== SN e S I =

Rubber
Processing

An Introduction

Peter S. Johnson

\n “
s
e

Mo O
% 7t

HANSER




Contents

1 Overview of Rubber Processing ..................cocooviiiiiiin. 1
L1 INtrodUCtion ... ...ttt e e e 1
b2 TeStNg seemss s hupanvmssmmmss s s sonionsuess s 555 ShuEmemsmss § « § SEass o T AEEATS 2
1.2.1 Raw Materials Quality ASSUTANCE ..........oiuuirniinirniinnenenaennnn. 2

1.2.2 Processability Testing of Mixed Compounds ...............cooviiiinann... 2

1.2:3 - End ProductTesting it s shcemnnass o s 54 someisinpm o0 flif spmiBeaig i s Soege 3

1.3 CONCMISION .u:: s cummmansmsessssssmmssanss s s s s s s ommnsuagsss o s 5l s b 3168 s 3
RETCTRICES. v o v « 4 s scocsisistutonmre s 4 ¢ o s 5 witnsatatisni o s s 3 o s evmsosssersrs o 5 & 5 sgaiorbiarogls ol 4 B s *posdyofio 4

2 Raw Materials Acceptance and Specifications ....................... 5
2.1 INtrodUCHION . ...ttt ettt e e e et %
2.2 Raw Materials Specifications ...........coiuiiiiniiniiiiiiiiii i eiaaenannns 5
2221 BIASEOTNEES &5 s5is s o s o o istoistsisisios s o o o o5 51508ie 5665510 5 5 o o o0 57608 S18iRosin s o 5 = /00 Flmco 500 6
D22 BAIBESA 1 Lttt s s AL b DA o L i ansic won o s o Glormrgorarern e 6 & it 7

3¢ Mixing of, Rubber Compounds. ... sty iiumeass e eI 9
34 Intro@UCHON. . . . sipmvimimemies s oir s mpmomesis s » « st bpBAasraroc Mg qeere ndall gl 9
3.2 Material FIow t0 the MiXer .. .......ouuiuiiiii it 10
3.2.1 Receipt:and Storage of Raw MatemialS. . cvowss oo s s somnnemess LSS LL00., 11
3.2.2 Feeding, Weighing, and Charging Raw Materials......................... 12
3.2.2.1. WeighingiMajorIngredients:. s!raiboranl, soifmuiepne L e daalld, 14

3.2.2.2. Small.Component Weighing. «coeoe: s s svnsndbbiiianliladala by 14

3.3 .The MIKING PIOCESS o s s e s snsmunmnsvsssssmsmonnnssssnssmamesess s s dslbioh bbb 15
3.3, 1. INCOIPOLATION v < & o o wiossiviaimusinionsia s & v mmasormiwsminbB Bl AL UOAEY Ll e ot 16
332, DISpersion:. s se- i+ s s s saspmsscarses 2 lsnaorantl oy omsontandt 2 2 L 17
3:3.3 DisStribution: s - s s w5« sommmsans a3« s s summmens o s« dolanrborbiratih Lo didnbnlamss s 19
3.3.4. PlastiCization.... .« « . . s vewswwsmacs s ws v o wsmmars A 050 RS0, Lol litb e .. 20
3.3.5 Natural Rubber Mastication ............oevviieiieineinrineienennnnnnns 20
3.3.6 Flow Visualization and Modeling of the Mixing Process ................. 20
3.3.6.1 Flow Visualization ............c.oveiiininnininiiiinenanninennenns 21

3.3.6.2 MOdElNg. ..ottt 21

3.3.7 Flow Behavior on VIS ... 5ubi s et anmid e absgiatam s vaas ko desiiais biga 24

34 TterNAliMIXEES | liit o £ 4 bokbuhonls Ve oe vommmoins o o o5 o Saamanas o 5 o s sininisisisarns o @ o 26
3.4.1 Developments in Internal MiXers ...........c.vuiiniiiiniieiininenaenann. 29
3:4:1.%. Fangel MIXers. «.comes s s 0 snamsmn i nl ol atidazan anl 29

3.4.1.2 Kobelco'Stewatt Bolliig Mixers. .a#mbmsz il anon s boailad L2 30

3.4.1.3 Krupp-Midwest Werner und Pfleiderer Mixers
3.4.1.4 Pomini Mixers



X Contents
3.4.2 ChoOSING @ MIXET. ...ttt ettt et e e iaeaaaes 32
3.4.3 Inspection and Preventative Maintenance of Mixers ...................... 32
3.4.4 Internal Mixer OPeration .. ..........c..eeeoiueennerneinenneinanneennennns 33
3.4.4.1 Mixing Procedures .............couuiiuiiiiiniiiniiiiiaiiaainnns 33
3.4.4.2 Temperature Control in Internal Mixers........................... 37
3443 ROUOE SPEEU..: ;2o : cnivmmmsisonss s v siilbislsmosions 5 o5 e e n@ias 24 s s 4 S 37
3444 Ram Pressure. ... ..o..oouiiuiiiii it 38
3.4.4.5 BACRISIZE ....c «- i o oommosincionoysison simioiizgimme 5 o 2 g ioeimin =g 22 s o o 38
3:4.4:6- DUMp CrEEFA . - 1 155 et RGN L1 IPOURA ML YA 40
3.4.5 Control of the Mixing Process ..........ccocuiiuiiiiiiiiiiiiiiiiiininn... 41
3.4.6 Scale-Up. . ..o 41
3.5 Take=Of SYStems : iu.tbt st ibls bttt is b s s bienat n il b s s snbaisss s aa s s samsn 43
£ e T bl 111011117 §1 1 K R S D A il clermmt (e i e ot 0 43
38 Packaging s L e v s« s -
35.3 Single Pass MIXig o35 05 s ia it s s i P s s e s atwie soiimin r o s s o oin e 45
3.6 ‘Other Mixing Bauipment. it i iiatmiset i i e s U e nibas o e v s s mamass 45
3.6.1 Mill MIXING ...ttt et 45
3.6.2 Continuous IVIKINE o« « o5 aamimme s inss s serimoins 5 anntisinmmmnn s s e s ansimmns 47
3.7 Custom COMPOUNAING . c.vs s s oo sims Semos sl o6 s s st bivg s 38 1 >/ A 6T 47
3.8 Troubleshooting the Mixing Process .............c.cooiiiiiiiiiiiiiiiiaiiinainn.. 48
3.8.1 Inadequate Dispersion or Distribution.................coiiiiiiiiiiia... 49
3.8.2 Scorchy COmMPOUNA. . . . . cieuinins oo s s vhomsmnses oo 08 5asasie s aiissof s 5o s 49
3.8.3 Contamination . ..........ceuueeunteuneei et tie e aeaaaaaans 49
3.8.4 Poor Handling on Dump Mill....... ..., 49
3.8.5 Batch-to-Batch Variation. cussass. s s s saomamas s s 5558 samamoss 5355 5 5 oiiimns 49
3.9 Concluding COMMENES . . ...ttt ettt e e et e e 50
REfEIENEES .. . « o commmaininie & o o e misimwisssimim « « -5 Bebttagerera ey~ ¥ saanlals 61 ey cnenpani bl 50
4 Flow Behavior of Compounds..................coooeiiiiiiiiiiiin.. 53
44l Intraduction. .. . .oweauee e o o« smoe sl SR MR e sorvad s, tneraadL LEL, 53
42, Fundamentals of Rheologymatd. s i aupindl) bonowidaiods, puibond S.LE. 53
4.3 Effect of Compounding Ingredients on Processing Behavior .................... 58
A.3.1 ElaStOmers. ..o oiss s 5 ssewmms 2 2 M dumennamen L, £ 08 dovesne 58
A.3.2 TFUIIETS. . . comivminier s o e mmsmisimsssimio o o o s s wimmrwisimiosm o s n o o o mon DAL Lo i bl el K 59
4.3.2.1 Carbon Blacks:.ccuvasississnsmmanss sssusasnmutisaepannb Ll A 59
4.3.3 Plasticizers and Processing Aids . . . seseesenst su s sopommeii gl L Db b o 60
4.3.3.1 PlastiCiZers: . . c.oeosimion vc o o mininnsaisimrmsn .0 o o s asmsosmoms S MEA EURILE LD K 61
4.3.3:2 Processing Aids) oo s s o i e ssmsismmon s o 60 s simon QST B L E . 62
4.3:4 BIaSHCItY «owmeasssssssmmeenmass 135 smwdsbiesdsin Moanddo S vl 8.5 £ 63
4.3.5 /Conclusionzaas . vrwsabdssi oz adebobd, bak apilsstlanal wmld kb . 64
REFCIENOES . » coicromniorsins o8 00 smmisisisiai Do o o0 s mmmie SIS mta 2l L AEL ot 64
5 Testing of Compounds After Mixing ................................... 65
58  IntrOAUCHOML «cin om0 n s crmsmsmiscarin s+ » SMEEN dnorain ot adansaneinen(l LU E. 65
52 Processability Test INSMIMENtS: i s.ou5 s 3 sammmmmes s AbnAebdmme g b Bl v 68
5.2.1 . The Mooney . VisCOmeter...anuald snalboll tsenlfoalodnd Sl bdiwsvs o 68
5:2.1.1 . DeltaiMobheyabuial 1T, briv aaeeadd Jaassbdblegronad LLb& ... ... 69

5:2:1.2, FMS/RDEOMELET «.c.c 5+ o« o omeimowsismmorons 2N Soizens® W IR L ..., 70



Contents X1

53
54

6.1
6.2

Tl
7.2
7.3

74
7.5

7.6

5.2.2. CapillaryRheometersy. et v sonn - o MNRE A VA 0L B CER. o 80
5.2:3. Oscillating:DiskiCGutemetersa. . ... yamies e it od L. S.8.8.8.. 0000 73
5.2.4. Rotorless Curemeters. . . « .. oewn i aoteaenl scuve) a0l 0000, . ... 15
5.2.5 Dynamic Mechanical Rheological Testers ................cooooiiii.... 75
5.2:6. StiessiRelaxation INSMENTS. . csws s « s s s222bimdrH amud) B8 covine 75
5.2.7 ODR Cure Times Correlation with MDR.......... reaticnd BXER. 77
Comparison of Alpha Technologies Processability Test Instruments ............ 78
Conclusion .  «:k s srmseasn Maddias e sslamina) i aaibnnn o 80
Referencesmnines: b Jonertinm Aaliling . v o s s sommmmmas s s s v sammmnamisss WIEIE, 80
The Cuting ProCess.... .. sevevmssevse s sovmmeppnibisasianiiols {28 svens 83
TOtOAEHION 1o 5 braserntersr okl 8 sronsisissone v scw v & s etwrmisiaresons scv v o v @ ererrasrassrecs o ssomshf Boids Bokle 84
Scorch or Premature Vulcanization ...............c.iuiiuiiiniiiiiiiannanans 84
RETCTENCES., ; »ssimsimws s s 352 5 wbwummsions £ 5 § Sogesnme s s sHanaandil o & 0 M Cumumunss 85
Calendeninis Gf RUBIIEE, . oo b sains oo 5 i ¢ berrias 47 {3 a1 87
INtrodUCHION . ...ttt e e e e e e e e 87
EqQUipment. .. ... e 87
PrOCESSES . . i e sis v s s b8 6icbusisisiani s § 5558 5imait s 5isin & 5 o 3 Bioceiais Siwbess § 5 808 R dmiaioied b 4 3 88
T3] TREEAINET oo it < o 5 5. ssrsrmsisisios = § 5 5 BEHCSRET & o a5 3 BEIGHEBETE 58 § BLo 8 S spedisrars £ ¥ § 88
7.3.2 SREELING . . .ottt e e e e 88
IS Sl 31 15 s Tk T SR St S SRS e Al eon iy b RIS, 88
T34 COBUMG, 5iiuisia s o ¢ » 5 siorms wisistois 5 5 ¢ & S BATSEHEEE » F S0 e ISR &8 5 O DSRBEERH S5 5 3 89
T.3.5 ROIEI DS ..ottt e e e e et 89
7.3.6 Downstream ProCesses .. .......o.outiuiir i et 90
Modeling the Calendering ProCESS . . : . ;- oenttcestamemonmssasrenscnasnssssaese 90
Troubleshooting Problems in Calendering .......................ooooiiia... 91
T.5.1 SCOTCH. .. e 91
TS BISterIn g, s s i i i Ta L L i aaian s 5 s vh s 0 + § R S ST B eag S St 5.8 55 91
7.5.3 Rough ot Holed Sheel. ... .. i sumuimmics sesssumuunmsnssssssommsnmesssisss 91
TED T TTACK oo rerraeece s o s aiernressneraras s's s o w meatstacsrssnsa s s s o o mivaremmiarasare e  sinig Sisine srataie: o 3es 2.0 ore 91
s Sl T 511070 1 1 e S Sl st Sty SR S S e el 2 St aein s oy P o 91
CONCIUSIONS siuies s555s smmssismenio s s s o ssmme siFae s 53§ 5 5snstamaes 8§ s o e e s s s o 91
R eIENCES. . oot e 92
Extrusion of Rubber. oo v e smmvimessss s sssnesdaed il Ao amhilold 93
) 531006 L Te3 (o7 1 /USROS AU RRPNOROIIY . o1 1 141 415-4 1107 93
Beeding: s s 554 x samumiasssws s sanamess R calp nodl s aalasmaqmntd. 93
8.2.1 Cold-Feed versus Hot-Feed Extruders ...........cccoiviiiiiiiiiiiininnnnn. 94
Mass Transfer, Conveying, or Pumping ..., 96
8.3.1. Flow: MechaniSIIL «ccuu s o s s smisiomimminm o » SORMEEE, vaawilnbl L LE Y Lo 97
8.3.2. Extruder: Designs .. e« « o colilint bing Joxtamn 8, solonodl Sl 8 vivene 98

8.3.2.1 The Maillefer SCIEW .....ouuiniiiiiiiiiiieiiinieirenesseseensanes 99

8.3.22. The Iddon Screw ... .......coew ... GRS ofnmoie b LTS L ... 100

8.3.2.3. The TranstermiX . . :sucesswsccisonpmmmseRtizalistl LA 8 ones 101



XII  Contents
832 40ThelBNK SCIEW .o v v < v« v swmnsirsrns s 5+ TSI, el ) LE L 101
8:3:2.:5 {{The Pin’Bamrel iExtrideri i slexatsirivem il pollallmea () L T2, 101
8:3:2:64 TheiCavity: Transfet MiXer . .........2ibneenel) sealwotoll 512, 102
8.3.2.7 . Vented, Extrudersmatz T, Lasinclond 8L intiandoald simonell 25,2, 104
8.3:2.8 Dump:Extmdersiiin! o Llosaribausgl andexalad ansod 002, 104
8.3:219 . Strainerse sekoww. RIA i potielane sl ) A0 V.02, 105
8.3.2 10ExtudeciBarrel Sy durraini anialonstndT sdnl A o onenenmea ., 105
8.4 Extruder Operation and Control..............oiiuiiiiiii i 105
85 Shapingd 4 L i Aiiiihe s cos s s moimames 15584 0 smanmenss s o 133 sasnm@mnlnd 108
8.5.1 ExtruderHeadsidssanm i iisimmmmssmnss s s o vsmomusmas s v 5 s usememas s s s s 108
8.5.1.1 COBXITUSION. ...ttt ettt et 109
815.1:25Crossheading : .. s s+ s rsss500ms 5355 snsnsvishmoih doaaidd 90 L 109
1503 ASHEAr HEAS s v o & « « smmmiommns « 5 5 s wrvpminosionss § « § & Gomieemeis s ¢ s 3 85 109
8 D T S e T L S T L ey e Hss e e 111
G521 | PresSUIe DIOP it i st ini s v s e o i s 20 2 Sisumiaia.steiioin s < @ s s iosas 111
85122 DierSwellsiaurs st i nadasinalti i s seabnbsnibs b 13 et ddl i dals 111
8.6 Take-Off and Curing ..........o.iuiininiiii e 112
8.6.1 Continuous Vulcanization SyStems. ...........ooeuuviiiniiiiiinneinnaenn.. 113
&.6: 10 Pressurized Steam SYSIEIMS s i s s vasnmnaseds 5555 naohemas s s ¢ 6 s spene 113
8:6:1:2: Hot A Curing SYSIBINS . s« « ¢ s svnsmwons s o s s smsnmamnsos sh e 113
8.6.1.3 Hot Air Fluidized Bed Systems...................oooiiiii.. 114
8.6.1.4 Liquid Salt Bath Systems............oooiiiiiiiiiiiiiiiiiinann... 114
8.6. 1.5 MICTOWAVE SYSIEMS: i cviviws e o ¢+ s mimsisiims o » » 45 ¢ & sieiosioifis o s 0 + § SEops 114
8.6.1.6 Shear Head Systems...........oouiiiiiiiiiiiiiiiiiiiiieaiennn. 115
8.6.1.7 Electron Beam Systems............cooiuiiiiiiiiiiiiiiiiiiiienn... 115
86118, SteelBelt PTESSeS: cuummnzsns s s commernnmms s & & s smmsiunfas fees s s 116
8.6.1.9 Ultrasonic Vulcanization..............coouviiiiiiniieniinenennenen. 116
8.7 Troubleshooting the Extrusion Process.................ooooiiiiiiiiiiiiii. 116
8171 Low Outpat RAE «.juz s ousamsdess s 05853 5o0mrmep 665 3.5 98005ew0 855 3 SR S0T0 00 116
8.7.2 Poor Dimensional Stability of Extrudate.....................oooiiiinn... 117
8.7.3 Excessive Heat Buildup in Compound ...................oooiiiiiiiiiant. 117
8.7:4 Rough Surface on BXMAALe ...... .. .. oucmmcssesnsessoocanssnins s sis s5eaiomes s 117
87:5  Contaminagion 2. | b o saciiiies b Jobwiainbibsled sf BHTESaaaress e 85 cR o8 mam 117
8.7.6 Porosity in Extrudate ............ ..o 117
8.7.7 Strip Difficult to Feed ....covenieeriiiiriiaeiiriiaeiraecaensassncsonans 117
8:7:8 SurSINgOMIPUL This, s g cmmmrms es s s 5o b smummsesn s 55 5 5 SEERTRRS 5 L EARERTET & 118
8.8 Concluding COMMENLS . . ......untuitt ittt 118
REfETONCES .l L2 Lt it . o cimmincommnrss o » w msssmimiarsraroin o o = wisiaonseiasiior o 51n = a'alarescas;esasemiass o 118
9 Molding of BUbbEEL . ... ....cooennn e imme cosrannaa dsdelen i, 1o polan 54 119
91 IDOAUCHON: « s siwen soss Vnammase vss 15 5 agmmmmees sos s s Fenmawess s s Ssgtinl 119
9.2 Compression and Transfer Molding . .......... ..o, 120
93 "Injection Moldingyof Rubber?. .1..-: ssfuwoaznad.buoldobl aueze. hasedblodd LELE, 122
9.3.1 Injection Molding Equipment. . . « daasaad S 30 Bbgeifes & il daniani b . 125
93l Deliveny SYStEmS.. . . . v o commmmmmsni s s oo SMMAM conlll LE S, 125
9.3:1:2 Nozzles; Runners, and Gates. ...............aouaadl o sliare b L. 127
93:118oMaldSisenantetue « s o o sowneBogod aedlisbd ad T L oE R aes 128
9.3.1.4 AntomaticEJEction... . « » : sesssesw TG00l S0 S Lf fvsi i sy 129

9.3.1.5 . Deflashinginsml it o v cow e mommumonn SEEE L 2f L L8 K., 129



Contents  XIII

9.3.2 The:injectionnMolding PIoCEsSMy i am o, £ Ry s o £ (0 D000 S8 s e s 5 130
9.3.2.1 Injection TemMPErature . ........c.ouviinereininernenerarnenennnnns 130
9.3.2.2 SCIrew SPEed ..ccvnntnneieiee e e ns 131
9:3:2.3 Back PIesSUIC s« sy vrsrmssmereds s s s s hueinms 6555 565 bimsmsddss i 55 131
9.3.2.4 INjCCtiON PHSSSUTE . v s« swammmens s ey s s smmmmenssessss s wamssns sz e i s 131
0.3.2.5 SUMMATY ..ottt e e ieeeeeaeans 131

9.3.3 Monitoring and Modeling the Injection Molding Process................. 131

9.3.4 Control of the Injection Molding Process : « - <. .veuvensvisssscanismesssiase 132

9.3.5 Compounds for Injection Molding..............cooviiiiiiiiiiiii... 133

9.3.6 Problems in Injection Molding of Rubber .......................... . ... 133

REFCTETOOR v s v+ 3 515 u siopurmioiss 5 85,5 48 4 84101805 €5 5 b B 8 Hiieecatjinh § 15 £ 08 8 OHSSEITS R4 8 68 28 136

10 Finighet FProauel TOSIIG oo ix . cshn syt e ciss i bakadtg s » bz 137
101 TntOAUCHION s i 55 5 55 mbimmns .3 5 15 5 & 50 5asbd s § 6.8 b Srabiibusisns nsls i s 5 5 mmsmimmms o are x s 137
10:2 Test of Filler Distitbution and DiSPErSIOi e s« s « : s s wumniind 4 ok & 5 5 b sassini s 555 50 5 55 138
O] INTICTOSCOPY ™ « volmborsionsie w'e's b oo Mmoot o wrd 30 4 o mioobderaniie o bl shb MER L MEed 820 138
10:2.2 Surface RoOUSHIESS, /s o dlamoriiom - 4 5 oot o o 2 ls E S s datd DU AL 138
10:3, Tests on Cured SPECIMENS . ol » o bixmarw divn o v 15 145 spmwaromas s + & FolosE ey S0 B 138
10.3. 1. TENSILELTESES woucoonmnmion s v vcs 5 4 5 movsmsrovassse o o s 5 4 s o sremmraons s & s 3 s rars aranassr s & o 5 3 ¥ wass 139
10.3.2 Hardness . ..o vvoveete ettt et e e e e 139
110:3.3: ICOMPTESSION IS€asis s 554 5 b wmiamionas s s 5% sebmiabiami o+ 515 ¥ swbitems 456 L RIS 139
10.3.4 Solvent RESISTANCE . ... ...vuitiititti ettt iee i eeaanns 140
10.3.5 AGINE .. einniiiieie ettt ettt e et et e 140
10:3:6 0Z0NE CIACKINE wccs 255556 0o s 55555 5 5 8soai@r §e s 5 5 5% 6 AETERAEE £5 555 0 Binias 140
REICICNCES 2, s % s« srmmatas £ § &3 25 Porasir /s § 5 § P ATl s 1845 5 R £ £ 50 5 3 »mee 140



