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ective dispersion of reduced
graphene oxide in polycarbonate/nylon 66 based
blend nanocomposites for improved thermo-
mechanical properties†
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Adhikari,a Ganesh Chandran Nayak*a and Vijay Kumar *b

This work explored the thermo-mechanical properties of a reduced graphene oxide (rGO) based

polycarbonate/nylon 66 blend system. Synthesis of rGO is carried out via a facile solid-state reduction of

GO, using selenium powder. Selective dispersion of rGO was achieved by varying the mixing-sequence

of rGO in the polymer matrices under controlled shear pressure. Selective dispersion of rGO in the blend

system has been investigated with FTIR, FESEM and a rheometer. FTIR analysis showed the preferential

localization of rGO in the nylon phase when it melt blended first with nylon followed by PC. In addition,

the mechanical and thermal properties of this blended system were also found to be higher than those

of other blend nanocomposites. The rheological study showed that lower viscosity of nylon could be the

reason for preferring dispersion of rGO in the nylon phase when blended first with nylon. This

preferential localization of rGO in the nylon phase affects the crystallization of the nylon phase and

interfacial adhesion which resulted in enhanced mechanical strength and chemical inertness of the

blend nanocomposite.
1. Introduction

The present era of materials science has found polymers to be
the front-runner for many applications in the eld of science
and technology. Among various applications, heavy industries
require a polymeric material with high mechanical strength,
consistency under drastic conditions, and versatility in different
working atmospheres with reliable electrical and thermal
properties.1,2 However, it is very difficult to nd or synthesize
a single polymer which possesses all of these properties. To
achieve the targeted properties, different polymers, having
unique properties, are blended together in different propor-
tions to produce a product with properties better than those of
the individual polymers.3,4 In addition, the properties of poly-
mer blends can be tailored by coalescing blend partners and
this can be used to recycle polymers for various applications.3–6

However, most of the polymers are incompatible in nature
which can deteriorate the properties of polymer blends as
compared to their individual constituents. Hence, it is very
crucial to reduce phase separation and enhance interfacial
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adhesion between blend components for the anticipated prop-
erties.7,8 The most convenient and economical path to achieve
a single glass transition temperature (i.e. negligible phase
separation) is by incorporation of suitable llers into polymers
that will extend the potential use of the resulting materials.9,10

In this line, many research groups were dedicated their study to
explore impact of different llers on properties polymer
blends11 and in the recent years polymer scientist have studied
a series of micro and nanoller like graed compatibilizer,12

copolymers,13 carbon black,14 graphite,15 ber,16 glass ber,17 y
ash,18 nano clay,19 nanosilica,20 carbon nanotubes (CNTs),21,22

and graphite derivatives.15,23,24 And they have explored their
inuence on the internal morphology, compatibility, misci-
bility, conductivity and mechanical properties of blended
materials.12,25 In the present work to insert some specic prop-
erties, we have focused on nylon 66/polycarbonate based poly-
mer blends. Nylon 66 and polycarbonate are well-known for
wide range industrial applications.26 These two polymers are
considered to be the backbone of electrical industries, auto-
mobile industries and toy industries and a million tons of nylon
66/polycarbonate manufactured annually.26 Nylon 66 is mois-
ture absorbing, shows signicant shrinkage in molded part,
and attacked by strong oxidizing chemicals,26 on other hand
polycarbonate is comparably expensive, marring, notch sensi-
tivity, greatly sensitive to abrasive cleaners and wracked by some
alkaline cleaning products.27 To avoid these lacunae we have
RSC Adv., 2017, 7, 22145–22155 | 22145
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used rGO as nanoller for nylon 66/polycarbonate blend. The
rGO is predominantly sp2 hybridized few atoms-thick 2D carbon
layers with some oxygen containing functional groups at the
edges, has been treated as front line nanoller due to its
enthralling physical and chemical properties such as extraor-
dinary electrical, mechanical, and thermal properties.28,29 It has
widely been studied in the various elds of science and
technology.28–30

The fabricated nylon 66/polycarbonate blend is of greater
importance because of the suitable interaction between the rGO
nano sheets and polymer chains (bonding interaction between
–OH, –COOH of rGO and –NH of nylon 66 and oxygen functional
groups of PC along with this there is a great probability for
hydrogen bonding among the functional moieties of polymer
chains and rGO nano sheets32,33). These interactions signicantly
minimize phase separation between the blend partners.31,32 These
interactions take place in such a controlled way that possibilities
for aggregation of rGO become very insignicant.33 To explore
selective dispersion of rGO nanosheets we have used the concept
of mixing sequence during the processing of polymer blend
nanocomposites (PNCs). The mixing sequence makes very easy to
identify migration of rGO nano sheets into an individual blend
partner. Herein, for the melt compounding, we have used
controlled shear processing twin screw extruder. This processing
technique greatly enhances homogeneous dispersion of rGO into
nylon 66 and polycarbonate.34 Moreover, the chemical inertness
of the developed blends has been tested in the different solvents
and it has been found that mixing sequence played a crucial role
to dene solubility of the fabricated blend systems.34,35 To the best
of our knowledge, we are reporting the rst-time use of rGO nano
sheets as nanoller for nylon 66/polycarbonate in the light of
mixing sequence and its effect on thermo-mechanical properties,
chemical resistance and microstructures of blend
nanocomposites.

2. Experimental
2.1 Materials

All the chemical reagents used for synthesis, reduction and
purication of rGO such as graphite powder, potassium
permanganate (KMnO4), sulfuric acid (H2SO4, 98%), ortho-
phosphoric acid (H3PO4, 88%), hydrogen peroxide (H2O2, 30%),
selenium powder (particle size: 100 mesh), and hydrochloric
acid (HCl, 10%), were procured from Sigma Aldrich (India) with
purity levels of >99.9%. However, nylon 66 (PXR-01NC, Next
polymers Pvt. Ltd. Mumbai)/polycarbonate (Makrolon® 2405),
Table 1 Code and composition of studied polymeric materials

S. no. Sample code Composition and mixing order

1 P Polycarbonates (100%)
2 N Nylon 66 (100%)
3 P/N66 Nylon 66 (70%) + polycarbonates (30%
4 PNG Polycarbonates (29.5%) + nylon 66 (6
5 PGN Polycarbonates (29.5%) + reduced gra
6 NGP Nylon 66 (69.5%) + reduced graphene

22146 | RSC Adv., 2017, 7, 22145–22155
Bayer materials science (Thailand) used in the present investi-
gation were procured from JP Polymers and Gkhanna Co.
Mumbai, respectively. Polycarbonate is an aromatic copolymer
while nylon 66 is a completely aliphatic polymer.
2.2 Synthesis of graphene oxide

For the synthesis of graphene oxide (GO) we have adopted
a procedure developed by Marcano et al.36 In brief, graphite
powder (6.0 g, 1 wt equiv.) were oxidized using a mixture of
concentrated H2SO4/H3PO4 in 9 : 1 ratio (720 : 80 mL) along with
the very slow addition of KMnO4 powder (36 g, 6 wt equiv.). The
addition of KMnO4 is a slight exothermic (around 40 �C) step.
Aer the completion of KMnO4 addition, the reaction mixture
was heated up to 60 �C and stirred continuously for 15 h. Then
reaction mixture was cooled to room temperature and transferred
to an ice bath (500 mL) with drop-wise slow addition of 30%H2O2

(6 mL) in a dark chamber. For work-up, the reaction mixture was
neutralized (pH around 6.5 slightly acidic) by multiple washing
with the distilled water and then centrifuged@3000 rpm for 2 h,
and then supernatant materials was decanted away. Now the
residual material was washed in a sequence with 400 mL of
distilled water, 400 mL of 30% HCl, and 400 mL of ethanol.
Finally, the solution was ltered over a PTFE membrane. The
product obtained on the PTFE membrane (graphene oxide nearly
10 g) was dried in a vacuum for 48 h at 45 �C.
2.3 Conversion of GO to rGO using selenium powder as
a reducing agent

For the bulk amount rGO, we have adopted a time efficient
reduction strategy recently developed by our own research
group using Se powder.37 The reduction methodology briey
mentioned as; 0.3 g of ultrapure Se powder was used for the
reduction of 3 g fully exfoliated GO nano sheets to rGO. Mois-
ture free GO and Se powder were mixed well using mortar and
pestle and then the mixture is sealed in a quartz tube, under an
inert atmosphere. The tube was placed in a furnace at 360 �C for
5 minutes. The resulted product was washed thoroughly with
distilled water to eliminate impurities.37
2.4 Preparation of nylon 66/polycarbonate/rGO blend
nanocomposites

Prior to compounding, nylon 66, polycarbonate and rGO were
well dried at 80 �C under air oven for 10 h. The neat blend and
the rGO lled nanocomposites were synthesized through melt
Processing conditions

Temp 270 �C, RPM ¼ 10
Same

) Same
9.5%) + reduced graphene oxide (1%) Same
phene oxide (1%) + nylon 66 (69.5%) Same
oxide (1%) + polycarbonates (29.5%) Same

This journal is © The Royal Society of Chemistry 2017
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compounding in a twin-screw extruder (Fly Tech Engineering,
Chennai, India) with shear rotation 10 rpm and at 270 �C
temperature for 10 min. The diameter of each screw is 20 mm
while length/diameter ratio is 15. To assess the effect mixing
sequence of rGO on the physical properties of the ternary blends
composites, we prepared total three blend nanocomposites on
the basis mixing sequence of the rGO. The actual composition of
neat blend and polymer blend nanocomposites (PNCs) is
summarized in the Table 1. For the testing of mechanical prop-
erties we have fabricated six strips of the studied materials using
a compressionmoldingmachine according to ASTM standard for
plastic materials and so prepared strips were cooled at room
temperature.

3. Sample characterization
3.1 Characterization of prepared rGO

The details about different characterization techniques (FTIR,
UV-Visible, XRD, Raman spectroscopy, XPS analysis, BET
surface area, FESEM and TEM micrographs) used for the
prepared rGO has been described in our previous work.28

3.2 Characterization of prepared PNCs

3.2.1 ATR (attenuated total internal reectance) – FTIR
spectroscopy. FTIR spectra in ATR mode were documented by
a Cary 630 FTIR Spectrometer (Agilent Technologies) contacting
Diamond ATR contact crystal. All spectra of prepared PNCs were
recorded through one time internal reection at room temper-
ature with a resolution of 4 cm�1 and at 32 scans.

3.2.2 XRD patterns. Wide angle X-ray diffraction (WAXD)
patterns of as prepared PNCs were analyzed by using a Bruker
DS Focus with incident X-ray source Cu Ka (l¼ 1.54 Å) and scan
rate 1� per minute from 2q ¼ 5–60�.

3.2.3 DSC analysis. Differential scanning calorimetric
analysis of as synthesized PNCs were performed in nitrogen gas
environment with a DSC instrument (Model: NETZCH DSC 200
PC instrument). Standardizations of heat ow and temperature
were based on a run in which pure indium was heated through
Fig. 1 ATR-FTIR spectra of pure polymers and prepared PNCs (a) full sp

This journal is © The Royal Society of Chemistry 2017
its melting point. All the PNCs having a mass of about 20 mg
were used for the study up to 300 �C with the heating@10 �C
min�1 and then cooled at same rate.

3.2.4 TG analysis. TG measurements for as synthesized
PNCs were performed under a continuous nitrogen gas purge in
a TGA instrument (DuPont TGA-2100 thermal analyzer). All the
PNCs having a mass of about 30 mg were used for the analysis
from RT to 450 �C with a heating@10 �C min�1.

3.2.5 Scratch hardness and depth indentation analysis.We
have used 270VRSD Hardness Tester instrument to investigate
scratch hardness and depth indentation of prepared PNCs. This
instrument is fully automatic control and commands can be
preloaded through soware (AFFRI® patent). Pushing the Start
button, of instrument its head moves down to reach the test
surface from distance multiples of 50 mm and automatically
starts the hardness test cycle in automatic succession without
breaching a phase. The indentation experiment was carried out
at the room temperature and at a relative humidity of 40%. The
indentation tests using a Berkovich indenter head (equivalent
cone angle 70.3� shown in the Fig. 5).

3.2.6 Mechanical properties testing. Young's modulus,
elongation, and tensile test of synthesized PNCs were carried
out on a dumb-bell shaped samples using UTM instrument
(model no. Hounseld HS 10 KS) operated at room temperature
with a gauge length of 30 mm and with a load cell of 10 kilo
newton at a crosshead speed@1 mm min�1.

3.2.7 FESEM analysis. The surface morphology and frac-
tured surfaces of the prepared blends were analyzed FESEM
instrument (model no. Supra 55 Carl Zeiss, Germany) by
breaking the samples in liquid nitrogen and then coated by
platinum to make samples conducting under an accelerating
voltage of 5–7 kV.
4. Results and discussion
4.1 ATR-FTIR spectroscopy

Miscibility of nylon 66 and polycarbonate during melt blending
has been reported differently by various research groups. Some
ectra and (b) magnified section.

RSC Adv., 2017, 7, 22145–22155 | 22147
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Fig. 2 X-rays diffraction pattern of pure polymers, neat blend and
prepared PNCs.
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research groups showed partially miscible nature of the binary
blend attributed to the weak non-covalent bonding between the
blend partners (when polycarbonate is lower than 40 wt%) on
other hand few workers reported that nylon 66/polycarbonate
blends are completely immiscible in an asymmetric propor-
tion.38,39 We have used ATR-FTIR spectroscopy to identify
various interactions between blend components and the effect
of rGO incorporation on polymer blend nanocmposites.40 The
ATR-FTIR spectra of binary blend and its nanocomposite are
shown in Fig. 1. Pure nylon 66 and polycarbonate shows their
characteristic IR peaks, including stretching and weak wagging,
rocking and bending vibrations.41,42 To examine interaction
between nylon 66 and PC, the N–H stretching frequency of
nylon (around 3400 cm�1) has been analyzed, because of
a probable interaction between nylon 66 and polycarbonate
through (–O/N–H) hydrogen bonding.32,33 Nylon 66 shows
a broad peak at 3404 cm�1 corresponding to the N–H stretching,
which also observed in the case of binary blend without any
change.32,33 This indicates that there is no interaction between
PC and nylon phases. However, incorporation of rGO in nylon/
PC blend shows a shoulder peak at 3440 cm�1, in addition to
the 3404 cm�1 peak. In the absence of any interaction between
nylon and PC, this new peak can be ascribed to the interaction
of nylon with rGO. Moreover, new peak around 1483 cm�1,
attributed to C]C stretching of the rGO, indicates the presence
of rGO in blend system.36,37 Similarly, it can also be observed for
the NGP blend system, where rGO was dispersed in nylon
matrix, then with a PC, an intense peak at 3440 cm�1 is
observed. This indicates that while mixing of rGO with nylon
phase than with a PC, the rGO sheets remained in the nylon
phase without migrating to the PC phase due to which the peak
intensity increased at 3440 cm�1. However, in case of a PGN
blend system, where rGO was rst mix with PC and then with
nylon, no peak was observed at 3440 cm�1. This indicates that
when rGO was mixed rst with PC and then with nylon, the rGO
sheets remained in PC phase, without migrating to the nylon
phase resulted in no interaction between nylon and rGO and
hence the disappearance of 3440 cm�1 peak. The presence of
very low intensity shoulder peak at 3440 cm�1 in PNG blend
system can be attributed to partial dispersion of rGO in both
nylon and PC phases. To further investigate dispersion behavior
of rGO in nylon and PC phases correspond to the change in
mixing sequence, XRD analysis was carried out and presented
in the following section.
4.2 XRD pattern analysis

XRD patterns of the pure polymers, neat blend and PNCs were
recorded at room temperature and presented in the Fig. 2. Pure
polycarbonate shows a broad peak around 2q¼ 17� showing the
amorphous nature of PC and chain separation.43 Nylon 66
shows two intense diffraction peaks around 2q ¼ 20.20� and 2q
¼ 24.04� corresponding to a1 and a2 peaks, which shows the
crystalline packing due to inter polymer hydrogen bonding.44

However, in binary blend (PN), the characteristic peaks of PC
and nylon merge together and can be observed as a broad peak,
corresponding to PC along with a less intense sharp peak
22148 | RSC Adv., 2017, 7, 22145–22155
corresponding to nylon 66.43–45 The broadness of the peak
indicates the amorphous nature of the blend. Absence of
molecular interaction between PC and nylon is the case of neat
blend (as discussed in FTIR section), decreased crystallinity of
the blend attributed to penetration of PC chains into a nylon
matrix which can disturb the hydrogen bonding interaction
within the nylon chains and hence diminished mechanical
properties which has also reported in literature.43,44 However,
with the incorporation of rGO in binary blend system, the
crystalline peak disappeared, which is an indication of further
decrease in molecular interaction between nylon chains. This
could be due to the distribution of rGO in the blend matrix and
preferably in nylon phase. This also supported by FTIR analysis
where N–H peak of nylon changed aer the incorporation of
rGO. Distribution of rGO in nylon phase can disrupt the
hydrogen bonding interaction among nylon chains by acting as
a barrier between two chains. Dispersion of rGO in nylon phase
could be due to lower viscosity of nylon as compared to PC. The
inuence of melt viscosity will be discussed in rheology section.
Further, the change in mixing sequence of rGO in a blend
system completely altered the crystal structure of polymer
blends. For instance, PGN blend shows a crystalline structure,
NGP shows a complete amorphous nature similar to PNG blend.
This can be explained based on the selective dispersion of rGO
in PC/nylon blend system.46 When rGO added to the nylon
phase rst and then to the PC (NGP) phase, the rGO sheets
remained stayed in the nylon phase due to lower viscosity of
nylon and hence similar to the PNG system it also acquired an
amorphous nature. Interestingly, when rGO mixed with PC
phase, it remains persist in PC phase without further migration
toward nylon phase and consequently an inter chain interaction
in nylon phase was not disturbed and hence crystalline peak
corresponding to nylon appeared in the NGP blend system. Also
broad peak due to polycarbonate disappeared in NGP blend.
This indicates that the dispersion of rGO can be controlled in
the PC/nylon blend by varying the mixing sequence. The effect
of this dispersion on thermal properties of blend systems were
studied by DSC and TGA, respectively and presented in the next
section.
This journal is © The Royal Society of Chemistry 2017
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Table 2 1st onset degradation temperature and corresponding weight
loss

Samples
1st onset
degradation

% of weight
loss corresponding
to 1st onset

PN 305.6 �C 3.6
PNG 328.03 �C 4.0
PGN 322.16 �C 7.5
NGP 330.5 �C 0.09
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4.3 Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry has been extensively applied
in the investigation of various phenomena occurring during the
thermal heating of polymeric materials, involving crystalliza-
tion, glass transition (Tg), curing and melting.47–49 In order to
check above mentioned properties of the synthesized neat
blend and three different PNCs, DSC analysis was carried out at
a heating rate of 10 �C min�1. Fig. 3 shows the DSC cooling plot
of different composites. The peaks corresponds to crystalliza-
tion of nylon 66 and polycarbonate during the cooling cycle is
well dened in the Fig. 3. It is reported that the extent of crys-
tallization of polymeric materials is greatly affected by the
incorporation of nanoller which can act as a nucleating
agent.22,23 In the present study it was observed that with the
incorporation of rGO in PNG system, crystallization peaks shis
to a litter higher temperature, which can be attributed to the
presence of rGO in nylon phase. However, in XRD analysis we
could not able to get any crystallization peak of nylon which
may be due to uncontrolled cooling of blends during blending.
However, under the cooling cycle of DSC controlled cooling rate
exerted proper crystallization. It has also been observed that the
area under the curve of PNG system is lesser than the PN system
which can be attributed to the crystal growth.49,50 It supports the
XRD analysis where no crystallization was observed. It is
believed that the presence of rGO facilitates nucleation but
crystal growth got retarded due to the presence of rGO sheets
between the nylon chains. For the PNG system, the crystalliza-
tion temperature matches with that of PN but the area under the
curve have reduced signicantly.49–51 This shows that crystalli-
zation is not affected by the sequential addition of rGO in PC
but does occur with nylon. The reduced peak area indicates that
growth has retarded. This can be explained by migration of the
small amount of rGO to the nylon phase during blending which
does not affect the crystallization temperature but affect to
crystal growth. In contrast to this, incorporation of rGO to nylon
phase rst than to PC phase shows a higher crystallization
temperature indicating rapid nucleation but reduced area
Fig. 3 DSC crystallization temperature of prepared neat blend and
PNCs.

This journal is © The Royal Society of Chemistry 2017
suggests retarded crystal growth. This analysis shows that the
crystallization can be affected by sequential addition of rGO to
PC and nylon phase.22,23 To verify the results of DSC analysis and
to evaluate the degradation of neat blend and PNCs thermog-
ravimetric analysis (TGA) was carried out and the graph is
presented in Fig. 4.

4.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is an important technique to
probe the thermal stability of pure polymers and their
composites.47 With the suitable experimental conditions,
information about the degradation, melting temperature and
weight loss corresponding to a particular temperature can be
obtained. A typical TGA graph of specimen is shown in Fig. 4.
Table 2 is showing the percentage of weight loss corresponding
to 1st onset of each sample. It has been observed that the
thermal stabilities of the nanocomposites increased as
compared to pure blend. Pure blend and all three nano-
composites show less than 5% decomposition in the tempera-
ture range up to 300 �C which shows its higher thermal stability
as compared to reported works.52

From TGA data, it is clear that the incorporation of rGO
nanosheets leads to a noteworthy increase in thermal stability
for neat blend and PNCs at the initial stage of degradation. This
enhancement in the resistance to thermal degradation can be
Fig. 4 TGA plot showing 1st and 2nd onset degradation and corre-
sponding weight loss of prepared neat blend and PNCs.

RSC Adv., 2017, 7, 22145–22155 | 22149
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attributed to the hindered diffusion of volatile decomposition
products within the PNCs and also owing to selective distribu-
tion of rGO through the mixing sequence in polymer blends
which favors cross-linking (shown in Fig. 5) between rGO
nanosheets–polymer chains.52,53 This nano-sizing effect is owing
to the assimilation of rGO and its selective distribution (as
mentioned in DSC section) is a key factor for this typical
thermal properties. It is observed that the thermal stability of
PNG system is higher than the PN system which can be attrib-
uted to the incorporation of rGO in blend matrix. In contrast,
when rGO was added separately to PC and nylon phases, the
thermal stability further increased which is higher for NGP as
compared to PGN system. This increase in stability of the NGP
system can be attributed to the selective dispersion of rGO in
nylon phase, as discussed in the above sections. Nylon phase,
which is thematrix phase contributes more towards the thermal
stability of the system. Localization of rGO in this phase could
have been delayed the degradation of polymer chains due to
restricted thermal vibrations of polyamide chains adsorbed on
rGO sheets. On other hand, in case of PGN system, the rGO
sheets might localized in PC phase, which is the minor phase
due to which the thermal stability of the matrix phase remained
unaffected. However, the sole reinforcement in thermal stability
can be attributed to better interfacial interaction between the
nylon and PC phases where rGO sheets can act as a bridging
agent between the PC and nylon phase as shown in Fig. 5.

4.5 Scratch hardness and depth indentation analysis

4.5.1 Scratch hardness (HS). Hardness is an ability of
a material to resist penetration by other materials under the
applied force.54,55 Scratch analysis is a fundamental parameter
to obtain material's hardness and nowadays it has oen been
used to measure hardness of polymeric materials. This analysis
is simply based on harder material can easily scratch other
material under a constant applied force, but not contrarily.55 To
measure micro-scratch hardness of prepared samples we have
Fig. 5 Schematic representation of pi–pi interaction hydrogen
bonding in synthesized PNCs.
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used attened and dust free strip of specimens. Proper polish-
ing (for smooth and dust free surface) is very necessary because
a very minute disturbance on the surface might cause notice-
able disorder in both force and depth measurement based on
following fundamental equation.55

HS ¼ FT

W �D
(1)

HS ¼ 2C
cos 4ð1� sin2

qÞ
1� sin q cos 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðtan 4 sin 4Þ2

q
� sin 4 cos2q

(2)

where FT is horizontal applied force, W is the width of scratch
surface and D is the depth of scratch surface, 4 is the angle of
internal friction, q is back-rake angle, C is cohesion; an
important part of unconned compressive strength (UCS) of
material and all these parameters of eqn (1) and (2) further
depends on friction coefficient (m ¼ FT/FV ¼ tan 4) which basic
principle behind of scratch hardness testing.55,56 In the present
study, NGP shows maximum scratch resistance under the
applied progressive scratch load. The tangential force curves of
NGP showed very little uctuations from the beginning to end
of the testing range. Such little uctuations for NGP is due to
the prominent inertial effects and compact crystalline
arrangement which strongly opposed progressive force applied
by the indenter tip on the surface of NGP and vice versa for the
pure polymers because of its highly amorphous nature. This
drastic increase surface hardness for NGP is due the homoge-
neous distribution of rGO nanosheets as explained in DSC/TGA
section.

The scratch hardness prole of neat blend is quite different
from PNCs, it showed a zigzag curves corresponding applied
progressive scratch load. Therefore, it is clear from the curve
that pure blend cannot resist more applied progressive scratch
load which is in good agreement with our TGA/DSC result. The
slight increase of scratch hardness with very high uctuations
in tangential force for the neat blend as compared to the
composites is probably due to the high percentage of nylon 66
and phase separation. The scratch hardness of PNG and PGN is
nearly 40–45% less than the NGP however, higher than the pure
polymers and neat blend. It can be attributed to the hindered
motion of the polymeric chain owing to the bridging and the
nucleation effect of the rGO nanosheets.

4.5.2 Depth indentation. The indentation technique which
is usually used to investigate the mechanical properties of
materials can also be utilized to measure residual stresses by
controlling the indentation load indentation depth.55,56 In order
to determine the hardness of prepared PNCs in term of depth
indentation, we have used depth sensing nano indentation
technique.55 The indentation response allows hardness and
elastic modulus to be assessed. As the indenter is driven onto
the surface of the material, an impression conforming to the
shape of the indenter to some contact depth hc appears.56,57

Parameter contact depth (hc) is an important parameter and it
may be dened by the eqn (3)

hc ¼ h � 3P/S (3)
This journal is © The Royal Society of Chemistry 2017
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where h is resulting penetration during the analysis, P is the
load applied to the surface of the sample, 3 is equal to 0.75 for
Berkovich type indenter (as diamond tip; Young's modulus E ¼
1140 GPa, Poisson's ratio n ¼ 0.07 shown in Fig. 6) and S is
unloading stiffness of sample.57 In the present study, indenta-
tion load–displacement curve obtained at the stressed position
was compared with that of measured in the non-stressed posi-
tion, and then residual stress variations in the stressed position
were calculated.53–56 The analyzed indentation load–displace-
ment curves are shown in Fig. 7 with different indentation
depths for pure polymers and composites.

The load–depth indentation curve of studied polymeric
materials revealed that (Fig. 7) magnitude of indentation depth
corresponding to the volume of sample deformed due to the
applied indentation force. From the graph, it is clear that
nanocomposite NGP can bear the higher amount of applied
force and therefore it can be used as high performance mate-
rials. On other hand PNG, PGN, PN, and pure polymers showing
the trend as discussed in the TGA and FESEM sections.56,57 In
the case, of PNG, PGN, PN and pure polymers the residual post-
Fig. 6 (A) Schematic diagram showing scratch hardness and depth inden
on the strip surface of pure polymers and prepared composites.

Fig. 7 The load–depth curves obtained from depth indentation experim

This journal is © The Royal Society of Chemistry 2017
scratch depths were measured during the analysis and it has be
observed that majority of the scratches on the NGP have not
signicant residual post-scratch depths. This also supports that
NGP possesses superior mechanical properties than the other
tested specimen.
4.6 Rheology

To further explore dispersion of rGO in PC and nylon phases
rheological analysis was carried out. Dispersion of nanoller in
polymer blend mainly affected by the kinetic and thermody-
namic parameters. The viscosity against the shear rate is plotted
in Fig. 8. The viscosity of pure polymers and all blend nano-
composites decreased exponentially with increased shear rate.
It means all the polymeric systems displayed shear thinning
phenomenon which may be due to the decrease in entangle-
ment density of polymer chains under the inuence of applied
shear stress. Neat blend showed the notable decrease in
viscosity as compared to pure polymers. Such notable decrease
in the viscosity of pure blend can be ascribed to lower viscosity
tation testing and (B) depth profile results of a typical scratch on surface

ent of the pure polymers and PNCs.

RSC Adv., 2017, 7, 22145–22155 | 22151

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02044a


Fig. 8 Rheological behavior of polymer composites along with pure
polymer and blends.
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of nylon 66 as well as interfacial slippage between the blend
components.60,61 Among PC and nylon, at a lower shear rate the
viscosity of nylon was found to be higher than PC. However,
with the increase in shear rate the viscosity of nylon decreases
drastically and lowered as compared to nylon. The viscosity
behavior of rGO added systems (i.e. PNCs) increased as
compared to the neat blend and pure polymers. This increase in
viscosity is due to the incorporation of rGO, which restricted the
interlayer slippage and movement of polymer chains and
resultant increase in viscosity.62 Highest viscosity was observed
for NGP nanocomposite which can be ascribed to the homo-
geneous dispersion of rGO in both phases of nanocomposite.
The viscosity of PNG system closely follows NGP blend system,
but the viscosity was found to be lower as compared to NGP.
This may be due to the viscosity effect where the viscosity of
nylon is lower than the PC and during the fabrication of PNG
system. In this case rGO sheets migrated to the nylon phase and
dispersed properly under the high shear force owing to the
interaction between polyamide chains and its functional
groups. In addition, some of the rGO sheets might also disperse
or migrate to the PC phase during mixing due to the interaction
between PC and rGO which reduced the viscosity of PNG
system. However, when rGO was rst mixed with nylon and then
with PC phase, the rGO nanosheets remained in nylon phase
and induced higher viscosity of the system. In contrast, when
rGO was rst mixed with PC phase and then with nylon, the
interaction between PC and rGO restricted the migration of rGO
toward low viscous nylon phase and most of the rGO remained
in minor PC phase, this why viscosity of PGN system found to be
lower than NGP system. These results are in line with FTIR, XRD
and DSC analysis.
4.7 FESEM analysis

Micrographic aspects of the composites have been studied to
comprehend the change in the microstructure of the polymers
owing to the incorporation of nanoller in different mixing
sequence. Fig. 9(a) represents FESEM images of the fractured
surface of blend nanocomposites.58,59 Neat blend showed
22152 | RSC Adv., 2017, 7, 22145–22155
droplet morphology where the PC phase is dispersed in nylon
phase. Some ber-like morphology can also be observed onto
the fractured surface of the neat blend which may attribute to
melt compounding under high shear pressure. For the neat
blend, it can be seen that droplets are loosely held with nylon
matrix which is an indication of a weak interaction at the
interface between the same. The PNG system containing rGO
shows similar droplet morphology due to the aggregation of
rGO mainly in the PC phase and this can be observed in the
high magnication FESEM image of PNG (inset). But the little
increase in miscibility between the blend components for PNG
can also be observed due to the nanosizing effect of rGO. It has
believed that during the melt compounding rGO nanosheets
rst migrated to the nylon phase due to the lower viscosity of
nylon 66 however, interaction with PC phase retarded this
migration to nylon phase and so signicant amount of the
nanosheets trapped at the interface and prevented the easy pull
out of PC phase (shown in the inset of PNG) from nylon 66.
When rGO was rst added to PC phase and then with nylon,
rGO sheets were remained in PC phase due to strong interac-
tions among PC and rGO and higher viscosity of PC phase which
decreased the migration tendency of rGO (shown in the inset of
PGN). In the case of PGN, a weak interfacial adhesion at the
interface is very clear, which may be attributed to localization of
rGO in highly viscous PC phase and result phase separation.
The incorporation of rGO rst in nylon phase and then its
compounding with PC phase show better interfacial adhesion
which may be due to the uniform dispersion of rGO in both
nylon and PC (shown in the inset of NGP) phases. Fiber like
morphology (inset) can be observed for the NGP system which is
arises due to better interfacial compatibility at the interface of
the blend. In summary, we can say that due to viscosity lag
between nylon and PC; neat blend undergoes phase separation.
But the incorporation of rGO in nylon phase enhanced its
viscosity and during blending with PC phase, they have viscosity
matching which resulted in better compatibility and hence
droplet deformed as bers. However, the same situation is not
possible for the PNG and PGN and result in partial miscibility. A
schematic representation for the dispersion rGO and
morphology is showed in Fig. 9(b).
4.8 Mechanical testing

Fig. 10a–c represent the tensile strength, young modulus and
elongation at break of the pure polymer, blend and nano-
composites. The value of tensile strength, young modulus, and
elongation at break for pure polymers is closely similar to the
earlier reports.22,23,56 In the case of a pure blend, these three
mechanical parameters decreased emphatically as compared to
pure nylon 66 and polycarbonate which reveals a very poor
adhesion and a high degree of phase separation between the
same. Both PNG and PGN nanocomposites possessed higher
tensile strength, young modulus and elongation than pure
polymers and neat blend this is due to the bridging effect of rGO
on polymer matrices.61,62 This recommends an enhancement in
interfacial adhesion between polymer matrices which facilitate
proper stress transfer on each component of nanocomposites.
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) FESEM micrograph of PN, PNG, PGN and NGP at low magnification and inset shows the magnified image of marked sections. (b)
Schematic representation of selective dispersion of rGO in blend matrix.
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Thus, bridging effect improved both the strength and modulus
at interfaces of nanocomposites that need more energy to pull
out the nylon 66 phase from PC and result resists the fracture
and increased the tensile strength.61 Interestingly, the
This journal is © The Royal Society of Chemistry 2017
mechanical strength of PGN is lower than PNG which can be
attributed to the weaker adhesion at the interfaces of the same
which ultimately depends on mixing sequence of rGO as
mentioned in the previous sections.61,62 This result was further
RSC Adv., 2017, 7, 22145–22155 | 22153
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Fig. 10 Tensile modulus, Young modulus and elongation at break of the prepared nanocomposites along with pure polymers.
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supplemented by the swelling study where NGP shows the least
uptake of different solvents as compared to other composites
and therefore better stability in the case of NGP (ESI† le).

In summary, we can say that melt viscosity of nylon 66/
polycarbonates and mixing sequence of rGO played an impor-
tant role to dene miscibility and physical properties of studied
blend systems. Nanocomposite NGP showed outstanding
thermo-mechanical properties due to the homogeneous
dispersion of rGO into the matrices of nanocomposites. Such
dispersion of rGO attributed to the migration of excess rGO
from nylon 66 to PC phase when rGO rst mixed with nylon 66.
However, when rGO rst dispersed in polycarbonate and then
with nylon; so, due to the strong hydrogen bonding and p–p

interaction of rGO with PC, then their further migration into
nylon 66 is not possible and therefore aggregation of rGO in
a single blend partner. In the case of PNG, thermo-mechanical
properties found superior to PGN and inferior in comparison to
NGP and it may ascribe to partial distribution of rGO in polymer
matrices of blend system.
5. Conclusion

Nylon 66/polycarbonate based blend nanocomposites was
reinforced using few layered reduced graphene oxide (rGO)
nanoller. The incorporation of this nanoller to nylon 66/
polycarbonate provided an amazing increase in thermo-
mechanical properties of composites attributed to the
bridging and the nucleation effect of rGO nanosheets. The XRD
investigation revealed that crystal growth is less prominent in
22154 | RSC Adv., 2017, 7, 22145–22155
the case of composite NGP owing to the homogeneous distri-
bution of rGO in the both polymer matrices. However, crystal
growth in the case other composites are intense due to the
aggregation of rGO in selectively in polycarbonate phase. FTIR
analysis showing similar result and gives a strong support for
the existence of nonbonding interactions between poly-
carbonate, nylon 66 and rGO. FESEM analysis of a fractured
surface revealed better interfacial adhesion for the NGP system
due to the homogeneous dispersion of rGO and result in
superior mechanical strength in the case of NGP than other
fabricated blend systems. These investigations proved that
mixing sequence of rGO in nylon 66/polycarbonate blend
system can inuence the thermal and mechanical properties of
blend nanocomposites. Furthermore, thermal stability and
chemical inertness for all the blend nanocomposites was
boosted due to the addition of rGO in comparison to neat blend.
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