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ABSTRACT: This study evaluates the effects of ethylene-propylene-diene-monomer grafted maleic anhydride (EPDM-g-MAH) and

internal mixer melt compounding processing parameters on the properties of natural rubber/ethylene-propylene-diene rubber (NR/

EPDM) blends. Using Response Surface Methodology (RSM) of 25 two-level fractional factorial, we studied the effects of NR/EPDM

ratio, mixing temperature, Banbury rotor speed, mixing period, and EPDM-g-MAH contents in NR/EPDM blends. The study found

that the presence of EPDM-g-MAH in NR/EPDM blends had a predominant role as a compatibilizing agent, which affected the proc-

essability and properties of the final material. We also determined the model fitting with constant determination, R2 of 99.60% for

tensile strength (TS) response with a suggested combination of mixing process input parameters. The reproducibility of the proposed

mixing strategy was then confirmed through model validation with a minor deviation at 12.303% and higher desirability of 0.960.

This study is essential in providing a process design reference for NR/EPDM blends preparation by melt-blending and the role of a

compatibilizer from the systematic Design of Experiment (DOE) approach. The experimental findings were further supported with

swelling and cross-link density measurements, differential scanning calorimetry analysis, and observation of fracture morphology

using a scanning electron microscope. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42199.
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INTRODUCTION

Numerous researches have reported on the preparation and

characterization for various types of rubber blends.1–4 The

blending of rubber produces new materials with a wide range of

applications by taking advantage from the attractive properties

of the blend constituents, while avoiding the economic and

technical uncertainties associated with synthesizing new poly-

meric materials.5–7 Furthermore, the diversity of attractive rub-

ber blend systems that have been commonly investigated, such

as NR/SBR,8 SBR/NBR,2 NBR/EVA,3 NBR/HNBR,4 NR/BR/

EPDM,9 NR/SBR/BR,10 NBR/EPDM,11,12 NR/BR,13 and many

more, have sufficiently demonstrated the overwhelming need to

identify versatile blends capable of meeting specific performan-

ces for certain technological usages. Among these, the vulcan-

ized NR/EPDM systems have been extensively studied due to

their superior performances in tires and other demanding appli-

cations.6,14–22 Significant improvements in heat and ozone

resistance17 of NR/EPDM blends have attracted researchers to

further explore and improvise the NR/EPDM compounds

formulation.

EPDM is a saturated carbon-hydrogen polyolefinic rubber,12

obtained by polymerizing ethylene and propylene with a small

amount of a nonconjugated diene.5,16 EPDM is often used as an

impact modifier,23 and the addition of this rubber phase in elas-

tomer or thermoplastic elastomeric blends (TPE) imparts good

ageing characteristics including weathering and oxidation,

and thermal and chemical resistances.16,22 However, the pres-

ence of EPDM in the formulation of rubber blends creates
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major incompatibility and immiscibility problems due to the

nonpolar and unsaturated characteristic of this synthetic rubber

phase.24

In contrast with EPDM, NR is highly unsaturated and is chemi-

cally reactive.19 Despite encompassing excellent elasticity, fatigue

resistance, high resilience, and superior strength properties, low

level of strain sensitivity, as well as good processing characteris-

tics,5,25 NR is highly susceptible to degradation. On top of that,

NR is sensitive to environmental factors, such as ozone, light,

moisture, humidity, radiation, and heat, due to its double

bonds reactivity in the main chain.5,14,26,27 This renders the use

of NR not solely viable for many high-performance industrial

applications.28 Thus, blending of NR rubber with the low unsat-

urated rubber phase like EPDM (highly saturated and non-reac-

tive),14 can compensate for the limitations of NR.

Conversely, a higher cross-linking rate of NR has caused a selec-

tive diffusion of curatives towards the NR phase in any of their

corresponding blends.16 The lower solubility of many curatives

in the EPDM phase could further reduce the propensity towards

the formation of crosslink in the EPDM phase.20 This scenario

contributes to the uneven distribution of cure in the blend and

poor interfacial adhesion between the phases, which results in

major incompatibility and immiscibility problems between NR

and EPDM,16,20 that encourage the deterioration of the resulted

properties and inferior performance of the blends.17 Therefore,

the ability to make virtually any two or more polymers to inter-

act chemically with each other is highly desirable in manufac-

turing a wide variety of stable rubber blends.21

Some of the efforts that have been taken to improve the com-

patibility of the EPDM based rubber blends are slight precuring

of EPDM before blending, radiation technique,22 modification

of EPDM with reactive chemicals like MAH,6 functionalization

of EPDM using halogenated and carboxylated EPDM,25

mercapto-modified copolymer,29 utilization of different acceler-

ators and compatibilizers that have greater solubility with

EPDM phase,19,21 addition of a third rubber like ENR to act as

a compatibilizer,28 compounding technique, and addition of

inorganic nanoparticles as an absorption and a stabilization

agent at the interface of the blends.14,17 Among these methods,

the grafting of rubber phase with various functional monomers

has been used as an effective tool for producing modified rub-

ber blend with superior properties.20,30 MAH or citric acid (or

its hydrate) is a typical example of chemicals with two different

functionalities used to compatibilize rubber blends via reactive

blending approaches.31 The polar character of the anhydride

causes an affinity for the surface of the filler and the maleated

polymer that can serve as a compatibilizer, which improves the

interactions between the matrix and the filler.30,32 Furthermore,

grafting EPDM with MAH yields an elastomer which is charac-

terized by local polarity and chemical reactivity.9 In addition,

upon our review of related studies carried out by previous

researchers on EPDM grafted with MAH,23,24,33,34 we found

that if the EPDM molecules were functionalized by maleic-

anhydride or maleic acid, the mechanical properties of the vul-

canized blends of the functionalized EPDM with NR greatly

improved.9 This is because, the MAH group provides extra

polarity to the EPDM and links to a high polar double bond of

NR diene rubber phase.9 MAH modification also increases the

cross-link density in the EPDM phase, possibly because greater

polarity leads to favorable distribution of curatives.35 Moreover,

EPDM-g-MAH has shown to be an efficient compatibilizer,

with less processing difficulties than the commonly used ENR50

in NR filled nanoclay nanocomposites, as studied by Tavakoli

et al.36 Based on this observation, EPDM-g-MAH was chosen as

a reactive compatibilizer agent to improve the interaction

between NR and EPDM, as the compatibility between the two

rubbers is the main factor that determines the properties of

the blends.

Previous studies on NR/EPDM rubber blends have revealed that

they can be prepared through various methods of compounding

and mixing like a laboratory roll mill,7,14,17,21,26 internal

mixer,5,16,19 and solvent removal from mixed polymer solu-

tion.22 Of these processing techniques, melt blending provides

extra benefits of simplicity, industrial scale-up, clean, less cost,

is solvent-free and environmental friendly. In addition, it results

in good end properties and the possibility to mass produce

high performance polymer nanocomposites.37 Thus, melt blend-

ing using an internal mixer was applied in this study. However,

in dealing with an internal mixer, the properties of rubber

blends are usually affected by the processing conditions and the

composition of the blend, which require further optimiza-

tion.4,38 Previous researches,6,14,25,39–41 only highlighted the

effects like mixing speed, mixing period, and temperature in a

one-factor-at-all time approach without considering the inter-

correlation between the processing parameters to their output

properties. Recently, Mohamad et al.28,42 provided another alter-

native in rubber research for the optimization of melt-blending

process parameters by integrating the statistical method of RSM

in their experimental works and analysis. RSM provides a multi-

factor screening experiment without the issue of time con-

straint, but with higher reliability and capability in detecting

the important process or system variables. It also eliminates the

need for a large number of independent experiments, which are

otherwise required in a conventional one-factor-at-a-time in the

trial-and-error approach.28,42,43

In the present study, using RSM we studied the role of EPDM-

g-MAH compatibilizer, coupled with the contribution of all

processing parameters that were directly involved in melt blend-

ing operation using an internal mixer. Related literature on the

development of rubber blends and the characterization of prop-

erties that integrate the statistical approaches are limited. Thus,

this study reports the findings obtained from the polynomial

mathematical model to represent the relationships between the

content of EPDM-g-MAH compatibilizer, NR/EPDM blend

ratio, and other internal mixer blending parameters (tempera-

ture, rotor speed, and mixing period) with respect to the

resulted characteristics of cure and properties of mechanical

tensile strength. Additionally, an analysis on the effect list and

the interactions between the independent variables was also

included. The findings were further supported by swelling and

cross-link density measurements, glass transition temperature

determination using DSC, and fracture surface morphological

observation by SEM. The selection of the best combination of
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processing parameters was then conducted using an optimiza-

tion menu in Design Expert 6.0.10 software, which provided a

process design reference on systematic preparation of NR/

EPDM blends with improved end properties.

EXPERIMENTAL

Raw Materials

The formulation used in the present study is shown in Table I.

NR with commercial trade name of SMR20 grade was supplied

by Malaysian Rubber Board (LGM) with 0.16 max. % wt dirt

retained on 44 apertures, 1.00 max. % wt ash content, 0.60

max. % wt nitrogen, 0.80 max. % wt volatile matter, 30 min

Wallace rapid plasticity (Po), and 40 min % of plasticity reten-

tion index (PFU). Ethylene propylene diene rubber (EPDM)

grade BUNAVR EPT 9650 procured from LANXESS, Pittsburgh,

with Mooney viscosity UML (1 1 8) at 150�C is 60 6 6 MU,

ethylene content 53 6 4 wt %, ENB content 6.5 6 1.1 wt % with

volatile matter �0.75 wt %, specific gravity 0.86, and total ash

�0.50 wt % with non-staining stabilizer was used. Both rubbers

were masticated with two-roll mill for about 10 min at 30�C,

prior of their use. Other compounding ingredients, such as sul-

fur, zinc oxide, and stearic acid, were purchased from Systerm/

Classic Chemical Sdn. Bhd., and tetramethylthiuram disulfide

(Perkacit-TMTD) from Aldrich Chemistry; and n-cyclohexyl-

benthiazyl sulfenimide (CBS), and n-(1,3-dimethylbutyl)-n’-phe-

nyl-p-phenylenediamine (6PPD) were supplied by Flexys

America. All compounding chemicals were used as received

without further steps of purification. The MAH used was a syn-

thesis grade (95% that may contain �5% of maleic acid), while

the DCP used was bis(1-methyl-1-phenylethyl) peroxide,

bis(a,a-dimethylbenzyl peroxide) with molecular formula weight

of 270.37, vapor density of 9.30, and vapor pressure of 15.40

mmHg, and both were supplied by Sigma Aldrich, Germany.

Preparation and Characterization of EPDM-g-MAH

Compatibilizer

The EPDM-g-MAH compatibilizer was synthesized on a lab

scale via a melt-compounding method using Haake Polylab OS

RheoDrive 16 internal mixer with Banbury rotor and 0.70 of

filling factor. An FTIR evaluation for MAH was obtained

through a standard KBr method. EPDM was first masticated at

30�C for 10 min by using a two-roll mill, and was followed by

a melt-blending with peroxide initiated grafting strategy at

180�C, 75 rpm of rotor speed, and 5 min of grafting. The

grafted compound was conditioned at 25�C for 24 h and hot

compression molded at 150�C for 10 min, and 5 MPa of com-

pression pressure for thin film preparation at 200 to 250 lm

thickness. The films were conditioned in an air drying oven at

75�C for 10 h to eliminate the unreacted MAH. The validation

of grafting was done by using the attenuated total reflectance of

ATR-FTIR model Jasco Pro 450-S spectrometer from 4500 to

400 cm21 wavenumber with 4.0 cm21 resolution and 50 scans.

Design of Experiment

An experimental design was performed using Design Expert soft-

ware (Statistics Made Easy, version 6.0.10, Stat-Ease, Minneapolis,

MN). A two-level fractional factorial design of the experiment

was utilized in this study with independent variables involved,

namely NR/EPDM ratio (X1), mixing temperature (X2), rotor

speed (X3), mixing period (X4), and EPDM-g-MAH content

(X5). A 25 fractional factorial design for five independent varia-

bles with three replications at center point and no blocks were

implemented to yield 19 sets of experiments. The levels of inde-

pendent variables are summarized in Table II. The factorial

designs of the experiments for all the parametric combinations

are listed in Table III. This study reported four dependent varia-

bles that consisted of maximum curing time, tc90 (Y1), and maxi-

mum torque, MH (Y2), which represent the characteristic of cure

for blend processability, while tensile strength, TS (Y3), and the

percentage of elongation at break, EB (Y4), in lieu of the evalua-

tion of mechanical properties. Furthermore, the RSM method

was applied in the polymer research to determine the quantitative

equations with a minimal number of experiments, as previously

reported by Mohamad et al.28,42 In this present study, the effects

of the addition of compatibilizer and its correlation with process-

ing parameters on the resulted properties of NR/EPDM blends

were evaluated through the statistical approaches.

Melt Compounding, Characteristic of Cure, and Preparation

of Sample

The process of melt compounding for NR/EPDM blends was

performed using Haake Polylab OS RheoDrive 16 internal mixer

with Banbury rotor in accordance to ASTM D3192 for semi-EV

sulfur vulcanization system.28 The recipes for the compounding

formulation can be referred to a Table I, and the blending oper-

ation was performed following the combination of parameters

generated by the Design Expert software 6.0.10 based on a frac-

tional two-level factorial design, as tabulated in Table III. Both

NR and EPDM rubber were first masticated at 30�C for 10 min

by using two-roll mill to reduce the molecular weight of rubber

to ease the subsequent melt-blending steps. As for compound-

ing with an internal mixer, the NR, EPDM and EPDM-g-MAH

were firstly added. Then a first set of curatives, which consisted

of zinc oxide, stearic acid and CBS, was added after 2 min of

compounding period. Finally, a second set of curatives that con-

sisted of sulfur and accelerator like 6PPD and TMTD was added

a minute before the mixing ended. The compounds were

Table I. Typical Compounding Formulation for NR/EPDM Blends

Preparation

Ingredient Loading (phr)a

Rubber blendb 100.00

Zinc oxide 5.00

Stearic acid 2.00

6-PPDc 2.00

CBSd 1.00

TMTDe 0.30

Sulfur 1.50

EPDM-g-MAHf 1.00–5.00

a Parts per hundred rubber.
b NR/EPDM at 70 : 30, 60 : 40 or 50 : 50 ratio.
c n-(1,3-Dimethylbutyl)-n’-phenyl-p-phenylenediamine.
d n-Cyclohexylbenthiazyl sulfenimide.
e Tetramethylthiuram disulfide.
f Ethylene propylene diene monomer grafted maleic anhydride.
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dumped and left to cool at room temperature for 24 h before

cure characteristic assessment.

The processability of NR/EPDM blends were then tested with

cure characteristic assessment in accordance with ASTM D 2084

using an oscillating rotorless rheometer U-CAN Dynatex

UR2010 (U-Can Incorporation, Taiwan). The samples of the

respective blends were tested at 160�C, 4.5 kg/cm2 of compres-

sion pressure, 1.7 Hz of swing frequency, and 11� swing ampli-

tude within 5 min of curing time. The maximum curing time,

tc90 and the maximum torque (MH) were determined in this

assessment. The compounds of the rubber blend were subse-

quently molded with compression machine at 160�C and 150

kgf using a hot press model GT7014-A, GoTech (Korea), based

on the respective maximum cure time, tc90 was obtained from

the cure characteristic testing. The molded compounds were

conditioned before testing and further analysis.

Mechanical Tensile Testing

A tensile testing of NR/EPDM rubber blends was carried out in

accordance to ASTM D 1822 on a Universal Testing Machine

model Toyoseiki Strograph-R1 (Japan). Before that, dumb-bell

shaped specimens were cut from the molded sheet using a SDL-

100 (Japan) SD-type lever controlled sample cutter. The samples

were tested at a crosshead speed of 500 mm/min and the test

was performed at 23 6 2�C. At least seven samples from each

compound were tested to ensure a high confidence level in the

experimental results. The tensile properties such as tensile

strength (TS) and the percentage of elongation at break (EB)

were determined in this testing. The following equation was

used for the calculation of EB value.44

EB 5
Displacement at failure

Effective gauge length
3 100 (1)

Swelling and Cross-Linking Density Measurements

Swelling tests were performed using cured samples in accord-

ance with ISO 1817. The specimens (dimension: 20 mm length

3 20 mm width 3 2mm thickness) were weighed using an elec-

tronic top loading balance AB135-S/FACT Mettler Toledo, fol-

lowed by immersion in toluene until equilibrium was achieved

for 72 h at room temperature (25�C) in a dark environment.7

Table II. Levels of Each Independent Variable

NR/EPDM ratio
(X1: phr)

Mixing temperature
(X2: �C)

Rotor speed
(X3: rpm)

Mixing time
(X4: min)

EPDM-g-MAH
content (X5: phr)

70 : 30 (21) 70 (21) 50 (21) 5 (21) 1 (21)

60 : 40 (0) 90 (0) 60 (0) 7 (0) 3 (0)

50 : 50 (11) 110 (11) 70 (11) 9 (11) 5 (1)

Table III. Parametric Combination by 25 Fractional Two-Level Factorial Design Matrix

Coded variable

Experiments
Sample
code

NR/EPDM
ratio (X1)

Mixing
temperature (X2)

Rotor
speed (X3)

Mixing
time (X4)

EPDM-g-MAH
content (X5)

1 R1 21 21 21 21 11

2 R2 11 21 21 21 21

3 R3 21 11 21 21 21

4 R4 11 11 21 21 11

5 R5 21 21 11 21 21

6 R6 11 21 11 21 11

7 R7 21 11 11 21 11

8 R8 11 11 11 21 21

9 R9 21 21 21 11 21

10 R10 11 21 21 11 11

11 R11 21 11 21 11 11

12 R12 11 11 21 11 21

13 R13 21 21 11 11 11

14 R14 11 21 11 11 21

15 R15 21 11 11 11 21

16 R16 11 11 11 11 11

17 R17 0 0 0 0 0

18 R18 0 0 0 0 0

19 R19 0 0 0 0 0
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The swollen samples were removed after the immersion period

and were weighed. The specimens were then dried in an oven at

60�C until a constant weight was obtained. The change in mass

was referred to as the percentage of swelling and is given as in

eq. (2):24

Swelling %ð Þ5 ðW2 2 W1Þ
W1

3 100 (2)

where W1 is the initial mass (g), and W2 is the mass (g) after

immersion in toluene. By applying the Flory-Rehner equation,

the molecular weight between the crosslink (Mc) and the cross-

link density (Vc) or the concentration of elastically effective

chains were calculated based on the swelling test results. This

parameter included the true chemical crosslink and the physical

crosslink, such as chain entanglements and loops.7 The Flory-

Rehner equations are illustrated in the following eqs. (3)–(5):

Mc 5
2 qpVsV

1=3
r

ln 12Vrð Þ1 Vr1 vV 2
r

(3)

Vr 5
1

11 Qm

(4)

Vc 5
1

2Mc

(5)

where q is the rubber density (qNR 5 0.92 g/cm3; qEPDM 5

1.06 g/cm3), Vs is the molar volume of toluene

(Vs 5 106.4 cm3/mol), Vr is the volume fraction of the polymer

in the swollen specimen, Qm is the increased weight of the

blends in toluene, and v is the interaction parameter of the rub-

ber network-solvent (v of NR 5 0.393; v of EPDM 5 0.49).

Thermal Analysis by Differential Scanning Calorimeter

Heat flow analysis was performed by using a Differential Scan-

ning Calorimeter, DSC-1 Jade by Perkin Elmer. It was per-

formed between 265 and 150�C, with 20�C/min of heating

rate, and nitrogen gas was purged at a flow rate of 20 mL/min.

About �5 to 10 mg of the sample was weighed and was placed

in a crimped standard aluminum pan. The first scanning of

heating endotherms were analyzed and the glass transition tem-

perature (Tg) was determined from the primary point that

intersected the tangent discontinuity in the DSC curve.11

Observation of Fracture Morphological Using Scanning

Electron Microscopy

The selected tensile fractured specimens were placed on an alu-

minum stub with carbon tape. Later, the specimens were sputter

coated with a thin layer of gold using Polaron E-1500 to avoid

electrostatic charge and poor images during observation. The

morphologies of NR/EPDM blends were observed at 3003 and

50003 magnification with a variable pressure scanning electron

microscope (VPSEM) model Zeiss Evo-50 operated at 15 kV of

the accelerating voltage with secondary electron (SE) mode sig-

nal detector.

RESULTS AND DISCUSSION

Characterization for EPDM-g-MAH Compatibilizer

Figure 1 provides the comparisons of FTIR spectra between

pure EPDM, MAH, and EPDM-g-MAH. The analysis on pure

EPDM rubber spectra showed the presence of bands at 1466

and 1376 cm21 that were assigned to ACH2 scissoring vibration

and CAH bending vibration of ACH3 from the propylene unit,

respectively. The band at 711 cm21 was typical of (CH2)n,

where n� 5 for CH2 rocking vibration due to the presence of

ethylene in the EPDM backbone. In addition, the peaks at 2926

and 2856 cm21 were typical of EPDM rubber arising from the

saturated hydrocarbon backbone of aliphatic alkyl symmetric or

asymmetric CAH stretching vibration.16 IR spectra for EPDM-

g-MAH were referred. The absorption bands at the region of

1770 to 1792 cm21, which attributed to C@O symmetric

stretching bonds, were related to successful MAH grafted to the

EPDM rubber.23 The peak at 1713 cm21 was attributed to the

presence of dimeric carboxylic acid in the EPDM-g-MAH sam-

ple. In addition, the existence of OH group in EPDM-g-MAH

was confirmed with the presence of absorption peak at

922 cm21.23,24 The missing absorption peak at 1779 to

1780 cm21 (CAO stretching for anhydrides) for the pure

EPDM sample confirmed the success of EPDM grafting reaction

with MAH.

Regression Equation for Selected Models

The polynomial relationships for the responses studied were

derived from our experimental findings. The application of

experimental design to fit the results with a first-order polyno-

mial equation, which included all interaction terms, referred to

the principles explained in the previous works reported by other

co-workers.28,42 The variation introduced in this present study

was compared with those presented by Mohamad et al.,28

whereby five independent variables (k 5 5) were applied instead

of four, EPDM-g-MAH was used as the compatibilizer and not

the ENR-50 as the third rubber phase, and there were differen-

ces in the range for certain variables. In addition, the regression

equations for responses in this study were obtained using the

RSM statistical approach that consisted of Y1: maximum curing

time (tc90), Y2: maximum torque (MH), Y3: tensile strength

(TS), and Y4: percentage of elongation at break (EB). The five

Figure 1. FT-IR spectra for pure EPDM, MAH and EPDM-g-MAH.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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independent variables involved were: X1: NR/EPDM ratio, X2:

mixing temperature, X3: rotor speed, X4: mixing time, and X5:

EPDM-g-MAH compatibilizer content. Besides that, the selected

model by RSM for each response was based on the highest pri-

ority in accordance with the polynomial level and the lowest P

value.28 Thus, the mathematical relationship connecting the var-

iables and the predicted responses is presented as eq. (6):

Y 5Bo1B1X11B2X21B3X31B4X41B5X51B12X1X2

1B13X1X31B14X1X41B15X1X51B23X2X3

1B24X2X41B25X2X51B34X3X41B35X3X51B45X4X5

(6)

where Y is the predicted response; Bo is the offset term; B1, B2,

B3, B4, and B5 are the linear coefficients; B12, B13, B14, B15, B23,

B24, B25, B34, B35, and B45 are the cross-product coefficient; and

X1, X2, X3, X4, and X5 are the independent variables. The regres-

sion model for each response, their coefficient of determination

values R2, and adjusted R2 are presented in Table IV. All the

terms included in each equation represented the mathematical

relationship between the quantitative effects of the independent

variables and their interaction to the response.

The intercept for each response was the grand average of all 19

observations, while the regression coefficient was one-half of the

corresponding factor effect estimated based on two-unit change.

Positive coefficient values reflect the increasing effects on the

response, while the negative values provide opposite effects. The

R2 values indicate the degree of agreement between the experi-

mental results and those predicted by the regression model. The

R2 values for all responses were obtained in the range of 0.90 to

0.99, which were very close to union (R2 5 1.00), almost 100%

of the variation in the overall system was presented by the

model. This indicates that the regression model was accurate in

describing and predicting the pattern of significance for each

factor studied and could be used to navigate the design space.28

The list of effects for each contributed term to the response

studied is listed in Table V.

On top of that, the response of tensile strength (TS) was taken

as an example for the explanation of the list of effects (Table

V). It demonstrated that the mixing period (X4) was listed as

the most significant factor with a greater percentage of contri-

bution (26.20%), whereas the rotor speed (X3) contributed less

to the response with only 0.038% of contribution. Here, the

mixing period was controlled, as a longer exposure of the

blended macromolecular chains would lead to degradation due

to excessive heat and shearing action by rotor blade, while

shorter period of exposure would refrain from stabilization in

processing torque that would lead to incompatibility and sepa-

ration between phases.

Furthermore, small values for some terms of interaction in the

list of effects, such as X1X2, X2X4, and X3X5, indicated the insig-

nificant contribution to the response and the interaction

between them was negligible and was not even considered in

the regression equation of Y3 for TS. The polynomial relation-

ship for Y3 is depicted in Table IV. Here, the negative value for

each single variable in Y3 suggested that the decreasing coeffi-

cient value for X1, X2, X3, X4, and X5 from the higher level to

the lower level increased the value of output response.

Table IV. Regression Models of Each Response

Responses R2 Adjusted R2 Polynomial relationships

Y1 5 tc90 0.9976 0.9862 Y1 5 13.19 1 0.32X1 2 0.27X2 2 0.092X3 2 0.052X4 1 0.11X5 1 0.098X1X2

1 0.020X1X4 1 0.10X1X5 2 0.084X2X3 2 0.061X2X4 2 0.043X2X5 1 0.077X3X4

1 0.012X3X5 2 0.033X4X5

Y2 5 MH 0.9992 0.9930 Y2 5 123.41 2 0.52X1 1 0.72X2 1 0.15X3 2 0.28X4 2 0.038X5 2 0.41X1X2

2 0.37X1X3 2 0.21X1X4 2 0.13X1X5 1 0.29X2X3 1 0.44X2X4 2 0.17X2X5 2 0.38X3X4

2 0.037X3X5 2 0.11X4X5

Y3 5 TS 0.9960 0.9865 Y3 5 15.39 2 0.095X1 2 0.29X2 2 0.016X3 2 0.42X4 2 0.16X5 2 0.26X1X3

1 0.085X1X4 2 0.13X1X5 2 0.25X2X3 1 0.24X2X5 2 0.10X3X4 1 0.13X4X5

Y4 5 EB 1.0000 0.9997 Y4 5 1638.99 2 4.84X1 2 114.69X2 1 51.31X3 230.13X4 1 28.01X5 1 3.24X1X2

1 7.43X1X3 1 54.38X1X4 1 12.99X1X5 2 6.28X2X3 2 2.91X2X4 2 6.69X2X5

1 53.48X3X4 210.76X3X5 1 51.75X4X5

Table V. The Effect List of Each Terms Contributing to the Response

Percentage of contribution to each response (%)

Term tc90 MH TS EB

X1 39.01 15.06 1.32 0.089

X2 27.79 28.64 12.21 49.73

X3 3.21 1.28 0.038 9.95

X4 1.04 4.22 26.20 3.43

X5 4.31 0.081 3.61 2.97

X1X2 3.65 9.58 2.399E-003 0.040

X1X3 0.011 7.56 9.95 0.21

X1X4 0.15 2.51 1.06 11.18

X1X5 4.05 0.94 2.61 0.64

X2X3 2.72 4.57 8.80 0.15

X2X4 1.44 10.87 1.420E-005 0.032

X2X5 0.69 1.70 8.47 0.17

X3X4 2.27 7.95 1.54 10.81

X3X5 0.060 0.076 7.510E-003 0.44

X4X5 0.42 0.67 2.31 10.13

Curvature 8.97 4.22 21.57 0.031
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Meanwhile, the positive coefficient value for several terms of

interaction in Y3 response indicated good dependency between

the corresponding variables in affecting the TS of NR/EPDM

blends. On the other hand, as for Y1, Y2, and Y4 responses, all

the individual and terms of interaction were primarily consid-

ered in the regression equation, indicating the considerable con-

tribution for each independent variable to the response with the

list of effects that evidenced their role quantitatively (Table V).

Interaction Between Variables on Response Surface Plots

Maximum Cure Time, tc90 (Y1). Maximum cure time is the

time required to reach 90% of full cure and is generally the

state of cross-linking at which the most physical properties of

the rubber blend reach optimal results. It is crucial to control

this attribute to avoid the reverse curing phenomena due to

compound over cure, where the blend becomes soft and less

elastic, but more plastic.2 From the response plots [Figure 2(a)],

the increase in maximum cure time was proportional with the

increase of the EPDM content up to 50 phr of EPDM in NR/

EPDM ratio and the content of EPDM-g-MAH compatibilizer

up to 5 phr. This can be attributed to the lower efficiency of

the EPDM rubber to be vulcanized with the sulfur system.

EPDM has a comparatively low diene content and lower unsa-

turation chain level as compared than NR.6 This, was further

supported by El-Sabbagh,34 in their study on NR/EPDM blend.

They found that the higher EPDM ratio in the blend increased

the characteristic of curing. Furthermore, Botros and El Sayed,6

also found that the addition of compatibilizer into the NR/

EPDM blend increased the MH and tc90. Similar to the tc90

response, the scorch time (ts2) was directly proportional with

the increase of EPDM and EPDM-g-MAH compatibilizer in the

blends. Generally, the ts2 can be correlated to the time required

for the state of cure to increase up to two torque units above

the minimum at a given cure temperature.

From the interaction between the mixing temperatures versus

EPDM-g-MAH content, it was found that lower mixing temper-

ature and maximum amount of EPDM-g-MAH yielded a higher

tc90 value [Figure 2(b)]. Furthermore, there were almost insig-

nificant effects between the rotor speeds and the added compa-

tibilizer, as portrayed in Figure 2(c), due to a less gradient plot

for both variables (X3X5). In addition, a lower percentage of

contribution in the list of effects for these terms of interaction

(Table V) might have supported this situation. Rotor speed did

not change the response to be either at lower (50 rpm) or at

higher speeds (70 rpm) with the increased content of the

EPDM-g-MAH compatibilizer [Figure 2(c)]. The interaction

between the mixing periods and the EPDM-g-MAH, as

Figure 2. Response surface plots showing variation in interaction between variables for tc90: (a) X1X5; (b) X2X5; (c) X3X5, and (d) X4X5.
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illustrated in Figure 2(d), predetermined that higher tc90 could

be obtained by using the maximum amount of the EPDM-g-

MAH compatibilizer at a shorter period of compounding.

In relation to the measurement of the vulcanization rate based

on the differences between the optimum vulcanization (tc90)

and the scorch time (ts2) which yielded the cure rate index

(CRI), the decrease in the CRI indicates a decrease in the num-

ber of reactive sites for cross-linking reaction in the blends.

Thus, the variation in CRI due to the presence of the EPDM-g-

MAH compatibilizer showed the role of MAH in affecting the

crosslink distribution which led to the bonding or compatibility

between NR and EPDM rubber phases.

Maximum Torque, MH (Y2). MH indicates the maximum tor-

que achieved during the curing or the degree of cross linking.25

The higher the torque obtained, the higher the number of

crosslink created.45 MH also represents the vulcanizates strength

of rubber blend compounds.46 Figure 3(a) demonstrates the

maximum torque versus EPDM-g-MAH and NR/EPDM ratio in

a three-dimensional surface plot. The value of MH increased

with the decrease of NR/EPDM ratio (lower EPDM content),

together with the factors of EPDM-g-MAH in the blends. The

variation in MH can be attributed to the higher plasticity and

Mooney viscosity of the EPDM component in the NR/EPDM

blends.6 These findings are in line with Shehata’s et al., who

found that the addition of compatibilizer into a 50/50 NR/

EPDM blend increased MH that gave rise to the enhancement

of the cross linking that took place during the curing process.

This can be considered a good sign for the compatibility

between the NR and the EPDM rubber phase.21 A comparable

pattern for the torque difference of MH-ML as observed in this

study provides a measure of shear dynamic modulus that

directly supports the attainment of a characteristic network

chains in the blends as indicated by similar trend to MH.

A higher maximum torque also confirmed an adequate interac-

tion in the phase of blend in terms of their molecular network.

Hence, good interaction in the blends was attributed to reactive

compatibilization between polar groups of EPDM-g-MAH and

carbon-carbon double bond of the unsaturated rubber.28 Besides

that both rotor speed and mixing period showed insignificant

interaction with the presence of EPDM-g-MAH as per agreed

by the lowest percentage of contribution in the list of effects at

0.076 and 0.67 for X3X5 and X4X5, respectively (Table V).

Tensile Strength, TS (Y3). The effects of the addition of the

EPDM-g-MAH compatibilizer and their correlation with other

Figure 3. Response surface plots showing variation in interaction between variables for MH: (a) X1X5; (b) X2X5; (c) X3X5, and (d) X4X5.
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melt-compounding processing parameters for TS of NR/EPDM

blends are shown in Figure 4. No response plots for X3X5 term

of interaction was available due to the lowest percentage of con-

tribution towards Y3 in the list of effects, indicating insignificant

interaction between those variables. Figure 4(a) depicts the

effects of NR/EPDM ratio versus EPDM-g-MAH content.

Tensile strength increased with the increase in the content of

EPDM up to 50 phr in the NR/EPDM blend with the decreased

content of the EPDM-g-MAH compatibilizer to 1 phr. In con-

trast, the TS for a 50/50 NR/EPDM blend with a higher EPDM-

g-MAH content (5 phr) experienced significant reduction to a

minimum TS value due to the domination of the EPDM rubber

in the formulation of the blend. EPDM had lower strength than

NR. Thus, a higher EPDM content in the compound resulted in

a lower TS output. In this case, it is believed that a minimum

amount of EPDM-g-MAH content was sufficient to provide the

best compatibilization effects that induced in situ formation of

compatibilizing interchain copolymer between the EPDM and

NR rubbers.28 The NR/EPDM blend with lower EPDM, but

higher NR ratio (70 : 30) with only 1 phr of EPDM-g-MAH

had considerably higher TS, indicating the efficacy of the added

compatibilizer to provide a good interaction at the interface

between the rubber phases. Moreover, the NR rich blend exhib-

ited higher TS due to NR crystallinity exhibited upon stretch-

ing.16 This situation was further supported by a comparable

pattern of modulus at 100, 300, and 500% of elongation

(M100, M300, and M500). The incorporation of EPDM-g-MAH

compatibilizer to the NR/EPDM blends increased the rigidity of

vulcanizates. The compatibilizer added at a minimal amount

introduces an excellent interfacial adhesion between NR and

EPDM rubber phases. This has directly hindered the chain slid-

ing past one another when the samples are placed under tensile

loading. The resistance to deformation is enhanced and thus

resulting better stiffness of the NR/EPDM blends.

On the effect of mixing temperature versus the addition of

EPDM-g-MAH compatibilizer [Figure 4(b)], it was found that

at higher mixing temperatures with maximum content of

EPDM-g-MAH added to the blend, the response of TS was

reduced to minimum output. In this case, a lower amount of

EPDM-g-MAH compatibilizer is in fact efficient in its func-

tion to enhance TS at a lower mixing temperature. Based on

these findings, higher mixing temperatures are not recom-

mended in the preparation of the NR/EPDM blend as it is

prone to cause heat degradation that would later diminish the

properties of the blend and hinder the function of the

compatibilizer.

Figure 4(c) depicts the relationship between the mixing period

and the EPDM-g-MAH content added to the NR/EPDM blend.

A shorter mixing period (5 min) versus a lower amount of

EPDM-g-MAH addition (1 phr) yielded higher TS. Moreover, a

maximum mixing period was found to yield a minimum result

for TS, while longer mixing period intensified the damage in

the rubber chain and cross-linking due to the extended expo-

sure to heat and strong shearing forces by Banbury rotor rota-

tion. A shorter mixing period was more beneficial as it

eliminated the longer mixing cycles, and was more economical

for the blend processing.

Thus, overall, the response surface plot for the terms of interac-

tion for X1X5, X2X5, and X4X5 showed that a little amount of

EPDM-g-MAH was required to provide maximum effect of

compatibilization in enhancing the interaction between NR and

EPDM rubber phases. In addition, the presence of polar groups

in EPDM-g-MAH enhanced the distribution of EPDM in the

NR matrix, and thus, improved the properties of mechanical

tensile strength.28 SEM observations on the fractured samples

are depicted in Figure 9 to further support the variation that

occurred in the findings of TS.

Percentage of Elongation at Break, EB (Y4). Figure 5(a) shows

the correlation between NR/EPDM ratios and the content of

EPDM-g-MAH compatibilizer in rubber blends. A maximum

amount of EPDM-g-MAH at 5 phr was required to optimize the

EB response for NR/EPDM blends with either lower (70 : 30) or

higher (50 : 50) formulation of EPDM content blends. The EB

increased in parallel with the increase of EPDM-g-MAH content.

The added compatibilizer acted as anchor points between the

molecular chains for both the rubber phases and extended the

elongation towards a higher degree during the tensile loading by

preventing chain slippage from occurring.28 This, allowed the

blend with higher EPDM-g-MAH content to be elongated in a

higher percentage of elongation compared with neat NR/EPDM

blend and possibly introduced the strain induces crystallization

phenomena that further supported the improvement in TS,

M100, M300, and M500.

Figure 4. Response surface plots showing variation in interaction between variables for TS: (a) X1X5; (b) X2X5, and (c) X4X5.
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The response surface plot for the interaction between the mixing

periods and the EPDM-g-MAH content, X4X5, is depicted in Fig-

ure 5(d). There were two maximum conditions for EB: (a) when

there was lower addition in the content of EPDM-g-MAH (1 phr

for 5 min of mixing period), and (b) there was higher addition in

the content of EPDM-g-MAH (5 phr at 9 min of mixing period).

However, the lowest EB response for X4X5 interaction was

obtained when a minimum EPDM-g-MAH compatibilizer was

added for compounding with extended period up to a maximum

of 9 min. These situations showed that a longer mixing period

did not definitely assured the enhancement of EB response, whilst

to some extent, only a small amount of EPDM-g-MAH compati-

bilizer was required to improve the compatibility between the

rubber phases with regards to the mixing time parameter.

The interaction for EPDM-g-MAH versus rotor speed, X3X5,

and the interaction between EPDM-g-MAH and mixing temper-

ature, X2X5, is presented in Figure 5(c,b), respectively. Maxi-

mum rotor speed (70 rpm) and minimum mixing temperature

(70�C) versus maximum EPDM-g-MAH content (5 phr) should

be applied to disperse the EPDM-g-MAH compatibilizer homo-

geneously in the blend so as to induce improved interaction

between the rubber phases for maximum EB results. Hence, it

can be justified that the processing parameters used in the NR/

EPDM blends compounding must be balanced with the amount

of EPDM-g-MAH compatibilizer as to gain maximum compati-

bilization effects for better or higher EB response.

Support Analysis Using RSM Optimization Tools, Swelling

Test, DSC, and SEM Observation

Decision on Melt-Blending Operation for NR/EPDM Blends.

In this study, the data retrieved from the tensile strength were

further analyzed with RSM optimization tools. The objective of

this step was to select the best combination of melt blending

processing parameters, the appropriate amount of EPDM-g-

MAH compatibilizer, and the NR/EPDM ratio that could yield

a higher TS value. Tensile strength results were used to represent

the compatibility and the quality of the produced NR/EPDM

blends. A higher TS value might indicate the improved interac-

tion between the rubber phases of NR and EPDM.47 The pre-

dicted tensile strength at each experimental point is given in

Table VI, along with the experimental data. The findings

obtained are in accordance with Mohamad et al.28

Furthermore, this study established that the NR/EPDM blend

with higher TS output response (coded as R5) could be prepared

Figure 5. Response surface plots showing variation in interaction between variables for EB: (a) X1X5; (b) X2X5; (c) X3X5, and (d) X4X5.
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by applying minimum EPDM content in the NR/EPDM ratio

(70 : 30 of NR/EPDM), minimum mixing temperature (70�C),

maximum rotor speed at 70 rpm, shorter mixing period (5 min),

and lower amount of EPDM-g-MAH compatibilizer (1 phr). In

this case, maximum rotor speed was required to improve the dis-

persion of dispersed phase (EPDM and EPDM-g-MAH) within

the matrix (NR), and consequently, increased the tensile strength

of NR/EPDM blend. High mechanical shearing induced by maxi-

mum rotor speed within the confined mixer space provided

enough forces for better interaction between the rubber phases,

and thus, improved the compatibility between them.

On the contrary, the NR/EPDM blend with the lowest TS out-

put response (coded as R16) was yielded from the utilization of

upper level for all independent variables; 50 : 50 NR/EPDM

rubber components, maximum mixing temperature at 110�C,

maximum rotor speed (70 rpm), maximum mixing period (9

min), and maximum content of EPDM-g-MAH compatibilizer

(5 phr). Besides that explanation on the reduction of TS value

for this parametric combination could be traced from relevant

justification, as provided in the previous part of interaction

studies between variables on response surface plots for Y1, Y2,

Y3, and Y4. However, it is interesting to note that the addition

of higher amount of EPDM-g-MAH compatibilizer would not

necessarily give a maximum output for TS response. Thus, an

appropriate EPDM-g-MAH compatibilizer content is essential

to enhance the compatibilization effects in the produced blends

with suitable combination of other processing parameters,

which are directly involved in the preparation of NR/EPDM

blends.

This can be done by applying the optimization menu in the

Design Expert software by limiting the variables in range and

targeting the TS response into the maximum goal. Approxi-

mately 10 final solutions were suggested by the software, com-

plete with the predicted value of TS. A solution with higher

desirability of about 0.960 and predicted TS value of 7.157 MPa

was selected. Figure 6 depicts the ramp mode suggestion for the

parametric combination of better TS output for NR/EPDM

blends and the desirability chart for the response studied. The

proposed set of parametric combination corresponded as

X1 5 70 : 30 of NR/EPDM; X2 5 70�C; X3 5 70 rpm; X4 5 5

min; and X55 1.34 phr of EPDM-g-MAH compatibilizer.

The proposed parametric combination by RSM was then vali-

dated by repeating the tensile testing accordingly. The suggested

independent variables for maximum TS output response was

repeatable with a very low deviation of only 12.303%, and the

TS value was yielded at 7.322 MPa. As for the subsequent stage

of support testing and analysis, the sample of NR/EPDM blend,

which was prepared using the proposed parametric combina-

tion, was comparatively utilized and coded as RR.

Swelling Test and Cross-Link Density of NR/EPDM Blends.

The swelling of rubber blends was frequently conducted to

determine the crosslink density of the compound. It was found

Table VI. Comparison of Experimental and Predicted TS Values of NR/

EPDM Blends

Experiments
Sample
code

Experimental
value (Y; MPa)

Predicted
value (Y; MPa)

1 R1 5.31 5.30

2 R2 6.50 6.51

3 R3 5.50 5.51

4 R4 5.60 5.59

5 R5 7.28 7.27

6 R6 5.32 5.34

7 R7 5.89 5.90

8 R8 5.11 5.10

9 R9 5.01 5.01

10 R10 4.98 4.97

11 R11 5.13 5.13

12 R12 5.21 5.22

13 R13 5.51 5.51

14 R14 5.52 5.52

15 R15 4.24 4.24

16 R16 4.11 4.11

17 R17 6.21 6.36

18 R18 6.45 6.36

19 R19 6.42 6.36

Figure 6. (a) Ramp mode suggestion of the best parametric combination

for NR/EPDM blends with 0.960 desirability; (b) desirability chart for TS

output response. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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that a higher crosslink density of a network chain lowered the

percentage of swelling for vulcanized rubber in solvent.46 In this

study, a swelling test was performed to evaluate the effects of

various loadings of the addition of EPDM-g-MAH compatibil-

izer to the crosslink density of the NR/EPDM rubber blends.

The crosslink density and the swelling percentages versus the

amount of EPDM-g-MAH for R5, RR, R18, and R16 samples

are shown in Figure 7. From the plot, it can be observed that

the swelling percentage for R16 (5 phr) is higher than R5 (1

phr). This could be reasonably attributed to the efficacy of

EPDM-g-MAH compatibilizer to give better compatibilization

effects at lower additions. The presence of EPDM-g-MAH at a

lower content improved the interaction between NR and EPDM

rubber, which enhanced a three dimensional network in the

blends. The cross linking network limited the absorption and

the penetration of toluene towards the blends due to the limited

open space between intermolecular rubber chains and gaps.

This observation is in line with the increment in blend mechan-

ical tensile properties due to the restriction to molecular motion

of the blends chains by crosslink.28

The NR/EPDM blend, coded as R16, experienced a major

increase in swelling percentage with exceedingly lower crosslink

density as compared with other blends with the presence of a

small amount of EPDM-g-MAH compatibilizer (R5, RR, and

R18). The combination of maximum level of independent varia-

bles for processing parameters like higher mixing temperature,

rotor speed, and mixing period for R16 blend seemed to deteri-

orate the formation of crosslink and to obstruct the possible

interaction between the rubber phases. Maximum independent

variables that were used to compound R16 might worsen the

interaction between the rubber phases due to heat degradation

and chain breakage via prolonged mixing time, high mixing

temperature, and rotor speed. Furthermore, less ratio of NR in

R16 blend (50 : 50) also caused the reduction of crosslink den-

sity within the blend, as it is known that NR is more polar,

highly unsaturated, and more reactive than EPDM rubber.19

Thus, a higher EPDM content in blend formulation will result

in lower possibility of crosslink formation and a higher percent-

age of swelling. In this case, it was once again proven that the

amount of compatibilizer combined with suitable processing

parameters, mainly contributed to the characteristics of the

blends.

Differential Scanning Calorimetric Analysis of NR/EPDM

Blends. DSC curves were analyzed to determine the glass transi-

tion temperature (Tg) of the selected NR/EPDM blends and

their single rubber constituents. The samples were examined

within the temperature range from 265 to 150�C. The Tg is an

indirect representation of the heterogeneous nature of polymeric

blend. A sharp single peak in endothermic curves indicates a

highly miscible blend. Meanwhile, an intermediate peak with a

value between those of the constituent components shows a

partially miscible blend, and the separated peaks indicate an

immiscible blend.28

The scan traces of the DSC thermogram for NR, EPDM, NR/

EPDM blend without compatibilizers (R0), NR/EPDM blend

with 1 phr of compatibilizer (R5), and NR/EPDM blend with 5

phr of compatibilizer (R16) are depicted in Figure 8. Both NR

and EPDM rubber showed a single Tg peak at 258.0�C and

245.5�C, respectively. NR/EPDM blend without the compatibil-

izer (R0) was an immiscible blend with two distinct Tg values

corresponding to the two neat constituents for the compositions

of the blend. Meanwhile, R5 endotherms showed a significant

single peak shift at about 249.0�C, as the temperature was

Figure 7. The swelling percentages and crosslink densities of the NR/

EPDM blends with respect to the amount of EPDM-g-MAH compatibil-

izer addition. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. The DSC curves of EPDM, NR, and NR/EPDM with and with-

out EPDM-g-MAH compatibilizer.
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located between the Tg range for NR and EPDM rubber. Some

interactions between NR and EPDM might have occurred at the

boundaries of their phases as a third phase, indicating improved

miscibility and compatibility between them.

The presence of EPDM-g-MAH at a lower amount, a minimum

EPDM content in the blend ratio (70 : 30), and a combination

of other processing parameters at their low level value, except

for the rotor speed, were able to create a well-dispersed discon-

tinuous phase that exhibited rheological properties almost simi-

lar to those obtained for compatible blend having one glass

transition.28 However, this did not happen to the NR/EPDM

blend with the presence of a higher amount of compatibilizer

(R16). Obviously, there were two intermediate Tg peaks present

between the 260.0�C and 245.0�C temperature range that por-

trayed partial miscibility between these two rubbers.

This clearly shows that the utilization of all high-level values of

processing parameters in NR/EPDM blends is actually ineffec-

tive in enhancing the miscibility and the compatibility between

NR and EPDM rubber. A combination of maximum processing

parameters like higher rotor speed, higher mixing temperature,

and mixing period exposed the blend with major degradation

effect and chains breakage due to excessive heat and shearing

effects within prolonged mixing duration.

SEM Observations for Fracture Morphologies of NR/EPDM

Blends. The SEM fracture morphological observation of NR/

EPDM blends was performed to evaluate the transformation on

tensile fracture surface with regards to the presence and the

absence of EPDM-g-MAH compatibilizer. In this study, samples

R0 and RR were selected and viewed at 3003 and 50003 of

magnification under SEM. Both NR/EPDM blends of 70 : 30

rubber ratio were compounded by using the best combination

of processing parameters, as decided by the software with 1.34

phr of EPDM-g-MAH added for RR blend, while there was no

addition of compatibilizer for R0 blend (control sample).

Figure 9 depicts the comparison of micrographs between R0

and RR at two different magnifications. At a lower magnifica-

tion, it was observed that NR and EPDM rubber phases for R0

blend were clearly distinguished by the color contrast, whereby

EPDM was brighter than NR, and obviously existed as a dis-

perse phase within the NR dominant. In addition, several voids

or holes were spotted at the micrograph, indicating a weak

interaction between NR and EPDM rubber phases. Besides that,

the fracture surface for R0 was smoother than RR, which clearly

tells that less force was needed to break the R0 blend via tensile

loading [Figure 9(a)]. Conversely, RR blend with the presence

of EPDM-g-MAH showed the existence of many tearing lines

[Figure 9(b)]. This represents the occurrence of shear yielding

Figure 9. SEM micrographs showing tensile fracture surface morphologies of NR/EPDM blends at 70/30 blend ratio: (a) R0 at 3003, (b) RR at 3003,

(c) R0 at 50003, and (d) RR at 50003 of magnifications. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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between rubber interphase that caused rougher fracture surface

due to better stress transfer and higher energy or forces applied

to break the sample under the tensile loading. The presence of

compatibilizer transformed the dispersed EPDM phase into

finer droplets in size that were homogeneously distributed

within the NR domain. The dispersed phase of EPDM altered

the cracked paths and led to a higher resistance to crack propa-

gation for RR, resulting in improved tensile strength,28 com-

pared than R0.

Furthermore, SEM micrographs at 50003 magnification for both

samples provided a clearer comparison on the effects of the pres-

ence and absence of a compatibilizer. It was obviously seen that

R0 blend experienced the worst interaction between NR and

EPDM phase, as limited compatibility and immiscibility between

both rubber phases caused un-wetted surface and agglomeration

of minor phase of EPDM within the NR domain [Figure 9(c)].

This provided a reason for the existence of voids available at the

R0 micrograph in Figure 9(a), due to the separation of EPDM

rubber from NR during the tensile deformation.

However, this did not happen to the RR blend since improved

compatibility and interaction between NR and EPDM rubber

phases could be seen from good interaction, fully wetted, and

less differences in phase contrast between both rubber phases.

The addition of compatibilizer in RR seemed to develop a third

phase between NR and EPDM rubber interphase, which conse-

quently improved the properties of the produced blends, as

established in this present study. This further proved that the

added compatibilizer, more or less, successfully influenced the

characteristics of the NR/EPDM blends, provided that the other

melt-blending processing parameters by internal mixer were

firstly optimized and determined through the systematic

approach of RSM.

CONCLUSION

The relationships between the melt-blending processing parame-

ters and the addition of EPDM-g-MAH compatibilizer to the

mechanical tensile properties and cure characteristics of NR/

EPDM blends were established using the related RSM analysis. It

was found that the interactions between the independent varia-

bles in affecting the responses studied were consistent with the

supported experimental findings. A higher R2 value for each

response is sufficient to represent the proposed regression model

in predicting the optimum properties of NR/EPDM blends. The

best combination of internal mixer processing parameters with an

accurate amount of compatibilizer were decided in this work in

ensuring the best possible performance of produced NR/EPDM

blends with improved compatibility and miscibility between the

rubber phases. The following statements can be drawn to summa-

rize the overall significance of this study:

i. The presence of EPDM-g-MAH as a compatibilizer in NR/

EPDM blends enhanced the cure characteristics. The cure

time (tc90) and maximum torque (MH), increased as the

EPDM-g-MAH content increased.

ii. A lower amount of compatibilizer was required to yield an

optimum tensile strength (TS) value, with regards to opti-

mum processing parameters, except for the NR/EPDM ratio

of 50 : 50, while a higher amount of EPDM-g-MAH should

be added to the blend to maximize the percentage of elon-

gation at break (EB) by accurately manipulating the maxi-

mum and the minimum of other processing variables.

iii. The best combinations of processing parameters based on

TS response (Y1) for NR/EPDM blends prepared by melt-

blending with the compatibilizer were suggested by the

software as 70 : 30 of NR/EPDM (X1), 70�C of mixing tem-

perature (X2), 70 rpm of rotor speed (X3), 5 min of mixing

period (X4), and 1.34 phr of EPDM-g-MAH compatibilizer

(X5). A higher reproducibility of the proposed parameters

was fortified by a higher R2 value of 99.60%, a small devia-

tion at 12.303%, and a higher desirability of 0.960.

iv. Supporting experimental analysis through DSC analysis,

swelling and crosslink density measurements, and SEM

observation for fracture surface morphologies showed good

correlations in accordance to the RSM results and the role of

compatibilizer was highlighted in affecting and improving

the properties of NR/EPDM blends. Compatibilized NR/

EPDM blend with 1 phr of EPDM-g-MAH revealed the for-

mation of a single Tg peak in the curve, which corresponded

to a miscible blend and improved the compatibility between

NR and EPDM rubber phases. In addition, swelling and

cross linking density measurements successfully proved that

the lowest addition of compatibilizer (1 phr) increased the

formation of crosslink to 9.51E-04 g-mol/cm23, and

decreased the percentage of swelling to the lowest at

190.11%, compared with a blend with high maximum

amount of compatibilizer. Moreover, the transformation in

fracture surface morphologies for compatibilized NR/EPDM

blend indicated a better and stronger adhesion between NR

and EPDM rubber, which was promoted by the presence of

a compatibilizer at 1.34 phr for the RR blend.
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