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TepHoninbcokuil HaYloHANbHUL MeXHIYHULL YHisepcumem imeHi leana llyniosn

JOCJIIZKEHHSA HAC CHJIOBUX KOHCTPYKTUBHHUX
EJEMEHTIB 3 ®YHKIHIOHAJIBHUMHU OTBOPAMMU 3A
OJHOBICHOI'O IUKJITYHOI'O PO3TAL'Y

Pe3tome. Memooom ckinuennux enemenmie 004UCIEHO OOHOBICHE NPYICHO-NIACMUYHE 0eqhOpMYBaHHSL
NAACMUHY 3 YEeHMPATbHUM 0eqhopMayitino 3miyHeHuM omeopom Oiamempom 8 mm, 10 mm nicis OopHysanus 3
Hamszom i3 antominiesoeo cnnagy J16uT 1%, 2%, 3%. Ilo6yoosano po3nodin posmaxy 10KANbHUX HANPYIHCEHD
A . ginax ﬂ,min . . . .

¥¥, MAKCUMANbHUX MA MIHIMATbHUX Hanpyoicenv “¥¥  ma “¥¥ 6 okoni omeopy 3anedxcHo 6i0 Kinbkocmi
YUKNI6 HABAHMAJICEHHSI MA IOHOCHO20 HAMAZY OOPHYBAHHA. Y cepedHniil OinaAHYi YyuniHOpu4HOI NOGEPXHI OMBOPY

(z = tf 2) po3paxyHkogi JNOKanbHi Koeiyienmu acumempii yukiy y OpyeOMYy RIGYUKITI HABAHMANCEHHS
SHUIICYIOMbCSL 31 30ITbULeHHSIM GIOCMAHI 8IO Kpalo omeopy ma 3i 30i1buleHHsIM GIOHOCHO20 HAMSAZY OOPHYBAHHSL.
Haiimenwi nokanvni xoeghiyienmu acumempii yukiny nagawmaoicenuss R=-4...-5 ons namszy oopuyeanns 3% i
cmani no moswuni spazka (£ =06 ypy).

Knwuoei cnoea: anominiesuii cnnag, QyHKYioHaibHUl omeip, OOPHY8AHHS, OOHOBICHe YUKITYHE
HABAHMAICEHHS.

P. Yasniy; S. Glado; P. Sydor; O. Semenets

RESEARCH OF STRESS STRAIN STATE OF POWER STRUCTURAL
ELEMENTS WITH FUNCTIONAL HOLES UNDER UNIAXIAL
CYCLIC LOADING

Summary. Using finite element method taking advantage of the software module ANSYS Explicit
Dynamics elastic-plastic deformation of the plate with 8 mm, 10 mm central strain hardened hole diameter with
burnishing tension 1%, 2%, 3% have been calculated. To calculate the stress strain state in the threshold of the
Sfunctional hole after burnishing with different tension and cyclic loading finite-element models of a quarter of
the sample with a central hole were built. The load was applied to one surface of the edge of sample model and
the other surface was fixed and limited by vertical movement (along the direction of application of force). The

cyclic elastic-plastic deformation of aluminum DI16chT alloy plate under of soft load at @min =0 and
Tmar = V4TMPa  phas been studied. Characteristics of mechanical properties are %oz = 300MFa  4,g

MAaX:.
oB = 430MFa _ Scale distribution of local stresses Bayy  maximum and minimum local stress vy and

oy in the threshold of the hole depending on the number of loading cycles and burnishing tension has been
built. Local stresses 35~ and %35 , While calculating taking advantage of the finite element method has
been stabilized already for two load half-cycles. The largest range of local stresses occur in the middle part of

the hole thickness without burnishing (i = 0%, Z= f 2) and on the edge of the mandrel entrance after

burnishing with the tension (1% ... 3%, £ =0 ). For burnished holes initiation and propagation of crack from
the edge of the mandrel entrance are the characteristics. It is caused by the fact, that the compressive residual
stresses caused by burnishing and the range of local strains for study of tightened burnishing (i = 1% ... 3%) on
the hole edge are much smaller than in the middle part. Distribution of local coefficients of asymmetry of

- min

R = Tyy
¥y gmax

loading cycles ¥ for burnishing tension 1%, 2%, 3% and without burnishing obtained by

finite element calculation has been built. In the middle section of the cylindrical surface of the hole (° Z= f 2)
calculation local coefficients of asymmetry in the second half cycle load decrease with the increase of distance
from the edge of the hole and with the increase of burnishing tension. Local load cycle asymmetry coefficients
decrease with the threshold of depth of the cylindrical surface of the hole along the X axis for the average in
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depth section along the axis Z ("7 ='/2 ) The smallest local load cycles of asymmetry coefficients R = -4 ... -5

are for burnishing tension 3% and are stable for all thickness of the sample (£ = 0.6 pm),
Key words: aluminum alloy, functional hole burnishing, monaxonic cyclic loading.

ITocranoBka npodiaemu. Jyxe IyTIMBUMH JUITHKAMHA €JIEMEHTIB KOHCTPYKIIIH J10
IpOIeCiB YTOMH € Miclis, Mepepi3 sSKuX ociabJeHui KOHIEHTpaTopaMH HalpyKeHb,
HaIpUKIaJ OTBOPaMH, BUTOYKAMH, 3BAPHUMH Ta 3aKJICIyBAILHUMH INBaMH, SKi BOJIHOYAC
3HAXOJAThCA MiJ] BILTMBOM BHYTPIIIHIX HAIPY>KEHb, a TAKOK 30BHIIIHBOTO €KCIUTyaTalifHOTO
HaBaHTaXeHHS. J[J1sI TTIBUINIEHHST BTOMHOI JIOBTOBIYHOCTI TAaKMX KOHCTPYKTHBHUX €JIEMEHTIB
BUKOPUCTOBYIOTh Di3HI TEXHOJOTIYHI MeToau OOpOOKM MOBEPXHEBUM  IUIACTHYHHM
nedopMyBaHHSIM Iapy Matepiany [1-4].

AHaui3 ocTaHHIX JociikeHb 1 myOsikaniid. Ilomepeans miactuuna aedopmariis
ICTOTHO BIUIMBAa€ Ha MEXaHIYHI BIIACTUBOCTI MaTepialiB Ta HaIpPyKeHO-Ie(GOpPMOBaHHIA CTaH
(HJIC) KOHCTpYKTHBHUX €JI€MEHTIB. 30KpeMa, MOCTiI0BHE 3aCTOCYBAaHHS TIOPHYBaHHS CTIHOK
OTBOPIB JUISI EpeTiKaHHs MalnuBa 3 HaTAroM 2% Ta 6ap’€pHOro OOTUCKAHHS Y BUTJIS JIYHOK
CerMeHTHOI KOH(Iryparii Tpu3BOAUTH J0 3HIKECHHS MaKCUMaIbHUX TOJIOBHHX HAIPYKEHb
PO3TATY €KBIBAJIEHTHOI'O BIIHYIHOBOrO UKy y 1,54—1,63 pasza, MakcUMajIbHHUX T'OJOBHUX
nepopmartii — y 1,43-1,52 pasza mpotu 3pa3kiB 0Oe3 3acTrocyBaHHS jedopmariifHOro
3MillHEHHS O0TBOpPiB [5—6]. [t MmoxemoBanHs Ta aHanizy HJIC KOHCTpYKTHUBHHMX €JIEMEHTIB
MiCIS THKJIIYHOTO HABaHTAXECHHS €()EeKTHBHO 3aCTOCOBYETHCS MOJICTIOBAHHS METOJIOM
CKIHYCHMX eJIeMeHTIB [7-9].

31 30UJIBIICHHSM HATSATY JOPHYBAHHS 3POCTAIOTh 3aJMINKOBI HAIIPYKCHHS CTHUCKY, a
TaKOX INMMPHUHA AUISHKA CTUCKYBAJIBHHX HANpyXXeHb. 3 MIABHIICHHSIM HATITy JAOPHYBaHHS
Bim 1% 1o 3% 3amuImKoBI HaNpyXEHHS CTUCKY HAa NWIHAPWYHIA ITOBEPXHI OTBOPY
niaBUINyI0Thes y 1,52 pasu.

Jlnsg  oOIpyHTYBaHHS ONTHMAIBHUX MapaMeTpiB JOPHYBaHHS 3 TOYKH 30pY
MiIBUIICHHS] TOBTOBIYHOCTI €IEMEHTIB KOHCTPYKIIIH HEOOXiTHO 3MOJIEIOBATH HAIpPYKEHO-
neopMOBaHUN CTaH IUIACTHH 3 JedopMaIlifHO 3MIIHEHUMH OTBOpPAMH 3a IUKIIYHOTO
HaBaHTa)KyBaHHS 3 YpaxXyBaHHSM BIUIUBY BIJIHOCHOTO HATSTy JOPHYBaHHSL.

Mera po6orn. MeToJIOM CKiHYEHHUX €JIEMEHTIB JOCJI/DKEHO HaIpyXeHO-
neGopMoBaHM CTaH €JIeMEHTIB KOHCTPYKILIN 13 JedopManiiHO 3MIIHEHUMH OTBOpaMH 3a
MUKITIYHOTO HaBaHTAKEHHS 3 ypaXyBaHHSAM KIHETHKHA 3aJMINKOBUX TEXHOJOTIYHUX
HanpyKeHb.

Mertoauka xociaimkeHHsi. JocoipkyBaiM BIUIMB JIOPHYBaHHS OTBOPIB JiaMeTPOM

8MM Ta 10 MM y muacTuHax i3 amowminieoro cruiaBy J[164T ToBiuHOKO T = 6MM T
HIMPUHOIO poO0YOoi AUITHKKA 60 MM Ha JIOKaJIbHUNA HAPYKEHUH CTaH 3a IMUKJIIYHOTO MPYKHO-
macTHyHOro AedopmyBanHs. KpeciieHHs 3pa3KiB 1 JOpHA, a TaKOX METOJUKA JIOPHYBaHHS
JeTalIbHO OMUcaHa B mparii [4].

Jlis monemroBarHst HIIC oTBOpY BHKOPHUCTOBYBAIIM KOMILJICKC HEIHIHHOI JHHAMIKA
ANSYS Explicit Dynamics ta monens Steinberg Guinan Strength ans ommcy icTUHHOL
JiarpaMu MPY)KHO-TIAaCTHYHOTO JedopMmyBanHs Matepianmy JI169T. Ha pwmc.l moka3zani
NpYXHO-IJIACTUYHA JUISHKKA JiarpamMu  AedopMmyBaHHsS amoMmiHieBoro cmiaBy J[164T,
OTpUMaHi EeKCIEpUMEHTAIIBHO Ta 3a JOoIoMoror Mojeni Steinberg Guinan Strength. J[is
po3paxynky HJIC B okoiti ¢pyHKIIIOHATFHOTO OTBOPY Micis JOPHYBAHHSI 3 PI3HUM BiTHOCHUM
HATSITOM Ta MUKIIYHOTO HaBaHTA)XyBaHHSI MTOOYI0OBAHO CKiHUEHHO-EJIEMEHTHY MOJIENTh YBEPTi
JIOCJTIJIKYBAHOTO TJIOCKOTO 3pa3Kka 3 IEHTPaIbHUM OTBOPOM.
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Pucynok 1. Jliarpama npy>kHo-TIacTHYHOTO nedopMyBaHHs atoMiHieBoro craBy J[164T

Figure 1. Diagram of elastic-plastic deformation of aluminum alloy D16chT

Jliist moOyMOBU CITKH JIJISL MOJeJIeii BHKOPUCTOBYBaIH eleMeHT Solid95, skuit mae
BJIACTUBOCTI MOB3YUYOCTi, IUIACTUYHOCTI Ta BPaxOBYE 3MiHY JKOPCTKOCTI IMPHU HaBaHTaKEHHI,
3HAYHI IepeMileHHs Ta e opMartii.

3ycuiuis MpUKIaJaId 0 OJHI€T MOBEPXHI Kpalo MOJENi 3pa3Ka, a iHIIy MOBEPXHIO
¢ikcyBamy i oOMeXyBaJIM ii BEPTHKAIbHE MEpeMilleHHs (B3J0BXK HAIpPSIMKY IPHKIATaHHS

CHUJIN).

. max
HJIC amamisyBaiu 3a JIOKAIGHHMH MaKCHMalbHHMH HalpyXeHHAMH vy |

MiHIMATEHAMH HAIpyXeHHSIMH 0¥y, a TAKOXK 3 JOKAILHEM PO3MaXxoM MaKCHMATbHUX Ta
MiHIMAJIBHUX HarpyxeHs Ay = Oy " = O3

Posrnsganu  mukiiuHe — MpYXKHO-IIACTUYHE — Je(OpMYBaHHS — IUIACTUHU 3
amoMinieBoro cruraBy JI16dT B ymoBax M’SKOTO HaBaHTKEHHS MPH Fmin =0 Ta
Omax = 147MPa | Xapakrepuctuku MexaHiunux BiactumBocteii foz = 300MPa 14
oz = 430MPa [4].

Pesynbratn pocnipkenHs Ta ix obroBopenHs. Ha puc.2 cxemaTuuHO 300pa)keHO
YBEepTh poOOUOT JUISTHKH 3pa3Ka 3 OTBOPOM Ta IMOKa3aHO HAIPSMOK ITEePEeMIllIeHHS JOPHA.
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PucyHok 2. CxemMaTuuHe KpeciaeHHs YBEepTi poOOYOT IiISTHKY 3pa3Ka

Figure 2. Schematic drawing of a quarter of the working area of the sample
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Ha panit momem gocmimkeno HJIC B okoidi oTBOpY MpH  HUKITYHOMY
HaBaHTaXXyBaHHI, PpO3MOJIIN pPO3Maxy, MaKCUMAJIbHHX Ta MiHIMAJIGHUX HaNpyXKeHb,
ACHMETpI0 UKy HaBaHTAXECHHS 3aJIe)KHO BiJ BETMYMHH BiJHOCHOTO HATATY JOPHYBAaHHS
OTBODY.

. raax i ..
Ha pwuc.3 300paskeH0 po3Moaii JOKAIBHIUX MaKCUMaIbHUX ¥y Ta MiHIMaJIbHUX

min:-= . . .
Oyy HamnpyXeHb B OKOJIi (YHKIIOHAIFHOTO OTBOpPY JiaMeTpoM 8 MM Ta HaTsTy

nopHyBaHHS 1%, OTpUMaHUX MOETIOBAHHSIM METOJOM CKIHYCHHUX €JIEMEHTIB, BiJl KITBKOCTI
MIBIIMKJIIB HaBaHTa)XCHHS HA TIOBEPXHI 3pa3ka 3 OOKYy BXoay JopHa () Ta cepeaHiil 4acThHI
HWTIHIPAYHOT TOBEpXHi 3pa3ka ().
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Pucynok 3. 3alesKHiCTh JTOKaNbHUX MiHiMaTbHUX “¥v (1,3) Ta MakcuManbHUX ¥y (2,4) HanpyXeHb
BiJ] KUTbKOCTI MIiBIMKJIiB HABAHTAKEHHS B OKOJTi ()YHKIIOHAJIBHOTO OTBOPY AiaMeTpoM 8 MM
3a HaTATY HopHyBaHHA 1%, (1,2), (3,4)

Figure 3. Dependence of the local minimum Ty (1,3) and the maximum gy (2,4) stresses
on the of half load cycles number in the threshold of the functional 8 mm hole diameter for
burnishing tension 1%, (1,2), (3,4)

. . gHoini: . omax ..
OCKIHBKI/I JIOKAJIbH1 HAIPYKCHHA Vv 1 ¥ CTa61H13yIOTBCH YK€ Ha 2
HIiBIMKJII HABAaHTAXKEHHS, TO B mHojanbmomy Mozemosanu HJIC nmme BpaxoByloudm 2

MiBIMKJIA HABAHTAKCHHSL.
. max:: .« .
Ha pwuc.4 300pakeHO PO3MMOMIT JOKATHhHAX MaKCUMAaIbHUX v Ta MiHIMATbHHX

min 2 . . .
Oyy Hanpy>keHb B OKOJI (YHKIIOHAJBHOrO OTBOpY aAiamerpoM 8 mMm Ta 10 MM Ha
MOBEPXHI 3pa3ka 3 00Ky BX0Ay JopHa () Ta cepeHiil YyacTHHI HWIIHIPUYHOI MOBEPXHI 3pazka
() uTs IPYTOTO MIBIUKITY HABAHTAKEHHS.
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Pucynok 4. Po3nofiin nokankHUX MaKCUMaIbHUX T3y Ta MiHiManbHuX ¥y HarpyxeHb B OKOJIi

(yHKIiOHATTFHOTO OTBOPY AiamMeTpoM 8 MM (a), 10 MM (0) Ha moBepXHi 3pa3ka 3 00Ky BXody aopHa () Ta
cepenHiif YacTHHI UMITIHAPUIHOT MOBEPXHi 3paska ()

Figure 4. Distribution of local maximum %y and minimum %% stresses in the threshold of the
functional 8 mm (a), 10 mm (b) diameter hole on the surface of the sample from the mandrel entrance () and the
middle part of the cylindrical surface of the sample ()

Ha pwuc.5 300paxeHo po3mojil po3Maxy JOKaIbHUX HAMpyXeHb OUIS OTBOPIB
niametpoM 8 MM (puc.Sa), 10 MM (puc.50) mis HaTsary mopHyBaHHS 1%, 2%, 3% Ta 06e3
nopuyBanHs (0%) myis apyroro miBOHKTY. OOUYMCTIOBATH PO3MOMALT PO3MAaxy JOKAThHHUX
HaIpy>XeHb Ha IMOBEPXHI 3pa3ka 3 OOKy Bxojy JopHa () Ta cepelHild YacTHHI MHAJIIHAPAIHOL
MoBepxHi 3pa3ka ().

11
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PucyHok 5. I'padiku posnofiny po3mMaxy HanpyXeHb Uil OTBOPiB AiameTpoM 8 MM (a), 10 mm (0), HaTsriB
nopHyBaHHA 1%, 2%, 3% Ta 6e3 nopHyBaHHs (0%)

Figure 5. Graphics of the stress rate distribution for § mm (a) and 10 mm (b) diameter holes, burnishing tension
of 1%, 2%, 3% and without burnishing (0%o)

[3 oTpumaHMX pe3yibTaTiB BHUIUIMBAE, IO HANOLIBIIKNN po3Max JIOKAJIbHUX
HaIpy>XeHb BUHHUKAE Y CepeHIN YacTHHI IO TOBITUHI 0TBOpPY Oe3 mopuyBaHHS (i=0%, ). Lle
MOSICHIOE €KCIIEPUMEHTAITBHI JOCITI/DKEHHS, Jie TPIlliHA 3apo pKyBasiacsl Ta MOIIUPIOBaiacs B
cepeHil yacTuHi 3pa3ka () 3a OJHOBICHOTO PO3TATY.

JIJiss TOpHOBaHUX OTBOPIB XapaKTEPHUM € 3apOJDKEHHSI Ta MOIMUPEHHS TPIIUHU BiJl
KPOMKH OTBOPY 3 OOKy BXOiay HopHa. lle 3yMOBICHO THUM, IO 3aJMIIKOBI HAIPYKCHHS
CTHCKY CIIPHYMHEHI JOPHYBAHHSM, a TAKOX PO3Max JIOKAILHUX HAMPYXKEHb IS JOCIIHKEHUX
HaTATiB JopHYBaHHSA (1=1%...3%) Ha KpOMIII OTBOPY 3HAYHO MEHIII, HIXK Y CepeHIN YacTHHI.

12
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Ha puc.6 300paxkeHO poO3MOJLNT JIOKAJIBHUX KOE(DILIE€HTIB acuMeTpil IHKIY
R, - @

HaBaHTaXCHHS OISt OTBOpY JliaMeTpOM
8 MM 3a HaTary nopHyBaHHS 1%, 2%, 3% Ta 0e3 nopHYBaHHS, OTPUMaHUX MOJEIIOBAHHIM
METOJIOM CKIHYEHUX eJIEMEHTIB. PO3MOMIIT JIOKAIBHHUX KOe(DIiIieHTIB acHUMETpii ITHKIY
HaBaHTAXXKEHHS Ha IMOBEpXHI 3pa3ka 3 OOKy BXoay JopHa () Ta cepeAHii 4YacTHHI
MATIHIPAIHOT TTOBEPXHi 3pa3ka ().
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PucyHok 6. Po3nofin iokaisHOTO KoedilieHTa acuMeTpil UKy HaBaHTaXEHHS OiIs1 OTBOPY AiaMeTpoM 8 MM
3a HaTATY AopHyBaHHA 1%, 2%, 3% Ta 6e3 mopHyBaHH: (0%):
a—;0-—

Figure 6. Distribution of the local cycle asymmetry factor near 8§ mm diameter hole for burnishing tension 1%,

2%, 3% and without burnishing (0%):
a—;b—
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3 puc.6 Ta 7 BUILTUBAE, 10 Y CEPE/IHIN MO TOBIIMHI JITISHIN IMTiHIPHYHOI TTOBEPXHI
otBopy () JIOKambHI KOEQIIIEHTH acHMeTpil IHMKIY HaBaHTAKEHHS 3HIKYIOTBCS 13
MiJBUIICHHSIM BIJCTaHI BiJl KpalO OTBOpPY, a TaKOX BIJHOCHOTO HATATY JOPHYBaHHS
(0%...3%). Jlns Todok Ha TMOBepxHI 3pa3ka () B OKOJi OTBOpY diameTpoM 8 MM (puc.60,
puc.7a) CHOCTepiraeThCsi CyTT€BE 3HMIKEHHS JIOKAJIBHUX KOEQII€HTIB acuMeTpii LHKITY
HaBaHTaXXCHHs BiJI HATATY JNOopHYBaHHSA 3%. 3 puc.6 BUIUIMBAE, IO JIOKAIbHI KoedimieHTH
acuMeTpii UKy HaBAaHTAXXCHHS 3HIDKYIOTHCS 31 30UIBIIECHHSM TIHMOWHU BiJ HUTIHAPUIHOL
MTOBEPXHI OTBOPY 10 oci X JUIs cepeTHBOI 10 MIHOWHI JUITHKH 110 oci Z ().

BucHoBkH. MeTOJIOM CKIHUEHHHMX €JIEMEHTIB 3a JOMOMOTOIO IMPOTPAMHOTO MOTYJIS
ANSYS Explicit Dynamics o04YmclieHO OJHOBICHE IMKJIIYHE TPYKHO-TUIACTHYHE
neGopMyBaHHsI IUIACTUHU 3 LEHTPAIbHUM JAedopMalliifHO 3MIIHEHUM OTBOPOM JiaMeTpOM
8 MM, 10 MM micis mopHyBaHHS 3 HaTsIroMm 1%, 2%, 3%. [loOynoBaHO pO3MOALT po3Maxy

AT . . Gll’[ﬂh’ Gm_m
JIOKJIbHUX HANPYKEeHb ©C¥¥, MaKCUMAaJbHHUX Ta MiHIMAJILHUX HalpyXeHb ¥ Ta 7% B
OKOJII OTBOPY 3aJIeXKHO BiJ KUIBKOCTI IMKJIIB HABAaHTAXCHHS Ta BIJIHOCHOTO HATSTy

e . . . ) _t ]
JOpHYBaHHS. Y cepeaHid MUISHIN MUIIHAPUYHOI MMOBEPXHI OTBOPY (z ="/ 2) po3paxyHKOBI

JIOKaJTbHI KOe(III€EHTH acuMeTpil MUKITY y JPYTrOMY IBIIMK/II HABAHTAXCHHS 3HIKYIOTHCS 31
301IBIIEHHSIM BiJICTaHi BiJI Kparo OTBOPY Ta 31 301JIBIIEHHSM BiJJHOCHOTO HATATY JIOPHYBaHHSL.
HaiimMenmi  3Ha4YeHHS JIOKaJIBHOTO  Koe(illieHTa acuMeTpii IUKIYy HaBaHTaKCHHS

Royy =4 .-=5 g HATATY JOpHYBaHHS 3% i cTani mo TosmuHi 3paska (£ =0 -6 ),
Conslusions. Using finite element method taking advantage of the software module

ANSYS Explicit Dynamics elastic- plastic deformation of the plate with 8 mm and 10 mm

central strain hardened hole diameter with burnishing tension 1%, 2%, 3% have been

calculated. Scale distribution of local stresses A9y, maximum and minimum local stress

Oy~ and %y in the threshold of the hole depending on the number of loading cycles
and burnishing tension has been built. In the middle section of the cylindrical surface of the
hole () calculation local coefficients of asymmetry in the second half cycle load decrease with
the increase of distance from the edge of the hole and with the increase of burnishing tension.
Local load cycle asymmetry coefficients decrease with the threshold of depth of the
cylindrical surface of the hole along the X axis for the average in depth section along the axis
Z () The smallest local load cycles of asymmetry coefficients R = -4 ... -5 are for burnishing

tension 3% and are stable for all thickness of the sample (£ = 0...6 mm).
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