~ ) )

—_— L)
J i —— et

[

R'JILBBLRY

Fundamentals
and Applications

Edited by
Taylan Altan
Gracious Ngaile | ,‘A,SM!,!};

Gangshu Shen The Materl

Information Society 2




Contents

Preface o e toeaiale & ik b Sl - Y el T TS Da0ettc: PR 10 SRR 8 viii
Chapter 1 Metal Forming Processes in Manufacturing .........cceeceeceenceenene 1
1.1 Classification of Manufacturing ProCeSSes: ..o imesdurisie vasaessns namnsiided 1
1.2 -Character1stics of Man Ul aC Ui S P OCCSSES 12 i sivisammresimsanssins boasssnnns 2
1.3 Metal Forming Processes in Manufacturing ...............ccoccueeieiiinniennnee. -
Chapter 2 Forging Processes: Variables and Descriptions .......cccccceecevneaes 7
21 » Introductionae:. .« oo SHSEES I AEGORY T B o o
2.2 Forging Operation as’a System .. 22t i e L Ll s
2:3 5 - Types.of-Forsing Processes: n... 204 Al L4 Stiinn il .k 9
Chapter 3 Plastic Deformation: Strain and Strain Rate ........ccccceeeviuneens 17
200 16 3 61702 1127 7o) 4111 A o SO 17
327 [StHess TEnSOL. cud. MRELEEIIER o s sns o seiinsmsta s samods sms smeimmsassmssanms 17
3.3 Properties of the Stress TeNSOr ........ocouiviiniiiiiiiieiieieieieeieeecine. 18
34+ Plane: Stresstor B1axiallStress CONMITON. .o« qssmsssssis sonsssson somssssossmsss 19
3.5 Local Deformations and the Velocity Field ...............c.ccoooooiiini.. 20
e B TR 777 X e & o ot LA 20
3:7 v Velocitiesiand Straii RAtes . /. satsni o0k i b 00 bos 58 chvivimsssboss disusnsvns 21
3.8 Homogeneous Deformation .............ccoeeiuiiiiiiiniiiniiiiiiiiiecieeenne. 21
3.9 Plastic (True) Strain and Engineering Strain ............c...cccooeeiviinennnnn. 23
Chapter 4 Flow Stress and Forgeability .....c..cccccevereeiiencincinncieecienceences 25
4.1 INErOAUCTION ..iitiiiiii et 25
4 Tensile e st e T T o i v mngonnas 27
7, e IR 063 1115) (513 (8] 4 Loty Py A RERN I, o Rt AL e Sttt esro 29
44 Ring Test 14,5 .. Sreforen P o £ 0l Dia Baralv, . oy smsanes 35
45 Torsion TSty 5. o e ol o A s B Pl odaedt s cmnns 36
4.6 Representation Of FIoW STESSIDAA ... oo v vssscssnsomnpinssssssssnssssnsisss 36

Appendices (CD-ROM only)

4.1 Determination of Flow Stress by Compression Test at Room
Temperature

4.2 Determination of Flow Stress at High Temperature

4.3 Forgeability and Damage Factor in Cold Forging




iv / Cold and Hot Forging: Fundamentals and Applications

Chapter 5 Plastic Deformation: Complex State of Stress and

FIOW RUIES soccssosensssssosssasosssnsssnssnssnosssossassvssvsossoesssssssesssoss 51
L A SEAECROT SITESS. o oo e s sanmissons s bmasos s g oasn s b sais s asa o Srois's 5w o srssmis o 51
5.2 Yield Criteria ..c.uevuniiiiiiiiieiii et eaaes 52
53 ~BloWiRUIESE: <.« amumemisctane s s somumomns s sosaias s s ies b ivhvasing 35
54. . Power and Eneroye 0T DElOUMALON ... o Sesmssssesssvssssssissinsasensssmsmsan 56
5.5 Effective Strain and Effective Strain Rate ....................coooieiiiinn.. 57
Chapter 6 Temperatures and Heat Transfer .......ccccceceeieienieieneececiannes 59
6.1, INEEOAUCHON 5. s ssspingss smnss S5 smans e 555 S0 #3566 8 S maoa e o 59
6.2 Heat Generation and Heat Transfer in Metal Forming Processes ........ 59
b:3-lemperaturessinForging:Operations-me e o onmnnnimnTse 60
6.4 Measurement of Temperatures at the Die/Material Interface .............. 60
6.5 Measurement of Interface Heat Transfer Coefficient ........................ 62
6.6 Influence of Press Speed and Contact Time on Heat Transfer ............ 64
Appendices (CD-ROM only)
6.1 Upset Forging of Cylinders
Chapter'7  Friction'and Lubrication .......ciicclcccictoisiicssossssssnssssessnssssiss 67
FelP RN HOGUCHONM. (oSt AT W, e S SUIETRIT S SUSnoys By pEmte i RS 67
7.2 Lubrication Mechanisms in Metal Forming ............ccccooiviiiiiiiininnee. 68
7.3 Friction Laws and Their Validity in Forging .............ccooiviiiiiinennn.n. 69
7.4 Parameters Influencing Friction and Lubrication ...................c........ 69
7.9 Charactenistics of Lubricants Used. ..t seastfina o o Bt x| 70
7.6 Lubrication Systems for Cold Forging ............cccccoviiiiiiiiiiieiiiennen. 70
7.7 Lubrication Systems for Warm and Hot Forging ............................. 73
7.8 Methods for Evaluation of Lubricants .............c..ccoceiiiiiiiiiiiinaan..e. 74
Appendices (CD-ROM only)
7.1 Ring Compression Test
7.2 Double Cup Extrusion Test
Chapter 8 Inverse Analysis for Simultaneous Determination of
Flow Stress and Eriction) ... iet e it iiisonmmrsosvssssasessssssss 83
7o 151 P £ 10 (010 U1 1 0] (e A s . SAMpmbeeet - A et ARl SN et 83
82 Inverse Analysis in Metal BOMNING uesre. ssssmmssmomnss susmems sasssvassinm go 83
8.3 Flow Stress Determination in Forging by Inverse Analysis ............... 85
8.4 Inverse Analysis for Simultaneous Determination of Flow Stress
ANAIPTICHON : nien s csvnen s sonms summans o5 sames s sosamangsses vass soamath susblssei T v thy 86
8.5 Example of Inverse Analysis .........ccuveuiiiiiiiiiiiniiiieieieieeeeneennes 86
Chapter 9 Methods of Analysis for Forging Operations .........ccecceeeueeeee. 91
O IRTOAICION ™ =i i o st st o e G 2 . £ e S e g 91
9.2 ASlab Methoai Ot ANl ST WA 8 e i Metsns sopnssmis s o wpsesans vas 93
9.3 Upper B :nd Method and Its Application to Axisymmetric
UIPSEHING. . ..o ormom e g TSI T8 o o 5 e it ool s o g et 97
9.4 Finite Element Method in Metal Forming .....0..c..c.ivueeeeeneiodioninoesonss 98
Chapter 10 Principles of Forging Machines ........ccccccoeuieeveirenncinnneenn. 107
10.1 Introductiom s e A O T e 107

"710.2 Interaction between Process Requirements and Forming
Machies——rmmmrr e s e T 107



Fiia Contents / v

10.3 Load and Energy Requirements in Forming .............cc.cccoeviinnnenn. 108
10.4 Classification and Characteristics of Forming Machines ................. 110
10.5 Characteristic Data for Load and Energy .............ccccecoveviiiinninnnnnnn. 111
10.6 Time-Dependent Characteristic Data .............ccooeviiiiiiiniiineiinennns. 112
10.7 _ Characteristic.Data ToT:ACCUTACT i & wdul emsss womsans s ssvanensmasmasss s 112
Chapter 11 Presses and Hammers for Cold and Hot Forging ............... 115
1800, Inttoduction el LTSS NEt oo imetng £ vomemnl S ol oo it vt 115
512 | HydsanlicPresses il it e R i o anted L Eo 115
1713 . Serew Presses™ila i h gt t i T b il i s msdinl o 131
THlA " TRATIINGTS: | s o somis sditnimns s iibnbimiaints o ymrad mephlal bl sam amedtle | 21 0 135
Chapter 12 Special Machines for Forging ......c.cccccevceiuiirniiiniienciencennnee 141
2« INLOAUCHON oty et o R ) O e o 141
12.2 Transverse or Cross-Rolling Machinies ......ccociciveiirenc vosmnimansnsosses 142
12.3  Electric UPSEEIS  ..covsm sosenssoncaiiorssodts tivsaibie it Silisy boven vebensults 142
12.4  Ring-Rolling MillS ......couiiiiiiiiiiiiiiiiiiii e 143
12.5 Horizontal Forging Machines or Upsetters ..............cc.ccoeevuneennnn. 144
12.6 Rotary or Orbital Forging Machines us:s s cusis i besssmsnssaons smvman 145
12.7 Radigl: Borging Machiness. i e dnsinad sl dons it it il ped il 145
Chapter 13 Billet Separation and Shearing ........ccccceceueerecireiincreecrenees 151
3.1 - Introductiontifiatise .} 26 tesine | veBlagly 101 FlTaiin © lana ) B 1651
13.2 .. Billet and.Sheared Surface QUAlILY —uussismmossssvmsosns visotbn ke bbbarin subas 151
13.3 . Shearing Berce, Wotk,sand Powet L 05 U LA L AR R G e 154
134 .. Sheating/Equipmentlissi:. 30031 anat | atualii 2 10 doiomatsy N 154
Chapter 14 Process Design in Impression Die Forging ......ccccccceeeecennenee 159
T4 - Introduetion . Sie i e e i s il et ol B naENE 159
14.2  Forging Process Variables ...........ccc.cooviiiiiiiiiiiiiiniiiiiiiiiinceis 160
143+ ~ShapeiComplexity-indForginge woul e i s s e sonman 164
144 - DesignroteFiniSher DIES . 2t Tusidines wossihs sunnntnds sensfaies neins g smbas sass 165
14.5 Prediction of Forging Stresses and Loads ............ccoeeviiiiinninninn.e. 169
14.6  Design of Blocker (Preform) Dies ........ccoooviiiiiiiiiiiiiiiiiiiiiiiianne. 171
Appendix A Example of Load for Forging of a Connecting Rod ............... V77
s TiiteoduetionEmetnn EbHuadll . 2. e st sy s ey 77
A2+ Bstimation of the Flow:SIess v . At e St b idde s i smmn s e o n 178
A3 Estimation of the FriClOn FABIOT o :: - it i sessmsnesios dosssinss s s sids 181
Ad:  Bstimation of the Foreimng Lead s smsssmssinsousnsmmsssssmmmsaasy v 181
A.5 Comparison of Predictions with Data from Actual Forging Trials ..... 181
Appendices (CD-ROM only)
14.1 Preform Design in Closed Die Forging
14.2 Flash Design in Closed Die Forging
Chapter 15 A Simplified Method to Estimate Forging Load in
Impression-Die EOngings siihalic i fi coaveisisussisesosssbeossonsasosias 185
15.1  IntrodiCHON. o i ST BNNIMIRIMERSERE ML . 0. st e s g b e o Do 185
15.2 Effect of Process Parameters on Forging Load ...............ccoceevnenn. 185
15.3 Methods for Load EstimatiOntesiasas i & - ok i o dons i 186
15.4 Simplified Method for Load Estimation ..............cccoevevvniiiinniennns 190
15.5 Example of Load EstimaliOnsasieseny e 285 5o sospmiaboimmio bie s veds 191



vi / Cold and Hot Forging: Fundamentals and Applications

Appendices (CD-ROM only)
15.1 ForgePAL: A Computer Program for Estimating Forces in
Hot Forging with Flash

Chapter 16 Process Modeling in Impression-Die Forging Using

Finite-Element ANALYSIS, .. sesseosssovcasnsorseosssTbititidiviidedicosess 193
16,1 < INTOAUCHON. aesresimonmmssmmsmrmmsosmsmsssmusmamamen s et st o 193
16.2 Information Flow in Process Modeling ..............ccoeeiiiiiiiiiininnnn. 194
16.3. . Process IMOdeliN TINDUL. o ouummes ssimswaiinionsts oainish aita e S04 55 SRR s WS 194
164 ~ Characteristics 'of the" Snulation Code’ ... ... v i sssosmnesss sossansonsane 196
16.5 _ Process Modeling Outpit Swscresol feed bt ntan 0. 2 abiastt - ok PR 197
16.6 Examples of Modeling Applications ...........c.cceeeueeiinieiinieeinnaennn. 200
Chapter 17 Cold and Warm Forging ........cccceceerecireiiiniiennieccrencreceanses 211
1.1 dntroduction: s ks Sim st Son e A RIS, RTINS e 211
177.2---Cold.Forging as:a-System~al. 2 i S X e NUSR T L ias ol s 213
17.3--"Materials for/Cold Forging T a ra AR L I I SR A0 b 213
17.4  Billet Preparation and Lubrication in Cold Forging of Steel
and ATUMINUIM coouiii e e eaas 214
7.5 .. UDPSEHIDE oiinvnsosiossesss s mnasberessd Low. sinlionean U2l | BY wony 215
17.6 Load Estimation for Flashless Closed-Die Upsetting ..................... 216
187 g EXTRUSION., s covcs s wovags e ibiihaly, staiiind Soomatd oo S0lIR . D0 218
17.8 Estimation of Friction and FIow Stress .........c...ccoeevveiineiniiiniennnen. 221
17.9 Prediction of Extrusion Loads from Selected Formulas .................. 202
17.10 Prediction of Extrusion Loads from Model Test ...........c..cc..c...... 224
1:7.11, . Tooling for COlA. BORSING: ... 2. ccommmeysts wsdenimbosmtis mnmpnsniSne « sosh smmiaiici 225
17.12  Punch Design 1or Cold FOrging ...:..coc..s e s vnmnss spassepmps o sod 2277
17.13  Die Design and Shrink Fit .............ieteioisbossemsenssinsasbossnifonosnd 228
1.7.14 Process Sequence Design’ .oo.c LI RN e i e P g T 55 229
17.15 Parameters Affecting Tool Life = -8 L8 o monee . oot ucsd®i oficd 230
1.7.16  'Warm Forging "-:.....-.libi feesebte s ners b S s ST ol 233
Appendices (CD-ROM only)
17.1 Examples of Forging Sequences
17.2  Forward Rod Extrusion
17.3 Backward Rod Extrusion
Chapter 18 Process Modeling in Cold Forging Using Finite-Element
ANALYSIS wvosesanessnstet it LSS o okb s st e e avnsnaiinssssvesen 237
18:1... dntroductionywed saf bl ) asmmiesUisamlol bl oaeeiim 237
18.2 .. Process Modelingdlnput foses st d o R ael Ll nisl 0B e nnesise 237
18.3. siProcessiModeling Quiput. ..o wsmssvossvmmmssmssssmeimmammsmemmsoss 239
18.4 ; iProcess Modeling EXAMPIES ..ucsismswsssinussodssshsssossasnsssinss soveson sovs oo 239
Chapter 19 Microstructure Modeling in Superalloy Forging ................ 247
19 A InTodUCHON: o semeisimmmvss sl SHRMTHDIREE LS 247
19.2  Experiments for Microstructure Model Development .................... 247
193 - “MierestruetureModel-Formulation? i, 200 S8 SN Bl 248
19.4 Prediction of Microstructure in Superalloy Forging ....................... 254
19.5 'Nomenclature of Microstructure Model .................... il 254



- < Contents / vii

Chapter 20 Isothermal and Hot Die Forging ......cc.ccccceuiieuncinniinncennnnes 257
2071 "“Introduction®. Krses 2w W N S BB o i 257
20:2% SisothermaliFotginp ' JrEar. Tl Sl o I HrStag WONgugs: Wi luding on 257
208 "cHot"Die*Forging”. U0 5, 08, e S, Doeele S S e L X 258
20.4 Benefits of Isothermal and Hot-Die Forging ...............c..ccooooeiii. 258
20.5 High-Temperature Materials for Isothermal and Hot-Die Forging ....259
20:6 "Equipment and “Tooling” S5 5 A T8, (20 AL I DA We, al] 263
20.F “Postiorging Heat Treatment .......c..ccivseenini s ssssssssssnssnirapsssan 269
20.8 Production of Isothermal/Hot-Die Forging ................ccoooiiiininie. 271
20.9 Economic Benefits of Isothermal and Hot-Die Forging .................. 272
20510 Summary’ .k eh ot SO EUT M TS R e K ST 273

Chapter 21 Die Materials and Die Manufacturing ......c...cceceeeevencienennes 277
2151 TRCrOdUCHON s s o Lt sanvnin o v o s smsn doamions 5 o aavn s musios Shapsaneis 2717
21.2 ~*Die and “Tool Materials Hofr Hot Forging L1 cif co e Bt s sl 277
LS HEAE TRAtENT, o e o et s TR 2 o S| i 285
21.4 Die and Tool Materials for Cold Forging .........c..ccocvviviieinnennnnne. 285
21,5 e MANUTACIUTE = .5 cedst sy o3sias st 5 w6 mine s e s e a5 Pl 289
216" Surface Treafments. .t .tz & ol - R R I e e MRLYE . I 292

Chapter 22 Die Failures in Cold and Hot Forging .........cccccecceeuiiineanes 295
22 1 SIntrodnetion’, St o, Sl VNN ol Sk EPRbe i LA UM Ao Lol etk b TR 295
22.2 Classification of Die Failures ............ccocooeiuiiiiiiiiiiiiiiiiiieiiiieeennns 295
223~ Fractire’ Mechamisms' 5. e L s S T ITICEE TR 296
224" "Wear'MechaniSms 27, . L v L s isssirrnimassmrsin s snaiags s 296
22.5 Analytical Wear Models ............oooooiiiiiiiii 297
22.6 Parameters Influencing Die Failure ....................coooooiin.. 297
22.7 Prediction of Die Fatigue Fracture and Enhancement of Die Life

in Cold Forging Using Finite-Element Modeling (FEM) ................ 307
22.8 Prediction of Die Wear and Enhancement of Die Life Using FEM ..311

Chapter 23 Near-Net Shape Forging and New Developments ............... 319
231 INErOUCHION ...ttt e e eanes 319
253.2 ' Tolerances in Precision Forging! ... L fo i L s 319
2313 Advantces in'Tool'Design .. o . fln i Lot R e s 323
23.4 Advances in Forging Machines ...........c...ccoooiiiiiiiniinnnnnn. 326
23.5 Innovative Forging Processes .......c..cooeiviuiiiiiiiiiiineiniiieiieieineennen 328
23.6 Future of Forging Technology in the Global Marketplace .............. 331



