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1 Introduction

Polymer nanocomposites have received much con-
sideration owing to their advantages as easy pro-
cessing and greater electrical, mechanical, dielectric,
and optical properties. Poly (vinyl chloride) (PVC) is
one of the most common polymers in the world due
to its easy processability, low cost, availability,
excellent chemical properties [1-3]. PVC is commer-
cially applied in many applications such as doors,
windows, and packaging. By addition plasticizers to
PVC, it can be used in the industrial world such as
canvas making and plumbing [4]. However, PVC
suffers from poor mechanical properties, low thermal
stability, and inherent rigidity which limit its contri-
bution in many applications [5].

Thus, different nanofillers were used to tuning
PVC properties such as WO; [6], NiO [7], and TiO,
[8]. Carbon allotropes such as graphene, reduced
graphene oxide, fullerene, and carbon nanotubes
were used to improve the mechanical, thermal,
optical, and electrical properties of polymeric matri-
ces [9-12]. Graphene with a 2D honeycomb configu-
ration has amazing features as optimum
transparency, admirable electronic and mechanical
properties [13, 14]. Graphene nanoplatelets (GnPs)
are one of the most common graphene phases which
have a lamellar structure of multiple ultra-thin gra-
phene lamella [15]. The low-cost mass production of
GnPs made it an alternative cheap product to gra-
pheme [16]. The integration of GnPs into conven-
tional polymer matrices improves their properties.
Therefore, GnPs are widely used in industrial poly-
mers owing to their high mechanical strength (20
GPa) [17]. Also, GnPs have been used to enhance the
electromagnetic interference (EMI) shielding effec-
tiveness of PVC and polyaniline composites [18]. The
mechanical properties and shape memory of poly-
urethane were improved upon the addition of GnPs
[19]. It was reported that the addition of 0.5 wt% of
GnPs produced an obvious enhancement in the ten-
sile strength by 58% and micro hardness by 82 com-
pared with neat PVC [20]. Furthermore, the young’s
modulus and tensile strength of pure PVC improved
by 109%, and 100% respectively, upon addition of 2.5
wt% of GnPs, as published in previous work [1].
Moreover, the optical properties of polymers are
important to study the electronic transition and the
possibility of their applicability in optical filters such
as selection surfaces and greenhouse [21]. The study
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of optical absorption spectra of matter provides basic
information about the band structure and the energy
gap in solids. The optical properties of polymer
nanocomposites may be changed upon the addition
of various nanoparticles. Deshmukh et al. [22]
investigated an improvement in the refractive index
and optical conductivity of PVC film with increasing
ZnO content. Furthermore, it was reported that
doping PVC with 0, 2, 4, and 6 wt% Al,O; resulted in
decreasing the direct optical energy gap 5.05 to
3.60 eV whereas the Urbach energy increased [23].
Ahmed [21] succeeded in obtaining the dispersion
component of surface-free energies of CdSe/ZnS/
PVC nanocomposites from the contact angles mea-
surement of only polar liquids by using the surface
polarizability hypothesis. The additions of GnPs up
to 2.5 wt% were homogeneously distributed in PVC
matric. Moreover, PVC exhibited an improvement of
mechanical and dielectric properties as reported in
our previous work [1].

As per our knowledge, most of the published
papers regarding GnPs -PVC nanocomposites lag
behind the study of some important optical parame-
ters as solar material protection factors, optical con-
ductivity (o), optical dielectric constants, energy loss
function, group velocity dispersion, and dispersion
coefficient. Motivated with this, in the present work
aforementioned optical parameters of these
nanocomposites will be studied in detail. In addition,
the thermal and dynamic-mechanical properties of
nanocomposite will be investigated.

2 Experimental techniques
2.1 Materials

From sigma Aldrich Co. USA, PVC and Tetrahydro-
furan (THF) solvent were obtained. However, from
XG Sciences, Lansing, Michigan, USA, GNPs-grade
M was obtained with an average thickness of 6-8 nm
and a surface area of 120-150 m?/g.

2.2 Preparation of PVC/GNPs composites

A simple casting method was used to prepare films of
PVC/GnPs nanocomposites. THF was effectively
used to dissolve both of PVC and GnPs. Under son-
ication for 60 min and stirring for 3 days, the mix-
tures were kept followed by pouring into Petri
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dishes. At room temperature, the prepared samples
were dried for 7 days. The films had a thickness
of ~ 0.28 & 0.007 mm. The nanocomposite films
included variant concentrations of GnPs such as (0,
0.25, 0.50, and 2.5 wt%), which are hereafter called
C0, C1, C2, and C3, respectively. The concentrations
of GNPs were investigated by using the following
equation:

W00
g T Wp

where, Wy and Wp are the weight of GnPs and PVC,
respectively.

2.3 Characterization techniques

Mettler Toledo TA-TGA and DSC were used for
measuring the thermal stability. The samples were
heated in N, atm. till 700 °C with a heating rate of
15 °C/min. The absorption and the specular reflec-
tion spectra were recorded with UV-Vis-NIR spec-
trometer at wavelengths from 190 to 900 nm. DMA
was employed to study the thermo-mechanical
properties of prepared films of PVC/GnPs
nanocomposites. Films were tested utilizing Triton
Instruments at different constant frequencies of 0.5, 1,
3 and 5 Hz. The measurements were investigated in
the tension mode from room temperature to 120 °C
with a heating rate of 10 °C/min.

3 Result and discussion
3.1 Thermal analysis
3.1.1 Differential scanning calorimetry (DSC)

The effect of the embedded GnPs on the glass tem-
perature (Tg), melting temperature (T,,), and melting
enthalpy (AH,,) of PVC, was studied by DSC analysis.
Figure 1 shows the DSC curves of pure PVC and its
different PVC/GnPs nanocomposites. The experi-
mentally generated results are summarized in
Table 1. The T, value of PVC (C0) is 60.9 °C which is
so close to some literature data [24]. The observed Ty
value of PVC (C0) is considered to be higher than its
nanocomposites (except for C,). This behavior affords
an easier relaxation of the molecular chain [25]. Also,
the higher value of Ty of PVC than those of
nanocomposites of C1 and C2 is due to that H-bonds
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of PVC are less strong than the formed H-bonds
between it and nanofillers. However, the higher value
of T, for C2 (0.5 wt% of GnPs), compared to all the
other samples is indicative of a restriction in seg-
mental relaxation. The detected result of sample (C2)
is consistent with the published literature data [5].

The melting temperatures of PVC (C0) and its
nanocomposites, detected from Fig. 1, are listed in
Table 1. It can be observed that T, of the nanocom-
posites displays a rising trend by increasing the GnPs
content up to C2 then it decreases. The enhancement
in the thermal stability of C1 and C2 is due to the
homogenous distribution of the nanofiller in PVC, as
proved before in a previous study [1], as well as the
strong interaction between them [5]. However, the
observed decrease in Ty, of C3 (2.5 wt% of GnPs) is
attributed to polymer chain restriction caused by
excessive GnPs [26].

The enthalpy (AH) is considered to be one of the
most important thermodynamic properties of mate-
rials. The enthalpy can be deduced for a phase tran-
sition via integration over its area in the DSC curve
[27]. From Table 1, it can be seen that the magnitude
of the integrated melting temperature peak provides
AH,, for PVC to be 0.66 (J/g) which decreased by
increasing GnPs to be 0.28 (J/g) for C2 then increased
for C3 to become 0.89 (J/g).

3.1.2  Thermal gravimetric analysis (TGA)

TGA was employed to examine the thermal stability
of PVC and PVC/GnPs nanocomposites. Figure 2
shows the TGA and differential thermogravimetry
(DTG) curves of all samples. The obtained thermal
parameters are summarized in Table 2. The
nanocomposites of C2 and C3 showed three stages of
decomposition process compared with four stages for
pure PVC (C0) and the nanocomposites C1. For all
the tested samples, the first observed decomposition
is observed in a range of temperatures from 160 to
200 °C (except C1, from 60 to 200 °C), see Fig. 2a,
corresponding to DTG  peak temperature
(T1~186 = 10.5 C), as seen in Fig. 2b and Table 2.
This result is ascribed to loss of water from the
polymeric chains. The values of T1 decreased by
increasing the GnPs content then increased for the
highest GnPs content (C3). Decreasing T1 for the
nanocomposites of (C1 and C2) compared to PVC CO
is assigned to the assistance of the nanofiller of GnPs
in water removing from the polymer structure.
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Fig. 1 DSC curves of PVC
(CO sample) and its
nanocomposites (samples of
Cl, C2, and C3)

J Mater Sci: Mater Electron (2021) 32:22699-22717
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Table 1 The values of glass transition temperature (T,), melting
temperature (TF), and melting enthalpy (AH,,)

Sample GnPs T, T AH,,

(Wt%) (°C) °C) (/g
Co 0 60.9 230 0.66
Cl 0.25 58.9 243 0.64
C2 0.50 63.8 244 0.28
C3 2.50 58.1 241 0.89

The major degradation of PVC and its nanocom-
posites is observed in the region from 252 to 386 C
with the corresponding DTG peak temperature
(T2 =292.3 + 6.5 C), as seen in Table 2. The inter-
pretation of the 2nd stage of decomposition, for PVC
and its nanocomposites, as shown in Table 2, is due
to release of HCl upon degradation process [5]. In
fact, HCl bond is generated from the interaction
between Cl radicals originated from C-Cl cleavage
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and hydrogen in C-H bonds. The value of T,
increases as the GnPs content (C1, 0.25 wt% of GnP)
and (C2, 05 wt% of GnPs) increases in the
nanocomposites then it decreases for the highest
GnPs content (C3, 2.5 wt%), as seen in Table 2. The
observed stability of C1 and C2, in the 2nd stage, can
be ascribed to that GnPs have no interaction with
atoms of Cl sample which results in strengthen the
C—Cl bonds of PVC while this behavior was absent in
case of C3 sample [28]. The second stage of decom-
position, for all the nanocomposite films, was fol-
lowed by a thermal stability region between 386 and
443 C where no weight loss is observed.

Afterward, the third stage of decomposition of
PVC/GnPs nanocomposites is occurred from 443 to
525 C and from 443 to 518 C for PVC, correspond-
ing to DTGpeak temperature (T3 = 470 £ 4.99). The
3rd decomposition stage is a result of polyene back-
bone degradation which causes volatile aromatic
complexes creation and a stable residue of the car-
bonaceous [28]. The values of T3 for all the
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Fig. 2 Dependence of a TGA and b DTG % thermograms on temperature for PVC (C0 sample) and its nanocomposites (samples of C1,

C2, and C3).The insets are magnification of a T1 region and C1

Table 2 TGA thermal

(from 600 to 700 °C) and b C1 (from 600 to 700 °C)

parameters for the different Samples GnPs T (°C) range Weight loss at Residue at
PVC/GnPs nanocomposites (Wt%o) T1 T2 T3 T4 700 °C (%) 700 °C (%)
Cco 0 195 283 463 632 98.1 1.9
Cl 0.25 178 293 474 646 91.5 8.5
C2 0.50 177 298 471 - 90.7 9.3
C3 2.50 199 295 473 - 91.3 8.7

nanocomposites were higher than their hosting
matrix of PVC, as observed in Table 2. All the
nanocomposites have a thermal stability region from
515 to 700 C followed by their 3rd decomposition
(except the decomposition of C1 from 644 to 661 C,
the fourth decomposition). However, PVC (C0) has a
thermal stability region from 530 to 570 °C then it
suffers from decomposition from 570 to700 °C (the
fourth decomposition), as shown in Fig. 2a. The 4th
decomposition of pure PVC and C1 existed
above ~ 583 °C corresponding to DTG peak tem-
perature of (T4) as observed in Fig. 2b and Table 2.
The 4th decomposition of PVC and C1 sample is a
result of the reconstruction of the chain structure in

PVC and the nanofillers, in agreement with the lit-
erature [29]. At 700 °C, Table 2 provides the per-
centage of residue (%) of PVC and its
nanocomposites. Increasing GnPs content increased
the thermal stability of the formed PVC/GnPs
nanocomposites as the residue (%) increased from
1.9% for PVC to 9.3% for C2 sample (0.5 wt% of
GnPs). Therefore, C2 sample shows the best thermal
stability of the fabricated nanocomposites which is in
agreement with the DSC results. The enhanced sta-
bility of C2 sample can be a result of the strong PVC-
GnPs interaction [30].

@ Springer



22704

3.2 Optical properties

3.2.1 Optical absorbance, transmission, and interband
transition

Figure 3a and b illustrate the normalized absorption
spectra and transmission spectra, respectively, for
PVC/GnPs nanocomposites. The absorption of the
host matrix (PVC) enhances by increasing the content
of the filler. Also, at 350 nm, the transmission of PVC
(C0) decreases from 81.0 to 40.8%, 18.1%, and 5.68%
for its nanocomposites of C1, C2, and C3, respec-
tively. The same behavior was observed in a pub-
lished work [21]. The distance that the
electromagnetic wave can be penetrated through the
material is known as the penetration depth (5). The
penetration depth is determined in the following
manner [31]:
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6(24) =, (2)

where o is the absorption coefficient which is esti-
mated from the following equation [31]:

Absorbance
=230 —MM.
() Sample thickness

(3)

Figure 3c shows the variation of the penetration
depth with the wavelength for the different films of
PVC/GnPs nanocomposites. The penetration depth
increases by increasing the wavelength. Conversely,
the penetration depth decreases with increasing the
content of GnPs as a result of increasing the absorp-
tion possibility of the nanocomposite.

In a previous work [32], it was found that dividing
the absorption coefficient (o) of the nanocomposite
films by that of their host matrix enabled detecting
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Fig. 3 Plotting a normalized absorption, b transmission (%),c penetration depth and d the absorption coefficient of C1, C2 and C3 divided
by the absorption coefficient of PVC versus wavelength for PVC (CO sample) and its nanocomposites (samples of C1, C2, and C3)
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the corresponding absorption peaks of the embedded
nanofillers, in the visible region. In case of PVC/
GnPs nanocomposites, dividing the absorption coef-
ficient (o) of C1, C2, and C3 with CO showed no
absorption peaks for GnPs filler in visible region, see
Fig. 3d. This reveals that GnPs have no absorption
peak in the visible region.

The absorption coefficient (o) shows a steep rise
near the absorption edge and a straight line rela-
tionship that can be detected in the high o-region
from plotting o, against the photon energy (E) [32, 33]
as shown in Fig. 5a, b for samples of CO and C3,
respectively. The values of the absorption edge, Acqg
are deduced from the intercept of the extrapolation to
zero absorption in Fig. 5a, b. The tabulated values of
Aedg in Table 3 show their dependence on the GnPs
content.

The process of transition of electrons between the
bands of a solid is defined as the interband absorp-
tion process. The band to band transitions are affec-
ted by the fundamental absorption. Plotting a graph
between (aE)'" and (E) is the way to determine the
energy of the band gap E, by using the following
relation [34]:

oE = Z(E — Eg)" (4)

where z is a constant that depends on the transition
probability, E, is the optical band gap, E is the photon
energy in electron volt. The nature of transition is
meanly depending on the value of m (2, 3,1/2 and 3/
2) which is chosen for the best linear fit for a given
data set [34, 35]. By taking natural logarithm and
derivation, Eq. (4) can be rewritten as the following:

Table 3 The values of the absorption edge (A.q4,), Optical band
gaps (Einitial and Eqg), Urbach energy (E,), the steepness parameter
(S), solar material protection factor (SMPF) and solar skin
protection factor (SSPF) for PVC (CO sample) and its
nanocomposites (samples of C1, C2, and C3)

Sarnple Einitial Aedg Edg Eu S SMPF SSPF
V) (V) (V) (V) (%) (%)
Co 546 534 519 027 0.097 17 26
C1 5.45 530 512 037 0.070 57 63
C2 5.44 529 503 039 0.068 81 84
C3 5.41 522 485 049 0.053 93 95
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Figure 4a illustrates a peak in the curve of dln
(aE)/dE versus E for C1, as an example for all the
samples. This peak is described to be an initial value
of gap energy (Einitia) Which is expected to be at
energy nearly equals to the optical gap energy (E,).
The calculated values of Ejna, are listed in Table 3,
which were used, in Fig. 4b, to plot In (aE) versus In
(E-Eg) to estimate the proper value of the electronic
transition (m) from the slope. The value of m, for all
the nanocomposites, was in the order of ~ 0.5.
Therefore, direct allowed transition is supposed to be
the  predominant transition for all the
nanocomposites.

For more accuracy, Eq. (4) was used to determine
the optical direct gap energy Eq, by plotting (aE)”
versus E, see Fig. 5¢c, d for samples of CO and C3, as
examples for all the samples. The direct allowed
transition was investigated from the obtained linear
portion in Fig. 5c, d. Therefore, the values of Eg; were
deduced from the intercept on the energy axis of the
linear fit of the large energy data of the plot. The
listed values of Eg4g, in Table 3, as well as the values of
Einitia1 decrease by increasing the content of GnPs.
These results can be attributed to the defects of GnPs
in the bands that lead to the absorption process of the
photon energies. The same behavior of the deduced
gap energies were previously reported in some lit-
eratures [21, 36, 37].

The detected Urbach energy (E,,) in disordered and
amorphous material acts as a significant parameter
which describes their electronic transport properties.
The Urbach tails display the defect levels within the
forbidden band gap. The absorption process, in this
region, can be a result of the transitions between
extended states in one band and localized states in
the exponential tail of the other band. The empirical
formula for deducing Urbach energy is obtained from
the following equation [38, 39]

% =y exp <§) (6)

where o, is a constant and E, is the Urbach energy
that is an indicator of the band tail width of the
localized states in the band gap. The values of E,
were obtained from the reciprocal slope of the linear
portion of the plot of In () versus energy (E), as seen
in Fig. 5e, f for samples of CO and C3, respectively.
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Fig. 4 Dependence of a dIn 1
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Fig. 5 Plotting the absorption coefficient (o), (aE)* and (In o) verses photon energy (E) for sample CO (a, ¢ and e, respectively) and for
sample C3 (b, d and f, respectively)
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Table 3 shows the increase of E, values with
increasing the content of GnPs in the nanocompos-
ites. This attitude can be due to increasing the local-
ized state concentration embedded in the band gap
[40]. The same behavior was reported in a previous
work [21]. The electron—-phonon interactions are
described by the steepness parameter (S) which
results in broadening of the absorption edge of PVC/
GnPs nanocomposites. The S values are deduced
from the following relation [41]:

Tkg
PR )

where kg is the Boltzmann constant and T is the
temperature in Kelvin. Increasing disorder in the
nancomposites and formation of localized states in
the band gap are the reasons of decreasing the values
of S by increasing the GnPs content as observed in
Table 3 [6].

3.2.2  Solar protection factors

3.2.2.1 Solar material protection factor (SMPF) SMPE
is a measure of protection of PVC and its nanocom-
posites from the degradation produced by solar
energy. It can be deduced from the following formula
[42]:

13 C1S:A2T(2)
1 CiSAL

SMPF =1 — l (8)

where, 4, equals to 600 nm, 4, equals to 300 nm, S; is
the relative spectral distribution of solar radiation
[43], 4 is the wavelength with nm scale, C, = exp
(— 0.0127), T(2) is the spectral transmittance of the
studied nanocomposites obtained from Fig. 3b, A 1 is
the wavelength interval (A 4 =5 in a range of 300-
400 nm and A 4=10 in a range of 400-600 nm),
C,S,A/ are obtained from a published reference [42].

Table 3 shows that the value of SMPF has increased
from 17% of PVC (C0) to 93% for the highest
nanocomposite (C3).

3.2.2.2 Solar skin protection factor (SSPF) SSPF
describes the ability of PVC and its nanocomposites
to protect the skin of human beings from destruction
caused by solar energy exposure [42].

A E@AH(A)}

SSPF =1— - (9)
S A ES,AL
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where /; equals to 400 nm, 2* equals to 300 nm, E; is
the CIE erythemal effectiveness spectrum [43, 44], A 4
is the wavelength interval (A A =5 in /4 range from
300 to 400 nm), E;S,;AZ are given from a published
literature [43]. An enhancement in the value of SSPF
for C3 sample to be 95% compared with the corre-
sponding value of PVC (C0) which is 26%, as illus-
trated in Table 3. Consequently, the enhanced values
of SMPF and SSPF by increasing the content of GnPs
enable using these nanocomposites to reserve effec-
tively materials and human skin from the bad effect
of solar energy.

3.2.3 Refractive index (n) and attenuation coefficient (k)

Determining the refractive index of polymeric mate-
rials is one of their interesting properties because of
its significant relation with the local electric field and
the electronic polarizability inside the material. Also,
the dispersion behavior of the refractive index has an
effect on designing optical communication and many
optical instruments. Specular reflection (R), absorp-
tion spectra and therefore the absorption coefficient
(o) were used to calculate the refractive index (n) and
the attenuation coefficient (k) by using the following
relations [45]:

_ [1+R 4R
"= (1 - R) VaZre o (10)
ol
“in (1

The extinction coefficient (k) is considered as a
measure of the loss in the electromagnetic energy
caused by absorption and scattering per unit thick-
ness during its propagation through the material [46].
Figure 6a shows the variation of the extinction coef-
ficient (k) with wavelength for PVC (C0) and its
nanocomposites. The values of k increase with
increasing the content of GnPs. Also, it increases with
increasing the wavelength due to the interaction
between the incident light and the polymeric med-
ium [39]. The slow decreasing of the refractive index
(n) with wavelength provides a typical dispersion
curve of the refractive index (n) for PVC (C0) and its
different nanocomposites, as shown in Fig. 6b. The
observed increase in the values of (n) with increasing
the GnPs content is attributed to formation of inter-
molecular bonds between PVC and the embedded
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nanofillers [47]. Such enhancement in the values of n
enables suggesting PVC/GnPs nanocomposites to be
applied as antireflection coating for solar cells [47],
photonic crystals [48], Bragg gratings [49], and some
other optical devices.

3.2.4 Optical conductivity (o)

The velocity of light in space (c), the absorption
coefficient (o) and the refractive index (n), were used
to calculate the optical conductivity (goptical):
Ooptical = % (12)
Figure 6¢ displays the optical conductivity, for
PVC (C0) and its variant nanocomposites as functions
of the optical energy (E). The observed enhancement
in the values of the optical conductivity by increasing
the content of GnPs is a result of increasing the
absorbance of the nanocomposite films [39].

@ Springer

3.2.5  Optical dispersion parameters

The theory of the single effective oscillator model
proposed by Wemple-DiDomenico (W-D) succeeded
in analyzing the dispersion behavior of the refractive
index by using the following formula [39, 50]:

n*(E) =1+

(13)

where Eg4 is the dispersion energy which is a measure
of the intensity of the inner band optical transitions
and E, is the single oscillator energy that is consid-
ered as an average gap energy. Plotting (n”—1)""
versus E2, for all the studied films, as seen in Fig. 7a,
was used to determine the optical dispersion con-
stants of Eq and E,. Consequently, the intercept on
the vertical axis gives (E,/Eq) whereas (E, Eg~!is
obtained from the slope. Table 4 shows that E4 values
increase as the GnPs content increases which pro-
vides an indication of increasing the bond strength
between the nanofiller and host matrix [51]. Accord-
ing to the empirical relation of Tanaka [52], the values
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Fig. 7 For the different nanocomposite films, a dependence of (1> — 1)~" on E%, b dependence of (1> — 1)~ on 4%, ¢ dependence of &,
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Table 4 The Wemple-Didomenico oscillating parameters including the values of the dispersion energy Eg, the single oscillator energy E,,
the static refractive index (n,), the oscillator strength (f), the moments of the optical spectrum (M., and M_3), the oscillator length strength
(S,), and the average interband oscillator wavelength (4,), for PVC (CO sample) and its nanocomposites (samples of C1, C2, and C3)

Sample (wt%) Eq E, o f M, M;X 107 S, x 1076 Do
(eV) (eV) (eVy (nm) 2 (nm)
C0 1.49 5.35 1.13 7.97 0.27 8.49 5.22 223
Cl 5.64 9.10 1.27 513 0.62 7.49 31.14 141
C2 5.80 8.59 1.30 49.8 0.67 9.16 34.28 141
C3 8.89 10.21 1.37 90.8 0.87 8.35 70.87 112

of E, are related to the optical energy gap, i.e. E, ~ Eg E,

for CO sample, E, ~ 1.7 Eg for C1 and C2 samples and no =41+ E,’ (14)
E, ~ 2 Eg for C3 sample. The refractive index at zero

photon energy is defined as the refractive index dis- As the content of the nanofiller increases, in PVC/
persion (static refractive index, n,) which was calcu- GnPs nanocomposites, the values of n, increase as
lated from the following formula [39, 52]: illustrated in Table 4. In addition, the values of n,

@ Springer
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(1.13,1.27,1.30 and 1.37 for samples of C0, C1, C2 and
C3, respectively), are approximately equal to the
corresponding values of the refractive index n, (1.14,
1.29, 1.32 and 1.40 for samples of C0, C1, C2 and C3,
respectively), at long wavelength (900 nm), see
Fig. 6b. The absorption of a photon by the electrons
between the initial state and the final state is known
as the optical oscillator strengths (f) which can be
computed from the following relation [50, 53]:

f=E,Eq (15)

An obvious improvement in the values of optical
oscillator strengths (f) is observed by increasing GnPs
content in the nanocomposites (except C2), as listed
in Table 4. The optical spectrum moments (M_; and
M_;) are related to the macroscopic quantities such as
dielectric constants and the effective number of
valence electrons of the material [54]. Also, they
describe the inter-band transition strengths which are
given from the following equations [55]:

2= 16
0 M737 ( )
M3
E2=—"- 17
d M_37 ( )

Table 4 shows that by increasing GnPs content in
the nanocomposites, the values of M., increase
whereas the values of M_; are independent on the
filler content. Moss model is used to deduce the
average interband oscillator wavelength (4,) and also
the oscillator length strength (S,) that describes the
strength of the individual dipole oscillator as given
by [50, 56]:

2 2
%%i%%zl—% (18)

Equation (18) can be rewritten to be as the fol-
lowing formula:

Solo

2 _ =
ey

(19)

The values of A, and S, were deduced from the
slope and intercept of plotting (1”~1)"" versus /2 as
illustrated in Fig. 7b, for the different nanocompos-
ites. The slope in Fig. 7b gives the quantity of 1/S,,
while the intercept provides the quantity of (S, 2,5 .
The obtained values of S, and A, in Table 4, show

@ Springer
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deceasing of 4, and increasing of S, by increasing the
nanofiller content.

3.2.6  Optical dielectric constants

The real and imaginary parts of the complex dielec-
tric function (¢* = ¢, + i¢;) are ¢, and ¢;, respectively.
Interestingly, &, is related to the dispersion which
relays on electron motion in the optical medium
within the light transmission. However, the dissipa-
tive rate of light propagation in the medium is
affected by ¢;. In terms of the refractive index (n), and
extinction coefficient (k), the real and imaginary parts
of the optical dielectric constant are obtained from
the following relations [57]:

& =n? -k (20)
& = 2nk (21)

The dependence of ¢, and ¢;, on the photon energy
E, for all the nancomposites, is displayed in Fig. 7c, d,
respectively. The values of both of ¢, and ¢; increase
by increasing the GnPs content in the nanocompos-
ites. For all the studied samples, Fig. 7c, d show that,
by increasing the photon energy, ¢, increases with
increasing the photon energy while decreases up to E
~ 5.1 eV then it increases. On the other hand, for a
highly reflective material, the plasma frequency (wp)
is calculated by using the real part of optical dielectric
constant (¢,) according to the relation [58]:

2

@y
2 (22)

& = &
where ¢, is the dielectric constant at high frequency
and o is the angular frequency of the incident light.
For PVC and its nanocomposites, a linear relation
was obtained, as illustrated in Fig. 8a, from plotting &,
versus o °. In Fig. 8a, the best linear fit provided a
slope denotes — wzp while the intercept with the axis
of & equals to ¢... The tabulated values of w,, and ¢,
in Table 5, show that by increasing the content of the
nanofiller in the nanocomposites of PVC/GnPs, wy,
increases whereas ¢, reduces. Moreover, the plasma
frequency (wy), can be also calculated by using the
following relation [59]:

, & N

o, =—(—
b 80(111*

) (23)

where N is that the free charge-carrier concentration,
m* is the effective mass of the charge carriers (in unit
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Table S The values of plasma frequency (w,), the high frequency dielectric constant (), N/m*, the group velocity dispersion (GVD) and
the dispersion coefficient for material dispersion (D), for PVC (C0O sample) and its nanocomposites (samples of C1, C2, and C3)

Sample wp x 10" Eoo (N/m*) x 10%7 GVD D (fs*/um?)
(Hz) (kg m*)~! (fs?/pm)

Co 1.41 1.48 1.10 352 — 963

Cl1 1.10 1.75 0.67 142 — 389

C2 1.09 1.82 0.66 24 - 67

C3 0.79 1.98 0.35 22 — 64

of kg), &, is the permittivity of the free space and e is
that the charge of the electron. The deduced values of
(N/m*), from Eq.(23), in Table 5, reduce by
increasing the GnPs content in the PVC/GnPs
nanocomposits.

3.2.7 Energy loss function

The surface energy loss function (SELF) is considered
as a measure of the energy loss caused by surface

material penetration. However, the energy loss upon
light penetration in to a bulk material is described by
the volume energy loss function (VELF). The real (¢,)
and the imaginary (g;) parts of the dielectric constant
are used to obtain the values of (VELF) and (SELF) as
the following [60]:
&i

SELF = ——5—
(e, +1)" + &2

(24)
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&i

The variation of SELF and VELF with energy for
PVC and its nanocomposites are shown in Fig. 8b, c,
respectively. A clear enhancement in the values of
SELF and VELF is detected by increasing the GnPs
content in the nanocomposites of PVC/GnPs.

3.2.8 Group velocity dispersion (GVD) and dispersion
coefficient (D)

The group velocity dispersion (GVD) is associated
with the second derivative of refractive index with
respect to the wavelength of the incident light. GVD
can describe the dispersion of the nanocomposites by
using the following relation [61]:

450 - (a)

300 -

150 +

2" Derivative

-150 A

-300

")

20

d 5 &
2™ Derivative
o

-20 1

-40 1

-60 : : : :
0.6 0.7 0.8 0.9
A (um)

J Mater Sci: Mater Electron (2021) 32:22699-22717

2 d*n

(26)

Plotting the 2nd derivative of refractive index
versus the incident light wavelength, as shown in
Fig. 9, were useful to obtain the values of GVD. Fig-
ure 9 displays a short pulse of light which spreads in
time as a consequence of variant frequency compo-
nents of the traveled pules with diverse velocities.
The tabulated values of GVD, in Table 5, illustrate
their decreasing by increasing the content of GnPs in
the PVC/GnPs nanocomposites. Therefore, PVC/
GnPs nanocomposites are not effective for laser pulse
broadening. On the other hand, GVD is related to the
dispersion coefficient dispersion (D) by the formula
of [61]:

140—( )
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>
g o
@
a .70
™
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-2104
T ¥ T ¥ T ¥ 1
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Fig. 9 Plotting the second derivative of refractive index verses the wavelength for samples of a C0O, b C1, ¢ C2 and d C3

@ Springer



] Mater Sci: Mater Electron (2021) 32:22699-22717

) 2
e L W
c\di? 2

Obtaining negative values of D (D < zero) pro-
vides a positive dispersion medium while getting
positive value of D (D > zero) gives negative dis-
persion medium. The listed negative values of D in
Table 5 confirm that PVC and its nanocomposites
have positive dispersion.

(27)

3.3 Dynamic mechanical properties
3.3.1 The storage and the loss modulus

The dynamic mechanical analysis (DMA) describes
the filler-matrix interactions, the storage modulus
curve that reveals the elastic behavior and the loss
modulus in which the molecular motion of the
polymer matrix can be understood [62].

The storage and the loss modulus, as a function of
temperature, at a constant frequency of 1 Hz, for
pure PVC (C0) and nanocomposites of PVC/GnPs,
are shown in Fig. 10. The storage modulus shows a
decreasing trend and goes from glassy state to rub-
bery state through the glass transition region. In the
glassy state (region 1 in Fig. 10), the highest storage
modulus is found at Cl nanocomposite then the
modulus decreases as GnPs content increases until
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reaching the minimum value for sample of C3. The
values of storage modulus of pure PVC (C0) and
PVC/GnPs nanocomposites (C1, C2 and C3) at 30 °C
are 2.08 GPa, 2.51 GPa, 2.12 GPa and 1.43 GPa,
respectively. This means that the storage modulus of
C1 and C2 nanocomposite increased by about 21%
and 2.2%, respectively, compared with CO (pure
PVC). However, the storage modulus of C3
nanocomposite decreases by about 30.9%. Similar
results for concentrations of 0.01 wt% and 0.15 wt%
of graphene oxide were obtained with graphene/
polymer composites [63]. The weakening of the
chemical bond between graphene and the polymer
material might be a reason for reducing the storage
modulus [63]. Another reason is that carbon
agglomerations tend to be greater at high carbon
concentrations during the composite process and
chemical bonds created by the polymer chains are
weaker [64]. In the transition state (region 2 in
Fig. 10), the storage modulus significantly decreases
by three orders of magnitude because the molecules
made a shift from a glassy state to a rubbery state in
this temperature range. The maximum drop in
modulus is found for C3 sample with a minimum
drop peek at approximately 70 °C. The same behav-
ior is found with the same drop peek with
GnPs/maleated-PLA nanocomposites [65]. In the
rubbery state (region 3 in Fig. 10), the small values of

—CO - Storage
——C1 - Storage
——C2 - Storage
——C3 - Storage
----- CO - Loss

Fig. 10 Storage and loss 100.00 1
modulus as a function of 1
temperature at 1 Hz for PVC/
GnPs nanocomposites
10.00 +
& 1.00 4
o E
-
3
S
3
s 0.10 1
0.01 4
0.00
20

40
Temperature (°C)
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Fig. 11 Storage and loss modulus, as a function of temperature and at constant frequencies of 0.5, 1, 3, and 5 Hz, for a C0, b C1, ¢ C2,

and d C3, respectively

Table 6 The glass transition temperatures (T,) for PVC/GnPs
nanocomposites at constant frequencies of 0.5, 1, 3, and 5 Hz

Samples GnPs Glass transition temperature (T,)
(Wt%)
0.5 Hz 1.0 Hz 3.0 5.0 Hz
Hz
Co 0 53.9 54.5 54.7 54.8
Cl 0.25 51.5 52.1 52.4 553
C2 0.50 49.2 49.8 50.2 50.5
C3 2.50 42.6 42.7 42.8 42.8

storage module are owing to the energy dissipation
involving cooperative motions of the polymer chains
[1]. There was no major change in the storage mod-
ulus for all nanocomposites except for sample of C1.
The higher storage modulus of C1 sample, overall
temperature ranges, enables predication of the
improved thermal stability compared to other com-
posites which resulted in the potential for higher
temperature application.

@ Springer

Figure 8 shows also the loss modulus which
quantifies the greatest amount of heat that may be
lost every cycle during deformation [66]. The loss
modulus exhibited the same trend as storage modu-
lus behavior except at the glassy state where the loss
modulus increases with GnPs content. The increased
value of the loss modulus is due to a rise in the
internal fraction, which increases the dissipation
energy. The loss modulus curve attained its highest
value at the point of maximal mechanical energy
dissipation. There is also an apparent shift in the
glass transition temperature (T,) (the highest peak in
the loss modulus curve) towards the low temperature
as the GnPs content increases. The values of T, are
54.5 °C, 52.1 °C, 49.8 °C, and 42.7 °C for C0, C1, C2,
and C3 nanocomposites, respectively. It is possible to
see a difference between the T, values acquired using
DSC and DMA. This distinction is related to the fact
that the DSC and DMA instruments operate in quite
different ways [67].
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3.3.2  The effect of frequency

The variation of the storage and the loss modulus
with frequency as a function of the temperature of
pure PVC and PVC/GnPs nanocomposites are
shown in Fig. 11a—d. The storage and the loss mod-
ulus are not affected by frequency at glassy state
while they are considerably affected by frequency at
both transition and rubbery states. This is due to that,
at high temperatures, the filler agglomerates and the
linkages between the filler and the polymer matrix
generally break down, and that leads to a dramatic
shift in modulus values [68]. Furthermore, the storage
and the loss modulus demonstrate greater values at
higher frequencies in comparison with those at lower
frequencies. This characteristic behavior is observed
for all the nanocomposites because the time required
for oscillation of the molecular chain is considerably
shorter than the time for relaxation. Additionally,
long-time measurement mode for samples subjected
to relentless oscillating forces enables them to be very
elastic. Therefore, it can be a significant contributing
component to an increase in the storage modulus
value [69]. Table 6 represents glass transition tem-
peratures extracted from the loss modulus curves.
The Tg increases with increasing the applied fre-
quencies and decreases with GnPs content. The
mechanism of T, decrement in polymer composites is
more complicated and the value of T is obviously
affected by the molecular weight, adhesion factor,
and cross-linking density, among other factors [70].

4 Conclusions

Different nanocomposites of PVC and GnPs were
successfully prepared by the solution casting method.
DSC curves showed that the melting enthalpy, AH,,
for PVC is 0.66 (J/g) which decreased to be 0.28 (J/g)
for C2 and then increased to be 0.89 (J/g) for C3. The
nanocomposites of C2 and C3 showed three stages of
decomposition process, in its TGA curves, compared
with four stages for pure PVC (C0) and the
nanocomposites Cl. By increasing the content of
GnPs, the values of Egg and Ejpniar decreased. These
results can be attributed to the defects of GnPs in the
bands that lead to the absorption process of the
photon energies. Increasing the refractive index by
increasing the GnPs content is a result of formation of
intermolecular bonds between PVC and the
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embedded nanofiller. Such enhancement in the val-
ues of n enables suggesting PVC/GnPs nanocom-
posites to be applied in different optical devices. The
solar material protection factor (SMPF) of PVC
increased by increasing the content of GnPs. By
increasing the content of the nanofiller in the
nanocomposite, o, increased whereas ¢, reduced.
The values of the ratio of (N/m* reduced by
increasing the GnPs content. The negative values of
dispersion coefficient dispersion (D) confirm that
PVC and its nanocomposites have positive disper-
sion. DMA properties of GnPs nanocomposites were
examined and compared. The results showed that the
highest storage modulus was found in the CI
nanocomposite overall temperature ranges where the
storage modulus increased by 21%. The storage and
the loss modulus were found to be greatly affected by
frequencies, especially at high-temperature ranges.
The glass transition temperature of GnPs nanocom-
posites was also inferred by DMA. The glass transi-
tion temperature decreased as the GnPs contents
while it increased with increasing the applied
frequencies.
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