPa. The specimen has a
rectangular cross-section, Ao =2mm? (width of the specimen
w = 2mm, and thickness of the specimen t = 1mm). The initial
gauge length of the specimen is Iy = 180mm. The maximum tensile
force in the elastic region is F = 300N. According to equation (1),
the achieved elongation is Al = 0.1285mm.
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Sources of uncertainties are mostly of Type B since they can be
quantified from data available a priori, like the accuracy of the load
cell from calibration certificate [27,40]. According to the load cell
calibration certificate, uncertainty is 0.22%, that is, Wr = 0.6N,
where the measuring range of the dynamometer is 0-300 N, and
a rectangular distribution was used. The measurement uncertainty
as a function of force 6(F) will be:

T we=l 06-20.10" (10)
F 7" 300 "~ ©

There is another way to calculate the uncertainty in the mea-
surement of the force. Major factors that affect the total uncer-
tainty in the measurement of the force include uncertainty
attributable to the dynamometer, zero adjustment of the force
measuring part, possible misalignment of the force applied, ambi-
ent temperature during the test, and load application rate. The
uncertainty in the measurement of the force within the range of
elastic deformations could be calculated by using the following
equation [39]:

S(F) =

Wi = \/ W (Frar) + W2 (Fun) (11)

where W (Fpqx) and W (Fpin) are the uncertainties in the measurement
of the force, closest to the value of force within the range of elastic
deformations. Those uncertainties can be calculated as follows:

Uy - Fmax Ujc - Fmin
- = W Fmin =
vz W) =708

where uy. is the uncertainty in the measurement of the force, attri-
butable to the load cell. The higher of the two values of the uncer-
tainty, whether it was obtained from (10) or (12), will be adopted
for further calculations.

From the aspect of the influence of W, on the uncertainty in
elastic modulus Wk, the initial length of the specimen I, is a less
influential quantity. If a caliper for measuring ly has an accuracy
of 0.2 mm, and if we use a rectangular distribution [27,32], W, will
be 0.1mm and 6(lp) will be:

1 1
d(lo) =1 Wi, =155

lo
The size of the cross-sectional area of the specimen Aq is an
influential quantity, especially when it comes to specimens of a
small cross-section. For a test specimen of rectangular cross-
section, the original area is given in terms of its width and thick-
ness by Ao = w - t. The dimensions were measured with a digital
caliper. Measurement uncertainties of the instruments were taken
from their calibration certificates. The expanded uncertainty of the
digital caliper was 0.02 mm, so its standard uncertainty was
0.01 mm. The uncertainty in A, can be calculated using the equa-
tion for combined uncertainty [27,38]:

2 2
Wy, = \/@/:3) w2 + <67Ato> W? = /W2 + w2W? (14)

where the uncertainties in the width and the thickness measure-
ment Wy, and W, are both equal to 0.01 mm. In the observed case,
based on equation (14), the uncertainty in the measurement of the
specimen cross-sectional area is W,, = 0.03mm?, so the uncer-
tainty 6(Ao) will be:
. 1 1 B
0(Ag) = Wy, =5-0.03=15-10 (15)
Ao 2

For determining the uncertainties in the width and the thick-
ness measurement, both A and B types can be used. The higher
of those two values will be used for further calculations, as given
in the following equation [39]:

W (Fnax) =

(12)

.01=55.10" (13)
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(16)

where w is the mean value of the specimen width based on n mea-
surements, with the t-Student distribution for a confidence level of
68.27%.

The uncertainties in the measurement of the upper Al and
lower Al;;, level of elongation in relation to the elongation in the
elastic region, determined based on the accuracy class of the longi-
tudinal extensometer or some other strain measurement tech-
nique, with use of the B-type method (the rectangular
distribution):

Wiy = /W2 (Ale) + W2 (Alpin) (17)
Uelon Almax Uelon - Alrnin

W(AlLye) = ——— , W(Alppp) = ——— 18

(Ahnee) = =737 Wlllhn) === 77 a8

where U, is the uncertainty due to the accuracy class of applied
extensometer or other strain measurement instruments.

In the observed case, based on the accuracy class of the strain
measurement instruments, the uncertainty in elongation measure-
ment W, is 1.17 pm, so the uncertainty as a function of the spec-
imen elongation 6(Al) will be:

1 1

O(Al) =31 War = 51285

Variable quantities are F and AL Input quantities (lp, Ao) are
known and the uncertainties attributable to the measuring instru-
mentation (W, W,,, W,, and W,;) were determined. If the elonga-
tion Al is calculated based on the equation (1) as follows:

CFl
T A E

and then included in the equation (5), we get the equation for
calculation of W as a function of only one variable quantity:

-117-10%=9.1-10" (19)

Al

(20)

E
WE(Al)zm
b \* o (MDY o (AN ., 2
V (o) e (3w (30w, e wy

(21)

The previous equation defines the analytical limits of the uncer-
tainty in the elastic modulus measurement in relation to its refer-
ence values E calculated using equation (1). That is, we can claim
with a certain probability that the true values of the measured will
be within the interval defined by equation (21). This uncertainty
corresponds to plus or minus one standard deviation on the normal
distribution law representing the studied quantity. The combined
uncertainty has an associated confidence level of 68.27%. That
means that experimentally determined values of the elastic modu-
lus should be within the following limits:

Eexp = E = Wi (Al) (22)

Fig. 1 gives an example of experimentally determined values of
the elastic modulus E..,(Al) as well as the analytical curves of the
uncertainty in the elastic modulus W(Al), determined using equa-
tions (21) and (22). The asymptote of the curves is based on the ref-
erence value of the elastic modulus for the tested material (in this
case E = 210GPa).

Analytical curves determined using equation (21) can be con-
sidered the limits of the expected scattering of the results. The
results outside the analytical curves represent an unexpected scat-
tering of measured values (red areas in Fig. 1), considering that the
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Fig. 1. Unexpected scattering of the elastic modulus values; upper and lower analytical curves.

measurement uncertainty included both the uncertainties caused
by the specimen geometry and the uncertainties attributable to
the imperfections of the measuring instrumentation. This indicates
that the scattering of the results is a consequence of some other
factors affecting the testing process.

The distribution of the measurement results around the mean
value is influenced exclusively by random errors, assuming that
the systematic errors have been corrected during the calibration
process. However, a complete correction of all systematic errors
is rarely possible. These remaining systematic errors cause the final
measurement results always to have a higher level of uncertainty
than equations (21) and (22) indicate. Due to the remaining sys-
tematic errors, the confidence level for the mean value is
expanded.

3. Materials and methods

The investigation was conducted on specimen made of low-
carbon steel S355J2 whose chemical composition is: <0.22% C,
<0.55% Si, <1.6% Mn, <0.025% P, <0.025% S, <0.55% Cu
and <0.47% CEV. The mechanical and physical characteristics of
low-carbon steel S355]2 are: elastic modulus = 210 GPa, hard-
ness = 185 HV, tensile strength = 510-680 MPa, yield strength =
355 MPa, Poisson ratio = 0.3 and density = 7.8 g/cm?>.

Experimental investigations on material S355]2 were con-
ducted both on a conventional tensile testing device (CTTD) with
an extensometer and a small laboratory tensile testing device
(SLTTD). The work is restricted to tests performed at ambient tem-
peratures 23 * 2 °C, with a digital acquisition of load and displace-
ment. The tests are assumed to run continuously without
interruptions on specimens with uniform gauge lengths, and the
procedure is restricted to tests performed under axial loading con-
ditions. The experiments were performed in accordance with the
standard EN ISO 6892-1:2019 [14].

More information on CTTD: load cell class 1, 100 kN nom.
capacity, extensometer class 0.5, system 1:5 mm nom. capacity,
system 2:60 mm nom. capacity. The crosshead speed rate was
2.5 mm/min on both devices. SLTTD has load cell 2 kN nom. capac-
ity; elongation is measurement is based on the displacement of the
clamping head. The specimens’ thickness and width are measured
with an accuracy of + 10 pm.

Five S355]2 specimens were tested on each device. Their shapes
are given in Fig. 2. For assessing the uncertainty, only the results of
one test were considered for each device, i.e. the results closest to
the mean value of five series of measurements. Standard speci-

mens for CTTD have the original gauge length of 80 mm. The orig-
inal gauge length is 180 mm for SLTTD. Both specimen types have
the tolerance of shape of + 0.05 mm, the parallelism of +0.1 mm,
and the surface aspect Rz < 6.3 pm, in compliance with the stan-
dard [32]. During the tests, the force and the elongation were
measured.

4. Shape and geometric parameters of the test specimen

The standard test specimens (Fig. 2a) used on conventional ten-
sile testing devices are clamped by the grips of the device along the
grip sections A-A. The tensile force is transferred from the test
specimen to the grips by friction forces acting on A-A surfaces. In
cases of such transfer of load, significant compliance occurs in
the contact zone between the grips and the specimen [41,42].

One of the key causes of significant errors in the determination
of the elastic modulus is the uncontrolled part of the displacement,
which occurs in the contact zone between the specimen and the
grips. Even though the system is in static equilibrium, the shear
stresses that occur on contact surfaces must cause a certain level
of displacement directly related to the level of tensile force [43].

Considering the literature sources [44-49] and the results pre-
sented in this paper, the shape of a specimen shoulder like the
one shown in Fig. 2b provides more accurate results in the elastic
modulus measurement. The grip holding the left side of the test
specimen is stationary, while the right grip moves during the test
in the direction of tensile force.

To achieve smaller values of the contact pressure (stress), the
contact surface of the specimen should be significantly larger than
the cross-sectional area.

During the development of SLTTD, several solutions for the
clamping system were designed and tested, in order to minimize
the uncontrolled part of the displacement (compliance in the con-
tact zone). The first solution was based on a freely supported test
specimen (Fig. 3). The total contact surface A (Fig. 3) was
10 mm?, which is five times larger than the initial cross-sectional
area of the gauge section Ao = 2 mm?. However, this does not mean
that the stresses and deformations in the contact zone between the
test specimen and the clamping grips will have proportionally
lower values. In this case, the maximum through-thickness stres-
ses (z-axis) occur in zones Zg and Zg- around points K and K.

Under the action of tensile force F on the aforementioned con-
tact surfaces, elementary particles of the material are compressed
and the maximum concentration of compressive stresses is in
zones Zyg and Zg-. Due to the high concentration of stress on con-
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Fig. 3. The clamping system: freely supported test specimen on SLTTD.

tact surfaces, certain displacement of the gripped end will occur as
well. Since it is not possible to quantify that displacement sepa-
rately, it is included in the overall elongation of the gauge section
during the measurement process. It means that this measurement
error occurs as a direct consequence of compliance in the contact
zone. The assumed stress field o (y) fully corresponds to the shape
of the deformed specimen tested by using this clamping system,
which was confirmed by the experiments as well. In the considered
case, the uncontrolled part of the displacement significantly affects
the values of the experimentally determined elastic modulus.

The final design of the clamping system (Fig. 4) minimizes the
errors caused by the compliance in the contact zones between
the test specimen and the grips. The idea was to prevent the dis-
placement of grip ends along all axes. When using the proposed
clamping system and the test specimen with previously described
geometry, the complete grip section of the specimen could be con-
sidered as the part of the material which is “confined” within the
grips, while the grips could be considered as a rigid body.

Fig. 4 includes a schematic representation, a 3D model, and a
photograph of the clamping system, with assembly elements and
characteristic zones. The elements of the clamping system are: test
specimen (1), grip (2), bushing (3), half-cylinder clamping element
(4), and bolt (5). The compliance is considered only in the contact
zone between the specimen and the left grips. The test specimen
(1) is placed in the grip (2) and clamped by element (4). The bush-
ing (3) and the bolt (5) are placed over the grip. The cylindrical side
of the element (4) corresponds to the shape of the bushing. The
assembly of those elements is realized with a small clearance
between them.

After the tightening of the bolt, the geometric parameters of the
test specimen and the clamping elements ensure the alignment of
the left and right grips, as well as the balance of forces in the direc-
tions perpendicular to the tensile axis (y-axis).

With the proposed clamping system, the test specimen is
exposed to pressure along all axes. Affected by tensile force, the
gripped part of the specimen is “confined”, and it has a favorable
distribution of stress and strain fields, with minimal compliance
in the contact zone. Fig. 4b also includes a detail of the finite ele-
ment analysis (FEA), which confirms the favorable stress distribu-
tion and small displacement in the contact zones, not greater than
2 pm.

It should be emphasized that the design of the proposed clamp-
ing system must comply with several technological requirements
related to the tolerances and the achievement of a light press fit
between the test specimen and element (2) along the dimension
I;, as well as between the specimen and the bushing along the
dimension w;. An adequate clamping of the specimen must be
achieved as well, by using the bolt (5) and the clamping element
(4). The performed FEA and the results of conducted experiments
confirmed the effects of the proposed clamping system.

5. Results

5.1. Simulated calculation of the uncertainty in the determination of
the elastic modulus

The uncertainty in the determination of the elastic modulus can
be calculated using equation (5). Quantities F and Al are variable
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during the test. Values of the quantity F are given within the range
of the tensile force in the area of elastic deformations. The speci-
men elongation is calculated using equation (20).

The data necessary for the simulated calculation of the uncer-
tainty are provided in Table 1. The uncertainty in the elastic mod-
ulus as a function of force and elongation is given in Fig. 5. The
calculation was performed in software Statistica, based on param-
eters given in Table 1. For the given test conditions (Table 1), the
dependences of the uncertainty in the elastic modulus upon the
tensile force and the elongation exhibit an identical trend, regard-
less of the device type (Fig. 5). The uncertainty in the elastic mod-
ulus is higher in the area of low values of forces and elongations,
which is a consequence of errors in the measurement process
and imperfections of the measuring instrumentation. At higher
levels of tensile forces and higher elongation values, the measure-
ment uncertainty is less affected by the imperfection of the mea-
suring instrumentation.

5.2. Experimental research

Tensile testing was performed on CTTD with an extensometer
and SLTTD. The experimental values of the elastic modulus E.,
were determined by using equation (1), based on the measured
values of forces and elongations, for the known specimen geometry
(Table 1 and Fig. 2). Comparative diagrams of relative uncertainties
in the determination of the elastic modulus are given in Fig. 6.

The experimentally obtained values of the elastic modulus E,
deviate from the known reference values of the elastic modulus

Table 1
Input data for the simulated calculation of the uncertainty in the elastic modulus for
two different types of tensile testing devices.

Type of the tensile Conventional with Small laboratory

testing device extensometer

Test specimen material ~ S355]J2 (E = 210 GPa)

The geometry of the test I, = 80 mm, lo = 180 mm, Ap=2
specimen Ag=62.5 mm? (Fig. 2a) mm? (Fig. 2b)

Tensile force range (N) 0-21500 0-600

in a positive or negative direction. That means that, at a certain
range of forces and elongations E., can be larger or smaller than
the reference value of the elastic modulus.

Acceptable limits of the uncertainty in the elastic modulus (an-
alytical curves 1 and 2, Fig. 6) were determined using equation
(21), for all performed experiments. According to equation (21),
considering the specimen’s geometry and the imperfections of
the measuring instrumentation, the uncertainty in the elastic mod-
ulus can vary in both a positive and negative direction. Acceptable
limits of those variations are determined by the analytical curves
given in Fig. 6.

It is reasonable to make an estimation of the uncertainty asso-
ciated with the test methods, as it may help to identify which
experimental parameters or aspects of the test contribute the most
to the measurement uncertainty. The force, the cross-sectional
area, and the dimensions of the specimen are measured to a high
degree of accuracy to ensure an accurate calculation of stress—
strain.

Table 2 shows an uncertainty budget calculation for the mea-
surement of elastic modulus on both devices. According to this cal-
culation, the largest contributing factor to the uncertainty in the
measurement of elastic modulus is the uncertainty of the cross-
sectional area.

The mean values of the uncertainties in the elastic modulus
measurements are 1.56% on SLTTD (red dashed line, Fig. 6) and
1.97% on CTTD with an extensometer (blue dashed line, Fig. 6).

Analytical curves 1 and 2 (Fig. 6) represent the limits of the “ex-
pected” scattering of the results, considering that the results inside
the curves are the uncertainties of the measuring instrumentation.
The results outside the analytical curves represent an unexpected
scattering of the uncertainty in the elastic modulus. These uncer-
tainties are caused by factors that cannot be associated with the
imperfections of the measuring instrumentation.

The mean values of the uncertainties in the measurement of the
elastic modulus are provided in Fig. 7. The uncertainty in the elas-
tic modulus measurement performed on SLTTD is 206.7 GPa, which
deviates from the reference value of the elastic modulus by 1.56%.
On CTTD, the mean value of the elastic modulus measurement
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Table 2
Uncertainty budget for the determination of the elastic modulus on SLTTD and CTTD.
Tensile testing device Value of the evaluated quantity Value of the uncertainty Sensitivity coefficient Contribution to the standard uncertainty
SLTTD w = 1.99mm Wy =0.0lmm Cw =t=1mm 1.00-1072
t=1mm W; =0.0lmm ¢ =w=1.99mm 1.99.102
Ao = 1.99mm? W, = 0.03mm? ca, = 0.5mm2 1.50-1072
lp = 180mm Wi, = 0.1mm ¢, =5.5-10mm"! 550-1074
Al =0.125mm Wy =117-103mm ca = 8mm™! 9.36-10°3
F=299.1N Wk = 0.53N Car =3.3-1073N" 1.75-10°3
E = 206.7GPa We=+3.3GPa = +1.6%
CTTD w=12.4mm Wy =0.0lmm cw =t=4.99mm 4.99.102
t =4.99mm W =0.0lmm ¢ =w=12.4mm 12.4.10°2
Ay = 61.88mm? W, = 0.15mm? ca, = 0.02mm~2 0.3.102
lp = 80mm Wi, =0.1mm ¢, =12.5-10mm-! 1.25.1073
Al =0.1275mm Wy =2.60-10"*mm cy = 7.84mm-! 1221073
F =21551N War = 175.9N car =4.6-107°N"! 8.09.103
E = 205.8GPa Wg=+1.8GPa = £0.9%

uncertainty of 205.8 GPa deviates from the reference value of the
elastic modulus by 1.97%. From the aspect of probability, the mean
value of the measured elastic modulus represents the most proba-
ble event, i.e. the mathematical expectation. Therefore, when con-
sidering the mean values as the most probable results of the
measurement, SLTTD has an advantage over CTTD.

The scatter of the results around the mean value is +3.3 GPa or
1.6% for SLTTD and +1.8 GPa or 0.9% for CTTD. The greater scatter-
ing of the results (the uncertainty) for SLTTD is primarily a conse-
quence of greater partial uncertainty related to the measurement
of elongation, which is 1.17-103 mm for SLTTD and 2.60-10~* for
CTTD. These partial uncertainties affected the overall uncertainties
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Fig. 8. Relative uncertainties in the determination of the elastic modulus, which are
not caused by the imperfections of the measuring instrumentation.

to the greatest extent, bearing in mind that the accuracy of the lin-
ear encoder on SLTTD is 0.01 mm, while the accuracy of the linear
encoder of the extensometer on CTTD is 0.001 mm.

Fig. 8 shows the relative uncertainties (in %) in the experimental
determination of the elastic modulus, which are not caused by the
imperfections of the instrumentation used to measure F, [y, Ag and
Al

Furthermore, to verify the proposed methodology, the measure-
ment uncertainty was calculated according to [14,34]. For SLTTD,
the calculated uncertainty in the elastic modulus was 1.9% accord-
ing to [34], and 3.2% according to [14], for a 95% confidence level.
For CTTD, the calculated uncertainty in the elastic modulus was
1.3% according to [34], and 1.8% according to [14], for a 95% confi-
dence level. The results of the uncertainty calculated according to
[14] are close to the results obtained in this research. That validates
the proposed methodology. Slightly higher measurement uncer-
tainty for SLTTD results from the number of data pairs in the elastic
region of deformation measurement.

6. Discussion

Figs. 6 and 8 indicate that in the area of elastic deformations
and small elongations (up to 0.06 mm), at relatively low levels of
the tensile force, measurement uncertainties caused by the imper-
fections of the measuring instrumentation are predominant, both
on SLTTD and CTTD. However, the results of the elastic modulus

Engineering Science and Technology, an International Journal 25 (2022) 100998

measurement on SLTTD are more scattered due to the lower accu-
racy of the elongation measurement (0.01 mm). That is also the
reason why there are no registered data in the region of the elon-
gations of less than 0.01 mm. In the area of elongations greater
than 0.06 mm, changes in relative uncertainties of the elastic mod-
ulus exhibit an identical trend, regardless of the device type. Those
uncertainties are not caused only by the imperfections of the mea-
suring instrumentation, but also by the compliance in the subsys-
tems of the device, especially in the contact zone between the test
specimen and the grips.

The problem of compliance is particularly emphasized when
the test specimen is clamped around its circumference. In that
case, the tensile force is transferred through the friction force
which occurs in the contact zone between the grips and the
gripped end of the specimen. The real values of the specimen elon-
gation in the elastic region are small (of the order of a few tenths of
a millimeter). Therefore, the compliance in the contact zone of the
order of a few hundredths of a millimeter produces a significant
uncertainty in the elastic modulus measurement. The uncertainty
in the elastic modulus caused by the imperfections of the measur-
ing instrumentation is predominant in the area of small displace-
ments and at low tensile forces, while the influence of the
compliance predominates at higher tensile forces.

When using SLTTD, the problem of compliance is manageable,
as the stiffness of the entire structure can be increased by changing
the properties of the compliant segments. Also, the tests can be
performed at relatively low values of tensile forces, using test spec-
imens of a smaller cross-section. The selection of the appropriate
gripping system can also decrease the measurement uncertainty.
In order to minimize the uncertainty in the elastic modulus mea-
surement, it is significant to select the optimal geometric parame-
ters for the specimen. Testing of specimens with a greater gauge
length and a smaller cross-section provides more accurate results
at any stress level in the elastic region.

The experimental results (Fig. 6) indicate that the mean values
of the uncertainties in the elastic modulus measurements on
SLTTD (1.56%) and CTTD with an extensometer (1.97%) have close
values, even though the accuracy of the elongation measurement
was 1 pm on the CTTD and 10 pm on SLTTD.

Figs. 6 and 8 indicate that the results obtained on CTTD begin to
exhibit an unexpected scattering when the elongation reaches
0.064 mm, even though the elongation limit in the elastic region
is 0.13 mm for the given test conditions. For elongations greater
than 0.064 mm, results of the elastic modulus measurement devi-
ate from 0% to 20% (Fig. 8) from the reference values given in ISO
and ASTM standards.

At the same time, in the entire elastic region, the results
obtained on SLTTD do not deviate more than 5% from the reference
values of the elastic modulus for the tested material.

7. Conclusion

Based on the analysis of literature sources, theoretical consider-
ations, and the results of experimental research provided in the
paper, the following conclusions can be reached:

Small unconventional laboratory tensile testing devices have a
considerable number of advantages over conventional testing
devices, from a theoretical, technical, technological, and especially
economic aspect. They can be applied very efficiently in both edu-
cation and research.

The uncertainty in the elastic modulus measurement is caused
by the imperfection of the measuring instrumentation and the
compliance of certain subassemblies of the device, especially the
compliance of the gripping system.
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The results of the theoretical analysis presented in this paper
confirmed the influence of the size and tolerance of the specimen’s
geometric parameters as well as the influence of the imperfections
of the measuring instruments on the expected, analytically deter-
mined measurement uncertainty. The most probable scattering of
the values of the elastic modulus determined by tensile testing
was confirmed as well.

The results of experimental research conducted on a small lab-
oratory tensile testing device are in agreement with the theoretical
considerations on the uncertainty in the determination of the elas-
tic modulus.

The authors consider that the theoretical basis of the proposed
method for the evaluation of the uncertainty in the elastic modulus
measurement can be efficiently implemented in many indirect
methods. Indirect methods are based on different parameters.
Therefore, the influence trends of the parameters associated with
the particular indirect method, i.e., the analytical or regression
functions defining the dependence of the elastic modulus upon
the influential parameters, should be analyzed. Statistical methods
can then be used to determine the measurement uncertainties for
each of the influential parameters.

Future research will be focused on the quantification of errors
caused by the compliance of certain subassemblies of the device.
Those errors occur at higher levels of tensile forces and belong to
the category of systematic errors.

The authors consider that small laboratory tensile testing
devices enable the elimination of systematic errors caused by the
compliance of subassemblies and open a wide range of possibilities
for future research related to the improvement of their perfor-
mance and the expansion of the scope of their application.

CRediT authorship contribution statement

Sonja Kostic: Methodology, Validation, Formal analysis, Inves-
tigation, Writing - original draft, Visualization. Jasmina Miljo-
jkovic: Software, Validation, Formal analysis, Investigation,
Writing - original draft, Visualization. Goran Simunovic: Software,
Validation, Formal analysis, Resources, Writing - review & editing.
Djordje Vukelic: Methodology, Validation, Resources, Writing -
original draft, Writing - review & editing. Branko Tadic: Conceptu-
alization, Resources, Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

Research presented in this paper was supported by the Ministry
of Education, Science and Technological Development of the
Republic of Serbia.

References

[1] R. Viala, V. Placet, S. Cogan, Identification of the anisotropic elastic and
damping properties of complex shape composite parts using an inverse
method based on finite element model updating and 3D velocity fields
measurements (FEMU-3DFV): application to bio-based composite violin
soundboards, Compos. Part A Appl. Sci. Manuf. 106 (2018) 91-103, https://
doi.org/10.1016/j.compositesa.2017.12.018.

[2] J.D. Lord, R.M. Morrell, Elastic Modulus Measurement, Good Practice Guide No.
98, National Physical Laboratory, 2006.

[3] F. Bucciarelli, G.P. Malfense Fierro, M. Zarrelli, M. Meo, A non-destructive
method for evaluation of the out of plane elastic modulus of porous and
composite materials, Appl. Compos. Mater. 26 (3) (2019) 871-896, https://doi.
org/10.1007/s10443-018-9754-5.

10

Engineering Science and Technology, an International Journal 25 (2022) 100998

[4] ]. Nunn, Measuring Young’s modulus the easy way, and tracing the effects of
measurement uncertainties, Phys. Educ. 50 (5) (2015) 538-547, https://doi.
org/10.1088/0031-9120/50/5/538.

[5] F.P. Pramesti, M.R. Poot, M.F.C. Van de Ven, A.A.A. Molenaar, Determining
stiffness modulus by means of different mechanical testing, IOP Conf. Ser.
Mater. Sci. Eng. 615 (2019), https://doi.org/10.1088/1757-899x/615/1/012132.
012132.

[6] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experiments,
J. Mater. Res. 7 (6) (1992) 1564-1583, https://doi.org/10.1557/JMR.1992.1564.

[7] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic modulus by
instrumented indentation: Advances in understanding and refinements to
methodology, ]J. Mater. Res. 19 (1) (2004) 3-20, https://doi.org/10.1557/
jmr.2004.19.1.3.

[8] D.J. Shuman, A.L.M. Costa, M.S. Andrade, Calculating the elastic modulus from
nanoindentation and microindentation reload curves, Mater. Charact. 58 (4)
(2007) 380-389, https://doi.org/10.1016/j.matchar.2006.06.005.

[9] T. Coorevits, S. Kossman, D. Chicot, F. Hennebelle, A. Montagne, A. lost, Virtual
machine concept applied to uncertainties estimation in instrumented
indentation testing, J. Mater. Res. 34 (14) (2019) 2501-2516, https://doi.org/
10.1557/jmr.2019.203.

[10] R. Cagliero, G. Barbato, G. Maizza, G. Genta, Measurement of elastic modulus
by instrumented indentation in the macro-range: Uncertainty evaluation, Int.
J. Mech. Sci. 101-102 (2015) 161-169, https://doi.org/10.1016/j.
ijmecsci.2015.07.030.

[11] M. Mahmoud Ali, A.N.M. Omran, M. Abd-El-Hakeem Mohamed, Prediction the
correlations between hardness and tensile properties of aluminium-silicon
alloys produced by various modifiers and grain refineries using regression
analysis and an artificial neural network model, Eng. Sci. Technol. Int. J. 24 (1)
(2021) 105-111, https://doi.org/10.1016/j.jestch.2020.12.010.

[12] EN 10002-1: Metallic materials - Tensile testing: Part I. Method of test at
ambient temperature, European Committee for Standardization, 2001.

[13] ASTM E8, E8M-09, Standard Test Methods For Tension Testing Of Metallic
Materials, ASTM International, 2010.

[14] ENISO 6892-1:2019, Metallic Materials - Tensile Testing - Part 1: Method Of
Test At Room Temperature, European Committee for Standardization, 2019.

[15] HM. Sonne, Bestimmung des Elastizititsmoduls im Zugversuch
—Determination of Young’s modulus in tensile testing. Tagung
Werkstoffpriifung, Vortrags- und Diskussionstagung, Bad Nauheim,

Friedberg, Germany, 219-230, 1999.

[16] S. Suttner, M. Merklein, A new approach for the determination of the linear
elastic modulus from uniaxial tensile tests of sheet metals, ]. Mater. Process.
Technol. 241 (2017) 64-72, https://doi.org/10.1016/j.jmatprotec.2016.10.024.

[17] W. Montero, R. Farag, V. Diaz, M. Ramirez, B.L. Boada, Uncertainties associated
with strain-measuring systems using resistance strain gauges, J. Strain. Anal.
Eng. Des. 46 (1) (2011) 1-13, https://doi.org/10.1243/03093247]SA661.

[18] H.B. Motra, ]. Hildebrand, A. Dimmig-Osburg, Assessment of strain
measurement techniques to characterise mechanical properties of structural
steel, Eng. Sci. Technol. Int. J. 17 (4) (2014) 260-269, https://doi.org/10.1016/
j-jestch.2014.07.006.

[19] J. Kazakeviciute, ].P. Rouse, D.S.A. De Focatiis, C.J. Hyde, The development of a
novel technique for small ring specimen tensile testing, Theor. Appl. Fract.
Mech. 99 (2019) 131-139, https://doi.org/10.1016/j.tafmec.2018.11.016.

[20] J.T. Cantrell, S. Rohde, D. Damiani, R. Gurnani, L. DiSandro, . Anton, A. Young, A.

Jerez, D. Steinbach, C. Kroese, P.G. Ifju, Experimental characterization of the

mechanical properties of 3D-printed ABS and polycarbonate parts, Rapid

Prototyp. J. 23 (4) (2017) 811-824, https://doi.org/10.1108/RPJ-03-2016-0042.

F. Zhu, P. Bai, Y. Gong, D. Lei, X. He, Accurate measurement of elastic modulus

of test specimen with initial bending using two-dimensional DIC and dual-

reflector imaging technique, Measurement 119 (2018) 18-27, https://doi.org/
10.1016/j.measurement.2018.01.043.

[22] J. Donnini, G. Lancioni, G. Chiappini, V. Corinaldesi, Uniaxial tensile behavior of
ultra-high performance fiber-reinforced concrete (Uhpfrc): experiments and
modeling, Compos. Struct. 258 (2021) 113433, https://doi.org/10.1016/
j.compstruct.2020.113433.

[23] Z.C. Ma, HW. Zhao, K.T. Wang, X.Q. Zhou, X.L. Hu, S. Lu, H.B. Cheng, Note:
Investigation on the influences of gripping methods on elastic modulus by a
miniature tensile device and in situ verification, Rev. Sci. Instrum. 84 (6)
(2013), https://doi.org/10.1063/1.4808374. 066102-1-066102-3.

[24] F. Hajy Akbary, MJ. Santofimia, ]. Sietsma, Elastic strain measurement of
miniature tensile specimens, Experiment. Mech. 54 (2) (2014) 165-173,
https://doi.org/10.1007/s11340-013-9785-7.

[25] S. Adamczak, ]J. Bochnia, C. Kundera, Stress and strain measurements in static
tensile tests, Metrol. Meas. Syst. 19 (2012) 531-540, https://doi.org/10.2478/
v10178-012-0046-3.

[26] L.R.O. Silva, Evaluation of the Uncertainty of Measurement of Mechanical
Properties on the Tensile Testing, Simposio de Metrologia, Rio de Janeiro, 2004.

[27] BIPM, IEC, IFCC, ISO, IUPAC, IUPAP, OIML, Guide to the Expression of
Uncertainty in Measurement, International Organization for Standardization,
Geneva First Edition, 1993, ISBN 92-67-10188-9 (BSI Equivalent: BSI PD 6461:
1995, Vocabulary of Metrology, Part 3. Guide to the Expression of Uncertainty
in Measurement. BSI), London, 1995.

[28] Joint Committee for Guides in Meteorology. Evaluation of measurement data -
Guide to the Expression of uncertainty in measurement. JCGM 100:2008.

[21]


https://doi.org/10.1016/j.compositesa.2017.12.018
https://doi.org/10.1016/j.compositesa.2017.12.018
https://doi.org/10.1007/s10443-018-9754-5
https://doi.org/10.1007/s10443-018-9754-5
https://doi.org/10.1088/0031-9120/50/5/538
https://doi.org/10.1088/0031-9120/50/5/538
https://doi.org/10.1088/1757-899x/615/1/012132
https://doi.org/10.1557/JMR.1992.1564
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.1016/j.matchar.2006.06.005
https://doi.org/10.1557/jmr.2019.203
https://doi.org/10.1557/jmr.2019.203
https://doi.org/10.1016/j.ijmecsci.2015.07.030
https://doi.org/10.1016/j.ijmecsci.2015.07.030
https://doi.org/10.1016/j.jestch.2020.12.010
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0065
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0065
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0065
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0070
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0070
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0070
https://doi.org/10.1016/j.jmatprotec.2016.10.024
https://doi.org/10.1243/03093247JSA661
https://doi.org/10.1016/j.jestch.2014.07.006
https://doi.org/10.1016/j.jestch.2014.07.006
https://doi.org/10.1016/j.tafmec.2018.11.016
https://doi.org/10.1108/RPJ-03-2016-0042
https://doi.org/10.1016/j.measurement.2018.01.043
https://doi.org/10.1016/j.measurement.2018.01.043
https://doi.org/10.1016/j.compstruct.2020.113433
https://doi.org/10.1016/j.compstruct.2020.113433
https://doi.org/10.1063/1.4808374
https://doi.org/10.1007/s11340-013-9785-7
https://doi.org/10.2478/v10178-012-0046-3
https://doi.org/10.2478/v10178-012-0046-3
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0130
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0130
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0130

S. Kostic, J. Miljojkovic, G. Simunovic et al.

[29] S. Tarafder, K.K. Gupta, Estimation of Uncertainty in Mechanical Testing, Paper
published in Study Material of Refresher Course on ISO/IEC 17025 Standards
Organised by NABL and CGCRI, Kolkata, 2004.

[30] F. Baciu, A. Rusu-Casandra, S.D. Pastrama, Low strain rate testing of tensile
properties of steel, Mater. Today 32 (2020) 128-132, https://doi.org/10.1016/
j.matpr.2020.03.469.

[31] B. Zhao, W. Chen, Rate-dependent mechanical properties and elastic modulus
of ETFE foils used in inflated forming of transparency air-inflated cushion
membrane structures, Eng. Struct. 227 (2021) 111404, https://doi.org/
10.1016/j.engstruct.2020.111404.

[32] W. Gabauer, The Determination of Uncertainties in Tensile Testing, UNCERT
Manual of Codes of Practice for the Determination of Uncertainties in
Mechanical Tests on Metallic Materials, Code of Practice No. 07, Austria, 2000.

[33] M. Soy, M. Lus, Comparison of A and B Type measurement uncertainties in
tensile testing of metallic materials at ambient temperature, Int. J. Nat. Eng.
Sci. 12 (2018) 46-55.

[34] CWA 15261-2:2005: Measurement uncertainties in mechanical tests on
metallic materials. The evaluation of uncertainties in tensile testing, 2005.

[35] RJ. Moffat, Describing the uncertainties in experimental results, Exp. Therm.
Fluid Sci. 1 (1) (1988) 3-17, https://doi.org/10.1016/0894-1777(88)90043-X.

[36] J.P. Holman, Experimental Methods for Engineers, 8th ed., McGraw-hill Series
in Mechanical Engineering, New York, 2011.

[37] S. Bell, A Beginner’s Guide to Uncertainty of Measurement, NPL Measurement
Good Practice Guide No 11, 1999.

[38] F.A. Kandil, UNCERT Manual of Codes of Practice for the Determination of
Uncertainties in Mechanical Tests on Metalic Materials, Manual, National
Physical Laboratory, United Kingdom, 2000.

[39] S. Klysz, ]. Lisiecki, Selected problems of measurement uncertainty - Part 2,
Tech. Sci. 11 (2008) 265-276, https://doi.org/10.2478/v10022-008-0019-7.

11

Engineering Science and Technology, an International Journal 25 (2022) 100998

[40] J.D. Lord, R.M. Morrell, Elastic modulus measurement—obtaining reliable data
from the tensile test, Metrologia 47 (2) (2010) S41-S49, https://doi.org/
10.1088/0026-1394/47/2/S05.

B. Tadic, D. Vukelic, D. Miljanic, B. Bogdanovic, I. Macuzic, I. Budak, P.

Todorovic, Model testing of fixture-workpiece interface compliance in

dynamic conditions, ]J. Manuf. Syst. 33 (1) (2014) 76-83, https://doi.org/

10.1016/j.jmsy.2013.05.004.

D. Vukelic, B. Tadic, B. Bogdanovic, P. Todorovic, Using pre-processing and

indenting of contact interface to improve fixture clamping efficiency, Int. J.

Adv. Manuf. Technol. 104 (1-4) (2019) 179-194, https://doi.org/10.1007/

s00170-019-03845-5.

V.L. Popov, Coulomb’s law of friction, Contact Mechanics and Friction,

Springer, Berlin, Heidelberg, 2010. https://doi.org/10.1007/978-3-642-10803-

7_10.

[44] C.T. Li, N.R. Langley, Improvement in fiber testing of high-modulus single-
filament materials, J. Am. Ceram. Soc. 68 (8) (1985) C-202-C-204, https://doi.
org/10.1111/j.1151-2916.1985.tb10183.x.

[45] J.R. Davis, Tensile Testing, 2nd Edition, ASM International, 2004.

[46] A. Mucsi, Effect of gripping system on the measured upper yield strength
estimated by tensile tests, Measurement. 46 (5) (2013) 1663-1670, https://
doi.org/10.1016/j.measurement.2012.11.036.

[47] G.B. Rathmayr, A. Bachmaier, R. Pippan, Development of a new testing
procedure for performing tensile tests on test specimens with sub-millimetre
dimensions, J. Test. Eval. 41 (2013) 1-12, https://doi.org/10.1520/
JTE20120175.

[48] L. Woong, K. Ho-Kyung, Design and development of a miniaturised tensile
testing machine, Glob. J. Eng. Educ. 15 (2013) 48-53.

[49] K. Kumar, A. Pooleery, K. Madhusoodanan, R.N. Singh, J.K. Chakravartty, B.K.
Dutta, RK. Sinha, Use of miniature tensile test specimen for measurement of
mechanical properties, Procedia Eng. 86 (2014) 899-909, https://doi.org/
10.1016/j.proeng.2014.11.112.

[41]

[42]

[43]


https://doi.org/10.1016/j.matpr.2020.03.469
https://doi.org/10.1016/j.matpr.2020.03.469
https://doi.org/10.1016/j.engstruct.2020.111404
https://doi.org/10.1016/j.engstruct.2020.111404
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0165
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0165
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0165
https://doi.org/10.1016/0894-1777(88)90043-X
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0180
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0180
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0180
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0190
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0190
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0190
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0190
https://doi.org/10.2478/v10022-008-0019-7
https://doi.org/10.1088/0026-1394/47/2/S05
https://doi.org/10.1088/0026-1394/47/2/S05
https://doi.org/10.1016/j.jmsy.2013.05.004
https://doi.org/10.1016/j.jmsy.2013.05.004
https://doi.org/10.1007/s00170-019-03845-5
https://doi.org/10.1007/s00170-019-03845-5
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0215
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0215
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0215
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0215
https://doi.org/10.1111/j.1151-2916.1985.tb10183.x
https://doi.org/10.1111/j.1151-2916.1985.tb10183.x
https://doi.org/10.1016/j.measurement.2012.11.036
https://doi.org/10.1016/j.measurement.2012.11.036
https://doi.org/10.1520/JTE20120175
https://doi.org/10.1520/JTE20120175
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0240
http://refhub.elsevier.com/S2215-0986(21)00110-5/h0240
https://doi.org/10.1016/j.proeng.2014.11.112
https://doi.org/10.1016/j.proeng.2014.11.112

IIpusor 4 - YroBop 0 nNocJIOBHO TeXHUYKO] Capaambu



1. SZR Masding sa adresom Dragoslava Stefanoviéa 34, 34000 Kragujevac koju zastupa vlasnik
Zivadin Pavlovi¢, dipl.mad.inz. (u daljem tekstu Masing) i

2. FAKULTET INZENJERSKIH NAUKA UNIVERZITETA U KRAGUJEVCU sa adresom
Sestre Janji¢ 6, 34000 Kragujevac koga zastupa dekan Prof.dr Dobrica Milovanovié, dipl.
mas. inz. (u daljem tekstu Fakultet).

Lakbuéugu da\m mn‘* 2018.godine, u Kragujeveu

Ckﬂoc1 PJ“ e t 3 . .
« 6 L’ /1’ U(,O\.’VOR. ) o OH [ Wn
gpci/ V{,f ‘.,“:;k{g{i;«,p‘. o poslovno tehnickoj saradnji M solbeen
mua_!f"; JaEeB? Clan 1 KPATYJEBAY
AR ‘

Predmet ovog ugovora je usposlavljanje zajedni¢ke poslovno tehnitke saradnje na razvoju
ispitivanju, proizvodnji, promociji i prodaji 8kolskih i fakultetskih ucila iz oblasti tehnike.

Clan 2

Obaveze Fakulteta odnosno Centra za revitalizaciju industrijskih sistema i Centra za
terotehnologiju su:
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Clan 7
Ugovorne strane su obavezne da sve podatke koji su im saopSteni ili koje na drugi na¢in saznaju
u izvrienju ovog ugovora ¢uvaju kao poslovnu tajnu.

Clan 8

Ovaj ugovor se zakljutuje na vremenski period od 5 (pet) godina, s tim 3to se isti moZe produZiti
nakon isteka vremena od 5 (pet) godina, ako za to postoji obostrani interes i potreba medu
ugovornim stranama.

Clan 9
Ovaj ugovor se moZe menjati i dopunjavati samo uz pisanu saglasnost ugovornih strana.

Clan 10
Obe ugovome strane se u svemu obavezuju po ovom ugovoru i nastojace da sve sporove, ako do
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Ovaj ugovor je sa€injen u 4 (&etiri) istovetna primeraka, od kojih svaka ugovorna strana zadrzava
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34000 Kragujevac
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Maticni broj: 52254795; PIB: 101509043
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POTVRDA

Da je SZR Masing iz Kragujevca dana 19.11.2018. godine prodao Visokoj tehni¢koj skoli strukovnih
studija iz Trstenika UREDAJ ZA ISPITIVANJE MATERIJALA ZATEZANJEM — KIDALICU.

Potvrda se izdaje u svrhu prijave tehnickog redenja.

Kragujevac
23.02.2023.
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Axaznemuja crpykoBuux ctyauja Llymaauja, Oacek Tperenuk
Panoja Kpcruha 19

37240 TpereHuk

bpoj: 84/2023-07

24.02.2023.

[TOTBPIA

Bucoka TeXHMYKa MALIMHCKA WKOAa CcTpykoBHHX cTyauja Tperenuk je 19.11.2018. roaune no
pauyny Op. 140/18 kynuna many naGopaTOpujcKy KHAANMLY 338 MCNUTHUBAKE marepujana
saresameMm o C3P Mawwnr-a u3 Kparyjesua.

Osum ce noTephyje Ja ce Kuaanuua KOpUCTH Y elyKaTHBHE H HCTPAXHBaiKe CBPXE, Kao ypehaj
31 MCTIMTHBAIBE MaTepHjana 3atesamem y Akajgemuju cTpykoBHHX cryauja Lllymanuja, Oncex
TpereHuk.
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