Contents

FOTEWOIT ...ttt bbbt bbbttt b e bbbt bbbttt n et XV
AULNOTS .ttt bbb R bRt bbbt n e XVi
(O aT=1 o] (=] bt A 1o o 0o 11« o o O 1
1.1. BasiC PrinCiples OF EXITUSION .......ccuiiiiiiiiiiiieiieie ettt eneas 1
Historic Development Of EXITUSION ........cociiiiiiieiiiie et 2
Chapter 2 EXruded ProdUCTS ..........ooiiiiiiiiiceeee ettt 9
2.1Tin and Lead Extruded Products with a Deformation Temperature Range

(oL O IR (o <00 D TSRS 9
2.2Magnesium and Aluminum Extruded Products with a Working Temperature Range

0T 300 0 B00°C .ottt sttt bttt E bbbt nne e n
2.2.1 Magnesium Alloy EXtruded PrOQUCES ........ccoioiiiiieieie e n
2.2.2 Aluminum Alloy EXtruded PrOQUCES ........coeiiiiiiiie et e 12
2.2.2.1 TransPort CONSLIUCTION .....ciuiiiiiiiie ittt bbbttt e e 15
2.2.2.2. Machine Manufacture, Electrical Machines, and Electrical Equipment ...........cccccoceeenee. 36
2.2.2.3 AFCNITECIUIE ..ttt bttt bbbt bt e bt et e b et sbenbesneaneas 40
Extruded Products from Materials with a Working Temperature Range of 600 to 1300 °C............ 49
2.3 Copper AHOY EXTruded PrOGUCTS .......cccoiiiiiiiiiieieeiee sttt s 49
2.4 Extruded Titanium AIOY PrOQUCES .......cocooiiiiiiiiieiie et 55
2.5 Extruded Products in Iron Alloys and Other Hot-Working AllOYS .......ccccvvvevevenieieinneieenn, 56
Chapter 3 Rod and Tube EXErUSION PrOCESSES .....cc.cceiveiireieeierieniesiesreseseeeeseesses seessesseasens 59
3.1 DIHFECE EXITUSION 1.ttt ettt ettt bbbttt b bt na s bt en e 59
3.1.1 Direct Hot Extrusion without Lubrication and Shell (Aluminum AIOYS) .......ccocvvveiviiveiennns 61
3.1.1.1 Process Sequence of Direct Hot Extrusion without Lubrication or Shell ............c..c.......... 61
3.1.1.2 Variation in the Extrusion Load with Stem Movement in Direct Hot

Extrusion without Lubrication or Shell ..o e 61
3.1.1.3 Material Flow in Direct HOt EXEIUSION .....ccooiiiiiiiiiiiniiicisesieese e 66
3.1.1.4 Calculation of the Axial Loads in Direct Hot Extrusion without

Lubrication and Shell (AIuMInUM AHOYS) ..ocvoveiee e 70
3.1.1.5 Thermal Changes in Direct Hot Extrusion of AlUMINUM ........cccocovivviviiveieicne e 76
3.1.2 Direct Hot Extrusion without Lubrication and with a Shell (Copper AlIOYS) .......cccccvvvvveivennnns 8l
3.1.2.1 Process Sequence for Direct Hot Extrusion without Lubrication and

WITN @ SNEIL....ce ettt sttt et 81
3.1.2.2 Variation in the Stem Load over the Stem Displacement in Direct Hot

Extrusion without Lubrication and with @ Shell ... 84
3.1.2.3 Material Flow in Direct Hot Extrusion without Lubrication and

WITHN @ SNEIL....cei ettt b e 84

3.1.2.4Calculation of the Axial Forces in Direct Hot Extrusion without
Lubrication and With @ ShEIl.........cceiiiiiicii e e be e sbe e 84



3.1.2.5 Thermal Conditions in Direct Hot Extrusion without Lubrication and

WITH @ SN .t et bbbttt ettt b e
3.1.3 Direct Hot Extrusion with Lubrication and without a Shell (Steel) ..o
3.1.3.1 Process Sequence in Direct Hot Extrusion with Lubrication and

WITROUL & SHEIL ...t bbbttt b
3.1.3.2 Variation in the Stem Load with Stem Displacement in Direct Hot

Extrusion with Lubrication and without a Shell ...
3.1.3.3 Material Flow in Direct Hot Extrasion with LUbrication............cccccooviiiiiininicicnc
3.1.3.4 Thermal Conditions in Direct Hot Extrusion with Lubrication .............ccccoovviiiiiininnn
3.1.4 Direct Cold Extrusion with Lubrication and without a Shell ..............ccocoo i
3.1.4.1 Process Sequence in Direct Cold Extrasion with Lubrication and

WITNOUL @ SREIL ..ottt
3.1.4.2 Stresses, Axial Loads, and Temperature INCrEASE ..........cccvvvrveeereerieriesesesieseereeee e seesee s
3.2 INAITECE EXIIUSION. .....eviiietiite ettt ettt ettt et sb ettt sttt b et e b e ebesbe e
3.2.1 Hot Indirect Extrusion without Lubrication and without a Shell

(8.9, AIUMINUM ATTOYS) vttt ettt neene e e e e neenrenns
3.2.2 Hot Indirect Extrusion without Lubrication and with a Shell ..............ccocooeiniiiiiiiiiiens
3.2.3 Material Flow in IndireCt HOt EXEIUSION .....cooiiiiiiiiiieeese e
3.2.4 Axial Forces and Extrusion Exit Temperatures in the Indirect Hot Extrusion

with an Initial Billet Temperature Equal to the Container Temperature (e.g.,

AlUMINUM AHOY EXITUSION) ©viviiieiicieice sttt sre st ra e e e e sne e e
3.2.5 Axial Loads and Exit Temperatures in Indirect Hot Extrusion with an Initial

Billet Temperature Higher than the Container Temperature (e.g., in the

EXtrusion 0f COPPEr AlIOYS) ...ocueiiiiiecieiese ettt sttt e e e e nnennenne
3.2.6 Comparison of the Indirect Hot Extrusion Process with Direct Hot Extrasion ....109

3.2.7 INAIreCt Cold EXIIUSION .....c.veviiieieiiiieieieite ettt ettt et bbb
3.2.7.1 Indirect Cold Extrusion with Lubrication and without a Shell ............cc.cccviiiiiiiiinenns
HYArOStatiC EXIFASION ....cueiiiiiiiie ittt bbbttt sb et bbbt e e e e sbe st e
3.3 Conventional HydroStatic EXEIUSION ..........coiiiiiiiiiiiiie et
3.3.1 ProCess PrINCIPIES ..ottt
3.3.2 PrOCESS SEOUBICE .....ceietee ettt ettt ettt ettt et e skt et eesbe b e ae e ae e sbe ekt et e asbesb e e nbeenbeenbeenneaneas
3.3.3 Axial Loads in Hydrostatic EXTraSion ..........ccoccceiiieiiniieieseseee e e
3.3.4 Products 118

34 THICK FIM PIOCESS ..ttt ettt et b e bbbttt nesa e b e
SPECTAL PIOCESSES ...ttt ettt ettt bbbttt b e bbbt et e n e b e eb e b e e bt et e e e en e nneebe b e
3.5 CONTOIM PIOCESS ...ttt ittt ettt b ettt b e ekt b ettt sb e et b et et ab et ebesbe e ebenbe e
3.5.1 ProCESS PIINCIPIE ..ottt bbbttt et se e sa e
3.5.2 Process Variations of the Conform PrOCESS ........ccooeieiiiiiiiiiiiiee e
3.5.2.1 Extrusion of Granules and POWUE ..........coceiiiiiiiiiiiiie e
3.5.2.2 Combination of Casting and Conform EXrUSION ..........ccoiiiiiiieiene i
3.5.2.3 Fiber Cladding by Conform EXIFrUSION .......ccccooiiiiiiiiiiiiesie e
3.5.2.4 Cable Sheathing with the Conform EXtrusion PrOCESS ..........ccocerrrinereniniinieee e
3.6 CabIe SNEATNING ...c.veiuiiiiiiie bbbt bbb e e
3.6.1 General 126

3.6.2 Principle of Cable EXIFASION ....c..cciiiiiiiiiiiieiieieeeee e e
3.6.3 Sheathing With LEad ...........cocoiiiiiiiii e e
3.6.3.1 MaterialS ANd PrOCESS .....cciiiiiieiiiiiie ettt ettt se e e b e
3.6.3.2 Cable Sheathing With LEad ........c.cooiiiiiiiiiiciiie e e
3.6.4 Sheathing With AIUMINUM ..o e
3.6.4.1 Aluminum as a Cable Sheathing Material ...........cccccociiiiiiiiii
3.8.4.2 GENEIAI PrOCESS ...veiueiuieiteite ittt ettt e ettt bttt e bbbt bt e e b e eb e b bt et e et en e e nnenbe et e
3.6.4.3 DiSCONtINUOUS EXIFUSION ....oviitiiiiiiiiiiitesie ettt et
3.6.4.4 CONLINUOUS EXEIUSION ......oviitiitiatiiieiie ittt ettt sttt sb e bbbt e e b b e
3.7 TUDE EXIIUSION PIOCESS. .. ccuvetiteteiteeteeieeiie sttt sttt st bbbttt et e b e bbb e e e eneenaenbe b e
3.7.1 Direct TUDE EXIFUSION ...oiiiiiiiieiieeee et Sttt ettt e



3.7.1.1 Direct Hot Tube Extrusion over a Fixed Mandrel ..........ccoooooiiiieiiiiii e 130

3.7.1.2 Direct Hot Tube Extrusion with a Moving Mandrel ...........ccccoooi i 131
3.7.1.3 Direct Hot Tube Extrusion with a Shell ... 132
3.7.1.4 Analysis of the Axial Forces in Direct Hot Tube EXrUSION .........ccccooveiiiiniieieieneneins 133
3.7.2 INAIreCt TUDE EXLIUSION ..oviiiiiiieiieieiiie sttt sttt et e b nne 135
3.7.2.1 Indirect Tube Extrusion over a Stationary Mandrel ............cccooeiiiniiiiiiinieeeee 136
Chapter 4 Metallurgical PriNCIPIES.......ccoiiiiiii et 141
A o1 oo [1 o (o] IO USSP 141
4.2 SETUCTUIE . ...ttt ettt ettt h bbb ekt e ekt e ke e bt e bt b e e ehe e ehe ekt et e e a b e e hb e eb b e eb e e nbeenbeebeannenneas 141
4.2.1 Lattice Structure SiNGIE PRESE .......cc.coiiiiiiiiiiiee et 141
4.2.2 Multiphase Structure—Equilibrium DIiagrams .........cccccoeiiriiiniiiee e 144
4.2.2.1 BINAIY SYSIEMS ..ottt ettt ettt b ettt b e e et e bbb e bt e be et e b e b b e 144
4.2.2.2 INtErmMediate PRASES ........coiiiiiiieieiee ittt ettt bbbttt nbe b e 148
4.2.2.3 MUItICOMPONENT SYSTEIMS ...ttt bbbt sae s 148
4.2.3 Diffusion, Precipitation, Nonequilibrium ..........cccocovivviiiiiriii e 148
4.2.4 Melting and CaSting PrOCESSES .....ccveiuiririeitirieiieie e sie st sttt re et st sbe bbb e e e e sae e 152
Casting and Cast Structure, Homogenizing of Aluminum AHOYS ........ccccooiiiiiiiiniiniiee e 152
4.3 Development of the ContinUOUS Cast SErUCTUIE ..........coiiiiiiiiiiieieee e 152
4.3.1 Peripheral Shell and Peripheral Segregation ... 154
4.3.2 CaSE LOQ SUMTACE ...ueiuieieiiiite ittt bbb sb e bbbttt e e 154
4.3.3 Cast Grain and Cell Structure, Intermetallic Phases...........ccocuivieiiieniiienineneeeeee e 156
4.3.4 HOMOGENIZING. ...ccttiieerie ettt ettt bttt et et eb e bt et eb e e e et e sbeebe st e beebe e e et e neesaeneas 158
Casting and Cast Structure of COPPEr AlIOYS ......coiiiiiiii e 159
4.4 Segregation and Gas POFOSITY .........ccciiiiiieiiiisieie et see bbb see e s 159
4.5 Cooling and Casting DEfECLS .......eiiiiriiiiie e e 160
451 CaSt LOQ SUMACE ..ottt bttt bbbttt sae e 160
4.5.2 INterior OF the CaSE LOQ ....eoveiiiiiiieie ettt e bbbt eas 162
Deformation, Recovery, RecryStalliZation............ccooiiiiiiiiiiiiec e 162
4.6 Deformation of Pure Metals at ROOM TEMPEIAtUIe .........cccoiiririeiiiere et e 162
N R B T 1] (oo (o] USSR ORI 162
4.6.2 SINGIE CPYSTALS ....veiieiiie ittt bbbttt b e bbbt b e et e b e 163
4.8.3 POIYCIYSIAIS ..ot bttt bbbt ee e e 164
4.7 Deformation of Alloys at ROOM TEMPEIAUIE .......ccviiuiiiiiiiiiieeie e 167
4.8 Higher Temperatures With PUre IMetals...........cooiiieiiiiiii e 169
4.8.1 ANNaling Of PUIE MELAIS ........oouiiiiieee e e 169
4.8.2 Deformation of Pure Metals at High TeMPEratures.........ccocovviieiiiine e 172
4.9 Alloys at Higher TEMPEIALUIES ......ccveveieireiiesieeieseeieseesie e sre s e seeseeseeseeseesresresneeseeseenseseessesees 173
4.9.1 ANNEAIING OF AHIOYS ..ooviiiie ittt eenae e 173
4.9.2 Deformation of Alloys at Higher TEMPEratures .........cccocvvvvieiieerieienesese s e e e see s 174
4.10 ProcesSes iN EXIIUSION ...ccovviriiiririiireiese s 174
4.11 TOUQGNNESS, FIACUIE .....oviiiieiee ettt st ne et e e s te st e neene e e e e neenrenns 177
4.11.1 DUCLIE FTACLUIE ....viiieieeiiicieiineree st 177
4.11.2 Brittle Fracture and MiXed TYPES ...coveveieiireiieieiisiesesteseseeseeseesee e ssessessesseeseeseseesseses 178
4.11.3 Fracture during HOt-WOTKING .....c.ccvooverieriiie ettt st ere e 178
4.11.4 DefeCts IN EXIIUSION ....cveviiiriiiiireeesiee st 178
ST [T B3 v L = 0] 1o 1o RSP 180
4121 BONAING PIrOCESSES ..vvevviuieviiiitesiesiesseasiessestestessessessesseasseseessessessessessessesssessesessessessessessesenns 180
4.12.2 The Formation of Pressure Welds in Hollow Sections and during

Billet-0n-Billet EXIIUSION. ......coviiiireiresicissree e 180
4.12.3 COMPOSIE EXLIUSION ....cuveiiiiiiiesieeteseesiesie e este s sestee e esaestestesbesresteanaenae e enseseeseesreanennenneens 182
4.12.4 POWUET EXIIUSION......coiviriiiiiriiinisreine sttt 183
4.12.5 Friction between the Extruded Material and the TOOlING .........ccoovriiiiiiiiiice e 184

4.13Extrudability of Metallic MaterialS ... 186



LI R 1T 1< | SRR 239

5.11.1.1 Copper, Bronze, and Brass—A Long HiStOry .......cccccevininieniniiniesieiene e 239
5.11.1.2 Advantageous Physical and Chemical Properties ............ccocvoerverieniieienenenenienen 239
5.11.1.3 Importance of Extrusion in the Processing .........ccccooereieniniencnienieeie e 240
5.12 The Groups of Extruded Copper Alloys—Their Important Properties

AN APPHICALIONS ...ttt bbbt bttt e b nae b nras 241
5.12.1 ALOY GIOUPS «.eveiieiieniiie sttt sttt sttt sh bbbttt sb e bbbt st e et e e e e e be e sbe b 241
5.12.2 Tooling Temperatures in EXIFUSION ..........coooiiiiienieinieie s 241
B.12.3 STTUCTUIE ...ttt ettt bbbt s e b et e st e e sbe e be e e sbe e sreenbe e 241
5.12.4 Typical Extruded Semifinished Products and Applications .........c..ccccceveverivrnrinnnn. 241
5.13 Extrusion Properties of Copper AlOYS ..o e 242
5.13.1 Extrudability of Different Materials ..........cccooviviiieiiicreiese e 242
5.13.2 Temperature and Speed—Structure of the EXtrusion ..........c.ccccceevvivevverercninsennnnn 242
5.13.3 Extrusion to Finished or Close-to-Finished Dimensions ..........ccccoovvenerinieneicnennnns 243
5.13.4 LUBFICALION .vviviiiiiitiietistc ettt bttt et 243
5.13.5 EXtrusion With @ SNell .........cccooiiiiiiiii e 243
5.13.6 Different Material FIOW BEaVIOr .........ccooiviiiiiiiiieiie e 244
5.13.6.1 Flow-Type C—Piping DefecCt........ccoiiiiiiiiiiiee e 244
5.13.6.2 FIow-Type B—Shell DEfecCt .........ccoiiiiiiiiiiie e 244
5.13.6.3 BaCK ENA DEFECL .....c.oiiieiiiiiieieiie ettt 244
5.13.7 DiSCArd LENGLN ..ot e 244
5.13.8 Direct Extrusion with Lubrication and without a Shell ...........ccocooiiiiiiicn, 244
5.13.9 EXtrusSion iNt0 WALEr OF A ......ccueoiiiiiiieieeeie et 245
5.14 Extrusion Processes and Suitable EQUIPMENT .......ccooiiiiiiiiiiiicieee e 245
5.14.1 Extrusion Presses for Brass Wire and SECtiONS .........cocoviiiiiiiiiini e 245
5.14.2 TUDE EXIIUSION ...viiiiiciiiitieiie ettt ettt st b b nnes 245
B.AA3 DIIVE ettt et b ettt b e et h e et bbbt b bbbt be b nnes 245
5.14.4 Di€ ChaNGING ..ocoveoverieriiseieieseseeeeseeste e ste e ssesreesees e saessesaessesseaseenseseessessesnessesseanens 246
5.14.5 DiSCard SEPAratiON........cccvieiiiiireieriiiesestesesesree e e see st e e sresre e e eneeseesresresresre e aneas 246
5.15 Billet Production and HEAtING .......c.ccevverivieiiiisiee s N....246
5.15.1 Continuous Casting and HOMOQENIZING ........cvoveieriirereir e 246
5.15.2 Billet LENGN oo e 246
5.15.3 Billet PrOCESSING .vvcvveiirieieitisieseeieie e ste sttt et s sta e e e e s e stesnesne e eneas 246
5.15.4 Billet Quality CONLIOL ....ociiiiiieciece e 246
5.15.5 Billet HEALING ...cvivvevieiisic ettt ettt snenne e eneas 246
5.16 COPPE EXLIUSION ...evecvieiiie ettt sttt et et st re e e ene e e et e nnesnesneeneanens 247
B.IB.L GENEIAL ..ottt etttk b ettt et 247
5.16.1.1 The Different Grades of Copper, Their Properties and Applications ..................... 247
5.16.1.2 Hot Workability, EXtrusion TEMPEIatUre .........ccccceecerereresesiesieesieseeseseeseesseseenens 247
5.16.2 COPPEE TUDE ...ttt b bbbt sb e bbbt e st e e et e nbe b sbeeneeneas 247
5.16.2.1 APPIICALION......eiieieitesc et nr e eneas 247
5.16.2.2 Production MENOGS ........cccoiiiiiiiieiii ettt 248
5.16.2.3 EXIIUSION ..oviiiitiiieieiisie ettt sttt ettt sttt et bbb et b et e 248
5.16.2.4 Oxide on the Billet Surface, Shell and Blister Defect .........c.ccocoovviviciiiiiinenne, 248
5.16.3 Copper RO and SECLION.........ccvvireieiiie sttt srenne e aneas 249
5.16.3.1 Dimensions and Shape, FUIther ProCESSING .....c.covevererereieseneeieseesesieseeseeseenens 249
5.16.3.2 HOIOW SECLIONS ....viviiiiieiiiie ettt bbb 249
5.16.4 Extrusion of Low-Alloy Copper MaterialS ........c.cocerverererierieiisiesieeesese e see e 250
5.16.4.1 The Materials, Properties, and Applications ..........cccocvivriviivsieeieeieresese s 250
B.16.4.2 EXEIUSION ..ottt sb bbbttt bbbttt e s et et e nbesbesbeebeeneas 251
5.16.4.3 Solution Treatment at the PreSS ..o 251
5.16.5 Extrusion of Copper-Zinc Alloys (Brass and TOMDAC) ........cccceverineiencnenieieeenn. 251
5.16.5.1 Binary Copper-Zint AOYS .......cccoiiiiiiiiiiieiieee et 251
5.16.5.2 Copper-Zinc Alloys with Alloy Additions (Special Brasses) ........c.ccooeeerveeieereennn. 256

5.16.6 Extrusion of Copper-Tin Alloys (Tin BroNZes) .........ccocceierieiiencienene e 257



Appendix: Additional Information for Chapter 4 Metallurgical Principles..........c.cccooeviiiiininnnn 189

 Additional Information 1: Miller's Indices to Describe a Space Lattice ...........ccocevvvverernrnnnn 189
 Additional Information 2: Representation of Textures in Pole Figures ........c.ccoovvvvvvvevevennneenns 191
 Additional Information 3: Temperature and Speed Dependence of the Flow Stress in Hot
LAY 4 T S 191
Chapter 5 The Production of Extruded Semifinished Products from

MELAITIC MALETTAIS........iieiiiiicc bbb be e 195
Extrusion of Materials with Working Temperatures between 0 and 300 °C .......c.cccoevevevvieinnnnns 195
5.1 Extrusion of Semifinished Products in Tin AlIOYS ......cccccvviiiiieiiniice e 195
5.2 Extrusion of Semifinished Products in Lead Materials............ccocooviiiiiniininnineicene e 197
5.3 Extrusion of Tin- and Lead-Base SOft SOIUErS .........ccoeiiiiiiiiiinciiie e 199
5.4 Extrusion of Zinc Alloy Semifinished Products ...........cccccevvveirsivnicnie e 202
Extrasion of Materials with Deformation Temperatures between 300 and 600 °C ............ccceeeeine 203
5.5Extrusion of Semifinished Products in Magnesium AHQYS .........ccccevvieveninniesnsieeieee e 203
Extrusion of Semifinished Products in Aluminum AHOYS ........cccovveieriie i 207
56 General .....cccoeeeriinnnnn ! OSSOSO R PRSP 207
5.7 Extrusion Behavior of Aluminum AHOYS .......ccoiiiiiiiiie e 208
B.7.1 FIOW SEIESS. . .iteiietiiteiete sttt ettt sttt b ettt b ettt b e et b ettt e b e et b et sbe e b e b 208
B.7.2 FIOW PIOCESS  ..veeveiteietiiie ettt ettt b et b ettt b et b ettt b et et sbe e et e st e et e nbe e 209
5.7.2.1 The Dead Metal ZONE ......ccccoiiiiiieiiie ettt bbbt sne e 209
5.7.2.2 In the Shape-ProduCing APEITUIE .......covceieieeeeeeie e e ste s et 210
5.7.3 Thermal Balance and EXtrusion SPEEA..........ccccveverirrierieriesesrseseese e sie e 210
5.7.4 Section Surface and SUrface DETECES ........ccoviiriiii i 212
5.7.4.1 Section Surface and the Peripheral LaYer .........ccoovviviviieiecieicne s sn e 212
5.7.4.2 Cast Structure and Anodizing Capability .........ccccvveiiiiiirii s 213
5.7.4.3 SUrfaCe ROUGNNESS .......coviiiiiieiiieieciee ettt ettt nesre e e e e e nnenne e 214
5.7.4.4 Transverse Cracks and PEEIING ....c.cccoviieiiiiiieeice e 217
5.7.5Procedures to Control the Thermal BalanCe ..........ccocooeiiiiiciiiiieiie e 217
5751 Material 218

5.7.5.2 Billet TEMPEIALUIE .....veuveveiesiecte ettt ettt et sresra e e e saeseesbesresreeneeneeseeneeneenns 218
5.7.5.3 HEAE REMOVAL ....oviiiiiiiiiiciie bbb ettt bbb 218
5.7.5.4 Optimization of the EXtrusion Parameters ..........ccccccvervriesesienreereieseseseseeseeeeseesee e 220
5.7.6J0INING DY EXIMSION ..ecvviiieiicc ettt ettt e e e e e s 221
5.7.6.1 EXIrUSION WEIHING ..vvovveiee ettt et st e 221
5.7.6.2 Longitudinal Welds in HOIIOW SECHIONS ........coviiiiiiiiiiiescee e 222
5.7.6.3 TranSVEISE WEIGS ......cuviiiiiiieiii ittt bbbttt e sa e 224
5.7.6.4 Testing of EXIrUSION WEIS .......cooiiiiiiiiiieec e 225
5.7.6.5 Influence of the Extrusion Weld on the Surface AppPearance ...........cccoceverererieeieiesienienne 225
5.7.6.6 Suitability of the Material for Hollow Section EXtrusion ...........c.ccocoeevenininicieienenenn 226
IMIBEETTAIS ...ttt bbbt bbbt bt bt e e b bt bbb e Re e st et bt nne 226
5.8EaSHY EXITUAEU ATIOYS .....ooueeeeeie ettt bbbttt 229
581 AIUMINUM ATIOYS ..ottt b ettt e b 229
5.8.2 EXIUAEA PrOUUCTS .....coueeiieiesie ittt ettt bbbt e e 230
5.8.3 Extrusion and Materials PrOPEITIES ..........ccciiiiiiiiiiiie sttt 231
5.9Moderately DIiffICUIt ATIOYS .....cc.oiiiiiiiiiee e e 233
5.9.1 AIUMINUM ATTOYS ..ottt sttt e b b e 233
5.9.2 EXIrUAEA PrOUUCTS .....cveieieeesie ettt et bbbttt e e 235
5.9.3 Extrusion and Materials PrOPEILIES ..........cocoiiiireiiiie e e 236
5.10DiffiCUlt-tO-EXIrUdE AIIOYS ...c.ooiieieiceieece e ettt 237
5.10.1 AIUMINUM AIIOYS oottt ettt et st sresr e e e e e e nee e e 237
5.10.2 EXIIUAEA PrOUUCES ....cveiviiieiiiieieiisie sttt ettt sttt bt sne e 238
5.10.3 Extrusion and Materials PrOPEITIES ........cccvvviveeeiierieriesiesiesiesreseeie e see e e sra e esee e sne s 238
Extrusion of Materials with Deformation Temperatures of 600 t0 1300 °C ........ccccevveveverernnnnns 239

5.11Extrasion of Semifinished Products in Copper AlOYS .......cccccviviiiiricie i 239



5.16.6.1 The Different Alloys, Their Structures, Properties, and Applications ...........ccccoeeveeenns 257

5.16.6.2 Casting of COPPEr-TiN AOYS ....cciiiiiiiiie ettt b 258
5.16.6.3 Extrusion of COPPEr-Tin AHOYS ......ccouiiiiiiiiiieie ettt s 258
5.16.6.4 Flow Type and Shell DefeCtS .......ccociiiiiiiiiiiie e e 258
5.16.6.5 Competition from Wire CastiNg.........ccueiuereiiriiiiiiiieeie et 258
5.16.7Extrusion of Copper-Aluminum Alloys (Aluminum Bronzes) ........cccoeoevenieiencnnnennnns 258
5.16.7.1 The Different Alloys, Their Properties, and Applications ...........ccccoceieiiiiiieiininnennnn, 258
5.16.7.2 Binary Copper-Aluminum AITOYS ..o 259
5.16.7.3 Copper-Aluminum Alloys with Additions

(Complex AIUMINUM-=BIONZES) .......oiviiiiiiiiiiieie ettt bbbttt e bbb b 260
5.16.8Extrusion of Copper-NIiCKel AIIOYS ........ccoiiiiiiiiiit e e 260
5.16.8.1 Materials, Structure, Properties, and Applications ...........ccoeieiinieninieiene e 260
5.16.8.2 Extrusion of Copper-NiCKel AlIOYS .........cooiiiiiiiiiie e 261
5.16.9Extrusion of Copper-Nickel-Zinc Alloys (Nickel-SilVer) ..., 261
5.16.9.1 Material, Structure, Properties, and AppliCations ..........ccoceoeieniiiieniienieieece e 261
5.16.9.2 Extrusion of NiCKel-STIVer AlIOYS ..ot 262
5.16.9.3 Competition from Wire Casting.........cccoeriririiiiiiie e 263
Extrusion of Semifinished Products in Titanium AIOYS ..........ccccvviviiiiiiiciie e 263
5.17Materials, Their Properties, and APPlCAtIONS ........cccevvvirieireieieee e e 263
5.17.1 The Structure and Its Influence on the Properties ..........cccccovvevevenieniesnsiese e 263
5.17.2 The Most Important Titanium Alloys and Applications .........cccccevvvivvirviviireiercre e 264
5.17.3 Titanium Alloys Produced by Powder Metallurgy .........cccceovevevenieinsnsnce e 266
5.18Billet Production, EXIFUSION ......ccoeiiiiiiieeiseereneeeesr e 266
5.18.1 Casting, Billet Preparation, Billet HEAtiNG .......cccovevviviiiiiice e 266
5.18.2 EXIrusion, LUDFICALION .......cccoovrviriiiieiieeeess s 266
5.18.3 Flow Stress, EXtrusion DEfECES ... 267
5.19T00liNG, FUIhEr PrOCESSING ...viveieiiieriesiisie sttt ettt ne et st neena e e e e e neenne s 268
Extrusion of Semifinished Products in Zirconium AHOYS .........cccoovvveieiierie i 268
5.20 Materials, Properties, and APPlCAtIONS ......c.cccovvviieriiirieir s 268
521 Billet Production, EXIIUSION. .........ciiiiriireiineieneeee s 268
5.21.1 Casting, Billet Preparation .........cccoceviiieiiieiioriiseseses e s e e esee et ne e e e sne s 268
5.21.2 Extrusion, Influence of the SrUCIUIE ..........ccoiiririiiiie e 268
5.22T001liNg, FUIhEr PrOCESSING ...vcvvevveiiieiestisieseetee et ste et ste et sre st e na e e e e e nnenne e 269
Extrusion of Iron-Alloy Semifinished Products ...........cccoveieiininiinin s 269
5.23GENETAL ...t 269
5.23.1 PrOCESS BASICS ....eviviieeriiiiiiriienieee et 269
5.23.2 Importance of Steel EXtrusion TOUAY ......ccocevverereririeiisese e e 270
5.24Mild-Stl TUDES ..o 270
5.24.1 Use 0f MeChaniCal PreSSES.........ciiiiriirieiineeiree s 270
5.24.2 Application of MechaniCal PreSSES .........ccciiiiiiiiiieiiseeee e 270
5.24.3 Dimensional Range and ThroUughput ..ot 271
5.255eamless AHOY SEEI TUDES .......ouiiiiie et 271
5.25.1 Extrusion in Competition with Other Hot-Working Processes ...........ccovvviieieicieiencnienn 271
5.25.2 Alloys and EXEruSion PrOPEITIES. .......cccoiiiiiiiieie ettt 2711
5.25.2.1 Alloy Groups, Structure, Properties, and Applications ........c.cccovvvvvvriviveiienecniesenenens 271
5.25.2.2 EXtrusion Properties, DEfECLS .......ccccvviiieieriiie et 273
5.25.3BiIllEL PrOAUCTION ...vivieieciicsiece e 274
5.25.3.1 Melting, Casting, HOt WOIKING .......cccoviveieriiie s 274
5.25.3.2 Homogenizing, Billet Preparation ...t 275
5.25.4Billet Heating, LUDIICALION. ........couiiiiiiiiiie et 275
52541 BiIllEt HEALING .. .ocviiiiitiitiiieie ettt et bbbttt e e 275
5.25.4.2 Lubrication 276

5.25.5 EXIIUSION PIOCESS......c.vviriiiirireeeeresintsreeses e sn s 277

5.25.6 Tooling 278
5.25.7 Further Processing, TESHING .....covcvvieiireieeieiesiesiestesesressessseseesaessesaesressesseesessessseseessessenns 278



5.25.7.1 FUINEE PIOCESSING ..eiuvetiitiiteitieieeitetie ettt sttt ettt ettt b e sbe sttt es et e e sbesbesbeabeebeene e 278
5.25.7.2 Testing 278

B.2BSTEEI SECLIONS ...ttt ettt ettt 278
5.26.1 GENEIAL 1.ttt 278
5.26.1.1 EXtrusion Process, MaterialS ............coereiieiiiiiniice e 278
5.26.1.2 Competition with Other Deformation ProCESSES ..........ccoiereeiriieneieninesesee e 278
5.26.2 Materials, Starting Material, PrOCESS ........couieiieiiiiiiiie sttt 279
5.26.3 Billet Production, Extrusion, FUIther PrOCESSING ........ccceeerereeieiienie e 280
5.26.3.1 Billet Preparation, Heating, LUDFICAtION .......cccooiiiiiiiiiice e 280
5.26.3.2 FUINEEr PIOCESSING ...eiviitiitiitiiieiie ittt sttt sttt ettt b bbbt ene e e e b e 280

5.26.4Tooling 281
Extrusion of Semifinished Products in Nickel Alloys (Including Superalloys)

........................................................................................................................................................ 281
B.27 GENEIAL.....eieiee bbbttt bbbt b e nae e 281
5.28 Materials, Properties, and APPLICALIONS ........ccoviiiiiiiieie it 281
5.29 BIllEt PrOUCTION ...ttt bttt bbbt be b 282
5.30 BIlEE HEALING ..o.viiveeieeiie ittt sttt bbbt nbe e e 282
R o (03 (o] SRS UPT TR 283
5.31.1 Billet Preparation, LUDFICAIION ........ccoiiiiiiiiiieie e 283
5.31.2 Deformation Behavior and EXtrusion Data...........ccoceoeieiiiininiiiene e 283
5.31.3 Defects and Their PrEVENTION .......c.cccoiiiiiiiiiieie e 286
5.32T00lINg, FUMhEr PrOCESSING ....cc.iiiiieieiieie ettt e 286
Extrusion of Semifinished Products in EXOtiC AIOYS ... 286
B.3BBEIYHIIUM ...t bbbttt sb e s bbbttt et et nee e e 287
5.33.1 Properties and APPHCALIONS ......cccoviiiiiiiisise e 287
5.33.2 BIllet PrOGUCTION........civiviiiciciict s 287
5.33.3 Deformation Behavior, EXIIUSION ... 287
B.3AUFANIUM .ottt 287
5.34.1 Properties, APPHICALIONS .......ccciviiieieiise e 287
5.34.2 Deformation BEhavior, EXITUSION ........cooiiriiinicecese s 288
5.35MOlybdenum, TUNQGSIEN .......coviiiieiiciceee ettt st sa b seenresrenneeneen e 288
5.35.1 MOIYDUENUM .....coiiicie ettt ee e e 288
5.35.2 TUNGSTEN ..eeeieeiiee et sttt te et et e e st e e e e e ee s s e sne e saeenseenseen e eneenseenneenbeeneeeeeeneeanees 288
5.36Ni0bium and TantaIUM ..o 289
5.36.1 TANTAIUM ..ot 289
EXtrusion of POWAEr MELAIS ..........ceriiiiiiiieen e 289
B.B7GENEIAL ...t 289
5.37.1 Main Application Areas of Powder Metallurgy ..........ccccooiiiiiiiini e 290
5.37.2 Advantages of Metal POWAEr EXIFUSION .......cooveiiiiiiiiiiiiiieeie e 290
5.37.3 POWAET PrOGUCLION ..ottt bttt bbbt e e 290
5.37.4 SPray COMPACLION. .......iitiitiitiatieieie ittt sttt ettt se bbbt eb e e et e sbe bt st e beere e e enbeneesaeneas 290
5.38POWAET EXLIUSION PIOCESSES ...c.viiteiiieiieientestestistesieetie sttt sbe sttt et e e b e bbb e e et e e sae e 291
5.38.1 General 291

5.38.2 Shaking of Loose Powder into a Vertical, Heated Container and

Direct EXrUSION (WEFSION @) ..o.veiveiuieiiiiiteite sttt ettt sttt sbe bbbttt nee b b 292
5.38.3 Precompaction of the Powder outside the Press ... 292
5.38.4 Encapsulation of the Powder before Extrusion (Version €) ........cccceoveveieienenienesenieeennns 292
5.39 Mechanism and Flow Behavior in the Extrusion of Metal POWdErS ..........ccoccoceiiiiiniiiinnnns 293
5.40 LOAA VAMALION ....eveiiiiieieiee ettt bbb e peeneeeeneene e 294
541 Examples of POWUEr EXIFUSION ......couiiiiiiiiieieie et bbbt 294
5.41.1 AIUMINUM ALOYS oottt sttt st st are s e et e e saenteaneaneeneens 294
5.41.2 Copper and Noble Metal-Base AlIOYS .........ccoiiiiiiiiiieie e 296
5.41.3 THANTUM AITOYS .ottt sb e sb e bbb e s 296
BUATA 110N ATTOYS ..ottt bbbt bbbt bbbt ekttt e b nae b b ebeene e 296
5.41.5 Nickel and Cobalt-Base High-Temperature AlIOYS .........ccocoioiiiiiiiiiie e 297

B5.41.6 EXOLIC MAEEITAIS.....ceiiieiii ettt ettt e et e st e e e s bt e e e s s st b e s s saban e s s sbbneessabaneeins 298



Extrusion of Semifinished Products from Metallic Composite Materials ...........cccocoeveriniininnnnn 298

5.42 Terminology and EXAMPIES .......ccoiiiiiiiiiieieie ettt 299
5.43 Flow Behavior in the Extrusion of Fiber Composite Materials ...........ccccooiiiiniiiiiiciennns 300
5.43.1 Criterion for Homogeneous Deformation...........ccocoeiioeiincie i 301
5.43.2 Deformation with Failure of the Composite Material ............ccccooviiiiiiiinei e, 302
5.44 Production of Metallic Composite MaterialS ..o 302
5.45 ApPPLCAtion EXAMPIES .....ooviiiiiiiiiiieiieiee ettt sttt e bbbt 307
5451 Simple Structures and COALINGS ......veiverierieriresr et reene e 308
5.45.2 Metallic Fiber Composite Materials with Complex Structures ..........ccecevevivrivrivsnsennnnn, 308
5.45.3 Metallic Fiber Composite Materials with P/M StrucCtures ........c.ccoccooeeeienieniencnienieeieiens 310
Chapter 6 Machinery and Equipment for Direct and Indirect Hot Extrusion ................... 323
6.1Machinery and Equipment for Direct and Indirect Hot EXtrusion ...........ccccooeieieiiicicnnnnnne 323
6.1.1Machinery for DIFeCt EXEIUSION .........cocieiriiiriiiie ittt et e 323
6.1.1.1 Extrusion Press Design PriNCIPIES ......cc.ooiiiiiiiiiiiiiie e 324
6.1.1.2 Main Subassemblies of the DireCt-EXtrusion Press ..........ccoccoerveririenieeiene e 327
6.1.1.3 Auxiliary Equipment for DireCt EXIrUSION ......ccccooieiiiiiiiiiiie e 335
6.1.1.4 Hydraulic Drive and Control Systems for Direct EXtrusion ..........c.ccoceveiininieicnnnnnne 338
6.1.1.5 Electrical Drive, Control, and Regulation for Direct EXtrusion ............cccocoviiiiiniciennns 341
6.1.1.6 Typical Operating Sequence for DIreCt EXIrUSION ..........cccoooiieiinineniieieie e 344
6.1.2Machines for INdireCt EXTIUSION .......ccvoiiiiiiiiieie it 344
B.1.2.1 PreSS DBSIGN  .ueiuiiieiiiiieieeite sttt sttt bttt b e b bbbttt e b e b bbb e ne e 345
6.1.2.2 Main Structural Components of Indirect-EXtrusion PreSses .......c.cccccevevrneienenienenennenn. 347
6.1.2.3 Auxiliary Equipment for Indirect EXIrUSION .......cccoeiiiiiiiiiie e 347
6.1.2.4 Hydraulic Drive Systems and Control for Indirect EXtrusion ...........cccccoevveiieninienieeiennns 352
6.1.2.5 Electric Drive and Control for Indirect EXtrUSION .........cccooviiiiiininiiic s 352
6.1.2.6 Typical Operating Sequence in INdireCt EXIrUSION .......cccovvvieiinniieeieiee e 353
6.2Presses and Plant for TUDE EXIIUSION .......ccoiriiriiiinieie s 353
6.2.1DIreCt TUDE EXIIUSION ...oiviviieiiiiiriiccreeiee e 355
6.2.1.1 Machine Construction Details of Tube EXtrusion Presses..........ccoviervrniienneenneennnenns 355
6.2.1.2 Main Subassemblies and Modules of Direct Tube EXtrusion Presses ..........cccocoeevrvrrenenn. 357
6.2.1.3 Auxiliary Equipment for DireCt EXIIUSION ......cocoviiviieieiiie e 361
6.2.1.4 Hydraulic CoNtrol SYSIEMS .......ecviieieeiie e e e st st sneereeneens 361
6.2.1.5 Electrical Drive, Controls, and Additional Equipment for Direct
TUDE EXIFTUSION <.vviiieceeiseie ettt 361
6.2.1.6Typical Operating Sequence for Direct Tube EXIIUSION ........ccccevvvrviiveierienerene e, 362
6.2.2INdireCt TUDE EXIIUSION ...ovvviiiiiiriieireeesse s 362
6.2.2.1 Machine Design DEtailS .......cccvviviiieiieiiirieii et 362
6.2.2.2 Main Subassemblies of Indirect Tube EXtrusion PreSSes .........ccovvvrreireneennresnenenens 364
6.2.2.3 Typical Operating Sequence for Indirect Tube EXLrUSION .........ccocvevveivereneieninsnseeeenenn, 365
Billet HEAtiNG SYSIEMS ....vviiiiiciiiicie ettt sttt sneera e e et naenreeneeneenes 365
B.3INAUCLION FUINACES ...ttt bttt b et bbbt et et et e ebesbesbesbe et e ene e 365
B.3.LGNEIAL ...ttt bt bbbttt ee et et b beene e 365
6.3.1.1 SiNgle-Billet FUMECE .......ocuiiiiiiiieiieiieiee et et 366
6.3.1.2 MUILIDITTET FUMNACES ..ottt ettt 367
6.3.1.3 Induction Furnace with a Heated Holding Chamber ............cccooiiiiiiiieniieiieeeeee 369
6.3.1.4 BOOSE HEALING ...ttt bttt ettt b e bbb b s 370
6.3.1.5 Induction Furnaces with HOt LOg Shear ... 372
6.3.2Gas-Fired Billet Preheat FUIMMACE .........ooiiiiieiee e 372
B.3.2.1 GENEIAl it bbbttt e bbb e e ne e 372
6.3.2.2 Rapid-Heating Gas-Fired Preheat Furnace with Billet Preheating ..........c.ccoocooiiiiiiennns 373
6.3.2.3 Combination Induction Furnace and Rapid-Heating Gas-Fired Furnace ............cc.ccccc...... 373
6.3.2.4 Rapid-Heating Gas-Fired Furnace with BooSt HEater ............ccccevviiniieiininice e 374
6.3.2.5 Rapid-Heating Gas-Fired Furnace with Hot Log Shear...........ccccooiiiiiinneninc e 375

6.3.3Temperature Measurement and CONLIOL ..........coiiiiiiiii i e 375



LRI A ol 101 1 [0SR 375

6.3.5 Extrusion Billet Transport MechaniSMS..........ccccoeiiiiieiinineee e 375
HaNAIING SYSIBIM ...t bbbttt b e bbbt e se e e et e b e e 377
6.4 Handling Gear for Aluminum AHOY Products ...........ccocooiiiiiniiiiice e 378
6.5 Handling System for Copper AHOY ProduCts ..........cccooiiiiiiiniiiiicne e 383
6.5.1 Wire Lines: Brass Wire Transport with Protective Baskets ..........c.ccocvcivieniiiniinciencnienn 383
6.5.2 Wire Line: Brass Wire Transport without Protective Baskets ..........ccccooviiiiniiiiiencienn 383
6.5.3 Wire Line: Copper Wire Transport without Protective Baskets, Cooling

UNAEE WWBEET ...ttt ettt bbbt b e bbbt e e bt e £ et e ke eb e s bt bt eb e e st en b e nbesbesbeebeaneans 384
6.5.4 Straight Line: Brass Transport for Rod, Tube, and SeCtion ............ccoccoeevieniiinicnciencnenn 384
6.5.5 Straight-Line: Copper Tube and SECHION ........cccoiiiiiiiiiieie et s 385
B.6EXIUSION COOIING SYSLEMS ...ttt bbbttt bbb 385
6.6.1 NItrOgen COONING ...ccveiuiiiiiiiiie et a ettt bbb eee s 386
B.6.2 WWALET COOIING ..ottt bbbttt bbbt b et e et b et be b ens 386
LCT S Y | @Yo T oo ST 387
Age-Hardening Ovens for AlumMinumM AIOYS .....ccoiviiiiiiecce e 388
6.7Heat Transfer by CONVECLION ......cccoviiiiiiieeeiece e e ene s 388
6.7.1 Methods of AIr CIrCUIALION ........cccviiiieicee e 389
B.7.2 FANS .ottt 390
6.8 Design of the Chamber FUMACE ........c.cviviieiee et 390
LGTR I [T LA T3 o ST 391
IO g Lo g T T TS T 391
Equipment for the Production of EXtrusion Billets ..........ccccooveiiieieiiiinscceee e 391
6.11Equipment for the Production of Aluminum BilletS .......ccccceceviviiiieniniinne e 391
6.11.1 Design and Configuration of Modern Continuous Casting Plants .........c.ccccocvevvivvivivannne. 391
6.11.2 Melting and Casting FUIMACES ........cccivrivieerieiise et eneens 392
6.11.3 Processes for Melt REfINING .....coccviviiiiiicc e 394
6.11.4 MOId CaSting SYSIEIMS .....ecveieieiiieieie et e ettt ne e e et e saesresresneeneenes 397
OIS O 3 1110 = P U T 399
6.11.6 HOMOQGENIZAtION PIANTS ....ccueiiiiiiiiie et 400
Equipment for the Production of Copper BilletS..........coiiiiiiiiiiiiese e 400
6.12Plants with Furnace-Independent MOIAS ..o e 401
6.12.1 Melting and Casting FUIMNACES ........oiiriiieieieie ittt 402
6.12.2 Melt Feed t0 the MOIA ........ooiiii e 402
6.12.3 Molds 403

6.12.3.1 Special MOIA DESIGNS ....cueceeieeiieiieitieieee ettt sb ettt sb e b see s 404
B.12.4 PrOECHIVE COVEL ...viiiieiiteeieeie ettt ettt bbbttt ettt eb et st b e et e e b b e nbeebeebeans 404
6.12.5 Co0lING AN CONLIOL ..c.eiiiiiiiie ettt bbb 404
6.13Plants with Furnace-Dependent MoIdS..........cccoi it 404
6.13.1 Stimulus for the DeVEIOPMENT .......c.eiiiiiieie et 404
6.13.2 ASAICO SYSTEIM.....eeiieiiiti ettt b e b et a e st b e st e e b e e nbeebe et e e seesaeenneenas 405
6.13.3 Horizontal Casting PIANTS ..........ooiiiiiiiiiie e e 405
6.13.4 Continuous Casting of Steel and Other Materials ..o 405
Process Control in Direct and Indirect Hot Extrusion of Aluminum Alloys

WIthOUE LUBFICALION ...iiieiic bbbttt bbbt 406
6.14Process Control in Direct Hot Extrusion of Aluminum Alloys

WIthOUE LUBDFICALION ...t bbb bbbt 406

6.14.1 Influence of the Friction between the Billet and the Container as well as the
Deformation in the Deformation Zone on the Temperature of the Extruded

Material as It ENters the Die APEITUIE........cvcveicierese st sae e sneene e 407
6.14.2 Heat Transfer in the DIE ATBA ........ccviiieiieee e 407
6.14.3 Measurement of the EXtrusion TEMPEIAtUIES ........ccceeivivereereeriereseseseeeeseeseseesressesseeseenes 407

6.14.4 Methods of Achieving Constant Exit Temperatures over the Length of the
Extrusion or Ram Displacement in the Direct Hot Extrusion of
ATUMINUM ATIOYS .ottt e et et st e s te e neen e e s e et e seententesnenreeneens 408



6.15Process Control in Indirect Hot Extrusion of Aluminum Alloys

WITNOUE LUDFICALION ...ttt ekttt sn e nne e 409
Process Control Concepts for EXrusion PIANtS .........cccovviieiiiiiiiniicieiecie e 410
6.16Electrical-EIeCtronic CONLIOL ...........ciiiiiiieie e 410
6.16.1 Factors that Influence the Productivity and Quality of the Products in the

EXEIUSION PROCESS ...ttt et bbbt b bbbt b b s 412
6.16.2 Improvement in the Productivity and Product Quality by the Optimization

OF the EXTIUSION PIOCESS .....eiiiiiiiieiiiieiete ettt ettt et ettt 412
Chapter 7 EXruSion TOOING ......cceoiiiiiiiie it 417
7.1Requirements of Tooling and Tooling Material ...........cccccooiiiiiiiiiii e 417
7.1.1 Requirements of the EXtrusion TOOHNG .....ccccoeiieiiiiiniie i 417
7.1.2 Requirements of the T00liNG MaterialS ..........cooieieiiiiiiiiiiree e 418
7.2Design of Tool Sets for Direct and Indirect EXIrUSION ........ccoociiiiieiiiine e 419
7.2.1 Design of the Tool Set for DireCt EXIFUSION .......ccociiiiiiiiiiiiieieieee e 419
7.2.2 Design of the Tool Set for INdirect EXIrUSION .........cocooiiiiiiiiiieiiiee e 423
7.2.3 Sealing of the Shape-Producing Tooling with the Container .............ccococviiiiinicncnencne, 424
7.3Extrusion Tooling for Direct External and Internal Shape Production ............ccccoceveiiiinnnnn. 427

7.3.1Control of Material Flow in the Shape-Forming Region of Extrusion Tooling ....432
7.3.1.1Control of Material Flow in the Shape-Producing Regions in the

Extrusion of Materials with Working Temperatures from 0 t0 300 °C ........ccccoviiiiiicinienenienn 435
7.3.1.2Control of Material Flow in the Shape-Producing Regions in the
Extrusion of Materials with Working Temperatures from 300 t0 600 °C .........cccoceeviviieienenienn 436

7.3.1.3Control of Material Flow in the Shape-Producing Regions in the
Extrusion of Materials with Working Temperatures from 600 to 1300 °C ...441
7.3.2 Dimensions of the Die Apertures in Relation to the Specified Section

Dimensions at ROOM TEMPEIALUIE ......c..ocverueiereieeeeeeie e e e sre s e e e e e e sresresnesreeneeneeseesresreens 441
7.3.3 Tooling for the Extrusion of Materials with Deformation Temperatures in

the Range 0f 010 300 PC ..oovvoieiie ettt e e e ne e 445
7.3.4Tooling for the Extrusion of Materials with Deformation Temperatures in

the Range 0f 300 10 600 C.......oiiiiieiieeeieeie ettt sttt e et sresre e e e e neennenre e 446
7.3.4.1 Tooling for the Extrusion of Magnesium AllOYS ........ccccviviiveiieiene e 446
7.3.4.2 Tooling for the Extrusion of Aluminum AIIOYS .........cccvvviiiiecieicc e 446
7.3.4.3 Manufacture and Operation of Aluminum Extrusion Tooling ........c.ccccvevviveievcnviennnn, 455
Tools for the Extrusion of Materials with Deformation Temperatures of 600 to 1300°C ............. 460
7.4T00ls for Copper AllOY EXITUSION .....ccviiiieieiiseseee ettt 460
74.1 Construction of the Tool Set for Direct and Indirect EXtrusion ..........c.ccocevvvererinienercnennnns 461
7.4.2 Extrusion Dies and Mandrels for the Production of TUDES ..........cccceovvveniniiiineniieneceen 462
7.4.2.1Extrusion Dies for the Production of Solid Sections in Copper-Zinc

N 1[0V 464
7.4.2.2Extrusion Dies for the Extrusion of Solid Sections in Copper and

LOW-ATIOYEd COPPEE ATIOYS ..ottt et bbbttt ne e e e 465
7.4.2.3 Dies, Mandrels, and Bridge Dies for the Production of Hollow Sections ................... 466
7.4.2.4 Extrusion Dies for the Production of Rod and Wire ..........cccceoiiiiiiiiiienicece e 467
7.4.3Manufacture and Use of Copper EXLrUSION DIES .......ccooiiiiiririeiiieese e 468
7.4.3.1 Manufacture of the EXrUSION DIES .....cccceoiiiiiiiiiiii ittt 468
7.4.3.2 Use 0Of the EXIrUSION TOOIS .....oiiiiiiiii et 469
7.4.4Tooling for the Glass-Lubricated Extrusion of Titanium, Nickel, and

IFON ALOYS .ot b bttt bbbt bt b e Rt e n b et e b e bbb e ne e e b e 470
7.4.4.1 Design of the Tool Set for DireCt EXIrUSION .......cccoociiiiiiiiiiiiiee e 471
7.4.4.2 Tooling for the Extrusion of Titanium AIOYS ... 471
7.4.4.3 Tooling for the Extrusion of Nickel AOYS ... 471
7.4.4.4 Tooling for Extrusion of 1ron AlOYS ... s 472
7.5Extrusion Tools for Indirect Shape Production, Auxiliary, and Support Tooling ............c........ 473

7.5.1 Mandrel Holder and Mandrel COOIING ......ccoviviieieiirese e 477



7.5.2Dummy and Cleaning Blocks for Round and Oval

(Rectangular Billet) CONTAINETS .......c.oiiiiiieieiiie ettt 478
7.5.2.1 Dummy and Cleaning Blocks for Direct EXruSION ........cccocviierinieninieiene e 478
7.5.2.2 Dummy and Cleaning Blocks for Indirect EXtruSion ............ccocooeiiiiiniiiienencie e 480
7.5.3Extrusion Stems for Round and Oval Billet CONtainers...........cccocevviiiievieieciece e 481
7.5.3.1 Extrusion Stems for DireCt EXIIUSION ........cccciiiiiiiiiieeie e 482
7.5.3.2 Extrusion Stems for INdireCt EXLrUSION .......cccooiiiiiiiiiicieecse e 483
7.5.3.3 Calculations and Dimensions for EXtruSion StEMS.........cccocveriirenininenecne e 483
7.5.3.4 Examples of Stem Calculations for Direct and Indirect EXtrusion ...........ccccoevvevrivinennnn 485
7.5.3.5 Thermomechanical Stressing of Stems during EXruSion ..........cccecevevveveererenienesnseseennns 488
7.5.4 Temperature-Related Maintenance and Handling of Extrusion Tooling ..........cccceevevveneenen. 488
7.5.5 CONLAINEIS ..oviieiiitiieiieteeet ettt ettt et bbbt bbbtk e bt st b eb e st b n et 489
7.55.1 Container CONSIIUCTION ......vviiiiiiiee ittt ee et ettt e et e e e s et e s s s be e e e s ebb e e e s ssbaesssbbaesssbbeeesssraneains 489
7.5.5.2 Thermomechanical Stressing of the Container during EXtrusion ............cccccoeeeveicneneenns 495
7.5.5.3 Container Heating and COOLING .......ccoveiiiiiiiiiee e 496
Recent Developments in Resistance Heating of CONtaiNers ...........ccccoovvvvviveieiene e, 500
7.6Induction Heating for CONLAINETS .......c.cccivireieiie ettt neeneas 500
7.6.1 Combined Container Heating and Cooling SYStEM ........ccccevviiiiirieni e 501
7.7Design, Calculation, and Dimensioning of CONAINErS .........ccccceveverieiisieseee e 502
Static- and Elastic-Based Analysis and Dimensioning of Containers Loaded in

THIEE DIMENSIONS ....ocviiiicieite ettt b et s b et bbbt nb et et sb e st st nben et 508
7.8 Design of a Single-Piece Container Loaded in Three Dimensions ........ccccceeevevierievvsnsieannas 509
7.9 Design of @ TWO-Part CONLAINET .........ccoivireieiee e eee et e e e sae e sresre e eneas 510
7.9.1Calculation of the Prestresses o, and o* Developed in a Two-Part

Container by the INterferenCe-Fit FOICES .....ciiviiiiiiieiirise e eneas 510
7.9.1.1Calculation of the Working Stresses ,* and o from the Extrusion

FOrces in @ TWO-Part CONTAINET ........c.coiveiieiieiie sttt e st te e e s e e sreesbeenbeenbeeneesnee e 510

7.9.1.2 Determining the Operating Stresses g, and o** by Addition (Additive
Superimposition) of o, and o and 6, and o in a Two-Part Container ....510

7.9.1.3 Calculation of the Equivalent Stress g, in a Two-Part Container ..........c.ccccoceeeevreneennen, 511
7.9.2Design of @ Three-Part CONLAINET ........ccociiiiiiieie i 511
7.9.2.1 Calculation of the Prestresses o, and o Developed by the

Interference-Fit Forces in a Three-Part CONtAINET .........c.ccoveiiiineiiieneicseee e 511
7.9.2.2 Calculation of the Working Stresses o, and o;™ Resulting from

Deformation Forces during Extrusion in a Three-Part CONtainer ..........ccocooveieieieienc e, 512

Calculation of the Working Stresses o, and o;** by the Addition of the
Prestresses o, and o and 0,”and o and the Operating Stresses o, and o;* (Additive

Superimposition) in the Three-Part CONLAINET ..........ccccvviiieiieieeeee e 512
7.9.2.4Calculation of the Equivalent Stresses, gy, in the Three-Part Container ............c.ccocvvevevnnnn 513
7.10Examples of Calculations for Different Containers, Their Stresses

ANA DIMENSIONS ..ottt et et b et bbbt s b et et s bt et e nb e st et nb e s et b ne et 513
7.10.1Design of a Two-Part Container with a Round Bore for Aluminum Alloys ..........ccccveveen. 513
7.10.1.1 Two-Part Container for a 25 MN EXtrusSion Press .........ccccveriirenniineneineneese e 514
7.10.2Calculation of a Three-Part Container with an Oval Bore for

ALUMINUM ATIOYS ettt es e e e e e be s aeereeseen e sae st e eeseeeneaneens 514
7.10.2.1 Three-Part Container for a 25 MN EXIrUSION PreSS .......cccoveriirennineneineneesee e, 515
7.10.3 Calculation of a Three-Part Container with a Round Bore for Copper Alloys ...515

7.10.3.1 Three-Part Container for a 25 MN EXtruSion Press.........ccccovveivieiieneeiesie e see e e 515
7.10.4 Influence of Axial Loading of the CONtAINEr .........cccooiiiiiiiiinie e 516
7.10.5 Operating Conditions from Elastic/Plastic Behavior of the Tool Material

under the Influence of the Thermomechanical Working StreSses ........ccoovvrerieieieniene s 517
7.11 Manufacture 0f CONTAINETS ........oiiiiiccicece e e et e e e be e sreere s 519
7.12 CONLAINET OPEIALION ....eviieiiieeeie ittt ettt sttt e e b et sbesbe s st e st e s e nbesbesbesbesreeneas 520

7.13 MaintenanCe OF CONTAINELS ......iiiiueieeiiiiee et see e e e s et e e e s br e e e s ebb e e e s st ae s s sbbaesssabeeesssbenseins 521



Hot Working Materials for the Manufacture of Extrusion TOOING .......ccccooevieiiiinininicie e 522

T.LAHOt WOTKING SEEEIS ...ttt bbbttt b 523
7.14.1Classic HOt WOTKING SEEIS......c..eviieieiicie e st e 523
7.14.1.1 Hardening and Tempering of the Classic Hot Working Steels .........ccccovvevevviievennnnnnn, 533
7.14.1.2 Machining of Hardened and Tempered Hot Working Steels .........ccccoovvvveiveiercicnnnnenn, 534
7.14.1.3 Surface Heat Treatment of Extrusion Tools in Classic Hot

WOTKING STEEIS .uveivieiieicie ettt sttt e e s e e et e st et e tesreeteaneeneennenseneenrens 535
7.14.2 Austenitic HOt WOIKING SEEEIS .......ccviiiieiicieice s e 536
7.14.3 Classification of HOt Working SteelS .........coevvvieiiiiiiiiisisece e 538
ST L= T T LY L T O 539
83 R 0o 11 A 1 [ )Y 539
7.15.2 MOIYBAENUM ALIOYS ...c.eeiveiieieee ettt r e nne e 540
A T T N 1 Tod ] A1 [0S 540
7.15.4 Metal-Ceramic Composite MaterialS.........c.ccuervereriiirieiieese e e 541
7155 HArd IMELAIS ....c.ooviiiiiieicie bbbttt 542
7.15.6 Pure Ceramic HOt WOrking MaterialS ..........ccceeeiiririeinseseee s 542
7.16FUrther DEVEIOPIMENLS ......cvcvceeieieie ettt sr et neera e e e e e nee e e 542
7.17 Hot Working Materials for Different Extruded Materials for the Manufacture

of Extrusion Tooling for Direct and Indirect FOrmMing..........ccocvvveivnivereiiniesn s 543
Chapter 8 Quality Management in EXTrUSION ........c.ocveieiirene e 551
8L QUANIEY .ttt bbbt R bk bbbttt ettt b e 551
8.2 QUALTLY MANAGEMENT .....c..iitiiiiiieie ettt et bbbt b et e e nee b b e 551
8.2.1 Quality Management SYSIEM ....c..ocviiiiriieeieeee e ste e ettt re e e e e sresne e 551
8.2.2 Introduction 0f @ QMS ......iiiiii e e e be s 552
8.2.3 PrOCESS CNAIN....cuiiiiiiiiitiieiiite ettt ettt bbbt s bt s bt n et e enes 553
8.2.4 ProducCt LIability ......cceiviiieeice s e 555
8.2.5 ECONOIMICS ... teteeuie ettt ettt ettt e bbbt a e bbbk h e b e e et et eb e e b e bt et e e neeneeneeebe b e 556
8.3QUANTILY CONLIOL..... ettt et b bbbt ettt see b b e 556
8.3 LOFGANIZATION ....eveieieee ettt bttt bbbt s e et b e bbbt ettt nne b ne e 556
8.3.1.1 ProCeSS OFQanIiZAtION .......coeeiiiirieite ittt sttt sttt et st sb et be sttt see b e e 557
8.3.2RESPONSIDIIILIES ...ttt st b ettt e e se b 558
8.3.2.1 General REQUITEMENTS ......cociiiiieiieitisiee ettt b bbbttt e e b 558
ST 7 U o [OOSR 558
QIMS AUGIT 1.ttt ettt se bt e s e b et e s et e b e s e e be b e s e e b et en e e be e en e e be st en e be e enes 559
8.3.3.1 Environmental SYStEM AUIt .........ccoiiiiiiiiiiie e 560
8.3.3.2 PrOCESS AUIL ...ttt ettt b bbbttt ee e b 560
8.3.3.3 PrOAUCE AU ...ttt sb e bbbt see b b 560
8.3.3.4 INSPECLOT AUIL ...ttt bbbttt e e 561
ST 1 1 ] o 561
8.3.4.1 Failure Modes and Effect ANAIYSIS ....ccviveieieiiire s e 561
8.3.4.2 INSPECLION PIANNING ...eiviiiiiiiciieiie ettt st r e e seennenne s 561
BAOULIOOK ...ttt bbb bRt een bbb n s 563
Appendix A List of Formula SymbBolS..........cccoveiiiiii e 565
Appendix B Approximate Composition of Materials ...........ccccocviviiiinicie i 567



