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RHEOLOGICAL PROPERTIES BEHAVIOUR AND COMPATIBILITY OF
NR/EPDM AND NR/BROMINATED EFDM BELENDS

Chonlada Lewis'*, Sunsanee Bunyung” and Suda Kiatkumjormwong®
"Department of Rubber Technology and Polymer Science, Faculty of Science and
Technology, Prince of Songkla University, Pattani 94000 Thailand, *Department of

Imaging and Printing Technology, Faculty of Science, Chulalongkom University,
Bankok 10330, Thailand

ABSTRACT

EPDM was modified by bromination reaction in this study. Blending the resulted
brominated EPDM with natural rubber (STRSL) and the original EPDM with
STRSL at various compositions were carried out. The rheological properties of the
blends were investigated by using a capillary extrusion. Shear flow curves of the
pure rubbers and their blends illustrated their pseudoplastic (shear-thinning)
behaviour with the power law index, n, as lower than one. True shear viscosity of
all blends showed negative deviation in relation to theirr additive values. Glass
transition temperature of the blends was also measured by a Differential Scanning
Calotimetry. Rheological sense and two T,s found from the DSC thermograms at
any blend composition indicated blend incompatibility for both set of blends.

INTRODUCTION

In the rubber industry, rubber blends have been widely used in order to obtain the
best characteristics of each single rubber. It has been known that natural rubber
vulcanisates have good elasticity and strength properties while showing poor heat and
ozone resistance. Blending a suitable amount of low unsaturated ethylene-propylene-
diene terpolymer (EPDM) into a diene rubber has been found to improve both heat and
grone resistance. However, the difference in olefin concentration of EFDM and
natural robber resulted in & cure rate incompatible blend. This has been recognised as
causing both inferior static and dynamic mechanical properties such as poor tensile
strength, fatigue resistance and high hysteresis in the rubber blend.® Consequently,
many attempts to improve the properties have been reported in order to achieve an
equivalent cure rate between the two rubbers.”" For example, grafting of the
vulcanisation inhibitor, PV groups, onto the EPDM was found to reduce the access of
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the NR to the cure system.” Improvement of crosslink distribution and tensile strength
were then achieved. ™ Grafting of accelerators onto EPDM has also been reported as
being effective to provide cure compatibility.” Maleic anhydride was grafied and then
pmvidednnﬂﬂduhﬁngmmﬂuEFDMhrCm.”'"ﬂuhmﬂlndEH}Mmd
mmmmMmmmm:mmﬂmmmmmm
compatibility.'""* Most attempts clearly showed a significant improvement in overall
mmﬁuﬂum.hpupuﬁunfﬂm:hmﬂndmﬂyrdﬂdﬂﬂuﬂﬂenf
mixing. The rheological behavior of individual gum rubbers and blends play an
impurluﬂmhhﬂmqun]ﬂrufmiﬁngmﬂmmpnmﬂngwﬁnhinﬁmﬂtﬁmi
product quality. It is therefore important to clarify the miscibility behavior of the rubber
blend which has mostly been studied based on viscoelastic and the glass transition
measurements. "™ It was also found that not enough attention has been given to the
W;mpaﬁnmﬂmimihﬂiwnfﬂumdﬁdﬂmhmdﬂﬁrﬂmm“ﬁm
natural rubber. In this paper, we have therefore evaluated the rheological properties and
compatibility of the modified brominated EPDM (BEPDM) blend-with natural rubber
(STRSL) and those blends of the original EPDM with STRSL.

METHODOLOGY

Raw Materinls

The raw materials used in this study were NR, STRSL, produced by Tavomn
industrial Co.. Ltd. Thailand and EPDM namely Keltan 714 with & high ethylidene
norbonene content of 8 % manufactured by DSM Elastomers.

Preparation of Brominated EPDM

Brominstion of the EPDM was carried out by following reported litersture with
little modification as follows."® The EPDM (180 g) was first dissolved in 3600 mi of
thlmﬁtmﬂﬁﬁuﬁnﬂgﬁrﬂmumwl-vﬂ.%aﬂuﬂmuf
bromine in chloroform was added. The mixture solution was then stirmed to proceed the
reaction for 2 hours &t toom temperature. The brominated EPDM (BEPDM) product
mmmhmﬂmwwwmlmmmnf
bromine. Finally, it was dried in a vacuum oven at 50 °C for 72 hours. "H NMR spectra
of the EPDM rubber before and after bromination were later recorded on a Varian Uinity
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standard, 1f the molecular weight of the virgin polymer is known, we can calulate the
bromination percentage by combining with the "H NMR data. It is also easy to analyse
bromine by elemental analysis. Unfortunately, we did not have the high temperature
GPC and oxygen combustion flask (Schoniger flask) to conduct the experiments at this
time. However, from the reported literature that we followed, the bromine content (by
elemental analysis) was 2.4-2.5 % by weight

Brominated EPDM/NR and EFDM/NR Blends Preparation
Biending of BEPDM/NR and EPDM/NR were carried out in a laboratory-sized two
roll mill at a mixing temperature of 60 “C. At any blend composition, the rubber that has
the higher amount was masticated first and banded on the mill for 2 minutes. After that
the second rubber was mixed and allowed to blend for a further 6 minutes. Finally, the

rubber blend was sheeted out and cut into small pieces ready for rheological and DSC
measurements.

Rheological Measurements

Rheological properties in terms of shear stress and shear viscosity were studied by
using & Rosand single bore capillary rheometer (model RHT). A capillary die of
diameter 2 mm, length 32 mm and 180° entry angle with a length-to-radius ratio (L/R)
of 32 was used as a long die. The small pieces of the rubber blends were put into a
barrel and initially preheated for 5 minutes under pressure at approximately 4 MPa to
get a compact mass. The excess rubber was then automatically purged and extruded at
shear rates in the range of 10 to 1500 s™ and test temperature of 100 °C in a program via
a microprocessor, During the test, the pressure drop across a capillary channel and melt
mmwmammm-mwmmdm
stress, shear rate and shear viscosity were calculated using the derivation of the
Poiseuille law for capillary flow and yields: ™

Apparent wall shear stress (Pa), (1

Apparent wall shear rate (s-1), (2)

Apparent shear viscosity (Pa.s), : (3)




where  is the pressure drop across the channel (Pa), Q is the volumetric flow rate
(m® &), R is the capillary radius (m) snd L is the length of the capillary (m).

The true wall shear siress was obtained using the Bagley comrection. This was
dane by measuring the pressure drop (P,) on the zero length die (/R 0) with the same
die diameter and entmnce angle. The true shear stress was then calculated:

True wall shear stress (Pa), (4)

where  is the pressure drop across the channel of the long die (L/R = 32) (Pa) and
is the pressure drop across the zero length die (Pa).
The true wall shear rate was obtained by applying the Rabinowitsch correction:
True wall shear rate (s™), (5
where is the power law index obtained from the slope of the line plots between log

( Jamdlog{ )
True shear viscosity was therefore calculated:

True shear viscosity (Pa s), (&)

DSC Messurement
Differential Scanning Calorimetry (DSC) messurements were made by DSC (QC)
manMIhmmﬂannf
10°C/min. The inflection point of the specific heal change was taken as the glass
Sy

RESULTS AND DISCUSSION

'H NMR spectra in 10 % (wfv) CDCly solution of the original EPDM mnd afier
bromination are shown in Figure | and 2 respectively. The spectrum of the original
EPDM shows two pairs of complex shaped signals between & 4.9 and 5.7 ppm
attributable to the olefinic proton of the ENB diens monomer unit' Signals
characteristic of C(5)-C(6) olefinic hydrogen atoms (Figure 3) of the original ENB
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monomer between & 6.0 and 6.2 ppm cannot be observed. This suggests that ENB has
been incorporated into the EPDM through the cyclic C(5)-C(6) double bond. After the
bromination, the modified EFDM spectrum does not exhibit the two signals between &
4.9 and 5.3 ppm but the other two signals between 5 5.5 and 5.7 ppm can still be
observed with less intensity. This spectrum also shows an addition signal at & 4.5 ppm,
which indicates bromine attached C-C single bond hydrogen atom.” It is thercfore
concluded that during the bromination reaction, the bromine agent can attack the double
bond or substitate hydrogen in the allylic position or the other positions. The possible
reaction shown in Figure 3.

Rheological properties and compatibility

The log-log plots of apparent shear stress verses apparent shear rate for STRSL/EPDM
and STRSL/BEPDM blends with various blend compositions are shown in Figure 4 and
5 respectively. Flow curves of all blends show reasonable straight lines whose intercept
Kmdslupcnumeapmufmgmﬂmpuwhwmuaﬁm{hmmﬂd-daﬂhlt
ﬂﬂ“ﬂﬁﬂﬂ}-‘n

(7)

whmﬂi!thﬂpuwﬁlawlndnxmﬁ:ﬂnwbthmdmrmdmmdﬂisﬂtﬂmnﬁmwnf
flow or viscosity coefficient index. Table 1 shows the power law index and the
consistency of flow of STRSL/EPDM and ET’REUBEPI}L; blends. The values of n
dictate the pseudoplastic nature of STRSL, EFDM, BEPDM and their blends since n
values are less than one. Hence, the apparent viscosity of the two sets of blends
decreased as shear raie increased as shown in Figure 6 and Figure 7. It also can be seen
that for the pure rubbers, BEPDM had the lowest n value and STRSL obtained the
thcstn?ﬂue.ﬁiﬁmmmfnrtheﬁghpsminphﬂiﬁw.m:hig]ﬂymmimﬁng
fluid in the modified BEPDM and the more plug-like profile.” Consequently, blends of
STRSI/BEPDM tended to have & lower n value at a given blend composition which
increased with increasing level of STRSL.
Fimﬂ@mﬁﬂmﬂnppmmmmmwrmm:muf
pure STR5L, EPDM and BEPDM. It can he seen that the modified EPDM by
h‘anﬁnnﬁuﬂmmﬁmtffﬂﬂﬂtd&ﬂ:ﬂuﬂpﬂpeﬂy.%is,ﬂagimﬂﬂrﬂe,n
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higher apparent shear stress of pure BEPDM relative 1o EPDM and STRSL was found.
The highest shear viscosity of BEPDM was therefore observed at a given apparent shear
mie (Figure 9). It indicates that the Br substituent on the rubber main chain may
increase the chain rigidity of the rubber, consequently increasing the ability to resist
flow. While STR5L gave the lowest apparent shear viscosity due (o its casy molecular
the capillary flow test.

Figure 10 compares the apparent shear viscosity with the level of EPFDM or
BEPDM in the blend composition at the apparcnt shear rates of 50, 150 and 500s™, It
was found that the apparemt shear viscosity of the blends tended to increase with
increasing level of EPDM or BEPDM due to the higher apparent shear viscosity of
EPDM and BEPDM. However, st high apparent shear rates, less difference in the
apparent shear viscosity of the blends with increasing quantity of EPDM and BEPDM
was noticed.

Generally, the true shear viscosity of & polymeric blend follows log additive
rule; &

g = (8)

where and  are the true shear viscosity of i-th component and that of the blend, wi
is the weight fraction of the i -th component. For the miscible blends, rheological
properties such as viscosity, dis swell; etc, show positive deviation from their additive
values.”® While the immiscible blends give negative deviation in theological properties.
. hﬁh%hmﬂmﬁmﬁﬂﬁMuﬂmm
in all blend compositions were evalusted and found to be negative deviations relating to
their additive values. It is therefore indicated that the blends of STRSL/EPDM and
STRSL/BEPDM were the immiscible blends. It means that there is no specific
interaction between the two components of both blends. This may be aitributed to the
dissimilar low unsaturated structure of EPDM and the polarity of the Br substituent on
the BEPDM compared to the unsaturated non polar stucture of natural rubber.

The miscibility behavior of the blends was also investigated based on the glass
transition measured by thermal analyses. Figure |11 and Figure 12 illusirate the DSC
thermograms of both blends with various blend compositions. The glass transition
temperature measurements confirmed the rigidity of pure BEPDM as it had a higher
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glass tansition temperature than the unmodified EPDM. A higher glass transition
temperature of both pure EPDM and BEFDM relative to STR5L also supports their high
ability to resist flow as discussed above. Two glass transitions were observed at most
blend compositions but that appeared less distinct at the composition of 75/25 for both
STRSL/EPDM and STRSL/BEPDM blends. The glass trmansition at the higher
temperature side is related to EPDM for STRSL/EPDM blends and to BEPDM for that
of STRSL/BEPDM blends. The blends of STRSL/EPDM and STRSL/BEPDM are
therefore considered to be immisicible because of two glass transition temperatures in
the DSC thermograms. ™’

CONCLUSIONS

Brominated EPDM was successfully prepared and confirmed by 'H NMR analysis.
Rheological behavior of STRSL/EPDM and STRSL/BEFDM can be represented by a
calculated power law index from the slope of log-apparent shear stress against log-
apparent shear rate lines. The log. additive rule of polymeric blend viscosity and giass
transition measurements was used to clarify the blend compatibility. True shear
viscosity of the whole sets of blends showed negative deviation with respect o their
additive values at all shear rates. The two Tgs from the DSC thermograms at any blend
composition were also obtained. From rheological and thermal analysis points of view,
it can therefore be concluded that both NR/EFDM and NE/BEPDM blends are
thermodynamically incompatible.
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Table 1 The power law index (n) and comsistency of flow (K) for various blend

composifions.
 NR/EPDM Blends n | K (kPa) | NR/BEPDM Blends n K (KPa)
o100 014 | 2930 0/100 0.10 4446
251715 0.15 1499 2575 0.14 169.0
50750 020 R8.7 50/50 0.16 1245
75125 021 85.1 75725 0.20 (FE]
10070 022 86.8 100/0 - 0.2 268
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Figure 1 "H-NMR Spectrum of the original EFDM

Figure 2 "H-NMR Spectrum of the brominated EPDM
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Figure 3 Possible bromination reaction of EPDM
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Figure 6 The effect of apparent shear rate on apparent shear viscosity of
STRSL/EPDM blends st various blend compaositions
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Abstract

Statistical experimental design, namely, response surface methodology was used to predict
and explain the effect of rubber ratio, carbon black and accelerator level on the cure
characteristics and physical properties of NR/BIIR blends. With the three independent =
variables named above, twenty designed compounds were mixed by a two-roll mill and the i
scorch time, cure time, cure rate index, together with physical properties: hardness, tensile
property and compression set were all determined by one operator. Multiple linear
regression analysis was used to obtain response equations. The contour plots of the fit
equations were then set to illustrate the effect of the three independent variables on each
property. The contour plois show in detail the diversity of interactions between independent
factors and each property. It was found that carbon black level is the most significant
influential factor on most propertics. The difference in reactivity towards sulfur
vulcanization of NR and BIIR caused cure behavior and physical properties dependent on
cross link density of vulcanizates 1o be dominated by NR content in the rubber ratio factor.
The confirmation of the accuracy of the resulting response equations was finally made to
predict the required properties.
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Introduction

Blends of natural rubber (NR) with othier synthetic rubbers have been widely studied.”'®
The main reason is understandably the desire to achieve a balance of unique properties and
cost. Bromobutyl rubber (BIIR) is a modified butyl rubber ([IR, isobutylene isoprene
rubber), It is the bromine attached 1o the carbon bond, which is allylic to the double bond,
which gives BITR greater cure versatility than the unmodified one."' Its cure compatibility
with other rubbers enables the development of interesting blends. For example, BIIR has
been blended with NR producing a higher damping and thermal stability compound. '
However there is no report of using a systematic experimental design to measure the
systematic change on this blend compound and general physical properties brought about
by varying various factors. A siatistically designed experiment has been one of the useful
mmmmmmhmwnmﬂm
Many informative articles have been published on experimental designs.'™® Krakowski
and Tinker's work ***° is ane such example that has given an excellent introduction and
discussion on using a central composite rotatable designed experiment examining NR/BR
going into the details of the statistical method used, namely response surface methodology,
it will investigate the effect of a wide range of NR/BIIR ratios, carbon black and acceleratar
level on cure characteristics and general physical blend properties.

Experimental
The central composite rotatable designs are based on a complete two-level factorial
design, which is then supplemented by additional points to enable the curvature of the

response surface and the experimental error to be estimated. The experimental points are

identified by code values, which assign five levels to each variable. The coded five levels
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are -a, -1, 0, +1 and +a in which a=2"" and k is the number of independeni vanables in the
experimenl In this work, three variables were investigated, namely, rubber blend ratio,
carbon black and accelerator level. The range of selected data was defined as 0.251w0 4, 0 to
60 and 0,75 to 1.50 for rubber blend ratio, carbon black and accelerator level respectively.
The real values are related to the assigned coded experimental points and scale of varaible
(8) according to equation 1 and 2.

S = Range / (2 x a) kN

R = (S x code) + Mean -(2)
Table | shows the real values in relation to the code values and an example of calculation is
shown as follow;

Scale of NR/BIIR ratio = (4.00-0.25) /(2 x 2°')

= 1115/ coded umt
for -1 on the coded scale,
Real NR/BIIR ratio = (1) (1.115) + 2.125
= 1.01,

Table 2 gives the full experimental design and real value for each point. The design
provides for eight factonial compounds (mix number 1-8), which enables modeling of lincar
and second order interactive effects, seven star points (9-14), which allow for modeling of
quadratic curvature, and replication of the center point six times (15-20), which provides an
assessment of crror and model adequacy. Through the use of multi-variable linear
regression analysis, the data is fit to a second order response surface equation of the general

form below;

k k k k
Y=bgt Eblxi-l- zba}{i‘ +EEI:.-,:H;;}:1 i3]

i=1 i=l i=1j=1
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in which Y is a response or dependent varisble to be fitted, X, and X; are independent
variables, by is the constant term, by is the linear coefficient, by is the quadratic coefficient,
by is the interaction coefficient (i j) and k is the number of variables.
Therefore, for three variables experimental design, the equation is as below:
Y=b #bX, + 53, 45X, 45, X, + B30+ b+ XX, + byX K + bpXX, .(4)
An estimate of the variance was obtained from the center points and the usual formulation

for standard deviation, 8D); that is

b Jz(xi -x)’

n-1

where n is the number of center points. A test of significance was made on each term in the

regression equation using the following standard errors (SE) '*

SE.(ty) = 0.271(SD) < (B)
SE.(bi) = 0.263(SD) o)
SE.(by) = 0.354(SD) . (8)

where SE.(b) is the standard errar of by, by and by, SE.(by) is the standard error of by, bn
and by, and SE.(by) is the standard error of byz, by and bzs.

From Table 2, twenty compounds were prepared based on formulation in Table 3. The
rubbers used in this study were NR (STRS5L) manufactured by Tavorn Manufacturing L.
and BIR (Polysar Bromobutyl X2, Bayer, with 1.89 % bromine content). Rubber
chemicals were standard commercial grade materials, Compounding was performed by
mhinginnhhmuhnushndtwumilnﬁﬂﬂmmtmpnﬁut.Tmmhhm:mﬂm
masticated and blended for § minutes, The order of adding and mixing time for the

mhhlgingmdinhmﬁmuﬂh.uﬂnﬂdﬂ(ﬂﬂ}.mmlmfmm.m
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black (HAF N330), stearic acid and sulphur for 2, 2, 2, vary depend on adding level, 2 and
2 minutes respectively.
After thorough mixing to ensure good dispersion, the compound was taken off the mill and
stored at room temperature for 24 hours before testing. The cure behavior of the compounds
was determined at 160 °C by a Monsanto oscillating disc rheometer (Model ODR 2000) at
1* arc (ASTM D 2084:88). Tensile properties, hardness, compreszion set were carmmied out
according to the ASTM D 412-98, ASTM D 2240-97 and ASTM D 395-98 respectively.
Statistical results were analyzed via multiple linear regression analysis as detailed in
reference number 18. Contour curves were shown using Maple V Release 4 software.

Results and Discussion
Cure Behavior

Table 4 shows the calculated response equations for the parameters measured in the entire |
experiment. An example response equation for scorch time property for the three variables
is here presented in Equation 9.

T2 = 3.109+0.01 S(NR/BLR)- |.540(HAF)-0.057(TBBS)-0.083(NR/BITR) 0. B67(HAFP-0. 1 04(TBBS
+0.0T3(NR/BIIRXHAF)+0.030(NR/BIIR X TBBSH0.090(HAF)Y TBBS) e (9)

where NR/BIIR, HAF and TBBS can be any value of NR/BIIR ratio, HAF and TBBS level
in coded terms respectively.

The coefficients for the rubber ratio, HAF level and TBBS level are comparatively relative
magnitude at 0.018, -1.540 and -0.057 respectively. They indicate the comparative effect of
each of those factors on the scorch time response, together with the direction of the effect.

That is, the carbon black (HAF) level is the most significant factor affecting the scorch time
of the compound followed by the level of TBBS and the NF/BIIR mtio respectively. Figure
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lclﬂdyﬂhuumﬂﬂ::mmwphtufﬂuﬁuadnqmﬂmindiuﬁugm&ufﬂﬂmd
NR/BIIR ratio on the scorch time of the compound (where ratio of TBBS is constant af
coded 0, 1.12 phr). An increase in amount of HAF up to 30 phr resulted in a decrease on
scorch time possibly due to the basicity of carbon black. However, increasing the level of
HAF higher than 66 phr increased the higher content of filler in the Jow volume of rubber
that retarded the cunng.
The effect of increasing the TBBS level up to 0.9 phr delayed the scorch, while higher
levels than 1.3 phr caused a decrease in scorch time (Figure 2). TBBS is a delayed action
accelerator in a bengothiazole sulfenemide group. The sccelerator became active as the
tertiary butyl amine split off during vulcamization™ The base activates 2
mercapiobenzothiszole as it is formed. Consequently TBBS produces a retarded
vulcanization start. However, the high amount of TBBS that inversely decreased scorch
time can be attributed to the high amount of both amine and MBT which, together,
accelerate the vulcanizntion start. This stands in contrast to the lower amount. Figure 3
moreover however shows that a1 & fixed ratio of NR/BIIR, TBBS has litile effect on the
scorch time compared to the HAF level. The result also shows a shaped surface with
maximum scorch time in the direction of low HAF, low TBBS and high HAF, high TBBS
level.
Elm:mymﬂhmﬂyﬂdmmmiﬂ!mguﬁrvﬁmuﬂmh
same grid, they can be superimposed. Two cure characteristics of 90 % cure time (Tso) and
cure tate index (CRT) can be seen in Figure 4. The most influential factor affecting cure
time in the linear coefficient is the carbon black level, followed by the rubber ratio and the
mmm.mmﬁﬁmmmaummmmwmmmmfm
rubber ratio and the TBBS level respectively, while the NR/BIIR. matio has the greatest

d@iﬂmﬂﬂlﬂquubﬂhm:fﬂﬂﬂlﬁhmlhﬁhﬂ-ufﬂﬂhnmﬂlﬂﬂl.ﬂ]ﬂmlh:
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effect of increasing level of HAF on cure time (Figure 4) is interestingly very similar to that
observed from the scorch time. An increase in HAF up to 30 phr resulted in a shorter cure
time, but up from 66 phr longer cure time was observed possibly due to the same
explanation. Increasing NR/BIIR ratio o increasing NR content causes a decrease in cure
time because of the stronger reactivity of carbon double bonds on & natural rubber molecule
toward the sulfur-accelerator vulcanization reaction. Figure 5 shows the dependence of cure
time on NR/BIIR ratio and TBBS level with the HAF level at the center point of the design,
30 phr. The figure indicates that TBBS has little significant effect on cure time when the
NR/BIIR ratio is less than 2.1 (NR/BIIR, 68/32) but it is a significant factor when the
NR/BIIR ratio is more than 2.1. That is increasing the level of TBBS while increasing NR
content resulted in a decrease in the cure time. As expected, high levels of both TBBS and
NR content produce shortest cure time. It is also interesting to see clearly three different
responses dependence of cure time on HAF and TBBS level with the NR/BIIR. ratio at the
center point of the design (Figure 6).

Cure rate index is the 100 times reciprocal Ty minus T2 indicating the rate of cure
of the compounds, A higher value means a higher rate of the vulcanization. It can be seen
from Table 4 and Figure 4 to 6 that the NR/BIIR ratio has the greatest effect: it is
approximately 1.7 and 3.5 times greater than TBBS and HAF level respectively. While, the
TBBS level has greater effect approximately double the HAF level. Increasing the NR
content and the TBBS level increased the cure rate index as expected, while increasing the
HAF level resulted in little change.

Table 4 also shows the coefficients of response equations for minimum torque (M),
maximum torque (My) and their difference (My-M,) from the Monsanto oscillating disk
rheometer data. The HAF level is the most significant factor affecting the mimimum torque

as it roughly indicates compound viscosity. As expected, an increase in My resulted from
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increasing the HAF level. Figure 7 shows the effect of the rubber ratio and TBBS level on
M. when the HAF level is fixed at 30 phr. It can be seen that rubber ratio at low level ratio
(high BIR content) up to 2.1, M, decreased with increasing NR content. This contributes
to the lower viscosity of the NR, however after 3.5, My tended to slightly increase. TBBS
vaguely affects M, (compound viscosity). My-M,, also indicates the state of cure of the
compound and the HAF level is the most influential factor followed by rubber ratio and
TBBS respectively. Increasing the HAF level, rubber ratio (increase in NR content) and
TBBS level all increase the MH-ML suggesting a higher modulus for the tested
compounds.

Physical properties

Table 5 and Figure 8 indicates that the stress required to achieve 300 % strain, ultimate
tensile strength and the clongation at break were all affected most significantly by the
reinforcing carbon biack HAF level. As expected, the significance of the HAF level on the
clongation at break has opposite effect from the other properties; increasing HAF level
produces the reduction of elongation at break. However, increasing HAF level up from 66
phr was seen lower the ultimate tensile strength. This was due to the reduction of rubber
volume fraction. Increasing the NR content also serves to dramatically affect the ultimate
tensile strength: the variable of the NR/BIIR ratio is 8.5 times greater than the TBBS level.
it has an average increasing effect on ultimate tensile strength of approximately 29 %
across the range used in the experiment (Figure 9), The strain crystallization of NR is
contributed to the high tensile strength of the vulcanizates. The TBBS level itself has
greater influence on 300%modulus than in ultimate tensile strength (compare the
coefficient of (1615 to 0.276). This is because the TBBS level greatly affects the cross-link
deuﬁtrwhid:hdimﬂlymhudmdnmmquhdhadﬁm:enspadﬁudmm
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elongation at break was also found to be more affected by the TBBS level than the
NE/BIIR ratio. This can be easily observed from the opposite directions of linear
coefficient of -38.86 for TBBS level and 15.64 for NR/BIIR ratio. Increasing the level of
TBBS serves to decrease the elongation at break due to the high level of cross-link density,
while increasing the rubber ratio tended to increase the elongation at break especially at the
high level of TBBS (Figure 9), possibly due to the high elasticity of natural rubber.
However, the reverse point was observed after the rubber ratio reached about 2.8, the
elongation at break lowering with increasing NR content. This can be related to the
possibly greater cross-link density of the natural rubber.

Figure 10 shows the dependence of hardness and percentage of compression set of
the formulations tested on the three variable factors. The hardness property similar to the
300% modulus was found to be affected most by the level of HAF, followed by the TBBS
level and the NR/BIIR ratio respectively, due to the same explanation as previously
discussed. The compression set property gives an insight ability of rubber compounds to
retain elastic properties after the prolonged action of compressive stresses. The most
influential factor affecting compression set was the HAF level. It has a greater influence of
2 and 2.5 times than the NR/BIIR ratio and the TBBS level respectively. The contour curve
in Figure 10 interestingly reflects the response of compression set to the HAF level and the
NR/BIIR ratio, when the TBBS is constant at the center point of 1.12 phr. It shows
distinctly different response regions. Firstly, an increase in the carbon black level higher
than 60 phr while increasing the NR content tended to produce a lower compression set.
Because the high active surface of carbon black could interact more with the NR. molecules
to combine with a tight crosslink network due to the high reactivity of the double bond on
the NR (at the same time, high load reinforcing the carbon black) will inherent the elastic

ability to bear the loaded stresses and recover upon the stresses released. This will enable
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desired low compression set formulations. Whilst the amount of HAF is lower than 60
phr, increasing the NR content resulted in an increase in the compression set. It indicates
the poor heat resistance of NR with less tight crosslink network at & lower level of carbon
black. The TBBS level is also expected 1o exercise a significant effect on compression set
as shown in Figure 11. At a fixed amount of 30 phr carbon black, increasing amounts of
TBBS up to the center point of 1.12 phr reduced the compression set possibly due to an
increase in crosslink density, while increasing the rubber ratio tended to slightly increase
the compression set. Increasing the level of TBBS higher than 1.4 phr inversely increased
the compression set. This is because TBBS is also a sulfur donor accelerator, which at high
Jevel may produces more polysulphide crosslink network. Consequently, the network can
be easily broken down by heat, causing poor elastic recovery and therefore increasing the
compression set. However, at this high region level of TBBS s reduction trend with
increasing rubber ratio was observed possibly due to the comparatively higher crosslink
density of higher NR content.

Figure 12 illustrates the use of superimposing contour plots to determine compound
the rubber ratio and TBBS level at a constant HAF level of 30 phr in compounds that will

give 5.5 MPa minimum 300% modulus, 19 MPa minimum tensile strength and 57%
maximum compression sel. Another opermtor compounded the two formulations of
TBBS:NR/BIR at 1.35: 2.1(68/32) and 1.13 ; 2.5 (71.528.5) and determined all the
properties. 1t was found that the resulting properties fitted the desired properties well,
indicating useful prediction and accuracy of these study response equations.
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Conclusions

Contour plots have been generated from response equations in this study and have been
found very useful as an indication of the change in any particular property with change in
any parameter. The most desirable situation to achieve required optimum properties with an
acceptable degree of accuracy could be easily done by superimposing the contour plots.
Most of the property responses to the variables presented herein, as we have already seen,
are readily explained. Carbon black played the most significant influence on scorch and
cure time and all of the physical properties.  _

As NR is more competitive to sulphur vulcanization and has a higher strength than BIIR it
is strongly reflected in the response of cure behavior and most physical properties to the
rubber ratio. Compression set is more dependent on crosslink density and type; increasing
the TBBS level up to ane point increases the crosslink density, but at a higher level may

produce an increase in polysulphide crosslinks which in tum increases compression set.
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Table 1 Relationship between real and code values

188

— Code value STHSL/BIIR ratio | C-biack level THES level

e e ok 07

-1 1.01 (50450) 12.16 0.90

0 2.12 (68/32) 30 1.12

+1 3.24 (76.4/23.6) 47.84 1.35

+1.682 4,00 (80/20) 60 1.50

Table 2 Experimental design
Mix Code Real value
No.
o er_ﬂ]_n C-Black| TBBS | NR/BIIR | C-Black (phr) [TBBS (phr)|

points 1 -1 -] -1 101 12.16 0.90
2 +1 3 -1 3.24 12.16 0.90
3 -1 +1 -1 1.01 47.84 0.90
4 +1 +1 -1 3.24 47.84 0.90
5 -1 & + 1.01 12.16 1.35
6 + -1 +1 3.24 12.16 1.35
7 -1 +1 # 1.01 4784 1.35
8§ +1 +1 +1 124 47.84 1.35
Starpeluts 5 | ae2| o 0 025 30 112
10 | +1682| 0 0 4.00 30 1.12
11 0 |-1682] o 2.12 0 1.12
12 0 |+1682| 0 2.12 60 112
131 0 0 |-1682 | 212 30 0.75
14 0 0 |+1e682]| 212 30 1.50




Table 3 Based Formulation
ln_g!-:die-l phr
STRSL/BIIR Variable (0.25-4)
HAF N-330 Variable (0-60)
THES Variable (0.75-1.5)
Zine Oxide 3
Stearic acid 2
6PPD 1
Sulphur 1
*  N-ten-butyl2. 1 sulphenamide (TBBS)
. H-phm].-l-N’-i.E-dimui.ylbuﬂ-p-fbmylﬂndimﬁg (6PPD)

18T

T2 T CRI e M, MM,
{min) (i) (%) (Ib-in) (Ib-in) (Ib-in)
b, 3.109 6.166 33.063 3.156 23.989 18.833
b, 0.018 -1.283 6.326 0.517 1541 2,058
b, -1.540 -1.730 1.206 2.047 7.008 4961
b, 0.057 -0.432 3.661 0.031 L.674 1.642
by, 0.083 0.987 2876 0.598 0.268 -0.866
by, 0.867 0.747 -0.454 0.2mn 0.818 0.546
by, 0.104 40.309 0.445 -0.061 -0.280 0219
b, 0.073 0.034 0.768 -0.062 0.181 0.244
By 0.030 0.081 0.768 -0.020 -0.34} 0321
by 0.090 0.119 0.034 0.345 1084 0.739
SD. 0.1157 0.1949 15047 0.7921 I.1008 04118
SE(b) 0.0314 0.0528 0.4078 0.2147 0.2983 0.1116
S.E(b,) 0.0304 0.0513 0.3957 0.2083 0.2895 0.1083
SE(m) | oo410 0.0690 0.5327 0.2804 0.3897 0.1458
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Table § Coefficients ufrupn-elqunrph}fliﬂ] properties

Hardness | 300% TS. | EB.(%) | Com Set
(Shore A) | modulus |  (MPa) (%)
(MPa) |
b, 5398 | 5902 | 20775 | 642749 | sager
b, 111§ 0.428 2410 | 15648 | 2574 1)
by 112 | 4252 2576 | -111255 | 507
b, 1.839 0615 0276 | -38860 | -2120
by 0619 | 0097 | gaso | 9476 1555
by 0.708 0.647 2ATR | -13.896 | -1.549
by -0.354 0.099 0.046 3.786 2419
by 0.188 0.503 0356 | 7813 2122
by, 0438 | 0467 0299 7813 1.023 I
by 0.188 0.636 0441 | -17.188 | 4587
5.D. 11584 | 07414 | 08031 | 204157 | 5499
SEM) | 03139 | 02000 | 021% | s5327 2.2953
SE®) | 03047 | oasso | 02112 53693 | 22776
SE®) | 04101 | 02625 | 02863 | 720m | 29988 ‘|
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Figure 2 Effect of TBBS level and NR/BIIR ratio on scorch time at HAF coded 0
(30 phr).
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Figure 3 Effect of carbon black and TBBS level on scorch time at STRSL/BIIR

coded 0 (68/32).
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Fig 4 Effect of HAF level and NR/BIIR ratio on cure time and cure rate index at

TBEBS coded 0 (1.12 phr).
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Figure 5 Effect of TBBS level and NR/BIIR ratio on cure time and cure rate
index at HAF coded 0 (30 phr).
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Figure 6 Effect of carbon black and TBBS level om cure time and cure rate index
at STRSL/BIIR coded 0 (68/32),
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Figure 8 Effect of HAF level and NR/BIIR ratio on 300% modulus, tensile
strength and elongation at break at TEBS coded 0 (1.12
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Figure 9 Effect of TBBS level and NR/BIIR rutio on 300% modulus, tensile
strength and elongation at bresk at HAF coded 0 (30 )
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Figure 10 Effect of HAF level and NR/BIIR ratio on hardness and compression
set at TBBS coded 0 (1.12 phr).
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Figure 11 Effect of TBBS level and NR/BIIR ratio on hardness and compression
’ set at HAF coded 0 (30 phr).
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— 300% modubs (MPa) —— TS (MPa) +++ compressign set (%)

Figure 12 Unshaded area provides many combinations of the rubber ratio and
TBES level at a constant HAF level of 30 phr in an compound that will give 5.5
MPa minimum 300% modulus, 19 MPa minimuom tensile sirength and 57%

maximum compression.
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Figure 7 Effect of TBBS level and NR/BIIR ratio on minimum torgue at HAF
coded 0 (30 phr). ,
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