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YMOBHI NO3HAYEHHA

o, — TM4acoBuiA onip;

o, — rpaHnuAa NNMHHOCTI MeTarny;,

o, — rpaHnus MILHOCTI MeTany Ha 3pi3;
€ — BiAHOCHE NOJOBXXEHHS;

W — BIAHOCHE 3BY>XEHHS;

F — nnowa;

P - 3ycunns;

O — HOpMaribHe Hanpy>XeHHS;

T — JOTUYHE HaNpPY>XeHHS;

3 — Moaynb 3MiLHEHHS;

B, m — napameTpu cTeneHeBoi anpokcumalii;
W —ob’em;

£, — IHTEHCUBHICTb AedhopmaLlin;

A — poboTa nnacTuyHoi gedopmaliii.



NabopaTopHa po6oTa Ne 1
OCAJKA NNOCKUMU BEONKAMMU

Mema pobomu: BUBYNTN OAHY 3 HANMNOLUMPEHILLMX onepaLin 06pobneHHs
MeTaniB TMCKOM — OCafKy 3aroTOBOK; O3HAMOMUTUCH 3 OCOBNIMBOCTAMM XONOA-
HOI Ta rapsi4ol OCafkm W NPUHLUMNOM BU3HAYEHHS NMOTpiOHOro ans gedgopmy-
BaHHS 3yCUISIS.

TeopeTU4Hi BigoMocTi

Ocagka uuniHgpuyHMX 3aroToBOK Mifg Aieto cun, HanpsMiieHnx napanenbs-
HO [0 OCi, € rofIOBHOK 3 onepauin KyBaHHS TPyOHUX auckiB (i3 BUCOKONeroea-
HUX cTanen), pnaHuiB Ta iHWKX aeTaneun, giameTp nonepevHoro nepepisy skux
Oinbwui 3a ix BUCOTy. baratopasoBa ocajka, WO YepryetbCsa 3 BUTSXKKOLO, 3a-
CTOCOBYETBLCS 3 METOK OAepXXaHHSA PIBHOMIPHOI CTPYKTYPU U BUCOKUX MEXaHiy-
HWX BNacTUBOCTEN KOBaHNX BUPODIB.

Kpim TOro, ocagka BUMKOPUCTOBYETLCA MawXe B YCiX iHLIMX KOBanbCbKUX
onepauisix (KpiM 3rMHaHHA W 3akpydyBaHHSA): Nig Yac KOBanbCbKOro MpoOTAry-
BaHHS (BUTSXKKM); HA NepLUMX CTadisx BuaaBntoBaHHSA (NpecyBaHHS) i NPOLLMB-
KN Yy BIOKPUTUX | 3aKPUTUX MaTpULUSAX; Mig Yac wramnyBaHHSA Tin pPi3HOMaHITHUX
doopm.

CyTb npouecy ocagku rnondrae B 3MeHLUEHHi PO3Mipy 3arOTOBKM B Ha-
NPAMKY Ail cMnu n ogHoYacHoMy 36inbLIeHHI nonepeYHoro nepepisy aegopmo-
ByBaHoro Tina (puc. 1.1).

P Onepadito ocagku 3acToco-
+ BYIOTb 3 METOK O[epXXaHHSA KoBa-
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HOro BWpOOYy 3 HeobXigHUMK Me-
" XaHiYHUMU 1 (Pi3MYHMMKM BRacTu-
BOCTSIMU 1 BUrOTOBMEHHA BMPOGIB

Z (MOKOBOK) HeObXiaHOI hopmMu.
Y npoueci ocagkum rnepemi-
LLIeHHS1 YacTMHOK MeTany Biabysa-
€TbCA HEpPIiBHOMIPHO 4epes BNiuB
6 CuI TepTH, WO BUMHUKAOTb Ha KOH-
Puc. 1.1. Ocagka nnockummn borkamm KPETHIN MMOLWMHI MK MeTanom Ta
no (a) i nicna (6) gedopmauit: iHCTpyMeHTOM. Cunn TepTa ranb-
1 — BuUpi6; 2 — Bonkn MYIOTb 3CYyB LUApiB MeTany B 30-
HaX, WO NpundaratTb A0 MIOWMHA
iHCTpymeHTa. Wapwn meTtany, BigfaneHi Big KOHTAKTHUX NIIOLWWH, 0edOpMYOTb-

CH IHTEHCUBHILLE.

Cunun TepTa Ha KOHTaKTHUX NOBEPXHAX 3YMOBMEHI BUHUKHEHHAM 06'€MHO-
Harnpy>XeHoro crtaHy Tifla BHACNigoK TOro, WO Ais AOTUYHMUX Hanpy>XeHb, Cnpu-
YNHEHUX TEPTAM Ha KOHTaAKTHUX MOLLMHAX, PO3NOAINAETLCA MO BUCOTI Tina He-
PIBHOMIPHO (MaKCUMyM — Ha KOHTaKTHIN NSIOLMHI, HYNb — Ha MONOBUHI BUCOTH
ocagkyesaHoro Tina). O0'€eMHO-HaNpPy>XeHUN CTaH i Tedis MeTany npu LboMy
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OyayTb HEPiBHOMIpHUMU. 30BHILLHIA NPOSIB L€l HEPIBHOMIPHOCTI nonsrae B To-
MY, WO MOKOBKa LnniHapUYHOT bopmu (ams. puc. 1.1, a) nicna ocagkm HabyBae
6oukonopgibHol dopmu (gme. puc. 1.1, 6).

CTyniHb i XxapakTep 6bo4ykonoAibHOCTI 3anexaTb Hacamnepes Big, Koediu,i-
€HTa TepTda: YnM BiNblLUMM € OCTaHHIN, TUM CUNbHIWKM Byae ranbMyBaHHS TO-
YOK, po3TalloBaHMX Ha Topusx. [Mpn LbOMY B HU3bKMX 3aroToBKax 3 BifHOLLEH-

Ham (d,/hy)>1 nepepis nocepeauHi TBipHOI Mae MakcumanbHuii giametp,

TO6TO 3aroToBKa Bigpady HabyBae 6o4konogibHOT dhopmu, MPUHOMY CTYMiHb
©o4konoibHOCTI 3MEHLUYETLCS 3i 30iNbLUEHHAM BiOHOLWEHHS AiameTpa 0 Bu-
COTU 3paska.

Mig Yyac ocagkn BMCOKUX 3aroTOBOK 3 BiAHOLLUEHHAM (do/ho) > (0,5 npo-

LeC TPOXWU YCKNaAHKETLCA: NMPU Manux CTyneHsiXx ocagku 3pasok b6ina Topuis
HabyBae opmMn NoABIMHOI BOYKM 3 CEepeauHHOK LMUMIHOPUYHOK YacCTUHOLO.
Hani giameTp uuniHgpPUYHOI YacTuHKU 36inblUyeTbCS, | 3aroToBka HabyBae o-
pMU LuniHapa, 40 AKOro NpunararTb KiHUi y BUMS4l 3pidaHnX KOHYCIB 3 MEH-
LLIOKO OCHOBOW B TOpusX. [pu we OBinbwomy ctyneHi gedopmadii (40...50 %)
AiameTp cepeaHboro nepepidy 36inbLWyeTbCs iIHTEHCUMBHILLE W 3aroToBka Haby-
Bae 6o4ykonoaidHol dopmu.

[Mpn BigHOLIEHHAX do/ho, wo pgopisHoTb 1,0...0,5, MOXHa ogepxaTtu

noAaBinHy BOYKyY, sSika Npu NoganblUin ocagui Yepes iHTEHCUBHE 36inblLUEHHSA ce-
peaoHbOro giameTtpa NepeTBOPETLCA Ha OOMHAPHY 3 MakCUManbHUM AiameT-
POM NnocepeanHi 3aroToBKM.
30BHILLHIN KOHTYP CKPUBIOETLCA Yepes /

Heoa4HOPIAHICTb AedopmaLit TPbOX BHYTPILLIHIX
30H (puc. 1.2) Ta enemMeHTiB 0Caa)KyBaHOI 3aro-
TOBKW. 30HM |, WO NpungaratoTb 40 TOpLUiB 3aro-
TOBKM, MalwTb He3HadHy [gedopmauiio 4yepes

F\ C
. Lo\
BMSIMB CUN TEPTA HA KOHTAKTHUX MOBEPXHSAX, AKi

CTBOPIOKOTb Y LIMX 30HAX Pi3KO BMpPaXeHUn BCe- //// : ’/_' f/,

OiyHMM ctuck. Lli 30HM € 30HamMn yTpyaHEHO!
aedgopmadii. Metan ycepeauHi Unx 30H € MEHLU

nigoatnueuM | Hade po3knuHioe 30HYy Il, dka ///
3HaxoguTbca MiX HUMKU. [ledpopmadlil enemMeHTiB  Puc. 1.2. XapaKTepHi 30HU
30HU |l HANIHTEHCKBHILLI B OCbOBOMY W pagiarib- BHYTPILLHIX AedopmaLin

HOMYy HanpsmMkax. edopmadii enemeHTiB 30HU
[Il iHTEHCMBHI B NPOMIDXKHOMY MOJIOXEHHI MK 30Hamu | i 11

HeopgHopigHicTe gedopmadil nig 4ac ocagkm CNpUYUHSE HaKONUYEHHS
A00aTKOBUX HamnpyXeHb, a Le Npu3BoanTb 40 TOro, WO B AedKknx obnacTtsx Tina
MOXYTb BUHUKHYTWU 3HAYHI PO3TSXKHI Hanpy>XeHH4A. [10siBy OCTaHHiX 3Ha4YHOK Mi-
PO CNPUYMHSE PO3BUTOK BOYKONOAiIBHOCTI.

HepisHOMIpHICTb Aedopmauin nig Yac ocagkm B XOSI0OOHOMY W rapa4yomy
CTaHax MOXHa 3MEHLUMTN 3 ONOMOroK AesKUX creuiaribHMUX 3axomis.
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30incHIOYM XONoAHY ocaaKy, cTapaHHo obpobnsatTb poboyvy noBepx-
HIO NMT nNpeca abo GowkiB WnipyBaHHAM i nonipyBaHHAM 3 JONOMOro Mac-
TMN (Hankpawi pesynbTaTu Jae CyMill MalUMHHOIO Mactuna 3 rpaditom, Kpen-
00 Ta iHWMMKW HanoBHIOBa4YaMu) i NpoKnagok i3 6inbl M'akoro metany (Skum
Mae MeHWwun onip AedopMyBaHHIO, HiXX ocamkyBaHun meTan). Npu ubomy B
Aeskux Bunagkax 6o4konofibHicTe MoXe ByTH LISTKOM YCyHeHa.

MeTan npoknagok, 4edOpMYyHYNCH | BUTIKAOYN B LLIAIMHY MK NIANTOK 1
TOPUEM MOKOBKW, CTBOPHOE HA OCTAHHbOMY PO3TSKHI HAMpPYXXeHHs, Wo NpuBo-
ANTb A0 3HAYHOro 3MEHLLUEHHS 3yCUNNsa N NMTOMOro TUCKY AedopMyBaHHA. Ta-
Ka cTafdisa ocagkum 3 NpoknagkaMn XxapakTepusyeTbCcsa TUM, Lo BiyHa noBepxHS
MOKOBKWN NOYnHae BunuHatucs. Lle aBuLie noymHaeTbCa B TOM MOMEHT, KOMU
ANTOMUIN TUCK, HEOBXIAHWI ANa nodanblUOl Tedil maTepiany npoknagku, 4opis-
HIOE NMUTOMOMY TUCKY OCa>KyBaHOro 3paska. Takmm YMHOM, ePEeKTUBHICTb 3a-
CTOCYBaHHS MPOKagKN 3HWXKYETbCS 3i BMEHLLUEHHSM 1T TOBLUMHM.

30INCHIOIYM rapsavy OocapKy, KpiM nepesivyeHoro BuLle 3acTOCOBYHOTb
nonepeaHe nigirpisaHHA nnunT npeca abo 6oKMkiB MoSoTa, ik MacTuno bepyTb
rycty rpadpitoBy nacty n asbectoBi nuctu, npocoyeHi rpaditom. Npn ubomy
NpoKragkn HeobxigHO HarpiBaTy pa3oM i3 OCaAXKyBaHOK MOKOBKOHO.

[N BM3HAYEHHS MUTOMOrO TUCKY M 3YyCUNNA OCadKku 3aroTOBOK MOXYTb
OyTW BMKOPUCTAHI pidHi MeToam po3paxyHkiB. OAuH i3 HUX nonsrae B CNinibHOMY
pPO3B’sA3yBaHHI pPiBHAHb piBHOBaruM 1M nnactudHocTti. Lle gae 3mory BCTaHOBUTH
3aKOH po3noainy pagianbHUX Ta OCbOBUX HanpyXeHb 3a YMOB BifIbHOI OCcafKu
LUUNIHOPUYHMX 3aroTOBOK. 3aKOH pO3MnoAiny HopMarnbHUX Hanpy>XeHb Ha KOHTa-
KTHI NOBEPXHi 3pa3ka NpMBNn3HO BUPaXXaeTbCs 3anexHICTIO

2
=%'Bas(R—r)+ﬂas, (1.1)

zz

Ae 4 — KoeiUieHT TepTa Ha KOHTAKTHIN NOBepXxHi; f — KoedilieHT nnacTuny-
HOCTI, WO 3MiHIOETLCSA B AianasoHi Big 1,00 o 1,15; R, » — 30BHILWHIN | NOTOY-
HUW pafiycy 3paska BiANoBiAHO;, o, — rpaHnUa NIMHHOCTI MaTepiany 3aroToB-

KW, h — BMCOTa 3paska.

CTyniHb HEPIBHOMIPHOCTI pO3noAiny HOpManbHUX KOHTAKTHUX HanpyXeHb
Ha TOpLi OCa)KyBaHOI 3aroTOBKWN 3aneXxunTb Bif KoeilieHTa KOHTaKTHOro TepTsA
N BiAHOLWEHHA AiameTpa 3aroToBKM A0 1 BUCOTU. Ymm Binblwinm € ue BigHO-
LLUEHHS, TUM BULLMM Byae HanpyXeHHS B LEHTPI 3aroTOBKWN.

HepiBHOMipHUI pOo3noaisi HOpManbHUX HanpyXeHb Y 30HI KOHTaKTy cnpu-
YNHSAE MICLLEBUN HEPIBHOMIPHUI NPOrvH iIHCTpyMeHTa. Hanpuknag, nig vyac go-
pMyBaHHs-KanibpyBaHHA Lie Npu3BOAMTb OO0 TOro, WO TOpLEBi MOBEPXHI 3aro-
TOBKWU nicns AedopMyBaHHS He 3anuwaroTbCsa MAOCKMMU, a HabyBaloTb code-
BMLIEenoaibHoT dhopmu.

Posnoain HopmarnbHUX HanpyXeHb MO KOHTaKTHUX MOBEPXHAX Mig 4ac
OCafKu 3aroToBOK MOXHa BMBYATK Pi3HUMUK cnocobamun. AKiCHO XxapakTep ento-
Py HOPMarnbHUX HanpyXeHb MO KOHTaKTHIA NOBEPXHI MOXHa OUiHUTK 3a rnMnbu-
HOO 3aTikaHHS MeTany B LWiNIMHY, BUKOHaHY Ha NOBEPXHi O4HOro 3 BONKIB.
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BusHayeHHA entop HOpMasibHUX HarnpyXeHb 3a PisHUMU eKcrnepuMeHTa-
NbHMMKW MeTOo4aMM NoKasye, Lo KyrnononogibHum Burnag Kpusux posnoginy Bi-

ANOBigae Nuiue 3aroToBKaM i3 BEMUKUM BigHoweHHsaM d, [/, , a Takox 3i 3Hau-

HUM cTyneHem gedopmadii. Ha puc. 1.3 nokaszaHo 3MiHEHHS popMK rpebiHus
3aTikaHHA MeTany B npoueci ocagkv UnniHAPUYHOro 3paska, Konuv BigHOLIEHHS
AiameTpa 4O BUCOTU LOPIBHIOE OOVHULI MPU Pi3HUX CTYNeHsx gedopmadil.

I'Ip|/| HU3bKUX  CTYMNEeHAX
£=0,1 £=0,2 £=0.4

aedopmalii, a TakoXx mManux Bi- C@ % =
aHowennsx (d,/hy) <2 eniopu

HOpMaribHUX HanpyXeHb MNpPUH- €06 €=0,8
LMMNOBO Pi3HATLCA. KpuBi MatoTb -

YBIrHYyTUA BUrNaL, MNpu LbOMY (%

HOpManbHUN TUCK Yy nepude-

PINHMX 0BnacTax KOHTaKTHOI Puc. 1.3. BuaHaueHHs enop
I'IOBerHi 6iJ‘IbLlJI/Il7I, HDK V' LI,eHTpi. HOpMarnbHUX HaNpy>xeHb

Lle nigTBepoXyetbca OOPMOIO

npointo rpebiHua mMeTany, Wo nig Yyac ocagky noTpansise y BY3bKy LUINIMHY
borika. [lpuM BUCOKMX CTyneHax AedopmMauii M BENUKUX BigHOLUEHHSAX

(do/ho) >4 xapakTep KpMBUX YK€ He 3MIHIOETLCS 1 HaMpPYXXEHHS B LeHTparb-

HiW 30HI NEepPeBULLYIOTb HaNpy)XeHHs Ha nepudepinHnX OiNgHKax KOHTaKTHOI
NOBEPXHI.
[MoBHe 3ycunns Ans 34iNCHEHHS Npouecy ocaaky MOXHa BU3HAYUTU Tak:

R
P=2z[c_rdr. (1.2)
0

BukopucTtoByloumM iHXeHepHi MeToaun, BU3HaYaTn 3yCcurinsg ocagku 3pyud-
Hile Ak 4oBYyTOK NroLli nonepeyHoro nepepisdy 3aroToBKM N cepeHboro nuUTo-
MOrO TUCKY Ae(OopMyBaHHSA:

P=gq,F, (1.3)

ne F' — nnowa ropnsoHTanbHOT NPOEKLLi 3aroToBKW.
CepeaHin nMToMUr TUCK AN ocagky LUMNIHAPUYHOT 3aroTOBKM MOXHa po-
3paxyBaTu 3a BUpa3om

qcep = O 1+§Z ) (14)
ne d i h — NoToYHI 3Ha4YeHHNA aiameTpa i BUCOTM 3aroTOBKU BiAMNOBIAHO.
[ns ymoB rapa4oi ocagku B piBHAHHA (1.4) HeobXxigHO nigcTaBuTK 3Ha-

HYeHHA O, fdKe BIANOBIAAE IHTEPBAly KyBallbHUX TEMMEPATyp, a And yMoB XO-

NOAHOI — ypaxyBaTu Hakren, Wo CyrnpoBOAXKYE XONOAHY NfacTu4Hy aedopma-
Lito meTany.
HanTouHiwe nigBuLLEHHA rpaHuLi NAMHHOCTI MeTaniB yHacnigok Hakneny
(3MiLHEHHST) ypaxoBYETLCA CTENEHEBOK anpoKcMMauieto giarpaMmn 3MiLHEHHS:
7



o, =Be". (1.5)
CtyniHb gecbopmadii MeTany nig 4ac ocagkm NPUAHATO BM3HA4aTU 3a
CNiBBIOHOLLUEHHSAM
h
g =In=2, (1.6)
k
ne h, i h, —no4yaTtkoBa 1 KiHLIeBa BUCOTa 3aroTOBKW.

3HayYeHHA KOHCTaHT B i m pnsa pisHMX Mapok martepianiB HaBegeHO B
Tabn. [1.3.

NMopsapokK BUKOHaAHHSA nadbopaTopHOi poboTm

1. OnucaTu npouec XonoAHOI 0Caakn UUNiHOPWUYHOI 3aroTOBKK Ha rigpasniy-
HOMY Mpeci.

2. 3adikcyBaTn noyaTKoOBi NapameTpu, KiHUEeBY BMUCOTY, MakCUManbHUA fia-
METP 3aroTOBKWN Ta 3HAYEHHS 3yCUNSIS.

3. PospaxyBaTtu 3ycunns gna ocagku i 3HaneHe 3Ha4YeHHs MOPIBHATU 3 eKC-
NnepuMeHTanbHUM.

KOHTpOnbHI 3anuTaHHsA

1. Ske TexHiYHe Npu3HaYeHHa onepauii ocagkm 3arotoBok?

2. Wo cnpunynHsie ckpmBneHHsa BiYHOT NOBEPXHI 3aroTOBKM B NpOLECi ocaakn?

3. Aki icHyloTb MeToam 6opoTbbM 3 BOYKONOAIGHICTIO 3aroTOBKM Nif Yac XO-
NoaHOT ocagku?

4. Ak icHyloTb MeToaM 6opoTbOM 3 BoykonoAibHICTIO 3aroTOBKM Nif Yac ra-
pAY0i ocagkm?

5. Yomy xonogHa ocagka 3 BUKOPUCTaAHHAM NPOKIaAoK i3 BinbLy M'sskoro me-
Tany gae 3aMmory 3aMeHLWnTn 6ovkonoaibHiCcTb Ha NoYaTKoBIK cTagii npouecy?

6. 3 KoK MeTOo nigirpisatoTb IHCTPYMEHT, WO AedopMYeE, KOSU 34iINCHIOTb
rapsiyy ocaziky 3aroToBOK?

7. Hapucyinte entopy po3nofisly HopMasibHOro TUCKY B34O0BX pagiyca 3aro-

TOBKM A5l YMOB OCaflku 3 HU3bKMMW CTyneHsMn aedopmadii npu (do/ho) <2.

Na6opatopHa po6oTa Ne 2
BUITOTOBJIEHHA 3ArOTOBOK XOnogHUM BUOABITHOBAHHAM

Mema pobomu: 03HanOMUTUCA 3 OCOBNMBOCTSIMU BUTOTOBJIEHHS 3aroTo-
BOK MOPOXHUCTUX AeTanen Xofo4HNUM BUAABNIOBAHHSIM.

TeopeTnyHi BigomMmocTi

XonoaHe BMAAaBMOBaHHA € orepauieto 3 BUroTOBNEHHA TOHKOCTIHHMX ae-
Tanen abo TOHKUX 3aroTOBOK i3 TOBCTOI 3aroTOBKW BHACMIAOK NIaCTUYHOIoO BU-
TIKaAHHA MeTany B 3a30p MiXX NyaHCOHOM | MaTpuLElo.

XonoaHe BMOaBnoBaHHA — Hag3BUYanMHO ehekTMBHA TEXHOSOrYyHa ore-
pauisi 3 BATOTOBSIEHHS AeTanen, Wo B noganbLlioMy NpakTMYHO He noTpebyBa-
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TUMYTb MexaHiyHoro obpobneHHsa. [Jetani Ta ix 3aroToBKW, BUrOTOBNEHI Buaa-
BNIOBaHHAM, He MalTb AedEeKTHOro NMOBEPXHEBOro LUapy, SIKUA YTBOPKETHLCSA
nig Yac rapsa4yoro o6pobneHHa meTany 1 nignsarae noganblloMy BUOANEHHIO B
CTpYyXKy. [llig 4Yac BmgaBnoBaHHA Mae Micue crnpuatnmea cxema 06'eéMHo-
Hanpy>XeHoro ctaHy, Wo npueBoauTb 00 36inblUeHHS NacTUYHOCTI MeTany no-
YaTKOBOI 3aroToBku. [leTani, BUrOTOBMEHI XONOAHMM BUAABMIOBAHHAM, Xapak-
TEPU3YHTbCA BUCOKMMW MOKA3HMKaMM WOA0 TOYHOCTI pO3MIpIiB i AKOCTI noBep-
XHi. KpiMm TOro, Haknen, o CynpoBOAXYE XONoAHe BUOABIOBAHHSA, NPUBOAUTL
A0 CYTTEBOro NigBULLIEHHS MILHOCTI, HAAIMHOCTI 1 AOBroBiYHOCTI BiglTaMnoBa-
HUX geTanemn.
Y cy4yacHi NpoMUCIIOBOCTI XONOAHUM BUAABIOBAHHAM OLEPXYOTb Hau-
Pi3HOMaHITHIWI 3a popMotKo aeTani 3 KOSIbOPOBUX CNIiaBiB | CTanemu.
Y TexHonorii BUpobHMUTBA NiTanbHUX anapartiB XO0NI0AHMM BUAABIOBAH-
HAM MOXHa OAEp)KyBaTW Pi3HOMAaHITHI BMpOOW: 3aroToBKM 1 AgeTarni NHEBMO-,
riapo- N nanuBHUX CUCTEM, AeTani 3 KpyrfiMMu i NPSMOKYTHUMU nepepisamu,
TUMNY TOHKOCTIHHMX CTaKaHiB Ta iH.
ICHYIOTb TPY OCHOBHI cnocobu XONOAHOro BUAABITHOBAHHS:
e NPAMUIN, KONWU TeYist MeTany 3aroToBku cnpamMoBaHa B 6ik poboyoro pyxy
nyaHcoHa (puc. 2.1, a);
e 3BOPOTHWUW, KOS Tediss MeTany 3aroTOBKM CrpsiMOBaHa HasycTpid pobo-
YoMy pyXxy nyaHcoHa (puc. 2.1, 6);
e KoMBiHOBaHUK, WO 06'eaHYE NPSAMUIA | 3BOPOTHMI cnocobu (puc. 2.1, 8).
Mpamuin cnocié Han4yacTile 3aCTOCOBYKOTb ASf1I BUFOTOBMEHHS TPYOOK i
rinb3 3 HeBenMKUMK giametpamun. [ns BUroTOBMEHHS Tinb3 i3 AeHUeM NpsaMum
crnocobom 3aroToBka NOBMHHA MaTn hOpMy AnCKa abo TOBCTOCTIHHOIMO KOBMNau-
Ka. XonogHe BMAABMOBAHHA NPAMMM Cocob0M 3BMYAMHO 34IMCHIOETLCA MpuU
MeHLLOMY CTyneHi gedopmadil 1 noTpedye MeHLOoro 3ycunng npeca.

< 2 ; N g
\ | N\ i M
TN =
N\ BRI W
NN T NS
NH j
NN | NN B . 3
NNNNN /NN (1.1 .
- A %\( T \\§\ e 5
L NN RN
i NN
- i
a 6 6

Puc. 2.1. Cnocobu xonogHoro BnaaBitoBaHHsA: a — NPSIMUN,
6 — 3BOPOTHUI, 8 — KOMBiIHOBaHWI (1 — NyaHCOH; 2 — MmaTpuLs;
3 — BMpIO; 4 — 3HIMay; 5 — BULWITOBXYBAY; 6 — HWXXHIN NyaHCOH)
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3BOPOTHMI Crnocib6 XONOAHOro BMAABMOBAHHA BUKOPUCTOBYIOTb AN BU-
FOTOBMNEHHS LUNNIHOPUYHUX | NPU3MaTUYHKUX NOPOXHUCTMX BMpO6iB. Onip gedo-
PMYBaHHIO NpX 3BOPOTHOMY Ccnocobi BMAABNIOBAHHSA BULLMIA, HiXXK NPU MPSIMOMY,
yHacnigok Ginbll BUCOKOro CTyneHs gedpopmadii matepiany 3arotoBkn. OTxe,
Luen cnocib BuaaentoBaHHA NOTpebye BUKOPUCTAHHSA Oifibll NOTY)XHUX MNPECiB.
3i 3MeHLEHHAM TOBLUMHWU CTIHOK NOTPIBHMI TUCK 36inbLUyETHCS.

KombiHOoBaHWI cnoci® XxonogHoro BMaaBoBaHHS 3aCTOCOBYOTb AN BU-
roTOBMEHHA geTanen 6inbw cknagHux oopm, 3 oirypHUM QHOM, LLO Mae Bigpo-
CTKW, BUCTYNU, Wnnun. 3a poamipamum NOoTpiGHOro NMMTOMOro TUCKY KOMBiHOBaHWUM
cnoci6 3anmMae NPOMiKHE MONOXEHHS MiXK NPAMMM i 3BOPOTHUM cnocobamu.

Xapaktep Tedil MeTany nig Yac Xxono4Horo BuaaBfitoBaHHA MOXHa OOCTIi-
>KyBaTU 3 JOMNOMOIOK OifIUMbHOT CiTKU, AKY HAHOCATb Ha MMNOLLMHY PO3HIMaHHSA
CKInaZleHol 3aroToOBKM, i WWIISAXOM MeTanorpadiyHoro aHanisy. Ha puc. 2.2 noka-
3aHO KapTUHY CKPUBIIEHHSI KOOPAWHATHOI CITKM Y NpOLECi XONogHOro 3BOPOTHO-
ro BUOaBtoBaHHA. YHaAcnigoK aHarni3y CKpUBIIEHHA KOOPAMHATHOI CiTKM W Ha-
NPAMKIB BOJTIOKOH MeTany AoBeAeHO, WO Mif Yyac XonogHOoro 3BOpoTHOro Buaa-
BNIOBaHHA BUHUKAE ocepenoK iHTeHcMBHOI aedopmauil (Mixk noBepxHaMn Ab i
BlN), W0 NocTynoBO NepemillyeTbCs BHU3 1 OXOMSOE HOBI Lapu 3arotoBku. Y
pO3TallOBaHNX HWXYe AinsiHKaxX iHTeHCUBHICTb gedpopmauil nocTynoBO 3MeEH-
wyetbes. CTiHKa, WO BMOABAETLCSA Bropy, BUXOASYN 3 ocepenky aedopmadii,
NpaKkTUYHO He 0eOPMYETLCA U NepeMillyeTbCA Bropy BUTUCHEHUM 3HU3Y Me-
Tanom. C. |. lN'ybkiHnm [4] 6yno goBeaeHo, WO B Npoueci 3anuwkoBoro gopmo-
3MIHEHHS Ha MIACTUYHICTL MaTepiany BASIMBAE CXeMa Hanpy)XeHoro CTaHy.

! 30aTHICTb  MmaTepiany  3aroTOBKU
cnpumMaTn iCTOTHI 3anuwikoBi gedo-
pMauii 6e3 nopyLleHHs CyUifTbHOCTI

) 3a YCiX IHLWMX piBHUX yMOB Oyae Hau-
BinbWworo y ToMy BMNagKy, Konu ene-
MeHTapHuMn ob'eM maTtepiany nepe-
BbyBae B ymoBax, 6nm3bknx oo Bcebi-
| uHoro o6'emHoro ctucky. Takum yu-
HOM, BMOaBMNOBaHHA K cnocid o0-
pobreHHa MeTaniB Mae 3HauvHi nepe-
Barn MOPIBHAHO 3 iHWWMW BUOaMu
( . /| 006pobneHHs wmeTaniB TUCkoM. Ll

7 77777777 777 . .

' 0CcobnMBICTbL NpoLEeciB BMAABIOBAH-

Puc. 2.2. CKp/BrEeHHsA KOOPAOMHATHOI  HS LUMPOKO BUKOPUCTOBYHOTbL Y TEXHI-

CiTKM Mig Yac XonogHoro Ui 4na o6pobneHHs ManonIacTUYHMUX

3BOPOTHOro BMAaBOBAHHSA MeTanis i cnna.iB, CXWNbHUX [0
YTBOPEHHS TPILLMH i pO3pUBIB.

Y pasi xonogHoro BMAABMIOBAHHSA Tak camMo, K i B BiNbLWOCTI BUNagkis
npovuecis 06pobneHHss MeTaniB TUCKOM, nNracTuyHa aedopmadis BiabyBaeTbCs
BHACNigOK CUIOBOro BANMBY, SIKUA NepefacTbCs Bif IHCTPYMEHTa Ha 3aroToBKYy
Yyepes MOBEPXHIO IX KOHTAKTY. [MpnpoaHo, Wwo pesynbTaTi Lboro BNAuBY 3are-
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XaTb Big MEXaAHIKN PO3BUTKY HOPMalSibHUX KOHTAKTHUX Hanpy>XeHb | Hanpy>XXeHb
TepTH, a KepyBaHHA KOHTAKTHUM TepTAM AAacTb MOXIMUBICTb SIKHanedeKTUBHI-
LLe BAOCKOHanoBaTn npouecn odpobreHHst TUCKOM.

TepTa nig 4ac obpobrieHHA MeTany TUCKOM, 3a BUHSATKOM OKpPeMMUX ore-
pauin, € WKIANTMBUM YNHHUKOM 3 BaraTtboX NpuUYmnH [7].

KoHTakTHE TepTsa CrnpuunHsie HeodHOpPIAHICTb Aedopmadil. Lle noscHto-
E€TbCA TUM, WO B KOXHIiA TOYLi MOBEPXHI KOHTAKTY 30YQKYIOTbCA eneMeHTapHi
AOTUYHI CUnNK TepTs, HaNpAMIeHi NPOTUNEXHO KOB3aHHIO MeTary no nOBEPXHI
iHCTpyMmeHTa. [isa TepTa Big KOHTaKTHMX MOBEPXOHb MOLUMPHOETLCS Brnnd ge-
dpopmMOBYBaAHOro Tifla U CTBOPIOE B HbOMY 30HW yTpyaHeHo! aedopmauii. He-
OLHOpIAHICTE AedopmaLlin NopyLwlye iAeHTUYHICTL YMOB nepebiry 3milHoBasb-
HUX | 3HEMILHIOBANbHUX MPOLECIB Y Tifli 3aroToBKK, WO AedOpMYyETLCA. YHac-
NigoK UbOro MOXe BUHUKHYTM HEOOHOPIAHICTb MeTaniB no nepepisy. lig yac
3BOPOTHOIO XOSIOAHOrO BWOABMIOBAHHA (OMB. puUcC. 2.2) YTPYOHEHOK 30HOK
Aedopmadii, Lo 3ymMOBrieHa aieto cun 1epTs, € 3oHa Ab.

Omxe, Yyepe3 HasBHICTb KOHTAKTHOro TepTs 30iNblUytOTbCHA MOTPiOHE 3y-
cunna n pobota gedopmadii. 36inNbWEHHA NOTpIGHOro 3ycunns iHoai Moxe By-
TV HEMNOMIPHUM — Yy [eKinbKa pasis.

Mpn LbOMY 3HMXKYETBCA CTIMKICTb IHCTPYMEHTa sk Yyepe3 besnocepeHe
cnpauboBYBaHHS KOHTAKTHOT NOBEPXHi, TaK i BHACMIAOK 4OA4AaTKOBOro HarpiBaH-
HA NOBEPXHi 1 36iNbLUEHHST HAaNpPY>XeHb Y 3B'A3KY 3i 3pOCTaHHAM 3YCUNNS.

Uepes KOHTaKTHe TepTs BUHUKAE HEOBXIOHICTb Y 3aCTOCyBaHHI TEXHONOTI-
YHMX MacTun. Lle ycknagHioe TEXHOMNOrYHUIM npouec, a iHoai noTpebye none-
peaHbOoro cneuianbHoro 06pobneHHa NoYaTKOBUX 3aroTOBOK.

HomeHknaTtypy mactun gns Bunagkis rapsidoro obpobneHHs meTanis Tu-
CKOM, Y TOMY YMCHi N BUOaBMOBaHHAM, HaBegeHO B poboTi [7].

[ns 30inCHEHHA npouecy XONoAHOro BMAaBoBaHHA HEODXIiAHO npukna-
CTWU OOCUTb BEJTIUKNA MUTOMWUIN TUCK.

Tunoea pgiarpama 3ycunb BUAABIOBAHHS 3a 3BOPOTHOK CXEMO (pwuc.
2.3) Bipobpaxkae okpeMi xapakTtepHi ctagil oecopmyBaHHsa. Ctagia | — ocagka
A0 3arnoBHEHHS NYCTOT MaTpuui —
XapaKkTepusyeTbCcs IHTEHCUBHUM
3pocTaHHAM 3ycurnb. Lla ctapia 3a-
BEPLYETLCA B TOM MOMEHT, KOMU

| Cmadls /
/ | /
BUTUCHEHUN 3 ocepeaky aedopma- ‘_
Lii MeTan gocsrae BEpXHbOro Kpato | Cmads I/ |
LMMNIHOPWUYHOTO MOsicKa MyaHCoHa. | |  Cmaadig
Cragia Il — ctanuin pexunm Buaas- 17
|

NOBaHHA — Bignosigae ctabinisauii
ocepeaky aedopmauii M xapakTe- | | |

PU3YETLCA CTarnicTio 3ycunnsa npe- | | | -
cyBaHHsA. Ha cTagii lll — 3aknoyHin XI0 nyaHcoHa

YU

crtagii gedopmyBaHHa — ob'em me-
Tany B ocepenky aedopmadii 3me-

Puc. 2.3. [liarpama 3ycunb BuaaB-
NIOBAHHS 32 3BOPOTHOK CXEMOH
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HLUYETBLCS, a KpuBa 3yCcunns pisko nNigHiMaeTbCs.

BaraTo piBHSAHb ANS BU3HAYEHHS NOTPIOHUX 3HAYEHb MUTOMOIO TUCKY XO-
nogHoro BugaenioBaHHA HaBegeHo B poboTi M. B. Ctopoxesa 11 €. A. [NonoBa
[11]. Lli 3anexHOCTi, Xxo4a N ypaxoBylOTb BM CXeMWU BUAABIIOBAHHS, reoMeT-
PUYHI XapaKTEePUCTUKN IHCTPYMEHTA N 3aroTOBKU, € HabnmxeHumn. na Bupi-
LLIEHHS KOHKPETHUX NPaKTUYHUX 3aBAaHb BUKOPUCTOBYBATU Ui PIBHAHHA OOCUTb
He3py4yHO 4Yepes IX CKNagHiCTb. TOMy AN iHXKEHEPHOro OUiHIOBaHHS NOTPIOHMX
3ycunb BUOABNIOBAHHA MOXHA PeEKOMeHOyBaTU MPOCTii, xo4a 1 rpyobilli, pos-
paxyHKOBIi 3areXHOCTi, aKi HaBeaeHo B poboTax [9, 11].

[MnToMUM TUCK XONOAHOrO BUAABIIIOBAHHA Pi3HUX MaTepianiB MOXHa pos-
paxyBaTu 3a Tako OOpMYIIoH0:

q:kcaglni, (2.1)

0 n
ne k, — emMnipuYHNN KOeMILEHT, L0 XapakTepusye 3MmilHeHHs (Haknen) maTe-

piany aedopmMoBaHOI 3aroTOBKM W OMip TEPTA HA KOHTAKTHUX NMOBEPXHSX, 3Ha-
YeHHS sKoro HasefeHo B Tabn. [1.1; o, — rpaHnua MiLHOCTI MaTepiasny 3arotos-

kn; Fy, i I, — nnowi nonepe4yHoro nepepisy MaTpuLi i nyaHCoHa.
3ycunnsa Ha ctanin crtagil npecyBaHHA 3a 3BOPOTHOK CXEMOK BU3Ha4a-
I0Tb Tak:

F,
P=Fq=Fko In——. (2.2)
0 Fn
NMopsapok BUKOHaHHSA nadbopaTopHOi poboTu

1. O3HanoMmnTnUCA 3 ONNUCOM W 3aHECTN OCHOBHI BiJOMOCTI OO 3BiTY NpO Bu-
KOHaHHSA nabopaTopHol poboTu.

2. O3HaNoOMUTUCH 3 KOHCTPYKLUIEHD TEXHOMOr4yHOl OCHACTKM (WwTamna) Ans
X0J104HOro BUAaBnioBaHHSA, BUKOHATU 11 €CKi3 Y 3BiTi.

3. BuMmipaTM reoMeTpuyHi napameTpu no4YaTKoBOI 3aroTOBKM.

4. Po3paxyBaTun NOTPiOHI 3HAYEHHA MUTOMOro TUCKY, 3ycunns gegopmyBaH-
HS.

5. BukoHatn xonogHe BUAABMOBAHHA AeTarni 3 no4YaTKkoBOl 3aroToBKM Ha ri-
ApaBniyHOMY Mpeci.

6. MNopiBHATK ogepaHe 3Ha4YEeHHA 3yCUns 3 po3paxyHKOBUM.

7. BukoHaTu ecki3 ofepxaHol geTani, po3paxyBaTh 3HayeHHs poboTu, BU-
Tpa4veHol Ha 1T POPMOYTBOPEHHS.

8. OchopmuTK 3BIT NPO BUKOHAHHS nNabopaTopHOi poboTu.

KoHTponbHi 3annTtaHHA

1. ONULIiTb OCHOBHI CXeMW BUAABIIOBAHHS.
2. AkumM YMHOM po3noainaTbes agedopmadil no o6’emy 3aroToBoK Mpu BU-
[aBItOBaHHI?
3. Ak BnnMBae TepTa Ha xapakTep po3nogineHHsa gedopmadin?
12



4. [le 3HaxoauTbCA 30Ha HaNBINbLOI IHTEHCUBHOCTI Aedopmadin?

5. Aki BigMiTHI 0cOBNMBOCTI MatoTb AeTani, oTpMMaHi BaaBnoBaHHAM?

6. OnuwiTe cTagii oedopMyBaHHS MaTepiany nig Yac XonogHoro BuaaBsto-
BaHHS.

Na6opatopHa po6ota Ne 3
OB'€EMHE LUTAMNYBAHHSA BICECUMETPUYHUX OETANEN

Mema pobomu: 03HaNnOMUTUCA 3 NPUHLUMNAMK 06'EMHOrO WTaMnyBaHHA W
pO3pO6fIEHHA TEXHOMOTiT OPMOYTBOPEHHS.

TeopeTU4Hi BigoMocTi

O6'emHe wWTamMnyBaHHA — OOMH i3 FOSIOBHUX Pi3HOBMAIB 00po6ieHHs Me-
TasniB TUCKOM, NMpU3HaA4YeHUN ONs O4ep)KaHHS 3aroTOBOK BignosiganbHUX geTa-
nen. NokoBky HeobxigHOT hopMun i 3 HEOBXiIQHMMU PO3MipaMn BUFOTOBNSAKOTL 3
AOMNOMOroK0 creujiasnibHOro iHCTpymMeHTa — wramna. [NopoXXHWHKU WTamna MarTb
Ha3By piBYakiB. BoHM npusHadeHi ansg PopmMoyTBOPEHHS MOKOBKW BHACigOK
BUHUKHEHHSI OMOpPY CTIHOK i CUN TepTs B npoueci Tedii meTany. Yium Buwmmmn €
BUMOIM 40 MILHOCTI MalunH (0cobnmBo, KoM BUCOKA MIiLHICTL Mae 3biratucs 3
Manok macot), TuMm BinbLluoo Byae 3a HOMEHKNATYpPOK KiNbKIiCTb AeTanewn,
ofepXaHux WwTamMnyBaHHAM. BukopucTaHHA 06'eMHOro WtamnyBaHHA 4a€ 3MO-
[y He TifIbKWU CTBOPUTWU HaMKpaLli CTPYKTYPY W MexaHivHi BnacTnBocTi o6pobnto-
BaHOro metarny, a U niaBuwmnTn KoeqilieHT BUKOPUCTAHHA MaTepiany, 3MeHLM-
TV BUTPATU MeTarny Ha OAUHMULIIO NPOAYKLUIl, O BUMNYCKAETLCH, | 3HU3UTU T CO-
GiBapTicThb.

O6'emHe WTamMnyBaHHA MOXHa 3iMCHIOBATU 3 HarpiBaHHSM MOYaTKOBOI
3aroToBKM [0 BMCOKOI TemnepaTypu, WO BIiANOBIJAE BEPXHiA MeXi iHTepBany
KyBanbHUX Temnepartyp (rapsye ob'emHe wrtamnyBaHHs), i 6e3 HarpiBaHHs. 3a-
CTOCYBaHHS XOJSI0A4HOro 06'eMHOro LTamMnyBaHHA OOMeEXyeTbCs Yepe3 Heob-
XiOHICTb BUKOPUCTaAHHA MaLUWH Ay>Ke BEeNMKOT MNOTYXXHOCTI, a TaKoX Yepes3 HU3b-
Ky CTiIMKICTb LUTaMNIB i HeAOCTaTHIO NNACTUYHICTL BaraTboX CTanewn i cnnasis.

[MoKOBKM ofepXytoTb O6'€EMHMM LUTaMMYBaHHAM Y BIOKPUTUX i 3aKpUTUX
piB4akax. LUTtamnu 3 BIOKPUTUMU 1 3aKPUTUMKU LWITaMMyBarbHUMKU piBYaKamu
Ha3nBaKTb BiANOBIAHO BIAKPUTUMMN N 3aKPUTUMMN.

Y BigkpuTux piBdakax (puc. 3.1, a — 0) 3a30p MK BEPXHbOI 1N HWKHBOO
YacTMHaMM WTaMna 3MEHLUYETLCA B npoueci AedopMyBaHHA 3aroToBku. Y 3a-
KpuTux pis4akax (puc. 3.1, € — j1) NOCTINHUN HEBENNYKNIA 3a30Pp MK YaCTUHaMU
LuTamna npuaHayeHun ansa 3abesneyvyeHHs B3BaEMHOIo NepeMilLeHHs.

[Mpouec 3anoBHEHHs WTamna BigbyBaeTbCA B AeKinbKa cTafi 3anexHo
Big cbopmun piByaka U oOpMM 3aroTOBKM Ta CMiBBIAHOLLEHHA IX po3MmipiB. Ha-
npuknag, y BunagKy 4oTmpuctaginHoro npouecy wrtamnyBaHHS [2] neplia cTa-
ais (avs. puc. 3.1, a, 6) xapakTepusyeTbCH BINlbHOK AedopMauield 3aroToBKN.
Ha uin ctagii 3arotoBka Habupae GinbL cknagHoi doopmu, Npy LboMy 30iNbLuy-
€TbCA KOHTAKTHa NOBEPXHS 3aroTOBKW M BOAHOYAC 3pocTae 3ycunns aedop-
MaLlil.
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[Mepwa cTagisa 3akiH4yeTbCS, KON MeTan 3aroToBKM O0CAra€ 30BHiLLHIX
CTIHOK WTamna 1 ynupaetbcs B HUX (ams. puc. 3.1, 6, x). dpyra crtagisa (aus.
puc. 3.1, 6, 8, X, U) NOYNHAETLCSA TOAi, KOS MeTas 3aroTOBKW MOYMHaeE 3aTika-
TW rONOBHUM YMHOM Yrnub piB4aka, NpU4OMy OLHOYACHO Y BIOKPUTOMY piBYaKy

> YacTUHa MeTarny BUTIKAE B PO3HIM, TOOTO
%W\Z YTBOPHOETLCA TaK 3BaHWW obnon (aus.

puc. 3.1, 8).

[pyra cragia 3aBepLllyeTbCHA, KOMU
MeTan gocsrae AOHHUX NOBEPXOHb piBYaka
N ynupaeTbcsa B HUX (aus. puc. 3.1, 8, u). Y
3B'A3Ky 3 UMM Xxapaktep AedopmyBaHHS
3MiHIOETBLCA LWe pa3. 3ycunna gedopmadii
3pOCTa€e iHTEHCMBHIWe. 3anuwarTbCs He-
3anoBHEHUMKU nUe Micus nepexoay Bid
OOHHUX A0 BiYHMX NOBEPXOHb piBYaKa.

TpeTtqa cTagis npouecy wTamnyBaHHSA
— 3aroBHEHHS BCbOro piBYaka (OuB.
puc. 3.1, e, k). Ha 4yetBepTinn ctagii gowrTa-
MMOBYIOTb 3aroTOBKY MO BUCOTI, NPUYOMY Y
BigKpuTOMY piBYaKky (ame. puc. 3.1, 2, 9)
HagnuwkoBur ob'em MeTany 3aroToBKW BU-
Tikae B obnon. lNMpoTtdarom yciei uiei cragil
3ycunns wTamnyBaHHA MNPOLOBXYE NiaoBU-
LLlyBaTUCS.

P0o3pobneHHA TEeXHOMOrYHOro Mnpo-
Lecy O6GMOMHOro wWTamMnyBaHHA MOYMHa-
€TbCA 3 NOOYOOBU KpecCreHHA MOKOBKU Ha
OCHOBI KpecneHHda rotoBol getani. Kpec-
NEHHSA MOKOBKMN po3pobnsoTb 3a Taknm arn-
roputmom [2, 5J:

— BUBIp NNOWMHN PO3HIMAHHS;

— MPU3HAYeHHs NpUMNycKiB, OOMYCKiB, Ha-
MYCKiB;

— BM3HAYE€HHSA LUTaMnyBasibHUX YXUNIB;

— BM3HAYE€HHA pafiyciB 3a0KpYrneHHs roc-
TPUX KPOMOK;

— MPU3HAYEHHs NepeMnYoK Mig NPOLUMBKY
OTBOpIB;

— BU3Ha4YeHHsA napameTpis 006ot0.

ETanamu npoekTyBaHHA TexXHONOriy-
Puc. 3.1. O6’emHe WwTaMnyBaHHA HOrO NMpoLECY LUTaMmnyBaHHSA € BU3HAYEHHS
y WTamnax 3 Bigkputumu (3niBa) Macu n po3MipiB No4aTKOBOI 3aroTOBKM, a
| 3aKpUTMMHK (CnNpaBa) piB4akamMu  TakoX 3ycunnst 06'eMHOro LWTaMnyBaHHS.
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PoarnaHemo poknagHiwe npuHUMNnU BUPILLEHHS NepenivyeHnx BuLle nu-
TaHb.

Bubip nnowuHuU po3HiMaHHSs

["onoBHa BUMOra 4o NfOWWHM PO3HiIMaHHSA nonsirae B 3abesneyeHHi Binb-
HOro BMAANEHHS MOKOBKM 3i WTamna. 3arnnbrneHHs B Tiri MOKOBKU MOXHa oae-
pXXaTu TiNIbKM B HaNPSMKY Ail 30BHILWHbONO HaBaHTaXEHHSA Ha LTamn. Takum
YMHOM, HEODXIAHICTb oaepKaHHS AKOrocb 3arnnbneHHs B nokosLUi (nependave-
HOro B KPECIEHHI roToBOI AeTani) 3yMOBSOE NEBHE pO3TallyBaHHS NOKOBKW Bi-
AHOCHO MMOLWMHU PO3HIMaHHSA. AKLLO X KOHQoirypauieto rotosoi getani He 3y-
MOBJSIEHO pPO3TallyBaHHA MAOWMHN PO3HIMAHHSA, TO OCTAHHIO NPU3HaYalTb 3a-
3BUYaN Y NNOLWMHI ABOX HANOINbLWNX B3aEMHO NepneHaNKYNApHMX po3Mipis no-
KOBKW. Ha puc. 3.2 ropusoHTasnibHOK MiHIED NO3HAa4YeHO MicLe po3TallyBaHHSA
MNOLMHN PO3HIMAHHS.

lpu3Hay4yeHHs nipuryckie, OoMycKie i Haryckie

O6'eMHMM LITaMNyBaHHAM HEMOXIMBO ofepXXaTn abCoSIOTHO TOYHI MO-
KOBKW. TOMY Ha X po3Mipu npusHayarTb LOMYCKW, WO BPaxoBYHOTb HeaoLwTa-
MMyBaHHA NOKOBOK MO BMCOTI, CNpauoBaHHSA piBYaka wTamna, 3CyB LWTaMmniB Y
NSOWMHI PO3HIMaHHA Ta iH.

[Ons obpobnoBaHMX MOKOBOK KpiM AOMYCKiB Npu3Ha4dalTb NPUMNYCK Ha
MexaHiYHe 0BpobneHHs1 3 KOXHOro 60Ky HOMIHanNbHOro PoO3Mipy YMCTOl AeTani
Yyepes HMU3bKY SAKICTb NOBEPXHI rapavellTaMnoBaHUX NOKOBOK. TOBLUMHA OKanu-
HW abo BM'ATUHM Big Hel, pO3MipyM HaNBINbLUMX MIKPOHEPIBHOCTEN NMOBEPXOHb,
rmmbunHa 6e3Byrneuesoro abo anbdoBaHOro Wapy U AatTb MiHiManbHUA Po3-
Mip NPUMYCKYy.

Hanyckamn Ha3nBatoTb 36inbLUEHHS PpO3MipiB NOKOBKM, 3yMOBIEHI HETEX-
HonoriyHicTioO doopmun geTani. X BMOansoTb WASIXOM NOA4ANbLIOIrO MEXaHIYHOro
0B6pOob6EeHHs.

[na wramnyBaHHA NOKOBOK LOMYCKM WU MPUMYCKN BU3HAYAKOTLCA 3arieXHo
BiZlL Macu NOKOBOK, IX NMiHINHMX PO3MIpIB | KIlacy TOYHOCTI.

BusHayeHHs1 wmamrysarbHUX yXuslie

LUTamnyBanbHi yxvnun HeobXigHi ANs nonerweHHa BUMMaHHA BigwTammno-
BaHOI NOKOBKM 3 piBYaka.

BigwtamnoBaHa NokoBKa YyTPUMYETLCSH B piBYaKY CUamMu TepTs, LLUO BU-
HWKaKTb YHACNigOK HOPMasribHOro TUCKY MK MeTarioM MOKOBKW M iHCTPYMEH-
TOM.

Po3mip wTamnyBanbHUX yxunise Mae 6yt MiHiManbHUM, OCKIifbKM Le
3MEHLLYE Macy MOKOBKU N PO3MIp HaMycky.

15



BepxHa Yacmuka wmamna Ha nokoBkax po3pisHs-
— 0Tb 30BHILLIHI ¢, Ta BHYTPILLHI

‘Ktﬂ \ﬁ% N

o yxunn (gus. pwuc. 3.2).

6H

Yxunu «,, 3aBxan maioTb Oy-

™ Ginbwmmn 3a .. Posmip

0, ’
) DO3HIMOHHS MiHiManbHO A0nycTMMoro
/ / YXUNYy 3anexunTb Big TEXHOSIO-
LN L //

e riYHMX BNACTMBOCTEN MeTany,
\ TUKHA SOCMUAE WIAMAT )6 1iTamMnyeTbesl, SIKOCTi 06-

pOBNEHHST MOBEPXHi piBYaka,
Puc. 3.2. [okoBka 3 npu3Ha4YeHnMmn Big, pO3MipiB MOKOBKN B nepe-
reoMeTpu4yHMMKn napameTpammu pi3i Ta 1X BiAHOLUEHHSA.

3 MmeTol0 YHidikauil pi-
3anbHUX | BUMIpIOBaNbHUX IHCTPYMEHTIB, SIKi 3aCTOCOBYIOTLCS Mif Yac BUrOTOB-
fleHHs WTamnis, npuaHadats yxunn 3°, 5, 77 i 10°. MakcMmarnbHoO AonycTuMmi
YXWUIN CTaHOBNATL 7 ANSA 30BHILWHIX | 10° 4N BHYTPILLHIX CTIHOK.

[lokabra

Bu3sHa4eHHs1 padiycie 3a0KpyarieHHs

["OCTpi KPOMKM Ha NOBEPXHI MOKOBOK HEOBXigHO 3akpyrnnTtn. Konn ui Kpo-
MKW 3aKpyrineHi pajgiycamm HeoCTaTHbOro PO3Mipy, KOHLEHTpaLis HanpyXeHb
y BiANOBIAHMX KyTaxX YMCTOBOro piByaka nig Yac pobotum wTtamna npusBoanTb
[0 LUBMOKOro YTBOPEHHS B HbOMY TpilWnH. BogHoyac 3aTtikaHHSA meTany B rocT-
pi KyTV yTpyaHeHe — Le noTpedye nigBULLEHOro TUCKY Nig Yac WTamnyBaHHS.

[na NOKOBOK PO3pPIi3HAIOTL 30BHILLHI 1 BHYTPILLHI pagiycu 3aoKpyrieHHs
(aws. puc. 3.2). 3oBHiWHI pagiycn gopisHoTb 0,8...8,0 MM 3anexHo Big Macu
nokoBok (40 200 kr). BHyTpiwHi pagiycn 3aoKpyrneHHa Ha NoKoBKax, Lo Bigno-
BiJaloTb 30BHILLHIM KyTaM piBYakis, Bubupatotb y 3—4 pasu 6inbwummm 3a B3TI
AJ19 HUX 30BHILLHI pagiycn 3aokpyrneHHs. [Ing yHidikauil pisanbHOro iHcTpyme-
HTa, KWW BUKOPWUCTOBYIOTb ANS BUTOTOBMIEHHSA LUTaMMIB, 3HAYEeHHS pajiycis
3a0KPYrNeHHs pekoMeHayeTbCs BpaTn 3 HopMasnbHOro psaay.

[pu3Ha4yeHHs nepemMuYoK rid rnpowueKy omaeopis

Mg 4yac o6'eMHOro LWTamMnyBaHHS HEMOXIMBO O4epXaTh HaCKPi3HUM
OTBIp Y Tifli NOKOBKN. TOMYy AN MOro ofep>kaHHA B MOKOBLi pobnATbL NO3HAYKY
ANA OTBOPY M MPOLUTAMMOBYOTbL NEepeMuyKy, AKy 3pi3atoTb Micng wTamnyBaH-
HA. AKWO AiameTp OTBOPY NpUBMN3HO LOPIBHIOE NOro rMnbMHI, TO NpoLITamMmno-
BYKOTb MO3HAYKy «3 MSIOCKMM OHOM». TOBLWMHA MNSIOCKOI NEPEMUYKM 3anexuTb
Big AiameTpa v rmnmbuHmn oTBOpY.

Bu3sHa4yeHHs1 napamempie 0651010

Y npoueci 06'eMHOro wtamnyBaHHs 061101, WO Ai€ K CBOEPIOHNA 3aMOK,
3abesneyvye CTBOPEHHS YMOB, 3a SIKUX MEeTasn 3aroTOBKW 3aTikae y BaXKKOO4OCTY-
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MHi OINAHKW piBYaKa, i CNPUSE YiTKOMY OPOPMITEHHIO TOTOBOT NOKOBKM.

Poamipn no4aTtkoBMX 3aroTOBOK Mig 06'eMHe LUITaMnyBaHHS KONUBAKOTLCS
3anexHo Big AONyCKiB HAa PO3MipU NAOLLMHN Nepepisy npyTka n Ha JOBXWUHY 3a-
roToBKW. TOMy 00101 € We 1 CBOEPIAHUM KOMMNEHCATOPOM KONMUBAHHSA PO3MipiB
MOYaTKOBOI 3aroTOBKM.

O6nounHy KaHaBKy, LLIO OTOYYE NO NepUMETPY 3anuLIKOBUI piBYaK, MOXHa
noainnuTKu 3a BUCOTOK Ha ABi Ai-

NAHKN: Binbll HU3bKY (MICTOK) i

Oinbw BMCcoKy (MarasuH). lig vyac b . by
pPO3pO6nEHHS TEXHOMNOMYHNX LR J//

npoLecis BMKOPUCTOBYHOTLCS N N
OBMONMHI KaHaBKW PIBHOMaHITHUX & — - .. Y=
TUNIB, HAWMOLUMPEHILUNA 3 SKUX %

306paeHo Ha pvc. 3.3. N

OnTnmanbHe 3Ha4YeHHs BU-

COTU MiCTKa BM3Ha4valoTb 3 A0-  Puc. 3.3. FleoMeTpuyHi napameTpu 06not
MOMOrOK EMMIPUYHOI 3aNeXHOCTI

h,=0,015\F,, (3.1)
ne Fn — NAoWwa ropm3oHTarnbHOI NPOEKLiT MOKOBKN, MM,

3 MeTol YHidoikauil pi3anbHOro iHCTpyMeHTa, AKUA 3aCTOCOBYHOTb AN
BUPOOHMLUTBA WTamnis, po3Mipn 0B6NONHMX KaHaBOK HOpMani3ytoTb. Y OOBigKO-
BiN niTepaTypi HaBeaEeHO iX CTaHA4APTHI PO3MIipWU 1 3HAYEHHS NNOoLY, NonepeYvyHnx
nepepisiB KaHaBOK.

O6'em meTany, Wo BigxoaMTb B 065101, pO3paxoByOTb 3a (hOPMYIoH

WO@]I - kLSKaH’ (32)

ae k — koeqilieHT He3anoBHEHHS OBMONHOI KaHaBKW (AN NOKOBOK, KPYrAnX Yy
nnani, gopieHioe 0,6); L — nepumeTp 06n0t0; SKaH — Nriowa nepepisy KaHaBKu.

Bu3sHay4eHHs1 po3mipie rnoyamkoegoi 3a20moeKu

[nsa BM3HA4YeHHSA 06'eMy N PO3MIipiB NOYATKOBOI 3aroTOBKM 3aCTOCOBYIOTb
OAWH i3 rONOBHMX 3aKoHIB Teopil 06pobneHHa MeTarniB TUCKOM — 3aKOH MOCTin-
HocTi o6'emy. [lMpakTu4yHO O6'€eM MOYaATKOBOI 3aroTOBKW 3HAaxXoOsiTb 9K CymMy
o6'eMiB NOKOBKM 1 BigxoaiB B 065101, nepeMnydky nig Taky npoLuvBKY OTBOPIB,
BigxoAiB Ha yrap Ta iH. CniBBigHOLWEHHS MiHIMHUX PO3MIpiB MOYaTKOBOI 3aroTo-
BKM Mae OyTu Takmm, Wo6 y BuNagKy wramnyBaHHA B TOpelb (OCaakotw) Bia-
HOLLEHHSA OOBXWHWM (BMCOTM) 3aroToBKM A0 AiameTpa (abo cTopoHu KBagpaTta)
He nepeswuLLyBano 2,5 3 yMOBW NSaCTUYHOI BTPATW CTINKOCTI.

BusHauyeHHs 3ycurnns 0515 06'eMHO20 wmamriyeaHHs

Busnavatoun  3ycunns, HeobxigHe And  WTaMnyBaHHS  MOKOBKM
(aws. puc. 3.1, 0, 11), MOXXHa cKopucTaTUCA PIBHAHHAM [1]
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n

D, 2h
p=o, (1,5+%jFM + hi—o,375+1,25(1n " +—Mj F,b,  (3.3)

M M M n

ne b i h, — wWMpunHa N BMCOTa MiCTKa OBMOWMHOI KaHaBKW BiOMOBIAHO; F, —
nnowia ropnsoHTanbHol Npoekuil MicTka; D, — AiaMeTp NOKOBKW; F, — MnoLua
ropM3oHTarnbHOI NPoeKLUil MOKOBKK 6e3 0611010.

NMopsapok BUKOHaHHSA nadbopaTopHOi poboTu

1. 3pobuTtn eckian wtamna gna o6'eMHOro WramnyBaHHA 1 NOYaTKOBOI 3aro-
TOBKM.

2. BukoHaTtn o6'emHe WITamnyBaHHA Ha rigponpeci, ikcytoun 3ycunns dop-
MOYTBOPEHHS.

3. 3HATK 3 BiAWTAMNOBAHOI MOKOBKM HEOOXigHI reoMeTpu4Hi po3mipn 1 3a
dopmyroto (3.3) po3paxyBaTu 3ycunns oopMoOyTBOPEHHS.

4. lNopiBHATM pOo3paxyHKOBE 3HAYEHHSA 3YCUINA 3 eKCEPUMEHTANbHUM.

KOHTpOnbHI 3anuTaHHsA

Onuwitb cTagii npouecy 06'eMHOro WwTamMmnyBaHHS.

Ak BMOMpatoTb NNOLWMHY PO3HIMaHHS WTammnis?

AK npM3Ha4alTb NPUNYCKN?

Ak BU3Ha4yaoTb WrtamMmnyBanbHi yxmnu?

AKnM € NpU3HaYeHHs pagiyciB 3a0KPYrieHHss KPOMOK MOKOBKU?

AkMM € npusHadYeHHs 061010 B NPOLEC WTaMnyBaHHA Y BiAKPUTOMY piB-
y?

7. Sk po3paxoBytoTb 06'eM NOYATKOBOI 3aroTOBKN?

A\

5 oo

Yya

NabopaTtopHa po6oTa Ne 4
PIBAHHA INCTOBOIO MATEPIAIY

Mema pobomu: 03HANOMUTUCH 3 OCHOBHUMW MeTOAaMu pi3aHHA NUCTO-
BOro martepiarny, ki BUKOPUCTOBYIOTLCS Y BUPOOHULTBI.

TeopeTUyHi BigoMoOCTi

[Mig yac cTBOpPeHHs Byab-AKoro BUpoOy B 3aroTiBesibHMX Lexax 3aBofiB
BUKOHYETLCA NepLua onepauis 3aranbHOro TeXHOSOMNYHOro npoLecy — po3Kpin
NMCTOBOro maTtepiany.

Onepauito pisaHHA MOXHa NoAiNUTK Ha Tpu cTagil:

— NPYXHa, KON 3Ha4YeHHA HanpyXXeHb | gedopmauin y meTani, Wwo po3pisa-
€TbCSA, MEHLLI 3a rpaHNLIO NPYXHOCTI;

— MJlacTUYHa, KON 3HaAYeHHs HanpyXeHb | gedopmauin B meTtani, Lwo pos-
Pi3aETbCs, NEPEBULLYIOTE FPaHULIIO NPYXXHOCTI N NOCTYNOBO HabNMXKalTbCA A0
3HayeHb HanpyXeHsb, WO BiANOBIAAOTL rpaHuLi 3cyBy (3pi3y) maTtepiany;

—  CKOJIHOBaHHHA, KOMW Bif, rOCTPUX pi3anbHUX KPOMOK iIHCTPYMEHTa po3BMBa-
IOTbCA MIKPOTPILMHN, CNPSMOBaHI MO MOBEPXHAX KOB3aHHS, LLIO NPUBOAUTL 40
BiAAINEHHS YaCTUHKM 3aroTOBKN, sika BiApi3aeTbCs, Bif iHLUOI.
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Y cy4vacHin npaktuui nuctowTamnysanbHOro BMpOOHMLTBA 3anexHo Big
TEXHOSOrNYHOro npu3HayvyeHHs n macwTtabiBs BMPOOGHMUTBA 3aCTOCOBYIOTL pi3-
HOMaHITHI cnocobu pidaHHs NIMCTOBOro mMaTepiany. Po3rngaHeMo pisHi cxemu pi-
3aHH4A Ta IX TEXHOMOrYHI MOXITMBOCTI.

PizaHHs napanernbHUMU HOXUUSMU

Llen cnoci® wWMpoKo 3aCTOCOBYOTbH AN PO3Pi3yBaHHS JIUCTIB HA CTPIYKK
abo wTy4Hi 3arotoBkn (puc. 4.1). HWXHIN HiXX HOXWULb 1 )XOPCTKO 3B'A3aHMN 3i
CTOSIOM, Ha AKOMY PO3MilLyOTb NUCT 2, wo byae pospizatucs. BepxHin (pyxo-
MUI) HiX 3 30INCHIOE 3BOPOTHO-NOCTYNAanbHE NepeMILLLEeHHS.

/—\“”lj i
oo, [ A ¢Rﬁ_/;/[
¢ *‘? ] ——
P70 B = —
;4 [
Q L T

. L
Puc. 4.1. PizaHHa napanensHMMn Ta riNbUOTUHHUMWN HOXULAMU: 1- HUXKHE
nese; 2 — 3arotoBka; 3 — BEPXHe nese; 4 - ynop

Hoxuui matoTb nepegHin perynbsoBaHumn yrnop 4 ona ogepXxaHHs HeobXxia-
HOro pPO3Mipy 3aroToBKW, AKa Bigpi3aeTbCda. Pyxome fie3o HOXuub nig vYac po-
©040ro xo4y BHU3 KOHTAKTYE 3 JIMCTOM, LLO PO3Pi3aeTbCA, NO BCi NOro JOBXUHI
L, npn ubomy BiobyBaeTbCA 3pi3aHHs 3aroTOBKM MO BCill NMOLLMHI NONepeYHo-
ro nepepisy ogHo4acHo. BennuuHy 3ycunns ang po3Kpor BM3HaAYaloTb 3a piB-
HAHHAM

P=kéo,L, (4.1)

ne k — koedpiuieHT 3anacy 3ycunns, AkvMin ypaxoBye NobivHi aeua nig vac pi-
3aHHS, HEPIBHOMIPHICTb TOBLUMHW MaTepiany B Mexax Mnosid JOrMycKy 1 3aTyn-
NEeHHs pisarnibHUX KPOMOK iHCTpymeHTa, k =1,2..1,4; o, =(0,70...0,85)0, -
rpaHnUs MiLHOCTI MaTtepiany Ha 3pi3; L — wnpnHa nucTa, Wo po3pi3aeTbCes;

0 — TOBLLMHA 3aroTOBKW.

PizaHHSs1 2inbUOMUHHUMU HOXUUSIMU

[NNBAUOTUHHI HOXWLI, AK | NapanesibHi, BAKOPUCTOBYHOTb A4S PO3pidyBaHHSA
NNCTIB Ha OKpeMi CTpidkn. CxemMa LbOro TUNy HOXWUb BigpPI3HAETHCS Big po3r-
NSAHYTOI BULLE reoOMeTpietd pyxomMoro Hoxa (ame. puc. 4.1). Kpomka pyxomoro
HOXXa Mae CKiC BiAHOCHO KPOMKM HEPYXOMOro HoXa Ha KyT ¢ = 2°...6° Otxe,
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Npu NepemilweHHi pisanibHOro nesa BHM3 3aroToBKa PO3pPi3aeTbCs He Mo BCiM
AOBXWHI 0gHOYacHO, a B ocepenKy aedopmaldii, SKMA NepemMillyeTbca no wu-
PUHI NucTta. 3ycunnsa pisaHHA Ha HOXULAX LIbOro TUMy OBYMCNIOTbL 3a 3anex-
HICTIO
2
P= O,Ské—agp.
1gp
[NBMOTUHHI HOXMLI MalOTb Taky camy MOTYXHICTb npuBoay, O W napa-
nesibHi, | 4aTb 3MOry po3pi3aTi 3aroToBKM BESTUKOI TOBLUWHM.
TexHOsorYHMM HeZloSiKOM HOXULb TaKoro TUMNy € eske CKPUBIEHHSA 3a-
roTOBKW, WO BiApi3aeTbCA, MO JOBXUHI.

(4.2)

PizaHHs1 duckosuMU HOXXUUSIMU

3a Oonomoro AUCKOBUX HOXULUbL (puc. 4.2), HOXi 9KMX MalTb Kpyriy
doopMy 1 3arocTpeHi pisanbHi KPOMKMK, JINCTU PO3pi3aloTb HA OKPEMIi CTPIYKM,
BUPi3alOTb 3 HMUX KPUBOSMIHIMHI B NnaHi 3aroToBKM 3 BUXOLOM Ha Kpaw nucra.
OcTaHHa obcTaBMHa € OAHIED 3 BaXXNMBUX TEXHOMOMYHUX nepeBar AUCKOBUX

Puc. 4.2. PizaHHS OUCKOBUMU HOXULUAMMN

HOXWLb MNOPIBHAHO 3 NapanesisHUMN N FifbNOTUHHUMM.

NncT 1 3aBTOBLLKM O , LLO PO3PI3AETHCS, NOAAETHCS Y 3a30P MiXK HOXamu
2, 3. Uepes BMHUKHEHHS CUIM TEPTA MK AUCKaMKU N 3aroTOBKOK BigOyBa€eTbCS
BTArNyBaHHSA 3aroTOBKW B 3a30p MK AucKamMu Ta 11 po3pi3yBaHHSA. 3a3Bunyanm KyT
3aTaryBaHHs o He nepesuwye 15°. ICHye Oekinbka KOHCTPYKTUBHUX Pi3HOBUAIB
ANCKOBUX HOXMNLUb: 3 MOXUITUM HWKHIM HOXEM; 3 oboma NoXmnummn Hoxxamu; ba-
raToguckoBi. [MCKOBI HOXULI 3 MOXUITIMMU HOXaMW € KOHCTPYKTMBHO CKNagHi-
LMK, ane galTb MOXITMBICTb BUPiI3aTK 3aroTOBKN 3 MasniMMm pagiyCcoMm 3aoKpy-
rMIEHHS KPOMOK.

PizaHHs 8ibpauitiHUMU HOXUUSMU

HWXHIM HixX BibpauinHMX HOXMUb (puc. 4.3) XKOPCTKO 3aKpPIinseHo Ha cTa-
HWHI, BEPXHIN — 3[IMCHIOE 3BOPOTHO-NOCTYNarnbHe nepemiieHHs Ha 20...30 mm
3 nogsinHum xogom 2000—-2500 pasiB 3a xBUNUHY. KyT CTBOpPY HOXUUb (@ O0pi-
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Z
Puc. 4.3. PizaHHs BiGpauinHMMKU HOXMLAMMN
BHIOE 24°...30°.

[(OfIOBHOKO TEXHOSOrYHOK NepeBaro LbOro TUMny HOXUUb € MOXIUBICTb
BMpPi3yBaHHS 3 NIMCTa 3aroTOBOK 3a PO3MiTKO abo wabnoHamu 3 manum (4o
15 MM) pagiycoM 3a0KpyrIieHHs.

Hoxuui pisHnX TUNiB — yHiBepcanbHe ycTaTkyBaHHS, WO BUKOPUCTOBYETb-
CA ONS po3pidyBaHHSA NUCTa Ha 3aroTOBKM B YyMOBaX OAWMHUYHOrO, ApibHoCcepin-
HOro 1 CepinHOro BUpPobHMLTBA.

B ymoBax cepiiHOro n macoBoro BUpobHuyTBa Oifibll EKOHOMIYHUM € POo-

3KPpOKBaHHA JTINCTOBOIO MaTepiany Ha 3aroTOBKM 3i CKMagHUM KOHTYpPOM B iH-
CTpyMEeHTanbHNX WTamMnax.

PizaHHs1 8 iHCmpyMeHmarbHUX wmamnax

MexaHika pidaHHA B WTamnax aHanoriyHa MexaHiui pisaHHs HOXUUSAMMW.
[MyaHCOH i mMaTpuua sBAAOTbL COBOK HOXI MOB OM 3aMKHEHOI KOHQirypauii.
Cxemy pi3aHHs NMCTOBOro maTtepiany B wtamni 306paxeHo Ha puc. 4.4. [Npo-
LecC pi3aHHA 34IMCHIOETLCHA B TPU eTanu: MpyxHa, nractuyHa gedopmadia i
CKOJMOBAHHSA.

3ycunna ans pisaHHSa NIMCTOBOro Martepiany B iHCTPyMEHTanbHOMY LUTa-
MMi BU3Ha4aloTb 3a PpOpMYysioro

P =kado (4.3)

3p?
e a — OOBXWHa NnepumeTpa pi3aHHs; & — TOBLUMHA 3aroToBKU; k — koedilieHT
3anacy 3ycunns.

[ns 3MeHLWweHHs 3ycunb Nig Yac pO3KPOKBaHHA TOBCTOrO ficTa, BUpYyoOy-
BaHHSA AeTarnen BerMKMUX po3MipiB i pidaHHS BMCOKOMILHUX MaTepianiB 3acTo-
COBYIOTb LUTAMMM 3i CKOLUEHUMW pi3anibHUMU KPOMKaMKn MyaHCoHiB abo mart-
puLb, TOOTO BUKOPUCTOBYIOTH TakMil camuii epekT, LWo W nig Yac pisaHHsa Mma-
Tepiany Ha rinbUOTUHHMX HOXMUAX. [na onepadin 6araTonyaHCoOHHOro BUpYyoy-
BaHHSA abo npobnBaHHA OTBOPIB NyaHCOHM BUIFOTOBIISIKOTb Pi3HOI BUCOTU, yHAC-
NiJoK 4Yoro 3ycunss He 30iratoTbCA B Yaci U He JoAatoThCs.

3a30p z MK mMaTpuuero W NyaHCOHOM, TODTO Pi3HMUSA MK po3mipaMn po-
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Bounx YacTvH maTpuLi 1 NyaHCoHa (amB..
P puc. 4.4), Mmae TexXHOmNOr4yHe 3Ha4YeHHS
# ONA npouecy pi3aHHA JNIMCTOBOro mMare-
| piany. Y Bunagky ontumaribHOro 3asopy
|
|
|
|

MIKPOTPILUMHM CKOJSIIOBAHHA, WO WAYTb
Bifl TOCTPUX KPOMOK MyaHCOHa W MaTpuui

M BrMn6G nucTa, 3ycTpiyalnTbCcsa oaHa 3 of-
ﬁé Hot. Lleii BMNagok xapakTepusyeTbes
1 1

YMCTOTOK TMOBEPXHi 3pi3y, BIOCYTHICTIO
W W 3agMpoK i MiHIManbHUM 3ycunnsam nig
— | Yyac pisaHHsa. 3agupkn n gedektn 3pisy

YTBOPIOKOTLCA Yepes3 HepiBHOMIPHUA po-

Puc. 4.4. PizaHHa B wiTamni 3rnoain 3asopy no nepuMmeTpy, a TakoX

yepes3 MNPUTYNNEHHA pi3alribHUX KPOMOK

nyaHcoHa 1 maTpuui. OnTUManbHe 3HaYeHHsSI TEXHOMOrYHOro 3asopy 3abeane-
4yye NOTPIOHY AKICTb BUPOBGIB i BUCOKY CTIMKICTb LUTaMMIB.

Uepes pisHOMaHITTS BUPOOHUYMX YMOB i PO3DDKHICTE BUMOr OO YMCTOTU
3pi3y U TOYHOCTI pO3MipiB AeTanen yCTaHOBUTM OLHAKOBUA PO3MIp 3a30py He-
MOXIMBO. Po3aMip onTMManbHOro 3a3opy 3anexuTb Big TOBLMHW NKUCTA, LWO
pO3pi3aeTbCs, MapKnU MaTtepiany Ta iHWKWUX TEXHOSOMNYHNX BUMOT. Y cepeHboMY
3a3op mae ctaHoBuTH 2...10 % Big TOBLUMHM 3aroTOBKM, LLIO PO3Pi3aETbCs.

PizaHHs 8 wmamnax nepedasarnbHUMU cepedosuliamu

MeToam po3KpOKBaHHS NUCTIB, WO LUMPOKO 3aCTOCOBYKOTLCS B CEPINHOMY
N MacoBOMY BMPOOHMUTBI (PO3rAgHYTO BULLE), € €KOHOMIYHO HEBUIOHUMU B
yMOBaxX ManocepinHOro BUpoBHMLTBA, OCKINIbKA BUFOTOBIIEHHS KOHCTPYKTUBHO
CKMagHuX i 4oporux WwrtamniB notpebye TpuBanoro Yacy, a BUpOBHUYI BUTpaTK
He OKYMNOBYTbCS.

HeobXigHICTb LWBMAOKOro OCBOEHHA HOBUX BUAIB BUPOLIB NoTpebye 3acTo-
CyBaHHSI TEXHOJSIONYHMX NpoueciB 3 BUKOPUCTAHHAM [AeweBol yHiBepcasnbHOI
abo 4yacTKoBO YHiBepcanbHOI OCHAcTkM — wTamnis. [Jo Takmx npoueciB Hane-
XnTb BUPYOYBaHHSA enacTM4yHMMKU cepefoBuLLamMm (r'yMoto, nosiypetaHom, nna-
CTUYHMMKU MaTepianamn Towwo). MNMpu LbOMYy 3HAYHO CMPOLLYETLCA KOHCTPYKLiS
IHCTPYMEHTa W 30€eLUEBITIOETLCS MOr0 BUrOTOBSIEHHS.

BupybyBaHHA enacTudHUM cepefoBuLLEM, Hanpuknag noniypeTtaHom,
3aCTOCOBYETbCS MOMIOBHUM YMHOM Yy ManocepinHoOMy BUPOOHMLTBI ANns BUrOTO-
BNEHHS MOPIBHAHO BENUKMX AeTanen 3 TOHKMX MaTepianiB (3aBTOBLUKM O 2
MM).

Ha cTin npeca BCTaHOBMOWOTL BMPI3HMI WAaBMNoOH, CTanesy NNacTuHy 3a-
BTOBLUKM 6...10 MM, 30BHILLHIN KOHTYP SIKOT BignoBigae KOHTYpY AeTarni, Wwo Bu-
pisaeTbcd. TOBCTY MosliypeTaHoBY MNacTUHY, WO € CBOEPIOHOK MaTPULEID, YK-
nagaroTb Yy MPUKPINSIeHU 0O NOB3yHa npeca KOHTEMHep, AKMWU CTPUMYE Noniy-
peTaH Bif BMOaBoBaHHS Ha CTOPOHU. [10B3yH Npeca onycKaeTbCs, NosliypeTaH
BiArMHae Kpal 3aroToBKW, siKi 3BMCAtOTb, | MPUTUCKAE X A0 NiAWTaMnoBOol NANTMN.
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Mig yac noganbLUOro CTUCHEHHS noniypeTaH TUCHE Ha BIAIrHyTi Kpal 3aroToBKu
1 0Opi3ae (0bpmBae) ix N0 30BHILLHLOMY Kpato LabnoHa.

BupybyBaHHA noniypetaHoM 3a3Bu4ail NPOBOAUTBLCHA Ha rigponpecax,
NPUYOMY 3aCTOCOBYETLCA rpyrnoBe pidaHHsA OeKiNbKOX geTanemn 3 o4gHoro nucra.
3 Uieto METOK Ha NigWTaMnoBy NANTY BCTAHOBMOKTL AeKiflbka BUPI3HUX Lwab-
NOHIB ONS AeTarnemn pisHMX KOHirypauin.

HeobxigHe 3ycunnsa nig 4Yac pisaHHA noniypeTaHoM BU3HA4YaeTbCa 3a
NOoLWE0 NOBEPXHI noniypetaHy U TUCKOM. Y LbOMY BMMNAOKy AOBXUHA KOHTYPY
BUpYyOy, a TakoX HasiBHICTb Y HbOMY BHYTPILLHIX OTBOPIB 40 yBarn He 6epyTbCs,
OCKiTbKM 3yCUNIs BUPI3aHHA BU3HAYAETLCA TUCKOM Y MOSiypeTaHOoBIN NOAYLLLI.
Heponik LbOro npolecy — Benuki BUTpaTU eHepril Ha CTUCHEHHSA NnoniypeTaHy.

[ns nigBULWeEeHHA AKOCTi ogep)KyBaHMX BUPOBIB po3aineHHaM y wtaMmnax
3 nepegaBanbHMM cepeaoBulleEM HeobxigHO BMOpaTM onTUMarnbHUA PO3MIp
kKapMaHa. KOHCTpyKLUis ekcnepumeHTanbHoro wramna (puc. 4.5, a) € npocToro U
CKnagaetbcsa 3 Aekinbkox getanen. UuninaopnyHum kopnyc 1 3i ctani 45 nigoa-
l0Tb TepmMoobpobneHHo oo HRC 40. 30BHIWHA NOBEPXHS KOPMNYCY € CTyniH4Yac-
TO. TOBLLMHA MOr0 CTIHKM B HWXXHIN YaCTWHI, Je po3TalloBaHi BupybHa matpu-
us 2, 3arotoBka 3 Ta enactuyHe cepegosuule 4, gopisHioe 20 MM Ha OOBXWHI
50 mm. BepxHsa yacTtuHa kopnycy 1 3aBTtoBwkn 10 Mm 3abesneyvye HanpsAMOK
nepeMilleHHA MeTaneBoro HaBaHTaXKyBasibHOro nyaHcoHa 5.
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=
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Puc. 4.5. EkcnepMmeHTanbHUM WITamn

YcepenuvHi kopnycy po3amilyeTtbcs BupybHa matpuua 2 (puc. 4.5, 6), aky
BUrotoBneHo 3i ctani Y8A i nigaaHo TepmoobpobneHHio go HRC 45. TopueBy
N BiYHY noBepxHi MaTpuvui npownicpoBaHo, pajianbHUN 3a30p MiXK BHYTPILL-
HbOK NOBEPXHEI KOprycy M BiYHOK MOBEpPXHEe MaTpuui CTaHOBUTL BIIM3bKO
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0,2 mm. Ha maTpuui po3sTalloBaHo KapMaH Ansa 3abe3nevyeHHs po3aineHHa ma-
Tepiany BHACNigoOK CTOHLLEHHA 3aroTOBKM Ha pi3aribHIN KpOMLUi Ta BigrMHAHHSA 11
YaCTUHN, WO NPOBUCAE.

3BepXxy Ha MaTpuLo KnagyTb NIIOCKY JIMCTOBY 3aroToBKY 3, WO KOHTaKTye
3 Kpyrnum y nnaxi 6510KoM nepegasBarnbHOro cepenosuila 4, BArOTOBMEHOMO 3
noniypetany mapku CKY-7J1. BigHoweHHs BUCOTM Bnoka 40 TOBLUMHW 3aroToB-
KW, WO po3pizaeTbca, Mae 6yTn Ginbwmnm 3a 10 HaUTOBLUMX FNIUCTIB.

LLITok-nyaHCoH 5, wo 3abesneyye nepegadvy 3ycunnga Ha 650K enacTuyHo-
ro cepegosuila, sBNsie CoOOK CyuinbHUW uuniHap 3i ctani 45 giameTpom
100 mm i 3aBgoBxku 85 mm. LLTOK, BigwnipoBaHnn no BiyvHIN NnoBepxHi i 3'eq-
HaHWM 3 OTBOPOM KOpMyCy 3a X040BOK nocaakow, mae TBepaictb HRC 40.

[ns ouiHiOBaHHA BENUYMHU TUCKY B €racTUYHOMY CepefoBULLi, KU 3a-
Oe3nevye 34iNCHEHH onepauii po3aineHHs, HeobxiaHO TOYHO 3adhikcyBaTu 3y-
cunns 3 4ONOMOro AMHaMoMeTpa Ha npeci.

Mpyn OBTUCHEHHI noniypeTaHoBOro Grioka TUCK B enacTUYHOMY cepeno-
BULL 36inblyeTbCsA. MOMEHT po3pi3aHHsA 3aroTOBKU XapaKTepusyeTbCs CTPUb-
konogibHMM 36inbleHHAM 06’eMy KapMaHa, Lo 3arnoOBHIOETLCS €1aCTOMIPOM, Y
KOHTENHepi ekcnepuMeHTanbHoro wramna. Llem momeHT ikcytoTb 3 40MOMO-
rolo AMHaMoMeTpa Ha npeci.

[ani o64ncniotoTb 3ycnnng po3pidyBaHHsA 3a oOpMyIioH

P =ik, 2w & (4.4

3p)?
a P

ne 0 — TOBLMHA 3aroTOBKWU; a — LUMPWUHA kapmaHa; F

noo

— nnowa enacTu4Hol
nogyLku giameTtpom d; k — koediuieHT 3anacy; k, — koediuieHT BTpaT Yy no-
niypeTaHi.

NMopsaaoKk BUKOHaHHA nNadbopaTopHOi poboTu

1. O3HanoOMNTUCS 3 TEOPETUYHOK YacTUHOK nadopaTopHoi poboTn, 3aHec-
TV 00 3BITY OCHOBHi CXeMU 1 BiIOMOCTI NPO Pi3Hi MeToaM pi3aHHA nncTa.

2. 3aHecTn Jo 3BiTY ecKi3 WTamna ans BupybyBaHHS 3aroTOBKMU.

3. 3aMipsTn TOBLUMHY NOYATKOBOI 3aroTOBKM.

4. Po3paxyBaTtu 3ycurnng BupyoOyBaHHS.

5. BukoHaTu ekcnepuMeHT 3 BUpPi3yBaHHA 3aroToBKK, 3adpikcyBaTu 3HAYEHHS
3ycunns.

6. 3icTaBUTN 3HAYEHHA 3yCWMb, OOepXaHi PO3paxyHKOBUMM Ta eKCnepuMeH-
TanbHUM LUNAXaMWU.

KoHTpornbHi 3annTtaHHA

1. Y YoMy nonsirae NpuHUMN pidaHHs N1cTa napanesbHUMN HOXULAMU?

2. Lo Take pi3aHHA riNnbMOTUHHUMWN HOXMLUSAMM i SIKi MOro ocobnuBocCTi Nopis-
HAHO 3 pPi3aHHAM naparnenbHUMN HOXULSAMUN?

3. Onuuwitb 0coBNMBOCTI pi3aHHA ANCKOBMMU HOXULIAMM.

4. Ynm BigpI3HAETLCA pidaHHs nMcTa BibpauinHMMM HOXKULUSIMW Bif IHLUKX BU-
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AiB pi3aHHA?

5. HasBiTb nepeBaru pisaHHsa nncTa B iHCTPYMEHTarbHOMY LWTamni.

6. B ymoBax sikoro Tuny BMpobHMLUTBaA BUrigHO 3aCTOCOBYBaTH BUPYOYBaHHS
B LUTaMnax nepenasasibHUM cepesoBuLLEM?

7. Axi maTepianu BUKOPUCTOBYIOTb SIK NepenaBarsibHi cepeosumila?

Na6opartopHa po6ota Ne 5
MAIHITHO-IMMNYJIbCHE OBPOBJIEHHA METAIIB

Mema pobomu: 03HaMOMUTUCA 3 TEXHOMNOTNYHMM NPOLLECOM iMMYIIbCHOrO
006pobneHHs meTaniB TMCKOM — MarHiTHO-iMNYSbCHAM LUTaMMNyBaHHAM; BUBYUTU
di3nyHi ocHoBn MIOM, 1Oro TexHosorivHi 0cobnmMBOCTI, 0bnacTi 3aCToCyBaHHS.

TeopeTU4Hi BigoMocTi

®i3nyHi ocHoBn MIOM 3aknageHo 1927 poky B npausix akagemika
M. J1. Kanuui. MNMpoTe BnepLue NpoMUCIIOBI YCTAaHOBKM ANA (POPMOYTBOPEHHSA 3a-
OTOBOK TUCKOM €neKTPOMarHiTHoro nons 3'aBUnncs 3HadHo mnisHiwe, y 60-x
pokax. MIOM — enekTpodi3nyHMin MeTof iMNynbCHOroO nnacTn4Horo gedgopmy-
BaHHSA MeTarniB i cnnasiB, AKMN 6asyeTbca Ha 6esnocepegHbOMY NEPETBOPEHHI
€eNeKTPUYHOI eHepril Ha MexaHivHy. 3ycunnd, HeobXxigHi Ans 30iNCHEHHNA ae-
doopMyBaHHA MeTaneBux 3aroTOBOK, BMHUKAKOTb YHACNIgOK B3aeMoAil nposij-
HWKa (3aroTOBKMW) i 3BMIHHOrO efIeKTPOMAarHiTHOro nosns.

[Onsa po3ymiHHa disnyHoi cyti MIOM ckopucTaeMocs Takum NpUKIagoMm.
YCTaHOBKY AN MarHiTHO-iMMyrbCHOro AedopMyBaHHA MeTaniB CXeMaTU4HO
300paxeHo Ha puc. 5.1, ge 1 — nigBMLyBanbHUN TpaHcopmMaTop; 2 — BUCOKO-
BONbTHWUI BUNpsaMIsY; 3 — 6aTapes KoHOeHcaTopiB (EMHICHUA HarpoMazaxyBsau
eHeprii); 4 — TPUeNeKTPOaHUN PO3PASHUK; 5 — perynaTop eHepril, Wo HarpomMma-
OXKYETbCS; 6 — KOTYLLKA iHQYKTOpa; 7 — 06pobntoBaHa 3arotoBka (Tpyba).

Konu BMUKaeTbcA nigsuLLyBanbHUN TpaHcoOpMaTop Yepes BUNPSAMAY,
3apagxaetTbca bartapes kKoHaeHcaTopiB. EHeprito, WO HarpomMagxyetbcs B 6a-
Tapel KoHAeHcaTopiB, BU3HaYaloTb 3a BiZOMUM BMPa3oM

_CU?

Hae 2 ’

ne C — emHicTb Harpomagkyeaya; U — Hanpyra Ha HarpomampKysaui.

Y HeobXigHMM MOMEHT chnpaubOBYE PO3PAOHMK, O MNIAKNHYAE KOTYLLKY
(inaykTop) Ao 3apagkeHoi 6aTapel koHaeHcaTopiB. Iig yac npoboto NoBITPSIHO-
ro NPOMIKKY pO3psiAHMKa eHepria, HarpoMagkeHa B KOHAEHcaToOpHin baTtapel, y
BUrNAA4I iMOynbCy CTPYMY MPOXOAUTb Yepes iHAYKTop. [Npu LuboMy HaBKOSMO iH-
AYKTOpa CTBOPKETLCA MOTYXKHE iMNYNbCHE MarHiTHe none, Wo iHOyKye BUXPOBI
CTPyMU BcepeauHi 3aroToBkU. BMxpoBi cTpyMun, siK BiOMO, MarTb HaNpPsIMOK,
NPOTUNEXHUA HANPAMKY CTPyMy B iHOYKTOpPi. BOHW € NpuYnHOO YyTBOPEHHS No-
BTOPHOIO MarHiTHOro iMnynbCcy CTPyMy, LLO Ma€e 3HaK, NPOTUNEXHUN 3HAKy Ma-
FHITHOrO nons iHAyKTopa. YHacnigok B3aemofil ABOX iMNYNbCHUX MarHiTHUX
nonis (nonsg iHAyKTopa 1 Nons 3aroToBKM) BUHMKAKOTL MEXaHiyHi Cunn BiALwITOB-
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Puc. 5.1. Cxema MarHiTHO-iMnyribCHOI YCTaHOBKU

XyBaHHS, AKi 34IMCHIOTbL NriacTuyHe edopMyBaHHS 3aroTOBKM.

Takum ymHOM, nig Yac wramMnyBaHHA MeTaniB 3 BUKOPUCTAHHAM eHepril
iMAynbcHoro marHiTHoro nonsg (IMI1) sk iHCTpymMeHT (nyaHcoH abo maTpuuio)
BUKOPUCTOBYIOTb MarHiTHe none. [o iHOyKTOpa W 3aroTOBKU MNpUKIafarTbCs
ofHaKoBi 3ycunnsa (TUCK), TOMY AN9 NAAaCTUYHOrO AedOopMyBaHHS 3arOoTOBKM
3abe3neyvyoTb HEOBXigHY MILHICTb iHAYKTOpA.

CTpyM B iHAYKTOPI Nig Yac po3psiaKeHHs KoHOeHcaTopHol 6aTapei npu-
6N3HO MOXHA BU3HAYNTK 3a PIBHSHHSM 3racatoumx rapMOHIMHUX KONMBaHb:

Iziexp —ﬁt sinat , (5.2)
LC 2L

ae L — iHOYKTMBHICTb KOHTYPY po3psagy; R — akTMBHUIA onip KOHTYpY; Z — 4ac
PO3PAMNKEHHS.
KornoBa yactoTa KonmeaHb po3psgHOro CTpymy

1 (RY

3Ha4YeHHs1 MepLIoro MakCMMyMmy CTPyMy, L0 BM3Ha4yae Hambinbluy Ha-
MNPYXXEHICTb MarHiTHOro noss, po3paxoByOTb 3a POPMYIOH

—Lex — R arct ZL_a) (5.4)
e ST 00 TR TR ) '
C

[ns 3abes3neyeHHs edyekTuBHOI pobotn npuctporo MIOM HeobxigHo,
LWo6 aKTMBHMI OMip po3psgHOro KOHTypy 6yB dkHammeHwum. Kpim Toro, cnig
nparHyTM A0 HaMeHLMX BHYTPILWHIX IHOYKTUBHOCTEN 3aroTOBKU. 3i 3MEHLUEeH-
HAM IHOYKTUBHOCTI pPO3PSAHONO KOHTYPY 3MEHLUYETbCHA MNepiod pPo3psgHOro
CTpymy (NigBULLYETLCA YacToTa po3psay). Lle mae samory npu 3agaHoOMy piBHi
eHeprii ogepXxysaTtn GinbLl BUCOKI aMniiTyan po3psaHOro CTpymy.

Cnig 3a3HaunTu We ogHy Baxnmy ocobnueicte MIOM. Buxposi cTpymu
N NOBTOPHE MarHiTHe MNosfie BUHMKAKOTb Yy NOBEPXHEBOMY Lapi obpobrntoBaHol
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3aroToBKM (CKiH-epeKT) i NpoHuKaoTb yrnub. MunbuHa MPOHUKHEHHA CTpyMy
BU3HA4YaeTbCs PopMysioro

A=5030 [, (5.5)
iy f

ae p — NUTOMUN sneKTpoonip Metany, U, U, — MarHiTHa I'IpOHI/IKHiCTb 3aroTtos-

KU 1 BakyyMmy; [ —dactoTta cTpymy po3psaay.

MnBrHa NPOHUKHEHHSA CTpyMy npu 4vacTtoTi pospsay 20..50 kl'y ans
antomMiHiesnx cnnasis gopisHioe 0,38...0,95 mMm. pn BENUKUX 3HAYEHHAX Mn-
OVHN MPOHUKHEHHS CTPYMY ICTOTHO 306inblUyOTECA BTPATU €Hepril, HarpomMma-
PKEHOT Ha HarpiBaHHA 3aroTOBKM 3a paxyHOK Qxoynesoro Tensia. Kpim Toro,
AKWO rMMOUHaA NPOHMKHEHHA CTPYMY € OifbLIOK 3a TOBLUMHY 0OpobntoBaHOIl
3aroToBKW, TO MarHiTHe nose Mo On “npoco4vyeTbesa” Kpi3b Hel. Lle npnsBogntb
A0 YTBOPEHHS TaK 3BaHOI “MarHiTHOI NOgYWKN” i 4O 3MEHLUEHHS TUCKY, WO gie
Ha 3aroToBKy. Tomy nig Yac o6pobrneHHst 3aroToBOK 3 BUCOKUM MUTOMUM €EK-
TPOOMNOPOM BMKOPUCTOBYHOTb 3aroTOBKM (“CynyTHUKK’) 3 MeTarniB, SKi MaloTb BU-
COKY €JIEKTPONpPOBIAHICTb, i IX KNagyTb Ha NMOBEPXHI FOIOBHMX 3aroTOBOK.

Cvnu, wo npuknagatoTbes Ao 3arotosku nig yac MIOM, matoTb iMnynbCe-
HUA XapakTep 3 TPUBASICTIO, sika OBYMCIIOETLCA TUCAYHUMM | HABITb MifTbAOH-
HUMW YacTKaMun cekyHOu. Hepes Le BUHUKAE KOHLEeHTpaLis BENMYE3HOI NOTYX-
HOCTI, TUCK Habupae 3HadeHb 10%...10° MIMa. Takuit BUCOKWI TUCK 3abesneuye
MOXNUBICTb AedpOpMYyBaHHA He TiNbKW MAACTUYHUX, ane M ManonnacTUuYHmUX
cnnagiB. AGCONIOTHI LWBMAOKOCTI NepeMilLleHHS YaCTMHOK MeTary 3aroToBKU Npw
ubomMy ctaHoBnATb 300 m/c, WO NPUBOAUTL A0 BUMHUKHEHHST iICTOTHUX IHEpLUin-
HUX HaBaHTaXeHb, AKi 3MIHIOIOTb HaNPY)XeHU CTaH maTepiany.

EHeprisa, ska HarpoMagKyeTbCsl B KOHOEHCATOPHI 6aTapel, BUTpavyaeTb-
CA Ha YTBOPEHHS B MarHiTHOMY iHOYKTOPI NapasuTHUX MarHiTHMX MosiB i Ha
€eneKTPUYHUIM OoNip Y KOHTYpPi pO3psALHOro Kona yctaHoBku. [1oBHa eHepriq, Lo
HarpoMaKyeTbCsl B KOHAEHCATOPHIN BaTapel, BU3Ha4yaeTbcs OpMYyrio

LI’
E = —max 2max , (5.6)

Ae L. — IHOYKTUBHICTb iHOYKTOpPA.

Lis eHepris BUTpayaeTbCa Ha MexaHi4yHy poboTy aedopMyBaHHS 3aroTo-
BKW Ta 11 HarpiBaHHA 1 4YaCTKOBO BTPaYa€eTbCA.

Baxnunsoto xapaktepuctnkoro MIOM € cTyniHb e(peKTUBHOCTI eHepril, Ha-
rpomMagxeHoi ans gedgopmysaHHs, To06To KK npouecy. KoedilieHT KOPUCHOT
Ail BU3Ha4yaloTb 3a BigOMOK (POPMYIoK SK BigHOLWEHHS poboTM NNacTUYHOI
Aedopmallii 3aroToBKM 0 BCIET BUTPAYEHOT EHEPTil:

n :—Aoeqb 100 %. (5.7)
E

3a paHnmMmu octaHHix gocnigxkeHb, KK npouecie MIOM 3amiH0eTbCA Bif, 2
no 30 % [14].
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MarHiTHo-iMmnynbCHe LWTaMnyBaHHA 3aCTOCOBYHOTb Yy NMPOMUCIIOBOCTI Nij
Yac BUMKOHAHHSA Pi3HMX ornepaLin IMCTOBOro AedOpMYyBaHHS: BUTSXKN, BUPYDY-
BaHHs, NpobuBaHHA OTBOpIB, BiAOOPTOBKKM, 3arMHaHHsA. Kpim TOro, 3 BUKOpuUC-
TaHHAM MarHiTHOro nons BUKOHYKOTb CKNagaribHi onepadii, SKi 30iIMCHIOTbLCA
LUNAXOM CniNbHOro AedopMyBaHHS, a TakoX 3BaproBaHHA TpybyacTux 3aroTo-
BOK.

Poamipn getanen, wo niggatotecsad MIOM, Bu3HavyaoTbCs eHeprieto ycTa-
HOBKW, €NeKTPONpPOBIAHICTIO MaTepiany aetasni 1 KOHCTPYKTUBHUMW MOXITMBOC-
TSAMU BUKOHAHHSA IHCTpyMeHTa. 3a CTaTUCTUYHUMKM JaHUMK Len cnocib aedop-
MyBaHHSl 4YacTille 3acCTOCOBYETbCA [Afi1 OOTUCHEeHHs Tpyb AiameTpom
5...100 mm, posgaui Tpyb giametpom 40...500 MM i hopMyBaHHS NNCTOBUX 3a-
FOTOBOK 3 HanbinbLmMm po3mipom 600 mm.

Ha edekTmBHiCcTb npouecy obpobneHHs 3Ha4YyHO BMNMBAE BiACTaHb MiX
IHOYKTOPOM | 3aroToBKOK. E(EKTUBHICTbL € HaMBULLOK NpU MiHIMarbHOMY 3a-
30pi MiXK 3aroTOBKOK WM iHOYKTOPOM, OCKISTbKM 3a30p — OOMH i3 HaBaXXIMBILLNX
YNMHHMKIB, LLLO BNSIMBAE Ha BENUYUHY TUCKY MarHiTHOro nons. 3 gocsigy BigoMo,
LLIO 3a iCHYKYOI KOHCTPYKLUIT iHOYKTOPIB HOPManbHUM 3a30pOM MOXHa BBaXaTwu
0,1...0,3 MM gna NAOCKOro iHAyKTopa.

TexHonorivHi onepadil, SiKi BUKOHYHOTbCS 3 gonomoroto eHepril IMI1, mox-
Ha NO4INUTM Ha YOTUPK rPYNK: Po3ainbHi, POPMOTBIPHI, CKnaganbHi 1 KOMOIHO-
BaHi.

YcCi ui onepadii 34iNCHIOITLCA 3a TPbOMa TEXHOMOMYHUMK cxemaMu: “06-
TUCHEHHSA” (KONW IHOYKTOP OXOMJIE 3aroTOBKY 330BHI); “po3gada” (Konv iHayK-
TOP PO3MILLYETHCA BCEPEaNHI LUMIHAPUYHOI 3aroToBKN); “AedopMyBaHHSA Mro-
CKOI 3aroTtoBKM” (KOMW IHOYKTOP BUKOHYETLCA Y BUrNA4i apxiMegoBol criipari)

[5].

A A-/ Ak npuknag Ha
|$ puc. 5.2 nokasaHo iHAY-
Pt KTOp ANA BUKOHaHHSA
4 77 A’[[[l‘”"'.:i;} onepauii  0OTUCHEHHS
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Wy, WO KOHUEHTpYye
MarHiTHe none iHOQyKTo-
pa Ha 4acTuHi gedop-
MOBYBaHOI  3aroTOBKM.
30BHILLHIO  MOBEPXHIO
KOHLEeHTpaTopa  BWKO-

Puc. 5.2. [HoykTOop Ans 06 TUCHEHHS HYIOTb  UMNIHOPWUYHO
TpybyacTol 3aroToBku: 1 — cnipanb iHAYKTOPA; 3a popmotro iHOyKTOpAa,
2 — KOHLUEHTpaTop MarHiTHOro nNons; [0 SIKOro BOHA LWiNbHO

3 — TpybyacTa 3aroToBka; 4 — i3onisuivHa BTyrKa npunarae,  BHYTPILLHIO

28



NoBepPXHIO — dbacoHHO 3a bopmMoto obpobntoBaHoi AeTtani. KoHueHTpaTop po-
3pi3aHo 3a TBIPHOLO, @ PO3pi3 3aNOBHEHO I30M5ALIE0.

IHOYKTOp pa3oM 3 KOHUEHTPATOpPOM MOSIs € NOBITPAHUM TpaHcdhopMaTo-
poM 3 BaraToBMTKOBOK MEPBUHHO (Cniparb iHAYKTOpa) Ta O4HOBUTKOBOK MO-
BTOPHOLO (KOHLUEHTpaTop nosnsi) obMoTkamu.

Mig Yac po3psagKeHHs kKoHaeHcaTopHoI 6aTapel Ha nepBUMHHY OBMOTKY
3MiHHEe MarHiTHe nosne, yTBopeHe B pobovyomy ob’emi iHOyKTOpa, HABOAUTL BU-
XPOBi CTPYMW Ha 30BHILLHIA NOBEPXHI KOHLEHTpaTopa W no pagianbHOMY nasy
NepexoanTb Ha BHYTPILLHIO MOBEPXHIO LIEHTPanbHOro OTBOpY.

3asBuyan nnowja noBepPXHi LEHTparbHOro OTBOPY € Habarato MEHLLOH
3a MnoLly 30BHILWHBLOI NOBEpPXHi KOHUeHTpaTopa. Lle cnpuunHae 36inblueHHs
YCTUHU BUXPOBUX CTPYMIB, @ TOMY 1 Hanpy>XeHOCTi MarHiTHOro nons B Lin Yyac-
TUHI KOHLIeHTpaTopa.

[Micna o3HanoOMMeHHs 3 isUYHMMKU OCHOBaMKM MarHiTHO-iMNynbCHOro 06-
pobrieHHsa MeTaniB NPOBOAMTLCSA EKCNEPUMEHT 3 po3fadi Tpyb4yacToi 3aroTos-
K/, BUrOTOBSEHOI 3 arntoMiHieBoro cnnasy. 3a BiJOMMMU r€eOMETPUYHMMU Na-
pameTpaMn 3aroToBKM A0 i Nicnsg nnacTMYHOro gedopMyBaHHA BU3HaYalOTb
KOPUCHO BUTpa4veHy eHeprito (poboTy). NoBHy poboTy nnactuyHoro gedopmy-
BaHHS NpMBIM3HO 0BYMCHIOTE 3a POpMYoH

Adeqb = anumW’ (58)

ne W —ob’em TpybyacToi 3aroToBku, WO eOPMYETHLCS.
MnToMy poboTy BupaxatoTb Yyepes didnKo-MexaHiyHi B1acTMBOCTI MeTa-
ny 3aroToBKW 1 cepeHin cTyniHb gedopmaui:

B
a =——e"". (5.9)
w1+ m
3Ha4eHHs1 KOHCTaHT MaTepiany HaBeaeHo B Tabn. [.3.
Taknm 4ymMHOM, ANs BM3Ha4YeHHs poboTn gedopmMyBaHHA HEOOXIAHO 3HATU

cepeagHe 3Ha4YeHHA CTYyneHA

nedopmadii matepiany. lMicna y v 77777 777 Tk
AedopmaLlil  3arotoBkM po3- g,

padveto  30iNbLIYIOTLCS  30BHI- l [
WHIM | BHYTPIWHIW pagiycu

ODOMOHKN, 3MEHLLYETbCA TO- ————— . ‘

BLUMHA CTiHKM, BMCOTa 3aroTo-
BKM 3MIHIOETLCA Marno (puc. o
5.3). Y ubomy BMnNagky cepe- i |
AHIN cTyniHb Aedpopmallii Ma- 4 LA LS LS
Tepiany 3aroToBKM  MOXHa J
npubnu3Ho  BU3HAYMTU  3a B f o
CNiBBIJHOLLUEHHSIM

Puc. 5.3. TpybuacTa 3arotoBka

v
e=r—1—1. (5.10) [0 i nicnsa posaaui
0
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[Mepen npoBefeHHSIM eKCnepuMeEHTY HeOobXigHO BUMIPATU reoMeTPUYHI
napamMeTpu 3aroToBKM 1 MOBTOPHO 3pobuTtn ue nicna aedopmysBaHHs. Lle
AACTb MOXIUBICTb BUKOHATM NPOCTI 3aMipy 1 BU3HAYMTK pobOTy AedopMyBaH-
HA 3a ¢opmynoto (5.8). OpepxaHe 3Ha4YeHHA pPoOOTU Cnig MOMHOXUTU Ha
1,1...1,2, Wwob ypaxyBaTn 3MiHEHHA Di3NKO-MeXaHIYHNX BNacTMBOCTEN MaTepi-
any 3aroToBKWM BHacNigoOK NigBULLEHOT LWBWAOKOCTI AedopmyBaHHA. [lig 4ac
NPOBEAEHHST eKCrnepuMeHTY 3a Tabno MarHiTHO-iMnyrnbCHOI YCTaHOBKU HeoO-
XiAHO 3adpikcyBaTU 3HAYEHHs1 eHeprii, HarpoMagXeHol B KOHOEHCATOPHIn 6aTa-
pel, BUSHAYNTU KOPUCHY pPoOOTY, BUTPaYeHy Ha AedOopMyBaHHS, 3 YCIED BU-
TpadeHot eHeprieto n KK npouecy.

NMopsaaok BUKOHAHHSA nNadbopaTopHOi poboTm

O3HanomuTurcsa 3 onmcom nabopaTtopHoi poboTu.

BVBUYMTM KOHCTPYKLiIIO MarHiTHO-iMNybCHOI YCTaHOBKM.

HapucyBaTtu ecki3 KOHCTPYKLUIT TEXHONOrYHOro OCHaLLEHHS.

[MpoBecTn ekcnepnmMeHT 3 06poBIEHHSA 3aroTOBKM 3a CXEMOKO «po3fada.
3pobunTn HeobXigHI BUMIPIOBAHHSA 1 3aHECTU 1X 0 3BITY.

abkhwN -~

KoHTponbHi 3anuTaHHs

1. OnNnwiTe MexaHiam nepeTBopeHHs eHepril nig Yyac MIOM.

2. Ak BnnnBae YactoTa po3psgHOro CTpymy Ha noro amnnitygy?

3. Ak BnnvBae rmmbuHa NPOHUKHEHHS CTPYMY Ha TUCK, AKUA BUHUKAE Ha Mo-
BEPXHi 3aroToBKM, y npoueci 4edopMyBaHHA?

4. Ha3BiTb OCHOBHI BUTpaTU eHeprii y po3psaHOMY KOHTYPI MarHiTHO-
IMNYNbCHOI YCTAHOBKM.

5. Aki TexHOsoriyHi onepawii MOXHa BMKOHYyBaTWM 3 [OMOMOIMOK MarHiTHO-
IMMYJTbCHUX YCTAHOBOK?

6. Hassitb ocHoBHi nepesarn MIOM nopiBHAHO 3i 3BMYaWHUM LUTaMMNyBaH-
HAM.

7. Y YoMy nonsrae npyvHUMN KOHUEHTpaLil eHeprii B OKpeMux YacTuHax 3aro-
TOBKMW, KOS 3aCTOCOBYIOTLCS KOHLIEHTpaTopwu nons?

NabopartopHa po6oTa Ne 6
BUITOTOBJIEHHA 3ATOTOBOK KOBAJIbCbKUM MPOTAINYBAHHAM

Mema pobomu: 03HaNOMUTUCH 3 OOHUM 3 HAWMOLUMPEHILLIUX TEXHOMNOTIY-
HWX NPOLECIB KyBaHHSA — NPOTAryBaHHAM.

TeopeTnyHi BigomMmocTi

[MpoTaryBaHHAM 36inbLUYyOTb JOBXMHY 3aroTOBKWU LUSISIXOM 3MEHLUEHHS i
nonepeyvHoro nepepisy. MNMpoTsaryBaHHA 34INCHIOTbL NOCNIAOBHUM OBTUCKAHHSM
3aroTOBKM Mnornepek OCi N0 OKPeMUX CYMDKHUX OiNAHKaxX 3 KaHTYBaHHSAM HaBKoO-
110 N0340BXHbLOI OCi abo nogadero B3QOBX Oci (puc. 6.1) nicns KoXXHOro obTuc-
KaHHSI.

JloBXWHA AOiNnAHKU, WO OOTUCKAETbCS, BU3HAYAETbLCA BENMUYMHOK Noaadi
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Puc. 6.1. MNMpoTaryBaHHsA Ha Nnockux 6omnkax 3 0O6TUCHEHHSM

3aroToBku. [ig Yyac NpoTaryBaHHA Ha MAocknx Borikax 3aroToBKY MPSIMOKYTHOMO
nonepeYyHoro nepepisy KaHTyTb 3a3Buyan Ha 90°. [1Ba nocnigoBHUX obTuUC-
HEeHHS 3 MPOMDKHUM KaHTyBaHHAM Ha 90° Has3uBalOTb NepexonoM NpoTHArysaH-
HA. KOXXHUW nepexig MOXXHa po3rnsgaTtv sk ABi 0Cagku, BUKOHAHI B 4BOX B3ae-
MHO NeprneHaukynsapHuxX Hanpsimkax. [pu ubomy B nornepedyHoMy nepepisi 3a-
FOTOBKW 30HW YTPYAHEHOI AedopmMauii Ta 30HU cepefHbol IHTEHCUBHOCTI Ae-
doopmaii Nicrst KOXHOro KaHTYBaHHSA MIHAKTbLCA MicUSMU. YHaAcRigoK Lboro Ki-
HueBa gedopmadis B nonepevyHoMy nepepisi € 6inbw 04HOPIAHOK, HXK B YMO-
Bax 3BM4YanHoi ocagku. Ocagka nig vyac NpoTaryBaHHS Bigpi3HAETLCS Bif 3BU-
YanHOI OCadKu TaKOX HasIBHICTIO OINSAHOK, Ha siki He BnnmBae Ais 6oukiB (He
AedOpMYy€ETbCA YacTMHa 3aroToBku). Lle cTpumMye po3LUMPEHHS B rPaHUYHUX
30Hax, i, oTXe, 30iNblYyeTbCA HEOAHOPIAHICTL AedhopmaLil N0 AOBXWHI 3aroTo-
BkM. BogHo4ac, sk i nig Yyac 3BMYanHOl ocagkm, MeTan y 30Hax 3a3Hae Bcebiy-
HOro, Xxo4a M HEpPIBHOMIPHOro, CTUCKY, a B 30HaX MakCMMasribHUX TaHreHuianb-
HUX aedopmaLin nNpyu CTUCHEHHI B YCIX HanpsaMKax y MrowuHi, nepneHgukyns-
PHI 0O OCi 3aroToBKMW, NepeBaXxakTb PO3TSXKHI HANPY>XeHHA B340BX Oci. [1noc-
Ki O NPOTAryBaHHA TOPLi MOYaTKOBOI 3aroTOBKW Nif Yac BUTAryBaHHA Ha npsi-
MOKYTHUI Nnepepi3 cTaroTb ONyKNUMH.

LLlo© 36epertu kpyrny oopMy rnepepiszy 3aroToBOK, NPOTAryBaHHs Ha Mno-
CKnx 6omkax 34iMCHIOTbL ManMMu O6TUCHEHHAMMU, BE3YNUHHO KaHTYu4KM 3aro-
TOBKY MiCNsi KOXXHOro 06 TUCHEHHs. [loBedeHo, WO Npu 0O6TUCHEHHI Ha NITOCKUX
Bownkax HacKpidHy MPOKOBKY KPYrmoro nepepiszy MoXHa 34iNCHUTU Tinbkn o6Tuc-
HEeHHAM 3a OOuH Xig npeca abo ygapoMm mMosioTa 3i CTyneHeM O6TUCHEHHS, Oi-
nbwum 3a 7,5 %.

Uepes mani po3mMipy KOHTaKTHUX MOBEPXOHb CepeHi LWapu Kpyrinoi 3aro-
TOBKM 3anunLialoTbCsl HENnpokoBaHUMK, aedopmytotbcs cnadko. MNnactuyHa Te-
4yia Martepiany B OCbOBOMY HarpsMKy € HedoCTaTHbOo. Yepes ue Ha Topusx
3aroToBOK KpYrnoro nepepisy 3amMicTb OMyKI1OCTEN YTBOPATHCA 3anaguHu.

[ig yac KyBaHHA Ha nnocknx 6ownkax y nedopmMoByBaHOMY Martepiani Bu-
HUKaTb FOPU3OHTalbHI HaNPY>XeHHS, SKi PO3TAryt0Tb 3aroTOBKY B HarMpsAMKY,
nepneHanKynapHOMY 0 OcCi 3aroTtoBku. Lli HanpyXeHHs1 36inbLluytoTbCsa Big no-
BEPXHi 0O LEeHTpa 3aroToBKW, NparHy4M posipBaTu Il cepueBUHY, i CNPUAOTb
YTBOPEHHIO B Hil OCbOBMX TPILWWH, HaBiTb Y 3aroTOBKaXx i3 Ay)Xe MnacTUYHUX
cnnasi..
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LLlo® YHMKHYTK UbOro siBvLLA, NPOTAryBaHHA 3aroTOBOK KPYrfioro nepepisy
Cnig BMKOHYBATW He Ha MNSIOCKMX, a Ha BUPI3HUX Bonkax abo B obTuckavax
(puc. 6.2) BignosigHMx po3MipiB. MNpu LUbOMY 3i 30iNbLWIEHHAM OYrY KOHTAKTHOI
NOBEPXHi PO3TAXKHI HANPY>XXeHHSA B LeHTPi nepepi3y 3arotoBKMU 3MEHLUYIOTLCSH, a
npu KyTi o6xBaTy, MeHLwoMmy 3a 90°, NnepeTBOPIOKTLCA Ha CTUCKASTbHI.
BennunHy obTUCHEHHS npu nNpoTdaryBaHHi 6epyTb Takow, WO Aae 3Mmory
YHUKHYTU KPUTUYHOIO CTyNeHda ae-
‘._, doopmauil.
[MpoAyKTUBHICTL MpoOTAryBaH-
‘_—‘ HA 3aneXuTb Hacamnepen Big Kisb-
KOCTi HeobXigHMX O6TUCHEHDb, WO, Y
CBOIO 4epry, 3anexunTb Bi Bennyu-
HW nogadi. 3MeHLEHHs nogadi npu-
- BOOUTb A0 36iNblUEHHA KiNbKOCTI
AINAHOK, LWo o6TucKaTbCs, a ToMy
‘—-. M 0o 30inblUEeHHA KiNbKOCTi 0bTuc-
HeHb. 30inblUeHHA nogadi TakoXx
Puc. 6.2. BupisHi bonkn ong npotary-  cnpuumnHAe 306inblUEHHSA 3aranbHoil
BaHHS 3aroTOBOK KPYrroro nepepisy KinNnbKOCTi OBTUCHEHb, OCKiNbKM npwu
LbOMY 3MEHLUYETLCA MOOOBXEHHSA
NPY KOXXHOMY CTUCHEHHI, a ue notpebye 30inbleHHS KifTbKOCTi O6TUCHEHDb Ti€El
camol AinaHkn. HanmmeHwa KinbkicTb 06TUCHEHb 3abe3nedvyeTbCsl onTUMarb-
HOI nogadvero. BnsHavatoum nogavy, HeobXxigHO Takox 6paTu Ao yearu, Lo 3a
3aKOHOM HaMMEHLUOro onopy AinsHka, sika 0b6TUCKaeTbcs, nparHe HabpaTtu B
nnaxi popmun eninca. Tomy 36inblUEHHS Nogadi NPUBOAUTL A0 NIABULLLEHHSA He-
PIBHOMIPHOCTiI pPO3LUMPEHHS, @ HEPIBHOMIPHICTb PO3LUMPEHHSA — 00 36iNbLUEeHHS
NpaBUNbHNX OBTUCHEHb, HEOOXIOHNX ONA YCYHEeHHS XBUMb Y300BX 3arOTOBKW.
Kpim Toro, 306inblieHHa nogadi cnpusie NiaBULLEHHIO HeoOXxigHoro 3ycunns
yCTaTKyBaHHS, LLIO BUKOPUCTOBYETLCS.
Mig Yyac npoTaryBaHHA Ha Mnoc-
Knx 6omkax (puc. 6.3) HaTUCK npeca

Ha ,EI,iJ'IFIHKy 3aroTOBKN 3aBOOBXKU Ll 3

nepepisom KLMN abo ymap monota

L / = MO Uin OiNgHui cynpoBOLKYETHCS 3Mi-

HEHHSIM TFEOMETPUYHMX NapamMeTpiB
T Y /1 3aroTOBKMU:

\] e 3MEHLUEHHSAM NOYaTKOBOI BUCOTHU

sarotokm H po h (nepepiz KLMN),
i TOGTO OOTUCHEHHAM 3aroTOBKM Ha

Ah=H-h;
Puc. 6.3. 3MiHEHHSI reOMETPUYHUX * 30inbleHHaM no4aTkoBOI Wwmpw-
napameTpiB 3aroToBKW Mif Yac HU 3arotoBkm B o b, 10670 posium-

NPOTAryBaHHA Ha NMOckux Bolikax  peHHsm 3arotoskn Ha Ab=b— B;
32

\\




e 30iNblUEHHAM NOYATKOBOI AOBXWUHU OiNsHKU L1 ao Lz, TOOTO NMOAOBXKEH-

HAM (BUTAryBaHHAM) 3arotoBkn Ha AL =L, — L, (L, — poBXuHa AinsHKK 3aro-
TOBKMW, NogaHoI nig 6onkn, Tob6To nogaya);

e 3MEHLUEHHSIM MSIOLi MONepeyYHOro nepepisy 3aroToBKM Yepe3 NO4OBXKEH-
HSl, LLO OLHIOETbCS YKOBYBAHHAM :F/Fa (F — noyaTtkoBa nnowia nonepey-

HOro nepepisy 3aroToBku; £, — nnowla nonepeyHoro nepepisy nicnsa gedopmy-

BaHHS).
YKOBYBaHHA — TOSIOBHUM MapamMeTp, WO XapakTepusye iHTEHCUBHICTb
npouecy. YKoByBaHHS 36inblUyeTbCA 3i 3MEHLUEHHAM BigHOCHOI nogadi

l//=L1/B, npu uboMYy 36iNblUYETLCA KiNbKICTb HeobxigHMX oOTUCHeHb. Ha
npakTuLi 3HaYyeHHsa I 6epyTb y mexax 0,5...1,0.

[Mig yac ob4ncneHHa npouecy NPOTAryBaHHS Ha NNOCKMX Bonkax BUKOPU-
CTOBYIOTb eKCcnepnuMeHTanbHO 06yMOBNEHUI KOeMiliEHT iIHTEHCUBHOCTI pO3LUKn-
PEHHS

P h(b—-B)
= —

B(H —h)
3 JOMOMOrOK SIKOro Npu 3agaHnX 3HaAYeHHsIX BiQHOCHOro OOTUCHEHHSA & i Bia-
HOCHOI noJavi BU3Ha4aloTb YKOBYBaHHS

<1, (6.1)

1
y= , (6.2)
1-&(1- )
h
ae &= _E . (6.3)

KoediLjieHT iIHTEHCUBHOCTI PO3LLUMPEHHSI 3aroToBKM f, Aae 3Mory pospa-
XyBaTW, sika YacTuHa nepepizy oOTUCHYTOI 3aroTOBKN MOe Ha PO3LUMPEHHS, a
sika — Ha nogoBXeHHdA. [JoBeaeHo, WO iHTEHCUBHICTb PO3LUMPEHHS 3aneXxuTb
Big BiQHOCHOT nogadvi =L1/B i BigHOLLEHHA H/y, ane rnpakTU4HO He 3arne-
XXWTb Bi BiAHOCHOro OOTUCHEHHSA & Ta SAKOCTi NOBEPXHi NPOTSKHUX DONKIB.

Y3aranbHeHHA BESIMKOI KiSIbKOCTi CTaTUCTMYHOroO Martepiany 3 npoTsary-
BaHHS 3aroTOBOK Ha MMOCKMX Bonkax gano 3mory ckrnactv Tabnuui 1 BUSHaAYNTK
eKkcnepuMeHTanbHi popmynn ana po3paxyHKy KoediuieHTa IHTEHCUBHOCTI po-
3LUMPEHHS.

3aranbHe yKOBYBaAHHS Nifg Yac NpoTAryBaHHS 3a Aekinbka nepexoniB Mo-
KHa BM3HA4YnNTU SIK 4OBYTOK YKOBYBaHb Ha nepexoax:

Vi =WV Vn = [0, (6.4)

i=1
ne Vi, V,,...,y, — YKOBYBaHHs 3aroToBKWN Ha BiAMOBiAHOMY nepexopi, obuuncne-
He 3a PiBHAHHAM (6.2).
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[OBXNHY NOKOBKW Micnsa NpoTAryBaHHA 3a AeKifibka nepexonis MoXHa BU-
3Ha4YMTn Tak:

L=Lyy
ae L, —noyaTKkoBa AOBXWHA 3aroTOBKM.

BigHOCHe po3LUMPEHHS 3aroTOBKM Ha KOXXHOMY nepexoni obuncniooTb 3a
doopmyrnoro

(6.5)

3ae’?

f—_ (6.6)

©oy(l-¢)

3 ornagy Ha TEXHOMOri PO3PI3HAOTL Taki OCHOBHI CNOcobu NpoTAryBaH-
HA: Ha yHiBepcarbHMX BoKrKax, Ha NPOTSHKHMUX MNNOCKUX i BUPI3HMX BoKKax, pos-
riH | pO3KOYYBaHHSA Ha onpasLii.

30iNCHIOYM MPOTAryBaHHA 3aroTOBOK MPSIMOKYTHOrO MNepepidy Ha YHi-
BepcanbHuX (LLMPOKMX) BoKMKax, crnoYaTKy BUKOHYIOTb OOTUCHEHHS 3 nodadeto B
TOMY CaMOMy HanpsIMKy MiCAa KOXXHOro O6TUCHEHHS, ane 6e3 KaHTyBaHHSA (ne-
pwnn npoxig). MNoTiMm KaHTyoTb 3arotoBky Ha 90°, nicns Yoro BUKOHYHOTbL ApY-
Min psig o0TUCHEHb 3 NogaYelo Yy 3BOPOTHOMY HarnpsIMKy | TakoxX 6e3 KaHTyBaH-
HA (gpyrun npoxig). MNMpoTaryBaHHA Ha LWUMPOKMX BorKax cnig novMHaTh 3 KiHUMA
3aroToBKM i BUKOPUCTOBYBATU ONK LbOro nuile YacTuHy WnpuHM Borka, pos-
TalloBaHy 3 Kpato, sika AOpPIiBHIOE BeNMYMHI nogadi. [1oTim Ha ToMy camomy Kpai
OOWMKiB BMKOHYIOTb MOCTYNOBE MPOTAryBaHHA BCIiE€l 3aroTOBKW, a iHLWA YacTuHa
LUMPUHK BONKIB NpM3HaYeHa nuwe Ang npaBky paHile NPOTArHEHO! OiINAHKMN.

3pYYHIWNM | NPOOYKTUBHILLMM € NPOTAryBaHHS Ha MPOTSXKHUX (BY3bKUX)
bonkax. TyT BUKOPUCTOBYETbCA Binblua YacTUHa LWUMPUHK BOKKIB, ANst YOro Ln-
pUHY nrockux Gownkis 6epyTb Takoto, Wo AopisHioe 1,5....1,8 Big WKMpuHM 3aro-
TOBKM, a BUpi3HMX bonkie — 1,0...1,2. INpun ybomy nogava craHoeutb 0,4...0,8
Bid wWupuHN 6oKkKiB, WO 3abesnevye ogep)kaHHA AOCTaTHLO rNadkol MOBEPXHI
3arotoBku. LLlo6 3anobirtm BUrMHY OCi, 3aroTOBKY chnig KaHTyBath Ha 90° To
BMpaBo, TO BBO NiCNsA KOXHOro 06TUCHEHHS abo 34iMcCHIOBaTN NPOTAryBaHHSA 3
0e3ynMHHOI Nogaveto 3a rBUHTOBOIO JiHieto. [OBri 3aroToBKM 3py4Hille npoTs-
rysatu Bif cepeauHn 0 KiHUiB, KOPOTKI — Big O4HOrO KiHUS 0 iHLWOro, BENUKI —
3 nogadeto Ha cebe, a mani — 3 nogadeto Bif cebe.

BupisHi 6onkn (omBe. puc. 6.2) 3aCTOCOBYOTb ANSA NPOTAryBaHHA 3aroTo-
BOK 3i 3Ha4YHMM MNepepi3oM, a TakoX ANs NepekoByBaHHA KBagpaTHOI abo Oara-
TOKYTHOI popmu nepepidy Ha Kpyrny. Bupi3Hi 6omnkn mMoxyTb OyTu HaniBkpyr-
nmMmn (3a popmMoto 3aroTtoBku) i HaniBpomMOGiyHMMK 3 KyToM Bupidy 90...160°.
[ocnTb 4YacTo 3aMiCTb OfHAKOBUX OOWMKIB 3aCTOCOBYKOTb K BEPXHi BOMOK —
NSIOCKMN, a K HWXKHIN — BUPI3HMA. PoBoui YacTuHM BUPI3HKUX BOKKIB ANnga npecis
BUrOTOBNAOTb Y BUrNA4i 3MiHHMX BKNagok abo HaacTaBoK, WO 3MEHLUYE BTpa-
TW Yacy Ha 3MiHEHHSI YOPMU 1 Ppo3MipiB BUPi3Y B Bonkax.

[MpoTaryBaHHA Ha BUPI3HMX Borkax abo B o6Tuckavax 3abeanevye ogep-
XaHHA BinblW rnagkoi NoBepxHi i Binbll TOYHMX PO3MIpIB MOKOBOK, HiXK HA NriocC-
Knx ©omkax. Yci onepauii KyBaHHSA 3 KBagpaTta Ha Kpyr 3py4HO BUMKOHYBATU He
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Ha nnockux Gonkax, a Ha BUPI3HMX, abo B obTuckavax. LLo® yHWKHYyTM yTBO-
PEHHSA pajianbHUX TPILWMH B OCbOBIN YAaCTWHI, 3aroToBKKW MO giaroHansax ob6Tuc-
KatoTb 4O Masnoro CTyneHsa gedgopmadii.

[MpoTAaryBaHHA MOPOXHUCTUX LMUNMIHOPUYHMX MOKOBOK 34IMCHIOTL Ha LUun-
NiHAPWYHUX abo KOHIYHMX onpaBKax AiaMeTpoM, TPOXM MEHLLMM 3a OCTaTOYHUN
AiameTp oTBOpy B 3arotoBui. OcobnMBOCTI IHCTPYMEHTA M TEXHOSIONT BUTSKKN
Taknx getaneun OCUTb OOKMagHO BMKNAAEeHO B crieyianbHin niTepaTypi, Hanpu-
knag [2].

3rigHo 3 Teopieto 06pobneHHs MeTaniB TUCKOM NUTOMe 3ycunns gedop-
MYyBaHHS Nig, Yac BUTSXKN 3aroTOBOK BU3HAYaETbCA NPOCTUM CNiBBIAHOLLEHHAM

* Y7
P=oc (1+=—), 6.7
 ( 3 h) (6.7)

ae 0': — rpaHnusa NNMHHOCTI MaTtepiany 3aroTOBKM Npu BigMOBIAHOMY 3HAYEHHI
TemnepaTypy obpobneHHs; U — koedpilieHT TepTa MaTtepianiB 3aroToBkU 1 iH-
cTpymeHTa; L,, h — reomeTpnuHi napameTpu o6pobnioBaHOI 3aroTOBKM Micns
AedopMyBaHHS.

PoboTy necdopmyBaHHA 3a ogHE OBTUCHEHHSA 3arOTOBKM MOXHa po3paxy-

BaTW 3a PIBHAHHSAM

Azpwmgy (6.8)

pe W = BHL, — o6’em meTany 3aroToBku, LLO 3a3Hae NnacTUyHoi gedopmadii.

Pobota gedopmyBaHHA NPOTSAroM yCbOro NpoLuecy BU3Ha4YaTUMETbCS SIK Cyma
eHeproBuTpar no nepexogax obpobneHHs:

Ay =4+ A+ 4, =) 4. (6.9)

i=1
NMopsaaok BUKOHaHHSA nabopaTopHoi pob6oTu

1. BumMmipatn reomeTpudHi napameTpn HegedOpMOBaHOro 3paska, 3pobutum
€CKi3 3aroToBKuW 1 3agaTu 11 po3mipu.

2. BukoHaTtn TpM-4oTpn OB6TUCHEHHSI NOYATKOBOI 3aroTOBKM B OOHIN NNoLwm-
Hi 6e3 KaHTyBaHHSA HABKOJ10 MNO340BXHbLOT OCi, 3pOBUTK ecki3 ogepkaHol opmu
3aroToBKW, BUMIPATY 11 pO3Mipw.

3. O6uncnMTn yKOBYBaHHS 3aroTOBKW, BUKOpUCTOBYHOUM dhopmynn (6.1)—
(6.3). BusHaunTtn KoedilieHT po3LMpeHHs 3aroToBkM 3a Tabn. [0.4 i 3ictTaBuTu
MOro 3Ha4YeHHSA 3i 3Ha4YeHHAM, 3HanaeHnm 3a oopmynoto (6.1).

4. O0YMCnNTU BeNUYUHY 3arasibHOro YKOBYBaHHS 3a [eKinbka nepexogiB i
BU3HAYNTM OOBXWHY 3aroTOBKM Nicrisi 06TUCHEHHS 3a coopmynamu (6.4), (6.5).
[MOpIBHATU OOBXWHY 3aroTOBKW, BU3HAYeHY OBYMUCIIEHHSIM, 3 eKcrepuMeHTanb-
HO BU3HAYEHOI0.

5. Po3paxyBaTtu BenNnUYMHM NoTpibHOro 3ycunns, pobotn aedopmyBaHHS nig
Yyac NpoTAryBaHHSA 3aroToBku 3a copmynamu (6.7), (6.8) i nopiBHATK iX 3 eKc-
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nepuMeHTanbHUMK BENNYNHAMM.
6. ByvkoHatu TpU-4oTUPU OBTUCHEHHS 3aroTOBKW, NepeKaHToBYOUM i Ha 90°.
HapucyBaTu ecki3 ogep>kaHol 3arotToBkM U 3aaTu 11 po3Mipw.

KOHTpOnbHI 3anuTaHHsA

1. AK 30iNCHIOITE KOBanbCbKe NPOTAryBaHHA 3aroToBOK, Y YOMY Mosisirae no-
ro NPU3HAYEHHA?

2. o cnpuynHse yTBOpPEHHSA TPILWWH B OCbOBIN 30HI 06p0o6sitoBaHOI 3aroToB-
KW Nig Yac NpoTaryBaHHA?

3. AKi YMHHKMKM BNMBaKOTbL HA NPOAYKTUBHICTL Npaui nig 4ac npoTAryBaHHS
3aroToBOK?

4. Oxapaktepunsynte 3MiHEHHSI OCHOBHUX reOMEeTPUYHUX napamMeTpiB 3aro-
TOBKW B NpoLEecCi NPOTAryBaHHSI.

5. Ak MOXHa 0BYNCNNTM YKOBYBAHHSI 3arOTOBKW, KONMW 34INCHIOETLCA OAHE
OOTUCHEHHS, | 3aranbHe YKOBYBaHHS, KON NPOTAryBaHHS BUKOHYETbCA 3a Ae-
Kiflbka nepexopnis?

Na6opartopHa po6ota Ne 7

3AKPUTE BAFATOMNEPEXIAHE LWUTAMNYBAHHA
BUCOKOHABAHTAXEHUX OETAJEN

Mema pobomu: 03HaNOMUTUCH 3 TEXHOMOTNYHUM MpPOLECOM 06’ EMHOro
LUTaMNyBaHHS B 3aKPUTUX LUTaMNax i MEeTOAUKOI Oro NPOEKTYBaHHS.

TeopeTU4Hi BigoMocTi

Cepep BuaiB 06pobneHHa MmeTaniB TUCKOM rapsiie ob6'emMHe LuTamnyBaH-
HA B 3aKpUTUX LWITamnax HanmbinbLwwo Mipoto 3abesneyvye BUCOKY SKICTb LUTaM-
NOBaHMX 3aroTOBOK 3aBASKM peanisauil cXeMn HepiBHOMIPHOrO CTUCHEHHS 3i
3HAYHUMMK BIYHMMU HaMpPYXXEHHAMMU, siKa CPUSE KpalloMy BUSIBJIEHHIO NNacTu-
YHMUX Bnactmeocten metany. Kpim Toro, wramnyBaHHA B 3aKpUTUX LUTaMnax
3abeasneyye BUCOKY SIKICTb LUTAMMOBAHUX 3aroTOBOK 3aBAsSKM NpaBUilbHOMY pPO-
3TallyBaHHIO BOSIOKOH, TOBTO eKBIANCTAHTHO [0 KOHTYpPY WTaMnyBaHHS, i Big-
CYTHOCTI MiCLb 3i 3HWKEHMMU MeXaHIYHMMUM BI1AaCTUBOCTAMMU, SKi 3a3BMYan pos-
TalLOBYHOTbCA B 30HAX BMXO4y MeTany B obnou nig 4ac wramnyBaHHS y Bigk-
puTnx WwWrtamnax [12, 25].

B aBiauinHin NnpoM1CNoBOCTi rapsiye ob'eMHe LITaMnyBaHHSA B 3aKPUTUX
LUTaMnax BUKOPUCTOBYETLCA AS1S1 BUTOTOBMEHHS 0COBMMBO BigNOBiganbHUX BU-
pobiB, O NPaLUTb NP BUCOKOMY TUCKY, BUCOKMX TemnepaTtypax i B ymoBax
NiABULLLEHOI KOPO3iNHOI akTUBHOCTI. [JOo TakMx OeTanen Hanexartb €fleMeHTU
nasiMBHUX, NOBITPAHUX i FigpaBniYHUX CUCTEM, 30KpeMa, KOpnycu, nepexigHukn,
KPULLKW, OHULWA, 3arnyLwkuy, pnaHui, XXuknepu T1a iH. Ha puc. 7.1 nokasaHo ecki-
31 TUMNOBUX MOKOBOK KMacy BiCECUMETPUYHMX TUMY Tinl obepTaHHs, sKi B3ATO 3
knacudpikatopa ocobnmBo BigNOBigaNbHUX AeTanen nitakie 3 nNfowe nonepe-
YHoro nepepisy go 480 CM?, a TakoX TMMNOBI AeTani MOTOpPOBYayBaHHS.

Y ranyseBux ctangaptax (OCT 1 41538-74, OCT 92-1619-87) 3a3Hava-
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€TbCH, L0 NMOKOBKU, SIKi € 3aroToBkamun ans getanen ocobnmeo BianoBiganbHMX
BMpo6IiB, cnig BUrOTOBAATU 3aKPUTUM OB'€EMHUM LUTAMMYBaHHAM Y 3aKPUTUX
LuTamMnax 3 nonepeaHiMm goacoHyBaHHSAM.

3aKkpuTe WTamnyBaHHA — Lie NPOLEC, KU CKIagacTbCs 3 PidHMX onepa-
Lin POPMO3MIHEHHS (OCadKW, BUAABIIOBAHHSA, MPOLUMBKA Ta iH.), WO 34IMCHIO-
I0TbCSA MOCMIAOBHO abo OQHOYACHO W CyNnpPOBOAXKYKTLCA B OCTaHHIM dhasi ge-
doopmauii BUAABMIOBAHHAM | BUPA3HUM 3aroOBHEHHAM KyTiB KOHirypadil 3a-
KPUTOro piByaka. 3acTOCOBYHOUM TOYHE LUTAMMyBaHHS 3aroTOBOK Y 3aKpUTOMY
LuTamMni, MOXXHa 3HaA4YHO 3E€KOHOMWTW MeTar, OCKINIbKM CTUKOBI MOBEPXHi oaep-
XXaHUX MOKOBOK NOTPeBYTb HEBENUKNX 0BCAriB No4anbLLIOro MexaHidHOro oo-
pOBMNEeHHs, a NOBEPXHI, LLIO HE CMOoMy4alTbCH, 30BCIM NOro He NoTpebytoTb.

YacTto HEMOXNNMBO OTPUMATU SKICHY MOKOBKY Yepes Ti MOLUKOKEHHS Mig,
Yac geopMyBaHHS, CNPUYMHEHE 3HAYHUMMU HaNPY>XEeHHAMM, WO BUHUKAIOTb Y
mMeTani. Tomy, aHanisyo4m TEXHONOrI0 OTPUMAaHHA AeTanen BignosigaribHOro
NPU3HaYeHHd, ICTOTHY yBary cnig npuginatv MOXIMBOCTI NosiBu OedeKTiB
LUTaMMyBaHHS.

3a NOXoLKEeHHAM gedeKkTn WwTamnyBaHHA Nigpo3ainaTb Ha Taki BUAK:

1. lledbekTn, Wo BUHUKAIOTb Big NEPBUHHOrO MaTepiany: pucku — apibHi no-
APANUHK, SKi BUOHO OO CaMOro AHa MOKOBKW; 80/10COBUHU — TOHKI NOAPSIMNHK
Ha MOBEPXHi NOKOBOK; 3aKomu — 3aUPKN Y BUrNA4I 3aropHeHnX diameTparnbHo
NPOTUNEXHUX CKNagoK, WO BMHUKAKOTb Yepe3 HenpaBuibHe kanidbpyBaHHsA abo
3HOC piBYakiB y npokaTHux Barnkax. Lli gedektn martepiany 3aBxgu posTtailo-
BYIOTbCHA Ha NOBEPXHi NOKOBKWU | WAYTb CTPOro rno nepervHax il KOHTYpYy.

2. [lethbexkTn, WO BUHUKAKOTL Mig Yac pi3aHHs 3aroToBOK: KOcul 3pi3 — TO-
pelb, HaXUTEHUN BIOHOCHO OCI 3aroTOBKW; 3a0UPKU N 8UKPUBIIEHHS KiHLUS 3aro-
TOBKW; 2pybull 3pi3 abo 8i0Kkos1 3 BUPUBAHHAM MeTany; mpiwuHu mopuie; He-
8i0rnoegiOHicMb 3aroTOBOK 3a 008XUHOt0 abo mMacor (kopoTka abo mana 3aroTo-
BKa).

3. edekTn, Wo BMHMKAIOTL Mig Yac HarpiBaHHsS 3arotoBok. OKasiuHa — wap
OKMCHEHOro MeTany Ha NoBepxHi HarpiTol 3arotoBkn. OkanuHa, He BuaaneHa 3
NOBEPXHi 3aroToBkn abo LwWTamnis, Nig 4Yac wTamMnyBaHHA BOABIOETLCH, 3a-
LUTAaMMNOBYETLCA B MeTarl, YTBOPIOHYN MMUOOKI BM'ATUHU B NokoBKax. Hedoepie
— BUHWKHEHHS BHYTPILWHIX TPIWWH Yy NpoLeci KyBaHHA M LWITaMMnyBaHHA 4Yepes
HeOCTaTHIO BUTPMMKY 3aroTOBKW B HarpiBasbHin nedi (3a yacom i Temnepary-
pot0) i BiACYTHICTb 3 L€l NpUYnHN HeobXigHOI NnacTUYHOCTI meTany ans obpo-
BGneHHA 1horo TUCKoM. [lepeepie — HaaMipHe 3pOCTaHHSA 3epeH y cTani n 3HU-
XEHHA MeXaHi4YHMX BNacTMBOCTEW 4yepes Harpis 40 Temnepartyp, Lo nepesu-
LLYIOTb OOMNYCTUMY, a TakoX Yyepes3 BeNnuKky TpMBaniCTb HarpiBy 4O HeobXigHuX
KyBarnbHUX TemnepaTyp.

4. [ledbekTn, WO BUHUKAKOTL Mif Yac wramMnyBaHHA. Bm'amuHu — cnign Big
BUTpaBrieHol abo BiABUTOI OKanuHu, WO 3alTamMnoByeTbCA. 3aboiHU — MexaHi-
YHi NOLIKOLKEHHS, WO BUHUKAKOTbL Mif Yac BUTAraHHA NOKOBKW, LLIO 3acTpsarna B
NOPOXHUHI WTamna, abo Yepes3 NonagaHHA CTOPOHHIX NpeamMeTiB 40 00pi3HMX
wTamnie. bpyxm — 3incoBaHa MNOKOBKa, LLO 3a3Harna ygapy, Konm He byna yk-
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nageHa B HWXKHIO rpaBlopy wtamna abo 6yna amiweHa 3 Hel. He3arno8HeHHs
epasropu — pedekT, WO XapaKTepusyeTbCs BIOXWUITEHHAM Big reoMeTpUYHUX
pO3MipiB Yepe3 He3anoBHEHHA YMCTOBOro piBYyaka wwtamna metanom. Hedouw-
mamriogka — 30iNbLUEHHSA BCIX PO3MipiB MOKOBKW MNOHaA YCTAHOBNEHWUIA OOMNYCK Y
HanNpsIMKy, NepneHanKynspHOMY 40 OCHOBHOI MOLWMHN nepepisy.

Ha oTpMMaHHA KOHCTPYKTMBHO CKMagHUX €NeMEHTIB LUTaMnyBaHHS ICTOTHO
BNNMBaOTb (Pi3MKO-MeXaHiYHi BlacTMBOCTI MaTepiany 3arotoBku. OfHieto 3 oc-
HOBHUX XapakTepUCTUK MeTany, WO BU3HA4YalTb MOXNUBICTb NiggasaTn MOro
rapsiyoMy O6poONeHH TUCKOM | BCTAHOBMOBATU TEPMOMEXAHIYHI pPexumm
LbOro OB6pobneHHs, € TEeXHOSMOoriYHa MNMAacTUYHICTb. TexHOosoriYHa nnacTuy-
HiCTb, abo OedOpPMIBHICTb, 3yMOBfIEHA MEXaHIYHOK CXEMOK AedOpMYyBaHHS
OS5 Pi3HUX TeMnepaTypHO-LLBUAKICHUX YMOB.

[ns onucy po3BUTKY pPyWHYBaHHSA Yy Yaci B MexaHiui pynHyBaHHA Mpomno-
HYETbCS BUKOPUCTOBYBATU OE5KY CKanapHy OYHKLi0 @, WO 3MIHIOETLCS B Me-
Xax Big HyNna 00 OAWHULI, — TaK 3BaHY CYLINbHICTb Tifla. Y noYaTkoBOMY CTaHi,
3a BiACYTHOCTI MOLUKOLXKEHb, CYUISIbHICTb Tina OOpPiBHIOE O4MHULI, 3 YacOM BO-
Ha 3MEHLUYETBLCS, | KONW 11 3Ha4YEHHSA JOPIBHIOE HYMtO, BiabyBaeTbCca pynHyBaH-
HA. FO. M. PaboTHoB yBiB (pyHKUiO i =1— @ — NOLLUKOOXXYBAHICTb, fIka OOpiB-
HIOE HYITIO B MOYATKOBOMY CTaHi 1 OOUHULI B MOMEHT pynHyBaHHS. Lo dyHKLUi0
Takox BukopuctoByBas B. J1. Konimoropos [13] npu aHani3i yMOB pyHyBaHHS B
npouecax obpobrieHHss meTaniB TUCKOM. BiH Ha3Bas ii CTyneHeM BUKOPUCTaHHSA
pecypcy NNacTUYHOCTI | B CBOIX JOCHIgKEHHSX BUBIB 1i 3aNeXHICTb Bif CTYMNeHs

Aecopmadii: i = f(s;).

Mig ctyneHem gedopmadii po3ymitoTb YClO NiacTuyHy gedopmadito, sky
HarpoMagkXye 4YacTuHka matepiany npoTaroMm neBHOro NPOMDKKY Yacy nig yac
Pyxy:

=l 7.1

Oe ¢ —iHTeHCUBHICTb LUBUAOKOCTEN Aedbopmalin; ¢ —vyac aedopmaliil.
[‘paHn4Hy gedopmalito, 9Ky 30aTHUMA BUTPUMMATU MaTepian OO PYyWHy-
BaHHSI, NPUHATO HA3UBATW 2paHUYHOK niacmuy4Hicmio  nosHayatu & ,. Lins-

XOM YUCIIEHHMX OOoChifKeHb BU3HA4YeHO (PYHKLiOHaNbHUA 3B'A30K MiXK rpaHuy-
HOK MMNACTUYHICTIO W NMOKA3HUKOM >KOPCTKOCTI CXeMMU Hanpy>XeHoro crtaHy [13,
17]:

7o 1.(T) _0,+0,+0;

T \BLD,) o,

[MoKa3HMK XXOPCTKOCTI CXEMU HaNPY>XEHOro CTaHy, SIKUA CKNnagaeTbCs 3 iH-
BapiaHTIB TeH30pa HanpyXeHHs, ypaxoBye rigpoCTaTUYHUMA TUCK, LLO ICTOTHO
BMSIMBAE HA MNACTUYHICTb, @ TaAKOX IHTEHCMBHICTb HamnpyXeHb, WO BU3HA4Yae
NaCTUYHY NSIMHHICTL MeTarny.

(7.2)
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3anexHicTb rpaHnyHol aedopmadii €, Bil NOKa3HWKa HG, LLIO XapakTe-

pU3ye HaNpy>XeHWn CTaH, Ha3nBaTb Adiarpamoto NIIacTUYHOCTI.

[ns antomiHieBMX crnnasiB i ctanen giarpaMmv NNacTUYHOCTI MatoTb eKc-
MOHeHUianbHUN XapakTep, Npu LUbOMY B 30HI CTUCHEHHSI rpaHu4Ha nnactuy-
HICTb cnnaeiB HabMpae MakCuManbHUX 3HA4YeHb, @ B 30Hi PO3TAryBaHHA — MiHi-
ManbHUX. AHani3yloun pyrMHyBaHHA MeTariB B yMOBax HEMOHOTOHHOI gedop-
mauii, B. J1. KonimoropoB oTpuMaB KiHETUYHE PIBHAHHA A5 MOLUKOAKYBAHOCTI
[13], sike BUKOPUCTOBYETLCS B TEOPIl HArPOMaPKEHHSA NOLUKOAXKEHb:

de.
dy =25 (7.3)
£,I,)
3BiiICM YMOBY pyWHYBaHHS MOXHa 3anvcaTtu Tak:
t
edt
Wy = j L A (7.4)
0 €, (1))

OueBunaHoO, WO Npu 7 <1 pynHyBaHHA MeTarny B WTaMni i3 3ag4aHuM CTy-
neHem gedopmadii He BiabyaeTtbca. NMpu y >1 pyrlHyBaHHA MeTany, LWo Ae-
dOPMYETLCHA, € HEMUHYYMM. Y LUbOMY BUNAAKY iHXEeHepy-TeXHONory noTpibHo
BHOCUTWN NEBHi 3MIHEHHA CTOCOBHO TEXHOJMOril WTaMnyBaHHA, Hanpukniag yBo-
OWTW OOoAAaTKOBI Nepexogu LuTamMnyBaHHS, 3MiHIOBATU KOHirypauito piB4akis
lWuTamMna abo wramniB Ha Pi3HMX Nnepexoaax ToLo.

KpiMm TOro, NpoeKkTyoun TEXHOMNOrYHUI NMPOLEC WTamMnyBaHHA B 3aKPUTUX
luTamMnax, TEXHONOr Ma€e BUPILUNTU LEe OL4HE BaXXNUBE MUTAHHS — BU3HAYEHHS
TOYHOro o6'eMy MOYaTKOBOI 3aroTOBKUM W MOXIMBICTb MOr0 OTPUMaHHSA. 3aHu-
XeHun ob'eM meTany npm3BoaMTb OO HE3anoBHEHHs piBYaka wTamna, a 36i-
NbLUEHUN — 0O 3aMUKaHHS MeTary B MOPOXHWHI WTamMmna, 4o BENUKOro ctpmnbka
3ycunnsa nNpu HyNboBUX Aedpopmadisx i, 9K Hacnigok, 4O MOXITMBOro pynmHyBaH-
HA OCHaWeHHA N ycTaTkyBaHHsA. MiHimanbHuin o6'em Harpitol 3arotoBkM Mae
OopiBHIOBaTK 06'eMy cripaulbOBaHOro piByaka npyv MakcumarnbHIin MOro Temne-
paTypi.

Ha npaktuui dpopmy 1 po3mipu 3arotoBkM BU3Ha4YaTb 3a TaKOK MeToau-
KOHO:

1. O6'eM NOKOBKM BU3HAYalOTb PO3PAaXYHKOBUM LUSIAXOM 3@ MaKCMMarnbHW-
MW FTOPU3OHTaNbHUMKU U MiHIManbHUMKN BepTUKanbHUMK 1T po3mipamun. Ui pos-
Mip¥ MaloTb BignNoBigaTM po3MipaM piBYaka 3 ypaxyBaHHAM ycaaku. Opepxa-
HUN 06'€M NOKOBKM € HAUMEHLLNM 06'EMOM 3aroTOBKM.

2. MiHimanbHun o6'em 3aroToBKM BU3HAYalOTb 3 ypaxyBaHHAM BUMNAL4KOBUX
BiAXMNEHb — KONMBaHHA BUrapy, TemrnepaTypu wtamna n iHCTpyMeHTa:

v, o= 7.5
3a2in 1 _ V ( )

BUCax

e V

NOK i

— MiHiManbHUM o06'eM 3aroTOBKM, po3paxoBaHWi 3a M. 1 MeToauKu;
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V ~ — makcumanbHWiA BiOHOCHWIA BUrap.

BUCax
3. Po3paxoByoTb XapaKTEpHi pO3Mipu 3aroToBkuM (aiameTp abo BUCOTY npy-
TKa):
a) Oona gertanen Tuny riaHuiB, KPULIOK

4Ka2 B 4V302 :
d3a2 — min ’ h3ae — 2mm , (76)
h,,, d”
0) ona getanen Tuny Banis
41/3az : :
d,,={—= — (7.7)
m

ae dw, a,,, — hiameTp Kpyra abo cTopoHa KBagpara BiAnosigHo; m — Koedii-

€HT, WO HabyBae 3Ha4veHb Big 2,0 oo 2,5.

[iameTp 3aroToBKM 3yMOBIIEHUI KOHCTPYKTUBHUMM OCOBNMBOCTSIMU yCTa-
TKYBaHHSA (Hanpuknag, cTtanum MosIoXXEeHHAM 3aroTOBKM B NMOPOXHUHI LWTamMna).
Y 6yaob-skoMy pasi BigHOLWEHHS BUCOTWU O AiaMeTpa 3aroTOBKM HE MOBUHHO
nepeBuLLlyBaTN 3Ha4YeHHs 2,5.

4. [10BXMHY 3aroTOBKW 3 HU3bKOMMACTUYHUX MaTepianis Npubnn3Ho BU3Ha-

YaloTb 3a cepeHiM KPUTUYHMM CTyneHeM gedopmadil:
L H

5 2 3ae S cep ’ (78)
d (1- & )d.,.

3ae

9

ne L, — nosxuna sarotosku; H , — cepefHs BUCOTa NMOKOBKM; &, — KPUTUY-

HWUKM CTYNiHb Aedpopmauil Npu 3agaHin Temneparypi.

YpaxoByoun popmy piB4aka HMXHbOrO WTamna, YTOYHIOKTb NonepeyHuni
nepepi3 3aroToBKM 3a CTaHA4apTaMu Ha COPTAMEHT, OKPYrMsATb A0 HaMbNnx-
4oro BiNbLUOro, Nicnsa Yoro BU3Ha4YaTb OCTATOYHI PO3MipW 3aroTOBKN.

PoarngaHemo npouec 6aratonepexigHoro wramnyBaHHS KPULLKWU rigpouu-
niHgpa B wtamni 3akputoro Tuny (puc. 7.2). NMovatkoBy 3aroToBky nigibpaHo 3a
PO3rMAHYTOK BULLE METOOMKOLO.

POpMO3MIHEHHSI 3arOTOBKM B WTaMNi 4S9 OTPUMAHHS KPULLKK 34iINCHIO-
€TbCSA KOMOiHaUieo onepaLin ocagku i 3BOPOTHOrO BUAABNIOBAHHA 4O MOMEHTY
YTBOPEHHS XBOCTOBMKA KPWULLKW, A€ i€ cxema npsiMoro BuaasntoBaHHA. Pe-
3ynbTaT YNCMOBOro MOAESOBAHHSA CBigYaTh NPO 3HA4YHY HEPIBHOMIPHICTb Po-
3noainy gedopmadii o nepepizy NOKOBKU. 3a3Ha4MMo, L0 B NepLuy vyepry ge-
dopmytoTbCs 06nacTi, ki npunaraTs 40 BEPXHbOI YAaCTUHU WTamna (nyaHco-
Ha). Tak, B obnacTi 3arotoBku, Ha Ky 6e3nocepeaHbO TUCHE IHCTPYMEHT, ae-
doopmauisi po3BMBAETLCA HaAWMIHTEHCUBHILLE, | 11 3HAYEHHS 3anuaeTbCa Mak-
CUManbHUM A0 NEBHOro MOMEHTY. B o6nacTi 3aroToBkH, LLIO KOHTaKTYe 3 NyaH-
COHOM, Yepes fit0 3a HopMarnsIo 3ycunss TepTa YTBOPKETLCA 30HA YTPYAHEHOI
Aedgopmadii. LIa obnacte, mano gedopmMyoymchb, PO3KITMHIOE MeTan 3aroToBKM
B OCbOBOMY W pajiaribHOMY HanpsiMKax.

41



KoHTyp Y nepwomy BapiaHTi (oTpu-

3aroTOBKM\ 4 MaHHS MOKOBKM 3a OAWH nepexig
LUTaMNyBaHHSA) 3aroToBKa TOPLSAMHU

A 7 BCTaHOBNIEHA Ha BUCTYMU B HWXXHIN

NoSIOBUHI WITamna (BigCyTHS BCTa-

BKa, AedopMyBasibHUM € MyaHCOH,

5 puc. 7.2, 6). ObnacTtb CTMKaHHSA 3a-

rOTOBKM W MaTpuLi € HE3HAYHOHO, i

HeMae OOCTaTHbLOro nignopy Ans

maTtepiany 3aroToBKW, TOMY B Ui

obnacti BXe Ha nepwin cragil

a 6 npoLecy MnoYMHalTb POo3BMBATUCA

Puc. 7.2. lWtamn ana nepuoro (a) 3HayHi pgedopmalii, HanpsmneHi

i gpyroro (6) nepexonis WTaMnyBaHHSA: nig KyTom npubnusHo 45° go oci

1 — matpuua; 2 — BCTaBka; 3 — NyaHCOH  3aroToBkW. [ani cnocrepiraeTbes

ANS nepLoro nepexony; 4 — NyaHCOH AN po3BUTOK 3HAYHMX dedopmaLlin B

ApYyroro nepexonay; S — BULLITOBXYyBaY; OCbOBOMY HanpsiMKy, Ae noTiM Bi-

6 — NokoBKa Nicns NepLIoro nepexoay;  abyBaeTbCs B3AEMHUN  NEpPETUH

7 — NOKOBKa nicnsa apyroro nepexoay nonis 3 HanbiNbwWMMn gedopmadli-

SIMW, | B LUEHTparnbHin 30HI MOKOBKMN

3apOOXKYETLCA BHYTPILWHA 30HA CKOHUEHTpoBaHUX gedopmadin. Takmin po3su-

TOK gedopmaLin y pasi NnepeBuLEeHHs X rPaHNYHNX 3HA4YEeHb MOXe NpuU3BOau-

TV A0 NOSIBUM BHYTPILWHIX AedeKTiB o4ep)KyBaHUX MOKOBOK. Ha 3aBepluanbHin

cTtagii wTamnyBaHHA Ma€ Micue cxema npsiMoro BMAaBSlOBAHHS XBOCTOBMKA

Kpuwikn. Mpu ubomMy 30Ha HaMbinbLUMX HarpoMamKeHux aedopmMauin nepemi-
LLYETbCA B 0611aCTb YTBOPEHHS XBOCTOBMKA KPULLIKM.

Y apyromy BapiaHTi (aBonepexigHe wTamnyBaHHA KpULLKK) npouec dop-
MOYTBOPEHHSA AeLlo 3MiHIeTbCA. OCHOBHI 3MiHEHHA NoNs gedopmadin 3ymoB-
NeHi HasiBHICTIO oBbMexXyBaribHOI BCTaBKWU (sika, Y CBOK 4epry, BUpiLWye npo-
Onemy BCTAHOBSIEHHS 1 LIEHTPYBAHHSA 3aroTOBKW B MOPOXHWHI MaTpuui) i ae-
dopMyBaribHOro nyaHcoHa (aue. puc. 7.2, a). Ha gpyromy nepexogi wramny-
BaHHSA oOMeXXyBayeM Mo BUCOTI KPULLIKM € BULITOBXYBaY. Ha nepLuomy nepexo-
Ai WTaMnyBaHHA NepeBaxae cxema 3BOPOTHOro BUAABMIOBAHHA, HA OpPYroMy —
cxema npsimMoro BuaasntoBaHHsA. OBnasi cCxemMu XxapakTepusyTbCa HE3HAYHOK
HepiBHOMIpPHICTIO AedopMalii no 06'eMy NOKOBKW, NPOTE po3TallyBaHHS BOJSIO-
KOH MeTany, WO MakCuMasnbHO onpalbOBaHWW, Bianosigae nNpodisfito YNCTOBOI
petani.

HeobxigHe 3ycunnsa gedopmadii Ha nepexogax BM3HA4alOTb TakUM YK-

HOM:

S
P = —I o,278dS, (7.9)
0
[e O, — HOpMarbHe HanpyXeHHs MeTany Ha KOHTaKTHUX MOBEePXHSX; S — pa-
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AianbHUM PO3Mip NOBEPXHI KOHTaKTY Ha OCTaHHIW cTagil.

P0o3B’A3yl0uM KOHKPETHI NpakTU4Hi 3agadvi 3 BU3HAYEHHA MaKCUMMarbHOro
3ycunnsa wramnyBaHHA, MOXHa CKOpMUCTaTUCS MPOCTILWO, Xo4a 1 rpybilloto,
PO3paxyHKOBOI 3aIIeXHiCTIO

_ K/36/np
P =Fko.c : (7.10)
Ae k, — emnipuyHuii KoedilieHT 3aTikaHHs, WO xapakTepusye 3MiLHEHHs (Ha-
Knen) martepiany gedopmMoBYyBaHOI 3aroTOBKW, ONip TEPTA HA KOHTAKTHMUX MO-

BEPXHAX, 30iNbLUEHHS 3yCcunna nig vac 3atikaHHa meTtany [o KyTiB WwramMna; o,

— rpaHnus MiLHOCTI MaTepiany 3aroToBku; £, — nnoLia nonepeyHoro nepepisy

. . / 38/ .
MaTpuLi (No4YaTKoBOI 3aroToBku); & ' — CTyniHb Aedopmauii meTany ans

BUNAaAKiB OTPMMaHHS NOKOBKM 3a OAWH | ABa nepexoan. [na cnpolleHHs Bigno-
BiJHWI CTYMiHb AedpopmMaLii BU3HAYaETLCA BUpasamMm ANa CXEM BUAABITHOBAHHSA
(komBiHOBaAHOr0, 3BOPOTHOrO, NPSIMOrO):

& =&"+¢&"; (7.11)
l.36 :ln%; (712)
0o *n
F,-F
ginp :%’ (7.13)
0

pe F, — nnowa nonepeyvHoro nepepisy nyaHcoHa; F, ~— oTeip y matpuui nig
0(POPMIMNEHHSI XBOCTOBMKA KPULLIKW.

Y nepwwomMy HabnumXeHHi 3a ekcnepuMmeHTarbHUMKU OaHuMK poboTy ae-
dopMyBaHHS Ha NepLIOMY Nepexoai WTamnyBaHHS MOXHA BU3HAYUTM TaK:

A =0,5P_h, (7.14)

max

ae h — xig nyaHcoHa.
NMopsaaok BUKOHAHHA nadbopaTopHOoi poboTun

1. EkcnepuMeHTanbHO BU3HAYUTM HEOOXidHI 3HAYEHHs 3ycunns U poboTu
AedopMyBaHHSA Mig Yac WwramMnyBaHHA NMOKOBOK 3a OAVH i iBa Nepexoau.

2. PospaxyBaTtu 3a HaBegeHUMU popmynamMum HeobXigHi 3HaYeHHs 3ycunng
N poboTn aedopMyBaHHA ANS BUNAAKIB OTPUMaHHS MOKOBOK Ha MepLuoMmy ne-
pexoai lWwramnyBaHHS.

3. BunsHaunTtn noxmbKy pospaxyHKy 3ycunnga n pobotn gedopmMmyBaHHA NoOpi-
BHAHO 3 eKCNnepuMeHTaNlbHUMU 3HAYeHHAMW ONs NepLloro nepexogy wrammny-
BaHHS.

4. BigyarnbHO nopiBHATU AKICTb MOKOBOK, OTPMMAaHUX 3a OAWH | ABa nepexoau
LUTaMMnyBaHHS.

KOHTpOnbHi 3anuTtaHHs
1. HasBiTb obnacTi 3actocyBaHHs 1 NepeBarn 3aKpuToro LTaMnyBaHHS.
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2. YkaxiTb npobnemu BNpoBagXEHHSA 3aKpUTOro LTaMnyBaHHSA Y BUPOOHML-
TBO Ta Cnocobu iX yCyHEHHS.

3. 3anuwiTb KpUTEPIA MOLLUKOMKEHHSA W KIHETUYHY YMOBY PYWMHYBaHHA MeTa-
ny.

4. AKMM YMHOM BM3Ha4YalOTb (POPMYy M PO3MIpM NMOYATKOBOI 3arOoTOBKU ASIS
LUTamMnyBaHHA?

5. AKi iCHYIOTb OCHOBHI CxeMun fedopmyBaHHA MeTarny B MOPOXHUHI 3aKpu-
TOro wWTamMna B pasi OTPMMAaHHSA MOKOBKM TUMY «KPULLIKa» 3a OOWH nepexig
LUTamMnyBaHHA?

6. YKaxiTb Hegoniku ogHonepexigHoro wramnyBaHHA KPULLIKK.

7. HasBiTb nepeBaru gBonepexigHoro WwrammnyBaHHA KPULLIKK.

8. lNopiBHANTE NOTPiIOHI 3HAYEHHA 3ycunna n poboTn gedopMyBaHHS Yy BU-
nagkax WwWramnyBaHHA KPULLKX 3a OOMH i Ba nepexoaun.

NabopaTtopHa po6oTa Ne 8

NOBYAOBA KPUBOI ICTUHHUX HAMNPYXXEHb
Y JE®OPMOBYBAHOMY METAII

Mema pobomu: 03HaNOMUTUCS 3 OOHUM i3 COcOobiB BU3HAYEHHS 3arex-
HOCTI HanpyXeHb Big, AedopmaLin WISXoM ocaaku unniHapMYHOro 3paska.

TeopeTU4Hi BigoMocTi

MnactunyHi gedopmadil NnpuBoAATb A0 3HAYHOIO 3MIHEHHSI MEXaHiYHUX,
di3ndHUX | XiMIYHMX BnacTuBocten metany. Y gecopmoByBaHOMY MeTani 3i
3pPOCTaHHAM CTyneHsa aedopMadii 36inbLyTLCS BCi NOKa3HMKK onopy gedop-
MYBaHHIO (rpaHuLi NPYXHOCTI, NPONOPUIMHOCTI, NAIMHHOCTI W MILHOCTI), 30inb-
LUYETLCA TAKOX TBEPAICTb MeTasny, 04HOYACHO 3 LIMM CNOCTEPIraeTbCs 3HUXKEH-
HA MOKa3HWUKIB NIaCcTUYHOCTI (BiQHOCHE NOLOBXEHHS, BiAHOCHE 3BY)XXEHHS, yaa-
pHa B’A3KICTb), 30iNbLLIYETLCA eNeKTPUYHMIA Orip, 3MEHLLYETLCS Onip Tenmnonpo-
BiAHOCTI, KOPO3il, 3MIHIOITLCA MarHiTHi BacTUBOCTI dpepoMarHiTHUX MeTanis
Towo. CyKynHICTb $BMLL, MOB’A3aHUX 3i 3MIHEHHAM MeXaHiYHUX | qoi3unko-
XiMiYHUX BNacTMBOCTEW MeTaniB y nNpoueci Xono4HOro nnacTtu4yHoro gedpopmy-
BaHHS, Ha3MBalTb gedopMauinHUM 3MiLHEHHSM. |CHYIOTb Taki OCHOBHI rinoTe-
31 MexXaHikn 3MiLlHeHHA MeTaniB Ta Ix cnnasis [15]:

1. ManbmyeaHHs ducriokayit niod yac ix nepemuHaHHs ma rpy>xHoi 83aemo-
dii. CyTb Ui€l rinoTean nonsirae B ToOMy, WO AWCroKauil, SKi nexaTtb Y pisHuUX
NNOWMHAX KOB3aHHA, NpWU NfiacTUYHOMY AedOopMYyBaHHI NepeTuHarTbCs | Mno-
YMHAKOTb B3AEMOAIATU, YHACNIQOK 4YOro BMHUKAKOTbL MOPOrM Ha AUCIioKauisiX.
YTBOpPEHI NOPOrn nepewkogkarTb pyxy AUCNOKALIM | 3akpinoTb 1X. Takum
YMHOM, B3aEMOLisi ANCIIOKAUIN CNPUYNHSAE 3MEHLLEHHS KifTbKOCTI KOB3HUX i 30i-
NbLUEHHSA KiNbKOCTI 3akpinfieHnx OMcnokauin, a ue npu3BoguTb OO0 3HMKEHHS
NMAaCTUYHOCTI MeTany. 3rylweHHa gucnokauin — ogHa 3 NpUYnH 3MIiLHEHHST Me-
TaniB i cnnasi..

2. lanbmysaHHSA Oucrniokayii amomamu pPO3YUHHUX XIMIYHUX erleMeHmis.
ATOMK XiMIYHUX enemeHTIiB (Byrreut, asoTy, 6opy, BOAHIO), SKi YTBOPOWOTb
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TBEPAI PO34YMHU MPOHUKHEHHS!, @ TaKOXX aToMM BaraTbOX fIEroBaHMUX €NEMEHTIB,
LLIO YTBOPIOKTb PO3YNHN 3aMilLLEHHA 1 MaloTb aTOMHUIK giameTp, 6inbluni 3a
aTOMHWIA diameTp OCHOBHOro MeTany, po3TalloBYOTbCA Bins gucnokauin y po-
3TArHYTMX 30HaX KPUCTaniyHUX r'paT, TO4i SIK aTOMU eNeMEHTIB 3 MEHLUUM [Jia-
METPOM — Yy CTUCNUX 30HaX. YHACNIgOK LbOro HaBKOO OMCroKaLi YyTBOPHOETb-
CH CKYMYEHHSI pO34YMHHMX aToMIB — «xMapa KoTTpennay. Yepes Te, Wo «xmapa
KoTTpenna» npu nnactndHMx gedopmadisx BigOKPEMNIETLCA Bid sSApa KOB3-
HOI Aucnokauii, BAHUKAE B3aEMHe MPUTAraHHS MK «xmaporo KoTtpenna» un
Aucriokauismu, WO ranbMye nepeMileHHs aucriokauin i npnBoanTb A0 3Mill-
HEeHHA cnnasy (gedopMaLinHOro CTapiHHS).

3. MNanbmysaHHs ducrniokayiti ducriepcHUMU YacmuHKkamu. Y npoueci nnac-
TUYHOro aeopmMyBaHHS BHACSILOK 3ryLLEeHHA OUCNOoKauin i BHYTPILLHIX HaMpy-
X€Hb BUHUKAKOTb YMOBW AN BUAINEHHS ONCMEPCHUX YaCTUHOK Y BUNAAI Pi3HUX
cnonyk. Lli yacTuHKK1, BUOINAYMCL Ha NMOLWMHAX KOB3aHHS, NepeLukogXaoTb
nepeMilLeHHIO ANCnoKaLlin i CnpuaTb 404aTKOBOMY 3MiLIHEHHIO.

[nsa xapaktepucTukm 36inbLieHHs onopy AeopMyBaHHIO 3 NiABULLEHHSM
CTYMeHs XoniogHoro aedopMyBaHHA Npu NiHIMHOMY Hanpy)XeHOMY CTaHi 3acTo-
COBYHOTbCS KPUBI 3MiLHEHHSA. OCKINbKM HaMpPY>XeHHS, LLO CNPUYMHSATL NnacTu-
YyHy gecdopmadito, 3anexatb Big 6aratbOX YMHHUKIB, Y TOMY YMcChi Big Temne-
paTypHO-LLUBNOKICHUX YMOB AeddOpPMYyBaHHS, KPMBI 3MILHEHHA NS KOXHOro Me-
Tany n cnnaey HeobXigHO BCTAHOBMOBATK BiAMOBIAHO OO0 KOHKPETHUX Temme-
paTypHO-LUBNOKICHUX YMOB AeddOpMYyBaHHS.

[nsa ekcnepuMeHTanbHOro BU3Ha4YeHHss o HeobXigaHO AOTpMMyBaTUCH Ta-
KNX YMOB fedopMyBaHHSA: gedopmalii piBHOMIPHO po3nogineHi no aedopmo-
BaHi YaCTUHI 3aroTOBKW, a HamnpyXeHun cTaH — NiHinHMKW. Hanbinbw npugat-
HUMK ONsa NOOyO0BU KPMBUX 3MILHEHHS € AaHi, OTpUMaHi nig Yac BunpobyBaHb
Ha po3Tar abo CTUCK. AKLLO Npu LbOMYy Mae Micue NiHIMHWUA HanpyXXeHUn CTaH,
TO HanpyXeHHs! MANHHOCTI (ICTUHHE HanpyXXeHHS) BU3HAYaETbCs SIK YacTKa Bif
AiNeHHA 3ycunnga aedopMyBaHHA Ha OiIMCHY NSOLLY MNonepeyHoro nepepisy
3paska B JaHUW MOMEHT AeddOpMyBaHHS.

3anexHo Big Buay aedopmadil po3pidHATb Taki KPMBI 3MILHEHHS: Ti, WO
BCTAHOBMIOKOTb 3aNEXHICTb HaMNpyXeHHS MIIMHHOCTI O Big, BiAHOCHOroO NogOB-
XEHHSA e, i Ti, WO BCTAHOBMIOTb 3aeXHICTb HaNpPY>XeHHS NINHHOCTI o Big, Bi-
AHOCHOrO 3BY>XEHHS 3paska |/ .

Y Mexax piBHOMIPHOro NOJOBXEHHA 3paska (40 MOABU LUMMKK) 3anex-
HICTb MK ABOMa Bugamu gedopmadin (e i ¥ ) nerko BU3Ha4yMTu Ha OCHOBI 3a-

KOHY MpO HE3MiHHICTb 06’emy:

e.
W, =—. (8.1)
l+e
MobynoBa nepuioro Bigpi3ka KpuBOi 3MiLHeHHs (puc. 8.1, a) € npocTor
A0 MOMEHTY MOsIBM LUMKKK, TOBTO OO noyaTKy fokanisauii nnactuyHoi gedop-
Mauii (Lerv MOMEHT BignoBigae MakCMManbHOMY 3YCUITIIO Ha iHOWMKATOPHIN Adia-
rpami).
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Puc. 8.1. KpuBi 3MiLHEHHS 3aneXHO Bif BIGHOCHOIO
NnoaoBXeHHs (&) i BIGHOCHOro 3BYXeHHS (6)

[MOTOYHE 3HAYeHHs NNOLLi NonepevYHoro nepepisy 3paska, Ha aKy AiNATb
BESIMYNHY Oi0O4MOro HaBaHTaXeHHs, 3B'A3aHe 3 BiAHOCHMM MNOAOBXEHHSM i Bif-
HOCHUM 3BY>XEHHSIM:

F
F=F(-y)=—". (8.2)
l+e
Mi>X ICTUHHUM Ta YMOBHUM HanpyXeHHAMMW ICHYE Taka 3anexHicTb:
o =0c(l+¢). (8.3)

MobyaoBa apyroro Bigpi3ka KpMBOI «HaNpyXeHHs — aedopmauii» € GinbL
CKIagHo, OCKISIbKM MNiCNA YTBOPEHHS LUMWKM BUHUKAE 30cepemkeHa aedop-
MaLisi Ha AKINCb OINAHUI 1T JOBXUHU. TOYHO MOXHa HaHEeCTU TiNTbKN OOHY TOYKY
i€l QiNSHKKW, SKa BU3Ha4Yae HanpyXeHHs 1 gedopmaLito B MOMEHT pyMHYBaHHS
(oedopmauito BU3Ha4yalTb 3aMipOM AiameTpa 3paska B MiCLi pyuMHYBaHHS).
MpoMixkHI TOYkM MOXHa nobyayBaTu LWNaxom 6e3nocepeHboro oiKCyBaHHS
AiaMmeTpa WNWKK 3paska B Npoueci AepopmyBaHHS, a Lie 3aHaATo BaXKo.

Ha npaktuui KpuBy 3MiLUHEHHSI 4acTO 3aMiHOTb (anpoOKCUMYIOTb) MNpsi-
MOIO NiHi€l, 9Ky ByayloTb K AOTUYHY A0 AdiarpaMmn 3MiLHEHHS B TouLi, LWO Big-
noBigae MOMEHTY YyTBOpeHHs Wwuikn. Ha puc. 8.1, 6 nokasaHo nobyaoBy KpUBOT
3MILUHEHHS Ta 1 anpoKcMMaLito JOTUYHOK MPSAMOLO, L0 NPOXOANTb Yepesd TOUKY
noYaTKy BUHUMKHEHHS WWWKW. Y Micui nepeTuHy OOTUYHOT 3 BICCKO HarnpyXeHb
BUMIPIOIOTb €KCTPanosibOBaHy rpaHuLo NacTUYHOCTI.

Taknm YnHoM, ans NnobyaoBmn anpoKCUMyBarbHOI NPSIMOT HeOBXigHO 3Ha-

™ o, i y,. Obnasi Ui BENMYMHM BU3HAYaOThb 3a JOMOMOrO0 iHAWKaTOPHOI Aia-

rpaMmn. AKWO OCTaHHIO 3anuMcaTt¥ HEeMOXMWMBO, TO BU3HA4YalOTb Moy Mno-
NepeyHoro nepepisy 3paska LWNAXoM BUMIPHOBAHHSA NMOro fiameTpa no3a 30HOH
PYMHYBaHHS Ha AiNsaHUi piBHOMIPHO Aed0opMOBaHOI YaCTUHN.
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[iarpama po3TaryBaHHA 4OCUTb TOYHO Bigobpaxae 3anexHicTb iCTUHHOIO
ornopy Big, CTyneHs Aedopmadii TifbKA Ha NOYaTKOBOMY eTani po3TAryBaHHS
3paska (4O MOMEHTY YTBOPEHHS LWninkn). ToMy ans nobygoBu giarpam iCTUHHUX
Hanpy>XeHb BUKOPUCTOBYIOTb NEPEBaXXHO pesynbTaTu BUMNPOBbyBaHb Ha CTUCK.
YmoBKu umx BunpobyBaHb HaMbINbLLWOK MipoK HabnmxalTbCsa 40 YMOB Xapak-
TepHux ansa 6inbLlocTi npouecis 06’eMHOro WTaMnyBaHHA, BUOABAOBAHHS, BU-
cagku, npecyBaHHs.

Hanbinbw TO4YHUM i NPOCTUM, a TaKOX YHiBepcanbHUM cnocobom € ocag-
Ka UMNiHOpUYHMX 3paskiB 3 TopueBuMn BuToYkamu (puc. 8.2). Butoukn 3anos-
HIOKOTb MacTUIIOM, 3 JOMOMOrOK AKOro NMPaKTUYHO MOBHICTIO YCYBA€ETLCHA TEPTSA
MK TOpUSAMM 3paska n poboYMMKU MOBEPXHAMM IHCTPYMEHTa B NpoLeci ocagku.
Mpun ybomy gedopmauis NPOXoAnTb B YMOBaxX OOHOBICHOIMO CTUCHEHHA. byno
BCTAHOBIIEHO, WO Npu BUNPOOYBaHHAX BYrneueBux i leroBaHux crtanen ontu-
MaribHi PO3Mipn 3paskiB BM3HA4YalOTbCA TakMMu

cniseigHoweHHsMKU:  d, = 16..30 Mm; A, =d,;; ‘t6‘ he
h; =(0,015..0,020)h,; ¢, = (0,030..0,035)d,. % '

. \
1

Ons migHux Ta anoMiHieBUX 3paskiB diaMeTpoMm M////‘V//
|

po 30 mMm moxHa 6patm Ay = 0,60...0,65 MMm;
t; =1,7..2,3 Mm. ho i
Mig Yac ocagku 3paskiB 3 TOPUEBUMU BUTO- :
Yykamu iCTUHHMI onip Aedpopmadil o, 36iraeTbca W/
3 O_, Npu UbOMy Ans nobyaosu diarpamu iCTUH- : do /
I

HUX HanpyXeHb O0CTaTHLO 3addikCyBaTU Kinbka
3HayeHb 3ycunnsa P, aki BignosigaloTb 3HayYeH-  Pyc. 8.2. LIMniHapuyHwii

y

g A -
< y ot

HSM pdiameTpa d, i BucoTu 3paska /. 3a ummu 3pa3okK 3 TopLeBnMU
. . BUTOYKaAMMU
AaHUMKN 0BYUCTIIOIOTE O, €, Y KOXHIM TouLi i :
4P
O-si - 12 ’ (84)
nd,
h —h
e =0 1 (8.5)
hO

NMopsapok BUKOHaHHSA nabopaTopHoi po6oTu

1. Ans nobynosw piarpamn o, = f(e) npoeecTn BUNpobyBaHHS OAHOMO
3paska i B3aTn 6—15 To4yok. PesynbTaTtn 3aHecTn o tabn. 8.1. YpaxoBytwoum cTa-
TUCTUYHY Npupoay 3anexHocTi o, = f(e), Ans NigBULLEHHS TOYHOCTI Adiarpamu
ICTUHHUX HaNpYy)XeHb NPOBECTM BUNPOOYBaHHSA TPbOX-M'ATK 3paskiB i nobyaysaTu
Aiarpamy 3a cepeaHiMu 3Ha4eHHAMU O, e, .

2. [ina anpokcumaldii giarpamun o = f(e) BUKOpPUCTaTW CTEMNeHeBy 3anex-
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HICTb BUrnagy o = Be". KoHCTaHTu B i n BU3HA4MTK B Takin NOCNiAOBHOCTI.
BubpaTtn OBi OOBINbHI TOYKM Ha Aiarpami, Onsa KOXHOI 3 AKUX CripaBOXKy-
IOTbCS BUpPa3un

o, =Be', 0, =Be;. (8.6)
. . o
[MepeTBOpPUTK PiBHAHHSA (8.6) BiQHOCHO B = —nl:
el
5]
o,=0,". (8.7)
3norapudpmyBaT 06MaBI YHaCTUHW PIBHAHHS (8.7) | BUSHAYUTM n:
o e
n=In—2/In-=2. (8.8)
o e
3. PesynbTaTi BMMiptOBaHb i po3paxyHkiB 3aHecTn B Tabn. 8.1.
Tabnuus 8.1
ETanu gecopmyBaHHs 3paska
Micng i-ro etany
Mapame 3paska
pamMeTpi spask Ho aedopmadii
aedopmauii 1 5 3 7]

3ycunnsa gecdopmysanns P, H
BucoTa 3paska h, MM
[iameTp 3paska d, MM

AbcontoTHa aedopmaldisn 3paska Ah, MM
BigHocHa pedopmaldis 3paska €

Mnowa nonepeyvyHoro nepepiay S, mm?
ICTMHHE Hanpy>XeHHA NMHHOCTI O, Mla

KOHTpOnbHI 3anuTaHHsA

1. Yum pi3HATBLCS AiarpaMmn iCTUHHUX Ta YMOBHUX Harpy>XeHb?

2. Y YoMy nosngrae CyTb OCHOBHUX TinoTe3 MexaHiaMmy 3MiLlHEHHS?

3. AK 3MiHIOTLCA rpaHnLi NSIMHHOCTI U NNAcTUYHOCTI MeTarniB i cnnasiB Npu
X0SI0gHOMY NNacTUYHOMY AeddOpMYyBaHHI?

4. Fka icHye 3anexHiCTb MiXK BiAHOCHUM MOOOBXEHHAM i BIiAHOCHUM 3BY>KEH-
HAM Npu BUNPOBYBaHHAX 3pa3ka Ha po3Tar?

5. WWo Take moaynb 3MiLUHEHHS Ta ekcTpanonboBaHa rpaHuus NAMHHOCTI Ma-
Tepiany?

NabopaTtopHa po6oTa Ne 9

BU3HAYEHHA EHEPFOBUTPAT HA 30INCHEHHA
MMACTUYHOIO AE®POPMYBAHHA

Mema pobomu: 03HaNOMUTUCS 3 OCHOBHMMU METOAaMN BU3HAYEHHS PO-
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60TK 1 eHeprii, HeOBXigHMX ANA NNACTUYHOIO AedOPMYBaHHS.
TeopeTnyHi BigomocTi

Mig yac npoekTyBaHHA TexHonorii 06pobrneHHa meTaniB TUCKOM, KONu
Marepian 3aroToBKW Mg Ai€t0 30BHILLHIX CUT NepexonTb 3a MeXy MIUHHOCTI U
3a3Hae 3Ha4YHOro NNacTU4Horo gedopMyBaHHS, BaXXMBO BU3HAYUTU €HEpro-
CUIOBI NapameTpu NPoLECY, AKMN BUBYAETLCA. 3HAKOUN Li napameTpu, MOXHa
BUPILLMTK, 3 AONOMOIOK AKOro obnagHaHHs HeObXiAHO NMPaKTUYHO 34INCHIOBa-
TV Ty abo iHWY TEeXHOMNOoriYHy onepauito. [ns BU3HAYEHHS eHeprocunoBux na-
pamMeTpiB npouecy B Teopii NnacTM4YHOCTi 1 06pobneHHss meTanis TUCKOM aHa-
ni3ytoTb NPYXHO-A4edopMOBaHUN CTaH MaTepiany Tina, BUKOPUCTOBYHOYM 3arne-
XXHO BiZ YMOB NpoBefeHHsI NNacTUYHOro AedopmMyBaHHA abo piBHSHHS PiBHO-
Barn, abo piBHSHHS PyXy efieMeHTa cyuinbHoro cepegosuwa Ennepa abo Jlar-
paHxa.

Po3B’a3aHHA cuctemu andpepeHuianibHUX piBHSAHb pPiBHOBArM 3 BUKOPUC-
TaHHAM YMOBW MacTUYHOCTI abo CcymicHOCTI gedopmauin gae 3mory 3HauTu
QYHKLUIT, SIKi ONUCYIOTb 3aKOH PO3NoAiny HanpyXeHb i nnacTu4Hoi gedopmadii
BCepeauHi 3arotoBku. BignosigHO A0 B3ATOI po3paxyHKOBOI CXEMU TEXHOSOrIY-
HOT onepauil BUbMpatoTb KOMMOHEHTY TeH30pa HarnpyXeHb, fKa npoTugie ne-
peMileHHI0 poboYoro iHCTpyMeHTa. Y BUbpaHe piBHAHHA AN 064YNCNEeHHS Ho-
PManbHOro HanpyXeHHsa nigcTasnsalTb MNOTOYHI 3HAYEHHA KoopAMHaT, SAKi Bia-
NoBigalOTb MOBEPXHi 3ITKHEHHA (HCTPYMEHTa K 3aroToBKW, TOOBTO 3HaxoasiTb
dopmyny, sika OnUCye 3aKOH PO3MOAiSTy KOHTAKTHUX HOPMasribHUX HanpyxXeHb.
Llo6 Bu3HauUMTK 3ycunnsa gedopMyBaHHA, OOCTATHbO B3ATU iHTErpasn Lboro
BMpasy 3a NroLleto NoBepXHi 3ITKHEHHS MeTany M iHCTpyMeHTa.

3 KypciB (hi3nkn n mexaHiku Bigomo, Lo poboTa — ue gobyToK fgitodoi cu-
N N NepeMillleHHa MaTepiaribHUX TOYOK cUCTeMu. ToMy 3aaya BU3HAYEHHS
poBOTWN 30BHILLHIX CUI, IKa BUTpadaeTbCa Ha gedopMyBaHHA TBepOoro Tina,
He € ayxe cknagHotw. OgHak HeoOxigHO BpaxoByBaTW Ty OOCTaBMHY, WO B
npoueci nnacTnyHoro aeopmMyBaHHA BMHUKAIOTL iCTOTHI HEOBOPOTHI aedop-
Mauil, 9Ki CNPUYNHAIOTb 3HAYHI 3MIHEHHSI FEOMETPUYHMX PO3MIPIB MaTepianbHO-
ro Tina. e npuBoantsb 0O TOro, WO BenuyuHa 3ycunnsg angd niaTpuMku nnactu-
YHOI Teuii MmeTany 3aroToBkn 6e3nepepBHO 3MIHIOETLCA 3a XOA4OM PobOoYOro iH-
cTpymeHTa. OgHOYaCHO 3a CKMagHOK HEMIHIMHOK 3aneXHIiCTIO 3MIHIOETLCS 1
BeNMYMHa BUTpadeHoi poboTtn. ToMy po3paxyHOK eHeprii gedopmadii pekome-
HOYETbCA POBUTM NoeTanHo: po3duTn 3aranbHU Xig PpoboYoro IHCTpYyMEHTa Ha
AeKinbKa KpOKiB, BUSHAYNTN HA KOXXHOMY Kpoui BCi HEOBXiOQHI BENMYMHM N CKna-
CTW iX. Takum y 3aranbHUX pucax € anropuTM BU3HAYEHHS1 pobOTK NacTUYHO-
ro gedopmyBaHHA Mig 4Yac 34IMCHEHHS MPOLECY HaBaHTaXEHHs 3 Manumu
LUBUOKOCTAMMU N NPUCKOPEHHAMM.

[ns BMnagky AMHaAMIYHOro, a TUM Oinblue iMNynbCHOro, AedOopMYBaHHS
MeTaneBux MaTepianbHUX Tif Usg cxema po3paxyHKy € HenpuagaTHow. Bucoko-
WBMAKICHE AedopMyBaHHA MeTanis (WtamnyBaHHSA BMOYyXOM, enekTporigpas-
niyHe N MarHiTHO-iMNyrbCHE OBPOBEHHS) XapakTepu3yeTbCa TUM, WO 30BHILL-
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Hi HABaHTaXXeHHS NpUKagarTbCa 40 MaTepiany y Burnagi Kopotko4acHoro no-
TY)KHOrO iMnynbcy cun Tucky [18]. INMig noro BNNMBOM 4YacTUHKK MaTepiany 3a-
rOTOBKM HabyBalTb BENNYE3HUX LLUBUAKOCTEN i NpUcKopeHb. Kpim Toro, npu Bu-
COKMX LUBMOKOCTAX AedopMaLin Mae Micue 3acCTOCyBaHHA NMOYaTKOBUX (Pi3nKO-
MexaHiYHUX BflacTMBOCTEN MaTepiany, 9knn obpobnoeTbcs, 30KkpeMa rpaHuLi
MNSIMHHOCTI, SIKa € XapaKTepUCTUKOK Onopy MeTany nfacTu4HoMmy aedopmy-
BaHHIO. YpaxyBaHHS iHEpPUiNHUX 006aBOK A0 Ailo4MX HanpyXeHb MOXINUBE Tifb-
KW TOAi, KON B OCHOBY MaTteMaTU4HOI MoAeni npouecy 3akrnagaeTbCs He piB-
HAHHSA piBHOBarKM, a pIiBHAHHA pPyXy CYyUinbHOro cepegoBuwa. Y poboTtax
KO. M. AnekceeBa nokasaHo, WO B 3aranbHOMY BUNaAKy nnactudHoro gedop-
MyBaHHs1 pobOTYy, SKa BUTpPAYa€eTbCA 30BHILIHIM CUTOBUM MNoOfeM, chnif BU3Ha-
YaTu 3a 3arIeXHICTHo

a=[|[[(z+E)awat, (9.1)
t W
ae W — ob’em matepiany B ocepeaky nnactuyHol gedopmaldii; £ — TpMBanicTb

npouecy.
[na obumcneHHsa weuakicHoi L i gucmnatuBHOi £ yHKLiA BUKOPUCTO-
BYIOTb TakKi OpPMYyIu:

549
L=p%—; 9.2
P ” (9.2)
E=c¢, 9.3)

ne p — ryctuHa mMetany, akuin edopMyeTbes; F — BEKTOP LUBUAKOCTI PyXy Ya-
CTUHOK MeTary 3aroToBKW, LLO OMUCYE KOHKPETHUIA TEXHOMOTIYHUIA NpoLec; O,
— IHTEHCUBHICTb HarpyXeHb, WO BU3HA4Yae MeXaHiyHi BnactmsocTi gedopmo-
BYBaHOro matepiany; &; — y3aranbHeHa WBUAKICTb Aedpopmallil.

Taknm 4YnHoMm, poboTa gedpopMyBaHHS Mae 3aranom [Ba HanpsiMu: ogHa
iT YacTuHa BUTpa4vaeTbCA Ha 30iMblLUEHHS KIHETUYHOI €Hepril OKPEMUX TOYOK
MaTepianbHOro Tifla B npoueci gedopMyBaHHA N XapakTepusyeTbCs PYHKLIE
L, a iHwa — Ha gedopMyBaHHA MartepianbHOro Tina N BU3HA4YaeTbCs Ancuna-
TUBHO (pyHKLiEl0 eHeprii E .

Akwo gedpopMyBaHHA 3MIHIOETHCSA 3 Marok WBUAKICTIO U MPUCKOPEHHSAM,
TO 3 piBHSIHHA (9.2) BMAHO, WO WBKuakicHa dyHKUia L npsimye 0o Hyns. Togi B
Kpyrnnx gyxkax nigiHterpansHoro supasy (9.1) sanuMwmtbCa 0auH YneH, SKun
aBnge cobor gucunadito eHepril. HaBegeHa cxema po3paxyHKy Oa€ OOCUTb
TOYHI pesynbTaT i € NpuUaaTHOK A9 aHanidy sk CTaTUYHUX, Tak i IMNYNbCHUX
CXeM MeTanoodbpobneHHs1 TUCKOM.

[MpoTe BUKOPUCTaAHHSA LbOro MeToay AnsA po3paxyHKy OCHOBHWUX eHepro-
CUNOBMX NapamMeTpiB NpoueciB NNacTUYHOro AedopMyBaHHSA NOTpebye 3Haxo-
[KEHHS1 BEKTOPA LWBWAKOCTI PyXy YaCTUHOK MeTary 3aroToBKM, TOBTO NpoeKLin
Ha KOOPAWHATHI OCi, SKi YacTo Ha3uBalTb MOSIEM LUBUOKOCTEN. 3 LED METOH
HeoOXigHO PO3B’A3aTy BapiauivHy 3agadvy MiHiMi3auil dyHKUiOHana eHeprii ma-
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OuHamika TepianbHOI cucTeMu, a Lue AOCUTb BaXKo, TO-
Ctatvka MY WO BOHa € AOBiYi HEMiHIMHOW. [HLWMA wnax
PO3B’A3aHHA Ui€l BENbMW CKNagHol 3agadvi —
eKCnepuMeHTanbHe 3HaxXO4KEHHs1 Nons LBU-
JKOCTeNn, sike 30INCHI0ITbL MOAENOBAHHAM MNO-
TPiOHOI TexHonorivyHol onepadii. Llen BapiaHT
PO3B’A3aHHA 3a4adi TPYOOMICTKUM | He 3aBXau
Aa€ BUCOKY TOYHICTb, OCKifIbKM OCepenok nna-
CTUYHOI gedpopmauii yMOBHO po3buBaloTb Ha
JeKinbka AinsHOK i B IX MeXax BuU3HavalTb
& & HeoOXxigHi napameTpu.

Puc. 9.1. Oiarpama IcHye we oanH npocTur cnocib BU3Ha-
«y3aranbHeHe Hamnpy>XeHHs — 4eHHsi poboTM NNacTUYHOro AedopMyBaHHS,
y3aranbHeHa gedopmauisa»  akuii 6a3yeTbCsa Ha BUKOPUCTaHHI oaHiel 3 Ba-

XNUBKUX 0COBNMBOCTEN diarpaMmn «ysarasbHe-
He HanpyXeHHsA — y3aranbHeHa gedopmadis» (puc. 9.1). Ak Bigomo, 3a mexa-
MW NIAVHHOCTI MaTepiany Taka 3anexHiCTb € HemiHiiHow. [i YyacTo onucyoTb
cTeneHeBo PYHKUIE BUMMSOY

o, =Be", (9.4)
oe B i m — KoOHCTaHTK, WO € XxapakTepucTukamm Mapkmn martepiany.

Y T1abn. [1.3 HaBeOeHO 3Ha4YeHHs1 KOHCTAHT And Aesdkux martepianiB i
crnnasis, WO BUKOPUCTOBYIOTLCA B Cy4aCHOMY MaluMHOOyAyBaHHI 1 aBiaLinHin
NPOMUCIIOBOCTiI.

OgpHieto 3 ocobnueocTen giarpamu, 3o0paxeHoil Ha puc. 9.1, € Te, WO
3alTpmMxoBaHa nrowla nig KpUBOK NiHIEK, Sika BM3HAYa€e 3arexHiCTb Hanpy-
XeHb Big gedopmauin, aopisHioe poboTi gedopmyBaHHS oguHuLi 06’emy ma-
TepianbHOro Tina, TobTo
a,, =0,de, (9.5)

n

Ae & — BenuuMHa, WO 3MIHIOETLCA B MeXax Bif Hyns Ao Aeskoi aedopmaldii

&, SIKOI 3a3Hae 3aroToBKa B MpoLeci i 06pobneHHsa NnacTu4HNM aedopmMyBaH-

HAM.
Y piBHAHHSA (9.5) nigctaBnaoTb (9.4) i, 3iHTerpysaBLIn NOrO, OOEPXYHOTb
Takuin BMpas Asis BUSHAYEHHS NMTOMOT poboTH AedopMyBaHHS:

:igl"“. (9.6)
n+1

[MoBHY po60OTYy, ika BUTpA4aETbCA Ha NnacTuyHe AedopMyBaHHSA 3aroTo-

BKM, 3HAX04ATb K 4OOYTOK NMTOMOI eHepril 1 06’eMy nnacTuyHol gedopmali:
A=a, W . (9.7)
Llen cnocib BM3Ha4yeHHA poboTn gedopMyBaHHS Oy)Ke MNPOCTUN | 4OCUTb
LLMPOKO BUKOPUCTOBYETLCS Ha NpakTuui Ans npoBedeHHs1 HeobxigHux ob4unc-
neHb y nepwomy HabnmxeHHi. Cnpasa B TOMy, LLO Mig 4ac NOro 3acToCyBaHHSA
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OLEPXKYIOTb XOPOLUi pe3ynbTaTh N JOCUTb BUCOKY TOYHICTb Y TUX BUNALKax, Ko-
N NNacTuYHi gedpopmadii 3aroToBKM — OAHOPIAHI, PIBHOMIPHI M MOCTINHI MO
BCbOMY 06’emy. HamsickpaBiluMm NpuKagomM Takol CXemMu nnacTuyYHoro obpob-
NEeHHs1 € eTan piBHOMIpPHOI Aedopmadii ununiHApPUYHOro 3paska B MpoLeci BU-
NpobyBaHHA MaTepiany Ha po3pus i NOByayBaHHA giarpamu «HanpyXeHHs —
aAedopmavuiax». Llen etan TpmBae Big MOMEHTY PO3BUTKY NiaCcTUYHUX gedhopma-
Lin (nepexig maTepiany 3a Mexi NIIMHHOCTI) 40 MOMEHTY iX nokanisauii 1 yTBo-
PEHHS LWMINKK, MNICIS YOro NOYUHAETLCA PYMHYBAHHSA 3pa3ska. XapakTepHum ans
LUbOro etany € Te, Wo uuniHapuyHa YyacTuHa 3paska nig Yyac po3TsaryBaHHs 6e3s-
NepepBHO NEPEXOAUTb Y LUMUMIHAP, ane 3 MeHWuM giameTpoM i 6inbLuoto BUCO-
To. Ha npakTtuui Taki cxemu nnactmyHoro obpobneHHst 3aroToBok MatoTb Mic-
ue ayxe pigko. 3aebinbworo onepauil nnacTudHoro obpobneHHs xapakTepu-
3YIOTbCHA HEPIBHOMIPHMM PO3MOAINIOM NMAacTUYHUX aedopmMadii no o6’emy 3aro-
TOBKW. Y BaraTbox 30Hax 4edhopMOBYBAHOro TBEPAOro Tifla nnactuyHi aedop-
Mauii 6nu13bKi O rPaHUYHUX (PYWHIBHUX). ACKpaBMM NPUKNagoM Takoi TeXHOIO-
MYHOI CXEMW € BUTAryBaHHS CpepuyHoi geTtarni i3 niockol MMCTOBOI 3aroTOBKM.
Y ubOoMy BUMagKy MeTarn 3aroToBKW, WO npundarae go Il pnaHueBol 4acTuHu,
AedopMyeTbLCS Mano, Y TOM Yac sK y KyrnononoAibHin YacTuHi Bupoby 3ocepe-
KYKOTbCA 3aranioM Benuki nnactuyHi gedpopmadii, ki Npu3BoaAaTb OO0 PYNHY-
BaHHS (pPO3pMBY) MeTany B Ui 30HI Yepes3 BU4epnaHHs Noro pesepsiB nnacTuny-
HOCTI.

[Mpy BUKOPUCTAHHI OCTaHHBLOI METOAMKM PO3PaxyHKy B TakKuUxX BUNagKax 3a-
rOTOBKY YMOBHO MOAINAKTbL Ha AEKiSibka YaCTuH, Y MeXax AKUX nracTUdHI ge-
dopmaii ocepegHiooTb. [oTpibHY eHeprito aedopmadii 3HaxoaAaTb y Mexax
BMOpaHNX 30H, a NOBHY po6OTY BU3HAYal0Tb CKNagaHHSIM:

A:i@. (9.8)

OueBnaHoO, WO TOYHICTb BU3HAYEHHS poboTK NnacTudHol aedopmadii 6y-
ae nigsuwlyBatmucs 3i 36iNbLUEHHAM KiNbKOCTI Takmx NpoCcTuX 30H. Npu ubomy
cnocobi BM3Ha4YeHHA poboTK nnacTu4Hol gedopmadlil He BpaxoBYHOTbLCS 0CO6-
NMBOCTI BUCOKOLUBWUAKICHOIO W iMMySibCHOro AedOopMyBaHHA MaTepiarnis, TOMY B
nogaHOMy BUIMISiAI MOr0 3acTOCOBYHOTb AN aHanidy ctaTtuyHuX (MOBINbHUX)
NpoLEeCiB NacTUYHOro AedOpMyBaHHA. YHACNIOOK YNCNEHHUX OOCHiIOKEeHb (i-
3MKO-MeXaHIYHNX BITaCTUBOCTEN MeTaniB y LWMPOKOMY [iana3oHi LUBUAKOCTEN
06pobneHHs B6yno BCTaHOBMEHO, WO 3i 36inbleHHAM WBnaKocTi aedopmauii
Aiarpama «HanpyXeHHs — gedpopmauis» nNpOXoauTb BULLE CTaTU4YHOI (OuB.
puc. 9.1), To6TO NNacTuyHe gedopMyBaHHS B ANHAMIYHUX npouecax notpebye
OinbWwNX eHeprosaTpaT, HiXX Yy NOBINbHUX Npouecax. ToMy Ana po3paxyHKy iM-
NyNbCHUX abo LWBUAKICHMX MpoueciB HEOBXIAHO NPOBECTU MeXaHivyHi BUNpoby-
BaHHA MaTepianis y BigNoBiAHOMY Aianas3oHi weuakocten obpobneHHs 1 noby-
ayBaTtu Taky giarpamy. 3 Ui€l0 METOK BUKOPUCTOBYHOTb crneuianbHe obnagHaH-
HH, HanpuKnag BMOyXOBi Konpu.
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NMopsanok BUKOHAHHA nadbopaTopHOoi poboTun

1. BuBUMBLUN TEOpPETUYHI NONOXEHHS nabopaTopHOi poboTK, 3a 3aBOaHHAM
BMKNagaya po3paxyBaTu €HEpritlo NnacTUYHoro geopmMyBaHHS, HEOOXiaHy AN
OCagKkn UMNiHAPUYHOIO 3paska, Npu TPbOX-4OTUPLOX 3HAYEHHAX IHTEHCUBHOCTI
aedopmadil.

2. MNobynyBaTtn rpadik 3anexxHoCcTi HeoOXiaHOT eHepril Big, y3aranbHeEHo! ae-
doopmauil 3aroToBKM.

KoHTponbHi 3annTtaHHA

1. AkMM € anropuTM BM3HAYEHHSI EHEProCUNOBUX NapamMeTpiB NIacTUYHOro
AedopMyBaHHS 3 BUKOPUCTAHHSIM PIBHSIHHS piBHOBarn?

2. Yomy nig yac aHanisy BMCOKOLIBUOKICHMX npoLueciB 06pobneHHsa 3aroto-
BOK Y MaTeMaTU4Hy MogeNb HeobXigHO 3aknagaTu pPiBHSAHHS PyXy, a He PiBHO-
Barn?

3. Wo gaBnsatoTb coboro wBmakicHa n agucunatmeHa (OyHKUIT B PiBHSHHI ANs
BU3HAYEHHS NOTPIOHOT poboTn?

4. Ak oB6’em ocepefKy nnacTn4Hol aedopmadii BNMBae Ha BENUYUMHY MOTPI-
OHOI eHepril gedopMyBaHHA?

5. lWo Ttake nutoma poboTta nnactuyHol gedopmadii i 9k 1l BU3Ha4yaTu 3a gia-
rpamMolo «HanpyXeHHs — gedopmavlia»?

6. Ak 3HanTn poboTy gedopmyBaHHA Yy BUNagKy, Konu gedopmadil € Heoa-
HakoBMMU No 06’emy ocepeaKy nnacTuyHol gedopmadii?

7. £k 3MiHIOETBCA NUTOMa poboTa 3anexHo Bif WBMAKOCTI gedopmauii?

JNabopaTtopHa po6ota Ne 10
EKCNEPUMEHTAJIbHA NMEPEBIPKA YMOB MNMACTU4YHOCTI

Mema pobomu: 03HaNOMNTUCH 3 OCHOBHUMUW YMOBaMU NNacTUYHOCTI AN
3HaXOMKEHHA MOMEHTY nepexoay AedOpMOBYBaHOrO Tifla y NacTUYHUIA CTaH.

TeopeTUyHi BigoMocCTi

[MnacTuyHa piBHOBara Tina, Ha BigMiHy Big, NPY)XHOI, MOXNKUBA TiNbKW Mpu
LiSIKOM BU3HA4YeHMX HaBaHTaXeHHAX. Tak, nig vyac NiHiIMHOro po3TAryBaHHA Me-
TaneBol 3aroToBKM MnacTtudHa gedopmauia BUHUKAE TOAi, KOMN 30BHILWLHE Ha-
BaAHTaXXEHHSA CMPUYNHSE B HIN HaMpyXeHHs, sike OOPIBHIOE rpaHuLi MAMHHOCTI,
T06TO O, = O, .

AKWOo nig HaBaHTaXXeHHSIM MaTepian 3MILHIETLCA, TO ANA NoAanbLoro
PO3BUTKY NnacTU4HOI gedopmaLii HEOOXiAHO 36iNbLIyBaATU HaMNPYXEHHS. AKLLO
Martepian He 3MILHIOETLCA, TO Nifg Yac NiHIMHOIro PO3TAryBaHHA nnacTtuyHa ge-
dopmauis BiobyBaeTbCs Npu NOCTIMHOMY HaMNpYXXeHHi.

Pa3om i3 Tum, cyTTeEBa BIAMIHHICTb MK MPYXXHOK M NfiaCTUYHOK Aedop-
MaLisiMK nonisarae B TOMy, WO BeNUYMHA NPYXHOI Aedopmalii LiflkoM BU3Haya-
E€TbCA AiI0YNMU HaNPY>XEHHAMMU, @ 3HAYEHHA MUTTEBOrO PO3NOAiNy HarnpyXeHb
Yy SIKYCb MUTb NIAaCTUYHOro AeddOpMYyBaHHA A€ 3MOry CyaUTWU TiflbKM Npo Te,
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akum 6yae npupicT gedopmadin, OCKifbKM Npu LbOMYy NOTPIGHO 3HATK BCHO iC-
TOpI0 AedOpMyBaHHS 3paskKa.

Ane, po3B’sa3ytoun 3agadi Teopil nnacTUyYHoCcTi 1 06pobneHHs meTanis
TUCKOM, HEODXiAHO 3HaTK YMOBU repexoay B NracTUYHUM CTaH He TiNbKW B ni-
HIMHOMY, @ N Y KOXXHOMY CKNnagHOMY HarnpyxXeHomy cTtaHi. Lli ymoBu mMoxHa Bu-
3HaAYUTU TifbKM LINIAXOM eKCnepuMeHTarbHUX gocnigXeHs. Pasom 3 TMm, MOX-
Ha BNEBHEHO NPUMNYCTUTK, WO Mepexid KOXHOI erleMeHTapHOl YacTUHKU Tina B
NNacTUYHUMA CTaH BM3HAYaETbCA SKUMOCH CriBBIOHOLEHHSAM MK Hanpy>XeHHS-
MU, 3 0gHOro 6oKy, Ta NOro MexaHiYHMMKM BNacTUBOCTAMU MPU TUX CaMUX TEM-
nepaTypHO-LIBUAKICHNX yMOBaX, 3 iHLLOrO.

ICHYIOTb KinbKa rinoTes, Aki BU3Ha4aloTb YMOBM Nepexony maTtepiany Ha-
BaHTaXXEHOro Tina 3 NPY)XHOro CTaHy B NNacTuYHUM (YyMoBa nnacTtu4yHocTi) [15,
24]. 3 yMOB NNacTUYHOCTI HAaMOBI'PYHTOBAHILLOK € YMOBA, SIKy 3anponoHyBanmu
M. I'y6ep i P. Misec: koxxHa eneMeHTapHa 4YacTuHa MeTaneBoro Tifla nepexo-
ANTb i3 MPYKHOro y NAACTUYHUIA CTaH, KOMKW IHTEHCUMBHICTb HanpyXeHHs Habu-
pa€ 3Ha4yeHb, O OOPIBHIOTL HAMPYXXeHHK MSIMHHOCTI B NiHIMHOMY nracTuy-
HOMY HarnpyXeHOMy CTaHi, KM BignoBigae TemnepaTypHO-WBUAKICHUM YMO-
BaM gedopmyBaHHA W CTyneHo gedopmad,ii:

Gl.2%\/(01—02)2+(62—63)2+(G3—61)2ZGS. (10.1)

HeobxigHo 6paTtu 0o yBaru, Wo nig Hanpy>XeHHsIM NAWHHOCTI B LbOMY pi-
BHAHHI Cnif pO3yMiTM HE YMOBHE, a iICTUHHE HanpyXeHHS B JTiHIMHOMY MnacTuy-
HOMY Harnpy>XeHOMYy CTaHi.

B ymoBax xonogHoro aedopmMyBaHHS nfiactuyHe AedopMyBaHHSA Mo4n-

HaETbCA NPU T, = 0, , (AKLWO BBAXKATN YMOBHY rPaHWLIO NAMHHOCTI O ICTUHHUM

HanpyXeHHaM). dani 3i 36inbleHHsaM cTyneHs gedopmadii HanpyXeHHSA MinH-
HOCTi O, yHacnigok 3MiLlHeHHs 36inbLUyeTbCs, @ TOMY 30iMbLUYETLCA 1 BENUYN-

Ha O, HeobxigHa AnA NiATPUMYBaHHSA NNAacTUYHOrO CTaHy.
Y pasi rapsdoro gedopmyBaHHS 3 MOBHOK pekpucTtarnisauieto (3 NOBHUM
3HEeMILHEHHAM) 3aMiCTb O, MOXHa BpaTn 3Ha4YeHHs rpaHuLi MiLHOCTI O, 3 ek-

CNEepPUMEHTIB Ha pO3TAr Npu BiAMNOBIAHIN TeMnepaTypi, OCKINbKN 3HAYEHHA O |

O, NPV BUCOKNX TemnepaTypax 36iratoTbCs.

YMoBa nnacTUYHOCTI iHBapiaHTHaA Npu nepexoai Big 0gHMX KoopauHaT o
iHWKX. MNMepexia enemeHTapHoro o6’emy meTany i3 NPY>XHOro CTaHy B NnacTuy-
HUW 3aneXxuTb TiNbKW Big AesiaTopa HanpyXeHb i He 3aneXxuTb Bif KyNboBOro
TeH30pa, Big BCeBIYHOro po3TAryBaHHA abo CTUCHEHHS, TOOTO Bi4 MNPYXHOI
aedopmaldil.

IcHy€e Kinbka pisHUX popm 3anmncy yMOB MSIACTUYHOCTI, AKi BigPI3HAIOTLCA
Bi piBHsAHHA (10.1). Tak, iHKONIM BUKOPUCTOBYIOTb TakM BUpa3 Anda iHTEHCUB-
HOCTi AOTUYHUX HaMpPY>XXeHb:
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1
r=—0.. (10.2)

)

YMOBY nMNacTUYHOCTI B [OBIfbHIN CUCTEMI KOoOpAuHaAT ASf9 BUNagKy
o6’eMHOI 3afadi, KON BCi HaMpPY>XeHHA Ha rpaHuusXx enemMeHTapHoro ob’emy
MeTany BiApi3HAKTbLCS Bif HYNSA, 3anUCYOTb Y BUrNAAI

2 2 2 D) P 2 2
(Gxx —ny) +(ny —Gzz) +(o,—-0.) +6(rxy +7,, +sz) =20,.(10.3)

YmoBa nnactuyHocTi (10.1) mae qisndHuM 3micT. Y Teopil nnacTUYHOCTI
3a3HayvyaEeTbCH, WO NMTOMAa NOTeHUianbHa eHepria npyxHoi gedopmadii doopmu
enemeHTa MeTaneBoro Tifla nNpu nepexoai Noro B NiacTUYHUM CTaH € AN Aa-
HUX YMOB gedopmadii (CTyneHsa, WBMAKOCTI N TemnepaTtypun gedopmadii) Be-
NMNYMHOKO MOCTIMHOK He3arieXXHO Big CXEMWU Hanpy)XeHOoro CTaHy. Y 3B’A3Ky 3
Takum (Pis4HNUM 3MICTOM YMOBY MI1acTUYHOCTI, HaBeAeHY BULLE B Pi3HUX pop-
Max, Ha3nBarTb eHepreTn4How. Kpim Toro, y cneuianeHin nirepaTtypi BOHa Mae
e Kifibka Ha3B: «yMOBa MOCTIMHOI IHTEHCUBHOCTI HarpyXeHb», «ymoBa MOC-
TINHOI IHTEHCUBHOCTI OOTUYHUX HaNpPyXeHb», «yMOBa MOCTINHOI MUTOMOI eHep-
ril 3MiIHEHHST dOpMN Y.

Axwo B ymosi nnactuyHocTi (10.1) o, 0, | o; po3rnagaTn Ak 3MiHHi Ko-
opauvHaTK, TO Uen BMpas onncyBaTUMeE MOBEPXHIO HEOOMEXEHOro 3a [OBXU-

2
HOIO UMMiHApa 3 KPYrMMM TOMepeYHnum nepepisom pagiycom 7 = 5‘75

(pnc. 10.1).

Bicb uuniHgpa npoxoautb Yepes rnoya-
TOK KOOpAuHAaT, OAHAKOBO HaxuneHa oo ocen
KoopAuHAaT i CKragae 3 KOXHOK i3 HUX KyT,

KOCUHYC SIKOTO [OPiBHIOE 1/\/6

AKLLO rofioBHI HOpMarbHi HanpyXeHHA
B AKOMYCb €fleMeHTi Tifla Taki, Wo BMU3Haya-
I0Tb TOYKY, SIKa NEXUTb Ha MNOBEPXHi UWMiHA-
pa, TO uen enemeHT 6yge B nNnacTUYHOMY
CTaHi. TakuMm YMHOM, NMOBEPXHA UMniHapa 3a
piBHSAHHAM (10.1) € rpaHN4HOK MNOBEPXHEID
nracTudHol gedpopmauil 3a €HepreTUYHoRo Puc. 10.1. T'eomeTpniHUn
YMOBOK MSIACTUYHOCTI. 3MICT YMOBM NNACTUYHOCTI

AKLWLO ronoBHI HOpMarnbHI HaNPy>XeHHA
B efIeMeHTi Taki, O BU3Ha4YaloTb TOYKY, SiKa NEXUTb Ha BHYTPILUHIN NMOBEPXHI
uuniHapa, To enemMeHT byae B NpyXHOMY HanpyXeHomy ctaHi. KombiHauii Ha-
NPY>XeHb, SKi BU3HAYalOTb TOYKM Ha MOBEPXHi UumiHapa, He MalTb di3UYHOro
3MicTy. 3p0o3yMifno, Wo icHye 6eamexxHa KinbKicTb KoMbiHaLUin BEMNYNH rONoB-
HUX Hanpy>XeHb, SKi 3a40BOMbHATb PIBHAHHIO (10.1), OCKINIbKM KifTIbKICTb TOYOK
Ha MOBEepXHi uMniHgpa € HECKIHYEeHHO BESNKOLO.
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Yum BinbLIMM € Hanpy>XeHHA NMUHHOCTI O, TUM BinbluMM € paaiyc Luni-
HApa. AKwo aedopmalis CynpoBOAXKYETLCA 3MILHEHHAM, TO O, 30iMbLUYETHCS,

a rpaHnYyHa rnoBepxHA NnacTnYHol gedopmadil pO3LMPHOETLCA.
Y uboMy nondrae reoMeTpuYHUM 3MIiCT YMOBU NITACTUYHOCTI.
ICHye Kinbka ocobnmBmMx BMpasiB YMOB MAacTUYHOCTI. Y BUNAAKy NioOCKO-

ro HanpyxeHoro ctay, korm o, =7, =7, =0, ymosa (10.3) matume surnsg

2 2 2 2
o, +to. -0, 0_+3t. =0.. (10.4)
Y BUNagKy MIoCKoro nedopmoBaHoro CTaHy, Konmn

o, =(o,+0.)/2, r,=1,=0,

(Gxx —0.. )2 +472 = %ag. (10.5)

Y  BunNagky  BiCECUMETPUYHOrO  HampyXeHOro  CTaHy,  KOmu
Op=0,,T 7.,, YMOBA NNacTUYHOCTI Habupae BUrnsaay

rr> Y pl =

(6, -0.) +3c2 =a’. (10.6)
Po3B’sa3ytoum 3agadi Teopil NnacTu4HOCTI 1 06pobneHHa MeTaniB TUCKOM,
KpiM €HepreTM4Hol yMOBM MNacTUYHOCTI BUKOPUCTOBYHOTb MNPUOMN3HY YMOBY
NSAaCTUYHOCTI, 9Ka Mae HasBYy «yMoBa MOCTIMHOCTI rOSIOBHOrO AOTUYHOrO Ha-
NPY>XEHHsA» abo «ymMoOBa MOCTIMHOCTI Pi3HMLUI FOMOBHUX HOPMAanbHUX Hanpy-
XeHby. [ 6yno 3anponoHosaHo I. Tpecka Ta 5. CeH-BeHaHOM 3Ha4HO paHilue,

Hi>XX ByNno chopMynbOBaHO TOYHY EHepreTU4Hy yMOBY MiacTUYHOCTI:

o, —0, = o, (10.7)

T 1 o
13 2 s "

[lo piBHSHHS BXOAMTb koediuieHT B, Skuii ypaxoBye BMIUB CEpPeaHbOro
rOfIOBHOro HanpyXeHHa 1 3MiHeTbCa B giana3oHi 1,000...1,155. Tig yac pos-
paxyHKiB y nepLomMy HabnmkeHHi noro 6epyTb TakMMm, LLIO AOPIBHIOE OANHNLII.

Y mexax NpyXHOCTi 3B’A3KN MK Ai04MMU HaNPY>XEHHAMU 1 BiANOBIAHUMN
Aedopmadismm Bu3Ha4arTb 3a 3akoHOM ['yka. [Npu xonogHomMy AedopMyBaHHiI
3a MeXaMu MPYXHOCTI NIHINHICTb 3aneXHOCTi 3a UMM 3aKOHOM MOpPYLUYETLCA.
YacTiwe 3a BCe iI ONUCYOTb CTENEHEBOK (OYHKUiE 3 KoedilieHTaMn, aKi BU-
3Ha4yalTb ANA KOXHOI Mapku cnnaBy. Y MexaHiui gedopMyBaHHSA CyLiNbHUX
cepeoBuLL, NOKasaHo, LLO IHTEHCUBHICTb aedopmauin — PyHKUIa opyroro iH-
BapiaHTa gesiaTopa TeH30pa Aedopmauin, aKy MOXHa nogatu y Burnagi sane-
XKHOCTIi 3a CTPYKTYypoOto piBHAHHSA (10.3):

&= \/5/3\/(‘9)@ —&y )2 +(gyy ¢z )2 +(gzz & )2 +3/2(€xy tE, +82x)2 (10.9)

ne &, & £, — Aedopmalil NoAoBXeHHs (YKOpoyeHHs) pebep enemeHTap-

XX yy? z.

(10.8)

HOro o6’emy B HaMpsIMKy oceun koopauHat; &, , €., &, — Aedopmauii acysy.
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Taknm YMHOM, MOMEHT nepexony Makpoob’emy MeTaneBoro Tina i3 npyx-
HOro CTaHy B MSIaCTUYHUN MOXHa BU3HA4YMTK, po3paxyBaBLun B pPiBHAHHI (10.9)
CTaH gedopmadii i NOPIBHABLIX MOro 3 BENUYMHOK AedopmMadii, sika Bignosi-
Aae€ rpaHvli NNWHHOCTI MaTtepiany i agopiBHoe 6n3bko 0,2 %.

I3 BUKNageHoro BuLe 04eBUOHO, LLO eKcnepuMeHTarnbHy nepesipKy rino-
Te3 Nnpo nepexig marepiany i3 NPyXHOro CTaHy B NAACTUYHUA MOXHA 34INCHUTH
LUNAXOM BMMIpIOBaHHS HanpyXeHb abo gedopmauin BcepeuHi matepiany 3a-
roTOBKW. 3ajaya BUMIPIOBaAHHS HarnpyXeHb y meTtani nobnndy 1n Ha rpaHuui
NPYXHOCTI € Oyxe cKrnagHow. Tomy nig Yac BMKOHAHHSA uiel nabopaTopHOT po-
60T Tpeba MTU LWNASXOM eKCrnepuMeHTanbHOro BUMIPIHOBaHHSA AedopmMadin,
niggasBLUn 3pasokK Ail 30BHILWHLOI CUSIN.

Ak o6’ekT gocnigKeHHs BUKOPUCTOBYETbLCS LMUAIHOPUYHUIA KiNbLEBUN
3pasokK i3 antoMiHieBoro cnnasy. HaBaHTa)XeHHS1 3aroTOBKM NPOBOASATb 3a CXe-
MO pO34ayi BHYTPILLHIM TUCKOM, YHAcnigOK 4YOro 3pasoK po3TAryeTbCca B Mo-
nepeyHoMy nepepisi. Po3gaya 3arotoBKM 34iIMCHIOETBCSA 3a JOMOMOIOK MarHiT-
HO-iMNynbCHOI ycTaHoBKM MIY-20 piBHOMIPHO po3noifieHMM BHYTPILLHIM TUC-
koM. OCKiNnbKM cxema HaBaHTaXXeHHs 3pa3ka € BiCECUMETPUYHOLD, a KOHQirypa-
Ll 3pa3ka B34OBX OCi CMMETPIl He 3MIHIOETLCS, PiBHAHHA (10.9) ans iHTEHCKB-
HOCTI AedhopmaLin cnpoLLyeTbLCA:

g = g\/(gw -, )2 +(8W —&. )2 +(e.—¢,). (10.10)

PagianbHy, TaHreHuianbHy N oCcbOBY AedopMmalii 3pa3ka BM3HA4aloTb 3a
NPOCTMMM CMiBBIAHOLLIEHHSIMMU:

g, =In(6,/6,); (10.11)
&, =In(r,/1,); (10.12)
e, =In(h,/h), (10.13)

Ae 0,i0,, ryir, h,ih, —noyaTkoBi I KiHLEBI 3HAYEHHS TOBLUMHW, pagiyca W
BMUCOTU KinbLEBOI 3aroToBKM BiAMNOBIAHO.
NMopsapok BUKOHaHHSA nadbopaTopHOi poboTH

1. MNepen npoBefeHHAM eKCNepuUMEHTY CTapaHHO BUMIPSTU FreOMETPUYHI po-
3Mipy nNo4aTKOBOro 3paska 1 3aHecTu ix go tabn. 10.1.

Tabnuuysa 10.1
ExcnepumeHTanbcHi AaHi

ToBwwMHaA
Homep OB < | Pagiyc BucoTa Oedopmallii Po6ota E, kX
HaBaHTa- CTiHKN ,
KEeHHS 7, MM h’ MM
MM grr g(ﬂ(ﬂ gzz gi

2. 30IUCHUTU TPU-YOTUPU LUMKNN HaBaAHTAKEHHHA 3aroTOBKM 3 MOCTYNOBUM
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30iNbLUIEHHAM eHepril, 3MiHIOKYM BENMYNHY HaNpyrn 3apsakm KOHOAEHCATOPHOI
BGaTtapel MarHiTHO-iMNynbCHOI YCTAHOBKW. [1iCNsi KOXXHOrO LMKy HaBaHTaXKEHHS
BUMIPATU reOMeTPUYHi napameTpu 3paska W BU3HaAYMTU 3arasibHUnM CTyNiHb fe-
aedopmadil.

3. 3a pesynbTaTamMun ekcrnepnMeHTy nobyaysaTtu rpadoik 3anexHocTi IHTeHCK-
BHOCTI Aedopmadii Bia BuaineHol eHepril 1 3poduTun BiANoBigHI BUCHOBKN.

KoHTponbHi 3annTaHHA

1. Yum BU3HaAYaETLCHA yMOBa NAACTUYHOCTI?

2. Axni QisnyHMin 3MICT YMOBM NNACTUYHOCTI?

3. Buknagitb reoMmeTpuyHnn 3miCT yMOBU NIIaCTUYHOCTI.

4. 7k ymoBa nnacTUYHOCTI BUKOPUCTOBYETLCSA Mif Yac po3B’dA3yBaHHS 3agad
Teopil NacTUYHOCTI 1 06pobneHHs meTaniB TUCKOM?

5. Akun QyHKUIOHANBHUA BUMMSA Ma€e 3B’A30K MK HaMpy>XeHHAMWU 1 aedop-
MaLisiMK 3a rpaHuLEto MINHHOCTI MaTtepiany?

Na6opartopHa po6oTa Ne 11
EKCNMEPUMEHTANIbHE BUBYEHHA NPUHUUMNY HAMMEHLLOIMO OMNOPY

Mema pobomu: 03HANOMUTUCA 3 OCHOBHUMW MNPUHUMNAMK, WO Aal0Tb
3MOry BUSIBUTU OCHOBHI HanpsAMKK Tedil meTaniB nig Yac npouecis 06pobneHHs
MeTaniB TUCKOM, i NpaBunamm IxX BUKOPUCTAHHS.

TeopeTU4Hi BigoMocTi

[Mig yac o6pobneHHa meTarniB TUCKOM iHKOSNIM BUHWKAE HEOOXIAHICTb Y BU-
3Ha4yeHHi CriBBIAHOWEHHA MK MepeMileHHAMM YacTUHOK (enemMeHTapHUX
o6’emiB) MeTany B pi3HMUX Hanpsimkax. ¥ 6araTtbox BMnagkax Ui crniBBiAHOLIEHHS
MOXHa JIerk0 BW3HAYUTM i3 YMOB HECTUCNUBOCTI MaTtepiany (NOCTIMHOCTI
o6’emy) [20].

Y 3aranbHOMy Bunagky o6’€MHOro nracTU4HoOro AedopMyBaHHS
PO3B’si3aHHA 3a4adi Npo chiBBiAHOLWEHHS AedopMalin y HanpsMKy KoopanHaT-
HUX ocen € HaaTo cknagHum. C. |. ['yOkiH B OCHOBY Teopil BiflbHOro popmMo3ami-
HEHHSA Tifl, Wo 0edOopMyTbCS, 3aKnaB 3akoH, 3rigHO 3 AkMM byab-aka maTepi-
anbHa 4YacTuHKa Tina, aka AedOopMY€ETbCA, Mak4dn eKifibka KiHeMaTU4HO MOX-
NMBUX HAaMpPSMKIB NepeMillleHHs, pyXaeTbCsa B HanpAMKy HaMEHLLOro ornopy
[4]. 3aKOH HaMMeHLLoro onopy B TakoMy )OpPMYMOBaHHI A4ae 3MOry BMBYaTU
POPMO3MIHEHHSA NMLLE Ha SKICHOMY piBHI. OgHaK Kinbka BaXSIMBUX BUCHOBKIB 3
LibOro 3akoHy, 0coBnMBo NpUHUMN MiHIMyMY MOBHOI eHeprii Aedopmalil, faloTb
MOXIUBICTb NIINTM OO0 BUBYEHHS (POPMO3MIHEHHSI NPU NnactTu4yHoMy aedop-
MYBaHHi Ha KiflbKICHOMY PiBHi.

[MpAMMM BUCHOBKOM i3 3aKOHY HaWMEHLLOro Ornopy €, Hanpuknag, yTBo-
peHHs 061010 Nig Yac wramMnyBaHHSA y BiaKpuTux wramnax (puc. 11.1).
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MeTan 3aroToBKM Ha no4vaTky lP

LUTaMNyBaHHS NOYMHaE BUTIKATK BOIK 3a

MeXi rpaBlopu LWTamna B 3a30p MiX \ \
BEPXHIM | HWXHIM LWTamMnamu. 3anos- /

HEHHA MOPOXHUHU piBYaKa MOXNuBeE 3a (/ /j
YMOBMU, SIKWO B 06noi Binbwnn onip Te-

Yii, HX Yy Ti abo iHWWIA YaCTUHI NOPOX- /

HUHK. Onip Tedil meTany B obnoun 36i-
NbLYETLCA 3i 3MEHLUEHHSIM NOro TOB-
LWWHM Mig Yac pyxy BepXHbOro Lwramna
nig OilnYMM HaBaHTaXEHHSM i3 3ycun-
nam P. Lle 3abe3neyye 3anoBHEHHSA BCiX €NIEMEHTIB MOPOXHMHM piBYaka LiTa-
mna.

Puc. 11.1. YTBOpeHHS 0651010
nig Yac BigKPUTOro WwramMmnyBaHHSA

Ha ocHOBI 3aKOHY HANMEHLLOro Onopy MOXHa 3po0OMTN Takui BUCHOBOK. Y
BMNAAKy BiNbHOrO OOPMO3MIHEHHS Tina B Pi3HUX HanpaAMKax HanbinbLiow ae-
dopmauis 6yae B TOMy HanpsiMKy, y sKOMy OinbLUiCTb enemeHTapHux ob’emis
3a3HalTb HAMMEHLLOro Ornopy CBOEMY NepeMiLLeHHI0. [1na npakTUYHOro 3acTo-
CyBaHHS LbOro 3aKOHy HeOobXigHO 3HaTKM HaNPsSIMOK TpaekTopil Tedil maTtepiany
3 HAUMEHLUNM OMOPOM.

[nsa Bunagky ocagkn (CTUCHEHHS) NPU3MAaTUYHUX | UMAIHAPUYHUX Tifl MiX
napanesibHUMU NnnTaMn 3a HasgBHOCTI TePTH Ha MNNOLWMHAX KOHTAKTy 3aroToB-
K/ N IHCTPYMEHTa Ui TpaeKkTopil BU3HaYalTh 3a NPUHLMNOM HANWKOPOTLLOI HOp-
Mani 4o nepumMeTpa nepepisy. p

Teviga maTepiany UUNIHOPUYHUX TiN
NpOXoauTb B pajiaribHOMY HanpsiMky none-
pedHoro nepepidy. OCHOBY ocagXyBaHOI
npu3MM BIQMOBIAHO A0 NPUHUMNY MepeMi-
LLIEHHS TOYOK 3a HaWMKOPOTLLOK HOpManso
MOXHa po3bUTM Ha YOTUPU TPUKYTHUKU
(puc. 11.2) niHiamu, aki € niHiamn posginy
obnacTi Tedil (HanNpsAMOK pyXxy MO3HA4YEHO
cTpinkamun). Buxogsaum 3 KinbKOCTi TOYOK, SKi 7
MOXYTb NepeMillaTMca B KOXHOMY 3 Hanps-
MKiB, MOXXHa nob6aynTn, WO MaKCUManbHO
aedopmadis 6yoe B cepeauHi 3paska, a Mi-
HiManbHOK — Yy KyTKaxX. YHacnigok Lboro
rpaHi 3paska CUNbHO BUKPUBNAKTLCA, a dO-
pMa nonepeyvyHoro nepepisy 3paska 3 pos3Bu-
TKOM gedpopmadii NoCTynoBo HabnmKaeTbCs
A0 KpYriol.

Hexan, Hanpuknag, ocagXyeTbca npu-
3Ma 3 MPAMOKYTHOK OCHOBOW, AkMn-Hebyab  Puc. 11.2. TpaekTopii nepe-
nepepi3 sKOI € NAOLMHOK, HOPMAsbHOK A0  MIilLEHHS TOYOK uuniHapa nig
HanpamKy aitodoro 3ycunns (puc. 11.3). 3ri- Yac ocaku NpmMsmu
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AHO 3 MPUHLMMNOM MNepeMiLlLleHHA TOYOK 3a
SO T . HaWKOPOTLLIOK HOpMarnmi 4O nepumeTtpa
N 0 nepepisy NPSMOKYTHUKN MOXHa po3ainnTu
P IS AN Ha OBa TPUKYTHUKM i OBi Tpaneuii niHiaMmm
, N N (WTPUX-NYHKTUPHI Ha puc. 11.3), gKi € me-
>, XoBUMK niHiAMKN abo niHisMn poaainy Te-
\\ / . '// Yil, OCKINbKM AOBXWHA HOpManewm Oo ne-
2 vy wmf;/ pumeTpa nepepizy no obuasa 6oku Big
N ’’ KOXHOI TOYKW, pO3TallOBaHOI Ha UMX MiHi-
__________ ax, 6yae ogHakoBow. Hanpsam pyxy To4ok
Puc. 11.3. Cxema nepemiweHHs  Ha puc. 11.3 nokasaHo CTpinkamu.
TOYOK NornepeyHoro rnepepiay YpaxoByloumn KifnbKiCTb TOYOK TiNa,
npu3mMm pO3TaLLOBaHNX Ha NiHIAX HaNpPAMKY Teuil B
nepepisi, MOXHa MPUNYCTUTK, WO Micns
ocaku nepepis Habupae Burnagy, 3o6paxeHoro Ha puc. 11.3 WTPUXOBUMU Si-
HisMK. HeBaXkko nokasaTu, Wwo npu 36inblUEHHI CTyneHs ocagku Tina, posrns-
HYTOro B LbOMY NpuKnagi, opmMu NOro nonepevHnx nepepisis HabnmxarTbCs
A0 enincie, a enincy NoTiM NepeTBOPKOTLCA Ha Kona, Micins Yoro ToOYKM pyxa-
IOTbCA NO pagiycax.

TaKy 3aKOHOMIPHICTb POPMO3MIHEHHS NMONepeYHnX rnepepisis Tina nig vyac
ocaKku BUSIBMEHO Ha noyaTky XX ctopiydd. Ha i ocHoBi po3pobsieHo npuHumn
HanMeHwWworo nepumeTpa: byab-sika dpopma nonepeyvyHoro nepepisy npuamaTmy-
Horo abo uMniHOPMYHOrO Tina nig 4Yac ocagku MOro B MNacTUYHOMY CTaHi 3a
HaABHOCTI KOHTAKTHOro TepTs nparHe HabyTn cbopmu, sika Mae ans gaHoi nro-
LI HAMMEHLUNIA NepuUMETP, IHWMMK cnoBamMu, HabyTn hopmu Kpyra.

HeobxigHO TakoX 3a3HayuTy, WO LEen NPUHUMN CpaBaXYyeETbCS NpU OO-
AepXaHHi Taknx yMOB:

— TepTHd Ha NMOBEPXHI KOHTAKTY IHCTPYMEHTa WU 3aroTOBKWN — i30TPONHe, O4Ha-
KOBe Yy BCiX HanpsiMkax;
— Benn4ynHa KoeilieHTa KOHTaKTHOro TepTHa € 3HAa4YHOHO.

Mig 4ac ocagku, Hanpuknag, NPSMOKYTHOro napaneneninega Mk nnoc-
KuMKn 6orkamn 6e3 KOHTaKTHOro TepTs cxemMa nepemilleHHs TOYOK nonepeyvHo-
ro nepepiady Biapi3HAETLCA Big cxeMun, 306paxeHol Ha puc. 11.3.

Pyx 4acTMHOK y nnowmHax, HOpMasnbHUX 40 HanpAMKY 30BHILLHbLOI CUIN,
Mae pagianbHU xapaktep, i ToMy opMu rnonepeyHux nepepisis y npoleci
AedopMyBaHHSA 3anmaTtMMyTbCa NO4IGHUMM 40 NOYATKOBUX.

[MnTome 3ycunna gedopmyBaHHA B NpoUECi CTUCHEHHS MPU3MaTUYHOrO
Tina napanenbHUMM naMTaMmy  BU3HAYaETbCA  BUPaA3oM, 3anpornoHOBaHUM
C. I. I'yBKiHUM:

k,u,

g=A0, |1+ : (11.1)
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ne k =0,5——; A =1,00...1,15.
6b

NMopsaaok BUKOHAHHSA nNabopaTopHoi pob6oTu

1. Ha KOHTaKTHUX NOBEpXHAX 3pasKiB PO3MITUTU OCi CUMETPIl. 3 AONOMOror
NPSMOKYTHMKa Ha OOKOBY NMOBEPXHIO 3pa3KiB MepeHecTM OcboBi MiHil. Ha ocsx
BOKOBUX MOBEPXOHb (Ha MOMOBWUHI BUCOTW 3paskiB) HAHECTU MITKM KepHOM abo
YOpPHUIOM. 3a UMMM MiTKaMu MNOTIM BU3HAYalOTbCs MOSIOXEHHS OCen 3paskKiB
nicna ocagkn. BennunHy ocagku 3paskiB nif Yyac BUMKOHAHHSA pPoBOTU KOHTPO-
noBaTU LUTAHTEHLMPKYMEM.

2. MpoBectn Tpu-4oTmpu ocagku. licna KoXHoI ocagku 3paska HeobXigHOo
3aHeCTu [0 3BiTY BENMUYUHY NepuMeTpa OLep>KaHOoro nepepisy n BUMIPATU reo-

MEeTpWUYHi napameTpu a,, a,, b,, b;. Kpim Toro, HeobxiaHO 3adbikcyBaTtn 3Ha-

YeHHS1 BUCOTW 3aroTOBKM MICrsi KOXHOT ocaaku. PesynbTatn ekcnepuMeHTiB 3a-
HecTn O 3BiTY NPO BMKOHAHHSA nabopaTopHOl poboTn.

3. Nepen KOXHOK 0OCafKOK, YCTAHOBMBLUWM 3pa3KM KOHTAKTHOK MOBEPXHEID
Ha apkKyLl nanepy, onisuem obBecTn No nepnMeTpy ocHoBY 3paska. [licnsa oca-
OKWN 3pa3ok HeObXigHO BCTAHOBUTU Ha Lieun Xe apKyll Tak, wob niHia Big kepHa
NpoeKkTyBanacsa Ha ocCi nornepeaHbOro 306paXkeHHss 1 OKpechnioBana oTpUMaHi
nepMMeTpu OCHOBM 3paska.

4. 3a 3aBAaHHAM BMKNagada BM3HAYUTM BENUYMHY 3YCUMNS OCadKu 3a piB-
HAHHAM (11.1) ona oQHOro-gBOX BMMAAKiB ocagku NPU3MaTUYHOI 3aroTOBKU W
MOPIBHATN 11 i3 3apiKCOBAHOIO B €KCNEpUMEHTI 3a AMHaMOMETPOM Ha rigponpe-
Ci.

5. OdhopMUTK 3BIT NPO BMKOHAHHS NabopaTopHOi poboTn 1 3p0bUTN BUCHOBKN.

KOHTpOnbHI 3anuTaHHs

1. HaBepfitTb Npuknagn 3acToCcyBaHHA 3aKOHY HaWMMEHLLOro ornopy Ha npak-
TULL.

2. oscHITb, YOMY NI Yac ocagku NpuaMaTUYHKUX 3paskiB popma X nonepe-
YHOro nepepisy nparHe HabytTn opmu Kpyra.

3. AK KOHTaKTHe TepTHa Ha MOBEPXHi «iHCTPYMEHT — 3aroToBKa» BMSMBAE Ha
dopmy NonepeyHoro nepepisy 3paska nig 4ac noro ocagkm?

4. Ak PopMyIOETLCA NPUHLNN HAMMEHLLOro nepumeTpa Ans nnacTtu4YHoro
AedopMyBaHHA MeTanis?

5. T1oACHITB, Yy YOMY ronarae NPUHUUN HAMKOPOTLLOT HopMarli.

JNabopaTtopHa po6oTa Ne 12

BU3HAYEHHA KOE®IUIEHTA TEPTA Nig YAC NINACTUYHOIO
OBPOBJIEHHA METANY

Mema pobomu: 03HAaNOMUTUCS 3 BMNIMBOM CUS TEPTS Ha npouecu obpo-
BGneHHa meTaniB TUCKOM N MeTogaMn BU3HAYeHHSA KoedilieHTa TepTS.
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TeopeTnyHi BigomMmocTi

BinblwicTb onepauin nnactMYHoro obpobreHHs mMeTaniB 34iMCHIOETLCS B
yMOBaXx, KOnM MeTan, skun obpobnioeTbCs, KOHTAKTYye 3 iHCTpyMeHToMm [21].
[Mpn UbOMY YaCTUHKM MeTany 3aroToBKW KOB3alOTb MO MOBEPXHi IHCTPYMEHTa,
yHacnigoK Yoro BUHUKAKTb CUMM KOHTAKTHOrO TepTs, AKi YTPYAHIOTb Le KOB-
3aHH4.

TepTsa nig Yac nnactmyHoro o6pobneHHsa meTanis, 3a BUHATKOM OKpPEMUX
onepauin, e BOHO OOCUTb aKTUBHE, € WKIANMBUM DAaKTOPOM, SIKMWA HEraTUBHO
BNNMBAE Ha TEXHOMNOMYHUI npouec.

KoHTakTHe TepTa npu3BoanTb 40 BUHUKHEHHS HEOAHOPIOHOCTI Aedopma-
LiT abo nigcunioe Lo HeogHopigHICTb. Lle NOSICHIOETLCA TUM, WO B KOXHIN TouUi
NOBEPXHi KOHTAKTY 36YyMKYIOTbCA eneMeHTapHi JOTUYHI CUN TEPTH, WO Cnpu-
YNHSAE NOSABY HA KOHTAKTHUX MOBEPXHAX 0eOPMOBYBAHOIO Tifna JOTUYHUX Ha-
NPYXeHb, HanpaAMieHUX NPOTUSIEXHO HanpAMKY KOB3aHHSA MeTasny BiAHOCHO
NOBEPXHi IHCTPYMEHTA B KOXHiM OaHin Touui. YHACMIgOK LbOro MoXe 3MIHUTUCS
N camMa cxema HanpyXeHoro ctaHy. Hanpuknag, 3a HasiBHOCTI cun TepTa nig
Yac OCaZlKM 3aroTOBOK YTBOPHOETLCS 00'EMHa cxema HarnpyxeHb, a 3a iX Biacy-
THOCTiI HanpyxeHun ctaH 6yB Ou niHiMHMM. [is TepTa Bi4 KOHTaAKTHUX MOBep-
XOHb MOLUMPKOETLCA BrMNG aedopMOoBYBaHOro Tina, Npyv LUbOMY YTBOPKOWOTLCSA
30HW YTPYyAHEeHOT aedopmaldil. Hepes HeogHOPIAHICTL AedopmaLil NopyLUyeETb-
CA IOEHTUYHICTL YMOB 3MiLHIOBanNbHUX NpoueciB B 06’eMi Tina, yHacnigok 4oro
MOX€e BWHUKHYTU HEOAHOPIAHICTb MeTany (pPi3HUM CTYMiHb 3MiLHIOBAHHA MO
06’eMy MOKOBKM, Pi3HUIA PO3MIpP 3epHa TOLLO).

KoHTakTHe TepTs B KiHLUEBOMY MNiACYMKY OONAETLCA aKTUBHUM HaBaHTa-
XeHHAM. OTXxe, KOHTakTHe TepTs 36inblye NoTpibHi 3ycunna n poboty aedo-
pMyBaHHS. BUKOpPUCTOBYIOUN Pi3HIi CNOCOBK 3HMXKEHHSI CUN KOHTAKTHOrO TepTs,
MOXHa 3MeHLWWNTK 3ycunnsa gedopmysaHHs y 5—10 pasis.

KoHTakTHe TepTs 3HWXKYE CTIMKICTb IHCTPYMeHTa 9K yHacnigok 6eanoce-
peaHbOoro cnpawloBaHHS KOHTAKTHOI MOBEPXHi, Tak | yepe3 goaaTKoBe Harpi-
BaHHS NOBEpPXHi 1 36iNblUEHHS HanpyXeHb Y 3B’A3Ky 3i 30iNbLUEHHAM 3yCcunns
AedopMyBaHHSA. 3aCTOCOBYHOUM Pi3Hi METOAU 3MEHLLEHHS CUIT TEPTS Ha KOHTa-
KTHIM MOBEPXHi, yOAETbCA 3MEHLINTU CcnpauboBYyBaHHA iHCTpymeHTa y 100-—
1000 paasiB.

Uepes HasiBHICTb KOHTAKTHOro TepTd HEOOXiAHO 3acTOCOBYBaTU TEXHOMO-
rivHi mactuna. Lle ycknagHioe cam TeXHOMNOrYHUI npouec nnactmyHoro gedo-
pMyBaHHs, a iHo4i NoTpebye nonepeaHbOro obpobneHHs No4YaTKoBOro MaTepi-
any (Hanpwvknag, HaHeCeHHs NNiBOK, pocaTyBaHHSA TOLLO).

TepTsa B npouecax 06pobneHHss MeTarniB TUCKOM SKICHO BiOpi3HAETLCA Bif
TepTS KOB3aHHS B KiIHEMaTU4YHMUX Napax. Y nigwmnHukax i HanpsiMHUX MaLuuH
3aranbHoro npusHadeHHs Tuck He nepesuwye 20...40 MlMa, 4Yepes WO CTUYHI
noBepxHi 6yayTb y NpyXHO-A4eOopMOBaHOMY CTaHi. Y BMMNagKy XONo4HOro nna-
CTUYHOIO AedOpPMYBaHHA TUCK HA MeEXi KOHTaKTy «MOBEPXHHA — 3aroTOBKa»
craHoBuTb 2000...2500 MIMa. Mpu nnactunyHomMy gedopMyBaHHI NMOBEPXHS iH-
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CTpyMeHTa AedOpMYETbCA MNPYKHO, @ 3aroToBKa Teve n nparHe Habpatu dop-
MM MNOBEPXHi iIHCTPYMEHTA. YHacnigoK UbOoro AilcHa nnoLwuHa 3iTKHeHHs 30inb-
LUYETHCS, L0 32 HAasiBHOCTI BEMMKOTO MUTOMOTO TUCKY MOXE CMPUYNHUTU NOMIT-
Hi CUNM MOJIEKYNAPHOro 34yensieHHs. Npu nnactmyHomy gedopmyBaHHi rofios-
He 34yenneHHs Mae besnepepBHe “OHOBIEHHSA” MOBEPXHI KOHTAKTY AedopMoBy-
BaHOro Tina, OCKiNbKM B npoueci AedhopMyBaHHSA Ha L0 NOBepXxHI0 beanepeps-
HO BUXOAATb 3CepeauHu Tifla HOBi YaCcTUHKM MeTany. Ha npouecu KOHTaKTHOro
TepTa 3HA4YHO BMNIMBAKOTL OKanuHa, Lo YyTBOPKETLCA Mif Yac HarpiBaHHA 1 ra-
pA4oro obpobneHHs TUCKOM, a TakoX NMOBEpPXHEBI OKUCU Nif Yac obpobneHHs
6e3 HarpiBy.

Hwx4e HaBefeHoO Tpy BUAM TepTs B npouecax obpobrieHHs meTaniB TUC-
KOM.

Cyxe TepTA BMHUKAE MK 3aroTOBKOK M IHCTPYMEHTOM Yy TOMY BUNAZAKY,
KOJIN 1X KOHTaKTHi NOBEPXHi HE PO3MEXOBaHI TifIOM: MacTUNOM, OKMCaMU, MNOBI-
TPSAM. Y MOMEHT 3ITKHEHHS iIHCTPYMEHTa 3 3arOTOBKOK KOHTaKT 3[iMCHIETHLCS
Ha HEBESIKIM NSIOLLUHI, Sika YTBOPHOETLCA BEPLUMHAMMU BUCTYMIB MIKPOHEPIBHO-
cten. Tomy nnactudyHa gedopmalisa 3arotoBKM MOYUHAETLCHA Ha MOBEPXHAX
paKTUYHOro KOHTaKTy. Benuki TUCKM Ha KOHTaKTHUX NMOWKUHAX Yy NOEAHAHHI 3
BIAHOCHUM MNEPEMILLEHHSAM | 3HAYHOK MiCLUEBOK (QaKTUYHOK AedropMaLlieto
3YMOBMIOKOTb YTBOPEHHA BY3NiB 34ensieHHA. [1py cyxomy TepTi MilUHICTb MeTa-
NeBOol CMOMNyKW y B3I 34enneHHs nepeBuLlye MiLHICTb MeTary 3arotoBku. To-
My nopasnblle BiJHOCHE MNepeMillleHHS 3aroTOBKW MO MOBEPXHi IHCTpyMeHTa
MOXIIMBE nuLle Mpu pyrMHyBaHHI MeTarny 3aroToBkW. Y LUX yYMOBaX 30BHILLHE
TepTa nepexoguTb Y BHYTPIWHE. MILUHICTL KOHTaKTy MeTany y By3si 34eneHHd
BU3HAYaETLCA CrMOPIAHEHICTIO MaTtepianiB iHCTPYMEHTa W 3aroTOBKU. AKLLO
CMNOpIAHEHICTb Benunka, To MeTaneBuin KOHTaKT AyXXe MILUHUI | Npu TepTi meTarn
3aroTOBKM Hanmnae Ha iIHCTPYMEHT. AKLLO CnopigHEeHICTbL HeBenuka, To MeTa-
NEBUN KOHTAKT MPU HU3bKUX TemnepaTypax He MiLHWUN i 3i 36iNblUEHHAM TeM-
nepaTypu MOro MiLHiCTb He3Ha4yHO 36inblUyeTbCsa. Y LUMX yMOBax Mae Micue
34enrneHHs, ane HanunaHHA MeTtary 3aroTOBKM Ha NMOBEPXHIO iIHCTPYMeHTa He-
Mae. Y 3Bu4anHuX ymoBax nig Yac gedopMyBaHHs 6e3 3malleHHsi MOBEPXHi 3a-
OTOBKM W IHCTPYMEHTa MOKPUTI OKMcaMu, nriiBkKamy BOSOrU, rasamu, pisHUMMU
3abpygHeHHsMKU. Tomy yMoOBU, BNU3bKi 4O YMOB CyXOro TepT4, iCHYIOTb fvwe
Ha OKpeMuX LifITHKax NoBepxHi 3aroToBKN.

FippoanHamiyHe TepTA BMHUKAE Nig Yac XONIOQHOrO MNACTUYHOro ae-
dopMyBaHHS i3 cUrbHMM 3maleHHsaM. OcobnMBOCTI LUbOro BMAy TepTa nons-
raloTb y TOMY, WO B YCiX TOYKaxX KOHTAKTHOI NMOBEPXHi 3arotoBka N iHCTPYMEHT
po3saineHi Tosctoto (noHag 100 mkm) nniBkoto mactuna. KoHTakTHe AOTUYHE
HaNpy>XeHHsA CTae MiHiManbHUM, NPUBAN3HO Ha ABa MNOPSAOKN HMKYUM, HIDK NpU
cyxomy TepTi. Lle npuBoanTbL 00 PI3KOro 3HWXEHHS 3ycunb AedopMyBaHHS, Mi-
ABULLEHHS AKOCTI BUPODBIB i 30iNbLLIEHHS CTIMKOCTI iIHCTpYMeHTa. Y npoueci nna-
CTUYHOro AedopMyBaHHA MeTany MacTuno BUTUCKAETbCA 3 KOHTAKTHOI noBep-
XHi nig Aaieto BUCOKMX HOpManbHUX TUCKIB. Onsa nigTpyMKn rigpognHamivyHOro
pexumy TepTss HeobXxiqHO CTBOPUTU YMOBMU, SIKi CNPUATUMYTb YTBOPEHHIO Mac-
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TUMNBHOrO KIKHY. Mpn 06pobneHHi MeTaniB TUCKOM OOUiNTbHO BUKOPUCTOBYBATU
TEXHOMOrYHi MacTuna, ki MatoTb BUCOKY ANHAMIYHY B’SA3KICTb.

FpaHnyHe TepTA nig 4Yac nnacTudHoro obpobneHHa meTaniB BigbyBa-
€TbCA YacrTiwe 3a iHWi Buan. Llen Bng Tepta xapaktepusyeTbCcs TUM, LLO rnoBe-
PXHi IHCTPYMEHTa 1 3aroToOBKW pO34ineHi TOHEHbKMM LLapoM MacTun, He Binb-
we 1...100 mMkm. KOHTaKkTHe OOTUYHE HanpyXeHHSA Mpu rpaHUYyHOMY TepTi € Ha
nopsaoK BinbWMM, HXXK Npu rigpognHamiyHOMY. Take 3HayHe MigBULLLEHHSA KOH-
TaKTHOro AOTUYHOIO HaNpPY>XeHHHA NOSACHIETLCA, No-nepLle, TUM, WO MaCTUSTbHI
nniBkM 3aBTOBLUKM MeHLWwe 100 MKM (NpUMEXOBUIA LLap) SKICHO Bigpi3HAOTHCS
Bi, HOPManbHOI PiANHU, 3 AKOT BOHW YTBOPEHI, No-apyre, TUM, WO HepiBHOCTI
KOHTaKTHUX MOBEPXOHb Y AEAKUX MiCLUSAX NPOpUBaOTb MaCTUITbHY MNIBKY, YTBO-
PIOKOYM BY3nn 34enreHHs. 3asHayveHi ocobnmMBOCTi ceigyaTb Npo Te, WO 3aKoH
KynoHa, 3a skum cumna TepTa BU3HAYaeTbCA SK A0OYTOK KoedilieHTa TepTs M
BESIMYMHN HOPMaAITbHOI CUMKN, € HEAOCTATHBO YiTKUM ONA XapaKTepUCTUKN Tep-
TS B MallMHaxX i MexaHiamax i HenpuaaTHUM ONa BUSHAYEHHA CUI TepT4d nig Yac
nnacTUYHOro AedopMyBaHHS.

KoediuieHT TepTa BM3Ha4aloTb crneuianbHO An9 YMOB MiacTUYHOro fae-
doopMyBaHHS. Ha 1oro BenuymHy BAnvMBae Kiflbka goakTopis.

CmaH nosepxHi pobo4ozo iHCmpymeHma € OCHOBHUM (paKTOpOM, SIKUM
BMAMBAE Ha BeNUYMHY KoeiuieHTa KOHTaKTHOro TepTs. 3po3ymino, wo npwu
AOCUTb BUCOKIN SIKOCTi NOBEPXOHb 00pOo6toBanbHOro iHCTpyMeHTa KoemilieHT
TepTa 6yae MeHWUM 3a iHLWNX PiBHMX YMOB. Voro BennumHa 3anexwvTb Big Ha-
NPSMKY KOB3aHHSA MeTasny BiAHOCHO HanpsaMKy oOpobGreHHs1 MOBEPXHi iHCTPY-
MeHTa. Llen ¢akT Ha3mMBalTb aHi30Tponietd TepTd. AHI3oTponis TepTa MoXxe
CAPUYNHUTY BUKPUBIEHHS DOPMM Tina nig Yyac niacTtuyHoro AedopMyBaHHS.
Tak, Hanpuknag, nig Yac ocaZikm BHACNIAOK aHi3oTponil TepTS NOBEPXOHb KOH-
TakTy popma uuniHapa Moxe nepeTBOPUTUCS i3 KPYrIol Ha eninTUYHy.

Buensad KoHmakmHOI nogepxHi 3a20moeKu Mae 3Ha4YeHHs nuwle B rep-
LM MOMEHT AedOopMYyBaHHS, Nig 4Yac noganblioro AedopMyBaHHS KOHTaKTHa
NOBEPXHSA MeTany 3rnagXyeTbCsa U cTae Hibu BiABUTKOM NOBEPXHIi IHCTPYMEHTA.

XimiyHUl cknad 0eghopmMogysaHO20 crisiagy BNMIMBAE Ha BENUYUHY Koe-
diuieHTa TepTta. 3a gaHumum gocnigxkeHb C. I. N'y6kiHa, ona nnacTtuyHoro ge-
dopMyBaHHA 6e3 MacTuna npu 3BMYanHUX TemnepaTypax 3MeHLIEHHSA Koeqoi-
LieHTa TepTsa BigNOBIgAE TakoMy MOpPAAKY CrnaBsiB: CTanesi U antoMiHieBi, mar-
Hi€BI, BaXXKi KONbOPOBI, XXapOCTIiNKi 1 KONbOPOBI.

Temniepamypa deghopmygaHHs1 TakOX BNIMBae Ha KoedilieHT TepTs. MNpu
X0fiogHOMY AedopMyBaHHi KoeilieHT TepTa € HauMeHWuM. 3 MigBULLEHHAM
TemnepaTypu BiH 30iNblIyeTbCA, HAOMpae MakCMMyMy Ha OesKOMY iHTepBani
Temneparyp, a noTiM, 3 nogansbwnM NiABULLEHHAM TeMnepaTypu, 3MEHLUYETb-
Csl, ane BCe-Taku NOro BennyMHa 3anuuaetbca BinbLUOKD, HiXK NPy XON04HOMY
AedopMyBaHHI.

Llleudkicmb K083aHHs MeTany 3aroTOBKW MO MOBEpPXHi poboyoro iHCTpy-
MEHTa CNpUAE 3MEHLLEHHIO BENUYNHU KOoeilieHTa KOHTaKTHOro teptd. 3oKpe-
Ma, npu obpobneHHi Ha mMosnoTi BiH Ha 20...25 % MeHLWwui, HiX y BUNagKy wra-
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MMyBaHHSA Ha npecax.

Xapakmep HagaHmMa)<eHHs1 TaKoX BMNSiMBae Ha KoediuieHT TepTd. Tak, nig
Yyac ocafku 3paskiB BiOpauiiHUM HaBaHTaXEHHSM 3ycunns gedOopMyBaHHS
IHOAI 3HMXKYETLCA B NiBTOpa-ABa pasun, HEPIBHOMIPHICTb AedopmaLil 3MeHLUY-
€TbCA. Lle cBiguMTb Npo 3Ha4yHe 3HMKEHHA KoedoiuieHTa TepTd. BukopuctaHHsA
MacTuUn gae MOXIUBICTb 3MEHLWINTU KoedilieHT TepTs B AeKinbka pasis. Mac-
TUNO Mae CTBOPIOBATM MiLHY NiBKY, 400Ope npununaTt 40 NOBEPXOHb KOHTAKTY
N OAHOYACHO OOCTaTHbLO Nerko Buaganatucs nicns obpobneHHs.

[lo macTun HanexaTtb MiHepanbHi 1 opraHidHi macna, npucagkm (oneiHo-
Ba KMUCNOTa, cipKa), a TakoX HerUTpanbHi HanoBHtoBauYi (rpadiT, kpenga, Tanbk)
Ta iHWIi pevyoBUHU. AK MacTUNO BUKOPUCTOBYIOTb MasyT, KOSoIganbHUN rpadit
TOLLO.

[ig yac rapavoro o6pobneHHs TMCKOM 3aCTOCOBYHOTbCA MacTuna Ha oc-
HOBi ckna, gKi Oinbll eeKTUBHO 3HWXYIOTb TEPTS MOPIBHAHO, Hanpuknag, 3
rpadgitoBumn Mactunamu. BoHW yTBOPIOOTH TENNOI30NAUINHY MAiBKY MK MO-
BEPXHAMU IHCTPYMEHTa W 3aroToBKWU, fIKa 3axuvlliae meTasn Big OKUCHEHHS, WO
NpuBOANTL A0 MNOKpaLlaHHA AKOCTi 0bpobrieHol noBepxHi. [poTe cknsHi Mac-
TUa MarTb Baromi HeLOSliKKM, a caMe: He4OCKOHasICTb i TPYAOMICTKICTb Cno-
cobiB HaHeCEHHS, 3abpyaHeHHs WTamna, CKNagHiCTb BUaaneHHst ckna 3 rnose-
PXOHb LUTammna 1 noKoBKW.

ICHye aekinbka ekcnepuMeHTanbHUX MeTOLIB BU3Ha4YeHHA KoediuieHTa
TepTa B yMOBax MNacTUYHOro gedopmy-
BaHHS KOHIYHMX BOWKIB, BOUYKOYTBOPEHHS, AQ
ocagkM KnuHonoaibHoro 3paska TOLWO
[14, 21].

Y uin nabopaTtopHiit poboTi ans 06- ™~ T 7°
UYMCIEHHS KoediuieHTa TepTa Tpeba 3a- 20 R

>

CTOCyBaTuM MeToL XOJSIOAHOI OCafKu Knu- “ >
HOMOAIBGHMX 3pas3kKiB. Puc. 12.1. EkcnepvMeHTanbHuii
Ha puc. 12.1 306paxeHo KIMHOMo- KNMHONOAiGHMI 3pa3ok
AiGHUM 3pasoK, SIKUA BUKOPUCTOBYETbLCS

nig Yac NpoBedeHHsA eKkcrnepumeHTy. Ha F’l
ofgHOMY 3 BOKiB 3pa3ka HaHeCceHO BepTU-
KanbHi pUCKM Ha BigcTaHi 2 MMm. Takuin T, lN1 Nzl T
3aBYacHO NiAroToBIEHUM 3pa30K PO3Mi- /*4(- o
lWaTb MK ABOMa MOXUIUMW NaMTamMu U
(pyc. 12.2) i knagyTb Ha CTin KoBarbCbKO-
NpecoBOl MaLUUHN.

LLinaxoMm npuknageHHsa 30BHILLHbO-
ro sycunnga gegopmyBaHHA 34IMCHIOETb- Puc. 12.2. Cxema ocagkm
ca ocagka 3paska. [Npu ocagui metan 3paska M nnuTamu
3paska nepemiwaetbcsi B 060X Hanpsm-
Kax oci x. ICHye niHia po3giny Tedil MmeTany 3paska, dka nig Yac ocagku 3anu-
LUMTBCA HEBUKPUBIIEHO (AuB. puc. 12.2). o pisHi BokM Big NiHiT Teyil meTan
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PyXaeTbCsa B Pi3HMX Hanpsmkax. Ane OCKifnlbKM 3pas3okK fK Line Tino He nepemi-
LLLIAETbCS, TO CUNMNK, SKi Ait0Tb HA HBOro, MalTb NepebyBaTt B PiBHOBASI.
3a 3akoHOM KyrnoHa MK CUrot TepTa U HopMasibHUM TUCKOM iCHYE TaKkun
3B’A30K:
T =uN. (12.1)
Cyma npoekKuin ycix cun, Wo AioTb Ha 3pa3oK Y HaNpsMKy OCi X, 3a yMO-
BOIO piBHOBaru JOPIBHIOE HYJSIIO:

2N, sin%+2T1 cos%+2N2 sin%—ﬂ"2 cos%=0. (12.2)

HopmanbHi cunn N;, N, MOXHa BW3HAYUTWU, MOMHOXMUBLUMN MNUTOME 3Y-
CUNMS Ha NNOLLY NOBEPXHi KOHTaKTY:

N,=qF,, N,=gF,; (12.3)
Lx Lx

F, = la F, = Za (12.4)
COS— COSE

ae L — poBxuHa nnuT.
3 ypaxyBaHHAM LMX CMiBBiAHOLWEHb PIBHAHHS piBHOBarn HabyBae BUIIIs-

Ay
a a
xlth+,uxl +x2tg5—,ux2 =0, (12.5)
3BIJKW NErko BU3HaYMTU KoeqilieHT TepTa
x+tx, o
=—7>1g—. (12.6)
X, —x 2

NMopsaaok BUKOHAHHA nabopaTopHOi poboTun

1. 34incHMTM ocagKy CBMHUEBMX ab0O antoMiHIEBUX 3pasKiB MK NOXUIIMMU
nAuTaMun, LWo MatTb poboUi MOBEPXHI PI3HOT LLOPCTKOCTI, 3 MacTUibHUM MaTe-
pianom i 6e3 Hboro.

2. WtaHreHumpkynem abo niHinkow BUMIPATY BiACTaHi X, X, BiJ KpaiB 3pas-
Ka 0O HEWTpanbHOro NepeTuHy, sSiKUn € MiHieto po3ainy Tedii metany. Odyuncnu-
TN 3HAYEHHS KoedilieHTa TepTs.

3. PesynbTtaTtn BMMIiptoBaHb Ta ob4ymcneHb 3aHecTn o tabn. 12.1. Odpopmu-
TN 3BIT NPO BUKOHAHHS nabopatopHol poboTu.

.Tabnuuga 12.1
PesynbTatn BUMiptoBaHb Ta 064YNCEHD

Homep UJOpCTKiCTb no- ] | B
3paska | CoPXHIMMT RZ, | Mactunbhui matepian | X, | X, KoediLieHT TepTs
MKM
1
2
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KOHTpOnbHi 3anuTaHHs

1. HaBepfitb npuknag TexXHOMOriYHOT onepadii nnacTM4yHoro gedopMyBaHHS
MeTany, Yy SKin KOHTaKTHe TePTHa € aKTUBHUM (KOPUCHUM).

2. Y yomy nonsrae fkicHa BiAMIHHICTb MK TepTaM npu obpobneHHi meTanis
TUCKOM i TEPTAM Y 3BMYANHUX KIHEMATUYHMX Napax MallnH?

3. OxapakTepusynte BiAMIHHICTb MiXK TEPTAM rPaHUYHUM, TAPOANHAMIYHUM i
CYXVM.

4. £k BUKOPUCTOBYIOTLCS CKNaZoBi MacTuna B ymoBax rapsyoro obpobnen-
HA MeTaniB TUCKOM?

5. Ak BNuBae xapakTtep NpuknageHHsa 30BHILWHLONO HaBaHTaXEHHHA Ha Be-
NNYMHY KoedilieHTa TepTa?
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Hdoaartok
OEAKI OBIAKOBI OAHI

Tabnvuysa 4.1

3Ha4eHHs rpaHuLpb MiLHOCTI MaTtepianis (O,)
i KoedpilieHTa, WO XapakTepusye 3MiLHeHHst maTtepiany (k)

CepeaHi
MaTepian M0 k 3HaA4YeHHA
T @ ¢ k.o,, MMa
AMuAM 100...120 3,5...4,2 420
N16AM 200...220 3,4...3,7 740
Miob 220...250 2,7...31 680
J168 350...390 2,4...2,6 910
Cranb 15 380...420 2,4...2,6 1000
CBuHeUb 20...35 1,0...1,2 42
Tabnuua 0.2

3Ha4YeHHs rpaHnLb NINHHOCTI cnnasiB (o ),
BIQHOCHUX AedopMauii MOOOBXEHHS (5p) | 3BY)KEHHS (/) 3paskiB

Mapka cnnasy o,, MMa 0, v,
AMuy 130 0,23 0,19
AMr2M 190 0,23 0,19
AMr3mMm 190 0,15 0,13
AmreM 300 0,18 0,15
019 440 0,18 0,15
020 420 0,16 0,14

B95 520 0,14 0,12
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Tabnvus 0.3
Pi3nko-mexaHidHi BNacTMBOCTI MaTepianis

MaTepian o,, Mla B, MMNa m
Ctanb nuctoBa 10 KT 300 500 0,30
CtanbCt 3 430 770 0,24
Crtanb C1 20 450 720 0,17
Ctanb 1X18H9T 620 1180 0,29
AMuUAM 120 220 0,20
[J16AM 210 330 0,15
B-25M 210 310 0,12
CBuHeLUb 15 32 0,37
OnoBo 27 63 0,51
LInHK 110 130 0,05
Hikenb 500 1030 0,36
Migb BignaneHa 230 480 0,38
J168 300 740 0,44
JIMLI-58 400 720 0,24
Tutanosun cnnas BT1-1 470 960 0,12
Tabnuusa 0.4
[aHi ons Bu3Ha4YeHHs koequilieHTa po3LWMPEHHS 3aroTOBKU
LI/B Jo LI/B Sy
Hfy=1 | H[y=2 Hfy=1 | H/y=2
0,50 0,19 0,22 1,2 0,43 0,35
0,60 0,23 0,24 1,3 0,46 0,36
0,70 0,27 0,26 1,4 0,48 0,38
0,80 0,28 0,27 1,5 0,51 0,39
0,90 0,30 0,28 1,6 0,53 0,41
1,00 0,37 0,32 2,0 0,58 0,47
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SYMBOLIC NOTATION

o, — ultimate tensile strength;
o, — yielding limit;

o, ~ shear strength;

e — relative elongation;

v — relative thinning;

F —area;

P —force;

o — normal stress;

T — shear stress;

II — hardening module;

B, m — power approximation parameters;
W —volume;
g, — strain intensity;

A — plastic deformation work.
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Laboratory work Ne 1
FLAT DIE UPSETTING

The purpose of the work is to study one of the most common operations
of metalworking — upsetting of a workpiece; get acquainted with the features of
cold and hot upsetting and the principle of determination of the required defor-
mation force.

Theoretical information

The upsetting of cylindrical billets under loading directed parallel to the
axis is the most important operations for forging of the tubular disks (made of
high-alloy steels), flanges and other parts, which cross-section diameter is
greater than their height. A multistage upsetting alternating with a drawing out
is used to obtain a uniform structure and improved mechanical properties of
forged products.

In addition, the upsetting is used in almost all other forging operations
(except bending and twisting): during cogging (drawing out), during the first
stages of extrusion and punching in open and closed dies, during forging of dif-
ferent shapes

Upsetting is the process of reduction of the workpiece height in the direc-
tion of the force and simultaneous increase of the workpiece cross-section
(Fig. 1.1).

The upsetting is used to ob- P
tain a forged product with the nec- +
essary mechanical and physical -
properties and to manufacture the |
products (forgings) of the required 7 |
shape. -

During upsetting the dis- |

|
NN
6

e

I
!
I N
' /
N \é ) 2
|
placements of metal particles occur | d
nonuniformly due to the effect of NN A
frictional forces which are formed on a
the interface surface between the  Fig. 1.1. Upsetting before (a) and after (b)
workpiece and the tool. The forces deformation: 1 — product; 2 — dies
of friction restrict the displacement
of metal layers in zones adjacent to the tool face. Metal zones far from contact
surfaces are deformed more intensively.

Friction forces on the contact surfaces occur due to formation of the triax-
ial stress state of the workpiece because the action of the friction shear stress-
es on the contact planes is distributed nonuniformly along the height of the
workpiece (maximum - on the contact face, zero - at half the height of the upset
workpiece). The volumetric stress state and flow of the metal will be nonuni-
form. The external symptom of this nonuniformity is transformation of the cylin-
drical shape (see Fig. 1.1, a) into barrel-shape after upsetting (see Fig. 1.1, b).
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The degree and nature of the barreling depend primarily on the friction
factor: the larger the friction, the higher will be the restriction of particles near

end faces. At the same time, in low billets with a ratio (do/ho) >1, the cross

section in the middle of the generetrix has a maximum diameter, that is, the
workpiece immediately acquires the barrel-like shape, and the degree of barrel-
ing decreases with an increase of the specimen diameter to the height ratio.

During upsetting of the high billets with the ratio (d,/A,)> 0,5 the pro-

cess becomes more complicated: at small upsetting the specimen near the
ends acquires the shape of a double barrel with a cylindrical middle zone. Fur-
ther, the diameter of the cylindrical zone increases, and the billet becomes cy-
lindrical with the truncated conical ends with a smaller base at the ends. At
greater degree of deformation (40 ... 50%), the diameter of the middle section
increases more intensively and the workpiece obtain barrel-like shape.

For ratios d,/h, equal to 1.0 ... 0.5, one can obtain a double barrel,
which during further upsetting is transformed into the single barrel due to the
intensive increase of the middle section diameter.

/ The outer contour is curved due to the
zones (Fig. 1.2) and the elements of the upset
workpiece. Zones | adjacent to the ends of the

I workpiece remain virtually nondeformed due to

- - the effect of frictional forces on the contact sur-
//// t ’i i/, faces, which creates overall compression in
these zones. These zones are dead zone of

// difficulty deformation. The metal inside this

Fig. 1.2. Characteristic zone Il is the most intensive in the axial and
zones of inner deformation  radial directions. Deformation in zone Il is in-
termediate between zones | and Il

The nonuniformity of the deformation during the upsetting causes the ac-
cumulation of additional stresses, which leads to the formation of significant
tensile stress in some zone of the workpiece. Barreling favoures tensile stress-
es formation.
reduced by some special measures.

During a cold upsetting, the contact surface of the press plates or dies
must be carefully ground and polished with lubricants (the best results are the
mixture of machine lubricant with graphite, chalk and other fillers) and pads
made of a softer metal (which has less resistance to deformation than upset
metal) may be applied. In some cases, the barreling can be completely elimi-
nated.

deformation nonuniformity of the three inner

/// zone penetrates the zone Il. Deformation in

The nonuniformity of strain during upsetting in cold and hot states can be
Metal of the soft plates is deformed and flows into the gap between the
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plate and the end face off the forging creates tensile stresses on it which leads
to a significant reduction of the force and the specific pressure required for de-
formation. This stage of upsetting with soft plates is characterized by the distor-
tion of the lateral surface of forging. This phenomenon begins at a time when
the specific pressure required for the subsequent flow of the plate material is
equal to the specific pressure of the upset specimen. Thus, the effectiveness of
the plate decreases with a decrease of its thickness.

For a hot upsetting, in addition to the above-mentioned pre-heating of
press plates or dies is used. A dense graphite paste and asbestos sheets im-
pregnated with graphite are used as a lubricant. In this case, the plate must be
heated together with the upset forgings.

Different calculation methods can be used to determine the upsetting
specific pressure and force. One of them is combined solution of equilibrium
and plasticity equations. This allows establish the law of radial and axial stress-
es distribution at free upsetting of cylindrical billets. The law of the normal
stresses distribution on the contact surface of the specimen is approximately
expressed by dependence
=%a§(1{—r)+ﬂas, (1.1)

zz

where u — the coefficient of friction on the contact surface; [ — coefficient of

plasticity, varying in the range from 1,0 to 1,15; R, r — external and current ra-
dii of the specimen respectively; o, — the workpiece yielding limit; # — speci-
men height.

The degree of nonuniformity of normal contact stresses distribution on the
end of the upset workpiece depends on the coefficient of contact friction and
the ratio of the diameter of the workpiece to its height. The higher this ratio, the
higher the stress in the center of the workpiece.

The nonuniform distribution of normal stresses in the contact zone causes
a local nonuniform deflection of the tool. For example, during calibration, this
leads to the fact that the end surfaces of the workpiece after deformation do not
remain flat, but becomes a lens-shaped.

Distribution of normal stresses on contact surfaces during upsetting can
be studied in various ways. Qualitatively, the character of the pattern of normal
stresses on the contact surface can be estimated from the depth of metal flow
into a cavity made on the surface of one of the die.

Experimental methods show that the dome-like shape of the stress distri-

bution curves corresponds only to billets with a large ratio d, /A, , as well as to

a significant degree of deformation. Fig. 1.3 shows a change in the shape of
the combs of metal flow during the upsetting of a cylindrical specimen, when
the ratio of diameter to height is equal to 1 at different degrees of deformation.
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diagram of normal stresses are

! quite different. The curves have

the contact surface larger than

Fig. 1.3. Determination of in the center. This is confirmed

upsetting falls into the narrow cavity of the die. At high degrees of deformation
and relations, the shapes of the curves aren’t changed and the stresses in the

At small deformation, as
c@ c% % well as at the ratio (d,/h,)<2
a concave shape, normal pres-
sure in the peripheral zones of
epure of normal stresses by the shape of the profile of the
metal comb, which during the
central zone exceed stresses on the peripheral zone of the contact surface.
The full force for upsetting can be defined as following:

P= 27[_[ o rdr. (1.2)

Using engineering methods, to determine the upsetting force more con-
veniently as a product of the cross-sectional area of the workpiece by the aver-
age specific stress

PZQaverF’ (13)

where F’ is horizontal cross section area of the workpiece.
The average specific pressure for upsetting of the cylindrical workpiece
can be calculated according expression

g, =0 (1 + g%) (1.4)

where dand & are the current values of the diameter and height of the work-
piece, respectively.

For conditions of hot upsetting in equation (1.4) it is necessary to raplace
the value o that corresponds to the interval of the forging temperature, and for

the cold metalworking — to take into account the hardening which accompanies
the cold plastic deformation of the metal.

The most exact expression for the yielding limit increase due to defor-
mation can be taken into account by the power approximation of the strain-
hardening diagram:

o, =Bg". (1.5)
The strain during upsetting can be determined by
hO
g =In—, (1.6)

k
where 4, and /_ are the initial and final height of the workpiece.
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The values of B and m constants for various grades of materials are giv-
en in the table. [].3.

Laboratory work procedure

1. Describe the process of cold upsetting of cylindrical workpiece on a hydrau-

lic press.

2. Record the initial parameters, the final height, maximum diameter of the
workpiece and the value of the force.

3. Calculate the force for the upsetting and the calculated value compare
with the experimental one

Control questions

1. What is the technical purpose of the upsetting operation?
2. What causes the curvature of the lateral surface of the workpiece during

upsetting?

3. What are the methods of eliminating of the barrelling during cold upsetting
?

4. What are the methods of eliminating of the barrelling during a hot upset-

ting?

5. Why does a cold upsetting with softer metal pads reduce barrelling at the
initial stage of the process?

6. For what purpose the deforming tool is heated during hot upsetting of the
workpieces?

7. Draw a normal pressure distribution diagram along the radius of the work-

piece for upsetting with small deformation at (d,, //,) <2.

Laboratory work Ne 2
COLD EXTRUSION

The purpose of the work: is to get acquainted with particularities of the
hollow parts production by the cold extrusion.

Theoretical information

Cold extrusion is an operation of production of thin-walled parts or thin bil-
lets from a bulk workpieces due to the plastic flow of the metal pushed into the
gap between the punch and the die or into die orifice.

Cold extrusion is an extremely effective operation for the production of
parts, which almost don’t require further machining. The parts and billets, made
by extrusion, don’t have a defective surface layer, which is formed during hot
metal working and must be removed by cutting. There is a favorable triaxial
stress state during cold extrusion, which leads to an increase of plasticity of the
initial workpiece metal. The parts made by cold extrusion are characterized by
high dimensional accuracy and quality of the surface. In addition, strainharden-
ing which accompanies cold extrusion, leads to a significant increase of
strength, reliability and durability of extruded parts.
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In the modern industry, a big variety of different shaped parts made of
nonferrous alloys and steels are produced by extrusion. In aircraft production
cold-extrusion can be used for production a variety of products: billets and parts
of pneumatic, hydro and fuel systems, parts with round and rectangular cross-
sections, such as thin-walled cup, bushings, etc.

There are three main types of cold extrusion:

e In the basic extrusion process, called direct, or forward, extrusion, a
round billet is placed in a chamber (or container) and forced through a die
opening by a ram or punch (fig. 2.1, a);

¢ In indirect extrusion (indirect, inverted, or backward extrusion), the die
moves toward the billet. (fig. 2.1,b);

e Combined extrusion which has particularities of both classes (fig. 2.1, c).

The direct method is most often used for the manufacture of small diame-
ter tubes and bushings. For production of bushings with bottom by direct extru-
sion, the blank should have disk shape or shape of a thick-walled cap. Direct
cold extrusion is usually carried out with a lesser extrusion ratio and requires
lesser press force.
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Fig. 2.1. Types of a cold extrusion: a — direct,
b — indirect (impact), ¢ — combined (1 — punch; 2 — die;
3 — extruded product; 4 — stripper; 5 — kick-out; 6 —lower punch)

The indirect method of cold extrusion is used to make cylindrical and
prismatic hollow products. The resistance to deformation in the hollow extrusion
is higher than that of a direct, due to a higher degree of deformation of work-
piece. Consequently, this method of extrusion requires application of more
powerful presses. With the decrease in wall thickness, the required pressure
increases.

The combined cold extrusion is used for the production of parts of more
complex shapes, with a complex-shaped bottom, having lugs, projections, pins.
The magnitude of required specific pressure for combined extrusion is interme-
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diate between direct and indirect methods.

Metal flow during cold extrusion can be investigated by marking one face
with a square grid pattern, and by means of a metallographic analysis. Fig. 2.2
shows a distortion of the grid pattern in the process of cold backward extrusion.
As a result of the analysis of the grid pattern curvature and the directions of the
metal fibers, it is proved that during the cold indirect extrusion there is a region
of intense deformation (between the surfaces AB and VH), which gradually
moves downwards and occupies new layers of the workpiece. In the areas be-
low, the intensity of deformation gradually decreases. The extruded wall, mov-
ing upward from the deformation

zone, practically isn't deformed and —

moves upward by the extruded metal. H—
S.I. Gubkin [4] proved that in the pro- - d .
cess of residual forming the plasticity P ~

of the material is influenced by a |/ - B

stress state. The ability of the materi-
al of the workpiece to accept signifi- r
cant residual deformations without i B
disruption of continuity at all other (
equal conditions will be greatest in |/ |
the case when the elemental volume .
of material is in conditions close to (4 A A e ) A A A e e oV
the overall volumetric compression. |

Thus, extrusion as a method of met-  Fig. 2.2. Flow pattern produced with
alworking has significant advantages low friction, or in indirect

over other methods. This feature of cold extrusion

extrusion is widely used in tech-

niques for the forming of low-plastic metals and alloys which inclinable to crack-
ing and fracturing.

In the case of cold extrusion plastic deformation is carried out by the force
which is transmitted from the tool to the workpiece through the surface of their
contact. Naturally, the results of this influence depend on the mechanics of the
formation of the normal contact stresses and friction stresses, and the control
of contact friction will allow the most efficient improvement of the processes of
metalworking.

Friction during metal working, with the exception of certain operations, is
a detrimental factor because of a number of reasons [7].

Contact friction causes nonuniformity of deformation. This is explained by
the fact that at each point of the contact surface, elementary tangential friction
forces are formed, oppositely directed to the metal displacement on the tool
surface. The influence of friction on the contact surfaces extends deep into the
deformable worpiece and creates a zone of dead zone in it. The nonuniformity
of deformations violates the identity of the conditions of strainhardening and
softening processes in the workpiece. As a result, nonuniformity of metals in

7

NN N NN




the cross section may occur. In the case of indirect cold extrusion (see fig 2.2),
the dead zone due to frictional forces is AB zone.

Consequently, due to contact friction, the required force and work of de-
formation are increased. Increasing the required force can sometimes be ex-
cessive (by several times).

This reduces the durability of the tool both due to the direct wearing of the
contact surface, as well as due to additional heating of the surface and in-
creased stresses due to the force increase.

Due to contact friction there is a need for application of technological lub-
ricants. It complicates the technological process, and sometimes requires a
preliminary special machining of the workpieces.

The range of lubricants for hot

A Stage / metal working, including extrusion, is

‘ | given in [7]. To provide cold extru-

|j sion it is necessary to apply a rather

| high specific pressure. The typical

Stage I diagram of the indirect extrusion

| | \ Stage Il force (fig 2.3) shows the characteris-

tic deformation stages. Stage | is up-

setting up to filling the cavity of the

die is characterized by intensive

growth of the force. This stage is

Stroke of the punch  completed at the moment when the

Puc. 2.3. Force vs. stroke during metal pushed out of the deformation

backward extrusion zone reaches the upper edge of the

cylindrical land of the punch. Stage Il

is the steady stage of extrusion corresponds to the stabilization of the defor-

mation zone and is characterized by the constancy of extrusion forces. Stage IlI

is the final stage of deformation when the volume of metal in the deformation
zone is reduced, and the force sharply rises.

A number of equations for determination the required values of the specif-
ic pressure of cold extrusion are given in the work of M.V. Storozhev and E.A.
Popov [11]. These dependencies, although taking into account the type of ex-
trusion, the geometric characteristics of the tool and the workpiece, are approx-
imate. To resolve specific practical problems, these equations are rather un-
comfortable because of their complexity. Therefore, for the engineering evalua-
tion of the necessary extrusion forces, we recommend simpler, although less
exact, calculated dependencies, which are given in works [9, 11].

Specific pressure of cold extrusion of different materials can be calculated
according to the following formula:

Stress

qzksauslnFFO : (2.1)

0 p
where k_ is the empirical coefficient characterizing the strainhardening of the
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material of the deformed workpiece and the resistance of friction on the contact
surfaces, the value of which is given in table D.1; o is the strength of the

workpiece material; Fyand F is the cross-sectional area of the die and the

punch.

The force at the stable stage of indirect extrusion is determined as follow-
ing:
4

. (2.2)

0 p

P=Fq=Fko, In

S us

Laboratory work procedure

1. Get acquainted with description of the work and provide basic information
for the report of laboratory work.

2. Get acquainted with the design of the technological equipment (die) for
cold extrusion, execute its sketch in the report.

3. To measure the geometric parameters of the initial workpiece.

4. Calculate the required values of specific pressure, the force of defor-
mation.

5. Execute cold extrusion on the hydraulic press.

6. Compare the experimental value with the calculated force.

7. Draw a sketch of the extruded part, calculate the value of the work spent
on extrusion.

8. Make report of laboratory work

Control questions

1. Describe the basic types of extrusion.

2. What is distribution of deformation during extrusion?

3. How does friction influence the nature of the deformation distribution?
4. Where is the zone of greatest intensity of deformation?

5. What are the characteristic features of the parts produced by extrusion?
6. Describe the stages of deformation of a material during cold extrusion

Laboratory work Ne 3

CLOSED DIE FORGING OF AXIAL-SYMMETRIC PARTS

The purpose of the work: is to get acquainted with the principles of closed
die forging and the development of technology of forming.

Theoretical information

Closed die forging is one of the main types of metal working applied for
production billets of critical application parts. Forging of the necessary shape
and required dimensions is made with a special tool - a die. The cavities of the
die are called impressions. Their function is forming of forgings due to the re-
striction of impression surfaces and frictional forces during metal flow. The
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higher the requirements for the strength of machines (especially when the high

strength must be accompanied by the low mass), the greater the number of

parts produced by forging. Application of closed die forging allows not only to

create the best structure and mechanical properties of the metal, but also to in-
crease the utilization factor, reduce the cost of metal per unit of output.

Closed die forging can be carried out with heating the initial workpiece to

a high temperature, which corresponds to

%W %A the upper limit of the interval of the forging

/ / temperatures (hot closed die forging), and
%/ % without heating. Application of cold closed
|
a
/

machines of very high power, as well as
due to low resistance of dies and insuffi-
cient ductility of many steels and alloys.

Forgings are produced in open and
closed impressions. Dies with open and
closed forging impressions are called, re-
spectively, open and closed (with and with-
out flash).

In the open impressions (Fig. 3.1, a -
d) the gap between the upper and lower
dies decreases during the deformation of
the workpiece. In the closed impressions
(fig 3.1, there is - a) a constant small gap
between the dies is designed to provide re-
ciprocal relative movement.

Filling of the impression takes place
in several stages, depending on the shapes
of the impressions and workpiece itself and
on the ratio of their sizes. For example, in
the case of a four-stage forging [2], the first
stage (see Fig. 3.1, a, b) is characterized
by free deformation of the workpiece (up-
setting). At this stage, the workpiece is
transformed into a more complex shape,
while the workpiece contact surface and
deformation force increase. The first stage
ends when the metal of the workpiece
reaches the outer walls of the die (see Fig.
3.1, b, and f). The second stage (see Fig.
: 3.1, b, ¢, d) begins when the metal of the

e ! workpiece begins to flow mainly to the
Fig. 3.1. Closed die forging with  depths of the impression, and at the same
flash (a-f) and without flash (g-i) time, in the open impression part of the
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metal flows into the gap (flash land and gutter), that is, the so-called flash is
formed (see Fig. 3.1, f).

The second stage is completed when the metal reaches the bottom sur-
faces of the impression (see Fig. 3.1, d). Due to this fact the deformation
changes once again. The deformation force is intensified. Only the zones of
lower fillets and corners of impression are not filled.

The third stage of the forging is the complete filling of the impression (see
Fig. 3.1, d,f). At the fourth stage dies are completely filled as the load and the
pressure within the die cavity rapidly rises due to the restriction of the metal
flow to form the colder, thinner flash with any excess metal flowing into the
flash gap and gutter (see Fig. 3.1, f).

The development of the technological process of closed die forging with
flash begins with the drawing of a forging sketch based on the drawing of the
finished part. Drawings of forging are developed according following algorithm
[2]:

selection of the die parting plane;

allocation of machining allowances and tolerances to the various surfaces,
adjusting of flooding, if required;

selection of the draft angles;

addition of edge and fillet radii;

the assignment of the webs for punching;

determination of the flash parameters.

Determination of the mass and sizes of the initial workpiece, as well as
the forces of closed die forging are the next stages of the forging process de-
sign.

Let's consider mentioned above principles in detail.

The selection of the die parting plane

Parting lines usually are straight, although they may have a contour shape. The
main requirement for the parting plane is to ensure the free removal of forging
from the die. Cavities in the forging can be produced only in the direction of the
external load from the die. Thus, the necessity of production of some kind of
cavities in the forging (as provided in the drawing of the finished product) pre-
determines a certain location of the forging relatively to the parting plane. If the
location of the parting plane doesn’t depend of the shape of finished part, it is
usually allocated in the plane of the two largest sizes mutually perpendicular to
each other. On fig. 3.2 the horizontal line indicates the location of the parting
plane.

Allocation of machining allowance and tolerance, adjusting of flooding

It is impossible to obtain absolutely accurate product by closed die forg-
ing. Therefore, tolerances are assigned on their dimensions, which take into
account the underforgings, the wearing of the impression, the mismatching of
the dies, etc.

For machined forgings, in addition to the tolerances, one assigns allow-
ances on each nominal dimension of the part due to the low quality of the sur-
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face of hot-forged product. The thickness of scale or pits, the sizes of the larg-
est micro-roughness of the surfaces, the depth of the carbon-free or alfa-layer
and the minimum size of the allowances are selected.

An increase of forging dimensions, caused by the non-technological
shape of the part is called flooding. They are removed by further machining.
For forgings, tolerances and allowances are determined depending on the
weight of forgings, their linear dimensions and the class of accuracy.

Selection of the draft angles

Forging drafts are required to facilitate removal of forgings from the im-
pression. The finished forging is held in an impression by frictional forces that
are formed due to normal pressure between forging and die.

The forging draft angles should be minimal as it reduces the mass of forg-
ing and the size of the flooding.

External «,and internal ¢, drafts are distinguished in forgings (see
fig. 3.2). Drafts «, should always be bigger thanc,. The size of the minimum

Upper de permissible draft depends on the
[N technological properties of the
O Re

. DN \\‘ forged metal, the quality of the
N }y\ . impression surface, the size of
’[ f

the forging in the cross-section

\ Parting and their ratio.

¢ /\ % B0 ine In order to unify the cutting
v /% /f/// and measuring tools used in the
rogng s e

\ ) manufacture of dies, one assigns
\Lower de draft angles 3, 5, 7 and 10°. Max-
imum permissible draft angles are
7° for external and 10° for internal
walls.

Forging

Fig. 3.2. Forging with assigned geo-
metrical parameters

Addition of the edge and fillet radii

Sharp edges on the surface of forgings should be rounded. When these
edges are rounded off by the radii of insufficient size, the concentration of
stresses in the corresponding corners of the finishing impression during the op-
eration of the die leads to the quick formation of cracks in it. At the same time,
flow of the metal in sharp corners is difficult because it requires increased
pressure during forging.

The external and internal radii are distinguished of rounding for forgings
(see fig. 3.2). External radii are 0.8 ... 8.0 mm depending on the weight of forg-
ings (up to 200 kg). Internal radii of rounding on forgings, corresponding to the
external angles of the impressions, are chosen 3-4 times larger than the exter-
nal radii of rounding. To unify the cutting tool used to make dies, the values of
the radii are recommended to be taken from the normal range.

Appointment of webs for punching

During closed die forging it is impossible to produce a through hole in the
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forging. Therefore, to produce it in the forging, the cavity for the hole is pro-
duced and the web is punched which is cut off after punching. If the diameter of
the hole is approximately equal to its depth, "flat bottom" web is formed. The
thickness of the flat web depends on the diameter and depth of the hole.

Determination of flash parameters

In the process of closed die forging, the flash, acting as a kind of lock, en-
sures the conditions under which the metal flows into difficult for filling zones of
the impression, and ensures the accurate formation of the finished forging.

The sizes of the initial billets for closed die forging vary depending on the
tolerances on the dimensions of the cross section of the bar and on the length
of the workpiece. Therefore, the flash is also a certain compensator for the size
variation of the initial workpiece.

The flash impression surrounding the perimeter of the working impression
can be divided into two zones

according to their height: lower h b

(flash land) and higher (gutter). - - : -
During the development of LR

technological processes, flash , Q/— X 7
impressions of various types & | — — — —. —. —. —.—. Y=
are used, the most common of 1 ,& '
which is shown in Fig. 3.3. N\

The optimal height of the
flash land is determined by  Fig. 3.3. Geometrical parameters of flash

empirical dependence
hﬂz0,0ISJAp, (3.1)

where Ap is the area of the horizontal projection of forgings, mm?.

In order to unify the cutting tool used for the production of dies, dimen-
sions of the flash impressions are standardized. In the reference literature, their
standard dimensions and the values of the cross-section areas of the impres-
sions are given.

The volume of metal flowing into the flash, calculated by the formula

Ve = kLA, (3.2)

flash impr’
where k is the coefficient of underfilling of the flash impression, which is equal
to 0,6 for round forgings; L is flash perimeter; A, is impression cross section

impr
area.

Determination of the initial workpiece dimensions

To determine the volume and dimensions of the initial workpiece, one of
the main laws of the theory of metal working is the law of constant volume.
Practically the volume of initial workpiece must be equal to the sum of the vol-
ume of forgings and flash, web for punched holes, wasted material for burning,
and others. The ratio of the linear dimensions of the initial workpiece must be
such that, in the case of vertical forging (by upsetting), the ratio of the length
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(height) of the workpiece to the diameter (or side of the square) does not ex-
ceed 2.5 according the condition of stability.

Determination of force for closed die forging

Determining the force required to forge forgings (see fig 3.1, fourth stage),
one can use the equation+* [1]

D, 2h
p=o0, 1,5+i A, + i-o,375+1,25 In—L+—2L114,¢, (3.3)
2hy, ) hy h, D, ‘

where b and h, are the width and height of flash land, respectively; 4, — the
area of the horizontal projection of the flash land; D, — diameter of forging; 4, —
the area of the horizontal projection of forgings without flash.

Laboratory work procedure

1. Draw die and initial workpiece sketches for closed die forging.

2. Carry out the closed die forging on the hydraulic press, fixing the forces.

3. To measure the required geometric dimensions of the forging and calcu-
late the forces for forging using formula (3.3).

4. Compare the calculated value of the force with the experimental one.

Control questions

1. Describe the stage of the closed die forging.

2. How do you assign the parting plane and how is it selected?

3. How are allowances assigned?

4. How are forging drafts determined?

5. What is the function of radii of rounding forging edges?

6. What is the function of the flash in closed die forging?

7. Give the answer how to calculate the volume of the initial workpiece?

Laboratory work Ne 4
SHEET METAL CUTTING

The purpose of the work: to get acquainted with the basic principles of

sheet metal cutting which are used in manufacturing.
Theoretical information

During the production of any article the first operation of the general techno-
logical process is the cutting of sheet material (shearing) in the preliminary
shops of the plants. The cutting operation of shearing can be divided into three
stages:

- elastic when the values of stress and strain in the cut metal are smaller
than the elastic limit;

- plastic, when the value of stress and strain in the cut metal exceeds the
boundary of elasticity and gradually reaches the values of the stress corre-
sponding to the shear limit of the material;
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- shearing, when the microcracks are formed which are directed from the
tool sharp cutting edges along surfaces of slipping which leads to the separa-
tion of the part of the workpiece which is cut off from the other.

In modern practice of sheet metal working depending on the technological
purpose and production rate various methods of sheet metal cutting are used.
Let’s consider the different cutting methods and their technological characteris-
tics.

Parallel blades shears cutting

This method is used for cutting of the sheet metal into strips or single-piece
blanks. The lower blade 1 of shears is firmly installed at the table (Fig. 4.1). The
sheet 2 is placed on the table. The reciprocating upper movable blade 3 is par-
allel to the lower one.

Pﬂp 7 %( _ R

s 0 ] — 1y

L
N —

Fig. 4.1. Cutting with: a — parallel shears (1 — lower blade; 2 — blank; 3 — up-
per blade; 4 — stop); b — guillotine shears

There is a adjusted front stop 4 for providing of the required dimension of
the sheared blank. The moving blade during downward motion gets into contact
with sheet along all its length L. At this time the shearing occurs along all cross
sectional area.

The cutting force for the parallel blade shears equals

F=1.3 Loz, (4.1)

where L and ¢ are length and thickness of the sheet, 75is a shear strength
(zs=0,7...0.850ys.)

Cutting with guillotine-shears

Squaring or guillotine shears are usually used for trimming and cutting
sheet or plate to specific size. Squaring shears are available in a wide range of
sizes and designs. Some types permit slitting by moving the work metal a pre-
determined amount in a direction parallel with the cutting edge of the knife after
each stroke of the shear.
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The sheet or plate is held rigid by hold-down devices while the upper knife
moves down past the lower knife (see Fig. 4.1). Most sheet or plate is sheared by
setting the upper knife at an angle ¢ = 2°...6°. The position of one knife can be ad-
justed to maintain optimal clearance between the knives. Squaring shears can be
actuated mechanically, hydraulically, or pneumatically.

Inclination of the cut edge depends on clearance and thickness of the sheet
stock. The main parameter of the edge which is determined by clearance be-
tween knives and by dulling of the knife edge.

The optimal clearance must ensure meeting of the fractures. For thickness up to
1mm the clearance must be equal to 5...12% , for thickness greater then 1mm the
clearance 3...8%. The increasing of the force at 30% depends on dulling of the cut-
ting edges.

For decreasing of the cutting force it is common practice to use inclined
knife when there is no simultaneous but gradual cutting occurs. In this case
force of the cutting is equal to

2
F = O,Ské—rs. (4.2)
1gp

Angle of inclination is equal to 3...4°. Inclined positioning of the upper
knife ensure more smooth action of the shears. In case of inclined knives
greater stroke of the ram is required. The distortion of the cut blank is dis-
advantage of guillotine-shears.

Rotary or circle shearing

In circle shears upper and lower knives are rotated in opposite direction
with moving sheet of metal in cutting zone by friction forces. The movement of
the sheet occurs when angle of capture less then 14—15°. It is possible when
diameter of blade makes 20...25 thickness of the cut sheet.

Circle shears are used for stripping, for cutting of the allowance after met-
alworking, the curved cutting of the sheets of steel and titanium alloys (Fig. 4.2).
In case of inclined axes the required force is reduced due to less contact of the
cutting edges with metal. Circle shears are used for cutting sheet with thickness
up to 3...5 mm.
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Fig. 4.2. Circle shears

Cutting with upcut shears

Upcut shears are used for curved contour cutting. In these shears lower
knife is connected with ram of crank mechanism and moves 2000...2500
strokes per minute. The length of knives is equal to 35...40 mm, angle ® up to
24...30°. The movement of the list is done manual with speed equals to
3...5 m/min and thickness up to 3 mm. The main advantageous of this shears is
small radius of curvature of the sheared edge (up to 15 mm) (Fig. 4.3).

Shearing in dies

The mechanics of cutting in dies are similar to the mechanics of cutting
with shears. The punch and die represent the knives of the closed configura-
tion. Scheme of cutting the sheet material in the die is shown in Fig. 4.4. The
cutting process is carried out in three stages: elastic, plastic deformation and
shearing.

Fig. 4.3. Upcut shears
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Cutting force in the die is determined by the formula
P=kaor_, (4.3)

where a is the length of cut perimeter; ¢ is thickness of the blank; k is force
safety ratio
For reduction of forces during thick sheet cutting, cutting of large parts and
cutting of high strength materials, dies and punches with inclined cutting edges
are used, that is, they use the same effect as when cutting the material in guil-
lotine shears. For operations of multi-punching or piercing of holes, punches
are produced with different heights, resulting in forces that do not coincide in
time and are not summarized.
The clearance between the die and the punch, that is, the difference be-
tween the dimensions of the working parts of the die and the punch (see Fig.
4.4), has a technological significance for
P sheet metal cutting. For the optimal
# clearance, the microcracks directed from
| the punch and the die sharp edges deep
|
|

7 into the sheet, meet one another. This
T case is characterized by the high quality

M M of the cut surface, by the absence of
5&(7" ********* ’*ﬁf) burr and minimal force during cutting.

I

! Tearing and defects of the sheared edge
W\/ | v are formed due to the nonuniformity of
— — the clearance along the perimeter, as
_ L well as due to dulling of the punch and
Fig. 4.4. Cutting in die die cutting edges. The optimal clearance
provides the required quality of products

and high durability of the dies.

The variety of production conditions and the different requirements for
smoothness of the sheared edges and the precision of the parts do not allow
the same size of the clearance to be set. The size of the optimal clearance de-
pends on the thickness of the cut sheet, the material grade and other techno-
logical requirements. On average the clearance should be 2 ... 10% of the
thickness of the cut blank.

Rubber pad cutting

The introduction of the new type of production requires implementation of
the new type of technological processes using low cost versatile facilities, uni-
versal dies. There are several such processes, for example rubber pad cutting,
plastic metal cutting, explosion cutting. The tooling and facilities are simplified.

The rubber pad cutting is used for small production lot of large dimension
thin parts (thickness up to 2-10%).

The cutting template made of steel with thickness up to 2mm. Its outer
contour corresponds to contour of the part being cut. The thick rubber pad serv-
ing as die is placed into container which is attached to the ram of the press and
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restricts rubber within closed volume. At downward motion of the ram the rub-
ber bend and press the edges of the sheet metal to the plate. During further
pressing the rubber forces at bent edge and cut it along outer contour of the
template.

The rubber pad cutting is carried out on hydraulic presses. At that the cut-
ting may be done of several parts simultaneously out of one sheet of metal.
Several templates of different shapes may be used for this purpose.

The rubber pad cutting is not economically efficient because of great wast-
ing material and big clearance between parts and allowances (25...30 mm).
The part cut with rubber pad have rough, ragged edges and it is necessary to
shave them with special milling operation in stack.

The required cutting force for rubber pad cutting depends on surface area
of a rubber pad and pressure. The length of the sheared edges or inside holes
are not taken into consideration because all force is spent on compression of
the rubber pad. This fact may be considered as a disadvantage of process.

1

=
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a__ —
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/ / ~
a b

Fig. 4.5. Rubber pad cutting:1 — container; 2 — die; 3 — sheet stock;
4 — rubber pad; 5 — punch

To increase quality of the ready product it is necessary find the optimal vol-
ume of a container. The design of the experimental die is represented at Fig.
4.5. It is very simple and contains several elements. The inner surface of the
case was turned and grinded with diameter 0.1 m. The outer surface of the
case is stepped. The thickness of the wall on the bottom part were the cutting
die is placed is equal to 20 mm and length is equal to 50 mm. The upper ele-
ment of the case 1 which serves as guide element for metal punch 5 has the
thickness equal to 10 mm.
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Inside the case the cutting die 2 is located. It is made of steel Y8A and heat
treated with hardness HRc45. The sketch of the cutting die is represented at
Fig. 4.6,b. The end face and lateral surfaces of the die are grinded, the radial
clearance between inner surface of the case and lateral surface of the die is
equal to 0.2 mm. There is the groove for cutting by bending of the hanged zone
of the blank and by further thinning. The flat blank is located on the cutting die
3. The blank is in contact with rubber pad 4 made of polyurethane CKY-7J1. The
height of the polyurethane pad equals 25 mm. The ratio of the polyurethane
pad to the thickness of the blank must be greater than 10.

The punch is solid cylinder made of steel 45 with diameter equal to 0.1 m
and length equal to 0.085 m.

During the test it is necessary to determine force of cutting. The moment of
cutting may be determined with the help of fixing moment of abrupt increasing
of the volume of the polyurethane pad due to filling of the cutting groove ac-
companied by noise and by deflection of the dynamometer pointer.

The cutting force is calculated as

oA
F = kkp L7, (4.4)
a
where ¢ is a thickness of the blank;
a is a width of the cutting groove;
A, is an area of the elastic pad;
Kk, k, are the assurance factors.

Laboratory work procedure

1. To get acquainted with the theoretical part of laboratory work, to include to
the report the basic schemes and information about different methods of cut-
ting.

2. To include to the report sketch of the die for the cutting.

3. Measure the thickness of the initial workpiece.

4. Calculate the blanking force.

5. Carry out the experiment of cutting the workpiece, fixing the value of the
effort.

6. Compare the values of the calculated and experimental forces.

Control questions

1. What is the principle of sheet metal cutting with parallel cutting blades?

2. What is the cutting of guillotine shears and what are its features compared
with parallel shears?

3. Describe the cutting features of rotary shears.

4. What is the difference between cutting with upcut shears from other types
of cutting?

5. What are the advantages of cutting a sheet in a die?

6. When is it advisable to use cutting by elastic pad?

7. What materials are used as elastic pads?
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Laboratory work Ne 5
ELECTROMAGNETIC FORMING (EMF)

The purpose of the work: to get acquainted with the technological process
of pulse metal working - electromagnetic forming; to study the physical basis
of EMF, its technological features, applications.

Theoretical information

The physical basis of EMF was introduced in 1927 by Academician P. L.
Kapitsa. However, for the first time, industrial equipment for forming the blanks
with electromagnetic field appeared much later, in the 1960's. EMF is an elec-
trophysical method of pulse plastic deformation of metals and alloys, which is
based on the direct transformation of electric energy into mechanical. The forc-
es necessary for deformation of metal blanks are occur as a result of the inter-
action of the conductor (workpiece) and the alternating electromagnetic field.

To understand the physical fundamentals of EMF, let’s use this example.
The device for magnetic pulse deformation of metals is shown in Fig. 5.1,
where 1 is a step-up transformer; 2 - high-voltage rectifier; 3 - capacitor battery
(capacitive energy storage); 4 — tri-electrode discharger; 5 - a regulator of en-
ergy accumulated; 6 - forming coil; 7 - workpiece (pipe).

When the step-up transformer is switched on through the rectifier, the ca-
pacitor battery is charged. The energy accumulated in the capacitor battery is
determined by expression

E,, :T, (5.1)

where C — capacity of the battery; U — battery voltage.

At some moment, the discharger, which connects the forming coil to the
charged battery of the capacitors, is actuated. During the breakdown of the air
clearance in the discharger, the energy accumulated in the capacitor battery, in
the form of a current pulse passes through the coil. In this case, a powerful
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Fig. 5.1. Electromagnetic forming scheme
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pulsed magnetic field is formed around the coil, which induces eddy currents
inside the workpiece. Eddy current has a direction opposite to the direction of
current in the coil. They form a secondary magnetic pulse of current, which has
a sign opposite to the sign of the magnetic field of the coil. The interaction of
two pulsed magnetic fields (the field of the coil and the field of the workpiece)
causes mechanical repulsion forces that provides plastic deformation of the
workpiece.

Thus, during the forming of metals by the energy of a pulsed magnetic
field as a tool (punch or die), a magnetic field is used. To the coil and the work-
piece is applied equal force (pressure), therefore, for plastic deformation of the
workpiece provide the pturningr capacity of the coil.

The current in the coil during discharge of the capacitor battery can be
approximated by the equation of fading harmonic oscillations:

I= iexp(—itjsin wt (5.2)
LC 2L
where L is the inductance of the discharge circuit; R is active resistance of the
circuit; Z is time of discharging
Circular frequency of oscillations of discharge current

w:\/i—(ij . (5.3)
Lc \2L

The value of the first maximum of current, which determines the greatest
magnetic field strength, is calculated by the formula

R 2L
I :—U exp| — arctg—a) ) (5.4)
L 2Lw R
C

To ensure the efficiency of EMF device, it is necessary to minimize active
resistance of the discharge circuit. In addition, one should minimize internal in-
ductances of the workpiece. With a decrease of the inductance of the discharge
circuit, the period of discharge current decreases (the discharge frequency in-
creases). This allows obtain higher amplitude of discharge current at a given
energy level.

It should be noted another important feature of EMF. Eddy currents and a
secondary magnetic field are formed in the surface layer of the workpiece (skin
effect) and penetrate deep into. The depth of the current penetration is deter-
mined by the formula

A=5030 [—2— (5.5)
Mo f

where p is specific electrical resistance of the metal; u, 1, is magnetic per-
meability of workpiece and vacuum; [ is discharge current frequency.
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The depth of the current penetration at a discharge frequency of 20 ... 50
kHz for aluminum alloys is 0.38 ... 0.95 mm. At large values of the depth of the
current penetration, the loss of accumulated energy for heating of the work-
piece due to Joule heat increases substantially. In addition, if the depth of the
current penetration exceeds the thickness of the workpiece, the magnetic field
would "leak" through it. This leads to the formation of the so-called "magnetic
pillow" and to reduction of the pressure influencing on the workpiece. There-
fore, during the forming of the workpiece with high specific electrical resistance,
field shapers ("satellites") made from metals that have high electrical conductiv-
ity are placed on the surface of the main workpiece.

The forces applied to the workpiece during EMF have a pulse character
with a duration that range from millionth to thousandth of seconds. Because of
this, a concentration of big power occurs, the pressure reaches 104 ... 105
MPa. Such high pressure provides the possibility of deformation of not only
plastic but also low-ductility alloys. At the same time, the absolute speeds of
deformation of the workpiece reach 300 m/s, which results in significant inertial
loads that change the stress state of the material.

The energy accumulated in the capacitors battery is spent on the for-
mation of parasitic magnetic fields in the forming coil and on the electrical re-
sistance in the contour of the discharge circle of EMF machine. The total ener-
gy accumulated in the capacitors battery is determined by the formula

2
Ezé%%, (5.6)

where L, — where is the coil inductance.

This energy is spent on the mechanical work of workpiece deformation
and its heating.

An important characteristic of EMF is efficiency accumulated energy of
deformation, that is, the efficiency of the process. The efficiency is determined
by the formula as the ratio of the work of plastic deformation of the workpiece to
the total energy expended:

_VVdefl 0
n==2-100%. (5.7)

According to recent research, the efficiency of the EMF processes ranges
from 2 to 30% [14].

Magnetic impulse forming is used in the production process for sheet
metalworking: deep drawing, blanking, piercing, flanging, bending. In addition,
using a magnetic field perform assembly operations, which are carried out due
to joint deformation, as well as welding tubular billets.

The dimensions of the parts subjected to EMF, are determined by the en-
ergy of the device, the electrical conductivity of the material of the part and the
design particularities of the tool. According to statistics, this method of defor-
mation is more often used for reduction of the pipes with a diameter of 5 ... 100
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mm, expansion of tubes with a diameter of 40 ... 500 mm and the forming of
sheet blanks with the largest dimension of 600 mm.

The efficiency of the process is significantly influenced by the distance
between the coil and the workpiece. A minimum clearance between the work-
piece and the coil provides the greatest efficiency, since the clearance is one of
the most important factors which influence the magnitude of the pressure of the
magnetic field. From experience it is known that under the existing design of
coils, a normal clearance can be considered 0.1 ... 0.3 mm for a flat coil.

Technological operations, which are performed with the help of EMF, can
be divided into four groups: separation, forming, assembly and combined.

All these operations are carried out according to three technological
schemes: "reduction" (when the coil covers the workpiece from outside); "ex-
pansion" (when the coil is placed inside a cylindrical workpiece); "deformation
of a flat billet" (when the coil has the shape of an arhymedoidal spiral) [5].

As an example shows in Fig. 5.2 the coil for the operation of the reduc-
tion of the tubular workpiece.

The field shaper

A ,4-,4 is an insert in the call,
I“ which concentrates the
/ P i magnetic field of the

77/ 0T coil on a zone of the

J o:‘!‘f’"’*’zio:&,’ N workpiece. The outer

surface of the field
shaper is made cylin-
drical mating the caill,
to which it closely ad-
joins, the inner surface
mating workpiece. The
field shaper is cut
along a generatrix, and
the section is filled with
Fig. 5.2. Forming coil (inductor): 1 — coil; 2 — field insulator.
shaper; 3 — tubular blank; 4 — insulating bushing The coil together
with the field shaper is
an air transformer with a multifocal primary (spiral coil) and a single-pole sec-
ondary (field shaper) winding. During discharging of the condenser battery on
the primary winding, the magnetic field formed in the coil, produces vortex cur-
rents on the outer surface of the field shaper and passes through the radial
groove to the inner surface of the central opening. Usually the surface area of
the central opening is much smaller than the area of the outer surface of the
field shaper. This leads to an increase in the density of vortex currents, and
therefore to the intensity of the magnetic field in this part of the field shaper.
After familiarization with the physical bases of magnetic pulse working of
metals, an experiment is conducted of the expansion of the tubular billet made
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of aluminum alloy. According to known geometric parameters of the workpiece
before and after plastic deformation, determine the usefully consumed energy
(work). The full work of plastic deformation is approximately calculated by the
formula

Weir =WoelV s (5.8)

spec
where IV — the volume of tubular deformable workpiece.
The specific work is expressed by the physical and mechanical properties
of the metal of the billet and the strain:

B
=— ", (5.9)
1+m

spec

The values of the con-
stants .Of the material are ’ 7777 77 T 77Tk
shown in Table. D.3. &

Thus, in order to deter- \ e
mine the deformation work it
is necessary to know the av- e ‘
erage value of the strain. After
expansion of the workpiece o
the outer and inner radii of the 1
shell are increased, the thick- 51—~~~ "">7 /77,
ness of the wall is decreased, l
the height of the workpiece is h
decresed (Fig. 5.3). In this - =
case, the average strain can Fig. 5.3. Tubular blank initial and final shape
be approximately determined
by the ratio

e=-—1. (5.10)

Before the experiment, it is necessary to measure the geometric parame-
ters of the workpiece and repeat it after deformation. This allows to measure
dimensions of the workpiece and determine the deformation work by the formu-
la (5.8). Calculated value of the work should be multiplied by 1.1 ... 1.2, in order
to take into account the change in the physical and mechanical properties of
the workpiece material due to the increased rate of deformation. During the ex-
periment it is necessary to fix the magnitude of the energy accumulated in the
capacitors battery, to determine the useful work spent on deformation, which
can be compared with total energy spent and the efficiency of the process.

Laboratory work procedure

1. Review the description of the laboratory work.
2. Study the design of the electromagnetic forming machine.
3. Draw a sketch of the technological equipment.
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4. Conduct the expansion of the workpiece experiment .
5. Make the necessary measurements and include them in the report.

Control questions

1. Describe the mechanism of energy conversion during EMF.

2. How does the frequency of the discharge current influence its amplitude?
3. How does the depth of the current penetration influence the pressure
formed on the surface of the workpiece during deformation?

4. Tell the main energy loss in the discharge circuit of the magnetic pulse
machine.

5. What technological operations can be performed with the help of magnet-
ic-pulse machine?

6. Tell the main advantages of EMF compared to conventional forming.

7. What is the principle of energy concentration when field shapers are used?

Laboratory work Ne 6

a4

Fig. 6.1. Coggings by feeding along the axis after compression

PRODUCTION OF BILLET BY COGGING

The purpose of the work: to get acquainted with one of the most wide-
spread used technological processes of forging — cogging.

Theoretical information

Cogging is the systematic forging of an ingot to reduce it to a bloom by
successive pressing of the workpiece transverelly the axis, whereas drawing
out is the elongation of any shape by systematically reducing its cross section.
Coggings are carried out by successive pressing of the workpiece across the
axis on separate adjacent sections with turning about the longitudinal axis or by
feeding along the axis (fig. 6.1) after each compression.

The length of the compressed area is determined by the size of the feed-
ing of the workpiece. During cogging with flat dies, the rectangular cross-
section billet is usually turned 90 °. Two successive pressing with an intermedi-
ate turning 90 ° is called the step of drawing out. Each step can be considered
as two upsetting, executed in two mutually perpendicular directions. At the
same time, the dead zone and the zone of average deformation in the cross
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section of the workpiece swap places after each turning.

As a result, the final deformation in the cross-section is more uniform than
during normal upsetting. The upsetting during cogging differs from the usual
upsetting also by the areas that are not influenced by pressing (part of the
workpiece isn’t deformed). This limits the expansion in the boundary zones,
and, consequently, the nonuniformity of the deformation increases along the
length of the workpiece. At the same time, as in the usual upsetting, the metal
undergoes a overall nonuniform compression and in the zones, although in the
zones of maximum tangential deformations at overall compression in the plane
perpendicular to the axis of the workpiece, tensile stress prevails along the ax-
is. Flat initial workpiece before cogging during drawing-out on a rectangular
section become convex.

To maintain the round shape of the workpiece cross section cogging in
flat dies is carried out by small reduction continuously turning the workpiece af-
ter each compression. It has been proved that during pressing in flat dies,
through compression of the round cross section can only be done by com-
pressing one hammer or a hammer with a degree of compression, greater than
7.5%.

Due to the small dimensions of the contact surfaces, the middle layers of
the round workpiece remain undeformed. The plastic flow of the material in the
axial direction is insufficient. Because of this, at the ends of the round work-
piece the cavities are formed instead of the convexity.

During forging in flat dies there are horizontal stresses that stretch the
workpiece in the direction perpendicular to the axis of the workpiece. These
stresses increase from the surface to the center of the workpiece and form frac-
turing in the center of cross section even in high plastic alloys.

In order to avoid this phenomenon the drawing out of the round workpiece
should be performed not in flat, but in semicircular dies (fig. 6.2) of appropriate
sizes. At the same time, with the increase of the arc of the contact surface, the
tensile stresses in the workpiece center are reduced, and at a corner of the
folding less than 90 ° they are
converted to compression.

The compression during >
cogging is taken so that it pre-
vents the critical degree of de-

formation.

The productivity of cogging
depends, first of all, on the num-
ber of required pressing, which,
in turn, depends on the feed.

Reduction of the feed leads to an

increase in the number of

squeezed areas, and therefore Fig. 6.2. Semicircular dies for drawing out
to the increase in the number of of the round workpiece
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blows. Increasing of the feed also

W causes an increase of the total

f number of reductions, as it reduces

the elongation at each compres-

A L / = sion, which requires an increase in

the number of blows of the same
T 0 /s area.

\) The minimal amount of press-
ing is provided by the optimal feed.
N M M In determining the feed it is also
& necessary to take into account that

according to law of the least re-

Fig. 6.3. Changing of geometric sistance, the area that is squeezed
parameters of the workpiece during tends to impart ellipsoidal shape.
drawing out Therefore, an increase in feed

leads to an increase in the nonuni-
formity of the expansion, and the nonuniform expansion to increase the correct
compressions needed to eliminate waving along the workpiece. In addition, an
increase of feed increases the required force.

During cogging in flat dies (Fig. 6.3), squeezing in press of a workpiece
zone with length L, with a cross section KLMN or blow in hammer in this zone
is accompanied by a change of the geometric parameters of the workpiece:

* reduction of the workpiece initial height H up to / (the section of KLMN),
that is, by reduction the workpiece by Ah=H —h;

« an increase of the workpiece initial width B up to b, i.e., the expansion of
the workpiece by Ab=b—B;

- an increase of the initial length of the zone L, up to L,, ie, the elongation

(drawing out) of the workpiece by AL =L, — L, (L, is the length of the section

of the workpiece in die, that is, the feed)
» a decrease in the area of the workpiece cross-section because of ex-

tension, which is evaluated by cogging ratio y=F/F, (F - the initial cross-
sectional area of the workpiece; F, — the cross-sectional area after the defor-

mation). Cogging ratio is the main parameter that characterizes the intensity of
the process. Cogging ratio increases with a decrease in relative feed

w =L, /B, while the number of required blows increases. In practice, the val-
ues i is within the range of 0.5 ... 1.0.

The cogging in flat dies an experimentally determined by spread coeffi-
cient according to the formula

/- h(b—B)
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with which, at predetermined values of relative reduction and relative feed, de-
termine the cogging ratio

1
= 6.2
TR (6.2)
where 5:1—£ : (6.3)
H

The spread coefficient allows to calculate which part of the section of the
compressed workpiece subjected to expansion, and which to the elongation. It

is proved that the spread coefficient depends on the relative feed =L1/B

and the ratio H/y but practically does not depend on the relative reduction &

and surface quality of cogging dies.

The generalization of the statistical material from the workpiece cogging
in flat dies allowed to compile tables and to define experimental formulas for
calculating the spread coefficient.

The total cogging ratio per several steps can be defined as a product of
cogging during each step:

vo=yo-v. =1 (6.4)

i=1
where y,, »,,..., ), is cogging ratio of the workpiece at the corresponding step,

is calculated by equation (6.2).
The length of forging after cogging over several steps can be defined as
follows:

L=Ly,, (6.5)
where L, is the initial length of the workpiece; L is the length of the workpiece

after cogging in several steps.
The spread ratio of the workpiece at each step is calculated by the formu-
la

£ L (6.6)

y(l — 8)

Technologically one distinguishes the following main methods of cogging:
in universal dies, in cogging flat and semicircular or semi-contoured dies,
spreading and cogging on a mandrel.

During production of the rectangular workpieces in the universal (wide)
dies, they first perform reduction with the feed in the same direction after each
blow but without the turning (first pass). Then the workpiece is turned 90 °, after
which a second series of blows with the feed in the opposite direction and also
without a turning (second pass) are performed. Cogging in wide dies should
start from the end of the workpiece and use only part of the die near edge
which is equal to the feed.
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Then on the same edge of the dies the gradual cogging of the workpiece
is performed and the rest of the width of the dies are intended only for setting
the previously cogged zone.

It is more convenient and productive to draw out in long (narrow) dies.
Here, most of the width of the dies are used, for which the width of flat dies is
taken to be equal to 1,5 .... 1,8 of the width of the workpiece, and the semi-
contoured dies - 1,0 ... 1,2. In this case, the feed is 0.4 ... 0.8 of the width of the
dies, which provides a sufficiently smooth surface of the workpiece. In order to
prevent the axis distortion the workpiece must be turned 90 ° to the right, then
to the left after each blow or to turn continuously along the spiral line. Long
workpieces are more convenient to draw out from the middle to the ends, short
— from one end to the other, large ones — with the feeding on themselves, and
small ones — with the feed from themselves.

Semicircular or semi-contoured dies (see fig. 6.2) are used for cogging
billets with a significant cross section, as well as for recogging a square or po-
lygonal cross-sectional shape into a round. Semicircular or semi-contoured dies
may be semicircular (according to the shape of the workpiece) and half-circular
with a cutout angle of 90 ... 160 °. Quite often, instead of identical dies, they are
used as flat upper die flat and as semicircular lower. The working parts of the
semicircular dies for presses are made in the form of variable inserts which re-
duces the loss of time to change the shape and size of the cutout in dies.

Cogging in semi-contoured dies provides a smoother surface and more
precise dimensions of forgings than in flat dies. All forging operations from a
square to a circle cross section are convenient to perform not in flat dies, but in
semi-contoured dies. To avoid the formation of radial cracks in the middle zone,
the billets are pressed on the diagonals to a small degree of deformation.

The cogging of hollow cylindrical forgings is carried out on cylindrical or
conical mandrels with a diameter slightly smaller than the final diameter of the
hole in the workpiece. Features of the tool and technology of cogging these
parts are described in detail in the special literature, for example [2]. According
to the theory of metal working the specific force of deformation during the cog-
ging is determined by a simple ratio

" UL
P=o,(1+=——%), 6.7
y( 3 h) (6.7)

where 0; is the yield strength of the workpiece material at corresponding tem-
perature of operation; u is the coefficient of friction of materials of workpiece
and tool; L,, h are geometric parameters of the workpiece after deformation.

The work of deformation for one blow of the workpiece can be calculated
by the equation

W:PVln%, (6.8)
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where V' = BHL, is volume of metal billet, subjected to plastic deformation. The

total work of deformation will be determined as the amount of power consump-
tion for all step of the process:

W, =W, +W, +..+ W, =>W. (6.9)

i=l1
Laboratory work procedure

1. Measure the geometric parameters of the initial specimen, draw a sketch of
the workpiece and determine its size.

2. Carry out three or four blows of the initial workpiece in one plane without a

turning about the longitudinal axis, draw a sketch of the resulting shape of the

workpiece, measure its dimensions

3. Calculate the cogging ratio of the workpiece using the formulas (6.1) - (6.3).

Determine the spread coefficient for table D.4 and compare its value with the

value found by the formula (6.1).

4. Calculate the value of total cogging ratio for several steps and determine the

length of the workpiece after compression by the formulas (6.4), (6.5). Com-

pare the length of the workpiece defined by the calculation with the experimen-

tally determined

5. Calculate the values of the required force, the work of deformation during the

drawing of the workpiece by the formulas (6.7), (6.8) and compare them with

the experimental values.

6. Carry out three or four cogging of the workpiece with turning 90 °. Draw a

sketch of the resulting workpiece and determine its size.

7. Prepare a report of laboratory work

Control questions

1. How to do cogging of the workpiece? What is its purpose?

2. What are causes the formation of cracks in the axial zone of the workpiece
during cogging?

3. What factors influence productivity during cogging of workpieces?

4. Describe the change in the basic geometric parameters of the workpiece
during the cogging process.

5. How can one calculate the cogging ratio of a workpiece when one blow is
performed, and a total cogging ratio, when cogging is performed in several
steps?

Laboratory work Ne 7

FLASHLESS MULTYSTAGE CLOSED DIE FORGING OF CRITICAL
APPLICATION PARTS

The purpose of the work: to get acquainted with the technological process
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of flashless closed die forging and method of its design.
Theoretical information

Among all metalworking processes hot flashless closed die forging pro-
vides the highest quality of forged product due to the nonuniform compression
with significant lateral stresses, which increase plasticity of the metal. In addi-
tion, flashless closed die forging ensures high quality of the forgings due to the
correct location of the fibers, that is, equidistantly to the forging contour and the
elimination of zones with poor mechanical properties which are usually located
in the zones of the metal flow in the flash impression during closed die forging
with flash [12, 25].

In the aviation industry, hot flashless closed die forging is used to manu-
facture particularly critical application products that work at high pressure, high
temperatures and in conditions of high corrosion activity, for example elements
of fuel, air and hydraulic systems, in particular, cases, adapters, covers, bot-
toms, plugs, flanges, jet nozzle etc. On fig. 7.1 it is shown sketches of typical
axisymmetric forgings taken from the classifier of especially critical parts of air-
planes with an area of a cross section up to 480 cm?, as well as typical parts of
engine production.

Branch standards (OST 1 41538-74, OST 92-1619-87) state that forg-
ings, which are used as stocks for parts of particularly critical application should
be made by flashless closed die forging with preliminary forming.

Flashless closed die forging is a process that includes various forming
operations (upsetting, extrusion, punching, etc.) that are carried out sequential-
ly or simultaneously and are accompanied by extrusion and the filling of the
corners of the closed impression during the last phase of deformation. Due to
application of precise flashless closed die forging can save a material, since the
contact surfaces of the forgings require insignificant further machining and free
surfaces do not need it at all.

It is often not possible to produce high quality forgings due to its damage
during deformation caused by significant stresses formed in the metal. There-
fore, analysing the technology of critical application parts production considera-
ble attention should be paid to the of defects formation in forging.

According nature forging defects are subdivided into the following types:

1. Defects which occur due to initial material: scratches - small marks that
are visible to the bottom of the forging; crazing - thin scratches on the surface
of forgings; laps in the form of wrapped diametrically opposite folds that are
formed due to incorrect sizing or wearing of the impressions in the rolls. These
defects of the material are always located on the surface of forgings and on the
edges of its contour.

2. Defects that are formed during cutting of blanks: oblique cut - face, in-
clined relatively to the workpiece axis; bumps and distortion of the workpiece
end; rough sheared edge or metal scabbing; cracked end faces; mismatch of
workpiece by length or weight (short or small workpiece).
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3. Defects that are formed during the heating of the workpieces. Scale — a
layer of oxidized metal on the surface of a heated workpiece. Scale not re-
moved from the surface of the workpiece or dies, during forging is pressed into
the metal, forming deep depressions in forgings. Underheating causes the for-
mation of internal cracks in forging and due to the lack of dwell to the workpiece
in the heating furnace (by the time and temperature) and poor plasticity of the
metal. Overheating - excessive growth of grains in steel and reduced mechani-
cal properties due to heating up to temperatures exceeding the permissible, as
well as due to the long period of heating to the required forging temperatures.

4. Defects that occur during forging. Compression depressions — marks
from the etched or broken off scale, which is pressed in. Dints — mechanical
damage that occurs during removing of forging, stuck in the cavity of the die, or
due to the foreign particles in dies. Scrap is a rejected forging that was subject-
ed to a blow when it was not located in the lower impression of the die or was
displaced from it. The underfilling is a defect characterized by a deviation from
the geometric dimensions due to the not filling of a finish impression of a die
with a metal. Underforging — increase in all sizes of forging over the required
tolerance in the direction perpendicular to the parting plane.

The physical and mechanical properties of the workpiece influence pro-
duction of structurally complex forging. One of the main characteristics of the
metal, which determines the ability to subject it to hot forging and influence the
thermomechanical parameters of this working, is technological plasticity. Tech-
nological plasticity, or deformability, is determined by the stress-strain state for
different temperature and strain rate conditions.

To describe the development of fracture in the mechanics of fracturing it
is proposed to use some scalar function » that ranges from zero to one, the so-
called continuity of the body. In the initial state without disruption the continuity
of the body it is equal to one unit eventually it decreases and when its value
reaches zero there is a fracturing. Y. M. Rabotnov introduced the function
w =1—w damage degree which is equal to zero in the initial state and to one

at the time of fracturing. This function was also used by VL Kolmogorov [13]
when analyzing the conditions of fracturing in the metal-forming processes. He
named it the utilization level of plasticity resource and in his studies, he derived

its dependence on the degree of deformation: ¥ = f(s,).

Degree of deformation is total plastic deformation, which particle of mate-

rial accumulates over a certain period of time during displacement
t

£ = j ;o (7.1)
0
where ¢ is intensity of strain rates; ¢ is time of deformation.

Deformation limit which can withstand material before fracturing, is called
ultimate plasticity and designated as ¢,. As a result of numerous studies a
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functional relation between the ultimate plasticity and the rigidity of the stress-
state established [13, 17]:

7 - 1(T) :01+c72+0'3.

T BLD,) o,

Indicator of the stress state which consists of invariants of the stress ten-
sor, takes into account the hydrostatic pressure, which significantly influences
the plasticity, as well as the intensity of stresses (effective stress), which de-
termines the plasticity of the metal.

The dependence of the ultimate deformation &, from the indicator 17,

(7.2)

which determines the stress state, is called the plasticity diagram.

For aluminum alloys and steels, the plasticity diagrams have exponential
nature, while in the compression zone, the ultimate plasticity of alloys reaches
maximum values, and in the tensile zone it is minimal. Analyzing the fracturing
of metals under conditions of nonmonotonic deformation, V. L. Kolmogorov ob-
tained a kinetic equation for damage [13], which is used in the theory of accu-
mulation of damage:

de,
dy = . (7.3)
e,Il,)
Hence the condition of fracturing can be written as follows:
t
g.dt
= j ! 1. (7.4)

0 gp (HJ (t))
It is obvious that when y <1 a fracturing of metal in a die with a given
degree of deformation does not occur. With v >1 the fracturing of deformed

metal is unavoidable. In this case, an engineer needs to make some changes
to the forging technology, for example, to introduce additional forging steps to
change the shape of die impressions or dies at different steps and so on.

During forging process design in flashless closed dies, an engineer has to
resolve an important problem — determination of exact volume of initial work-
piece and the possibility to produce certain forging. The understated volume of
metal leads to the underfilling of the die and the increased one to the locking of
the metal in the die cavity, to a large force rise at zero deformations and, as a
consequence, to the possible fracturing of tool and equipment. The minimum
volume of heated workpiece should be equal to the volume of the weared im-
pression at its maximum temperature.

In practice, the shape and size of the workpiece are determined by the fol-
lowing method:

1. The volume of forging is determined by calculation according the maxi-
mum horizontal and minimal vertical dimensions. These dimensions should
correspond to the dimensions of the impression, taking into account shrinkage.
The resulting volume of forging is the smallest amount of workpiece.
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2. The minimum volume of workpiece is determined taking into account
random variations: deviation of the slag, the temperature of the die and the
tool:

V.
VWmin = [l ! (75)
1- Vszmax

where V is the minimum volume of workpiece, the minimum volume of

forgmin
workpiece, calculated in clause 1 of the guidebook; VS,maX is maximum relative
slag.

3. Calculate the typical dimensions of the workpiece (diameter or height of

the bar):
a) for parts such as flanges, covers

4V, 4V,
d, = |—", h, = o (7.6)
7h, md’
B) for parts such as shafts
4v V.,
d, = _a, =3, (10.7)
Tm m

where d , a, — diameter of a circle or a side of a square, respectively; m — co-

efficient, which ranges from 2 to 2.52.

The diameter of the workpiece is due to the structural features of the tool
(for example, the stable position of the workpiece in the impression). In any
case, the ratio of height to the diameter of the workpiece should not exceed the
value of 2.5.

4. The length of the workpiece of low-ductile materials is approximately de-
termined by the average critical strain:

2,52st A, , (7.8)
d, (-¢&,)d,

where L - the length of the workpiece; H , — average forging height; &, —

the critical strain at a given temperature.

Taking into account the shape of the lower die impression one specifies
the cross section of the workpiece according to the standards for the gage,
round to the nearest larger, and then determine the final dimensions of the
workpiece.

Let's consider the process of multistage forging of the cover for the hy-
draulic cylinder in flashless impression (fig. 7.2). The initial workpiece is select-
ed according to the above methodology.
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The cover is made by a

combination of upsetting and %\
reverse extrusion operations un- 4

til the shank of the cover is

formed, where the direct extru- - 7
sion prevails.

The results of numerical
simulation indicate a significant 5
nonuniform distribution of de-
formation along the forging
cross section. Note that areas
adjacent to the top of the die a b
(punch) are deformed in the first
turn. So, in the contact zone of Fig. 7.2. Die for the first (a)
workpiece, which is directly in- and second (b) forging step:
fluenced by the tool, the defor- 1 — die; 2 — insert; 3 — punch for the first
mation is formed more inten- step; 4 — punch for the second step; 5 —
sively, and its value reaches kick out pin;6 — forging after first step;
maximum. In the contact zone 7 — forging after second step

of the workpiece due to the ac-
tion of the normal frictional force, a dead zone is formed. Such a not deformed
zone penetrates workpiece in the axial and radial directions

In the first version (receiving forging in one step of strain-guzzling), the
work of the ends is fixed to the projections in the lower half of the die (there is
no insert, the deformation is a punch, fig 7.2, b). The area of contact between
the workpiece and the die is insignificant, and there is not enough support for
the material of the workpiece; therefore, in this area, at the first stage of the
process, significant deformations begin to develop, rotated at an angle of ap-
proximately 45 ° to the axis of the workpiece. Further, there is a development of
significant deformations in the axial direction, where then there is a mutual
cross section of the fields with the greatest deformations, and in the central
zone of forging, the internal zone of concentrated deformations emerges. .

Such a development of deformations in case of exceeding their boundary
values has the danger of the appearance of internal defects of the forgings ob-
tained. At the final stage of forging there is a scheme of direct shrinkage of the
cover. In this case, the zone of the largest accumulated deformations moves
into the region of the shank of the cover.

In the second variant (two-way forging of the cover), the process of shap-
ing somewhat changes. The main changes of the field of deformation are due
to the presence of a restrictive insert (which, in turn, solves the problem of set-
ting and centering the workpiece in the cavity of the die) and the deforming
punch (see Fig. 7.2, a). At the second step of punching the stopper on the
height of the cover is an ejector. In the first step of the punching, the reverse
extrusion scheme is preferred, on the second, the direct extrusion scheme.
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Both schemes are characterized by a slight nonuniformness of the deformation
in terms of forging, but the location of the metal fibers, which is maximally pro-
cessed, corresponds to the profile of the finishing part.

The required strain forces at the steps are defined as follows

S
f%:—IO}ZﬂSdS, (7.9)
0

where o, - normal stress of metal on contact surfaces; § — the radial dimen-

sion of the contact surface at the last stage.
By solving specific practical tasks to determine the maximum forging
force, you can use a simpler, albeit more coherent, calculation dependence

F_ =Akoe™, (7.10)
where k, — the empirical coefficient of fluctuation, which characterizes the
strainhardening (defamation) of the material of the deformable workpiece, the

resistance of friction on the contact surfaces, the growth of force during the

flood of the metal to the angles of the die; o, — the strength of the material of

the workpiece; A, — cross-sectional area of the die (initial workpiece); " —

strain. To simplify, the corresponding degree of deformation is determined by
the expressions for the squeeze schemes (combined, reverse, direct):

=g +&, (7.11)

& —tn—h (7.12)
_Ap

£=%%@, (7.13)

where A4, — - the cross-sectional area of the punch; 4, — a hole in the die un-

der the design of the shank of the cover.
In the first approximation, according to experimental data, the deformation
work on the first step of forging can be defined as follows:

W =0,5F_h, (7.14)

max

where / is the punch stroke

Laboratory work procedure

1. Experimentally determine the required force and work of deformation dur-
ing forging for one and two steps.

2. Calculate the required force and work of deformation for forging at the
first step using the given formulas.
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3. Determine the error of the calculation of the force and deformation work
compared with the experimental values for the first step of forging.

4. Visually compare the quality of forgings obtained for one and two forging
punches

Control questions

1. Name the area of application and the advantages of sealed forging.

2. Indicate the problems of the implementation of closed forging in produc-
tion and ways to eliminate it

3. Record the damage criterion and the kinetic condition for the fracturing of
the metal.

4. How are the workpiece shapes and dimensions for forging determined?

5. What are the main schemes of deformation of metal in the cavity of a
flashless closed die in case of receipt of a fork of the type "cover" for one forg-
ing step?

6. Indicate the disadvantages of unidirectional punching of the cover.

7. Name the advantages of dual-forging the cover.

8. Compare the required values of force and deformation in case of punch-
ing the cover for one and two steps

Laboratory work Ne 8
TRUE STRESS DIAGRAM

The purpose of the work: to get acquainted with one of the ways to de-
termine the stress-strain dependence by upsetting a cylindrical specimen

Theoretical information

Plastic deformations lead to a significant change in the mechanical, phys-
ical and chemical properties of the metal. Due to increase of deformation all pa-
rameters of resistance to deformation (elastic limit, proportionality limit, yielding
limit and strength) increase like the hardness of the metal, at the same time
there is a reduction in ductility (elongation, relative thinning, impact toughness),
increased electric resistance, thermal resistance, corrosion resistance, magnet-
ic properties of ferromagnetic metals, and others like that. The combination of
phenomena associated with the change in the mechanical and physical and
chemical properties of metals due to the process of cold plastic deformation, is
called strainhardening. There are such basic hypotheses of mechanics of
strainhardening of metals and their alloys[15]:

1. Braking of dislocations during their intersection and elastic interaction.
The essence of this hypothesis is that the dislocations located in different slip
planes intersect and begin to interact during plastic deformation, resulting in
thresholds at dislocations. The created thresholds restrict the displacement of
dislocations and fix them. Thus, the interaction of dislocations causes a de-
crease in the number of slip and an increase in the number of fixed disloca-
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tions, which leads to a decrease in the plasticity of the metal. Condensation of
dislocations is one of the reasons for the strainhardening of metals and alloys.

2. Braking of dislocations by atoms of soluble chemical elements. The at-
oms of chemical elements (carbon, nitrogen, boron, hydrogen) that form solid
solutions of penetration, as well as atoms of a number of alloyed elements that
form solutions of substitution and have atomic diameters greater than the atom-
ic diameter of the base metal, are rotated near dislocations in the stretched
zones of the crystalline lattices, whereas the atoms of the elements with a
smaller diameter are in the compressed zones. As a result, around the disloca-
tions, a cluster of soluble atoms is formed - the "Cottrell's cloud".

Due to the fact that the "Cottrell Cloud" is separated from the nucleus of the
sliding dislocation at plastic deformations, there is a mutual attraction between
the "Cottrell Cloud" and the dislocations, which inhibits the displacement of the
dislocations and leads to the hardening of the alloy (deformation aging).

3. Braking dislocation with dispersed particles. In the process of plastic de-
formation, due to the condensation of dislocations and internal stresses, there
are conditions for the dispersion of particles in the form of different combina-
tions. These particles, being allocated on sliding surfaces, prevent the dis-
placement of dislocations and contribute to additional hardening.

In order to characterize the increase in resistance to deformation with an
increase of cold deformation at a linear stress state, the strainhardening curves
are used. Since the stresses that cause plastic deformation depend on many
factors, including the temperature-speed conditions of deformation, the strain-
hardening curves for each metal and alloy must be established in accordance
with the specific temperature-speed conditions of deformation.

For experimental determination of o it is necessary to provide the follow-
ing deformation conditions: deformations are uniformly distributed over the de-
formed zone of the workpiece, and the stress state is linear. The tensile or
compression tests are the most suitable for determination of strainhardening
curves. If this involves a linear stress state, then the yielding stress (true stress)
is defined as the ratio of the current force to the actual cross-section area of
the specimen at the current moment of deformation.

There are two types of hardening curve: (1) yielding limit (o;) —longitudinal

strain (&) diagram; (2) yielding limit (o, ) — stress-transverse strain (%) diagram.
Up to necking dependence of the longitudinal and transverse strain may
be expressed as:

eé.
W, =—. (8.1)
l+e
The plotting of the first zone of the strainhardening curve (fig. 8.1, a) does
not involve difficulties until the necking appear, ie before the localization of the
plastic deformation (this moment corresponds to the maximum force on the in-
dicator diagram).
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Fig. 8.1. Diagrams hardening versus elongation (a) and thinning (b)

Instantaneous cross-section area depends on longitudinal and transverse

strain as:
Aion(l—t//i)zi. (8.2)
l+e
There is a dependence between true and conditional tensions:
o =0(l+¢). (8.3)

The plotting of the second segment of the stress-strain curve is more
complicated, since after the formation of the neck there is a concentrated de-
formation on a section of its length. Exactly one can apply only one point of this
zone which determines the stress and strain at the time of fracturing (defor-
mation is determined by measuring the diameter of the specimen at the zone of
fracturing). Intermediate points can be plotted by direct fixation the diameter of
the neck of the specimen in the process of deformation, and this is too difficult

In practice, the curve of strainhardening is often replaced (approximated)
by a straight line, which is plotted as tangent line to the strainhardening dia-
gram at a point that corresponds to the moment of the formation of the neck.
Fig. 8.1, b shows the plotting of the strainhardening curve and its approximation
by a tangent line passing through the point of the neck. In the point of intersec-
tion of the tangent and the stress axis the extrapolated plasticity limit is meas-
ured

The tensile test diagram accurately shows the dependence of the re-
sistance (stress) on deformation only at the initial stage of specimen elongation
(until the neck formation). Due to necking it is advisable to use compression
test for stress-strain diagram. The condition of such test are close to those exist
during open- and close-die forging, extrusion, upsetting.

The most precise results may be obtained during compression test of the
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cylindrical specimen with face grooves
(fig. 8.2). The grooves are filled with lubrication
to eliminate friction between tool and work-
piece. Such friction causes barreling (pancak-

! 4
]

ing) — distortion of the cylindrical shape of the /é i//////?///
: !

t
>t , s

>

specimen. As a result of friction the uniaxial

stress state is changed into threeaxial, com- hg :

bined stress state. So there is no possibility to i
]
|

obtain stress-strain diagram in such condition.
The optimum size of the steel specimen are W

follows: d,=16...30 mm, /,=(0.015...0.02)d,, v | /1

h, =d,, t,=(0.03 ... 0.035)d,. For aluminium B ' do >

and copper specimen with diameter up to :

30mm: /;=(0.06 — 0.65)d,, ¢;,=1.7...2.3 mm. Fig. 8.2. Cylindrical speci-
During upsetting of the specimen with ?en with face grooves

face grooves true stress o, coincides with axi-

al stress o,. So it is enough to fix several value of force P, with corresponding
values of diameter and height of the specimen. According to obtained data one
can calculate o;, e, It is usual practice to find 4-5 points:

4F
o.=—; 8.4
" d? (8.4)
q=%_h. (8.5)
hO

Laboratory work procedure
1. To plot a diagram o, = f(e) one specimen subject to upsetting and get
6-15 points. Fill the tab. 8.1. Taking into account the statistical nature of the de-
pendence o, = f(e) to increase accuracy of the true stress diagram, test three

or five specimens and plot a diagram for the mean value o, ¢,

2. It is common practice to use power low approximation o = Be" for stress-
strain curve o = f(e). Constants B and n may be found according to the fol-

lowing method.
Two arbitrary points must be determined on diagram

o, =Be', 0, =Be]. (8.6)
From the first equation B = Zn‘. Substituting this one can obtain :
€
o, = cfl(eIJ : (8.7)
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Taking the logarithm to find value n:
n=m%2 /m%. (8.8)
O, €
Table 8.1
Experimental results

Deformation stages

After stage i of de-
formation

1 2 |3 |4

Parameters Before de-
formation

Deformation force F', H
Specimen height /1, Mm
Specimen diameter d , Mm

Specimen absolute strain Ah, mm
Specimen relative strain e

Cross section area A, Mm?

True stress 0, MPa

Control questions

1. What are the differences between true and engineering stresses?
2. What are the main hypotheses of the hardening mechanism?

3. How are the limits of yielding of metals and alloys changed during cold
plastic deformation?

4. What is the relationship between relative elongation and relative thinning
at the tensile test?

5. What is the strainhardening module and the extrapolation limit of yielding?

Laboratory work Ne 9

DETERMINATION OF THE REQUIRED FOR PLASTIC DEFORMATION
ENERGY

The purpose of the work: to get acquainted with the basic methods of de-
termination of the work and energy required for plastic deformation

Theoretical information

In metal working operations it is important to determine the energy of the
deformation when plastic flow occurs in deformed metallic body. It allows us to
select necessary equipment for certain technological process. For solution such
problem it is necessary to find stress-strain state of the plastically deformed
body on the base of equilibrium or equation of the motion. It depends on condi-
tions of certain metal working processes.
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G Dynamic Solution of the system of differential
equilibrium equation with yielding criterion
and compatibility equation for deformation
gives function of distribution of the stress
and strain in workpiece being deformed. In
accordance with certain selected techno-
logical process one should choose those
stress components which restrict motion of
deforming tool (act in opposite direction). It
g, < is necessary to substitute instantaneous
' coordinates of the contact surface of the
Fig. 9.1. Stress-strain diagram  tool-workpiece interface in selected
resgion for calculation of mean stress
equation. In other words it is necessary to describe the distribution of the con-
tact normal stress with help of some analytic equation. For calculation of nec-
essary deforming load it is enough to integrate this equation over the surface of
contact.

The work is equal to product of acting force and displacement of the
points of deformed body. So it is easy to find such work of external forces
which is responsible for deformation of the workpiece. But it is necessary keep
in mind that during plastic metal working processes the shape of the body
being deformed is changed tremendously. It causes permanent alteration of the
loads necessary for plastic deformation. In this case the calculation of the en-
ergy required for deformation should be done step-by-step with subdivision of
entire working stroke into several time intervals and with subsequent summa-
tion of the results

In case of dynamic, impulse deformation of metallic stocks the above
mentioned procedure is unsuitable. High speed metal working is characterized
by the very short period of application of loads. In such case very high speed
and accelerations are imparted to metal billet while many properties of material
being deformed are changed, for example yielding limit is increased. It is possi-
ble to take into account inertia additives when the motion equations are used
for modeling of processes of deformation. In general case the work of defor-
mation may be calculated as

lvzjﬂ]UAJQdmﬁ, (9.1)

where V' — volume of the workpiece; ¢ — time interval of deformation.
To calculate velocity L and dissipation functions £ one can use following
equations:

5dg
L=p%—: 9.2
P8 9.2)
E=ce, (9.3)
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where p — density; 3 — vector of velocity of metal being deformed; o, — inten-

sity of the stress; &, — intensity of the strain rate.

So the work of deformation is spent for increasing kinetic energy of the
body being deformed during process of plastic deformation and is character-
ized by function L, and to deform body and is characterized by energy of dissi-
pation E. If velocity of deformation is small the function L approaches to zero.

In such case finding of the velocity field is needed. It is possible to do with
using of two methods: to resolve variation problem of minimization of functional
of the energy of deformation and to experimentally find the velocity field but
both such method is of great difficulty.

There is another simple way to calculate required work. It is based on using one
of the main property of a stress-strain diagram. It can be approximated by power low:

0, = Be’ (9.4)

where B and ™ are the constants which determine the material grade.
The crosshatched area on diagram (Fig. 11.1) is equal to the work of de-
formation of the unit of material body volume:

w_.=0odg, (9.5)

spec

where ¢, is changed from zero to the certain deformation &;,.

The equation (9.4) is substituted in the equation (9.5) and after integration
one can obtain the expression for calculation of the specific work of defor-
mation:

B .
=—g" (9.6)
n+l
The total energy of deformation may be calculated as a product of specific
energy and volume of the workpiece.

W=w_ V. (9.7)

spec

spec

In case of nonuniform plastic deformation it is advisable to subdivide
workpiece into several regions.

This method of determination of the deformation work is very simple and is
still widely used in practice for required calculation in the first approximation.
The fact is that during its application, good results of high precision are obtained
in those cases where the plastic deformations of the workpiece are homogene-
ous, uniform and constant throughout the volume. The most characteristic ex-
ample of such plastic deformation process is the phase of uniform deformation
of the cylindrical specimen during the tensile test and the construction of the di-
agram "stress - strain".

A characteristic feature of this stage is that the cylindrical part of the spec-
imen during tension is transformed into the cylinder continuously, but with a
smaller diameter and a greater height. In practice, such schemes for plastic de-
formation of billets are very seldom. In most cases the plastic deformation is
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characterized by nonuniform distribution in the volume of the workpiece. In a
number of zones of a workpiece, plastic deformations are close to the limiting
(fracturing). A characteristic example of such technological scheme is the deep
drawing of a spherical part from a flat sheet blank. In this case, the metal of the
workpiece, adjacent to its flange is not deformed, while in the dome-shaped part
of the product, generally, large plastic deformations are concentrated that lead
to the fracturing of the metal in this zone due to the exhaustion of its plasticity
reserves.

When using the last method of calculation in such cases, the workpiece is
conditionally divided into several zones, within which the plastic deformations
are averaged. The required deformation energy is determined in the selected
zones, and the total work is determined by addition:

W:im. (9.8)

It is obviously that the accuracy of this method for determination of plastic
deformation will be increased with the increase of the number of such simple
zones. In this method one does not take into account the features of high-speed
and impulse deformation of materials, therefore, in the form presented, it is used
for the analysis of static (slow) processes of plastic deformation. As a result of
numerous studies of the physical and mechanical properties of metals in a wide
range of process speeds, it was found that with increasing deformation velocity,
the stress-strain diagram is above static (see Fig. 9.1) that is, plastic defor-
mation in dynamic processes requires higher energy than in slow processes.
Therefore, to calculate parameters of impulse or high-speed processes, it is
necessary to conduct mechanical tests of materials in the appropriate range of
process speeds and to construct such a diagram. For such purpose they use
special equipment, such as explosive machines.

Laboratory work procedure

1. After studying theoretical basics of laboratory work to calculate the ener-
gy of plastic deformation required for upsetting a cylindrical specimen, with
three to four values of the intensity of deformation.

2. To construct the diagram of dependence of the necessary energy from the
general deformation of the workpiece.

Control questions

1. What is procedure of determination of the work necessary for plastic defor-
mation with the help of system of differential equilibrium equation?
2. What is procedure of determination of the work necessary for plastic defor-
mation in case of nonuniform motion of the deforming tool?
3. What are the velocity and dissipative functions in the equation for deter-
mination of the required work?
4. How does the volume of the plastic deformation zone influence the re-
quired deformation energy?
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5. What is the specific work of plastic deformation and how to determine it
according to the stress - strain diagram?

6. How to find the work of deformation in the case when the deformations
are different in the volume of the zone of plastic deformation?

7. How does the specific work vary depending on the rate of deformation?

Laboratory work Ne 10
YIELD CRITERIA TEST

The purpose of the work: to get acquainted with the basic yielding criteria
for determination the onset of plastic deformation.

Theoretical information

In metalworking operations, one is often interested in the stress at which
yielding will occur in a material, because (1) this is the stress at which plastic or
permanent deformation in the material to be formed begins, and (2) the materi-
als used for the tools and dies yield or fail at their respective yield stress.

In uniaxial tension, yielding will occur at the point at which the yield-point

stress or the yield strength o, is exceeded. However, most metalforming op-

erations involve combined states of stress, in which the stresses in certain di-
rections may be much higher than o, before yielding occurs. The question that

must then be answered is: "At what stress level will yielding occur for different
complex stress conditions?" To resolve this problem criterion for yielding must
be established for a combined state of stress.

For a complex state of stress one can expect an isotropic material to yield
plastically if a certain relation between the invariant of the stress tensor is satis-
fied. Thus the yield condition may generally be written in the form: F(l;, I, 13)=0.
Since the hydrostatic component does not affect yielding, the first invariant of
the stress deviator is zero, and therefore the yield condition may be written
F(l%, 13)=0. This condition may be represented as a certain surface in stress as

’, and I3 are functions of stresses which are given by

I;=1 (0'1—0'2)2+(0'2—0'3)2+(0'3—0'1)2 and
6

[ =(0'1—0'm)(02—0'm)(0'3—0'm) (10.1)
Therefore a yield criterion may be established in the form of equations in-
volving stresses for different assumptions or postulates. This approach gives us
the different yield criteria such as the Tresca and von Mises criteria to be dis-
cussed
Any mathematical expression that attempts to predict the state of stresses
that will induce yielding, or the onset of plastic deformation, is therefore called a
yield criterion. A generalised form of such an equation is:
f(o, Gy, O, Ty, T T)=coOnst (10.2)
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A more simplified form, in terms of the principal stresses is:
f(o1, 03, o3)=const. (10.3)
In dealing with yielding and with plasticity, the following simplifying assump-
tions are usually made:
1. The material is homogeneous, isotropic continuum.
2. The onset of yielding in tension and compression is identical, i.e., there is
no Bauschinger effect.
12. The volume remains constant, i.e., AW and the sum of the plastic strain
increments is zero, or:
d8]+ d€2+ d€3:0. (104)
for plastic deformation.
4. A hydrostatic state of stress o;,, does not influence yielding.
5. Effects of strain rate are here neglected.
6. Temperature effects are not considered here.

The two criteria that are most generally used to predict yielding in iso-
tropic materials are (1) the maximum shear stress or Tresca criterion, and (2)
the octahedral shear stress or von Mises criterion Tresca criterion postulates
that yielding will occur when some function of the maximum shear stress
reaches a critical value. The convention for the hierarchy of the stresses that
will be used here is that o;>0,>03. This ranking of the stresses is not always
known beforehand. This criterion predicts that yielding will occur when

Omax—Omin=C or o—o3=C.

If the above criterion applies, the constant C can readily be obtained from
the following simple, standard tests:

1. For uniaxial tension, yielding will occur when oy reaches the yield

strength in tension oy, i.e., when oy= oy =C and Tmax=% oy.
2. For pure shear, yielding will occur when
Tu=071—03 and o,=0 or |o—(—o))|=C=20,=21y=2K (10.5)
One can observe that Ty=% oy or the yield strength in tension depends only

on pure stress.
Von Mises Criterion

The von Mises criterion postulates that yielding will occur when some value
of the root mean shear stress reaches a constant or
[(0-02)’ +(07-03)*+(03—07)']*=C;
or (01-02)*+(02-03)*+(05-07)°=C. (10.6)
A more general form of this expression is:
(o, —O'y)2 +(o, ~0,)’+ (0, -0, ) +6(r,2(y +T§z +fo) =C;. (10.7)
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One interpretation of the von Mises criterion, called the distortion energy
theory, is that yielding occurs when the elastic energy causing distortion in the
body reaches a critical value.

The Yield Surface

The vyield surface may be plotted as a
right cylinder of infinite length in three-
dimensional space when the three principal
stresses are used as the stress axes as
shown in Fig. 10.1. The yield surface for
the maximum shear stress criterion will plot
as a right hexagonal prism inscribed in the
cylindrical yield surface of the von Mises
criterion. The significance of the yield sur-
face is that yielding will not occur as long
as the path of stresses acting on the body
remains within the confines of the yield cyl-
inder or the hexagonal prism depending on
the yield criterion used. The longitudinal axis or centerline of the cylinder and
prism makes equal angles of 54.73° with the principal stress axes. Along the path
of the centerline of the yield cylinder or prism, a hydrostatic state of stress exists,
for which no plastic deformation occurs. Thus, a body that is subjected to equal
triaxial tension or compression will not deform plastically, but only elastically. The
stress path out of cylinder makes no sense.

If a plane coplanar with any two of the principal axes intersects the yield cyl-
inder and prism, the trace of the cylinder on the plane will be an ellipse and of
the prism will be an inscribed, elongated hexagon. These boundaries represent
the yield boundaries for a biaxial stress condition. Since the yield locus is the
boundary of the elastic domain, it is therefore path-independent in the sense
that any point on it may be approached by many different stress paths within
the elastic region. Strainhardening due to cold working enlarges the cross section
of the yield loci.

The yield criterion such as of Tresca or von Mises determines the stress level at
which plastic deformation begins, and can be written in the general form

F(oy) = o’y(n),
where F is some function of ¢ and o’ is a material parameter to be deter-
mined experimentally. The term o’ may be a function of a hardening parame-
ter n’, moreover, the progressive development of the yield surface can be de-
fined by relating the yield stress to the plastic deformation by means of n’.

If the stress and strain axes coincide, the principal strain increments, or the
principal strains if applicable, can be plotted on the same coordinate. The vec-
tor sum of the incremental strains will then give the total strain increment. Each
incremental strain is normal to the yield surface.
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PRACTICAL PART
It is known that there is some certain dependence between stress and
strain in deformed body. Instead determination of the stress it is advisable to
calculate intensity of the strain according to the following equation

1/2
e = %[(exx —e, ) +(e,—e,) +(e,—e,) + %(ezxy +e%; + ezzx)j| (10.9)

where ey, e,,, e,; — components of linear strain, and e,,, e,,, e,x — components
of shear strain.

So onset of plastic deformation may be defined by calculation of intensity
of the strain and by comparison with the value of deformation which corre-
sponds to yielding limit of material (0.2%) — conventional flow limit.

The tubular sheet blank is used in laboratory work as specimen. Inner
pressure applied to the specimen causes bulging. As a result the specimen is
expanded in cross section and is shorten in longitudinal direction. The bulging
is fulfilled on magnetic-impulse equipment with impulse of magnetic field. Be-
cause of symmetry of the scheme of the loading the 12.9 equation may be sim-
plified:

: (10.10)
where radial, tangential and axial components of strain are calculated as
e =In§, e =Ini, e =Inﬁ,
rr 50 oQ ro zz zo
where 6&;,96,,r;,r1,, Z;,Z, - the final and initial thickness, radiuses and heights of
the blank.

Laboratory work procedure

1. It is necessary to measure dimensions of the stock before and after load-
ing and to fill the following table 10.1.

Table 10.1
Experimental data
Parametres | thickness | radius, | height, strains work of de-
& r z e, | e, | €. | ¢ | formation
1 loading
2 loading
3 loading

2. To carry out three to four cycles of load of a workpiece with a step-by-step
increase in energy, changing the magnitude of the charge stress of the capaci-
tor battery of the magnetic pulse installation. After each load cycle, measure
the geometric parameters of the sample and determine the overall degree of
deformation.

3. According to the results of the experiment, plot a graph of the depend-
ence of the intensity of the deformation on the allocated energy and draw the
appropriate conclusions.
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Control questions

1. What is the yielding criterion determined by?

2. What is physical interpretation of the yielding criterion?

3. Describe the geometric interpretation of the yielding criterion.

4. How is the yielding criterion used in solution problems of the plasticity and
metal working?

5. What is functional form of relationship between stresses and strains be-
yond the yielding limit?

Laboratory work Ne 11

EXPERIMENTAL INVESTIGATION OF THE PRINCIPLE OF MINIMUM
RESISTANCE

The purpose of the work: to get acquainted with the basic principles that
allow to estimate the main directions of the metal flow during metal working and
the rules of their application.

.Theoretical information

During metal flow it is necessary to determine relations between dis-
placements of the different points of the billet in different directions. Sometimes
such relations may be determined on the basis of incompressibility condition
(volume constancy) [20].

In general case solution of such problems is a matter of some difficulty.
Gubkin introduced the following basic principle of metalworking: any material
particle of the deformed body which has several kinematically admissible direc-
tions of motion is moved in direction of the least resistance [4]. On the base of
the above principle the problems of metal working may be resolved qualitative-
ly, but some consequences, for example principle of the minimum of defor-
mation energy, give quantitative solution.

The process of the flash formation is the example of direct application of
the least resistance principle (Fig. 11.1).

During the first stage of closed die forging metal of stock flows out of im-
pression in clearance between upper and low- P
er dies. The filling of the die impression is l
possible when resistance to the flow of metal \
in gutter impression is greater than resistance
in die impression. The resistance in direction 7 //
of gutter impression is increased due to de- \ ")
creasing of the clearance between upper and /

lower dies during downward movement under
force P so it ensures complete filling of any
elements of the die impression.

Fig. 11.1. Flash formation at
closed die forging
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For the case of simple compression of the stock between two parallel flat
dies the directions of the metal flow may be determined according to the princi-

P
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Fig. 11.2. Material flow in
cross section of upset prism
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Fig. 11.3. Distortion of the
prism cross section

dashed lines

ple of the minimal normal on conditions
that friction forces act on the contact ar-
ea. Such principle may be formulated
as follows: the displacement of any
point in the cross-section which is per-
pendicular to the direction of the acting
load occurs in the direction of the mini-
mal normal to the perimeter of the
cross-section (Fig. 11.2). The flow of
the cylindrical body takes place in the
radial direction. The face of the upset
hexagon prism may be subdivided into
four region (four triangles) with lines,
which connect opposite corners of the
rectangle and may be represented as
boundary lines of the homogeneous
flow regions. In view of the quantity of
the moving points of the metal, which
move in the same direction one can
predict that the maximum deformation
takes place in the middle of the cross-
section and minimum — in its corners.
As a result of this the faces of the work-
piece are distorted and cross section
approach to the circular one (Fig. 11.2,
11.3).

For example, the rectangular
cross section may be subdivided into
four regions — two triangular and two
trapezium, and boundary lines may be
considered like loci of equal distance
between points of boundary line and
perimeter (Fig. 11.3)

Taking into account the number
of points of the metal, located on the
lines of flow in the cross section, it can
be assumed that after the upsetting the
crosses the type as shown in Fig. 11.3

With increasing of the amount of upsetting the rectangular cross section
approaches to the ellipsoidal one and to the circular. On the basis of above one
can introduce the following principle: during upsetting on conditions that friction
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forces act any cross section approaches to the shape which has minimum pe-
rimeter.

Such a law of alteration of transverse cross sections of the workpiece dur-
ing upsetting was detected at the beginning of the 20th century. On its basis,
the principle of the smallest perimeter was introduced: any shape of the trans-
verse cross section of the prismatic or cylindrical workpiece during its upsetting
in the plastic state, in the presence of contact friction, approaches the shape
with the smallest perimeter for this area, in other words, approaches the shape
of a circle

Such principle is true when:

— the friction on contact surfaces is isotropic;
— friction coefficient is sufficiently large.

For example during upsetting without friction the rectangular cross section
remains the similar to the initial and motion of the points is radial.

Upsetting force may be calculated as

k
q=/1n6y(1+—”:"j, (11.1)

where k, =0,5——: A =1,0...1,15.
6b

Laboratory work procedure

1. Mark contact faces of upset billet with axes. Copy axes onto lateral faces
of the stock. Measure upsetting degree with caliper.

2. Upset the stock 3-4 times. Draw obtained cross sections and fix the height
after every step of upsetting.

3. Draw the base of upset billet after every step of upsetting outlining the face
with a pen.

4. Calculate the upsetting force by formula (11.1) for the 1 and 2 steps and
compare with experimental result.

5. Make report and conclusions.

Control questions

1. Give an example of application of the least resistance principle.

2. Why does the cross-section perimeter approach to the circle?

3. How does friction on contact surface influence the principle of minimum re-
sistance?

4. How is the principle of minimal perimeter formulated?

5. What is the principle of minimal normal?
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Laboratory work Ne 12

DETERMINATION OF FRICTION FACTOR DURING PLASTIC
DEFORMATION

The purpose of the work: to get acquainted with the influence of friction
forces on the processes of metal working and methods of determination of the
friction factor.

Theoretical information

In most of metalworking operations a contact between tool and workpiece
occurs. Due to this metal particles of the workpiece slide along tools surface
causing contact friction. Friction may be considered as harmful factor in the fol-
lowing cases:

Friction causes nonuniformity of deformation because there are shear
frictional forces at tool-workpiece interface which act opposite the direction of
sliding of the workpiece. Due to this the stress state may be changed. For ex-
ample when a workpiece is upset stress state is transformed from uniaxial to
triaxial state due to friction. Friction influences surface layer and causes dead
zone where deformation is restricted. Such nonuniformity of the deformation
causes nonuniformity of the strainhardening and metal properties.

Contact friction increases required force and work of deformation. Due to
eliminating of the friction required force may be reduced 5...10 times.

Contact friction decreases durability both due to direct wearing and due to
additional heating of the surface layer and increasing of the stresses. Eliminat-
ing of the friction may cause decreasing of the tool wear 100...1000 times.

Necessity of application of the lubrication makes the metal working pro-
cesses more difficult and may require additional preliminary machining or work-
ing of the material (plating or phosphating).

The friction during metalworking processes differs from the friction in kin-
ematic pair. The pressure in gear doesn’t exceed 20...40MPa so contact sur-
faces are in elastic state. In case of cold plastic deformation the pressure on
tool-material interface reaches 2000...2500 MPa. The tool surface is deformed
elastically when the workpiece surface is deformed plastically. The shape of the
workpiece approaches to the tool shape. Due to this fact real contact area in-
creases. Contact area is constantly renewed because of flow of material out of
inner zone of the workpiece.

There is a great influence of the scale on process of the friction during hot
metalworking.

There are three types of friction may be encountered in metalworking
processes:

Dry friction is friction between two bodies in absence of contaminations
(lubrications, oxide) of the contact surfaces. High pressure causes sticking of
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the metal-tool interface. Such type of friction is available only in deep vacuum.

Hydrodynamic friction is friction with thick-film lubrication. In hydrody-
namic lubrication a liquid lubricant such as mineral oil may is "dragged" into the
interface between workpiece and die by their rapid relative motion such as in
wiredrawing and extrusion, thereby effecting a full separation between them.
Tool and workpiece are separated with film of lubrication with thickness more
then 10 mm. Hydrodynamic contact friction factor is less than for dry friction
by two order of magnitude. It is necessary to ensure lubrication wedge to pro-
vide the hydrodynamic friction.

Boundary friction. It is the most common case of friction, when the
thickness of the lubrication doesn’t exceed 10°...10* mm. lubricants such as
fatty acids like oleic that form solid metallic soaps with the metal, are remarka-
bly effective as very thin films. Since under certain conditions they are worn
away, they are called boundary lubricants Some of these lubricants are com-
pounds that contain S, Cl, and P, such as chlorinated paraffin (60% CI), and
can withstand very high pressures during operation and are called extreme
pressure lubricants. Any solid film, that has a lower shear strength than the me-
tallic workpiece, can be used as a solid lubricant such as copper, lead, graph-
ite, molybdenum disulphide (MoS:,) (trade name Molykote). There are some
sticking of the metal occurs during boundary friction.

Some of the functions of a good lubricant in metalworking are (1) reduce
friction, (2) reduce die wear, (3) prevent metal pickup on the tool surfaces or
seizing, (4) provide thermal insulation between the workpiece and the die sur-
face in order to prevent excessive heat loss of the former and excessive heat-
ing of the latter, (5) cool the workpiece in some cases to prevent overheating of
the workpiece due to the heat generated during working, and (6) control sur-
face finish of the workpiece.

Some requirements for a lubricant in metalworking are (1) they must with-
stand the working pressure and temperature conditions, (2) they must not dete-
riorate in service and storage, (3) they must be easy for application and easy
be removed and not leave an residue, and (4) they must be safe, nontoxic.

Since the cost of the dies is 10 to 20 percent of the cost of the forgings,
lubrication is an important factor in hot forging and similar processes.

There are several factors causing friction factor alteration. They are:

1. The surface finish of the tool is the main factor influencing friction fac-
tor. The smoother the tool’s surface the lesser friction factor. The friction factor
depends on correlation between direction of sliding of a workpiece and direc-
tion of previous machining. Such phenomenon is called friction anisotropy. It
may causes distortion of the workpiece during plastic deformation. For example
during upsetting round cross section may be transformed in elliptic.

2. The surface finish of the workpiece is important only in initial moment
of deformation. During further deformation the workpiece surface gets the same
quality as the surface of the tool.

3. The chemical composition of the deformed metal influences reduction
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of the friction factor in the following order: steel, aluminium, magnesium alloys,
non-ferrous metals.

4. Heating causes increasing of the friction factor up to some temperature
after which it is reduced but it remains greater than during cold working.

5. Strain rate causes decreasing of the friction factor. For example friction
factor during metalworking on a hammer is less by 20...25% than friction factor
during metalworking in a press.

6. Mode of deformation influences the friction factor. For example vibra-
tion decreases it 1.5... 2 times.

Friction may be reduced by proper lubrication. Commercial lubricants may
also be classified into two broad categories: (1) wet and (2) dry.

Wet lubricants include

1. Pure vegetable or mineral oil

2. Oils with fatty acids and extreme pressure additives

3. Oil, or water-based solid-phase lubricants

Dry lubricants include

1. Solid-phase lubricants carried in volatile solvents

2. Polymeric materials

3. Waxes

4. Liquid glass

Fig. 12.1 shows a wedge-shaped specimen that is used during the ex-
periment. The vertical marks a done at a distance of 2 mm on one side of the
specimen. This specimen is placed between two tapered plates (fig. 12.2).
By applying an external force of deformation, a upsetting of the specimen is
carried out. During upsetting the metal of the specimen moves in both direc-

tions from the axis. There is a sec-

20 tion of the metal specimen flow

pattern that will remain unde-
formed during the upsetting (see

~ LTI 7 fig. 12.2). On the different sides of
) 20 R X the neutral line, the metal moves in

) - different directions. The forces act-

Fig. 12.1. Tapered specimen with ing on workpiece must be in equi-
marks librium because the specimen as a

whole body doesn’t move.

The friction factor may be de-
termined by cold upsetting of the
wedge-shaped specimen. Due to
separation of the flow of the metal
there is neutral plane where the
metal is static. After measuring x;
and x, it is necessary to calculate
Fig. 12.2. Specimen deformed be- friction factor on the basis of fol-

tween two tapered plates lowing equations:
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Let use the Coulomb law which relates the friction forces and normal
load:
T=uN. (12.1)
The sum of all forces projections acting on specimen in X direction on the
basis of equilibrium condition is equal to zero:

2N, sing+27; cosg+2N2 sing—2T2 cos = =0. (12.2)
2 2 2 2

Normal forces N; and N, may be calculated as multiplication of the force
by contact area :

N, =qF,, N,=qF,; (12.3)
A= Lxla, A = sza, (12.4)
COS— COS—
2

where L —is length of the specimen.
With consideration of above equations the equilibrioum equation may be
written as

a a
xltgaﬂtx1 +x2tg5—ux2 =0 (12.5)
On the basis of this equation the friction factor may be calculated as
+
ﬂzutgﬁ_ (12.6)
X, —x 2

Laboratory work procedure

1. Carry out upsetting of lead or aluminum specimens between tapered
plates with and without lubricant material.

2. Use a caliper or ruler to measure the distance from the specimen edges
to the neutral line, which separates the flow. Calculate the value of the fric-
tion factor.

3. Feel the table. 12.1.

Make a report of the laboratory work.

Table 12.1
Results of experiment and calculation
Sr?l?r(:;)neern Sug;?eME:Sh Lubricant X, X, friction factor
1
2
3

Control questions

1. Give an example of a metalworking operation in which contact friction is
active (useful).
2. What is the qualitative difference between friction in the metalworking pro-
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cesses and friction in conventional kinematic pairs of machines?

3. Describe the difference between boundary, hydrodynamic and dry friction.
4. How are the components of lubrication used in hot metalworking?

5. What factors influence the value of the friction factor?
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ADDITION

SOME REFERENCE DATA
Table 1.1
Ultimate tensile strength (o, )
and hardening factor (k)

Material Average values
oy, MPa k, ko, , MPa

AMuAM 100-120 3,5-4,2 420
O16AM 200-220 3,4-3,7 740

Migb 220-250 2,7-3,1 680

J168 350-390 2,4-2,6 910
Cranb 15 380—420 2,4-2,6 1000
CBuHeub 20-35 1,0-1,2 42

Table 1.2

Yielding limits for different materials (Gy),

relative elongations (5p) and thinning (v )

Alloy oy, MPa S, v,
AMuy 130 0,23 0,19
AMr2M 190 0,23 0,19
AMr3M 190 0,15 0,13
AvréM 300 0,18 0,15
019 440 0,18 0,15
020 420 0,16 0,14
BY5 520 0,14 0,12
Table 1.3
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Material properties

Material oy, , MPa B, MPa m
Sheet steel 10 KI1 300 500 0,30
Steel CT 3 430 770 0,24
Steel Ct 20 450 720 0,17
Steel 1X18HI9T 620 1180 0,29
AMuAM 120 220 0,20
O16AM 210 330 0,15
B-25M 210 310 0,12
Lead 15 32 0,37
Tin 27 63 0,51
Zink 110 130 0,05
Nikel 500 1030 0,36
Copper annealed 230 480 0,38
J168 300 740 0,44
JIMLI-58 400 720 0,24
Titanium alloy BT1-[] 470 960 0,12
Table 0.4
Expansion parameters
o o
LIB | myy=1 | Hjy=2| LB | Hjy=1| H/y=2
0,50 0,19 0,22 1,2 0,43 0,35
0,60 0,23 0,24 1,3 0,46 0,36
0,70 0,27 0,26 1,4 0,48 0,38
0,80 0,28 0,27 1,5 0,51 0,39
0,90 0,30 0,28 1,6 0,53 0,41
1,00 0,37 0,32 2,0 0,58 0,47
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