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Abstract
Various grades and loading of carbon black (CB) as

reinforcing filler was incoporated 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 i automotive. indusmial. and assorted.
performance-demanding applications due its excellent
thermal stability. high chemical resistance. very good
mechanical suength with high elasticity [1-2]. As fillers are
incorporated into rubber. apart from positive change in
mechanical properties. the change in viscoelastic behaviow
15 observed [3-10]. Carbon black (CB) is the most popular
filler used in rubber industries as reinforcing filler. -Its
patticle size. stuctwe. 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 behaviowr of HNBR compounds and

vulcanisates.

2. Experimental

2.1 Maternials

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 ﬁsed, 1e.. 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 plir). 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 were chaiged

compounding ingredients

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 Analvser (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 Characternistics

Table 1 illusuates cure behaviour. i.e.. scorch time (t,).
cure time (tgo and tes) 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 paiticle size do not gives much influence on t,,.
Tego and tgg of HNBR compounds. However. the crosslink
density appears to increase with the increases in CB loading
which is atributed 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 1,2 teon tego AS

(phr) (min)  (oun)  (min)  {dNm)

N3Z 0 141 7400 112.54  28.33
10 132 7503 113.11 31.98
20 116 7396 11238  36.39
40 1.06 71.88 111.67 4274
60 095  69.12 11042 49.00
N774 10 L34 7415 11243 34.46
20 1.21 7294 11136 3847
40 1.03 7293 11215 4508
60 096 7179 11149 48.74
N990 10 130 75.16 113.02 33.31
20 .24 76.01 113.16  35.69
40 1.14 7550 11226  41.58
60 1.07  75.76 11291  46.31

3.2 Viscoelasuc properties
Storage modulus (G') of cured HNBR with various carbon

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

PO 22

increases with increasing CB loading. which is 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 ftransient network

formation of CB via its higher surface area.

Staruge mndubis (RPa)

300 —pe T T T
0 10 20 30 0 0 &
Carboa black loading (phr)

Figure 1 Relationship berween storage modulus and
cartbon black loading of cured HNBR with
different carbon black loadings (10% strain. 1
rad’s and 100°C)

Figure 2 exhibits resulrs of damping factor (tand) at 10%
strain as a function of CB loading in HNBR filled with

various CB grades. Clearly. tané 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 viscosity (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 mteraction (it).

tridimensional transient network of CB (iii).

015

—e—N326

Dumping factor

o 10 20 30 +«€ 50 60
Carbon black loading (phr)

Figure 2 Relationship between damping factor (tand) and
cartbon black loading of cured HNBR with
different carbon black loadings (10% strain. |

rad‘s and 100°C)
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Figure 3 Relationship berween complex viscosity and
carbon black loading of uncured HNBR with
different carbon black loadings (10% swain. 1

rad’s and 100°C)

S

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 affected. As surface area
of CB increaes. 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 (tand) 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 eftect 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 arca and structure of

carbon black result in improved mechanical propertics

[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 adoplted in automotive, industrial, and
assorted, plarlbmmnce-dcmanding 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 arcas and structures was
mixed with hydrogenated  acrylonitrile  butadience
rubber (HNBR). Cure behaviour and reinforcement
magnitude were  monitored  and  discussed.  The
dynamic mechanical properties determined from
dynamic |nechanical analyser (DMA) are applied for

the study of the reinforcing effect

2. Experimental
2.1 Malerials
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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)

HNBR 100 Therban® VP KA  Rubber

8837 (34% matrix
acrylonitrile
content, Mooncy
viscosity (ML1+4
at 100°C) =
SSy¥Lanxess Co.,
L., Thailand
N326,
N550/Loxley
Public Co., L.,
Thailand
N990/Saim Luck
Trading Co., Ltd.,
Thailand
Vulkanox
HS/Bayer
International S.
A., Thailand
TOTM
(STABYBchn
Meyer Chemical
(Thailand) Co..
Ltd.,. Thailand
Percumyl
D/Petchthai
Chemical Co..
Ltd., Thailand

Carbon  60°
black

Reinforcing

filler

Antioxidant

TOTM® 5 Plasticiser

DCP?

(5]

Curing

agent

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

® 2,2, 4-rimethyl-1, 2-dihydroquinoline

€ Tri-2-cthylhexyl trimellitate

4 Dicumy| peroxide

Asian Conterence 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
lodine Adsorption 82 -
No. D 1510 (g/kg)
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 Characterisations
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 () and cure time (leo)
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 dichn:ncc between the maximum
(S max)
considered as the indication of crosslink density [10].

and minimum storage torque (S’ o). 1S

Dynamic mechanical properties
The dynamic mechanical properties of HNBR
vulcanisates

were measured using a dynamic
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mechanical analyser (Gabo, Explexor™ 25N) in a

tension mode. Two types of tests, namely, temperature
sweep (-80 W +120°C) and strain sweep (0.1 o 10
%strain amplitude) tests were pertormed.

3. Results and Discussion
3.1 Cure Characteristics

Table 3 reveals cure behaviour, i.e., scorch time
(o), cure time (lg0) 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 (t,,). Cure time (Leo)
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
pussessing relatively high surface arca 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) te(min) A S’ (dNm)
Ratios

0/60 1.09009 70.84+1.13  53.4012.58
12/48  1.06:004 70.53£0.78 54.1242. 35‘
24/36 1022004 68.96+1.35 53744274
36/24  1.02:000 66.28+1.81 56.48+3.61
4812 L.O0001  66.22+1.49  59.32+1.14
60/0 1012004 62.62+2.50 60.19£0.04

3.2 Dynamic Mcchanical propertics
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
altributed 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' decreascs as a resull

of filler transient network disruption [11].
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Figure 1 Storage modulus (G') as a function of strain
cured HNBR
with

amplitude  of specimens

(vulcanisates) various N326/N99%0

ratios at test emperature of 60'C

To simplify the G* results, the values of G* as a
function of N326/N990 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,+GW, 5h

where
modulus of filled HNBR with
carbon black hybrid system

G': Storage

G,: Storage modulus of filled HNBR with N326
G, : 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

40
¢ Expernmental *
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~ © Ruk: of mixtures Q
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E
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=
bord *
151
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o0 1548 4% R ) W 60
N326/N990 rados

Figure 2 §lnmgc modulus (G') of cured HNBR
specimens (vulcanisates) calculated from the
rule of mixtures equation and experimental
results as a function of various N326/N9Y0

ratios at test temperature 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 %strain. The relatively high surface arca and
structure leads to the greater contacting positions
available for rubber molecules and thus the higher

energy dissipation [10].

Temperamre sweep test

Figure 4 demonstrates G of carbon black hybrid

system filled HNBR. The values of Ty as determined
from abrupt change in G’ are not signilicantly affected
by carbon black composition ratio in a hybrid system.
As expected, the values of G’ at 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.

Asian Conference on Thenmal Analysis and Applications 2009
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Figure 3 Damping factor (tand) as a function of strain
amplitude of cured HNBR specimens
(vulcanisates) with various N326/N990

ratios at test temperature of 60°C
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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 10 120°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 scgmental motions) via (he
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.
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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.

References
[1] Kohls G, Beaucage G. Curr Opin Solid State Mater
Sci 2002;6:183-94,

[2] Heinrich G, Kluppel M, Vilgis TA. Curr Opin
Solid State Mater Sci 2002;6:195-203.

Demirhan E, Kandemirli F, Kandemirli M. Mater
Design 2007:28:1326-9.

[3

[4] Tan H, Polym  Sci
2008;109:767-774.

Dick JS, cditor. Rubber technology: Compounding

Isayev AL 1 Appl

_—
N

and testing for performance. Munich:Hanser;2001.

Hong CK. Kim H, Ryu C, Nah C, Huh Y-I, Kaang

S. J Mater Sci 2007;42:8391-9.

Sajjayanukul T, Sacoui P, Sirisinha C. J Appl

Polym Sci 2005:97:2197-203.

Hofmann W. Rubber technology handbook. New

York:Hanser;1989.

19] Annual Book of ASTM Standards: Rubber,
Natural and Syathetic-General Test Methods.
Carbon blacks used in rubber product D 1765;
2003.

[10] Phewphong P, Sacoui P, Sirisinha C, Polym. Test
2008;27:873-80.

[l I]Wal.lg ML. Rubber Chem Technol 1998;71:520-
89. )

[12] Ghosh P. Polymer science and technology/ plastic,
rubbers, blends and composiles, 2nd ed. New
Delli:Tata McGraw-Hill;2002.

6

7

8

—_

Asian Conference on Thermal Analysis and Applications 2009

! 65

82



. <l H ! i . a aa
Manuscript Wﬂg‘a‘zWJ’Nn’l‘iLLﬂ“l‘n (Minor-Revision) WWaANNWIUNTRNS

Plastics, Rubber and Composites: Macromolecular Engineering

83



Your submission PRCME2861 mailbox:///C|/Documents and Settings/User/Application Data/...

Subject: Your submission PRCME2861

From: "Plastics, Rubber and Composites" <xwang5@bradford.ac.uk>
Date: 4 Oct 2010 11:56:39 -0400

To: “Chakrit Sirisinha" <cs018072742@yahoo.com>

Ref.: PRCMEZ2861

A PREDICTION OF HEAT BUILD-UP BEHAVIOUR UNDER HIGH-LOAD BY THE USE OF CONVENTIONAL
VISCOELASTIC RESULTS IN CARBON BLACK-FILLED HYDROGENATED NITRILE RUBBER

Plastics, Rubber and Composites: Macromolecular Engineering

Dear Dr. Sirisinha

We have now received reviewers' comments on the above submission. I am pleased to
tell you that the work is found to be of interest and is likely to be suitable for
publication in Plastics, Rubber and Composites: Macromolecular Engineering, subject
to your consideration of some points which have been raised. These are detailed in
the comments below.

We look forward to receiving a revised version of your paper, prepared in the light
of these comments, by 03/11/2010.

To subnit a revision, go to http://prc.edngr.com/ and log in as an Author:
Your usérname is: scesr@mahidel.ac.th
Your password is: chakrité

You will see a menu item entitled Submission Nesding Revision. Your submission
record may be viewed there.

When resubnitting, please provide a list of changes and, where appropriate, respond
teo each point which has been raised. You should upload this response as a separate
file during the resubmission process. Please ensure that you supply a text file
prepared according to the specification in the instructions to authors (SEE
IMPORTANT NOTE ON EQUATIONS BELOW) and a high resolution image file of each figure.
Failure to do this may result in a delay in the typesetting of your paper. Please
note that it is not permitted to submit a PDF file of the revised manuscript at this
stage.

Thank you for submitting your work to this journal.

With kind regards

James Busfield, PhD CEng FIMMM FHEA MA

Associate Editor

Plastics, Rubber and Composites: Macromolecular Engineering

Comments from the Editors and Reviewers:

Reviewer #1:

This is an interesting paper that merits publication. I would suggest that the
authors should state the precise RPA 2000 test conditions (frequency, shape of the
sample) . I would also like the authors to justify why the viscoelastic and HBU
properties are measured with two different temperatures (60°C and 100°C + HBU).
Reviewer #2:

This paper should be published subject o the following mandatory minor modifications.
Authors should mention occluded rubber as a factor of reinforcement especially for
carbon black with high DBRP. This might explain the ranking of NS50 compare to N326é
(Fig. 4 and 5) rather than cross-linking density. Also, Fig. could be plotted
using G'/G' at 80 Hz. This will allow enhancing the ranking of the 4 carbon blacks
focusing on strain amplitude effect only.

The "3 dimensional transient network of CB" should be name percolated CB network. CB
phr percolation threshold should be evaluated (e.g. electrical conductivity) to give

a more precise status on CB phr influence on viscoelastic properties. This threshold
is commonly comprise between 20 and 40 phr. With that information, conclusions of

1of2 6/10/2553 10:25

84



Your submission PRCME2861

20of 2

Fig. 1, 2 and 3 may be enhanced.

Payne effect can also be explained by the evolution of the thickness of the glassy
polymer layer around CB with stress amplitude.

Authors should give a clear status about the testing conditien chosen for G'' and
tan{d) (Fig. 9 and 10) and demonstrate that changifig the chosen canditions
(amplitude, frequency) does neot influence the conclusion about the ranking of the R?2
factors.

The authors should explain why correlation between those 2 measures. is still
possibkle even if the measurement temperatures are different.

IMPORTANT NOTE ON EQUATIONS IN WORD 2007

Manuscripts containing equations must be produced in Word 2007 compatibility mode
using Equation Editor 3.0 or in an earlier version of Word. Equations generated by
Word 2007 are stored as images and cannot be used for typesetting. See
http://www.maney,co.uk/instructions for authors/prc/ for further details.

mailbox:///C|/Documents and Settings/User/Application Data/...

6/10/2553 10:25

85



Manuscript

o e
[SIE = BT W I NS, TS JVRN N Y

[ISIN SIS I ST OISV
O o bW

w
[ Vo)

o U
o

W W ww wwwc
W

L=
[sn I Ve Js o S e 3

N NI NS
oy O s W N =

U b
O w w

Lo
Q0 N =

I
[€

50 ))
~1 Gy 0o

Aoy Utn
N Do

)

5y O C
b

A PREDICTION OF HEAT BUILD-UP BEHAVIOUR UNDER
HIGH-LOAD BY THE USE OF CONVENTIONAL VISCOELASTIC RESULTS
IN CARBON BLACK-FILLED HYDROGENATED NITRILE RUBBER

Panjaporn WONGWITTHAYAKOOL?, Pongdhorn SAEOUI®

and Chakrit SIRISINHA**¢

?Department of Chemistry, Faculty of Science, Mahidol University,

Rama 6 Rd., Bangkok 10400, Thailand.

® National Metal and Materials Techndlogy Center,
114 Thailand Science Park Paholyothin Rd.,

Kilong 1, Klong Luang, Pathumthani 12120, Thailand.

“Research and Development Centre for Thai Rubber Industry (RDCTRI),
Faculty of Science, Mahidol University, Salaya Campus,

Phutthamonthon 4 Rd., Salaya , Nakhon Pathom, 73170, Thailand.

* To whom correspondence should be addressed

FAX: +662-441-0511; e-mail: sccsr@mahidol.ac.th

86



WD, d wWwN

W wMh N
O o @

—

)

(8

oo
oY L s W N

58

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 resuits 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 h‘idh 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 aﬁd 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 [3]. 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 carban 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 reinforci.ng 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). Dicumyl 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 méinly 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 vuicanisates 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 fa_ctor 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 re‘sponse per
unit of elastic response. It is evident that the dampi;xg 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
NS50 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. 6. Such
high crosslink density found in the vulcanisates with NSS0 is believed to cause
a large amount of tightly bound rubber, which has been reported to obstruct
the curative absorption on filler surfaces. Thié 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 NS50
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 greéter 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 pre‘sent 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 expréssion 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 =18.019In(G")-61.971 (1)

HBU =33.9071n(tan 5 )+102.83 y V)

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

98



WO AW WP

Z0

[’

WWWwWwWwrMDPMPDNPNNNI
NN WNE OO0 W W

W W W W
[ IVeles)

S
-

>
N

s s
(G20 NN V)

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 signiﬁcanily 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 tané.
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Figure Captions

Figure 1 Storage modulus (G') as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various N326 loadings
(measured at 1 rad/s and 60°C)

FigAure 2 Loss modulus (G*) as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various N326 loadings
(measured at 1 rad/s and 60°C)

Figure 3 Damping factor (tand) as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various N326 loadings
(measured at 1 rad/s and 60°C)

Figure 4 Storage modulus (G') as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various carbon black
surface areas (measured at 1 rad/s and 60°C)

Figure 5 Cure curves of HNBR vulcanisates filled with various types of
carbon black

Figure 6 Loss modulus (G”) as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various carbon black
surface area (measured at 1 rad/s and 60°C)

Figure 7 Damping factor (tan8) as a function of strain amplitude of cured
HNBR specimens (vulcanisates) with various carbon black

surface area (measured at 1 rad/s and 60°C)
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Figure 8

Figure 9

Figure 10

Relationship among heat build-up (HBU), carbon black loading
and surface area of HNBR vulcanisates

Relationship between heat build-up (HBU) and loss modulus
(G") measured at 10 %strain and 60°C of cured HNBR
(vulcanisates) with various carbon black surface areas and
loadings: 20 phr (black solid symbol); 40 phr (gray solid symbol);
60 phr (unfilled symbol)

Relationship between heat build-up (HBU) and damping factor
(tand) measured at 10 %strain and 60°C of cured HNBR
{vulcanisates) with various carbon black surface areas and
loadings: (black solid symbol) 20 phr; (gray solid symbol) 40 phr;

(unfilled symbol) 60 phr
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Table 1 Carbon black properties
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Table 1 Carbon black properties

Properties N326 N550 N774  N990
lodine Adsomtion No. D 1510 (g/kg) 82 43 29 -
DBP No. D 2414 (10°° m%kg) 72 121 72 43
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Table 2 Compounding ingredients used in the present study
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Table 2 Compounding ingredients used in the present study

Chemical name Function Amount (phr)
HNBR Rubber matrix 100

Carbon black Reinforcing filler varied: 0-60
T™Q® Antioxidant 1

Zinc Oxide (ZnO) Cure activator/Filler 5

Stearic acid Cure activator/Softener 1

TOTM® Plasticizer 5

Dicumyl peroxide (DCP) Curing agent 2

22, 2, 4-trimethyl-1, 2-dihydroquinoline
P tri-2-ethylhexyl trimellitate
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Cure and Viscoelastic Properties

of HNBR

Effects of Carbon Black .

Hydrogenated acrylonitrile butadiene rub-
ber (HNBR), as a synthetic rubber produced
by the hydrogenation reaction of nitrile rub-
ber (NBR), possesses excellent oil and ther-
mal resistance. Typically, HNBR has widely
been employed in automotive and indus-
trial applications [1, 2}. HNBR is known to be
curable with either peroxide or sulfur/sulfur-
donor cure systems, depending on its degree
of unsaturation on the backbone as well as
on product properties required. Laboratory
comparisons of sulfur/sulfur-donorand per-
oxide cured HNBR compounds reveal that
the peroxide vulcanisation provides supe-
rior compression set and heat resistance [1].
Although HNBR offers relatively good me-
chanical properties due to its highly satu-
rated structure facilitating the molecular
packing, an incorporation of fillerinto HNBR
is still necessary for further enhancing me-
chanical and dynamic properties and well as
performance per cost of the final products
[3, 4]. The reinforcement performance of
filler has been reported to depend typically
on filler characteristics including specific
surface area, surface chemistry and struc-
ture (or degree of aggregation) [5-7]. ingen-
eral, the greater loading of reinforcing will
result in the higher hardness and modulus
[8-11). Simultaneously, property improve-
ment and processability are found to reach
its maxima at certain filler loading relying
on the mixing efficiency for filler dispersion
and distribution (i.e., state-of-mix) [2). There
are numerous works on enhancement in
mechanical properties of HNBR vulcanisates
by reinforcing fillers including carbon black
[12-14], silica [13-15], carbon nanotubes [14-
17] and organoclay [18-20]. Nonetheless,
published work on viscoelastic properties of
carbon black filled HNBR is still limited. Itis
reported that storage modulus (G') increas-
es and damping factor peak (tans,,) de-
creases with carbon black loading which is
attributed to the changes in accluded rubber,
bound rubber and shell rubber [21, 22]. By
increasing carbon black specific surface area,
the tang appears to decrease in the transi-

tion zone and then increase in the plateau
zone (rubber plateau). The magnitude of G’
enhancement is more obvious with increas-
ing specific surface area of carbon black.
However, the comparison of viscoelastic
properties between uncured and cured
HNBR filled with carbon black have not yet
been reported. Therefore, the present work
aims to investigate viscoelastic behaviour
and mechanical properties of HNBR filled
with carbon black having different specific
surface areas and structures.

Experimantal

Aateriols

Raw HNBR (Therban VP KA 8837) having
acrylonitrile and unsaturation contents of
34% and 18%, respectively, used in this
study was supplied by Lanxess Co., Ltd.
(Bangkok, Thailand). Four grades of carbon
blacks (CBs) (i.e, N326, N550, N774 and
N990) were supplied by Loxley Public Co,,
Ltd. (Bangkok, Thailand) and Siam Luck
Trading Co., Ltd. (Bangkok, Thailand). The
characteristics are given in Table1. [23]. Tri-
2-ethylhexyl trimellitate (TOTM) as plasti-
cizer was purchased from Behn Meyer
Chemical (Thailand) Co;; Ltd. (Bangkok Thai-
land). Dicumyt peroxide or DCP (98 % active)
as curing agent was supplied by Petchthai
Chemical Co, Ltd (Bangkok, Thailand).
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Sample Preparation

Mixing was performed on a laboratory size
two roll mill (LabTech Co., Ltd., Bangkok,
Thailand) at set temperature of 40°C. HNBR
and compounding ingredients as shown in
Table 2 were mixed for 20 minutes. HNBR
vulcanisate sheets were prepared using a
hot-press at a temperature of 145°C under
moulding pressure of 150kg/cm’ for
120 minutes.

Test procedures

Cure characteristics Cure characteristics
were monitored at 145 °C using the Rubber
Process Analyser (RPA2000, Alpha Technol-
ogies, USA) with test frequency and strain
of 6.28 rad/s and 15%, respectively. Scorch
time (t,)) was determined from time to
achieve torque rise of 2 units above the
minimum torque. Cure time used in the
present work was the time to reach 90.%
complete cure state (t ). Torque difference
between the maximum and minimum stor-
age torques (AS') was used as an indication
of crosslink density [24].

Viscoelastic properties Rubber Process Ana-
lyser (RPA2000, Alpha Technologies, USA)
was used for viscoelastic behaviour meas-
urement of HNBR compounds and vulcani-
sates. Strain sweep test was performed at
test temperatures of 100°C and 60°C for
measuring dynamic properties of uncured
and cured HNBR, respectively.

Mechanical properties The universal tensile
tester (Instron model 5566, USA) was used
for measuring the tensile properties as per
ASTM D412-98 at a crosshead speed of
500 mm/min [25]. Test specimens for tensile
were punched out from the moulded sheets
using ASTM die C. Hardness test was per-
formed on 6-mm-thick specimen usingwith
a hardness durometer (Wallace H177A, UK)
at room temperature as per ASTM D2240-
97 [26]. Abrasion resistance of HNBR vul-
canisateswas measured using the DIN-type
abrasion tester (Zwick model 6120, Germa-
ny) in accordance with DIN 53516 [27).

Kesult and Discussion

Cure characteristics

Results of scorch time (t,), time for 90% of
cure completion (t ,,) and the difference be-
tween the maximum and minimum torques

(AS’)-an indication of crosslink density [24]-
are presented in Table 3.1t becomes evident

that both the scorch time (t,;) and the cure

time (t,) decrease while torque difference

increases as a function of CB loading. These

results imply clearly a cure promotion phe-
nomenon by the incorporation of CB. The

KGK_09_07_2010.indd

explanations are postulatéd by: (i) the ther-
mal history, (ii) the alkalinity of CB and (iii)

the high thermal conductivityof CB.

It has been known that, as filler loading in-
creases, bulk viscosity increases with the

magnitude depending on filler specific sur-
face area and filler-rubber interaction. This

would lead to a rise in bulk temperature via

shear heating and thus to an'influence.on

the thermal history applied to the rubber
bulk. By this means, the high magnitude of
thermal history experienced in compound

leads to an acceleration of curative dissocia-
tion in compounds and eventually in forma-
tion of ¢rosslink precursors.

Regarding the pH of €B surfaces it isknown

that to some degree alkalinity is present

and can promote the functioning of cura-
tives [28]. In terms of thermal conductivity
effect, compared with raw rubber, carbon
black as solid particles. possesses much

higher thermal conductivity (0.1-0.6 W/mK
for rubber [29] and ~2 W/mK for CB [30])

which helps transferring heat from mould

surface to rubber, if a three-dimensional

filler network is formed.

However, it is evident that, at any given car-
bon black loading, the specific surface area

of carbon black affects cure behaviour to
some extent, but with the lower magnitude

a=Torque diff

22, 2,4 trimethyl-1, 2-dihydroquinoline
® tri-2-ethylhe xyl trimellitate

than the carbon black loading. Exception-
ally, the crosslink density appears to be
highest in HNBR with CB N550[31]. It is pro-
posed that the tightly bound rubber in CB
N550 with more developed structure ob-
structs curative absorption on carbon black
surfaces, leading to the increase in free
curatives migrating to the free rubber ma-
trix a migration of, and the crosslinking re-
action in rubber bulk is thus promoted [31].

Viscoehastic propertiex

Effect of carbon black loading Uncured
HNBR compounds The effect of carbon
black loading on dynamic mechanical prop-
erties of uncured compounds with various
carbon black loadings are shown in Fig-
ures1 to 3. Figure 1shows plots of G' meas-

46.5112.84
32:5410.80
35.4720.20
41.1320.44
45.47£0.77

torques (Smin) as determined from cure

curves
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creases with increasing CB loading, which is
due mainly to reinforcing effect, i.e., the hy-
drodynamic effect, the filler-filler interac-
tion as well as the CB -HNBR interaction
[32.33]. Moreover, it is evident that the com-
pounds show relatively broad linear viscoe-
lastic (LVE) region until the CB loading up to
20 phr, and then the blends with CB loading
of 40 phr show narrow LVE region. The com-
pound with CB loading of 60 phr shows no
significant LVE region. The decrease in LVE

Complex visvasky (Pa-x)

] v T T T : region is associated with an increase in G',
o 10 20 30 40 0 60 indicating an increase in magnitude of filler
Carbos black loading (phr) network formation (Payne effect) [33]. At

high CB loading, the magnitude of filler net-
work is high, which would be disrupted at
ured at 60°C against strain amplitude (%) of  strain, G of unfilled compound is lowest, high shear strain. This is the reason why the
HNBR compounds filled with different load-  while the G' of filled compound with CB of  LVE of highly filled blends could not be ob-
ings of CB N326 carbon black. Clearly, atlow  60phr is highest. The G' of filled blend in-  served.

Results of damping factor (tanb) are shown
in Figure 2. It is obvious that the damping
factor of all compounds increases with in-
creasing strain amplitude. This is due to the
energy dissipation through a molecular slip-
page associated with the breakdown of the
three-dimensional filler transient network.
This phenomenon is sometimes interpreted

CBN990 ing behaviour of highly filled compounds at
low strain could be explained by the dilu-
tion of the viscoelastic contribution of rub-

ber matrix by as a fully elastic component

49 as a hysteretic process [32]. Notably, the

90 damping factor of unfilled compounds is

Laan highest, and decreases with increasing car-

20 bon black loading particularly at low shear

40 strain. The low values for tan § is related to

60, the fact that the storage modulus of the

CBNSSO 10 compound increases more than the loss

; 20 modulus. Furthermore, the formation of

‘40 three-dimensional transient filler network

0 is responsible for the rise in elastic contribu-

; m tion. From another perspective, the damp-
229
40

“,',ao ,‘
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by carbon black particles having a damping
factor approaching zero.

The processability of HNBR was monitored
in terms of complex viscosity (), as shown
in Figure3. It is obvious that 1" increases
with carbon black loading which is in good
agreement with the filler reinforcement ef-
fect. In other words, the processability ap-
pears to decrease due to the hydrodynamic
reinforcement, i.e. (i) flow obstruction
caused by solid filler particles, (il) strong
rubber-filler interactions and (iii) a forma-
tion of three-dimensional transient filler
network.

Cured HNBR vulcanisates

Storage modulus (G’) of cured HNBR vul-
canisates with various carbon black load-
ings is illustrated in Figure4. Similar to un-
cured compounds without filler, unfilled
vulcanisates reveals broader LVE region
with insignificant magnitude of strain-de-
pendent behaviour. By contrast, filled vul-
canisates show significant strain-depend-

KGK_09_07_2010.indd

. gutedl‘lm

ent modulus which is more pronounced in
highly filled vulcanisates. Such insignificant
magnitude of strain dependency is caused
by the presence of chemical crosslink acting
as spring component with elastic contribu-
tion. Additionally, the formation of rubber
network via chemical crosslink leads to a
rise in elastic modulus compared with the
uncured compounds at a given carbon black
loading.

Results of the damping factor (tan) as a
function of shear strain in filled HNBR vul-
canisates are depicted in Figure5. By con-
trast to the uncured compounds, the filled
vulcanisates exhibit an increase the in
damping factor with carbon black loading,
especially in highly filled vulcanisates. The
increased damping factor can be attributed
to the molecular slippage at interfaces be-
tween rubber and carbon black particles. It
is known that the rubber-carbon black in-
teraction is dominated by the physical over
chemical interactions [34], unlike rubber-
silane treated silica interaction. Thus, such

s with' afbmhlackspeclﬁc sur-

ﬁumea(mmedaunﬂsm 100°C)

relatively weak interactions would allow
molecular flow at rubber-carbon black in-
terfaces, and thus the rise in dissipated en-
ergy dissipation supports the hysteretic
process. The higher the carbon black load-
ing, the higher the positions available for
hysteretic processes. Also, the swing-up of
the damping behavior at high strain could
be explained by the disruption of the car-
bon black transient network [32, 33]. From
the overall results, it could be summarised
that the damping behaviour of carbon black
filled rubber compounds and vulcanisates is
governed mainly by dilution effect and in-
terfacial molecular flow, respectively.

Effect of carbon black specific surface
area {particle size} Uncured HNBR
compounds

In this part, the carbon black loading in com-
pounds was kept constant at 60 phr in order
to monitor the effects of the surface spe-
cificarea on dynamic mechanical properties
of uncured HNBR compounds. Figure$

KGK - September2010 5
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shows G’ as a function of the strain ampli-
tude. It is evident that the strain-dependen-
cy of G’ takes placein all uncured compounds
with the greater magnitude found in com-
pounds filled with carbon black having
higher specific surface area. Also, at low
strain amplitude, the magnitude of G’ rise is
more pronounced in HNBR filled with high-
er specific surface area (or smaller particle
size) carbon black. This can be attributed
mainly to the greater possibility for a forma-
tion of the filler network and the lower per-
colation threshold of the particles. [32].
Figure? illustrates results of tans in HNBR
compounds which appear to decrease with
increasing carbon black specific surface
area, indicating an increase in elastic contri-
bution. Referring to the discussion of G’, the
tridimensional transient filler network of
carbon black which is more profound in car-
bon black with higher specific surface area
is believed to be responsible for a rise in
elastic behaviour.

Complex viscosity (n*) results as indication
of processability in uncured compounds
with carbon black having different specific

surface areas (or particle sizes) at 100°Care
shown in Figure8. Expectedly, the specific
surface area of carbon black plays profound
effect on processability of uncured HNBR
compounds, i.e.,, n* increases with increas-
ing specific surface area of carbon black
(N326 > NS50 > N774 > N990). As discussed
previously, the combination of hydrody-
namic effect, rubber-filler and filler-filler
interactions is responsible for molecular re-
striction, and so an increase in bulk viscosity.
The carbon black with high specific surface
area (i.e., small particle size) would possess
greater contacting area between rubber
and carbon black, and between carbon
black aggregates, leading to a decrease in
molecular mobility.

Cured HNBR vulcanisates

In the case of cured HNBR filled with 60 phr
carbon black having various specific surface
areas, results of G’ as a function of deforma-
tion strain are shown in Figure9. The mag-
nitude of G’ rise appears to increase with
increasing carbon black specific surface
area, which could be explained by the great-

er contacting positions available for inter-
action between rubber and carbon black as
well as between filler particles (or tridimen-
sional transient filler network). It must be
noted that, although N550 carbon black
possesses smaller specific surface area than
N326 carbon black, the vulcanisate with
NS50shows comparable G’ to that with
N326. This is probably because of the high
structure and crosslink density given by
NSS0, as illustrated previously in Tables1
and 3. Also, this phenomenon is not ob-
served in uncured compounds, implying
that such unexpected result of high G”
found in specimen filled N550 must be a
vulcanisation-related phenomenon.
Figure10 shows results of tané of filled
HNBR vulcanisates. Clearly, tand increases
with increasing carbon black specific sur-
face area that means the higher energy dis-
sipation through molecular flow at carbon
black surfaces, as discussed previously in
carbon black loading effect.

Mechanical properties

Mechanical properties of HNBR vulcani-
sates as function of carbon black loading
and specific surface area are shown in Ta-
ble4. It becomes evident that the tension
values at 100 % elongation (M100) of cured
HNBR increases with increasing carbon
black loading and/or specific surface area.
There are two main factors controlling the
modulus M100, namely, the crosslink den-
sity of the rubber and the effect of filler re-
inforcement. According to Table 3, the de-
gree of crosslink density apparently increas-
es with carbon black loading, and the in-
creased crosslink density would then yield
the greater resistance to deformation via
covalent bonds between rubber chains.
Based on the results of the viscoelastic be-
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havior (Fig.5 and 10), the increase in damp-
ing factor as a function of both, the carbon

black loading and the specific surface area

is in good agreement with the increase in

the M100 values of the corresponding vul-
canisates. The increased carbon black load-
ing and specific surface area mean arise in

contacting positions available for interac-
tions between rubber molecules and the

surface of carbon black. Also, the obstruc-
tion of rubber molecules by solid filler par-
ticlea or the hydrodynamic reinforcement
could be another part of reason for an en-
hancement in the M100 values. Notably,
the M100 values of vulcanisate with CB

N550 appears to be close to that of CB N326

and becomes greater at high carbon black

loading (60 phr) despite the relatively small

specific surface area of CB N550. The results

trend is similar to the one observed for G¢

results discussed earlier. Thus, it is proposed

that the reinforcement provided by N550 is

governed by the crosslink density enhance-
ment rather than the rubber-filler interac-
tion.

The values obtained for tensile strength of
filled HNBR vulcanisates are shown in Ta-
ble4. It is evident that strength of HNBR

vulcanisates increases with increasing car-
bonblack loading, which could be explained

by filler reinforcement and/or crosslink den-
sity effects. Furthermore, it can be seen

that tensile strength of HNBR filled with

high specific surface area blacks is superior
to the ones observed for small specific sur-
face area blacks. Evidently, this is caused by
filler reinforcement, as mentioned previ-
ously. However, an excessive crosslink den-
sity found particularly in vulcanisate with

CB N550 might restrict molecular mobility,
and thus a reduction in energy dissipation

during being strained. This would end up

with a decrease inmechanical strength [35].
One might notice that the strength of vul-
canisate with CB N774 at high loading
(60 phr) is highest among vulcanisates with

CBN326, CB N550 and CB N990. The lowest
strength found in CB N99Q is not surprising
as this black possesses relatively small spe-
cific surface area and low structure (low

DBPA value) and thus low rubber-filler inter-
action. The apparently low strength ob-
served in CB N326 at high loading is proba-
bly attributed to its relatively poor disper-
sionin HNBR. It is known that the capability
of carbon black incorporation, distribution

and dispersion is reduced with increasing

specificsurface area of the filler. Thus, some

of undispersed CB N326 agglomerates
might act as flaws in specimens leading to

a reduction in tensile strength. In the case
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of CB N550, the excessive crosslink density
might be responsible for a relatively low
mechanical strength. Results of elongation
atbreak (%EB) as illustrated in Table 4 agree
well with the tensile strength result. from
these results it holds: the greater the rein-
forcement, the lower the %EB. High extent
of crosslink density and rubber-filler inter-
action would restrict molecular deforma-
tion-and thus leading to a decrease in %EB.
In the case of carbon black loading and spe-
cific surface area effects on hardness of
HNBR vulcanisates, it is apparent that the
hardness increases with increasing carbon
black loading. It is acknowledged that the
relative deformation taking place in hard-
ness test is relatively small. Consequently,
the transient filler network in highly filled
vulcanisates (i.e.,, HNBR vulcanisates with
60 phr N326 carbon black) might still influ-
ence the modulus at low strain (or hard-
ness), and its effect is comparable to the
crosslink density effect found in vulcani-
sates with CB N550.

The abrasion resistance of HNBR vulcani-
sates filled with various carbon black foad-

- ings is expressed as abrasion volume loss. it

appears from Table4 that, at a given spe-
cific surface area of carbon black, abrasion
resistance is not significantly affected by
carbon black loading. By contrast, at high
carbon black loadings of 40 and 60phr, both
vulcanisates with N326 and N990 carbon
black exhibit relatively low abrasion resist-
ance. This phenomenon is probably due to
poor filler dispersion at high loading of CB
N326 having large specific surface area,and
due to low magnitude of rubber-filler inter-
action of CB N990 possessing relatively low
structure and specific surface area.

Conclusions

HNBR compounds and vulcanisates with
various carbon black loadings and specific
surface areas (or particle size) were pre-
pared, and their cure, viscoelastic and me-
chanical properties were measured. Results
obtained exhibit a significant dependence
of cure behaviour (i.e., scorch time, opti-
mum cure time and crosslink density) on
carbon black loading and specific surface
area. This dependence is explained in terms
of thermal history, surface chemistry and
thermal conductivity as a function of car-
bon black loading and specific surface area.
Storage modulus and damping factor sig-
nificantly increase with increasing carbon
black specific surface area and loading of
the blacks. The combined effect of hydrody-
namic effect, filler transient network, mo-
lecular slippage at carbon black interfaces

and crosslink density are proposed to be re-
sponsible for the viscoelastic properties.
Mechanical properties are found to be gov-
emed by such combined effect associated
probably with incomplete carbon black dis-
persion at high loading of carbon black (par-
ticularly in the case of relatively large spe-
cific surface area of carbon black, i.e., CB
N326: The overall results imply a close cor-
relation of viscoelastic and mechanical
properties via energy dissipation process
caused by molecular slippage at carbon
black surfaces.
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