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A B S T R A C T   

Thermo-mechanical properties of amine functionalized graphene oxides filled polyurethane (PU) nano
composites have been investigated in this work. Graphene oxide (GO) was functionalized with p-phenylenedi
amine (PPD), hexamethylene diamine (HMD) and liquid NH3 separately to check the interaction with the PU 
matrix. In-situ solution polymerization technique has been adopted for the preparation of nanocomposites. The 
functionalization of GO with PPD, HMD, and NH3 was proved by Fourier transform infrared spectroscopy (FTIR), 
Raman Spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and UV–visible spec
troscopy. Furthermore, grafting of PU onto the functionalized GO surface has been confirmed from the FTIR and 
TGA analysis, and the filler dispersion is shown in the respective FESEM and TEM micrographs. With the 
incorporation of just 0.1 wt% amine functionalized GO, thermal and mechanical properties improve signifi
cantly, and the surface becomes more hydrophobic compared to GO filled nanocomposites. Maximum 
improvement in properties was observed with PPD functionalized GO (GO-PPD) filled PU nanocomposites. At 
0.1 wt% loading of GO-PPD, tensile strength, and Young’s modulus increases by 378% and 145%, respectively. In 
addition to these, maximum degradation temperature also increases by 13 �C, which is more than double 
compared to 0.1 wt% GO filled nanocomposite. Resilience behavior of PU also improves significantly with the 
addition of amine functionalized GO.   

1. Introduction 

The segmented polyurethane has several essential properties like 
high tensile strength, high elongation, tear resistance, excellent abrasion 
resistance, environmental resistance, chemical resistance, etc. [1]. Its 
tunable physical properties make it suitable for a wide range of appli
cations like coating, adhesives, foam, composite wood panels, car parts, 
shoe soles, building insulation, sportswear, insulation material for re
frigerators, cushioning of furniture, etc. [1]. However, incorporation of 
nanofillers into the PU matrix leads to further improvement in physical 
properties. This is because of the improved interfacial interactions be
tween the highly reactive nanofiller and the PU matrix. Various kinds of 
nanofiller such as nanoclay [2], carbon black [3], cellulose nanofibers 
[4], carbon nanotubes (CNTs) [5], graphene [6–8], and modified gra
phene [9,10] can be used for this purpose. Among the various nano
fillers, graphene, and graphene-based materials have drawn significant 
attention because of their unique combination of properties [11,12]. 
Functional groups present in the graphene surface play an essential role 
in the physical properties of the polymer. Hou et al. [13] investigated the 

effect of amine functionalized graphene on the physicomechanical 
properties of polyamide 6 (PA6) nanocomposites. The tensile strength of 
PA6 becomes doubled with the incorporation of 0.1 wt% HMD modified 
graphene. Pokharel et al. [14] investigated the effect of graphene 
nanoplatelets, GO, and functionalized graphene sheet (FGS) on the 
thermo-mechanical properties of polyurethane and found that me
chanical properties of 2 wt% GO and FGS filled polyurethane nano
composites are higher than graphene nanoplatelets filled 
nanocomposites at similar loading. Ma et al. [15] reported the effect of 
3-aminopropyltriethoxysilane (AMEO) functionalized graphene in the 
properties of polyurethane nanocomposites. With the incorporation of 
0.20 wt% functionalized graphene, tensile strength increases by 227%, 
elongation at break increases by 72%, and thermal stability of poly
urethane increases by 50

�

C compared to pristine polyurethane. Yang 
et al. [16] investigated the influence of polydopamine functionalized GO 
in the thermo-mechanical, EMI shielding, UV resistance properties of 
polydopamine functionalized GO filled polyurethane nanocomposites 
and found that the fabricated nanocomposite material shows promising 
results. Nanocomposite film containing 43.3 wt% RGO-HA shows an 
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82% reduction in the hydrogen gas transmission rate (GTR) compared to 
a pure nylon film. The effect of hexylamine functionalized reduced 
graphene oxide (RGO-HA)/polyurethane nanocomposite film in the 
hydrogen gas barrier property of nylon has been investigated by Ban
dyopadhyay et al. [17]. Wu et al. [18] investigated the effect of amine 
functionalized reduced graphene oxide (NH2-RGO) synthesized by 
reacting GO with toluene diisocyanate (TDI) and then subsequent 
reduction by hydrazine, in the thermal and mechanical properties of 
waterborne polyurethane nanocomposites. With the incorporation of 
1.0 wt% NH2-RGO, tensile strength increases by 73% and storage 
modulus increases by 973%. Thermal stability also increases by 40

�

C. 
There are various other reports available where functionalized graphene 
has a positive impact in the properties of polyurethane nanocomposites 
[19,20]. 

The effect of structural disparity coming from the difference in hy
droxyl and carboxyl group contents in GO and RGO on the thermo- 
mechanical and surface properties of PU has been discussed in our 
previous work [21] where filler content was varied from 0.05 to 0.20 wt 
% and found a remarkable improvement in thermal and mechanical 
properties of PU nanocomposites at ultra-low loading (0.1 wt%). So, the 
current study will be the effect of amine functionalized GO (GOA) on the 
properties of thermoplastic polyurethane at ultra-low loading. The 
reason behind the selection of amine functionalized GO as reinforcing 
material is the easy dispersibility of small chain primary amine func
tionalized GO in the organic compound and better interaction with the 
polymer matrix [13]. After a thorough literature survey, it is found that 
there are various discrete reports on the effect of graphene, GO, RGO, 
and functionalized graphene on the thermal, mechanical properties of 
polymer nanocomposites. However, there is no such report which 
clearly explains the effect of different types of amine functionalized GO 
on thermo-mechanical and surface properties of TPU nanocomposites. 
Since strong interfacial interaction between the polymer and filler leads 
to improvement in thermal, mechanical, and other properties, the aim of 
this work is to improve the interfacial interaction between TPU and GO 
by amine functionalization of GO. For this purpose, GO has been 
modified with various amine modifiers like p-phenylenediamine (PPD), 
hexamethylene diamine (HMD) and liquid NH3 and the effect of these 
modifications in morphologies, thermal, mechanical and surface prop
erties of PU nanocomposites has been investigated in this work. 

2. Experimental 

2.1. Materials 

Graphite flakes (~150 μm), PTMEG (Mn¼2000), 4,4’-MDI, hexam
ethylene diamine (HMD), thionyl chloride (97%), and p- 

phenylenediamine (PPD) were purchased from Sigma-Aldrich, Ger
many. 1, 4 butanediol, dimethylformamide (DMF), dibutyltin dilaurate 
(DBTL), diethyl ether, hydrochloric acid (HCl), sulfuric acid (H2SO4), 
were obtained from Hi-Media Laboratories Pvt. Ltd., India. Liquid 
ammonia (25% assay) was purchased from Sisco Research Laboratories 
Pvt. Ltd. (SRL), India. Hydrogen peroxide (30% assay), potassium per
manganate (KMnO4) and phosphoric acid (H3PO4) were purchased from 
Rankem India. PTMEG was dried in a vacuum oven at 65 �C for 24 h. 
Both DMF and butanediol were dried by using 4 Å molecular sieves. The 
rest of the chemicals were used as obtained. 

2.2. Synthesis of graphene oxide (GO) 

GO was synthesized by oxidation of graphite flakes with KMnO4 in 
9:1(v/v) mixture of H2SO4 and H3PO4, followed by washing and puri
fication using centrifugation as described in our previous report [22]. 
The synthesis of GO was confirmed by XRD, FTIR, and XPS, and the 
formation of monolayer GO sheets was confirmed by using AFM and 
TEM analysis. 

2.3. Synthesis of p-phenylenediamine functionalized GO (GO-PPD) 

200 mg GO was dispersed in 200 ml distilled water by ultra
sonication for 2 h in a bath sonicator (100 W). 2 g PPD was dissolved in 
100 ml of distilled water at 70 �C for 1 h and added to the GO dispersion. 
Subsequently, a 1.2 ml NH3 solution (25% w/v) was added, and the 
reaction was continued for 6 h at 95 �C temperature. After the 
completion of the reaction, the product was filtered through a 0.2 μm 
membrane filter. The residue was dispersed in ethanol, ultrasonicated 
for 5 min, and then filtered through the membrane filter. The process of 
dispersion, sonication, and filtration was carried out 5–6 times to 
remove the unreacted and excess PPD. The product was dried in an oven 
of at 50 �C for 24 h [23]. The resulting material was designated as 
GO-PPD. 

2.4. Synthesis of hexamethylenediamine functionalized GO (GO-HMD) 

300 mg GO was dispersed in 300 ml of anhydrous DMF (1 mg/ml) by 
overnight stirring, followed by 2 h bath sonication. 30 ml SOCl2 was 
added to the GO dispersion at 1:10 vol ratio of SOCl2 and GO dispersion, 
and the reaction mixture was heated at 70 �C temperature for 2 h. It was 
then allowed to cool down to room temperature and centrifuge to obtain 
the GO-Cl slurry. The solid residue was re-dispersed in dry DMF and 
centrifuge again. This process was repeated thrice to remove the excess 
and unreacted SOCl2. The final residue was coagulated in 50 ml 
dichloromethane (DCM) and filtered through a 0.2-μm nylon filter. The 
residue was washed with 50 ml DCM and then dried in a 50 �C oven for 
24 h [24]. 

300 mg GO-Cl was dispersed in 300 ml ethanol by ultrasonication. 
1.2 g HMD was added to the GO-Cl dispersion, and the reaction was 
continued for 2 h at 60 �C in a bath sonicator. The reaction mixture was 
cooling down to room temperature and filtered through a 0.2-μm 
membrane filter. The remaining solid material was washed with ethanol 
several times to remove unreacted HMD, dried at 50 �C temperature for 
24 h [25]. The resulting material was designated as GO-HMD. 

2.5. Synthesis of ammonia functionalized GO (GO-NH3) 

300 mg GO was dispersed in 120 ml ethylene glycol by overnight 
stirring and 2 h sonication in a bath sonicator (100 W) to get a brown 
colored homogeneous dispersion. 3 ml liquid ammonia solution (25% in 
water) was added to the dispersion, and the resulting mixture was 
refluxed in a round-bottomed flux fitted with a water-cooled condenser 
at 180 �C for 12 h. After 12 h, the reaction mixture was allowed to cool 
down to room temperature and vacuum filtered through a 0.2-μm nylon 
filter. 

Fig. 1. FTIR spectra of (a) GO, (b) GO-PPD, (c) GO-HMD and (d) GO-NH3.  
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The black-colored solid residue was repeatedly washed with distilled 
water until the pH of the filtrate was neutral, checked by pH paper. The 
final material was dried in a 50 �C oven. The prepared material was 
designated as GO-NH3 and used for further characterization and use 
[26]. 

2.6. In-situ synthesis of TPU/amine functionalized GO nanocomposites 

TPU nanocomposites were fabricated by in-situ polymerization 
technique. 10 g (5 mmol) PTMEG was taken in a 250 ml three necks 
round bottom flask fitted with a water-cooled condenser. 10 ml dried 
DMF was added to it, and the materials were heated up to 65 �C under 
the nitrogen atmosphere. A stoichiometric excess of MDI (3 g, 12 mmol) 
was dissolved in 10 ml DMF and injected into the reaction mixture by 
using a syringe. The reaction temperature was maintained at 65 �C for 2 
h, under constant stirring, to produce isocyanate-terminated poly
urethane prepolymer. The required amount of GO and amine-modified 
GO was dispersed in 10 ml dried DMF with the help of ultrasonication 
and added to the polyurethane pre-polymer. The reaction temperature 

was cooling down to 40 �C. 
During this time, amine functionalized GO react with the isocyanate- 

terminated polyurethane prepolymer and the prepolymer attached to 
the modified GO surface. 0.45 g (5 mmol) 1,4-butanediol and two drops 
DBTL were injected into the medium after dissolving 5 ml DMF in each 
case. The reaction temperature was slowly raised to 75 �C. Temperature 
and stirring was maintained for another 4 h. The increase in viscosity of 
the medium indicates the formation of polyurethane nanocomposites. 
The solid content of the synthesized material was adjusted to ~20%. The 
materials were cast into a Petri dish and keep it into a 50 �C hot air oven 
for three days to remove the solvent slowly. The residual amount of DMF 
was removed by placing the film in a 90 �C vacuum oven for one day. 
The synthesized polyurethane nanocomposites were designated as TPU/ 
GO 0.1, TPU/GO-PPD 0.1, TPU/GO-HMD 0.1, TPU/GO-NH3 0.1 ac
cording to the nanomaterials added [21]. 

3. Characterization 

Wide-angle powder XRD (Rigaku Ultima IV, Japan) was used for the 

Fig. 2. Amine functionalization of GO using PPD, HMD, and NH3.  
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structural characterization of GO, GO-NH3, GO-HMD, and GO-PPD. The 
standard operating conditions were λCuKα ¼ 1.54 Å, scan range was be
tween 5� to 60�, and the scan rate was 4 �C/min. Results are shown in 
supporting information. 

FTIR spectra of GO, GO-NH3, GO-HMD, and GO-PPD were recorded 
in PerkinElmer Spectrum Two FTIR instrument with KBr pellets. FTIR 
spectra of polyurethane and its nanocomposite films were recorded in 
attenuated total reflectance (ATR) mode. In all cases, the samples were 
scanned at a scan rate of 4 cm� 1 and an average 16 scan per sample. 

FT-Raman Spectrophotometer (BRUKER RFS 27: Standalone model) 
was used for the Raman spectroscopy analysis of GO and amine func
tionalized GO within the scan range 1000–2000 cm� 1 at a scan rate of 2 
cm� 1. The laser source is Nd: YAG with a wavelength of laser light λ ¼
1064 nm. 

Elemental analysis of all nanomaterials was performed by using X- 
ray Photoelectron Spectroscopy (XPS) (Physical Electronics, PHI 5000 
Versa Probe III, USA). For TPU and its composites, the polymer-filler 
interaction was investigated by using X-ray Photoelectron Spectros
copy (XPS) (Omicron nanotechnology, Oxford Instrument, Germany). 
Aluminium Kα (energy ¼ 1486.7eV) was used as a monochromatic X-ray 
source. The instrument was operated at 15 kV and 20 mA, and the pass 
energy for the high-resolution scan was 20eV. 

UV-VIS spectroscopy of all nanomaterials was performed in a Shi
madzu UV 1800 instrument within the wavelength range of 200–700 
nm. The concentration of samples was 0.05 mg/ml in water. UV–Vis 
spectra of GO and amine functionalized GOs are shown in Supporting 
Information. 

Universal Testing Machine (Model No 3365, Instron Co., Maccles
field, UK) was used to measure the tensile properties of the samples. 
Testing was done as per ASTM D 412, at a crosshead speed of 100 mm/ 
min by using a 5 kN load cell. The average result of five measurements 
for each sample was reported. The cyclic tensile test was also performed 
in the same UTM instrument at 200% elongation, 100 mm/min speed, 
and up to 10 cycles to check the resilience value. 

EXSTAR TG/DTA 6300 (SII NanoTechnology Inc.) instrument was 
used for thermogravimetric analysis (TGA) of all the samples. Testing 
was carried out under a nitrogen atmosphere at a heating rate of 10 �C 
min� 1 from room temperature to 800 �C. TGA of GO and amine func
tionalized GOs are shown in Supporting Information. 

Morphological characterization was done by field emission scanning 
electron microscopy (MIRA3 TESCAN, USA) at a voltage of 10 kV. 

Transmission electron microscopy (TEM, Tecnai G2 20S–TWIN, FEI 
Netherlands) was used for morphological characterization of GO, RGO, 
amine functionalized GO, and their polymer nanocomposites. The 
nanomaterials were dispersed in a suitable solvent at 0.01 mg/ml con
centration and ultrasonicated for uniform dispersion. It was kept for few 

minutes for settling the large particles then drop cast onto a carbon- 
coated Cu grid of 400 mesh sizes. The composite samples for TEM 
were prepared by cryo-ultramicrotomy with a Leica Ultracut UCT (Leica 
Microsystems GmbH, Vienna, Austria). Freshly sharpened glass knives 
with cutting edge of 45� were used to obtain cryosections of 120 nm 
thickness at � 90 �C temperature. The samples were then transferred to 
400 mesh carbon-coated Cu TEM grids. Images were taken with a 
transmission electron microscope (TEM, Tecnai G2 20S–TWIN, FEI 
Netherlands). Bright-field TEM images of all samples were recorded. 

Surface polarity, work of adhesion, and surface energy were deter
mined by contact angle measurement (Phoenix 300, Korea). The mea
surement was done by the sessile drop method by placing a drop of water 
having volume 6 μl on the sample surface. In the case of GO, RGO and 
amine functionalized GO, and a clean glass surface was coated with the 
nanodispersions and dried to form a uniform layer of the nanomaterials 
on the glass surface. The coated glass surface was used for contact angle 
analysis. 

The dynamic mechanical property of neat TPU and its nano
composite films were analyzed by Anton Paar Rheometer, MCR-102 in 
DMTA tension mode at a constant frequency of 1 Hz. The rectangular 
sample used in this testing was approximately 40 mm � 5 mm x 0.50 mm 
in dimensions. All the samples were first cooled to � 100 �C by using 
liquid nitrogen and then scanned within the temperature range � 100 �C 
to 60 �C at a heating rate of 5 �C/min. 

4. Results and discussion 

4.1. Structural characterizations of amine-functionalized GO 

4.1.1. Fourier transform infrared spectroscopy (FTIR) 
Functional groups present in GO and amine functionalized GO 

analyzed by FTIR spectroscopy. FTIR spectra of GO, GO-PPD, GO-HMD, 
GO-NH3 are presented in Fig. 1. In the case of GO, the bands at 3433 and 
1732 cm� 1 corresponds to the stretching vibration of O–H and C––O, 
respectively [27]. This observation indicates the presence of hydroxyl, 
carboxyl, and carbonyl groups within the GO structure. Symmetric and 
asymmetric stretching of C–H was recorded at 2852 and 2926 cm� 1, 

respectively. The bands at 1630, 1229, and 1058 cm� 1 correspond to the 
C––C stretching of aromatic ring, C–O stretching of an alkoxy group, and 
C–O–C stretching of epoxy groups, respectively [28,29]. This observa
tion confirms the presence of the epoxy group in the GO structure. A 
similar observation has been reported by many other researchers, also 
[30]. The FTIR spectra of amine functionalized graphene oxides contain 
a relatively sharp band within 3430–3460 cm� 1 corresponding to the 
N–H stretching vibration of amine and amides [30,31]. The appearance 
of new bands at 1645, 1564, and 1195 cm� 1 in GO-PPD was due to C––O 
stretching of the amide group (–NHCO–), N–H bending, and C–N 
stretching respectively [31,32]. This observation clearly confirmed the 
formation of covalent bonding between the COOH or epoxy group of GO 
and the NH2 group of the amine modifiers via an SN2 reaction. Similar 
results were found in the case of GO-HMD [30] and GO-NH3 [13] also. In 
GO-HMD, new bands at 1568 cm� 1 (N–H bending) and 1194 cm� 1 (C–N 
stretching) were observed, confirming the formation of an amide link
age. In this case, the amino group not only reacts with thionyl chloride 
activated –COOH groups but also reacts with the highly reactive epoxy 
groups of GO. Further, the appearance of two intense peaks at around 
2852 cm� 1 (symmetric –C-H stretching) and 2926 cm� 1 (asymmetric 
–CH stretching) confirms the attachment of HMD to the GO surface 
(Fig. 2c). For GO-NH3, new peaks observed at 1578 cm� 1 (N–H bending) 
and 1198 cm� 1 (C–N stretching) due to the formation of an amide 
linkage. A similar type of FTIR spectra for amine-modified graphene 
oxide has been reported elsewhere [30,31]. Amine functionalization of 
GO has been shown schematically in Fig. 2. 

4.1.2. Raman Spectroscopy analysis 
Functionalization of GO by different types of amine modifiers can be 

Fig. 3. Raman spectra of GO, GO-PPD, GO-HMD and GO-NH3.  
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proved from the Raman spectroscopy of the respective material. As 
shown in Fig. 3, the Raman spectrum of GO shows to peaks located at 
1342 cm� 1 for D band and 1575 cm� 1 for the G band. The D band arises 

due to different types of structural defects or disorder, and the G band 
arises due to first-order scattering of the E2g phonon of sp2 carbon atoms 
[17]. The ratio of ID/IG increased from 0.95 for GO to 1.06 for GO-PPD, 
1.09 for GO-HMD, and 1.02 for GO-NH3. This implies the removal of 
oxygen-containing functional groups, the transformation of sp3 carbon 
of GO into sp2 carbon of amine functionalized GO, and incorporation of 
structural defects or disorder during functionalization [17,33]. The in
crease in intensity of D band compared to G band in all amine func
tionalized GO and increase in ID/IG ratio clearly supports the amine 
functionalization of GO [31]. 

4.1.3. X-ray photoelectron spectroscopy (XPS) 
XPS was employed to determine the surface chemical composition 

and formation of new chemical bonds during chemical functionalization 

Fig. 4. (a) XPS survey spectra of GO, GO-PPD, GO-HMD and GO-NH3 (b, c, d, e) C 1s XPS spectra of GO, GO-PPD, GO-HMD and GO-NH3 respectively.  

Table 1 
Atomic concentration of GO, GO-PPD, GO-HMD and GO-NH3 obtained from XPS 
survey plots.  

Sample Atomic concentration (%) C/O 

C N O 

GO 59.41 0 40.59 1.46 
GO-PPD 76.75 10.13 13.12 5.85 
GO-HMD 83.11 4.17 12.72 6.53 
GO-NH3 76.92 7.58 15.50 4.96  

M. Bera et al.                                                                                                                                                                                                                                    
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of GO (Fig. 4). As seen in the XPS survey plot (Fig. 4a), all amine 
functionalized GO contains a new peak for N 1s which was absent in GO. 
This observation clearly indicate the successful functionalization of GO 
with PPD, HMD and NH3. Amount of nitrogen is maximum in GO-PPD 
(10.13%) and minimum in GO-HMD (4.17%). It was clear that carbon 
to oxygen atomic ratio (C/O) increases upon amine functionalization. 
The C/O ratio for GO was 1.46, which increased to 5.85 for GO-PPD, 
6.53 for GO-HMD, and 4.96 for GO-NH3 (Table 1). The observed re
sults confirmed the removal of oxygen-containing functional groups or 
the reduction of GO during functionalization [34]. Four different peaks 
were observed in the C 1s spectrum of GO after deconvolution. The 
peaks emerging at 284.8, 286.6, 287.6, and 288.8 eV corresponds to 
C–C/C––C in graphite skeleton, C–OH, C–O–C, and C––O, respectively 
[35]. After the reaction with amines, the peak for the epoxy group dis
appeared, and a new peak corresponding to the C–N appeared at 285.5 
eV in all functionalized GO. 

This indicates the successful functionalization of GO via SN2 reaction 
between the epoxy groups of GO and the NH2 groups of amines [11]. The 
intensity of carbonyl (C––O) and hydroxyl groups (O–H) decreases in all 
amine functionalized GO compared to pristine GO, signifying the 
reduction of GO due to amine functionalization. Yuan et al. [35] and 
Caliman et al. [34] reported a similar type of results. 

4.2. Morphological characterization of amine functionalized GO (GOA) 

4.2.1. Transmission electron microscopy (TEM) 
Morphological characterization has been done by using transmission 

electron microscopy (TEM). Bright-field TEM image of GO, GO-PPD, GO- 

HMD, and GO-NH3 has been shown in Fig. 5. 
The bright part of the images indicates less or no stacking of nano

sheets, and the dark portion of the image suggests the stacking of several 
layers [36]. The TEM image of GO shows crumpled and folded 
morphology, which is due to the existence of oxygen-containing func
tional groups on GO surface [35]. The folding and crumpling in the 
nanosheets increase after amine functionalization and become 
maximum in the case of liquid ammonia functionalized GO (Fig. 5d). 
This is because of the greater extent of H-bonding between the amine 
molecules. This type of TEM morphology has been observed by Caliman 
et al. [34] for p-phenylenediamine (PPD), diisopropylamine (DPA), 
dibenzyl amine (DBA) and piperidine (PA) functionalized GO. By 
comparing the TEM images, it can be concluded that the layered 
structure of GO retained ever after amine functionalization. 

Structural characterization by XRD, UV-VIS spectroscopy and ther
mogravimetric analysis of GO and amine functionalized GOs were dis
cussed in the Supporting Information. 

4.3. Structural characterization of TPU/amine functionalized GO 
nanocomposites 

Polyurethane contains hard and soft segments within the structure. 
Crystallization of the segments and phase separation between them play 
an essential role in determining the properties of polyurethane [37]. 
Nanofillers have a positive influence in the inter-domain phase separa
tion by acting as a barrier between the hard and soft segment of poly
urethane [38]. The grafting of polyurethane chain into the GO and 
amine functionalized GO surface during the nanocomposite synthesis is 

Fig. 5. Bright field TEM images of (a) GO (b) GO-PPD (c) GO-HMD (d) GO-NH3.  
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shown in Fig. 6. From Fig. 6, it is clear that in case of GO functionali
zation only urethane linkage is formed between the GO and TPU. But, in 
case of GOA, urethane as well as urea linkage is formed between the 
GOA and TPU. FTIR is employed to investigate the interaction between 
the polyurethane and the nanomaterials and also the H-bonding inter
action between the hard segments of polyurethane. Since, N–H and 
C––O groups of polyurethane only participate in H-bonding, so the 
changes in the FTIR spectra of nanocomposites will be observed for the 
said functional groups only. FTIR spectra of TPU and its nanocomposites 
are presented in Fig. 7. The peak at 3313, 1727, and 1706 cm� 1cor
respond to the H-bonded N–H stretching, free C––O stretching, and 
H-bonded C––O stretching of TPU, respectively. The characteristic peaks 
identified for TPU are C–N stretching (1537 cm� 1), alkoxy C–O 
stretching (1221 cm� 1), epoxy O–C–O stretching (1104 cm� 1), sym
metric CH2 stretching (2854 cm� 1) and asymmetric CH2 stretching 
(2941 cm� 1). In all TPU nanocomposites, the said peaks were observed 
clearly. This confirms the formation of TPU and its nanocomposites 
[39]. The absence of a peak at 2270 cm� 1 confirms that all isocyanates 
were reacted completely [9]. As the amount of filler added is very low 
(0.10 wt%), it is quite difficult to get any strong evidence of any kind of 
interactions from FTIR spectra [8,40]. Only very minor changes in N–H 
and C––O stretching vibration has been noted (Fig. 7b and c). In all 
nanocomposites, the intensity of the H-bonded carbonyl group was 
lower than that of pristine TPU. This observation indicates some inter
action between the carbonyl group of TPU and the N–H and O–H groups 
of amine functionalized GO. Minimal shifting of the N–H peak was also 
noticed (Fig. 7b). All these observations indicate a significant interaction 
between TPU and amine functionalized graphene oxide (GOA). Pokharel 
et al. [9] reported similar results for GO reinforced TPU nanocomposites. 

4.4. Morphological characterization of TPU/amine functionalized GO 
nanocomposites 

Dispersion of nanofiller into the polymer matrix and the polymer- 
filler interaction play an important role in determining the perfor
mance of a composite material. Morphological characterization is a 
direct way to visualize the filler dispersion within the polymer matrix. 
Here, dispersion of GO, GO-PPD, GO-HMD, and GO-NH3 within TPU was 
analyzed by FESEM and TEM analysis. The dispersed fillers within the 
TPU matrix are pointed by the arrow mark. 

4.4.1. Field emission scanning electron microscopy (FESEM) analysis 
Fig. 8 represents the FESEM images of the tensile fractured surface of 

TPU and its nanocomposites with 0.10 wt% of GO, GO-PPD, GO-HMD, 
and GO-NH3. The FESEM image of the tensile fractured surface of TPU 
(Fig. 8a) shows a flat and smooth surface, whereas the same for all 
nanocomposites are irregular and relatively rough. This is due to the 
presence of GO and amine functionalized GO. 

From Fig. 8, it is clear that all amine functionalized GO is more 
uniformly distributed within the TPU matrix and exhibits better inter
action with TPU compared to GO. This is due to the formation of urea 
linkage (–NH–CO–NH–) by the reaction of the NH2 group of amine 
functionalized GO with the –NCO group of the isocyanate-terminated 
polyurethane pre-polymer [41]. Fig. 8c shows that the GO-PPD nano
sheets are more uniformly distributed than GO-HMD and GO-NH3. So, 
GO-PPD will interact better with TPU and hence influences more in the 
enhancement of physical properties of TPU compared to other amine 
functionalized GO. This type of morphology has been observed by 
various researchers [42,43]. 

Fig. 6. In-situ functionalization of GO and GOA by TPU and formation of nanocomposites.  
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4.4.2. Transmission electron microscopy (TEM) analysis 
Transmission electron microscopy (TEM) was employed for direct 

morphological observation. Bright-field TEM images of TPU/GO 0.10, 

TPU/GO-PPD 0.10, TPU/GO-HMD 0.10, and TPU/GO-NH3 0.10 nano
composites are shown in Fig. 9. The TEM morphology of Fig. 9a and 9d, 
i.e., 0.1 wt% GO, and GO-NH3 filled nanocomposites respectively are of 

Fig. 7. FTIR-ATR spectra of TPU and its nanocomposites with 0.10 wt% of GO, GO-PPD, GO-HMD, and GO-NH3 within (a) 4000-550 cm� 1 (b) 2450-3150 cm� 1 and 
(c) 1800-1660 cm� 1. 

Fig. 8. FESEM image of tensile fractured surface of (a) TPU-0; (b) TPU/GO 0.10; (c) TPU/GO-PPD 0.10; and (d) TPU/GO-HMD 0.10; (e) TPU/GO-NH3 0.10 samples.  
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similar type. In these Figures, the lines represent the folded and crum
pled GO or GO-NH3 nanosheets, which are dispersed in the TPU matrix 
[44,45]. The folding arises due to a very larger size of GO/GO-NH3, 
which was observed from their corresponding TEM image (Fig. 6). Also, 
strong π� π interaction among the nanosheets are also responsible for 
this [44]. The dark region in Fig. 9a represents the aggregation of GO 
layers. Therefore, from the TEM images, we can conclude GO-NH3 
disperse better in the TPU matrix compared to GO. The micrographs of 

Fig. 9b and 9c are quite similar types, and the only difference is the level 
of dispersion of the nanosheets. In the case of GO-PPD filled nano
composite (Fig. 9b), the nanosheets are well distributed throughout the 
matrix. But, for GO-HMD filled nanocomposite, there is some aggrega
tion in the TEM image (Fig. 9c), and the aggregation is quite higher than 
that of Fig. 9a. So, TEM microstructural characterization revels that 
Fig. 9c has the poorest nanofiller distribution among all. The observed 
results give an idea about the mechanical properties, which can be found 
in the following section. In our previous work, a similar type of TEM 
morphology was observed for GO, and GO-PPD filled polyurethane 
nanocomposites [44]. 

Wu et al. [18] and Raghu et al. [46] also reported a similar type of 
microstructure for waterborne polyurethane/functionalized graphene 

Fig. 9. Bright field TEM images of (a) TPU/GO 0.10 (b) TPU/GO-PPD 0.10 (c) TPU/GO-HMD 0.10 and (d) TPU/GO-NH3 0.10.  

Fig. 10. Stress-strain curves of TPU/amine functionalized GO nanocomposites.  

Table 2 
Mechanical properties of TPU/amine functionalized GO nanocomposites.  

Sample Tensile 
strength 
(MPa) 

Young’s 
modulus 
(MPa) 

Elongation at 
break (%) 

Toughness 
(MPa) 

TPU-0 8.6 � 0.5 2.2 � 0.1 618 � 15 32.0 � 1.2 
TPU/GO 

0.10 
31.7 � 1.5 3.5 � 0.1 1010 � 35 166.7 � 2.5 

TPU/GO- 
PPD 0.10 

41.1 � 1.7 5.4 � 0.2 942 � 27 183.9 � 5.2 

TPU/GO- 
HMD 
0.10 

34.8 � 1.4 3.8 � 0.2 988 � 25 170.0 � 3.9 

TPU/GO- 
NH3 0.10 

40.2 � 1.8 4.9 � 0.2 1002 � 32 192.9 � 4.7  
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nanocomposites. 

4.5. Mechanical properties 

4.5.1. Tensile properties 
The incorporation of nanofiller to a polymer matrix results in an 

increase in mechanical properties. But, the nature of filler plays an 
important role in it. In this work, different types of amine functionalized 
GO has been added to the TPU matrix at a concentration of 0.10 wt%, 
and their effect in tensile properties have been observed. The typical 
stress-strain curve of TPU and its polymer nanocomposites has been 
presented in Fig. 10, and the corresponding value of tensile strength, 
Young’s modulus and elongation at break have been summarized in 
Table 2. It is quite easy to understand that tensile strength, modulus, and 
elongation at break increases remarkably after adding 0.10 wt% of GO, 
GO-PPD, GO-HMD or GO-NH3 to TPU. There are various reasons behind 
such remarkable improvement in tensile strength. The main reason is the 
strain hardening facilitated by the presence of graphene-based filler [9]. 
Orientation of the TPU grafted nanosheets and the soft segments of TPU 
along the tensile direction also contribute to a great extent in the 
enhancement of tensile strength [7]. Covalent bond formation between 
the NCO-terminated polyurethane pre-polymer and the GO or amine 
functionalized GO is also responsible for such improvement in me
chanical properties [9,39]. The reasons behind the improvement of 
Young’s modulus are covalent bonding, H-bonding and/or other 
polar-polar interactions between the hard segment of TPU and the urea 
linkage of amine functionalized GO/TPU nanocomposites which makes 
the hard domain stiff [47]. Interestingly, all the amine functionalized 
GO-based TPU nanocomposites possess superior mechanical properties 
compared to unmodified GO-based nanocomposite at ultra-low loading 
(0.10 wt%). There are a number of reasons behind such observation. (i) 
From the FESEM analysis (Fig. 8), it is clear that the dispersion of 
graphene-based fillers in the TPU matrix follows the order GO-PPD >
GO-NH3>GO-HMD > GO. Further, from TEM analysis (Fig. 9), it is 
observed that the dispersion of GO-PPD and GO-NH3 is better than GO 
and GO-HMD. (ii) Amine functionalized GOs itself have superior me
chanical properties compared to GO [48]. So, amine functionalized 
GO-based TPU nanocomposites must have better mechanical properties 
than GO-based nanocomposites. (iii) The strength and stability of urea 
linkage, formed during the preparation of amine functionalized GO 
(GOA)/TPU nanocomposites is higher than urethane linkage formed 
during the preparation of TPU/GO nanocomposite. Further, urea linkage 
of TPU grafted amine functionalized GO can form bidentate H- bonding 
interaction with the hard segment of adjacent TPU chain. Whereas, 
urethane linkage of TPU grafted GO can form only monodentate 

H-bonding interaction with the hard segment of adjacent TPU chain 
(Fig. 11), making the system stiffer. Hence, the mechanical properties of 
all amine functionalized GO/TPU nanocomposites are higher than 
TPU/GO nanocomposite. From XPS analysis, it is clear that nitrogen 
content in GO-PPD, GO-NH3, and GO-HMD is 10.13%, 7.58%, and 
4.17%, respectively (Table 1). Higher nitrogen content in amine func
tionalized GO implies the higher amount of amine modifier in amine 
functionalized GO and hence higher number of bidentate H-bonding 
interaction, which increases the tensile strength of the nanocomposite. 
Thus considering all the factors, it can be concluded that improvement 
in the tensile strength of TPU nanocomposites follows the order of 
GO-PPD > GO-NH3>GO-HMD > GO, and the explanation matches with 
the experimental results. The quantities of amine functionalized GO 
added the same in all cases. Still, the amine modifier was different, and 
hence they influenced the mechanical properties of TPU to a different 
extent. The results show that PPD functionalized GO (GO-PPD) has the 
maximum influence in enhancing tensile strength and Young’s modulus. 
Tensile strength of TPU increases by 378%, and Young’s modulus in
creases by 146% after adding just 0.10 wt% GO-PPD. Elongation at 
break is maximum for 0.10 wt% GO filled nanocomposites (1010%). In 
other cases, also, the value is quite high, and the average enhancement 
in elongation at break is e 60%. This is due to the fact that at very low 
loading graphene-based materials act a plasticizer by occupying a po
sition between the TPU chains and thus increases free volume [49] and 
elongation at break. Rupturing of H-bond between the TPU grafted 
graphene-based materials and the adjacent TPU chain and slipping of 
nanosheets during tensile loading is also responsible for the enhance
ment of elongation at break [9]. 

Toughness is the amount of energy absorbed per unit volume of a 
sample before getting a failure. It is calculated from the total area under 
the stress-strain curve. A material having high strength as well as high 
ductility will have high toughness. TPU/GO-PPD 0.10 has higher tensile 
strength than TPU/GO-NH3 0.10, but elongation at break is higher for 
TPU/GO-NH3 0.10 resulting maximum toughness of 192.9 MPa for 
TPU/GO-NH3 0.10. 

4.5.2. Cyclic loading-unloading behavior 
Resilience is one of the most important mechanical properties of a 

thermoplastic elastomer. To investigate the resilience of TPU and its 
nanocomposites; cyclic tensile loading-unloading experiments were 
performed at a constant speed of 100 mm/min and up to 10 cycles for 
each sample, and the results are presented in Fig. 12. 

It was observed that all nanocomposite samples recover to a greater 
extent compared to pristine TPU after stretching 200%. It was also 
noticed that the percent recovery for TPU nanocomposites with amine 

Fig. 11. (a) Monodentate H-bonding interaction between the urethane linkage of TPU grafted GO and the hard segment of adjacent TPU chain; (b) bidentate H- 
bonding interaction between the urea linkage of TPU grafted GOA and the hard segment of adjacent TPU chain. 
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functionalized GO is higher compared to TPU/GO nanocomposites. 
These results clearly indicate that the resilience of TPU was enhanced 
with the incorporation of 0.10 wt% GO and amine functionalized GO, 
and the improvement was more prominent in the case of amine func
tionalized GO. The possible reason behind such observation is the for
mations of more stable urea linkages by the amine functionalized GO 
during the in-situ synthesis of polyurethane nanocomposites [18]. 
Further, the amount of stress required for loading-unloading was 
enhanced with the addition of 0.10 wt% nanomaterials, and it was 
maximum in the case of TPU/GO-PPD 0.10. The results were in agree
ment with tensile data. The comparative effects of 1st, 5th, and 10th 
cycles at 200% elongation for TPU/GO 0.10, TPU/GO-PPD 0.10, 
TPU/GO-HMD 0.10 and TPU/GO-NH3 0.10 are presented in Fig. 12c-f, 
respectively. It was found that the amount of stress required for 200% 

elongation decreases with an increase in a number of the number of 
cycles (Fig. 13a), and the resilience values also follow the same trend 
(Fig. 13b). This is due to the fatigue behavior of the material, which 
causes the molecular chain scission and hence weakens the material. Bai 
et al. [50] reported a similar type of results for polyhedral oligomeric 
silsesquioxane (POSS) crosslinked poly(styrene-b-butadiene-b-styrene) 
elastomer and found that POSS improves the mechanical properties of 
SEBS elastomer including resilience. Zhang et al. [51] also investigated 
the cyclic tensile loading-unloading behavior of poly (vinyl alcohol) 
hydrogels and found similar type results. 

4.6. Thermogravimetric analysis (TGA) 

The thermal degradation behavior of TPU and its nanocomposites in 

Fig. 12. (a) First cycle of loading-unloading curve for TPU and its nanocomposites with 0.10 wt % filler; First, fifth and tenth cycles of loading-unloading curve for 
(b) TPU 0, (c) TPU/GO 0.10, (d) TPU/GO-PPD 0.10, (e) TPU/GO-HMD 0.10 and (f) TPU/GO-NH3 0.10. 
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the nitrogen atmosphere were investigated by TGA. TGA and the cor
responding differential thermograms (DTG) of TPU and its nano
composites are presented in Fig. 14. From the TGA thermograms 
(Fig. 14a) it is clear that both TPU and its nanocomposites show two- 
stage degradation behavior where the first stage corresponds to the 
degradation of the soft segment, and the second stage corresponds to the 
degradation of the hard segment [5,39,47]. Temperature for 5% weight 

loss was considered as initial degradation temperature (Tin). Tempera
tures such as maximum rate of degradation (Tmax) and Tin for TPU and 
nanocomposites are summarized in Table 3. From Table 4 it is clear that 
both the Tin and Tmax increases significantly after incorporating 0.10 wt 
% nanofiller, and the increment is more prominent in the case of amine 
functionalized GO-based nanocomposites compared to TPU/GO. Amine 
functionalization has a positive influence in enhancing the thermal 
stability of TPU nanocomposites. Again, TPU/GO-PPD 0.10 shows 
maximum increments in thermal stability compared to other amine 
functionalized GO-based TPU nanocomposites. With the incorporation 
of just 0.10 wt% GO-PPD, Tin increases by 7

�

C and Tmax increases by 
13.5

�

C. This is due to higher thermal stability of GO-PPD compared to 
other graphene based materials. Enhanced thermal stability of nano
composites compared to pristine TPU was due to different kinds of 
physical and chemical interactions between TPU and the graphene 
based nanofillers [47]. The observed results are in line with that re
ported by Wu et al. [18] and Zhang et al. [52] for TPU and functional
ized graphene system. 

4.7. Dynamic mechanical thermal analysis (DMTA) 

DMTA was carried out to scrutinize the influence of reinforcing fillers 
in the mechanical properties of polyurethane over a broad range of 
temperature. Fig. 15a shows the variation of storage modulus (E’) with 
temperature and Fig. 15b shows the variation of the damping factor 
(tanδ) with temperature. As seen in Fig. 15a, E’ value of TPU increases 
with the incorporation of 0.10 wt% filler. This is due to various physi
cochemical interactions between TPU and graphene-based filler [9]. 
Further, all the amine functionalized GO filled nanocomposites exhibit 
better improvement in storage modulus compared to unmodified GO 

Fig. 13. (a) Variation of tensile stress at 200% elongation with a number of cycles; (b) change of unrecoverable strain (%) with the number of loading- 
unloading cycles. 

Fig. 14. (a) TGA and (b) DTG thermograms of TPU/amine functionalized GO nanocomposites.  

Table 3 
TGA results of TPU/amine functionalized GO nanocomposites.  

Sample Tin (�C) Tmax (�C) 

TPU-0 306.2 407.5 
TPU/GO 0.10 312.0 414.0 
TPU/GO-PPD 0.10 313.5 421.0 
TPU/GO-HMD 0.10 313.0 418.0 
TPU/GO-NH3 0.10 318.6 419.0  

Table 4 
DMTA results of TPU/amine functionalized GO nanocomposites.  

Samples Tg;s 

(�C)  
Log E0 at � 25 �C 
(MPa) 

Log E0 at 0 �C 
(MPa) 

Log E0 at 25 �C 
(MPa) 

TPU-0 � 59.5 2.14 1.90 1.34 
TPU/GO 0.10 � 65.5 2.30 1.95 1.42 
TPU/GO-PPD 

0.10 
� 67.8 2.40 2.07 1.53 

TPU/GO-HMD 
0.10 

� 71.0 2.32 1.98 1.46 

TPU/GO-NH3 

0.10 
� 70.2 2.35 2.03 1.48  
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filled composites signifying a positive influence of amine functionali
zation in the mechanical properties of TPU [18]. The effect becomes 
most significant for PPD functionalized GO filled composite at similar 
loading. Table 4 shows that storage modulus increases with a decrease in 
temperature. This is due to the restriction in the movement of the 
polymer chain at a lower temperature. The variation of storage modulus 
at 25

�

C for TPU and its nanocomposites is shown in the inset of Fig. 15a. 
Glass transition temperature of soft segment (Tg;s) is derived from the 
maximum position of tanδ vs. temperature plot. Fig. 15b shows that Tg;s 

decreases with the addition of GO and amine functionalized GO. This is 
due to increase in micro phase separation between hard and soft 

segment [14]. 

4.8. Contact angle analysis 

Contact angle measurement is one of the easiest ways to determine 
the wettability of a solid surface. The contact angle of a material is very 
important for its various applications like biomedical, paints, packaging, 
etc. [53]. The contact angle can be measured by using a number of 
liquids like water, ethylene glycol, glycerol, etc. [54]. In this study, 
water (surface tension ¼ 72.8 mJ m� 2) was taken as a testing liquid, and 
all measurements were done by a sessile drop method. The water contact 
angle of TPU and its nanocomposite films are shown in Fig. 16 and the 
corresponding value of surface energy and work of adhesion are pre
sented in Table 5. 

The water contact angle on TPU film was 87
� , which is comparable to 

earlier reported data [55]. With the incorporation of GO (contact angle 
¼ 57

�

), the water contact angle value decreases from 87
�

to 84
�

. This is 
due to the hydrophilic nature of the wrinkled GO sheets [56]. In the case 
of amine functionalized GO-based nanocomposites, the contact angle 
increases with the addition of 0.10 wt% nanosheets. 

The amount of increment was different for different amine-modified 
GO depending upon the nature of amine-modified GO. It was clear that 
the contact angle and C/O ratio of GO-HMD was maximum among all 
amine-modified GOs. Hence, TPU/GO-HMD 0.10 shows the maximum 
improvement in contact angle value. From Table 5, it can be concluded 

Fig. 15. DMTA curves of TPU/amine functionalized GO nanocomposites: (a) Storage modulus, (b) tan δ  

Fig. 16. Water contact angle of (a) TPU-0, (b) TPU/GO 0.10, (c) TPU/GO-PPD 0.10, (d) TPU/GO-HMD 0.10 and (e) TPU/GO-NH3 0.10.  

Table 5 
Surface properties of TPU/amine functionalized GO nanocomposites by contact 
angle analysis.  

Sample Contact angle 
(�) 

Surface energy 
(mJm� 2) 

Work of adhesion (mN 
m� 1) 

TPU-0 87.0 � 1.4 20.2 � 1.0 76.6 � 1.7 
TPU/GO 0.10 84.0 � 1.2 22.2 � 0.8 80.4 � 1.5 
TPU/GO-PPD 

0.10 
96.7 � 1.6 14.2 � 0.9 64.3 � 2.0 

TPU/GO-HMD 
0.10 

105.3 � 2.3 9.8 � 0.9 53.6 � 2.8 

TPU/GO-NH3 

0.10 
90.7 � 1.9 17.7 � 1.1 71.9 � 2.4  

M. Bera et al.                                                                                                                                                                                                                                    



Composites Part B 195 (2020) 108075

14

that amine functionalization helps to increase the contact angle of TPU, 
making the film hydrophobic. Surface energy and work of adhesion are 
the two most fundamental surface properties of a material. These two 
properties cannot be measured directly. They can be calculated by uti
lizing the contact angle result and using empirical models. 

Surface energy can be calculated by several empirical models [57]. 
Among them, Girifalco-Good-Fowkes-Young (GGFY) model is mainly 
used for one liquid and one solid system. The surface energy of TPU and 
its composites surface were calculated by using GGFY equation (Eq. (1)) 

γSV ¼
1

4ð1þ CosθÞ2γLV

(1) 

Here, γSV is the surface energy of the solid surface, γLV is the surface 
energy between pure water and air (72.8 mJ m� 2) and θ is the contact 
angle. 

The work of adhesion was calculated by using the Young–Dupr�e 
equation [58] as shown in Eq. (2). 

Wa¼ γLV ð1þCosθÞ (2) 

From Table 5 it is seen that surface energy and work of adhesion 
decreases with an increase in water contact angle vice versa. Deshmukh 
et al. [54] reported the variation of contact angle, work of adhesion, and 
surface energy of polyvinyl chloride (PVC) with GO addition. 

5. Conclusions 

In the present work, p-phenylenediamine (PPD), hexamethylene 
diamine (HMD), and liquid NH3 functionalized GO were synthesized by 
chemical reaction of the amine modifiers individually with GO disper
sion. Reduction of GO occurs simultaneously during functionalization 
proved by FTIR, Raman spectroscopy, UV–Visible spectroscopy, XPS and 
XRD. The prepared amine functionalized GOs were used for the fabri
cation of polyurethane nanocomposites by the in-situ solution poly
merization technique. Nano filler loading in nanocomposite was 
restricted to just 0.1 wt% for the current study and the influence of p- 
phenylenediamine (PPD), hexamethylene diamine (HMD) and liquid 
NH3 functionalized GO in the thermal, mechanical and surface proper
ties of TPU was investigated. From the experimental results, it is clear 
that amine functionalization has a positive influence on thermal, me
chanical, and other properties. Among all amine functionalized GOs, 
GO-PPD shows a more significant impact in enhancing the thermal and 
mechanical properties. With the incorporation of just 0.1 wt% GO-PPD, 
tensile strength improves by 378%, and Young’s modulus increases by 
145%. In addition to this thermal stability of the polyurethane also in
creases by 13 �C with only 0.1 wt% loading of GO-PPD. Resilience 
property of the polyurethane as observed from the cyclic tensile loading- 
unloading curve shows that incorporation of GO or amine functionalized 
GO improves it, and the improvement becomes more prominent in the 
case of amine functionalized GO. Contact angle analysis data reveals 
that the nanocomposite surface becoming hydrophobic for amine 
functionalized GO filled nanocomposites and the hydrophobicity is 
maximum in case of HMD functionalized GO filled TPU nanocomposites 
(water contact angle ¼ 105�). The improved mechanical, thermal 
properties, and hydrophobicity of the composite materials can have 
potential application opportunities in flexible pipes, airplane interior 
parts, hydrophobic coatings, automobile interior parts, etc. 
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