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ABSTRACT: Natural rubber (NR)/high density polyethylene (HDPE) thermoplastic vulcanizate was compatibilized with graphene ox-

ide (GO) by an ultrasonically assisted latex mixing process (ULM). GO was dispersed into NR latex by ultrasonic irradiation and fol-

lowed by latex coagulation to obtain the NR/GO master-batch, which was further mixed and diluted with HDPE and NR via a

dynamic vulcanization process to obtain the NR/HDPE/GO hybrid composites. It was found that the stacked GO platelets were suc-

cessfully exfoliated by the ULM process and have good compatibilization efficiency for the immiscible NR and HDPE. A smaller dis-

crete NR domain was observed in NR/HDPE blend in the presence of the GO. Moreover, the stacked GO platelets enhance the inter-

facial adhesion and phase compatibility, which results in an increase in mechanical property of NR/HDPE blends. Compared to

the NR/HDPE blend, the tensile strength and tensile modulus at 300% strain for NR/HDPE/ (1.5 phr) GO blend were increased by

� 27% and � 24%, respectively. The exfoliated GO can act as both the effective reinforcing filler and compatibilizer in the immisci-

ble NR/HDPE blend. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The combination of different polymers is a fascinating and

practical channel to get new materials with novel functions that

the individual components do not possess. Thermoplastic natu-

ral rubber (TPNR) consisting of natural rubber (NR) and high

density polyethylene (HDPE) belongs to such a material with

multifunctions. TPNR not only exhibits the conventional prop-

erties of elastomeric materials at room and service temperatures

but can also flow at elevated temperature and again solidify

when the temperature returns, which behaves like thermoplastic

HDPE.1 With the combination of good processing character of

HDPE and elastic properties of NR, TPNR can be used in auto-

mobile components and other industrial applications.

However, due to mismatch of the polarity, melt viscosity, and

molecular weight, the interface adhesion of NR and HDPE is

poor, leading to an inferior mechanical property which limits

the application. Therefore, it is necessary to improve the com-

patibilization of two phases. Previous studies used either pheno-

lic resin (i.e., SP-1045 and HRJ-10518) or modified phenolic

resins (PhSP-PE and PhHRJ-PE) as compatibilizer or in situ

reactive compatibilizers to improve interfacial adhesion and to

reduce the dispersed domain size in TPNR2,3. Liquid natural

rubber was also used as the compatibilizer in TPNR.4,5 It func-

tions both as a cross-linking agent within the NR phase and as

an interfacial binder between NR and PE phases to improve the

interaction of the binary phase. Both of the strategies above

were effective to achieve the compatibilizing of the immiscible

polymer blend. However, the compatibilizing efficiency still

needs to improve.

In recent years, it was reported that the anisotropic nanofillers

which have a large specific surface area and high aspect ratio

such as carbon nanotubes and organoclay can also be used as

compatibilizers to improve the compatibility of the immiscible

polymer blends. For instance, Cheng et al.6 reported that the

incorporation of carboxyl multiwalled carbon nanotubes into

PA6/LCP blend resulted in transforming the globular LCP phase

into microfibril, indicating a significant improvement in their

miscibility and interfacial adhesion between PA6 and LCP. Wu

et al.7 reported a selective localization of carboxyl multiwalled

carbon nanotubes in the PLA/PCL and found that the phase

VC 2012 Wiley Periodicals, Inc.
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morphology of the ternary CNTs /PLA/PCL composites changed

remarkably in contrast to the blank PLA/PCL.

The investigation on the compatibilizer role of the organoclay

was well conducted8–17. Gelfer et al.9 showed that the domain

size for PS/PMMA blend was dramatically reduced with the

addition of organoclay. They ascribed this behavior to the par-

tial compatibilization between the excessive surfactant in orga-

noclays and polymer matrix. Wang et al.10 suggested that the

clay platelets with the intercalated two immiscible polymer

chain can act as either a block or graft copolymer to reduce the

domain size in PS/PP blend. Ray et al.12 showed that the exfoli-

ated silicate layers dispersed around the PS phase, inhibits the

coalescence of the PS domains, and thus leads to a largely

decrease of the dispersed phase size and increase of the mechan-

ical properties.

To understand the compatibilizing effect of inorganic fillers, two

possible mechanisms were proposed. Mechanism I (thermody-

namic compatibility): with a large specific area and high aspect

ratio, anisotropic inorganic nanofillers can absorb the polymer

chains on its surface to gain stabilizing energy which make the

overall free-energy of mixing (DGm) negative and thermody-

namically driven compatibility between the immiscible compo-

nents.18 Mechanism II (kinetic compatibility): the selective

localization of nanofiller in the polymer interface decreases the

interfacial tension and prevents the coalescence of the domains

during melt mixing which kinetically improves the compatibility

between the binary phases.7,12 Therefore, the addition of aniso-

tropic nanofillers may bring about the reinforcing and compati-

bilization effects for an immiscible blend system simultaneously,

which is a new approach to achieve high performance of poly-

mer blend nanocomposites.

As a two-dimensional layered carbon nanomaterial, graphene

oxide (GO) has gained much attention due to its unique struc-

ture and properties in recent years. Normally, it is oxidized

from natural flake graphite and consisted of parallel pseudo

two-dimensional lamellaes. Exfoliated single GO sheet has been

predicted to have strong mechanical strength by Monte Carlo

simulations.19 The GO layers consist of randomly distributed

unoxidized aromatic regions and hexahydric aliphatic regions

attached with polar groups, such as hydroxyl, epoxide, ether,

and carboxylate groups, as a result of oxidation. GO is partially

hydrophilic compared to the graphene and can be readily dis-

persed in water as individual sheets to form stable colloidal sus-

pensions.20 However, it is still difficult to disperse and exfoliated

in the solid polymer matrix. Some methods including the poly-

merization in the galleries between the carbon layers21,22 and

hydrophobic modification of GO23,24 were designed for the

delamination of carbon sheets in the polymer matrix. Although

the intercalated and exfoliated polymer/GO nanocomposites

were successfully obtained,22,23,25–29 however, up to now, few

work concerned the compatibilizing effect of GO in polymer

blends. Compared to clay, GO, as one of lamellar fillers pos-

sesses much higher mechanical properties and has a larger spe-

cific surface area, which can maximize the interfacial contact

between polymer and fillers, and thus has the potential to be

the effective reinforcing filler and the compatibilizer.

In this work, a new attempt was made to disperse and exfoliate

the GO layers by ultrasonically assisted latex mixing (ULM)

followed by coagulation to prepare the exfoliated GO/NR mas-

ter-batch. The GO-filled NR/HDPE composites were prepared

through further dilution and mixing of the master-batch in NR

and HDPE via a dynamic vulcanization process. The feasibility

of the proposed ULM process, the morphology and mechanical

properties of the obtained NR/HDPE/GO nanocomposites, and

the compatibilizing effect of the exfoliated GO in TPNR were

investigated.

EXPERIMENTAL

Materials

NR (SCR5) was purchased from Yunnan Natural Rubber Indus-

try Co., Kunming, China. The HDPE (YGH041) used as a blend

component was manufactured by Shanghai Petrochemical Com-

pany Limited. NR latex (solid content: 60 wt %) was provided

by Chengdu Fangzheng Co., (China). Flake Graphite (� 75 lm)

was obtained from Qingdao Tianhe Graphite Co., (China). Po-

tassium permanganate (KMnO4) was obtained from Chongqing

Boyi Chemical Reagent Co., (China). Concentrated sulfuric acid

(H2SO4) and hydrochloric acid (HCl) were all analytical-grade

and obtained from Sichuan Xilong Chemical Co., (China).

Hydrogen peroxide (30%) was provided by Tianjin Zhiyuan

Chemical Reagent Co., (China). Formic acid was purchased

from Tianjin Bodi Chemical Reagent Co., (China). Other

reagents including vulcanization agent sulfur (S), zinc oxide

(ZnO), accelerator N-cyclohexyl-2-benzothiazole-sulfenamide

(CBS), 2-mercaptobenzothiazole (MBT) and 4-Isopropylamino-

diphenylamine (4010NA), and stearic acid (SA) are all commer-

cially available.

Preparation of GO

GO was prepared using Hummer’s method.30 Briefly, KMnO4

(42 g) was added slowly to a flask that contained concentrated

H2SO4 (300 mL) and flake natural graphite powder (12 g) to

make sure that the reaction temperature was controlled below

20�C by immersing the flask in ice-bath. And then, the reaction

mixture was stirred for 2 h at 35�C. After that distilled water

(552 mL) was slowly fed into the reactor, which made the mix-

ture boil, and the mixture was allowed to stir for another

15 min. To stop the oxidation reaction, 30% H2O2 (20 mL),

which reduced the excess KMnO4 was fed sequentially into the

reactor until there is no bubble. The resultant GO suspension

was centrifuged at 12,000 rpm for 5 min. The obtained solid

mixture was washed with diluted HCl solution (3 wt %) and

distilled water by centrifugation and redispersion for three

times. The obtained colloid was dialyzed in the deionized water

for a week and dried in a vacuum oven at 50�C for 72 h.

Preparation of NR/GO Master-Batch via a ULM Process

2.5 mg/mL GO aqueous solution was prepared by bath sonica-

tion (KQ-250DE, 40 KHz, Kunshan Ultrasonic Instrument Co.,

China) at 40�C for 1 h.31 And then, 8.3 g NR latex was dis-

persed into the GO solution by sonication. After 1 h ultrasonic

irradiation, the mixture was coagulated by adding formic acid

drop by drop while stirring. The solid was cut and washed to

be neutral with water and then was vacuum dried in an oven at

65�C for 24 h to obtain the well dispersed GO/NR master-
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batch, designated as L-RG0.5, L-RG1, and L-RG1.5 correspond-

ing to the GO content of 0.5, 1, and 1.5 phr (phr means parts

per hundred parts of thermoplastic rubber) in NR/HDPE com-

posite, respectively. A contrast NR/GO master-batch without

ULM treatment designated as D-RG1.5 was also prepared. The

self-made blank nature rubber without GO obtained from the

rubber latex was designated as L-R.

Preparation of NR/HDPE/GO Composites

NR and HDPE blends were prepared at a fixed blend ratio of

NR/HDPE (60/40). Blending was carried out via a melt mixing

process using an internal mixer (Haake Rheomix 600 mixer,

Germany). The thermoplastic component, HDPE, was first

dried in a hot air oven at 50�C for at least 10 h and later intro-

duced into the mixing chamber. Mixing was performed for

2 min at a rotor speed of 60 rpm at 165�C. Then the master-

batch prepared by the above ULM process and NR were added

into the mixing chamber and mixed for another 2 min. The

other ingredients (as shown in Table I) were sequentially added

into the mixing chamber and mixed for 4 min. The resultant

was then transferred to a twin-roll mill and compounded for

additional 5 min at 150�C. Then, the NR/HDPE/GO lump was

thermally compressed for 8 min at 150�C under a pressure of

10 MPa with an electrically heated hydraulic press machine and

then was cooled for 3 min at room temperature under a pres-

sure of 10 MPa to form the NR/HDPE/GO sheet of 2 mm

thickness. The NR/HDPE/GO composites with various contents

of GO were named as REG0, REG0.5, REG1, and REG1.5,

respectively. A contrast sample 60NR/40HDPE/1.5GO composite

was also prepared in the same condition by direct use of D-

RG1.5 master-batch without a ULM process. The obtained sam-

ple was designated as D-REG1.5.

Characterization

Atomic Force Microscope. Atomic force microscope (AFM)

observation was performed in a tapping mode on a NanoScope

MultiMode III AFM instrument. The suspensions of a concen-

tration of 0.02 mg/mL GO were prepared by ultrasound for 1 h.

Water was used as the dispersion medium. The sample was pre-

pared by depositing the diluted solution on a silicon wafer.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-

troscopy (XPS) measurements were carried out in an XSAM800

(Kratos, Britain) with a pressure 2 � 10�7 Pa in the analysis

chamber. The unmonochromated using monochromatic Mg Ka
X-ray source radiation (hm ¼ 1253.6 eV), operated at 12 KV

and 15 mA, was used to measure both photoemission core-level

spectra. The electron analyzer was operated in the fixed analyzer

transmission (FAT) mode. All spectra were calibrated to binding

energy for Cu2P3/2(932.67 eV), Ag3d5/2(368.30 eV), and

Au4f7/2(84.00 eV) levels. Charge effects were compensated

assuming carbon C1s peak at 284.8 eV position.

X-ray Diffraction. The samples including graphite, GO, GO/

NR master-batch, and NR/HDPE/GO composites were mounted

individually into a Philip-X’Pert X-ray diffractometer fitted with

a goniometer detection device (anode 40 kV, filament current

35 mA). Nickel-filtered CuKa radiation of wavelength 0.1542

nm was directed at the samples in their through direction. The

goniometer scanned diffracted X-rays in the 2h range 5–45� at a

scan speed of 0.15�/s.

Scanning Electron Microscope. The blend morphologies were

examined by scanning electron microscope (SEM) using an

inspect F model FEI apparatus at an accelerating voltage of

10 KV. The samples were fractured in liquid nitrogen. The frac-

tured surfaces were etched by chloroform at 60�C for 1 h to

remove the NR phase. And then, the samples were dried in a

vacuum oven at 40�C for 3 h and then sputter coated with

gold.

Transmission Electron Microscope. Transmission electron

microscope (TEM) observation was performed by using a FEI

Fecnai G2 F20 S-Twin TEM, operating at an accelerating voltage

of 200 kV. For NR/GO latex sample, the latex after dilution for

15 times was directly dropped on a copper grid for observation.

For the NR/HDPE and NR/HDPE/GO composites, the samples

were cryomicrotomed at �85�C using Leica EM UC6 to get the

ultrathin cryosections of 70–80 nm thickness, respectively. To

localize the exfoliated GO clearly, the sections of NR/HDPE/GO

were stained by osmium tetraoxide (OsO4) for 20 min.

Differential Scanning Calorimeter. A NETZSH 204 differential

scanning calorimeter (DSC) instrument was used to investigate

the crystallization of NR/HDPE and its NR/HDPE/GO compo-

sites in nitrogen atmosphere. The samples 5–10 mg were first

heated from 30 to 180�C at a heating rate of 10�C min�1 and

then kept at 180�C for 5 min to remove the thermal history.

Table I. Formulation of the NR/HDPE/GO Composites

Components REG0 REG0.5 REG1 REG1.5 D-REG1.5

HDPE 40 40 40 40 40

NR 50 50 50 50 50

NR/GO master-batch L-R L-RG0.5 L-RG1 L-RG1.5 D-RG1.5

10 10.5 11 11.5 11.5

Zinc oxide 3 3 3 3 3

Stearic acid 1.2 1.2 1.2 1.2 1.2

Sulfur 1.8 1.8 1.8 1.8 1.8

Antioxidant (4010NA) 1.8 1.8 1.8 1.8 1.8

Accelerator (CBS) 0.9 0.9 0.9 0.9 0.9

Accelerator (MBT) 0.12 0.12 0.12 0.12 0.12
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And then, the melt was cooled down to 30�C at a rate of 10�C
min�1. The endothermic and the exothermic curves were

recorded respectively.

Tensile Properties. The measurement of tensile properties were

conducted on a universal testing machine (Instron 5567, MA)

at room temperature. For tensile tests, the dumbbell-shaped

specimens were stretched until break at a crosshead rate of 500

mm/min according to a China Standard GB/T 528-1998. The

stress-strain curves were recorded. The tensile strength, elonga-

tion, and stress at the 100, 200, and 300% strain were the aver-

age values of five specimens.

RESULTS AND DISCUSSION

Preparation and Characterization of GO

The GO was prepared using Hummer’s method.30 Figure 1

shows the tapping-mode AFM image of the diluted GO suspen-

sion with a concentration of 0.02 mg/mL deposited on the sili-

con wafer. The irregular GO sheets and the corresponding

height profiles are shown in Figure 1(a). The uniform thickness

of GO is about � 1.0 nm as shown in Figure1(b). The results

show that the exfoliation of graphite oxide into individual

single-layered GO sheets was achieved as expected. Detailed

structural and compositional analyses of the GO were under-

taken by XPS, which provides quantitative information about

the type and extent of surface functionalization. Figure 2 shows

survey XPS spectra of the samples GO. The GO layers are com-

posed of randomly distributed unoxidized aromatic regions and

hexahydric aliphatic regions attached with oxygen containing

groups, such as hydroxyl, epoxy, and carboxyl. The schematic

drawing of the structure of GO is represented in Figure 3. The

presence of these functional groups makes GO strongly hydro-

philic, which allows the layered GO to be readily intercalated by

water to push apart and eventually delaminated into a single

carbon layer. The ratio of the atom number of C and O (C/O)

in the surface for the samples was determined from the ratio of

Figure 1. The AFM images (a) graphene oxide and (b) height profiles.

Figure 2. (a) XPS spectra of graphene oxide and (b) C1s peak of graphene oxide.
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peak areas corrected with the empirical sensitivity factors. The

C/O ratio for GO is � 0.31. This XPS C1s peaks were fitted by

a multipeak Lorentzian fitting program (Xpspeak). The fitted

curves were shown in Figure 2(b). The relative carbon atom

percentages in different functional groups of CAC (284.8 ev),

CAO (286.5 ev), C¼¼O (287.8 ev), and OAC¼¼O (289.0 ev) are

calculated as 50.3, 29.8, 15.8, and 4.1, respectively. The XPS

results coincide with the structure of the GO.

Dispersion and Exfoliation of GO in Rubber Latex

The X-ray diffraction (XRD) pattern of pristine graphite [Figure

4(a)] shows a very intense, sharp peak at 2h � 26.5�. This peak
corresponds to the diffraction of the (002) graphite plane with

an interlayer spacing of d � 3.35 Å. Figure 4(b) shows that the

peak at d � 3.35 Å was not observed in the curve of GO,

instead, a new large and broader peak appears around 2h,
� 10.6�, corresponding to the (002) plane of GO. This shows

that the d-spacing expanded from � 3.35 to � 8.9 Å by the

oxidation, because various functional groups such as hydroxyl

and carboxyl groups were introduced on the surfaces of each

GO layer. The XRD curve of the L-RG1.5 master-batch was

shown in Figure 4(d). The characteristic XRD diffraction peak

of pure GO sheets at 2h, � 10.6� disappears, and the broad

amorphous peak associated to NR is found at around 2h,
� 18.1�. The XRD pattern of the contrast sample D-RG1.5

which is prepared by direct mixing of the GO powder and NR

was shown in Figure 4(c). The presence of peak at 2h, � 10.1�

suggests that GO layers are not exfoliated without the ULM

treatment. In addition, the latex sample L-RG1.5 before coagu-

lation was observed by TEM. The dispersion state of GO in the

latex was shown in Figure 5. It can be seen that the NR latex

particles are wrapped by the crumpled thin GO sheets. These

results suggest that GO sheets are well exfoliated and uniformly

dispersed in NR matrix by the ULM process. TEM results are in

good agreement with the XRD analysis.

Figure 3. A proposed schematic of the structure of graphene oxide.

Figure 4. XRD patterns of (a) graphite, (b) GO, (c) RG1.5, (d) L-RG1.5,

and (e) NR. Figure 5. TEM image of the latex sample L-RG1.5 before coagulation.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37861 5

ARTICLE



GO-Induced Compatibilization of NR and HDPE

Figure 6 shows SEM images of the cryofracture surface for NR/

HDPE/GO composites with various GO loadings, respectively.

Before the SEM observation, the composite’s surface was etched

by chloroform at 60�C for 1 h to enhance the phase contrast.

Clearly, all samples show typical two phase morphology, where

the cavities are the etched NR phase indicating the degree of

immiscibility of the components. It shows that with the increase

of GO content, the average size of NR domains reduces. This

suggests an improved interfacial adhesion and phase miscibility.

However, some NR phases cannot be etched completely due the

crosslinked structure formed during dynamic vulcanization. The

morphology of NR phases is not so clear in the SEM images.

To get a deep insight in the phase morphology and GO interfa-

cial activities, TEM was carried out for the selected samples

REG0, REG1.5, and D-REG1.5. To enhance the contrast between

the phases and to localize the exfoliated GO clearly, REG1.5 was

stained by osmium tetraoxide (OsO4) for 20 min during which

the chemical reaction occurs between OsO4 and the double

bonds of the NR. The typical two-phase structure can be seen

in Figure 7, in which the dark gray and white areas correspond

to NR and HDPE phases, respectively. The incorporation of the

GO decreases the size of NR domains and results in finer dis-

persion of NR in HDPE matrix when comparing Figure 7(a)

and (b). The phase compatibility and interfacial adhesion were

enhanced, which suggests the good compatibilizing effect of GO

in NR/HDPE blend.

At higher magnification, GO sheets are finely dispersed in the

matrix as shown in Figure 7(b1). It indicates that delamination

of the GO sheets was realized by the ULM method which is

consistent with the result of Figure 4(d). In addition, it can be

observed that GO are mainly dispersed in the NR phase [Figure

7(b1)] and on the phase interface [Figure 7(b2)]. The selective

localization of the fillers such as clay32,33 and CNTs6,7,34,35 was

also observed in polymer blends in which the two phases show

differences in their polarity and affinity to the fillers. In this

case, GO platelets premixed in NR latex were wrapped by the

NR and thus mainly located in NR matrix with better affinity.

Figure 6. SEM images of the NR/HDPE/GO composites (a) REG0, (b) REG0.5, (c) REG1, and (d) REG1.5.
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In addition, the GO platelets are further impelled by the mixing

flow to disperse and orientate along the interface. The exfoliated

GO platelets with a high aspect ratio dispersed at the interface

of the binary phase act as barriers, inhibiting the coalescence of

the NR domain during the melt mixing. The large aspect ratio

and localization at the interface of the blend should be the

dominant factors for the nanofiller to have compatibilizing

effect. To illustrate the advantage of the ULM process, the con-

trast sample (D-REG1.5) prepared without the ULM method

was also observed by TEM. As shown in Figure 7(c), the aggre-

gated GO particles with an average size of � 500 nm can be

observed, suggesting that GO powders cannot be dispersed in

the rubber matrix in an exfoliation state by direct mixing.

GO-Induced Mechanical Property Improvement

of NR/HDPE/GO Composites

Tensile properties for the NR/HDPE/GO composites with differ-

ent contents of GO are listed in Table II. Figure 8 shows the

typical stress-strain curves of the above composites. It can be

seen that small addition of GO through the ULM process

remarkably enhances the tensile strength of the NR/HDPE com-

posites. Compared to NR/HDPE blend, the tensile strength of

NR/HDPE/GO increases from 9.5 to 12.0 MPa with the addi-

tion of 1.5 phr GO. Also, the tensile modulus at 100, 200, and

300% strain of the NR/HDPE/GO composites gradually increase

with increasing the GO content. This should be attributed to

the good dispersion of lamellar GO platelets and the improved

compatibilization induced by GO. The interface localization of

GO layer improves the phase adhesion, resulting in good load

transfer at the interfacial region. A slight decrease in the elonga-

tion at break occurs at a higher GO content. Compared to the

other compatiblizer, GO has a better compatibilizing effect on

NR/HDPE blend and the required amount of GO for reinforc-

ing effect is lower. Nakason et al.3 prepared NR (60)/HDPE

(40) blend by using the modified phenolic resin (PhHRJ-PE) as

a compatibilizer, the result showed that the tensile strength

increased from 7.5 to 9.5 MPa with the incorporation of � 5 wt %

PhHRJ-PE. Ahmad et al.36 reported a reinforcing effect of the

hybridized clay and poly (p-phenylene-2,6-benzobisoksazole)

PBO fiber on the NR/HDPE blend. The optimum tensile

strength � 10.5 MPa was obtained with the addition of

� 12.5 wt % PBO and � 7.5 wt % clay.

For the contrast sample D-REG1.5 prepared by direct mixing

without using the ULM process, the tensile strength and elonga-

tion at break of the resulting composites were much lower than

those of the composites prepared using the ULM process

(REG1.5). The reason should be that GO powders cannot be

effectively dispersed in D-REG1.5 as shown in Figure 6(b) and

tend to agglomerate to form the stress concentration points. On

the other hand, those GO powders in D-REG1.5 composite

were not mainly distributed on the interface, leading to weak

Figure 7. TEM images of NR/HDPE/GO composites (a) REG0, (b) REG1.5 and (c) D-REG1.5. The local regions in picture (b) were magnified as shown

in pictures (b1) and (b2).

Table II. Tensile Properties of NR/HDPE/GO Composites

Stretching stress (MPa)

Samples
Tensile
strength (MPa)

Elongation
at break (%) 100% 200% 300%

REG0 9.5 6 0.4 458 6 16 5.5 6 0.1 6.5 6 0.1 7.6 6 0.1

REG0.5 10.2 6 0.4 516 6 7 5.7 6 0.2 6.8 6 0.3 7.9 6 0.4

REG1.0 11.7 6 0.5 495 6 5 5.9 6 0.2 7.0 6 0.2 8.2 6 0.3

REG1.5 12.0 6 0.3 451 6 41 6.5 6 0.1 7.9 6 0.2 9.4 6 0.4

D-REG1.5 9.5 6 0.1 382 6 10 5.3 6 0.2 6.7 6 0.2 8.3 6 0.1
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interfacial adhesion between the NR and HDPE. The results

suggest that ULM process is an effective strategy to enhance the

dispersion of GO, and further brings about both reinforcing

and compatibilizing efficiency of GO in the TPNR blend.

HDPE is a crystalline polymer and its mechanical properties

should relate to the crystallinity. To rule out the effect of crys-

tallinity change on the physical properties, DSC and XRD were

used to characterize the crystallinity difference between REG0

and REG1.5. Figure 9 represents the DSC curves of the pure

HDPE, REG0, and REG1.5. The crystallinity (Xc) of HDPE and

its composites were calculated as follows:37

XCðHDPEÞ ¼ DHðHDPEÞ=DH0ðHDPEÞ (1)

XcðREGÞ ¼ DHðREGÞ=DH0ðHDPEÞ (2)

X�
CðHDPEÞ ¼ XCðREGÞ=W ðHDPEÞ (3)

Where DH (HDPE) and DH (REG) represent the apparent

enthalpy of fusion per gram for the HDPE and the composites,

respectively. DH0 (HDPE) is the heat of fusion per gram for

100% crystalline HDPE, taken as 70 cal/g.38 As shown in

eq. (3), the weight fraction W (HDPE) should be considered in

the calculation of the crystallinity of HDPE in the blends

(X�
CðHDPEÞ). Table III lists the data calculated according to the

eqs. (1)–(3). The results show that the melting point of REG1.5

composite is only 1.5�C higher than that of REG0 and the crys-

tallinity of REG1.5 is slightly lower than that of REG0. In addi-

tion, with the addition of NR and GO into HDPE, the crystalli-

zation temperature decreases when the blends were cooled

down. The reason may be that the presence of NR and laminar

GO impedes the rearrangement of molecular chain of HDPE

melt and suppresses the crystallization of HDPE to some degree

during the cooling process.

Figure 10 shows the XRD patterns of the REG0, REG1.5, and

D-REG1.5. The strong peaks at 21.5 and 23.8� correspond to

the (110) and (200) lattice planes of HDPE crystal in the com-

posites. The crystallinity is estimated according to the eq. (4):39

XC ¼ Ac

Ac þ Aa

� 100% (4)

where Xc is the crystallinity, Ac and Aa are the areas of the crys-

talline region and amorphous region, respectively. The XRD

curves were fitted by software JADE5 and the crystallinity of

REG0 and REG1.5 were estimated as 23.3 and 22.6%, respec-

tively. There is almost no change in the crystallization of two

samples. The discrepancy of the calculated crystallinity between

DSC and XRD is mainly attributed to the different test meth-

ods. In addition, Figure 10 shows that the characteristic diffrac-

tion peaks of GO sheets at 2h, � 10.6� in both REG1.5 and D-

REG1.5 disappear. This may be attributed to the low concentra-

tion of the GO. The calculated crystallinity of the sample D-

Figure 8. Tensile curves of NR/HDPE/GO composites with different con-

tents of GO.

Figure 9. DSC curves of the (a) REG0, (b) REG1.5 and pure HDPE, and

(c) composites.

Table III. DSC Data of Pure HDPE, REG0, and REG1.5 Composites

Tm HDPE (�C) TC HDPE (�C) Crystallinity (%)

HDPE 129.7 118.4 61.7

REG0 131.7 113.3 12.2

REG1.5 133.2 111.8 10.8

Figure 10. XRD patterns of the (a) REG 0, (b) REG 1.5, and (c) D-REG

1.5 composites.
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REG1.5 was � 23.9%. So, the discrepancy of HDPE crystallinity

caused by the incorporation of GO can be neglected. The signif-

icant improvement of the physical properties with the addition

of GO by a ULM process should be ascribed to the homogene-

ous dispersion of GO platelets and the strong interfacial interac-

tions as well as the resulted high stress transfer efficiency among

the components.

CONCLUSION

The GO-filled NR/HDPE thermalplastic vulcanizates were suc-

cessfully prepared by the ULM process and further dynamic vul-

canization. The compatibilizing effect of GO on morphology

and mechanical property of the blend was investigated. The

characteristic XRD diffraction peak of pure GO sheets in NR/

GO master-batch disappears, which suggests that the ULM pro-

cess is an effective strategy to exfoliate GO platelets. The addi-

tion of exfoliated GO to the NR/HDPE blend reduces the NR

domain size and improves the miscibility and interfacial adhe-

sion between the binary phases. It was found that the GO is

mainly dispersed in NR phase and the interface, which acts as

an obstacle to inhibit the coalescence of the NR phase. With the

addition of 1.5 phr exfoliated GO, the tensile strength of the

NR/HDPE composite increases from 9.5 to 12.0 MPa. For the

sample prepared by direct mixing without using the ULM pro-

cess, the tensile strength and elongation at break were lower

than those of the composites prepared using the ULM process.

The change of HDPE crystallinity due to the incorporation of

GO is small and was not the main reason for the improvement

in the mechanical properties. The exfoliated GO can act as both

the effective reinforcing filler and the compatibilizer in the im-

miscible NR/HDPE blend. This method proves to be promising

and viable to produce the high performance, ultralight thermo-

plastic vulcanizate.
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