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*e synthesis and characterization of waterborne polyurethane-based oxidized graphite- (WPUG-) reinforced composites is
disclosed. *e morphology-structure relations of WPUG composites are studied using field emission scanning electron mi-
croscopy (FESEM) and Fourier transform infrared (FTIR) spectroscopy. Prior to this, it is confirmed that, in the WPUG
composites, the graphite particles containing functional groups such as hydroxyl and carboxylic groups are randomly distributed
and attributed to the formation of interconnected interface within the polymeric composites. *is promotes enhancement in
modulus and tensile strength up to ∼440% and ∼100%, respectively. Significantly, these results were correlated with viscoelastic
properties in which the composites show positive response to graphite addition. Further studies in optical properties consequently
attribute decreasing values in optical energy band gap (Eg) which afterwards took the leads to electrical conductivity (σ). Aptly, the
compositesWPUG20,WPUG25, andWPUG30 were found to possess favorable electrical conductivity through the two-point probe
method. *is revealed the improvement in electrical properties with promising potential as alternative petroleum-based
composites to generate energy from the renewable resources and also apply greener ways for energy consumption.

1. Introduction

Demand and necessity for sustainability, cost reductions,
environmental issues, and competitive properties are the
bases for the development of new class polymer-based bio-
materials. *e utilization of raw biomaterials should meet the
7th principle of 12 Principles of Green Chemistry [1]. Ap-
propriately, only by applying all these principles, one can
achieve a truly sustainable process. Because of the universal
availability, inherent biodegradability, and low price of veg-
etable oils, they have now become an area of intensive interest
for both academic and industrial research as a chemical
platform for polymeric materials. Particular attention has
been paid to investigate the suitability of vegetable oil-based
polymers (VOBPs) as future biomaterials. Polymers from

renewable resources, either insulating or conducting, hold a
key of interest based on their chain fundamentals. *erefore,
in order to maximize their usage, modification through ad-
dition of specific additives as filler is needed. Inspired by the
findings in [2], carbon-based composites, such as carbon
black (CB) [3, 4], carbon nanotubes [5–7], activated carbon
[8, 9], and graphene [10, 11], have attracted attention due to
their excellent mechanical, thermal, and electrical properties
which make them excellent candidates for multidisciplinary
area.

*e homogeneous dispersion of nanotubes in polymer
matrix, without terminating their reliability, has been
considered as a vital factor for efficient utilization of these
nanofillers in nanocomposite applications. *e inter-
connected interface of the composites is dependent on the
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intensity of signals such as C-O or N-H due to the changing
matrix-filler interactions [12, 13]. Most prominent charac-
teristics that are affected due to reinforcement are the
mechanical properties of the polymermatrix. Previously, Cai
et al. had fabricated an impregnation of epoxy resin with
porous graphene nanoplatelet (GnP) paper composites with
one-layer (0.15mm thick) and 15-layer (5.43mm thick)
graphene composites [14]. *e results demonstrated that the
15-layer graphene composite had better material properties
than the 1-layer graphene composites through both tensile
and dynamic mechanical analysis (DMA) tests. By itself, the
storage modulus of a 15-layer graphene composite was 170%
higher than that of neat epoxy, while the transverse surface
of the composite exhibited a higher elastic modulus but
lower hardness than the top surface. Furthermore, other
researchers found that by the addition of 2 wt.% of multi-
walled carbon nanotubes (MWCNTs) into polyurethane, the
tensile elastic modulus increased up to 100%, whilst the
storage modulus and the glass transition temperature, Tg,
through DMA are not highly affected by the addition [15].
However, Strankowski and his college recorded the highest
tensile strength at 0.5 wt.% of reduced graphene oxide
(RGO) in the polyurethane matrix, 2.95 kPa with 457% of
elongation at break [16]. It is also noted that both hardness
and the storage modulus were improved, which causes
shifted values in Tg.

On the contrary, the optical measurements constitute the
most important means of defining the optically induced
transitions, band gap energy, and band structure of the
materials [17, 18]. Zhou and his colleagues prepared high
thermal conducting expandable graphite-filled polyamide 6
(LTEG-PA6) composites via low temperature in situ exfoli-
ation process [19]. *e thermal conductivity of the LTEG-
PA6 composite reached 21.05Wm−1·K−1 at its maximumfiller
loading of 60wt.% whereby this conductivity was approxi-
mately 72 times higher than that of the virgin PA6. Other
researchers described bipolar plates consisting of synthetic
graphite and milled carbon fibers as conductive filler and
epoxy as a polymer matrix [20]. Likewise, the composite
containing 2 wt.% carbon fiber (CF) with 80 wt.% filler
loading obtained the highest electrical conductivity 50.34 S/
cm for the through-plane conductivity and 69.8 S/cm for the
in-plane conductivity. Interestingly, these values are 30%
greater than the electrical conductivity values of a typical
graphite/epoxy composite with 80 wt.% filler loading, which
are 53 S/cm for the in-plane conductivity and 40 S/cm for the
through-plane conductivity. Moreover, it was found the
critical electrical percolation threshold for the ternary con-
ductive polymer composites decreased more than 8 times
lower than the single phase systems [21].

In this research, waterborne polyurethane-based
graphite-reinforced composites were proposed as “green”
conductive polymer composites. *e influence of the
graphite particles towards the waterborne polyurethane
properties was investigated. Strong interconnected particles
between graphite particles and waterborne polyurethane
matrix are evident to physical, mechanical, optical energy
band gap, and electrical properties of the WPUG com-
posites. *e improvement in their properties were marginal;

however, the positive responses of the composites especially
towards optical energy band gap of waterborne polyurethane
and its consequent composites with addition of graphite
particles have not been disclosed elsewhere. Due to this, the
basic properties of segmented waterborne polyurethane
composites such as their functional fingerprints, mechanical,
the phenomena underlying their conductivity, and the ways
to tailor their properties are discussed.

2. Experimental

2.1. Materials. *e required main raw materials for wa-
terborne polyurethane-based graphite-reinforced (WPUG)
composite preparation are graphite flakes, waterborne
monourethane and cross-linker, and methylene diphenyl
diisocyanate (MDI). For this, the graphite flakes of irregular
shapes with an average size of ∼20 μm (Product No. 282863)
used is supplied by May & Baker Ltd., England, whist the
MDI is from ALDRICH (CAS number 101-68-8). Virgin
cooking oil (VCO) was used as waterborne monourethane
preparation, in addition to all other chemicals and reagents
for the acid-catalyst preparation, and is from SYSTERM
ChemAR.

2.2. Preparation of Graphite. In this manner, the flake
graphite mixture (with sulfuric acid, H2SO4) was placed into
a flask in the ultrasonic cleaning bath at room temperature
and sonicated for 60minutes. After the sonication, the
presence of yellow solution indicated a high oxidation of
graphite. Furthermore, the precipitate of graphite mixture
was collected and washed to neutrality with water (con-
firmed via pH paper), which later being dehydrated and
dried in an oven. *is method has been adopted from the
previous work [22–24], whereas the chemical equation of the
prepared graphite is illustrated in the following equation:

n (graphite) + nH2SO4 +
n

2
[O]

⟶ n graphite · HSO4  +
n

2H2O

(1)

where O is the oxidant, graphite. HSO4 stands for the
graphite intercalation compounds (GICs), and the stage
number n designates the number of graphene layers that
separate the adjacent intercalate layers. *ese results suggest
a morphological view and the oxygen-containing functional
groups (carboxylic and hydroxyl) formation verified by the
Fourier transform infrared spectroscopy (FTIR) analysis as
shown in Figure 1. According to the FTIR spectra, the
present graphite particles show multiple signs of oxygen-
derived species. *ese functional groups (carboxylic and
hydroxyl) in graphite would enhance the interconnected
particles within the waterborne polymer matrix [26, 27].

2.3. Preparation of Waterborne Polyurethane. *e starting
waterborne monourethane conversion begins with several
steps using virgin cooking oil (VCO) which has been
chemically manipulated at laboratory scale using less than 1
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L/run of cooking oil as asserted in the Intellectual Property
Protection PI 201000633; 2010/PT/TMI/PTA1.81/APP/
0479/PCG in December 2010, “Versatile Polymer *in
Films from Renewable Resources.” *e process was per-
formed in two steps: the first step is the preparation of in-
house catalyst to generate the epoxides from the unsaturated
fatty compounds and the second step is the acid-catalysed
ring opening of the epoxides to form polyols. Moreover, for
the in-house catalyst preparation, 0.6mL of distilled water
and 1.26mL hydrogen peroxide (30%w/w) were added and
the solution was heated at 50°C and stirred (for about
30minutes). Subsequently, the solution was let to sit at room
temperature, and later on, a concentration of aqueous
orthophosphoric acid (90mg, 85%w/w) (1.2mL) was
poured in. Virgin cooking oil of 30 gm in weight was heated
at 50°C, and the in-house catalyst prepared earlier was
added, followed by 50mL of water. Furthermore, ortho-
phosphoric acid (15 gm, 85%w/w) and hydrogen peroxide
(18mL, 30%w/w) were added dropwise into the mixture.
Next, the mixture was heated up to 90°C and stirred for
6 hours until the double layers of mixture were observable,
and this noticeably yielded the waterborne polyurethane.

2.4. PreparationofWaterbornePolyurethane-BasedGraphite-
Reinforced Composites. *e waterborne monourethane
from the previous section was admixed with methylene
diphenyl diisocyanate (MDI) and solvent to form water-
borne polyurethane based on the ratio in Table 1. *e
mixture was stirred using a mechanical stirrer at the opti-
mum condition of 50°C until a compound with high vis-
cosity was achieved [28, 29]. *e mixture was then been
spread onto a Teflon sheet through the slip casting method
and left to cure at ambient temperature for at least 6 hours so
as to ensure a complete removal of solvent traces. Soon as it
dried, the resulting films were peeled off. Micrometer and

optical microscope images are employed to measure the
thickness of the sample at particular points ranging ∼0.1mm
in accordance with ASTM D1005-95. Likewise, the above
fabrication steps of waterborne polyurethane composites
with different ratios of graphite are shown in Figure 2.

2.5. Characterization. *e morphology-structure of cross
section and surface images were observed through the dield
emission scanning electron microscopy (FESEM) model
JEOL JSM-7600F. *e prepared samples of dimension
∼2mm∗ 2mm∗ 0.1mm were firstly coated with a thin layer
of gold (Au) by using a sputter coating on a specimen holder
and further imaged by FESEM at 15 kV.

Fourier transform infrared (FTIR) is one of the most
powerful tools for identifying the types of chemical bonds
(functional groups) when being analyzed by infrared light.
In this application, PerkinElmer spectrometer (Spectrum
100) Universal ATR (attenuated total reflection) was used.
*e samples were cut into small pieces (10×10× 0.1mm)
and tested in the range of 600 to 4000 cm−1, collecting 32
scans with 4 cm−1 resolution.

*e tensile test was measured by using the universal
testing machine (LLOYD Instruments LR30K) to obtain
tensile strength, modulus, and elongation at break of a
material according to ASTMD882.*e tensile machine with
a load range of 20N, cross head speed of 500mm·min−1,
gauge length of 100mm, and efficiency within ±1% was
implied. Aminimum of prepared five samples were analyzed
at room temperature in order to obtain an average result.

Dynamic mechanical analysis (DMA) Q800 was used to
determine the viscoelastic properties of the waterborne
polyurethane-based graphite-reinforced composites. Prac-
tically, all samples were cut to range between 5 and 6.5mm
in width and 20–30mm in length according to the mea-
surement board for tension film clamp test fixture. *e
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Figure 1: *e structure of the present graphite through (a) FTIR of 500–4000 cm−1 region with comparative (b) FTIR from previous
research [25] and (c) the optical morphology view at 50x of magnifications.
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thickness of each sample was recorded. *e film tension test
was also conducted with initial room temperature at 30°C
and heated at 3°C/min up to 120°C. *e samples were tested
with a single frequency oscillation of 1Hz and amplitude of
20 μm using a dynamic force. Further storage modulus for
each testing was calculated as a function of increasing
temperature using thermal analysis software including the
DMA apparatus. Moreover, the cross-link density (Ve) of a
cross-linked polymer can be determined from the rubbery
modulus by using the following equation, based on the
rubber elasticity:

E′ � 3VeRT, (2)

where E′ is the storage modulus in the rubbery plateau
above Tg(ca.Tg ± 10°C � T), R is the gas constant
(8.314 JK−1·mol−1), and T is the temperature in Kelvin.

Following this, the absorbance or reflectance spectros-
copy was referred by using the Shimadzu UV-1800UV
Spectrophotometer over the wavelength range of 200–
600 nm with a 1 nm resolution according to ASTM E275-08.

*e two-point probe method measures the resistance
between two electrodes. As in this work, the current-voltage
characteristic measurements of the WPUG composites were
carried out using the Keithley 6517A electrometer and
carefully measured the width (w), electrode distance (L),
and film thickness (t). Incoherent from the slopes of the
current-voltage (I-V) characteristics, resistance (R) was
determined. *erefore, electrical resistivity, ρ, and con-
ductivity, σ, were calculated based on the following equation:

ρ � σ − 1 Rt
w

L
 . (3)

3. Results and Discussion

3.1. Morphology and Structural Study. Surface morphology
views of waterborne polyurethane-based graphite-reinforced
composites through FESEM are shown in Figure 3. *e pure
waterborne polyurethane exhibits smooth surface (above)
without any particles and pores, which is also observed from
cross-sectional image (below). However, when graphite
particles were incorporated into waterborne polyurethane, the
composites exhibits rough surface images. As the concen-
tration increases, more graphite particles were aggregated and
form bigger agglomeration. It is said that the graphite is not a
single-layer structure but rather consists of a few layers or
stacks of graphite flakes [30]. Later, formations of graphite
pathways in the polymer host are revealed. *e high content
of graphite will form a number of hopping channels that are
considered as alternative paths for electrical transportations
[6], thus driving electron conductive properties of the
graphite. *is phenomenon will be discussed in the following
section. Regardless of graphite particles randomly distributed
and randomly oriented, the morphological structure of
WPUG composites visibly remarks a good dispersion state of
graphite within the waterborne polyurethane matrix and a
strong interaction between graphite filler with the polymer
host. *is improved interfacial bonding in the composites
could be ascribed to two effects: (i) strong π–π interaction
between the sheet and the backbone of the polymer chains
and (ii) the compatibility and covalent reaction between the
epoxy matrix and the polymer chain grafted on the graphite
particles [31–33].

*e addition of graphite particles not only contributes to
dense morphological structure of the composites but also

Waterborne polyurethane-based 
graphite-reinforced composites

Graphite 
dispersion

Solvent evaporation

Casting method

Polymer solution
(waterborne monourethane + MDI + toluene)

Figure 2: Schematic diagram of waterborne polyurethane-based graphite-reinforced composites.

Table 1: Sample preparation of waterborne polyurethane composites with different ratios of graphite weight loading (%).

Sample Components Weight ratio Weight percent (wt/wt.%)
WPUG0 Monomer/MDI/graphite 2/1/0 0
WPUG5 Monomer/MDI/graphite 2/1/0.1 5
WPUG10 Monomer/MDI/graphite 2/1/0.2 10
WPUG15 Monomer/MDI/graphite 2/1/0.3 15
WPUG20 Monomer/MDI/graphite 2/1/0.4 20
WPUG25 Monomer/MDI/graphite 2/1/0.5 25
WPUG30 Monomer/MDI/graphite 2/1/0.6 30
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increases the density as well as decreases the moisture
content of the system as shown in Figure 4.

*e results demonstrate that the composite density is in
the range of 0.905–0.935 g/cm3, where it is still lightweight,
less dense than water (1 g/cm3). Meanwhile, the decreasing
of moisture content at a range of 0.44–0.39% is needed as the
WPUG composites predicted to conduct electricity. *e low
moisture content at higher graphite particle loading that is
more stagnant hints that the internal friction of the com-
posites was reduced [34] compared to its counterpart.

Most apparent bands in pure waterborne polyurethane
also occur in modified waterborne polyurethane composites.
It confirms that the achieved waterborne polyurethane-
based graphite-reinforced composite system has their
characteristic signals from the existing chemical groups and
additives as shown in Figure 5. Most important fact of the
composites is the lack of isocyanate band at 2275 cm−1,
which indicate all NCO groups from MDI have been suc-
cessfully bonded together to form urethane groups con-
taining N-H (3340 cm−1), C�O (1730 cm−1), and C-O-C
(1140–1180 cm−1) with C-N (1240 cm−1) signals. Forma-
tion of ester and ether as strong peaks at 1100–1200 cm−1
was observed. *e ester group was located along with the
fatty acid chains and urethane, in contrast with the ether
group which produced in the vicinity of the side chain [35].

*is ether group specifically known as the methoxy group,
which was based from methanol, was used during the ring-
opening step in producing waterborne monourethane.

WPUG WPUG5
WPUG10 WPUG15

WPUG20 WPUG25 WPUG30

Figure 3: FESEM morphology of waterborne polyurethane-based graphite-reinforced composites.
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Another peak that is observable in the spectra is the
stretching vibration of the hydroxyl group at 3200 cm−1,
which is from water molecule due to hygroscopicity of
graphite, graphite oxide (GO), and treated graphite [36]. In
addition, the casting mixtures were solvent free and produced
waterborne polyurethane sheets that reflected the origin color
of the polyol/waterborne monourethane. In addition, this
waterborne polyurethane-based graphite-reinforced com-
posite is well known for its two phase microstructure con-
taining soft and hard segments arranged alternately. *us, to
further investigate the phase existing in the waterborne
polyurethane-based graphite-reinforced composites, one
needs to determine the consequent degree of phase separation
(DPS). It is described that the phase separation is the sharing
of a hard segment with bounded hydrogen bonds. *e hy-
drogen bonding in the waterborne polyurethane-based
graphite-reinforced composites is present in the IR spectra
of the three functional groups: N–H (3500–3200 cm−1), C�O
(1800–1600 cm−1), and C–O–C (1200–1000 cm−1). In these
three functional groups, N–H supplies the proton, whilst
C�O and C–O–C supply the lone-pair electron.

As a result, two types of hydrogen bonds, N–H/O–C and
N–H/O�C, could be formed in the composites. *eoreti-
cally, the hydrogen bond of N-H/O�C mostly exists in the
hard segments, contrary to the free carbonyl groups which
are present in the soft segments. Nevertheless, the degree of
phase separation in the composites could be related to the
relative intensity of these two types of C�O in the FTIR
spectra.*e degree of phase separation (DPS) [35–37] can be
calculated by using the following equation:

DPS �
R

(R + 1)
, (4)

where R represents the carbonyl hydrogen bonding index
(A1701/A1736). *e DPS caused by each of the hydrogen
bonds are favored in all the prepared PG samples, where
WPUG0 � 70.9%, WPUG5 � 79.4%, WPUG10 � 80.6%,
WPUG15 � 85.9%, WPUG20 � 68.1%, WPUG25 � 87.6%, and
WPUG30 � 89.7%. Based on the previous work, Vega-
baudrit and his collogues [38] proposed that the sample
with the highest DPS ratio, which has the highest hard
segment content, thus promote highest values in the storage
and loss modules and an increase in temperature and
modulus of softening due to mixture of phases. *e result
clearly shows that R and DPS values increase with the rel-
ative weight percent of graphite particles in the composite.
*ese mean that the main interactions are established in
waterborne polyurethane with graphite particles corre-
sponding to soft segment-soft segment, which affects the
association-dissociation equilibrium of hydrogen bonding.

3.2. Tensile Behavior. *e mechanical behavior through the
tensile test of waterborne polyurethane-based graphite-
reinforced composites is highly corresponding to the ma-
terials intrinsic properties, quantity, degree of dispersion,
polymer matrix properties, and the interaction between
graphite content and polymer matrix. Such properties such
as tensile strength and of waterborne polyurethane matrix
are predicted to be improved with the addition of graphite
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Figure 5: FTIR spectra at the region of 4000–500 cm−1 of waterborne polyurethane-based graphite-reinforced composites.
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particles. As shown, Figure 6 demonstrates the elastic
modulus, tensile strength, and elongation at break properties
of waterborne polyurethane-based graphite-reinforced
composites with respect to carbonyl hydrogen index, R,
and subsequent DPS. *e phase separation in segmented
polymer is interpreted as the incompatibility between the
soft and the hard segments which tailors the mechanical
properties of the composites.

Clearly, both elastic modulus (Figure 6(a)) and the
tensile strength (Figure 6(b)) of the waterborne
polyurethane-based graphite-reinforced composites por-
trayed an increasing pattern due to the increase of graphite
particle loading into the polymer matrix. A fluctuate value at
low loading of graphite was observed where R and DPS are
low. Eventually, as R and DPS values increased, the matrix
achieved mechanical percolation threshold on WPUG20
composites for both systems. It is about 440% of increment
in the elastic modulus value where the initial WPU at 27
MPa leads to a dramatic improvement with the addition of
graphite to a maximum of 146 MPa for WPUG30 com-
posites. Furthermore, the tensile strength also revealed an
increment of about 100% of the matrix. As the graphite
particles increase, the strength increases from 3.5MPa up to
maximum 6.5MPa. *is can be assigned to the load dis-
tribution efficiently throughout the graphite particles and
the matrix [39] as a result of the increment of carbonyl
hydrogen index and phase separation of soft and hard
segments. *e inclusion of graphite particles led to strong
intermolecular interactions between the waterborne poly-
mer groups and the surface functional groups of the
graphite, such as -OH and –COOH, thereby increasing the
critical energy release and fracture toughness values. *us,
this waterborne polyurethane-based graphite-reinforced
composite obeys the rule of mixtures in which any in-
crement in filler loading will increase the modulus of the
polymer composite [40, 41].

Additionally, a similar pattern for elastic modulus has also
been observed for nanographite platelets (NGPs) reinforced
polylactide (PLA) [42]. However, as a result of addition of NGP
contents in neat PLA, tensile strength of the system gradually
decreased.*is conditionmight be due to the presence of weak
regions in the matrix-graphite system where loops in several
chains are in close proximity but do not interconnect with one
another. Cai et al. [37] proposed that the graphite and its
constituent perform two roles in conjunction with the mor-
phology of the polymer-based PU: (1) the chemical cross-linker
for isocyanate-terminated PU and (2) the destroyer of the
crystalline hard segment. *ese characteristics affect the me-
chanical properties of the PU in opposite ways. One can predict
that the strength of the composites would increase up to a
maximum point where it achieved the strength of the filler
itself. Moreover, with the increment of graphite particles,
waterborne polyurethane-based graphite-reinforced compos-
ites exhibit a classical brittle fracture, in which they do not
reveal a notable yield phenomenon before its fracture.

In spite of that, the elongation at break or break dis-
placement of waterborne polyurethane-based graphite-
reinforced composites present a declined order with in-
creasing of graphite particles as indicated in Figure 6(c). It is

about ∼50% decrement from origin to WPUG20 composites
and another dropped of ∼50% at WPUG25 composites. *e
graphite particles create a discontinuity of waterborne
polyurethane in polymer matrix in which they promote a
stress concentration phenomenon and stiffening effect.

As the system at an unstrained state, the polymeric
chains are highly coiled with random dispersion. Most of the
soft segment comprised ether group where C–O bond is
easier to rotate and attributes to the molecular flexibility.
However, as the waterborne polyurethane-based graphite-
reinforced composites underwent strain, the soft segment
disentangled and straightened in conjunction with addition
of graphite particles. Additional elongation diminishes the
intrinsic cohesive energy, and structures of soft and hard
segments reoriented normal to the applied stress. Further-
more, aromatic rings in the hard segment limit molecular
flexibility due to crystallization and steric hindrance [35].
*e waterborne polyurethane-based graphite-reinforced
composites achieved its elongation limit on WPUG25 and
WPUG30 composites as the values approach uniformity.
Previous research suggests that the modulus of the com-
posites can be improved by adding fillers that have a high
modulus to the polymer that has a lower modulus, without
taking into account the interaction between them. However,
such an outcome would require a complex explanation,
which is beyond any complex theories, yet it can be sim-
plified by putting the extrinsic filler as a restrictive effect over
the polymeric materials by limiting the movement and
deformation of its molecular chains [43].

3.3. Dynamic Mechanical Behavior. *e viscoelastic prop-
erties of waterborne polyurethane and its composites under
applied stress and elevated temperature were studied by
dynamic mechanical analysis (DMA). Figure 7 represents
the dynamic mechanical properties of waterborne
polyurethane-based graphite-reinforced composites as a
function of temperature. One can recognize that the addition
of graphite particles results in substantially higher storage
modulus (E′) and tan δ values in the whole temperature
range, compared to that of pure waterborne polyurethane.
At a starting temperature of 30°C, the magnitude of E′
recorded for pure waterborne polyurethane is 22MPa and
increases slowly with addition of graphite. However, a
drastic increment of 360% to 80MPa was observed on
WPUG20 composites and continues to improve to 118MPa
on PG30 composites. Ironically, the values of the storage
modulus are correlated with the elastic modulus in the
previous section. *is can be well explained by the immo-
bilization of polymer chains due to graphite particles that act
as the reinforcing filler; hence, the stiffness of the polymer
matrix is interpreted.

It is noted here that the low-temperature zone corre-
sponds to the glassy state of the polymer. *erefore, the
storage modulus is very high at this region and decreases
slowly with respect to increasing temperature as the polymer
chain segments are frozen. As the temperature increases, free
segments begin tomove and the excess energy dissipates into
heat. In a certain range of temperature (transition region),
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Figure 6: Tensile properties: (a) elastic modulus, (b) tensile strength, and (c) elongation at break (%) of waterborne polyurethane-based
graphite-reinforced composites in comparison with the degree of phase separation (DPS).
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the waterborne polyurethane chains reach their maximum,
causing the mechanical strength to signi�cantly and rapidly
decrease, and this temperature range is called the glass
transition (Tg) region. As the temperature goes higher than
Tg, the composite shows the viscoelasticity or rubbery
properties due to free movement of the molecular chain;
therefore, the storage modulus displays a very low rigidity
and elasticity. �e same pattern was also observed in the
previous research [44–46]. �e mechanical damping ability,
which is measured by the height of tan δ signal, shows a
decreasing pattern by the increment in graphite particles.
Despite that, the amplitude of each composite is still in the
high range of 0.58–0.53 whereby the temperature range with
tan δ > 0.3 is taken as a standard to evaluate damping
materials [47].

�e above results can be attributed to the fact that
segmented waterborne polyurethane with �exible chains had
greater friction force. When the load is transferred, friction
between polymer chains increases so does the rate of dis-
sipating energy. �ese cause the waterborne polyurethane
with higher internal friction to have the better damping
properties in comparison with its consequent composite.
However, as the addition of graphite particles into the
polymer increased, the matrix interface bonding results in
immobility of the polymeric chain and hence restricts the
mechanical damping.�us, the reduction of the amplitude is
observable. Furthermore, the tan δ analysis also implies that
the waterborne polymer is strongly bonded to graphite
particles as it consists of high carbonyl hydrogen index
which promote interconnected interface of the matrix as
aforementioned.�is mechanical damping result is identical
with the experimental pattern in case of CNT-�lled poly-
urethane composites [15], regardless of its values. �eo-
retically, the mechanical damping or internal friction (tan δ)
indicates the amount of energy dissipated as heat during the
deformation [47–49]. From the industrial and structural

point of view, the damping parameter is essential due to
environmental impacts. �is becomes a concern due to the
application of a high damping material to a vibrating surface
that converts the energy to heat which is distributed within
the material itself and is not radiated as airborne noise.�us,
a speci�c damping or internal friction is required which
re�nes the e�ect of undesirable vibrations to safer limits.

On the contrary, the tan δ graph also shows shifted
magnitude which corresponds to glass transition tempera-
ture, Tg. Tg in polymer composites is particularly important
due to the associated gains in thermal stability are critical for
many applications and as well as they yield insights into
fundamental changes in polymer chain dynamics. As been
determined from the midpoints of the glass transition region
of the damping curves, Tg values of waterborne
polyurethane-based graphite-reinforced composites shifted
slightly to higher temperature with the increase of the
graphite particles, an unprecedented shift of nearly 2°C upon
each composite. As recorded, the Tg values of the polymeric
soft segment is in the range of 50.7–54.8°C. It is said that the
presence of carbon in the composites would inhibit the
mobility of polymer which attributed to “tortuous path”
e�ect. �is e�ect delays the escape of volatile degradation
products and char formation, whereby responsible for the
improvement in thermal stability [50]. Ironically, previous
work reported a decreasing value in glass transition tem-
perature of the GO epoxy composites due to bad thermal
stability of GO containing oxygen functional groups [51].
Moreover, the overloading nanosheets of GO can generate
an irreversible aggregation, curled up and thicker, in some
way jeopardising the Tg of the composites. �erefore, this
research suggests that graphite particles have the ability to
promote thermal stability of the polymer matrix, which is
consistent with the recent report [52].

3.4.Optical Studies. It is a signi�cant method to attain optical
constants such as absorption coe£cient (α), extinction co-
e£cient (k), and optical energy band gap of materials through
the optical absorption spectrum. �e vital absorption is used
to verify the character and value of the optical band gap which
it corresponds to the electron excitation from the valence
band to the conduction band. Currently, a carbon-based
composite as a �ller in the polymer matrix has been used
to make a red shift to the absorbed light. UV-visible spectra of
the prepared samples were performed in the 300–900 nm
range as shown in Figure 8. �e absorption features of wa-
terborne polyurethane-based graphite-reinforced composite
show absorption at range 300–400 nm, and it corresponds to
n− π∗ transition of sp2 which arises owing to the oxygen
atoms of waterborne polyurethane groups and graphite
carbon skeleton [53]. It is noticeable that there is an increase
of absorbance upon the addition of graphite �ller in water-
borne polyurethane matrix of both low and high wavelengths
wherein con�rming the present of absorbing photoproducts
(e.g., conjugated double bonds) in the composites [54]. �e
addition of graphite �ller may also increase the polymeric
concentration linearly. It is assumed that themicroviscosity of
the composites increases slowly.
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urethane-based graphite-reinforced composites; storage modulus,
E′, and tan δ, respectively.
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From the optical data measurements, it can be concluded
that the optical energy band gap of the waterborne
polyurethane-based graphite-reinforced composites may be
altered upon the addition of graphite particles. �is can be
more understood by calculating the optical energy band gap
(Eg) of the waterborne polyurethane-based graphite-
reinforced composites using Tauc’s relation. �e values of
the optical energy band gap of composite thin �lms were
obtained and plotted as in Figure 9. Based on the graph, it
was found that the optical energy band gap value is de-
creasing with increasing of graphite particles in the polymer
matrix, from 4.10 eV at WPUG0 to 3.98 eV at WPUG30. One
possible explanation of this study is that the graphite par-
ticles introduce multiple valence states in waterborne
polyurethane structure and thus decrease the band gap
energy between the valence and conductions bands.

3.5. Electrical Resistivity and Conductivity Studies. Electrical
properties of waterborne polyurethane-based graphite-
reinforced composites generally depend on the rate of dis-
persion and structure of conducting graphite content along
with the properties of host polymers. �eoretically, addition
of conductive graphite to a classical insulating waterborne
polyurethane can produce electrically conductive composite
as the resistivity decreased [52, 55] if the extrinsic concen-
tration exceeds the percolation threshold. Figure 10 shows I-V
characterization and the variation of the electrical conduc-
tivity of waterborne polyurethane-based graphite-reinforced
composites as a function of graphite content. �e calculated
value of electrical conductivities from the reciprocal of its
resistivity increased signi�cantly from 60–70 ×103 S/m in
WPUG20, WPUG25, and WPUG30 composites. �is can be
explainable as WPUG composites with higher graphite
concentration, a larger number of conductive pathways are
available.

At zero and low graphite content, low electron mobility
in the composites were observed due to low magnitude
(lower than 10° S/m) of conductivity in which the electrical

characteristic cannot be justi�ed by the IV test. A con-
duction path could not form as the system major �lled by
insulating waterborne polymer. �is limitation can be re-
lated to the presence of functional groups of the waterborne
polyurethane that can be oxidized or reduced causing in-
crease in the background current. Contrary to higher
graphite content, the internal insulating waterborne poly-
urethane gaps tend to become smaller with increasing
graphite �ller assuming that the graphite is uniformly dis-
persed in the polymer matrix.�is leads to smaller resistivity
values with increasing �ller content, favoring the occurrence
of conductivity. A critical point where the conduction path
starts to trigger is called the percolation threshold. �ese
percolation phenomena are observable at WPUG20 as the
conductivity of the system can be calculated. �e increment
content of graphite results in a continuous conductive
network with the better value of conductivity. At certain
point, the conductivity of waterborne polyurethane-based
graphite-reinforced composites constantly remains as the
same regardless of the increasing content of graphite due to
the initial properties of graphite. �e expected conduction
system by direct analytical measurements due to low cur-
rents implied is di£cult to validate or invalidate. Conse-
quently, it is suggested that di�erent measurement
techniques should be investigate, for example, surface
conductivity, thermally stimulated DC current, DC con-
ductivity, for better understanding the connection between
their electrical properties [55].

4. Conclusion

In this research, the waterborne polyurethane by reactions of
synthesized vegetable cooking oil, crosslink with methylene
diphenyl diisocyanate (MDI) and reinforced with graphite
particles have been successfully prepared through the casting
method. �e morphology-structure relation through
FESEM and FTIR shows the random homogeneous distri-
bution of graphite particles within the waterborne polymer
matrix. It is also veri�ed that the existence of soft and hard
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segments in the system were a�ected with increasing of
graphite and thereby provide better explanations for the
mechanical, optical, and electrical properties. Moreover,
both tensile strength and modulus of the composite �lms
dramatically increased while the elongation at break de-
creased was observable as the amount of graphite particles
loading increased and achieved mechanical percolation
threshold at WPUG20. Despite that, higher crosslink density
in this experiment through DMA results in lower polymer
chain mobility and stronger material with higher E′ and
leads to an increase in Tg. �e increment values at both
Tg − 10°C and Tg + 10°C are with respect to graphite particle
loading. In further case, the absorption spectrum shows
absorption at range 300–400 nm, and it corresponds optical
energy band gap (Eg) using Tauc’s relation were recorded at a
range of 4.1 to 3.9 (eV). �e decreasing optical energy band

gap with increasing graphite particles in the polymer matrix
explained that the graphite particles introduce multiple
valence states in waterborne polymer structure and thus
decreasing the band gap energy between the valence and
conductions bands. �e internal insulating waterborne
polyurethane gaps tend to become smaller with increasing
graphite particles which leads to smaller resistivity values
with increasing �ller content, favoring the occurrence of
electrical conductivity. A critical point where conduction
path starts to trigger is called the percolation threshold, and
these phenomena were observable at WPUG20 composites.
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