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A B S T R A C T

The synthesis of polymeric blends and nanocomposites with improved physical properties has attracted in-
creasing attention worldwide, for its practical and technological applications. The present study aims to tune the
physical properties of thermoplastic polyvinyl chloride (PVC) and polymethyl methacrylate (PMMA) blends by
adjusting the film thickness and loading with multiwall carbon nanotubes (MWCNTs). To this end, P(VC/MMA)
films of thickness in the range 36.4–204 µm and P(VC/MMA)/MWCNTs films were prepared using solution
casting. A scanning electron microscope (SEM) and Fourier transform infrared spectroscopy (FTIR) were used to
investigate the films morphology and cross-sectional area and the vibrational properties, respectively. UV–vis
measurements demonstrated that the transmittance spectra and absorption index were significantly affected by
the film thickness and fillers content ratio. Moreover, both the direct and indirect optical bandgap increased with
increasing thickness and decreased with increasing MWCNTs content inside P(VC/MMA) films. Further, ther-
mogravimetric analysis (TGA) and differential scanning calorimetric (DSC) showed that the films exhibit thermal
stability in the temperature range of 179–230 °C, and the melting temperature and degree of crystallinity in-
creased with increasing thickness and decreased after doping with MWCNTs. The influences of film thickness
and MWCNTs on the refractive index, dielectric constant, dielectric modulus, ac conductivity, impedance, and
Nyquist plots have been discussed, along with the induced capacitance nature of the samples. Consequently, it
was ascertained that the observed improvement in the optical properties and ac conductivity make these blends
and nanocomposites suitable for optical devices and dielectric applications.

Introduction

Recently, the fabrication of polymeric blends and nanocomposites
has attracted an increased amount of attention worldwide, as an
emerging low-cost technology. With the incorporation of a small
number of nano-fillers, the development of electrically conductive
networks can be undertaken efficaciously in the insulating polymer.
Notably, this is in addition to the improvement in optical and thermal
properties [1,2]. With specific thicknesses, layers of conductive
polymer nanocomposites are used to manufacture electromagnetic in-
terference (EMI) shielding applications, as well as cable sheathing for
the supply of high voltage applications [3]. Additionally, these mate-
rials are used for optical devices fabrication as well as dielectric ma-
terials to develop capacitors owing to their high dielectric permittivity
and refractive indices [4].

PVC, (CH2–CH–Cl)n, and oxygen-containing hydrophilic PMMA,
(CH2 = C[CH3]CO2CH3)n, are extensively used thermoplastics owing to
their low-cost and hygienic properties [4]. PVC is used in the plastics
and microelectronic industry (for example, cables and wires insulation)

in wake of its excellent corrosion and abrasion resistance, low com-
bustibility, electrical insulation, withstanding the conditions of extreme
heat and radiations, and mechanical stability that arises from the di-
pole–dipole interaction between H and Cl atoms [5–7]. According to
Feng et al. [8] the tensile strength and density of PVC/wood fiber
composite has increased by 112% and decreased by 52.55%, respec-
tively, after modification by 15% NaOH solution. On the other hand,
PMMA is used in LCD as light guidance panels and transparent covers
for electronic devices due to its transparency and light-weight [5,9].
PMMA is a non-crystalline polymer of melting point ~130 °C, that is
clinically accepted bio/mechanical material used for facial prostheses,
as well as tooth restorative materials [10,11]. Additionally, PMMA
finds applications for EMI shielding, due to its strong interfacial adhe-
sion with the nanofillers [6]. Correspondingly, Kim et al. [12] have
used PVA/PMMA copolymer as a structure-directing agent in the
synthesis of mesoporous TiO2, SiO2, Al2O3, ZrO2, Fe2O3, SnO2, and ZnO
films with both high porosity and good interconnectivity.

Using the phase inversion method, Bhran et al. [13] prepared PVC/
PVP porous membranes that are useful for sea and brackish water
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distillation. Blending poly (butyl methacrylate) or PMMA with PVC
yielded a blend of conductivity of 1.1 × 10−5 or 2.79 × 10−6 S/cm,
respectively, with significant mechanical and thermal stability [7,14].
Importantly, incorporation of the inorganic nano-filler has been shown
to be an efficacious method for improving the overall performance of
PVC [15,16]. According to Arunkumar et al. [17], the addition of Al2O3

nanoparticles (NPs) till 10 wt% into the PVC/polybutyl methacrylate /
LiClO4) creates electrolyte of porous structure with enhanced ionic
conductivity from 0.7 × 10−3 to 9.3 × 10−3 S/cm. The PVC is an H+

donor, whereas PMMA is an H+ acceptor. Thus, the blend of PVC and
PMMA is expected to create a strong hydrogen bonding between the H
atom of PMMA and Cl atom of PVC. Some investigators have remarked
that PVC and PMMA are miscible up to 60 wt% of PMMA [18]. How-
ever, others [19] reported that the PMMA ratio should be ≤40 wt% in
order to get a valid miscible P(VC/MMA) for electronic and engineering
applications. Furthermore, TGA and DSC analysis demonstrated that
the existence of 70 wt% of PVC enhances the thermal stability and
miscibility of P(VC/MMA) blend [5].

Introducing GeO2 NPs into the P(VC/MMA) blend was found to
improve its thermal stability, dielectric constant and its EMI shielding
properties [6]. The addition of PMMA and PMMA/ nano-sized SiO2 was
found to increase the tensile strength, Young’s modulus, tear strength
and thermal stability and decrease elongation at the break of PVC [20].
Due to the weak adhesion between the two components, adding CaCO3

whiskers [16] or TiO2 NPs [21] negatively affected the mechanical and
thermal properties of PVC. However, these properties improved sig-
nificantly by modifying CaCO3 or TiO2 with PMMA as a result of the
enhanced interfacial adhesion. Also, the thermal, mechanical and
electrochemical properties of 0.9PVC/0.1PMMA blend were improved
after loading the blend with (1–5 wt%) CuO NPs [22]. Moreover,
PMMA is often used as a compatibilizing agent for PVDF/NPs composite
to act as a bridge between the fillers and PVDF chains [23].

Carbon nanotubes (CNTs) have a special electronic, chemical,
thermal, mechanical properties, low-mass density, high flexibility, a
very high surface area, and the aspect ratio, and can produce massive
interface in the polymer nanocomposites [3,24–26]. Kumar et al. [26]
reported that the MWCNTs inside polyaniline serve as conducting
bridges that connect the polymer domains improving its electrical
conductivity and EMI shielding. According to Wu et al. [27] MWCMTs
coated by amorphous carbon and then decorated by magnetic nano-
particles (MWCNTs@C@Fe/α-Fe2O3) presented an excellent wideband
electromagnetic absorber at thickness ~1 mm. Kim et al. [10] doped
PMMA with MWCNTs for preventing the microbe-induced complica-
tions. Also, it was reported that MWCNTs induce more irregular order
(i.e. decreasing the films' crystallinity of polyurethane/PVC), better
homogeneous dispersion and improved the electrical conductivity sig-
nificantly compared with single-walled carbon nanotubes (SWCNTs)
[28]. Although the polymer/MWCNTs composites have remarkable
properties, the tendency of the CNTs to aggregate (owing to the high
intrinsic van der Waals forces) limits their application. Thus, the opti-
mized content of CNTs usually introduced in the composite membrane
is very low, even when functionalized by oxidation processes [23].

The aims of the present work; i) to study the influence of thickness
on the physical properties of PVC (75%)/PMMA (25%) blend prepared
by solution casting. ii) study the influence of MWCNTs doping ratio on
the properties of P(VC/MMA) of optimized thickness. The influences of
films thickness and MWCNTs content on the morphology, structure,
optical, thermal, electric properties and impedance spectroscopy of P
(VC/MMA) blend were investigated, discussed, and compared with
those of similar compounds, as no data are available in the literature
concerning the effect of thickness on the blend performance.

Experimental

Materials and preparation

PVC, Polymer Lab., UK, and PMMA of MW = 350,000 g/mole,
Acros Organics, were used for the blend preparation. Tetrahydrofuran
(THF), Aldrich, Germany, was used as the solvent. MWCNTs, from the
Egyptian Petroleum Research Institute (EPRI), purity ˃ 90%, den-
sity = 1.7 g/cm3, their lengths varied between 100 nm up to few µm,
crystallite size< 40 nm. XRD and HR-TEM images are shown in Fig. S1.
PVC/PMMA blends with (75%/25%) constant ratio were prepared by
mixing (0.375 g PVC + 0.125 g PMMA) in 25 ml THF, (0.75 g
PVC + 0.25 g PMMA) in 50 ml THF, and (1.5 g PVC + 0.5 g PMMA) in
100 ml THF, respectively to get films with different thicknesses. The
dissolutions carried out, in beakers with tightly closed orifices to pre-
vent the volatilization of the solution, with continuous stirring for 2 h at
RT till the complete dissolution of the blend. The mixtures were cast
into glass Petri dishes of 11 cm in diameter and suitable depth and put
in the air for solvent evaporation at room temperature (RT). For some
reason, mentioned in the discussion section, the mixture (0.75 g
PVC + 0.25 g PMMA) was chosen for nanocomposites preparation. To
this solution, 0.25, 0.50 and 1.0 wt% of MWCNTs were weighted and
mixed. Additional time (1.0 h) for magnetic stirring combined with
sonication for 20.0 min to ensure the uniform distribution and disper-
sion of the fillers inside the blend matrix. The basic steps of the pre-
paration procedures are shown in Fig. 1. Care was taken to obtain
homogenous blends and nanocomposite films. To remove moisture and
the residual solvent, the obtained films were dried at 50 °C in a vacuum
oven for 2.0 h.

Characterization

The surface morphology of the blends and nanocomposite films,
their cross-section, and thicknesses were investigated by SEM, Inspect
S, FEI, Netherlands, by using an accelerating voltage of 20 kV. The
surface of the samples was coated with a ~ 3.5 nm gold layer to de-
crease the sample charging effects as a result of the e-beam. Fourier
transform infrared spectroscopy (FTIR) to study the vibrational prop-
erties and functional groups in P(VC/MMA) blends and their nano-
composites were done by using (JASCO, FT/IR-6200) in the wave-
number range 400–4000 cm−1. The optical spectra were recorded at RT
using the UV-3600/UV–VIS-NIR Shimadzu spectrophotometer with an
accuracy of± 0.2 nm, in the wavelength range of 200–1750 nm.
Thermogravimetric analysis (TGA) was done by TGA (Q50, TA instru-
ments). About 5.6 mg of each sample was heated from RT to 750 °C at a
rate of 10 °C/min under an inert N2 atmosphere. The differential
scanning calorimetric (DSC) was carried out by DSC; Shimadzu DSC-60
in the temperature range RT − 750 °C with a heating rate of 10 °C/min
in an N2 atmosphere. Before use, the instrument was calibrated with
Aluminum oxide standard. The accuracy of the heat flow was ± 0.01
mW. Dielectric properties and impedance spectroscopy ((ε', ε'', tan δ, Z'
and Z'') were recorded by a Hikoi (Ueda, Nagano, Japan) model 3532
High Tester LCR, in the frequency range 1.0 Hz to 3.0 MHz, with ca-
pacitance measurement accuracy on the order of 1 × 10−4 pF, at RT.

Results and discussion

SEM analysis and FTIR spectroscopy

Fig. 2(a–c) shows the cross-sectional area of pure blend films pre-
pared with different thicknesses. The average thickness of these films is
~36.4, 91.4, and 204 µm, as measured by SEM. One can note that there
is a good homogeneity between PVC and PMMA polymers, i.e. no phase
separation can be noticed. With increasing the film's thickness beyond
36.4 µm, some voids are created inside the film of thickness 91.4 µm,
and they appear clearly in the 204 µm thick film. These voids or pores

A.M. El Sayed Results in Physics 17 (2020) 103025

2



aren't observed on the top surface of these films, Fig. 2 (d, e). Moreover,
these two surfaces show a net-wrinkle structure that affected slightly by
increasing the thickness from 91.4 to 204 µm. Creating pores inside the
polymer films, in general, enhance their usability in the electrochemical
applications by increasing the electrolyte uptake and the ionic con-
ductivity [29]. The effect of MWCNTs at 0.25–1.0 wt% loading on the
surface morphology of the P(VC/MMA) blend of medium thickness
(91.4 µm) is seen clearly in Fig. 3(a–d). At a lower magnification
compared to that used in Fig. 2 (d, e), the pristine film exhibits a

fingerprint-like structure turned to be a wave-like morphology after
loading with 0.25 and 0.50 wt% MWCNTs. The disappearance of the
MWCNTs from the films' surface and inside the films after filling with
0.25 and 0.50 wt%, Fig. 3 (e, f), is due to the presence of MWCNTs in
small ratios and the good dispersion of the fillers in the polymer matrix.
This indicates that the blend made a strong interaction with the
MWCNTs. Moreover, due to this interaction, the average film thickness
of the films loaded with MWCNTs, Fig. 3 (e, f), is ~80.3 µm, which is
less than that of the pure blend (91.4 µm). Additionally, it is seen in

Fig. 1. . Preparation procedures and formation of bonds in P(VC/MMA) and P(VC/MMA)/MWCNTs.
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Fig. 2(d, e) and Fig. 3(a–d), there is no division surfaces between PVC
and PMMA in the pure blends or that doped with MWCNTs. This sug-
gests the miscibility between the films' components at the molecular
level. Similarly, Khutia and Joshi [19] reported that a well inter-
connecting network have been created between NiO NPs and the mi-
cropores in P(VC/MMA) at the lowest doping ratio of the fillers.

To investigate the influence of the film's thickness and MWCNTs
content on the functional groups of P(VC/MMA), FTIR spectroscopy
was done as shown in Fig. 4 (a, b). The band at 2925 cm−1 is owing to
the stretching vibrations of CeH bonds. The band at ~1433 cm− 1 is
due to the wagging of methylene groups in PVC and/or owing to the
asymmetric stretching of O–CH3 group of PMMA [6,7]. The intensity of
the 2925 and 1433 cm−1 bands are significantly improved with in-
creasing both the films' thickness and MWCNTs content from 0.25 to
1.0 wt%. The weak band at 2347 cm−1 is assigned to CH2 bending
second overtone. The 1727 cm−1 characteristic peak is attributed to the
C]O stretching vibration of the acrylate carboxyl group of PMMA and
the weak peak at 1601 cm−1 is of the C]C conjugated stretching
[5,11]. As can be noted, with increasing the films' thickness or
MWCNTs content, the 1727 cm−1 band grown at the expense of the
1601 cm−1 one. The 1328 cm−1 band is originating from the over-
lapping of CH2 wagging in PMMA and CH2 deformation mode of PVC.
This band is enhanced by increasing the films' thickness. The peak at
1245 cm−1 is assigned to the stretching vibration of C–H/–OCH3 [5,6].
The band at 1151 cm−1 is due to C–O–C absorption of PMMA. Again,
the intensity of this band increased with increasing thickness and
MWCNTs content above 0.25 wt%. The characteristic absorption of C–C
band appears at 1062 cm−1. The bands at 961 and 847 cm− 1 are of
CH2 rocking vibration [18]. The bands at 688 cm−1 and 617 cm− 1

demonstrate the C–Cl bond of the isotactic and syndiotactic structure of
PVC [6]. Increasing the bands intensity after increasing film thickness
to 204 µm is logic and owing to the increased number of the functional
groups in the path of IR radiation. A similar result was reported for CuO
films [30]. Moreover, the intensity of most of P(VC-MMA) bands are
decreased after loading with 1.0 wt% MWCNTs. This is attributed to the
high surface energy and the huge tendency of CNTs to form bonds with
the blend molecules, as shown in Fig. 1. These results confirm the

influence of film thickness and the nano-fillers content on the vibrations
of blend' functional groups and the interactions between the compo-
nents of the nanocomposite films.

Optical characterization of the films

Fig. 5(a, b) shows the transmittance spectra of P(VC/MMA) blends
and composite films. In the studied wavelength range, T% increases
with increasing λ. The sharp increase in T% values in the region 200 –
300 nm is owing to the high energy of the incident photons which can
excite a large number of the electrons from the valence band to the
conduction band. Increasing the films' thickness from 36.4 to 204 µm
leads to a large reduction in T%, for comparison, at λ = 103 nm, the T
values of these films decrease from 78.4 to 27%. Also, loading MWCNTs
with ratios between 0.0 and 1.0 wt%, decreases the T value from 62.7
to 18%, as listed in Table 1. Similarly, increasing the thickness of CuO
material from 135 to 525 nm reduced T% from 80 to 58 [30]. Ad-
ditionally, the observed reduction in T% with increasing the nanofillers'
content is a legal result, where they act as scattering centers for the
incident light.

Fig. 6 (a, b) shows the spectra of the absorption index, =k αλ
π4 , where

the absorption coefficient =α absorption film thickness d/ ( ). All films
exhibit a sharp absorption edge in the region of 225–240 nm. The
sharpness of this edge slightly decreased with increasing the film's
thickness but increased with increasing MWCNTs content to 1.0 wt%.
This may be due to the increased disorder in the blend matrix. The
absorption band at ~283 nm seen in the spectra of all films is due to
π → π* transitions, arising from the unsaturated C]O and C]C bonds.
As seen in the inset of Fig. 6 (b), another band at ~217 nm is owing to
n → π* transitions [31]. This band is created and enhanced only by
increasing MWCNTs ratio in the blend. This result assures the interac-
tion and complexation between the nano-fillers and the blend chains, as
discussed in FTIR results. Additionally, the k values are very small (in
the order of 10-4), decreased with increasing the films' thickness but
increased with increasing MWCNTs loading. This result illustrates the
possibility of controlling the optical absorption of P(VC/MMA) films by
adjusting their thickness and composition.

Fig. 2. . (a-c) cross-section of films with different thicknesses, (d, e) the top surfaces of 91.4 µm and 204 µm thick films.
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The electronic band structure and the type of allowed optical
transitions can be checked applying the equation;

= −mαhυ B hυ E( ) ( )q
g , where m is an integer, hυ is the photon energy, B

is a constant, q = 1/2 and 2 for the indirect optical transition (Eg
in) and

for the direct transition (Eg
di), respectively. For Eg

di, the highest of the
valence band (VB) and the bottom of the conduction band (CB) lie at
zero crystal momentum. Taking m = 1, the plotting of αhυ hυ( ) vs.2 and
plotting of αhυ hυ( ) vs.1/2 , can yield the Eg

di and Eg
in, respectively, as

shown in Fig. 7 (a, b) and in the insets of Fig. 7 (a, b), respectively. Eg
di

and Eg
in values are obtained by extraplotting the straight-lines portion to

αhυ( )2 = 0 and αhυ( )1/2 = 0, respectively, and their values are listed in
Table 1. The obtained results indicate that the bandgap of P(VC/MMA)
blends can be easily controlled by adjusting the films' thickness and
fillers' content. Increasing the thickness from 36.4 to 204 µm widened
both Eg

di and Eg
in from 4.82 to 5.0 eV and from 3.9 to 4.7 eV, respec-

tively. However, increasing fillers content from 0.0 to 1.0 wt% nar-
rowed Eg

di and Eg
in from 5.0 to 4.63 eV and from 4.55 to 4.0 eV, re-

spectively. Similarly, doping PVC/PVdF blend with 0.01% GO reduced
its Eg

in from 5.0 to ~ 4.4 eV [15]. Increasing the film thickness increases
the insulating properties and increasing MWCNTs improves the semi-
conducting character of P(VC/MMA) blends. The nature of 1D mor-
phology and the uniform distribution of MWCNTs inside the blend
matrix enable them to form 3D connected network structures that fa-
cilitate the charge transport process. The obtained results are the best
compared with that reported for PMMA(80%)/PVdF(20%), as its Eg

di

just reduced from 5.85 to 5.22 eV after loading ZnO NPs with the ratio

of 20 wt%. [32].
Fig. 8 (a, b) shows the distribution of the films' refractive index (n),

calculated using the relation: = +
−

n R
R

1
1

[33]. n shows anomalous dis-
persion in the UV region and normal dispersion in the longer wave-
lengths. Moreover, n value lies between 1.8 and 5, as listed in Table 1.
Where it increases with increasing both the films' thickness and filler
content. MWCNTs may act as scattering centers that reduce the light
velocity in the nanocomposite films. Thereby increase n value in ac-
cordance with ( =n c v/ ),where c and v are the velocity of light in the
free space and in the material, respectively. The dispersion relation:

= − ∗( )n ε λ( )L
e

πc
N

m
2 22

2 [30], has been used to determine both the lattice

dielectric constant εL and The ratio of carrier concentration to the

electron effective mass ∗( )( )e
πc

N
m

2
2 . The obtained results are tabulated in

Table 1. With increasing films' thickness and MWCNTs content, εL in-

creased significantly. Increasing ∗( )( )e
πc

N
m

2
2 from 8.50x10-7 to 4.45x10-6

nm−2 with increasing MWCNTs content is in agreement with de-
creasing Eg of the samples. Reducing the Eg and increasing n value after
incorporation of MWCNTs was also reported for the PVA/PVP blend
[24]. The obtained results illustrate that the prepared films are a can-
didate for designing high refractive index lenses or optical filters with a
reasonable optical bandgap.

Fig. 3. . SEM analysis: top surface images of (a) pure PVC/PMMA blend and (b-d) blend loaded with 0.25%, 0.50%, and 1.0 wt% MWCNTs. (e, f) the cross-section of
0.25% and 0.50% MWCNTs films, respectively.
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Fig. 4. . FTIR transmittance spectra of PVC/PMMA blend of (a) different thicknesses and (b) that loaded with 0.25 wt%, 0.50 wt% and 1.0 wt% MWCNTs.

Fig. 5. . UV–vis transmittance spectra of the films.
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TGA and DSC analysis

TGA is a widely used technique for exploring the thermal stability of
the organic compounds, where the weight loss W (%) of the material is
recorded as a function of temperature. The TGA thermograms of P(VC/
MMA) blends of different thicknesses and P(VC/MMA)/MWCNTs are
shown in Fig. 9. The observed initial weight loss from RT (~22 °C) to
178 °C is due to the spread and dispersal of persistent THF, moisture,
fluorine impurities, and CO/CO2 evaporation [34]. Between 179 and
230 °C, the films show thermal stability, as the W (%) loss is negligible.
This means that the onset decomposition temperature (TO) the films
~230 °C. TO for the blend with thickness 91.4 µm ~ 240 °C and the
weight loss is ~ 9%. This means that at this thickness, the blend ex-
hibits higher thermal stability. In the ranges, 231–285 °C and
385–490 °C, the second and the final decomposition occur for most of
the films. This is attributed to the reduction of molecular weight (de-
gradation) of the blend chains, the dehydrochlorination of PVC in the
blend, and the degradation of unsaturated polymers, i.e. the cleavage
backbone of the polymer [6,35]. Weight loss of the neat blend for the
second stage of degradation is 52%. At T ˃ 490 °C, the remaining weight
is in the range 10–15 %, and is due to the residue char. Fig. S2(a–f)
shows the DTG curves used to determine the maximum thermal de-
gradation temperature (Tmax), i.e. the temperature at which the max-
imum W (%) rate is reached. The obtained Tmax values are listed in
Table 2. The Tmax decreased from 262 to 252 °C with increasing the
film's thickness from 36.4 to 204 µm. Also, its values are in the range
255–261 °C, after loading with MWCNTs. This result means that loading
MWCNTs accelerate the dehydrochlorination of PVC in the blend. Ayaz
et al. [22] reported a Tmax = 296 °C for PVC (90%)/PMMA (10%) blend

that decreased to 270, 272 and 285 °C after mixing CuO NPs at ratios of
1, 5, and 7 wt%, respectively.

DSC is a thermal analysis technique used for describing the thermal
transitions in the blends and composites, under a pre-controlled tem-
perature profile at an inert atmosphere. Fig. 10 shows the DSC curves of
P(VC/MMA) blends and P(VC/MMA)/MWCNTs in the temperature
range RT − 450 °C. All the observed peaks are endothermic. The small
peak in the range of 55–70 °C is assigned to the glass - rubber transition
(Tg), owing to the micro- Brownian segmental motion of main chains.
Another endothermic peak at about 279 °C for the thinner film
(36.4 µm) shifted to 292 °C for the 204 µm thick film. This peak is
attributed to the melting temperature (Tm) of the blends. After loading
MWCNTs with 0.25 to 1.0 wt% ratios, Tm decreased from 289 to 280 °C.
The third endothermic peak is in the temperature range 385–420 °C and
is attributed to the decomposition temperature (Td) of the blends. The
values of Tm and Td are also listed in Table 2. The DSC thermogram of P
(VC/MMA) pure blend shows a single Tg indicating the miscibility of
the blend components, confirming the SEM observation. The Tg values
increased with increasing films' thickness and decreased with in-
creasing MWCNTs content in the blend. This indicates that increasing
the films' thickness hinders the segmental mobility of the amorphous
regions in the blend. However, increasing MWCNTs ratio lead to less
rigid segments and affect the orientation of crystals and the films' mi-
crostructure.

The decrease in Tm is an indication of the decrease in films' crys-
tallinity. It further leads to the improvement in the segmental motion of
the polymeric chain and thereby, enhances the ionic conductivity of the
polymer blends and nanocomposites [29]. The Td values are increased
by increasing MWCNTs content, indicating that these fillers improve

Table 1
. Direct and indirect band gap (Eg), transmittance (T%) and refractive index (n) at λ = 700 nm, lattice dielectric constant εL and the ration of electron charge to
effective mass ∗( )( )e

πC
N

m

2
2 for the PVC/PMMA blend prepared with different thicknesses and that loaded with MWCTNs.

Films T% at 103 nm Eg
di(eV) Eg

in(eV) n at 700 nm εL ⎛
⎝

⎞
⎠ ∗

−( ) nm( )e
πC

N
m

2
2

2

Thickness effect d = 36.4 µm 78.4 4.82 3.90 1.8 2.50 8.23x10-7

d = 91.4 µm 62.7 4.98 4.50 1.9 3.00 2.46x10-7

d = 204 µm 27.0 5.00 4.70 3.6 10.2 2.70x10-6

Doping effect PVC/PMMA 62.7 5.00 4.55 1.9 3.0 8.50x10-7

0.25% MWCNTs 43.9 4.95 4.35 2.4 4.8 2.72x10-7

0.50% MWCNTs 28.7 4.85 4.19 3.7 10.8 3.19x10-6

1.0% MWCNTs 18.0 4.63 4.00 5.0 20.2 4.45x10-6

Fig. 6. . the dependence of the absorption index of the films on the wavelength, the inset shows an absorption band at 214 nm for the films loaded with MWCNTs.
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the thermal stability of the blend [35]. The degree of crystallinity of the
blends is calculated using the formula [36]:

= ×X H
H

(%) Δ
Δ

100c
m

m
o (1)

where HΔ m is the heat of fusion at Tm and HΔ m
o is the heat of fusion of

100% crystalline PVC (176 J/g [37]). The values of HΔ m and Xc (%) are
listed in Table 2. The obtained results demonstrate that Xc increases
with increasing the film thickness, but decreases with increasing

MWCNTs loading from 0.25 to 1.0 wt%. This is owing to the homo-
genous distribution of the fillers inside the blend matrix. For PVC
(60%)/PMMA (40%) blend loaded with NiO NPs, the reported Tg and
Tm in the range 80–95 °C and 230–265 °C, respectively. However, at
doping ratios ˃2.0 wt%, the NiO NPs agglomeration yielded an increase
in the calculated Xc from ~ 10.63 to 29.26% [19]. The obtained TGA,
DTG, and DSC indicate that the thermal properties and stability of P
(VC/MMA) blends are adjustable by controlling the films' thickness and
MWCNTs doped ratio. Additionally, these materials can be used

Fig. 7. . Tauc's plots; direct optical band gap (Eg
di) of the films and the insets show the indirect optical band gap (E ).g

in

Fig. 8. . The refractive index (n) distribution of the films w.r.t λ. The insets show (n2 & λ2) for determination the lattice dielectric constant and charge carriers to
electron effective mass ratio of the films.
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efficaciously in microelectronic industry, electronic devices, electro-
magnetic shielding and space applications without damaging up to
230 °C.

Dielectric properties

Dielectric constant, dielectric moduli, and conductivity
Fig. 11(a, b) shows the variation of the real part of dielectric con-

stant ε' and the loss tangent tan δ = ε″/ε′ [38], (the ratio of the electric
energy lost to the energy stored in an applied electric field), where ε'' is
the dielectric loss. As seen in Fig. 11 (a), ε' values are higher at the very
low applied frequency f. This is arising from the orientation of P(VC/
MMA) polar groups and the charges accumulated at the electrode-film
interface [39]. Increasing the film's thickness from 36.4 µm to 204 µm
had a small influence on increasing ε' at the low-f region, compared to
the influence of CNTs loading. For comparison, the ε' values at 10 kHz
for all films are listed in Table 3. MWCNTs incorporation may en-
courage the blend functional groups to have an ordered state and thus
causing improvement in the polarization. Increasing the applied f va-
lues means increasing the reversal of the applied electric field. This
causes a decrease in charge carriers' density at electrode-film interface
and decreases the orientation of dipoles. This is due to the lag between
the frequency of oscillating dipoles and the applied field. This results in
decreasing the polarization and ε' and weakens the dipoles' interaction
with the electric field [40]. Similar behavior is seen for the dependence
of tan δ of the applied f. However, the blend loaded with 0.50 wt%
MWCNTs shows a relaxation peak shifted to a higher f after increasing
fillers content to 1.0 wt%. The presence of these peaks is attributed to

the conductivity relaxation phenomena, where after this peak, the
charge carriers become confined to potential wells and their motion is
restricted for short distances. In general, the low-f tan δ is greater than
that at high f. The reason is that as the applied f increases, the inter-
facial polarization decreases and becomes vanishing small that owing to
the limited time for the dipoles to orient in the ac electric field direction
[41].

Fig. 12 (a, b) shows the dependence of the real (M') and imaginary
(M'') dielectric moduli of the prepared films on the applied f. The very
low values of M' and M'' at the low f values reveal that the effect of
polarization at the electrode/film interface is insignificant and related
to a long-range mobility of the charge carriers [42]. The long tail in M'
and M'' at the lower f values for the 1.0 wt% CNTs loaded film indicates
the higher capacitance associated with the electrodes [40]. M″ in-
creases with increasing f at first, owing to the long-range random
hopping of charges that reaches to a maximum value at a certain f
value. The peaks observed in the spectra of M'' or the relaxation at-
tributed to the change from long-range motion into restricted or caged
motion. The f value corresponds to the peak is the same for all P(VC/
MMA) pure films, regardless of their thickness. However, it shifts to
higher values with increasing CNTs loading ratio inside the blend.
Further increase in f, the values of M'' decrease, and this indicates that
the charge carriers become confined within the potential well and only
a short distance move is alloyed. At low f, many types of interface states
with different lifetimes are available, but these states affected by the
applied signal [41]. At higher f values, M'' reaches a nearly constant
value. The shift of Mmax

'' peak position towards higher f after loading the
CNTs indicates that increasing CNTs ratio improves and supports the
movement of the charge carriers by building up a conductive 3D net-
work throughout the blend matrix.

The total conductivity in a dielectric material is determined from
the relation; = +σ σ σ f( )t dc ac , where σdc is the conductivity at very low
or zero frequency, i.e. the limiting zero-frequency conductivity, and the

Fig. 9. . TGA thermograms of PVC/PMMA blends of different thickness and that
loaded with different ratios of MWCNTs.

Table 2
Thermal Properties; the maximum thermal degradation temp. (Tmax), glass transition temp. (Tg), melting (Tm) and decomposition (Td) temps., the heat of fusion
( HΔ m) and crystallinity (Xc).

Films Tmax (oC) Tg (oC) Tm (oC) Td (oC) Hm (J/g) Xc (%)

Thickness effect d = 36.4 µm 262 55.0 279 394 33.4 18.97
d = 91.4 µm 262 64.0 289 400 42.3 24.03
d = 204 µm 252 70.0 292 395 47.6 27.04

Doping effect 0.25% MWCNTs 258 61.0 289 392 42.5 24.15
0.50% MWCNTs 259 59.0 285 402 39.7 22.55
1.0% MWCNTs 261 59.3 280 404 36.8 20.90

Fig. 10. . DSC curves of PVC/PMMA pure blends of 36.4–204 µm thick, and
that loaded with 0.25–1.0 wt% MWCNTs.
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ac conductivity; =σ f πfε ε( ) 2ac o
'' [42], where εo is the permittivity of free

space [43]. Fig. 13 shows the σac of the samples under study, where
their value at the studied f range is < <− ( ) σ10 S

m ac
4 −10 ( )S

m
7 . In the high

f region, the σac raises linearly with f, which is ascribed to increasing the

mobility of charge carriers [44]. The σac values at f = 1 MHz are listed
in Table 3, where σac increases from 3.62 × 10-6 to 9.65 × 10-6 S/m
with increasing film thickness and significantly increased to 5.48 × 10-
5 S/m after loading 1.0 wt% MWCNTs. The σdc value was calculated by
extrapolating the plateau regions to the Log σac axis and measuring the
intersections at f = 0. This is indicated by the dashed lines in Fig. 13,
and the obtained values are listed in Table 3. Ramesh et al. [40]
achieved an ionic conductivity in the order of 1.11 x10-6 S/cm at RT for
P(VC/MMA) mixed with lithium bis (trifluoromethanesulfonyl) imide
at the blend/salt ratio of 70/30. However, at such high salt con-
centrations, the composite films sever from the phase separation. As
mentioned in the previous section, Tg of the neat blend had reduced
from 64 °C to 59.3 °C for blend loaded with 1.0 wt% MWCNTs. This
decrease in Tg indicates the softening of the polymer blend backbone
that enhances the flexibility of the polymer backbone and hence in-
creases its σac.

Fig. 11. (a) Dielectric constant (ε') and (b) dielectric loss factor (tan δ) distribution w.r.t. the applied frequency of PVC/PMMA blends and nanocomposites.

Table 3
Dielectric properties; dielectric constant at 10 kHz, conductivity at f = 0, (σdc),
conductivity at 1 MHz.

Films ε' at 10 kHz σdc (S/m) σac (S/m) at
f = 1 MHz

Thickness
effect

d = 36.4 µm 2.77 3.51 × 10−8 3.62 × 10−6

d = 91.4 µm 3.10 3.83 × 10−8 5.92 × 10−6

d = 204 µm 3.55 5.24 × 10−8 9.65 × 10−6

Doping
effect

0.25% MWCNTs 3.97 1.96 × 10−7 1.44 × 10−5

0.50% MWCNTs 5.57 1.39 × 10−6 2.59 × 10−5

1.0% MWCNTs 8.37 9.25 × 10−6 5.48 × 10−5

Fig. 12. . Variation of (a) the real and (b) the imaginary part of dielectric modulus (M', M'') for PVC/PMMA films with different thickness or loaded with 0.25, 0.50,
and 1.0 wt% MWCNTs.
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Impedance spectroscopy
The complex impedance is defined as: = +∗Z Z iZ' '', and the real Z'

and imaginary Z'' parts are related to ε' and ε'' by the equations [14]:

′ =
′

′ + ′
′ =

′

′ + ′

′

′
′

′
ε ω Z

ωC Z Z
ε ω Z

ωC Z Z
( )

( )
, ( )

( )
,

o o
2 2 2 2

(2)

where =C ε A d( )/o o , and A is the electrode-film contact area. Z′ gives
the information about the resistive part, while Z′' gives the reactance
part arising due to the capacitive and inductive nature of the system.
Fig. 14 (a, b) illustrates the dependence of Z' and Z'' of the P(VC/MMA)
films on the applied f at RT. As mentioned, ε' decreases with f and also Z'
decreases with increasing f. However, the values of Z' decrease slightly

till a certain value of f, depending on the films' composition. Then,
decrease sharply with a further increase in f. At lower f side, Z' values
decrease slightly with increasing film thickness but significantly de-
crease with increasing MWCNTs content creating a plateau region ex-
tend to about 104 Hz for P(VC/MMA)/1.0% MWCNTs composite. The
observed shift of Z' plateau for the nanocomposite films confirms the
existence of a frequency relaxation process in these composites. In-
serting CNTs among the blend chains enhances the process of space
charge releasing [39,45]. At higher frequencies, the role of the inter-
facial polarization is limited and the Z' value of the films be comparable
[39]. Additionally, Z'' & f exhibits a similar trend, Fig. 14 (b), with a
wave-like behavior at the lower f region. The observed lowering in the
peaks' position in Z'' spectra with increasing CNTs ratio is arising from
the creation of extra conductive networks and pathways for ions
movement in the blend. Moreover, in the high-f region, the values of Z''
tend merging. This may be due to the accumulation of space charge in
the blend matrix [45]. These results and according to Fig. 13 and
Fig. 14 (a, b), the inverse proportionality between Z' and σac is con-
firmed. The formation of the conductive channels is affected by the
uniform distribution of the MWCNTs, as seen in Fig. 3 (b-d). Through
these inter-connected conductive channels, the electron can easily
tunnel which is the main cause for the reduction of Z′.

Fig. 15(a–d) shows the Col-Cole plots for all samples. For P(VC/
MMA) blends, Z' vs. Z'' relation exhibits slanted straight lines regardless
of the film's thickness. However, the plot become in the form of a
semicircle after loading the blend with 0.25 wt% MWCNTs. With in-
creasing fillers ratio to 0.5 and 1.0 wt%, a slanted spike at the lower
frequencies has appeared with a semicircle at high frequency. The
slanted spike is due to the polarization effect at the electrode-film in-
terface and indicates to a non-ideal mode of capacitance behavior in the
nanocomposites. The semicircle portion is expressed by a parallel
combination of bulk capacitance (due to the immobile polymer chains)
and bulk resistance (because of ions migration) as shown in the insets of
Fig. 15 (b, d). The absence of semicircles in Fig. 15 (a) indicates the
random dipole orientation in the blend's side chains as well as the non-
capacitance nature [40]. Additionally, the spike is elongated and the
semicircle diameter is decreased with increasing MWCNTs content from
0.5 to 1.0 wt%. The decrease in the area under the semicircle again
confirms the increase in bulk capacitance of the material with an

Fig. 13. . ac conductivity of the films in the frequency rang f = 50 Hz- 5 MHz.
Dashed lines show the DC conductivity (f = 0).

Fig. 14. . The dependence of (a) the real and (b) the imaginary part of impedance for PVC/PMMA films with different thickness or loaded with 0.25, 0.50, and 1.0 wt
% MWCNTs.
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increase in MWCNT loading. This behavior is due to the uniform dis-
persion of the fillers that form interconnected network structures inside
P(VC/MMA) blend matrix [3].

Conclusion

Blends and nanocomposite films based on P(VC/MMA)/MWCNTs
were successfully prepared by a solution casting technique. The influ-
ences of film thickness and MWCNTs doping ratio on the morpholo-
gical, molecular vibration, optical, thermal and dielectric properties
were investigated. SEM analysis showed that the blend films exhibit a
net-wrinkle or fingerprint-like structure turned to be a wave-like mor-
phology after MWCNTs loading. FTIR spectra showed that no peaks
shift with increasing film thickness or MWCNTs content. Besides the
overlapping between the functional groups of both PVC and PMMA, the
interactions between the components of blends and nanocomposites
improved the peaks intensity of CeH and C]O. The UV–vis transmit-
tance was decreased with increasing film thickness from 36.4 to 204 µm
and also decreased after MWCNTs loading. Both Eg

di and the refractive
index were increased from 4.82 to 5.0 eV and from 1.8 to 3.6 with
increasing P(VC/MMA) blend thickness. Additionally, Eg

di was de-
creased from 5.0 to 4.63 eV after doping with 1.0 wt% MWCNTs. TGA
showed that all have thermal stability between 179 and 230 °C. The
maximum thermal degradation temp. (Tmax), decreased from 262 to
252 °C with increasing the film's thickness. Also, its values are in the
range 255–261 °C, after loading with MWCNTs. DSC thermograms
showed that the melting temperature (Tm) and the degree of crystal-
linity (Xc) increased from 279 to 292 °C and 18.97 to 27.04% with
increasing the thickness. These values decreased from 289 to 280 °C
and from 24.03 to 20.90% due to the homogenous distribution of
MWCNTs inside the blend. All films showed < <− ( ) σ10 S

m ac
4 −10 ( )S

m
7 .

σdc and σac (at 1 MHz) increases from 3.51 to 5.24 × 10−8 S/m and

3.62 × 10-6 to 9.65 × 10-6 S/m, respectively, with increasing film
thickness. Also, they increased significantly 9.25 × 10-6 and 5.48 × 10-
5 S/m, respectively, after loading 1.0 wt% MWCNTs. The impedance
spectroscopy confirmed the inverse proportional between Z' and σac.
Nyquist plots showed slanted straight lines for pure blends and slanted
spikes at the lower frequencies combined with semicircles at high fre-
quency for the blend loaded with 0.5 and 1.0 wt% MWCNTs.
Introducing MWCNTs induce a capacitance nature for the blend. In
summary, the optical, thermal and dielectric properties of P(VC/MMA)
blend are adjustable by modifying its thickness and MWCNTs filled
ratio. In summary, the obtained results illustrate that the prepared films
are a candidate for designing high refractive index lenses or optical
filters with a reasonable optical bandgap. The observed thermal stabi-
lity and enhanced electric conductivity make the materials suitable for
electromagnetic shielding and space applications up to temperatures of
230 °C. The improved dielectric constant and the induced capacitance
nature after MWCNTs loading pave the way for use in the microelec-
tronic industry, integral thin film capacitors and electric stress control
devices.

A statement of the novelty

This research paper presents a simple and an effective methods for
controlling the physical properties of a thermoplastic polymeric blend,
PVC/PMMA, which is multifunctional material. This was done by
varying the film thickness (36.4 to 204 µm). The film of thickness that
gave the best physical properties, was then doped by MWCNTs with
different ratios.

Few reports on PVC/PMMA/MWCNTs are found. No reports are
found on the thickness effect on the blend properties. Therefore, this is
the first complete study which is devoted to explain how to manipulate
the structural, optical, thermal, electric properties and capacitance

Fig. 15. . Cole-Cole (Nyquist) plots of the PVC/PMMA loaded with (a) 0.25 wt%., (b) 0.50 wt%., and (c) 1.0 wt% MWCNTs. (a') and (b') are the equivalent circuits for
(a) and (b,c), respectively.
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behavior of P(VC-MMA)/MWCNTs nanocomposite films.
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