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4.1 HAUBIANIANNABRANLAURIEY hydrogenated acrylonitrile butadiene rubber (HNBR)

4.1.1 Cure characteristics
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mﬁ"\aﬁ 1 Curing characteristics of HNBR compounds

Time (min) Torque difference
Carbon black grade Loading (phr)

t, (L (dNm)
Unfilled 0 1.42 74.54 112.38 28.14
N326 10 1.30 74.73 112.98 31.57
20 1.17 73.94 112.32 36..35
40 1.06 71.94 111.81 4261
60 0.98 69.22 110.51 48.71
N550 10 1.21 74.06 112.54 34.02
20 1.10 73.93 112.69 38.11
40 0.98 7214 111.32 49.61
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60 0.87 69.86 110.81 54.77
N774 10 1.33 74.25 112.74 32.32
20 1.20 74.07 112.14 37.73
40 1.06 72.65 111.92 43.43
60 0.99 71.44 111.22 46.51
N990 10 1.21 75.23 113.01 3254
20 1.22 75.83 113.06 35.47
40 1.12 .75.48 112.72 41.13
60 1.06 75.69 113.12 45.47
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17




filler interaction ua¥ Polymer-filler interaction NN atinelsfinn AFuuEHNAGID 60 Phr
Wud1An Tensile  strength  lsiumnsnaundnifiadiaudui 50 Phr w@mefian1siiia Counter-
balancing effect 1831/5u1tu Crosslink density N194AA Poor filler dispersion uazn13iA Polymer-
filler interaction
.y y Lo X 4
Tudaurasarugnnsnlunisiinfiazanaaiadfunauesinnngeau lnadlunaainnish
Funouilanedweinanas Tnanedwasninanaiieilu Deformable phase lugng Vulcanisates

panarquanmilaliainnnsf Vulcanisates § Crosslink density figetin fstldnanaluudanaumti

e

14
" BN326 ENS550 @ON774 CIN990
= WLO0%
S s
S
= 61
=
4 A
"1
0 |

Control 10 20 40 60

Carbon black loading (phr)

gﬂﬁ 1 Relationship among modulus at 100% strain (M100), carbon black type and

loading of filled HNBR vulcanisates
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gﬂ‘n 3 Relationship among elongation at break, carbon black type and loading of filled
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3.1.3 Hardness
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gﬂﬁ 4 Relationship among hardness, carbon black type and loading of filled HNBR

vulcanisates

4.1.4 Tear resistance
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20



BN326 NS550

50 -

g

g SN

Z N

20 7 : § li

“s‘n = \ \\:
\ NN

S \ &

b § N\

- \ N\

9 0 § N\

3 § P

= \ N
N R

20 - = T

Control 10 20 40 60
Carbon black loading (phr)

gﬂﬁ 5 Relationship between tear strength and carbon black loading of filled HNBR

vulcanisates with different surface area of carbon black

4.1.5 Rheological properties

4.1.5.1 Processability of uncured HNBR
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gﬂﬁ 6 Relationship between complex viscosity (7 ) and carbon black loading with test
frequency, strain and temperature of 6.28 rad/s, 10% and 100"C, respectively,

of uncured HNBR with different surface areas of carbon black

4.1.5.2 Viscoelastic properties

o

<l ' i 4
5U% 7 uananazeslFunnuuazinTATed A NNlReAY Storage modulus (G') 184

v v 1 ]
HNBR vulcanisates WU91A1 G' geiumuiSunnuasiuniaareasinaild detewenienns

winunalaeimsidinidnadll  wanaanilaziulédnAn G 989 HNBR vulcanisate MANI1:AY

v ' 1 1 U ' 1 4 } 4
\n7A N550 RAnfieuwinlédiuiminanings N326 il N326 Hauisayniafiinnd Te@aniininluil
aunroesuneldanniFunaes Crosslink density #1g9184819 HNBR vulcanisate il N550

ANTFIFAN  TINTETHUINE Vulcanisates Iagadnaiilluniniaiuusaiiinann Polymer-filler

interaction (luativunnduazifiuldainnisiinauaesdn Damping factor Auandlugii 8 el

22



nd1uNa 189 Damping factor wa@nalifiudanasld N550 1Al G' igandainga N326 Taafien

Damping factor AMN91 TauunativAumanzanlunsldausunisfuusudanadn

2500
52000 : 4 " § I
élSOO 1 § §
golooo 1 § §

W
=
(=)

L

0 10 20 40 60
Carbon black loading (phr)

2
1%
\l
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gﬂﬁ 8 Relationship Relationship among storage modulus (G'), carbon black type and
loading with test frequency, strain and temperature of 6.28 rad/s, 10% and 60C,

respectively, of cured HNBR with different surface area of carbon black
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:a;ﬂﬁ 9 Relationship between heat buildup (°C) and carbon black loading of cured

HNBR with different surface area of carbon black
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gﬂﬁ 10  Relationship between damping factor and heat buildup (HBU) of cured HNBR with

different surface area of carbon black

42 HAUDITTULLUNIAIMAN (Carbon black hybrid) #nsasxniAuasens Hydrogenated
acrylonitrile butadiene rubber (HNBR)
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1RINGFANTINATGNFQ (Cure behaviour) NaANEINaTRINTTILRIULLANIRAAINAITuLTIREY
v

TnudadiuluszunimidnansdeantiBsungAnssunisgniazesaaaanniag aaniy

wansaunluFasrasantiMidana dulaun Asuuds antTRn IMuLTIALasusNanTa soudenis

naaauANTRITINadR Ndun1sviiunsdss@ninannisldeunaniusinia liusanssnndanadai

nnruassluaniaznislinundniusignnaa

A191aT 2 uanedTdauTRIRuiRn (STSA; m7/g) uazlnseadte (Ol Absorption: cm*/100g)

TULALUINIAN snsdaunuifiadimy ansdaulaseadng
N326/774 25 1
N326/990 8 1.7
N550/774 1.3 ) 1.7

4.2.1 STUUNANITETHINNUNIAT N326/N774

4.2.1.1 Cure characteristics
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gﬂﬁ 11 Scorch time of HNBR filled with hybrid black of N326/N774
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ﬁﬂﬁ 12 Optimum cure time (t_q,) of HNBR filled with hybrid black of N326/N774
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gﬂﬁ 13 Crosslink density (in terms of torque difference) of HNBR filled with hybrid black of

N326/N774

4.2.1.2 Mechanical properties
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:a.‘ﬂﬁ 14  Modulus at 100% strain (M100) of HNBR filled with hybrid black of N326/N774
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gﬂﬁ 15  Tensile strength of HNBR filled with hybrid black of N326/N774
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gﬂﬁ 16  Tear strength of HNBR filled with hybrid black of N326/N774
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gﬂﬁ 17  Abrasion loss of HNBR filled with hybrid black of N326/N774

4.2.1.2 Viscoelastic behaviour
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gﬂﬁ 19  Loss modulus as a function of strain of HNBR filled with hybrid black of N326/N774
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4.2.2 STULNANTETHINNTNIAT N326/990

\

4.2.2.1 Cure characteristics
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gﬂﬁ 21 Scorch time of HNBR filled with hybrid black of N326/990
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g‘i.l‘?'; 23 Crosslink density (in terms of torque difference) of HNBR filled with hybrid black of

N326/990
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4.2.2.2 Mechanical properties
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gﬂﬁ 24  Hardness of HNBR filled with hybrid black of N326/990
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gﬂﬁ 25  Modulus at 100% strain of HNBR filled with hybrid black of N326/990
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4.2.2.3 Viscoelastic properties
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gﬂ'ﬁ 31  Damping factor as a function of strain of HNBR filled with hybrid black of N326/990

4.2.3 STUUNANITTUINLUNIAT N550/N990
4.2.3.1 Cure characteristics
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Eﬂﬁ 34  Crosslink density (in terms of torque difference) of HNBR filled with hybrid black of

N550/N990

4.2.3.2 Mechanical properties
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gﬂﬁ 36  Modulus at 100% strain of HNBR filled with hybrid black of N550/N990
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gﬂﬁ 39  Abrasion loss of HNBR filled with hybrid black of N550/N990

4.2.3.3 Viscoelastic properties

317 40 B4 42 uAna Viscoelastic behavior 184 NHARATT AT UTFIELLIAN
FTUL NS50/N990  Ineinansnaaasiiuualinfindrenaeiulunsalssuminnan N326 i N99O
firinan (U7 29 fe 31) Taefl Magnitude seamsulanuuwlasraniRmanidaauanndindlu
NIcireaTyIL N326/N990  fadiifieasnannlussin N550 Riufifiofitiasnd N326  Aadanas
L@TNUNHIUN Hydrodynamic effect uae interaction seuanenanuasnatesndn Tnadanalii

v
o

Hysteretic process #sNnd1 Wumanaisin1niiaanFeusrananslfaundesndsae

45



g1l7 40

Loss modulus (kPa)

+0/60 m12/48 a 24/36 e 36/24 x 48/12 —60/0

4500
4000 -
3500 - -
3000 -
2500 -
2000 -
1500 -

1000 T
1 10 100

Strain amplitude (%)

> 0 X
o» ox
- ex
o» ex
- ex |
- ex
®ox |
aex 1|
Bex |
= oI
B ox|

Storage modulus (kPa)

Storage modulus as a function of strain of HNBR filled with hybrid black of

N550/N990

¢ 0/60 m12/48 a 24/36 e 36/24 x 48/12 - 60/0

700
600
500 - pa—— - -
X X ” = - -
400 X
° ® o X x x é %
300 1 < M~y i:'
= = = 8 =« aa ="
* L J L 2 3 'Y L 2
200 < hMRd
1 10 100

Strain amplitude (%)

Loss modulus as a function of strain of HNBR filled with hybrid black of N550/N990

46



* 0/60 = 12/48 a 24/36 ® 36/24 x 48/12 -60/0

0.35
_0.30 -
] -
8 025 F
S F/ | s
£ L
S 0.20 g X
£ -
5 W £ Pl

0.15 - SO X ; 5 K .

L 4
! ! ! ! ¢ ¢ o
0.10 .
i = 10 100

Strain amplitude (%)
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Figure 43 Scorch time (t,,) of HNBR vulcanisates at various silica loadings
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Figure 44 Cure time (t,,) of HNBR vulcanisates at various silica loadings

40

48



100

Torque difference (dN-m)
8 & 8338 8
1 L 1 1 1 1
®

w
=}
¢

0 10 20 30 40
Silica loading (phr)

N
o

Figure 45 Crosslink density (in terms of torque difference) of HNBR vulcanisates at various

silica loadings
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Figure 46 Hardness (Shore A) of HNBR vulcanisates at various silica loadings
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Figure 47 Modus at 100% strain (M100) of HNBR vulcanisates at various silica loadings
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Figure 48 Tensile strength of HNBR vulcanisates at various silica loadings
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Figure 49 Tear strength of HNBR vulcanisates at various silica loadings
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Figure 50 Abrasion loss of HNBR vulcanisates at various silica loadings

4.3.3 Viscoelastic properties
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Figure 51 Storage modulus (G’) of cured HNBR vulcanisates with various silica loadings at test

frequency, strain and temperature of 1 rad/s, 10% and 60 C, respectively
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Figure 52 Loss modulus (G") of cured HNBR vulcanisates with various silica loadings at test

frequency, strain and temperature of 1 rad/s, 10% and 60°C, respectively
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Figure 53 Damping factor (tané) of cured HNBR vulcanisates with various silica loadings at

test frequency, strain and temperature of 1 rad/s, 10% and 60C, respectively
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Figure 55 Cure time (t,,) of HNBR vulcanisates at various clay loadings
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Figure 56 Crosslink density (in terms of torque difference) of HNBR vulcanisates at various

clay loadings
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Figure 57 Hardness of HNBR vulcanisates at various clay loadings
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Figure 58 Modus at 100% strain (M100) of HNBR vulcanisates at various clay loadings
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Figure 59 Tensile strength of HNBR vulcanisates at various clay loadings
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Figure 60 Tear strength of HNBR vulcanisates at various clay loadings
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Figure 61 Abrasion loss of HNBR vulcanisates at various clay loadings

4.4.3 Viscoelastic properties
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Figure 62 Storage modulus (G') of cured HNBR vulcanisates with various clay loadings
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Figure 63 Loss modulus (G") of cured HNBR vulcanisates with various clay loadings
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Figure 64 Damping factor (tan6) of cured HNBR vulcanisates with various clay loadings
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Figure 65 Relationship between complex viscosity (1]*) and processing aids loading of HNBR

compounds with different processing aids

1000

w2}
<
o

(=) i (=)
o o (=]
o o o

Hardness (Shore A

e
o

Loading (phr)

Figure 66 Hardness as a function of processing aid loading in HNBR vulcanisates
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Figure 67 Influences of type and loading of processing aids on storage modulus of HNBR

vulcanisates

4. a5luan1Inaaas

v

A nuanMAsaauan idaInedeail aaunsnagu laaail

AadasarnTndugsnnisiavussidenlaeld uilussuunisdanlsswuunleiden
laAlaeianIziniA1inga N550 aunsagadsunisinawussdenlasdaaungn

- s asinaduni s lagttuniana lnaee Hydrodynamic effect uas
Filler-filler interaction Aa@Aaw Polymer-filler interaction uananiwudnlunsdizeaasinaina
N550 NTLETHLIIAINA1ETRARAINN1IARLFIN AN WU LsZ @ anTen (Crosslink density)

: < v ' =3 [ o dl a ' a
gaiunnnandiog atnelainuBunniaiiaigannniiu 60 phr a1unIndanaldesanisiasuus
dlasarnnisiianisuansa (Dispersion) 18ULHIRNAARY WAZHE Processability SliaanIan
v

ANUNTALNABNNIATIGIsaE

63



[ 2
-l

- AT RRas s eilaynaruadnutdn Winaseuuseiia usily
auziRgiunauNaIdaAadNtRAY Heat-build up Aeud1edaau Taadn Damping factor uae
Loss modulus §MN70RuNEIN13RA Heat-build up 18 ankanimaaesdildwudninga N99o ¥
Heat-build up Aenfigausidduussidtien danwgilderaridimivdannndmikaiiaieliauniad
WMHIZANATNANARINT (Property balancing)

- lussutiandHANTEINg N326 /LI N774 W1 Cure behaviour il
UFnnnudndousendna N326 uay N774 %a’iﬂqﬂﬁqndwﬁﬂdﬁLi’hﬁﬁﬁ'lumwﬁmﬁmﬁmqunnéa
wmazgudn lisiaadaiaanlunisin Cure optimisation process Tmidlefinsfulaaudagouiain
FAfangna uananimudansulsnlasu B audngauesinfnszadng N326 uas N774 udidndana
WeadntdeaseantifidinausnauiinaiduetauinsaaniBidawadn

- lussuuasindnuanszndng N326 U N990 RflagnaumnsinafuatnanaluwdyFano
Aumasunzuarlasaai (‘[mﬂmmumnmqﬁmﬁuﬁﬂquLW'}zﬁmnnd'}ﬁ'\u‘[ﬂNa%’N) WU
Cure behaviour fildannnmaaasliufFuiudndauszudng N326 uas N990 adaaRiLly
nealreessuL N326 fu N774 asnglsimuluwdaesantimidng wudmiiaunsa N326 AR
H9S1WIENN (RYNIATUIALAN) Lm:ﬁimm’i"ﬁqandwnm'ﬁﬁ'lmm N990 agidntasdanisn
iuusaldaeinatilsz@ninmannndnnn lugausesaniBdmadamudndlediunndadou N326
qq%uﬁq‘lﬁmwﬁmﬁmﬁﬁﬁw Storage modulus ﬁqawa*'au“lﬂﬁnmﬂﬁm A Heat-build up fuanau
Pl ﬁmdwdﬁﬁammz‘l‘i‘mwuﬁﬂmitﬁﬂ Deformation anuzldauitligain

- MU U NI AHANTEWING N550 i N990 Wud1 Cure behaviour #lsildauriu

Fuudngausengna N550 way N990 adraaaenulunstiresssuy N326 AU N774  uwasseul

64



N326 1 N990 ludautasantimidng wudranifdngnod 'quunuﬁmmﬁﬂdquwmm N550
uazdhgArasidiaFunns N550 7 12 phr ludausesaniBdmadanudinanimaseduualium
v =2 o - ' o Pra o a o e
aRaaRanLlunsdssun@ianan N326 iU N990  fitinunn NANARNHARATUTINAY Storage
) ] v ] 1 4
modulus AgewFanlilfunisifia A1 Heat-build up AunTusaeiiaFunudndau N550 gaau lng
i Magnitude 229n17iasuulasantiRvanidaaudasndissuunan N326 fiu N990
TussuuaTuusesae@ani wuan Cure behaviour WAANNITIAA Cure promotion
a aa em = P P o - : =
phenomenon AMNNAFENEANT douantimdanadinisilasuuladludnnisianunusausanLas
< 5 4‘ aa é’ < :I/ 14 1 ' 13 d‘ -3" o a
usNANGITW N FuTANIgatuanlie 30 phr antwdgAtAaudean ueananilanimida
' v H v

NATAUAAINITIANGITUTIR Loss modulus waz Damping factor MIFHNUEANGITN tievaniianig
\fim Heat-build up Mg

- lwsrnueneifiAursayniaunluiduansdiuuse Wudaua Cure behaviour 1A

v 2 o = aa Y o & o - _— y O a
adnaadnulunsiiaasdaniatedniauiuAeiian Crosslink density Mg wianviaiinisifia Cure
" d: al _a o 1 s a v = o

promotion phenonmenon aliuFunnauaasinals animdanavansuua il luntapesiu
nsldganuiugrsiadnudiBunuimunzansashvateyniau luarAIndInsiigana 1iesann
WuRRofnnaesRuradenalinng Dispersion A °ﬁ1mmn TudqureantiRdwadn wudannisld
AurnaymeauntuiideliiuFaunslddanduainaiuunetiedaau naAesunsadiuusla
wilendndani ludiunaiansiwindu wasil Heat-build up #innndn

- msldansszinan Trimethylolpropane trimethacrylate (TRIM) @xqanasuFulys
Processability ~184814AaNWIIANAANTIATHUINTIg AR Tnelidenadesianns HNBR

< =

uanAuet Inaianizluiu Ndesnisuendaiigeuasidanasinia

65





