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Abstract

Polyurethane (PU) based composites were prepared by solvent casting techniques using different
wt. % (0-5 wt. %) of reduced graphene oxide (RGO) as reinforcement. Nanoindentation study
has been carried out on these composite sheets in order to investigate its nano-mechanical
properties. Incorporation of different wt. % RGO in PU matrix led to significant increase in the
hardness and elastic modulus of the composites. The maximum nanoindentation hardness of 140
MPa for 5.0 wt. % RGO loading was observed as compared to 58.5 MPa for pure PU (an overall
improvement of 139 %). The nanoindentation elastic modulus for 5.0 wt % RGO loaded sample
was 881.7 MPa as compared to 385.7 MPa for pure PU (an overall improvement of 129 %). The
enhancement in the nano-mechanical properties was correlated with spectroscopic and
microscopic investigations using Raman spectroscopy, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Due to their excellent nano-mechanical properties,
these composites find their usefulness in structural applications such as automobile and wind
mill blade industries. These composites can also be used in hard and scratch-less coating on

automotive vehicles. The experimental results were in good agreement with theoretical
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predictions.
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1. Introduction

The improved mechanical properties of polymer composites might be a key criterion for
the durability of these materials in tribological applications. The mechanical properties of
polymer composites are in these way important parameters in the tribological configuration
process. In the past few decades, the use of inorganic nanomaterials as reinforcements in the
preparation of conducting polymer/inorganic nanocomposites has attracted increasing interest
due to their unique properties and various potential applications in the automotive, aerospace,

. . . . . . . .. .1-
antistatic coatings, corrosion resistant coating, construction and electronic industries 3,

Now a days, stretchable (high strain to failure) conducting materials have received
increasing attention because of their attractive applications such as; smart clothing, flexible
displays, EMI shielding and electronic textiles*®. Shape memory polymers are in high demand
due to their stretchable and flexible behavior. Shape memory polymer materials that are used as
smart materials, the amount of recovery deformation are particularly large in shape memory
polymer and its practical application is widely expected’. Therefore, polyurethane (PU) is one of
8-10

the most adaptable thermoplastic elastomeric shape memory polymer materials

which consisting of linear segmented block copolymers composed of hard and soft segments'". Tt
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has many useful features, including elasticity, transparency, good abrasion resistance,
good chemical resistance, wear resistance, good weather resistance and besides it has good
mechanical propertieslz.

This work reports the preparation, characterization and measurement of the nano-
mechanical properties of PU composites with reduced graphene oxide and explains the structure
property connections of the resulting composites with a perspective to enhance its nano-

mechanical properties.

Carbon nanotubes (CNTs) are well known as an ultimate nanofiller to enhance the

13, 14 15 6
1 1

mechanica , electrical® and thermal properties'® of polymer composites. However, the
inherent bundling nature of CNTs, high cost, poor dispersibility and intrinsic impurities have
made them less attractive for practical applications'’. Very recently, the role of CNTSs in polymer
composites is strongly challenged by much cheaper graphene sheets, which have similar
properties like CNTs '®. This is due to the fact that synthesis of CNT is costly as compared to
graphene and CNTs have no functionality to make strong bonding with polymer matrix.
Therefore, to create some functionality in CNTs, functionalization is done. Reduced graphene
oxide (RGO) synthesized by chemical methods have large number of edge and basal plane

functional groups and these functional group can make strong bonding with polymer matrix to

enhance the mechanical properties of the polymer composites.

Two commonly known issues need to be considered in the formation of polymer
composites with strong mechanical performance. One is homogeneous dispersion of nanofillers
in polymeric matrix and other is a strong interface between nanofillers and polymeric matrix.
Therefore, RGO is appropriate nanofiller having oxygenated functional groups which provide

not only better dispersion but also provide active sites to form ideal interface between RGO and
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polymer matrix via strong chemical bonding. PU is a suitable polymer that can form strong
chemical bonding with RGO via reaction between isocyanate groups at the end of PU chains and

oxygenated groups on the RGO.

The focus of the present research is to fabricate RGO reinforced PU matrix composites
and to study the nano-mechanical properties by varying reinforcement loading. PU is one of
today’s most versatile industrial polymers which have been extensively used as surface coatings
for various substrates and RGO is able to make PU based scratchless surface coatings material

much stronger and more protective.

There are several reports on the graphene reinforced PU composites and only tensile
properties have been studied. Wang et al."” reported the mechanical properties of in-situ
polymerized PU with different wt. % of graphene nanosheets (GNS) and showed that the tensile
strength and Young’s modulus increased up to 239 % and 202 %, respectively with 2.0 wt. %
incorporation of GNS. Kim et al.’ reported a 10 fold increase in tensile stiffness of thermally
reduced graphene (TRG)-PU composites with 3.0 wt. % loading of TRG. Wu et al.*' showed that
by incorporating 2.5 wt. % hyper-branched aromatic polyamide functionalized graphene sheets
(HBA-GNS) in PU matrix the tensile strength got enhanced by 105 %. Moreover, these studies
do not discuss the nano-mechanical properties of these composites. Therefore, to the best of our
awareness, only one study by Cai et al.** discussed the only two parameters such as hardness and
elastic modulus but other several parameters which are important to determine the super hard
behavior, elastic plastic deformation, elastic recovery etc. did not discussed in their study.

Present work describes the synthesis of RGO, fabrication of composites using PU as a
polymer matrix and RGO as reinforcing material to study the nano-mechanical properties of

RGO-polyurethane composites. The effects of different weight % of RGO loading on the nano-
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mechanical parameters of the composites are also explored. The nano-mechanical parameters
estimated in the present study are; hardness (H), elastic modulus (E), plastic index parameter
(H/E), elastic recovery (ER), load displacement curve, ratio between residual displacement after
load removal and displacement at maximum load (hes/hmax) and plastic deformation energy.
These nano-mechanical properties were also correlated with the results of SEM and Raman

studies.

2. Experimental
2.1  Materials
The pure polyurethane resin thermoplastic LPR5725EG grade was purchased from

C.0.IM. LARIPUR with specific gravity of 1.23 gm/cc and softening point of 138°C.
2.2 Synthesis of graphene oxide (GO) and reduced graphene oxide (RGO)

In the present study, improved Hummer’s method®® was used for the oxidation of natural
graphite (99.9 % pure, -500 mesh powder) in the mixture of conc. H;SO4/H3PO,4 and shown in
scheme 1 (Step 1). The reason for selecting this method was its simpler protocol and no
evolution of toxic gas during preparation. The sol was stirred on a magnetic stirrer followed by
slow addition of KMnQO, to avoid any explosion24. Prior to the washing and filtration of the
material with ethanol, it was ultrasonicated for 8 h in ethanol (200 ml) to exfoliate graphite oxide
in to graphene oxide (GO) sheets. As prepared GO was then dried overnight in a vacuum oven at
120 C*.

Thermal-mediated method was used to reduce GO in which exfoliation of the stacked

structure occurs through the extrusion of carbon dioxide generated by heating of GO to 1050 C
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in a furnace**. Reduction process of GO left behind vacancies and topological defects throughout

the plane of the RGO plateletszi 26

which are useful for better interaction with polymer matrix.
2.3  Preparation of RGO-PU composites

Composites with different RGO loadings i.e. 0.1, 0.5, 1.0, 3.0 and 5.0 wt. % in PU were
prepared by solvent casting technique as shown in Scheme 1 (Step 2) and hereafter will be
designated as PRGO0.1, PRGO.5, PRG1, PRG3 and PRGS, respectively. A pure PU sample (0 %
RGO) was also prepared for comparison and will be designated as PRGO. The detailed process
for the synthesis of composites is already discussed in earlier study27 and given in scheme 2

which represents the coating of PU on the surface of RGO. The coating and bonding of PU with

RGO is further confirmed by TEM studies of RGO-PU composite film.

24  Characterization

Surface morphologies of GO, RGO and fractured surface of RGO-PU composite films
were investigated using SEM (Leo 440S, UK) and microstructural properties were examined
using HRTEM (Technai G20-stwin, 300 kV instrument). The XRD patterns were recorded using
a Bruker D8 Advance X-ray diffractometer in the diffraction (20) range of 10-70° (slit width of

0.1 mm) using the Cu Ka line (A = 1.5405 A) as radiation source.
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Scheme 1: (Step 1) Process for the synthesis of graphene oxide using improved Hummer’s

method and (Step 2) formation of RGO reinforced PU composites for nano-

mechanical and tensile properties measurements



RSC Advances Page 8 of 23

Raman studies of the GO, RGO and RGO-PU composite films were carried out using
Renishaw inVia Raman spectrometer, UK with an excitation source of 785 nm. The
nanoindentation study was carried out using IBIS-Nanoindentation (M/S Fisher-Cripps
Laboratories Pvt. Limited, Australia), equipped with Berkovich indenter and the other details are
given elsewhere % The analysis of the functional groups attached to the GO and RGO planes
were studied by FTIR (NICOLET 5700) techniques.

In order to make the samples for TEM studies, films were grinded to make it thin (~200
pm). Circular slice of 2.3 mm is cut using ultrasonic cutter. The slice is polished and dimple

grinded to make it electron transparent (~ 50 nm at centre).

Coating and intercalation
Of PU on RGO planes

i/

Dissolved PU

-E-w

Stretchable RGO-PU
composite film

Dissolved RGO

Scheme 2: Process for the synthesis formation of stretchable and flexible RGO reinforced

PU composites film



Page 9 of 23

RSC Advances

3. Results and discussion

3.1  Morphological and structural studies of GO and RGO

Morphology of GO and RGO was studied using scanning electron microscope (SEM) and
transmission electron microscope (TEM). Figure 1 (a) shows SEM micrograph of GO which
shows carpet or sheet like morphology. Large number of wrinkles is also seen on the surface and
these rough surface acts as defects. Figure 1 (b) shows SEM micrograph of GO after reduction
i.e. RGO. The micrograph clearly show high quality few layered graphene sheets which are thin,
crumpled and randomly aggregated sheets. Few single layer of graphene are seen as well and the
wrinkled structures also show a petal like morphology. Figure 1(c) shows low magnification
TEM micrograph in which large amount of graphene sheets are observed which are entangled
with each other and some wrinkles are also seen. Figure 1 (d) shows high magnification TEM
micrographs which resembles crumpled silk curtain wave like structure and some transparent
regions are also seen confirming the presence of monolayer graphene. HRTEM micrograph of
RGO (figure le) is also recorded and the magnified view of certain portion is shown in inset of
figure 1(e) which confirms the presence of hexagons in graphene sheet. EDX analysis of RGO
was carried out and the results are shown in figure 1 (f). The elemental composition is shown in
tables in the inset of figure 1 (f). The RGO contains ~25.83 % oxygen and ~72.77 % carbon. The
presence of oxygen may be due to the energetic defect sites on the edge and the basal planes of
graphene sheet. It is interesting to note that RGO contains some defect sites in the form of
oxygen, which is very useful for the strong interaction between RGO and organic polymer
matrix.

X-ray diffraction (XRD), Raman spectroscopy and FTIR spectroscopy were used to

investigate the chemical structure, composition, presence of graphitic structures and attachment
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of functional groups of GO and RGO. Figure 1 (g) and 1 (h) shows the comparison of Raman
and FTIR spectra, respectively of GO and RGO.

Graphite was oxidized chemically to produce GO. The Raman spectrum of GO shows
two peaks at 1597 cm™ and 1353 cm’ (figure 1 g) which are due to the G-band and D-band,
respectively. As it is a highly defective structure consisting of oxygen containing functional
groups intercalated between the graphitic layers thereby reducing the m- 7 interaction between
the layers and thus a flat 2D region (very low intensity) is observed.

The Raman spectrum of RGO (figure 1 g) shows G-band and D-band at 1588 cm™ and
1350 cm™, respectively. The 2D band is important for the estimation of number of layers in
graphene. A sharp peak at 2700 cm™ (2D region) of intensity greater than four times of G-band
intensity represents a single layer graphene29 while a modulated bump at 2D band shows few
layer graphene. Thus, a significant change occurs in the shape and intensity of the 2D peak of
graphene compared to bulk graphite30.

The FTIR spectrum of GO (figure 1 h) shows a broad band at 3426 cm™ in the high
frequency area corresponding to the stretching vibration of -OH groups of water molecules
adsorbed on graphene oxide.

XRD is important tool for both structural and compositional studies. The intensity and
broadening of the peak at 20 value of 26° corresponding to the (002) planes is very important to
study the structure of a graphitic material by XRD techniqueSO. Oxidation of graphite causes
shifting in peak position from 26  to near 10" and discussed in details in the supplementary

information (figure S1 and S2).
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Figure 1: SEM micrograph of GO (a) and RGO (b), TEM micrographs of RGO at low
magnification (c) and high magnification (d), HRTEM micrograph (e) and EDX

spectra (f) of RGO, respectively. Raman spectra (g) and FTIR spectra (h) of
GO and RGO, respectively.
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Therefore, it can be concluded that the sample has strong hydrophilicity, while the presence of
two absorption bands observed in the medium frequency area, at 1615 cm™ and 1720 cm™ can be
attributed to the stretching vibration of C=C and C=0 of carboxylic acid and carbonyl groups,
respectively present at the edges of graphene oxide. Finally, the absorption bands at 1148 cm™
and 1028 cm™ are correspond to the stretching vibration of C-OH of alcohol and C-O of C-O-C
in epoxide, respectively. The presence of these oxygen containing groups reveals that the

graphite has been oxidized.

Upon reduction of GO to RGO, the broad band of hydroxyl group remains the same, the
C=0 band disappears and new bands at 2930 cm” and 2850 cm™ arise representing the
symmetric and anti-symmetric C-H stretching vibrations of the methylene group and the phenol

C=C ring stretching at 1578 cm™ was present (figure 1 h).
3.2  Nano-mechanical properties determined by nanoindentation

Nanoindentation properties are discussed in a previous study >’ where acid modified
MWCNTs was used to enhance these properties of PU composites. Herein, different wt. % (0,
0.1, 0.5, 1, 3 and 5 wt. %) of RGO in PU matrix has been used and very significant changes in
the mechanical properties have been observed. The theory and equations related to the
nanoindentation properties have been already discussed earlier *’. Mechanical properties such as
hardness (H), elastic modulus (E), elastic recovery (% ER) and load displacement curves were
determined by nanoindenter test. The load versus displacement curves at minimum indentation
load of 1 mN for PRGO, PRGO.1, PRG0.5, PRG1, PRG3 and PRG5 composites have been
studied and are shown in the figure 2 (a-f), respectively. These load displacement curves show

the recovery of the composite films after load removal. Load versus displacement curves are
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further used to estimate the several other elastic and plastic properties of these composites.
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Figure 2:

PRGI1, (e) PRG3 and (f) PRGS at 1 mN load

Load versus displacement curves of (a) PRG0, (b) PRGO.1, (c) PRGO.5, (d)

It has been reported in the previous studies that indentation hardness and other related

mechanical properties depend upon the substrate and nature of the film °'. In the present study,

self-supporting free standing RGO-PU composite sheets have been prepared which avoid the
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substrate effect on the mechanical properties.

From figure 3, it is observed that the value of hardness increases with increase in the
amount of RGO. The value of hardness for pure PU sample (PRGO) was 58.5 MPa which
increased to 140 MPa for PRGS. Similarly the elastic modulus increased from 385.7 MPa for
PRGO to 881.7 MPa for PRGS. Thus, an overall improvement of 139 % in the hardness and 129
% 1in the elastic modulus was achieved with RGO reinforcement.

This enhancement in the hardness and elastic modulus of RGO reinforced PU composites could

be due to the presence of a strong interaction and bonding between the functional groups of RGO

and the PU chains.
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Figure 3: Variation of hardness and elastic modulus at 1 mN indentation load

The strong interaction between RGO and PU is confirmed by SEM studies of fractured
surfaces of RGO-PU composites as shown in figure 4. From figure 4 (a, b) for PRG0.5 and

figure 4 (c, d) for PRG1 at different magnifications, it can be seen that RGO remains properly
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embedded in PU matrix after fracture because large amount of functional groups are attached on
the edge and basal planes of RGO which makes strong hydrogen bonding with PU chains. The
increase in hardness of the polymer composites with increase in the amount of RGO is due to
strong interaction between them. In order to further investigate the interaction and bonding
between RGO and PU composites; Raman spectroscopic analysis of RGO, PU and RGO-PU
composites has been carried out. The results are interpreted based on changes in Raman shift (as
shown in figure 5). Raman shift can provide insight into dispersion and interaction of RGO in

PU matrix'® ¥ %,

W0pm Mag=1D0KX

10 - Mag=100 K Xg : 1W0pum  Mog=3.00 KX
o — e T h

Figure 4: SEM micrograph of the fractured surface of (a, b) PRGO0.5 and (c, d) PRGI,

respectively

Figure 5 (a) shows the Raman spectrum of PRGO (pure PU). The peak positions are

already discussed in previous study *7 After addition of RGO, the intensity of Raman peaks of
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pure PU starts decreasing and finally disappears for higher loading in the case of PRG3 and
PRGS (figure 5 b), which shows that RGO dominates over PU. The shifting of the Raman peak
of carbonyl group of PU towards left side i.e. lower value in RGO-PU composites shows

interaction between RGO and PU chain.
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Figure 5: Raman spectra of (a) PRGO, (b) PRG0.1, PRG0.5, PRG1, PRG3 and PRGS, (c)
magnified view of Raman shift and (d) variation in Raman shift with RGO loading
of different composites

Figure 5 (c) shows magnified view of the shifting in Raman peak of RGO-PU composites
and the changes in the Raman shift is shown in figure 5 (d). The band at 1611 cm™ for carbonyl

group of pure PU shifts from 1611-1609 cm™ in PRGO.1 to 1611-1607 cm™ in PRGO0.5 and
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1611-1603 cm™ in PRG1. The total shift of 8 cm™ in the Raman peak shows the good dispersion
and interaction between functional groups of RGO and PU chain 271t was not possible to
observe the peak position of PU in PRG3 and PRGS5 samples because of dominance of RGO in
the Raman spectrum.

Figure 6 shows the TEM micrographs of 1 wt. % RGO-PU composite films. Figure 6 (a)
shows that RGO is dispersed uniformly in the PU matrix and are surrounded by the PU matrix
(shown by yellow dashed circles). Figure 6 (b) shows that the RGO is encapsulated in the
polymer matrix and there is a strong interaction at the surface of the RGO and polymer because
RGO appeared thickly coated. Presence of graphene planes is clearly seen and marked in the

figure 6 (b).

Figure 6: TEM micrograph of (a) RGO embedded in the PU matrix for PRGI and (b)
coating of PU on RGO plane is clearly seen.

In addition to hardness and elastic modulus, the wear resistant is also a very important
parameter in determining the quality of the composites. Plastic resistance parameter (H/E)

explains not only the elastic-plastic properties but also gives the information about wear
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resistance.

The variation of H/E at 1 mN load for various RGO-PU composites is shown in figure 7.
The value of H/E is 0.158 for PRGS and is 0.151 for pure PU (PRGO). The higher value of H/E
in PRGS reveals that the material can be useful for wear resistant coatings because hardness also

increases with increase in elastic modulus.

Figure 7: Plastic resistance parameter (H/E) at 1 mN indentation load

Load versus displacement curves are used to calculate the elastic recovery (ER). Since,
there is a competition between elastic and plastic deformation under the load, the values of ER
varies in the range of 58.0 % to 67.5 % for different composites (as shown in figure 8 (a)). Soft
polymer composites show plastic deformation to some extent due to surface penetration by sharp
indenter. There is a slight difference in the ER values of PRGO and PRGS5 and polymer
composites recover after the load removal. The h;es/hyax curves for various composites are shown

in figure 8 (b). The behavior is similar to that of ER. The value of this parameter should vary
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between 0 and 1 in which lower limit corresponds to the fully elastic behavior and upper limit
corresponds to rigid plastic behavior. Results in the present investigation vary between 0.32 and
0.42 which indicates fully elastic behavior of these composites at 1 mN load. These observed

results are in good agreement with ER results.

T T T T T T
PRGO PRGO4 PRGOS PRGH PRG3 PRGS

Composite Films

Figure §: Variation of (a) % elastic recovery (% ER) and (b) h,cs/hyqx with RGO loading

at 1 mN indentation load

Contact stiffness (dP/dh)n.x 1s related to elastic and elastic-plastic properties of RGO-PU
composites. Stiffness is defined as resistance offered by elastic body to deform under load. The
variation of contact stiffness for different composites is shown in figure 9 (a). It is evident from
the figure that the composite PRGS exhibits maximum stiffness. The value of stiffness for PRGO
is 1.38 x 10° N/m which increases to 2.75 x 10° N/m for PRG5. Thus, an overall improvement of
~99 % in stiffness is observed. Observed value of stiffness is in good agreement with the results
of hardness and elastic modulus.

Hardness (H) strongly depends on the presence of nano- to microstructural defect in the

network, and it is related to the bonding between the atoms and to the ability of the bonds to
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withstand deformation stemming from compression, extension, bending, or breaking, whereas E
depends on the slope of harmonic interatomic potential. The H versus E behavior of RGO-PU
composites is shown in figure 9 (b). Generally, H varies linearly with respect to E and follow the
relation H = (1/10) E. As seen in the beginning follow linear path, but for increased loading of
RGO their linear path deviates and shows H > (1/10) E behavior. Thus, one can see that instead
of the conventional linear behavior (represented by red dashed line in the figure 9 (b)), these
composites exhibit super-linear behavior (represented by dark line) after certain loading of RGO,

which is due to increased toughness of the structures.
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Figure 9:  (a) Variation of stiffness with RGO loading and (b) linear behavior of H-E curve
for different type of RGO-PU composites

The elastic and plastic properties of these RGO-PU composites in terms of plastic
deformation energy (U;) have also been calculated. The theory and equation of deformation
423

energy is already discusse

The variation of U, for different loading of RGO in PU composites is shown in figure 10. It is to
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be noted that U; is inversely proportional to the hardness (H) 21U, results follow the said
statement. The minimum value of U, is 3.61 x 107'° J at 1 mN load for PRGS5. The results of U,

are also in good agreement with the results of Hardness.
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Figure 10:  Deformation energy (U,) of different RGO-PU composites
These RGO-PU composites can also be used as shape memory polymer composites as

polyurethane has been previously used by several researchers™>’.

Conclusion

RGO-PU composites have been fabricated by solvent casting technique and significant
enhancement in mechanical properties is observed. An overall enhancement of 139 % in the
hardness, 129 % in elastic modulus, respectively were observed in nanoindentation tests.
Addition of RGO into the PU matrix not only reduced the deformation energy considerably but
also improved the stiffness and other mechanical parameters significantly. The fractured surface

of these composites (SEM) clearly revealed the strong interaction of RGO with PU chain. This



RSC Advances Page 22 of 23

strong interaction was also confirmed by Raman studies of RGO-PU composites by the
significant shifting in Raman peaks. The strong interaction between RGO and PU and the
presence of graphene planes were also confirmed by TEM studies of RGO-PU composite films.
These composites can find industrial applications as hard and scratchless coating in automobile

industry.
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