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ABSTRACT

This study was carried out to develop statistical models of formulation parameters for
physical and mechanical properties of natural rubber/starch composites using a 22 full
factorial central composite design via a response surface methodology. It was to measure the
significance and interaction of two identified formulation variables, namely, carbon black
(Xa1) as the filler and glycerol (X2) as the processing oil. The factors are optimized to achieve
maximum cure characteristics, rebound resilience and tensile strength. The composites were
prepared by melt compounding process using a Haake internal mixer at a constant
temperature and rotor speed of 60 °C and 60 rpm. Through the use of regression models that
were developed for the quadratic model, a maximum rebound resilience of 71% and tensile
strength of 22.57 MPa was obtained for a carbon black loading of 50 phr and a glycerol
loading of 7%.

Keywords: Response surface methodology; natural rubber; starch; dynamic mechanical
analysis; desirability.

INTRODUCTION

Natural rubber (NR) is the most important elastomer and it is used extensively in many
applications due to its high elasticity (reversible deformability) [1-9]. Natural rubber is
extracted in the form of latex from the Hevea brasiliensis tree. It is almost 100% cis-1,4
polyisoprene with a high molecular weight ranging from 1 to 2.5 x 106 (Figure 1) [10]. It is
very elastic and can be stretched to at least 200% of its original length [11]. Natural rubber
tends to crystallize when stretched, and spontaneously crystallizes at low temperatures as a
result of its high structural regularity. The stiffening effect due to low-temperature
crystallization can be easily reversed by warming. High-crystalline natural rubber exhibits a
high tensile strength and an improved resistance towards abrasion, cutting, as well as wear
and tear [12, 13].
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Figure 1. Natural rubber structure.

The elastic and flexible network of stretched rubber is a combination of both its
crystallization-induced strength and toughness. The network is also responsible for the
remarkable resilience of vulcanized rubber products. This resilience accounts for the lower
loss of kinetic energy from hysteresis during deformation. The rubber polymer network is
highly dependent on the processing of the rubber. It is necessary to compound the rubber
with several ingredients for easier processability as well as to achieve the desired final
properties and durable products [11]. In a rubber recipe, fillers, reinforcing materials, and
other chemicals are usually added to enhance the final properties of the rubber. The
incorporation of fillers is critical in rubber compounding as it modifies the processing and
properties of natural rubber composites as well as reduces the cost of the products.

Carbon black (CB) is the most commonly used reinforcing agent in natural rubber. It
is routinely employed in the rubber based product industry to enhance specific properties
such as the tensile strength, facilitate the processing and reduce the cost [1, 3, 4, 14-18].
Carbon black has been widely used to produce various kinds of rubber engineering products.
The physico-mechanical of the filled rubber are mostly the attributes of its multiphase
system, which is defined by the mobility of the rubber molecules. This system depends highly
on the dimensional and structural criteria of the carbon black; the structure of aggregates,
surface characteristics, dimension of particles, and its distribution and dispersion in a rubber
matrix [17]. The chemical bonding or physical interlocking between them defines the nature
of the rubber-filler interaction.

Vulcanization involves the chemical reaction of rubber with curing agents in the
presence of an accelerator and activator as well as other chemicals such as antioxidants and
antiozonants [10]. Many chemical substances are involved in the process such as sulphur,
zinc oxide, stearic acid, benzothiazyl-2-cyclohexylbenthiazyl sulphenamide and
tetramethylthiuram disulphide. The ratio between the ingredients is crucial to determine the
type of crosslinking. To gain a vulcanizate with mostly polysulphidic crosslinks and a
relatively high level of chain modification, a conventional system (CV) is used. The CV
system has a high sulphur level of 2 to 3.5 phr and a low level of accelerator of 0.5 to 1 phr.
On the other hand, an efficient system (EV) of low sulphur levels of 0.25 to 0.7 phr with high
accelerator levels of 2.5 to 5 phr produces mainly monosulphidic crosslinks with low chain
modifications. The crosslinks act as a bridge between the chains to prevent chain slippage.
Effective crosslinks will result in rubber vulcanizates with improved physical and mechanical
properties. The combination of useful properties for the vulcanizates can be changed or
improved by modifying the compounding formulation and processing techniques.

The performance of natural rubber based products depends highly on the formulation
of the compound. The evaluation of optimum parameters for multifactor experiments can be
eased by utilizing an appropriate statistical and mathematical tools as well as careful selection
of suitable design of experiment [18]. It is capable to identify the true optimum of various
variables and is less time-consuming. Some researchers claimed that minimum number of
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experiments through response surface methodology (RSM) is possible to acquire quantitative
relations for the effects of various process parameters with regard to the properties of NR
composites [1, 19-23]. In this work, RSM was utilized to develop mathematical relationships
between the single formulation factor and its interaction factor contributions to identify the
best combination of carbon black loading and glycerol loading to generate the NR/starch
composites with the desired cure characteristics, rebound resilience and tensile strength [20].

METHODS AND MATERIALS

Materials

Table 1 shows the formulations that were investigated in this study. The natural rubber (NR)
SMR20 was supplied by Felda Global Ventures Holdings Bhd. The black filler, carbon black
N330 was procured from the Malaysian Rubber Board. Meanwhile, Polyscientific Enterprise
Sdn. Bhd. supplied starch for the compound modifier. Other compounding ingredients such
as stearic acid, zinc oxide and sulphur were purchased from Systerm Classic Chemical Sdn.
Bhd. The rubber accelerator, TMTD was purchased from Aldrich Chemistry, while the
antioxidant, 6PPD, was supplied by Flexys America, USA. All the chemicals were used as
received without further purification steps. Glycerol, purchased from Sigma-Aldrich, was
introduced to study its effect on the optimum cure characteristics, rebound resilience and
tensile strength.

Table 1. Formulation of natural rubber/starch composites.

Materials Compound (phr)?
Natural rubber (SMR 20) 100
Carbon black (N330) 0-60
Zinc oxide 5.0
Stearic acid 2.0
TMTD 1.0
6PPD¢ 1.0
Sulfur 2.5
Tapioca starch 20
Glycerol (%) 0-5
 Parts per hundred

® Tetramethylthiuram disulfide
°(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine

Compounding and Vulcanization Process

The compounding of natural rubber/starch-filled carbon black was according to ASTM
D3182 [20, 23]. A Haake internal mixer working at a temperature of 60°C and a rotor speed
of 60 rpm. The NR was masticated for 1 minute using Banbury rotor followed by the other
ingredients and continuously mixed for another 5 minutes. At the final 1 minute, the sulphur
was added and the mixing continued before it was dumped for cooling and sheeting (Figure
2). After conditioning for 24 hours, a Monsanto moving die rheometer (MDR 200) was used
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to obtain the rheograph of the compound for the cure characteristics. The compound was then
cured under compression in a hydraulic press at 150°C for the optimum curing time according
to ASTM D 2084.

Rebound Resilience
According to the BS 903 Pt A8 standard, disk samples of the NR/starch composites with a
diameter of 29 £ 0.5 mm and thickness of 12.5 + 0.5 mm were prepared. Then, the disks were
tested at room temperature using a DUNLOP Tripsometer. A set of seven samples was tested
for each formulation to ensure a high confidence level. The angle of rebound in degrees was
verified and the average value of the rebound resilience, R (%) was calculated by using
Equation (1):

R = 1- Cos(grebound ) %100 (1)

1-cos\f.,,

Tensile Strength

Hot press-moulded sheets were cut into dumbbell-shaped samples using a die cutter. Then,
the NR/starch composite samples were subjected to tensile loadings using a Universal
Testing Machine in accordance to the BS 6746 standard. The tests were carried out at a
constant cross-head speed of 500 mm/min at room temperature. Seven samples were tested
for each formulation to achieve a high confidence level.

Dynamic Mechanical Analysis
A thermal analysis was performed using a TA Instruments DMA-7 apparatus under a
nitrogen purge at a frequency of 5 Hz and a heating rate of 2 °C min™.

Experimental design and analysis

A plan was drawn up for a design of experiments (DOE), data analysis and optimization
utilizing a Design Expert software (Statistics Made Easy, version 6.0.8, Stat-Ease, Inc.,
Minneapolis, MN).
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Full factorial central composite design

Laboratory experiments based on the central composite design (CCD) was conducted to
optimize the formulation variables for the preparation of the NR/starch composites. The
experiments were carried out according to a two factor-two level, 22 full factorial design. The
two independent variables were carbon black (X1) and glycerol (X2) at low level (—1) and
high level (+1). At five replications at the centre points and four star points, a total of thirteen
sets of experiments were generated (Table 2). The levels of the independent variables chosen
for this trial are given in Table 3. The responses (dependent variables) selected were the cure
characteristic, rebound resilience and tensile strength. The levels were selected based on the
results of a preliminary study.

Analysis of variance (ANOVA)
From the experimental data, the approximate polynomial relationships for the cure
characteristics, rebound resilience and tensile strength were obtained. The results were used
to fit a second order polynomial with all the interaction terms, as in Equation (2):

k k k

Y =B+ D BX+ D BiXi 4D D BixX; +& )

i=1 i=1 i<j
where Y is the predicted response, X represents the independent variables, f represents the
coefficient values, and ¢ is a random error. In this study, two independent variables were
involved and &k = 2. The mathematical relationship between the variables (X; and X>) and the
dependent variable (Y) is defined by Equation (3):

Y=ﬁ0+ﬁlxl+ﬂ2x2+ﬁllxlz+ﬂ22x22+ﬂ12xlx2 (3)
where Pois the offset term, B4, and B2 are the linear coefficients, f11 and P22 are the quadratic
coefficients and P12 is the cross-product coefficients.
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Table 2. Full factorial central composite design for the optimization of formulations in the
preparation of NR/starch composites.
Coded variable

Experiment Carbon black (X1) Glycerol (X2)
1 1 -1
2 +1 -1
3 1 +1
4 +1 +1
5 -1.414 0
6 +1.414 0
. 0 -1.414
g 0 +1.414
9 0 0
10 0 0
11 0 0
12 0 0
13 0 0

Table 3. Level of variables chosen for trial.

Carbon black (X1, phr) Glycerol (X2, %)
50 (-1) 5.0(-1)
75 (0) 6.0 (0)
100 (-1) 7.0 (+1)
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RESULTS AND DISCUSSION

Regression Models of the NR/starch Composites Properties
NR/starch composites at 13 different combinations of carbon black and glycerol were
prepared and tested for the cure characteristics, rebound resilience and tensile strength. The
experiments were conducted as random run order suggested by the Design Expert software.
The results and regression model for each experiment are presented in Table 4 and Table 5,
respectively.

Table 4. Results of each experiments.

Experiment Scorch time  Cure time Rebound Tensile
(ts2) (teoo) resilience (%) strength (MPa)

1 0.95 2.02 71 22.73
2 0.81 5.13 47 18.15
3 1.14 2.33 68 23.19
4 0.8 4.6 48 20.91
5 1.09 2.8 76 21.48
6 0.73 5.36 43 18.75
7 0.97 2.42 57 22.17
8 0.93 2.25 58 24.75
9 0.8 1.97 59 22.61
10 0.82 2.11 59 22.42
11 0.82 2.11 59 22.54
12 0.8 2.11 59 22.45
13 0.82 2.11 59 22.56

In Table 5, the regression model represents the quantitative effects of the independent
variables (filler loading and glycerol) and their interaction effects in relation to the response,
both for the physical and mechanical properties (scorch time, cure time, rebound resilience
and tensile strength). Positive value indicates the effect that plays a role to a maximization
of the response, whereas negative value reflects the opposite effect to the response. The
coefficient of determination (R?) values indicates the level of agreement between the
predicted models with those of the actual experimental results. In this study, all the R? values
obtained were in the range of 0.90-0.99. These values were very close to unity (R? = 1), where
almost all the variations were presented by the model. This indicated the accuracy of the
regression models in explaining the system hence predicting the significance for the two
factors involved in this study [21, 24].
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Table 5. Regression models for different responses.

Responses R?  Adjusted R? Equation of the models

Scorch 0.9662 0.9421 Y1 =+0.81-0.12 X; +0.018 X, +0.05
time (ts2) X2 +0.07 X22 - 0.05 X1 X2

Curetime 0.9703 0.9491 Y2=+2.08 +1.13 X1 - 0.046 X, +1.10
(too) X2 +0.19 X22 - 0.21 X1 X2

Rebound  0.9976 0.9960 Y3=+459.01-11.39 X1 -0.11 X> +0.24
resilience X12 - 0.75 X22 +1.00 X1 X2

Tensile 0.9554 0.9236 Y4 =+422.52 - 1.35 X1 +0.86 X7 -1.36 X2
strength +0.35 X22 +0.58 X1 X>

Interaction between Independent Variables of the NR/Starch Composites

The scorch time (ts2) is the offset for a rubber compound to be still workable at a specific
temperature before experiencing 2% curing level. In this study, an optimal tsz was highly
desirable to ensure a completely moulded product.

Figure 2 (a) illustrates the response surface of the scorch time as a function of the
carbon black content and percentage of glycerol. From the response surface plot, ts2
decreased as the carbon black content was increased from 50 to 100 phr, while tsz increased
as the percentage of the glycerol increased. The highest ts2 of about 1.12 minutes was
achieved at the highest glycerol content and the lowest carbon black content. This might have
been due to the prolonged surface activity among the glycerol and filler, which significantly
delayed the tszand improve the processing safety towards an efficient vulcanization. In
contrast, according to Nor and Othman [26], a low tszindicates an improvement in the
workability of a compound once it is exposed to temperature. It is correlated to the thermal
energy that can be endured by a compound before it is transformed to a vulcanizate due to
the formation of crosslinks [14, 25]. Some studies reported a shortening of tszonce carbon
black was added to the compound [14, 16]. The carbon black particles induced heat from the
friction formed by the shear action during mixing. They also increased the viscosity of the
compound. This was accelerated by the high molecular weight of the rubber chains, which
generated high shear stresses that broke the filler aggregates and increased the uniform
dispersion of the filler in the compound.

Figure 2 (b) illustrates variations in the cure time, tgo as a function of carbon black
and glycerol. Comparing with the tsz the surface plot for tego shows an opposite pattern.
Meanwhile, glycerol had no substantial effect on tgo. This indicated that the presence of
carbon black disturbed the stereo-regularity of the natural rubber chains. It slowed down the
surface activity of the chemical species and simultaneously, prolonged the vulcanization
action that occurred in the compound [16].
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Figure 2. Response surface plot showing variations in (a) scorch time (ts2),
(b) cure time (t90), (c) resilience, and (d) tensile strength.

Figure 2(c) depicts the 3D surface plot of rebound resilience, Y3 of the composites versus
glycerol and carbon black. It shows an almost linear response but with similar pattern as the
effect of carbon black and glycerol to ts2. It was observed that the rebound resilience
decreased consistently with an increase in the carbon black loading. A significant number of
authors have reported that the rebound resilience decreased with an increase in the filler
loading [8, 20, 26-28]. This was simply attributed to the dilution effect since the rubber
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portion is known to dominate the elastic response, which is later measured as the rebound
resilience of a material [29, 30].

The effects of carbon black and glycerol on the tensile strength, Y4 of the composites
are depicted in Figure 2(d). The composites demonstrated the highest tensile strength when
the carbon black loading was 50 phr and decreased with a higher carbon black loading. The
enhanced strength was attributed to the optimum compatibility of the carbon black particles
with the matrices. The good interfacial adhesion between the carbon black particles and
natural rubber/starch matrices improved the mechanical properties as a result of the efficient
load transfer mechanism [3, 31]. However, at higher carbon black loadings, the carbon black
particles tended to aggregate due to the strong filler-filler interactions induced by the surface
hydroxyl group. This led to a poorer dispersion of carbon black in the natural rubber
compound.

Based on the experiment, it is postulated that a higher carbon black loading of more
than 100 phr is detrimental to the rebound resilience and tensile properties of the NR/starch
composites. It may result in the composites having a lower rebound resilience and tensile
strength than 40 % and 18 MPa, respectively. This was due to the agglomeration of the filler
particles. The effect was further depicted by a perturbation plot, as shown in Figure 3.

24.75
B
23.10
A
=
= B
% 21.457]
o
g
~
19.80 ]
18.15
[ | | [ |
-1.000 -0.500 0.000 0.500 1.000

Deviation from reference point
Figure 3. Perturbation of factors A (carbon black) and B (glycerol) at the reference point
(carbon black =75 phr, glycerol= 6.0%).
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Table 6. Comparisons of experimental and predicted tensile strength of NR/starch

composites
Experimental value Predicted value Residual
Experiment (Y; %) ("Y;%) (Y-™Y)
1 22.73 22.57 0.16
2 18.15 18.72 -0.57
3 23.19 23.14 0.048
4 20.91 21.59 -0.68
5 21.48 21.74 -0.26
6 18.75 17.96 0.79
7 22.17 22.01 0.16
8 24.75 24.41 0.34
9 22.61 22.52 0.095
10 22.42 22.52 -0.095
11 22.54 22.52 0.025
12 22.45 22.52 -0.065
13 22.56 22.52 0.045

According to the perturbation plot in Figure 3, the carbon black loading had greater
effects than the glycerol loading as it prominently changed from the reference point.
However, the carbon black loading had a negative effect on the tensile strength as it exhibited
a descending trend, whereas the glycerol loading showed a positive effect since the curve
took an ascending trend. Consequently, the higher the loading of carbon black into the
NR/starch composites, the lower was the tensile strength. In contrast, the higher the glycerol
loading (>7%), the higher would be the tensile strength. This was well-supported by the
regression model tabulated in Table 5.

The predicted tensile strength and experimental data at each experimental point was
tabulated in Table 6. From the data, the experimental value was very close to the predicted
value with a deviation of less than 3%, except for experiment 6, where the difference was
about 4.2%. This was due to the carbon black loading of more than 100 phr, which further
reduced the uniformity of the composites. From the data evaluation, the corresponding
maximum tensile strength of around 23 MPa was obtained at 50 phr of carbon black and 7%
of glycerol. Figure 4 demonstrates the histogram where the desirability of these criteria was
0.852 that close to unity [21].
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Figure 4. Effect of the independent variables, response, and their combinations for
optimization desirability.

Dynamic Mechanical Thermal Analysis (DMTA)

The compatibility of the NR/starch composites was determined by DMTA, which measures
the glass transition (Tg) of a material. The tan 6 value decreased with an increase in the carbon
black loading in the NR/starch composites. According to Utracki and Wilkie [32], a single
sharp peak of tan d indicates a miscible compound. In this study, the thermal characteristics
of the NR/starch composites were examined by a DMTA within a temperature range of -100
°C to 100 °C. This methodology was used to determine the glass transition temperature (T),
which varied from -48.58 'C to -50.22 °C as the carbon black loading was increased from 50
to 100 phr (Figure 5). According to Figure 5, all the three NR/starch composites exhibited a
significant degree of miscibility, as depicted by the single and sharp peaks of tan 6. However,
the tan 6 value decreased as the carbon black (CB) loading increased. This was an indication
that the rubber chains were restricted due to the rubber-filler interaction, as demonstrated by
other researchers [31, 33].
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Figure 5. Tan 6 values of NR/starch composites at 5.0 Hz versus temperature.

CONCLUSIONS

Response surface methodology utilizing a full factorial central composite design has proven
to be a powerful and reliable tool for modelling, analyzing and optimizing the interactive
effects of multiple formulations factors to produce products with desired properties. From
the study, it was observed that the loading of carbon black plays a greater role than the
glycerol content in altering the physical (cure characteristic) and mechanical properties
(tensile strength and rebound resilience) of natural rubber/starch composites. The maximum
predicted rebound resilience and tensile strength of around 70 % and 23 MPa, respectively.
The parameters for optimum processability as well as the maximized rebound resilience and
tensile strength were achieved at a carbon black loading of 50 phr and glycerol content of
7%. The natural rubber/starch-filled carbon black composites that were produced are
promising candidates for biodegradable natural rubber-based products with appreciable
processing requirements and significant mechanical properties.
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