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Abstract

The polymer nanocomposites samples of the poly (methyl methacrylate) (PMMA)—
poly (vinylidene fluoride—trifluoroethylene) P(VDF-TrFE) with graphene oxide
(GO) were prepared by solution casting method. The impact of GO on electroac-
tive polar #-phase of PMMA +P(VDF-TrFE) was investigated through the Fourier
transform infrared spectroscopy (FTIR) and atomic force microscopy. The mechani-
cal properties of nanocomposites samples have been investigated by measurement of
microhardness. The value of microhardness and indentation depends on applied load
on samples. The experimental result suggests that mechanical properties of samples
decrease in presence of GO due to decrease in uniaxial orientation or agglomeration
of GO. Surface characteristics such as surface free energy, interfacial free energy
and hydrophobicity were determined by measuring the contact angle.

Keywords Graphene oxide - FTIR - AFM - Contact angles - Microhardness of thin
films

Introduction

The combination of poly (methyl methacrylate) (PMMA) with poly (vinylidene

fluoride—trifluoroethylene) P(VDF-TrFE) is a standout among the most prom-
ising ferroelectric polymers. The previous studied in these polymers have been
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successfully demonstrated their non-volatile and low cost memory devices appli-
cations [1, 2]. The PMMA +P(VDF-TrFE) can crystallize in different phases («
and f) depending on the heating conditions. Among these two phases, the fS-phase
is found to have most noteworthy ferroelectric properties. Nonpolar a-phases of
PMMA +P(VDE-TrFE) composite are often reborn into polar S-phase by stretching
or by heat treatment [3]. The interface formed in blend and nanocomposites system
plays an important role to modify electrical and mechanical properties of ferroelec-
tric polymers [4—-11].

The ferroelectric polymer P(VDF-TrFE) (vinylidene fluoride-co-trifluoroethyl-
ene) was chosen as the dielectric material for its extremely high permittivity. Linear
PMMA polymer was introduced into P(VDF-TrFE) matrix in order to minimize the
ferroelectric effect of P(VDF-TrFE) and thus increase the reversibility. In addition,
dynamic hysteresis is also associated with the friction force between water droplets
and the insulator surface [12, 13].

In recent years, micro- and nanoindentation have been established as a
means of detecting a wide variety of mechanical, morphological and nanostruc-
tural changes in amorphous and semicrystalline polymers [14-35], including
hybrids [16], copolymers [20, 36], polymer composites [19] and multilayer sys-
tems [15], however, no report is available in hybrid nanocomposites system of
PMMA +P(VDF-TrFE) + GO. The precise mechanical properties of polymers and
polymer nanocomposites cannot be easily determined because, so far, there is no
comprehensive visco-elasto-plastic theory to account for their micromechanical
properties. However, valuable attempts have been made in the past to explain the
mechanical behavior of materials that do not exhibit fully plastic behavior [37, 38].

The novelty of this work lies in the new properties arising from the combina-
tion of two polymers with GO and different dispersion characteristics, which have
not been reported previously [39, 40]. The graphene oxide is important filler in pol-
ymer matrix because nanocomposites have stemmed from their high surface area
and mechanical stability [41]. Consequently, studying the mechanical properties of
PMMA +P(VDF-TrFE) + GO hybrid nanocomposites brings a great interest as the
researchers are trying to find an answer to the question: how can hybrid nanocom-
posites system change to pave the way for new practical applications [42, 43].

Synthesis of graphene oxide (GO) is achieved by placing graphite in concentrated
acid in the presence of an oxidizing agent. The Tour method demonstrated a less
hazardous and more efficient method for graphite oxidation. This method and its
modified versions are presently the most commonly used methods for the oxidation
of graphite [44, 45].

Graphene oxide (GO) is one of those materials—it is a single-atomic layered
material, made by the powerful oxidation of graphite, which is cheap and abundant.
Graphene oxide is an oxidized form of graphene, laced with oxygen-containing
groups [46].

The mechanical properties of several polymers are strongly influenced by GO
because of its good dispersion and good interaction with main chain of many poly-
mers. Nevertheless, very high dispersion of GO is difficult to reach after a certain
amount of loading above which it adversely affects modulus, strength and surface
wettability of polymer nanocomposites. The GO finally affected the pore structure,
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surface roughness and surface wettability of the polymer, which in turn is correlated
with the mechanical properties of polymers [47-52].

The various mechanical properties varied with variation in applied load. Gener-
ally, there are two types of load (1) static load and (2) dynamic load. The applied
load is the main parameter for testing of mechanical properties. For example, fatigue
toughness is one of the most important properties of materials which can be deter-
mined by the behavior of the material under applied variable load. Various other
material properties such as tensile strength, fracture toughness, toughness, ductility,
elastic modulus and microhardness are investigated under application of static load
[53-55].

In this paper, we report a study on GO-modified microhardness of
PMMA +P(VDF-TrFE) hybrid nanocomposites samples. FTIR, AFM, contact
angle measurement studies have been made to characterize the structural and surface
properties of hybrid nanocomposites.

Experimental details
Materials

P(VDE-TrFE) (Mw ~ 146.06 g mol~!), PMMA (Mw ~100.12 g mol™!) and graphite
powder (Mw~1201.6 g mol~") were purchased from Sigma-Aldrich. Sulfuric acid
(H,S0O,), sodium nitrate (NaNO,), hydrogen peroxide (H,O,) hydrochloric acid
(HCL) and potassium permanganate (KMnO,) were procured from Sigma-Aldrich.
Acetone, distilled water (DW) and N, N-dimethylformamide (DMF) were used as a
solvent for preparation of hybrid nanocomposite thin film.

Fabrication of GO and PMMA + P(VDF-TrFE) hybrid nanocomposites

Graphene oxide (GO) was prepared by modified Hummer’s method [56]. In this
method, 0.5 g of graphite powder and 0.5 g NaNO; were mixed with 25 ml of con-
centrated H,SO,. The mixture was continuously stirred for 30 min at the tempera-
ture range of 0-5 °C. Thereafter, 3 g of KMnO, flakes were slowly added to the sus-
pension and the temperature was maintained below 25 °C under stirring, until this
solution becomes light brownish. This solution was added with 45 ml of distilled
water (DW) and 5 ml of H,O, to reduce the excess of KMnO,. It was then sonicated
for 24 h. The dark suspension was then centrifuged to remove ionic contaminants
for 15 min at 10,000 rpm. The whole reaction mixture was washed by 1 M HCI and
ethanol for 3—4 times and filtered to get the gray color of GO separate sheets in oxi-
dized state. The GO was dried in the form of precipitate to stay away from aggrega-
tion. For the preparation of blend sample, different weight % of P(VDF-TrFE) was
added with PMMA. We have optimized the wt% of GO in PMMA + P(VDF-TrFE)
matrix and observed that 2 wt% of GO is the best choice to enhance morphological
and mechanical properties.

We have prepared the 50-pm-thick nanocomposite thin films of
PMMA +P(VDF-TrFE) with GO by using solution casting method. In this method,
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polymer powder of (PMMA +P(VDF-TrFE)) with ratio of 80:20 was added in
50 ml of DMF and kept in stirrer for 2 h at 45 °C. Again we have added dried gra-
phene oxide and stirred magnetically for 1 h at 45 °C. The solution was subjected to
ultrasonic vibration for 20 min and stirred again for 6 h at 45 °C for a homogeneous
distribution of GO. The resultant solution was poured in optically plane glass plate
inside vacuum oven. The samples were kept at 60 °C inside vacuum oven for 24 h to
remove the effect of all volatile contents before use.

Mechanism

The concentration fluctuation of PMMA and P(VDF-TrFE) around GO will disturb
homogeneous entanglements of hybrid samples. Especially, GO strongly interacts
with polymer due to the largest surface area.

The GO will act as entanglement points in hybrid sample and its density increases
with increasing concentration, finally leading to the enhancement of phase stability
[49].

The polar C—-O-C and C=0 groups of PMMA interact with strong polar fluoride
groups of P(VDF-TrFE) (Fig. 1). The PMMA segment in nanocomposite film sup-
presses the free volume (or defect) existing in the normal P(VDF-TrFE) copolymers
due to decrease in crystallinity and crystal size. The resultant properties of poly-
mer GO hybrid nanocomposites depend on the intrinsic characters of GO (i.e., size).
The functional groups, —OH and —COOH, exist on the surface and pores of the GO
which promote the hydrogen bonds between the GO to amine, benzenoid and qui-
noid of the polymer chain [57, 58].

Results and discussion

P(VDF-TrFE) and PMMA are known to polar polymer and having excellent mis-
cibility in common solvent. The addition of PMMA affected the crystallinity of
P(VDF-TtFE), including the dilution and impeding the influence on the overall

Polymer interactions
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Fig.1 Schematic diagram of polymer chain interactions with graphene oxide among polar groups of
hybrid nanocomposites
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crystallization of ferroelectric phase. The van der Waals forces and dipolar interac-
tions strengthened the interfacial interactions. There are the van der Waals forces
between the layers that can induce particle agglomeration, which will negatively
affect the desirable properties [59]. The nanofiller aggregation means less surface
contact between the polymers and GO consequently the polymer chains are free to
move. The rigidity of PMMA +P(VDF-TrFE) and defects induced by GO agglom-
eration is responsible for measured microhardness. The tensile strength is strongly
influenced by interfacial defects which lead to structure collapses. The GO and poly-
mer have different surface energy; it causes agglomeration of GO in polymer matrix.
This difference in surface energy could be minimized by proper sonication of solu-
tion or by using any inorganic chemical binder.

FTIR spectroscopy

Figure 2 shows the FTIR vibrational spectra of PMMA + P(VDF-TrFE) hybrid sam-
ples from 400 to 3600 cm™'. The position of different functional groups of pristine
and hybrid nanocomposites samples is given in Table 1.

The characteristic absorption bands of a-phase are observed at 482, 1175, 1271
and 1725 cm™!, while characteristic absorption bands of B-phase are observed at
507, 658, 841 and 1436 cm™! for pure P(VDF-TtFE) [60, 61] as shown in Fig. 2.
The vibrational band at 507 cm™! corresponds to bending vibrations mode of CF,
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Fig.2 FTIR spectrum of the a PMMA, b P(VDF-TrFE), ¢ PMMA +P(VDF-TrFE) and d
PMMA +P(VDE-TrFE) + 2 wt% GO for hybrid nanocomposites
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Table 1 Characteristic of FTIR absorption for hybrid nanocomposites

Samples Peak Phase Assignment
position
(ecm™)
PMMA 751 Wagging deformation (~CHj;)
989 Bending (CH;-O)
1192 Skeletal chain
1251 Stretching deformation (C=0)
1435 Stretching (CH,) and stretching,
asymmetric(O—CHj;)
1482 Bending asymmetric (CH,)
1712 Stretching (C=0)
2951 v,(CH,) vibration asymmetric
3445 O-H symmetric, hydroxyl group
P(VDF-TrFE) 482 o CF, bending and wagging
507 g CF, bending
841 5} CH, rocking and CF, asymmetric stretching
875 Y CF, symmetric stretching
1175 o CH, wagging deformation
1271 4 CF, symmetric stretching
1436 5} CH, wagging deformation
1725 o CF out of plane deformation
PMMA +P(VDF-TrFE) 658 i CF, bending and wagging
1387 C—H stretching
1679 Stretching vibration peaks of (C=C) groups
2761 C-H stretching symmetric
2697 C—H stretching
PMMA +P(VDF-TrFE) +2 wt% GO 1055 C-O stretching bond
1586 C=C stretching
1728 C=0 stretching
3513 O-H symmetric, intermolecular bonded

dipoles and characteristic of TT (trans) conformation of the ferroelectric -phase
of P(VDF-TrFE). The O-CH; bending and stretching of PMMA are assigned to
vibrational bands at 987 and 1483 cm™!. The stretching frequency of C=0 band
corresponds to 1679 and 1271 cm™'. Absorption band at 841 cm™! shows the char-
acteristic frequency of vinylidene compound. Stretching frequency at 1679 cm™! is
shifted to 1725 cm™! which corresponds to C=0 band of PMMA, in the hybrids
(i.e., PMMA +P(VDF-TrFE) sample). This shift is due to carbonyl stretching fre-
quencies of hybrids. This is also caused by specific interaction between the carbonyl
groups of PMMA and the CH, groups of P(VDF-TrFE) which indicates the forma-
tion of hybrids. The results are supported by the analysis of PMMA + P(VDF-TrFE)
hybrid by Coleman et al. [62]. We have investigated the influence of PMMA chains
on formation of crystalline B-phase of P(VDF-TrFE). We found that the intensity of
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841 cm™! band is the function of PMMA and GO content. For example, intensity of
PMMA + P(VDF-TrFE) hybrid at 841 cm™! band decreases, when 2 wt.% of GO is
added.

Figure 2 shows the FTIR characteristics of PMMA, P(VDE-TrFE),
PMMA +P(VDF-TrFE) and 2 wt% GO contents samples. The P(VDF-TrFE) sam-
ple presents a-phase absorptions peak at 482, 1175 and 1271 cm™!. It is clear from
Fig. 2(b) that P(VDF-TrFE) sample exhibits nonpolar a-phase. FTIR results show
that all absorption bands of the a-phase disappear, while new absorption bands
at 841, 1271 and 1387 cm™! have been observed, implying the transformation of
the nonpolar a-phase to both electroactive - and y-phases [63, 64]. However, sev-
eral absorption bands of pure PMMA at 841 and 1271 cm™! are nearly according
with these characteristic absorptions at 838, 1145 and 1271 cm~! and disturb our
judgment of whether electroactive f- and y-phases do exist [65, 66]. Considering
FTIR results, it is reasonable to understand that addition of PMMA transforms
nonpolar a-phase to electroactive f- and y-phases, but introduction of GO into
PMMA +P(VDE-TrFE) hybrid sample gives the further change in FTIR spec-
tra. In the FTIR spectra of P(VDF-TrFE) + PMMA + GO hybrid nanocomposites,
though absorptions at 838 and 1271 cm™" still exist, the absorption of the f-phase
at 1278 cm™! is hard to observe, which indicates that GO addition further induces
electroactive y-phase dominant phase structure.

The bands of PMMA +P(VDE-TrFE)+ GO at 2995 cm™! and 2951 cm™' rep-
resent the asymmetrical and symmetric stretching of CH,, respectively. The pres-
ence of different oxygen functionalities in the graphene oxide was confirmed
at 3513 cm™! (O-H stretching). The FTIR results confirm with XRD results by
exposing the same phenomenon for electroactive f-phase intensity variation with
the GO concentration and show a linear increasing trend up to 2 wt% GO within
PMMA +P(VDE-TrFE) polymer matrix [67].

Atomic force microscopy

The grain size, particle size and roughness of the film (~32.21 nm, 79.65 nm and
41.02 nm), respectively, for 2 wt% GO of PMMA +P(VDF-TrFE) hybrid nano-
composite film were estimated by using AFM. The particle distribution and surface
2D topography images are shown in Fig. 3a—d. AFM demonstrates the structural
morphology of PMMA +P(VDF-TrFE)+2 wt% GO. In addition to that, a new
observation is seen, i.e., at the surface of thin films, GO particles are present hav-
ing size less than 2 pm. Roughness and average grain size are found to be increased
for PMMA + P(VDF-TrFE) + GO hybrid nanocomposites. The RMS roughness and
average grain size of GO and its hybrid nanocomposite were found to be 41.02 and
32.21 nm, respectively.

The topography AFM images for all samples in the contact mode are
displayed in Fig. 3(a—d) which shows the topography of surface PMMA,
P(VDF-TrFE), PMMA +P(VDF-TtFE) and PMMA + P(VDF-TrFE)+ GO
hybrid nanocomposite samples. P(VDF-TrFE) sample of this type of structure
differs from hybrid nanocomposites. The detailed heights along with the yellow
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Fig.3 AFM 2D images of the a PMMA, b P(VDF-TrFE), ¢ PMMA+P(VDF-TrFE) and d
PMMA +P(VDE-TrFE) + 2 wt% GO for hybrid nanocomposites
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dotted circle of Fig. 3a—d are shown by the right sided height curve. The rough-
ness of P(VDF-TrFE) and PMMA sample is 44.11 and 48.02 nm, respectively.
The roughness of hybrid sample significantly enhances as shown in Fig. 3c, while
roughness of PMMA +P(VDF-TrFE)+ GO hybrid nanocomposites decreases
(i.e., Fig. 3d). Figure 3 shows the several wide and lofty peaks, manifesting the
current aggregation of large grains. The microhardness of material is the function
of grain size. AFM images are characterized by separate lamellar crystallites have
different grain size, which affects the microhardness.

AFM recognizes two phases (i.e., hard and soft phase) in 3D images. Micro-
hardness results support the hybrid nanocomposites, which are more crystalline
as well as hard in comparison with pristine system and finally exhibit mostly hard
phases as shown in Fig. 4a—b. The PMMA and P(VDF-TrFE) samples have hard
phases with higher value of surface roughness. However, surface roughness of
hybrid sample decreases in presence of GO.

Structural changes in hybrid nanocomposite samples are caused by
change in sizes of lamellar crystal by introducing GO in polymer matrix.
AFM also illustrates the surface morphology of PMMA, P(VDF-TrFE) and
PMMA +P(VDF-TrFE) + GO hybrid nanocomposite samples. The P(VDF-TrFE)
images display small voids in the interconnected morphology. The 2D and 3D
images of AFM represent the reduction in microvoids with 2 wt% of GO, which
corresponds to a reduction in surface roughness as shown in Table 2. The sur-
face roughness is observed to be lower for lower concentration of 2 wt% GO in
PMMA +P(VDF-TrFE) hybrid nanocomposites. The decrease in void size in
nanocomposite samples represents uniform dispersion of GO. This finally causes
the reduction in particle size and grain size as shown in Table 2. In a nano-
composites sample, the particle size is macrophenomenon, while grain size is

(a)

2.28 um
1.17 um

1.2 um
0.6 um

Fig.4 AFM 3D images of the a PMMA, b P(VDF-TrFE), ¢ PMMA +P(VDFE-TrFE) and d
PMMA +P(VDE-TrFE) +2 wt% GO for hybrid nanocomposites
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Table2 AFM parameters of hybrid nanocomposites

Samples Particle size(nm) Average grain Average rough-
size (nm) ness size (nm)

PMMA 86.52 80.40 48.02

P(VDF-TrFE) 58.26 53.18 44.11

PMMA +P(VDF-TrFE) 90.91 26.72 53.17

PMMA +P(VDF-TrFE) + 2 wt% GO 79.65 3221 41.02

microphenomenon. In the present study, grain size was in the range of 48 nm.
This range of grain size occurs due to the quantum effect [68—70].

Microhardness and tensile strength

The measurement of the microhardness variation at room temperature is subjected
to volume fraction of spherulites during primary crystallization of a number of poly-
mer materials [71-73]. The following equation relates the microhardness param-
eters of polymers:

H=H,0+H,(1-9) 1)

where H,, and H, are the microhardness values of the spherulitic and the amor-
phous inter-spherulitic regions in polymer, respectively. In general, microhardness
values during primary crystallization are shown to be directly proportional to the
total emerging crystallinity in the sample [74, 75]. It arises from the direct propor-
tionality between the microhardness of the spherulites and the fraction of crystalline
material within them (i.e., o) [71, 76, 77]:

vah = Hca,_ +Ha ( l_aL) 2)

Combination of Egs. (1 and 2) yields:
H=H,+H,(1-a) 3)

It is reported that the microhardness and other mechanical properties of polymers
are enhances with carbonaceous nanofiller, however, it is not necessary for electrical
properties of GO based polymer nanocomposites [78, 79].

The decrease in microhardness of PMMA +P(VDF-TrFE)+ GO hybrid nano-
composites is due to less uniaxial orientation of GO or aggregation of GO. The
GO exhibits hydroxyl, carboxyl and carbonyl oxygen-containing functional groups,
which are hydrophilic and highly reactive nano-reinforcements in aqueous system.
The decrease in microhardness of GO nanocomposites sample as compared to pure
PMMA and PMMA +P(VDF-TrFE) hybrid is due to uniaxial orientation of GO
[80, 81].

Microhardness test is developed to measure the microhardness of materials. It
can be used for all materials and has one of the broadest scales among microhard-
ness tests. Microhardness is determined when force is applied by an indenter to
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Fig. 6 Effect of nanofiller on, a sensitivity coefficients and b related properties of hybrid nanocomposites

the surface of samples. In this study, the mechanical characterizations of nano-
composites materials are performed using AFFRI brand DM-8 motorized digital
microhardness tester. The microhardness values (H) of different applied loads are
in the range of 49.03-245.2 Nm. This was calculated by using Eqgs. 4 and 5 [82].
F is the load applied in sample surface, A is the micrometer square surface area
and d is the indented edge length.

_F
H= @)

H = 1422F /d* 5)

The load-dependent microhardness and indentation depth are shown in
Fig. 5a-b. Figure 6a-b shows representative load displacement curves from
nanoindentation measurement performed on PMMA +P(VDF-TrFE)+ GO
hybrid nanocomposites. The standard Oliver and Pharr method was used for
the analysis of microhardness (H), yield strength (Ys), average grain size (G,),
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average roughness (Ra), tensile strength (75) and number of crystalline per unit
area (N) [83-86]. These parameters are presented in Table 3.

The indentation depths of less than 250 mm (245 mN) are observed in load—dis-
placement curve. Figure 5a shows linear elastic (reversible) loading and unloading
behaviour of load—displacement curve. It is due to fact that indentation at lower
value of load did not prove the damage of polymer surface.

Figure 5a reveals that the microhardness is maximum at 100 mN force for all
samples, however, PMMA shows maximum value of microhardness. After 100 mN
force, the microhardness is gradually decreased.

The microhardness of polymer nanocomposites depends on the nature of polymer
nanofiller interface. The microhardness will increase, if nanofiller concentrates on
the interface due to good interface adhesion, however, microhardness decreases due
to poor interface adhesion. The decrease in microhardness in hybrid nanocomposites
samples with GO is probably due to uniaxial orientation of GO or agglomeration
of the GO in polymer matrix [87, 88]. The agglomeration of GO is discarded from
AFM study, therefore, uniaxial orientation of GO is the only reason for decrease in
microhardness.

The indentation depth of P(VDF-TrFE) is the highest as compared to PMMA,
PMMA +P(VDF-TrFE) and PMMA +P(VDF-TrFE)+ GO samples. We have
observed that the addition of GO in PMMA +P(VDF-TrFE) composite slightly
decreases the indentation depth in general. It is due to fact that the plastic deforma-
tion of PMMA + P(VDF-TrFE) is controlled by GO.

Tensile and yield strengths were computed from the following relation [89, 90]:

T, = —99.8 + 3.734H 6)

Y, =-90.7 +2.876H @)

where T tensile strength, Y| yield strength and H microhardness.

The microhardness parameters of PMMA, P(VDE-TtFE),
PMMA +P(VDF-TrFE) and PMMA +P(VDE-TrFE)+2 wt% GO samples are
shown in Table 3. The addition of GO in PMMA +P(VDF-TrFE) reduces the T due
to its uniaxial orientation. The tensile strength values of P(VDF-TrFE) decreases
with combination of PMMA and GO. The P(VDF-TrFE) showed the lowest yield
strength and its Y increases with combination of PMMA/GO due to brittle essence
of PMMA [91].

It is seen that tensile and yield strengths are negatively correlated with average
grain size and surface roughness, whereas they are positively correlated with the
number of crystalline or number of particle per unit area (i.e., Table 3).

The P(VDF-TrFE) is a crystalline as well as amorphous polymer. P(VDF-TtFE)
is the copolymers of PVDF that have offered a straight forward approach to obtain-
ing the electroactive phase due to presence of pores. Consequently, it will decrease
the mechanical properties [92-94].

In the present study, the nanoindentation measurements are also corre-
lated with AFM images (Fig. 2a—d) due to similar surface profile of all sam-
ples after nanoindentation. The GO is harder than PMMA + P(VDF-TrFE) in
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nanocomposites samples, hence during indentation run, if indenter falls in the
nanocomposites matrix, where GO is present, the depth of indentation would
reduce significantly and there would be an increase in surface deformation around
the region.

Sensitivity coefficient

The several parameters such as force, diameter/thickness of sample and depth are
affecting the microhardness of sample. They are also responsible for uncertainty on
measurement. The uncertainty in measurement is given by following relation [86]:

LA .
= Ax ®

where Ax is the input parameter that has been changed (load) and AH is the change
in microhardness. The sensitivity coefficient represents accuracy of microhard-
ness measurement. The sensitivity coefficients (c¢) can be analyzed from micro-
hardness measurements. For sensitivity analysis, we observed that the sensi-
tivity of PMMA is more than P(VDF-TrFE) and PMMA +P(VDF-TrFE) and
PMMA +P(VDEF-TrFE) 4+ GO samples as shown in Fig. 6a.

Contact angles

The contact angle for PMMA, P(VDE-TrFE), PMMA +P(VDF-TrFE),
PMMA +P(VDF-TrFE) + GO samples with respect to water and glycerin has been
measured by very simple sessile drop method [95].

The surface energy associated with polymer nanocomposites samples with respect
to water and glycerin was determined by measuring contact angle. It is reported in
the literature [96] that PMMA is more hydrophobic than P(VDF-TrFE). The mixing
of P(VDF-TrFE) in PMMA matrix will significantly affect the hydrophobicity of
PMMA. The surface of the PMMA +P(VDF-TrFE) + GO hybrid nanocomposites
contains some of the GO particles and this eventually decreased the hydrophobic
nature. It could be clearly seen in Fig. 7a—d by variation in contact angle.

It is clearly observed that contact angles for PMMA + P(VDF-TrFE) + GO sam-
ples with respect to water and glycerin are 79.24°, 83.08°, 62.30°, 81.20° and 69.55°,
81.64°,61.36°, 75.27°, respectively, as shown in Fig. 8a. The forces acting on surface
of the PMMA + P(VDF-TrFE) and PMMA + P(VDF-TrFE) + GO samples are van-
ished as compared to pristine sample of PMMA and PMMA + P(VDF-TrFE) samples
due to polar nature of water and glycerine. Therefore, surface free energy decreases
at the surface of PMMA+P(VDF-TrFE) and PMMA +P(VDEF-TrFE) + GO
samples.

The contact angles were measured in four different places of sample with 1 pl of
liquid. Owens and Wendt equation [97, 98] was used to calculate the solid surface
energy:
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Fig.7 Contact angle images of the a PMMA, b P(VDF-TrFE), ¢ PMMA +P(VDF-TrFE) and d
PMMA +P(VDE-TrFE) + 2 wt% GO for hybrid nanocomposites

Ys| ——

o ®

[ d /. p
cos =|24/yd —|+2 -1
L

where 6 is the contact angle, y, and y; are the solid and liquid surface energy,
respectively. yj and y? are dispersion forces and polar forces of total surface energy
=r+r).

The surface energy with respect to polar liquid in polymer is caused by interac-
tion of polar molecules with solid surface that has permanent dipole moment. How-
ever, dispersive part is originated due to random fluctuations in the electron density
when solid and liquid interacted together.
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The measurement of contact angle of polymer nanocomposites with two kinds of
liquids with known surface energy components, y;’ and y” explained by Rohan et. al
[99].

The calculated value of surface energy for PMMA-based nanocomposites sam-
ples is presented in Table 4. The surface energy of PMMA is increased from 26.04 to
35.46 mJ m~? when P(VDF-TIFE) is added. However, hydrophilicity of PMMA is
related to the contributions of dipole—dipole and dipole—induced dipole interactions.

Table 4 Contact angle (6) of work of adhesion (W,) and surface energy (ys) of hybrid nanocomposites

Samples ) (W,) (mJ m™2) (ys) (mJ m™?)
Water  Glycerine ~ Water Glycerine

PMMA 83.08 81.64 81.62 72.61 26.04

P(VDF-TrFE) 79.24 69.55 86.38 85.58 27.62

PMMA +P(VDF-TrFE) 62.30 61.36 106.65 93.98 35.46

PMMA +P(VDE-TrFE) + 2 wt% GO 81.20 75.27 84.01 79.35 28.47
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Also, the contact angle and adhesion work for PMMA + P(VDF-TrFE) + 2 wt% GO
hybrid nanocomposites are affected by the water. The surface roughness and molec-
ular interactions are the main reasons for these results shown in Fig. 8(b).

The weak interaction of —CF, groups of P(VDF-TrFE) is the reason of its
weak hydrophobicity [95]. The PMMA and PVDF have almost similar disper-
sion component (yf), but addition of P(VDF-TrFE) in PMMA enhances the
polar component () and finally increases the surface energy of nanocompos-
ites as presented in Fig. 8(c). It has been observed that the surface composition
of PMMA +P(VDF-TrFE) +GO sample was highly influenced by GO, which
reflects the variation in surface energy.

Generally, the crystalline nuclei are formed at the end of the polymer chain, and
size of the nuclei is independent on isolated amorphous chains of polymer like
PMMA. Table 3 shows that the crystallinity of PMMA is greater than crystallin-
ity of P(VDF-TrFE), however, PMMA+ P(VDF-TrFE) + GO hybrid nanocompos-
ites have higher crystalline than the P(VDF-TrFE) and less crystalline than PMMA.
It may be due to agglomeration of GO being able to reduce the electrostatic force
between the hybrid polymer matrix and the graphene oxide, which is responsible for
reduction in crystallinity of the hybrid nanocomposites (Fig. 6b) [100, 101].

Thus, hydrophilicity of individual and composite samples is affected the micro-
hardness, surface enrichment and crystallization. Factors affecting the surface
hydrophilicity of polymer nanocomposites are reported in the literature [98]. In gen-
eral, the hydrophilicity of polymer is the part of (i) crystallization domains contrac-
tion on the sample surface and (ii) surface enrichment tendency of polymer. The lit-
erature [102] demonstrates that contact angle measurement provides the information
about level of intercalation between nanofiller and the polymer.

The decrease in contact angle is subjected to increase in nanofiller concentration.
This means that intercalation between nanofiller and polymer enhances. It has been
verified by AFM technique.

Conclusions

FTIR and AFM characterization results confirm the formation of hybrid nanocom-
posite of PMMA with P(VDE-TrFE) and GO. The contact angle measurement con-
firms the intercalation of GO with polymer matrix and its hydrophobic properties.
In summary, we have emphasized attractive applications of the microindenta-
tion method to the study of the mechanical properties of polymer nanocomposites
surfaces. The isolated microhardness (H) of value up to 107 MPa could be easily
scaled down to develop submicron level uniform small crystal of P(VDF-TrFE). In
addition, the surface structural analysis of polymer/hybrid nanocomposites samples
by AFM technique and contact angle measurement supports the results of mechani-
cal properties by means of uniaxial orientation of GO and its dispersion in polymer
matrix. The improvement in microhardness and yield strength of hybrid nanocom-
posites is found to mainly depend on the concentration of GO in polymer interface
adhesion. It is concluded that our attempt of this study will help to understand the
fundamental concept of “nano” effect in polymer, liquid—solid interaction in hybrid
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nanocomposites system by measuring contact angle and pave the way for industrial
applications in several flexible electronic devices.
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