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Abstract Polymer matrix nanocomposite are of great interest due to its high specific
strength, low cost, and ease of processing & synthesis. Various attempts have been
made to improve properties of polymer matrix by introducing nano reinforcement. In
present report, effect of low cost nanosheet reinforcement, Graphene Oxide (GO), in
Polycarbonate (PC) matrix was studied for mechanical properties of PC-GO (PCG)
nanocomposite. PC is used in various mechanical parts and structural applications.
Low cost GO was synthesized by chemical oxidation route using low cost graphite
flakes. To get better dispersion of GO in PC, solution mixing method was used.
First, the thin film of PCG nanocomposite was prepared by mixing sonicated GO in
Tetrahydrofuran (THF) and beads of PC. After that these sheets were extruded using
an injection molding machine to synthesize dog-bone sample of PCG nanocom-
posites. Morphological studies of samples were performed using FE-SEM machine.
Dog-bone samples were characterized using micro mechanical testing machine. PCG
composite was prepared for 0.05, 0.1, and 0.2 wt.% of GO reinforcement in PC
matrix. As the percentage of GO reinforcement increased, both tensile strength and
elastic modulus of PCG nanocomposite increased. At0.2 wt.% of GO tensile strength
and elastic modulus was increased by 57 and 13%, respectively. GO reinforcement
in PC showed better mechanical performance over pure PC.
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1 Introduction

Two or more materials, having different types of properties, are combined in different
ways to form composites that possesses superior properties than pristine matrix mate-
rials. Matrix phase has less strength whereas the reinforcement has more strength
and stiffness than matrix, giving good mechanical and physical properties to compos-
ites. Thus composite materials possess better mechanical properties along with light
weight, a combination difficult to find in conventional materials like metals. Weight
of the finished part produced by composite has high strength to weight ratio because
of the low density of composite as compared to bulk material. Uniquely, polymer
composites are widely used for mechanical applications in aerospace, automobile,
marine industry, etc., due to their light weight, better strength, and ease of processing
[1,2].

Polycarbonate (PC) finds variety of application like structural parts, body, auto-
motive parts, helmets, hydrophobic surfaces, packaging, etc. [3, 4]. Various filler
like carbon fibers, carbon nanotubes, glass fibers, etc., were reported to enhance
properties of PC by synthesizing PC composite materials [5—10]. Still area of carbon
nanoparticles reinforcement in PC is still in development. As Graphene/Graphene
oxide reinforcement reported to produce excellent results with other matrix materials,
GO in PC can produce exciting results [11, 12].

Graphene, sp? hybridized two-dimensional (2D) carbon nanostructure, has as an
atomically thin sheet structure with carbon to carbon 0.142 nm. A 2D graphene sheet
weighing only 0.77 mg/m? is 100 times stronger than the steel sheet of same size
and thickness. The single-layered graphene sheet is one of the strongest materials;
its breaking strength is 42 Nm~! and 1.0 TPa Young’s modulus. Graphene exhibits
excellent thermal conductivity (5000 Wm~! K~!), extremely high transmittance at
97.7% over wide range of wavelengths and very large surface area of 2630 m?/g
[13]. Graphene, is extensively researched for application in various fields like battery
storage, sensing, photo activity, composites, due to fascinating mechanical properties,
electrical properties, and thermal properties [14—18].

Our group recently studied effect of graphene/CNT reinforcement in polystyrene
and found carbon nanomaterial can enhance mechanical properties of polymer [19].
Effect of Graphene oxide (GO) reinforcement of epoxy resin was also studied and
found that GO enhances modulus and hardness of epoxy-GO composites [20].
Composite synthesis requires a high quantity of GO at reasonable quality that can be
suitably produced by wet chemical oxidation method. Although graphene was first
synthesized from graphite precursor by simple mechanical cleavage method using
an adhesive tape [21, 22].

The present work reports mechanical characterization of polycarbonate-Graphene
Oxide (PCG) nanocomposite with the percentage weight variation of GO. GO
was synthesized by chemical oxidation method. To achieve better dispersion solu-
tion mixing method was used. Dog-bone samples were synthesized and tested on
micromechanical testing machine. Small percentage reinforcement of GO in PC
tremendously improved mechanical properties of PCG nanocomposite.
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2 Experimental

2.1 Materials

Commercial grade polycarbonate (PC), in form of beads, was procured from market.
Received materials were put in vacuum over at 60 °C for 8 h to remove moisture
and volatile substances. Graphite flakes were procedure from Sigma Aldrich as used
as received. All reagents used were of AR grade and procured from either, Thermo
Fisher Scientific, India or Sigma Aldrich, India. All reagents were used as received
without any purification.

3 Synthesis of GO

Graphene oxide (GO) was prepared using wet chemical oxidation method reported
earlier [23, 24]. In short, 1 g of graphite flakes were stirred in H,SO4 and H3;PO4 acid
mixture in 9:1 ratio (by volume) on magnetic stirrer. An oxidizing agent, KMnO; (six
times by weight of graphite flakes), was slowly added and mixture was left on stirring
condition till color changes to dark brown. A small amount of H,O, was added to
stop oxidation reaction. Solution was washed several times with mild HCI solution
and then with De-ionized water to neutralize pH. Solution was dried in vacuum oven
to get sheets of GO.

4 Synthesis of PC-GO Nanocomposite

Fabrication of Dog-bone shaped specimen was carried out in two steps. In first
step, PC was mixed with GO using solution mixing method. GO was sonicated in
Tetrahydrofuran (THF) using ultra-sonicator for 15 min. After complete dispersion
of GO in THEF, beads of PC were added in solution under constant stirring condition.
Different composition samples were obtained by varying the weight percentage of
GO in PC from 0-0.2 wt.%. The nomenclature of resulting composite was designated
as PCGO000 where last three numeric characters represent weight percentage of GO
in PC multiplied by 100, e.g., PCGO10 represents 0.10 wt.% of GO reinforcement
in PC (Table 1). The solution was then dried on glass perti-dish at 70 °C for couple
of hours to completely evaporate solvent.

In second step, Composite films were molded using injection molding machine
shown in Fig. 1 [25-27]. Temperature of injection moulding machine was set at
290°C and pressure settings were 6-10 psi. Composite films, obtained from solution
blended method, were poured into the hopper of Injection moulding machine. After
the conversion of solid-state film to molten state, molten material was pushed into the
die with the pressure ram. Figure 2 shows actual digital image of Dog-bone samples.
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Table 1 Table shows the results of different % of Graphene in compositions
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S. no Specimen GO wt.%age Tensile Elastic Tensile Elastic
name strength modulus strength modulus
(MPa) (GPa) Ratio
1 PCG000 Pure 29.141 1.280 1.00 1.00
2 PCGO005 0.05 26.762 1.072 0.92 0.84
3 PCGO010 0.1 31.743 1.295 1.09 1.02
4 PCG020 0.2 45.694 1.440 1.57 1.13

Fig. 1 Digital photograph of Injection Moulding Machine

Figure 2a and b shows digital images of pure and composite samples, respectively.
Figure 2c shows digital image of broken dog-bone sample after testing. All the
procedure was repeated to prepare pristine PC sample using same procedure without

mixing GO in it.

5 Results and Discussion

Solution mixing method for polymer composite synthesis is widely used due to
improved dispersion of reinforcement in matrix [28, 29]. Solvent should be compat-
ible for matrix and reinforcement [30]. THF was used as a solvent in present work as
GO can be easily dispersed and PC can be dissolved in it. Regular color of synthesized
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(©)

(b)

Fig. 2 Digital camera Images of Dog-bone shaped sample a Pure PC sample, b PC/Graphene
(PCG) nanocomposites and ¢ broken dog-bone sample after testing

specimen also points toward better dispersion of GO in PC matrix. Better disper-
sion enhances interaction of reinforcement and matrix to achieve higher mechanical
properties.

Morphological studies of PCG nanocomposite samples were performed to under-
stand reinforcement of GO in nanocomposite. Figure 3 PCG nanocomposite FE-SEM
micrographs and presence of GO is marked by arrows. Shining spot in FE-SEM can
be attributed to thin sheets of GO successfully embedded in PCG nanocomposite.
Distribution of GO sheets has been fairly even too.

(a) (b)

Fig.3 FE-SEM micrograph of PC/G nanocomposite a Surface micrograph of PCG nanocomposite
and b cross-sectional micrograph of PCG nanocomposite
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Fig. 4 Tensile strength and elastic modulus of different variations of graphene % in compositions

5.1 Tensile Strength

To characterize tensile behavior of PCG nanocomposite, a dog-bone sample was
tested on micromechanical testing machine. Sample was prepared according to
ASTM 638. Before testing samples were cleaned from burrs and extra materials.
Surfaces of all samples were scratched with sand papers to achieve smooth finishing.
Results of tensile testing are presented in Fig. 4 and Table 1.

Tensile strength of PCG upon addition of 0.05wt.% initially decreased. Decrease
in tensile strength may be attributed to developments of few defects during synthesis
as new materials phase was introduced. As GO concentration was further increased
the tensile strength started to increase. Maximum tensile strength was achieved at
0.02 wt.% of GO in PCG020 sample. Comparing with tensile strength of pure sample
PCGO000 of 29.141 MPa, sample PCG020 showed tensile strength of 45.694 MPa
that was 57% improvement from pure polycarbonate sample. A small reinforcement
of 0.2 wt.% showed improved mechanical performance of PCG nanocomposite.

Elastic modulus characterization of PCG nanocomposites were also performed. A
higher modulus represents lower strain while applying same load, i.e., better dimen-
sional stability upon applying load. After an initial dip in modulus at 0.05 wt.%
reinforcement of GO that may be attributed to small defects due to introduction
of second phase modulus was increased in by further reinforcement. Modulus was
increased from 1.280 GPa at pure PC to 1.440 GPa at PCG020 (GO 0.20 wt.%). It
was a 13% improvement from pure PC. Once high strength GO reinforced at inter-
face, GO gives strength to nanocomposite by increasing attachment matrix with high
strength GO.
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Conclusions

Following conclusions are drawn from the presented work:

Solution blending was successfully used to synthesize Polycarbonate-GO (PCG)
composite solution at room temperature for achieving superior mechanical
properties.

Casted thin sheets of PCG nano-composites were successful extruded Dog-bone
shaped samples using Injection Molding Machine.

Tensile strength and modulus of PCG nanocomposite at 0 wt%(pure), 0.5 wt%,
0.1 wt%, 0.2 wt% GO reinforcement were tested. Increase in tensile strength and
elastic modulus of composite was observed with increase in concentration of GO
in PC/Graphene composite.

At 0.2 wt.% reinforcement of GO arise in tensile strength and elastic modulus of
57% and 13% reported, respectively.

References

10.

. Gill AS, Kumar S (2016) Surface roughness and microhardness evaluation for EDM with

Cu-Mn powder metallurgy tool. Mater Manuf Process 31:514-521

Saba N, Paridah MT, Jawaid M (2015) Mechanical properties of kenaf fibre reinforced polymer
composite: a review. Constr Build Mater 76:87-96. https://doi.org/10.1016/j.conbuildmat.
2014.11.043

Wang J, Li C, Zhang X, Xia L, Zhang X, Wu H, Guo S (2017) Polycarbonate toughening with
reduced graphene oxide: toward high toughness, strength and notch resistance. Chem Eng J
325:474-484

Hirschbiel AF, Geyer S, Yameen B, Welle A, Nikolov P, Giselbrecht S, Scholpp S, Delaittre
G, Barner-Kowollik C (2015) Photolithographic patterning of 3D-formed polycarbonate films
for targeted cell guiding. Adv Mater 27:2621-2626

Kumar S, Lively B, Sun LL, Li B, Zhong WH (2010) Highly dispersed and electrically
conductive polycarbonate/oxidized carbon nanofiber composites for electrostatic dissipation
applications. Carbon N 'Y 48:3846-3857

Bagotia N, Choudhary V, Sharma DK (2017) Studies on toughened polycarbonate/multiwalled
carbon nanotubes nanocomposites. Compos Part B Eng 124:101-110

Biswas KK, Ikueda M, Somiya S (2001) Study on creep behavior of glass fiber reinforced
polycarbonate. Adv Compos Mater 10:265-273

Jang MG, Ryu SC, Juhn KJ, Kim SK, Kim WN (2018) Effects of carbon fiber modification
with multiwall CNT on the electrical conductivity and EMI shielding effectiveness of polycar-
bonate/carbon fiber/CNT composites. J Appl Polym Sci, 47302. https://doi.org/10.1002/app.
47302

Zhou S, Hrymak AN, Kamal MR (2018) Microinjection molding of multiwalled carbon
nanotubes (CNT)-filled polycarbonate nanocomposites and comparison with electrical and
morphological properties of various other CNT-filled thermoplastic micromoldings. Polym
Adv Technol 29:1753-1764. https://doi.org/10.1002/pat.4282

Lee HY, Cruz H, Son Y (2019) Effects of incorporation of polyester on the electrical resistivity
of polycarbonate/multi-walled carbon nanotube nanocomposite. J Compos Mater 53:1291—
1298. https://doi.org/10.1177/0021998318801932


https://doi.org/10.1016/j.conbuildmat.2014.11.043
https://doi.org/10.1002/app.47302
https://doi.org/10.1002/pat.4282
https://doi.org/10.1177/0021998318801932

110

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

J. Singh et al.

Fu R, Zhu M (2016) Synthesis and characterization of structure of Fe304 @ Graphene oxide
nanocomposites. Adv Compos Lett 25:096369351602500. https://doi.org/10.1177/096369351
602500604

Dalmis R, Cuvalci H, Canakci A, Guler O (2016) Investigation of graphite nano particle
addition on the physical and mechanical properties of ZA27 composites. Adv Compos Lett
25:096369351602500. https://doi.org/10.1177/096369351602500202

. Shah R, Kausar A, Muhammad B, Shah S (2015) Progression from graphene and graphene

oxide to high performance polymer-based nanocomposite: a review. Polym Plast Technol Eng
54:173-183. https://doi.org/10.1080/03602559.2014.955202

Su BQ, Pang S, Aljjani V, Li C, Feng X, Mu K (2009) Composites of graphene with large
aromatic molecules, 3191-3195. https://doi.org/10.1002/adma.200803808

Bansal SA, Singh AP, Kumar S (2016) 2D materials: graphene and others. AIP Conf Proc
1728:020459. https://doi.org/10.1063/1.4946510

Yang M-Q, Xu Y-J (2016) Photocatalytic conversion of CO, over graphene-based composites:
current status and future perspective. Nanoscale Horizons. 1:185-200. https://doi.org/10.1039/
C5NHO00113G

Cao L, Zhang D (2018) Preparation of graphene/polymer composite sponge for pressure-
sensing application. Adv Compos Lett 27:096369351802700. https://doi.org/10.1177/096369
351802700403

Zhu M, Fu R (2017) Synthesis and analysis of Mn 3 O 4 @Graphene nanocomposites for
supercapacitors. Adv Compos Lett 26:096369351702600. https://doi.org/10.1177/096369351
702600101

Bansal SA, Singh AP, Kumar S, Kumar A, Kumar S, Kumar N, Goswamy JK, Di Prima MA,
Gall K, McDowell DL, Guldberg R, Lin A, Sanderson T, Campbell D, Arzberger SC (2018)
Synergistic effect of graphene and carbon nanotubes on mechanical and thermal performance
of polystyrene. Mater Res Express 5:075602. https://doi.org/10.1088/2053-1591/aacfcO
Bansal SA, Singh AP, Kumar A, Kumar S, Kumar N, Goswamy JK (2018) Improved
mechanical performance of bisphenol-A graphene-oxide nano-composites. J] Compos Mater
52:2179-2188. https://doi.org/10.1177/0021998317741952

Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, Grigorieva IV, Firsov
AA (2004) Electric field effect in atomically thin carbon films. Science (80-. ) 306:666—669.
https://doi.org/10.1126/science.1102896

Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183—191. https://doi.org/
10.1038/nmat1849

Bansal SA, Singh AP, Kumar S (2019) Reinforcing graphene oxide nanoparticles to enhance
viscoelastic performance of epoxy nanocomposites. J Nanosci Nanotechnol 19:4000-4006.
https://doi.org/10.1166/jnn.2019.16336

Bansal SA, Singh AP, Kumar S (2018) High strain rate behavior of epoxy graphene oxide
nanocomposites. Int J Appl Mech 10:1850072. https://doi.org/10.1142/S1758825118500722
Sulaiman S, Ismail N, Hamouda AMS (2004) Design and simulation of plastic injection
moulding process. Anveshana’s Int J Res Eng Appl Sci 12:100-110

Ecker JV, Haider A, Burzic I, Huber A, Eder G, Hild S (2019) Mechanical properties and water
absorption behaviour of PLA and PLA/wood composites prepared by 3D printing and injection
moulding. Rapid Prototyp J

Feldmann M (2016) The effects of the injection moulding temperature on the mechanical
properties and morphology of polypropylene man-made cellulose fibre composites. Compos
Part A Appl Sci Manuf 87:146-152

Gong L, Yin B, Li L, Yang M (2015) Nylon-6/Graphene composites modified through
polymeric modification of graphene. Compos Part B Eng 73:49-56

Xu Z, Gao C (2010) In situ polymerization approach to graphene-reinforced nylon-6
composites. Macromolecules 43:6716-6723

Lago E, Toth PS, Pugliese G, Pellegrini V, Bonaccorso F (2016) Solution blending preparation
of polycarbonate/graphene composite: boosting the mechanical and electrical properties. RSC
Adv 6:97931-97940. https://doi.org/10.1039/C6RA21962D


https://doi.org/10.1177/096369351602500604
https://doi.org/10.1177/096369351602500202
https://doi.org/10.1080/03602559.2014.955202
https://doi.org/10.1002/adma.200803808
https://doi.org/10.1063/1.4946510
https://doi.org/10.1039/C5NH00113G
https://doi.org/10.1177/096369351802700403
https://doi.org/10.1177/096369351702600101
https://doi.org/10.1088/2053-1591/aacfc0
https://doi.org/10.1177/0021998317741952
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat1849
https://doi.org/10.1166/jnn.2019.16336
https://doi.org/10.1142/S1758825118500722
https://doi.org/10.1039/C6RA21962D

	 Mechanical Characterization of Polycarbonate-Graphene Oxide (PCG) Nanocomposite
	1 Introduction
	2 Experimental
	2.1 Materials

	3 Synthesis of GO
	4 Synthesis of PC-GO Nanocomposite
	5 Results and Discussion
	5.1 Tensile Strength

	6 Conclusions
	References




