il
UNIVERSITI PUTRA MALAYSIA

PRODUCTION OF POLYCARBONATE AND MULTI -WALLED CARBON
NANOTUBES NANOCOMPOSITES AT LOW FILLER LOADINGS

BUTHAINAH ALI ABED AL-TIMIMI

FK 2015 16




U[P|M

UNlVERSITI PUTRA MALAYSIA

PRODUCTION OF POLYCARBONATE AND MULTI -WALLED CARBON
NANOTUBES NANOCOMPOSITES AT LOW FILLER LOADINGS

By

BUTHAINAH ALI ABED AL-TIMIMI

Thesis Submitted to the School of Graduated Studies, Universiti Putra Malaysia,
in Fulfillment of the Requirement for the Degree of Master of Science

July 2015



COPYRIGHT

All material contained within the thesis, including without limitation text, logos, icons,
photographs and all other artwork, is copyright material of Universiti Putra Malaysia
unless otherwise stated. Use may be made of any material contained within the thesis
for non-commercial purposes from the copyright holder. Commercial use of material
may only be made with the express, prior, written permission of Universiti Putra
Malaysia.

Copyright © Universiti Putra Malaysia



DEDICATIONS

I would like to dedicate my thesis to my great family. A special feeling of gratitude
To
My loving parents, Ali and Zahra

Thank you for unconditional support with my studies. | am honored to have you as
my parents.

My supportive brothers ( Tahseen , Ahmed , Ammar, Sarmed , Jassim )
You were always there, as shields protecting me from the virulent life
My beloved sisters ( Huda , Sajida , Baidaa )

You were always there to comfort me in a time of need.

My brother’s wifes ( Bushra , Huda , Hadeel )

My brothers kids ( Ali, Yazin , Fatima , Abid alrhman , Maram )
Thank you my great family for believing in me and giving me a chance to prove and
improve myself through all my walks life. Please do not ever change.

I would like to dedicate my thesis to the wonderful man
Wadhah
Your constant support and encouragement made this possible
I have learned so much from you and I strive to acquire the qualities that you
pOSSess.

I would like to dedicate my thesis to my spiritual friend
Wafaa

Thank you for allowing me to be your friend. Your strength and protection became
my very own courage.



Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment of
the requirement for the Degree of Master of Science.

PRODUCTION OF POLYCARBONATE AND MULTI -WALLED CARBON
NANOTUBES NANOCOMPOSITES AT LOW FILLER LOADINGS

By

BUTHAINAH ALI ABED AL-TIMIMI

July 2015

Chairman: Dayang Radiah Binti Awang Biak, PhD
Faculty : Engineering

Polymer nanocomposites are the materials of the future, which will change the course
of all industries, since polymers today find their applications in every industry. Multi-
walled carbon nanotubes (MWCNTS) had been widely used for filler for various
nanocomposites. Thus, this research focuses on the fabrication of polycarbonate (PC) /
multi-walled carbon nanotubes (MWCNTS) nanocomposites. The objectives of the
work were to study the physico-chemical properties of multi-walled carbon nanotubes
produced by the modified Staudenmaier method. The mechanical, thermal, electrical
and chemical properties of nanocomposites produced with different filler loadings were
also assessed. The gasoline absorption capabilities of the nanocomposites were also
conducted.

The modified Staudenmaier method was used to produce the multi-walled carbon
nanotubes (MWCNTS) used in this work. The produced carbon nanotubes were
characterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA) and
Raman analysis. The MWCNTs were then mixed with the PC to produce PC/
MWCNTSs nanocomposites. The operating parameters of the mixer were varied for best
operating conditions to produce the nanocomposites based on tensile data of the
products. The effects of filler loading, ranges from 0-1 wt.% , on the properties of the
nanocomposites were also investigated. The mechanical, thermal, and electrical
properties as well as chemical resistance performance of the nanocomposites were
evaluated. Multivariate analysis of variance (MANOVA) was applied to assess the
significance improvement that had been introduced in this work.

The produced multi-walled carbon nanotubes (MWCNTS) have a diameter of 13.1nm.
The yield is approximately 10% of the carbon source (graphite).



The PC/MWCNTSs nanocomposites were produced at mixing temperature of 245°C
with rotor speed of 55 rpm and the compounding time of 12 minutes. The density of
the nanocomposites was improved in the range of 0.77% and 2.05% with different filler
loadings. Increasing the content of MWCNTSs will directly decrease the density of the
material. The improvement in Young’s modulus values ranged between 2.80% and
43.26%,whilst the thermal analysis data showed that the highest shift of degradation
temperature onset was from 458.96°C to 493.77°C. The glass transition temperature
(Tg) of the nanocomposites was also increased from 147°C to 153.70°C. Adding 1
wt.% of MWCNTSs into the PC as fillers had increased the thermal diffusivity of
nanocomposites to 35.46 % and improved the thermal conductivity and electrical
conductivity of the PC/MWCNTSs nanocomposites to 1.22 W. m™. K* and 1.02 x 10®
S/cm respectively. The change in gasoline absorption resistance for the nanocomposites
was found to be in the range of 10.13 % to 62.10 %. This indicates that the polymer did
not absorb gasoline as the amount of filler increased. The MANOVA results indicate
the correlation between the amount of filler used with the thermal, mechanical and
electrical properties as well as the chemical resistance performance of the
nanocomposites.

The work contributes knowledge on the effects of adding low filler (MWCNTS)
loadings on the properties of polymer; in particular, PC/MWCNTSs nanocomposites. It
shows the potentials of PC/MWCNTS as suitable material for gasoline storage due to its
high gasoline absorption resistance and can be a material of choice in the future.
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Nanokomposit polimer adalah bahan masa akan datang, yang mampu mengubah
perjalanan semua industri. Ini kerana penemuan penggunaan polimer semakin meluas
dalam setiap industri. Nanotiub Kkarbon berdinding pelbagai (MWCNTS) telah
digunakan secara meluas sebagai pengisi untuk pelbagai nanokomposit. Oleh itu, kajian
ini memberi tumpuan kepada pembuatan nanokomposit polikarbonat (PC) / Nanotiub
karbon berdinding pelbagai (MWCNTS). Objektif penyelidikan ini adalah untuk
mengkaji sifat-sifat fiziko - kimia nanotiub karbon berdinding pelbagai yang
dihasilkan melalui kaedah Staudenmaier yang telah diubah suai. Sifat-sifat mekanik ,
haba , elektrik dan kimia nanokomposit dihasilkan menggunakan beban pengisi yang
berbeza juga dinilai. Keupayaan penyerapan petrol untuk nanokomposit juga
dilaksanakan.

Kaedah Staudenmaier yang telah diubah suai digunakan untuk menghasilkan nanotiub
karbon berdinding pelbagai (MWCNTS) yang digunakan dalam kajian ini. Nanotiub
karbon yang dihasilkan dicirikan mengguna mikroskopi imbasan elektron (SEM),
mikroskopi transmisi elektron (TEM), pembelauan sinar-X (XRD), analisis
Termogravimetri (TGA) dan analisis Raman. MWCNTs kemudiannya dicampur
dengan PC untuk menghasilkan PC/MWCNTs nanokomposit. Parameter operasi
pembancuh telah diubah bagi mendapatkan keadaan operasi yang terbaik untuk
menghasilkan nanokomposit berdasarkan data tegangan produk. Kesan kandungan
pengisi, (antara 0-1% berat) keatas sifat nanokomposit juga disiasat. Ciri analisis
mekanik, haba, dan elektrik serta prestasi rintangan kimia nanokomposit telah dinilai.
Kaedah pelbagai varian telah diguna untuk menilai kesan pembaikan yang telah di
laksanakan.



Nanotiub karbon yang dihasilkan adalah berbilang berdinding (MWCNTSs) dan ber
diameter 13.1 nm. Penghasilan produk adalah 10% daripada sumber karbon (grafit)
yang digunakan.

Nanokomposit PC/MWCNTSs telah dihasilkan pada suhu 245°C dengan kelajuan
pemutar 55 rpm dan masa pengkompaunan selama 12 minit. Ketumpatan nanokomposit
yang dihasilkan dengan kandungan pengisi yang berbeza telah ditambahbaik antara
0.77% - 2.05%. Ini menunjukkan bahawa peningkatan kandungan MWCNTS secara
langsung akan mengurangkan ketumpatan bahan. Peningkatan dalam nilai modulus
Young adalah di antara 2.80% dan 43.26%, manakala data analisis terma menunjukkan
peralihan tertinggi bermulanya suhu degradasi adalah dari 458.96°C ke 493.77°C. Suhu
peralihan kaca (Ty) nanokomposit juga meningkat daripada 147°C ke 153.70°C.
Penambahan 1% berat MWCNTSs ke dalam PC sebagai pengisi telah meningkatkan
kebolehan kemeresapan terma nanokomposit kepada 35.46% dan memperbaiki sifat
keberaliran haba PC/MWCNTs nanokomposit kepada 1.22 W. m™. K' dan
kekonduksian elektrik kepada 1.02 x 10® S/cm. Perubahan dalam rintangan untuk
penyerapan petrol untuk nanokomposit didapati dalam julat 10.13% hingg 62.10% . Ini
menunjukkan bahawa polimer tidak menyerap petrol apabila jumlah kandungan pengisi
meningkat. Keputusan MANOVA menunjukkan hubungan antara kandungan pengisi
dan sifat haba, mekanikal dan elektrik serta prestasi rintangan kimia nanokomposit.

Kajian ini menyumbang pengetahuan berkaitan kesan muatan rendah pengisi ke atas
sifat polimer khususnya PC/MWCNTS. la menunjukkan potensi PC/MWCNTS sebagai
bahan yang sesuai untuk penyimpanan petrol kerana rintangan penyerapan petrol yang
tinggi dan boleh menjadi bahan pilihan yang utama pada masa akan datang.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

The modern applications of plastics and their associate composites can be regarded as
universal and wide-ranging, from basic household wares and appliances to equipments
used in avionics and aviations right to the fields of military and defence (Michael et
al.,2013; Pfaendner, 2010). Their exclusive properties such as light in weight,
economical, and the fact that they are easy to process made them an untenable choice in
many everyday applications compared to other metallic materials like steels and copper
(Chung, 2010).

Researchers had unraveled multifarious methods to launch further into the use of
plastics (Fried, 2003). This includes formulating or forming new composite with new
or improved properties that have proven to be better than the properties of the parent
materials. Two decades have passed, and scholars have devoted their time on
producing materials (hanomaterials) that could be used to enhance the strength of
polymers; and the subsequent distinctive manifestations of carbon fiber (Guduri &
Luyt, 2006; Sushant et al., 2008), fiberglass (Yung-Kuang, 2006; Gautam et al., 2010)
and aramid (Sarawut et al., 2012) were birthed.

The size, length and the orientation of such fiber have become integral components that
can determine the properties of the composite created (Wool & Sun, 2005). The more
recent body of literature on nanotechnology has given emphasis on the incorporation of
MWCNTSs into polymers to produce polymer nanocomposites deemed appropriate for
high value-added and customized applications (Kenan et al., 2013).

The production of polymer nanocomposites and any manipulations thereof are in the
pursuit of developing the research field in the advanced material sector. Researchers
have made improvements on the properties of typical plastic resin by adding filler
materials, e.g. carbon nanotubes (Anselm et al., 2014; Maiti et al., 2013; Via et al.,
2012; Mehdi, 2013; Jogi et al., 2012), graphene oxide (Lee et al., 2010), strands of
carbon fibers (Sushant et al.,2008; Guduri & Luyt, 2006), and nanoparticles(Shilpa et
al., 2013), merely to boost their potential.

Polymer nanocomposites comprise of fillers with the dimension on the nano-scale,
(Paul & Robeson, 2008). The filler addition can adjust the mechanical, electrical,
thermal and chemical resistance properties of the base resin ( Pham et al.,2008; Mi et
al.,2009; King et al.,2010; Abbasi et al.,2010; Jansen,2011; Ayman,2012; Choi &
Ryu,2013; Rabiatul & Kamal,2014; Shailaja et al.,2014; Jiaxi et al.,2014).



The preparation methods also have some striking influences on the composite
material’s morphology and thermal properties. The addition of fillers may also leave an
impact on the viscosity (Anselm et al., 2014) as well as the glass transition temperature,
T, of the polymer (Jogi et al., 2012). This will give a direct effect on the conversion
temperatures and lead to a situation where the polymer nanocomposites are
irrecoverable.

The processing stages pose the main challenge to the researcher and the industrial
players seeking to make a uniform dispersion onto the polymer matrix (Brooks, 2013;
Kenan et al., 2013; Marcin, 2014). The typical effect of non-homogenized dispersion of
fillers onto the matrix includes inconsistent properties and the characteristics of the
polymer nanocomposites. This will have some primary direct effects on the end-use
products, further causing them to fail at random (Via et al., 2012; Maiti et al., 2013;
Anselm et al., 2014).

Polycarbonate is a common thermoplastic possessing exclusive properties,
simultaneously rendering it an unbeatable contender for various end-use applications.
Having the qualities that include glass-like transparency, good impact resistance, high
heat tolerance, dimensionally stable, outstanding optical properties, great colourability,
good electrical properties, balanced mechanical performance and ease of processing
(Gallucci & Derudder, 2009), the polymer is predominantly utilized to yield
composites.

There is an undeniable pressing, if not increasing, need to manufacture smart and
strong materials. Therefore, it is regarded as integral to improve the properties of
plastics or natural materials using new and advanced materials. Nanosized materials,
for example carbon nanotubes, graphene and graphene oxide or any other types of
nanoparticles, had been subjected to a synthesis and their functionalities applied and
exploited. With their special sizes, i.e. nanosize, small manipulations will directly
generate a high impact.

Nonetheless, mixing nanomaterials to polymer can pose a great challenge. The
nanomaterials can easily agglomerate or the polymers might not be fully melted,
making the blend inhomogeneous, and thus the properties of the blend do not really
depict the exact properties. For instance, a work on the production of Polycarbonate
/MWCNTS composite utilizing melt blending technique had been conducted where a
good dispersion with the improved electrical conductivity was accounted for a loading
level of 2 wt. % of MWCNTS. Nonetheless, the high loading and good dispersion had
been lacking in the mechanical properties, glass transition temperature (T,) and
chemical resistance of the nanocomposites (Sathpathy et al., 2007).

This study will dwell into the inter-relation and inter-dependence of the Young’s
modulus, density, specific heat, thermal diffusivity, thermal conductivity, glass
transition temperature (T,), the electrical conductivity and the chemical diffusivity
capacity of the produced polymer with the loading amount of MWCNTS used as the
nanocomposite filler.



1.2 Problem Statement

Since the pioneering research of MWCNTSs in the early 1990s, a significant progress
has been made in their synthesis. Considering the wide range of applications and the
increasing demands of MWCNTS in various fields, the superb mechanical, electrical
and thermal properties of MWCNTS suggest their increasing potential as fillers for a
large variety of polymer nanocomposites, where a high purity and low filler loading are
important considerations. If the chemical properties of the nanocomposites are the main
interest, then contamination of other elements besides the polymer and the filler
themselves are not desirable. Therefore, it is important to choose a suitable synthesis
method to produce the filler, i.e. MWCNTSs, which did not utilize metal catalyst in its
reaction.

Despite utilizing the amazing properties of MWCNTSs based polymer nanocomposites,
the easy and inexpensive method to produce high purity MWCNTS is still a great
challenge. The most common methods to produce carbon nanotubes are arc-discharge,
laser ablation and chemical vapor deposition (Ali et al., 2014). However, the
requirements of high synthesis temperature and pressure, used of metal based catalysts,
complicated processing steps, longer synthesis period or expensive costs may still be
the major drawbacks that arise from the above mentioned techniques. Therefore, it is
necessary and meaningful to explore new processes for the preparation of MWCNTS,
which could overcome the disadvantages of these techniques and is crucially important
to the future application of MWCNTS based polymer nanocomposites. The physico-
chemical data of MWCNTSs produced via the modified Staudenmaier method is also
still lacking. Thus, getting information on these properties will assist in understanding
the behaviors of nanocomposites that utilized the MWCNTSs as fillers.

The main problem that had propelled the research efforts to place emphasis on the
polymer/ MWCNTSs nanocomposites development is the search for lighter materials
with a better performance to serve in various applications. Today, polycarbonate (PC)
stands to be one of the most commonly used plastic materials. Nevertheless,
polycarbonate has still yet to be explored in detail to enhance its overall performance
through the low filler loading of MWCNTSs. In addition, the utilization of pure
MWCNTSs which are metal free as filler reinforcement in nanocomposites industries is
quite limited due to the high cost of nanofiller (Choudhary et al., 2014). Most works on
PC/MWCNTSs nanocomposites utilized high loadings of MWCNTS, i.e. in the range of
(Jindal et al., 2014; King et al.,2010; Pétschke et al., 2012).

Moreover, the typical properties that were investigated by researchers when producing
PC/MWCNTSs are the electrical properties and/or tensile strength only. The chemical
diffusivity, thermal diffusivity, thermal conductivity, glass transition temperature(T)
and Young’s modulus properties which strive as the vital performance criteria for
nanocomposites especially with low filler loadings were lacking, or only partially
reported in the established body of literatures (Mahmoodi et al., 2013; King et al.,
2012; Tarek et al., 2014; Maiti et al., 2013 ).



This work will attempt to investigate the properties of PC/MWCNTSs using MWCNTSs
produced via modified Staudenmaier method. By utilizing the in house produced and
fully characterized MWCNTSs, the impact of filler loadings on the characteristics and
properties as well as performance of the nanocomposite can be better understood.

1.3 Objective of Study

This study mainly aimed to produce PC/MWCNTSs nanocomposites with enhanced
mechanical, thermal, electrical properties and chemical resistance performances by
varying the loading of MWCNTs. The work will be further executed based on the
following objectives:

1. To investigate the physico-chemical properties of Multi-Walled Carbon
Nanotubes produced by the modified Staudenmaier method.

2. To assess the mechanical, thermal, electrical and chemical properties of
nanocomposites produced with different filler loadings.

1.4 Scope of Research

The following research scope had been identified, to ensure that the objectives of the
research are achieved:

A. Synthesis (Production and Characterization) of Multi-Walled Carbon
Nanotubes using a modified Staudenmaier method.

B. Preparation of PC/MWCNTs nanocomposites using the melt mixing
technique. The morphology, Young’s modulus, density, thermal diffusivity,
thermal conductivity, glass transition temperature (Ty), the electrical
conductivity and the chemical diffusivity capacity of the nanocomposites were
assessed.

C. Application of statistical tools to evaluate the correlation between various
processing variables with product quality.

1.5 Thesis Organization

This thesis can serve as a platform that supplies information on techniques used in
PC/MWCNTSs nanocomposite preparation, characterization, and the corresponding
studies. This thesis was organized into five chapters. Chapter one introduced the work
and the associated problem statement, the objectives, the research scope and the thesis
organization. Chapter two offered the literature review and critical analyses of some of
the works that had been conducted on the subject matter. It detailed the overview of
polymers nanocomposites and establishes an overview of polymers reinforcement. In
the third chapter, the experimental methods were conducted to answer the objectives
that had been outlined. Chapter four elaborated on the findings of the research which



significantly highlighted the influence of different carbon nanotubes loading on the
thermal, mechanical, electrical and physiochemical properties of the material. Chapter
five concluded the findings that were obtained in the study.



REFERENCES

Abbasi, S., Derdouri, A., Carreau, Pierre J.(2014). Carbon nanotube conductive
networks  through the double percolation concept in  polymer
systems. International Polymer Processing, 29(1), p. 13-27.

Abbasi, S., Carreau, P.J., & Derdouri, A.(2010). Flow Induced Orientation of Multi
Walled Carbon Nanotubes in Polycarbonate Nanocomposites Conductivity and
Mechanical Polymers. Polym. 51: 922-935.

Abdel-Goad, M., & Pdtschke, P. (2005). Rheological characterization of melt
processed polycarbonate-multiwalled carbon nanotube composites. Journal of
Non-Newtonian Fluid Mechanics, 128(1), 2-6.

Ali, E., Hadis, D., Hamzeh, K., Mohammad, K., Nosratollah, Z., Abolfazl A,
Mozhgan, A., Younes, H. & Sang Woo, J.(2014). Carbon Nanotubes: Properties,
Synthesis, Purification, and Medical Applications. Nanoscale Research Letters,
9:2-13.

Al-Saleh, M. H., Al-Anid, H. K., & Hussain, Y. a. (2013). CNT/ABS nanocomposites
by solution processing: Proper dispersion and selective localization for low
percolation threshold. Composites Part A: Applied Science and Manufacturing,
46: 53-59.

Andrea, S., Caterina, P., Anita, C., Girolamo, G., Danilo, V., & Janos, B. N. (2010).
Review: Synthesis Methods of Carbon Nanotubes and Related Materials.
Materials. 3: 3092-3140.

Anselm, O. O., Joseph, N. A., Nduji, A. A. (2014). Characterization and Comparison of
Rheological Properties of Agro Fiber Filled High-Density Polyethylene Bio-
Composites. Open Journal of Polymer Chemistry. 4: 12-19

Araujo, R. S., Oliveira, R. J. B., & de Fatima V. Marques, M. (2014).Preparation of
Nanocomposites of Polypropylene with Carbon Nanotubes via Masterbatches
Produced by In Situ Polymerization and by Melt Extrusion.Macromolecular
Reaction Engineering, 8(11), 747-754.

Arjmand, M., Mahmoodi, M., Gelves, G. a., Park, S., & Sundararaj, U. (2011).

Electrical and electromagnetic interference shielding properties of flow-induced
oriented carbon nanotubes in polycarbonate.Carbon, 49(11), 3430-3440.

ASTM , American Society for Testing and Materials. (2002). Standard Test Method for
Tensile Properties of Plastics: D638-02.

ASTM, American Society for Testing and Materials. (2013). Standard Test Method for
Thermal Diffusivity by the Flash Method: E1461-13.

Aussawasathien, D., Prakymoramas, N., & Thanomjitr, D. (2013). Effects of
Reprocessing on the Structure and Properties of Polycarbonate/Multi-Walled

87



Carbon Nanotube Based Electrostatic Dissipative Composites. Chiang Mai
J.Sci.,40(2), 261-273.

Ayman, S. A (2012).Preparation and Physical Characterization of SWCNTs-
Polycarbonate Nanocomposites.J Polym Res .19:27.DOI 10.1007/s10965-012-
0027-y.

Baccaro, L. E. and Keenan, P. (2000), ‘Current applications of polycarbonates’. In:
Legrand, G. D. and Bendler, J. T. (Ed.) Handbook of polycarbonate science and
technology, New York, Marcel Dekker Inc., pp. 341-351.

Bellucci, S., Gaggiotti, G., Marchetti, M., Micciulla, F., Mucciato, R., & Regi, M.
(2007).Atomic Force Microscopy Characterization of Carbon Nanotubes.Journal
of Physics. Conference Series 61: 99-104.

Bethune, D. S., Kiang,C. H., Devries, M. S., Gorman,G., Savoy,R., Vazquez,J., &
Beyers, R.(1993). Cobalt-Catalyzed Growth of Carbon Nanotubes with Single-
Atomic-Layer walls. Nature. 363: 605-607.

Bokobza ,L., & Zhang, J.(2012). Raman Spectroscopic Characterization of Multiwall
Carbon Nanotubes and Of Composites.EXPRESS Polymer Letters. Vol.6. 7: 601—
608.

Braun, D., Cherdron, H., Rehahn, M., Ritter, H., Voit, B. (2005). Polymer Synthesis:
Theory and Practice - Fundamentals,Methods, Experiments. 4th ed. Berlin
Heidelberg.Springer-Verlag.

Brooks, T.L. (2013). Carbon Based Nanofiller-Polymer Composites: Quantitative
Dispersion Characterization, Processing, and Properties. PhD Thesis.Materials
Science and Engineering Program. Washington State University

Carwile, J. L., Luu, H. T., Bassett, L. S., Driscoll, D. a, Yuan, C., Chang, J. Y., Calafat
, A. M. & Michels, K. B. (2009). Polycarbonate Bottle Use and Urinary Bisphenol
A Concentrations.Environmental Health Perspectives, 117(9), 1368—72.

Castillo, F. Y., Socher, R., Krause, B., Headrick, R., Grady, B. P., Prada-Silvy, R., &
Potschke, P. (2011).Electrical, mechanical, and glass transition behavior of
polycarbonate-based nanocomposites with different multi-walled carbon
nanotubes.Polymer, 52(17), 3835-3845. doi:10.1016/j.polymer.2011.06.018

Chandra, A., & Kramschuster, A. (2007). Effect of Injection Molding Parameters on
The Electrical Conductivitiy Of Polycarbonate/Carbon Nanotube Nanocomposite.
Antec-Conference, 2007: 2184-2188.

Chen, L., Pang, X.-J., & Yu, Z.-L. (2007). Study on polycarbonate/multi-walled carbon
nanotubes composite produced by melt processing. Materials Science and
Engineering: A, 457(1-2): 287-291.

Chen, L., Pang, X.-J.,, Qu, M.-Z., Zhang, Q., Wang, B., Zhang, B.-L., & Yu, Z.-
L.(2006). Fabrication and characterization of polycarbonate/carbon nanotubes

88



composites.Composites Part A: Applied Science and Manufacturing, 37(9):,
1485-1489.

Choi, W. S., & Ryu, S. H. (2013).Electrical and rheological properties of
MWCNT/polycarbonate nanocomposites.Polymer Bulletin, 70(5): 1709-1721.

Choong, G. Y. H., De Focatiis, D. S. a., & Hassell, D. G. (2013). Viscoelastic melt
rheology and time-temperature superposition of polycarbonate—multi-walled
carbon nanotube nanocomposites. Rheologica Acta, 52(8-9): 801-814.

Choudhary, N., Hwang, S., & Choi, W. (2014). Carbon Nanomaterials: a review. In
Handbook of Nanomaterials Properties. USA: Springer: 709.

Chung, D.D.L. (2010). Composite Materials: Science and Applications. Engineering
Materials and Processes. New York: Springer.

Crank J.S. & Park, G.S. (1975). Diffusion in Polymers. Academic Press, Oxford.

Crank, J.S. (1975). The Mathematics of Diffusion. Brunel. University
uxbridge.Clarendon Press .Oxford.Second Edition.

DeRudder, J. L. (2000), ‘Commercial applications of polycarbonates’. In: Legrand, G.
D.and Bendler, J. T. (Ed.) Handbook of polycarbonate science and technology,
New York,Marcel Dekker Inc., pp. 303—315.

Dervishi, E., Li, Z., Xu, Y., Saini, V., Biris, A.R., Lupu, D., & Biris, A.S(.2009).
Carbon Nanotubes: Synthesis, Properties, and Applications. Part Sci Technol,
27(2):107-125.

Dilip, K. S., lyer, P.K.,, & Giri, P.K. (2010). Diameter Dependence of Interwall
Separation and Strain in Multiwalled Carbon Nanotubes Probed by X-ray
Diffraction and Raman Scattering Studies.Diamond & Related Materials. 19:
1281-1288.

Eitan, A., Fisher, F. T., Andrews, R.Brinson, L.C., & Schadler, L.S.
(2006).Reinforcement mechanisms in MWCNT-filled polycarbonate. Composites
Science and Technology, 66(9): 1162-1173.

Faycal, B., Farida, Y., & Assia, S. H. (2014). Thermal Stability and Kinetic Study of
Isotactic Polypropylene/Algerian Bentonite Nanocomposites Prepared via Melt
Blending. Journal of Polymers .ID 426470:2- 9

Fornes, T. D., Baur, J. W., Sabba, Y., & Thomas, E. L. (2006).Morphology and
properties of melt-spun polycarbonate fibers containing single- and multi-wall
carbon nanotubes.Polymer, 47(5): 1704-1714.

Freedonia,G., (2003). Polycarbonate Demand to Increase 5.2 Percent Annually.The
IAPD Magazine.

Fried, J.R.(2003). Polymer Science and Technology. Upper Saddle River, New Jersey:
Prentice Hall.

89



Gabriel, C. Y- H.(2014). A Study of Melt-Compounded Nanocomposites of
Polycarbonate and Carbon Nanotubes in The Melt and Solid States. PhD Thesis,
University of Nottingham, United Kingdom.

Gallucci , R. R., & DeRudder, J.L.(2009). Polycarbonate, Polymer Data Handbook.
New York : Oxford University Press, Inc.

Gautam, S. C., Bhushan, S., & Ajit, D. K.(2010). On the Behavior of Fiberglass Epoxy
Composites under Low Velocity Impact Loading.Advances in Mechanical
Engineering. Volume 2010, Article ID 621406:11

Giant Manufacturing Ltd. (2014). Advanced SL composite technology. [accessed 5
November  2014].  Awvailable from: http://www.giant-bicycles.com/en-
gb/technology/composite_technology/55/.

Gojny, F. H., Wichmann, M. H. G., Fiedler, B., Kinloch, I. A., Bauhofer, W., Windle,
A. H. & Schulte, K. (2006). Evaluation and Identification of Electrical and
Thermal Conduction Mechanisms in Carbon Nanotube/Epoxy
Composites.Polymer 47(6): 2036-2045.

Gong, Z., Gong, J., & Yan, X. (2011).Investigation of the effects of temperature and
strain on the damping properties of polycarbonate/multiwalled carbon nanotube
composites.The Journal of Physical Chemistry, 115, 18468-18472.

Grobert, N. (2007). Carbon nanotubesBecoming Clean.Mater Today .10(1):28-35.

Guduri, B. R.& Luyt, A. S.(2006). Mechanical and Morphological Properties of Carbon
Fiber Reinforced—Modified Epoxy Composites.Journal of Applied Polymer
Science, Vol. 101: 3529-3536.

Han, Z., & Fina, A. (2011). Thermal conductivity of carbon nanotubes and their
polymer nanocomposites: A review. Progress in Polymer Science, 36(7), 914—
944.

Hassan, K., &0Omid, M. (2013). Influence of Surface Oxidation on The Morphological
and Crystallographic Structure of Multi-walled Carbon Nanotubes Via Different
Oxidants. Journal Of Nanostructure in Chemistry. 3:73.

Hofmann, U., & Holst,R. (1939).The acidic nature and the methylation of
Graphitoxide. Berichte der deutschen chemischen Gesellschaft, 72: p.754-771.

Hummers, W. S., & Offeman, R. E.(1958) Preparation of Graphitic Oxide. J. Am.
Chem. Soc. 80: 13-39.

Hussain, F., & Hojjati, M. (2006). Review article: Polymer-matrix Nanocomposites,
Processing, Manufacturing, and Application: An Overview. Journal of Composite
Materials, 40(17), 1511-1575.

Hussein, A. H., Najat, J.S., & Adnan, A.A. (2008). Diffusion of various liquids to
tubular shaped fiber reinforced composites. Eng.&Tech., 26(8), 9-19.

90



lijima, S. (1991).Helical Microtubules of Graphitic Carbon.Nature. 354: 56-58.

Jan, P., Jana, D., Jana, C., Jaromir, H., Ondrej, J., Vojtech, A., & Rene, K.(2011).
Methods for Carbon Nanotubes Synthesis—review. J. Mater. Chem. 21: 15872—
15884.

Jansen, J.A. (2011). The Properties and Failure of Polycarbonate. The Madison Group.

Jaya Vinse Ruban, Y., Ginil Mon, S., & Vetha Roy, D. (2013).Chemical
Resistance/Thermal and Mechanical Properties of Unsaturated Polyester-Based
Nanocomposites.Applied Nanoscience, 4(2), 233-240.

Jian, Z., lsaac, A.V., & Gilles, L. (2014). Probing the Role of Poly(3,4-
ethylenedioxythiophene)/ Poly(styrenesulfonate)-Coated Multiwalled Carbon
Nanotubes in the Thermal and Mechanical Properties of Polycarbonate
Nanocomposites. Industrial & Engineering Chemistry Research. 07:19:59

Jiaxi, G., Yanjun, L., Ricardo, P., Yonggiang, T., Samina, A., Beate, K., Petra, P., &
Brian, P. G.(2014). Aspect Ratio Effects of Multi-walled Carbon Nanotubes on
Electrical,Mechanical, and Thermal Properties of Polycarbonate/MWCNT
Composites. Journal of Polymer Science, Part B: Polymer Physics. 52: 73-83

Jindal, P., Goyal, M., & Kumar, N. (2014).Mechanical characterization of multiwalled
carbon nanotubes-polycarbonate composites.Materials & Design, 54, 864—868.

Jogi, B.F., & Sawant, M.,Kulkarni, M., &Brahmankar ,P. K. Department (2012).
Dispersion and performance properties of carbon nanotubes (CNTSs) based
polymer composites: A review. Journal of Encapsulation and Adsorption
Sciences, 2(12), 69-78.

John, H. L., Mauricio, T., Elisabeth, M., Katherine, E. H., & Vincent, M.
(2011).Review :Evaluating The Characteristics of Multi Wall Carbon Nanotubes.
carbon.49: 2581 —2602.

Kasaliwal, G., Goldel,A. &Pdétschke, P. (2010). Influence of processing conditions in
small-scale melt mixing and compression molding on the resistivity and
morphology of polycarbonate—MWNT composites. Journal of Applied Polymer
Science, 112: 3494-35009.

Kenan, S., Yiying, Z., Jiangsha, M., Emily, C. G., Navid, T., Heng, L., & Marilyn, L.
M. (2013). Review: Structural Polymer-Based Carbon Nanotube Composite
Fibers: Understanding the Processing—Structure—Performance Relationship.
Materials, 6: 2543-2577.

King, J. A, Via, M. D., Mills, O. P., Alpers, D. S., Sutherland, J. W. & Bogucki, G.
R.(2012). Effects of Multiple Carbon Fillers on The Electrical and Thermal
Conductivity and Tensile and Flexural Modulus of Polycarbonate-Based Resins.
Journal of Composite Materials 46(3):331-350.

91



King, J.A., Via, M.D., Caspary, J. A., Jubinski, M. M., Miskioglu, I., Mills, O. P., &
Bogucki, G. R. (2010). Electrical and thermal conductivity and tensile and
flexural properties of carbon nanotube/polycarbonate resins.Journal of Applied
Polymer Science, 118: 2512-2520.

Lahelin, M., Annala, M., Nykénen, a., Ruokolainen, J., & Seppélg, J. (2011). In Situ
Polymerized Nanocomposites: Polystyrene/CNT and Poly(Methyl
Methacrylate)/CNT Composites. Composites Science and Technology, 71(6),
900-907.

Larijani, M. M., Khamse, E. J., Davoodi, J., Ziaie, F., Safa, S., Arbabi, K., &
Taghavizadeh, M. A. (2011).The effect of carbon nanotube concentration on the
physical properties of CNT-polycarbonate composites.Optoelectronic and
Advanced Materials-Rapid Communication, 5(3), 252-257.

Lee, D. W., &Seo, J. W. (2011). Preparation of Carbon Nanotubes From Graphite
Powder at Room Temperature. arXiv:1007.1062v3 [cond-mat.mtrl-sci].

Lee, D.W., & Seo, J.W. (2011). sp¥ sp® Carbon Ratio in Graphite Oxide With Different
Preparation Times. J. Phys. Chem. C. 115:2705-2708.

Lee, D.W., Santos, VL. DL., Seo, JW., Leon Felix, L., & Bustamante, D.A.
(2010).The Structure of Graphite Oxide: Investigation of Its Surface Chemical
Groups. J. Phys. Chem. B .114:5723-5728.

Leer, C., Carneiro, O. S., Covas, J., Maia, J. M., van Hattum, F. W. J., Bernardo,
C.A.Bir6, L. P., Horvath, Z. E.& Kiricsi, I. (2006). Dispersion of Carbon
Nanotubes in Polycarbonate and Its Effect on the Composite Properties.Materials
Science Forum, 514-516, 1125-1130.

Lehmann, E., Pleinert, H., Williams, T. and Pralong, C. (1999). Application of
Radiation Detection Techniques at the Paul Scherrer Institute, Especially at the
Spallation Neutron Source , Nucl. Instr. and Meth., A424: 158-158 .

Lew, C. Y., Xia, H., McNally, T., Fei, G., Vargas, J., Millar, B., Douglas, P., Claes,
M.and Luizi, F. (2009). A Unified Strategy to Incorporating Nanotube in Twin
Screw Extrusion Processing .Polymer Processing Society Europe/ Africa Regional
Meeting.

Lin, B., Sundararaj, U., & Pdétschke, P. (2006). Melt Mixing of Polycarbonate with
Multi-Walled Carbon Nanotubes in Miniature Mixers. Macromolecular Materials
and Engineering, 291(3), 227-238.

Lin, Y. C, & Chen, X. (2005). Moisture Sorption—Desorption—Resorption
Characteristics and Its Effect on The Mechanical Behavior of The Epoxy System.
Polymer, 46(25), 11994-12003.

Liu, C.-X., & Choi, J.-W.(2012). Improved Dispersion of Carbon Nanotubes in
Polymers at High Concentrations.Nanomaterials, 2(4), 329-347.

92


http://arxiv-web3.library.cornell.edu/find/cond-mat/1/au:+Lee_D/0/1/0/all/0/1
http://arxiv-web3.library.cornell.edu/find/cond-mat/1/au:+Seo_J/0/1/0/all/0/1
http://arxiv-web3.library.cornell.edu/abs/1007.1062v3

Longlong, X., Yifu, Z., Xiongzhi, Z., Yu H., Xiaoyu, T., Chi, H., Xiao, M., Fei, N.,
Changgong, M. & Gongzhen, C. (2013).Designed Synthesis of Tunable
Amorphous Carbon Nanotubes (a-CNTs) by a Novel Route and Their Oxidation
Resistance Properties.BOMS-D-13-00647

Mahmood, N., Islam, M., Hameed, A., & Saeed, S. (2013). Polyamide 6/Multiwalled
Carbon Nanotubes Nanocomposites with Modified Morphology and Thermal
Properties.Polymers, 5(4), 1380-1391.

Mahmoodi, M., Tabkhpaz, M., & Park, S. S. (2013). Characterization and Micro End
Milling of Graphene Nano Platelet ( GNP ) and Carbon Nanotube ( CNT ) Filled
Nanocomposites. Icomm, 16.

Mai, Y.W., Yu, eds. Z.Z. (2006). Polymer Nanocomposites. Cambridge: Woodhead
Publishing.

Maiti, S. Shrivastava, N. K., Suin,S.,& Khatua,B. B .(2013). A strategy for achieving
low percolation and high electrical conductivity in melt-blended polycarbonate
(PC)/multiwall carbon nanotube (MWCNT) nanocomposites: Electrical and
thermo-mechanical properties. Express Polymer Letters, 7(6), 505-518.

Malti, B., Lal, C., Ritu, S., Kamalasanan, M.N., & Tanwar, L.S.(2010). Comparison of
Structure and Yield of Multiwall Carbon Nanotubes Produced by The CVD
Technique and a Water Assisted Method. Physica B 405: 1745-1749.

Man, Y. H., Li, Z. C., & Zhang, Z. J. (2009). Interface-Dependent Mechanical
Properties in MWNT-Filled Polycarbonate.Materials Transactions, 50(6), 1355—
1359.

Marcin, W. (2014). Nanocomposites of Multiphase Polymer Blend Reinforced with
Carbon Nanotubes: Processing and Characterization. PhD Thesis.Instituto
Tecnologico del Plastico AIMPLAS. Universitat Politécnica de Valéncia.

MatWeb, (2014).Material property data. [accessed 5 December 2014]. Available from:
http:// www.matweb.com.

McCrum, N. G., Buckley, C. P.andBucknall, C. B. (1997). Principles of Polymer
Engineering: 2nd Edition. New York. Oxford Science Publications.

Mehdi, M. (2013). Electrical, Thermal, And Machining Behaviour Of Injection
Moulded Polymeric Cnt Nanocomposites. PhDThesis.Department of Mechanical
& Manufacturing Engineering.University Of Calgary.

Michael, D.Via Jr. (2012). PhDThesis, Investigation Into The Enhancement Of
Polycarbonate With Conductive Nanomaterial's. Michigan Technological
University.Chemical Engineering.

Michael, F. L., De, V., Sameh, H. T., Ray, H. B.,& Hart, A. J. (2013).Carbon

Nanotubes: Present and Future Commercial Applications. SCIENCE .VOL
339:535-539.

93



Min, C., Shen, X., Shi, Z., Chen, L., & Xu, Z. (2010). The Electrical Properties and
Conducting Mechanisms of Carbon Nanotube/Polymer Nanocomposites: A
Review. Polymer-Plastics Technology and Engineering, 49(12), 1172-1181.

Mittal, G., Dhand, V., Rhee, K. Y., Park, S.-J., & Lee, W. R. (2014).A review on
carbon nanotubes and graphene as fillers in reinforced polymer
nanocomposites.Journal of Industrial and Engineering Chemistry, 14(20), 1-15.

Mohammad, S., Dadfar, M., & Kavoosi, G. (2014).Mechanical and Water Binding
Properties of Carboxymethyl Cellulose / Multiwalled Carbon Nanotube
Nanocomposites, 1-8.

Moon, S. I, & Extrand, C. W. (2009).Water Vapor Permeation Resistance of
Polycarbonate at Various Temperatures.Industrial & Engineering Chemistry
Research, 48(19), 8961-8965.

Mouzakis, D. E., & KARGER-KOCSIS, J. (1997). Effects of Gasoline Absorption on
the Tensile Impact Response of HDPE / Selar TM Laminar Microlayer
Composites.Journal of Applied Polymer Science, 68, 561-569.

Muhammad, M.A.R., & Javed, 1.(2011). Production of Carbon Nanotubes by Different
Routes- A Review.Journal of Encapsulation and Adsorption Sciences, 1: 29-34.

Najat, J. S. and Abbas A. J.2013. Studying the Effect of Both Gas Oil and Diesel Fuel
on Polypropylene-Polycarbonate  Reinforcement with Carbon Black.Eng.
&Tech.journal, Vol. (31), Part (A), No. (11).

Nanocyl S.A.(2014). Products and Solutions, Sector: Electronics. [accessed 5
November 2014]. Available from: http://www.nanocyl.com/en/Products-
Solutions/Sectors/Electronics.

O’Connell, M.J. (2006). Carbon Nanotubes: Properties and Applications. Taylor &
Francis,Boca Raton.

Pandey, J. K., Raghunatha Reddy, K., Pratheep Kumar, a., & Singh, R. P. (2005).An
overview on the degradability of polymer nanocomposites.Polymer Degradation
and Stability, 88(2), 234-250.

Pandian, A., Vairavan, M., Jebbas Thangaiah, W. J., & Uthayakumar, M. (2014). Effect
of Moisture Absorption Behavior on Mechanical Properties of Basalt Fibre
Reinforced Polymer Matrix Composites. Journal of Composites, 2014, 1-8.

Park, S., & Ruoff, R. S. (2009).Chemical methods for the production of
graphenes.Nature Nanotechnology, 4(4), 217-24.

Patole, S.P., Alegaonkar, P.S., Lee, H.C., & Yoo, J.B. (2008).Optimization of Water
Assisted Chemical Vapor Deposition Parameters for Super Growth of Carbon
Nanotubes.Carbon, 46(14):1987-1993.

Paul, D.R., & Robeson, L.M. (2008).Polymer Nanotechnology. Nanocomposites
Polymer, 49: 3187-3204.

94



Petra, P., Muhammad, H.A., & Hans-Joachim, R. (2012). Percolation Behavior And
Mechanical Properties Of Polycarbonate Composites Filled With Carbon
Black/Carbon Nanotube Systems. Polymer.57: 3.

Pfaendner, R. (2010). Nanocomposites: Industrial Opportunity or Challenge. Polymer
Degradation and Stability, 95.3: 373-369.

Pham, G. T., Park, Y.-B., Wang, S., Liang, Z., Wang, B., Zhang, C., Funchess, P. &
Kramer, L. (2008). Mechanical and electrical properties of polycarbonate
nanotube buckypaper composite sheets. Nanotechnology, 19(32), 325705:1-7.

Pisitsak, P., Magaraphan, R., & Jana, S. C. (2012). Electrically Conductive Compounds
of Polycarbonate, Liquid Crystalline Polymer, and Multiwalled Carbon
Nanotubes. Journal of Nanomaterials, 2012, 1-10.

Platt, D. ( 2003). Engineering and High Performance Plastics: A Rapra Market Report.
Shrewsbury. Rapra Technology Limited.

Poh, H. L., Sangk, F., Ambrosi, A., Zhao, G., Sofer, Z., & Pumera, M. (2012).
Graphenes prepared by Staudenmaier, Hofmann and Hummers methods with
consequent thermal exfoliation exhibit very different electrochemical properties.
Nanoscale, 4(11): 3515-22.

Pétschke, P., Bhattacharyya, A. R., Janke, A., & Goering, H. (2003). Melt mixing of
polycarbonate/multi-wall carbon nanotube composites. Composite Interfaces,
10(4-5), 389-404.

Pétschke, P., Brinig, H., Janke, A., Fischer, D., & Jehnichen, D. (2005).Orientation of
multiwalled carbon nanotubes in composites with polycarbonate by melt
spinning.Polymer, 46(23), 10355-10363.

Potschke, P.,Arnaldo,H.M.,&Radusch, H.-J. (2012). Percolation behavior and
mechanical properties of polycarbonate composites filled with carbon black /
carbon nanotube systems. Polymer, 57(3), 204-211.

Quigley, J. P., Herrington, K., & Baird, D. G. (2014). Enhanced electrical properties of
polycarbonate/carbon nanotube nanocomposites prepared by a supercritical
carbon dioxide aided melt blending method. Polymer, 55(23), 6167-6175.

Rabiatul, M.M., & KamalY. (2014). Carbon  Nanotubes-Polymer
Nanocomposites.Australian Journal of Basic and Applied Sciences.8(4): 471-475.

Robert, C., Franc, J., & Castro, M. (2012). Sensing Skin for Strain Monitoring Made of
PC — CNT Conductive Polymer Nanocomposite Sprayed Layer by Layer. ACS
Appl.mater.interfaces, 4, 3508-3516.

Rosato, D. (2010). Plastics Technology Handbook. New York. Momentum Press.

Sangeeta, B.,& Soumitra, B. (2014). Nanocomposites — An Overview.THE
SCITECH JOURNAL : VOL. 01.

95



Sarawut, R., Parkpoom, L., Kuljira, S., & Sunan, T. (2012). Physical and Mechanical
Characteristics of Kevlar Fiber-reinforced PC/ABS Composites.Engineering
Journal, Vol (16), No 1.

Sathpathy, B. K., Weidisch, R., Potschke, P.& Janke A.(2007).Tough-to-Brittle
Transition in Multiwalled Carbon Nanotube (MWNT)/Polycarbonate
Nanocomposites. Composites Science and Technology, 67: 867-879.

Sathyanarayana, S., & Hibner, C. (2013).Structural Nanocomposites. (J. Njuguna, Ed.)
(pp. 19-61). Berlin, Heidelberg: Springer Berlin Heidelberg. doi:10.1007/978-3-
642-40322-4

Shailaja, P., Anisha , C., Deepak, P., Bhanu, P. S., & Rakesh, B. M.(2014).
Mechanical and Electrical Properties of Multiwall Carbon
Nanotube/Polycarbonate  Composites for  Electrostatic  Discharge and
Electromagnetic Interference Shielding Applications.RSC Adv. 4: 13839-13849.

Shilpa, N. S., Veerapandian, S., Veluchamy, P., & Mukesh, D. (2013). Antibiofilm
Properties of Silver and Gold Incorporated PU, PCLm, PC and PMMA
Nanocomposites under Two Shear Conditions. PLoS ONE 8(5): e63311.
0i:10.1371/journal.pone.0063311

Smajda, R., Andresen, J.C., Duchamp, M., Meunier, R., Casimirius, S., Hernadi,
K. Forr, L., & Magrez, A.(2009).Synthesis and Mechanical Properties of Carbon
Nanotubes Produced by The Water Assisted CVD Process. Physica Status Solidi
(b), 246(11-12):2457-2460.

Song, J., Wang, X., & Chang, C. (2014).Preparation and Characterization of Graphene
Oxide.Journal of Nanomaterials, 2014, 2—7.

Staudenmaier, L.(1899).Verfahren zur Darstellung der Graphitsaure. Berichte
derdeutschen chemischen Gesellschaft, 32(2): 1394-1399.

Sung, Y.T., Kum, C.K., Lee, H.S. , Byon, N.S., Yoon, H.G., & Kim, W.N.(2005).
Dynamic  Mechanical and Morphological Properties of Polycarbonate/Multi-
walled Carbon Nanotube Composites. Polymer.46 : 5656-5661.

Sushant, A., Masud, M. K. K., & Rakesh, K. G. (2008). Thermal Conductivity of
Polymer Nanocomposites Made With Carbon Nanofibers. Polymer Engineering
and Science. DOI 10.1002/pen.21205

Tarek, A. EB., Sobhy, S. I, & Eman, A. Ak. (2014). Carbon Nanotube
Functionalization Effects on Thermal Properties of Multiwall Carbon
Nanotube/Polycarbonate Composites.Polymer Composites. DOI 10.1002/pc: 2-7.

Tatsuhiro, T., Ayumu, H., Hiroshi, A., Koichiro, Y., & Tokio, K. (2005). Oriented

Crystallization of Polycarbonate by Vapor Grown Carbon Fiber and its
Application. Polymer Journal.Vol. 37. No. 12: 887-893.

96



TBA Electro Conductive Products Ltd. (2014). Polymer and Coatings: Applications.
[accessed 5 November 2014]. Available from: http://www.tbaecp.co.uk/carbon-
nanotubeconductive- polymers.html.

Tempel, H., Joshi, R., & Schneider, J.J.(2010). Ink Jet Printing of Ferritin as Method
for Selective Catalyst Patterning and Growth of Multiwalled Carbon Nanotubes.
Mater Chem Phys, 121(1):178-183.

Vander Wal, R.L., Berger, G.M., & Ticich, T.M. (2003).Carbon Nanotube Synthesis in
a Flame Using Laser Ablation For in Situ Catalyst Generation.Applied Physics A.
77(7):885-889.

Via, M., Morrison, F., & King, J. (2012).Effects of multiple carbon fillers on the
rheology of polycarbonate-based composites.Polymer Composites, (DOI
10.1002/pc), 306-316.

Villmow, T., Pegel, S., Pétschke, P., & Wagenknecht, U. (2008). Influence of Injection
Molding Parameters on The Electrical Resistivity of Polycarbonate Filled With
Multi-Walled Carbon Nanotubes. Compos. Sci. Technol. 68: 777-789.

Wool, R. & Sun, X.S. (2005). Bio-Based Polymers and Composites, Burlington,
Massachusetts. Elsevier Academic Press.

Wu, T., Chen, E., & Lin, Y. (2008).Preparation and characterization of melt-processed
polycarbonate/multiwalled carbon nanotube composites.Polymer Engineering and
Science, 10.1002, 1370-1375. doi:10.1002/pen

Yonex , (2014).Series Technology Nanoray range. [accessed 5 November 2014].
Available from: http://www.yonex.com/nanoray/#spec.

Yung-Kuang, Y. (2006). Optimization of Injection-Molding Process for Mechanical
and Tribological Properties of Short Glass Fiber and Polytetrafluoroethylene
Reinforced Polycarbonate Composites with Grey Relational Analysis: A Case
Study. Polymer-Plastics Technology and Engineering, 45: 769-777.

Zhang,Q.; Huang,J. Q., Zhao, M.-Q., Qian, W. Z., & WEei, F. (2011).Carbon Nanotube
Mass Production: Principles and Processes. Chem Sus Chem. 4(7):864-89.

97


http://www.tbaecp.co.uk/carbon-nanotubeconductive-
http://www.tbaecp.co.uk/carbon-nanotubeconductive-

	PRODUCTION OF POLYCARBONATE AND MULTI -WALLED CARBON NANOTUBES NANOCOMPOSITES AT LOW FILLER LOADINGS
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



