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Abstract
Absract

In this study, silicone-reinforced PVA/PEG composite films were successfully prepared using the solution
casting method. Polyvinyl alcohol (PVA) was used as the polymer matrix, polyethylene glycol (PEG) as
the plasticizer, and silicone as the reinforcing phase. Silicone was incorporated into the polymer blend at
different weight ratios (5%, 10%, 20%, and 30%) in order to investigate its influence on the structural,
thermal, and morphological properties of the composites. The prepared films were characterized using
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and scanning electron microscopy (SEM). XRD results
revealed that increasing silicone content promoted structural ordering and enhanced the crystallinity of
the composites. FTIR spectra confirmed the presence of intermolecular interactions between the
polymer matrix and silicone phase without the formation of new chemical bonds. TGA analysis
demonstrated that silicone incorporation improved the thermal stability and increased the residual mass
at elevated temperatures due to the thermally stable Si–O–Si structure. DSC findings indicated that
silicone affected both the amorphous and crystalline regions of the polymer matrix, leading to
modifications in glass transition and melting behavior. SEM observations showed a relatively
homogeneous dispersion of silicone within the PVA/PEG matrix, particularly at moderate filler
concentrations. Overall, the results suggest that silicone-reinforced PVA/PEG composites exhibit
improved structural and thermal properties, making them promising candidates for flexible, lightweight,
and multifunctional material applications.

1. Introduction
Among various polymers, polyvinyl alcohol (PVA), a biodegradable and synthetic polymer, stands out as
a promising matrix material owing to its excellent film-forming ability, high dielectric strength, high
tensile strength, non-toxicity, and biocompatibility [1–2]. Due to these unique properties, PVA has been
used in pharmaceutical industries, electronics, optical sensors, food packaging, and biomedical
applications [3–5]. Despite these advantages, neat PVA films often suffer from limited mechanical
strength and thermal stability, which restricts their application in areas requiring durability and
elastomeric behavior [6]. To overcome these shortcomings, researchers frequently employ strategies
such as polymer blending and the addition of plasticizers or nanofillers [7–9]. Polyethylene glycol (PEG)
is a synthetic, hydrophilic polymer synthesized through the anionic polymerization of ethylene oxide
monomers, renowned for its biocompatibility and non-toxic profile [10–12]. It is widely recognized as a
highly efficient phase change material (PCM) for latent heat thermal energy storage due to its high
energy storage density, appropriate phase change temperature ranges, and favorable thermal stability
[13–15]. Polyethylene glycol (PEG) is a widely used plasticizer because of the strong hydrogen bonds
that form between the hydroxyl groups of the PVA backbone and the ether bonds in the PEG chains[16].
The inclusion of PEG increases the free volume within the polymer matrix, thereby enhancing the
flexibility, ductility, and processability of the resulting blend [17]. To further optimize the physical
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properties of these blends, inorganic fillers are incorporated into the polymer matrix [18–20]. A key
factor governing the final properties of composite materials is the filler loading ratio. The concentration
of the dispersed phase directly influences the homogeneity of the mixture, the percolation threshold and
the nature of the polymer-filler interface, ultimately dictating the mechanical performance and structural
integrity of the composite. Systematic investigation of these effects is therefore essential.

Silicone presents a compelling candidate as a filler, is known to improve surface characteristics, thermal
stability, and mechanical toughness when introduced into polymeric systems [21]. By dispersing silicone
within a PVA/PEG matrix, it is planned to create a hybrid composite that synergizes the strength and
hydrophilicity of PVA with the flexibility imparted by PEG and the unique characteristics of silicone. Thus,
these types of materials can be used in potential applications such as specialized coatings, flexible
packaging, biomedical devices, or soft electronics where a balance of strength, flexibility, and
environmental resistance is required. Theoretical studies in the literature show that the PVA-PEG-Si
structure exhibits good thermal properties and, due to its low cost, offers significant potential for
lightweight applications in photonics and optoelectronics[22].

Numerous investigations have explored the enhanced characteristics of PVA/PEG matrix systems in the
literature [19, 20]. The incorporation of metal oxide nanoparticles into the PVA/PEG matrix effectively
tailors the electrical, optical and mechanical properties of the resulting nanocomposites. Due to its
unique properties, MgO is a highly suitable metal oxide for use in research. The addition of MgO
nanoparticles within the PVA/PEG polymer matrix improved the material's hydrophilicity, mechanical
strength, and thermal stability, which promotes better cell adhesion and faster healing[23]. Likewise,
incorporation of AZO nanoparticles enhances the films' electrical conductivity and hydrophobicity while
reducing the optical band gap. Furthermore, the resulting films demonstrate significant antibacterial
activity against various pathogenic bacteria, which improves as the filler concentration increases. These
findings suggest that the prepared multifunctional films are strong candidates for applications in
optoelectronic devices, food packaging, and biomedical fields [24]. Increasing the concentration of metal
oxide nanoparticles, such as In₂O₃, BaTiO3, Cr2O3 in PVA/PEG mixtures leads to a significant increase in
dielectric constant, dielectric loss, and AC conductivity, making these mixtures suitable for various
electronic nano devices. Additionally, it significantly increases optical absorption and reduces the energy
band gap, making them suitable for optoelectronic applications [25–27]. Similarly, incorporating nano
Gd2O3 into a PVA/PEG matrix increases structural disorder and affects thermal stability, specifically
increasing the melting temperature while reducing the degradation temperature [28]. On the other hand,
the incorporation of SiO2/CuO hybrid nanoparticles into the PVA–PEG matrix significantly enhances the

material's optical and dielectric properties. Also, PVA–PEG–SiO2/CuO nanostructures exhibit high
sensitivity and environmental resistance, making them ideal candidates for flexible pressure sensors
[29]. In another study, increasing the concentration of SiO2-Co2O3 hybrid nanoparticles in the PVA–PEG
matrix significantly enhanced optical parameters, including absorbance and refractive index, while
reducing the energy gap. Thus, the potential in the field for optoelectronics applications has been
demonstrated [30]. TiN has been sought for the past thirty years owing to its unique properties. PVA/
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PEG nanocomposites doped with increasing concentrations of TiN NPs enhance the material's
absorbance, refractive index, and optical conductivity, while simultaneously decreasing the
transmittance and the optical energy gap for both allowed and forbidden indirect transitions. Based on
these improved optical characteristics, the research concludes that PVA/PEG/TiN nanocomposites are
suitable candidates for optoelectronic detector applications. In another study, the results indicated that
increasing the TiN-nanoparticles’ concentration leads to improved A.C. electrical conductivity,
suggesting a high potential for use in nanoelectronic applications [31, 32].

As seen, while much of the current literature focuses on metal oxide nanoparticles as fillers for PVA/PEG
systems, the synergistic effect of varying concentrations of silicone as a primary reinforcement phase in
a solution-casted PVA/PEG matrix remains an area requiring further investigation. Furthermore, although
silicone-modified hydrogel sensors have been investigated, the systematic characterization of silicone-
filled PVA/PEG composite films obtained by solution casting, which balances the high ductility provided
by liquid PEG with the structural integrity of silicone, has not been fully addressed in the literature. In this
study, we report the preparation and characterization of a series of novel composite films based on a
PVA matrix plasticized with liquid PEG and reinforced with varying weight percentages of silicone. The
aim is to understand the impact of silicone incorporation on the structural, morphological, and physical
properties of the PVA-PEG-based nanocomposite films.

2. Materials and Methods

2.1. Preparation of Composite Samples
In this study, polyvinyl alcohol (PVA) was used as the matrix phase, liquid polyethylene glycol (PEG) as
the plasticizer, and silicone as the filler phase. Pure water was chosen as the solvent medium. First, pure
water was heated to a temperature range of 85–90°C. 0.4 g of PVA was added to the heated pure water.
To ensure complete dissolution of the PVA, the solution was stirred for approximately 1 hour using a
magnetic stirrer and magnetic bar. At the end of this period, a homogeneous PVA solution was obtained.
After the PVA dissolved, 0.1 gr of liquid PEG were added to the solution as a plasticizer, and the mixing
process was continued for approximately 15 more minutes. This created a PVA/PEG-based polymer
matrix. The resulting mixture was blended to increase its homogeneity. Composites containing different
proportions of silicone were produced using the prepared base mixture. Silicone was added to the
mixture at proportions of 5%, 10%, 20%, and 30% by weight. The same experimental procedure was
applied for each silicone proportion. After the addition of silicone, the mixtures were immersed in a
magnetic stirrer with a mixer tip and stirred at high speed for approximately 1 hour and 25 minutes. At
this stage, the silicone was homogenously dispersed within the polymer matrix. The experimental
conditions were kept constant throughout the mixing period. The prepared composite solutions were
poured into Petri dishes and dried in an oven for 24 hours to completely remove the solvent. As a result,
PVA/PEG-based silicone-reinforced composite materials with different silicone ratios were prepared. The
obtained samples were used in characterization and performance tests carried out in subsequent
stages.
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2.2. Characterizations
Characterization encompasses analyses conducted to determine the physical, chemical, thermal, and
structural properties of a material. In this study, Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and
scanning electron microscopy (SEM) analyses were used. FTIR analysis was performed in the 3500–500
cm⁻¹ range to identify functional groups and chemical bonds in the material. XRD analysis was
performed in the 10–80° 2θ range to investigate crystalline phases and crystallinity behavior. TGA
measurements were conducted in the approximate 25–500°C temperature range to evaluate the thermal
decomposition behavior of the samples. DSC analyses were performed in the 25–200°C range to
determine the glass transition, melting, and crystallization temperatures. SEM analysis was conducted at
different magnifications to examine the surface morphology and filler distribution of the samples.

3. Results and Discussion

3.1. Crystal structure
Upon examination of the X-ray diffraction (XRD) patterns shown in Fig. 1, it is observed that the pure
“Blend” sample exhibits a broad diffraction band in the range of approximately 2θ ≈ 20–25°[33, 34]. This
indicates that the material has a largely amorphous structure[35, 36]. With the addition of the additive
(G1: 5%, G2: 10%, G3: 20%, and G4: 30%), distinct changes are observed in the XRD patterns. In particular,
the high-intensity and sharper peaks appearing in the 20–30° and 40–60° (2θ) ranges indicate an
increase in the degree of crystallinity in the system[37, 38]. This is more pronounced in the G3 and G4
samples, suggesting the formation of ordered crystalline regions within the structure[39, 40].
Furthermore, the decrease in peak widths (FWHM narrowing)[41], as the filler content increases
indicates that the crystallite size is growing. This behavior is attributed to the filler particles acting as
heterogeneous nucleation sites within the matrix. These centers promote crystal growth by facilitating a
more ordered arrangement of polymer chains[42, 43]. In the G1 (5%) and G2 (10%) samples with low filler
content, the coexistence of a broad amorphous band and weak crystalline peaks indicates that these
systems are in a semi-crystalline transition region. This indicates that crystallization begins at low filler
concentrations but becomes dominant at higher concentrations[44, 45]. Consequently, it is clearly
observed that as the filler content increases, the material’s structural order increases, and the system
transitions from an amorphous structure to a semi-crystalline and subsequently a distinct crystalline
structure. These results are consistent with similar studies in the literature[46–49].

3.2.FTIR (Fourier Transform Infrared Spectroscopy)
The FTIR analyses shown in Fig. 2 were conducted to comparatively evaluate the chemical structure and
interphase interactions of PVA/PEG composites containing different proportions of silicon. Upon
examination of the obtained spectra, the broad band observed in the 3200–3500 cm⁻¹ range in all
samples corresponds to –OH stretching vibrations associated with hydrogen bonds and originates from
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the hydroxyl groups in the PVA and PEG structures[50]. Although no significant shift in position was
observed in this band with increasing silicon content, slight increases in band width occurred, indicating
that hydrogen-bond interactions have partially strengthened[51, 52]. It was observed that the bands
corresponding to C–H stretching vibrations in the 2900–2940 cm⁻¹ range had similar intensities in all
samples and were not significantly affected by the addition of silicon. The H–O –H bending vibration
peak, identified around 1650 cm⁻¹, was present in all composites and did not show a noticeable change
depending on the silicon content[52]. In contrast, significant changes were observed in the bands in the
1000–1100 cm⁻¹ range, depending on the silicon content. While C–O stretching vibrations were
dominant in this region in the pure PVA/PEG sample, it was found that as the silicon content increased,
the bands corresponding to Si–O–Si asymmetric stretching vibrations became more pronounced and
the peak intensity increased. In particular, the fact that this band becomes sharper and more intense in
samples with high silicon content indicates that the silicon phase is present in increasing amounts
within the matrix and is successfully dispersed[53]. Similarly, it was observed that the bands
corresponding to Si–O and Si–C vibrations in the 800–850 cm⁻¹ range were weak at low silicon
concentrations but became distinct as the silicon content increased. This confirms the presence of the
silicon phase within the composite structure and the strengthening of its structural effect with increasing
addition ratio[54]. The increase in silicon content did not lead to the formation of new chemical bonds in
the FTIR spectra but caused changes in the intensity of existing peaks. This indicates that physical
interactions, rather than chemical reactions, dominate in the composite system and that the silicon
phase disperses within the polymer matrix without altering the chemical structure[55, 56]. The identified
FTIR absorption bands are summarized in Table 1.

Table.1. FTIR spectra of PVA/PEG and silicon-filled composites

Wavenumber (cm⁻¹) Functional Group Vibration Type Observed in Samples

3200–3500 –OH Stretching All samples

2900–2940 C–H Stretching All samples

~ 1650 H–O–H Bending All samples

1080–1140 C–O Stretching Blend & composites

1000–1100 Si–O–Si Asym. Stretch Silicone samples

800–850 Si–C / Si–O Bending Silicone samples

3.3. Thermogravimetric Analysis (TGA)
The thermal degradation behavior of PVA/liquid PEG-based composites containing silicone additives at
different concentrations (5–10% and 20–30%) was investigated via TGA analysis (Fig. 3). A multi-step
degradation profile was observed in all samples. The low-level mass loss below 150°C is attributed to
the release of physically adsorbed moisture resulting from PVA’s hydrophilic nature. It has been
extensively reported in the literature that the hydroxyl groups in PVA chains form hydrogen bonds with
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water, leading to moisture loss at low temperatures[57]. The hygroscopic nature of PEG may also
contribute to this initial mass loss. The main degradation stage occurred in the temperature range of
approximately 250–350°C. In this region, when PVA is heated, it first loses water to form conjugated
structures containing consecutive double bonds. Subsequently, these structures become unstable, and
the polymer’s main chain breaks. It has been comprehensively demonstrated that the thermal
degradation mechanism of PVA proceeds first through water elimination, followed by chain scission[58].
The plasticizing effect of PEG can cause a slight decrease in the onset temperature of degradation by
increasing polymer chain mobility; this has been previously reported in PVA systems containing PEG[59].
It was observed that the decomposition rate decreases at temperatures above 350°C and that the
formation of residue (char) becomes more pronounced. As seen in the graph, the amount of residue
remaining in the high-temperature region increases as the silicon content rises. In particular, it is
observed that the mass fraction remaining around 450°C is higher as the silicon content increases. This
is explained by the high bond energy of the Si–O–Si bonds in the silicon structure and the formation of a
silica-like thermally stable structure during degradation. For example, it has been extensively reported in
the literature that silicone-based materials such as polydimethylsiloxane (PDMS) form an inorganic-
enriched protective layer during thermal decomposition, which limits heat and mass transfer and thereby
increases char yield[60].

3.4. DSC(Differential Scanning Calorimeter)
The effect of adding silicone at different ratios to PVA/PEG-based composites on their thermal behavior
was investigated using differential scanning calorimetry (DSC) analysis. Upon examining the DSC curves
presented in Fig. 4, the baseline shifts observed in the low-temperature region in all samples are
considered to be related to moisture removal from the system and polymer chain mobility[61, 62]. The
glass transition temperature (Tg), determined in the approximately 50–70°C temperature range,
corresponds to the amorphous regions of the PVA and PEG phases. Partial changes in the Tg value were
observed with an increase in the silicone content. This can be explained by the fact that silicone
particles limit chain mobility by increasing interactions between polymer chains, causing the composite
structure to acquire a stiffer character[63, 64]. The distinct endothermic peak observed in the DSC curves
in the range of approximately 210–230°C is defined as the melting temperature (Tm) and primarily
corresponds to the crystalline regions of PVA. As the silicon content increased, a decrease in the
intensity and broadening of this peak occurred. This indicates that silicon partially inhibits the formation
of crystalline structures, thereby reducing the system’s degree of crystallinity [65]. However, the fact that
a more stable thermal profile was obtained in samples with a high silicon content indicates that silicon
acts as a filler material that enhances thermal stability within the composite structure. Consequently, it
has been determined that the addition of silicon affects both the amorphous and crystalline phases and
improves the overall thermal properties of the composite[65, 66].

3.5. SEM (Scanning Electron Microscope)

Page 7/21



SEM images of the pure blend, 5% silicone and 30% silicone added blend composites are given in Fig. 5
.The SEM image of the pure blend sample shows that PVA's excellent film-forming ability and
transparent structure enable the surface to exhibit a smooth and homogeneous appearance[12] The
absence of large-scale phase separation confirms that PEG, acting as an effective plasticizer, has
infiltrated between the PVA chains, enhancing chain mobility and preserving the amorphous structure.
[67] This homogeneity originates from the strong intermolecular hydrogen bonds between the polymer
components[34].With the addition of 5% silicone, characteristic changes begin to emerge in the surface
morphology. The small-sized and dispersed particles observed within the matrix indicate that at this
concentration, the silicone still exhibits a homogeneous distribution and achieves good interfacial

compatibility with the matrix.A silicone loading of 30% causes a dramatic transformation in the surface
morphology. The large silicone agglomerates (clusters) prominent in the image demonstrate that at high
filler concentrations, nanoparticles show an increased tendency to cluster among themselves[68]. This
leads to a decline in the bonding quality at the matrix-filler interface, a reduction in elasticity, and the
formation of macroscopic defects[69].The deep voids and cracks observed arise from the interfacial
incompatibility that occurs when the filler content exceeds the critical threshold[70].This indicates that
high additive ratios may compromise the structural stability of the material. As the silicone content
increases, maintaining a homogeneous distribution within the PVA/PEG matrix becomes increasingly
difficult and microstructural integrity deteriorates. At high loadings (particularly 30%), the
thermodynamic incompatibility between silicone and PVA becomes pronounced, leading to interfacial
defects that may adversely affect the mechanical properties. At low loadings (5%), the distribution
quality remains at an acceptable level.

3.6. SME (Shape Memory Effect)
Figure 6 demonstrates the thermally induced shape memory behavior of the prepared composite film
through successive deformation, fixation, and recovery stages. Initially, the sample exhibited its
permanent flat configuration. Upon heating to approximately 75°C, the material became flexible and was
easily deformed around a cylindrical rod, indicating that the polymer chains gained sufficient mobility
above the transition temperature. After immersion in cold water, the temporary shape was successfully
fixed, suggesting effective restriction of molecular motion through cooling-induced stabilization. When
the deformed sample was subsequently exposed to hot water, it gradually recovered its original
geometry, confirming the presence of a reversible shape memory effect[71].This behavior can be
attributed to the thermomechanical response of polymeric shape memory systems, where temporary
deformation is stabilized below the transition temperature and recovered upon reheating due to the
elastic restoring force stored within the polymer network. The observed recovery mechanism is
consistent with the classical shape memory cycle reported in the literature for thermally responsive
polymer systems. The successful fixation and recovery behavior observed in the composite indicates
that the material possesses good shape fixity and shape recovery capability. The incorporation of PEG
and silicone likely contributed to enhanced chain flexibility and reversible molecular rearrangement
during the heating–cooling cycle. PEG-containing polymer systems are known to facilitate reversible
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switching behavior due to their flexible molecular chains and thermally responsive domains[72].
Furthermore, the nearly complete recovery of the original shape after reheating suggests that the
composite structure can effectively store and release elastic deformation energy without significant
permanent damage. Such behavior is highly desirable for applications including smart coatings, soft
actuators, biomedical devices, flexible electronics, and thermally responsive materials. The results
therefore demonstrate that the developed PVA/PEG-silicone composite exhibits promising potential as a
thermally activated shape memory polymer system[73–75]

4. Conclusions
Silicone-filled PVA/PEG composite films were successfully fabricated via the solution casting technique,
and the effects of different silicone concentrations on the material properties were systematically
investigated. The characterization results demonstrated that silicone incorporation significantly
influenced the structural, thermal, and morphological behavior of the composites. XRD analysis revealed
that increasing silicone content enhanced the structural ordering and crystallinity of the composites by
promoting heterogeneous nucleation within the polymer matrix. FTIR results confirmed the existence of
physical interactions, mainly hydrogen bonding, between PVA, PEG, and silicone phases without altering
the fundamental chemical structure of the system. Thermal analyses showed that silicone improved the
thermal stability of the composites, particularly at high temperatures, due to the formation of thermally
resistant Si–O–Si networks. DSC findings further indicated that silicone affected the thermal transitions
of the polymer blend and contributed to a more stable composite structure. SEM images demonstrated
that silicone was relatively well dispersed throughout the polymer matrix, although higher filler
concentrations may lead to localized aggregation. The combination of PVA, PEG, and silicone resulted in
composite films with enhanced thermal resistance, improved structural integrity, and favorable flexibility.
The developed PVA/PEG-silicone composites exhibit considerable potential for advanced engineering
and functional material applications such as flexible coatings, biomedical materials, soft electronic
systems, packaging technologies, and lightweight multifunctional structures. Future studies may focus
on mechanical, optical, dielectric, and biocompatibility investigations to further optimize the
performance of these composite systems.
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Figure 1

XRD patterns of PVA/PEG composites with varying silicon content (G1–G4).
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Figure 2

FTIR spectra of PVA/PEG and silicon-filled composites (G1–G4).
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Figure 3

TGA curves of PVA/PEG and silicon-containing composites.
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Figure 4

DSC curves of PVA/PEG and silicon-containing composites.
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Figure 5

SEM image of blend and 5 %, 30 % silicone blend composites respectively.
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Figure 6

Shape memory behavior of PVA/PEG/silicone composite: deformation, fixation, and recovery.
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