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Abstract

Thermoplastic natural rubber (TPNR) was compounded with graphene nanoplatelets (GNP)

via ultrasonication and melt blending. The effects of ultrasonication period (1-4 hours) and

GNP weight fraction (0.5, 1.0, 1.5 and 2.0 wt.%) on the mechanical, thermal and conductivity

properties were investigated. Results showed that the 3 hours of ultrasonic treatment on

LNR/GNP gave the greatest improvement in tensile strength of 25.8% (TPNR/GNP nano-

composites) as compared to those without ultrasonication. The TPNR nanocomposites con-

taining 1.5 wt.% GNP exhibited the highest strength (16 MPa for tensile, 14 MPa for flexural

and 11 kJm-2 for impact) and modulus (556 MPa and 869 MPa for tensile and flexural,

respectively). The incorporation of GNP had enhanced the thermal stability. It can be con-

cluded that the GNP had imparted the thermally and electrically conductive nature to the

TPNR blend.

Introduction

In decades, polymer nanocomposites have gained significant attention from many researchers

owing to the high potential of these materials in achieving a outstanding property enhance-

ment. This can be achieved by requiring just a small quantity of nanofillers in a polymer matrix

as compared to conventional polymer composites containing a significant amount of micron-

sized fillers [1]. Among various nanofillers, there is a great interest in low cost graphene for a

wide range of graphene based nanocomposites applications such as sensors, batteries and solar

cells, anti-static coating, and transparent conductors [2]. Graphene is a two-dimensional (2D)

hexagonal honeycomb lattice, one atom thick sp2-hybridized monolayer carbon sheet. Not to

say it has a larger specific surface area and smaller size than carbon nanotubes, and this struc-

ture is advantageous for effectively improving the physical properties of polymers, such as high

tensile modulus, high natural mobility and high thermal conductivity [1, 2].

A stack of several graphene monolayers forms graphene nanoplatelets (GNP). In general,

the inclusion of small amount of low cost GNP in polymer composites can improve physical,

mechanical, conductivity, thermal stability, gas barrier and fire retardancy properties [3, 4]. To

a large extent, the dispersion of the GNP embedded in the polymer matrix remarkably affects
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the improvement of these properties in the resulting composite material. Unfortunately, the

high melt viscosity of a polymer and the strong tendency of GNP aggregation result in diffi-

culty in exfoliating GNP as well as in obtaining a uniform and homogeneous dispersion of

GNP in a polymeric matrix [5, 6]. In response to this dispersion problem, ultrasonication,

mechanical and chemical pretreatments methods have been applied to improve the dispersion

of nanofillers in the polymer matrix [7].

The most common dispersion method used for GNP is through sonication, in which the

vibrational energy is provided to the nanoparticles for escaping from the surrounding

restrained force [7, 8]. Recently, sonication or ultrasound vibration technique has been applied

to the preparation of nanocomposites, but with different methods. Covarrubias-Gordillo et al.

sonicated a mixture of carbon nanofibers and graphene platelets in gas phase prior to plasma

polymerization by propylene to achieve deagglomeration and increase the surface area [9].

Ultrasonic vibrations have been reported to reduce the viscosity of polymer melt, thereby

improving the processability of the polyolefin. The clean and efficient ultrasound vibration

technology has been applied in the extrusion system by He et al. in order to exfoliate and dis-

perse GNP in polypropylene matrix during melt blending process [5]. Seretis and co-research-

ers investigated the effect of sonication bath time (20, 40 and 60 min) on epoxy resin/GNP

nanocomposites of 1 to 5% GNP contents. The findings showed that in the absence of sonica-

tion, the tensile performance increased with the increase of GNP content in the nanocompo-

sites. It is worth to note that during sonication, the GNP layers were more winkled and the

ultimate tensile strength of nanocomposites increased with the sonication time [8].

Despite of these studies, the researches on the chemically ultrasonication treatments of pre-

mixing nanoparticles with polymeric matrix are still limited. In this present work, the aim was

to evaluate the effects of sonication bath time of GNP/LNR pre-mixture and the GNP loadings

on the mechanical, thermal, and electrical and thermal conductivity properties of TPNR

nanocomposites.

Experimental

Raw materials

The thermoplastic resin used was polypropylene (PP) having a density of 0.905 g/cm3 and was

procured by Propilinas Sdn. Bhd. SMR-L grade natural rubber (NR) was supplied by the

Malaysian Rubber Board. The liquid-based natural rubber (LNR) was self-synthesized by pho-

tosensitized chemical degradation [10] using the raw solid NR and some chemicals, i.e. methy-

lene blue, rose Bengal and methanol, which were obtained from Sigma Aldrich. The nanofiller

used in this study was graphene nanoplatelets (GNP), with a tradename of KNG-150, pur-

chased from KNANO, having a density of 2.25 g/cm3, a thickness of 5-15 nm and a diameter

of 5 μm.

Composite preparation

Thermoplastic natural rubber blend and its GNP nanocomposites were compounded via indi-

rect mixing technique using an internal mixer machine (Haake Rheomix 600P). The com-

pounded materials were then compressed to form sample panels. Prior to the melt-

compounding process with PP and NR in the mixer, a pre-mixing of GNP powder with LNR

was carried out via ultrasonication for 1-4 h in an ultrasonic instrument (Wiseclean at 75˚C,

290W and 50 Hz). The complete mixing process of PP, NR and pre-mixture of LNR/GNP was

conducted for 13 min at 180˚C and a rotating screw speed of 100 rpm. The matrix of PP/NR/

LNR was fixed at a composition ratio of 70:20:10, while the weight fraction of GNP powders

was varied at 0.5, 1.0, 1.5 and 2.0 wt.%. After compounding, a compression molding was
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performed on the mixed materials via hot/cold pressing (LP50, LABTECH Engineering Com-

pany LTD) to form composite panels for further characterization. The pressure and pressing

period applied for compression molding was 6.9 MPa and 18 min, respectively.

Characterization

The mechanical properties of the investigated samples (PP/NR/LNR blend and GNP-rein-

forced nanocomposites) were conducted by tensile, three-point flexural and impact testings of

ASTM D638-03, D790-03 and D256-05, respectively. For tensile testing, dumbell-shaped spec-

imens with a thickness of 3 mm were used, whereas the flexural-tested specimens have a

dimension of 3.0 mm thickness, 127.0 mm length and 12.7 mm width. Both tensile and flexural

measurements were performed using a universal testing machine (model Testometric M350-

10CT) with a load cell of 5 kN. The notched samples with a dimension of 64.0 mm x 12.7 mm

x 3.0 mm (length x width x thick) were used to carry out the Izod impact testing using a Ray-

Ran Universal Pendulum Impact System, with a velocity of 3.46 ms-1, a load weight of 0.452 kg

and calibration energy of 2.765 J. At least five specimens were tested for each formulation to

obtain average values in all mechanical tests.

Wide angle X-ray diffraction (XRD) analysis was performed with a D8 Advance diffractom-

eter with a CuKα radition (λ = 1.54056 Å). The operation of the generator was carried out at 40

kV and 30 mA. The scanning angle used was from 25 to 28˚ and a scanning rate of 2˚/min was

applied.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were per-

formed using Mettler Toledo TGA/SDTA851e and DSC 882e, over the temperature range from

30˚C to 600˚C and from 30˚C to 250˚C, respectively. Both testings were run on an approximately

10-15 mg samples at a heating rate of 10˚C/min under atmospheric of nitrogen gas flow condition.

Thermal conductivity was conducted via a laser flash method using a thermal conductivity

analyser (Nanoflash NETZSCH- model LFA 44712-41). Disc-shaped specimens having a

diameter of 12.7 mm and a thickness of 1 mm were tested at room temperature. The electrical

properties were measured at room temperature with a constant frequency of 1 Hz to 106 Hz

and an AC amplitude of 100–3000 mV using an impedance analyser model (Solatron Model

1255). The disc-shaped specimen with 2 mm thickness and 15 mm diameter was placed on the

electrode (as the sample holder). Before testing, the specimen was coated with silver paint to

provide conductive surface on the specimen and prevent charging. The measurement of elec-

trical properties was conducted using a computer software ZPlot and analyzed using a ZView

software.

An one-way analysis of variance (ANOVA) with the assistance of Data Analysis ToolPak in

Ms Excel was performed to statistically (at the 5% significance level) compare the effects of

ultrasonic treatment hours and GNP weight fractions on the measured data of mechanical

properties.

Results and discussion

Mechanical properties in tension

Fig 1 shows the effect of ultrasonication time and GNP weight fractions on the tensile proper-

ties of composites. From the investigation on ultrasonic treatment and time, it was clearly

observed that the ultrasonication provided at an appropriate time has a positive influence on

tensile strength and Youngs modulus, as illustrated in Fig 1(A). The tensile properties achieved

the maximum level at 3 hours ultrasonic treatment of LNR/GNP pre-mixure, i.e. each tensile

strength and Youngs modulus increased by 25.8% and 4.7% (significant increase as shown

by “�” symbol) as compared to those nanocomposites without ultrasonication. Subsequently, a
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downward trend (significant decrement as compared to 3 hours US indicated by “#” symbol)

was observed when ultrasonication time was further increased to 4 hours. This earlier (increas-

ing) trend is attributed to the dispersion of GNP and tendency of GNP to be wrinkled with the

Fig 1. Tensile strength (TS) and Youngs Modulus of TPNR/GNP composites (a) treated with different ultrasonic (US) hours, (b) at various filler weight fractions, (c)

ANOVA analysis for both factors in tensile properties, (d) TS enhancement and (e) YM enhancement of investigated composites compared with pure TPNR. Note:
aF value = mean between groups variance/ mean within group variance; bProbability from 0 to 1; ccritical F value based on F distribution. Groups with a significant

difference (p< 0.05) compared to (i) TPNR/GNP composite without US assistance (0 hour) and assisted with 3 hours US are indicated by � and # respectively; (ii)

TPNR composites without GNP, incorporated with 0.5 wt.% GNP, 1.0 wt.% GNP and 1.5 wt.% GNP are indicated by @, ♦, • and ¤ symbols, respectively.

https://doi.org/10.1371/journal.pone.0222662.g001
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help of sonication. Moreover, this wrinkled GNP may act as spring elements in-plane level as a

result of a strong GNP/matrix interface, thereby improving the tensile properties [8]. In chem-

istry aspect, the incorporation of GNP powder into LNR and the pre-mixture with the assis-

tance of ultrasonic treatment before compounding in the internal mixer could promote the

chemical reaction between LNR and GNP, and induce better interaction with the polymeric

matrix. LNR with some active terminals, such as hydroxyl (-OH), carbonyl (C = O) and epoxy

group [11], are believed to improve the GNP filler-matrix (thermoplastic natural rubber) com-

patibilization. This can be achieved by interaction with hydroxyl and carbonyl groups at the

GNP surface [12, 13]. The latter deterioration of tensile properties was related to reagglomera-

tion or restacking of GNP layers in which the reaggregation was driven by the Van der Waals

attraction between the graphene layers during the prolonged period of ultrasonic vibration

[14]. Another reason is that the residual stresses developed during this sonication process are

as high as causing the fracture of the GNP layers [8]. This result was similarly in agreement

with previous study that reported a slight decline in tensile strength of nanocomposite polylac-

tic acid (PLA)/LNR filled nickel zinc ferrite after optimum period of ultrasonication, i.e. 1

hour in that particular case [7].

In 3 hours of ultrasonic treatment, the tensile properties displayed an increasing trend prior

to decreasing trend as the GNP increased from 0 to 2 wt.% (Fig 1(B)). Compared to the neat

TPNR matrix (0 wt.% GNP), the nanocomposite with 1.5 wt.% GNP exhibited the highest ten-

sile strength (16 MPa) and Youngs modulus (556 MPa), which increased by about 33.0% and

11.7%, respectively. These increments are statistically significant, as represented by “@” symbol

in Fig 1(D) and 1(E). The enhancement in tensile properties is ascribed to the significant stiff-

ening effect of GNP in matrix as well as the synergistic roles of homogeneous dispersion of

GNP in LNR (within matrix) and strong interfacial adhesion, which provides effective load

transfer from the matrix to GNP fillers [15]. However, as the weight fraction of GNP was fur-

ther increased to 2.0%, the tensile strength and modulus of the TPNR/GNP nanocomposites

were conversely decreased to the values near to neat TPNR. The formation of GNP agglomer-

ates (due to π-π interaction between the graphene layers) or debonding of TPNR/GNP inter-

face (due to the weak Van der Waals force between polymer and graphene) or both are

responsible for the reduction in tensile properties [16, 17].

In Fig 1(C), the effects of ultrasonic hours and GNP weight fractions are significant for the

tensile strength. Meanwhile, for the Youngs modulus, only the GNP loadings showed a signifi-

cant impact, but it was not significantly related to the time of ultrasonic vibration. These are

proven from the analysis of variance by F-tests at a confidence level of 95%, where P-values are

less than the significance level (0.05) and the F values are greater than F critical for both the

ultrasonic time (on tensile strength only) and GNP weight fractions (on tensile strength and

modulus). Overall, by taking neat TPNR as a control sample, the nanocomposites without

ultrasonic treatment exhibited reduced tensile strength and Youngs modulus, as represented

in the blue colour bar (0.5 GNP 0 US) in Fig 1(D) and 1(E). Meanwhile, the nanocomposites

containing 1.5 wt.% assisted with 3 hours ultrasonication (1.5 GNP 3 US) displayed a simulta-

neous enhancement in tensile strength and modulus with the greatest percentage increase.

Mechanical properties in flexure (three-point bending)

The influence of ultrasonic time and GNP weight fractions on flexural properties is demon-

strated in Fig 2. As compared to tensile results (Fig 1), flexural strength and modulus (Fig 2(A)

and 2(B)) showed similar trends of increasing at first to achieve the highest points followed by

declining, but with lower changes rate. For the GNP-filled nanocomposite without pre-mix-

ture (LNR/GNP) ultrasonication, flexural strength and modulus were approximately 14 MPa
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and 869 MPa, respectively. Under ultrasonic application, the sonication time was increased

from 1 to 3 hours, the flexural properties increased gradually up to 3.3% (strength) and 9.1%

(modulus) as compared to those without sonication. Further extension of the sonication

Fig 2. Flexural strength (FS) and flexural modulus (FM) of TPNR/GNP composites (a) treated with different ultrasonic (US) hours, (b) at various filler weight

fractions, (c) ANOVA analysis for both factors in flexural properties, (d) FS enhancement and (e) YM enhancement of investigated composites compared with

pure TPNR. Note: aF ratio = mean between groups variance/ mean within group variance; bProbability from 0 to 1; ccritical F-value based on F distribution.

Groups with a significant difference (p< 0.05) compared to (i) TPNR/GNP composite without US assistance (0 hour) and assisted with 3 hours US are indicated

by � and # respectively; (ii) TPNR composites without GNP and incorporated with 0.5 wt.% GNP are indicated by @ and ♦ symbols, respectively.

https://doi.org/10.1371/journal.pone.0222662.g002
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vibration reduced the flexural strength (by 13.0%) and modulus (by 7.7%). Similar to the ten-

sile properties, the nanocomposites reinforced with 1.5 wt.% GNP exhibited flexure mechani-

cal properties at the optimum level, which improved about 7 MPa (by ~49.1%, shown by “@”

symbol) and 44 MPa (by ~5.0%) compared to neat TPNR. As shown in Fig 2(B), the higher

GNP weight fractions led to a consequent decrease in flexure performance. This behaviour is

common in composites incorporated with nano-scale fillers and is probably correlated to dis-

persion problems. Aggregates are definitely formed at either high concentrations of nanofiller

or improper ultrasonic vibration times. This is due to the decreased dispersion degree of GNP

nanofiller in the nanocomposites, in which the aggregates could act as stress concentrators to

reduce the flexural performance [8].

In statistical analysis (Fig 2(C)), the effect of the ultrasonic times is insignificant for the

above properties as observing the p-values are greater than 0.05 and the F values are less than

the F critical values. On the other hand, it is observed that the incorporation of GNP at differ-

ent weight fractions has a significant effect on flexural strength, for instance, the remarkable

changes are represented by “@” and “♦” symbols based on TPNR composites 0 wt.% and 0.5

wt.% GNP, respectively (Fig 3(D)); but effect on the flexural modulus is small (insignificant).

Izod impact properties

The measurement of impact strength is likely related to the changes in the energy absorbing

mechanisms such as increased plastic deformation of the matrix phase along the matrix-filler

interface, crack branching caused by disturbance of fillers, bridging of the crack, formation of

voids and crazes at the filler edges [18]. Fig 3 displays the impact strength of TPNR/GNP com-

posites treated with different ultrasonic hours and reinforced with various filler weight frac-

tions. In Fig 3(A), from the aspect of sonication time, the impact strength showed a small

increase as the ultrasonic treatment was applied up to 3 hours, which was 17.7% higher than

that of without sonication (0 hour), followed by 4.4% reduction. Both effects were statistically

insignificant (P-value (0.082838) > 0.05; F values (3.070) < F critical (3.838)).

Comparing to neat TPNR (0 wt.% GNP) having an impact strength of 7 MPa, an improve-

ment (13.0 – 66.4%) was seen when 0.5-1.5 wt.% GNP was incorporated, as observed in Fig 3

(B). The results indicate that the reinforcement in the TPNR dispersed well and provided suffi-

cient interface to allow the load transfer from the matrix to the filler. In this case, GNP

imparted a positive reinforcing effect on the mechanical properties of the entire weight frac-

tion of less than 2.0% to improve the low stiffness and poor impact toughness of PP [15] (the

major component in the matrix). The further increasing of GNP weight fractions (2.0 wt.% in

this study) had a negative impact on the mechanical performance, i.e. 26.7% reduced as com-

pared to 1.5 wt.% GNP filled nanocomposites. This deterioration in impact strength is consid-

ered to be due to the poorer interfacial interaction occurred between the GNP and the TPNR

matrix, which actes as an obstacle for achieving effective stress transfer at the interfaces. The

presence of GNP, especially in the case of exceeding the nanofiller loadings, can cause the

immobilization of the macromolecular chains, thereby increasing the brittleness (reduced

impact strength) of PP-based matrix [19]. Generally, this increment and decrement seem to

achieve the significance level (0.05), as the P-value (0.050089) is close to 0.05 (Fig 3(C)).

The overall impact strength properties changes for the investigated composites are com-

pared in Fig 3(D). In comparison to neat TPNR, the sonication at appropriate times was neces-

sary in incorporating GNP fillers as only 2 and 3 hours of ultrasonic vibrations were shown to

give improvement in impact performance, while longer times of ultrasonication (4 hours)

resulted in a consequent decrease in impact toughness due to the re-agglomeration of GNP fil-

lers and this reduction is significant (“#” symbol) as compared to 3 hours (optimized period).

Conductive thermoplastic natural rubber/graphene nanocomposites
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X-ray diffraction (XRD)

Fig 4 shows the XRD patterns for pristine GNP and TPNR/GNP nanocomposites with respect

to GNP weight fractions. Before compounding, the pristine GNP displayed the characteristic

peak at 26.5˚ with an interlayer spacing of 3.36 Å, which is corresponding to graphitic (002)

plane. It is obviously seen that there is negligible difference at this diffraction angle for all

TPNR/GNP nanocomposites. This implies that the presence of GNP in the nanocomposites

may not have been fundamentally exfoliated but the improvement of nanocomposite proper-

ties might be ascribed to the homogenous distribution of GNP in the TPNR matrix. These

observation and explanation were reported in literature [20]. In this study, the GNP nanocom-

posites with different nanofiller weight fractions showed the variation of XRD peak in terms of

Fig 3. Impact strength (IS) of TPNR/GNP composites (a) treated with different ultrasonic (US) hours, (b) at various filler weight fractions, (c)

ANOVA analysis for both factors in impact properties, and (d) IS enhancement compared with pure TPNR. Note: aF value = mean between groups

variance/ mean within group variance; bProbability from 0 to 1; ccritical F value based on F distribution. Groups with a significant difference (p< 0.05)

compared to TPNR/GNP composite assisted with 3 hours US is indicated by # symbol.

https://doi.org/10.1371/journal.pone.0222662.g003
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peak intensity and breadth. As the weight fractions of the added GNP increased, the intensity

of the diffraction peak became higher and broaden accordingly. The lower the GNP weight

fractions, the easier the platelet layers of GNP fillers are dispersed. It is reasonably proposed

that the 0.5 wt.% GNP nanocomposites exhibited a partially exfoliated structure, whereas the

intercalation and stacking of GNP layers occurred at higher GNP weight fractions.

Thermal stability of nanocomposites

Fig 5 demonstrates the TGA curves of the TPNR sample and TPNR nanocomposites rein-

forced with various GNP weight fractions. The thermal stabilities of TPNR and TPNR/GNP

nanocomposites including decomposition temperature, residues after decomposition and inte-

gral procedure decomposition temperature (IPDT) are described in Table 1. In Fig 5(A), the

weight loss of the neat TPNR occurred in three steps. The first step started from 100 to 320˚C,

which is due to the evaporation of bound water molecules in rubber [21]. Interestingly, this

stage of weight loss was not observed for TPNR nanocomposites upon the reinforcement of

GNP. The following stages of weight loss initiated at 330˚C and ended at 480˚C, which similar

behaviours are observed for both TPNR sample and TPNR/GNP nanocomposites. This sug-

gests that the thermal behaviour of the samples was manipulated by the TPNR which acted as

a matrix. The major degradation peaks of the neat TPNR happened at 379 and 464˚C. The ear-

lier stage within the temperature range of 340-410˚C is related to the decomposition of NR

component [22]. The increase of T1 indicates the improvement of thermal stability of TPNR

by the presence of GNP promoted barrier effect in the TPNR matrix [23]. Meanwhile, the lat-

ter stage of weight loss could be attributed to either the continuous degradation of NR as has

been reported in literature [22] that NR decomposed in two steps, or the thermal degradation

of the polymer as in agreement with Jeske et al. [24] showing maximum mass loss rate of PP at

Fig 4. Effect of GNP weight fractions on the nanofillers dispersion in within TPNR matrix [Inset: XRD pattern

for pristine GNP].

https://doi.org/10.1371/journal.pone.0222662.g004
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462˚C. These degradations occurred via oxidation and chain scission [21]. However, the incor-

poration of GNP at low weight fractions slightly influenced the rate of the decomposition as

observed by the shiftment of the TGA curves throughout the heating temperature. In general,

except for 2.0 wt.% GNP nanocomposites, the nanocomposites filled with 0.5 – 1.5 wt.% GNP

exhibited T1 at higher temperature but T2 at lower temperature as compared to the neat

TPNR. The temperature differences between T1 and T2 in nanocomposites were observed to

be smaller (83˚C) in comparison to that of the neat TPNR (85˚C). This probably implies that

the incorporation of GNP in TPNR matrix had a good blending and interfacial interaction.

After heating close to 600˚C, the residues left upon the decomposition were approximately

0.8-2.3%. The TPNR/0.5 wt.% GNP nanocomposites exhibited the smallest amount of residues

(0.6%) and it was similar to neat TPNR sample. This situation because of the further break-

down of the neat polymers into gaseous products at higher temperature beyond the decompo-

sition temperature [25]. Further increasing the GNP weight fractions, the amount of residues

increased accordingly up to 1.2, 1.6 and 2.2% for 1.0, 1.5 and 2.0 wt.%, respectively. The resi-

due amounts were about the weight fractions of GNP which clearly means that the GNP was

not burnt off at the temperatures below 600˚C as a result of the inert atmosphere [26]. This is

similar to the research study of Liang et al. [27] who stated the residues found in PP/GNP com-

posites were mainly the GNP.

The IPDT calculated in Table 1 is used to estimate the inherent thermal stability of poly-

meric materials, using the following equation: IPDT (˚C) = A�K�(Tf -Ti) + Ti, where A� = (S1

+ S2) / (S1 + S2 + S3) and K� = (S1 + S2)/ S1. In which Tf is the final testing temperature, Ti is

the initial testing temperature, S1 is the area under the TGA curves (above the minimum resi-

due level), S2 is the area below the minimum residue level of the TGA curve, and S3 is the area

above the TGA curves. From Table 1, the IPDT value of the neat TPNR was 416˚C, and this

value increased gradually when GNP was incorporated with the increase of GNP weight frac-

tions (only by 1-7%). This suggests that the TPNR/GNP nanocomposites were more thermally

stable than that of the neat TPNR matrix. This trend is agreed by Yadav et al. [28] who studied

on carboxymethyl cellulose/graphene oxide nanocomposite film.

Fig 5. (a) TGA and (b) derivative thermogravimetry (DTG) curves of the neat TPNR sample and TPNR/GNP with different nanofiller weight fractions.

https://doi.org/10.1371/journal.pone.0222662.g005

Conductive thermoplastic natural rubber/graphene nanocomposites

PLOS ONE | https://doi.org/10.1371/journal.pone.0222662 September 23, 2019 10 / 16

https://doi.org/10.1371/journal.pone.0222662.g005
https://doi.org/10.1371/journal.pone.0222662


Melting, enthalpy and crystallinity properties of nanocomposites

Fig 6 displays DSC thermograms of the neat TPNR sample and TPNR/GNP nanocomposites

during heating (melting) process. The thermal property characteristics of the investigated sam-

ples are listed in Table 2. It can be clearly observed that the melting process of the samples

occurred at around the same temperature range, from 150 to 170˚C. The position of Tonset, Tm

and Tendset showed insignificant changes with respect to the GNP weight fractions incorpo-

rated in the TPNR. As compared to neat TPNR (ΔHm = 64.17 J/g), it is found that this value

was higher for the TPNR/GNP nanocomposites (ΔHm = ~ 67 to 71 J/g) with an exclusion of

1.5 wt.% GNP (ΔHm = 59.35 J/g). Since the enthalpy of melting has been used to obtain the

crystallinity (χc), the changes in χc were similar as the ΔHm. Generally, there are two types of

interpretations to explain the effects of GNP on the crystallization behaviour of TPNR. First,

the incorporation of GNP can induce the heterogeneous nucleation of GNP and promote a

consequent crystallization of TPNR. Second, GNP can restrict the movement of TPNR chains

and inhibit the crystallization as a result of the increased viscosity of the samples [29]. In this

study, the addition of GNP in nanocomposites, irrespective of GNP weight fractions, has

resulted an improvement but inconsistent trend in χc. This first type of effect is dominant. The

Table 1. Thermal stabilities of TPNR and TPNR/GNP nanocomposites obtained from TGA.

T1

(˚C)

T2

(˚C)

ΔT = T2 - T1

(˚C)

Residues

(%)

IPDT (˚C)

TPNR (0 wt.% GNP) 379 464 85 0.6 416

0.5 wt.% GNP nanocomposites 380 463 83 0.6 420

1.0 wt.% GNP nanocomposites 380 463 83 1.2 437

1.5 wt.% GNP nanocomposites 380 463 83 1.6 436

2.0 wt.% GNP nanocomposites 378 460 83 2.2 444

Note: T1; first decomposition temperature peak, T2; second decomposition temperature peak, ΔT; temperature difference, IPDT; integral procedure decomposition

temperature

https://doi.org/10.1371/journal.pone.0222662.t001

Fig 6. DSC thermograms of the neat TPNR sample and TPNR/GNP with different nanofiller weight fractions.

https://doi.org/10.1371/journal.pone.0222662.g006
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inconsistent trend might be due to the very small amount of GNP (0.5 – 2.0 wt.%) in the nano-

composite system and the variation of the GNP weight fractions in each nanocomposite was

just about 0.5 wt.%. In which this is believed to be strongly correlated to the dispersion of GNP

in nanocomposites.

Thermal conductivity of nanocomposites

As well-established, thermal conductivity of composites is greatly dependent upon the particle

dimension and shape, alignment and curliness of particles, particle concentration, state of dis-

pesion, as well as the thermal interface resistance between the matrix and the nanofillers [30].

The thermal conductivity of the samples versus GNP weight fractions is portrayed in Fig 7. It

is evident that the experimental thermal conductivity increased steadily as the nanofiller con-

centrations increased. The relationship between the increment of thermal conductivity and the

GNP weight fractions is shown as a nearly perfect linear relationship with the equation of

y = 0.0513x + 0.2523, R2 = 0.9989. The thermal resistance between GNP and the TPNR matrix

as well as the scattering processes on its interface play important roles in the effective heat

Table 2. Thermal property characteristics of TPNR and TPNR/GNP nanocomposites obtained from DSC.

Samples Tonset

(˚C)

Tm

(˚C)

Tendset

(˚C)

ΔHm

(J/g)

χc

(%)

TPNR (0 wt.% GNP) 156 166 172 64.17 43.86

0.5 wt.% GNP nanocomposites 154 167 170 70.81 50.95

1.0 wt.% GNP nanocomposites 156 167 171 67.89 51.56

1.5 wt.% GNP nanocomposites 155 166 170 59.35 47.70

2.0 wt.% GNP nanocomposites 154 166 170 69.66 59.52

Note: Tonset; onset temperature of melting, Tm; Melting Point, Tendset; endset temperature of melting; ΔHm; Enthalpy of Melting, and χc; Crystallinity

https://doi.org/10.1371/journal.pone.0222662.t002

Fig 7. Thermal conductivity of the neat TPNR sample and TPNR/GNP with different nanofiller weight fractions.

https://doi.org/10.1371/journal.pone.0222662.g007
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conduction of the composites. In which the generated heat propagation in GNP-polymer com-

posite is mainly ascribed to acoustic phonons scattering processes [31]. Generally, when GNP

is incorporated in a polymer, a large number of GNP-polymer interfaces is produced owing to

the extremely high specific surface area of graphene. Consequently, these interfaces would

result in phonon scattering and introduce ultrahigh interfacial thermal resistance, thereby

causing the difficulty in transferring heat through the interface [32]. Specifically in this TPNR/

GNP nanocomposites, GNP acted as a highly thermal conductive channel or heat transfer

media, while the use of LNR aided to promote interaction and bonding between GNP and the

molecular chains of the polymer matrix, which subsequently facilitate the phonon transfer

from the GNP to the polymer and vice versa. In this case, the experimental thermal conductiv-

ity increased with the increasing GNP weight fractions and there was no percolation threshold

phenomenon (no critical loading, which is a loading of which the conductivity is improved

remarkably) shown in thermally conductive composites.

The behaviour of thermal conductivity in this study was in agreement with Nan’s model

[33, 34] as illustrated by the dotted line in Fig 8, which shows close overlapping with linear

line, assuming that interfacial thermal resistance (ITR) existed between the uniformly dispersed

nanofillers in the insulating polymer matrix. The calculated ITR of this nanocomposite system

from the Nans model was ~ 10-7 m2K/W. This ITR value is consistent with the recently pub-

lished values in GNP/boron-nitride/epoxy [33] system (~ 10-7 m2K/W), graphene-coated cop-

per/water [35] system (0.8 x 10-7 m2K/W) and GNP/epoxy [36] system (0.1 x 10 -7 m2K/W).

Electrical properties of nanocomposites

Fig 8 shows the electrical conductivity and resistivity of the nanocomposite samples reinforced

with various GNP weight fractions. The electrical conductivity of the neat TPNR is virtually

null (3.8 x 10-15 S cm-1), which affirms the insulating characteristic of this material. Nanocom-

posites TPNR/GNP containing 0.5 wt.% exhibited a higher electrical conductivity (here

increased by ~ 7 orders of magnitude) reaching of 10-7-10-8 S/cm, as compared to TPNR

blend. This indicates that the electrically conductive nanocomposites show the percolation

Fig 8. Electrical conductivity and resistivity of the neat TPNR sample and TPNR/GNP with different nanofiller

weight fractions.

https://doi.org/10.1371/journal.pone.0222662.g008
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phenomenon where a conductive network has been formed between the conductive GNP. The

conductivity increased with much lower rate with increasing the weight fractions of GNP filler.

As expected, the electrical conductivity trend was opposite of the electrical resistivity where the

electrical resistivity of TPNR was shown at 2.6 x 1014 Ωm and this value increased greatly with

the presence of 0.5 wt.% and higher weight fractions of GNP. At GNP weight fraction of 0.5

wt.%, the GNP particles approach each other and this significantly improves the interactions

between the neighbouring GNP fillers. The interconnected GNP particles induce path for elec-

trical conduction, thereby showing the comparatively low resistance [37]. The electrical con-

ductivities of the samples obtained in this work are consistent with the findings published in

other works related to GNP [38, 39].

Conclusions

GNP reinforced TPNR conductive nanocomposites were fabricated using internal mixing and

compression molding. The effects of ultrasonic pretreatment time of LNR/GNP and low

weight fractions of GNP on the TPNR/GNP nanocomposite properties were examined. From

mechanical results, it showed that the assistance of ultrasonic premixing of LNR/GNP at 3

hours provided the distribution of GNP particles within the TPNR matrix and resulted in a

consequent increase of mechanical properties. The mechanical properties of TPNR/GNP

nanocomposites achieved the optimum level at 1.5 wt.% GNP. In thermal aspect, the incorpo-

ration of GNP gave a positive effect in thermal stability and conductivity properties. The GNP-

filled nanocomposites exhibited an outstanding electrical conductivity as compared to that of

conventional elastomeric blend. It can be concluded that the multifunctional TPNR/GNP

nanocomposites could be a potential candidate in conductive applications.
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9. Covarrubias-Gordillo CA, Soriano-Corral F, Ávila-Orta CA, Cruz-Delgado VJ, Neira-Velzquez MG, Her-

nández-Hernández E, et al. Surface Modification of Carbon Nanofibers and Graphene Platelets Mix-

tures by Plasma Polymerization of Propylene. J Nanomater. 2017; 2017:10. https://doi.org/10.1155/

2017/4875319

10. Zailan FD, Chen RS, Ahmad S, Shahdan D, Mat Ali A, Mohd Ruf MFH. Blends of linear low-density

polyethylene, natural rubber and polyaniline: Tensile properties and thermal stability. Malaysian Journal

of Analytical Sciences. 2018; 22(6):999–1006. https://doi.org/10.17576/mjas-2018-2206-09

11. Saleh AB, Ishak ZM, Hashim A, Kamil W, Ishiaku U. Synthesis and characterization of liquid natural rub-

ber as impact modifier for epoxy resin. Physics Procedia. 2014; 55:129–37. https://doi.org/10.1016/j.

phpro.2014.07.019

12. Phua J-L, Teh P-L, Ghani SA, Yeoh C-K. Effect of heat assisted bath sonication on the mechanical and

thermal deformation behaviours of graphene nanoplatelets filled epoxy polymer composites. Int J

Polym Sci. 2016;2016. https://doi.org/10.1155/2016/9767183

13. He F, Yuan T, Li C, Sun L, Liao S. Interfacial interactions and properties of natural rubber–silica com-

posites with liquid natural rubber as a compatibilizer and prepared by a wet-compounding method. J

Appl Polym Sci. 2018; 135(30):46457. https://doi.org/10.1002/app.46457

14. Huang YY, Terentjev EM. Dispersion of carbon nanotubes: mixing, sonication, stabilization, and com-

posite properties. Polymers. 2012; 4(1):275–95. https://doi.org/10.3390/polym4010275

15. Liang J-Z, Du Q, Tsui GC-P, Tang C-Y. Tensile properties of graphene nano-platelets reinforced poly-

propylene composites. Compos Part B Eng. 2016; 95:166–71. https://doi.org/10.1016/j.compositesb.

2016.04.011

16. Ren Y, Zhang Y, Fang H, Ding T, Li J, Bai S-L. Simultaneous enhancement on thermal and mechanical

properties of polypropylene composites filled with graphite platelets and graphene sheets. Compos Part

A Appl S. 2018; 112:57–63. https://doi.org/10.1016/j.compositesa.2018.05.017

17. Kalantari B, Mohaddes Mojtahedi MR, Sharif F, Semnani Rahbar R. Flow-induced crystallization of

polypropylene in the presence of graphene nanoplatelets and relevant mechanical properties in nano-

compsoite fibres. Compos Part A Appl S. 2015; 76:203–14. https://doi.org/10.1016/j.compositesa.

2015.05.028

18. Liu Y, Wu H, Chen G. Enhanced mechanical properties of nanocomposites at low graphene content

based on in situ ball milling. Polym Compos. 2016; 37(4):1190–7. https://doi.org/10.1002/pc.23283
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