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ABSTRACT: The poor dispersion of carbon black (CB) in thermoplastic polymers has provided a space for improving the various

properties of nanocomposites. In this study, nanoclay (NC) was introduced into CB/thermoplastic composites to improve the disper-

sion of CB and, finally, to improve the thermal or mechanical performance. We noticed that there was a simultaneous enhancement

in the mechanical and thermal performances of the nanocomposites because of the combination of the NC and CB. The information

obtained from the mechanical and thermal studies indicated that the properties were improved to an appreciable extent because of

the plastic–plastic/CB/NC combination. The tensile strength of polycarbonate (PC) was observed to be enhanced by 9.4% only

because of the addition of CB, although when poly(methyl methacrylate) (PMMA) was used as a matrix material along with PC, the

tensile strength improved by 25%, although the tensile strength of PMMA is much lower than that of PC. This confirmed that the

tensile properties of the polymer composites also depended on the plastic–plastic interaction phenomenon. Moreover, the tensile

strengths of the different blended nanocomposites system increased by around 42.5% with the addition of NC. A significant improve-

ment of 22% was achieved in the thermal stability of the PMMA composites with the addition of CB. However, the addition of NC

provided further improvement in the thermal decomposition temperature by only 3.7%. This showed that the thermal stability of the

polymer nanocomposites was slightly affected by the addition of NC. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41477.

KEYWORDS: amorphous; composites; mechanical properties; thermogravimetric analysis (TGA); thermoplastics

Received 28 June 2014; accepted 2 September 2014
DOI: 10.1002/app.41477

INTRODUCTION

Polymer-based composites have been extensively used for decades

because of their high stiffness-to-weight ratio. Generally, the

polymers may be either thermosetting or thermoplastic polymers,

and accordingly, the composites are known as thermoplastic- or

thermosetting-polymer-based composites.1 Nanofillers in poly-

mer–matrix composites (PMCs) act as reinforcing materials and

their applicability in different fields, such as military and commer-

cial aircraft, the automotive industry, sporting goods, packaging

materials, and health care products, has been proven.2–5 This has

mainly been due to the high aspect ratio of the nanomaterials.6–9

The fabrication of composites involving the combinations of a

matrix and nanofillers may be done through in situ polymeriza-

tion, exfoliation–adsorption, and template synthesis and melt

intercalation. Melt intercalation is a powerful new approach for

the preparation of polymer nanocomposites. It has been proven

to be the most efficient and environmentally friendly alternative

to the other available methods.10,11 In this process, nanoclay

(NC) layers are directly dispersed in molten polymers with con-

ventional melt-processing techniques. Thermoplastic polymers

reinforced with NCs as nanofillers have been synthesized exten-

sively with this technique.12–14 Polymer nanocomposites can be

produced by the melt intercalation of polymers followed by

compression molding, extrusion molding, injection molding, or

plastic molding to obtain desirable properties.15 However,

compression molding is most commonly preferred after melt

intercalation for the preparation of polymer nanocomposites.

Carbon black (CB) has been proven to have excellent capability

for use as a reinforcing material for future polymer nanocom-

posites because of its good electrical and thermal properties and

high aspect ratio. In addition, CB can be homogeneously dis-

persed in a layer of nanometer scale thickness; this has increased

interest in the reinforcement of CB in polymer composites.16–18

However, the poor solubility and dispersability of CB, which are

due to the strong van der Waal’s attractions, limit CB’s applica-

tions in polymer composites.19 NC-reinforced nanocomposites

were first introduced by Toyota in 1980s, and they have shown

to significantly improve the heat distortion and modulus for

nylon–clay nanocomposites. These properties increase with

increasing amounts of clay.2 It has been noted that the addition
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of NC improves the dispersion and solubility of nanofillers in

polymer matrix due to its high surface area, aspect ratio and

possibilities of being dispersed as individual particles in matri-

ces.20 Also, a significant improvement in the mechanical proper-

ties of nanocomposites was noticed with the use of clay

nanoparticles in CB-reinforced polymer nanocomposites.21 The

introduction of a small quantity (1–5 wt %) of NC to the

polymer matrix resulted in a considerable improvement in the

mechanical strength because of its nanometric dimensions and

high aspect ratio.22 The specific properties of NC, such as their

ability to expand to layered silicates, intercalation and exfolia-

tion into nanocomposites, natural abundance, and low cost of

NC have broadened its industrial value.23 In comparison to

conventionally filled polymers, exfoliated nanocomposites have

attained a higher degree of stiffness, strength, and barriers prop-

erties with a lower NC content.24 Furthermore, the use of NCs

in PMCs has shown enhancements in the mechanical properties,

thermal stability, electrical conductivity, fire retardancy, corro-

sion resistance, and gas-barrier properties.25,26 The electrical

conductivity of carbon-nanotube (CNT)-based nanocomposites

was improved by several orders without any reduction in the

modulus or glass-transition temperature with the addition of

2 wt % NCs. Liu and Grunlan27 found that the electrical

conductivity percolation threshold of CNTs could be reduced

by a factor of five through the addition of NC particles into

epoxy/single-walled CNT composites.

In this study, the melt intercalation technique and compression

molding were used sequentially to prepare thermoplastic poly-

mer composites with the help of nanofillers; that is, polycarbon-

ate (PC) and poly(methyl methacrylate) (PMMA) were used

here for matrix materials with CB and NC as nanofillers. Our

main aim was to study the effect of the addition of NC to poly-

mer–matrix nanocomposites and to observe the importance of

plastic–plastic interactions on the mechanical properties of these

nanocomposites for their applications in transportation systems

and automobile accessories with lightweight components.

EXPERIMENTAL

Materials

CB (PC-503), used as a reinforcing nanomaterial, was purchased

from Phillips CB, Ltd., with a particle size less of than 20 nm,

and organically modified NC (Cloisite 25A) was provided from

Southern Clay Products, Inc. For this study, both materials were

used without any modification. PC pallets (Iupilon S 3000UR

16.5 MFI, UV stabilized PC with release) were purchased from

Mitsubishi Engineering Plastics, and PMMA (IG840) was obtained

from LG Chemicals.

Composite Preparation

In this study, different composites were prepared through

PC and PMMA as matrix materials. CB and NCs were used as

reinforcing materials with these matrix materials to prepare

nanocomposites.

All of the samples were prepared in a two-step process, where

the matrix material and reinforcement were initially mixed dur-

ing heating inside an internal mixture rotating at 30 rpm until

the matrix material came to its semisolid state, and the reinforc-

ing material was homogeneously dispersed inside the matrix.

The composites in the semisolid state were then transferred to a

compression-molding machine and cured with less than a 3-ton

load until the mold pallets attained room temperature. Table I

shows the various combinations of matrix and reinforcing mate-

rials used for the preparation of the composites.

Characterization

Tensile Testing. All specimens for tensile testing were prepared

from the semisolid composites obtained from the internal mix-

ture. These materials were transferred to compression molding

machine with a mold with dumbbell-shaped cavities. All of the

specimens were prepared according to ASTM D 638-10. Tensile

testing was conducted with a universal tensile testing machine

(Instron 5582) at room temperature (25 6 2�C). The initial

gauge length of the specimens were 50 6 5 mm, and the cross-

head speed was maintained at 2 mm/min. The tensile strength,

elongation at break, and deformation were recorded from the

stress–strain data.

X-ray Diffraction (XRD). The XRD patterns were obtained

with an X-ray diffractometer (Bruker AXS Diffraktometer D8)

equipped with Cu Ka radiation (k 5 0.1540 nm). Scans were

taken in the range of diffraction angle (2h) of 10–90�, which

varied with a scanning rate of 2�/min. The operating voltage

and current were maintained at 40 kV and 20 mA, respectively.

The distance between the detector and sample was maintained

177 mm. All samples for wide-angle XRD were prepared

through compression molding technique having thickness of

2 mm.

Field Emission Scanning Electron Microscopy (FESEM). Stud-

ies related to the morphology of the tensile fracture surfaces of

the composites were carried out with FESEM (model Zeiss-

Ultra Plus, Gemini Co.) under a pressure of 1026 m Bar. The

fractured ends of the specimens were mounted on aluminum

stubs, and a secondary electron (SE) detector was used to ana-

lyze the electrons. The gold coating on the abraded surface was

used to make the surface conductive for the morphological

analysis of the fractured surface.

Thermogravimetric Analysis (TGA). The thermal characteris-

tics of the plastic–plastic/CB/NC blended nanocomposites were

studied with TGA (TGA SII 6300 Exstar Instrument). TGA

was used to study the thermal decomposition behavior of the

nanocomposites. All of the tests were done in a nitrogen atmos-

phere at a scanning rate of 10�C/min in the temperature range

Table I. Composite Samples and Their Respective Codes

Code Component

Sample A PC

Sample B PC 1 CB

Sample C PMMA

Sample D PMMA 1 CB

Sample E PC 1 PMMA 1 CB

Sample F PC 1 PMMA 1 CB 1 clay
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32–700�C. The weight of the samples was varied from 5 to

10 mg for different composite specimens.

RESULTS AND DISCUSSION

XRD Analysis

XRD analysis was used for the characterization of polymer

nanocomposites. Figure 1 shows the XRD patterns for different

polymers reinforced with CB and NC. Only one major peak

was obtained for all of the polymers at different values of the

diffraction angles; this showed the effect of the reinforcement

on the crystallization characteristics of the thermoplastic poly-

mer composites. A single peak at 2h 5 17.5� was obtained for

pure PC.28 With the addition of CB, the peak sharpened; this

signified the reduction in crystallinity of PC. Also, one more

peak at 2h 5 25� was observed; this was assigned to CB.29 A

similar trend was obtained with CB-reinforced PMMA nano-

composites. Two peaks at 2h 5 13.86 and 30� were obtained;30

this showed the crystalline behavior of PMMA and the presence

of CB, respectively. The additional peak of CB disappeared in

the NC-reinforced CB/PC/PMMA nanocomposites. This was

due to the improved dispersion of the CB nanoparticles in the

polymer matrix.31 As there were no additional peaks obtained

with addition of NC, this indicated that exfoliated structures

were produced.32

Morphological Characterization

The surface morphology of the polymer–matrix nanocomposites

was investigated with the help of a field emission scanning elec-

tron microscope. The FESEM micrographs of various thermoplas-

tics blends are shown in Figure 2. The examination of the

impact-fractured surfaces provided information on the nanocom-

posites about their interfacial properties and the dispersion of the

reinforcing phase in the matrix materials. It is clear from Figure

2(b,d) that the dispersion of nanoparticles in the polymers was

highly inhomogeneous, and clusters were formed at a few sights;

this indicated that the agglomeration of nanomaterials within the

matrix and, hence, resulted in a lack of improvement in the prop-

erties of polymer composites. A similar trend for the agglomera-

tion of nanoparticles was also observed in the case of the

PC/PMMA/CB nanocomposites, as shown in Figure 2(e).

An improvement in the dispersion of filler particles was noticed

with the addition of NC loadings.33–35 The fractured surface of

the PC/PMMA/CB/NC nanocomposite is shown in Figure 2(f).

We observed that the CB nanoparticles were homogeneously

dispersed in the polymer matrix, and the surface experienced

ductile fracture. Furthermore, the nanocomposites with 3 wt %

NC showed a CB-rich area; this signified the improvement for

the dispersion of CB in the polymer matrix. Simultaneously, the

networking CB particles became strong because of better contact

among the CB particles.

Thermal Analysis

The thermal stability of all of the composites was tested in the

presence of a nitrogen atmosphere and is shown through the

TGA curves in Figure 3. All of the composites decomposed

completely between 305 and 540�C. We found that thermog-

ravimetry curves shifted toward a higher temperature with the

addition of CB and NC. These shifts toward the higher temper-

ature indicated that the thermal stability of the hybrid nano-

composites increased.36,37 We also observed that organically

modified NC with 3% addition strongly affected the thermal

degradation temperature because of the specific properties of

the NC layers, where it acted as a good barrier. This improved

the thermal stability of the polymer/clay nanocomposites.38,39

For the pure polymer and PC–CB, the weight loss was constant

up to 310�C, whereas for samples having a combination of

PMMA and CB, the weight loss was constant up to 430�C. The

thermal degradation temperatures of PC (sample A), PMMA

(sample B), and PC–CB (sample C) were found to be very

close. This showed that there was a very small effect of the

addition of CB to PC. However, PMMA–CB (sample D) showed

around a 22% increase in the thermal decomposition tempera-

ture; this showed a noticeable effect of the addition of CB to

the PMMA composites. A slight enhancement in the degrada-

tion temperature was observed with sample E (�8%) compared

with that of sample D. This increase may have been due to the

better plastic–plastic interaction. Further, because of the addi-

tion of NC, the decomposition temperature increased by 3.7%;

this may have been due to the better dispersion of CB in the

plastic–plastic matrix; this indicated that the highest thermal

stability was achieved by the dispersion of CB in the presence

of NC.

Mechanical Characterization

The mechanical properties of the thermoplastic composites were

investigated with tensile testing to determine the influence of

the filler and NC. The tensile strength and elongation at break

were found to be enhanced with the use of CB as a reinforcing

material. Table II summarizes the mechanical properties of the

melt-blended thermoplastic composites based on CB and NC.

We observed that at room temperature (25�C), the addition of

3% CB improved the tensile strength of the PC composites by

9.4% and that of the PMMA composites by 40.5%. A similar

improvement in the elongation at break and a reduction in

elongation were observed for both thermoplastics. Moreover,

when PC and PMMA were used together as a matrix with CB

Figure 1. XRD spectra of the different nanocomposites. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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as a reinforcing material; both properties were highly improved.

The tensile strength and elongation at break for PC/PMMA/CB

increased by 52 and 43.27% in comparison to sample D

(PMMA/CB). This must have been due to the better plastic–

plastic interaction. However, the properties were still found to

not be up to the mark because of the bundling or agglomera-

tion of particles at different sites, as shown clearly through the

FESEM images.

We noticed many times that the mechanical properties of the

composites were improved with enhanced uniformity in the dis-

persion of the fillers.40,41 Many authors have already achieved

enhancements in the mechanical properties through improved

homogeneous dispersion.42 The addition of 3% NC resulted in

a 42.41% increase in the tensile strength compared to the PC/

PMMA/CB nanocomposites. However, the elongation at break

was reduced by 53.69% because of the reduction in the ductility

of composites with the addition of NC; this denoted the

enhanced brittleness of nanocomposite.43 We observed that brit-

tle fracture turned to ductile fracture with the addition of NC

particles, and brittle fracture could no longer be seen as the clay

content in the nanocomposites, as a result of which the strong

ductile nature of the composite was observed. This was yet an

Figure 2. FESEM analysis of different nanocomposites: (a) sample A for PC, (b) sample B for PC 1 CB, (c) sample C for PMMA, (d) sample D for

PMMA 1 CB, (e) sample E for PC 1 PMMA 1 CB, and (f) sample F for PC 1 P MMA 1 CB 1 NC.
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indication of good dispersion of nanoparticles; this brought out

a maximum improvement in the mechanical properties at 3 wt

% NC loading.44 The improvement in the properties was attrib-

uted to the two factors; one was the homogeneous dispersion of

CB in the matrix because of the addition of NC, and the other

was the existence of exfoliated silicate layers. This resulted in

better interaction among the matrix and reinforcing phases

because of the formation of hydrogen bonds.45 Also, the

improved interaction between the polymer chains and NC sur-

face caused the promotion of the tensile strength and the yield

stress.

CONCLUSIONS

In this study, the mechanical, thermal, and morphological prop-

erties of the thermoplastic/CB blend reinforced with NC were

studied. From XRD analysis, we observed that the additional

peak of CB disappeared in the NC-reinforced CB/PC/PMMA

nanocomposites because of the improved dispersion of CB

nanoparticles in the polymer matrix. Furthermore, we also

noticed that the addition of NC produced exfoliated structures.

The homogeneous morphologies obtained due to addition of

NC in the CB-reinforced polymer–matrix nanocomposites were

ascertained with FESEM studies. From TGA, we observed that

the thermogravimetry curves shifted toward a higher tempera-

ture with the addition of CB and NC. The decomposition tem-

perature of all of the composites remained between 305 and

540�C. We also found that there was a very small effect of NC

in the degradation temperature with the pure polymer. How-

ever, the PMMA/CB composite presented a 22% increment in

the thermal degradation temperature and because of better plas-

tic–plastic interaction. Furthermore, the decomposition temper-

ature increased by 3.7% with the addition of NC. Also, the

mechanical properties with 3 wt % NC and CB increased to a

great extent as compared to those of the neat blend samples.

We observed that the tensile strengths of PC and PMAA with

CB improved by 9.4 and 40.5% compared to those of the pure

polymer. Furthermore, a 42.41% increase in the tensile strength

and a 53.69% reduction in the elongation at break were

observed with the addition of NC (3 wt %) compared to those

of the PC/PMMA/CB composites. These observations confirmed

that the use of NC in the PMCs considerably improved the

mechanical properties of the nanocomposites through homoge-

neous dispersion of reinforcing nanoparticles in the matrix.
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