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Abstract

Natural oil-based polyurethanes are prepared through solvent-less and easily

processable approach for adhesive applications. The polyurethane is optimized

through varying the volume fractions of the precursors which was then con-

firmed through the different analyses to achieve the better combination for

composite formation with graphene. The graphene-polyurethane composites

are processed in a simple hand mixing process with different graphene load-

ings and the role of the addition of graphene is studied using different ana-

lyses. The addition of graphene and the interaction with the polymer is well

established through structural and thermal studies. The increase in the

mechanical property with the addition of graphene to adequate amount at

room temperature confirms better interfacial interaction with the polymer.

The maximum peel strength obtained for the PU is around 1.05 N/mm, which

supports the applicability of the prepared material for adhesive-based

applications.
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1 | INTRODUCTION

Polyurethane (PU) is one of the remarkable material
which has versatile properties like outstanding flexibility,
good stability, better adhesion features based on its chem-
ical structure which makes it a polymer with wider appli-
cability.[1,2] Polyurethane is generally prepared using
condensation reaction between the polyols and polyiso-
cyanates in the presence of catalyst and sometimes chain
extenders are also added for its preparation technique.[3]

The common precursors for the PU are polyisocyanates
and polyols. The polyisocyanates mostly belong to syn-
thetic origin while the polyols can be of synthetic or bio-
based origin. Bio-based polyols from natural resources

are being considered nowadays to shape the biocompati-
bility of the polymer for even wider applications.[1] The
properties and applications of the PU largely depend on
the chemical nature of its precursors and the stoichiomet-
ric ratios of the NCO�/–OH groups. Based on the tunabil-
ity of the PU, it is used in different areas like adhesives,
coatings, foams, elastomer and composites which are well
elaborated by Engels et al.[4] PU-based adhesives are repla-
cing conventional ones because of their higher perfor-
mance and biocompatibility. The adhesives developed
from the PU have better adhesion properties, chemical
resistance, high bond strength and faster curing
kinetics. Most of the PU adhesives are prepared from syn-
thetic precursors which affect the biocompatibility and
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biodegradability of the material, as a result, renewable
natural precursors are being utilized to prepare the adhe-
sive in recent years[1]. Several natural-based oils[5,6], ligno-
cellulosic biomass[7], carbohydrates[8], crude glycerol[1]

have been used as the polyols which provide a green route
to adhesive preparation. Desai et al.[9] prepared polyester
polyols using the transesterification of the potato starch
and natural oil showed better adhesive properties. In
another study, Kong et al.[10] prepared canola oil based PU
adhesive which showed better lap shear strength. The
addition of fillers or nanoparticles to the polymer matrix
for enhanced properties has been a trend among
researchers. Carbon-based materials are often used as rein-
forcing agents to improve some of the properties of poly-
mers. The state of dispersion of fillers and therefore
mixing are crucial.[11,12] Graphene is one of the remark-
ably efficient nanomaterial having high surface area, bet-
ter electrical and mechanical properties which make it one
of the most used fillers for the development of polymer
composites and nanocomposites[13,14].

In this work, easy processable and highly efficient
castor oil-based polyurethane is prepared in presence of
polyisocyanates. The variation in isocyanate ratio and the
effect on the properties of the PU is being studied to
achieve the optimized ratio for the preparation of PU-
graphene composites. The graphene concentration is var-
ied to demonstrate the effect of the filler addition on dif-
ferent properties.

2 | MATERIALS AND
METHODOLOGY

2.1 | Materials

Castor oil (CO) is procured from HiMedia, India while
the toluene diisocyanate (TDI) and Dibutyltin dilaurate
(DBTDL) is purchased from Sigma-Aldrich, India.
Dimethyl sulphoxide (DMSO) was procured from Merck,
India. Graphene was supplied by Proton Power, India.
All the chemicals and products were used as received.

2.2 | Sample preparation

A cheap and easy process to prepare the polymer is used
mainly from the bio-based precursors. The CO and TDI is
mixed in different proportions with required amount of
the catalyst DBTDL. The mixture is hand mixed to get a
homogenous solution which was kept at room tempera-
ture overnight to obtain the polymer films. The different
compositions used for the PU formation are stated below
with the designated abbreviation.

2.2.1 | Optimizations of PU

The optimizations for PU from CO and TDI were made
by varying the volume ratios of the precursors. Three
samples were prepared at different volume ratios of
CO:TDI and the ratios used for preparing PU were 5:1
(PU1), 2.6:1 (PU2), and 1.75:1 (PU3).

2.2.2 | PU-graphene composite preparation

Using the optimized composition of PU, different com-
posites were prepared at different graphene composi-
tions (2, 5, and 10 wt% with respect to polymer weight).
The graphene provided was of high purity (99.9% car-
bon) and is multilayered. The adequate amount of the
CO is taken and the required amount of graphene is
added to the oil and mixed properly and then the
required amount of TDI and few drops of DBTDL is
added and then mixed well. Prepared PU-graphene mix-
ture is then allowed to dry at room temperature over-
night. The cross-linked composite at varying graphene
compositions are denoted as PU+Gr X% (X = 2, 5, and
10) where PU denotes the optimized variations for poly-
urethane preparation (PU2).

2.3 | Methodology

The electronic transition of the films prepared was ana-
lyzed using the UV–visible spectrometry (JASCO V 650)
in the spectral range of 200–800 nm. Fourier-transform
infrared spectroscopy (FTIR) study was carried out
using Thermo Scientific Nicolet Summit instrument
with diamond crystal. The resolution and number of
scans were 4 and 100 cm�1, respectively, and the mea-
surement was carried out in the range of 600–
4000 cm�1. The structural alteration in the samples
were analyzed using the x-ray diffraction (XRD) mea-
sured at room temperature with copper Kα radiation.
The operating conditions for Rigaku Miniflex 600X-ray
diffractometer were 15 mA current and 40 kV voltages.
The scan rate was fixed at 3�/min. The melting tempera-
ture and the heat of fusion of the prepared samples were
analyzed using the differential scanning calorimetry
(DSC) Mettler Toledo. The DSC was calibrated using the
Zn/In and the sample measurement was carried out in
platinum pans under nitrogen atmosphere in the tem-
perature range � 50� to 325 �C at the rate of 10�/min.
The thermal degradation behavior of the prepared sam-
ples are analyzed using the thermogravimetric analyser
(TGA), Mettler Toledo from 40� to 600�C at the heating
rate of 20�/min in the presence of nitrogen atmosphere.
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The mechanical properties of the prepared sample were
analyzed using the universal testing machine (Tinius
Olsen H50KL) at the rate of 5 mm/min. The modulus is
calculated considering the linear part of the curve and
the toughness is calculated from the area under the
curve. The tensile properties of the samples were mea-
sured at specified dimensions at a strain rate of 5 mm/
min. Peel strength of the prepared material is performed
using the universal testing machine with the peel
strength measurement setup. The materials were coated
over the aluminum sheet of the dimension of the peel
set up and were dried for 48 h prior to performing exper-
iment. The 90� peel tests were performed at the rate of
5 mm/min at room temperature. The peel strength
(N/mm) is calculated by dividing the load (N) with the
width (mm) of the bonded substrates.[15] The active
dimension of the aluminum substrate used for peel test
was around 100 � 25 mm. The peel tests were per-
formed for thrice for each sample and the best obtained
results are presented. The morphological analyses for
the films were carried out using the scanning electron
microscopy (SEM) (SUPRA 40, Zeiss). The samples were
gold coated before performing the characterization.

Swelling of the samples is measured using the deio-
nized (DI) water. The samples were soaked into the
respective solvent for 24 h at room temperature. After
24 h, the samples were taken out from the solvent and
the solvent on the surface of the film was removed using
tissue paper gently and initial and final weight of the
samples before and after soaking was used to calculate
the percentage (%) swelling.

Swelling¼ W s�Wdð Þ=Wd,

where Ws and Wd are the weight of the final and initial
samples, respectively.

3 | RESULTS AND DISCUSSIONS

3.1 | Optimization of polyurethane

The prepared film with the variations in the precursors
(polyols and polyisocyanates) were analyzed to study the
change in their characteristic features. The FTIR spec-
trums of the prepared PU-based films are shown in
Figure 1A. The confirmatory peaks for the PU are
observed at 1730, 1600, 1532, and 1221 cm�1 which rep-
resent the C O stretching, C C bond, N H bending,
C N stretching, respectively. The absence of the peak in
the region 2250–2270 cm�1 which corresponds to the
N=C=O group confirms that the polymerization is well
established even with the simple hand mixing process[16].
A new peak arises around 1700 cm�1 for PU2 and PU3
which is attributed to the carbonyl group of the urethane
linkage which is prominent for polyurethane with higher
content of urethane linkages.[17] FTIR spectra in the
range 2500–4000 cm�1 are shown in Figure S1 of sup-
porting information. The N-H stretching peak for PU1,
PU2, and PU3 are observed at 3338, 3310, and 3302 cm�1,
respectively, which arises due to the rise in the content of
the hard segments due to the increase in the H-bonding
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FIGURE 1 (A)) FTIR spectra; (B) XRD curve; (C) UV–vis spectra; (D) DSC thermograms; (E) stress–strain curves of the prepared

polyurethanes with varying precursor ratio. SEM morphology of (F) PU1; and (G) PU3.
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ability of polymer with higher urethane moieties. Hence,
from the FTIR curve, the development of the PU is con-
firmed with the presence of the characteristic peaks which
is well stated in the previous literature studies[18,19].

Figure 1B represents the XRD patterns of the pre-
pared polymer. The characteristic peak for the polyure-
thanes is seen at 23.9� (200) which arises due to the short
range periodically ordered structure of the domains of
the amorphous phase of the PU[16]. Not much shifting of
the peak is observed with the variation in concentration
but the increase in urethane linkages concentration leads
to attenuation of the peak to higher intensity which can
be due to the rise in the crystalline nature of the material
with increase in hard segments.[20] Figure 1C shows the
UV–vis curves for the PU with the variation in precursor
ratio. The absorbance peaks for the PU1, PU2 and PU3
are observed at 299, 303, and 306 nm, respectively. The
increment in the wavelength may be due to increase in
the urethane linkages concentration which results in the
shift of π– π* transition peak and also the visible light
absorption rises with increase in the urethane group
content.

The thermal behavior of the prepared samples was
analyzed using the differential scanning calorimetry as
shown in Figure 1D. The corresponding glass transition
temperature (Tg) for the prepared polyurethanes of PU1,
PU2 and PU3 are around 61.1, 64.2, and 67.2 �C, respec-
tively.[21] From the DSC curve and the respective temper-
ature, it is clear that on increasing the content of the
urethane linkages, the glass transition temperature
increases due to the increment in the hard segment. The
room temperature tensile test for the PU at varying poly-
ols/polyisocyanates ratio is shown in Figure 1E. The ten-
sile strength value for PU1, PU2, and PU3 is around 0.11,
1.24, and 1.2 MPa, respectively, while the elongation at
break values for the respective samples are 12.5%, 63%,
and 6%. Hablot et al.[22] prepared PU using different

precursors and found the overall better mechanical prop-
erties for TDI-based system. The better mechanical prop-
erty provides the required optimization for the varying
volume ratios of the precursors during polymer prepara-
tion. Figure 1F, G shows the morphological image of the
PU1 and PU3, respectively. The SEM micrographs clearly
demonstrate that on increase in the content of the hard
segments, the roughness of the surface increases due to
rise in crystallinity of the polymer with increase in ure-
thane linkages as evident from the XRD and DSC results.

The prepared samples were then subjected to deionized
water (DI) to study the swelling property of the polymer.
As seen from the Table ST1 in the supporting information,
that the percentage swelling increases with the increment
in the urethane linkages which can be due to the higher
content of the polar groups favoring the swelling of the
polymer film. The better mechanical property provides the
required optimization for the varying volume ratios of the
precursors during polymer preparation.

3.2 | Analysis of polyurethane-graphene
composites properties

The change in the electronic transition is observed
through the UV–vis analysis for the graphene-optimized
PU composite as shown in Figure 2A. The absorbance
peak for PU, PU+Gr2, PU+Gr5, and PU+Gr10 is seen
around 303, 301, 299, and 294 nm, respectively. The
increment in the graphene concentration leads to blue
shift which can be attributed to the smaller dimension of
the graphene which provides constraint environment in
the polymer and increases the absorbance with graphene
loading. The UV–vis curve for the graphene is shown in
Figure S2 of supporting information shows the broad
peak. The absorbance curve gets broaden at higher wave-
length region on graphene addition which confirms
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FIGURE 2 (A)) UV–vis plot; (B) FTIR spectra; and (C) XRD curves for the pristine optimized polyurethane and its graphene-based

composites at different graphene loading.
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better interaction of the graphene with the PU. The FTIR
peaks for the pure PU and the graphene-based composite
films at different graphene loadings are shown in
Figure 2B. The characteristic peak for the N H stretch-
ing is seen around 3310 cm�1which shifts to
3300 cm�1on graphene loading. The carbonyl stretching
peak is found to be at 1730 cm�1. The FTIR spectra peak
for C C, C N stretching and C O bonds is seen around
1601, 1532, and 1055 cm�1, respectively. The peaks after
the addition of the graphene do not show any prominent
shift but some attenuation in the intensity values. The
absence of any shifting in FTIR bands suggests that the
graphene addition to the PU matrix does not alter any of
the functional groups of the polymer. Similar observation
was also reported in the previous literature studies.[23]

The effect of graphene addition to the PU matrix is ana-
lyzed using the XRD as revealed in Figure 2C. The char-
acteristic peak for the PU is at 24� (200) while the
graphene shows the major crystalline peak at 26.4� (002)
(Figure S3). The prepared graphene-PU composite shows
two peak at 23.2� and 26� (for PU+Gr5), which the con-
firmatory peaks for the PU and graphene with some shift-
ing due to the composite formation. The XRD peak of PU

+Gr10 is observed at 21� which has considerably shifted
after graphene loading. The increase in the addition of
the graphene content result in sharp increase in the gra-
phene peak which further confirms the better interfacial
interaction of the polymer-nanoparticle in the composite
prepared using simple process.

The morphological investigation is carried out using
the scanning electron microscopy as shown in Figure 3.
The pristine PU (Figure 3 A) showed a uniform morphol-
ogy with no such roughness while on varying the precur-
sor ratio for the PU preparation, the morphology varies.
The addition of graphene leads to change in morphology
with a rough surface as seen in Figure 3 B. Addition of
higher content of graphene (Figure 3 C) leads to agglom-
eration which is clearly visible from the SEM image of
the PU+Gr 10. Hence, the addition of graphene to cer-
tain concentration produces some significant changes in
the morphology of the composite film which gets
completely altered on increase in the graphene con-
tent.[23] The thermal behavior of the prepared films
against temperature is shown in Figure 4. The differential
scanning calorimetry curves for the neat PU and the pre-
pared composite films are presented in Figure 4 A. The

FIGURE 3 SEM surface morphologies of (A) PU; (B) PU+Gr5, and (C) PU+Gr10
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melting peak for the PU is around 289.5�C which
increases to 292.1�C for PU+Gr 5. Addition of graphene
to the PU does vary the melting temperature of the com-
posite which can be associated with the change in the
crystal segments of the polymer matrix on graphene load-
ing. Figure 4 B shows the TGA curves of the PU and its
composite in the presence of nitrogen atmosphere. The
major degradation peak for the PU is observed around
250–290�C and 350–400�C which on addition of the gra-
phene nanoparticles increases to higher temperature.
The representative DTG curve is shown in Figure S4 of
supporting information. The 5% degradation (weight loss)
of the PU occurs at 256�C while for PU+Gr5 the degrada-
tion temperature rises to 264�C, indicating better thermal
stability of the graphene based composite. The first step
degradation is mainly associated to the cleavage of the
urethane linkages while the second step degradation is
attributed to the decomposition of the soft segments, that
is, the polyols.[24] Nearly complete degradation of the
material is observed beyond 450�C for PU. Similar obser-
vation has been well-stated with possible mechanism of
degradation in the previous literature[22]. Addition of gra-
phene improves the thermal stability of the composites
which can be due to the high surface area of the nanoma-
terial that provides a path for better thermal stability with
higher degradation temperature which can be visualized
as almost complete degradation of the PU occurs around
500�C while the prepared composites is not completely
degraded even at higher temperature. The role of gra-
phene addition and the PU degradation behavior is in
well accordance with the previous literature studies.[25,26]

The mechanical properties at room temperature
(RT) and lower temperature (LT) are shown in Figure 5.
The addition of graphene to the PU matrix and its effect
based on temperature of operation is well explained. The
stress–strain curve for the PU and its composite at RT are
presented in Figure 5A. The calculated Young's modulus

(Figure 5B) and the toughness values (Figure 5C) from
the stress–strain curves for the PU are around 1.9 MPa
and 4.4 MJm�3, respectively. On graphene loading at dif-
ferent concentrations, the modulus and the toughness
value gets altered due to the interaction with the poly-
mer. The obtained modulus for PU+Gr2, PU+Gr5 and
PU+Gr10 are around 1.4, 2.1 and 2.3 MPa, respectively,
whereas the toughness value obtained for the prepared
composites are nearly 5.5, 3.7, and 3.0 MJm�3, respec-
tively. From the obtained values of the modulus and
toughness, it can be observed that the addition of gra-
phene increases the modulus and there is a decrease in
toughness after a particular loading of graphene. The
mechanical property for the composite depends on the
better dispersion and profound interfacial interaction
between the polymer and the filler.[26] From the obtained
values, it can be seen that at higher loading of the gra-
phene, the mechanical property, especially the toughness
deteriorates with the reduction in the elongation at
break. The influence of the nanoparticle aggregation with
reduction in mechanical properties is well-explained in
the previous literature studies.[27,28] From the obtained
values it can be observed that there has been consider-
able increase in mechanical properties value in the PU
+Gr5 composite as compared to the pristine polymer.
The better mechanical properties of graphene are well
established with the polymer-based composite even at
lower temperatures. The reduction in the mechanical
properties at higher graphene loading is also observed as
seen at RT. The mechanical integrity of the correspond-
ing nanocomposite and its mechanical performance are
strongly influenced by the interfacial interactions
between polymers and graphene-based materials. The
precise management of the graphene nanofillers' disper-
sion and distribution ensures the best possible exposure
of the graphene surface to the polymer matrix and a suc-
cessful reinforcement of the mechanical properties.
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Strong interfacial binding can change the shape of mac-
romolecules close to the filler surface, despite the enor-
mous surface to volume ratio of graphene that may lead
to high binding efficiency once disseminated. The
mechanical capabilities of an adhesive formulation are
significantly enhanced by the inclusion of graphene in an
adequate amount. The enhancement of the favorable
contacts between the adhesive matrix and the distributed
graphene sheets is what gives the graphene its reinforcing
effect. The state of dispersion and the interfacial adhesion
between graphene and a polymer matrix plays a key role
to generate good mechanical and other properties, as
reported in the literature.[29] On the other hand, adding
higher content of graphene causes the mechanical char-
acteristics of the composite to deteriorate because the gra-
phene sheets begin to aggregate into the matrix and form
heterogeneous domains which affects the mechanical
properties.[23,30,31]

Peel strength is one of the important properties to
demonstrate the practical applicability of the material.
The peel test analysis is presented in Figure 6. The maxi-
mum load required to peel off the two adhered substrates
are around 26.2 and 18 N for PU and PU+Gr5, respec-
tively. The maximum load is higher in case of the pristine
polymer due to the better adhesion with the substrates as
compared to the composite. The maximum peel strength
obtained for the PU and PU+Gr5 are around 1.05 and
0.72 N/mm, respectively.

Baudrit et al.[32] showed the effect of nanosilica addi-
tion on the adhesive property of the polyurethane. From
the obtained curve of the peel test, it can be seen that the
curve increases linearly with the load for PU till it
reaches the maximum values after which the force
reduces due to the separation of substrates. While in case
of PU-graphene composite, the curve rises linearly with

the applied load as seen in the PU part but the disconti-
nuity in the peeling off of the interconnected substrates
is minimal in case of graphene-based adhesives. For the
PU+Gr5, it can be seen that to initiate the peeling
process, very high load is needed as compared to the PU
which suggests that the adhesion between the sub-
strates requires maximum force in presence of gra-
phene. Also almost an equivalent force is required to
peel off the substrates adhered with composite-based
adhesive which explains the better mixing of the gra-
phene with the polymer and the better surface-volume
ratio of the nanoparticle provides good interfacial inter-
action which results in uniform adhesion between the
layers. While in case of the PU, higher force is achieved
which can be due to the better inter-chain interaction
between the precursors resulting in efficient polymeri-
zation even through the simple fabrication process
which provides effective adhesion between the sub-
strates. Hence, from the obtained peel strength values,
it is suggested that both the prepared adhesives are of
practical application depending on the requirement of
the application.

4 | CONCLUSIONS

In this work, castor oil-based polyurethane is prepared
from a simple and easily processable technique. Polyure-
thane is being optimized by varying the volume ratio of
the precursors which was analyzed using different char-
acterizations to point out the better combination of the
precursors for composite preparation. The optimized PU
composition was PU2 (CO:TDI = 2.6:1) which showed
better mechanical property in comparison with the other
variants and was further used for graphene-based com-
posite preparation. Graphene is added to the optimized
polyurethane to form a composite film using solvent-less
and are easily processable. The addition of the graphene
to the polyurethane-based adhesives provides better
mechanical strength as compared to the pristine polymer.
The modulus increases to around 12.5% in case of the
tensile test performed at room temperature for the com-
posite with 5% graphene loading at lower temperature
tensile testing. Graphene loading provides better interfa-
cial interaction with the polymer which results into
higher mechanical properties. Also the peel test showed a
uniform cleavage of the adhered substrates in case of the
PU+Gr5 while maximum peel strength is obtained for
the pristine PU which was around 1.05 N/mm. The addi-
tion of graphene to PU increases the interfacial adhesion
which requires higher force to initiate the peeling as
compared to neat PU. The prepared materials show a
better mechanical and peel strength which can be an
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FIGURE 6 Peel test of the pristine PU and optimized

composite (PU+Gr5).

TIWARI ET AL. 47

 26903857, 2023, 2, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pls2.10084 by Indian Institute O

f T
echnology, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



effective material for adhesive application for different
substrates.
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