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Abstract Graft copolymer of natural rubber and N-(4-

hydroxyphenyl)maleimide (i.e., NR-g-HPM) was synthe-

sized. It was found that the grafting yield increased upon

increasing the grafting temperature and the highest grafted

HPM content was obtained at 200 �C. Furthermore,

increases in concentration of HPM led to drop in grafted

HPM. Therefore, an optimum grafting temperature and

dose of HPM were found to be 200 �C and 2 phr, respec-

tively. Dynamically cured 60/40 NR-g-HPM/PP blends

with various loading levels of HPM in graft copolymeri-

zation were then achieved by dynamic vulcanization. It

was found that the blend with 2 phr of HPM exhibited the

highest tensile strength, elongation-at-break, mixing torque

during dynamic vulcanization, storage modulus and com-

plex viscosity and the lowest tension set (i.e., the highest

elasticity). This was attributed to the highest grafted HPM

which created greater possibility to form linkage between

NR-g-HPM and the phenolic modified PP compatibilizer

molecules which promoted easier interactions between the

blend components. TGA analysis found that the NR-g-

HPM/PP blends exhibited two stages of weight loss while

the pure PP exhibited a single stage. Furthermore, the NR-

g-HPM/PP blend exhibited higher degradation temperature

than that of the unmodified NR/PP blend which was the

confirmation of higher heat resistance of NR-g-HPM.

Keywords Natural rubber �
N-(4-hydroxyphenyl)maleimide � Graft copolymer �
Thermoplastic vulcanizate � Polypropylene

Introduction

Natural rubber molecules show low resistance to oxidation,

UV irradiation, weathering, chemical and thermal stability.

Therefore, chemical modification of NR molecules has been

widely practiced to enhance those useful properties and to

extend NR scope of applications. There are various NR

products that have been chemically modified including

maleated natural rubber (MNR) [1, 2], epoxidized natural

rubber (ENR), hydrogenated natural rubber (HNR), chlori-

nated natural rubber (CNR) [3, 4], natural rubber grafted with

various types of polymers, such as natural rubber-g-poly(-

methyl methacrylate) (NR-g-PMMA), natural rubber-g-

polystyrene (NR-g-PS) [5, 6] and natural rubber-g-

poly(dimethyl(methacryloyl oxymethyl)phosphonate) (NR-

g-PDMMMP) [7].

Graft copolymers of natural rubber have the potential

application to be used as compatibilizers for blending NR

with other polymer components, which are identical to the

grafted chains with similar polarity. These include blending

of NR with poly(methyl methacrylate) with the aid of NR-g-

PMMA [8] and similarly with polystyrene by using NR-g-PS

[9] and blending with EVA by using NR-g-PDMMMP as

compatibilizers [7]. In addition, natural rubber-g-maleic

anhydride [1, 10] and NR-g-PMMA [5, 11] have been used as

the main blend components to enhance some useful prop-

erties such as solvent resistance and anti-degradation.

N-(4-hydroxyphenyl)maleimide (HPM) is an interesting

monomer, since it consists of pendant phenol group which

could be introduced into the polymer backbone by
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copolymerization. This leads to formation of graft copoly-

mer with high polarity and high heat resistance [12]. N-(4-

hydroxyphenyl)maleimide (HPM) is an interesting mono-

mer, since it consists of pendant phenol groups which could

be introduced into the polymer backbone by copolymeriza-

tion. This again leads to formation of graft copolymer with

NR with high polarity and high heat resistance. Furthermore,

pendant phenol groups in the HPM molecules might induce

synergistic effect on the dynamic vulcanization of NR-g-

HPM/PP blends by phenolic cured system. Also, the NR-g-

HPM/PP blends can be used to produce material with resis-

tance to non-polar solvent and high heat.

Nowadays, thermoplastic elastomers (TPEs) have been

found to be the commercially interested class of polymeric

materials. They are biphasic materials that possess the

combined properties of glassy or semi-crystalline thermo-

plastics and soft elastomers, and enable rubbery materials to

be processed as thermoplastics [13]. Thermoplastic vulca-

nizates (TPVs) are a special class of thermoplastic elastomer

(TPE) with two-phase morphological properties, in which

the rubber particles form the dispersed phase in the ther-

moplastic polymer matrix. TPVs offer many features of

cross-linked rubbers, coupled with the processability of

thermoplastic polymers. They exhibit outstanding low

compression set and high extensibility in addition to solvent

resistance related to the parent polymer pairs. Furthermore,

application of TPV shows no property loss, which confirms

the recyclability of these types of materials. TPVs can be

filled with various types of fillers, can be used as impact

modifiers, and can be colored to tailor their properties and

appearance. One class of TPE based on blending natural

rubber with thermoplastic has been known as thermoplastic

natural rubber (TPNR) [14]. Most of the TPVs based on

natural rubber have been employed on blending NR with

polyethylene [15–17] and polypropylene [1, 18–20]. However,

polypropylene is considered to be the best choice for blending

with natural rubber due to its high softening temperature of

about 150 �C and low glass transition temperature.

In this work, the graft copolymer of natural rubber and

N-(4-hydroxyphenyl)maleimide (i.e., NR-g-HPM) was

prepared via melt mixing process. Dynamically cured

60/40 NR-g-HPM/PP blends were also prepared by a

phenolic dynamic vulcanization system. The effect of HPM

content on mechanical, dynamic, rheological and mor-

phological properties of the blends was investigated.

Experimental

Materials

Materials used in this work are listed in Table 1.

Synthesis of N-(4-hydroxyphenyl)maleimide (HPM)

HPM was prepared by gradually adding of p-aminophenol

(0.22 mol) into a solution of maleic anhydride (0.22 mol)

in dimethylformamide (DMF). Then, polyphosphoric acid

(PPA) was added and the mixture was stirred for 2 h at

80 �C. The reaction mixture was then cooled down and

transferred into the cold distilled water. The orange pre-

cipitate was separated by filtration and washed several

times with distilled water, recrystallized with isopropanol,

filtered and vacuum-dried for 2 h at 40 �C [21]. The

molecular structures of the products were identified by

FTIR and 1H NMR techniques.

Preparation of natural rubber grafted N-(4-

hydroxyphenyl)maleimide (NR-g-HPM)

NR-g-HPM was synthesized by melt mixing process.

Natural rubber (i.e., STR 5L) was first masticated in an

internal mixer, Brabender Plasticorder (PLE-330; Duis-

burg, Germany) at 170 �C at a rotor speed of 60 rpm for

2 min. HPM (2 phr) was then added into the mixing

chamber and continued mixing for 10 min. In this work,

Table 1 List of materials used in the work

Material Manufacturer

p-Aminophenol (HPLC grade) Fluka Chemical Co.,

Switzerland

Maleic anhydride (AR grade) Fluka Chemical Co.,

Switzerland

Dimethyl formamide (AR grade) Fluka Chemical Co.,

Switzerland

Polyphosphoric acid (AR grade) Aldrich Co., Germany

Isopropanol (AR grade) BDH Chemical Co.,

England

Natural rubber (NR), STR 5L Thavorn Industry Co.,

Thailand

Polypropylene (PP), P700 J, with melt flow

index of 12 g/10 min (2.16 kg, 235 �C)

Thai polypropylene

Co., Thailand

Zinc oxide Global Chemical Co.,

Thailand

Stearic acid Imperial Chemical

Co., Thailand

Wingstay-L Eliokem, USA

Stannous chloride Fluka Chemical Co.,

Switzerland

Hydroxymethylol phenolic resin (HRJ-

10518)

Schenectady

International, USA

Engine oil Apollo (Thailand) Co.,

Thailand

Gasoline PTT Co., Thailand

Toluene and isooctane Lab Scan Asia Co.,

Ireland
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NR-g-HPMs with various grafting temperatures (170, 180,

190, 200 and 210 �C) and concentrations of HPM (2, 4, 6,

8 and 10 phr) were prepared. The molecular structure of

NR-g-HPM was then identified by FTIR and 1H NMR

techniques.

Preparation of dynamically cured NR-g-HPM/PP

blends

The NR-g-HPM was first compounded using a formulation,

as shown in Table 2. A Brabender Plasticorder (PLE-330,

Duisburg, Germany) with a rotor speed of 60 rpm at 40 �C

was exploited by a mixing schedule shown in Table 2. The

dynamically cured NR-g-HPM/PP blends at a fixed blend

ratio of 60/40 with PhHRJ-PP compatibilizer were then

prepared via dynamic vulcanization during melt mixing at

180 �C at a rotor speed of 60 rpm by the mixing schedule

shown in Table 3. The blend products were received from

the mixer and cooled down to room temperature and then

pelletized. The dumb-bell shaped specimens were fabricated

by using a thermoplastic injection molding machine (Well-

tec Machinery, Hong Kong). In this work, NR-g-HPM with

various quantities of HPM at 2, 4, 6, 8 and 10 phr was used to

prepare TPVs. Furthermore, the dynamically cured NR-g-

HPM/PP blends were introduced to study the mechanical,

morphological, solvent resistance and thermal properties.

Characterization and testing methods

FTIR

HPM sample was grinded and mixed with KBr powder and

then pressed into a thin disc which was then characterized

by a Nicolet Magna FTIR (560 Omnic ESP, Nicolet

Instruments, USA) spectrometer. On the other hand, each

NR-g-HPM sample was dissolved in chloroform and was

cast on KBr disc to form a thin film. After the evaporation

of chloroform, FTIR was used to determine the functional

groups in NR-g-HPM molecules.

1H NMR

HPM sample was dissolved in deuterium chloroform and

then characterized by proton nuclear magnetic resonance

(Unity Inova 500 Hz, Varian Co., Germany). The NR-g-

HPM samples were first dissolved in toluene and then

precipitated in ethanol. The samples were dried in vac-

uum oven at 40 �C for 48 h and then dissolved in

deuterium chloroform before characterizing by 1H NMR.

Thermal properties

Thermo gravimetric analysis (TGA) and dynamic

mechanical analysis (DMA) were used to study the thermal

behavior of the samples. TGA analysis of NR-g-HPM was

performed by a thermo gravimetric analyzer TGA, STA

6000 thermal analyzer (Perkin Elmer Co., USA) with a

constant heating rate of 20 �C/min under nitrogen atmo-

sphere in the temperature range of 30 to 800 �C. On the

other hand, DMA was performed by a Perkin Elmer DMA

8000 in a dual cantilever mode at a frequency of 1 Hz. The

temperature range of -100 to 100 �C was set with a

heating rate of 5 �C.

Mechanical properties

Dumb-bell shaped specimens were prepared by a thermo-

plastic injection-molding machine with a clamping force of

90 tons (Welltec Machinery, Hong Kong). Tensile prop-

erties of the dynamically cured NR-g-HPM/PP blends were

measured at 23 �C using 2 mm thick injection-molded

samples according to ASTM D412. The Hounsfield tensile

testing machine (model H 10KS, Hounsfield Test Equip-

ment Co., England) was used at a speed of 500 mm/min.

Tensile properties in terms of modulus at 100 % elonga-

tion, tensile strength and elongation-at-break were deter-

mined. Tension set was also determined at room

temperature according to ISO 2285. That is, the samples

were kept under tension at a fixed elongation and time

interval (i.e., 100 % and 10 min, respectively). The test

specimens were then released and conditioned for another

10 min. The dimensions were eventually determined and

compared with the original shapes. The hardness was also

measured according to ISO 7619 by employing a Shore A

Durometer.

Table 2 Compounding formulation and mixing steps

Ingredient Quantity (phr) Time (min)

NR-g-HPM 100 2

ZnO 5 1

Stearic acid 1 1

Wingstay L 1 1

SnCl2�2H2O 0.6 1

HRJ-10518 9 1

Table 3 Mixing schedule for dynamically cured NR-g-HPM/PP

blends

Description Time (min)

Mixing of PP 3

Blend compatibilizer 2

NR-g-HPM compound Until plateau mixing torque
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Dynamic properties

Dynamic properties of the NR-g-HPM/PP blends were

characterized using a rotor less oscillating shear rheometer

(RheoTech MDPT, Cuyahoya Falls, USA) at 180 �C. The

oscillation frequency was set in the range of 1–15 Hz at a

constant strain of 3 %. This was to assure that the test was

in the range of linear viscoelasticity. The storage (G0) and

loss shear (G00) moduli, loss factor, tan d = G00/G00 as well

as the complex viscosity (i.e., g* = 3G*/x = g00 ? ig0)
of the TPVs were characterized.

Morphological characterization

Morphological characterization of dynamically cured

NR-g-HPM/PP blends was performed using a Jeol

scanning electron microscope (JSM-5200, Jeol, Japan).

The blends were first cryogenically cracked in liquid

nitrogen to avoid any morphological changes. The

polypropylene phase was then extracted by dissolving the

samples in hot xylene. The extracted samples were dried

in vacuum oven at 40 �C for 24 h. The dried surfaces

were then gold-coated and examined by scanning elec-

tron microscope.

Results and discussion

Synthesis and characterization of HPM and NR-g-HPM

Figure 1 shows infrared spectrum of N-(4-hydroxy-

phenyl)maleimide (HPM). It can be seen that the absorp-

tion peaks at 1,709 and 1,516 cm-l indicate the stretching

vibrations of carbonyl groups (–C=O) of imide ring and

C=C stretching vibration of aromatic rings, respectively.

Furthermore, the absorption peak at 3,109 cm-l indicates

the asymmetric stretching vibration of C–H bonding of

olefinic groups. Also, a peak at 3,483 cm-l is observed,

which is assigned to the symmetric stretching vibration of

O–H bond. This proves the occurrence of HPM from a

reaction of maleic anhydride and p-aminophenol, as shown

in Scheme 1 [22]. It is seen that maleic anhydride reacts

with p-aminophenol in a medium of polyphosphoric acid

and dimethyl formamide. Ring opening of maleic anhy-

dride was followed by addition reaction at the nitrogen

atom of p-aminophenol. Therefore, HPM was formed

which was a combination of maleic anhydride and p-

aminophenol.

Figure 2 shows 1H NMR spectrum of N-(4-hydroxy-

phenyl)maleimide. It can be seen that the peaks are

observed at the chemical shifts of 7.15 (2) and 6.89 (3) ppm

assigned to the protons of aromatic rings. Furthermore, the

peaks with the chemical shift of 6.82 (1) and 5.08 (4) ppm

are observed. These two peaks are attributed to the protons

of imide rings and hydroxyl groups, respectively. This

confirms the formation of N-(4-hydroxyphenyl)-maleimide,

as the reaction shown in Scheme 1.

Figure 3 shows the infrared spectra of natural rubber-g-

N-(4-hydroxyphenyl)maleimide (i.e., NR-g-HPM) com-

pared with pure NR and pure HPM. In the spectrum of NR-

g-HPM, the peaks can be seen at 1,709 and 1,516 cm-l,

which are assigned to the stretching vibrations of carbonyl

groups in imide rings and C=C stretching vibration of

aromatic rings in HPM, respectively. This may confirm that

the HPM moiety has been successfully grafted onto natural

rubber molecules. Furthermore, the absorption peak at

835 cm-l of = C–H out-of-plane bending of isoprene units

in natural rubber molecules is observed in the spectrum of

NR-g-HPM. Therefore, the grafting reaction of HPM onto

the natural rubber molecules may occur according to the

proposed reaction mechanism shown in Scheme 2 [21].
Fig. 1 Infrared spectrum of N-(4-hydroxyphenyl)maleimide (HPM)

Scheme 1 Reaction of maleic

anhydride and p-aminophenol at

80 �C
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Figure 4 shows 1H NMR spectra of natural rubber-g-N-

(4-hydroxyphenyl)maleimide (NR-g-HPM). An intense

peak is observed at a chemical shift of 5.1 ppm, which is

assigned to the protons in [(CH3)–C=C–H] of unsaturated

unit of natural rubber backbone. Furthermore, two signals

are observed at chemical shifts of 7.15 (A) and 6.89 (B) ppm.

These are assigned to the protons of aromatic and imide rings

in HPM molecules, respectively. This result confirms the

formation of graft copolymer of N-(4-hydroxy-

phenyl)maleimide onto natural rubber molecules (i.e., NR-g-

HPM). The reaction mechanism is shown in Scheme 2.

Effect of grafting temperature and monomer

concentration on grafted HPM content in NR-g-HPM

The NR-g-HPM is synthesized by a fixed concentration of

HPM at 2 phr at various mixing temperatures of 170, 180,

190, 200 and 210 �C. After selecting the optimum mixing

temperature, various concentrations of HPM at 2, 4, 6, 8,

and 10 phr are used to prepare the graft copolymer. In this

work, the grafting level is determined by quantifying the

peak height ratio of infrared spectra peak at 1,709 cm-1

(stretching vibration of carbonyl groups in imide rings) to

835 cm-1 (=C–H out-of-plane bending of natural rubber

molecules). This is assembled to the quantification of

grafted maleic anhydride onto EPDM backbone using the

peak height ratio of 1,707 cm-1 (–C=O stretching vibration

of maleic anhydride) and 1,460 cm-1 (–CH out-of-plane

bending in EPDM) [23].

Figure 5 shows the infrared spectra of natural rubber-g-

N-(4-hydroxyphenyl)maleimide prepared with various

grafting temperatures. Also, Fig. 6 shows the peak height

ratio of the peaks at 1,709 to 835 cm-1 based on the FTIR

spectra in Fig. 5. It can be seen that the peak height ratio

increased with increasing grafting temperature with the

maximum grafting content at approximately 200 �C. This

is attributed to reaction rate increased with increasing

temperature, according to the well-known Arrhenius

equation (i.e., k = Ae-Ea/RT). A decreasing trend of the

peak height ratio is observed in the reaction at temperature

higher than 200 �C. This is attributed to competitive

reactions among homopolymerization, oxidative degrada-

tion and chain scission. Therefore, the grafting temperature

at 200 �C is the optimum condition that could be used to

prepare the NR-g-HPM.

Figure 7 shows the infrared spectra of natural rubber-g-

N-(4-hydroxyphenyl)maleimide prepared with various

quantities of HPM. Also, the peak height ratios of the peaks

at the wavenumber of 1,709 to 835 cm-1 of the infrared

spectra in Fig. 7 are calculated and the results are shown in

Fig. 8. It can be seen that the peak height ratio is fallen

with increasing quantities of HPM. This might be attributed

to the incompatibility between the non-polar molecules of

natural rubber and polar molecules of HPM, which induces

the agglomeration of HPM and its separation from rubber

phase [24]. Therefore, the concentration of HPM at 2 phr is

an optimum concentration used throughout this work.

Mechanical properties of dynamically cured 60/40 NR-

g-HPM/PP blends

Figure 9 shows the mixing torques of dynamic vulcaniza-

tion based on blending of 60/40 NR-g-HPM/PP blends with

various quantities of HPM used in the graft copolymeri-

zation. The first peaks of the mixing torque are related to

the incorporation of PP into the mixing chamber until

complete melting of PP at a mixing time of approximately

3 min. A low amount of PhHRJ-PP blend compatibilizer

(i.e., 5 wt% of PP) is then added and mixing is continued

for 2 min. The second peaks at a mixing time of

Fig. 2 1H NMR spectrum of N-(4-hydroxyphenyl)maleimide

Fig. 3 Infrared spectra of natural rubber grafted N-(4-hydroxy-

phenyl)maleimide (NR-g-HPM) compared with infrared spectrum

of natural rubber and HPM
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approximately 5.5 min arise due to the viscosity of the

blends after incorporation of the rubber compounds into the

mixing chamber. The mixing torque is then dropped owing

to the lowering viscosity of the rubber compounds. The

third peaks of mixing torques can be seen at approximately

7.5 min and it is due to the dynamic cross-linking reaction

of the rubber phase.

During the cross-linking reaction, an abrupt increase in

mixing torque in the mixing chamber is observed due to

onset of dynamic vulcanization. This causes increasing

trends of shear and extensional viscosities of the rubber

phase. Therefore, the vulcanizing rubber phase is forced to

Scheme 2 Reaction

mechanism for grafting of N-(4-

hydroxyphenyl)maleimide onto

natural rubber molecules

Fig. 4 Proton NMR of natural rubber-g-N-(4-hydroxyphenyl)malei-

mide (NR-g-HPM)

Fig. 5 Infrared spectra of natural rubber grafted N-(4-hydroxy-

phenyl)maleimide (NR-g-HPM) prepared at various temperatures
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break into smaller rubber particles at this stage. The mixing

is further performed to ensure the complete vulcanization

of the rubber phase or until the plateau mixing torque

reaches a total mixing time of approximately 12 min. In

Fig. 9, it is also seen that the mixing torque at the end of

mixing decreased with increasing quantities of HPM used

in the graft copolymerization. This might be attributed to

the higher loading level of HPM which results in higher

lubricating effect in the blend system due to the higher

content of un-grafted HPM (Fig. 8).

In this work, phenolic modified polypropylene (i.e.,

PhHRJ-PP) is added in the blend formulation as a blend

compatibilizer with a loading level of 5 wt% of PP. It has

been proved that the incorporation of PhHRJ-PP in NR-g-

HPM/PP blends results in grafting reaction between the

phenolic modified PP molecules and NR-g-HPM.

Furthermore, PP moiety in the PhHRJ-PP has the capability

to mix with PP molecules in the blend component. This

results in improvements in mechanical, rheological and

morphological properties of the dynamically cured NR-g-

HPM/PP blends [25].

Figure 10 shows the stress–strain curves of dynamically

cured 60/40 NR-g-HPM/PP blends with various quantities

of HPM used in graft copolymerization. It can be seen that

the blends exhibit close values of Young’s moduli (i.e.,

slope at an initial part of the curve). However, the blend

with 2 phr of HPM shows the highest toughness (i.e., area

underneath the curve). Table 4 summarizes the tensile

strength and elongation-at-break of dynamically cured NR-

g-HPM/PP blends with various quantities of HPM based on

the failed locations in Fig. 10. The results of tension set

and hardness measurements are also given in Table 4. It

can be seen that the tensile strength and elongation-at-

break are decreased with increasing quantities of HPM

Fig. 6 Influence of grafting temperature on peak height ratio of 1,709

to 835 cm-1

Fig. 7 Infrared spectra of natural rubber grafted N-(4-hydroxy-

phenyl)maleimide (NR-g-HPM) prepared with various quantities of

HPM

Fig. 8 Influence of HPM quantity on peak height ratio of the peaks at

1,709 to 835 cm-1

Fig. 9 Mixing torques and time of dynamically cured 60/40 NR-g-

HPM/PP blends with various quantities of HPM
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used in the graft copolymerization. This might be due to

the blends with higher concentration of HPM producing

higher free or un-grafted HPM (Fig. 8), which is capable of

reacting with phenolic modified PP compatibilizer and also

with phenolic curing agent. This influences the retardation

of the compatibilizing effect (i.e., Scheme 3) and dynamic

vulcanization reaction which thereafter lead to inferior

mechanical properties. In Table 4, the lowest tension set

value is observed in the blend with 2 phr of HPM, which

indicates the highest rubber elasticity of the material. Other

types of blends show higher similar values of tension set

which imply lower flexibility. Furthermore, it is also seen

that the NR-g-HPM/PP blends with different levels of

HPM used in the graft copolymerization show similar

hardness indices. Therefore, different types of NR-g-HPM

showed significant reduction effects on the hardness.

Morphological properties of dynamically cured 60/40

NR-g-HPM/PP blends

Figure 11 shows SEM micrographs of the fractured surface

of the dynamically cured 60/40 NR-g-HPM/PP blends with

various quantities of HPM used in the graft

copolymerization. It is seen that the size of vulcanized

rubber domains increased with increasing quantities of

HPM. This is attributed to the higher level of free HPM

molecules which has led to stronger lubricating effect in

the blend system. Also, some amounts of HPM molecules

react with PhHRJ-PP compatibilizer and HRJ-10518 phe-

nolic curing agent which lower the compatibilization and

vulcanization reactions. Therefore, during dynamic vulca-

nization, the vulcanizing NR-g-HPM phase exhibits lower

flow resistance, as observed in terms of mixing torque

shown in Fig. 9 where the mixing torque of the blend

system with 10 phr of HPM has exhibited the lowest value.

Therefore, lower shear and extensional viscosities are the

two main parameters influenced on breaking up the vul-

canizing rubber domains into smaller particles. Hence, the

size of vulcanized rubber particles is increased with

increasing quantities of HPM used in the graft copoly-

merization. This result correlates well with the mixing

torque (Fig. 10), tensile strength and elongation-at-break

(Table 4). It is noted that larger vulcanized rubber domains

dispersed in the PP matrix reduce the interfacial adhesion

between rubber particles and PP phase, and hence lower

tensile strength and elongation-at-break properties together

with poor set properties. This result agrees with the find-

ings of Coran et al. [26], who suggested that the reduction

in size of rubber particles is responsible for the increase in

stress- and strain-at-break.

Dynamic properties of dynamically cured 60/40 NR-g-

HPM/PP blends

Figure 12 shows the storage modulus as a function of

frequency for various 60/40 NR-g-HPM/PP blends. As

expected, the storage modulus or elastic response of the

material increased with frequency and it is related to the

shorter time for molecular relaxation. At a given frequency,

the storage modulus increased with decreasing the loading

amount of HPM in the graft copolymerization of NR and

HPM. The maximum value of storage modulus is observed

at a loading amount of 2 wt% of HPM. Higher loading

amounts show a decreasing trend of the storage modulus.

Therefore, the dynamically cured 60/40 NR-g-HPM/PP

blends with 2 wt% HPM provided the highest elasticity to

the vulcanized rubber phase. These results corresponded to

the mechanical properties in Table 4, where the lowest

tension set and highest tensile strength and elongation-at-

break are observed in the dynamically cured NR-g-HPM/

PP blends with 2 wt% HPM.

Figure 13 shows the complex viscosity as a function of

frequency for various 60/40 NR-g-HPM/PP blends. A

shear-thinning behavior (i.e., decreasing trend of complex

viscosity with increasing magnitude of oscillating fre-

quency) is observed for all the blends. At a given

Fig. 10 Stress-strain curves of dynamically cured 60/40 NR-g-HPM/

PP blends with various quantities of HPM

Table 4 Mechanical properties of dynamically cured NR-g-HPM/PP

blends

Quantity of

HPM (phr)

Tensile

strength

(MPa)

Elongation-

at-break (%)

Tension

set (%)

Hardness

(shore A)

2 13.25 368.8 28.0 87.5

4 12.36 354.0 34.0 87.0

6 12.13 324.8 34.0 87.5

8 11.15 288.0 34.5 86.0

10 11.05 235.0 35.0 86.5
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frequency, the complex viscosity results are in good

agreement with the trend of storage modulus in Fig. 12.

That is the dynamically cured NR-g-HPM/PP blends with

2 wt% HPM exhibited the highest viscosity. Higher

amount of HPM used in the graft copolymerization resulted

in free or more ungrafted HPM (Figs. 7, 8). Therefore,

some excess amount of HPM might form small micelles

which produce a lubricating effect to the system, and hence

a lower flow resistance or lower viscosity is observed.

TGA analysis of dynamically cured 60/40 NR-g-HPM/

PP blends

Figure 14 shows the thermo gravimetric and derivative of

thermo gravimetric curves of pure PP and dynamically

cured 60/40 NR-g-HPM/PP blend with 2 phr of HPM used

in the graft copolymerization. The TGA and derivative of

TGA (i.e., DTG) for dynamically cured unmodified NR/PP

blend is also carried out for a comparison purpose. Fur-

thermore, Table 5 summarizes the decomposition temper-

ature (Td) of dynamically cured NR-g-HPM/PP blend

compared with unmodified NR/PP blend and pure PP. It

can be seen that pure PP shows a single stage of weight loss

at the Td of approximately 452 �C. However, the dynami-

cally cured NR-g-HPM/PP and unmodified NR/PP blends

show two-steps of weight loss. That is, the unmodified NR/

PP blends show the Td of approximately 389 and 458 �C at

the first and second stage, respectively. However, the

dynamically cured NR-g-HPM/PP blend exhibits higher Td

of approximately 411 and 461 �C at the first and second

stages, respectively. The first decomposition stage is rela-

ted to the degradation of rubber component while the

second stage is related to the degradation of PP component.

It is clear that NR-g-HPM enhances the thermal stability of

the blend by rising degradation temperature of 22 and 3 �C

in the first and second degradation stages. This is indicated

Scheme 3 Possible reaction

mechanism of grafting reaction

between phenolic modified

polypropylene (PhHRJ-PP) and

NR-g-HPM molecules
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Fig. 11 SEM micrographs of

dynamically cured 60/40 NR-g-

HPM/PP blends with various

quantities of HPM used in the

graft copolymerization: a 2 phr,

b 4 phr, c 6 phr, d 8 phr and

e 10 phr

Fig. 12 Storage modulus as a function of frequency of dynamically

cured 60/40 NR-g-HPM/PP blends with various quantities of HPM
Fig. 13 Complex viscosity as a function of frequency of dynamically

cured 60/40 NR-g-HPM/PP blends with various quantities of HPM
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by higher heat resistance of the dynamically cured NR-g-

HPM/PP blend compared with the dynamically cured

unmodified NR/PP blend.

Conclusion

Natural rubber-g-N-(4-hydroxyphenyl)maleimide (NR-g-

HPM) was successfully prepared via melt processing

method. This was confirmed by the infrared absorption

peaks at 1,709 and 1,516 cm-1 which indicated the pre-

sence of C=O of imide ring and C=C of aromatic ring of

HPM grafted onto the natural rubber molecules. In addi-

tion, the chemical shift in 1H NMR spectrum at 7.15 and

6.89 ppm was observed from the proton of aromatic ring of

HPM and the signal at 6.82 ppm which was attributed to

the proton of imide ring of HPM. These results confirmed

the formation of NR-g-HPM along with natural rubber

chain. The effects of grafting temperature and quantities of

HPM on grafted HPM content were also studied. An

increasing trend of grafted HPM was observed upon

increasing the grafting temperature by reaching its maxi-

mum at 200 �C. In addition, the grafted HPM content

decreased with increasing HPM content in the graft copo-

lymerization. The effect of HPM quantity on the properties

of the dynamically cured 60/40 NR-g-HPM/PP blends was

also investigated. It was found that tensile strength, elon-

gation-at-break, mixing torque, storage modulus and

complex viscosity of the blends decreased with increasing

quantities of HPM used in the graft copolymerization.

Moreover, the size of vulcanized rubber particles of the

blends and tension set increased with increasing quantities

of HPM. Thermal stability of dynamically cured NR-g-

HPM/PP blend was also characterized by TGA. It was

found that the blends showed two stages of weight loss

while the pure PP exhibited a single stage. Furthermore, the

NR-g-HPM/PP blend exhibited higher degradation tem-

perature than that of the unmodified NR/PP blend. This

indicated the higher heat resistance of NR-g-HPM, and it

was possible to prepare thermoplastic elastomers with

higher heat resistance suitable for industrial applications.
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