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Abstract: A casting technique was used to prepare poly(vinyl alcohol) (PVA) blend polymers with different
concentrations of Nylon-6,6 to increase the free-volume size and control the ionic conductivity of the
blended polymers. The thermal activation energy for some blends is lower than that of pure polymers,
indicating that their thermal stability is somewhere in between that of pure Nylon-6,6 and pure PVA.
The degree of crystallinity of the blend sample (25.7%) was lower than that of the pure components
(41.0 and 31.6% for pure Nylon-6,6 and PVA, respectively). The dielectric properties of the blended
samples were investigated for different frequencies (50 Hz–5 MHz). The σac versus frequency was found
to obey Jonscher’s universal power law. The calculated values of the s parameter were increased from
0.53 to 0.783 for 0 and 100 wt.% Nylon-6,6, respectively, and values less than 1 indicate the hopping
conduction mechanism. The barrier height (Wm) was found to increase from 0.33 to 0.72 for 0 and
100 wt.% Nylon-6,6, respectively. The ionic conductivity decreases as the concentration of Nylon-6,6 is
blended into PVA because increasing the Nylon-6,6 concentration reduces the number of mobile charge
carriers. Positron annihilation lifetime (PAL) spectroscopy was used to investigate the free volume’s
nanostructure. The hole volume size grows exponentially with the concentration of Nylon-6,6 mixed with
PVA. The Nylon-6,6/PVA blends’ free-volume distribution indicates that there is no phase separation in
the blended samples. Mixing PVA and Nylon-6,6 resulted in a negative deviation (miscible blends), as
evidenced by the interaction parameter’s negative value. The strong correlation between the free-volume
size and other macroscopic properties like ionic conductivity suggests that the free-volume size influences
these macroscopic properties.

Keywords: polymer blend; positron annihilation; free volume; nylon-6,6; poly(vinyl alcohol); proton
conductivity; thermogravimetric analysis; wide-angle X-ray diffraction

1. Introduction

Nylon was one of the early polymers developed by Carothers [1]. The term “Nylon” is
a generic designation for synthetic polymers known generically as aliphatic polyamides, and
its other known representatives are Nylon-6,6, Nylon-6, Nylon-6,9, Nylon-6,10, Nylon-6,12,
Nylon-11, Nylon-12, and Nylon-4,6 [2]. Nylon is a crystalline polymer with high modulus,
strength, impact properties, low coefficient of friction, and resistance to abrasion [3]. Although
the materials possess a wide range of properties, polyamides all contain the amide (-CONH-)
linkage in their backbone. Polyamide is the most widely used thermoplastic polymer among
engineering plastics due to its superior mechanical properties and chemical resistance [3].
Nylon-6 has traditionally been used as a material substitute for natural fibres [4,5], but it is
increasingly being used in auto parts because of its excellent resistance to obstruction and
scraped spots. Nylon-6 auto parts are typically handled through melt processing, for example,
expulsion or infusion shaping, and chain extenders can be used to present branches and increase
the subatomic weight [6,7]. Diverse reinforcing materials can also be introduced to prepare
Nylon-6,6 composites [8,9].

Poly(vinyl alcohol) (PVA) is well known for its low cost, excellent transparency, tough-
ness, biodegradability, and gas-barrier properties. It has been widely used as a textile sizing
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and finishing agent, in photosensitive coatings and food packaging, and in adhesives for
paper, wood, textiles, and cowhide [10]. Be that as it may, PVA can only occasionally be
utilized as a thermoplastic polymer because of its unfortunate warm strength and high
dampness retention. PVA can, however, be utilized as a modifier added to other viable
polymers [11–13], for example, essential polyamides, through liquefied mixing cycles to
further develop gas boundary and biodegradability, because mix readiness is generally the
most catalytic and financially feasible choice for changing polymer properties. It is notable
that polyamides have great boundary properties against hydrocarbon solvents (e.g., xylene,
toluene, white soul, and fuel) and great bonding to various resinous substrates or coatings.

When melt-blending 25 wt.% PVA with Nylon-6, Koulouri and Kallitsis [14] proposed
that these polymers are compatible in this composition because only one dynamic glass
transition temperature was found using dynamic mechanical analysis (DMA). Furthermore,
an examination of the properties of blends of Nylon-6 and PVA with fluctuating levels
of hydrolysis was conducted [12,13]. These outcomes support the possibility that PVA is
somewhat miscible with Nylon-6 at the subatomic level when the PVA content is equivalent
or not exactly equivalent to the compared basic PVA content. Reinforcing materials are often
used for compounding with polymeric materials to improve their mechanical or thermal
properties. According to some studies conducted to improve the physical properties
of polymer–clay nanocomposites, a small amount of clay was added to a Nylon-6–clay
nanocomposite, and various improvements were achieved: higher polymer strength, higher
heat resistance, enhanced thermal stability, enhanced gas-barrier properties, and so on [15].
The miscibility of homopolymer/copolymer blends has been successfully described using
the binary interaction model. Hydrogen bonds, ionic bonds, and dipole–dipole interactions
are the most frequent types of specific intermolecular interactions that take place between
two separate polymer chains [16].

The studies of the dielectric complex, the conduction mechanism, and the barrier
height for the blended samples in a wide range of frequencies (50 Hz to 5 MHz) have
been carried out to investigate the dielectric constant of the samples, which reveals the
polarization in the samples and their ability to store electrical energy, and to identify the
type of conduction mechanism. The conduction mechanism of PVA/TiO2 was investi-
gated by Khairy et al. [17], and the correlated barrier hopping mechanism was the major
conduction mechanism.

Free volume is a significant boundary that portrays polymer properties. The free
volume idea has been effectively applied in polymer material science to portray different
properties of polymers like versatility, consistency, and so on. The quantitative measure-
ment of free-volume size and number has grown in popularity and significance. The free-
volume size determination can be performed using the positron annihilation lifetime (PAL)
technique. It is a non-destructive method with a minimum free-volume size determination
of around 1 Å. The positron annihilation lifetime fundamentals will be discussed in the
second section. Li et al. [18] concentrated on the free-volume varieties of Nylon-12/PVA
melt-blends treated in supercritical carbon dioxide (ScCO2) using PAL spectroscopy. They
found that the free volume opening size and its items declined with the increment in PVA
content. The free-volume holes in Nylon-12/PVA melt-blends expand to varying degrees
after 1 h in ScCO2 at 50 ◦C and 20 MPa, depending on the weight proportion of PVA. After
delivering CO2, the free-volume size diminishes as a component of the passed time because
of subatomic unwinding, and the unwinding time steadily relies upon the substance of
PVA in the melt-blends.

In the present investigation, PVA polymers were blended with Nylon-6,6 using the
solvent method to yield a high-barrier electrical conductivity material. This study’s main
objective is to explore the electrical properties, free volume, and mixing properties of PVA
with varying Nylon-6,6 content to conform to the PVA/Nylon-6,6 blend. To figure out the
electrical properties and free-volume characteristics of the prepared PVA/Nylon-6,6 blend
films, thermogravimetric analysis (TGA), wide-angle X-ray diffraction (WAXD), electrical
conductivity measurements, and PAL spectroscopy were performed. Potential reasons
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for the significantly superior conductivity hindrance and free-volume properties of the
PVA/Nylon-6,6 blended films are proposed.

2. Positron Annihilation Spectroscopy

The positron annihilation technique [19–33] has been developed into a strong portrayal
device for the investigation of free volume size and free volume distribution in polymeric
material. Estimates of the lifetimes of the positrons can lead to a genuinely precise estimate
of the free volume of the angstrom (2–10 Å) range. At the point when positrons are
embedded in a polymeric material, some of them cooperate with the electron mists in the
material and demolish the two gamma beams of 511 keV. Be that as it may, a small number
of vivacious positrons, embedded in a polymer as a rule, form the bound state with an
electron, positronium (Ps). The singlet state is para-positronium (p-Ps) with the spins of
the positron and electron being antiparallel, and the triplet state is ortho-positronium (o-Ps)
with parallel spins. The p-Ps and o-Ps are framed at a proportion of 1 to 3. The p-Ps are
destroyed into two demolition gammas (each of 511 keV) with a long period of 125 ps,
while the positron in o-Ps likewise demolishes with one of the encompassing electrons
by means of a cycle called “pick-off annihilation”, prompting two demolition gammas
(each of 511 keV as well). The lifetime of the o-Ps after take-out demolition in polymers is
completed from 1 to 5 ns, which is emphatically reliant upon the size of sub-nanometer
scale openings, where Ps is confined. The pick-off annihilation lifetime is a lot more modest
than the self-annihilation lifetime of o-Ps (~142 ns). Positrons that are not framed Ps go
through two demolition gammas (each of 511 keV) after thermalization with one of the
encompassing twists including inverse electrons with a long period of 400−500 ps.

The positron lifetime range is traditionally portrayed using a number of discrete expo-
nentials [34]. The exploratory information y(t) is communicated as a tangled articulation
(by an image *) of the PAL system resolution function R(t) and a limited number (n) of
negative exponentials [35]:

y(t) = R(t) ∗
[

Ni

n

∑
i=1

(Ii/τi)exp(−t/τi) + B

]
, (1)

where Ni is the standardized counts and B is the background, each with a trademark
positron lifetime of τi with a relative intensity of Ii (∑Ii = 1). From non-straight least-squares
fits, the mean lifetimes τi (i = 1–3) and their intensities Ii, the zero time of the spectrum,
and the spectrum background B have been determined. Each positron lifetime spectrum
containing a complete count of 3.0 × 106 counts was dissected utilizing the PALSfit3
program [36], and source rectification was applied in the data examination. The analysis
showed that the best variance ratio (χ2 < 1.1) and most acceptable standard deviations
were obtained when each spectrum is fitted in terms of three-lifetime components, and the
shortest lifetime component τ1 was set to be constant (125 ps) and its intensity I1 was set as
a guess value.

On the off chance that the veritable positron lifetime values include a greater constant
flow (continuous distribution) than the discrete nature considered, the positron annihilation
lifetime range might be depicted by a consistent rot of the accompanying structure [37],

y(t) = R(t) ∗

Nt

∞∫
0

(I(τ)/τ) exp(−t/τ)dτ + B

 , (2)

where ∫ ∞

0
I(τ)dτ = 1. (3)

Furthermore, Nt is the absolute count of the PAL spectrum [31]. For the regular
discrete term investigation, the routine LT10.0 program [19,38–40] has been utilized. In this
examination, the model capability Equation (2) accepting the number of terms in the range
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is fitted to the trial data of interest. Using the LT10 program, typical conveyance is accepted
for o-Ps annihilation rate λwhich is equivalent to 1/τ3.

The component associated with the annihilation of the o-Ps state is generated by pick-
off with the encompassing electrons. The o-Ps lifetime is supposed to rely upon the free-
volume hole sizes in polymer materials because the annihilation rate λ3 (λ3 = 1/τ3) of o-Ps is
relative to the crossover of the positron and pick-off electron wave capabilities. A connection
between the free volume in subatomic frameworks and the noticed o-Ps lifetimes has been
figured out from the positronium hole theory [41]. This gives quantitative data about the
free-volume size from the PAL spectrum. The average of the o-Ps hole volume radius (R),
which was tested using the o-Ps lifetime (τ3), was determined from the accompanying
connection [42,43]:

τ3 = 0.5
{

1− R
Ro

+
1

2π
sin
(

2πR
Ro

)}−1
(ns), (4)

where Ro = R + ∆R and ∆R = 0.1656 nm is the thickness of the homogenous electron layer
in which the positron destroys [44]. The o-Ps hole volume size Vf in nm3 is given as:

Vf = 4 πR3/3 (5)

so that the hole volume distribution is expressed as:

α3(V) = −(2π)−0.5σ−1
3 exp

{
− [Ln(λ)− Ln(λ3o)]

2

2σ2
3

}
λ−1dλ

dV
dλ

, (6)

where
dV
dλ

= −4πR2(R + Ro)
2

2Ro

{
1− cos

(
2πR

R + Ro

)}−1
, (7)

as derived from Equations (4) and (5).
According to the Ps-hole theory, the probability of o-Ps formation is related to the

fractional of the o-Ps hole volume f (%) in a polymer. A simple semi-empirical equation has
been proposed [45]:

f = C I3 Vf, (8)

where C is a parameter (for the particular material) to be determined. For convenience, the
relative fractional of the o-Ps hole volume is defined as [46]:

f r = I3 Vf. (9)

3. Materials and Methods

The poly(vinyl alcohol) (PVA) with a molecular weight (Mw) of 72,000 g/mol was
purchased from MERCK-Schuchardt, Germany. Nylon-6,6 films were purchased from Good-
fellow, Japan, while formic acid was provided from Sigma Aldrich, Germany, as a solvent.
The compound design of the despise polymers is displayed in Figure 1. Nylon-6,6 and PVA
were dissolved in formic acid with adjustments of the concentration of Nylon-6,6 in PVA to 0,
20, 40, 60, 80, and 100 wt.%. The polymer blend solution was prepared at 70 ◦C with a guiding
season of 24 h. The blend solution was projected onto a Teflon Petri dish, and the polymer
blend film was eliminated in the wake of drying at room temperature (25 ◦C). The thickness
of the blended film is from 103 to 142 µm.

The weight reduction’s temperature dependence was examined to determine the
membranes’ thermal stability. Using Q50, USA, and a heating rate of 10 ◦C/min in a N2
inert gas environment, thermogravimetric analysis (TGA) measurements were carried out
on all samples with an area of 1 × 1 cm2. Additionally, the TGA results were used to
calculate a derivative thermogravimetric (DTG) analysis for each membrane.
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Figure 1. The chemical structure of PVA and Nylon-6,6 polymers.

The crystal structure of the prepared samples understudy was investigated using
a wide-angle X-ray diffraction (WAXD) technique on a Bruker (D8) diffractometer at 30 kV
and 30 mA using a parabolic multilayer membrane mirror with CuK (=1.54184 Å) incident
radiation. Scattering profiles were recorded with a scintillation one-dimension position-
sensitive detector over a range of 5◦ < 2θ < 80◦ with a step of 0.05◦ and at a rate of 0.5◦/min.

An LCR meter (Hioki 3532, Japan) was used to measure the many parameters such as
impedance, parallel-equivalent static capacitance, loss coefficient, and conductance for all
samples. Using some of these parameters, the dielectric properties and complex impedance
were calculated as a function of frequencies from 50 Hz to 5MHz. The measurements were
performed under a vacuum at 25 ◦C. The out-of-plane value of the AC ionic conductivity
σAC can be acquired using the conductance G as [47]:

Ionic conductivity σAC =
L G

A
. (10)

where L and A are the film thickness and the cross-sectional region of the electrodes,
respectively.

The PAL method makes use of the 22Na radioisotope, a positron source with activity
20 µCi. The positron source was prepared by coating a Kapton foil that was indistin-
guishable after drying with 3–5 drops of a carrier-free 22NaCl arrangement (7 µm thick,
1 cm2 area). The Kapton absorbed about 10% of the positrons that came from the source.
The positron source retention was removed during the PAL spectra examination. Two
comparable films with a volume of around 1 × 1 × 0.1 cm3 surrounded the positron source.
After that, the sample/positron source/sample sandwich was placed in the moisture holder
between the two detectors of the PAL spectrometer (fast–fast coincidence system). Ac-
cording to all accounts, Kapton is the main polymer with no positron yield, i.e., it lacks
a long-lived component [48]. The time resolution was 240 ps (full width at half maxi-
mum, FWHM) as determined using the PALsfit3 program [49]. The current PAL technique
was portrayed using the standard examples of synthetic fused silica (NMIJ CRM 5601-a)
and polycarbonate (NMIJ CRM 5602-a) provided by the National Metrology Institute of
Japan, National Institute of Advanced Industrial Science and Technology (AIST) [50,51].
The standard examples were expected for use in controlling the accuracy of the estimated
information or approving the estimation conditions, and they obtained results using the
positron annihilation lifetime method for polymers and protectors having a positronium
part with a lifetime longer than 1 ns. The sample/positron source/sample sandwich was
placed in a glass cylinder to play out the PAL estimations in a vacuum at room temperature
(around 25 ◦C).

4. Results and Discussion

The thermogravimetric analysis (TGA) estimations shown in Figure 2A are used to
perform the thermal analysis of the prepared samples. The derivative thermogravimetric
(DTG) examination, which is depicted in Figure 2B, was used to break down the TGA spectra
for each of the blended samples. The samples can be thermally degraded for different reasons,
such as losing the adsorbed water, elimination of any equivalent groups or hydrogen atoms,
or disposal of carbon by converting it into carbon dioxide, as was introduced in recently
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published studies [52–54]. In the present case, the TGA or/and DTG figures show that weight
loss practices can be broken down into four areas. The temperatures in regions I and II range
from 30 to 160 ◦C and from 160 to 340 ◦C, respectively. In addition, the temperature in region
III ranges from 340 to 520 ◦C while that in region IV is above 520 ◦C. For pure Nylon-6,6,
weight loss was observed in three steps as regions I+II, III, and IV, while it was observed in
regions I, II, and III + IV for pure PVA, as shown in the derivative weight curve. The weight
loss in temperature region I and regions I + II is related to the dehydration of PVA and
Nylon-6,6, respectively. The decomposition due to the degradation of PVA, which represents
the major weight loss of PVA, was observed in region II, while the decomposition due to the
degradation of Nylon-6,6 took place in region III. The third stage of decomposition for PVA
and Nylon-6,6 took place in regions III+IV and IV, respectively. This is due to the cleavage of
the PVA [55–58] and Nylon-6,6 backbone [59].
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Figure 2. (A) Thermogravimetric analysis (TGA) and (B) the derivative thermogravimetric (DTG) for
poly(vinyl alcohol) (PVA) blended with different concentrations of Nylon-6,6.

In general, for all samples, the influence of the Nylon-6,6 concentration on the weight
loss of the samples can be easily observed. This is clear in regions II and III where the peak
shifts gradually to a lower temperature by increasing the ratio of Nylon-6,6. The addition
of Nylon-6,6 led to a decrease in the temperature of the decomposition of PVA from 263 to
243 ◦C, and the addition of PVA led to a decrease in the temperature of the decomposition
of Nylon-6,6 from 450 to 411 ◦C. Therefore, increasing the concentration of Nylon-6,6 leads
to a decrease in the melting temperature for both PVA and Nylon-6,6. A decrease in
the liquefying guide in a polymeric blend can be expected to have morphological effects
(decrease in lamellar thickness) as well as thermodynamic effects (polymer connections) [16].
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In conclusion, the thermal stability of the blended samples has been clearly influenced by
adding Nylon-6,6 to PVA.

The prepared blend polymers have two decomposition temperatures from the TGA
spectra, whereas the pure polymer only has one. Calculating the activation energy of ther-
mal decomposition Eb for each decomposition temperature is fascinating. The Horowitz
and Metzger connection was used to evaluate the activation energy of thermal decomposi-
tion Eb [60]:

ln
[

ln
(

Wo −Wf
Wt −Wf

)]
=

Eb4 T
GT2

s
. (11)

where Wo is the weight of the sample at onset temperature, Wf is the weight of the sample
at the endset temperature, Wt is the excess sample weight at temperature T, and G is
characterized as the gas constant. ∆T is equivalent to T− Ts, where Ts is the reference when:

Wo −Wf
Wt −Wf

= e = 2.718 (12)

Eb is calculated for each sample and recorded in Table 1 by determining the slope of
the linear function between ln

[
ln
(

Wo−Wf
W−Wf

)]
and ∆T. As can be seen from Table 1, pure PVA

has a higher Eb than pure Nylon-6,6, indicating that PVA is more thermally stable than
Nylon-6,6. On the other hand, Eb for some blends is lower than that of pure polymers,
indicating that their thermal stability is somewhere in between that of Nylon-6,6 and PVA.

Table 1. The activation energy of the thermal decomposition Eb for the investigated blends at different
decomposition temperatures.

Nylon-6,6 Concentration Blended with
PVA (wt.%)

Activation Energy of PVA (J/Mole)
At ~240 ◦C

Activation Energy of Nylon (J/Mole)
At ~440 ◦C

0 2.1 × 105 —-

20 7.6 × 104 2.73 × 105

40 1.18 × 105 2.94 × 105

60 2.9 × 104 8.2 × 104

80 8.5 × 104 2.3 × 105

100 —- 1.52 × 105

The WAXD for the pure PVA, pure Nylon-6,6, and blended polymers (60 wt.%
Nylon-6,6/40 wt.% PVA) is shown in Figure 3. It is clear from Figure 3 that the WAXD
pattern for the pure PVA contains two main diffraction peaks, which were observed at
2θ = 19.5◦ and 41◦. The current findings are consistent with those of Gupta et al. [61].
The first peak corresponds to the reflection plane of (101), while the second one indicates
the crystalline phase of PVA. For pure Nylon-6,6, the WAXD pattern shows that Nylon-
6,6 has a polymorphic structure (crystalline and amorphous). This mixed structure was
identified with the two main diffraction peaks; 2θ = 20.4◦ associated with (200) planes, and
2θ = 23.91◦ associated with (002/202) plants of crystal form α [62].

In addition, these main diffraction peaks reveal the monoclinic phase and agree with the
data of Farias-Aguilar et al. [63] and Bunn et al. [64]. For the blend sample (60 wt.% Nylon-6,6
and 40 wt.% PVA), the WAXD pattern shows all the peaks of Nylon-6,6 and PVA. One can
easily observe an increase in the intensity of the peak at 2θ about 20◦, which is due to the
overlap between the PVA peak and the Nylon-6,6 peaks. The concentration of Nylon-6,6 to
PVA for this sample was confirmed by calculating the ratio of the intensity of the normalized
peaks as follows: the ratio between the intensity of the two normalized peaks of the pure
Nylon-6,6 is 8100/10,800 = 0.75 and that of the blended sample is 7100/3800 = 1.87; the
difference between the two obtained values is 1.87 − 0.75 = 1.12, which represents the ratio of
the intensity of PVA in the overlapped peak; then the concentration of PVA in the blended
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sample can be obtained with the ratio of 1.12/1.87 = 0.6 or 60 wt.%, which exactly agrees with
the experimental data.
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It is interesting to calculate the degree of crystallinity of the samples using the WAXD
pattern and Fityk program [65]. The mean peaks of the pattern were deconvoluted into
crystalline and amorphous peaks as blue- and red-colored peaks, respectively, as shown in
Figure 3. The sharper peaks reveal the crystalline part of the sample, which corresponds to the
intermolecular hydrogen bonds of PVA, and the wider peak indicates the amorphous part of
the PVA film [66–68]. The degree of the crystallinity Xc can be determined using the equation:

Xc(%) =
Area under the sharper sub− peaks

Total area under the main peaks
(13)

Pure Nylon-6,6 and pure PVA have degrees of crystallinity Xc of 41.0 and 31.6%,
respectively. Additionally, the blended sample’s crystallinity, which is approximately
25.7%, can be determined in the same manner. As a result, the degree of crystallinity of
the blend suffers as a result of the negative effects of each component. Additionally, the
degree of crystallinity of the pure Nylon-6,6 decreased from 41.0 to 25.7% for the blended
Nylon-6,6. Cagiao et al.’s [69] findings are supported by the current samples’ degree of
crystallinity behaviour.

The grain size D was calculated by applying the Scherrer equation [70]:

D =
0.9λ

β cos(θ)
. (14)

where λ is the wavelength and β is the full width at half maximum (FWHM). Table 2 lists
the peak position, FWHM, and grain size for the crystalline and amorphous peaks. Table 2
makes it abundantly clear that the blend sample’s degree of crystallinity is lower than that
of the homopolymers due to the blend sample’s smaller grain size (2.82 nm). In addition,
the TGA data show that each component has a lower melting point (the temperature at
which it begins to decompose) than homopolymers.

Table 2. The peak position, FWHM, and grain size for the crystalline and amorphous peaks for pure
Nylon-6,6, pure PVA, and blend polymer (60 wt.% Nylon-6,6/40 wt.% PVA).

Sample
Crystalline Peak Amorphous Peak

Peak
Position FWHM Grain Size

(nm)
Peak

Position FWHM Grain Size
(nm)

Pure Nylon-6,6
20.341◦ 0.610◦ 13.82 20.319◦ 1.678◦ 5.03

24.399◦ 0.762◦ 11.14 24.628◦ 1.587◦ 5.35

Pure PVA 19.427◦ 1.985◦ 4.24 19.909◦ 5.657◦ 1.49

Blend polymer 60 wt.%
Nylon-6,6/40 wt.% PVA

20.099◦ 0.53◦ 15.88 19.577◦ 2.985◦ 2.82

24.130◦ 0.527◦ 16.11 24.396◦ 1.347◦ 6.30

The dielectric constant reflects the ability of any material to store electrical energy, which
is significantly related to the dipole polarization resulting from the influence of an external
electric field [71,72]. Figure 4A shows the frequency dependence of the dielectric constant
ε/ for the present samples. The figure shows that the dielectric constant irregularly de-
creases with frequency. Such behaviour follows the Maxwell–Wagner interfacial polarization
model [73]. Moreover, the low frequencies have the greatest effect ε/ because the dipoles have
enough time for interfacial polarization. However, at high frequencies, there is not enough
time for the dipoles to be oriented in the direction of the applied field. Pure PVA had the
highest dielectric permittivity, which could be attributed to its polar nature [74]. Therefore,
embedding Nylon-6,6 into PVA decreases the dielectric constant, which improves its ability
to store electric energy. The frequency-dependent dielectric loss ε// for the current samples
is depicted in Figure 4B. Similar to the depicted behaviour of the dielectric constant with
frequency, it was observed that the dielectric loss decreased rapidly and remained constant
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at higher frequencies. This behaviour conforms to the logical theory of Koop’s phenomena
and the Maxwell–Wanger interfacial polarization model [75]. This reveals that grain and
grain boundary make up the dielectric materials in multilayer capacitors. Highly conductive
grains have a significant impact at high frequencies, whereas grain boundaries with poor
conductivity at low frequencies are more effective [76].
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The movement of charge carriers through the polymer’s chain is known to cause a sample’s
AC ionic conductivity to develop [77]. Figure 5 illustrates the relationship between ln (ω) and
ln (σac) for pure PVA and PVA blended with various concentrations of Nylon-6,6, which were
obtained using Equation (10). As shown in Figure 5, σac decreases as the concentration of Nylon-
6,6 increases. The maximum AC ionic conductivity σac is 1.25× 10−4 S/m for pure PVA, which is
considered one of the highest values in the literature [78]. Two regions are observed in the figure
with different slopes. At low frequencies, the first region (I) reflects the dc conductivity which
occurs as a result of the charge carrier’s displacement. Region (II) represents the dispersion
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region due to the ac conduction. The ac conductivity σac obeys Jonscher’s universal power law,
which is described as [47]:

σac (ω) = AωS. (15)

where A is a temperature-dependent constant that identifies the polarizability strength, ω is
the angular frequency, and S is the frequency exponent with values 0 < S < 1. The calculated
value of S increased with an increase in the Nylon-6,6 concentration; it is 0.53, 0.68, 0.77, 0.78,
0.782, and 0.783 for 0, 20, 40, 60, 80, and 100 wt.% Nylon-6,6 concentration blended with
PVA, respectively. The S values are less than 1 for all the blended samples, which indicates
that the conduction mechanism is a hopping mechanism. Such behaviour was obtained for
PVA1-xNaIx in a previous study conducted by Hmamm et al. [47].
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The energy required to remove the electrons from their sites to infinity is called barrier
height Wm. It can be calculated by the relation [79]:

Wm =
6KBT
1− S

. (16)

where KB and T are the Boltzmann constant and the temperature, respectively. For Nylon-6,6
concentrations of 0, 20, 40, 60, 80, and 100 wt.% blended with PVA, the calculated values
of Wm are 0.33, 0.48, 0.67, 0.71, 0.71, and 0.72 eV, respectively. With increasing Nylon-6,6
concatenations blended with PVA, the value of Wm increases, indicating a decrease in the
number of charge carriers able to leap over the barrier height. This provides an explanation
for the decrease in AC conductivity caused by increasing Nylon-6,6 concentrations.

Complex impedance analysis makes it simple to describe the interactions that take
place at the grain and grain boundary. The frequency dependence of the real and imaginary
impedances (Z/, Z//) for the prepared samples is depicted in Figure 6. For the real
impedance Z/ (Figure 6A), the maximum value is observed for the pure Nylon-6,6 and
decreases gradually with increasing PVA content, which indicates that PVA addition
improves the conductivity of the prepared samples. Furthermore, it is observed that
the variation in Z/ in the low frequency and its saturation in the high-frequency range
suggest a different polarization behaviour in the samples, such as orientation and electronic
polarization [80]. Figure 7A shows the real impedance Z/, where the maximum value for
pure Nylon-6,6 decreases gradually as the PVA content rises, indicating that the prepared
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samples’ conductivity is enhanced by PVA addition. In addition, it is observed that the low-
frequency variation of Z/ and its saturation in the high-frequency range suggest a distinct
orientation and electronic polarization behaviour in the samples [80]. An asymmetry and
broad peaks are visible in the imaginary impedance Z// with frequency [Figure 6B]; it
shows multiple relaxations and a deviation from the Debye behaviour. Such characteristics
are known in semiconductors [75].
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The Cole–Cole spectra of the synthesized samples are shown in Figure 7A. The di-
ameter of the semicircle or the intercept of the semicircle with the Z/-axis increases with
decreasing Nylon-6,6 content in the samples. The diameter of the semicircle or the intercept
of the semicircle with the Z/-axis can be defined as the resistance of the sample (Rs). Then,
the DC ionic conductivity was calculated as follows:

DC ionic conductivity σDC =
L

Rs A
. (17)
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The DC ionic conductivity σDC is depicted in Figure 7B as a function of the proportion
of Nylon-6,6 to PVA. The DC ionic conductivity clearly decreases as the ratio of Nylon-6,6
to PVA polymer increases. This could be because increasing the Nylon-6,6 ratio reduces the
number of mobile charge carriers.

Utilizing source corrections and three-lifetime components, the PALsfits3 [36] analysis of
the positron annihilation lifetime spectra for the current samples yielded the best variance ratio,
χ2 (<1.1). The annihilation of p-Ps atoms has the shortest lifetime component τ1 (=0.125 ns),
while the free annihilation of positrons in the polymer matrix has the intermediate lifetime
component τ2 (0.427–0.618 ns). The longest-lived component τ3 is attributed to the o-Ps atoms in
the free volumes of the amorphous regions of the blends via pick-off annihilation. As a result of
the addition of Nylon-6,6 to PVA, the o-Ps lifetime τ3, o-Ps intensity I3, and relative fractional of
hole volume size f r are depicted in Figure 8. The right axis of the upper figure represents the hole
volume size Vf calculated using Equations (4) and (5). In the Nylon-6,6/PVA blends, the o-Ps
lifetime τ3 was between that of pure PVA and pure Nylon-6,6. As the proportion of Nylon-6,6
blended with PVA rises, the o-Ps lifetime τ3 or hole volume size increases exponentially.
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Vf calculated using Equations (4) and (5).

The change in free volume caused by an increase in the concentration of pure Nylon-6,6,
which has a larger free-volume size (0.94 nm3) than pure PVA (0.046 nm3), or the emergence
of new bonds could account for the rise in t3. The rise in t3 suggests that the PVA free-volume
hole inner chain is expanding in some way. To put it another way, Nylon-6,6’s larger holes can
be filled with PVA’s smaller free-volume holes. As can be seen in Figure 8, the o-Ps intensity
I3 decreases as the concentration of Nylon-6,6 on the PVA/Nylon-6,6 blend increases. It is
common knowledge that the polymer’s degree of crystallinity can affect the o-Ps intensity
I3 [29]. A high crystallinity level results in a lower I3, while a low crystallinity level results
in a high I3. The behaviour of the o-Ps intensity I3 (I3 for pure Nylon-6,6 < I3 for pure PVA)
correlates with the high crystallinity of pure Nylon-6,6 in comparison to pure PVA. Moreover,
it is clear from Figure 8 that, at low Nylon-6,6 loadings, additional free volume was added
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when Nylon-6,6 was blended with PVA, as seen in the relative fractional of the free-volume
size f r derived using Equation (9). This result indicates that the Nylon-6,6 interacted with the
smaller free-volume distribution in PVA at the molecular level.

In a polymer blend, the free volume does not simply comprise the addition of each
individual free volume; instead, the relative fractional of the free-volume hole of the blend
can be expressed as [81]:

f r = A1 f r1 + A2 f r2 + A1 A2 Q (f r1 + f r2)0.5, (18)

where f r1 and f r2 are the relative fractional of the free-volume hole of polymer 1 (PVA) and
polymer 2 (Nylon-6,6), respectively, and A1 and A2 are the volume fractions of the two
polymers in the blend. Q is an interaction parameter that may be related to the interaction
between dissimilar polymer chains [79]. Q > 0 indicates a positive deviation from the free-
volume additivity, and Q < 0 indicates a negative deviation. The values of the interaction
parameters Q are −0.057, −0.041, −0.043, and −0.068 for 20, 40, 60, and 80 wt.% of Nylon-
6,6 concentration blended with PVA, respectively. The negative value of the interaction
parameter Q indicates that blending PVA with Nylon-6,6 leads to a negative deviation.
Therefore, the change in Q is possibly due to the interaction between the Nylon-6,6 and PVA
polymer chains, enhanced by the interfacial agent. The present data is similar to the data of
Wang et al. [82], who revealed that in a polypropylene/ethylene-propylene-diene monomer
blend (PP/EPDM), the free volume shows a negative deviation due to the phase interaction.
Sood et al. [83] observed negative interaction parameters in a series of miscible polymer
blends through the measurement of viscosity. Liu et al. [84] also found that the interaction
parameter is negative in miscible blends while it is positive in immiscible blends.

All these results reflect that the compatibilizer had a strong effect on the free-volume
properties in the blend. However, the information about the free volume that we obtained
from the finite term analysis of the positron lifetime spectra is limited because it gives only
a few averaged lifetimes. In other words, what we obtained from this analysis is the average
free-volume size. However, most of the time, the free-volume size has a distribution, and
obtaining this information will be more helpful for us to analyse the detailed microstructural
information of polymers and polymer blends. In the present work, the LT10 program [38]
was used to analyse the measured spectra. The lifetime distribution data are shown in
Figure 9. As shown in Figure 9A, in the pure and blended polymers, the o-Ps lifetime
has one clear peak located in the range from 0.5 to 3.0 ns. The shorter lifetime peak is
close to the o-Ps lifetime in PVA, and the longer lifetime peak is related to the o-Ps lifetime
in Nylon-6,6. In addition, the o-Ps lifetime distributions for the blended samples were
located between these peaks for the pure polymers. By increasing the Nylon-6,6 content
in the blended PVA, the o-Ps distribution became narrower. The behaviours for the o-Ps
hole radius [Figure 9B] and o-Ps hole volume size [Figure 9C] are similar to those of the
o-Ps lifetime distribution. The one clear o-Ps lifetime peak (free-volume size peak) for
the blended samples shows strong evidence of no phase separation. Because this blend
is miscible, the dispersed Nylon-6,6 tends to have as small a domain size as possible in
the interaction with PVA polymeric chains. Therefore, o-Ps will form and annihilate in
one phase.

Understanding the polymer properties requires a decent comprehension of the free-volume
hole. The free-volume hole is generally generated from the irregular dispersion of holes in
polymer atomic chain fragments. The free-volume hole is responsible for the directional
conduction of particles in polymers. Controlling the hole volume content of any polymer can
change its physical and substance properties. Figure 10 shows the relationship between the hole
volume size Vf and the DC ionic conductivity σDC for the blended polymer (Nylon-6,6/PVA).
It is shown in Figure 10 that the ionic conductivity is found to decrease with an expansion
in the hole volume size because ions are not permitted to take a leap toward an adjoining
site when there are enormous enough free volumes between them [85]. Therefore, Figure 10
represents a strong correlation between the microscopic properties obtained from the PAL
spectroscopy results and other macroscopic properties assessed from other measurements such
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as ionic conductivity in the data of Mohamed et al. [86]. These correlations indicate that these
macroscopic properties, such as proton conductivity, are governed by the free-volume size.
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Figure 10. The correlation between the hole volume size Vf and the DC ionic conductivity σDC for
the blend polymer (Nylon-6,6/PVA).

5. Conclusions

The free-volume properties and electrical properties of Nylon-6,6/PVA blends were
studied using positron annihilation lifetime spectroscopy and electrical measurements.
An interaction between Nylon-6,6 and PVA chains was found in the blends and their
ionomers. The activation energy of the thermal temperature for some blends is lower than
that of pure polymers, indicating that their thermal stability is somewhere in between that
of Nylon-6,6 and PVA. The degree of crystallinity of the blend is lower than that of the
pure components due to the negative effects of each component. Due to an increase in
the number of mobile charge carriers in the blend with a higher PVA concentration, the
ionic conductivity increases as the concentration of Nylon-6,6 blended with PVA decreases.
The hole volume size increases exponentially with increasing concentrations of Nylon-6,6
blended with PVA. The Nylon-6,6 interacted with the smaller free-volume distribution
in PVA at the molecular level. There was no phase separation in the blended samples as
deduced from the free-volume distribution of the Nylon-6,6/PVA blends. The negative
value of the interaction parameter indicates that blending PVA with Nylon-6,6 leads to
a negative deviation (miscible blends). The strong correlation between the free-volume
size and other macroscopic properties such as ionic conductivity indicates that these
macroscopic properties are controlled by the free-volume size.

Author Contributions: Conceptualization, E.E.A.-H., H.F.M.M. and W.M.M.; methodology, H.F.M.M.;
software, H.F.M.M. and W.M.M.; validation, E.E.A.-H., H.F.M.M. and W.M.M.; formal analysis,
H.F.M.M. and W.M.M.; investigation, H.F.M.M.; resources, E.E.A.-H.; data curation, H.F.M.M. and
W.M.M.; writing—original draft preparation, H.F.M.M. and W.M.M.; writing—review and editing,
E.E.A.-H. and H.F.M.M.; visualization, H.F.M.M.; supervision, E.E.A.-H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Polymers 2023, 15, 107 18 of 21

Data Availability Statement: The data that supports the findings of this study are available within
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Harper, C.A. Modern Plastics Handbook; McGraw-Hill Education: New York, USA, 2000.
2. Gürses, A. Introduction to Polymer-Clay Nanocomposites; CRC Press: Boca Raton, FL, USA, 2016.
3. Wang, Y.; Hou, D.F.; Ke, K.; Huang, Y.H.; Yan, Y.; Yang, W.; Yin, B.; Yang, M.B. Chemical resistant polyamide 6/polyketone

composites with gradient encapsulation structure: An insight into the formation mechanism. Polymer 2021, 212, 123173–123182.
[CrossRef]

4. Saba, N.; Tahir, P.M.; Jawaid, M. A Review on potentiality of nano filler/natural fiber filled polymer hybrid composites. Polymers
2014, 6, 2247–2273. [CrossRef]

5. Nguyen-Tran, H.D.; Hoang, V.T.; Do, V.T.; Chun, D.M.; Yum, Y.J. Effect of multiwalled carbon nanotubes on the mechanical
properties of carbon fiber-reinforced, polyamide-6/polypropylene composites for lightweight automotive parts. Materials 2018,
11, 429. [CrossRef] [PubMed]

6. Xu, M.; Lu, J.; Zhao, J.; Wei, L.; Liu, T.; Zhao, L.; Park, C.B. Rheological and foaming behaviors of long-chain branched polyamide
6 with controlled branch length. Polymer 2021, 224, 123730–123739. [CrossRef]

7. Dorr, D.; Kuhn, U.; Altstadt, V. Rheological study of gelation and crosslinking in chemical modified polyamide 12 using
a multiwave technique. Polymers 2020, 12, 855. [CrossRef]

8. Satheeskumar, S.; Kanagaraj, G. Experimental investigation on tribological behaviours of PA6, PA6-reinforced Al2O3
and PA6-reinforced graphite polymer composites. Bull. Mater. Sci. 2016, 39, 1467–1481. [CrossRef]

9. Cai, J.; Wirasaputra, A.; Zhu, Y.; Liu, S.; Zhou, Y.; Zhang, C.; Zhao, J. The flame retardancy and rheological properties of PA6/MCA
modified by DOPO-based chain extender. RSC Adv. 2017, 7, 19593–19603. [CrossRef]

10. Finch, C.A. Polyvinyl Alcohol: Developments. A Comprehensive Reference; Wiley: New York, USA, 1992; pp. 12–18.
11. Yeh, J.T.; Xu, P.; Tsai, F.C. Blending properties of poly(vinyl alcohol) and nylon 6-clay nanocomposite blends. J. Mater. Sci. 2007,

42, 6590–6599. [CrossRef]
12. Cui, L.; Yeh, J.T.; Wang, K.; Fu, Q. Miscibility and isothermal crystallization behavior of polyamide 6/poly(vinyl alcohol) blend.

J. Polym. Sci. Polym. Phys. Ed. 2008, 46, 1360–1368. [CrossRef]
13. Cui, L.; Fu, Q.; Chang, C.J.; Yeh, J.T. The effect of poly(vinyl alcohol) hydrolysis on the properties of its blends with nylon 6.

Polym. Eng. Sci. 2009, 49, 1553–1561. [CrossRef]
14. Koulouri, E.G.; Kallitsis, J.K. Miscibility behavior of poly(vinyl alcohol)/Nylon 6 blends and their reactive blending with

Poly(ethylene-co-ethyl acrylate). Polymer 1998, 39, 2373–2379. [CrossRef]
15. Usuki, A.; Hasegawa, N.; Kato, M.; Kobayashi, S. Polymer-clay nanocomposites inorganic polymeric nanocomposites and

membranes. In Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany, 2005; pp. 1–24.
16. Aiman, E.A.; Hasan, A.A.; Ismael, A. Miscibility, Crystallinity and morphology of polymer blends of polyamide-6/Poly

(β-hydroxybutyrate). Jordan J. Chem. 2006, 1, 155–170.
17. Khairy, Y.; Elsaeedy, H.I.; Mohammed, M.I.; Zahran, H.Y.; Yahia, I.S. Anomalous behaviour of the electrical properties for

PVA/TiO2 nanocomposite polymeric films. Polym. Bull. 2000, 77, 6255–6269. [CrossRef]
18. Li, J.; Yin, C.; Zhou, Y.; Li, G.; Yeh, J.T.; He, C. Positron annihilation studies of the free volumes in Nylon12/PVA films treated by

supercritical carbon dioxide. Acta Phys. Pol. A 2017, 132, 1552–1555. [CrossRef]
19. Kobayashi, Y.; Kinomura, A.; Kazama, S.; Inoue, K.; Toyama, T.; Nagai, Y.; Haraya, K.; Mohamed, H.F.M.; O’Rouke, B.E.;

Oshima, N.; et al. Hole size distributions in cardo-based polymer membranes deduced from the lifetimes of ortho-positronium.
J. Phys. Conf. Ser. 2016, 674, 012017. [CrossRef]

20. Mohamed, H.F.M.; Abdel-Hady, E.E.; Ohira, A. Per-fluorinated sulfonic acid/PTFE copolymer studied by positron annihilation
lifetime and gas permeation techniques. J. Phys. Conf. Ser. 2015, 618, 012031. [CrossRef]

21. Kobayashi, Y.; Kazama, K.S.; Inoue, T.; Toyama, Y.; Nagai, K.H.; Mohamed, H.F.M.; O’Rouke, B.E.; Oshima, N.; Kinomura, A.;
Suzuki, R. Positron annihilation in cardo-based polymer membranes. J. Phys. Chem. B. 2014, 118, 6007–6014. [CrossRef]

22. Mohamed, H.F.M.; Kuroda, S.; Kobayashi, Y.; Oshima, N.; Suzuki, R.; Ohira, A. Possible presence of hydrophilic SO3H
nanoclusters on the surface of dry ultrathin Nafion films: A positron annihilation study. Phys. Chem. Chem. Phys. 2013, 15,
1518–1525. [CrossRef]

23. Hamdy, F.M.M.; Kobayashi, Y.; Kuroda, C.S.; Ohira, A. Impact of heating on the structure of perfluorinated polymer electrolyte
membranes: A positron annihilation study. Macromol. Chem. Phys. 2011, 212, 708–714.

24. Abdel-Hady, E.E. Positron annihilation lifetime study of irradiated and deformed low density polyethylene. Polym. Deg. Stab.
2003, 80, 363–368. [CrossRef]

25. Hamdy, F.M.M.; Kobayashi, Y.; Kuroda, C.S.; Takimoto, N.; Ohira, A. Free volume, oxygen permeability, and uniaxial compression
storage modulus of hydrated biphenol-based sulfonated poly(arylene ether sulfone). J. Mem. Sci. 2010, 360, 84–89.

26. Al-Qaradawia, I.Y.; Britton, D.T.; Abdel-Hady, E.E.; Abdulmalika, D.A.; Al-Shobakia, M.A.; Minanib, E. Positron annihilation
studies of the effect of gamma irradiation dose in polymers. Radiat. Phys. Chem. 2003, 68, 457–461. [CrossRef]

http://doi.org/10.1016/j.polymer.2020.123173
http://doi.org/10.3390/polym6082247
http://doi.org/10.3390/ma11030429
http://www.ncbi.nlm.nih.gov/pubmed/29543754
http://doi.org/10.1016/j.polymer.2021.123730
http://doi.org/10.3390/polym12040855
http://doi.org/10.1007/s12034-016-1296-6
http://doi.org/10.1039/C6RA28293H
http://doi.org/10.1007/s10853-007-1500-6
http://doi.org/10.1002/polb.21470
http://doi.org/10.1002/pen.21382
http://doi.org/10.1016/S0032-3861(97)00542-9
http://doi.org/10.1007/s00289-019-03028-y
http://doi.org/10.12693/APhysPolA.132.1552
http://doi.org/10.1088/1742-6596/674/1/012017
http://doi.org/10.1088/1742-6596/618/1/012031
http://doi.org/10.1021/jp501706d
http://doi.org/10.1039/C2CP43727A
http://doi.org/10.1016/S0141-3910(03)00022-3
http://doi.org/10.1016/S0969-806X(03)00205-6


Polymers 2023, 15, 107 19 of 21

27. Mohamed, H.F.M.; Ito, Y.; El-Sayed, A.M.; Abdel-Hady, E.E. Positron annihilation in polyvinyl alcohol doped with CuCl2. Polymer
1996, 37, 1529–1533. [CrossRef]

28. Abdel-Hady, E.E.; Mohamed, H.F.M. Microstructure changes of poly (vinyl chloride) investigated by positron annihilation
techniques. Polym. Degr. Stab. 2002, 77, 449–456. [CrossRef]

29. Mohamed, H.F.M.; Abdel-Hady, E.E.; Mohamed, S.S. Temperature dependence of the free volume in polytetrafluoroethylene
studied by positron annihilation spectroscopy. Radiat. Phys. Chem. 2007, 76, 160–164. [CrossRef]

30. Mohamed, H.F.M.; El-Aziz, N.S.A. Study on polystyrene via positron annihilation lifetime and Doppler broadened techniques.
Polymer 2001, 42, 8013–8017. [CrossRef]

31. Mohamed, H.F.M.; Ito, K.; Kobayashi, Y.; Takimoto, N.; Takeoka, Y.; Ohira, A. Free volume and permeabilities of O2 and H2 in
Nafion membranes for polymer electrolyte fuel cells. Polymer 2008, 49, 3091–3097. [CrossRef]

32. Shariff, G.; Sathyanarayana, P.M.; Thimmegowda, M.C.; Ashalatha, M.B.; Ramani, R.; Avasthi, D.K.; Ranganathaiah, C.
Influence of ion-irradiation on the free volume controlled diffusion process in polycarbonateâ—A positron lifetime study.
Polymer 2002, 43, 2819–2826.

33. Mohamed, H.F.M.; Kobayashi, Y.; Kuroda, C.S.; Ohira, A. Effects of ion-exchange on free volume and oxygen permeation in
Nafion for fuel cells. J. Phys. Chem. B. 2009, 113, 2247–2252. [CrossRef]

34. Mogensen, O.E. Positron Annihilation in Chemistry; Springer Science & Business Media: Berlin/Heidelberg, German, 2012; p. 58.
35. Jean, Y.C.; Mallon, P.E.; Schrader, D.M. Principles and Applications of Positron and Positronium Chemistry; World Scientific: London,

UK, 2003; p. 258.
36. Olsen, J.V.; Kirkegaard, P.; Pedersen, N.J.; Eldrup, M. PALSfit: A new program for the evaluation of positron lifetime spectra.

Phys. Stat. Sol. C 2007, 4, 4004–4006. [CrossRef]
37. Jean, Y.C. Positron annihilation in polymers. Mater. Sci. Forum 1995, 175, 59–70. [CrossRef]
38. Kansy, J. Microcomputer program for analysis of positron annihilation lifetime spectra. Nucl. Instrum. Methods. Phys. Res. A 1996,

374, 235–244. [CrossRef]
39. Dlubek, G.; Supej, M.; Bondarenko, V.; Pionteck, J.; Pompe, G.; Krause-Rehberg, R.; Emri, I. Ortho-positronium lifetime distribution

analyzed with MELT and LT and free volume in poly (ε-caprolactone) during glass transition, melting, and crystallization.
J. Polym. Sci. Part B Polym. Phys. 2003, 41, 3077–3088. [CrossRef]

40. Giebel, D.; Kansy, J. A new version of LT program for positron lifetime spectra analysis. Mater. Sci. Forum 2011, 666, 138–141.
[CrossRef]

41. Jean, Y.C. Positron annihilation spectroscopy for chemical analysis: A novel probe for microstructural analysis of polymers.
Microchem. J. 1990, 42, 72–102. [CrossRef]

42. Tao, S.J. Positronium annihilation in molecular substances. J. Chem. Phys. 1972, 56, 5499–5510. [CrossRef]
43. Eldrup, M.; Lightbody, D.; Sherwood, J.N. The temperature dependence of positron lifetimes in solid pivalic acid. J. Chem. Phys.

1981, 63, 51–58. [CrossRef]
44. Nakanishi, H.; Wang, S.J.; Jean, Y.C. Positron Annihilation Studies of Fluids; World Science: Singapore, 1988; p. 292.
45. Wang, Y.Y.; Nakanishi, H.; Jean, Y.C.; Sandreczki, T.C. Positron annihilation in amine-cured epoxy polymers—Pressure depen-

dence. J. Polym. Sci. Part B Polym. Phys. 1990, 28, 1431–1441. [CrossRef]
46. Peng, Z.L.; Wang, B.; Li, S.Q.; Wang, S.J. Free volume and ionic conductivity of poly (ether urethane)-LiClO4 polymeric electrolyte

studied by positron annihilation. J. App. Phys. 1995, 77, 334–338. [CrossRef]
47. Hmamm, M.F.M.; Zedan, I.T.; Mohamed, H.F.M.; Hanafy, T.A.; Bekheet, A.E. Study of the nanostructure of free volume and ionic

conductivity of polyvinyl alcohol doped with NaI. Polym. Adv. Tech. 2021, 32, 173–182. [CrossRef]
48. Okamoto, K.I.; Tanaka, K.; Katsube, M.; Sueoka, O.; Ito, Y. Positronium formation in various polyimides. Rad. Phys. Chem. 1993,

41, 497–502. [CrossRef]
49. Kirkegaard, P.; Olsen, J.V.; Eldrup, M.M. PALSfit3: A Software Package for Analysing Positron Lifetime Spectra; Technical University of

Denmark: Lyngby, Denmark, 2017.
50. Ito, K.; Oka, T.; Kobayashi, Y.; Shirai, Y.; Wada, K.; Matsumoto, M.; Fujinami, M.; Hirade, T.; Honda, Y.; Hosomi, H.; et al.

Interlaboratory comparison of positron annihilation lifetime measurements for syntheti fused silica and polycarbonate. J. Appl.
Phys. 2008, 104, 026102. [CrossRef]

51. Ito, K.; Oka, T.; Kobayashi, Y.; Shirai, Y.; Wada, K.; Matsumoto, M.; Fujinami, M.; Hirade, T.; Honda, Y.; Hosomi, H.; et al.
Interlaboratory comparison of positron annihilation lifetime measurements. Mater. Sci. Forum. 2009, 607, 248–250. [CrossRef]

52. Gao, F.; Mei, B.; Xu, X.; Ren, J.; Zhao, D.; Zhang, Z.; Wang, Z.; Wu, Y.; Liu, X.; Zhang, Y. Rational design of ZnMn2O4 nanoparticles
on carbon nanotubes for high-rate and durable aqueous zinc-ion batteries. Chem. Eng. J. 2022, 448, 137742. [CrossRef]

53. Zhao, D.; Zhang, Z.; Ren, J.; Xu, Y.; Xu, X.; Zhou, J.; Gao, F.; Tang, H.; Liu, S.; Wang, Z.; et al. Fe2VO4 nanoparticles on rGO as
anode material for high-rate and durable lithium and sodium ion batteries. Chem. Eng. J. 2023, 451, 138882. [CrossRef]

54. Wang, C.; Wang, Z.; Zhao, D.; Ren, J.; Liu, S.; Tang, H.; Xu, P.; Gao, F.; Yue, X.; Yang, H.; et al. Core–shell Co2VO4/carbon
composite anode for highly stable and fast-charging sodium-ion batteries. ACS Appl. Mater. Interfaces 2021, 13, 55020–55028.
[CrossRef]

55. Yang, C.C.; Chiu, S.J.; Lin, C.T. Electrochemical performance of an air-breathing direct methanol fuel cell using poly (vinyl
alcohol)/hydroxyapatite composite polymer membrane. J. Power Sources 2008, 177, 40–49. [CrossRef]

http://doi.org/10.1016/0032-3861(96)83700-1
http://doi.org/10.1016/S0141-3910(02)00102-7
http://doi.org/10.1016/j.radphyschem.2006.03.026
http://doi.org/10.1016/S0032-3861(01)00319-6
http://doi.org/10.1016/j.polymer.2008.05.003
http://doi.org/10.1021/jp808960w
http://doi.org/10.1002/pssc.200675868
http://doi.org/10.4028/www.scientific.net/MSF.175-178.59
http://doi.org/10.1016/0168-9002(96)00075-7
http://doi.org/10.1002/polb.10622
http://doi.org/10.4028/www.scientific.net/MSF.666.138
http://doi.org/10.1016/0026-265X(90)90027-3
http://doi.org/10.1063/1.1677067
http://doi.org/10.1016/0301-0104(81)80307-2
http://doi.org/10.1002/polb.1990.090280902
http://doi.org/10.1063/1.359326
http://doi.org/10.1002/pat.5072
http://doi.org/10.1016/0969-806X(93)90011-I
http://doi.org/10.1063/1.2957074
http://doi.org/10.4028/www.scientific.net/MSF.607.248
http://doi.org/10.1016/j.cej.2022.137742
http://doi.org/10.1016/j.cej.2022.138882
http://doi.org/10.1021/acsami.1c16035
http://doi.org/10.1016/j.jpowsour.2007.11.010


Polymers 2023, 15, 107 20 of 21
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