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Abstract

Hydrogenated acrylonitrile butadiene rubber (HNBR) is a high-performance rubber

specifically used in applications where high resistances to hydrocarbon oil and thermal ageing

are required. Consequently, HNBR is widely adopted in automotive, industrial, and

performance-demanding applications [1,2]. Despite its high mechanical properties, further

reinforcement with the uses of reinforcing fillers is still of interest in order to gain the HNBR

vulcanisates having excellent mechanical properties, oil resistance and thermal ageing

resistance in conjunction with reduced production cost in some circumstances. The present

work deals with the development of HNBR vulcanisates to be used for manufacturing the

industrial rolls for paper mill application. Parameters to be investigated include types and

loadings of reinforcing fillers, namely, carbon black (single and hybrid systems), precipitated

silica and organoclay.

Results of cure behaviour show that there is only small alteration in cure

characteristics by the addition of carbon black either single or hybrid system. By contrast, in the

cases of precipitated silica and organoclay, the cure promotion phenomenon is observed

leading to decreases in scorch and optimum cure time with the increase in crosslink density.

The formation of transient filler network via filler-filler and rubber-filler interactions is believed to

be responsible for the cure promotion effect.



In the cases of mechanical properties, the increase in filler loading gives rise to the

increase in modulus and hardness as expected. The smaller the filler size, the greater the

reinforcement magnitude, and the poorer the heat-build up via hysteretic process. Compared

with single system, the hybrid systems of carbon blacks provide more flexibility in balancing the

mechanical and dynamic mechanical properties. With the use of precipitated silica, the

modulus increases sharply particularly at low deformation strain which could be explained by

the high magnitude of transient filler network caused by the interaction between silanol groups

of silica aggregates and acrylonitrile groups of HNBR as well as between silica aggregated

themselves. However, at high strain, such transient network could be disrupted leading to the

high magnitude of hysteresis loss and thus heat-build up. This circumstance is more

pronounced in organoclay than precipitated silica due to the greater surface area.

In order to enhance processability in this work, the use of Trimethylolpropane

trimethacrylate (TRIM) is found to offer good processability with minimal reduction in modulus of

vulcanisates, as compared with the zinc diacrylate (ZDA) and Trioctyl trimellitate (TOTM).

Key words: Reinforcement; Viscoelastic properties; Carbon black; Heat buildup;

Hydrogenated nitrile rubber
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Materials Chemical name Grade/Supplier
. ®
Hydrogenated nitrile | Therban VP KA 8837/ Lanxess Co., Ltd.
Raw rubber
rubber (HNBR) (Bangkok, Thailand)
Starmag # 150/Konoshima Chemical Co., Ltd.,
Activator Magnesium Oxide (MgO)
Japan
Commercial grade/Petch Thai Chemical Co., Ltd.,
Activator Stearic acid
Thailand
Precipitated silica HiSil 233/PPG-Siam Silica Co., Ltd., Thailand
N326 , N550, N774, N990/ Loxley Public Co., Ltd.
Filler Carbon black (Bangkok, Thailand) and Siam Luck Trading Co.,
Ltd. (Bangkok, Thailand)
Organoclays Bentone38/Elementis, Belgium;
tri-2-ethylhexyl trimellitate | Behn Meyer Chemical (Thailand) Co., Ltd.
Plasticizer
(TOTM) (Bangkok, Thailand)
Vulcanising
Dicumyl peroxide (DCP) Petchthai Chemical Co., Ltd (Bangkok, Thailand)
agent
Coagent Zinc diacrylate (ZDA) Sartomer Co., Ltd. (USA)
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Trimethylolpropane

Coagent trimethacrylate Sartomer Co., Ltd. (USA)
(TRIM or TMPTMA)
2, 2, A4-trimethyl-1, 2-
Antioxidant Santoflex IPPD/Flexsys Co., Ltd., Belgium

dihydroquinoline (TMQ)

a o

a A A A X
M1919N 2 Lﬂ?@ﬂﬂ'ﬂmlﬂuqquq 214

Instruments

Trade Mark

Two-roll mill

LabTech model LRM 150

Mooney viscometer

Tech pro model Visc-Tech+

Hydraulic hot press

Wabash Genesis Serie model G30H

Rubber processing analyser

Alpha Technology model RPA 2000

High-load Goodrich flexometer

Gabometer 4000

Tensile tester

Instron model 5569

Ageing oven

Wallace model 213024

Dynamic mechanical thermal analyser

Gabo Qualimeter model Eplexor 25N

Microtome

Leitz model 1400

Scanning electron microscope

JEOL model JSM-6301 F
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4.1 NAUDILINIANNADANLIAURNENN hydrogenated acrylonitrile butadiene rubber (HNBR)

4.1.1 Cure characteristics
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N550 UAAIANANNNID IuNsdeLdTunsianuss danlasdnlauiige

mmﬁ 1 Curing characteristics of HNBR compounds

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

t, ty t (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 42.61
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 32.54
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

412 @NUANUWLTIAY (Tensile properties)
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1NUBNINEAT8Y Crosslink density AidFAaA1 M100 11N
a ' < . pRpm a 1o
5UN 2 UAAIAINNUFIBLIIAITB9EN HNBR vulcanisates NHUTNNULATTHALLLNA
A9 NUANNNTRNNIANagluenedanalifeng Vulcanisates A9NANIRN AN LTI WIULANTLAEIN

o =< a [% a . . 1% o IS .
daiau Taasuneliannniaia Cure promotion  kaz Hydrodynamic effect WaadnuUNITd Filler-
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filler interaction uaz Polymer-filler interaction Miinaw atislafisny NlFunsaxAg9De 60 Phr
1 1 . 1 1 o dl = o dl =® a
WU41AN Tensile  strength  laluansreundnileiauiuy 50 Phr - uanedianisiin Counter-
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g‘dﬁ 1 Relationship among modulus at 100% strain (M100), carbon black type and

loading of filled HNBR vulcanisates
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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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Tear strength 1Hdm1as
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g‘ﬂ‘ﬁ 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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gﬂ‘?‘i 6 Relationship between complex viscosity (77*) 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
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22



n3M1uNa189 Damping factor wanslAiudIN91d N550 Azl G figandninsm N326 TaadaAn

Damping factor A1n41 Feumnedeaanuinnnzanlunisldanusunisiuusadaonadn

2500
- & N326 :_:‘
< ON550 ==y
g ON774 :::‘
= == .
= 1500 - ON990 :::‘
= =
= ==y
% = |-
= 1000 A :::‘ B
S ™
5 |l = |
500 T T T T
0 10 20 40 60
Carbon black loading (phr)
gﬂ‘ﬁ 7 Relationship among storage modulus (G’), carbon black type and loading with test

frequency, strain and temperature of 6.28 rad/s, 10% and GOGC, respectively
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gﬂ‘ﬁ 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 60 C,

respectively, of cured HNBR with different surface area of carbon black
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gﬂ‘ﬁ 10  Relationship between damping factor and heat buildup (HBU) of cured HNBR with

different surface area of carbon black

42 WATRITTULLUNIAWEN (Carbon black hybrid) 7inmasxiAuadane Hydrogenated
acrylonitrile butadiene rubber (HNBR)
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N326/774 2.5 1
N326/990 8 1.7
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4.2.1 STULNANTSUINGLANIAT N326/N774

4.2.1.1 Cure characteristics
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gﬂ‘i‘?‘i 11 Scorch time of HNBR filled with hybrid black of N326/N774
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gﬂ‘i‘?‘i 12 Optimum cure time (t,,) of HNBR filled with hybrid black of N326/N774
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g‘d‘ﬁ 13 Crosslink density (in terms of torque difference) of HNBR filled with hybrid black of

N326/N774

4.2.1.2 Mechanical properties

1%

519 14 T3 17 uanINAANTREINAT9879 HNBR Ndadaufuniaiinseiu wa
nnmeaadanslnaniadasulladnasidntag aasA1sananasanisud sl as T i g ngou

[HAN

M100 (MPa)
N N N
o [6)] o

(&)}
1

0/60 12/48 24/36 36/24 48/12 60/0
N326/N774 ratio

gﬂ‘ﬁ 14 Modulus at 100% strain (M100) of HNBR filled with hybrid black of N326/N774
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gﬂ‘ﬁ 15  Tensile strength of HNBR filled with hybrid black of N326/N774
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gﬂ‘ﬁ 16  Tear strength of HNBR filled with hybrid black of N326/N774
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g‘d‘ﬁ 17  Abrasion loss of HNBR filled with hybrid black of N326/N774

4.2.1.2 Viscoelastic behaviour
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gﬂ‘?‘i 18  Storage modulus as a function of strain of HNBR filled with hybrid black of

N326/N774
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gﬂ‘ﬁ 19  Loss modulus as a function of strain of HNBR filled with hybrid black of N326/N774
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g‘d‘ﬁ 20  Damping factor as a function of strain of HNBR filled with hybrid black of N326/N774
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4.2.2 STULNANIZUINGLANIAN N326/990

4.2.2.1 Cure characteristics
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gﬂ‘ﬁ 21 Scorch time of HNBR filled with hybrid black of N326/990
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gﬂﬁ 22 Optimum cure time of HNBR filled with hybrid black of N326/990
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gﬂ‘ﬁ 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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g‘dﬁ 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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gﬂ‘ﬁ 26  Tensile strength at 100% strain of HNBR filled with hybrid black of N326/990
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g‘dﬁ 27  Tear strength of HNBR filled with hybrid black of N326/990
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gﬂ‘ﬁ 28  Abrasion loss of HNBR filled with hybrid black of N326/990
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4.2.2.3 Viscoelastic properties
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gﬂﬁ 30 Loss modulus as a function of strain of HNBR filled with hybrid black of N326/990
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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 S2ULNANTZUINGLANIAT N550/N990
4.2.3.1 Cure characteristics
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4.2.3.2 Mechanical properties
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gﬂ‘ﬁ 39  Abrasion loss of HNBR filled with hybrid black of N550/N990

4.2.3.3 Viscoelastic properties
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gﬂ‘ﬁ 42  Damping factor as a function of strain of HNBR filled with hybrid black of N550/N990

4.3 szuuTann (Precipitated silica)
4.3.1 Cure Characteristics
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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
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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
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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 (tan6) of cured HNBR vulcanisates with various silica loadings at

test frequency, strain and temperature of 1 rad/s, 10% and 605C, respectively

4.4 szuuAUEIAYNIAUITY (Nanoclays)
4.4.1 Cure characteristics
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Figure 55 Cure time (ty,) 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

700

600

(o)
o
o

(kPa)

N
o
o

Loss modulus
N wW
o o
o o

=
o
o

o

0 5 10 15 20 25 30
Clay loading (phr)

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 67 Influences of type and loading of processing aids on storage modulus of HNBR
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Abstract

Various grades and loading of carbon black (CB) as
reinforcing filler was incorporated into hydrogenated
acrylonitrile butadiene rubber (HNBR). Viscoelastic
behaviour of HNBR compounds and vulcanisates was
investigated using the Rubber Process Analyser
(RPA2000). Results obtained reveal increases in storage
modulus (G'), damping factor (tand) and complex viscosity
(n*) with increasing loading and surface area of CB. and

the reinforcement mechanism is discussed.

1. Introduction

Hydrogenated acrylonitrile butadiene rubber (HNBR) is
wide adopted in automotive, industrial, and assorted,
performance-demanding applications due its excellent
thermal stability. high chemical resistance. very good
mechanical strength with high elasticity [1-2]. As fillers are
incorporated into rubber, apart from positive change in
mechanical properties, the change in viscoelastic behaviour
is observed [3-10]. Carbon black (CB) is the most popular
filler used in rubber industries as reinforcing filler. Its
particle size, structure, surface chemical structure, and
loading of the carbon black are important factors affecting
the properties of CB filled rubber products. Particle size
and surface area are the major two important carbon black
characteristics determining its performance. In this work,
HNBR filled with various grades and loadings of CB (i.e.,
N326, N774 and N990) were prepared to investigate effects

of particle size and surface area of carbon black on

viscoelastic behaviour of HNBR compounds and

vulcanisates.

2. Experimental

2.1 Materials

HNBR with acrylonitrile content and Mooney viscosity
(ML(1+4) 100°C) of 34% and 55. respectively. was
provided by Lanxess Co.. Ltd. Four different grades and
loading of carbon black were used, i.e., N326, N774 and
N990. Other compounding ingredients included zinc oxide
(5 phr), stearic acid (1 phr). TMQ (1 phr), TOTM (5 phr)

and DCP (2 phr). All chemicals were used as-received.

2.2 Samples Preparation
Samples of HNBR filled with different CB loadings from 0
to 60 phr were prepared using a lab-scale open mill
(LabTech, Thailand) at set temperature of 40°C. In the
initial step of mixing. HNBR was masticated and then CB
and other compounding

ingredients were charged

sequentially. The total mixing time used was 20 minutes.

2.2 Measurement of cure characteristics

Cure characteristics were measured at 145°C using the
Rubber Process Analyser (RPA2000. Alpha Technologies,
USA) with test frequency and strain of 6.28 rad/s and 15%,

respectively.
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2.3 Measurement of viscoelastic behaviour
Viscoelastic behaviour of HNBR compounds were
measured using the RPA2000 at a test temperature of

100°C.

3. Results and Discussion

3.1 Cure Characteristics

Table 1 illustrates cure behaviour. i.e.. scorch time (t.).
cure time (tp and tego) and torque difference between the
maximum and minimum torques (AS') as an indicator for
crosslink density. It can be seen that both changes in CB
loading and particle size do not gives much influence on t.,.
teop and teog of HNBR compounds. However, the crosslink
density appears to increase with the increases in CB loading
which is attributed to the increases in thermal conductivity

and/or surface activity of compounds as provided by CB.

Table 1 Curing characteristics of HNBR and filled HNBR

CB grade Loading a2 teon teoo AS
(phr) (min)  (min) (min) (dNm)

N326 0 1.41 74.00 112.54 28.33
10 1.32 75.03 113.11 31.98

20 1.16 73.96 112.38 36.39

40 1.06 71.88 111.67 4274

60 095 69.12 11042  49.00

N774 10 134 7415 11243 3446
20 1.21 72.94 111.36 38.47

40 1.03 72.93 11215 45.08

60 096 71.79 11149 4874

N990 10 1.30 75.16 113.02 3331
20 1.24 76.01 113.16 35.69

40 1.14 75.50 112.26 41.58

60 1.07 7576 11291 4631

3.2 Viscoelastic properties
Storage modulus (G") of cured HNBR with various carbon

black loadings is shown in Figure 1. It is evident that G'

increases with increasing CB loading. which 1s attributed to
the reinforcing effect, i.e. hydrodynamic effect. filler-filler
interaction, as well as. filler-rubber interaction. The highly
filled elastomers are known to show the strong filler
transient network (or “Payne effect”), leading to a
remarkable rise in G’ at low strain of deformation and a
drop in G" at high strain [11]. Also, it can be seen that the
magnitude of increase in G’ is greater in HNBR filled with
smaller particle size of CB which is due mainly to the
greater possibility for tridimensional transient network

formation of CB via its higher surface area.

2500
e N326
e NTH

2000 -

z —ee=NB9O ]

£ 1500 B

# 1000

s00 , ; y . y

0 10 20 30 40 50 60
Carbon black loading (phr)

Figure 1 Relationship between storage modulus and
catbon black loading of cured HNBR with
different carbon black loadings (10% strain, 1

rad/s and 100°C)

Figure 2 exhibits results of damping factor (tand) at 10%
strain as a function of CB loading in HNBR filled with
various CB grades. Clearly. tand of all HNBR vulcanisates
increases with increasing CB loading. particularly in the
case of CB with high surface area (or small particle size).
The greater surface area leads to the greater contact
positions available for rubber molecules and thus the higher

energy dissipation [11].

Processability of HNBR compounds is monitored in terms
of complex wviscosity (n*), as shown in Figure 3. As

expected, the n* of all compounds increases with
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increasing loading and surface area of CB. The increase in
n* with increasing CB loading and surface area is in good
agreement with the reinforcing effect. as discussed
previously. In other words. the processability appears to
decrease due to the flow obstruction by: solid particle of
CB (hydrodynamic effect) (i). HNBR-CB interaction (i1),

tridimensional transient network of CB (iii).
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Figure 2 Relationship between damping factor (tand) and
carbon black loading of cured HNBR with
different carbon black loadings (10% strain, 1
rad/s and 100°C)
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Figure 3 Relationship between complex viscosity and
carbon black loading of uncured HNBR with
different carbon black loadings (10% strain, 1

rad/s and 100°C)

4. Conclusions

Viscoelastic behaviour of HNBR filled with various
loadings and grades of carbon black was investigated in this
work. Results obtained show that, by varying CB loading,
cure behaviour is not significantly atfected. As surface area
of CB increases, a rise in crosslink density is observed. In
terms of viscoelastic behaviour, it is found that increases in
CB loading and surface area cause a rise in reinforcing
effect as determined from storage modulus and damping
factor. The smaller the CB particle size, the greater the
magnitude of the Payne effect. Also. a profound effect of
increased CB loading and surface area on processability of

HNBR compounds is observed.
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Abstract

Hydrogenated acrylonitrile  butadiene rubber
(HNBR) was reinforced with carbon black hybrid as
reinforcing fillers. Influence of N326 and N990 carbon
black hybrid ratio on cure behaviour and dynamic
mechanical properties was investigated. Dynamic
mechanical behaviour of filled HNBR vulcanisates was
investigated using the dynamic mechanical analyser
(DMA). Results obtained reveal increases in storage
modulus (G') and loss factor (tan) with increasing
larger surface area and higher structure of carbon

black, and the reinforcement mechanism is discussed.

1. Introduction

The reinforcement mechanism of filled rubber is
believed to be caused by hydrodynamic effect and
filler-filler together with rubber-filler interactions [1].
In general, the reinforcement magnitude could be
characterised by mechanical as well as rheological
properties [2-4].

Carbon black is the most popular filler used in
rubber industries as reinforcing filler. Its particle size,
structure, surface chemical structure, and loading of the
carbon black are important factors affecting the
properties of carbon black filled rubber products.
Carbon black characteristics (i.e., specific surface area
and structure) are known to influence reinforcement
magnitude. The high surface area and structure of

carbon black result in improved mechanical properties

[5,6]. On the other hand, the strong rubber-filler
interaction provided by the carbon black having high
surface area and structure gives rise to an increase in
compound viscosity, and thus poor processability [7].

Hydrogenated acrylonitrile  butadiene rubber
(HNBR) is a high-performance rubber specifically used
in application where high resistances to hydrocarbon
oil and thermal ageing are required. Consequently,
HNBR is widely adopted in automotive, industrial, and
assorted, performance-demanding applications [5,8].
Despites its high mechanical properties, further
reinforcement with the uses of reinforcing fillers is still
of interest in order to gain the HNBR vulcanisates with
excellent mechanical properties and with reduced
production cost in some circumstances.

In the present study, a carbon black hybrid system
composing of N326 and N990 carbon blacks having
different specific surface areas and structures was
mixed with hydrogenated acrylonitrile butadiene
rubber (HNBR). Cure behaviour and reinforcement
magnitude were monitored and discussed. The
dynamic mechanical properties determined from
dynamic mechanical analyser (DMA) are applied for

the study of the reinforcing effect.

2. Experimental

2.1 Materials
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The compounding formulation used for preparing
HNBR compounds and vulcanisates in this work is

illustrated in Table 1.

Table 1 Compounding ingredients used in the present

study

Material Amount Grade/Supplier Function

(phr)

Therban® VP KA  Rubber
8837 (34% matrix

HNBR 100

acrylonitrile

content, Mooney

viscosity (ML1+4

at 100°C) =

55)Lanxess Co.,

Ltd., Thailand
Carbon 60" N326, Reinforcing
black N550/Loxley filler

Public Co., Ltd.,

Thailand

N990/Saim Luck

Trading Co., Ltd.,

Thailand
T™MQ" 1 Vulkanox Antioxidant
HS/Bayer
International S.
A., Thailand
TOTM
(STAB)/Behn
Meyer Chemical
(Thailand) Co.,
Ltd.,, Thailand

Percumyl

TOTM® 5 Plasticiser

DCp? 2 Curing
D/Petchthai agent
Chemical Co.,

Ltd., Thailand

# Carbon black hybrid ratio (N326/N990): 0/60, 12/48,
24/36, 36/24, 48/12 and 60/0

b2, 2, 4-trimethyl-1, 2-dihydroquinoline

¢ Tri-2-ethylhexyl trimellitate

4 Dicumyl peroxide

Asian Conference on Thermal Analysis and Applications 2009

A carbon black hybrid system composing of N326
and N990 having different characteristics (i.e., surface
area and structure) as shown in Table 2 [9] was utilised
with the total carbon black content of 60 phr.
Compared with N990, the N326 carbon black
possesses higher surface area (smaller particle size)
and structure as indicated by the values of iodine

adsorption and DBP absorption, respectively.

Table 2 Carbon black properties
Properties N326 N990

Todine Adsorption 82 -
No. D 1510 (g/ke)

DBP No. D 2414 72 43
(107° m¥kg)

2.2 Samples Preparation

Mixing of HNBR with carbon was performed
using a lab-scale open mill (LabTech Co., Ltd.,
Bangkok, Thailand) at set temperature of 40°C, In the
initial step of mixing, HNBR was masticated and then
carbon black and other compounding ingredients were
charged sequentially. The total mixing time of 20

minutes was used throughout the whole work.

2.3 Characlerisations
Cure characteristics

Cure characteristics of HNBR/carbon black hybrid
system were measured at 145°C using the Rubber
Process Analyser (RPA2000, Alpha Technologies,
USA) with test frequency and strain of 6.28 rad/s and
15%, respectively. Scorch time (t;) and cure time (t.gp)
were determined from the time to achieve torque rise
of 2 units above the minimum torque, and the time to
reach 90% complete cure state, respectively. Torque
difference (AS’), the difference between the maximum
(S'max) and minimum storage torque (S’ p,), 1S

considered as the indication of crosslink density [10].

Dynamic mechanical properties
The dynamic mechanical properties of HNBR

vulcanisates were measured using a dynamic
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mechanical analyser (Gabo, Exple)(orTM 25N) in a
tension mode. Two types of tests, namely, temperature
sweep (-80 to +120°C) and strain sweep (0.1 to 10

%strain amplitude) tests were performed.

3. Results and Discussion
3.1 Cure Characteristics

Table 3 reveals cure behaviour, ie., scorch time
(ts2), cure time (o) and torque difference (AS') as a
measure of crosslink density of HNBR filled with
carbon black hybrid system. Apparently, there is no
significant change scorch time (ly). Cure time (tegp)
slightly decreases while torque difference increases
with increasing N326 content. These results indicate a
cure promotion phenomenon provided by the rise in
surface area and structure of carbon black into carbon
black hybrid system, which is probably due to the
thermal history effect. As the content of N326
possessing relatively high surface area and structure
increases, the increase in filler-polymer interaction
leads to increased bulk viscosity via viscous
dissipation. The increased thermal energy applied to
the bulk during mixing gives the shortened time
required for curative dissociation and so the cure

promotion phenomenon.

Table 3 Curing characteristics of filled HNBR with
carbon black hybrid system

N326/N990  t,(min) too(min)  AS’ (dNm)

Ratios

0/60 1.09£0.09 70.84£1.13 53.40£2.58
12/48  1.0620.04 70.53+0.78 54.12+2.35
24136 1.02+0.04 68.96+1.35 53.74+2.74
36/24  1.024000 66.28+1.81 56.48+3.61
48/12  1.00x0.01 66.22+1.49 59.32£1.14
60/0 1.0120.04  62.62+£2.50 60.19+0.04

3.2 Dynamic Mechanical properties
Strain sweep test
Storage modulus (G') of HNBR vulcanisates filled

with carbon black hybrid system as a function of strain

amplitude is shown in Figure 1. It is evident that G’

increases with increasing N326 content, which is
atlributed to the reinforcing effect, i.e. hydrodynamic
effect, filler-filler interaction, as well as, filler-rubber
interaction. The presence of N326 with relatively high
surface area and structure is reported to yield the strong
filler transient network (or “Payne effect”), leading to a
remarkable rise in G’ particularly at low strain of
deformation. At high strain, the G” decreases as a result

of filler transient network disruption [11].

100
6l
0 12/48
= A 24736
< 03624
= X 4812
=z . - 6000
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'g xxxxxxg_
= 000 b, el
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Strain Dynamic ( %)
Figure 1 Storage modulus (G') as a function of strain
amplitude of cured HNBR specimens
(vulcanisates) with various N326/N990

ratios at test temperature of 60C

To simplify the G’ results, the values of G” as a
function of N326/IN990 ratios at a given strain of 0.1%
is plotted, as shown in Figure 2. Obviously, the
increase in G with increasing N326 content of HNBR
vulcanisates is in good accordance with the rule of

mixtures [12] as shown in Equation 1.

G'=GW, + G,W, (1)

where
G': Storage modulus of filled HNBR with

carbon black hybrid system

G,: Storage modulus of filled HNBR with N326

9

: Storage modulus of filled HNBR with N990

W, : Weight fraction of N326 filled in HNBR
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W, : Weight fraction of N990 filled in HNBR
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Figure 2 Storage modulus (G’) of cured HNBR
specimens (vulcanisates) calculated from the
rule of mixtures equation and experimental
results as a function of various N326/N990

ratios at test lemperature of 60°C

Figure 3 exhibits results of loss factor or damping
factor (tand) as a function of strain amplitude of carbon
black filled HNBR. Clearly, tand of all HNBR
vulcanisates increases with increasing N326 in hybrid
system, which is more noticeable at the strain beyond
0.1 Ystrain. The relatively high surface area and
structure leads to the greater contacting positions
available for rubber molecules and thus the higher

energy dissipation [10].

Temperature sweep test

Figure 4 demonstrates G* of carbon black hybrid
system filled HNBR. The values of T, as determined
from abrupt change in G* are not significantly affected
by carbon black composition ratio in a hybrid system.
As expected, the values of G al temperature of 60°C
agrees well with those determined from the strain
sweep test, as revealed earlier in Figure 1. The
vulcanisates with greater content of N326 exhibit

higher magnitude of reinforcement.
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Figure 3 Damping faclor (land) as a function of strain
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Figure 4 Storage modulus (G’) as a function of
temperature of cured HNBR specimens
(vulcanisates) with various N326/N990

ratios

Damping factor (tand) over a temperature range of
-80 to 120°C is given in Figure 5. Clearly, the damping
peaks of filled HNBR decrease with the increasing
N326 content, implying the restricted molecular
mobility (or HNBR segmental motions) via the
increased rubber-carbon black interaction. On the
contrary, the damping factor in the rubbery plateau
appears to increase with increasing N326 content,

which is consistent with the results measured from the
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strain sweep lest as shown previously in Figure 3. The
higher damping factor at rubbery plateau would cause
the higher extent of heat build-up found in tyre and

industrial roll applications.

Damping factor

Temperature 'Cy

Figure 5 Damping factor (tand) as a function of
temperature of cured HNBR specimens
(vulcanisates) with various N326/N990

ratios

4, Conclusions

A peroxide cured HNBR vulcanisates reinforced
by the N326/N990 hybrid system was prepared. Cure
behaviour and dynamic mechanical properties were
investigated. Results obtained show that, as loading of
N326 in hybrid system increases, a rise in crosslink
density (as determined from the cure torque difference)
is observed. Not only crosslink density but also
reinforcement is controlled strongly by N326 with
relatively high surface area and structure rather than
the N990. The magnitude of reinforcement appears to
be in line with the rule of mixtures. The increases in
surface area and structure of carbon black reveal the
increased extents of Payne effect and molecular

mobility restriction.
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ABSTRACT

Viscoelastic and heat-build up (HBU) properties of HNBR filled with various
loadings and characteristics of carbon black (CB) were determined using
RPA2000 and Gabometer4000 flexometer equipped with high load cell,
respectively. A correlation of viscoelastic results measured routinely to the
HBU results is drawn. Reinforcement mechanism is proposed as interplay of
hydrodynamic effect, filler transient network, molecular slippage and crosslink
density. Also, the HBU significantly increases with increasing CB loading
and/or surface area, which is probably the result of hysteretic process. As a
prediction of HBU under high load, the loss modulus is superior to the

damping factor.

Key words: Reinforcement; Viscoelastic properties; Carbon black; Heat build-

up; Hydrogenated nitrile rubber
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1. INTRODUCTION

Hydrogenated acrylonitrile butadiene rubber (HNBR) is a high-performance
rubber specifically used in application where high resistances to hydrocarbon
oil and thermal ageing are required. Consequently, HNBR is widely adopted in
automotive, industrial, and assorted, performance-demanding applications.
Despites its high mechanical properties, further reinforcement with the uses of
reinforcing fillers is still of interest in order to gain the HNBR vulcanisates
having excellent mechanical properties and in conjunction with reduced

production cost in some circumstances.

Carbon black is the most popular filler used in rubber industries as reinforcing
filler. Particle size, structure, surface chemistry and loading of carbon black
are known to be important factors affecting properties of carbon black filled
rubber products. Carbon black characteristics (i.e., specific surface area and
structure) have been reported to significantly influence the reinforcement
magnitude, which could be determined from the viscoelastic properties, as
expressed in terms of storage modulus (G, loss modulus (G") and damping
factor (tand). Numerous works [1-5] reveal that carbon black surface areas

and loadings play strong roles in viscoelastic behaviour of filled rubber.

Basically, the reinforcement mechanism of carbon black filled rubber is
believed to be caused by hydrodynamic effect and carbon black-carbon black
together with rubber-carbon black interactions [6]. Although the presence of

rubber-carbon black interaction leads to a high extent of reinforcement, such
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interaction gives rise to the high magnitude of heat build-up (HBU) found in
rubber products. This is because of the fact that the rubber-carbon black
interaction is dominated by the physical over chemical interactions [7],
allowing molecular flow at rubber-carbon black interfaces, and thus the

greater energy dissipation via hysteretic process [8].

In carbon black filled rubber such as natural rubber (NR), the HBU increases
with increasing hysteresis loss, implying a correlation of HBU to viscoelastic
behaviour to some extent [9]. Consequently, the present study aims to
investigate the interconnection between HBU and viscoelastic properties of
HNBR filled with carbon blacks having different surface area and structure.
Generally, HBU measurement is carried out using a conventional Goodrich
flexometer under low static stress ( 0.99 MPa), which is not suitable for such
high-modulus rubber vulcanisates as industrial roll products. The stress-
controlled flexometer provided with high load force, i.e., the Gabometer 4000
in this case was therefore used. To measure the viscoelastic properties of
HNBR vulcanisates as routine tests, the Rubber Process Analyser (RPA2000)
was utillised. The prediction of HBU by the routine measurement of

viscoelastic properties was conducted and discussed.

EXPERIMENTAL

2.1 Materials

Raw HNBR (Therban® VP KA 8837) having acrylonitrile and unsaturation

contents of 34% and 18%, respectively was purchased from Lanxess Co., Ltd.
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(Bangkok, Thailand). Four grades of carbon blacks (N326, N550, N774 and
N990) with different characteristics (i.e., surface area and structure) supplied
by Loxley Public Co., Ltd. (Bangkok, Thailand) and Siam Luck Trading Co.,
Ltd. (Bangkok, Thailand) were used as reinforcing filler. Referred to ASTM D
1765-00 [10], the specific surface area as specified by iodine absorption value
and degree of structure as determined by DBP absorption test are shown in
Table 1. The specific surface areas of carbon blacks used in this work are in
the order as follows: N326 > NS50 > N774 > N990 while degree of structure is
in the following order: N550 > N326 ~ N774 > N990. The tri-2-ethylhexyl
trimellitate (TOTM) as plasticiser was purchased from Behn Meyer Chemical
(Thailand) Co., Ltd. (Bangkok, Thailand). Dicumy| peroxide (98% active) as a

curing gent was supplied by Petchthai Chemical Co., Ltd (Bangkok, Thailand).

2.2 Samples Preparation

The formulation of HNBR compounds prepared is listed in Table 2. The
mixing process was commenced on a lab-scale open mill (LabTech Co., Ltd.,
Bangkok, Thailand) at set temperature of 40°C. Then, the masticated HNBR
was compounded with prepared carbon black and chemicals, as illustrated in
Table 2, on the mill for 20 minutes. To prepare cylindrical in shape, having
diameters of 17.8£0.1 mm and heights of 25+0.15 mm in accordance with
ASTM-D-623-93 for the HBU measurement [10], the compounds prepared
were compression moulded at 145 C under moulding pressure of 150 kg/cm?

for 120 minutes.
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2.3 Characterisations

Viscoelastic properties

Viscoelastic behaviour of HNBR vulcanisates were measured using the
Rubber Process Analyser (RPA2000, Alpha Technologies, USA). Strain
sweep test was conducted, and the resultant storage modulus or elastic
modulus (G’), loss modulus or viscous modulus (G”) and damping factor or
loss factor (tand) were recorded at 60°C. It must be noted that the time sweep
test was initially performed to monitor thermal stability of test specimens, so
that it could be ensured that any change in results of strain sweep tests is not

caused mainly by a thermal degradation.

Heat-build up (HBU) behaviour

Gabometer 4000 was utillised to determine the magnitude of HBU in HNBR
vulcanisates under high static stress of 1.97 MPa at test temperature,
frequency and dynamic displacement of 100°C, 15 Hz and 2.2 mm,

respectively. The test duration used was of 25 minutes.

3. RESULTS AND DISCUSSION

To investigate the viscoelastic properties of HNBR vulcanisates filled with
different types and loadings of carbon black, the RPA2000 as the oscillatory
rheometer specially designed for elastomer was used. The RPA2000 has

gained interest from rubber technologists due to its ease of operation and
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precise data measured. In general, the time, strain and frequency sweep tests
are usually performed giving valuable data correlating to the rubber
processing aspect. In the view of dynamic mechanical properties of
vulcanisates particularly the heat-build-up (HBU) behaviour, the conventional
Goodrich flexometer is usually utilised. However, in some industrial roll
products in which high stress is applied to the rolls, the high modulus of
rubber vulcanisates covering over the metal cores is required in order to
prevent excessive deformation. This means the high modulus of roll products
is needed. The precise prediction of HBU behaviour of this high-modulus
rubber vulcanisates is not practical with the use of conventional Goodrich
flexometer under the static stress of only 0.99 MPa. Consequently, the
stress-controlled flexometer equipped with high load cell (up to 4,000 N),
namely, Gabometer 4000, was used to measure the HBU of rubber
vulcanisates in the present work. It is of our interest to establish correlation of
HBU under high applied stress and viscoelastic results measured from
RPA2000. By this means, if that correlation is a significant, it is possible to
predict the HBU behaviours from the viscoelastic results measured from

RPA2000 as routine test.

3.1 Viscoelastic properties

Effect of carbon black loading

Dynamic mechanical properties of cured HNBR with various carbon black
loadings as determined from RPA2000 are shown in Figs. 1, 2 and 3. It is

evident from Fig. 1 that an unfilled compound possesses the lowest G’ and
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broadest plateau of linear viscoelastic region (LVE) of up to 20% strain.
Further increase in strain leads to the drop in G’, due to the molecular flow of
uncured portion existing in HNBR vulcanisates. Also, G’ increases with
increasing carbon black loading, which is due mainly to three main reasons as
follows: flow field obstruction of rubber molecules by undeformable carbon
black aggregates usually known as a hydrodynamic effect (i); flow restriction
caused by a strong filler-rubber interaction at surfaces of carbon black
aggregates (ii); and molecular flow reduction by the formation of three
dimensional transient network of carbon black (iii) [4,8]. However, such
transient network could be disrupted by high deformation yielding a strain-
softening phenomenon at high strain or the so-called Payne effect [8]. The
magnitude of is Payne effect appears to increase with increasing carbon black

loading which is in line with previous work [4,11].

Fig. 2 reveals the results of loss modulus (G") in which G” of all compounds
increases with increasing carbon black loading. This is because of the
hydrodynamic effect, filler-rubber interaction as well as filler-filler interaction,
as discussed in G’ results. It is reported that the G” is dependent on rates of
transient network breakdown and reformation under dynamic strain. The
processes of filler network breakdown and reformation cause additional
energy dissipation [8]. In HNBR vulcanisates filled carbon black loading up to
20 phr where the magnitude of filler transient network is relatively small (see
Fig. 1), G” appears to be independent of strain up to 20% and then slightly

increase with increasing shear strain, which could be caused by the viscous
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dissipation via molecular flow. By contrast, with further carbon black loading,
the HNBR vulcanisates initially reveal the reduction in G" with strain amplitude
followed by the somewhat rise in G” at high strain. The reduction in G” is in
good accordance with the fact that the transient filler network is destroyed and
could not be reconstructed. At high strain of deformation where the filler
transient network is already disrupted, the viscous dissipation via molecular
flow at carbon black surfaces is believed to be responsible for the slight

increase in G".

Fig. 3 demonstrates the change in damping factor or tand, which is the ratio
of loss to storage moduli, as a function of deformation strain. In general, the
damping factor could be used to imply the magnitude of viscous response per
unit of elastic response. It is evident that the damping factor of all vulcanisates
increases with increasing strain amplitude, indicating the rise in magnitude of
viscous contribution dominating over the elastic one. The increase in damping
factor is reported to be the result of energy dissipation through a molecular
slippage associated with the breakdown of the three dimensional filler
transient network. This phenomenon is sometimes known as a hysteretic

process [4].

Effect of carbon black specific surface area (particle size)

In this section, the influence of carbon black surface area (or particle size) on

viscoelastic properties of HNBR vulcanisates at a given black loading of 60

phr is focused. Fig. 4 exhibits G’ rise with increasing carbon black surface
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area, which could be explained by the greater contacting area available for
interaction between rubber and carbon black as well as between filler particles
(or three-dimensional transient filler network). It must be noted that, although
NSS50 carbon black possesses lower specific surface area than N326 carbon
black, the vulcanisate with NS50 shows comparable G’ to that with N326. This
phenomenon is explained by the relatively high crosslink density in the
vulcanisates with N550 carbon black as evidenced by the high value of
torque difference (i.e., the discrepancy in torques between maximum and
minimum torque determined from cure curves) [12] as shown in Fig. 5. Such
high crosslink density found in the vulcanisates with N550 is believed to cause
a large amount of tightly bound rubber, which has been reported to obstruct
the curative absorption on filler surfaces. This means a migration of free
curatives to the free rubber matrix is promoted leading to the increased
crosslink density [13]. It is also obvious that G’ of the vulcanisate with NSS0
show less strain dependence than that with N326, supporting the effect of
crosslink density. The results of G” as a function of strain amplitude are
presented Fig. 6. It is evident that the strain-dependent G” is clearly observed
in all cured compounds with the greater magnitude found in compounds filled
with carbon black having higher surface area. At deformation strain smaller
than 30%, except for N990 thermal black having small surface area, the G"
appears to decrease with strain due to the disruption of transient filler
network. The specimens with high surface carbon black demonstrate high G”

due to the high magnitude of filler network as discussed previously in Fig. 2.
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The somewhat increase in G” at high strain is attributed to the viscous

dissipation via molecular flow after the filler network is broken up.

Fig. 7 reveals the tand results of HNBR vulcanisates in a way that tand
increases as the specific surface area of carbon black increases. As
mentioned in carbon black loading effect, the increase in contacting area (by
increasing surface area in this case) available for physical interaction between
rubber and carbon black would lead to the rise in energy dissipation via
molecular flow at carbon black interfaces. Again, the increment in tand as a
function of strain is due to the disruption of filler network facilitating the
molecular mobility of HNBR molecules. The strain onset for the rise in tand is

smaller in the specimens with lower surface areas.

3.2 Heat build-up (HBU) behaviour

As mentioned earlier, the high applied stress is required to measure heat-
build up (HBU) behaviour of HNBR vulcanisates having high modulus
designed for the roll-covering applications to be used in steel and paper mills.
A specially designed flexometer capable of offering high load applied to the
test specimens is required. In this work, the Gabometer 4000 was utilised.
Fig. 8 reveals the HBU behaviour of black filled HNBR vulcanisates. By
increasing carbon black loading, the HBU significantly increases, and the
magnitude of HBU rise is more pronounced in the specimens with high
surface area and/or structure. Such increase in HBU is anticipated to be the

results of hysteretic process via the disruption of transient filler network and
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molecular flow at the carbon black interfaces [8,9]. Exceptionally, the HBU is
found to be highest in HNBR filled with N550, which is due probably to its
relatively high extent of developed structure. At a given carbon black loading,
the increase in surface area and structure of carbon black would increase filler
transient network. Under deformation, these transient networks are disrupted,
leading to the increase in hysteresis loss, and thus higher HBU in rubber

vulcanisates.

From Fig. 8, it is clear that the HBU behaviour depends significantly on
carbon black characteristics, and is needed to be measured for ensuring the
acceptable performance of rubber product. However, the HBU measurement
using the flexometer equipped with high load cell and powerful shaker is
rather costly. Thus, one of objectives of the present work is to draw the
correlation between viscoelastic results measured from oscillatory RPA2000
as a routine test and the HBU monitored from the specially designed
flexometer. By this means, it is possible to estimate the HBU from the
RPA2000 results. Fig. 9 illustrates the relationship between loss modulus (G")
as a hysteresis loss and HBU behaviour of cured HNBR (vulcanisates) filled
with various carbon black surface areas. Evidently, regardless the carbon
black characteristics, the HBU increases with increasing hysteresis loss, and
their correlation to logarithmically agree well with the expression as shown in
equation (1) with R?=0.9115. In other words, the hysteresis loss plays strong
role on HBU of HNBR vulcanisates studied. Apart from G”, one might consider
the loss factor (tand) as an indication of HBU at a given G’ (or stiffness). Fig.

10 reveals the change in HBU as a function of tand in a similar trend to that of
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HBU against G” as illustrated in equation (2), but with the lower R? of 0.8398.
The results imply clearly that, as an indication of HBU under high load

applied, the G" is superior to tand.

HBU =18.0191n(G")-61.971 1)

HBU =33.9071In(tan & )+102.83 (3

where HBU is Heat build-up as determined from the Gabometer 4000 while
G” and tand are loss modulus and loss factor, respectively, as measured

routinely from RPA2000.

CONCLUSION

HNBR vulcanisates with various carbon black loadings and characteristics
(i.e., specific surface area and structure) were prepared. Viscoelastic
properties as determined from oscillatory rheometer (RPA2000) were
discussed. Heat build-up (HBU) behaviour was monitored using the stress-
controlled flexometer equipped with high load cell (up to 4,000 N), namely,
Gabometer 4000. Attempts to establish relationship among filler
characteristics, magnitude of reinforcement and viscoelastic as well as HBU

behaviours were made.

Results of viscoelastic behaviour demonstrate that, by increasing carbon

black loading and surface area, elastic modulus (G’) associated with damping
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factor (tand) increases significantly. Mechanisms of carbon black
reinforcement in HNBR are proposed as combined effects of hydrodynamic
effect, filler transient network, molecular slippage at carbon black interfaces
and crosslink density. Also, the HBU significantly increases with increasing
carbon black loading and/or surface area, and the magnitude of HBU rise is
more pronounced in the specimens with high surface area and/or structure.
Lastly, it is possible to estimate the HBU generally measured from high-load
flexometer from the RPA2000 results as a routine test; the G” is a more

effective indication of HBU than tand.
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