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YMOBHI NO3HAYEHHA

o, — TM4acoBuiA onip;

o, — rpaHnuAa NNMHHOCTI MeTarny;,

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

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;

£, — IHTEeHCUBHICTb AedpopmaLlin;

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 guckiB (i3 BUCOKONerosa-
HUX cTanen), pnaHuiB Ta iHWKX geTaneun, 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-
KW Yy BIOKPUTUX | 3aKPUTUX MaTpULUSX; 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).

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

|
7 7\€ | BOCTSIMM 1 BUTOTOBIIEHHA BUPOGIB
|
|
ANNNNN

-\

Z (MOKOBOK) HeObXiaHOI hopmMu.
Y npoueci ocagkum rnepemi-
LLIeHHA YacTUHOK MeTany Biabysa-
€TbCA HEpPIiBHOMIPHO 4epes BNiuB
CuI TepTH, WO BUMHUKAOTb Ha KOH-
KPEeTHIN NNOLWMHI MK MeTanom Ta
a 6 iHCTpyMeHTOM. Cunn TepTa ranb-
Puc. 1.1. Ocagka nnocknmm 6orkamu MYIOTb 3CYyB LUapiB MeTany B 30-
no (a) i nicna (6) pedopmadii: HaX, WO NpundaratTb A0 MIOWMHA
1 — BupIB; 2 — Bonkn iHcTpymeHTa. Wapn metany, Big-
JaneHi Big KOHTaKTHUX MOLWNH,

O

< /]

|
|
|
|
R

AedOopMYTbCH iIHTEHCUBHILLE.

Cunun TepTa Ha KOHTaKTHUX MOBEPXHAX 3YMOBEHI BUHUKHEHHAM 06'€MHO-
Hanpy>XeHoro CTaHy Tifa BHACMIQOK TOro, Wo A JOTUYHUX HanpyXeHb, Cnpu-
YNHEHUX TEPTAM Ha KOHTaAKTHUX MMOLMHAX, PO3NOAINAETLCA MO BUCOTI Tina He-
PIBHOMIPHO (MaKCMMyM — Ha KOHTAaKTHIN NSIOLLMHI, HYNb — Ha MONOBUHI BUCOTH
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ocagKkyBaHoro Tinia). OB'eMHO-HaNpy>XeHU CTaH | Tedia meTany npu LboMy
OyayTb HEPiBHOMIpHUMUW. 30BHILLHIA NPOSB L€l HEPIBHOMIPHOCTI nonsirae B To-
MY, WO MOKOBKa LnniHapWYHOT bopmu (ame. puc. 1.1, a) nicna ocagkm HabyBae
boukonogibHoi hopmun (aus. puc. 1.1, 6).

CTyniHb i XxapakTep 6oykonoAibHOCTI 3anexaTb Hacamnepes Big, Koediu,i-
€EHTa TepTHa: YMM OiNbLUMM € OCTaHHIN, TUM CUNbHIWUM Byae raribMyBaHHA TO-
YOK, po3TalloBaHMX Ha Topusx. [Mpn LbOMY B HU3bKMX 3aroToBKax 3 BifHOLLEH-

HAM (do/h0)>1 nepepi3 nocepeauvHi TBIPHOI Mae MaKCUManbHUK OiameTp,

TO6TO 3aroToBKa Bigpady HabyBae 6GoykonogibHol dhopmu, MPUYOMY CTYMiHb
B©o4konoibHOCTI 3MEHLUYETLCS 3i 30iNbLIEHHAM BiOHOWEHHS AiameTpa OO0 Bu-
COTU 3paska.

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

LeC TPOXW YCKNMaAHKETLCA: NPU Manux CTyneHsiX ocagku 3pasok bins Topuis
HabyBae opmMn NOABIMHOI BOYKM 3 CEPEeaUHHOK LMUMIHOPUYHOK YacCTUHOLO.
Hani giameTp umniHOpUYHOI YacTUHKU 36iNbLUYETLCS, | 3aroToBka HabyBae o-
pMU UuniHapa, 0 AKOro NpunararTb KiHUi y BUMMS4l 3pidaHUX KOHYCIB 3 MEH-
LoD OCHOBOW B TOpusX. [Npu we OBinbwomy ctyneHi gedopmauil (40...50 %)
AiameTp cepeaHboro nepepidy 36inbWyeTbCs iIHTEHCUMBHILLE W 3aroToBka Haby-
Bae 6o4ykonoaidHoT doopmu.

[Mpn BigHOLLIEHHAX do/ho, wo pgopisHoTb 1,0...0,5, MOoXHa ogepxaTtu

noAaBinHy BOYKy, sika Npu NoganblUin ocagui Yepes iHTEHCUBHE 36iNnbLUEHHS ce-
peaHboro giameTrpa NepeTBOPHETLCA HAa OAUHAPHY 3 MakCUManbHUM diameT-
pOM NocepeaunHi 3aroToBKU. /
3O0BHILLHIN KOHTYP CKPUBIIOETHCS Yepes
HeoaHOPIAHICTL AedopMauin TPbOX BHYTPILL-
HiX 30H (puc. 1.2) Ta eneMeHTIB ocaXXyBaHoOl
3aroToBku. 30HM |, WO NpunaratoTb 4O TOpLiB

F\ C
. /.
3aroToBKM, MalTb He3HadHy gedopmalito

yepel BB CUJ1 TepTAd Ha KOHTaKTHUX noBe- //// § ’/_' i/,

PXHSIX, 9Ki CTBOPIOIOTL Y LIMX 30HAX Pi3KO BU-
paxeHun BcebidHuM cTtuck. Lli 3o0HM € 3o0Hamum
yTpyaHeHol gedopmadii. Metan ycepeguHi ///

LUMX 30H € MEeHL NiggaTnvMeBMM i Ha4Ye PO3KNu-

HIO€ 30HY II, sika 3HaxoanTbCA MK HUMWU. [le-  pyc. 1.2, XapakTepHi 30HM
bopmaLlii enemMeHTiB 30HM || HaniHTeHCMBHIWI  pHyTpiWwHIX AedopmMaLilt

B OCbOBOMY W papjianibHOMYy HanpsmMkax. [e-

doopmadii eniemeHTiB 30HU Ill IHTEHCUBHI B NPOMIKHOMY MOMOXEHHI MiXK 30HaMu
Lill.

HeopHopigHicTe gedopmadii nig 4Yac ocafkym ChpUYMHAE HaKOMUYEHHS
A00aTKOBUX HaMpyXeHb, a Le Npu3BoanTb A0 TOro, WO B Aedknx obnacTtsx Tina
MOXYTb BUHUKHYTWU 3HAYHI PO3TSXKHI Hanpy>XeHHA. [1osiBy OCTaHHIX 3Ha4YHOK Mi-
PO CNPUYMHSE PO3BUTOK BOYKONOAiBHOCTI.
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HepisHOMIpHICTb gedopmauin nig Yac ocagkm B XOSIOOHOMY W rapavyomy
CTaHax MOXHa 3MEHLUMTN 3 ONOMOroK AesKUX creuiaribHMUX 3axomis.

34iMCHIoYM XonoaHy ocaaKy, ctTapaHHO 0bpobnsatoTe pobody nosepx-
HIO MAKUT npeca abo GoukiB WidpyBaHHAM i NOSipyBaHHAM 3 ONOMOro Mac-
TMN (Hankpawi pesynbTaTu Jae CyMilwl MalIMHHOro Mactuna 3 rpaditom, Kpen-
A0K0 Ta iHWKMMKM HanoOBHIOBaYaMK) i NPoKnagok i3 6inblu m'akoro metany (sSkum
Mae MeHWwun onip AedopMyBaHHIO, HiXX ocamkyBaHun meTan). Npu ubomy B
Aesknx Bunagkax 6o4konofibHicTe Moxe 6yTu LINKOM yCyHeHa.

MeTan npoknagok, 4edOpMYyHYNCh | BUTIKAOYN B LLIFIMHY MK MAUTOK 1
TOPUEM MMOKOBKW, CTBOPIOE Ha OCTAaHHbOMY PO3TSXKHI HAMPYXeHHs, Wo NpuBo-
AUTb 0 3HAYHOro 3MEHLUEHHS 3yCunnsa n nMToMoro TUCKY gedopmMyBaHH4A. Ta-
Ka cTagisa ocagkum 3 NpokKnagkamMn XxapakTepusyeTbCcs TUM, Lo BiyHa noBepxHS
MOKOBKWN MNOYnHae BunuHatucs. Lle aBuwe noymHaeTbCa B TOM MOMEHT, KOMU
ANTOMUIN TUCK, HEOBXiAHMM ANda nodanblUOol Tedil maTepiany npoknagku, 4opis-
HIOE MUTOMOMY TUCKY OCaXXyBaHOro 3paska. Takmm 4MHOM, ePeKTMBHICTb 3a-
CTOCYBaHHS MPOKNaAKN 3HMXKYETLCS 3i 3MEHLLEHHAM 1T TOBLUUHMN.

30INCHIOYM rapsaYvy ocapKy, KpiM nepesnivyeHoro BuLle 3acTOCOBYHOTb
nonepeaHe nigirpisaHHA NnuT npeca abo 6oKMkiB MofoTa, ik MacTuno GepyTb
rycty rpadpitoBy nacty n asbectoBi nuctu, npocoyeHi rpaditom. Npn ubomy
Npoknagkn HeobxigHO HarpiBaTu pa3oM i3 OCaaXKyBaHOK MOKOBKOHO.

[nsa BM3HA4YEeHHA NMUTOMOrO TUCKY M 3YyCUNMA OCafKu 3aroTOBOK MOXYTb
OyTn BUKOPUCTaHI pi3Hi MeToau po3paxyHkiB. OguH i3 HUX nonsirae B CRifibHOMY
pO3B’sA3yBaHHI pPiBHSAHb piBHOBaruM 1M nnactudHocTi. Lle gae 3mory BCTaHOBUTH
3aKOH po3noAiny pagianbHUX Ta OCbOBUX HaMNpy)XeHb 3a YMOB BiflbHOI OcafKu
UMNIHAPWUYHUX 3aroTOBOK. 3aKOH PO3Mnogisly HopMaribHUX HanpyXeHb Ha KOHTa-
KTHI NOBEPXHi 3pa3ka NpMbNn3HO BUPaXXaeTbCs 3anexHICTIO
2%6S(R—r)+ﬂas, (1.1)

zz

Ae 4 — KoeiUiEHT TepTa Ha KOHTAKTHIN NOBEpXHi; f — KoedilieHT nnacTuny-
HOCTI, WO 3MiHIOETLCSA B AianasoHi Big 1,00 o 1,15; R, » — 30BHILWHIN i NOTOY-
HUW pafiycy 3paska BiANOBiAHO;, o, — rpaHnLA NIMHHOCTI MaTepiany 3aroToB-

KW, h — BMCOTa 3paska.

CTyniHb HEPIBHOMIPHOCTI pPO3Mo4ifly HOpMasibHUX KOHTaKTHUX HanpyXeHb
Ha TopLi OCaZKyBaHOI 3aroTOBKWN 3anexXunTb Bif KoeilieHTa KOHTaKTHOro TepTs
N BiAHOLWEHHA AiameTpa 3aroToBKM A0 1 BUCOTU. Ymm Binblwinm € ue BigHO-
LUEHHS, TUM BULLMM Byae HanpyXeHHS B LEeHTPI 3aroToBKN.

HepiBHOMipHUI po3noaisi HoOpManbHUX HanpyXeHb Y 30HI KOHTaKTy crpu-
YNHSAE MICLLEBUN HEPIBHOMIPHUI NPOrvH iIHCTpyMeHTa. Hanpuknag, nig vyac goo-
pMyBaHHs-KanibpyBaHHA Le NpuU3BOAMUTb OO0 TOro, LLO TOPLEBI MOBEPXHI 3aro-
TOBKM Nicnga AedOpMyBaHHA He 3anuwarTbCa NNOCKMMK, a HabyBaloTb 6oYKo-
nofibHol hopmu.

Poanogin HopmanbHUX HanpyXeHb MO KOHTaKTHUX MOBEPXHAX Nig 4ac
0OCaJKu1 3aroTOBOK MOXHa BMBYaTU Pi3HUMK cnocobamu. AKICHO xapakTep erto-
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Py HOPManbHUX HanpPyXeHb MO KOHTaKTHIA MNOBEPXHI MOXHa OUiHUTK 3a rnMnbu-

HOO 3aTikaHHs MeTany B LWifNHY, BUKOHaHY Ha NOBEPXHi O4HOro 3 6oMKiB.
BusHayeHHA entop HOpMasibHUX HarnpyXeHb 3a PisHUMU eKcrnepuMeHTa-

NbHUMW MeTo4aMM MoKasye, WO KynononogibHnn BUrnsa KpUBUX pos3noginy Bi-

ANoBigae NuLLe 3aroToBKaM i3 BENUKUM BigHoweHHsaM d, [/, , a Takox 3i 3Hau-

HUM cTyneHem gedpopmauii. Ha puc. 1.3 nokasaHO 3MiHEHHA dhopMn rpebiHus
3aTikaHHs MeTany B npoLueci ocagkn UuniHAPUYHOroO 3paska, KOv BiAHOLLEHHS
AiameTpa 4O BUCOTU LOPIBHIOE OOVHULI MPU Pi3HUX CTYNeHsx gedopmadiil.
[Mpn  HU3bKMX  CTYNeHsx
P Y £=0,1 £=0,2

aedopmalii, a TakoXx mManux Bi- c@ %

avowenHsix (d,/hy) <2 eniopun %
HOpMaribHUX HanpyXeHb MNpPUH-

LMNOBO Pi3HATLCA. KpuBi MatoTb

YBIrHYyTUN BUrNa4, Mpu LbOMY %

HOpMarbHUA TUCK Yy nepude-

PiHNX 0BnacTaX KOHTAKTHOI Puc. 1.3. BusHaueHHs entop
NOBEPXHi BINbLUNIA, HiX Y LEHTPI. HOPMarbHUX HaMpyXeHb

Lle nigTBepoXyetbca OOPMOIO

npocinto rpebiHusa mMeTany, WO nNig Yyac ocagku notpannde y BY3bKy LWiNVHY
6orika. [lpuM BUCOKMX CTyneHax AedopMauii M BENUKUX BiOHOLUEHHNAX

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

Hi 30HI NepeBULLYIOTb HaNpyXeHHs Ha nepudepinHux AOifigHKax KOHTaKTHOI
NOBEPXHI.
[MoBHe 3ycunns onsa 34iMCHEHHs NpoLecy 0cagku MOXXHA BU3HAYUTU Tak:
R

P= 27ZJ o rdr. (1.2)

BukopucToBytouM iHXEHEpPHI MeToan, BM3HA4YaTU 3YyCUNNSA ocagku 3pyd-
Hiwe sk 4OBYTOK NNoLLi NonepeyYyHoro nepepisy 3aroToBKU U cepeaHboro nUTo-
MOro TUCKY AedOpMyBaHHS:

P=q_ F, (1.3)

cep
ne I — nnowa ropnsoHTanbHOI NPOeKLii 3aroToBKM.
CepeaHinn nuToMnin TUCK ANa OCagkn LWMMIHOAPUYHOT 3aroTOBKM MOXHa pPo-
3paxyBaTu 3a BUpa3om

qcep: ¢ 1+§Z , (14)
e d i h — NOToYHI 3HaYeHHs aiameTpa i BUCOTM 3aroTOBKU BiAMNOBIAHO.
[nsa ymoB rapsa4voi ocagku B piBHSAHHA (1.4) HeobXxigHO NiacTaBUTKU 3Ha-

YeHHA O, fIke BiAnoBigae iHTepBarny KyBarnbHMUX Temneparyp, a A yMOB XO-
NogHOI — ypaxyBaTu Hakrer, LWo CyrnpoBOLXKYE XONOAHY NracTtuyHy nedopma-
Lito meTany.
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HanTouyHiwe nigBuLLEHHA rpaHuLi NAWMHHOCTI MeTaniB yHacnigok Hakneny
(3MiLHEHHST) ypaxoBYETLCA CTENEHEBOKD anpoKcMMauieto giarpaMmn 3MiLHEHHS:

_ m
o, =Be". (1.5)
CtyniHb gedhopmauil metany nig 4yac ocagkM MPUAHATO BU3Ha4aTU 3a
CNiBBIgHOLLUEHHSAM

£, =1n@, (1.6)

k
Ae h, i h, —no4yaTKoBa ¥ KiHLEeBa BMCOTa 3aroTOBKM.

3HayYeHHsA KOHCTaHT B i m pns pisHMX MapoK MarepianiB HaBegeHO B
Tabn. [.3.

NMopsaaok BUKOHaHHA nadbopaTopHOi poboTu

1. OnucaTtu npouec XONOAHOI OCadkn LMMIHAPUYHOT 3aroTOBKW Ha rigpasriiy-
HOMY npeci.

2. 3adpikcyBaTh rno4vaTkoBi NapamMeTpu, KiHLEBY BUCOTY, MakCMManbHUW Aia-
METp 3aroTOBKM Ta 3HAYEHHS 3yCuUnns.

3. PospaxysaTu 3ycunns gns ocagkuy i 3HangeHe 3HavyeHHs NopiBHATU 3 eKc-
nepyMeHTanbHUM.

KoHTponbHi 3anuTaHHs

1. ke TexHiyHe Npu3HaYeHHs onepadii ocagku 3arotoBok?

2. UWlo cnpununHsie ckpmBneHHsa BiYHOT NOBEPXHI 3aroTOBKM B NPOLECi ocaakn?

3. Aki icHytoTb MeToan 6opoTbbn 3 BouKoNoAIBHICTIO 3aroTOBKM Mig Yac Xo-
noaHoi ocagkn?

4. Aki icHytoTb MeToam 6opoTbbu 3 BovkonoaibHICTIO 3aroToBKM Nig vac ra-
pAY0T ocagkn?

5. Yomy xonogHa ocagka 3 BUKOPUCTaAHHAM NPOKIaAoK i3 BinbLu M'sskoro me-
Tany gae 3aMmory 3aMeHLWwnTn 6o4konoibHICTe Ha NoYaTKoBIM cTagii npouecy?

6. 3 KoK MeTOo nigirpisatoTb IHCTPYMEHT, WO AedOpPMYE, KOSU 34INCHIOTb
rapsiyy ocazky 3aroToBOK?

7. Hapucyinte entopy po3nogisly HopMasribHOro TUCKY B34O0BX pagiyca 3aro-

TOBKW ANS YMOB 0CaAKu 3 HU3bKMMU CTYNeHsaMu aedopmalii npu (do/ho) <2.

NabopaTtopHa po6oTa Ne 2
BUITOTOBNEHHA 3AFOTOBOK XOnNoaHMM BUOABJTIOBAHHAM

Mema pobomu: 03HanOMUTUCA 3 OCOBNMBOCTSIMU BUFOTOBIIEHHS 3aroTo-
BOK MOPOXHUCTUX AeTanen XonoaHNUM BUAABNOBAHHSIM.

TeopeTnyHi BigomMmocTi

XonoaHe BUAaBMOBaHHA € orepauieto 3 BUroTOBNEHHA TOHKOCTIHHMX Oe-
Tanen abo TOHKMUX 3aroTOBOK i3 TOBCTOI 3aroTOBKM BHACMNiAOK N1aCTUYHOIO BU-
TiKaHHS MeTany B 3a30p MiX MyaHCOHOM i MaTpuuelo.
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XonoaHe BMOaBntoBaHHA — HaA3BUYanMHO ehekTMBHA TEXHOSOrYyHa ore-
pauis 3 BUrOTOBIEHHS AeTanen, Wo B noganblioMy NpakTu4YHo He noTpebyBa-
TUMYTb MexaHi4Horo obpobneHHs. [Jetani Ta ix 3aroToBKW, BUrOTOBIEHI BUaa-
BNIOBAHHAM, He MalTb AedEeKTHOro NMOBEPXHEBOro LUapy, SIKUA YTBOPKETHLCS
nig Yyac raps4yoro obpobrneHHa meTany v nignarae noganswomMy BUAANEHHIO B
CTpYXKy. [llig 4Yac BmgaBnoBaHHSA Mae€ Micue crnpuatnmBa cxema 06'eéMHo-
Hanpy>XeHoro CTaHy, Lo NpuBoanTb 40 36iNblUEHHS NAAacTUYHOCTI MeTarny no-
YaTKOBOI 3aroToBKW. [leTani, BUrOTOBMNEHI XONOAHUM BMOABOBAHHAM, Xapak-
TEPU3YTbCA BUCOKMMWN MOKa3HMKaMM WOA0 TOYHOCTI pO3MIpiB i AKOCTI noBep-
XHi. Kpim Toro, Hakrnen, Lo CynpoOBOLXYE XONOAHE BUOABMNIOBAHHA, NMPUBOANTL
A0 CYTTEBOro NigBULLIEHHS MILHOCTI, HAAIMHOCTI 1 AOBroBiYHOCTI BilTaMnoBa-
HUX geTanemn.

Y cy4yacHin NpoOMUCIIOBOCTI XONOAHUM BUAABIOBAHHAM OLEPXYOTb Haun-
Pi3HOMaHITHIWI 3a popMoto aeTani 3 KOSIbOPOBUX CNIiaBiB | CTanemn.

Y TexHonorii BUpobHMUTBA NiTanbHUX anapariB XoN04HMM BUAABIOBAH-
HAM MOXHa ofepXXyBaTu Pi3HOMaHITHIi BUpOOW: 3aroToBkM W geTani NHEBMO-,
rigpo- M nanuBHUX CUCTEM, AeTarsri 3 KPpyrinumu i NpAMOKYTHUMWU rnepepizamu,
TUMNY TOHKOCTIHHMX CTaKaHiB Ta iH.

ICHYIOTb TPM OCHOBHI CNOCcOBU X0No4HOro BUAABNIOBAHHSA:

e NPSIMUKA, KON Tedisi MeTany 3aroToBKM cnpsimoBaHa B 6ik pobo4oro pyxy
nyaHcoHa (puc. 2.1, a);

e 3BOPOTHWUWM, KOMW Tedist MeTany 3aroToBKM CnpsiMmoBaHa HasycTpiy pobo-
YoMy pyXxy nyaHcoHa (puc. 2.1, 6);

e KOMGiIHOBaHUN, WO 06'eaHYE NPSIMUIA | 3BOPOTHUI cnocodu (puc. 2.1, 8).

Mpamuin cnocibé Han4yacTile 3acTOCOBYHOTb 4SSl BUFOTOBIIEHHA TPYOOK i
rinb3 3 HEBENMUKMMU AdiameTpamun. [ns BUroTOBMEHHS rifib3 i3 geHueM NpsiMmm
cnocobom 3aroToBka NoBMHHA MaTu opMy AmMcka abo TOBCTOCTIHHOINO KoBMnau-

< B ; B g
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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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Ka. XonogHe BMAABMOBAHHA NPAMUM CNOCO60M 3BMYAMHO 34iINCHIOETHCSA MPU
MEHLLOMY CTyneHi gedopmadii n noTpedye MeHLOoro 3ycunnsg npeca.

3BOPOTHMIAN CNOCIO XONOAHOr0 BMAABIOBAHHS BUKOPUCTOBYIOTb AS1S1 BU-
FOTOBIIEHHS LMITIHAPUYHUX | NPU3MaTUYHMX NOPOXHUCTUX BUPOOGiB. Onip gedo-
PMYBaHHIO NpY 3BOPOTHOMY CNOCOBi BUAABIIIOBAHHS BULLMI, HXXK NPU NPSIMOMY,
yHacnigok 6inbll BUCOKOro CTyneHs gedpopmadii matepiany 3arotoBkn. OTxe,
Luen cnocib BuaaentoBaHHA NOTpebye BUKOPUCTAHHS Oifibll NOTY)XHUX MNPECIB.
3i 3MEHLEHHAM TOBLUMHKU CTIHOK NOTPIGHMI TUCK 36inbLUyETHCS.

KombGiHoBaHMI cnoci® xonogHoro BnaaBntoBaHHS 3aCTOCOBYOTb NS BU-
roToBNeHHs getanen 6inbw cknagHnx oopm, 3 irypHUM AHOM, WO Mae Bigpo-
CTKW, BUCTYNU, Wnnn. 3a poamMipaMmn NoTpiGHOro NMTOMOro TUCKY KOMBiHOBaHWI
cnoci6 3anmMae NPOMiKHE MONOXEHHS MiXK NPAMMM | 3BOPOTHMM criocobamu.

Xapaktep Tedil MeTany nig Yac XxonogHoro BuaaBfitoBaHHA MOXHa OOCIi-
>KyBaTU 3 JOMNOMOIOK OifIUABbHOT CiTKU, AKY HAHOCATb Ha MMOLLMHY PO3HIMaHHSA
CKNnaZleHol 3aroTOBKM, i WWIISIXOM MeTanorpadiyHoro aHanisy. Ha puc. 2.2 noka-
3aHO KapTUHY CKPUBIIEHHSI KOOPAMHATHOI CITKM Yy NpoLeci Xono4HOro 3BOPOTHO-
ro BUOaBntoBaHHA. YHaAcNigoK aHani3y CKpUBIIEHHA KOOPAMHATHOI CiTKM W Ha-
NPAMKIB BOJTIOKOH MeTany AoBeAeHO, Lo Mif Yyac XonogHoro 3BOpOTHOro BMaa-
BNIOBaHHA BUHUKAE OocepenoK iHTeHCMBHOI aedopmadii (Mixk noBepxHaMn Ab i
BlN), Wo NocTynoBO NepeMilLyeETbCA BHMU3 1 OXOMSOE HOBI LWapu 3arotoBku. Y
PO3TaLLOBaHNX HWXYEe AiNsHKax iHTEHCUBHICTbL Aedpopmalii NoCTyrnoBO 3MeH-
wyeTbes. CTiHKa, WO BMOABIOETLCSA Bropy, BUXoAs4M 3 ocepenky aedopmadii,
NpakTUYHO He 0eOPMYETLCA U NePEMILLYETLCA Bropy BUTUCHEHUM 3HU3Y Me-

! Tanom. C. |. N'ybkiHnm [4] 6yno gose-
AEHO, WO B Mpoueci 3anuuKoBOro
dOPMO3MIHEHHST Ha MNacTUYHICTb
) MaTepiany BnsMBae cxemMa Hanpyxe-
HOro ctaHy. 34aTHICTb MaTepiany 3a-
rOTOBKM CNpUUMaTU ICTOTHI 3anuLu-
KOBi gedhopmadil 6€3 nopyLleHHs cy-
LiNbHOCTI 3a YCiX iHWKUX PiIBHUX YMOB
byae HambinbLWOW y TOMY BMMNAAKY,
q KON eremMeHTapHuii ob'emM marepia-
d ny nepebysae B ymoBax, Gnm3bKux
( /| 00 BcebiyHoro ob6'eMHOro ctucky. Ta-
7 7 7 7 7 /_/4444] .
KMM YMHOM, BUOABNIOBAHHA SK crnocib
0b6pobrieHHs MeTaniB Ma€e 3Ha4Hi ne-
Puc. 2.2. CKpUBMEHHS KOOpaAMHaTHOT ~ PEBarn MOPIBHAHO 3 iHLWWMK BUAAMU
CITKM Nig 4ac X0NoaHoro O6pO6J'IeHHF| MeTarniB TUCKOM. L|,I-O
3BOPOTHOrO BMAaBOBAHHSA 0COONMBICTb npou,eciB BOaBI1lOBaH-
HA LUMPOKO BUKOPUCTOBYIOTb Y TEXHi-
Ui ans obpobneHHa mManonnacTUYHMX MeTanis i crnnaeiB, CXUSTbHUX OO YTBO-
PEHHS TPILLMH | pO3PMBIB.
Y pasi xonogHoro BMAAaBMIOBAHHSA Tak camMo, SIK i B BiNblWOCTI BUNagkKis
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npoueciB 06pobneHHss meTaniB TUCKOM, nnacTuyHa gedopmadis BigbyBaeTbCs
BHACNiAOK CUOBOro BNMUBY, SKUA NepefacTbCs Bif IHCTPYMEHTa Ha 3aroToBKy
Yyepes MOBEPXHIO 1X KOHTaKTY. [MpnpoaHo, Wwo pesynbTaTu Lboro BNAuBY 3are-
XaTb Bif, MeXaHiku po3BUTKY HOpMaribHUX KOHTaKTHUX Hanpy>XeHb i Hanpy>XXeHb
TepTs, a KepyBaHHA KOHTAKTHUM TepTAM OaCTb MOXNUBICTb SKHaneeKTUBHI-
LLe BOOCKOHanoBaTh npouecu obpobneHHa TUCKOM.

TepTa nig 4ac o6pobrieHHA MeTany TUCKOM, 3a BUHSTKOM OKpeMMUX orne-
pauin, € LWKIANTMBUM YNHHUKOM 3 BaraTtboX NpuymH [7].

KOHTakTHe TepTs cnpuunHAe HeoaHopigHiCTb aedopmadii. Lle nosicHio-
E€TbCA TUM, O B KOXHIA TOYLi NOBEPXHI KOHTAKTY 30YIKYIOTbLCA eneMeHTapHi
OOTUYHI CuUnn TepTd, HanpsMneHi

NPOTUIEXHO KOB3aHHIO MeTany o :
ngBe o crany 2| (mads |

pxHi iHCTpymeHTa. [l TepTs S
Bifl KOMTAKTHMX MOBEPXOHb mowm- § /| |
poeTbes BrMnG gedopmoByBaHoro | /

Tifla N CTBOPKOE B HbOMY 30HU YTPY- (mada |l |
AHeHol aedopmaldii. HeogHopia- ‘[ ey
HiICTb gedpopmadin nopylwiye igeH- | | LmadiA
TUYHICTb YMOB nepebiry 3miuHioBa- /

NbHUX | 3HEMILHIOBaNbHMX NpoLeciB | |
y Tini 3arotoBku, WO OedOpMYyETb- | | |
cs. YHacnigok uboro MoXxe BUHUK-

HYTU HEOOHOPIOHICTL MeTaniB no Xid nyarcona
nepepisy. lig 4yac 3BOPOTHOro XoO- '

NOAHOMO  BWAABMIOBAaHHA  (AMB. Puc. 2.3. [iarpama 3ycunb BUAaB-
puC. 2.2) YTPYAHEHOK 30HOK ne- NIOBaHHA 32 3BOPOTHOK CXEMOHO

dopmallii, Wo 3ymoBneHa i€t cun
TepTs, € 30Ha Ab.

Omxe, Yyepes HasBHICTb KOHTAKTHOro TepTs 30iNblUytoTbCA MOTPiIGHE 3y-
cunna n pobota gedopmadii. 36inbLEeHHS NOTpiIGHOro 3ycunns iHoai Moxe By-
TV HEMNOMIPHUM — Yy [eKinbKa pasis.

Mpyn LbOMY 3HMXKYETBLCA CTIMKICTb IHCTPYMEHTa sk Yepe3 besnocepeHe
cnpaubOoBYBaHHS KOHTAKTHOT NOBEPXHi, TaK i BHACMIAOK 4OA4AaTKOBOro HarpiBaH-
HA NOBEPXHi 1 36iNbLUEHHS HANPY>XeHb Y 3B'A3KY 3i 3pOCTaHHAM 3YCUINS.

Uepes KOHTaKTHe TepTs BUHUKAE HEOBXIOHICTb Y 3aCTOCyBaHHI TEXHONOTI-
YHMX MacTun. Lle ycknagHioe TexHonoriyHmi npouec, a iHoai notpebye none-
peaHboro cneuianbHOro 06pobneHHA NoYaTKOBUX 3aroTOBOK.

HomeHknaTypy macTtun ans sBMnagkiB rapa4oro obpobneHHs meTanis Tu-
CKOM, Y TOMY YMCIi 1 BUOaBnoBaHHAM, HaBegeHo B poboTi [7].

[na 30incCHEHHsA npouecy XONo4HOro BMaaBnoBaHHA HEOOXiAHO nNpukna-
CTW OOCUTb BENUKNN NMUTOMMUN TUCK.

TunoBa pfiarpama 3ycunb BUAABMOBaAHHA 3a 3BOPOTHOK CXEMOH
(puc. 2.3) Bigobpaxkae okpeMi xapakTepHi ctagii gecdopmysaHHs. Ctagia | —
ocafKka [0 3anOBHEHHSA MYyCTOT MaTPULi — XapakTepU3yeTbCa iIHTEHCUBHUM 3PO-
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CTaHHAM 3ycunb. Lia cTagis 3aBepluyeTbCs B TOM MOMEHT, KON BUTUCHEHUN 3
ocepenky gedopmadii Mmetan gocsirae BEPXHbOro Kpaw LMNiHOPUYHOrO nosicka
nyaHcoHa. Ctagis |l — ctanuin pexxum BuaaBntoBaHHsA — Bignosigae crtabinisauii
ocepeaky aedopmadii 1 xapakTepuayeTbCa CTasnicTio 3yCcunns npecyBaHH4. Ha
ctragii lll — 3akntoyHin cTagii gedopmyBaHHs — 06'eM MeTany B ocepenky ae-
doopmaLii 3MeHLLYETBLCSA, a KpBa 3yCUnns pisko nigHiMaeTbeA.

baraTto piBHAHb A5 BU3HAYEHHS NOTPIGHMX 3HAYEHb MUTOMOIO TUCKY XO-
noaHoro BuaaentoBaHHA HaBedeHo B poboTi M. B. CtopoxeBa n €. A. lNonoea
[11]. Lli 3anexHoCTi, xo4a U ypaxoBylOTb BUA CXeMW BUOABIIHOBAHHA, reoMeT-
PUYHI XapakTEPUCTUKN IHCTPYMEHTa W 3aroTOBKW, € HabnvwxkeHumn. [Ons Bupi-
LUEHHSI KOHKPETHUX NPaKTUYHUX 3aB4aHb BUKOPUCTOBYBATU Li PIBHSAHHSA OOCUTb
HEe3py4YHO Yepes X CKMagHiCTb. TOMy ANs iHKEeHepHOro OUiHIBaHHSA NOTPIOHNX
3yCcurb BUOABOBAHHA MOXHa pekoMeHayBaTu MpOCTii, xoda n rpybiwi, pos-
paxyHKOBI 3aneXHoCTi, ki HaBegeHo B poboTax [9, 11].

[MnTOMUIM TUCK XONOAQHOrO BUAABIIOBAHHSA Pi3HUX MaTepiasiB MOXHa po3s-
paxyBaTu 3a Takok popMyroLo:

F
g=ko,In—"—, (2.1)
0 Ez
ne k., — eMnipuYHNA KOEMILIEHT, L0 XapakTepusye 3MiLHeHHs (Haknen) maTe-
piany aedopmMoBaHOI 3aroTOBKM W ONMip TEPTA HA KOHTAKTHUX NMOBEPXHSAX, 3Ha-

YeHHS sKoro HasefeHo B Tabn. [1.1; o, — rpaHnua MiLHOCTI MaTepiasny 3arotos-
ku; [, i F, — nnoLli nonepeyHoro nepepisy MaTpuLi i nyaHcoHa.

3ycunna Ha cTanin ctagil npecyBaHHA 3a 3BOPOTHOK CXEMOK BU3Ha4a-
I0Tb Tak:

F,
P=Fq=Fko,In——. (2.2)

0 n
NMopsaaok BUKOHaHHSA nNabopaTopHOi poboTu

1. O3HaNOMUTUCS 3 ONUCOM M 3aHECTW OCHOBHI BiAOMOCTi 4O 3BiTY NpO BU-
KOHaHHS1 nabopaTopHOI poboTu.

2. O3HaNOMUTUCA 3 KOHCTPYKLIED TEXHOMOr4YHOI OCHAcTkM (WwTamna) Ans
XO0J10QHOro BUAaBnoBaHHSA, BUKOHATU 11 €CKi3 Y 3BiTi.

3. BuMipaTu reoMeTpuyHi napameTpu No4aTKoBOI 3aroTOBKM.

4. Po3paxyBaTun NOTPiOHI 3HA4YEHHHA MUTOMOro TUCKY, 3ycunns gedopmMysaH-
HSA.

5. BukoHaTu xonogHe BuaaBnoBaHHA geTani 3 Nno4yaTKOBOI 3aroTOBKW Ha ri-
ApasniyHoOMY Mpeci.

6. MNopiBHATM ogepXaHe 3HAa4YEHHA 3yCUNIs 3 pO3paxyHKOBUM.

7. BukoHaTn ecki3 ogepxxaHol geTani, po3paxyBaTu 3Ha4YeHHs poboTu, BU-
TpayveHol Ha 1T POPMOYTBOPEHHS.

8. OhopmunTHM 3BIT NPO BUKOHAHHSA NlabopaTopHOi poboTu.
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KOHTpOnbHi 3anuTtaHHs

1. OnNULWIiTb OCHOBHI CXeMW BUAABIIOBAHHS.

2. AknumM YMHOM po3noainaTbes agedopmadlil no o6’emy 3aroToBOK npu Bu-
JaBOBAHHI?

3. Ak BNnMBae TepTa HaA xapakTep po3noaineHHa gedopmauin?

4. [le 3HaxoauTbCs 30Ha HANBINbLLOT IHTEHCMBHOCTI Aetopmauin?

5. HAki BigMiTHI 0cOB6NMBOCTI MaloTb AeTarni, OTpuMaHi BUAaBNIOBAHHAM?

6. OnuwiTe cTagii gedopMyBaHHS MaTepiany nig Yac XonogHoro BMaaBnto-
BaHHS.

Na6opatopHa po6ota Ne 3
OB'EMHE LUTAMMYBAHHSA BICECUMETPUYHUX OETANEN

Mema pobomu: 03HanOMUTUCS 3 NPUHLMNAMKN 0B'EMHOrO LITaMNyBaHHS
pPO3pOBIEHHA TEXHONOTiT OPMOYTBOPEHHS.

TeopeTnyHi BigomMmocTi

O6'eMHe WTaMnyBaHHS — OOVMH i3 FOSIOBHUX PidHOBMAIB 0O6pObNeHHA me-
TaniB TUCKOM, NPU3HAYEHUN ONA OOepXXaHHA 3aroTOBOK BignoBiganbHUX geTa-
nen. MNokoBky HeobXiaAHOT OpMU i 3 HEODXIAHMMW pPO3MipamMn BUTOTOBASAIOTL 3
AO0MNOMOroK crneuianbHOro iHCTpyMeHTa — wramMmna. [MopoXHUHKU WTamna MatTb
Ha3BYy piBYakiB. BOHM npusHayeHi ansg OpMOYTBOPEHHS MOKOBKM BHACMIOOK
BUHUKHEHHSI OMOPY CTIHOK i cui TepTsa B npoueci Tedil metany. Yum Buwmmm €
BUMOIM 40 MiLHOCTI MalnH (0coBnuBo, KON BUCOKA MIiLHICTb Mae 3biratucsa 3
Manok macotw), TuMm Binblioo B6yae 3a HOMEHKNATYPOK KiNbKiCTb AeTanen,
ofepXXaHuX WTamMnyBaHHAM. BukopucTaHHA 06'€MHOro WTamnyBaHHSA 4a€e 3MO-
ry He TiflbKU CTBOPUTM HaMKpaLLi CTPYKTYPY N MexaHivHi BfactusocTi o6pobsto-
BaHOro metany, a n nNiaBuwmTn KoediuieHT BUKOPUCTaHHA MaTtepiany, 3MeHLWu-
TW BUTPATU MeTany Ha OAWHMLIIO NPOAYKLUIl, O BMUMYCKAETLCA, | 3HU3UTK 1 CO-
OiBapTiCTb.

O6'eMHe WTaMnyBaHHS MOXHa 34INCHIOBATM 3 HarpiBaHHAM MOYaTKOBOI
3aroToBKM O BWMCOKOI TemnepaTtypu, WO BiAnoBigae BEPXHIA MeXi iHTepBany
KyBanbHUX Temnepartyp (rapsye ob'emHe wtamnyBaHHS), i 6e3 HarpiBaHHs. 3a-
CTOCYBaHHSI XONoAHOro o6'eMHOro LTamMnyBaHHS OBMeXyeTbcs vyepe3 Heob-
XiOHICTb BUKOPUCTaHHA MaLUUH OyXe BESMKOI NOTY>KHOCTI, a TaKoX Yepes3 HU3b-
Ky CTIRKICTb WITaMnMiB i HEAOCTaTHIO NSIAaCTUYHICTb BaraTbOx cTanen i cnnasis.

[MoKOBKM oAepXyTb O6'EMHUM LWITAMNYBaHHAM Y BiOKPUTUX | 3aKPUTUX
piByakax. WTtamnn 3 BIgKpUTUMKU N 3aKPUTUMKU LWITaMMyBarbHUMWN piBYaKaMmu
Ha3MBaloTb BiAMNOBIAHO BIAKPUTUMN W 3aKPUTUMN.

Y BigkpuTux piByakax (puc. 3.1, a — 0) 3a30p Mi>XXK BEPXHbOK N HWKHLOK
YacTMHaMM WTaMna 3MEHLUYETLCA B npoueci AedpopMyBaHHA 3arotoBku. Y 3a-
KpUTux pisdakax (puc. 3.1, e — j1) NOCTINHUN HEBENNYKNIA 3a30Pp MK YaCTUHaMU
LUTamna npuaHayveHun ans 3abesneyeHHsi B3a€EMHOro NepeMiLLEeHHS.

[Mpouec 3anoBHEHHSA WTamna BiaOyBaeTbCS B AeKiNnbKa CTagin 3anexHo
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Big doopmu piB4aka n oopmMu 3aroTOBKM Ta CHIBBIOAHOLLIEHHSA 1X po3MmipiB. Ha-
npuknag, y BMnagky YoTMpuUCTaginHoro npouecy wramMmnyBaHHs [2] neplia cta-
ais (au.. puc. 3.1, a, 6) xapakTepuayeTbCA BiNbHOK AeopMaLieo 3aroToBKM.
' Ha uin cragii 3arotoBka Habupae 6inbLu
cKknagHoi oopmu, Npu Lbomy 36inbLIyeTbCA
% KOHTaKkTHa MOBEPXHSA 3aroTOBKM M BOAHO-
///% yac 3pocTae 3ycunnga gedopmauil.
‘/ﬁlé [Mepwa cTagia 3akiH4yeTbCs, KONu
MeTan 3aroTOBKWN J0CArae 30BHILIHIX CTIHOK
wTaMmna W ynupaeTbCcd B HUX (OuB.
puc. 3.1, 6, x). Opyra cragia (avs.
puc. 3.1, 6, 8, X, U) NOYNHAETLCS TOAI, KOS
MeTan 3aroTOBKWU MOYMHAE 3aTikaTu ronos-
HUM YMHOM Yyrnub piB4yaka, NPMYOMY OLHO-
YacHO Yy BIOKPUTOMY piBYaKy 4acTuHa Me-
Tany BUTiKae B po3HiM, TOBTO YyTBOPIOETLCS
Tak 3BaHun obnon (aus. puc. 3.1, 8).

Ipyra cTagia 3aBepLllyeTbCH, KONU
MeTan gocsrae JOHHMX NOBEPXOHbL piBYakKa
N ynupaeTbcsa B HUX (aus. puc. 3.1, 8, u). Y
3B'A3Ky 3 UMM Xxapaktep AedopmyBaHHS
3MIHIETBECA LWe pas. 3ycunnga gedopmadii
3pOoCTa€e iHTEHCUBHIWE. 3anuwaroTbCs He-
3arnoBHEHUMM IuWe Micua nepexody Bia
AOHHMX 00 BiYHMX NOBEPXOHb piBYaKa.

TpeTsa cTagis npouecy wTaMmnyBaHHSA
— 3anoBHEHHS BCbOro piBYaka (OuB..
puc. 3.1, e, k). Ha 4yetBepTinn ctagii gowrTa-
MMOBYIOTb 3aroTOBKY MO BUCOTI, NPUYOMY Yy
BigKpuTOMY piBYaKky (ame. pwuc. 3.1, 2, 9)
HagnuwkoBur ob'em mMeTany 3aroToBKW BU-
Tikae B obnon. lNMpoTtdarom yciei uiei cragil
3ycunnsa wramnyBaHHA NPOAOBXYE MiaBu-
LLlyBaTUCS.

P0o3po6neHHA TEXHOMOrYHOro Mpo-
Lecy ob6nonHOro wramnyBaHHA MNOYUHAETLCA 3 NOOYAOBU KPECNEHHSI NMOKOBKU
Ha OCHOBI KpecrieHHsA roToBol geTani. KpecneHHs NoKoBKM po3pobnatoTh 3a Ta-
KUM anroputmMmom [2, 5]

— BUBIP NNOWMHN PO3HIMAHHS;
— NPU3HaYeHHs NPUNYycKiB, AOMYCKiB, HANyCKiB.;
— BU3HAYEHHS WTaMnyBanbHUX YXUIis;
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— BM3HA4YeHHA pajiyciB 3a0KPYrieHHS roCTpmUX KPOMOK;
— MPU3HAYeHHs NepeMmnyoK nig NPOLUMBKY OTBOPIB;
— BM3HA4YEeHHS napameTpiB 0610t0.

ETanamu npoekTyBaHHA TEXHOSIOMNYHOro NPOLECY LUTaMNyBaHHSA € BU3Ha-
YeHHS Macu 1M PO3MIpiB NOYATKOBOI 3arOTOBKW, a TakKoX 3ycunnst o6'eMHoro
LUTaMMyBaHHS.

PosrnaHemo goknagHiwe npuHUMnu BUPILLEHHS NepeniyeHnx Bulle nu-
TaHb.

Bubip nnowuHu po3HiMaHHS

["onoBHa BMMOra 4o NSOLWWHM PO3HIMaHHSA nonsrae B 3abea3neyeHHi Binb-
HOro BMaaneHHsa NOKOBKM 3i WTamna. 3arnmbneHHsa B Tifli NOKOBKNM MOXHa ofe-
pXXaTn TiNbKA B HaNpAMKY Ail 30BHILWHLONO HaBaHTaXEHHSA Ha LwTamn. Takum
YMHOM, HEODXIAHICTbL oAepKaHHS AKOrocb 3arnnbneHHs B nokoBUi (nependave-
HOro B KPeCIieHHi roToBol AeTani) 3yMOBSIKOE NeBHE po3TallyBaHHS NOKOBKWU Bi-
AHOCHO MSOLWMHN PO3HIMaHHA. AKLLO X KOHirypauieto rotoBoi getarsni He 3y-
MOBJIEHO pPO3TallyBaHHSA MNIIOWWHM PO3HIMaHHA, TO OCTaHHI0 NpU3Ha4alTb 3a-
3BMYan y NNOLWMHI ABOX HaMBiNbLLIMX B3aEMHO NepneHanKynapHMX po3mipis no-
KOBKW. Ha puc. 3.2 ropu3oHTanbHO MNiHIE MO3HAYeHO Micle po3TallyBaHHS
MNOLWMHN PO3HIMAHHS.

lNpu3Hay4yeHHs npurnyckie, 00rycKie i Haryckie

O6'eMHUM LWITaMNyBaHHAM HEMOXIMBO odepxaTtn abComntoTHO TOYHI Mo-
KOBKW. TOMY Ha 1X po3Mipu npusHayaTb SOMYCKW, WO BPaxoBYHOTb HeaoLTa-
MMyBaHHSA NOKOBOK MO BMCOTI, CpaLoBaHHA piBYaka LiTamna, 3CyB LUTamnmiB y
MMOLLMHI PO3HIMAHHSA Ta iH.

[nsa obpobnoBaHMX NOKOBOK KpiM OOMYCKIB NpM3HayaloTb NPUMNYCK Ha
MexaHiYHe o0BpobneHHs 3 KOXXHOro 60Ky HOMiHanNbHOro Po3Mipy 4YMcTol geTani
Yyepes3 HM3bKY SKICTb NOBEPXHI rapavellTaMnoBaHMX NOKOBOK. TOBLUMHA OKanu-
HM abo BM'ATMHK BiO HEl, po3Mipn HaNBINbLUNX MIKPOHEPIBHOCTEN MOBEPXOHb,
rmmnbuHa 6e3ByrneueBoro abo anboBaHOro Wwapy U AatoTb MiHiManbHUA pPo3-
Mip MPUNYCKY.

Hanyckamn HasuBatoTb 36ifbLUEHHA PO3MipiB MOKOBKW, 3YMOBJIEHI HETEX-
HOMoriYHiCTIO popMm AeTani. Ix BugansioTh WASAXOM NoAasnbLOoro MexaHiyHoro
0BpobneHHs.

[nsa wramnyBaHHA NOKOBOK OMYCKM N MPUMYCKU BU3HAYAKTLCA 3aNexHo
BiZlL MacK MOKOBOK, X NiHINHMX PO3MIpIB | Knacy TOYHOCTI.

BusHayeHHs1 wmamriyealribHuUX yXUﬂiG

LLItamnyBanbHi yxunu HeobxigHi Ans nonerweHHs BUMMaHHs BigwTamno-
BaHOI NOKOBKM 3 piBYaka.

BigwtamnoBaHa NOKOBKa YTPUMYETLCSA B piBYaKY CUNnamMun TepTs, LLO BU-
HUKaKTb YHaCNigOK HOPManbHOro TUCKY MK MeTanoM MOKOBKM M IHCTPYMEH-
TOM.
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Poamip wTamnyBanbHUX yxunie mae 6yTv MiHiManbHUM, OCKINbKU Le
3MEHLUY€E Macy MOKOBKM 1 PO3Mip HaMycky.

Ha nokoBkax po3pi3Hs-
I0Tb 30BHILIHI Ta BHYTPILUHI
yxunun (ame. puc. 3.2). Yxunum

o 3aBxgu matwTb 6ytn Oi-

6H

BEpXHH qacmunRa wmamna

QAN

nbwMmn 3a . Po3mip MiHi-

ManbHO AOMNYCTUMOrO yXUny

P Jlig 3anexuTb Bid TEXHOMOrYHMX

/ %% DOIHMTHHS BNacTusocTeid  MeTany, Lo

/,V/ LUTAMMY€ETLCS, AKOCTI 06po6-

S J NEeHHs NOBEPXHi piBYakKa, Big

\ HUXHA 4OCMUH WMAMID  po3mipiB MOKOBKA B nepepiai

Ta X BiAHOLLEHHS.

Puc. 3.2. [lokoBka 3 npusHa4yeHnmu 3 MmeTol0 YHidikauil pi-

reoMeTpuyHMMm napamMmeTpamm 3anbHUX | BUMIpIOBANbHUX iH-

CTPYMEHTIB, $£Ki 3aCTOCOBY-

I0OTbCA NI Yac BUFOTOBIIEHHS

WTamnis, NpusHayatoTb yxunm 3, 5, 7 i 10°. MakcumanbHo JonyCTUMi yxunu
CTaHOBNATb 7 AN 30BHILLHIX | 10 AN BHYTPILLHIX CTIHOK.

[lokobra

Bu3sHa4eHHs1 padiycie 3a0KpyarieHHs

["OCTpi KPOMKM Ha NOBEPXHi MOKOBOK HEOBXigHO 3akpyrnnTtu. Konwn ui Kpo-
MKW 3aKpyrieHi pajgiycamm He4OoCTaTHbOro PO3Mipy, KOHLEHTpaLUis HanpyXeHb
y BiANOBIiAHMX KyTaX YMCTOBOro piByaka nig yac pobotm wrtamna npusBoanTb
A0 LWBMOKOro YTBOPEHHS B HbOMY TpilWnH. BogHovac 3aTtikaHHS meTany B rocT-
pi KyTV yTpyaHeHe — Le noTpebye nigBULLEHOro TUCKY Nig Yac WTamrnyBaHHS.

[na NOKOBOK PO3pPIi3HAIOTL 30BHILLHI 1 BHYTPILLHI pagiycu 3aoKpyrieHHs
(aws. puc. 3.2). 3oBHiwWHiI pagiycn gopisHoTb 0,8...8,0 MM 3anexHo Big Macu
nokoBok (4o 200 kr). BHyTpiwHi pagiycn 3aoKpyrneHHa Ha NoKoBKax, LLO Bigno-
BiJaloTb 30BHILLHIM KyTaM piBYakiB, Bubupatotb y 3—4 pasu 6inbwummm 3a B3TI
AJ19 HUX 30BHILUHI pagiycn 3aokpyrneHHsa. [Ing yHidikauil pisanbHOro iHcTpyme-
HTa, KWW BUMKOPUCTOBYIOTb OfA BUFOTOBIIEHHS LUTAMMIB, 3HAYEHHA pagiycis
3a0KPYrNeHHs pekoMeHayeTbCs BpaTn 3 HopManbHOro paay.

[Npu3Ha4YeHHs1 nepemMuYoK rid rnpPowueKy omaeopis

Mig 4yac o6'eMHOro LWTamMnyBaHHS HEMOXIMBO OepXaTh HaCKPi3HUN
OTBIp Y Tifli NOKOBKW. TOMY NS MOro ofep’kaHHA B MOKOBLi pobnATb NO3HaAYKY
ANA OTBOPY M MPOLWTaMMOBYOTbL NepeMuyKy, AKy 3pi3atoTb Micng wTamnyBaH-
HA. AKWO AiameTp OTBOPY NpUBN3HO LOPIBHIOE NOro rMnbuHI, TO NpoLITamMmno-
BYIOTb MO3HAYKY «3 MSIOCKMM AHOM». TOBLUMHA MNSIOCKOI NEPEMUYKN 3anNexunTb
BiO AiameTpa v rmmbuHmn oTBOpY.
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Bu3sHa4yeHHs1 napamempie 0651010

Y npoueci 06'eMHOro witamnyBaHHs 0611001, WO Ai€ K CBOEPIAHNA 3aMOK,
3abe3neyye CTBOpPEHHS YMOB, 3a SIKMX MeTas 3aroTOBKM 3aTikae y BaXXKOAOCTY-
MHi OINAHKW piBYaKa, i CNpUSIE YiTKOMY OPOPMITEHHIO FOTOBOT MOKOBKMU.

Poamipn novyaTtkoBux 3aroToBOK Nig 06'éMHe WTaMnyBaHHA KONMMBAKOTHCS
3arexHo Big A0MycKiB Ha pPO3Mipy MNOLMHU Nepepidy NpyTka N Ha OJOBXUHY 3a-
rotToBKn. Tomy 0bnon € we 1 CBOEPIAHNM KOMMNEHCATOPOM KONMBAHHS PO3MIpiB
NOYaTKOBOI 3arOTOBKM.

O6rnonHy  KaHaBKy, LLIO

OTOYYE MO NEPUMETPY 3anuLLIKO- b b

BUW piBYaK, MOXHa noainvtn 3a |

BMUCOTOIO Ha ABi AiNSAHKWU: BinbLu 0 R } ,
HM3bKY (MICTOK) i GinblL BUCOKY R L. X S
(MarasuH). Mg Yyac po3pobneH- el

HA TEexHOmMoriYHMx npolecis BU- ®

KOPUCTOBYIOTLCS OBMOWHI KaHa-
BKM PI3HOMaHITHUX TuUNiB, Hau-
NOLWMPEHIWNA 3 AKX 300paxe-
HO Ha puc. 3.3.

OnTumanbHe 3Ha4YeHHs1 BUCOTM MiCTKa BM3Ha4yaloTb 3 AOMNOMOroH emrii-
PUYHOI 3aneXHOCTI

Puc. 3.3. l[eomeTpuyHi napameTpu 061010

h, :O,OISJF,Z, (3.1)
ne Fn — NnoLla ropm3oHTanbLHOI NPOoeEKLil MOKOBKK, MM

3 MeTow YHidoikauil pidanbHOro iHCTPyMeHTa, AKU 3aCTOCOBYHOTb AJIS
BMPOOHMUTBA WTaMnis, po3Mipn 0610NHMX KaHABOK HOpMani3yloTb. Y OOBigKO-
BiM NiTepaTypi HaBeaeHo X CTaH4apPTHI PO3MIpY U 3HAYEHHS NSOLL, nonepeYvyHnX
nepepisiB KaHaBOK.

O6'em meTany, Lo BigXxoauTb B 065101, pO3paxoByOTb 3a OPMYIOH

W, =kLS, (3.2)

0

ne k — koedilieHT He3anoOBHEHHS OBMONHOI KaHaBKK (ANS MOKOBOK, KPYrinX Y
nnaHi, gopisHioe 0,6); L — nepumetp obroto; S — nnowia nepepisy kaHaBKy.

Bu3sHayeHHs1 po3mipie noyamkogoi 3a20moeku

[nsa BM3HA4YeHHS 06'eMy N PO3MIipiB NOYATKOBOI 3aroTOBKM 3aCTOCOBYIOTb
OOWH i3 rONOBHMX 3aKOHIB Teopil 06pobneHHa MeTarniB TUCKOM — 3aKOH MOCTin-
HocTi o06'emy. [lMpakTnu4yHO 06'eM MOYaATKOBOI 3aroTOBKW 3HAxXo4siTb AK CymMy
o6'eMiB NOKOBKM 1 BigxoaiB B 06ron, nepemMmnydkn nig Taky npoLuMBKY OTBOPIB,
BigxoAiB Ha yrap Ta iH. CniBBigHOLWEHHS MiHIMHUX PO3MIpiB MOYaTKOBOI 3aroTo-
BKM Mae BOyTu Takum, Wwob y BMNagky wtaMmnyBaHHA B Topelb (OCagkok) Bia-
HOLLEHHS JOBXWHU (BMCOTMW) 3aroToBKM OO0 AiameTpa (abo CTOpOHWM KBagpaTa)
He nepesuLLyBarso 2,5 3 yMOBM NacTUYHOI BTPATU CTINKOCTI.
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BusHauyeHHs1 3ycunnsi 0ns 06'eMHO20 wmamryeaHHs

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

2h, "

M M n

D 2h
p=0, (1,5+L]FM + h£—0,375+1,25(1n h” +—M] F ¢, (3.3)

ne b i h, — wupmnHa N BMCOTa MiCTKa OBMNOMHOI KaHaBKW BiOMOBIAHO; F, —
nrowia ropusoHTanbHol Npoekuil MicTka; D, — AiaMeTp NOKOBKW; F, — MnoLua
ropM30oHTarnbHOI NPOoEKLil MOKOBKN 6e3 0611010.

NMopsanok BUKOHaHHSA nabopaTopHOoi poboTu

1. 3pobuTtn eckisn wtamna gna o6'eMHOro wraMmnyBaHHA 1M NOYaTKOBOI 3aro-
TOBKMW.

2. BukoHatn ob'eMHe iTaMnyBaHHS Ha rigponpeci, ikcyoum 3ycunns gop-
MOYTBOPEHHS.

3. 3HATM 3 BigWTamMnoBaHOI NOKOBKW HEOOXiOHI reoMeTpu4Hi po3mipu 1 3a
dopmynoto (3.3) pospaxyBaTn 3ycussst POPMOYTBOPEHHS.

4. lNopiBHATM po3paxyHKOBE 3HAYEHHA 3YCUSNA 3 eKCrepuMeHTanbHUM.

KOHTpOnbHI 3anuTaHHsA

Onuwite cTtagii npouecy 06'eMHOro WramnyBaHHS.

Ak BMBMpatoTb NNOLWMHY PO3HIMaHHS WTamnis?

Ak npu3HavaloTb NPUNYCKN?

Ak BM3HaA4YaloTb WTaMnyBanbHi yxunim?

Aknm € NpusHayYeHHs pagiyciB 3a0oKpyrneHHs KPOMOK MOKOBKN?

AkumM € npusHavyeHHa o610 B NPOLEC WTamMnyBaHHS Yy BiAKPUTOMY piB-
y?

7. 5K po3paxoBytoTb 06'eM NOYATKOBOI 3aroTOBKN?

hwnN =

= oo

4ya

Na6opatopHa po6oTa Ne 4
PIBAHHA INCTOBOIO MATEPIANY

Mema pobomu: 03HANOMUTUCHA 3 OCHOBHUMW METOAaMU pi3aHHA NUCTO-
BOro maTtepiany, siki BAKOPUCTOBYOTbCS Y BUPOOHULTBI.

TeopeTU4Hi BigoMocCTi

Mig yac cTBOpPeHHs Byab-AKoro BUpoOy B 3aroTiBeSfibHMX LEexax 3aBofiB
BUKOHYETbLCS MNepLua onepawisa 3aranbHOro TEXHOSOMNYHOro NpoLecy — Po3Kpin
NMCTOBOro maTtepiany.

Onepadito pisaHHA MOXHa NOAINUTM Ha TpuU cTagil:

— NPYXHa, KOS 3HAYEHHS HarpyXeHb i gedopmauin y metani, wo pospisa-
€TbCS, MEHLLI 3a rpaHNLIO NPYXHOCTI;

— NracTuyHa, KOS 3HaYeHHA HanpyXeHb i geopmadin B metarni, Wwo pos-
pi3aeTbCH, NepeBULLYIOTb FPaHULID NPYXXHOCTI 1 NOCTYNOBO HabnmxalTbCs A0
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3Ha4YeHb HanpyXeHb, LLO BigNOBiAaloTb rpaHuLi 3cyBy (3pidy) maTepiany;

—  CKOMMIOBaHHSA, KONW BIf, roCTpuX pidanbHUX KPOMOK IHCTPYMEHTa po3BuBa-
IOTLCA MIKPOTPILLMHK, CNPSMOBaHI NO NMOBEPXHSAX KOB3aHHS, WO NpMBOAUTL A0
BiAAINEHHS YaCTUHKM 3aroTOBKN, sika BiApi3aeTbCs, Bif iHLUOI.

Y cy4acHin npakTtuyi nuctowTaMmnyBanbHOro BUPOOHULTBA 3anexHo Bid
TEXHONOM4YHOro nNpu3HayveHHsa M Maclitabis BUPOOHULTBA 3aCTOCOBYKOTb pi3-
HOMaHITHI cnocobu pidaHHs IMCTOBOro matepiany. Po3rnsHeMo pisHi cxemun pi-
3aHHS Ta IX TEXHONOrIYHI MOXINBOCTI.

PizaHHs1 naparnenbHUMU HOXUUSIMU

Llen cnoci6 wmnpoko 3acTOCOBYIOTb ANS PO3pPidyBaHHSA FIUCTIB HA CTPIYKM
abo WTy4YHi 3arotoBkn (puc. 4.1). HWXHIN HK HOXULb 1 XXOPCTKO 3B'A3aHWA 3i
CTOSIOM, Ha AKOMY PO3MILLYIOTb JIUCT 2, Wwo Byae pospisatuca. BepxHin (pyxo-
MUIN) HiX 3 30INCHIOE 3BOPOTHO-MOCTYNarbHE NepemilleHHs.

T \V’F;‘\J
PHD 7 % j; ""'_A { s I
¢ *‘? ] ——
p A Y S P — I—
/ 4 /
' Q /h“\\_i/A‘\
AN

Puc. 4.1. PizaHHa napanenbHUMn Ta FiNbUOTUHHUMW HOXULAMU: 1 — HUXHE
neso; 2 — 3aroToBka; 3 — BEPXHE 11e30; 4 — ynop

Hoxuui matoTb nepegHin perynboBaHum ynop 4 ansa ogep)kaHHs Heobxia-
HOro po3Mipy 3aroToBKW, AKa BigpizaeTbcs. Pyxome neso HOXuub nig 4Yac po-
B60o40ro xo4y BHU3 KOHTAKTYE 3 INCTOM, LLO PO3pPi3aeTbCs, MO BCi NOrO AOBXMUHI
L, npn ubomy BigbyBa€eTbCA 3pi3aHHs 3aroTOBKM MO BCill MIOLLMHI MONepeyHo-
ro nepepisy ogHo4vacHo. BennunHy 3ycunna ona poskpor BU3HAYaloThb 3a piB-
HAHHAM

P=kéo L, (4.1)

e k — xoediuieHT 3anacy 3ycunns, skuii ypaxoBye MobivHi SBuMLLa Nig Yac pi-
3aHHS, HEPIBHOMIPHICTb TOBLUWHM MaTepiany B Mexax nons OOMycKy W 3aTyn-
NEHHNA pisanbHUX KPOMOK iHCTpymeHTa, k =1,2...1,4; o, =(0,70...0,85)0, -

rpaHMUs MiLHOCTI MaTepiany Ha 3pi3; L — wnpuHa nucTa, Wo po3pi3aeTbCs;
0 — TOBLUMHA 3aroTOBKMW.
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Pi3aHHS 2inbUOMUHHUMU HOXUUSIMU

[NBMOTUHHI HOXML, SK | NapanerbHi, BUKOPUCTOBYIOTb 4151 pO3pi3yBaHHA
NUCTIB Ha OKpeMi CTpidkn. CxemMa LbOoro TUNy HOXWUb BIOPI3HAETLCA Big, pO3r-
NAHYTOI BULLE reOMeTpierd pyxoMoro Hoxa (amBe. puc. 4.1). Kpomka pyxomoro
HOXa Ma€ CKiC BiJHOCHO KPOMKW HEPYXOMOrO HOXa Ha KyT ¢ = 2°...6°, OTxe,

Npy NepeMileHHi pidanbHOro fiesa BHWU3 3aroToBKa PO3pPi3aeTbCA He Mo BCi
AOBXWHI 0gHOYacHO, a B ocepenKy aedopmaldii, SKMA nNepemMillyeTbCa no wu-
PUHI NucTta. 3ycunna pisaHHA Ha HOXULUAX LbOro TUMy OBYMCNIoTbL 3a 3anex-
HiCTIO
2
P= O,Skg—agp.
1gp
[NBMOTUHHI HOXMLI MalOTb Taky camy MOTYXHICTb NpuBoay, WO W napa-
nesbHi, | 4aTb 3MOry po3pi3aTi 3aroToBKU BESTUKOI TOBLUUHM.
TexHONOoriYHMM HEeOOoNIKOM HOXWLb TaKoro TUMY € Oesike CKPUBMNEHHS 3a-
rOTOBKM, WO BiApi3aeTbCs, NO JOBXWUHI.

(4.2)

PizaHHs1 duckosuUMU HOXXUUSIMU

3a [J0MoMOro AOUCKOBUX HOXMUUb (puUC. 4.2), HOXI SKUX MalTb Kpyrny
doopMy 1 3arocTpeHi pisanbHi KPOMKMK, JINCTU PO3pi3aloTb HA OKPEMi CTPIYKM,
BUPI3al0Tb 3 HUX KPUBOMIHIMHI B NfaHi 3aroToBKM 3 BMXOAOM Ha Kpaw nucTa.
OcTaHHa obcTaBMHA € OAHIE 3 BaXMBUX TEXHOMOMYHUX nepesar AUCKOBUX
HOXWLb MOPIBHAHO 3 NapanesisHUMN N FiNbNOTUHHUMM.

Puc. 4.2. PizaHHA AMCKOBUMW HOXULISIMA

NueT 1 3aBTOBLLUKM O, WO PO3Pi3aeTbCs, NOOAETLCH y 3a30p MiXK HOXamu
2, 3. Yepes3 BMHUKHEHHS CUI TEPTS MiXK OMCKaMXM N 3aroTOBKOK BigOyBaeTbCs
BTAryBaHHA 3aroTOBKM B 3a30p MK JMCKamu Ta 1i po3pidyBaHHA. 3a3Bmyan KyT
3aTdaryBaHHs o He nepesultye 15°. ICHye feKifibka KOHCTPYKTUBHUX Pi3HOBUAIB
ANCKOBUX HOXMLb: 3 NOXUITUM HWXHIM HOXEM; 3 oboMa NoXmnumm Hoxamu; 6a-
raTogmnckosi. [JUCKOBI HOXULI 3 NOXUSTUMU HOXaMW € KOHCTPYKTUBHO CKNafHi-
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LUMMW, ane AalTb MOXMMBICTb BUPI3aTX 3aroTOBKW 3 Manum pagiycoM 3aokpy-
FMEHHS KPOMOK.

PizaHHs 8ibpauitiHUMU HOXUUSMU

HWXHIM HixX BibpauinHMx HOXWUb (pyc. 4.3) XOPCTKO 3aKpinyieHo Ha cTa-
HWHI, BEPXHIN — 34IMCHIOE 3BOPOTHO-NOCTYNanbHe nepemiieHHs Ha 20...30 Mmm
3 noagiHum xogom 2000-2500 pasiB 3a xBUnuHy. KyT CTBOpY HOXWUb (¢ OOpi-

BHIO€E 24°...30°.

[(ONOBHOIO TEXHOMOTYHOK MEepeBaro LUbOoro TUMy HOXWLUb € MOXITUBICTb
BMpi3yBaHHA 3 NUCTa 3aroTOBOK 3a PO3MiTKOW abo wabnoHamu 3 manum (8o
15 MM) pagiycoM 3a0KpYrIieHHs.

Hoxuui pisHnX TUNiB — yHiBepcanbHe ycTaTkyBaHHS, WO BUKOPUCTOBYETb-

Puc. 4.3. PizaHHs BibpauinHMMN HOXULAMN

Csl NS po3pi3dyBaHHs NMCTa Ha 3aroTOBKM B YMOBaX OAWHWUYHOrO, ApibHocepin-
HOro 1 cepinHOro BUpoOHULTBA.

B ymoBax cepiiHOro n macosoro BupobHuyTea Oifibll eKOHOMIYHUM € po-
3KpPOKOBaHHS NIMCTOBOrO MaTepiany Ha 3aroTOBKW 3i CKNagHWM KOHTYPOM B iH-
CTPYMEHTasbHUX WTamnax.

PizaHHs1 8 IHCMpyMeHmarbHUX wmamrnax

MexaHika pidaHHs B LWUTamMnax aHanoridHa mMexaHiui pi3aHHs HOXUUSIMMW.
[MyaHCOH i mMaTpuua sBRAOTbL COBOK HOXI MOB OM 3aMKHEHOI KOHQirypauii.
Cxemy pi3aHHs nMCTOBOro MmaTtepiany B wrtamni 306paxeHo Ha puc. 4.4. lpo-
LUecC pi3aHHA 30IMCHIOETLCA B TpU eTanu: MNpyxHa, nractuyHa gedopmadis i
CKOJIOBaAHHA.

3ycunna Ana pisaHHA NIMCTOBOro mMaTtepiany B iHCTpyMeHTanbHOMy LiTa-
MMi BU3HA4aloTb 3a POpMYySIoH

P=kado,), (4.3)
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[0e a — [OBXWHa nepuMeTpa pi3aHHsA; & — TOBLUMHA 3aroToBKU; k — KoedilieHT
3anacy 3ycunns.

[ns 3MeHLWweHHs 3ycunb Nig Yac pO3KPOKBaHHA TOBCTOrO fivcTa, BUpYyoy-
BaHHA AeTanen BerIMKMX po3MipiB i pisaHHS BMCOKOMILHWX MaTtepianiB 3acTo-
COBYHOTb LWITAMMM 3i CKOLIEHMMU pi3aribHUMMU KpOMKaMu MyaHCOHIB abo mart-
puLb, TOOTO BUKOPUCTOBYIOTH TakUii camuii epekT, LWo N nig Yac pisaHHsa Mma-

Tepiany Ha TrifIbMOTUHHUX HO-

P Xuusx. ns onepauin d6araTto-

¢ MyaHCOHHOIO BUPYOYBaHHA
|
|
|

abo npobueBaHHA OTBOpIB nya-
HCOHM BWrOTOBMSAKOTb  PI3HOI
BUCOTW, YHAcCMiQOK 4oro 3y-
cunns He 36iratoTbca B Yaci m

N T M He [104aloTbCS.
GA{ ﬁé 3a30p z MiX maTpuLueto

1 | I 1

. N NyaHCOHOM, TOBTO pi3HMLA
MK po3mipamn poboumx 4ac-
! TUH MaTpuLi W nyaHcoHa (OuB.
' puc. 4.4), mMae TexXHOSOri4YHe
Puc. 4.4. PizaHHs B WwTamni 3HaYeHHsA ONnsA npolecy pisax-
HA nucToBOro Marepiany. Y
BUNALKy ONTUMAanbHOro 3a30py MIKpPOTPILWMHN CKOMOBaHHS, WO NayTb Bif roc-
TPUX KPOMOK MyaHcoHa 1 maTpuui Brimb nucTa, 3ycTpivaroTbCa ogHa 3 O4HOM0.
Llen BMNagok xapakTepusyeTbCA YMCTOTOK MOBEPXHI 3pi3y, BIACYTHICTIO 3agu-
POK i MiHIManbHUM 3ycuUnnsM Nig Yac pidaHHda. 3agupku n gedekTn 3pisy yTBo-
PIOOTLCA Yepe3 HePIBHOMIPHMIA po3noginl 3a3opy Mo NepuMeTpy, a Takox 4e-
pe3 NpUTYNMEHHA pi3anbHMX KPOMOK MyaHCOHa W matpuui. OnTumanbHe 3Ha-
YEeHHSs1 TEXHOSOrYHOro 3as3opy 3abeaneyye NOTPIOHY SAKICTb BUPOOGIB i BUCOKY
CTIMKICTb LWUTaMniB.

Uepes pisHOMaHITTA BUPOOHUYMX YMOB i pO36IXKHICTE BUMOr 4O YNCTOTU
3pi3y U TOYHOCTI po3MipiB AeTanen yCTaHOBUTU OLHAKOBUA PO3Mip 3a30py He-
MOXNMBO. PO3Mip onTUManbHOro 3asopy 3anexwuTb Big TOBLMHW JIACTA, LWO
pPO3pi3aeTbCs, MapKnU MaTtepiany Ta iHWKWUX TEXHOSIOMNYHUX BUMOT. Y cepeaHboMY
3a3op mae ctaHoBUTK 2...10 % Bia TOBLUWHM 3aroTOBKMU, LLIO PO3Pi3aETbCA.

PizaHHs1 8 wmamnax rnepedasarnbHUMU cepedosuljamu

MeToan po3KpOOBaHHS JNIUCTIB, LLO LUMPOKO 3aCTOCOBYOTLCH B CEPINHOMY
N MacoBOMY BMPOOHUUTBI (PO3rASHYTO BULLE), € €KOHOMIYHO HEBUIIOHUMU B
yMOBax ManocepinHOro BUpoBHMLTBA, OCKINIbKM BUrOTOBIIEHHS KOHCTPYKTUBHO
CKMagHuX i 4oporux WwramniB notpedye TpuBanoro yacy, a BUpOBbHUYI BUTpaTK
He OKYMNOBYKTbCS.

HeobXigHIiCTb LWBMAKOro OCBOEHHA HOBUX BUAIB BUPOLIB NoTpebye 3acTo-
CyBaHHSl TEXHOSOr4YHUX NPOLECIB 3 BMKOPUCTAHHAM [eLleBol YHiBepcasibHOI
abo 4acTKOBO yHiBepcaribHOI OCHacTkM — wTtamnie. [Jo Takux npouecis Hane-
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XnTb BUPYOYBaHHA enacTM4yHMMKU cepeaoBuLLamMm (rymoto, nosniypetaHom, nna-
CTUYHUMK MaTepianamu Towoe). [Npn UboOMy 3HAYHO CNPOLLYETHCA KOHCTPYKLiS
IHCTPYMEHTa N 34eLeBII0ETLCA NOro BUrOTOBIIEHHS.

BupybyBaHHA enacTuyHUM cepefoBuLLeM, Hanpuknag nosiypeTtaHom,
3aCTOCOBYETbCS MOMIOBHUM YMHOM Yy ManocepinHoOMy BUPOOHMLTBI ANns BUrOTO-
BNEHHs1 MOPIBHAHO BENUKUX AeTanen 3 TOHKMX MaTtepianiB (3aBTOBLUKM [0
2 MM).

Ha cTin npeca BCTaHOBMOWOTL BMPI3HUI WAaBMNoH, CcTanesy NNacTuUHy 3a-
BTOBLUKM 6...10 MM, 30BHILLHIN KOHTYP SIKOT BignoBigae KOHTYpY AeTarni, Wwo Bu-
pisaeTbcd. TOBCTY MosliypeTaHoBY MNacTUHY, WO € CBOEPIOHOK MaTPULEID, YK-
nagaroTb Yy NPUKPINIeHnin OO NoB3yHa npeca KOHTEeWHep, KU CTPUMYE MNoni-
ypeTaH Bif BUOaBnioBaHHA Ha CTOpPOHW. [10B3yH npeca onyckaeTbcs, nosiype-
TaH BiArMHae Kpal 3aroToBKW, siKi 3BUCAlOTb, i NPUTUCKAE X OO0 NigWwTamMnoBol
nnuTn. ig Yyac noganbLoro CTUCHEHHS noriypeTaH TUCHe Ha BigirHyTi Kpal 3a-
roToBKW 1 0b6pi3ae (06pmBae) iX N0 30BHILLHBOMY Kpato WwabrioHa.

BupybyBaHHA noniypetaHoOM 3a3Bu4aii NPOBOAMTBCA Ha rigponpecax,
NPUYOMY 3aCTOCOBYETLCA rPyrnoBe pidaHHsA OeKiNbKOX geTanemn 3 o4Horo nucra.
3 Uit METOIO Ha NigWTaMnNoBYy MANTY BCTAHOBMOKTL AEKiflbka BUPI3HUX Lwab-
NOHIB AN15 AeTaneun pisHMUX KoHirypauin.

HeobxigHe 3ycunns nig 4Yac pisaHHa nosfiypeTaHoM BM3HAYaeTbCs 3a
nnoLiero NoBepxHi noniypetaHy U TUCKOM. Y LibOMY BUMNaAKy AOBXWUHA KOHTYpPY
BUPYOY, a TakoX HasBHICTb Y HbOMY BHYTPILLHIX OTBOpPIB 40 yBaru He 6epyTbcs,
OCKiNTbKM 3yCUNSIs BUPiI3aHHSA BU3HAYAETLCA TUCKOM Y MOSiypeTaHOoBIN NOAYLLL.
Hepfonik uboro npouecy — BeNn1Ki BUTPaTU eHepril Ha CTUCHEHHS MosliypeTaHy.

[ns nigBULWeHHA AKoCTi ogepXXyBaHMX BUPOBIB po3aineHHaM y wtaMmnax
3 nepegaBanbHUM cepeaoBuLLEM HeOobXigHO BMGpaTM onTUManbHUKA PO3MIP
kapmaHa. KOHCTpyKUist ekcnepuMeHTanbHoro wramna (puc. 4.5, a) € NpocToto 1
CKnagaeTbca 3 AeKinbKoxX getarnen.

LUunningpuyHun kopnyc 1 3i ctani 45 nigaatoTe TepMoobpobrieHHI0 Ao
HRC 40. 30BHiWHA NOBEPXHSA KOPMNYCY € CTYMiHYacTow. TOBLLMHA MOrO CTIHKA B
HWXKHIW YacTuHI, e po3TalloBaHi BupybHa maTpuua 2, 3arotoBka 3 Ta enactu-
YHe cepeposuLle 4, nopisHoe 20 MM Ha aoBXuHi 50 mm. BepxHa yacTuHa Kop-
nycy 1 3asToBWwKM 10 MM 3abesnevye HanpAMOK NepeMilleHHs MeTaneBoro
HaBaHTa)XXyBaslbHOro nyaHCcoHa 5.

YcepeauvHi kopnycy po3milyeTbcs BupybHa matpuua 2 (puc. 4.5, 6), aky
BUroToBneHo 3i ctani Y8A i niggaHo TepmoobpobneHHio o HRC 45. Topuey
n Bi4HY noBepxHi MaTpuvui npownicpoBaHo, pajianbHUN 3a30p MiXK BHYTPILL-
HbOI MOBEPXHEH Kopnycy M BiYHOK NOBEPXHEK MaTpuli CTaHOBUTb BNN3bLKO
0,2 mm. Ha maTpuui po3sTalloBaHO KapMaH Ansa 3abe3nevyeHHs po3aineHHa ma-
Tepiany BHAcCNigoK CTOHLLEHHSA 3aroTOBKW Ha pi3arnbHin KpOMLUi Ta BigrMHAHHS 11
YaCTWUHM, LLLO NPOBUCAE.
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Puc. 4.5. EkcnepumeHTanbHUn wtamn

3Bepxy Ha MaTpuulo KrnagyTb MSIOCKY JIMCTOBY 3aroTOBKY 3, WO KOHTAKTYyeE 3
Kpyrnum y nnadi 6nokom nepefasanbHOro cepefosuila 4, BUrOTOBIIEHOMO 3
noniypetany mapku CKY-7J1. BigHoweHHs BUCOTM Bnoka 40 TOBLUMHW 3aroToB-
KW, WO po3pizaeTbcs, Mae 6yTn Ginbwunm 3a 10 HaUTOBLUMX FNIUCTIB.

LLITok-nyaHCoH 5, wo 3abesneyye nepeaadvy 3ycunnga Ha 6510k enacTuyHo-
ro cepegosuulia, saBNsie cobow CyuinbHUKA uuniHap 3i ctani 45 giameTpom
100 mm i 3aBgoBxku 85 mm. LLTOK, BigwnicpoBaHnn no BiyHIN NnoBepxHi i 3'eq-
HaHWM 3 OTBOPOM KOPMyCy 3a X040BOK nocagkor, mae teepaicts HRC 40.

[ns ouiHOBaHHA BENUYMHM TUCKY B €rlacTUYHOMY CepeoBULLI, KU 3a-
Gesneyye 3aincHeHHsT onepauii po3aineHHsa, HeobXxigHO TOYHO 3aduikcyBaTKn 3y-
cunns 3 4ONOMOrow AMHaMoMeTpa Ha npeci.

[Mpn o6TUCHEHHI noniypeTaHoBoro 6roka TUCK B enacTU4HOMY cepepo-
BULLI 36inblyeTbCsA. MOMEHT po3pi3aHHSA 3aroTOBKU XapaKTepusyeTbCs CTPUb-
konogibHMM 36inbleHHAM 06’eMy KapMaHa, Lo 3arnOBHIOETLCS €1aCTOMIPOM, Y
KOHTENHepi ekcnepuMeHTanbHoro wramna. Llen momeHT ikcytoTb 3 40OMOMO-
roro AMHaMmomMeTpa Ha npeci.

[ani o64ncniotoTb 3ycnnng po3pidyBaHHsA 3a OOpMYyIio

P=kk, %%, (4.4)

ae 0 — TOBLWMHA 3aroTOBKU; g — LWWMPUHa KapMaHa, F

noo

— nnowa enacTtu4yHol
noaywku giameTpoM d ; k — koediuieHT 3anacy; kn — KoediuieHT BTpaT Yy no-
niypeTtaHi.
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NMopsanok BUKOHAHHA nadbopaTopHOoi poboTun

1. O3HanoMmnTUCA 3 TEOPETUYHOK YacTMHOK nabopaTopHoi poboTu, 3aHec-
TV 00 3BITY OCHOBHi CXeMU 1 BiIOMOCTi NPO Pi3Hi MeToAM pi3aHHA nncTa.

2. 3aHecTu O0 3BIiTYy €CKi3 Wramna ana BupyOyBaHHA 3aroTOBKN.

3. 3aMipsTV TOBLUMHY NOYATKOBOI 3aroTOBKM.

4. PospaxyBaTu 3ycunng BupybyBaHHS.

5. BukoHaTn ekcnepuMeHT 3 BUpPi3yBaHHA 3aroToBKW, 3adpikcyBaTh 3HAYEHHS
3ycunnsi.

6. 3icTaBuUTUN 3HAYEHHS 3yCUNb, OAEpPXaHi PO3paxyHKOBMM Ta €KCNepuMEH-
TanbHUM LLNSIXaMW.

KoHTponbHi 3annTtaHHA

1. Y YoMy nonsirae NpuMHUMN pidaHHs N1cTa napanenbHUMN HOXULAMU?

2. Lo Take pi3aHHA riNnbUOTUHHUMWN HOXMUSMU | SKi MOro ocobnmBoCTi Nopis-
HAHO 3 pi3aHHAM naparnenbHUMN HOXULSAMUN?

3. OnuwwiTb 0cOBNNBOCTI pi3aHHS AUCKOBUMU HOXULIAMW.

4. Ynm Bigpi3HAETLCA pidaHHs nMcTa BibpauintHMMM HOXKULUSIMW Bif IHLUKMX BU-
AiB pi3aHHA?

5. HasBiTb nepeBaru pisaHHs nNuUcTa B iIHCTPyMeHTanbHOMY LUTamni.

6. B ymoBax sikoro Tuny BMpobHMUTBA BUriAHO 3aCTOCOBYBaTU BUPYDOYBaHHS
B LUTaMnax nepenaBasribHUM cepeaoBuLLLEM?

7. Axi maTepianu BUKOPUCTOBYIOTb SIK NepeaaBarbHi cepegosumiia?

NabopaTopHa po6oTta Ne 5
MATIHITHO-IMMNYJNIbCHE OBPOBJIEHHA METAIIB

Mema pobomu: 03HANOMUTUCA 3 TEXHOSONYHUM NPOLECOM iIMMYNbCHOIo
006pobnieHHss MeTaniB TMCKOM — MarHiTHO-iMAYSTbCHUM LUTaMMNyBaHHSAM; BUBYUTU
oi3nyHi ocHosn MIOM, 1oro TexHosorivHi 0cobnMBOCTI, 0bnacTi 3aCToCyBaHHS.

TeopeTUyHi BigoMocCTi

®i3nyHi ocHoBn MIOM 3aknageHo 1927 poky B npausx akagemika
M. J1. Kanuui. MNMpoTe BnepLue npoMmUCIioBi yCTaHOBKM AN POPMOYTBOPEHHSA 3a-
rOTOBOK TUCKOM €NeKTPOMarHiTHOro nonsa 3'aBunmnca 3HayvyHo nisHiwe, y 60-x
pokax. MIOM — enekTpodi3nyHMin MeToA iMNynbCHOro nnacTu4Horo gedopmy-
BaHHSA MeTarniB i cnnaeiB, 9knin 6a3yeTbca Ha 6e3nocepegHbOMY NEPETBOPEHHI
eNeKTPUYHOI eHeprii Ha MexaHiyHy. 3ycunns, HeobXxigHi Ans 34iMCHeHHs ae-
dopMyBaHHA MeTasrieBMxX 3aroTOBOK, BMHUKAIOTb yHaCMigOK B3aemMopil nNposia-
HWKa (3aroTOBKM) i 3MIHHOrO €NeKTPOMarHiTHOro rnons.

Ona po3ymiHHa disnyHoi cyti MIOM ckopucTaeMocs Takum NpuUKiagom.
YCcTaHOBKY AN MarHiTHO-iMnynbCHOro gedopMyBaHHA MeTasriB CXxeMaTU4HO
300paxeHo Ha puc. 5.1, ge 1 — nigBMLyBanbHUN TpaHcdopMaTop; 2 — BUCOKO-
BONbTHUI BUNpsaMIsY; 3 — 6aTapes KoHOeHcaTopiB (EMHICHUA HarpoMaaxyBsau
eHeprii); 4 — TPMenekTPOaHUN PO3PALHUK; 5 — perynaTtop eHepril, WO HarpomMma-
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KYETBCSA; 6 — KOTYLWKa iHOYKTOopa; 7 — obpobnioBaHa 3arotoBka (Tpyoda).

Konn BMUKaeTbCa nigBuLLyBanbHUN TpaHCopMaTop Yyepes BUNPAMIISY,
3apsgxaeTbca baTtapes koHAeHcaTopiB. EHeprito, WO HarpoMagkyeTbes B Ha-
Tapel KOHOeHcaTopiB, BU3HA4YaloTb 3a BiAOMUM BMPa30oM

_CU?

Hae 2
ne C — eMHicTb HarpoMmamxysada; U — Hanpyra Ha HarpomMmagxysaui.

Y HeobXigHMM MOMEHT ChnpaubOBYE PO3PAOHMK, O MNIOKNHYAE KOTYLUKY
(ingykTop) Ao 3apsigxeHoi 6aTtapel koHaeHcaTopis. Mg Yac npoboto NoBiTpsiHO-
ro NPOMIDKKY pO3psifHMKa eHeprisi, HarpoMaa)keHa B KoHOAeHcaTopHin baTapel, y
BUrNAA4I iMOynbCy CTPYMY MPOXOAUTL Yepes iHAYKTop. [Npu LuboMy HaBKOMO iH-
AYKTOpa CTBOPIETLCA MOTY)XXHE IMMNYNbCHE MarHiTHe none, Wwo iHAYKYE BUXPOBI
CTPyMU BCepeuHi 3arotoBkn. Buxposi cTpymu, K BiAOMO, MalOTb HanpsAMOK,
NPOTUNEXHUN HANPAMKY CTPyMy B iHOYKTOpPi. BOHM € NpuynHOO YyTBOPEHHS NOo-
BTOPHOrO MarHiTHOro iMnynbCcy CTPyMy, LLO Ma€ 3HaK, NMPOTUMNEXHUN 3HAKYy Ma-
FHITHOrO nons iHOyKTopa. YHacnigok B3aemofil ABOX iMNYNbCHUX MarHiTHUX
nonis (nong iHAyKTopa 1 Nofs 3aroTOBKM) BUHMKAKOTb MEXaHiYHi Cunn BiALLTOB-
XyBaHHS, AKi 30IMCHIOTb NriacTuyHe edOopMyBaHHS 3aroTOBKM.

Takum 4YmHOM, nig Yac wWwramMnyBaHHA MeTaniB 3 BUKOPUCTAHHAM eHepril
iMAynbcHoro marditHoro nons (IMIM) sk iHCTpyMeHT (nyaHcoH abo maTpuLio)
BUKOPUCTOBYIOTb MarHitHe none. [Jo iHOYyKTOpa W 3aroTOBKW MNpUKIagatTbCs
OfHaKoBI 3ycunns (TUCK), TOMy AN NAacTUYHOroO AedOpMYyBaHHSA 3aroTOBKM
3abeaneyvyoTb HEOBXigHY MILHICTb iHOYKTOpPA.

CTpym B iHAYKTOPI Ni Yac po3psmKeHHs KoHAeHcaTopHol 6aTapel npu-
ONN3HO MOXHA BU3HAYNTK 3a PIBHSAHHSM 3racatoumx rapMoHIMHUX KOJNMBaHb:

I = iexp(—itjsin wt (5.2)
LC 2L
ae L — iHOYKTMBHICTb KOHTYPY po3psiay; R — akTMBHUIM onip KOHTYpy; £ — 4ac
PO3PALKEHHS.
KonoBa yactoTa KonmBaHb po3psgHOro CTpymy

: (5.1)

7
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N
Puc. 5.1. Cxema mMarHiTHO-iMNynbCHOI YCTaHOBKMU
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1 (RY
o=,——-|—/| . (5.3)
LC \ 2L
3Ha4YeHHs NepLIoro MakCMMymy CTPyMmy, LLO BU3HaA4yae Hambinblly Ha-
NPYXEHICTb MarHiTHOro noJsisi, po3paxoByTb 3a POPMYIIOH

R 2L
I :Lexp — arctg—a) : (5.4)
L 2Lw R
C

[ns 3abesneyeHHs edpekTnBHOI pobotn npuctporo MIOM HeobxigHo,
LWo6 aKTMBHMI OMip po3psAgHOro KOHTypy 6yB dkHanmmeHwum. Kpim Toro, cnig
nparHyT™ 00 HaUMEeHLUNX BHYTPILWHIX iHOYKTUBHOCTEN 3aroTOBKWU. 3i 3MEHLUeH-
HAM IHOYKTUBHOCTI PO3PSOHOrO KOHTYPY 3MEHLUYETbCHA Mepio po3psgHOro
CTpyMmy (NiaBULLYETLCA YacToTa po3psay). Lle ngae smory npu 3agaHoMmy piBHi
eHeprii ogepXxysaTtn BinbLl BUCOKI aMniiTyan po3psaaHOro CTpymy.

Cnig 3a3HaunTy We oaHy Baxnuy ocobnueicte MIOM. Buxposi ctpymu
N NOBTOPHE MarHiTHe Nosfie BUHMKaTb Yy NOBEpXHEBOMY Lapi obpobrioBaHol
3aroToBKM (CKiH-edeKT) i npoHuKalTb yrimnb. MmnbuHa NPOHUKHEHHSI CTPyMy
BU3HA4YaeTbCs PopMysioro

A=5030 |-, (5.5)
Mo f

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

KU 1 Bakyymy; f —udactoTta cTpymy pospsaay.

MnBrHa NPOHUKHEHHSA CTpyMy npu 4vacTtoTi pospsay 20..50 kl'y ans
antomiHieBux cnnasiB gopisHioe 0,38...0,95 mm. pn BENUKNX 3HAYEHHAX TMK-
OVHN MPOHUKHEHHS CTPYMY ICTOTHO 306inblUyOTECA BTPATU €Hepril, HarpomMma-
PKEHOT Ha HarpiBaHHA 3aroTOBKM 3a paxyHOK Qxoynesoro Tenna. Kpim Toro,
AKWO rNMMOUHaA NPOHMKHEHHSA CTPYMY € OifblIO 3a TOBLUMHY 0OpobntoBaHOI
3aroToBKW, TO MarHiTHe nose Mo Ou “npoco4vyeTbCs” Kpi3b Hel. Lle npnsBogntb
A0 YTBOPEHHS TaK 3BaHOI “MarHiTHOI NOAYLWKA” i 0O 3MEHLUEeHHSA TUCKY, Lo Aie
Ha 3aroToBKy. Tomy nig Yac o6pobrneHHs1 3aroToBOK 3 BUCOKUM MUTOMUM €EK-
TPOOMNOPOM BMKOPUCTOBYHOTb 3aroTOBKM (“CynyTHUKK’) 3 MeTarniB, SKi MaloTb BU-
COKY €NIEKTPOMNpPOBIAHICTb, i IX KNagyTb Ha NMOBEPXHI FOIOBHMX 3aroTOBOK.

Cvnu, wo npuknagatoTbes Ao 3arotosku nig Yyac MIOM, matoTb iMnynbC-
HUA XapakTep 3 TPUBASICTIO, sika OBYMCIIOETLCA TUCAYHUMM | HABITb MifTbAOH-
HUMW YacTKaMun cekyHOu. Hepes Le BMHUKAE KOHLEeHTpaLis BENMYE3HOI NOTYX-
HOCTI, TUCK Habupae 3HaueHb 10%...10° MIMa. Takuit BUCOKWI TUCK 3abe3nedye
MOXIMBICTb OeopMyBaHHS HE TiNbKW MNacTUYHUX, ane M MarnonnacTUYHUX
cnnagiB. AGCONIOTHI LWBMAOKOCTI NepeMILLEHHS YaCTMHOK MeTary 3aroToBKK Npw
uboMy ctaHoBnATb 300 Mm/c, WO NPUBOAUTL A0 BMHUKHEHHS iICTOTHUX IHEpUin-
HWUX HaBaHTaXeHb, AKi 3MIHIOKTb HaNpPyXeHUn cTaH Martepiany.

EHeprisa, ska HarpoMagKyeTbCs B KOHOEHCATOPHIM 6aTapel, BuTpavaeTb-
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CA Ha YTBOPEHHS B MarHiTHOMY iHOYKTOPI NapasuTHUX MarHiTHMX MosiB i Ha
€NeKTPUYHUI OMip Yy KOHTYPi po3paaHOro Kosfa yctaHoBku. [loBHa eHepriq, Wo
HarpoMaaKyeTbCsl B KOHAEHCATOPHIN 6aTapei, BU3Ha4YaeTbCs OPMYroH

LI
E = —imax 2ma><, (5.6)

Ae L. — iHOYKTUBHICTb iHOYKTOpPA.

Lla eHeprisa BuTpavyaeTbCa Ha MexaHiyHy poboTy AedopMyBaHHS 3aroTo-
BKM Ta 1l HarpiBaHHS 1 4aCTKOBO BTpavaeTbCs.

Baxxnunsoto xapaktepuctnkoro MIOM € cTyniHb e(peKTUBHOCTI eHepril, Ha-
rpomMagxeHoi ans gegopmysaHHs, To06To KK npouecy. KoedilieHT KOpUCHOT
Ail BU3HA4yalTb 3a BigOMOK (POPMYSOoK SIK BigHOLWEHHST poboTM NNacTUYHOI
Aedopmallii 3aroToBKM 40 BCIET BUTPAYEHOT EHEPTil:

n _ A 100 %. (5.7)
E

3a paHumn octaHHix gocnigxeHb, KK npouecie MIOM 3amiH0eTbCA Bif, 2
no 30 % [14].

MarHiTHO-iMNynbCcHe LWTaMnyBaHHS 3aCTOCOBYIOTb Yy MPOMUCOBOCTI Mif
Yac BMKOHAHHS Pi3HMX ornepawin NMCTOBOro AedopMyBaHHSA: BUTSXKKU, BUPYDY-
BaHHS, NpobunBaHHA OTBOpIB, BiAOOPTOBKM, 3arMHaHHA. Kpim TOro, 3 BMKOpUC-
TaHHAM MarHiTHOro Nons BMKOHYKOTb CKNaganbHi onepauii, siki 34iNCHIOTLCA
LUNSAXOM ChinbHOro AedopMyBaHHS, a TakoX 3BaprOBaHHA TpybyacTux 3aroTto-
BOK.

Po3mipu getanen, wo niggatotecsa MIOM, BU3HavaoTbLCA eHeprieto ycTa-
HOBKMW, eJIeKTPONpPOBIOHICTIO MaTepiany geTtani U KOHCTPYKTUBHUMWN MOXITMBOC-
TAMW BMKOHaHHS IHCTPYMeHTa. 3a CTaTUCTUYHMMKU OaHMMK Liein cnocib gedop-
MYBaHHS 4acTille 3acCTOCOBYETbCA [And o0b6TUCHeHHA Tpyb aiameTpom
5...100 mm, posgadvi Tpy6 giametpom 40...500 MM i dopMyBaHHSA NMUCTOBUX 3a-
rOTOBOK 3 HanbinbLwmm po3mipom 600 mm.

Ha edbekTmBHiCTb npouecy obpobneHHs 3Ha4YHO BMMMBAE BiACTaHb MiX
IHOYKTOPOM | 3aroTOBKOK. EPEKTUBHICTb € HaMBULLOK NpU MiHiManbHOMY 3a-
30pi MiXK 3aroTOBKOK M iHOYKTOPOM, OCKISIbKM 3a30p — OAMH i3 HaMBaXKUBILLNX
YMHHMKIB, LLO BNSIMBAE Ha BENUYUHY TUCKY MarHiTHoro nonsi. 3 goceiay Bigomo,
LLIO 3@ ICHYIOYOT KOHCTPYKLUII IHOYKTOPIB HOpMaribHUM 3a30pOM MOXHa BBaXkaTu
0,1...0,3 MM gnsa nNnockoro iHgyKTOopa.

TexHosoriyHi onepadil, sKi BAKOHYOTbCA 3 gonomoroto eHepril IMIM1, mox-
Ha NOAINUTN Ha YOTUPW rPYNn: PO34inbHi, GOPMOTBIPHI, CKnaganbHi 1 KOMBIHO-
BaHi.

Yci ui onepadii 34iNCHIOITLCS 3a TPbOMa TEXHOMOMYHUMN cxemamu: “06-
TUCHEHHSA” (KONW IHOYKTOP OXOMSIE 3aroTOBKY 330BHI); “po3gada” (Konu iHayK-
TOp PO3MILLYETLCA BCEPEOANHI LUMMIHAPUYHOI 3aroToBKN); “AedopMyBaHHS Mio-
CKOI 3aroToBKM” (KONMW iIHOYKTOP BUKOHYETLCS Yy BUrNAA4i apxiMegoBoi criparni)

[5].
28



Ak npuknag Ha puc. 5.2 nokasaHo iHAYKTOp AN BMKOHaHHS onepadii 0o6-
TUCHEHHSA Tpyb4acTol 3aroToBKN.
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Puc. 5.2. IngykTop onst o6TucHeHHs TpybyacTol 3aroToBku: 1 — cnipanb
IHOYKTOpPA; 2 — KOHUEHTPaTop MarHiTHOro rnons;
3 — TpybyacTa 3arotoBka; 4 — izonduivHa BTysiKa

KoHueHTpaTop MarHiTHOro nons siBnge cobot BCTaBKy B KOTYLUILi, LWO
KOHUEHTPYE MarHiTHe none iHaykropa Ha YacTuHi 4eopMOBYBaHOI 3aroTOBKM.
30BHILWWHI NOBEPXHIO KOHLEHTpaTOpa BMKOHYKOTb LMAIHOPUYHOK 3a (POpPMOL0
IHOYKTOpA, A0 SIKOro BOHA LWiSTbHO NpuUnArae, BHYTPILWHIO MOBEPXHIO — (PACOH-
HOK 3a dhopmoto obpobntoBaHol aeTani. KoHUeHTpaTop po3pi3aHo 3a TBipHOHO,
a po3pi3 3anoBHEHO i30M5UIEHD.

[HOYKTOp pa3oM 3 KOHLEHTPaToOpoOM MONS € MOBITPAHUM TpaHcopmaTo-
poM 3 GaraToBMTKOBOK NEPBUHHOK (Cnipanb iHOYKTOpa) Ta OAHOBUTKOBOK MO-
BTOPHOLO (KOHUEHTpaTop Nnosnsl) obMoTKkamu.

Mig Yac po3psoKeHHs1 koHaeHcaTopHOI 6aTapel Ha nepBUMHHY OBMOTKY
3MiHHe MarHiTHe none, yTBopeHe B poboyomMy ob’emi iHOyKTOpa, HAaBOAUTL BU-
XPOBi CTPYMW Ha 30BHILLHIA NOBEPXHI KOHLEHTpaTopa 1 No pajiaribHOMYy nasy
nepexoanTb Ha BHYTPILLHIO MOBEPXHIO LIEHTPanbHOro OTBOpY.

3asBuyan nnowja NoBEpPXHi LEHTparbHOro OTBOPY € Habarato MEHLLOH
3a NNowly 30BHIWHLOT MOBEPXHiI KOHUEeHTpaTopa. Lle cnpuyunHsae 36inblueHHS
YCTUHU BUXPOBUX CTPYMIB, @ TOMY 1 Hanpy>XeHOCTi MarHiTHOro nons B Uin Yac-
TUHI KOHUEHTpaTopa.

[Micna o3HanoMneHHa 3 isUYHUMN OCHOBaAMM MarHiTHO-iMMNynbCHOro 06-
pobrieHHsa MeTaniB NPoOBOAMTLCHA eKCNepuMEHT 3 po3aadi Tpyb4yacTol 3arotos-
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K/, BUFOTOBMEHOI 3 antoMiHieBoro cnnasy. 3a BiZOMMMU reOMETPUYHMMU Na-
pameTpamMn 3aroToBKM A0 i Micns NnacTU4HOro AedOpMyBaHHSA BU3HA4YalOTb
KOPUCHO BUTpayeHy eHeprito (poboTy). NoBHY poboTy nnactnyHoro aedopmy-
BaHHSA NPMBSIM3HO 0BYMCIIOITE 3a POPMYIIOH

A@e(j) = anumW’ (58)

ae W — o6’em TpybyacToi 3aroToBKn, WO AedOPMYETLCA.

MnTomMy poboTy BupaxatoTb Yyepes dhidnKo-MeXaHiyHi B1acTMBOCTI MeTa-

Ny 3aroTOBKW 1 cepeHin CcTyniHb gedopmadil:
B
@ =T e (5.9)

3Ha4YeHHs KOHCTaHT MaTepiany HaBefeHo B Tabn. [1.3.

Takum 4nHom, Ans BU3HayYeHHs1 poboTn aedopmMyBaHHS HEODXIAHO 3HATU
cepefHe 3Ha4YeHHsA cTyrneHa aedpopmadil matepiany. licna gedopmadii 3aro-
TOBKM po3gadveto 36inbluytoTbCA 30BHILWHIA | BHYTPIWHIA pagiycn ODONOHKM,
3MEHLLYETLCS TOBLUMHA CTiHKWN, BUCOTA 3aroTOBKWU 3MIHIOETLCA Mano (puc. 5.3).
Y uboMy BUMNagKy cepefHin CTyniHb aedopmadii matepiany 3arotoBkM MOXHa
NPUBIN3HO BU3HAYMUTK 3a CMiBBIgHOLIEHHAM

h
e=—-—1. (5.10)
Fo
Mepen nposeneH-
27 7772777777770 | HAM eKcniepumenTy Heob-
&l XiAHO BUMIPSATN reoMeTpu-
,7 YHi napameTpu 3aroTOBKMU
N MNOBTOPHO 3pobutn ue
. ‘ nicns aecdopmysaHHs. Lle
I pactb MOXMMBICTb BUKO-
[o HaTWU NPOCTi 3aMipn N Bu-

1 y 3HauuTtM poboTy aedop-
Or ISP IIS 2"53’2?““” 3a dopmyrnotio

1 . .
Z OpepkaHe 3Ha4YeHHs

poboTN cnig MNOMHOXUTK

Ha 1,1...1,2, wob ypaxyBsa-

Puc. 5.3. TpybuacTta 3aroToBka go i nicns TM  3MiHEHHs  bi3uKo-

po3agaui MeXaHi4YHNX BMacTUBOCTEN

mMaTtepiany 3arotoBku BHa-

CnigokK nigBuLLeHol WBNAKOCTI aedopmMyBaHHsA. [ig Yac npoBeaeHHA ekcrnepu-

MEHTY 3a Tabno MarHiTHO-iMMyrbCHOI YCTAaHOBKM HEODXiAHO 3adiikcyBaTn 3Ha-

YeHHSs1 eHepril, HarpoMamXeHol B KOHAeHCaTOpHIN 6aTapel, BU3Ha4YNTU KOPUCHY

poboTy, BUTpayeHy Ha OedopMyBaHHS, 3 yCielo BUTpayveHow eHeprieto n KK
npovecy.
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NMopsanok BUKOHAHHA nabopaTopHOI poboTu

O3HanomuTurcsa 3 onmcom nabopaTtopHoi poboTu.

BuBYNTN KOHCTPYKLiO MarHiTHO-iMMynNbCHOI YCTaHOBKM.

HapucyBaTtu ecki3 KOHCTPYKLiT TEXHOMOrYHOro OCHAaLLEHHS.

[poBecTn ekcrnepuMeHT 3 0OPOONEeHHSA 3aroTOBKMN 3a CXEMOI0 «po3gaday.
3pobunTn HeobXigHI BUMIPIOBAHHSA 1 3aHECTH 1X 0 3BITY.

abkhwnN -~

KoHTponbHi 3annTaHHA

1. OnNuwiTe MexaHiam nepeTBopeHHs eHepril nig Yyac MIOM.

2. Ak BnnuBae 4YactoTa po3psgHOro CTpymy Ha noro amnnitygy?

3. Ak BnnvBae rmMmMbuHa NPOHUKHEHHSI CTPYMY Ha TUCK, AKUA BUHUKAE Ha Mo-
BEPXHi 3aroToOBKM, Yy NpoLeci 4edopMyBaHHA?

4. Ha3BiTb OCHOBHI BUTpaTWU eHeprii y po3psaHOMY KOHTYpPi MarHiTHO-
IMNYNbCHOI YCTAHOBKM.

5. Aki TexXHOsorivHi onepawii MOXHa BMKOHYyBaTWM 3 [OMOMOIMOK MarHiTHO-
IMNYNbCHUX YCTAaHOBOK?

6. Has3BiTb ocHoBHi nepesarn MIOM noOpiBHAHO 3i 3BMYAWHUM LUTAMMyBaH-
HAM.

7. Y YoMy nonsarae NpuHUKUN KOHLUEHTpaLil eHepril B OKpeMnx YacTuHax 3aro-
TOBKMW, KOS 3aCTOCOBYIOTbCS KOHLIEHTpaTopWu nons?

NabopartopHa po6oTa Ne 6

BUTOTOBJIEHHA 3ATOTOBOK KOBAJIbCbKUM NMPOTAINYBAHHAM

Mema pobomu: 03HaNOMUTUCH 3 OOQHUM 3 HAWMOLUMPEHILLMX TEXHOMNOrIY-
HUX NPOLECIB KyBaHHSA — NPOTAryBaHHAM.

TeopeTnyHi BigomMmocTi

[MpoTaryBaHHAM 30iNbLUYOTE AOBXUHY 3aroTOBKM LUSIAXOM 3MEHLUEHHSA 11
nonepeyHoro nepepidy. NpoTarysaHHA 34iMCHIOTL NOCILOBHUM OBTUCKAHHAM
3aroToOBKW Nonepek ocCi N0 OKPeMUX CYMDKHUX OiNSHKaX 3 KaHTYBaHHSAM HaBKO-
N0 N0340BXHbLOI OCi abo nogadero B3QOBXK oci (puc. 6.1) nicnsa KoXXHOro obTuc-

Y

Puc. 6.1. lNpoTaryBaHHA Ha nrockux 6onkax 3 0O6TUCHEHHSM
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JJOBXWHA AOiNAHKU, WO OOTUCKAETLCS, BU3HAYAETbLCA BENMMYMHOK MNoaadi
3aroToBku. [1ig Yyac npoTaryBaHHsS Ha NIIOCKMX 6onkax 3aroToBKY NPSIMOKYTHOIO
nonepeyvyHoro nepepisy KaHTyloTb 3a3Buyan Ha 90°. [1Ba nocnigoBHux obTuc-
HEeHHS 3 MPOMDKHMM KaHTyBaHHSAM Ha 90° HasuBalOTb NepexogoM NpoTHAryBaH-
HA. KOXXHUK nepexig MOXHa po3rnsgaTtn siK OBi 0OCafKku, BUKOHAHI B 4BOX B3ae-
MHO NeprneHauKynsapHux Hanpsimkax. [pu uboMy B nonepevyHomMy nepepisi 3a-
rOTOBKM 30HW YTpyAHEHoI aedopmadil Ta 30HM cepenHbOl IHTEHCUBHOCTI Oe-
doopmaLii nicrnga KOXXHOro KaHTyBaHHA MIHSOTLCA MicUAMW. YHACNIQOK LbOro Ki-
HueBa gedopmalis B nonepeyHomy nepepisi € 6inbw O4HOPIAHOK, HiXK B YMO-
Bax 3BM4YanHoi ocagku. Ocagka nig vyac NpoTaryBaHHS Bigpi3HAETbCS Big 3BU-
YanHOI OcadKku TaKOX HasIBHICTIO OINSAHOK, Ha siki He BnnmMBae Ais 6oukiB (He
AedopMyeTbCA YacTUHA 3aroToBkK). Lle CTpMMye pO3LWMPEHHA B rpaHUYHUX
30Hax, i, oTXe, 30iNblYyeTbCA HEOAHOPIAHICTL AedopMaLlii NO AOBXWHI 3aroTo-
Bkn. BogHouac, sk i nig yac 3BuM4anHOl ocagku, MeTan y 30Hax 3a3Hae Bcebiy-
HOro, Xxo4ya M HepPiBHOMIPHOro, CTUCKY, a B 30HaX MakCUMasibHUX TaHreHuianb-
HUX gedopMalin Npu CTUCHEHHI B YCiX HANpsMKax Yy NioLWmHi, nepneHankynsp-
Hi OO0 OCi 3aroTOBKW, NepeBaXKatoTb PO3TXKHI HANpyXeHHA B340BX OcCi. [1nocki
A0 NPOTAryBaHHS TOPLUi NOYATKOBOI 3aroTOBKWU Nif 4Yac BUTAryBaHHS Ha NpsiMo-
KYTHUW rnepepi3 CTarnTb ONyKInMMu.

LLlo6 36epertu kpyrny opMy nepepiszy 3aroToBOK, NPOTAryBaHHs Ha nno-
CKknx 6omkax 34iNCHIOTb ManMMu O6TUCHEHHAMMU, BE3YNUHHO KaHTYHuYM 3aro-
TOBKY MiCNsi KOXXHOro 06TUCHEHHs. [loBeaeHo, Wo nNpu 06TUCHEHHI Ha NITOCKUX
Borikax HaCKpi3Hy NPOKOBKY KPYrfioro nepepisy MoxHa 34iMCHUTYU Tinlbkn 06TuC-
HEeHHSIM 3a OOuH Xig npeca abo ygapoMm mMosioTa 3i CTyneHeM OB6TUCHEHHS, bi-
nbwnm 3a 7,5 %.

Uepes mani po3mMipy KOHTaKTHUX MOBEPXOHb CepeHi Lapu Kpyrinoi 3aro-
TOBKM 3anunLlaloTbCa HENpoKoBaHUMK, AedopMytoTbca cnabko. NnactuyHa Te-
Yiss MaTepiany B OCbOBOMY HanpsiMKy € HeJOCTaTHbOW. Yepes e Ha Topusax
3aroToBOK KpYrnoro nepepidy 3amicTb ONyKIOCTEN YTBOPATLCSA 3anaguHu.

[Mig yac KyBaHHS Ha NNOCKMX Bonkax y gedopmoByBaHOMY MaTtepiani Bu-
HUKaOTb FOPU3OHTarbHI HaNPYXXEHHS, SKi PO3TAryl0Tb 3aroTOBKY B HaMpsiMKY,
nepnengukynapHoMy 0 oci 3arotoBku. Lli HanpyxeHHs 36inbwyoTbca Big no-
BEPXHi OO LeHTpa 3aroTOBKW, MparHyyu posipBaTu il CepueBuHy, i CpULA0Tb
YTBOPEHHIO B Hi/l OCbOBMX TPILWWH, HaBiTb Y 3aroTOBKaXx i3 AyXe MnacTUYHUX
cnnasiB.

LLlo6 YHUKHYTM LbOro siBuLLLA, NPOTAryBaHHS 3aroTOBOK KPYrroro nepepisy
Cnig BMKOHYBaATW He Ha MSIOCKMX, a Ha BUpPi3HUX Bonkax abo B obTucKkavax
(puc. 6.2) BignosigHux poamipis. MNpu LbOMY 3i 36iNbLIEHHAM oYM KOHTaKTHOI
NOBEPXHi PO3TSXKHI HAMPYXXEHHSA B LLEHTPI Nepepisdy 3aroTOBKM 3MEHLUYIOTLCS, a
npu KyTi 06xBaTy, MeHwomy 3a 90°, NnepeTBOPIOTHCHA Ha CTUCKASbHI.

BennunHy obTUCHEHHA npu npoTdaryBaHHi 6epyTb Takow, WO Aae 3Mmory
YHUKHYTU KPUTUYHOIO CTyneHs gedopmadii.

[MPOAYKTUBHICTL NPOTAryBaHHSA 3areXxuTb Hacamnepeq Bif KiNbKOCTi He-
00OXigHMX OOTUCHEHD, WO, Y CBOIO Yepry, 3anexnTb Bif BENUYMHN nogadi.
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3MeHLWeHHa nofadi npuBo-
ONTb 00 36inblUeHHSA KiNbKoCTi Ai- ‘_—'
NSAHOK, WO ob6TUCKaTbCHd, a ToMy
N 0o 36inblUeHHA KinbKOCTi 06TUC-
HeHb. 30inblUEHHA noaadi TaKoX
cnpuymHae 36inbLEHHSA 3aranbHol
KinbKOCTi OBTUCHEHb, OCKINbKN Mpwn
LbOMY 3MEHLUYETbCA MOOOBXEHHS ‘_f
MNPU KOXXHOMY CTMCHEHHI, a ue noT-
pebye 36inbLeHHs KiNbKOCTi 00Tun- ‘~
CHEeHb TIiEl camol AingaHkn. Han-
MEHLUa KinbKicTb OOTUCHEHb 3a-
BesneyyeTbCca ONTMManbHOW no-  Puc. 6.2. BupisHi 6orkn ans npotary-
aadero. BusHavatounm nopgady, He- BaHHSA 3aroTOBOK KPYrIoro nepepisy
00xigHO Takox BpaTn oo yBaru, Wo
3a 3aKOHOM HaNMMEHLLOro onopy AingHka, sika o0TUCKaeTbCS, NnparHe HabpaTu B
nnaHi doopmu eninca. Tomy 36inbLeHHSA nogadvi NpnuBOAMUTbL 4O NIABULLEHHS He-
PIBHOMIPHOCTI PO3LUMPEHHS, @ HEPIBHOMIPHICTb PO3LUMPEHHS — A0 30iNblLUEHHS
npaBUNbHNX OBTUCHEHb, HEOOXIOHMX ANS YCYHEHHSI XBUMb Y340BX 3arOoTOBKW.
Kpim Toro, 306inblieHHa nogadi cnpusie NiaBULLEHHIO HeobxigHoro 3ycunns
yCcTaTKyBaHHS, WO BUKOPUCTOBYETbLCS.

[ig yac npoTaryBaHHA Ha NNockMx borkax (puc. 6.3) HaTUCK npeca Ha Ai-

NSAHKY 3aroToBku 3aBaoBxku L, 3 nepepizom KLMN abo yaap monota no uin
AiNSHLUI CyNnpOBOMAXKYETLCA 3MIHEHHAM reOMeTPUYHUX NapaMeTpiB 3aroTOBKU:

e 3MEHLUEHHSM MoyYaTkoBOi BMCOTM 3aroToBkn H go h (nepepis KLMN),
TOBTO OOTUCHEHHSIM 3aroTOBKM Ha

Ah=H —h;

e 30iNbLUEHHAM MNOYaTKOBOI LLUK- v f

pUHK 3aroToBkn B go b, To6T0 pos-

LUMpeHHsM 3aroTtoBku Ha Ab=b— B; A L / <
e 30iNblUEHHAM MNOYaTKOBOI AOB-

XuHU pinaHku L, o L,, T06To nogo- = p2 Y /1

BXEHHAM (BUTATyBaHHAM) 3aroTOBKM \V

Ha AL=L,—-L (L - poBxuHa fai- 7 7 W

NAHKN 3aroTOBKWU, nogaHol nig 6omku, b

T06TO Nogava);
e 3MEHLUEHHSIM Mol nonepeuy-

HOro nepepidy 3aroToBkM Yepes3 no-  Puc. 6.3. 3MiHEHHS reoMeTPUYHUX
AOBXEHHA, WO OUIHIETLCA YKOBY- napameTpiB 3aroToBKM Nig 4Yac
BaHHam y=F/F, (F - noyatkoBa  NpOTAryBaHHs Ha NNockux Goiikax

nnowja nornepeyHoro nepepisy 3aro-
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TOBKM; [, — nnoLa nonepeyHoro nepepisy nicnsa AedopmMyBaHHS).

YKOBYBaHHA — TOSIOBHMM MapamMeTp, WO XapakTepusye iHTEHCUBHICTb
npouecy. YKoByBaHHS 36inblUyeTbCS 3i 3MEHLWeEeHHAM BigHOCHOI noaadi
l//le/B, npn uboMy 36iNblUYETLCA KiNbKICTb HEOoOXigHMX 06TMCHEeHb. Ha
NpakTuUi 3Ha4yeHHs i BepyTb y mexax 0,5...1,0.

[Mig yac ob4ncneHHsa npouecy NPoTAryBaHHA Ha Miocknx Gorkax BUKOPU-
CTOBYIKOTb eKCnepuMeHTanbHO 00YyMOBNEHNN KOEMILIEHT IHTEHCMBHOCTI PO3LUN-
PEHHS

h(b—B)
e G
B(H —h)
3 JOMNOMOrOH SIKOro NMpu 3agaHux 3Ha4YeHHSAX BiAHOCHOro OBOTUCHEHHS &£ i Bia-
HOCHOI nogadi BU3Ha4atoTb YKOBYBaHHSA

1, (6.1)

1
y= : (6.2)
1=&(1-/y)
h
=1-— . .
ae & I (6.3)

KoedilieHT iHTEHCUBHOCTI PO3LUMPEHHS 3aroToBKU f, Aae 3Mmory pospa-
XyBaTW, sika YacTuHa nepepizy oOTUCHYTOI 3aroTOBKM MOe Ha PO3LUMPEHHS, a
fKa — Ha nogoBXeHHd. [JoBeaeHo, WO IHTEHCUBHICTbL PO3LUMPEHHS 3anexuTb
Big BigHOCHOI nogavi ¥ =L1/B i BiQHOLLUEHHA H/y, ane npakTU4HO He 3arne-
XWUTb Bif, BIAHOCHOrO OBTUCHEHHSA £ Ta AKOCTi MOBEPXHi NPOTSHKHUX BONKIB.

Y3aranbHeHHA BeJSIMKOI KiSIbKOCTI CTaTUCTMYHOroO Marepiany 3 npoTsary-
BaHHS 3aroTOBOK Ha MMOCKMX BoKiKkax gano 3aMory cknactu Tabnuui 1 BU3HaunTu
ekcnepumMeHTanbHi opMynu Ans po3paxyHKy koediuieHTa iHTEHCUBHOCTI po-
3LUMPEHHS.

3aranbHe yKOBYBaAHHS Nif Yac NpoTAryBaHHS 3a Aekinbka nepexoniB Mo-
KHa BM3HA4nNTU K 4OBYTOK YKOBYBaHb Ha nepexoax:

y3ae = ylyZ"'yn :Hyi’ (64)
i=1

ne v, V,,...,y, — YKOBYBaHHS 3aroTOBKW Ha BiAMnoBigHOMY nepexogi, obumncne-

He 3a piBHSAHHAM (6.2).
[OBXWNHY NOKOBKW MiCNsa NpOTAryBaHHA 3a JeKifibka nepexonis MOXXHa BU-
3Ha4YMTU Tak:

L - LOy 3qe’ (65)
Ae L, —noyaTkoBa JOBXWHA 3aroTOBKM.

BigHOCHe po3LUMPEHHS 3aroTOBKM Ha KOXXHOMY nepexoni obuncniooTb 3a
doopmyrnoro
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£ :;—1. (6.6)

oy(l-¢)

3 ornsaay Ha TEXHOMOri PO3PI3HAOTL Taki OCHOBHI CNOCobM NpOTAryBaH-
HA: Ha YHiBepcanbHUX BoKMKax, Ha MNPOTSHXKHUX NITOCKUX | BUPI3HMX BoKkax, po3-
riH | pO3KOYYBaHHS Ha onpasLii.

30INCHIOKYN NPOTAryBaHHS 3aroTOBOK MPSIMOKYTHOrO rnepepidy Ha YHi-
BepcanbHUX (LLMPOKMX) BoKKax, CrnoYaTKy BUKOHYIOTb OBTUCHEHHS 3 nodadeto B
TOMY CaMOMYy HarnpaMKy MicNs KOXHOro o0TUCHEHHSA, arne 6e3 KaHTyBaHHSA (ne-
pwnin npoxig). MNoTiM KaHTyTb 3arotoBky Ha 90°, nicns 4Yoro BUKOHYIOTb ApY-
Mn pag obTUCHEHb 3 NoJaYeto y 3BOPOTHOMY HanpsIMKY i Takox 6e3 KaHTyBaH-
HA (apyrmin npoxig). MpoTaryBaHHA Ha LWMPOKUX Borkax cnig novYnHaTh 3 KiHUSA
3aroToBKM i BUKOPUCTOBYBATU AN LbOro nuile YacTuHy WnpuHM Borka, pos-
TalloBaHy 3 Kpato, gka OO0PIBHIOE BENNYMHI nogadi. [1oTim Ha ToMy camomy Kpal
OOVKIB BUKOHYIOTb MOCTYMNOBE NPOTAryBaHHSA BCIEl 3aroTOBKW, a iHWa 4YacTuHa
LUMPUHN BONKIB NpM3HaYeHa nuwe Ang npaBky paHilwe NPOTArHEHO! OiINAHKMN.

3pYYHIWNM | NPOOYKTUBHILLMM € NPOTAryBaHHS Ha MPOTSXKHUX (BY3bKUX)
bonkax. TyT BUKOPUCTOBYETbCA Binblua YacTUHa LWUMPUHK BOKKIB, AN YOro Lun-
pUHY nrockux Gownkis 6epyTb Takoto, Wwo AopisHioe 1,5....1,8 Big WnMpuUHKM 3aro-
TOBKM, a BUpi3HMX bonkie — 1,0...1,2. INpun ybomy nogava craHosutb 0,4...0,8
Bid wWupnHN 6oukKiB, WO 3abesnevye ogep)xaHHA AOCTaTHLO rNadkol MOBEPXHI
3arotoBku. LLlo6 3anobirtm BurMHy oci, 3arotoBky cnig kaHtyBatM Ha 90° TO
BMpaBo, TO BIIiBO MiCNsS KOXHOro 06TUCHEHHA abo 34iCHIOBATU NPOTAryBaHHA 3
6e3ynnHHOI NoJayYelo 3a rBMHTOBOLO JiHieto. [1oBri 3aroToBKM 3py4Hille npoT4-
rysatu Bif cepefuHn 0 KiHUiB, KOPOTKI — Big O4HOrO KiHUSA 00 iHWOro, BenuKi —
3 nogadeto Ha cebe, a mani — 3 nogayeto Big cede.

BupisHi 6onkn (ame. puc. 6.2) 3aCTOCOBYHOTb AN49 NPOTAryBaHHA 3aroTo-
BOK 3i 3Ha4YHMM MNepepi3oM, a TakoX ANs NnepekoByBaHHA KBagpaTHOI abo bara-
TOKYTHOI bopmu nepepidy Ha Kpyrny. BupisHi 6onkn mMoxyTtb OyTu HaniBkpyr-
nmmu (3a opMoro 3aroToBkK) i HaniBpomBiYHMMK 3 KyTOM BUpi3y 90...160°.
[ocuTb YacTo 3aMiCTb OAHAKOBMX OOWMKIB 3aCTOCOBYHOTb SIK BEPXHil BOMOK —
MNNOCKUI, @ K HUXKHIN — BUPI3HUA. POBo4i YaCTUHKU BMPI3HUX BOKKIB ANa npecis
BUrOTOBNAOTb Y BUMNALI 3MIHHUX BKNagok abo HaacTaBoK, WO 3MEHLLYE BTpa-
TW Yacy Ha 3MiHeHHs1 bopMU 11 PO3MipiB BUPI3y B Bonkax.

[MpoTaryBaHHA Ha BUPI3HMX Borkax abo B ob6Tuckavax 3abeaneyye ogep-
XaHHA 6inbLlU rnagkol NOBEPXHi i BiNbll TOYHMX PO3MIPIB MOKOBOK, HiXK HA NIOC-
Knx 6omrkax. Yci onepauii KyBaHHS 3 KBagpaTa Ha Kpyr 3py4YHO BMKOHYBaTW He
Ha nrockux 6orkax, a Ha BUPI3HMX, abo B obTuckavax. LLo6 yHWKHYTU yTBO-
PEHHA padianbHUX TPILLWH B OCbOBIMN YaCTUWHI, 3aroTOBKM MO AiaroHansx ooTuc-
KaloTb 4O Masioro ctyneHs gedopmaldi.

[MpoTAryBaHHA MOPOXHUCTUX LUMIHOAPUYHUX MOKOBOK 34INCHIOKTb Ha LK-
NiHOPUYHMX ab0 KOHIYHMX OnpaBKax AiaMeTpoOM, TPOXU MEHLUMM 32 OCTaTOYHUI
AiameTp oTBOpy B 3arotoBuli. OcobnMBOCTI IHCTPYMEHTA 1 TEXHOSONIT BUTSIXKKN
Takux AeTtanen JOCUTb AOKMaAHO BUKMNALAEHO B crielianbHin nitepartypi, Hanpu-
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knag [2].
3rigHo 3 Teopieto 06pobneHHs meTaniB TUCKOM NUTOMe 3ycunns gedop-
MYBaHHS Mif, Yac BUTSXKKM 3aroTOBOK BU3HAYAETLCS MPOCTUM CMiBBIAHOLLEHHAM

* uL
P=c (1+=—), 6.7

* . . . . .
[e O, — rpaHvus MIMHHOCTI MaTepiarny 3aroToBKV Mpu BiAnoBiAHOMY 3Ha4YeHHI
TemnepaTtypu obpobreHHs; [ — KoeilieHT TepTa MaTepianis 3aroToBkU 1 iH-

cTpymeHTa; L,, h — reomeTpuuHi napameTpu obpobnioBaHOi 3aroToBKW Micns
AedopMyBaHHS.

PoboTty necdopmyBaHHs 3a ogHe OO6TUCHEHHSI 3aroTOBKM MOXHa po3paxy-
BaTW 3a PIBHAHHSAM

A= PWln%, (6.8)

ne W = BHL, — o6’em meTany 3aroToBKM, LLO 3a3Hae NnacTnyHoi aedopmaldlii.
PoboTta aecdopmyBaHHSA NPOTAroM YCbOro NMpoLecy BU3Ha4YaTUMETbCH SK cyma

eHeproBuTparT no nepexogax odbpobneHHs:
Ay =4+ A+ A, =) 4. (6.9)

NO6H
i=l

NMopsapok BUKOHaHHSA nadbopaTopHOi poboTu

1. BumMmipatn reomeTpudHi napameTpun HegedOpMOBaHOro 3paska, 3pobutu
€CKi3 3aroToBKW 1 3agaTu 1 po3mipu.

2. BukoHaTu Tpn-4oTmpmn 06TUCHEHHSI NOYATKOBOI 3aroTOBKW B OAHIW NMOLM-
Hi 6e3 KaHTyBaHHS1 HABKOSO NO340BXHbLOT OCi, 3p00UTK eCki3 ogepkaHoi hopmMu
3aroToBKW, BUMIPATY 11 po3Mipw.

3. OBbuncnMTN YKOBYBaHHS 3aroTOBKW, BUKOPUCTOBYHOYM dhopmynu (6.1)—
(6.3). BnsHaunTtn koemilieHT po3WmnpeHHs 3aroToBku 3a Tabn. [.4 i sictaButu
MNOro 3HaAYEHHS 3i 3HAYEeHHsIM, 3HangeHUM 3a popmyroto (6.1).

4. OB6uYnCNNTN BENUYMHY 3aranibHOro YKOBYBaHHS 3a AeKifibka nepexogiB i
BM3HAYUTU OOBXMHY 3aroTOBKW Micnsg o6TUCHEHHA 3a dopmynamu (6.4), (6.5).
[MOpIBHATU OOBXWHY 3aroTOBKW, BU3HAYeHY OBYMCIIEHHSIM, 3 eKcrnepuMeHTanb-
HO BU3Ha4YEHOH0.

5. PospaxyBaTu BenuumHu notpibHoro 3ycunngd, poboTtn gedopmyBaHHs nig
yac NPOTAryBaHHS 3aroTOBKM 3a dpopmynamu (6.7), (6.8) i NOpIiBHATK 1X 3 eKc-
nepuMeHTanbHUMN BENNYNHAMN.

6. BukoHaTh Tpn-4oTMpn OBTUCHEHHS 3aroTOBKW, nepekaHToByoun 11 Ha 90°.
HapucyBaTu ecki3 ogep>xaHoi 3arotToBkM U 3aaaTu 11 po3mipu.

KoHTponbHi 3annTtaHHA

1. AK 30INCHIOKTL KOBanbCbKe NPOTAryBaHHA 3aroToBOK, Y YOMY MNonsrae no-
ro NPU3HAYEHHA?
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2. Lo cnpryunHsae yTBOPEHHSA TPIiLLMH B OCbOBI 30HI 06pobntoBaHol 3aroTos-
KW Nig Yac NpoTAryBaHHA?

3. AKi YNHHUKM BNNMBaAOTb Ha MPOAYKTUBHICTL Npaui nNig Yac NpoTAryBaHHS
3aroToBOK?

4. OxapakTtepunsymnte 3MiHEHHSI OCHOBHWX reOMeTpPUYHUX MapamMeTpiB 3aro-
TOBKW B NPOLECI NPOTAryBaHHS.

5. Ak MOXHa 00YMCNUTM YKOBYBAHHSA 3aroTOBKW, KONMW 3AINCHIOETLCH OOHEe
OOTUCHEHHS, | 3aranbHe YKOBYBaHHS, KON NPOTAryBaHHS BUKOHYETbCA 3a [Ae-
Kinbka nepexonis?

NabopartopHa po6ota Ne 7

3AKPUTE BAFATOMNEPEXIAHE WUTAMNYBAHHA
BUCOKOHABAHTAXEHUX OETAJEN

Mema pobomu: O03HANOMUTUCHA 3 TEXHOMOrYHMM npouecoM O6’€MHOro
LUTaMMyBaHHSA B 3aKpUTUX LWITaMnax i METOANKOK MOro NPOEKTYBaHHS.

TeopeTUyHi BigoMoOCTi

Cepep BuaiB 06pobneHHa MmeTarniB TUCKOM rapsiye ob'eMHe LiTaMmnyBaH-
HA B 3aKpUTUX LUTamMnax HambinbLuo Mipok 3abesnevye BUCOKY SAKICTb LUTaM-
NOBaHMX 3aroTOBOK 3aBAsIKW pearni3auil cXemMn HepiBHOMIPHOrO CTUCHEHHS 3i
3HAYHUMM BIYHMMUM HaMPYXXEHHAMMU, sIKa CPUSIE KPaLLOMYy BUSIBIEHHIO NNacTu-
YHUX BriactTMBocTen meTany. KpiMm Toro, wwramnyBaHHSA B 3aKpUTUX LUTamMnax
3abesneyye BUCOKY AKICTb LUTaMNOBAHUX 3aroTOBOK 3aBASIKM NpaBUSIbHOMY pPO-
3TalyBaHHK BOJSIOKOH, TOBTO E€KBIANMCTAHTHO 4O KOHTYpY LUTaMnyBaHHS, i Bia-
CYTHOCTI MiCUb 3i 3HWKEHUMN MeXaHIYHUMW BNacTUBOCTAMM, SKi 3a3BMYan pos-
TaLWOBYOTbCA B 30HaX BUXOAYy MeTany B 0b6noun nig yac wramnyBaHHA y Big-
KpuTux wramnax [12, 25].

B aBiauinHin npomMMcroBoCTi rapsye ob'eMHe WTaMnyBaHHA B 3aKpUTUX
LUTamMnax BUKOPUCTOBYETLCA AS11 BUTOTOBMIEHHS 0cOobnBO BigMNoOBiganbHUX BU-
pobiB, LLO NpaLUoTb NPU BUCOKOMY TUCKY, BUCOKMUX TemnepaTtypax i B ymMoBax
NigBULLEHOI KOPO3iMHOI akTMBHOCTI. [lo Takux geTanen HanexaTb eflieMeHTU
nannBHUX, NOBITPAHUX i rigpaBNiYHNUX CUCTEM, 30KpeMa, Koprycu, nepexigHuku,
KPULLKK, OHWULLA, 3arnywkuy, dpnaHui, XXuknepu Ta iH. Ha puc. 7.1 nokasaHo ecki-
31 TMMOBKMX MOKOBOK Kracy BiCECMMETPUYHUX TUMY TiNn obepTaHH4A, AKi B3ATO 3
knacudpikatopa ocobnmBo BigNoOBiganNbHUX AeTarnen nitakie 3 NfoLwe nonepe-
YHOro nepepiay Ao 480 cM?, a TakoX TUMOBI AeTani MOTOPOBYAYBaHHS.

Y ranyseBux ctangaptax (OCT 1 41538-74, OCT 92-1619-87) 3a3Hava-
€TbCH, L0 NMOKOBKWU, SIKi € 3arotoBkamun gns getanen ocobnmeso BianoBiganbHMX
BUpoOBIB, Cnig BUrOTOBAATU 3akKpUTUM OO'€EMHMM LITAaMMNyBaHHAM Yy 3aKpUTUX
luTaMnax 3 nornepeaHiMm gpacoHyBaHHAM.

3aKkpuTe WTamnyBaHHA — Lie NPOLEC, SKUM CKIagaceTbCa 3 Pi3HUX ornepa-
Lin POPMO3MIHEHHSA (OCadKW, BUAABIIOBAHHSA, MPOLUMBKA Ta iH.), WO 34IMCHIO-
I0TbCA NOCIILOBHO abo O4HOYACHO M CYNPOBOLXKYKTBCA B OCTaHHIM dhasi ge-
dopmauii  BUAABIIOBAHHAM i BUpPa3HUM 3arnoBHEHHSIM KYTiB KOHQuirypauil 3a-
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KPUTOro piB4yaka. 3acTOCOBYHOUM TOYHE LUTAMMyBaHHS 3arOTOBOK Yy 3aKpUTOMY
lTamni, MOXXHa 3Ha4YHO 3EKOHOMWTU MeTarsl, OCKINbKNU CTUKOBI MOBEPXHI oaep-
XaHUX MOKOBOK NOTPebYTb HEBENUKNX 0BCAriB NO4anbLLIOr0 MexaHiuHOro o6-
pOBNeHHs1, a NOBEPXHi, LLIO He CNOoSTy4altTbCH, 30BCIM NOro He NoTpebytoThb.

YacTto HEMOXMNNBO OTPUMATU SIKICHY MOKOBKY Yepes 1i MOLUKOKEHHS Mig,
Yac geopMyBaHHS, CNPUYMHEHE 3HAYHUMMU HaNPY>XEeHHAMM, WO BUHUKAKOTbL Y
mMeTani. Tomy, aHani3yo4m TeXHONOrio OTPUMaHHA AeTarnen BignosigaribHOro
NPU3HaYeHHd, ICTOTHY yBary cnig npuainatyv MOXMIMBOCTI NosiBU AedekTiB
LUTaMMNyBaHHS.

3a NnoxomkKeHHaM gedekTn WwTamnyBaHHA Nigpo34inaTb Ha Taki BUAMK:

1. dedekTn, WO BMHMKAIOTL Bif NEPBUHHOIO Martepiany: pucku — opibHi no-
APSNUHKU, SKIi BUOHO 0O CaMOro fHa MOKOBKW; 80/10CO8UHU — TOHKI NOAPSIMNHU
Ha NOBEPXHi NOKOBOK; 3aKOmMu — 3aiMPKN Y BUrNAAi 3aropHeHNX AiamMmeTparnbHO
NPOTUNEXHNX CKNaAoK, LLO BUHUKAKOTL Yepe3 HernpaBuiibHe KanidbpyBaHHS abo
3HOC piBYakKiB y NpokaTHUX Bankax. Ui aedektn matepiany 3aBXxau postawlo-
BYKOTbCS Ha MOBEPXHi MOKOBKM | NOYTb CTPOro no nepernHax it KOHTypy.

2. ledekTn, WO BUMHUKAKOTL Nig 4Yac pi3daHHS 3aroTOBOK. KOcul 3pi3 — TO-
peub, HaXUIEHNN BIQHOCHO OCi 3aroTOBKW; 3a0UpPKU W 8UKPUBIIEHHS KiHUS 3aro-
TOBKU; epybull 3pi3 abo 8i0Kos1 3 BUPUBAHHAM MeTany; mpiluHu mopuie; He-
8i0rnoeiOHicMb 3aroTOBOK 3a 008XUHOt0 abo macor (kopoTka abo mana 3aroTo-
BKa).

3. dedekTu, Wwo BUHUKAKOTL Nif Yac HarpiBaHHA 3arotoBok. OKasiuHa — wap
OKMCHEHOro MeTarny Ha NnoBepxHi HarpiTol 3arotoBkn. OkanuHa, He BuaaneHa 3
NOBEPXHi 3aroToBkM abo LTamnis, Nig 4Yac wTamMnyBaHHA BOABOETbLCH, 3a-
LUTAMMOBYETLCA B MeTar, YTBOPIOKYM MMUOOKI BM'ATUHM B MOKOBKaX.

Hedozpie — BUHMKHEHHSA BHYTPILLHIX TPILLUWH Yy NPOLECi KyBaHHA 1 WTammny-
BaHHS Yepes3 HeJoCTaTHI BUTPMMKY 3aroTOBKM B HarpiBarsbHin nedi (3a 4acowm i
TemnepaTyporo) i BiACYTHICTb 3 L€l NPUYMHM HEOBXIAHOI NIACTUYHOCTI MeTany
Anst obpobneHHst noro TUCKOM. [lepezpie — HaAMIpHE 3POCTaHHS 3epeH Yy cTani
N 3HMXEHHSI MeXaHiYHUX BNacTUBOCTEN Yepe3 Harpis 4O Temnepatyp, Wo ne-
PEBULLYIOTL OOMYCTUMY, @ TaKOX 4Yepes3 BenuKy TpuBarnicTb HarpiBy 4o Heob-
XiAHUX KyBanbHUX Temnepartyp.

4. [ledbekTn, WO BUHUKAKOTL Mif Yac wWramMnyBaHHA. Bm'amuHu — cnign Big
BUTpaBneHol abo BigdmTol okanunHu, Wwo 3awTaMnoByeTbCa. 3aboiHU — MexaHi-
YHi MOLLKOOKEHHS, LLO BUHUKAOTL Mif Yac BUTAraHHSA NMOKOBKW, WO 3acTpsirna B
NOPOXHUHI WTamna, abo Yepes nonagaHHA CTOPOHHIX NpeaMeTiB 40 00pi3HMX
wtamnis. bpyxm — 3incoBaHa NOKOBKa, WO 3a3Hana yaapy, Konu He 6yna
yKrnageHa B HUXHIO rpaBlopy wTamna abo Oyna 3miwieHa 3 Hel. He3arnoeHeHHs
egpasiopu — [edekT, Lo XapaKTepusyeTbCa BIOXUITEHHAM Big reoMeTpUYHUX
pO3MipiB Yepe3 He3anoBHEHHA YMCTOBOro piBYaka wwtamna metanom. Hedouw-
mamroeka — 30inbLUeHHA BCIX pO3MipiB MOKOBKWM NOHa, yCTAaHOBIEHNIN JOMNYCK Y
HanNpsIMKy, NepneHanKynspHOMY 40 OCHOBHOI MAOLWMHN Nepepisy.
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Ha oTpyMaHHA KOHCTPYKTUBHO CKMafHUX efNeMEHTIB LUTaMnyBaHHS ICTOTHO
BNAIMBalOTb DI3MKO-MEXaHiIYHI BNacTMBOCTI MaTepiany 3arotoBkn. OgHIE0 3 Oc-
HOBHUX XapaKTepuUCTUK MeTarny, WO BU3Ha4yalTb MOXIMBICTb NiggaBatn MOro
rapsdyoMmy oO6poONeHH TUCKOM i BCTAHOBMOBATU TEPMOMEXAHIYHI pexumm
LbOro OOpOOMEHHS, € TexXHomnoriYyHa MNacTUYHICTb. TexHonoriyHa nnacTud-
HiCTb, abo OedOpPMIBHICTb, 3yMOBflIEHa MEXaHIYHOK CXEMOK AedOpPMYyBaHHS
AN Pi3HMX TeMnepaTypHO-LLBUAKICHUX YMOB.

[na onucy po3BUTKY pyMHYBaHHSA Yy Yaci B MexaHiui pyuHyBaHHS nporno-
HYETbLCS BMKOPUCTOBYBATU OEAKY CKansapHy PYHKLUi0 @, WO 3MIHIOETLCH B Me-
Xax Bi HyNnsa 0O OOAMHUUI, — TaK 3BaHY CYLISIbHICTb Tina. Y no4yaTkoBOMY CTaHi,
3a BiICYTHOCTI NOLUKOQKEHb, CYLiNbHICTb Tina AOPIiBHIOE OAMHULI, 3 YacOM BO-
Ha 3MEHLUYETLCS, | KONK TI 3Ha4YeHHs JOPIBHIOE HYMO, BiaOyBaeTbCA pynHyBaH-
HA. 0. M. PaboTHOB yBiB (pyHKLiO i =1— @ — MOLIKOAXKYBaHICTb, fIka OOpiB-
HIOE HYIMIO B MOYATKOBOMY CTaHi 1 OAUHULI B MOMEHT pPyMHYBaHHSA. LIto dyHKUit0
Takox BukopuctosysaBs B. J1. Konmoropos [13] npu aHanisi yMmoB pynHyBaHHS B
npouecax 06pobreHHs meTaniB TUCKOM. BiH Ha3BaB ii CTyneHeM BMKOPUCTaHHS
pecypcy NNacTUYHOCTI | B CBOIX OOCIIOXEHHSX BUBIB 1i 3aNeXHICTb Bif CTYMNeHs

nedopmauii: v = f(&,).

Mig ctyneHem gedopmadlii po3yMitoTb YCHO NNacTuyHy gedopmaldito, Ky
HarpoMamkye YacTuHka matepiany npoTsroM neBHOro NPOMDKKY Yacy nig yac
PYXYy:

&, Zja' : (7.1)

Oe ¢ —iHTEeHCUBHICTb LUBUAOKOCTEN aedopmaliit; ¢ —4ac gedopmalil.
[‘paHnyHy gedopmadito, 9Ky 3gaTHUMA BUTpUMATU mMaTtepian g0 pynHy-
BaHHs1, MPUMHSATO HA3UBaTU epaHUYHOK nnacmuyHicmio W nosHavatu & . LLns-

XOM YMCMEHHNX OOCNIMKEHb BM3HAYEHO DYHKUIOHANBbHUIN 3B'A30K MK rpaHund-
HOK MNAaCTUYHICTIO W NMOKA3HUKOM >KOPCTKOCTI CXEMMU Hanpy>XeHoro cTtaHy [13,
17]:

7o I(T) _0,+0,+0;

? BLD,) o,

[MoKa3HMK XXOPCTKOCTI CXEMU HaNPY>XEHOro CTaHy, SIKMA CKNnagaeTbCs 3 iH-
BapiaHTIiB TeH30pa HanpyXeHHs, ypaxoByeE rigpoCTaTUYHUA TUCK, WO ICTOTHO
BNSIMBAE Ha MNACTUYHICTb, @ TaKOX IHTEHCMBHICTb HanpyXeHb, WO BU3HA4Yae
NACTUYHY NSIMHHICTL MeTarny.

3anexHicTb rpaHn4yHoOl aedopmadii €, Big nokasHuka I/ _, w0 xapakre-

o

(7.2)

pU3ye HanpyXeHun cTaH, Ha3nMBaloTb Aiarpamoro NIacTUYHOCTI.

[na anomiHieBMX cnnasiB i cTanen giarpamu nnacTUYHOCTI MaloTb €Ke-
MNOHEeHUianbHUN XapakTep, NpU LUbOMY B 30HI CTUCHEHHSI rpaHu4Ha nnacTtuy-
HIiCTb cnnaeiB Habupae MakCcMManbHUX 3HAYEHb, @ B 30HI PO3TAryBaHHSA — MiHi-
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ManbHUX. AHanisyoun pynHyBaHHS MeTaniB B yMOBax HEMOHOTOHHOI gedop-
mauil, B. J1. KonmoropoB oTpumaB KiHETUYHE PIBHAHHS OS5 MOLUKOLKYBAHOCTI
[13], sike BUKOPUCTOBYETLCS B TEOPIl HArPOMaPKEHHSA NOLUKOKEHb:

de,
dy =25 (7.3)
,1,)
3BiAcn yMOBY pPyMHYBaAHHS MOXHa 3anuMcaTtiu Tak:
t
e.dt
y=[—"——=1 (7.4)
0 gp (Ho' (t))

OueBunaHo, WO Npun <1 pynHyBaHHA MeTarny B WTaMnMi i3 3agaHuMm CTy-
neHem gedpopmadii He Biadyaetbcs. MNpu y >1 pynHyBaHHA MeTany, Wo Ae-
dOpMYy€ETLCA, € HEMUHYYMM. Y LIbOMY BUNALKY iHXEHepy-TeXHOMory noTpidHo
BHOCWUTU NeBHi 3MiIHEHHA CTOCOBHO TEXHOJSIOrii WTaMnyBaHHSA, Hanpuknag yBo-
OVUTW OoAaTKOBI nepexoau LuTaMnyBaHHS, 3MIHIOBATU KOHirypauito piB4akis
lWTamna abo WwTamniB Ha pPi3HUX nepexogax ToLlo.

KpiM TOro, npoeKkTyrum TEXHOSOTNYHUI NPOoLeC WTaMnyBaHHA B 3aKpUTUX
luTamMnax, TEXHONOr Ma€e BUPILINTU e OL4HE BaXKUBE MUTAHHA — BU3HAYEHHS
TOYHOro 06'eMy NOYATKOBOI 3aroTOBKM N MOXIMBICTb MO0 OTPUMAaHHSA. 3aHu-
XeHun ob'eMm meTany npu3BoAMTb OO He3anoBHEHHs piBYaka wTamna, a 36i-
NbLUEHW — 0O 3aMUKaHHS MeTarny B MOPOXHUHI WTaMna, 4O BENUKOro cTpubka
3ycunnsa nNpu HyNboBUX Aedpopmadisx i, AK Hacnigok, 4O MOXIIMBOIo pymHyBaH-
HA OCHaWeHHA N ycTaTkyBaHHSA. MiHimanbHuin o6'em Harpitol 3arotoBkM Mae
AopiBHIOBaTM 06'eMy CnpaubOBaHOro piB4yaka npu MakcuMarsbHin Moro Temne-
paTtypi.

Ha npaktuyi dpopmy 1 po3mipu 3arotoBkM BU3Ha4yaTb 3a TaKOK MeToau-
KOHO:

1. O6'eM NOKOBKM BU3HAYalOTb PO3PaxyHKOBUM LUMSXOM 3a MaKCMMarbHU-
MU FOPU3OHTaNbHUMN U MiHIManbHUMWN BepTUKaNbHUMU TI po3mipamu. Li pos-
Mip¥ MaloTb BignNoBigaTM po3MipaM piBYyaka 3 ypaxyBaHHAM ycaaku. Opgepxa-
HUN 06'EM NOKOBKM € HAMMEHLLNM 06'eMOM 3aroTOBKM.

2. MiHiManbHUM 06'eM 3aroToBKM BM3HA4YalOTb 3 ypaxyBaHHAM BUNaLKOBUX
BiAXUNEHb — KONMMBAHHA BUrapy, TemnepaTypu wramna v iHCTpyMeHTa:

NOK

Ve =Ty (7.5)
- 6u2max
ae VnOK ~ — MiHiManbHU o06'eM 3aroTOBKW, po3paxoBaHMM 3a N. 1 MEeTOAWKM;
V.. —MaKkcMmanbHWI BiJHOCHWUIA BUrap.

max

3. Po3paxoByoTb XxapaKTepHi po3Mipu 3arotoBku (giameTtp abo BUCOTY Npy-
TKa):
a) Oona gertanen Tuny riaHuiB, KPULIOK
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4K’a2 B 4V3’a2 :
d3a2 = - ’ hsae = 2mm ’ (76)
ﬂ-hme 7Z-d
0) aona getanen Tuny Banis
41/3a2 :
d,, =j— — (7.7)
m

ae dmz, a,,, — hiameTp Kpyra abo cTopoHa KBagpara BiAnoBiaHo; m — Koedii-

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

[iameTp 3aroToBKM 3yMOBIIEHUI KOHCTPYKTUBHUMM OCOBNMBOCTSIMU yCTa-
TKYBaHHS (Hanpuknag, ctanmm nosIoXKEeHHAM 3aroTOBKW B MOPOXHUHI WTamna).
Y Oyab-akoMy pasi BigHOLIEHHS BUCOTW OO AiaMeTpa 3aroToBKWM HE MOBMHHO
nepesuLLyBaTK 3HA4YeHHS 2,5.

4. [10BXMHY 3aroTOBKW 3 HU3bKOMMACTUYHUX MaTepianiea NpubnnsHo BU3Ha-
YalTb 3a cepeaHiM KpUTUYHUM CTyneHem gedopmallil:

L Hce
2,5> e < A (7.8)
d, (-g,)d,

3ae

Ae L. . — poBXuHa 3aroToBKY; Hcep — CepefiHsl BUCOTA MOKOBKM; &, — KPUTUY-
HWUIW CTYNiHb gedbopMmauil Npu 3agaHin Temnepartypi.

YpaxoBytoun bopMy piB4aKa HMXXHLOMO LUTaMMa, YTOYHIOKTb NonepeyHum
nepepi3 3aroToBKM 3a CTaHA4apTaMu Ha COPTaAMEHT, OKPYrMNsATb A0 HANONNX-
4yoro BinbLUoro, NiCrist YOro BU3Ha4yalTb OCTATOYHI PO3MIipU 3aroTOBKM.

PosrnaHemo npouec baratonepexigHoro wramMmnyBaHHS KPULLKW rigpouu-
niHapa B wWramni 3akputoro Tuny (puc. 7.2). NoyaTkoBy 3aroToBKy NigidbpaHo 3a
PO3rMAHYTO BULLE METOOMKOLO.

POpMO3MIHEHHSA 3aroTOBKM B LUITaMNi A9 OTPUMAHHS KPULLKU 34iNCHIO-
€TbCS KOMOIHaUiE onepaLin ocagku i 3BOPOTHOrO BUAABNIOBAHHA 40 MOMEHTY
YTBOPEHHA XBOCTOBMKA KPWULLKW, Oe i€ cxema MnpsmMoro BuaaentoBaHHA. Pe-
3ynbTaTy YNCNOBOro MOAEeNtoBaHHSA CBigYaTh NPO 3Ha4YHY HEPIBHOMIPHICTb PO3-
noainy gedopmadii no nepepidy NOKOBKW. 3a3HaudnMo, WO B MepLly yepry ae-
dopMytoTbCst 06nacTi, siki NpunaratoTb 40 BEPXHbOI YaCcTMHM WwTamna (nyaHco-
Ha). Tak, B obracTi 3arotoBk1, Ha Ky 6e3nocepeiHb0 TUCHE IHCTPYMEHT, ae-
dopmauisi po3BMBAETLCS HaWMIHTEHCUBHILLE, | 11 3HAYEHHS 3anULIAaETbCA Mak-
CUManbHUM 40 NeBHOro MOMeHTY. B 06nacTi 3aroToBkM, WO KOHTaKTye 3 nyaH-
COHOM, Yepes fito 3a HoOpMarnso 3ycunss TepTa YTBOPKETLCA 30HA YTPYAHEHO!
aAedgopmadii. LIa obnactb, mano gegopmMyoumchb, PO3KITMHIOE MeTan 3aroToBKM
B OCbOBOMY 1 pagianbHOMYy HanpsMKax.

Y nepwomy BapiaHTi (OTPUMaHHS MOKOBKM 3a OAWMH Nepexig wramnyBaH-
HHA) 3aroToBKa TOPLSAMM BCTAHOBSIEHA HA BUCTYMWN B HWXKHIA MOSMTIOBUHI WITamMnNa
(BigcyTHA BCTaBKa, AedopMyBasribHUM € MyaHCOH, puc. 7.2, 6). Obnactb cTu-
KaHHS1 3aroTOBKM M MaTpuui € HE3HAYHO, | HEMAe OOCTaTHLOro NigMNopy Ans
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Martepiany 3aroToBku, TOMY B KoHTyp

Lin obnacti BXe Ha nepulin 3aroTOBKU\ 4
cTagil npouecy I'IQ‘-II/IHa}OTb 3 \
po3BMBaATUCA 3HaYHi Aedop-
Mauii, HanpsiMneHi nig KyTom 6 - 7
npubnmnsHo 45° go oci 3aro-
TOBKMW. 2

[ani  cnocTepiraetbcs S

PO3BUTOK 3HA4YHUX Oedopma- 1
Lin B OCbOBOMY HarnpsiMKy, ae

noTiM BiAOYBaeTbCA B3aEM-

HWA nepeTuH nonis 3 Hawnbi-
nbwMu  gedopmaviiamum, i B a 6
LeHTpasrnbHIin  30HI  MOKOBKU
3apOAXKYETLCH BHYTPILIHA 30-
Ha CKOHLIEHTpOBaHUX Aedo-
pmauin. Takmm po3BUTOK Ae-
dopmauin 'y pasi nepesu-
LLIEeHHS X rPaHUYHUX 3HaYeHb
MOXe Mpu3BOAUTU OO MNOSABU
BHYTPILWHIX JedeKkTiB oaep-
XyBaHMX MOKOBOK. Ha 3aBeplianbHi CTagii wWramMnyBaHHA Mae Micue cxema
NPSAMOro BMOABIIOBAHHS XBOCTOBMKA KpULWKW. [Mpy LbOMYy 30Ha HambinbLUmX
HarpoMampkeHux gedopmadin nepemilyetbCcs B 0651acTb YTBOPEHHS XBOCTO-
BUKa KPULLIKW.

Y gpyromy BapiaHTi (aBonepexigHe wTamnyBaHHA KpULLKK) npouec dop-
MOYTBOPEHHSA AeLlo 3MiHIeTbCA. OCHOBHI 3MiHEHHA Nons gedopmadin 3ymos-
NneHi HadABHICTI0O 0DMeXyBanbHOI BCTaBKM (SiKa, Y CBOK 4Yepry, BUpiLye Mnpo-
Onemy BCTAHOBJSIEHHS 1 LIEHTPYBAHHSA 3aroTOBKW B MOPOXHWHI MaTpuui) i ae-
dopmyBarnbHOro nyaHcoHa (ame. puc. 7.2, a). Ha gpyromy nepexogi wramny-
BaHHSA oOMeXxXyBaveM Mo BUCOTI KPULLIKM € BULITOBXYBaY. Ha nepuomy nepexo-
Ai WTamMnyBaHHA NepeBaxae cxema 3BOPOTHOro BUAABMIOBAHHA, HA OpPYroMy —
cxema npsmMoro suaasntoBaHHsA. OBuAaBi CXeMu XapakTepusyTbCA HE3HAYHOK
HepiBHOMIpPHICTIO Aedopmalii No 06'eMy NOKOBKW, MPOTE po3TallyBaHHS BOJSIO-
KOH MeTany, WO MakCuMasnbHO onpalbOBaHUW, BianoBigae nNpodisfito YNCTOBOI
peTani.

HeobxigHe 3ycunnsa gedopmadii Ha nepexogax BM3HA4alOTb TakUM YK-
HOM:

Puc. 7.2. lUtamn gnsa nepworo (a)
i gpyroro (6) nepexoAis WTaMnyBaHHSA:
1 — maTpuus; 2 — BCTaBka; 3 — NyaHCOH
ANa nepworo nepexony; 4 — nyaHCcoH ans
ApYroro nepexoay; 5 — BMWTOBXyBaY;
6 — NOKOBKa NiCrisi NepLloro nepexoay;
7 — NMOKOBKa nicnsa gpyroro nepexoay

S
P=—|o,275ds, (7.9)
0

Ae O, — HopMasibHe HanpyXeHHst MeTarny Ha KOHTaKTHUX NOBEePXHSIX; S - pa-
AianbHUM PO3Mip NOBEPXHI KOHTaKTY Ha OCTaHHIW cTagil.
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P0o3B’A3yl0uM KOHKPETHI NpakTU4Hi 3agadvi 3 BU3HAYE€HHA MaKCMMarbHOro
3yCuUnng wtamnyBaHHsS, MOXHa CKOpPUCTaATUCS MPOCTILWO, Xo4a N rpybilloto,
PO3paxyHKOBOI 3aIIeXHICTIO

_ K/36/np
P =Fko.c : (7.10)
ne k, — emnipuyHuii KoedilieHT 3aTikaHHs, WO xapakTepusye 3MiLHeHHs (Ha-
Knen) martepiany AedopMOBYBaHOI 3aroTOBKW, ONip TEPTS Ha KOHTAKTHUX MO-

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

— rpaHMusa MILHOCTI MaTepiany 3aroToBku; £, — nnoLlia nonepeyHoro nepepisy

. . / 38/ .
MaTpuLi (No4YaTKoBOI 3aroToBkW); &~ © — CTyniHb Aedopmauii meTany ans

BUNaAKiB OTPMMaHHS NOKOBKM 3a OAWH | ABa nepexoan. [na cnpoleHHs Bigno-
BIJHWI CTYMiHb AedpopmaLii BU3HA4YaEeTLCA BUpasamMm Ona CXeEM BUAABITHOBAHHSA
(komBiHOBaHOro, 3BOPOTHOrO, MPAMOrO):

& =&"+&"; (7.11)

F,
g’ =In——">"—; (7.12)

by = F,

F,—F
gl =L —oms (7.13)

k
Ae F, — nnowa nonepeyvHoro nepepisy nyaHcoHa; F, ~— oTeip y matpuui nig

0ChOPMIEHHSI XBOCTOBMKA KPULLIKW.
Y nepwwomMy HabnumXKeHHi 3a ekcnepumeHTarnbHUMKU gaHuMKM poboTy ae-
hopMyBaHHS Ha NepLIOMY Nepexoai WTamnyBaHHS MOXHA BU3HAYUTM TaK:

A4,=0,5P_h, (7.14)

max

ae h — xig nyaHcoHa.
NMopsaaoKk BUKOHaHHA nNadbopaTopHOi poboTu

1. EKCNepuMeHTanbHO BU3HAYMTK 3ycunnsa n poboTy gedopmyBaHHS nig
Yyac 3aKpUTOro LUTaMnyBaHHS MOKOBKM i3 TOpLEBUM OpebpeHHAM B ekcnepume-
HTanbHOMY WTamMni. ECKi3n NOKOBKM Ta 3aroToBKM HaBeLeHO Ha puc. 7.3.

ExkcnepumeHTanbHUin WITamMn gnga 3aKpUToro wraMmnyBaHHS TOYHOI NMOKOB-
K/ Ma€e KOHCTPYKLIIO 1 3aranbHUin BUrnsd, ki 306paxeHo Ha puc. 7.4.

Y kopnyci 1 po3TalloByeTbCA MaTpuLs 2 i3 rpaBlopoto Topuesux pebep. B
OTBOpPAax KOpMycy i BCTABKM BCTAHOBIIEHO BULUTOBXYBa4y 3, BEPXHS MOBEPXHS
SIKOrO € KOHIYHO, AN BuaaneHHsl NokoBKM 3i WwTamna nicns gedopMyBaHHS.
HaBaHTaXXeHHs 3MaLleHOl 3aroToBkM 5 BiabyBaeTbCa Yepes NyaHCOH 4.

2. [NoBTOPUTK Aekinbka pasis M. 1, 3MiHIOK4YM OTPUMYBaHy BUCOTY pebpa
nig Yac gedopmyBaHHA (PO3Mip BUCOTM NOKOBKK 6e3 pebep, WO 3MIHIETbCS,
Ha puc. 7.3. NO3HAYEHO 9K OOBIOKOBUN).
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Puc. 7.3. Ecki3n ekcnepvmeHTanbHOI NOKOBKK (&) i 3arotosku (6)

/

a 0

Puc. 7.4. KOHCTpyKUia ekcrnepuMeHTanbHOro wramna angd 3akpuTtoro
lWTaMnyBaHHs (@) | 3aranbHU BUrNA4, WTammna, 3aroToBku 1 MOKOBKK (6);
1 — Kopnyc; 2 — maTpuus; 3 — BULLTOBXYBaY; 4 — NyaHCOH; 5 — 3aroTtoBka

3. 3a HaBegeHUMM hopmynamMu po3paxyBaTu 3HAYEHHSA 3yCUnns n po-
60TK gedhopMyBaHHS, WO BiANOBI4AOTb €KCNepUMeHTaM.

4. Bn3HauMtn PISHNLUKD MK PO3paxyHKOBUMU 1N eKCnepuMeHTanbHUMu
3HaYeHHAMU 3ycusib 1 poboTn fedopMyBaHHS.

5. Bu3HaunTtu 36inblueHHs NOTPIOHOro 3yCcunng HaBaHTaXXEHHS 3anexHo
BiJ CTyneHsa aedopMyBaHHA NOKOBOK, OTPUMAHUX Yy Cepil HaBaHTaXeHb.

KOHTpOnbHI 3anuTaHHsA

1. HasBiTb obnacTi 3acTocyBaHHs 1 NepeBarn 3aKpuToro LTaMnyBaHHS.
2. YKkaxiTe npobnemu BNpoBaKEHHA 3aKpUTOro LTaMnyBaHHA Y BUPOOHULL-
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TBO Ta crnocobu iX yCyHEHHS.

3. 3anuwiTe KpUTEPIN NOLIKOOKEHHA N KIHETUYHY YMOBY PYMHYBaHHA MeTa-
ny.

4. AKAM YMHOM BM3Ha4YalTb (POPMY M PO3MIpM NMOYATKOBOI 3aroTOBKU AJIS
LUTamMnyBaHHA?

5. AKi iCHYIOTb OCHOBHI CxeMu edopmyBaHHA MeTany B MOPOXHUHI 3aKpu-
TOro wramMmna B pasi OTPMMaHHA MOKOBKW TUMY «KpuULLKa» 3a OOUH nepexia
LUTamMnyBaHHA?

6. YKaxiTb HeQOSiKNn ogHOMNepexigHoro WwramMnyBaHHSA KPULLIKA.

7. HasBiTb nepeBaru gBonepexigHoro WwrammnyBaHHA KPULLIKK.

8. lNopiBHANTE NOTPiIOHI 3HA4YEHHA 3ycunna n poboTn gedopMyBaHHS Yy BU-
nagKkax WwWramnyBaHHA KPULLKX 32 OOMH i Ba nepexoan.

NabopaTtopHa po6oTa Ne 8

NOBYAOBA KPUBOI ICTUHHUX HAMNPYXXEHb
Y DE®OPMOBYBAHOMY METAII

Mema pobomu: 03HaNOMUTUCS 3 OOHUM i3 CocobiB BU3HAYEHHS 3arex-
HOCTI HanpyXeHb Big, AedopmalLiin WISXoM ocaiku unniHapUYHOro 3paska.

TeopeTU4Hi BigoMocCTi

MnactunyHi gedopmadil NnpuBoAATb A0 3HAYHOIO 3MIHEHHSI MEXaHiYHUX,
di3ndHUX | XiMiYHMX BnacTuBocten metany. ¥ geopmMoByBaHOMY MeTani 3i
3pOCTaHHAM CTyneHsa aedopMadii 36inNbLYTLCS BCi NOKa3HUKK onopy gedop-
MYBaHHIO (rpaHuLi NPYXHOCTI, NPONOPUIMHOCTI, NIIMHHOCTI W MILHOCTI), 30inb-
LUYETLCA TAKOX TBEPAICTb MeTasy, 04HOYACHO 3 LIMM CMOCTEPIraeTbCs 3HMXKEH-
HA MOKa3HWKIB MNMACTUYHOCTI (BIAHOCHE MOOOBXEHHS, BIQHOCHE 3BYXXEHHS,
yAapHa B’A3KiCTb), 36inbLUYETbCA €NEeKTPUYHNIA Onip, 3MEHLUYETLCSA ONip Tenso-
NPOBIAHOCTI, KOPO3il, 3MIHIOKTLCA MarHiTHi BlacTUBOCTI pepoMarHiTHUX MeTa-
nie Towo. CyKynHIiCTb SIBMLL, NOB’SI3aHUX 3i 3MIHEHHSIM MeXaHiYHUX | qoi3nKo-
XiMiYHUX BNacTMBOCTEW MeTaniB y npoueci XornoAHOro nnactu4yHoro gedpopmy-
BaHHSA, Ha3MBalTb gedopMauinHUM 3MiLHEHHSM. |CHYIOTb Taki OCHOBHI rinoTe-
31 MeXaHikn 3MiLUHeHHA MeTanis Ta Ix cnnasis [15]:

1. ManbmyeaHHs ducriokayit nio Yyac ix nepemuHaHHs ma rpy>xHoi 83aemo-
dii. CyTb Ui€l rinoTean nonsrae B ToMy, LLO AMCroKauil, gKi nexartb y pi3HUX
NNOLWMHAX KOB3aHHA, NpWU NfiacTUYHOMY AedOpMYBaHHI NepeTUHarTbCs | Mo-
YMHAKOTb B3AEMOAIATU, YHACNIOOK 4YOro BMHUKAKOTbL NOPOrM Ha AUCIioKauisiX.
YTBOpPEHI NOPOrn nepewkogkarTb pyxy AUCOKALIM i 3aKpinmoTb 1X. Takum
YWMHOM, B3aEMOAiA OMCNOKaLiN CMPUYNHAE 3MEHLLEHHS KifTlbKOCTi KOB3HUX i 30i-
NbLWEHHS KINbKOCTI 3akpinfieHnx OuUcriokauin, a ue npusBogunTb A0 3HMKEHHS
NNacTUYHOCTI MeTany. 3ryleHHs ancnokauin — ogHa 3 NPUYKH 3MILHEHHS Me-
Tanis i cnnasiB..

2. lanbmysaHHSA Oucriokayii amomamu PO34YUHHUX XIMIYHUX erleMeHmis.
ATOMK XiMIYHUX enemeHTIiB (Byrreut, asoTty, 6opy, BOOHIO), SIKi YTBOPKOWOTb
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TBEPAI PO34YMHU MPOHUKHEHHS!, @ TaKOXX aToMM BaraTbOX fIEroBaHMUX €NEMEHTIB,
LLIO YTBOPIOKTb PO3YNHN 3aMiLLLEHHA 1 MalOTb aTOMHMK giameTp, 6inblinin 3a
aTOMHWIA diaMeTp OCHOBHOro MeTtasny, po3TalloBYKTbCA Oing aucnokauin y
PO3TArHYTUX 30HAX KpUcCTaniyHux rpat, To4i SK aTOMU efleMeHTIB 3 MeHLUUM fi-
aMeTpoM — Yy CTUCIIMX 30HaX. YHacnigoK UbOoro HaBKOMO AMCroKalin yTBOpPO-
E€TbCSA CKYMYEeHHA PO34YMHHUX aToMiB — «xmapa KoTttpenna». Yepes Te, o
«xmMmapa KoTtpenna» npu nnactmyHmx gedopmauisix BiJOKPEMITOETLCA Big A4-
pa KOB3HOI AMUCIoKaLil, BUHUKAE B3aEMHE MPUTAraHHs MiXX «xmapoto KoTTpern-
na» U gucnokauiaMu, Wo ranbMye nepemMileHHs guMcnokadin i npusoauTb a0
3MiLHeHHs cnnaey (aedopmauiiHOro cTapiHHs).

3. MNanbmysaHHs ducrniokayiti ducriepcHUMU YacmuHKkamu. Y npoueci nnac-
TUYHOro aeopmyBaHHS BHACSILOK 3ryleHHA OUCNOoKauin i BHYTPILLHIX Hanpy-
X€Hb BUHUKAKOTb YMOBW AN BUAINEHHS ONCMEPCHUX YaCTUHOK Y BUNAAI Pi3HUX
cnonyk. Lli yacTuHKK, BUOINAYMCL Ha NAOLWMHAX KOB3aHHS, NepeLlukogXaTb
nepeMilLeHHIO ANCnoKaLlin i CnpuaTb 404aTKOBOMY 3MiLIHEHHIO.

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

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

3anexHo Big Buay aedopmadil po3pidHATb TakKi 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 LWMKKK, TOBTO OO noyaTKy fokanisauii nnactuyHoi gedop-
Mauii (Lerv MOMEHT BignoBigae MakCMManbHOMY 3YCUITIIO Ha iHOWMKATOPHIN Adia-
rpami).
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[MOTOYHE 3Ha4YeHHsA NNoLLi NornepeyYHoro nepepisy 3paska, Ha AKy OiNATb
BESIMYNHY OiOMOro HaBaHTaXeHHs, 3B'A3aHe 3 BiAHOCHMM MNOLAOBXEHHSM i Bif-
HOCHWNM 3BY>XEHHAM:

F
E ZE)(l—Wi)Z . (8.2)
1+

i
MiX ICTUHHMM Ta YMOBHUM Hanpy>XeHHAMW iCHY€E Taka 3aneXxHicTb:
o =o(l+¢). (8.3)

Mobynosa apyroro Bigpiska KpMBOI «HaNpyXeHHs — aedopmauii» € GinbL
CKNaZHOW, OCKINbKW Micna YTBOPEHHS LUMAKN BUHUKAE 3o0cepemkeHa nedop-
Mauia Ha AKincb QiNaHui 11 JOBXUHN. TOYHO MOXHA HaHECTU TiNbKWU OL4HY TOYKY
Liel OiINAHKKW, 9Ka BU3HAYaEe HanpyXeHHs 1 gedopmadito B MOMEHT PYMHYBaAHHS
(oedopmaudio BU3HayalTb 3aMipOM AiameTpa 3paska B MiCli pyMHyBaHHS).
MpoMiXKHI TOYKM MOXHa nobyayesatu WnNaxoM 6esnocepefHboro gikCyBaHHS
AiameTpa Wnnky 3paska B npoLeci edopMyBaHH4, a Lie 3aHaATo BaXKo.

Ha npaktunyi KpuBy 3MiLHEHHS 4acTO 3aMiHIOTb (arnpoOKCUMYTb) Nps-
MOIO iHi€l0, 9Ky ByayroTb KK JOTUYHY A0 Aiarpamm 3MilHEHHS B Touuj, WO Big-
noBigae MOMEHTY YTBOPEHHS Wwuniikn. Ha puc. 8.1, 6 nokasaHo nobyaoBy KpUBOT
3MiLHEeHHs Ta i anpokcuMauito ZOTUYHOK NPSIMOID, WO NPOXOAUTb Yepes TOUKY
noYaTKy BUHMKHEHHS WWWKK. Y Micui nepeTuHy OOTUYHOT 3 BICCKO HamnpyXeHb
BUMIPIOIOTb €KCTPanosibOBaHy rpaHnLo NnacTUYHOCTI.

PA GA
Py
= i BN
p 20
R, w
P G,
O /
G2
(o /
7

0 Al1 Al2 Al A/p Al' 0 W1 wz WLu Wp \|7
a 6

Puc. 8.1. KpuBi 3MiLHEHHS 3aneXHo Bif BiAHOCHOIO
NOOOBXeHHS (&) | BIQHOCHOro 3BY)XeHHs (6)

Takum ymHom, Ans nobyaoBu anpoKCUMyBarnbHOI NPSAMOT HeobxigHO 3Ha-
™ o, i y,. Obnasi Ui BENMYMHM BU3HaAYalOThb 3a JOMOMOrOK0 iHAUKaTOPHOI Aia-

rpaMmn. AKWO OCTaHHIKO 3anucaTv HEMOXITMBO, TO BM3HA4aloTb NIOLLY nonepe-
YHOro rnepepisy 3paska LNAXoM BUMIpPOBaAHHSA MOro giameTpa nosa 30HOK pyw-
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HyBaHHSA Ha OiNsHUi piBHOMIPHO AedOpMOBaHOI YaCTUHN.

[liarpama po3TaryBaHHA 4OCUTb TOYHO Bigobpaxae 3anexHiCTb iCTUHHOIO
ornopy Big, CTyneHs Aedopmadii TifbKA Ha NOYaTKOBOMY eTani po3TAryBaHHS
3paska (00 MOMEHTY YTBOPEHHS LWKKK). Tomy ana nodynosu giarpam iCTUHHUX
Hanpy>XeHb BUKOPUCTOBYIOTb NEPEBaXXHO pesynbTaTu BUMNPobyBaHb Ha CTUCK.
YmoBKu umx BunpodyBaHb Hanbirb-

IO MIpOoK  HabnwxarTbCsa 00 te he
YMOB XapaKTepHUx Ansa 6GinbLiocTi —> |
npoueciB 06’eMHOro LTamnyBaHHS, A

: ) 4
|

Egﬁﬁ;f'l}OBaHHﬂ, BMCaOKN, Mpecy- M////T///
|

Hanbinbw TOYHMM i NPOCTUM, _
a TakoX yHiBepcanbHUM Cnocobom ho I
€ ocagka uuMniHApUYHUX 3paskiB 3

i

TOpLEeBUMM BUTOYKaMn (puc. 8.2). L/ i

BuToukM 3anoBHIOOTL MacTUIoM, 3 ///////
| [

OOMOMOrOK SIKOro NPakTUYHO MOB- \ 4 _

HICTO YCyBa€TbCA TepTa MK TOp- e

LUSAMMW 3paska i pobounMmn noBepx- < I -

HAMW IHCTPYMEHTa B npoueci ocaj-

K. . Puc. 8.2. UnniHngpnyHun 3pasok
Mpv upomy Aecopmalis npo- 3 TOpUEBMMU BUTOHKAMMU

XOOUTb B YyMOBax OAHOBICHOro CTU-
CHEHHs1. byno BCTaHOBMNEHO, WO NpX BUNPOOYBaHHAX BYrineueBux i neroBaHmnx
cTanen onTumaribHi Po3Mipn 3paskiB BM3HAYalOTbCA TakKMMKM CMiBBIAHOLUEHHS-

mu: d, =16..30 mm; i, =d,; hs =(0,015...0,020)4, ; ¢; = (0,030...0,035)d,, .
Ana migHux Ta antomidHieBux 3paskie giametpom o 30 Mm MOXHa ©Opatu
hs; =0,60...0,65 mm; t; = 1,7...2,3 MMm.

Mig yac ocagkm 3paskiB 3 TOPUEBMMU BUTOYKaAMW ICTUHHMIA onip aedop-
mauii o, 3biraetbca 3 o _, Npu LUbOMY Ans NobyaoBu Aiarpamu iCTUHHUX Ha-

NpYy>XeHb AOCTaTHLO 3adikCyBaTK Kinbka 3HaveHb 3ycunnsa P ski BignosigawoTb

1

3HayeHHsM AiameTpa d, i BMCOTW 3pa3ka /. 3a UMMKU AAHUMU OBYMCHIIOOTH

O, € Y KOXHI TouLi I:
4P
o, =—5; (8.4)
rd’
hy —h.
e, =——=". (8.5)
hO
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NMopsanok BUKOHAHHA nabopaTopHOi poboTu

1. Ana nobygosn pjarpamu o, = f(e) NpoBecT! BUNPOBYBAHHSI OAHOTO
3paska i B3aTn 6—15 To4ok. Pe3ynbtat 3aHecTn go 1abn. 8.1. YpaxoBytoun cTa-
TUCTUYHY NpYpoay 3anexHocTi o, = f(e), Ans NiABULLEHHS TOYHOCTI Aiarpamm
ICTVHHMX Hanpy)XeHb MNPOBECTU BUNPOGYBaHHS TPbOX-M'ATU 3pa3kiB i NobyayBaTy
piarpamy 3a cepefHiMM 3HaYeHHsMU T, ;.

Si2

2. [ina anpokcumadil giarpamn o = f(e) BUKOPUCTaATW CTEMNEeHEeBYy 3anex-

HiCTb BUrnagy o = Be". KoHcTaHTn B i n BU3Ha4MTM B Takin NOCNiAOBHOCTI.
BubpaTtn OBi OOBiNbHI TOYKM Ha Aiarpami, Ons KOXHOI 3 AKUX CripaBaKy-
IOTbCS BUpPa3un

o, =Be', 0, =Be;. (8.6)

[MepeTBOPUTK PiBHAHHSA (8.6) BiQHOCHO B = %1:
= (eJ : (8.7)
3norapudmyBaT 06MaBI YaCTUHW PIBHAHHS (8.7) | BUSHAYUTM n:

n=l22 /m% (8.8)
O-l el

2. PesynbTaTu BUMIpIOBaHb | pO3paxyHkiB 3aHecTn B Tabn. 8.1.
Tabnuus 8.1

ETanu gecopmyBaHHs 3paska

MNapameTpn 3paska o Micns i-ro etany
Aedopmadil aegopmaldlii

3ycunnsa gedopmysanHs P, H
BucoTa 3paska h, MM
HiameTp 3paska d, MM

AbGcontoTHa gedopmalis 3paska Ah, MM
BigHocHa pedopmalis 3paska €

[Mnowa nonepeyHoro nepepisy S, mm?
IcCTUHHE HanpyXeHHA nuHHOCTI O, MlMa

KoHTpoOnbHi 3annTtaHHA

1. Yum pi3HATBLCS AiarpaMn iCTUHHUX Ta YMOBHUX Harnpy>XeHb?
2. Y YoMy nosnsrae cyTb OCHOBHUX rinoTe3 MexaHiaMmy 3MiLlHEHHS?
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3. AK 3MIHIOOTBCA rpaHuLi NIIMHHOCTI U NNACTUYHOCTI MeTarniB i cnnasis Npu
XOSI0QHOMY NNacTUYHOMY AedPOPMYBaHHI?

4. Aka iCHye 3anexHiCTb MiXK BIAHOCHUM NOLAOBXEHHSM i BIZHOCHUM 3BY>KEH-
HAM Npu BUNPOBYBaHHAX 3pa3ka Ha po3TAaAr?

5. o Take mogynb 3MiLHEHHS Ta eKcTpanofiboBaHa rpaHnus nNiMHHOCTI Ma-
Tepiany?

Na6opatopHa po6ota Ne 9

BU3HAYEHHA EHEPITOBUTPAT HA 30INCHEHHA
NIACTUHHOIO QE®POPMYBAHHA

Mema pobomu: 03HaNOMUTUCHA 3 OCHOBHUMW METO4aMU BU3HAYEHHS PO-
60TK 1 eHeprii, HeOBXigHMX ANA NNACTUYHOIO AedOPMYBaHHS.

TeopeTnyHi BigomocTi

Mig yac npoekTyBaHHS TexHosnorii 0OpobneHHss MeTaniB TUCKOM, KOSn
MaTtepian 3aroToBKM Nif Qi€ 30BHILLHIX CU NepexoauTb 3a MeXy NIIMHHOCTI 1
3a3Hae 3Ha4yHOro NNacTU4Horo gedopMyBaHHS, BaXXMBO BU3HAYUTU €Hepro-
CUIOBI NapameTpu NPoLECY, AKMN BUBYAETLCA. 3HAKOUN Li napameTpu, MOXHa
BUPILLMTK, 3 AONOMOroK AKOro obnagHaHHs HeobXiAHO NPaKTUYHO 34INCHIOBa-
TV Ty abo iHWY TeXHOMOoriYyHy onepauito. [ns BU3HAYEeHHS eHeprocunoBux na-
pamMeTpiB npouecy B Teopii NNacTMYHOCTI 1 0BpobneHHs meTaniB TUCKOM aHa-
ni3yrTb NPYXHO-AeopMOBaHNK CTaH MaTtepiany Tifa, BUKOPUCTOBYKOYN 3ane-
XHO Bi YMOB NpoBefeHHS NNacTUYHOro AedopmMyBaHHA abo piBHSHHS PiBHO-
Barn, abo piBHSIHHS pPyXy enieMeHTa cyuinbHoro cepegosuwa Ennepa abo Jlar-
paHxa.

Po3B’a3aHHA cuctemu andpepeHuiarnibHUX PiBHSAHb pPiBHOBArM 3 BUKOPUC-
TaHHAM YMOBW NNacTUYHOCTI abo cymicHocTi gechopmadin gae 3amory 3HamTu
dOYHKUIT, SIKi ONUCYKOTb 3aKOH PO3NoAiny HanpyXeHb i nnacTu4Hoi gedopmadii
BCepeauHi 3arotoBku. BignosigHO A0 B3ATOT po3paxyHKOBOI CXEMU TEXHOSOriY-
HOI onepauil BUbMpatoTb KOMMOHEHTY TeH30pa HarnpyXeHb, fka npoTtugie ne-
peMileHHI0 poboYoro iHCTpyMeHTa. Y BubpaHe piBHAHHA Ans 064YNCNeHHs Ho-
PManbHOro Hanpy>XeHHsa nigcTaBnsloTb MNOTOYHI 3HAYEHHS KoopAMHAT, SKi Big-
NOoBidalOTb MOBEPXHi 3ITKHEHHSI IHCTPYMEHTa W 3aroToBKW, TOBGTO 3HAXoAsATb
dopmyny, sika OnUCye 3aKOH PO3MoAiSly KOHTAKTHUX HOPMasrbHUX HanpyXeHb.
Lo6 Bu3HaunTK 3ycunnsg AedopMyBaHHSA, OOCTATHbO B3ATU iHTErpan LUboro
BMpasy 3a NroLleto NoBepXHi 3ITKHEHHS MeTany M iHCTpyMeHTa.

3 kypciB hi3nkM 1 MexaHikn BigomMo, o poboTa — ue AoOyToK Aitoyol cu-
M N NepeMillleHHa MaTepiaribHUX TOYOK cucTeMu. ToMy 3aada BU3HAYEHHSA
pOBOTN 30BHILLHIX CUM, iKa BUTpaYaeTbCa Ha OedopMyBaHHA TBepLOro Tina,
He € ayxe cknagHow. OgHak HeoOxigHO BpaxoByBaTW Ty OOCTaBMHY, WO B
npoueci nnacTnyHoro geopmMyBaHHA BUMHUKAKOTL iCTOTHI HEOBOOPOTHI Aedop-
MaLii, AKi CNPUYNHAOTL 3HAYHI 3MIHEHHA reOMeTPUYHNX PO3MipiB MaTepiaribHO-
ro Tina. Lle npusBoantb 4O TOro, WO BenuyuHa 3ycunns gnga niaTpyMMKu nnactu-
YHOI Teuil MeTany 3aroToBkn 6e3nepepBHO 3MIHIOETLCA 3a XO40M PobOYOro iH-
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cTpymeHTa. OgHOYaCHO 3a CKMagHOK HEMIHIMHOK 3aneXHIiCTI0 3MIHIOETLCSA 1
BENMYMHa BUTpadeHoi poboTtn. ToMy po3paxyHOK eHeprii gedopmadii pekome-
HOYETLCS POBUTM NoeTanHo: po3buTK 3aranbHUK Xig pobo4voro iIHCTpyMeHTa Ha
AeKinbKa KpOKiB, BUSHAYNTN HA KOXXHOMY KpoLi BCi HEOBXigHI BENWMYMHM 1 CKNa-
CTW IX. Takum y 3aranbHUX pucax € anropuTtMm BU3HaYeHHs poboTK NNacTUYHO-
ro gedopMyBaHHSA nig 4Yac 34INCHEHHS MNPOLECY HaBaHTaXEHHS 3 Manummu
LUBUOKOCTAMM N NPUCKOPEHHAMM.

[nsa Bunagky gMHamivyHOro, a Tum Ginblwe iMnynbCcHOro, AedopMyBaHHS
MeTanesmx MmaTepianbHUX Tifl LA cXema po3paxyHKy € HenpuagaTHow. Bucoko-
LWBKMAKICHE AedopMyBaHHA MeTanis (WtamnyBaHHSA BMOYXOM, enekTporigpas-
niYHe 1 MarHiTHO-iMNynbCHe 0B6POBNEHHS) XapaKTepU3yeTbCA TUM, LLO 30BHiLL-
Hi HABaHTaXXeHHS NPUKagarTbCa 40 MaTepiany y BUrnai Kopotko4acHoro no-
TY)KHOrO iMnynbcy cun Tucky [18]. INMig noro BNNMBoM YacTUHKK MaTepiany 3a-
rOTOBKM HabyBaloTb BENUYE3HUX LIBMAOKOCTEN i NpUcKopeHb. KpiMm Toro, npu Bu-
COKMX LUBUAKOCTAX AedbopMauin Mae MicLie 3aCTOCYyBaHHS NOYaTKOBUX (Pi3NKO-
MexaHiYHUX BfliacTMBOCTEN MaTepiany, 9knn obpobrioeTbca, 30KpemMa rpaHuLi
MNSIMHHOCTI, SIka € XapaKTEPUCTUKOK Onopy MeTany nnacTtuyHomMmy nedopmy-
BaHHI0. YpaxyBaHHS iHEpPUiNHUX 006aBOK A0 Aito4MX HanpyXeHb MOXNUBE Tifb-
KW TOAi, KONM B OCHOBY MaTteMaTU4HOI MoAeni npouecy 3akrnagaeTbCs He piB-
HAHHA piBHOBArn, a pPiBHAHHA pPyXy CyuinbHOro cepegosuwa. Y poboTtax
KO. M. AnekceeBa nokasaHo, WO B 3aranbHOMY BUNaAKy nnactudHoro gedop-
MyBaHHs1 pobOTYy, fKa BUTpPaAYa€eTbCA 30BHILLIHIM CUIOBUM MoOfeM, Chif BU3Ha-
4YaTu 3a 3arexHICTIo

A=||[[(L+E)awat, (9.1)

ae W — oB’em matepiany B ocepeaky nnactnyHol gedopmaldil; £ — TpMBanicTb
npoLecy.

[na obuymcneHHsa weuakicHoi L i gucmnatuBHOi £ yHKLi BUKOPUCTO-
BYIOTb TakKi OpMYySu:

SOT:
L=p%—; 9.2
P 7 (9.2)
E=cc¢, 9.3)

ne p — ryctuHa mMetany, akuin edopMyeTbes; 3 — BEKTOP LUBUAKOCTI PyXy ya-
CTUHOK MeTarny 3aroToBKW, LLO ONUCYE KOHKPETHUW TEXHOMOrYHWUI NpoLec; O;
— IHTEHCUBHICTb HarpyXeHb, WO BU3HA4Yae MeXaHiyHi BnactmsocTi gedopmo-
BYBaHOro matepiany; &; — y3aranbHeHa WBUAKICTb Aedpopmallil.

Taknm 4YnHom, poboTa gedopMyBaHHS Mae 3arariom [Ba HanpsiMu: O4Ha
iT YacTuHa BUTpa4vaeTbCA Ha 30iMblLUEHHS KIHETUYHOI €Hepril OKPEMMX TOYOK
MaTepianbHOro Tifla B npoueci AedOopMYyBaHHA U XapakTepusyeTbCsa (PYHKLIED
L, a iHwa — Ha gedopMyBaHHA MartepianbHOro Tina N BU3HA4YaeTbCs Ancuna-
TUBHO (pYHKLiEt0 eHeprii E .
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Axwo nedopmMyBaHHSA 3MIHIOETLCH 3 Maro LUBUAKICTIO N NPUCKOPEHHAM,
TO 3 piBHAHHSA (9.2) BMAHO, WO WBKuakicHa yHkUia L npsamye 0o Hyns. Togi B
Kpyrnunx gyxkax nigiHterpansHoro supasy (9.1) sanuwmtbca OauH YneH, 9Kun
aBnge cobor gucunadito eHepril. HaBegeHa cxema po3paxyHKy Aae OOCUTb
TOYHI pe3ynbTat i € NpUAATHOK A9 aHanidy K CTaTUYHKX, Tak i iMNYNbCHUX
CXeM MeTanoobpobfieHHs1 TUCKOM.

[MpoTe BUKOPUCTaAHHS LbOro MeToay Ans po3paxyHKy OCHOBHWUX eHepro-
CUOBMX NapamMeTpiB NpoueciB NNacTMYHOro AedopmMyBaHHSA NoTpebye 3Haxo-
[PKEHHSA BEKTOpA LUBMAKOCTI pyXy YaCTUHOK MeTarny 3arotToBku, TOOTO Npoekuiin
Ha KOOpAMHATHI OCi, SIKi YacTO Ha3MBalOTb MOSIEM LUBMAKOCTEN. 3 L€ METOM
HeobXxigHO po3B’dA3aT BapiauinHy 3agadvy MiHiMi3auil yHKLioOHana eHeprii Ma-
TepianbHOI CUCTEMU, a Ue OOCUTb BaXKO, TOMY LLO BOHA € ABiudi HENMIHINHOLO.
[HWKM WNax po3B’sizaHHs Ui€l BENbMU CKIMagHoOI 3agadvi — ekcnepuMeHTanbHe
3HaxXOMKEHHSA MOMs LWBMAOKOCTEN, siKke 34INCHIOTb MOAENOBAHHAM MOTPIGHOI
TexHonoriyHol onepauil. Llen BapiaHT po3B’dA3aHHa 3agadi TPYLOMICTKUN | He
3aBXOM Oa€ BUCOKY TOYHICTb, OCKINIbKM Ocepedok nfacTtuyHoi gedopmadii
YMOBHO p0o30MBalOTb Ha AeKinbKa OiNsHOK i B X Mexax BM3Ha4valTb HeoOXigHi
napameTpu.

IcCHye e oamMH NpocTuin cnocib BM3Ha4YeHHA poboTn nnacTuyHoro gedo-
PMYBaHHS, KM 6a3yeTbCa Ha BUKOPUCTaHHI OAHIET 3 BaXXTMBUX 0COBMBOCTEN
Aiarpamun «ysaranbHeHe HanpyXeHHs — y3aranbHeHa gedopmadia» (puc. 9.1).
FAK BiOOMO, 3a MeXaMu NIMHHOCTI MaTtepiany Taka 3anexHicTb € HeniHinHo. [i
4acTO ONUCYTb CTYNEeHEBOK PYHKLIE BUrNAAY

o, = Belf", (9.4)
ae B i m — KOHCTaHTW, WO € XapakTepucTMkaMm Mapkn maTepiany.

Y T1abn. [1.3 HaBeOeHO 3Ha4YeHHs1 KOHCTAHT And Aeskux martepianiB i
chnnasiB, WO BUKOPUCTOBYKTLCA B CydacHO-

MYy MaluMHOOyayBaHHI 1M aBiauilHIin NpomMu- o AvHamika
CIOBOCTI.

OpHieto 3 ocobnueocTen gdiarpamu,
306paxeHol Ha puc. 9.1, € Te, WO 3aLWITPU-
XOBaHa nsiowa nig KpuBOK NiHIED, siIka BU-
3Ha4vae 3arnexHicTb HanpyxeHb Big aedop-
Mauin, popiBHOE poboTi AedopmyBaHHS
oanHuui o6’emy maTepianbHoOro Tina, To6To

a, =0dg, (9.5)

Ae &, — Benn4nHa, wo 3MIHIOETLCA B MeXax 81 8i

CtaTtuka

Bid HyNs 0o Aeskol gedopmadil &, SKol 3a-
3Hae 3arotoBka B rnpoueci il 0bpobneHHs
NNacTUYHUM OedPOPMYBaHHAM.

Y piBHsHHA (9.5) nigcTtaBnsaoTb (9.4) i,
3iHTerpyBaBLUM NOro, OOEPXYOTb Takun BU-
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«y3aranibHeHe HanpyXeHHs —
y3aranbHeHa gedopmadis»



pa3 onga BU3HA4YEeHHsS NUTOMOI po6oTn edopMyBaHHS:
a :ignﬂ.
num 1+ 1 1

[MoBHY poboTYy, sika BUTpA4YaeTbCs Ha nNracTuiHe AedopMyBaHHA 3aroTo-

BKM, 3HaXoaATb K 4OBYTOK NMTOMOI eHeprii 1 06’emy nnacTu4Hol agedopmallii:
A=a, W . (9.7)

Llen cnoci6 BM3HayYeHHs poboTn aedopMyBaHHA OyXe NPOCTUNA | AOCUTb
LUMPOKO BUKOPUCTOBYETLCS Ha MpakTuuUi A8 NpoBeAeHHA HeobXxigHux obunc-
neHb y nepwomMy HabnmxkeHHi. Cnpasa B TOMy, LLO Mig 4Yac NOro 3acToCyBaHHS
OLEPXKYIOTb XOPOLUi pe3ynbTaTh N JOCUTb BUCOKY TOYHICTb Y TUX BUNALKax, Ko-
nn NNacTuYHi gedpopmadii 3aroToBKM — OAHOPIAHI, PIBHOMIPHI M MOCTINHI MO
BCbOMY 00’emy. Hansackpasiumm NpuknagomMm Takol cxeMm niacTtuiHoro obpob-
NEeHHs1 € eTan piBHOMIpHOI Aedopmadii ununiHApPUYHOro 3paska B MNpoLeci BU-
npobyBaHHA MaTepiany Ha po3puB i NOOyayBaHHSA fiarpamMu «Hanpy>XeHHs —
aedopmaduiay. Llen etan TpmBae Big MOMEHTY PO3BUTKY NiaCcTUYHUX gedopma-
Lin (nepexig maTepiany 3a Mexi MNANHHOCTI) 4O MOMEHTY IX fokanisauil 1 yTBo-
PEHHSA LUMNKK, MICNA YOro NOYMHAETLCH PYWHYBaHHSA 3paska. XapaktepHum ans
LbOro eTany € Te, Wo UMniHgpuUYHa YacTuHa 3paska nig Yac po3TaryBaHHA Oes-
nepepBHO NepexoauTb Y LUuUMiHap, ane 3 MeHWuM AdiaMeTpoMm i 6inbLioto BUCO-
TO. Ha npakTuui Taki cxemmn nnactuyHoro obpobneHHs 3aroToBOK MaktTb Mic-
Lue ayxe pigko. 3aebinbworo onepauil nnacTUYHoro obpobneHHs xapakTepu-
3YIOTbCHA HEPIBHOMIPHMM PO3MNOAINIOM NMAacTUYHUX aedopmMadii no ob’emy 3aro-
TOBKW. Y BaraTbOx 30Hax 4edhOpMOBYBAHOroO TBEPAOro Tifa nnactuyHi aedop-
MaLil 6rnm3bKi 40 rpaHNYHKX (PYMHIBHUX). SICKpaBUM NpUKNagoM Takol TEXHOSO-
MYHOI CXeMW € BUTAryBaHHSA CpepuyHOI geTani i3 nriockoi NMMCTOBOI 3aroTOBKM.
Y ubOMy BUMagKy mMeTtarn 3aroToBKW, LLO npundarae o I pnaHueBol 4acTuHu,
AeopMyeTbCs Marno, y Ton 4ac K y KyrnononoAibHin yactuHi Bupoby 3ocepe-
PKYIOTbCSA 3aranoM Benuki nnactuyHi gedopmaldii, ski Nnpu3BoaaTb 40 PYMHY-
BaHHA (po3puBY) MeTarny B Ll 30Hi Yepes3 BUYepnaHHsa Noro pesepsiB NnacTuy-
HOCTI.

[Mpy BUKOPUCTaHHI OCTaHHBOI METOANKM PO3paxyHKy B TaKMX BUNagKax 3a-
rOTOBKY YMOBHO MOAINAKTbL Ha AEKifibka YaCTuH, Y MeXax AKUX nracTuUdHI ge-
dopmauii ocepegHtooTb. [oTpibHY eHeprito aedopmadii 3HaxoaATb y Mexax
BUBpaHMX 30H, a MOBHY pO6OTY BM3HAYalOTb CKNagaHHSAM:

A= Zn:Al. . (9.8)

OuyeBNOHO, WO TOYHICTb BU3HAYeHHA poboTn nnacTuyHoi gedopmadii 6y-
ae nigsuwlyesatmncsa 3i 36iNbLUEHHAM KiNbKOCTI Takmx MpocTux 30H. [Npu ubomy
cnocobi BM3Ha4YeHHA poboTu nnacTu4Hol gedopmadlil He BpaxoBYHOTbLCS 0CO6-
NMMBOCTI BUCOKOLLBUAKICHOrO 1 iMMyJSibCHOro aedopmMyBaHHA MaTepianis, TOMY B
nogaHoOMy BUIMS4i MOro 3acTOCOBYHOTb AN aHanidy craTuyHuX (NOoBiflbHUX)
npoueciB NacTU4YHOro AedopMyBaHHS. YHaACNiAoOK YUCIIEHHUX OOCNIMKEHb (i-
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3MKO-MeXaHIYHNX BIlaCTUBOCTEN MeTanis y LWWMPOKOMY [fianas3oHi LBUAKOCTEN
00pobneHHa BOyno BCTAHOBMEHO, WO 3i 36inblUeHHAM LWBMAKOCTI gedopmauii
Aiarpama «HanpyXeHHs — gedpopmauis» NpPOXoauTb BULLE CTaTU4YHOI (OMB.
puc. 9.1), To6TO NNacTuyHe gedopMyBaHHS B ANHAMIYHUX npouecax notpebye
OinbWNX eHeprosaTpaT, HiXX Yy NOBINbHUX Npouecax. ToMy Ana po3paxyHKy iM-
NyNbCHUX abo LWBUAKICHMX MpoueciB HEOBXIAHO NPOBECTU MexaHivyHi BUNpoby-
BaHHA MaTepianis y BigNoOBIAHOMY Aiana3oHi weuakocten obpobneHHs 1 noby-
AyBaTtu Taky giarpamy. 3 Ui€l0 METO BUKOPUCTOBYIOTb crneuianbHe obnagHaH-
HA, Hanpuknag BMOyXOBi Konpu.

NMopsaaok BUKOHaHHSA nNadbopaTopHOi poboTu

1. BuBUMBLUN TEOPETUYHI NONOXEHHS nabopaTopHOi poboTH, 3a 3aBOaAHHAM
BMKNagaya po3paxyBaTu eHeprito NnacTuYHoro geopmMyBaHHSA, HeobXiaHy And
ocafKu UuniHOAPUYHOro 3paska, Npu TpbOX-4OTUPbOX 3HAYEHHAX IHTEHCUBHOCTI
aedopmadil.

2. MNobynysaTtn rpadik 3anexxHocTi HeoOXiaHOT eHepril Big, y3aranbHeHo! fe-
doopmaLlii 3aroToBKN.

KoHTponbHi 3anuTaHHs

1. AkMM € anropuTM BM3HAYEHHSI EHEeProcUioBUX NnapamMeTpiB NIacTUYHOro
AedopMyBaHHS 3 BUKOPUCTAHHSAM PiBHSIHHA piBHOBarn?

2. Yomy nig Yac aHanisy BMCOKOLIBUAKICHMX npoLueciB 06pobneHHsa 3aroto-
BOK Y MaTeMaTU4Hy MoAesNb HeobXigHO 3aknagaTu piBHSAHHS PyXy, a He PiBHO-
Barn?

3. Wo gaBnsatoTb coboro wBmakicHa n agucunatmeHa (OyHKUIT B PiBHSHHI ANs
BU3Ha4YeHHs NOTPibHOI poboTn?

4. Ak oB’em ocepenky nnacTu4HOI Aedhopmauii BAAMBAE Ha BENUYUHY
NOTPiOHOT eHeprii AedopMyBaHHA?

5. lWo Ttake nutoma poboTa nnactuyHol gedopmadil i 9K 1l BU3Ha4yaTu 3a gia-
rpamMolo «HanpyXeHHs — gedopmavlia»?

6. Ak 3HanTn poboTy gedopmyBaHHA Yy BUNAgKy, Konn gedopmadil € Heoa-
HakoBUMK No 06’eMy ocepenky nNnacTuyHol gedopmadii?

7. Ak 3MiHIOETBCS NTOMa poboTa 3aneXxHo Bif WBMAKOCTI Aedopmadii?

NabopartopHa po6ota Ne 10

EKCNEPUMEHTAIbHA NEPEBIPKA YMOB MNMIACTUYHOCTI

Mema pobomu: 03HanoMNTUCA 3 OCHOBHUMW YMOBaMM NS1IaCTUYHOCTI ANS
3HaxXOoKEHHA MOMEHTY nepexoay AeopMoByBaHOro Tifa y NAacTUYHUI CTaH.

TeopeTnyHi BigomMmocTi

[MnactuyHa piBHOBara Tina, Ha BiAMIHY Big NPYXXHOI, MOXINBA TiNbKN Npu
LiSIKOM BU3HAYeHMX HaBaHTaXeHHAX. Tak, nig vyac niHiInHOro po3TAryBaHHA Me-
TaneBol 3aroToBKW MnacTtudHa gedopmauia BUHUKAE TOAi, KON 30BHIWWHE Ha-
BaHTaXXEHHSA CMPUYNHSE B HIN HAMpyXeHHs, sike OOPIBHIOE rpaHuLi MiWHHOCTI,
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T06TO O, = O, .

AKWOo nig HaBaHTaXXEHHSIM MaTepian 3MILUHIOETLCA, TO ANA NoAanbLoro
PO3BUTKY MracTUYHOI AedhopMauil HeobXigHO 30iNbLlyBaTU HaNPYXEHHA. AKLO
Martepian He 3MIUHIETLCH, TO Mig Yac NiHINHOro Po3TAryBaHHA nractuyHa ge-
dopmauist BigbyBaeTbCs Npy NOCTIMHOMY HaNPYXXEHHI.

Pa3om i3 Tum, cyTTeEBa BIAMIHHICTb MK MPYXXHOK M NfiaCTUYHO edop-
MaLisiMK nonsrae B TOMy, WO BeNUYMHA NPYKHOI Aedopmalii LiflkoM BU3HaYa-
ETbCA AiI0YMMM HaNPY)XEHHAMU, @ 3HAYEHHA MUTTEBOrO PO3NOAiNy HanpyxXeHb
Yy KYCb MUTb NMacTU4HOro AedpOpMyBaHHA A€ 3MOry CyauTU TifbKW Npo Te,
AKMM Byae npupict gedopmadin, OCKISIbKM NPy LboMYy MOTPIGHO 3HATWU BCHO iC-
TOpI0 AedpOopMyBaHHS 3paska.

Ane, po3B’a3ytoun 3agadi Teopil NnacTUYHOCTI M 0BpobreHHs meTanis
TMCKOM, HEOOXiAHO 3HaTK YMOBU nepexoay B NMAacTUYHUM CTaH He TiNbku B ni-
HIMHOMY, @ 1 Y KOXXHOMY CKNnagHOMY HanpyxeHomy cTtaHi. Lli ymoBn MoxHa BU-
3HaAYMTU TiNTbKU LWIAXOM eKCcrepuMeHTasnbHuUxX gocnigkeHb. Pasom 3 Tum, Mox-
Ha BNEBHEHO NPUMNYCTUTW, WO Mepexid KOXHOI enleMeHTapHOl YacTMHKU Tina B
NNaCTUYHUM CTaH BU3HAYaETLCHA AKMMOCH CMiBBIOHOLUEHHAM MK HanpyXeHHs-
MU, 3 0gHOro 6oKy, Ta NOro MexaHiYHMMK BNacTUBOCTAMU NMpPU TUX CaMUX TEM-
nepaTypHO-LIBUAKICHNX yMOBaX, 3 iHLLOrO.

ICHYIOTb KinbKa rinoTes, Aki BU3Ha4yaloTb YMOBW nepexoay martepiany Ha-
BaHTaXXEHOro Tifa 3 NPY)XHOro CTaHy B NnacTuyHuM (ymoBa nracTtuyHocTi) [15,
24]. 3 ymMOB NNacTUYHOCTI HAaNOBI'PYHTOBAHILLIOD € YMOBA, SIKYy 3anpornoHyBanu
M. I'y6ep i P. Misec: KoxxHa eneMeHTapHa YyacTuHa MeTaneBoro Tifa nepexo-
ONTb i3 MPYXHOro y NAACTUYHUIA CTaH, KONMW IHTEHCUMBHICTb HanpyXeHHs Habu-
pa€e 3Ha4eHb, O AOPIBHIOKTb HAMPYXXEHHIO MIIMHHOCTI B NIHIMHOMY MnacTuy-
HOMY HarnpyXeHoMy CTaHi, KM/ BignoBigae TemnepaTypHO-LWBUAKICHUM YMO-
BaM edOpMyBaHHSA 1 CTyneHo aedopmauii:

O'l.=%\/(0'1—0'2)2+(0'2—0'3)2+(0'3—0'1)2=O'S. (10.1)

HeobxigHo 6paTtn go yBaru, Wo nig HanpyXeHHSM NAMHHOCTI B LbOMY pi-
BHAHHI CMnig pO3yMiTU HE YMOBHE, a iICTUHHE HarnpyXeHHA B NiHINHOMY niacTuy-
HOMY HanpyXeHOMYy CTaHi.

B ymoBax xonogHoro gedopmyBaHHS nnactudHe AedopMyBaHHA MOYu-

HAETLCA NpU O, = O, , (AKLLO BBaXKaTU YMOBHY rPAHNLIIO NMNHHOCTI G iICTUHHAM

HanpyxeHHsaM). Jani 3i 36inblweHHAM cTyneHsa gedopMauil HanpyXeHHs NInH-
HOCTI O, yHacnigok 3MillHeHHs 36inbLyeTbCA, a TOMY 30iMbLIYETLCA 1 BENUYN-

Ha O, HeobxioHa Ans NioTPUMYBaHHSA NNACTUYHOIO CTaHy.
Y pasi rapsadoro gedopmyBaHHSA 3 MOBHOK pekpucTtarsisauieto (3 NOBHUM
3HEMILHEHHAM) 3aMiCTb O, MOXHa BpaTn 3Ha4YeHHs rpaHunLi MiLHOCTI O, 3 eK-

CNEePUMEHTIB Ha po3TAr Npu BiAMNOBIOHIN TeMnepaTypi, OCKINbKN 3HAYEHHA O |
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O, NPV BUCOKNX TeMneparypax 36iratoTbCs.

YMoBa nNnacTUYHOCTI iHBapiaHTHa npu nepexoai Big o4HUX KoopauHaTt Ao
iHWKX. MNMepexia enemeHTapHoOro ob’emy meTany i3 NPY>XHOro CTaHy B NnacTuy-
HUW 3aneXxuTb TiNbKW Big AesiaTopa HarnpyXeHb i He 3aneXxuTb Bif KynboBOro
TeH30pa, Big Bcebi4HOro po3TtaryBaHHs abo CTUCHEHHS, TOBTO Big MPYXHOI
aedopmaldil.

ICHy€ Kinbka pi3HMX hopM 3anucy yMOB MNacTUYHOCTI, AKi BigPi3HAKTECA
Big piBHAHHA (10.1). Tak, iIHKONM BMKOPUCTOBYIOTb TakuMi BMpa3s Ans iHTEHCUB-
HOCTi JOTUYHUX HaMpPY>XeHb:

1
T, =—=0,. (10.2)

)

YMOBY MNacTUYHOCTI B [OBIfbHIN CUCTEMI KoopAuHaT ANa BUNagky
0o0’eMHOT 3agadi, KONu BCi HanNpPyXeHHA Ha rpaHuusiX eriemeHTapHoro ob’emy
MeTany BiApi3HATLCS Bif HYNs, 3anuUCyoTb Y BUrNAai

2 2 2 P 5 P 2
(Gm —GW) +((7W —GZZ) +(o., —Uxx) +6(rxy +7, +sz) =20,.(10.3)

YmoBa nnactuyHocTi (10.1) mae qisndHUM 3micT. Y Teopil nnacTUYHOCTI
3a3Ha4yaeTbCA, O NMTOMA NoTeHUianbHa eHepria npy>xHoi gedopmadii opmm
enemeHTa MeTaneBoro Tifla Npu nepexoai Noro B NacTUYHUA CTaH € Ans Aa-
HUX YMOB fedopMmaLii (CTyneHsd, WBUAKOCTI N TemnepaTtypun aedopmadii) Be-
NMMYNHOKO MOCTIMHOK HEe3aneXxHo Big CXeMMU HanpyXeHoro cTtaHy. Y 3B’A3Ky 3
TaknM Pis4HUM 3MICTOM YMOBY MSIACTUYHOCTI, HaBedeHY BuLle B Pi3HUX pop-
Max, Ha3nBarTb eHepreTu4Hoto. Kpim Toro, y crieuianbHin nitepaTypi BoHa Mae
LLe Kifibka Ha3B: «ymMoOBa MOCTINHOI IHTEHCUBHOCTI HamnpyXeHb», «ymMoBa Moc-
TIMHOT IHTEHCUBHOCTI JOTUYHMX HaMNPYXXeHb», «yMOBa NOCTINHOI MMTOMOI eHep-
rii 3MiIHEHHA POPMU».

Akwo B yMOBI NMNACTUYHOCTI
(10.1) o,, o0, i o, posrnagatm sk
3MiHHI KoopauHaTW, TO Uen Bupas
onucyBaTMMeE MOBEPXHID Heobmexe-

HOro 3a [OBXWHOW uuIiHApa 3 Kpyr-
MM MoNepeyYHnM nepepisom pagiy-

2
COM ¥ = EGS (puc. 10.1).

Bicb uuniHaopa npoxoauTb 4e-
pe3 rno4aTok KoopAWHAaT, OOHAaKOBO
HaxuneHa Q[0 ocen kKoopauHaTt i
CKnaZae 3 KOXHOK i3 HUX KYT, KOCU-

HyC sikoro aopisHioe 1/4/3 . Puc. 10.1. FeoMeTpryHMI 3MiCT

: : MOBM NS1ACTUYHOCTI
AKWO rosroBHi HOPpMarlibHI Ha- y
NnpyxXeHHA B AKOMYCb enemMeHTi Tina
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TakKi, WO BMU3HA4YalOTb TOYKY, AKa NEXUTb HA NOBEPXHI UMIiHApPaA, TO LEN ene-
MeHT Oyae B NMacTUYHOMY CTaHi. TakuM YMHOM, MOBEPXHSA UMMiHApa 3a piB-
HAHHAM (10.1) € rpaHNYHOI0 NOBEPXHEK NNacTUYHOI Aedopmallil 3a eHepreTu-
YHOK YMOBOI MJSIACTUYHOCTI.

AKLLO ronoBHI HOpMarsibHI Hanpy)XeHHA B eneMeHTi TakKi, o BU3HavarTb
TOYKY, AKa NEXWUTb Ha BHYTPILHIN NOBEpPXHi uuniHgpa, To enemMeHT 6yae B
NpY>XHOMY HanpyxeHomy cTaHi. KombiHauil HanpyXeHb, siKi BU3Ha4YatoTb TOYKU
Ha NOBEPXHi uuniHApa, He MalTb PiI3MYHOro 3MicTy. 3pO3yMmino, Lo icHye 6es-
MEXHa KinbKiCTb KOMOGiHALin BENMYMH FTONOBHUX HaNpy)XeHb, SiKi 3a40BOSIbHSA-
I0Tb PiBHAHHIO (10.1), OCKINbKM KifNbKICTb TOYOK Ha MOBEPXHI UMMiHAPA € HEeCKiH-
YEHHO BEJTNKOIO.

Yum BinbLlIMM € Hanpy>XeHHA NMUHHOCTI O, TUM BinbluMM € pagiyc Luni-
HApa. AKwo aedopmalis CynpoBOAXKYETLCA 3MILHEHHAM, TO O, 30iMbLUYETHCS,

a rpaHn4Ha NoBepXHS NNacTUYHOI AedopMaLlii PO3LINPIOETLCA.
Y uboMy nondrae reoMeTpMYHNM 3MIiCT YMOBM NITACTUYHOCTI.
ICHye Kinbka ocobnmBmMx BMpasiB YMOB MAacTUYHOCTI. Y BUNAAKy NiOCKO-

ro HarpyxeHoro ctay, korm o, =7, =7, =0, ymosa (10.3) matuve surnsg

2 2 2 2
o, +to. -0, 0_+3t_ =0.. (10.4)
Y BUNagKy MIoCKoro nedopmoBaHoro CTaHy, Konmn
o, =(o,+0.)/2, r,=17,=0,
(0 —-O )2+42'2 —ia (10.5)
xx zz xz 3 s " .

Yy BUNAOKy BiCECUMETPUYHOIO HanpPy>XeHoro CTaHy, KOnu

Opp =05 Tpp =T.9, YMOBA NNACTUYHOCTI HAOUpae BUrNAAY

(GW —0o_ )2 +372 =0’ (10.6)

Po3B’sa3ytoum 3agadi Teopil nnacTu4HOCTI 1 06pobneHHa MeTaniB TUCKOM,

KpiM €HepreTM4Hol yMOBM MNacTUYHOCTI BUKOPUCTOBYHOTb MNPUBMN3HY YMOBY

NSAaCTUYHOCTI, 9Ka Mae HasBYy «yMoBa MOCTIMHOCTI rOSIOBHOrO AOTUYHOrO Ha-

NpYyXeHHs1» abo «ymoBa MOCTIMHOCTI Pi3HWULi FOMOBHUX HOPMAarbHUX Hanpy-

XeHby. [ 6yno 3anponoHosaHo I. Tpecka Ta 5. CeH-BeHaHOM 3Ha4HO paHilue,
Hi>XX ByNno chopMynbOBaHO TOYHY EHepreTU4Hy yMOBY MacTUYHOCTI:

o, —0, = o, (10.7)
1
)5 =50S. (10.8)

[lo piBHSAHHA BXOAMTb KoedilieHT f, Akuii ypaxoBye BMNUB CEpPeHbOro
FOSIOBHOMO HarpyXeHHs 1 3MmiHoeTbea B aianasori 1,000...1,155. Mig vyac pos-
paxyHKiB y nepLomMy HabnmxkeHHi noro 6epyTb TakMMm, LLIO AOPIBHIOE OANHNLII.

Y mexax NpyXHOCTi 3B’A3KN MiXK AiF0YMMU HaNPY>XEHHSAMU 1 BiANOBIAHUMMN
Aedopmadismm Bu3Ha4arTb 3a 3akoHOM ['yka. [Npu xonogHomMy aedopMyBaHHiI
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3a Mexamu MPYXXHOCTI JIHIMHICTb 3aneXHOCTi 3a UMM 3aKOHOM MOpPYLUYETLCA.
YacTiwe 3a BCe 11 ONUCYIOTb CTENEHEBOK (DYHKUIE 3 KoediuieHTaMn, aKi BU-
3HayalTb ONA KOXHOI Mapku crinasy. Y MexaHiui 0edOopMyBaHHS CyUiNbHUX
cepefoBuLL, NOKasaHo, LLO IHTEHCUBHICTL gedopmauin — PyHKUIA opyroro iH-
BapiaHTa [OesiaTopa TeH3opa Aedopmadin, Ky MOXHa nogaTtn y BUMMSqi
3anexHOCTi 3a CTPYKTYpOto piBHAHHA (10.3):

& = \/5/3\/(8XX _8yy)2 +(gyy —é, )2 +(gzz _‘9xx)2 +3/2(8xy teé, +82X)2 ,(10.9)

ne &, &,, &, —hedopmaLil NOJOBXKEHHs (YKOPOUYeHHs1) pebep enemeHTap-

Horo o6’eMy B HaNpAMKY OCEN KoopauHar; Eysr €y € — nedopmallii 3cyBy.

Taknm YMHOM, MOMEHT nepexony Makpoob’emy MeTaneBoro Tina i3 npyx-
HOro CTaHy B MSIaCTUYHUA MOXHa BU3HAYMTK, po3paxyBaBLun B pPiBHAHHI (10.9)
cTaH gedopmadii i NOPIBHABLIKM MOro 3 BENUYMHOK AedopmMadii, ska Bianosi-
Aae rpaHuui NAMHHOCTI MaTepiany i gopiBHoe 6nn3bko 0,2 %.

|3 BUKageHoro Bue 04eBUOHO, LLO eKcnepuMeHTarnbHy nepesipKy rino-
Te3 Nnpo nepexig matepiasny i3 NPyXHOro ctaHy B NIaCTUHYHUA MOXHA 30iINCHUTU
LUNSAXOM BMMIpIOBaHHS HanpyXeHb abo gedopmauin BcepeauHi maTtepiany 3a-
roTOBKW. 3ajaya BUMIPIOBaAHHS HarnpyXeHb y meTtani nobnndy 1n Ha rpaHuui
NPYXHOCTI € ayxe cKkrnagHow. Tomy nig Yac BMKOHAHHSA uiel nabopaTopHOT po-
60T Tpeba MTU LWNASXOM eKCrnepuMeHTanbHOro BUMIPIOBaAHHSA Aedopmadin,
niggasBLUn 3pasokK Ail 30BHILWHbOI CUIN.

Ak o6’ekT gocnigKeHHs BUKOPUCTOBYETLCS ULUUAIHOPUYHUIA KiNbLEBUN
3pasokK i3 antoMiHieBoro cnnasy. HaBaHTa)XeHHS1 3aroTOBKM NPOBOASATb 3a CXe-
MO po3gayi BHYTPILWHIM TUCKOM, YHACRIAOK YOro 3pas3oK po3TAryeTbCs B MO-
nepeyHoMy nepepisi. Po3gaya 3aroToBKM 30iIMCHIOETBCA 3a LOMOMOIOK MarHiT-
HO-iMNynbCHOI ycTaHoBKKM MIY-20 piBHOMIPHO pO3noAifieHMM BHYTPILLHIM TUC-
koM. OCKiNnbKM cxema HaBaHTaXKeHHs 3pa3ka € BiCECUMETPUYHOLD, a KOHirypa-
Ll 3pa3ka B34OBX OCi CUMETPIl He 3MIHIOETBLCS, PiBHAHHA (10.9) ans iHTEHCKB-
HOCTI AedhopmaLin cnpoLLyeTbCA:

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

PagianbHy, TaHreHuianbHy 1 oCcbOBY Aedopmalii 3pa3ka BM3HA4alTb 3a
NPOCTMMM CMiBBIAHOLLIEHHSIMMU:

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

Aae 0,i0,, ryir, h,ih, —noyaTkosi I KiHLEBI 3HA4YEHHS TOBLUMHW, pagiyca W
BMCOTM KiNbLEBOI 3aroToBKM BigNoBiaHO.
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NMopsanok BUKOHAHHA nadbopaTopHOoi poboTun

1. MNepen npoBefeHHAM €eKCNepUMEHTY CTapaHHO BUMIPATM reOMEeTPUYHI
pO3Mipy NO4YaTKOBOro 3paska 1 3aHecTn ix go tabn. 10.1.

Tabnuuysa 10.1
ExcnepumeHTanbcHi gaHi

ToBLWMHa
Homep OB < | Paniyc BucoTa Lecdopmalli Po6ota E , klx
HaBaHTa- CTiHKN O, | .7 I um
KEHHSA ’ ’
MM grr gﬁl’(ﬂ gZZ gi

2. 30INCHUTU TPU-YOTUPU LMKNU HaBaAHTAKEHHHA 3aroTOBKM 3 MOCTYMNOBUM
30iNbLUEHHAM eHepril, 3MIHIOYM BENMNYNHY HaMnpyrin 3apsgakm KOHOEHCaTOpHOI
BaTapel MarHiTHO-iMMNynbCHOI YCTaHOBKN. 1icns KOXXHOMo LUKIYy HaBaHTaXXeHHS
BUMIPSATU FeOMEeTPpUYHI napameTpu 3paska W BU3HAYUTM 3aranbHUK CTYMiHb
aedopmaldlii.

3. 3a pesynbTaTtamu ekcrnepumeHTy nobyayesatu rpaduik 3anexHocTi iIHTEHCK-
BHOCTI gedpopmadii Big BUAiNeHo T eHeprii 1 3poduTun BigNOBIAHI BUCHOBKN.

KOHTpOnbHi 3anuTtaHHsA

1. Yum BU3HaYaeTbCHA ymoBa NAacTUYHOCTI?

2. Axun PisnYHUA 3MICT YMOBU NIACTUYHOCTI?

3. Buknagite reomMmeTpuyHnm 3miCT yMOBM NIIaCTUYHOCTI.

4. Ak ymoBa nfacTUYHOCTI BUKOPUCTOBYETLCS Mif Yac po3B’d3yBaHHA 3ajad
Teopil NnacTUYHOCTI 1 06pobNeHHA MeTaniB TUCKOM?

5. Akun yHKUiIOHANBHUA BUMMSA Ma€e 3B’A30K MK HANpy>XeHHAMU 1 aedop-
MaLisiMK 3a rpaHuLEo NANHHOCTI MaTtepiany?

Na6opartopHa po6oTa Ne 11
EKCNEPUMEHTANBHE BUBYEHHA NPUHLUMUMNY HAUMEHLLOIO OMOPY

Mema pobomu: 03HAaNOMWUTUCS 3 OCHOBHUMMW MPUHUMNAMM, WO Aal0Tb
3MOry BUSIBUTM OCHOBHI HanpsiMKu Tedii MmeTanis nig 4ac npoueciB 00pobrieHHs
MeTarsniB TUCKOM, i NnpaBunaMmn iX BUKOPUCTaHHS.

TeopeTnyHi BigomMmocTi

[Mig yac o6pobneHHa meTarniB TUCKOM iHKOSM BUHUKAE HEOOXIAHICTb Y BU-
3HA4YeHHi CniBBIAHOLWEHHSA MK MepeMilleHHAMN YacTUHOK (efleMeHTapHUX
o6’emiB) MeTany B pi3HUX HanpsiMkax. ¥ 6araTbox BUnagkax Ui criBBiAHOLWEHHS
MOXHa JIerk0 BW3HAYUTM i3 YMOB HECTUCNUBOCTI MaTtepiany (NOCTIMHOCTI
o6’emy) [20].

Y 3aranbHOMy Bunagky o6’€MHOro nracTUyHoro AedopMyBaHHS
PO3B’sA3aHHA 3aJadi Npo chiBBiAHOLWEHHSA AedopMaLin y HanpsaMKy KOopAuHaT-
HUX ocen € HagTo cknagHuMm. C. |. I'yBkiH B OCHOBY Teopii BiflbHOro hopMOo3Mi-
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HEHHSA Tif, Wo AedopMyOTbCS, 3aKnaB 3akoH, 3rigHO 3 SkMM Byab-gka maTepi-
anbHa 4YacTuHKa Tina, aka 4edOopMY€ETbCA, Mak4dn eKifibka KiHeMaTU4YHO MOX-
NMBUX HaMpPsMKIB NepeMillleHHs, pyXaeTbCs B HanpAMKy HaMMEHLLOro onopy
[4]. 3akOH HaMMeHLUOro ornopy B TakoMy (OOpMYIIOBaHHI Ja€ 3MOry BuBYaTU
POPMO3MIHEHHS NMLLE Ha SKiCHOMY piBHI. OgHaK Kinbka BaXkfMBMX BUCHOBKIB 3
LibOro 3aKOHY, 0COBIMBO NPMHLKUN MiHIMYMY NOBHOI eHepril gedopmadii, 4arTb
MOXIUBICTb NIGINTM OO0 BUBYEHHA (POPMO3MIHEHHSA NpU nnactuyHomMy aedoop-
MYyBaHHI Ha KiflbKiCHOMY PiBHi.

[MpaAMMM BUCHOBKOM i3 3aKOHY HaWMEHLLOro ornopy €, Hanpuknag, yTBO-
peHHSA 061010 Nig Yac wramMnyBaHHSA y BigKpuTux wramnax (puc. 11.1).

MeTan 3arotoBkM Ha no4artky P
LUTaMNyBaHHA MNOYMHAE BUTIKATKU BOIK
3a MeXi rpaslopu LITaMna B 3a30p MiX
BEPXHIM i HWXHIM wWTaMmnamn. 3anos-

HEHHS1 MOPOXHMHM piBYaKa MOXIMBE %
3a yMOBM, AKWO B 065101 Binbwnm onip %/

\4

Tedil, HPK y Tih abo iHWNN YaCcTuHI no- %
POXHUHK. Onip Teuil metany B obnon
30inbWyeTbCA  3i 3MEHLUEHHSIM  MOro /
TOBLUMHW Mig Yac pyxy BepXHbOro

lwTamna nig 4it4nmM HaBaHTaXXEHHAM i3 Puc. 11.1. YTBOpeHHst 0651010
sycunnam P. Le 3_3693”9‘4)/3 3anoB-  nig yac BiAKPUTOrO WITaMNyBaHHS
HEeHHS BCiX eNeMEeHTIB MOPOXHUHWN pPiB-

Yaka wTamna.

Ha oCHOBI 3aKOHY HaNMMEHLLOro Onopy MoXHa 3pobuTH Takni BUCHOBOK. Y
BMNAAKy BiNbHOrO OOPMO3MIHEHHS Tina B Pi3HUX HanpaAMKax HanbinbLUow ae-
dopmauis byae B TOMy HanpsMKy, y sskoMmy BinbLUiCTb erniemeHTapHux ob’emiB
3a3HalTb HAMMEHLLOro Ornopy CBOEMY NepeMiILLeHHI0. [1na npakTUYHOro 3acTo-
CyBaHHS LbOro 3aKOHy HeOobXigHO 3HaTM HaNPsSIMOK TpaekTopil Tedil maTtepiany
3 HAMMEHLUNM OMNMOPOM.

[nsa Bunagky ocagkn (CTUCHEHHS) NPU3MaTUYHUX | UMAIHAPUYHUX Tifl MiXK
napanesibHMMU NnTaMn 3a HasgBHOCTI TePTH Ha MNNOLMHAX KOHTaKTy 3aroToB-
K/ N IHCTPYMEHTa Ui TpaeKkTopil BU3HaAYalTh 3a NPUHLMNOM HANKOPOTLLOI HOp-
Mani oo nepumMeTpa nepepisy.

Teuvig maTepiany UMnNiHOPUYHKX TiN NPOXOAUTb B padianbHOMY HarMpsMKy
nonepeyHoro nepepisdy. OCHOBY ocag)KyBaHOI NPM3MU BiANOBIAHO OO NPUHLMNY
nepeMillleHHA TOYOK 3a HaMKOPOTLLOK HOPMAassito MOXHa po30UTU Ha 4YOoTUpPU
TPUKYTHUKM (puc. 11.2) niHiaMmuK, ki € niHiamu po3ainy obnacTti Tedil (HanpsAMOK
PpyXy MO3HAYeHO CTpinikamu). Buxoasaum 3 KinbKOCTI TOYOK, SKi MOXYTb nepeMmi-
LLATUCSA B KOXKHOMY 3 HanpsaMKiB, MOXXHa nobaunTu, Wo MakcumanbHow gedo-
pMauis 6yae B cepeaunHi 3paska, a MiHIManbHOK — Yy KyTKax. YHacCrigoK Lboro
rpaHi 3paska CUIbHO BUKPUBIIAOTLCA, @ oOpMa nornepeyHoro nepepisy 3paska
3 PO3BUTKOM AechopmaLil NoCcTynoBO HAabNMXaeTbCa 4O KPYriol.

Hexan, Hanpuknag, ocamkyeTbCa npuaMa 3 MPAMOKYTHOK OCHOBOIO,
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Puc. 11.2. TpaekTopii nepemieH-
HS TOYOK UMriHAapa nig vac
ocagkum Npusmu

P N
/7 AN
i K\
// \ / \
/ N, J \\
/ AN / » \
\ 7/ N ¢ /
\ y <
' —
\| ./ f’ /
\|/ LA vyy R/
AN /’
~_________ ,

Puc. 11.3. Cxema nepemilleHHs1 TOYOK

nonepeyvyHoro nepepizy npuamm

AKMN-HeBYOb nepepi3 AKol € nnowm-
HOI, HOPMasnbHOK A0 HarnpaMKy fi-
todoro 3ycunnsa (puc. 11.3). 3rigHo 3
NPUHLMMNOM MepeMILLEHHA TOYOK 3a
HaMKOPOTLLUOK HOpMarnso Ao nepu-
MeTpa nepepisy NPAMOKYTHUKN MO-
XHa po3ainnTn Ha ABa TPUKYTHUKMU i
OBi  Tpaneuii  niHiaMn  (WTpUX-
MNYHKTUPHI Ha puc. 11.3), aKi € mexo-
BUMU MiHisMK abo niHiaMu posginy
Tedil, OCKiflbKM [OBXWHA HopMmarneu
00 nepumeTpa nepepisy no obunasa
OOKM Big, KOXHOT TOYKKM, po3TalloBa-
HOT Ha UMX NiHisx, 6yae ogHaKoBOWO.
Hanpsam pyxy To4ok Ha puc. 11.3 no-
Ka3aHo CTpisfikamu.

YpaxoByun KifibKiCTb  TOYOK
Tina, po3TalwoBaHMX Ha JiHIAX Ha-
NPAMKY Tedil B nepepisi, MOXXHa npu-
NycTUTKU, WO MNicng ocajkm nepepis
Habupae Burnagy, 306paxeHoro Ha
puc. 11.3 wWTpmMxoBuMK niHiaMn. He-
Ba)XXKKO nokasaTu, Lo Npu 30iNbLUEHHI
CTYNneHs ocajku Tina, po3rfsHyToro
B LUbOMY npuvknagi, dopmu noro no-
nepeyvyHnx nepepisie HabnMXxarTbCs
0o enincis, a enincu noTiM nepeTBo-
PIOIOTLCA Ha Kona, Micrsi Yoro TOYKM
pyxarTbCs No pagiycax.

Taky 3aKOHOMIpHICTb doopMo-
3MiHEHHSA nornepeyYHnx nepepisie Tina
nig Yac ocaZiknm BUABSIEHO Ha noyart-
Ky XX cTopiyya. Ha 1i ocHOBi po3-
po6rEeHO NPUHLMM HANMEHLLOro ne-
pumeTpa: byab-ska dpopma nonepe-
YHOro nepepisy npmamatmyHoro abo
LMMIHOPUYHOrO Tifla nig Yac ocagku
Moro B NracTM4YHOMY CTaHi 3a HasB-
HOCTi KOHTAKTHOro TepTsa nparHe Ha-
oytn copmn, ska mae gna AaHoi
MNSOWi HaMMeHWnn nepumeTp, iH-
LMK CrioBamMu, HabyTn popmu Kpy-
ra.

HeobxigHO TakoX 3a3HauyuTy,
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LLIO Lier NPpUHLUKUN CrpaBaKyeTbCA NP AoAepXXaHHI TaknX YMOB:

— TEepTa Ha NOBEPXHi KOHTAKTY IHCTPYMEHTa 1 3aroTOBKU — i30TPOMNHe, OAHa-
KOBE Y BCiX HanpsmMkax;

— BeNM4nHa KoedilieHTa KOHTaKTHOro TePTS € 3HAYHOH0.

Mig 4ac ocagku, Hanpuknag, NPSMOKYTHOro napaneneninega Mk nnoc-
Knmu 6onkammn 6e3 KOHTaKTHOro TepTa cxema nepeMilleHHA TOYOK nonepeyHo-
ro nepepisy Biapi3HAETbLCA Bif cxeMun, 306paxeHol Ha puc. 11.3.

Pyx 4yaCTMHOK y nfiowmnHax, HopMasnbHUX OO HaMPAMKY 30BHILLHBbOI CUMN,
Mae pagjianbHUM Xapaktep, i ToMy (opMu nonepeyHnx rnepepisis y npoueci
AedOopMyBaHHS 3anuwaTMMyTbCs NOAIGHUMIN 0O NOYaTKOBUX.

MuTome 3ycunnsa gedopmyBaHHS B NPoOLECi CTUCHEHHS MPU3MaTUYHOIO
Tina napanenbHMMM NAIMTaMu  BU3HAYa€ETbCA BMPa3OM, 3anpornoHOBAHUM
C. I. I'yBKkiHUM:

k
q=A40, 1+”7’u" , (11.1)

ne k =0,5———; 4 =1,00...1,15.
6b

NMopsapok BUKOHaHHSA nadbopaTopHOi poboTu

1. Ha KOHTaKTHUX NMOBEPXHSAX 3paskiB PO3MITUTU OCi cMMeTpil. 3 4ONOMOroto
NPAMOKYTHMKA Ha BOKOBY NOBEPXHIO 3pa3KiB NepeHecTn OcboBi MiHil. Ha ocax
OOKOBMX NMOBEPXOHb (Ha MOMOBMHI BUCOTU 3pa3KiB) HAHECTU MITKM KepHOM abo
YOpHMNOM. 3a UMMU MiTKaMKU MOTIM BU3HAYalOTbCS MOSIOXKEHHS OCen 3paskiB
nicns ocagkn. BennunHy ocagkm 3paskiB nig Yyac BUKOHaAHHS pPoBOTU KOHTPO-
NIOBaTU LWUITAHFEHUMPKYNEM.

2. [MpoBectn Tpmu-4otupu ocagku. llicna KOXHOI ocagkm 3paska HeobxigHO
3aHeCTV [0 3BiTY BENUYUHY NepuMeTpa OLePXKaHOro nepepisy n BUMIPATU reo-

MEeTPWUYHi napameTpu a,, a,, b,, b;. Kpim Toro, HeobxiaHO 3adbikcyBaTtyt 3Ha-

YeHHS BUCOTW 3aroTOBKM MICIIs KOXHOT ocaku. PesyrnbTatn ekcnepuMeHTiB 3a-
HEeCTM 40 3BiTY NPO BUKOHAHHA nadopaTopHoi poboTn.

3. Nepen KOXHOK 0OCafKOK, YCTAaHOBUBLLWM 3Pa3KM KOHTAKTHOK MOBEPXHEID
Ha apKyLl nanepy, onisuem o6BecTn No nepnMeTpy ocHoBY 3paska. [licna oca-
OKWN 3pa3ok HeobXigHO BCTAHOBUTU Ha Lien Xe apkylwl Tak, wob niHia Big kepHa
NpoeKkTyBanacsa Ha oci nornepeaHbOoro 306paXkeHHss 1 OKpechnioBana oTpUMaHi
nepuMeTpu OCHOBU 3paska.

4. 3a 3aBAaHHAM BMKNagada BM3HAYUTM BENUYMHY 3YCUMNS OCadKu 3a piB-
HAHHAM (11.1) ona ogHOro-ABOX BMMAAKiB ocagku NPU3MaTUYHOI 3aroTOBKU W
MOPIBHATN 11 i3 3apikCOBAHOIO B €KCNEepUMEHTI 3a AMHaMOMETPOM Ha rigponpe-
Ci.

5. OcbopmUTK 3BIT NPO BUKOHAHHS NlabopaTopHOi poboTu 11 3pO0dUTN BUCHOBKN.

KOHTpOnbHI 3anuTaHHsA

1. HaBepfitTb nNpuknagn 3acTtocyBaHHA 3aKOHY HaWMEHLLOro oropy Ha npak-
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Tn,.

2. TloscHITL, YoMy Nif Yac ocafku NpuaMaTUYHUX 3paskiB popma X nonepe-
YHOro nepepisy nparHe Habytn doopmu Kpyra.

3. AK KOHTaKTHe TepTHa Ha MOBEPXHi «iHCTPYMEHT — 3aroToBKa» BMiMBaE Ha
doopmy nonepeyHoro nepepisy 3paska nig 4ac noro ocagkm?

4. Ak dopMyntoeTLCA NPUHLMM HAaMMEHLLIOro nepumeTpa Afa niaacTUYHOro
AedopmMyBaHHA MeTanis?

5. ToACHITE, y YoMy nonsrae NPUHUUN HAUKOPOTLLOT HOpMari.

Na6opaTtopHa po6oTa Ne 12

BU3HAYEHHA KOE®ILUIEHTA TEPTA NiA YAC MNJIIACTUYHOIO
OBPOBJIEHHA METANY

Mema pobomu: 03HanoMUTUCSH 3 BANIMBOM CUIT TEPTSA Ha npouecu obpo-
BGrneHHa meTaniB TUCKOM N MeTO4aMMn BU3HAYEHHS KoeilieHTa TepTS.

TeopeTnyHi BigomMmocTi

bBinbwicTe onepauin nnacTM4Horo obpobneHHa meTaniB 34INCHIOETLCS B
ymMoOBax, Konum metarsn, kMM obpobntoeTbCs, KOHTAKTYe 3 iHCTpymMeHToMm [21].
Mpn UBbOMY YaCTUHKM MeTany 3aroTOBKM KOB3alTb MO MOBEPXHi iHCTPYMEHTa,
yHacnigoK Yoro BUHUKAKOTb CUMM KOHTAKTHOrO TepTs, AKi YTPYAHIOTb Le KOB-
3aHH4.

TepTa nig 4ac nnactnyHoro obpobrieHHss MeTanis, 3a BUHATKOM OKPEMUX
ornepauin, e BOHO AOCUTb aKTUBHE, € LUKIANMBUM PaKTOPOM, SIKUA HEraTUBHO
BMNAMBAE Ha TEXHOMNOIIYHUI npoLuec.

KoHTakTHe TepTa Npu3BoanTb 40 BUHUKHEHHS HEO4HOPIOHOCTI Aedopma-
LiT abo migcuntoe Lo HeogHopigHICTb. Lle NOSCHIOETLCA TUM, WO B KOXHIN TouUi
NOBEPXHi KOHTAKTy 30YKYIOTbCS eneMeHTapHi 4OTUYHI CUnn TepT4, WO crnpu-
YNHSAE NOSBY Ha KOHTAKTHUX NOBEPXHAX 0eOpPMOBYBAHOIO Tifla JOTUYHUX Ha-
NPYXeHb, HanpAMIEeHUX NPOTUIEXHO HaNpPAMKY KOB3aHHS MeTany BiAHOCHO
NOBEPXHi IHCTPYMEHTA B KOXHiM AaHin Touui. YHACIgOK LbOro MoXe 3MIHUTUCS
N cama cxema HanpyxeHoro ctaHy. Hanpuknag, 3a HasiBHOCTI cun TepTs nig
Yac OCafKn 3aroTOBOK YTBOPHOETLCS 00'€EMHa cxema HanpyXeHb, a 3a ix Biacy-
THOCTI HanpyxeHun ctaH 6yB Ou niHiMHMM. [ia TepTa Big KOHTAKTHUX MoBep-
XOHb MOLUMPOETLCA BrNUG gedopMOBYBaHOro Tifla, NpU LbOMY YTBOPHKOTHLCA
30HU yTpyAHeHol gedopmalii. Yepes HeogHOPIAHICTL AedpopmMaLlii NopyLyeTb-
CA iOEHTUYHICTL YMOB 3MiLHIOBanNbHUX NpoueciB B 06’eMi Tina, yHacnigok 4oro
MOXe BWHUKHYTU HEOLHOPIAHICTb MeTany (PisHUMW CTyniHb 3MiLHIOBAHHSA MO
00’eMy MOKOBKM, Pi3HUIA PO3MIP 3epHa TOLLO).

KoHTakTHe TepTs B KiHLUEBOMY NiACYMKY OONAETbLCA aKTUBHUM HaBaHTa-
XeHHaM. OTxe, KOHTakTHe TepTa 36inblye NoTpibHi 3ycunna n poboty gedo-
pMyBaHHS. BUKOPUCTOBYIOUN Pi3Hi CNOCOBU 3HMXKEHHSA CU KOHTAKTHOrO TepTs,
MOXHa 3MeHLWWnTK 3ycunnsa gedopmyBaHHa y 5—10 pasis.

KoHTakTHe TepTa 3HWXYE CTIMKICTb IHCTPYMEHTa AK yHacnigok 6esnoce-
pPeOHbOro CrnpautoBaHHS KOHTAKTHOI MOBEPXHi, Tak i Yepe3 AgoadaTkoBe Harpi-
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BaHHS MOBEPXHi N 30iNbLUEHHA HanNpyXeHb Yy 3B’A3Ky 3i 36inbLUeHHSM 3yCcunng
AedopmyBaHHSA. 3aCTOCOBYKOYM Pi3HI MeTOAM 3MEHLUEHHS Ccun TepTa Ha
KOHTaKTHIN MOBEPXHi, yOA€TbCA 3MEHLIUTU CrpaubOBYBaHHA IHCTpPyMeHTa Yy
100-1000 paasis..

Uepes HasiBHICTb KOHTAKTHOro TepTd HeobXiaHO 3acTOoCOBYBaTU TEXHOO-
rivHi mactuna. e ycknagHoe cam TeXHOMNOriYHUM npouec nnactuyHoro aedo-
pMyBaHHs, a iHoAdi noTpebye nonepeAHLOro 0bpobneHHs No4YaTkoBOro mMaTepi-
any (Hanpuknag, HaHeceHHs1 NMniBoK, poccaTyBaHHSA TOLO).

TepTa B npouecax obpobrneHHs meTaniB TUCKOM SKICHO BiApPi3HAETbLCA Bif,
TepTA KOB3aHHA B KiHEMaTUYHUX napax. Y MigwnnHuKax i HanpsaMHUX MaLluH
3aranbHoro npusHadeHHs Tuck He nepesuwye 20...40 MlMa, 4Yepes WO CTUYHI
NoBepxHi ByayTb y NPYXKHO-4e(OpMOBaHOMY CTaHi. Y BUNagKy XOno4Horo nna-
CTUYHOIO AedOpPMYBaHHA TUCK HA MeXi KOHTaKTy «MOBEPXHHA — 3aroTOBKa»
ctaHoBuTb 2000...2500 MMMa. MNpn nnactnyHoMy gedopMyBaHHI NOBEPXHS iH-
CTpyMeHTa AedopMyeTbCA MPYXKHO, a 3arotoBka Teve 1 nparHe HabpaTtu op-
MU MOBEpPXHi iIHCTPYMeHTa. YHacnigokK Lboro AilcHa NnoLwunHa 3iTKHeHHs 30inb-
LUYETHLCSA, LLO 32 HAABHOCTI BEMUKOIO MUTOMOIO TUCKY MOXE CMPUYNHUTU NOMIT-
Hi CUnn MoseKynsapHoro 34yenneHHd. Npu nnactnyHomMy gedopmyBaHHI ronoBs-
He 34yensieHHs Mae 6e3nepepBHe “OHOBMEHHA” NOBEPXHI KOHTaKTY AedOpMOBY-
BAHOro Tina, OCKifibkK B Npoueci AeopMyBaHHA Ha Lit0 MOBEPXHIO 6Ge3nepeps-
HO BUXOAATb 3CepeauHu Tifla HOBI YaCTUHKM MeTany. Ha npouecu KOHTakTHOro
TepTa 3HA4YHO BMIMBAKOTb OKanuvHa, Lo YTBOPKETLCA Mif Yac HarpiBaHHA W ra-
paYoro obpobneHHa TUCKOM, a TakoX MOBEPXHEBI OKMUCKU Mig Yac oOpobneHHs
6e3 HarpiBy.

Hwx4ye HaBegeHo Tpy BUAM TepTs B npouecax obpobrneHHs meTanis TUc-
KOM.

Cyxe TepTA BMHMKAE MK 3aroTOBKOK M iIHCTPYMEHTOM Yy TOMY BUMASKY,
KOSIN 1X KOHTaKTHi NOBEPXHi HE PO3MEXOBaHI TiTOM: MacTUNOM, OKMCaMU, MNOBI-
TPAM. Y MOMEHT 3iTKHEHHS IHCTPYMEHTa 3 3aroTOBKOK KOHTAKT 34INCHIOETLCA
Ha HEeBESNKIN NSIOLLUHI, Sika YTBOPHOETLCA BEPLUMHAMMU BUCTYMIB MIKPOHEPIBHO-
cten. ToMmy nnactuyHa gedpopmalis 3arotoBKM MOYUHAETLCHA Ha MOBEPXHAX
PaKTUYHOro KOHTaKTy. Benuki TUCKM Ha KOHTaKTHUX NAOLWKUHAX Yy NOEAHAHHI 3
BIAHOCHMM NEepeMILEHHAM | 3Ha4YHOK MicLeBOK (rakTUYHOK AedopMauieto
3YMOBJIOKOTb YTBOPEHHSA BY3MiB 34ensieHHsA. [1py cyxomy TepTi MilLHICTb MeTa-
NeBOol CMOMNyKX y BY3Si 34enneHHs NepeBuLLye MiLHICTb MeTary 3arotoBku. To-
My nogarnblle BiHOCHE MNepeMillleHHS 3aroTOBKW MO MOBEPXHi iHCTpyMeHTa
MOXIMBE nuLle npu pyrMHyBaHHI MeTarny 3arotoBku. Y LUX YMOBaX 30BHILLHE
TepTa nepexoguTtb Y BHYTPIWHE. MILUHICTL KOHTaKTy MeTany y By3si 34enneHHd
BU3HAYaETLCA CrMOPIAHEHICTIO MaTtepianiB iHCTPYMEHTa W 3aroTOBKU. AKLLO
CMOpPIAHEHICTb Benunka, TO MeTarneBuin KOHTaKT AyXXe MILUHUIA | Npu TepTi meTarn
3aroTOBKM Hanmnae Ha iIHCTPYMEHT. AKLLO CnopigHEeHICTb HeBenuka, To MeTa-
NEBUN KOHTAKT MPU HU3bKUX TemnepaTypax He MiLHWN i 3i 36iNblUEHHAM TeM-
nepaTypu MOro MiLHiCTb He3Ha4yHO 30inblUyeTbCA. Y UMX yMOBax Mae Micue
34enrneHHs, ane HanunaHHA MeTtary 3aroToBKM Ha NMOBEPXHIO IHCTPYMEeHTa He-
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Mae. Y 3BU4anHUX ymoBax nig Yac gedopMyBaHHS 6e3 3malleHHsi MOBEPXHI 3a-
FOTOBKM W IHCTPYMEHTa MOKPUTI OKMCaMK, nriiBKAaMW BOJSIOMM, rasdamu, PisHUMU
3abpyaHeHHaAMU. ToMy ymMoOBU, BrM3bKi 4O YMOB CyXOro TepTs, iCHYIOTb nuLie
Ha OKpeMUX LiNAHKax NOBEPXHi 3aroTOBKM.

FippoanHamiyHe TepTaA BMHUKAE Nig Yac XOSIOQHOrO MACTUYHOrO Ade-
dopMyBaHHS i3 CUrbHUM 3MmaleHHsaM. OcobnMBOCTI LUbOro BMAy TepTa nons-
raloTb y TOMy, LLO B YCiX TOYKaxX KOHTAKTHOI NOBEPXHI 3arotoBka WU iHCTPYMEHT
poaaineHi tosctoo (noHag 100 mkm) nniBkowo macturna. KOHTakTHeE OOTU4YHE
Hanpy>XeHHs cTae MiHiManbHUM, NPUOMNN3HO Ha ABa MNOPAOKN HUKYUM, HIK NpU
cyxomy TepTi. Lle npuBoanTbL 0O Pi3KOro 3HWXEHHS 3ycunb AedopMyBaHHS, Mi-
ABULLEHHS AKOCTI BUPODBIB i 30iNbLLEHHS CTIMKOCTI iIHCTpYMeHTa. Y npoueci nna-
CTUYHOro gedopMyBaHHA MeTany MacTurno BUTUCKAETbCA 3 KOHTAKTHOI NnoBep-
XHi nig Agieto BUCOKMX HOpMarnbHUX TUCKIB. [na nigTpuUMKU rigpoguHamivyHoro
pexumy TepTss HeobXiqHO CTBOPUTM YMOBMU, SIKi CNPUATUMYTb YTBOPEHHIO Mac-
TUNBHOrO KInHy. Mpn 06pobneHHi meTaniB TUCKOM OOLUiNTbHO BUKOPUCTOBYBATU
TEXHOMOrYHi MacTuna, siKi MatoTb BUCOKY ANHAMIYHY B’S3KICTb.

FpaHnyHe TepTA nig Yac nnacTudHoro obpobneHHa meTaniB Biabyea-
€TbCA YacrTiwe 3a iHWi Buan. Llen Bng Tepta xapaktepusyeTbCcs TUM, LLO rnoBe-
PXHi IHCTPYMEHTa 1 3aroTOBKWU pO34ineHi TOHEHbKMM LLAapoM MacTun, He Binb-
we 1...100 MkMm. KOHTaKkTHEe OOTUYHE Hanpy>XeHHA Npu rpaHUYHOMY TepTi € Ha
NopsAoK BiNbLWMM, HiXX NpU rigpoanHamMiyHOMY. Take 3Ha4YHe MiABULLEHHST KOH-
TaKTHOro AOTUYHOrO HaNpPY>XeHHHA NOSACHIOETLCH, No-nepLle, TUM, WO MaCTUITbHI
NNiBKW 3aBTOBLUKM MeHwe 100 MKM (NpUMeXoBUI Luap) SIKICHO BigpPI3HAOTLCSA
Bifj HOPManbHOI PiAWHKU, 3 AKOI BOHW YTBOPEHi, No-apyre, TUM, WO HepiBHOCTI
KOHTaKTHUX MOBEPXOHb Y AEAKUX MICLSAX NPpOopMBaOTb MaCTUITbHY MNIBKY, YTBO-
PIOKOYM BY3nn 34enneHHs. 3asHayveHi 0cobnmMBOCTi cBigyaTb Npo Te, WO 3aKOoH
KynoHa, 3a skum cuna TepTsa BM3HAYaeTbCA 9K 40OYTOK KoediuieHTa TepTa M
BESIMYMHN HOPMaAIIbHOI CUMKN, € HEAOCTATHBO YiTKUM A9 XapaKTepUCTUKN Tep-
T B MalUMHAaX i MexaHiamax i HenpuaaTHUM OS19 BU3HAYEHHSA Cuil TepTs nig vac
NNacTUYHOro AedopMyBaHHS.

KoediuieHT TepTs BM3Ha4aloTb cneuianbHO N9 YMOB MMacTUYHOro Ae-
doopMyBaHHS. Ha 1oro BenuymHy BAnMBae Kiflbka gakTopis.

CmaH nosepxHi pobo4yozo iHCmMpymeHma € OCHOBHUM (DaKTOPOM, SKUU
BMAMBae Ha BeNUYUHY KoeilieHTa KOHTaKTHOro TepTs. 3po3ymino, wo npwu
AOCUTb BUCOKIN SIKOCTi NOBEPXOHb 00p06toBanbHOro iHCTpyMeHTa KoeilieHT
TepTa 6yae MEeHWUM 3a iHLIMX PiBHMX YMOB. Moro BenuumHa 3anexuTb Bif Ha-
NPSAMKY KOB3aHHS MeTary BiAHOCHO HanpsMmKy ObpobneHHA MoBepXHi iHCTpY-
MeHTa. Llen ¢akT Ha3mBaloTb aHi30Tponietd TepTs. AHI3oTponis TepTa Moxe
CAPUYNHUTU BUKPUBNEHHA POPMM Tina nig 4ac niactuyHoro AedopmyBaHHS.
Tak, Hanpuknag, nig Yac ocazikym BHACNIAOK aHI3oTponil TePTS NOBEPXOHb KOH-
TakTy popma uuniHgpa mMoxe nepeTBOPUTUCS i3 KPYrnol Ha eninTuyHy.

Buensad KoHmakmHOoI nogepxHi 3a20moeKU Mae 3Ha4YeHHsI nuwle B nep-
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LMW MOMEHT aeopMyBaHH4, Nig vyac noganbsuoro geopmyBaHHA KOHTaKTHa
NOBEPXHA MeTany 3rnagkyeTbCs N cTae Hibu BiaOBUTKOM NOBEPXHIi iIHCTPYMEHTA.

XimiyHUU cknad OeghopmogysaHO20 crisiagy BNSIMBAE Ha BENUYUHY Koe-
diuieHTa TepTta. 3a gaHumm gocnigxkeHb C. I. N'ybkiHa, ona nnacTtuyHoro ge-
dopMyBaHHA 6e3 MacTuna nNpu 3BMYanHUX TemnepaTypax 3MEeHLUEHHSA Koeqi-
LieHTa TepTsa BignoBigae TakoMy NOPALKY CrniaBiB: CTanesi U antoMiHieBi, mar-
Hi€BI, BaXXKi KONbOPOBI, XXapOCTINKi 1 KONbOPOBI.

Temnepamypa deghopmyeaHHs1 TaKOX BNIMBae Ha KoedilieHT TepTs. Mpu
X0nogHoMy gedopMyBaHHI KoedilieHT TepTa € HanMeHWwnM. 3 nigBULLEHHAM
TemnepaTtypy BiH 36inblyeTbCs, Habpae MakCMMyMy Ha OesKoMy iHTepBani
Temnepartyp, a noTiM, 3 NnoganblnM MNiABULLEHHSAM TemMnepaTypu, 3MEHLUYETb-
Cs, ane BCe-Taku NOro BennyMHa 3anuuaetbcs BinbLUOKD, HiXK NPy XOnogHOMY
AedopMyBaHHi.

Llleudkicmb KO83aHHsI MeTany 3aroTOBKW MO MOBEPXHi poboyoro iHCTpy-
MEHTa CNPUSAE 3MEHLUEHHIO BENUYMHUN KoedilieHTa KOHTaKTHOro tepTta. 30Kpe-
Ma, Npu o6pobneHHi Ha monoTi BiH Ha 20...25 % MeHLWWIi, HiX Yy BUNagky wTa-
MMyBaHHS Ha Npecax.

Xapakmep HagaHMa)KeHHs1 TaKoX BMNNMBaE Ha KoeiuieHT TepTa. Tak, nig
Yac ocafKu 3paskiB BiOpauiHMM HaBaHTaXEHHAM 3ycunnsa gedopMyBaHHS
iIHOAI 3HMXXYETLCA B MNiBTOpa-ABa pasun, HEPIBHOMIPHICTb AedopmaLii 3MeHLUY-
€eTbCA. Lle cBigunTb Npo 3Ha4yHe 3HWKEHHS KoediuieHTa TepTd. BukopucrtaHH4A
MacTUST Jae MOXNUBICTb 3MEHLLUNTU KoedilieHT TepTa B AeKinbka pasis. Mac-
TWUMO Mae CTBOPKOBATU MiLHY MNiBKY, A4o6pe npununaTti 40 NOBEPXOHb KOHTAKTY
N OAHOYACHO OOCTaTHBO Nerko Buaanatucsa nicns obpobneHHs.

[o mactTnn HanexaTtb MiHeparnbHi 1 opraHidHi macna, npucagkm (oneiHo-
Ba KMUCMOTa, cipKa), a TakoX HenTparbHi HanoBHBadi (rpadit, Kpenga, Tanbk)
Ta iHWi pevyoBUHU. AK MacTUNO BUKOPUCTOBYIOTb MasyT, KOSOIganbHUN rpadit
TOLLO.

[ig yac rapa4oro o6pobneHHs TUCKOM 3aCTOCOBYKOTLCS MacTura Ha oc-
HOBi ckna, ski Oinblw e(eKTUBHO 3HWXYIOTb TEPTS MOPIBHAHO, Hanpuknag, 3
rpacitoBuMn mactunamu. BoHn yTBOPIOKOTbL TEnnoisonAuinHy nniBky MiX no-
BEPXHAMM IHCTPYMEHTA W 3aroTOBKU, fika 3axuvlliae MeTan Big OKMCHEHHS, WO
NpUBOAMTL A0 MOKpaLWaHHS SIKOCTi 0bpobneHol nosepxHi. NpoTe cknsHi Mac-
TUa MarTb Baromi HeJOSliK1M, a caMe: HeOCKOHanICTb | TPYAOMICTKICTb CMno-
cobiB HaHeCeHHS, 3abpyAHEHHSs WTamna, CKNagHiCTb BuAaneHHs ckrna 3 nose-
PXOHb LUTaMMa " NOKOBKM.

ICHYye aekinbka ekcnepuMeHTanbHUX MeTOLIB BU3HaA4YeHHA KoediuieHTa
TepTa B yMOBax NfiacTUYHOro gedopmyBaHHSA KOHIYHMX 6oKKiB, BOYKOYTBOPEH-
HH, 0CagKu KnuHonoAibHoro 3paska Towo [14, 21].

Y uin nabopaTtopHin poboTi Ans obuncneHHs koediuieHTa TepTta Tpeba
3acTocyBaTy METO X0NoAHOI ocaaku KNMHOMNoAiGHUX 3paskiB.
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Puc. 12.1. EkcnepumeHTansH1n
KnuHonoAibHmn 3pasok

Puc. 12.2. Cxema ocagku
3paska MK nnmTamm

nepebyBaTu B piBHOBA3I.

Ha puc. 12.1 306paxeHo
KnuHonoaibHMn 3pasok, SKun
BUKOPUCTOBYETLCA Ni 4ac
NPOBEAEHHS  eKCNEPUMEHTY.
Ha ogHomy 3 6okKiB 3pa3ka Ha-
HEeCeHo BepTUKasribHi pUCKM Ha
BiAcTaHi 2 mMMm. Takun 3aB4yac-
HO NiAroTOBIIEHUI 3pPa30K PO3-
MiLLalOTb MK OABOMa MNOXUIU-
MU nMTamu (puc. 12.2) i kna-
OYyTb Ha CTifl  KOBasibCbKO-
npecoBOol MaLlNHN.

Wnsaxom npuknageHHda
30BHIWHBLOIO 3ycunnsa aeqgo-
pMyBaHHS 30iINCHI0ETBCH
ocagka 3paska. [lpm ocagui
MeTan 3paska nepemilaerbcq
B 060X HanpsiMkax oci X . lc-
HY€E NiHig po3ainy Tedil meTa-
ny 3paska, fka nig 4ac ocagku
3aNMWNTLCA  HEBUKPUBIIEHOKD
(ams. puc. 12.2). Mo pisHi BokK
BiA NiHil Tevil meTan pyxaeTtb-
CA B Pi3HMX HanpsmMkax. Ane
OCKifTbKM 3pa3oK SK uine Tino
HEe MNepeMilaeTbCsl, TO CUNw,
AKi  OilTb Ha HbOro, MaroTb

3a 3akoHOM KynoHa MK cunoto TepTa U HopMasibHUM TUCKOM iCHYE Takun

3B’A30K:
T =uN.

(12.1)

Cyma npoekKuin ycix cun, Wo AiloTb Ha 3pa3okK Y HanpsiMKy OcCi X, 3a yMo-

BOKO piBHOBAru JOPIiBHIOE HYIIHO:

2N, sing+2T1 cosg+2N2 sing—2T2 c0s % =0. (12.2)
2 2 2 2

HopmanbHi cunn N, N, MOXHa BW3HaA4UTU, NMOMHOXMBLUM MUTOME 3Y-

cunna Ha nnowy I'IOBerHi KOHTaKTY:

N,=qfF,, N,=ql; (12.3)
Lx Lx
F=—r B=—"r, (12.4)
COS— COS—
2 2

ne L — posxuHa nnu.
68



3 ypaxyBaHHAM (12.3) i (12.4) piBHAHHSA piBHOBarn Habysae Burnagy

a a
xltg5+,ux1 +x2tg5—yx2 =0, (12.5)
3BiJKW NErko BU3HaYMTN KoeqilieHT TepTa
xtx, «
U=—"=1g—. (12.6)
X, —x 2

NMopsapok BUKOHaHHSA nabopaTtopHoi pob6oTu

1. 34iMCHMUTM OCagKy CBMHUEBMX abo antoMiHIEBUX 3pasKiB MK NOXUIIMMU
naMTaMmu, Wo mMarTb PobOoYi NOBEPXHI Pi3HOT LLOPCTKOCTI, 3 MAacTUITbHUM MaTe-
pianom i 6e3 Hboro.

2. WtaHreHumpkynem abo niHinkow BUMIpATK BiACTaHi X, X, Bi KpaiB 3pas-
Ka OO0 HENTpanbHOro NepeTuHy, SK1MKn € MniHieto po3ainy Tedil metany. O64ncnu-
TN 3HAYEHHS KoedilieHTa TepTs.

3. PesynbTtaTtn BUMIiptoBaHb Ta ob4ymncneHb 3aHectn o tabn. 12.1. Odopmu-
TW 3BIiT NPO BUKOHAHHS nabopaTopHOi poboTu.

Tabnuusa 12.1
PesynbTaty BUMiptoBaHb Ta 064nCieHb

Home LLopcTKicTb no-
3 a3Kg BEpXHi NnuT RZ, | MactunbHun matepian | X, | X, KoediujieHT TepTa
P MKM
2

KOHTpOnbHi 3anuTaHHs

1. HaBepfitb npuknag TEXHOSOrYHOI onepadii nnacTM4HoOro geopMyBaHHS
MeTarny, y SKin KOHTaKTHe TepPTHa € aKTUBHUM (KOPUCHUM).

2. Y yomy nongdrae sikiCHa BiAMIHHICTb MibX TepTsiM nNpyn 06pobreHHi meTanis
TUCKOM i TEPTAM Y 3BMYANHUX KIHEMATUYHMX Napax MaLlnH?

3. OxapakTepusynte BiAMIHHICTb MK TEPTAM rpaHUYHUM, FigpOANHAMIYHUM i
CYXUM.

4. Ak BAKOPUCTOBYIOTLCS CKIagoBi MacTuna B ymMoBax rapsiioro obpobnen-
HA MeTarniB TUCKOM?

5. Ak BNuBae xapaktep NpuUKNageHHA 30BHILUHLOMO HaBaHTaXXEHHA Ha Be-
NNYNHY KoeilieHTa TepTa?
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Hdoaartok
OEAKI OBIAKOBI OAHI

Tabnvuysa 4.1

3Ha4YeHHs rpaHunLpb MiLHOCTI MaTtepianis (O,)
i KoedpilieHTa, WO XapakTepusye 3MiLHeHHst maTtepiany (k)

. CepefHi 3Ha4eH-
Matepian o, MMa k. Ha k.o, , MMa
AMuAM 100...120 3,5..4,2 420
A16AM 200...220 3,4...3,7 740

Migb 220...250 2,7...31 680
nes 350...390 24..2,6 910
Cranb 15 380...420 24..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 crinasy o,, MMa 0, v,
AMuy 130 0,23 0,19
AMr2Mm 190 0,23 0,19
AMr3M 190 0,15 0,13
AMr6M 300 0,18 0,15
019 440 0,18 0,15
120 420 0,16 0,14
B95 520 0,14 0,12
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Tabnvus 0.3
Pi3nKo-mexaHidHi BNacTMBOCTi MaTepianis

MaTtepian o,,MMa | B,Ma m
Cranb nuctosa 10 K1 300 500 0,30
Cranb C1 3 430 770 0,24
Cranb Ct 20 450 720 0,17
Cranb 1X18H9T 620 1180 0,29
AMuAM 120 220 0,20
016AM 210 330 0,15
B-25M 210 310 0,12
CsuHeUb 15 32 0,37
Onoso 27 63 0,51
Lnnk 110 130 0,05
Hikenb 500 1030 0,36
Migb BignaneHa 230 480 0,38
nes 300 740 0,44
nMu-58 400 720 0,24
Tutanosum cnnas BT1-[1 470 960 0,12
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Tabnvus 0.4
[aHi ona BU3Ha4YeHHA KoedilieHTa po3LUMPEHHSA 3aroToBKU

Jo Jo
L/B L /B
H/y=1| H/y=2 H/y=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
P reduction of the workpiece height
in the direction of the force and
simultaneous increase of the
workpiece cross-section

N
) 2 (Fig. 1.1).
/|

The upsetting is used to ob-
tain a forged product with the
necessary mechanical and physi-
6 cal properties and to manufacture
the products (forgings) of the re-
quired shape.

During upsetting the dis-
placements of metal particles oc-
cur nonuniformly due to the effect of frictional forces which are formed on the
interface surface between the workpiece and the tool. The forces of friction re-
strict 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-
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Fig. 1.1. Upsetting before (a) and after (b)
deformation: 1 — product; 2 — dies



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).

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,/%,)>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 in-
to the single barrel due to the intensive
increase of the middle section diameter.

A
The outer contour is curved due to
the deformation nonuniformity of the three /// /!
inner zones (Fig. 1.2) and the elements of //

the upset workpiece. Zones | adjacent to ///
the ends of the workpiece remain virtually
nondeformed due to the effect of frictional . -
forces on the contact surfaces, which Fig. 12 Charactenshg Zones
: ) of inner deformation

creates overall compression in these
zones. These zones are dead zone of dif-
ficulty deformation. The metal inside this zone penetrates the zone |l. Defor-
mation in zone Il is the most intensive in the axial and radial directions. Defor-
mation in zone lll is intermediate 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.

The nonuniformity of strain during upsetting in cold and hot states can be
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
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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.

Metal of the soft plates is deformed and flows into the gap between the
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
:%GS(R—rﬁ—,b’as, (1.1)

zz

where 1 — 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-
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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.
At small defor-

mation, as well as at

the ratio (d,/h,)<2 c@ %

diagram of normal

stresses are quite dif-

ferent. The curves

have a concave %

shape, normal pres-
sure in the peripheral
zones of the contact
surface larger than in
the center. This is confirmed by the shape of the profile of the metal comb,
which during the upsetting falls into the narrow cavity of the die. At high de-
grees of deformation and relations, the shapes of the curves aren’'t changed
and the stresses in the central zone exceed stresses on the peripheral zone of

the contact surface.
The full force for upsetting can be defined as following:

s=0,4

Fig. 1.3. Epure determination of normal stresses

P=2z(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

P = qaverF ’ (1 3)

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 + %%) (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-
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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
h
g =In=2, (1.6)

k
where 4, and /_ are the initial and final height of the workpiece.

The values of B and m constants for various grades of materials are giv-
en in the table. D.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 (do/ho) <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-
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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.

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:

N IR o B 777777 B AL 7
N ! N 0 | Vo ,./42/
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N 7 7 NN v,
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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)

¢ |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).
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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.

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.

projections, pins. The magnitude of
required specific pressure for com-

] The combined cold extrusion is
. aq— ] used for the production of parts of
P \ more complex shapes, with a com-
% B plex-shaped bottom, having lugs,

Nt

NN N NN

: bined extrusion is intermediate be-
( g tween direct and indirect methods.
% i Metal flow during cold extru-

! | sion can be investigated by marking
(Z I 7 7 7 7 77 7 77 7 77 one face with a square grid pattern,
and by means of a metallographic
Fig. 2.2. Flow pattern produced with  gnglysis. Fig. 2.2 shows a distortion
low friction, or in indirect of the grid pattern in the process of
cold extrusion cold backward extrusion. As a result
of the analysis of the grid pattern curvature and the directions of the metal fi-
bers, it is proved that during the cold indirect extrusion there is a region of in-
tense deformation (between the surfaces AB and VH), which gradually moves
downwards and occupies new layers of the workpiece. In the areas below, the
intensity of deformation gradually decreases. The extruded wall, moving up-
ward from the deformation zone, practically isn't deformed and moves upward
by the extruded metal. S.I. Gubkin [4] proved that in the process of residual
forming the plasticity of the material is influenced by a stress state. The ability
of the material of the workpiece to accept significant residual deformations
without 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 the
overall volumetric compression. Thus, extrusion as a method of metalworking
has significant advantages over other methods. This feature of extrusion is
widely used in techniques for the forming of low-plastic metals and alloys which
inclinable to cracking and fracturing.
In the case of cold extrusion plastic deformation is carried out by the force
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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
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 metal working, includ- U&Jl\ Stage /
ing extrusion, is given in [7]. & ‘ |
To provide cold extrusion it is |/1

necessary to apply a rather

high specific pressure. The | Stage I :

typical diagram of the indirect | | | Stage Il
extrusion force (Fig 2.3)
shows the characteristic de-
formation stages. Stage | is
upsetting up to filling the cavi- Stroke of the punch
ty of the die is characterized

by intensive growth of the

force. This stage is complet- Puc. 2.3. Force vs. stroke during

ed at the moment when the backward extrusion

metal pushed out of the de-

formation zone reaches the
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upper edge of the cylindrical land of the punch. Stage Il is the steady stage of
extrusion corresponds to the stabilization of the deformation zone and is char-
acterized by the constancy of extrusion forces. Stage Il is the final stage of de-
formation 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:

qg=ko, In d : (2.1)
0o tp

where k_ is the empirical coefficient characterizing the strainhardening of the

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; F,and Fp 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:
fy
P=Fqg=Fko, In : (2.2)
0 “p

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
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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
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 the upper limit of the interval of the
forging temperatures (hot closed die forging), and without heating. Application
of cold closed die forging is limited due to the need to use machines of very
high power, as well as due to low resistance of dies and insufficient ductility of
many steels and alloys.

Forgings are produced in open and closed impressions. Dies with open
and closed forging impressions are called, respectively, open and closed (with
and without flash).

In the open impressions (Fig. 3.1, a - e) the gap between the upper and
lower dies decreases during the deformation of the workpiece. In the closed
impressions (Fig 3.1, there is f - j) a constant small gap between the dies is de-
signed to provide reciprocal 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.
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For example, in the case of a
four-stage forging [2], the first
stage (see Fig. 3.1,

a, f) is characterized by free
deformation of the workpiece
(upsetting). 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 g). The second stage (see
Fig. 3.1, ¢, d, h, i) begins when
the metal of the workpiece begins
to flow mainly to the depths of the
impression, and at the same time,
in the open impression part of the
metal flows into the gap (flash
land and gutter), that is, the so-
called flash is formed.

The second stage is com-
pleted when the metal reaches
the bottom surfaces of the im-
pression (see Fig. 3.1, d, i). Due
to this fact the deformation
changes once again. The defor-
mation force is intensified. Only
the zones of lower fillets and cor-
ners of impression are not filled.

The third stage of the forg-
ing is the complete filling of the
impression (see Fig. 3.1, e, j). At
Fig. 3.1. Closed die forging with flash (a-e) the fourth stage dies are com-

and without flash (f-j) pletely 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.

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
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[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-
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
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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.

Upper de External  «,and

a~\p, internal ¢, drafts are

B i{a distinguished in forg-

//,7; \ ings (see Fig. 3.2).
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Fig. 3.2. Forging with assigned geometrical of the impression sur-
parameters face, the size of the

forging in the cross-
section and their ratio.
In order to unify the cutting and measuring tools used in the manufacture
of dies, one assigns draft angles 3, 5, 7 and 10°. Maximum permissible draft
angles are 7° for external and 10° for internal walls.

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
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
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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 (flash land) and
higher (gutter).

During the development of technological processes, flash impressions of
various types are used, in Fig. 3.3 the most common is shown.

The optimal height of the flash land is determined by empirical depend-

ence
h, =0,015,/4, (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

V. =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.
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87



workpiece must be equal to the sum of the volume of forgings and flash, web
for punched holes, wasted material for burning, and others. The ratio of the lin-
ear dimensions of the initial workpiece must be such that, in the case of vertical
forging (by upsetting), the ratio of the length (height) of the workpiece to the di-
ameter (or side of the square) does not exceed 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]

b b D, 2k,
p=0,3 L,5+— |A,+| —-0,375+1,25| h—+—= | |4 (3.3)
' 2h, | " | hy, hy Dy )| |

where b and hﬂ 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
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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;

- 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 %( _ ]

= 0 1y
‘ |

X R
)

Fig. 4.1. Cutting with parallel (guillotine) shears:
1 — lower blade; 2 — blank; 3 — upper blade; 4 — stopper

There is an adjusted front stopper 4 for providing of the required dimension
of the sheared blank. The moving blade during downward motion gets into con-
tact 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=1.3Ldrs, (4.1)
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where L and ¢ are length and thickness of the sheet, 75is a shear strength
(zs =0,7...0.850yts.)
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.

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 adjusted to maintain optimal clearance be-
tween 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.
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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.

Fig. 4.2. Circule 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).

Fig. 4.3. Upcut shears
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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.

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
P thick sheet cutting, cutting of large
# parts and cutting of high strength
| materials, dies and punches with
|
|

7 inclined cutting edges are used,
T that is, they use the same effect as
5/\2 I I {Z) when cutting the material in guillo-
— | i tine shears. For operations of mul-
YV\/ | y ti-punching or piercing of holes,
. B punches are produced with differ-
B ent heights, resulting in forces that
do not coincide in time and are not

Fig. 4.4. Cutting in die summarized.

The clearance between the die
and the punch, that is, the differ-
ence between the dimensions of the working parts of the die and the punch
(see Fig. 4.4), has a technological significance for sheet metal cutting. For the
optimal clearance, the microcracks directed from the punch and the die sharp
edges deep into the sheet, meet one another. This case is characterized by the
high quality of the cut surface, by the absence of burr and minimal force during
cutting. Tearing and defects of the sheared edge are formed due to the nonuni-
formity of the clearance along the perimeter, as well as due to dulling of the
punch and die cutting edges. The optimal clearance provides the required qual-
ity 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.

92



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
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.

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.

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
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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.

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

The cutting force is calculated as

oA
F = kkp P TS , (44)
a

where 0 is a thickness of the blank;
a is a width of the cutting groove;
A, is an area of the elastic pad;
K, 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.
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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?

Laboratory work Ne 5
ELECTROMAGNETIC FORMING

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 bat-
tery (capacitive energy storage); 4 — tri-electrode discharger; 5 — a regulator of
energy 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
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2
E_ :CTU, (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
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:

LC

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

a):\/i—ﬂﬁj : (5.3)
LC \2L

U R :
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Fig. 5.1. Electromagnetic forming scheme
96



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

U R 2Lw
[ =——exp| — arcto —— |. 54
max 7 p( Lo g Rj (5.4)
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 [ (5.5)
My f

where p is specific electrical resistance of the metal; u, 1, is magnetic per-

meability of workpiece and vacuum; f is discharge current frequency.

The depth of the current penetration at a discharge frequency of
20...50 kHz for aluminium 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
workpiece 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 "mag-
netic pillow" and to reduction of the pressure influencing on the workpiece.
Therefore, during the forming of the workpiece with high specific electrical re-
sistance, field shapers ("satellites") made from metals that have high electrical
conductivity 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 defor-
mation 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-
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gy accumulated in the capacitors battery is determined by the formula

LI
E = —imax 2max , (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:

_W;efl 0

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 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.
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The field shaper is an insert in the coil, which concentrates the magnetic
field of the coil on a zone of the workpiece. The outer surface of the field shap-
er is made cylindrical mating the coil, to which it closely adjoins, the inner sur-
face mating workpiece. The field shaper is cut along a generatrix, and the sec-
tion is filled with insulator.

The coil together with the field shaper is an air transformer with a multifo-
cal primary (spiral coil) and a single-pole secondary (field shaper) winding. Dur-
ing discharging of the condenser battery on the primary winding, the magnetic
field formed in the coil, produces vortex currents 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 small-
er than the area of the outer surface of the field shaper. This leads to an in-
crease in the density of vortex currents, and therefore to the intensity of the
magnetic field in this part of the field shaper.

A

A

Fig. 5.2. Forming coil (inductor): 1 — coil; 2 — field shaper; 3 — tubular blank;
4 — insulating bushing

After familiarization with the physical bases of magnetic pulse working of
metals, an experiment is conducted of the expansion of the tubular billet made
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

W,=w,JV, (5.8)

def spec
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where J — 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)
l+m

The values of the constants of the material are shown in Table. D.3.

Thus, in order to determine the deformation work it is necessary to know
the average value of the strain. After expansion of the workpiece the outer and
inner radii of the shell are increased, the thickness of the wall is decreased, the
height of the workpiece is decresed (Fig. 5.3). In this case, the average strain
can be approximately determined by the ratio

spec

e=1_1 (5.10)
Fo

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.

y 7 7T Laboratory work
0o procedure

A [

1. Review the description of
Y the laboratory work.

2. Study the design of the
o electromagnetic forming
\ machine.

O ST 3. Draw a sketch of the

‘ technological equipment.

- h — 4. Conduct the expansion of
the workpiece experiment .

5. Make the necessary

measurements and include

Fig. 5.3. Tubular blank initial and final shape

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

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
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
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

101



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 work-

piece after each compression.

It has been proved that during

~'_l pressing in flat dies, through

compression of the round cross

‘- section can only be done by

compressing one hammer or a

Fig. 6.2. Semicircular dies for drawing out hammer with a degree of com-

of the round workpiece pression, greater than 7.5%.

Due to the small dimen-

sions 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 workpiece the cavities are formed in-
stead 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 prevents the critical
degree of deformation.

The productivity of cogging depends, first of all, on the number 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 to the increase in the
number of blows. Increasing of the feed also causes an increase of the total
number of reductions, as it reduces the elongation at each compression, which
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requires an increase in the number of blows of the same area.

The minimal amount of pressing is provided by the optimal feed. In de-
termining the feed it is also necessary to take into account that according to law
of the least resistance, the area that is squeezed tends to impart ellipsoidal
shape. Therefore, an increase in feed leads to an increase in the nonuniformity
of the expansion, and the nonuniform expansion to increase the correct com-
pressions needed to eliminate waving along the workpiece. In addition, an in-
crease 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 v /
deformation). Cogging ra- - 5
tio is the main parameter
that characterizes the in-
tensity of the process.

Cogging ratio increases NS 0 /1
with a decrease in relative Ki

feed =L /B, while the

number of required blows N M M
increases. In practice, the b
values w is within the

range of 0.5 ... 1.0.

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

Fig. 6.3. Changing of geometric parameters of
the workpiece during drawing out
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jﬁ_ldb—B)

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

<1, (6.1)

1
y= , (6.2)
1-&(1- /)
where 5=1—i . (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 :LI/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:

ve=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

P S (6.6)

Toy(l-¢g)

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
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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.

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 them-
selves, 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 press-
es are made in the form of variable inserts which reduces 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

] Y7
P=oc,(1+=——), (6.7)
v( 3 4 )
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
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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:PVm%Q (6.8)

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=1
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 val-
ue with the value found by the formula (6.1).

4. Calculate the value of total cogging ratio for several steps and de-
termine the length of the workpiece after compression by the formulas (6.4),
(6.5). Compare the length of the workpiece defined by the calculation with the
experimentally 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 work-
piece 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 to calculate the cogging ratio of a workpiece when one blow is per-
formed, and a total cogging ratio, when cogging is performed in several steps?
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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
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 airplanes 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 ma-
terial, since the contact surfaces of the forgings require insignificant further ma-
chining 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.
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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).

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 undeffilling 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 o 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
v =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]
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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

&=[ (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

functional relation between the ultimate plasticity and the rigidity of the stress-
state established [13, 17]:

7 - 1(T) _0,+t0,+0;

° JBL(D,) 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 1/,

(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 =25 (7.3)
e,1,)
Hence the condition of fracturing can be written as follows:
t
c.dt
Wy = j i 1. (7.4)

0 €, (11, (1))
It is obvious that when <1 a fracturing of metal in a die with a given
degree of deformation does not occur. With  >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.
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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.

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 :1 fo;}gmi“ ! (75)
R

max

where V, is the minimum volume of workpiece, the minimum volume of

78 min
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

4 4
d = e, = (7.6)
7h, md’
a) for parts such as shafts
4v V.,
dw — min , aw — 3 min , (77)
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-
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termined by the average critical strain:

L H
> —< =z, (7.8)
d (1-¢,)d,

w

M

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 se-
lected according to the above methodology.

The cover is made by a combination of upsetting and reverse extrusion
operations until the shank of the cover is formed, where the direct extrusion
prevails.

The results of numerical simulation indicate a significant nonuniform dis-
tribution of deformation along the forging cross section. Note that areas adja-
cent to the top of the die (punch) are deformed in the first turn. So, in the con-

tact zone of workpiece,

Stock | which is directly influenged
contour \\ —:— 4 py the tool, the d.eform.atlon
3 i // is formed more intensively,
: and its value reaches max-
1 - 7 imum. In the contact zone
6 | of the workpiece due to the

1

action of the normal friction-
5 al force, a dead zone is
formed. Such a not de-
/ formed zone penetrates
g . . .
N workpiece in the axial and
l\i\ radial directions.
: In the first version (re-
a b ceiving forging in one step
Fig. 7.2. Die for the first (a) of strain-guzzling), the work

and second (b) forging step: of the ends s fixed to the

1 —die; 2 — insert; 3 — punch for the first projections in the lower half
step; 4 — punch for the second step; 5 — kick  ©f the die (there is no insert,
out pin;6 — forging after first step; the deformation is a punch,

7 — forging after second step Fig 7.2, b). The area of con-
tact between the workpiece

and the die is insignificant,
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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 de-
velop, rotated at an angle of approximately 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 defor-
mations, 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.
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
P=— j o, 2728dS, (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 k3 — 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); gf/b/d —

strain. To simplify, the corresponding degree of deformation is determined by
the expressions for the squeeze schemes (combined, reverse, direct):
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=g +&, (7.11)

g’ =In 4 , (7.12)

eﬁ:%_@, (7.13)

where A4, — the cross-sectional area of the punch; 4, — a hole in the die under

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 the closed stamping of the forging with end finning in the experimental die.
Sketches of forgings and blanks are given on Fig. 7.3.

The experimental die for the closed stamping for closed stamping has the
design and general appearance shown in Fig. 7.4.

105
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Fig. 7.3. Sketch of experimental forging (a) and workpiece (b)
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In a housing 1 there is a die 2 with engraving of end edges. Within the
hols of the housing and the die there is an ejector 3, the upper surface of which
is conical, to remove the forgings from the die after deformation. The load of
the lubricated workpiece 5 occurs through the punch 4.

2. Repeat several times loading according to claim 1, changing the received
height of the rib during deformation (the size of the forging height without
changing edges is marked with reference in Fig. 7.3).

a 0

Fig. 7.4. Design of the experimental die for closed stamping (a) and the
overall appearance of the stamp, the workpiece and the forging (b);
1 — housing; 2 — die; 3 — ejector; 4 — punch; 5 — workpiece

3. Calculate the required force and work of deformation corresponding to
the experiments using the given formulas.

4. Determine the error of calculation of the force and work of deformation
compared with the experimental values.

5. Compare the degree of growth of the required load force depends on the
degree of deformation of obtained forgings in a series of loads.

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?
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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-
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).
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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) vyielding limit (oy) —
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:

v, =— (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).

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.
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Fig. 8.1. Diagrams hardening versus elongation (a) and thinning (b)

In the point of intersection of the tangent and the stress axis the extrapo-
lated plasticity limit is measured.

Instantaneous cross-section area depends on longitudinal and transverse
strain as:

A= d (=)= (8.2)
l+e

There is a dependence between true and conditional tensions:
o =0(l+¢). (8.3)
)tﬁi he The tensile test diagram accu-
N : \ 4 = rately shows the dependence of the re-
sistance (stress) on deformation only at
M////A//, the initial stage of specimen elongation
i (until the neck formation). Due to neck-
ho i ing it is advisable to use compression
| test for stress-strain diagram. The con-
i dition of such test are close to those ex-
W ist during open- and close-die forging,

Y ! I/ extrusion, upsetting.

< : do . The most precise results may be

obtained during compression test of the
cylindrical specimen with face grooves
(Fig. 8.2).

The grooves are filled with lubri-
cation to eliminate friction between tool and workpiece. Such friction causes

Fig. 8.2. Cylindrical
specimen with face grooves
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barreling (pancaking) — distortion of the cylindrical shape of the specimen. As a
result of friction the uniaxial stress state is changed into threeaxial, combined
stress state. So there is no possibility to obtain stress-strain diagram in such

condition. The optimum size of the steel specimen are follows: d0=16...30 mm,

h,=(0.015...0.02)do, h, =d,, t;=(0.03...0.035)d,. For aluminium and copper

specimen with diameter up to 30mm: /;=(0.06...0.65)do, #;=1.7...2.3 mm.
During upsetting of the specimen with face grooves true stress o coin-

cides with axial 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 ob-
tained data one can calculate o ;, e; It is usual practice to find 4-5 points:

o.= 4F (8.4)
Si 7Z'dl.2 ’ )
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 Table 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', o, =Be]. (8.6)
From the first equation B = Zn‘. Substituting this one can obtain:
€
o, = GI(QJ : (8.7)
Taking the logarithm to find value n:
mﬂf%/m%. (8.8)
O-l el
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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 7, Mm
Specimen diameter d , Mmm
Specimen absolute strain Az, mm
Specimen relative strain e

Cross section area A4, Mm?

True stress o, 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.

Solution of the system of differential equilibrium equation with yielding cri-
terion and compatibility equation for deformation gives function of distribution of
the stress and strain in workpiece being deformed. In accordance with certain
selected technological process one should choose those stress components
which restrict motion of deforming tool (act in opposite direction). It is neces-
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sary to substitute instantaneous coordinates of the contact surface of the tool—
workpiece interface in selected region for calculation of mean stress equation.
In other words it is necessary to describe the distribution of the contact normal
stress with help of some analytic equation. For calculation of necessary de-
forming 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 be-
ing 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 modelling of processes of deformation. In general case the work of defor-
mation may be calculated as

w=[|[[(L+E)avat, (9.1)

where V' — volume of the workpiece; ¢ — time interval of deformation.
To calculate velocity L and dissipation functions £ one can use following
equations:

> d9
L=p%—: 9.2
po— (9.2)
E=o0¢, (9.3)

where p — density; & — 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
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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 us-
ing 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 =ods, (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

n+l
=—¢ 9.6
n+l (9:6)

spec

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

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
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
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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:iW. (9.8)

It is obviously that the accuracy of
this method for determination of plastic
Static deformation will be increased with the in-
crease 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) pro-
cesses of plastic deformation. As a result
’ of numerous studies of the physical and
& g mechanical properties of metals in a
Fig. 9.1. Stress-strain diagram 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
deformation in dynamic processes requires higher energy than in slow process-
es. 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.

G Dynamic

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-
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mination of the required work?
4. How does the volume of the plastic deformation zone influence the re-
quired deformation energy?
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’12,13)= 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(1,,1;)=0. This condition may be represented as a certain

surface in stress as [, and [I; are functions of stresses which are given by

1_1 2 2 2
12—8[(0'1—02) +(o,—0,) +(0y,-0)) ]and
I;=(c,-0,)(0,-0,)(0,—0,). (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
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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(ax,ay,az,rw,ryz,rzx):const. (10.2)

A more simplified form, in terms of the principal stresses is:
f(o,,0,,0,)=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:

de +de, +deg, =0. (10.4)

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, > o, > o,. This ranking of the stresses is not al-
ways known beforehand. This criterion predicts that yielding will occur when

Opx — Oy =C or 0, —0, =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 o, reaches the yield

1
strength in tension o, , i.e., when 0, =0, =C and 7, =§Gy.

2. For pure shear, yielding will occur when

T =0, —0y and 0, =0 or o, = (-0, )| =C =20, =27, =2k. (10.5)

max
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1
One can observe that 7, :EJY 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
1

[(0'l ~0,) +(0,-0,) +(o, —01)2]2 =C,
or (0,-0,) +(0,~0,) +(0,—0a,) =C,. (10.6)
A more general form of this expression is:
(Gx —Gy)2 +(0y —GZ)2 +(o,-0o,) +6(ij +7, +2'22x) =C,. (10.7)
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 yield 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 cylin-
drical yield surface of the von Mises
criterion. The significance of the yield
surface is that yielding will not occur as
long as the path of stresses acting on

Fig. 10.1. Yield surface the body remains within the confines of

the yield cylinder 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 ax-

es. 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
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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(o,)=0y(n),
where F is some function of o, 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 #'.

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.

Practice 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

NG

e = T[(e —e, )2 +(e, —e.. )2 +(e.—e,) +%(ejy +e, +ejx)} , (10.9)

where e_, e , e_ — components of linear strain, and e_, e

xx’ w’ zz
nents 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:

o | —

e.. — compo-

yz’ zx

e = —[(er,, -e,, )2 +(ew —e_ )2 +(e, —e, )2}2, (10.10)

where radial, tangential and axial components of strain are calculated as
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e, —ln—, ew —lnr—, €. —an—,

0 0 0

where 6., o,, r z;, z, - the final and initial thickness, radiuses and

VA
heights of the blank.

v,
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
o r z e, | €, | € e; deformation
1 loading
2 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.

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
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such relations may be determined on
the basis of incompressibility condition

(volume constancy) [20]. \Y
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 Fig. 11.1. Flash formation
metal working may be resolved qualita- at closed die forging
tively, but some consequences, for ex-

ample principle of the minimum of de- P
formation energy, give quantitative solu-

tion.

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 lower dies. The filling of the die im-
pression is possible when resistance to
the flow of metal in gutter impression is
greater than resistance in die impres-
sion. The resistance in direction of gut-
ter impression is increased due to de-
creasing of the clearance between up-
per and lower dies during downward
movement under force P so it ensures
complete filling of any elements of the
die impression.

For the case of simple compres-
sion of the stock between two parallel
flat dies the directions of the metal flow
may be determined according to the
principle of the minimal normal on conditions that friction forces act on the con-
tact area. Such principle may be formulated as follows: the displacement of
any point in the cross-section which is perpendicular to the direction of the act-

AAA | AAA
FYYIVVYY

Fig. 11.2. Material flow in
cross section of upset prism
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ing load occurs in the direction of the minimal normal to the perimeter of the
cross-section (Fig. 11.2). The flow of the cylindrical body takes place in the ra-
dial direction. The face of the upset hexagon prism may be subdivided into four
region (four triangles) with lines, which connect opposite corners of the rectan-
gle and may be represented as boundary lines of the homogeneous flow re-
gions. 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 workpiece are distorted and cross section approach to the
circular one (Fig. 11.2, 11.3).

For example, the rectangular

R N cross section may be subdivided into

F A four regions — two triangular and two

) N\ a \ trapezium, and boundary lines may

/ N 7 \ be considered like loci of equal dis-

{ YA (—]"7~ tance between points of boundary
N/ —! / line and perimeter (Fig. 11.3).

\,7 WARAARA R Taking into account the number

S // of points of the metal, located on the

“““““ lines of flow in the cross section, it

can be assumed that after the upset-

Fig. 11.3. Distortion of the ting the crosses the type as shown in

prism cross section Fig. 11.3 dashed lines.

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 forces act any cross section ap-
proaches to the shape which has minimum perimeter.

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
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k
q=/1n0y(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?

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
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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
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, CI, 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
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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
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
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2. Polymeric materials
3. Waxes
A0 4. Liquid glass
Fig. 12.1 shows a
wedge-shaped specimen that
is used during the experiment.
20 X The vertical marks a done at
a distance of 2 mm on one
side of the specimen. This
specimen is placed between
Fig. 12.1. Tapered specimen with marks two tapered plates (Fig. 12.2).
By applying an external force
P of deformation, a upsetting of
l the specimen is carried out.
During upsetting the metal of
— the specimen moves in both
directions from the axis.
1 \ \ \ x |a

A (o)
N~ 7
1]

A
Y

There is a section of the metal

\ \ . .
specimen flow pattern that will
<Xl X )| remain undeformed during the
upsetting (see Fig. 12.2). On
the different sides of the neu-

Fig. 12.2. Specimen deformed tral line, the metal moves in

es acting on workpiece must
be in equilibrium because the
specimen as a whole body doesn’t move.

The friction factor may be determined 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 friction factor on the basis of following equations:

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, sin— +2Tcos—+2N sin— —2T cos——O (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)
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. IR (12.4)

a a
COS— COS—
2 2

where L —is length of the specimen.
With consideration of above equations the equilibrium equation may be

written as

a
xll‘g%erx1 +x2tg5—,ux2 =0. (12.5)
On the basis of this equation the friction factor may be calculated as
_|_
yzutgﬁ_ (12.6)
X,—x, 2

Laboratory work procedure

1. Carry out upsetting of lead or aluminium specimens between tapered
plates with and without lubricant material.
2. Use a calliper 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

S,?S::Ln;n Sug;ciAE;ISh 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-
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 D.1
Ultimate tensile strength (o, )
and hardening factor (k)

Average values
Material o, , MPa k. ko,  MPa
AMuAM 100-120 3,5-4,2 420
016AM 200-220 3,4-3,7 740
Copper 220-250 2,7-3,1 680
nes 350-390 2,4-2,6 910
Steel 15 380-420 2,4-2,6 1000
Lead 20-35 1,0-1,2 42
Table D.2

Yielding limits for different materials (o),

relative elongations (6,) and thinning ()

Alloy o,, MPa S, v,
AMLy 130 0,23 0,19
AMr2M 190 0,23 0,19
AMr3M 190 0,15 0,13
AmMréM 300 0,18 0,15
019 440 0,18 0,15
0120 420 0,16 0,14
B95 520 0,14 0,12
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Table D.3
Material properties

Material oy, MPa B, MPa m
Sheet steel 10 KI1 300 500 0,30
Steel C13 430 770 0,24
Steel C1 20 450 720 0,17
Steel 1X18HIT 620 1180 0,29
AMuAM 120 220 0,20
N016AM 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
nes 300 740 0,44
nMu-58 400 720 0,24
Titanium alloy BT1-[] 470 960 0,12
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Expansion parameters

Table D.4

Jo Jo
L/B L/B
Hly=1 | Hly=2 Hfy=1 | Hly=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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