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Abstract:

This paper investigates the impact of the production methods on the tensile
and thermal characteristics of polyvinyl chloride composite films.
Untreated and vinyltrimethoxysilane-treated eggshells at various
concentrations were utilized as fillers. The films are obtained via solution
casting and co-precipitation techniques, and their tensile strength,
elongation at break, and Young's modulus were compared. The results
indicate that the co-precipitation method ensures better dispersion of the
filler in the polyvinyl chloride matrix, and films have almost twice as high
values of tensile strength (up to 7.46 MPa) and Young's modulus (up to
59.27 MPa) compared to those produced via solution casting (4.11 MPa and
34,5 MPa, respectively). The treatment of eggshells with
vinyltrimethoxysilane enhances interfacial adhesion and further improves
these characteristics. It was found for film 1:2 - polyvinyl chloride (PVC):
vinyltrimethoxysilane-treated eggshell (VTMS-ES), an increase of about
30°Cin the initial temperature of thermal degradation and a 12% reduction
in mass loss compared to the same composition with untreated eggshells.
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1. INTRODUCTION

Recent research has shown that the
incorporation of natural waste [1-3] into composite
materials can reduce waste and offer a sustainable
alternative to traditional materials [4-6]. Thus, in
addition to creating environmentally friendly and
cost-effective products [7], it is an effective method
to reduce ecological impact and provide substitutes
for conventional fillers [8, 9].

Waste eggshells are abundant, biodegradable,
and inexpensive [10]. Due to their specific structure
and chemical composition, eggshells are promising
fillers for polymeric materials, as they can increase
strength, improve thermal insulation, and barrier
properties [10, 11]. Existing scientific research
confirms that these wastes can effectively modify
the characteristics of various polymer systems [8,
12-14]. Their use is challenging due to the
compatibility between eggshell powder and the

polymer, as well as the uneven distribution of filler
particles in the matrix, which significantly affects
the mechanical properties of the composites and
can lead to weak areas in the material [15, 16]. To
improve the final characteristics of composites,
researchers are trying different strategies, including
using nanosized fillers, of nanosized fillers,
modification of blending sequences, and surface
modifications. Mohan and Kanny [17] and Murugan
et al. [18] have used nanosized fillers, particles with
high surface area, to enhance the mechanical
properties of composites. Sharmeeni et al. [19]
found that the sequence of blending significantly
determines the structural integrity and property
attributes of the composites. Owing to the
hydrophobic nature of the matrix and hydrophilic
nature of the fillers, other researchers have
employed various binding agents [20] and surface
modification procedures on the fillers to render
them well distributed and compatible with the
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matrix [9, 12]. By modifying eggshells with pimelic
acid, Lin et al. [21] promote dispersion and cross-
linking in PP (polypropylene). This resulted in a
228% increase in impact strength, as well as
significant improvements in the tensile and flexural
properties of the resulting composite. In their study,
Shah et al. [22] treated eggshell powder with 1-3
wt% stearic acid and then mixed it with synthetic
epoxy resin. Researchers found that adding 2.5 wt%
stearic acid to pure epoxy resin enhanced its tensile
elongation property due to hydrogen bonds
between the stearic acid-coated particles and the
epoxy matrix. Murugan's study revealed that adding
a silane coupling agent to eggshell filler enhanced
adhesion and interfacial contact, enhancing the
composite's tensile strength, Young's modulus, and
thermal stability [12].

Based on the above discussion, it can be
concluded that the interfacial interactions between
the eggshell filler and the polyvinyl chloride (PVC)
matrix significantly influence the properties of
polymer composites. However, other factors, such
as the production method, also considerably
influence their properties. This study aims to
compare the mechanical behavior of PVC
composite films incorporating eggshell powder,
obtained by two different techniques: solution
casting and co-precipitation. The investigation
focuses on the effects of the processing method on
filler dispersion, interfacial adhesion, and tensile
properties. To enable a systematic evaluation,
composite films were produced at varying filler
loadings using both untreated and silane-treated
eggshells. Furthermore, the thermal stability of
selected samples was assessed by examining the
influence of surface modification and filler
concentration on the composites’ thermal
behavior.

The novelty of this study is the direct comparison
of two of the most commonly used methods for the
preparation of composite films, including the
influence of surface treatment on eggshell fillers.
While previous studies have focused mainly on the
modification or amount of fillers, this work
demonstrates the relationship between the
processing method and the filler treatment to
determine both the mechanical and thermal
properties of the resulting PVC composites. This
approach distinguishes the study from existing
works and provides valuable guidance for the
design of polymer materials with optimized
properties.

2. MATERIALS AND METHODS

The experimental part of this study was carried
out in the laboratories of the Department of
Material Science, Faculty of Technical Sciences,
Burgas State University, Bulgaria

2.1. Materials

In this research, suspension polyvinyl chloride
(PVC, grade K 67) supplied by Aqua Yantra Ltd. and
waste eggshells from the local food industry were
used to prepare polymer composite films.
Cyclohexanone (CsH100) with a purity of 97% and a
molecular weight of 98.15 g/mol was used as the
solvent. The surface treatment of the eggshells was
carried out with vinyltrimethoxysilane (VTMS). Both
reagents were products of Sigma-Aldrich.

2.2.Pretreatment of Waste Eggshells

The waste eggshells were washed with hot water
without removing the membrane, followed by
drying at 90°C until a consistent weight was
achieved. Mechanical processing was performed,
including crushing and grinding, as well as fractional
analysis. A particle size of less than 0.315 um was
used for the experiment. The surface treatment of
the eggshell powder was performed with a 0.003%
1:5 VTMS solution for 15 minutes at 23°C. The
untreated eggshell powders were designated as ES,
while the silane-treated powders were designated
as VTMS-ES.

2.3. Preparation of PVC-ES Films
Precipitation and Solution Casting

by Co-

For each polymer film, 5 g of PVC was dissolved
in 40 ml of cyclohexanone and stirred at 40°C until
the PVC was completely dissolved. Eggshell (ES) and
VTMS-ES powders in a ratio of 1:0.3; 1:0.5; 1:1, and
1:2 by weight of polymer were added to each PVC
solution in cyclohexanone and stirred again until
completely homogenized. The prepared mixtures
were cast into Petri dishes and dried at room
temperature for 24 hours to remove most of the
cyclohexanone. After that, the films prepared by
solution casting were placed in a drying oven at
40°C, whereas those obtained by co-precipitation
were co-precipitated in deionized water for 24
hours before being dried at 40°C. The films are
labelled as 1:0.3 PVC:ES, 1:0.5 PVC:ES, 1:1 PVC:ES,
1:2 PVC:ES, 1:0.3 PVC:VTMS-ES, 1:0. PVC:VTMS-ES,
1:1  PVCVTMS-ES, and 1:2 PVC:VTMS-ES,
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respectively, according to the ratio of PVC to the
content and type of eggshells used.

2.4. Tensile Properties of PVC Eggshell Composites

The tensile strength, elongation at break, and
Young's modulus of pure PVC and composite films
containing varying amounts of ES or VTMS-ES
powders were tested using an Instron 4203
dynamometer at room temperature with a testing
speed of 50 mm/min.

2.5. Thermal Analysis

TG-DTA analysis was performed using a Perkin
Elmer Diamond TG/DTA thermal analyzer to
investigate the thermal stability of PVC, PVC:ES, and
PVC:VTMS-ES films in ratios of 1:1 and 1:2, obtained
by the co-precipitation method. The analysis was
conducted in a temperature range from 50°C to
800°C with a heating rate of 20°C/min under a
nitrogen atmosphere (20 ml/min).

3. RESULTS AND DISCUSSION

The tensile behaviour of polyvinyl chloride (PVC)
composite films was evaluated to compare the
influence of two fabrication methods—solution
casting and co-precipitation—on their mechanical
performance. The analysis focused on three main
parameters: tensile strength, elongation at break,
and Young’s modulus, as shown in Figs. 1-3. While
filler loading, surface treatment, and composition
impact mechanical properties, they are discussed
here to explain the differences between the two
preparation techniques.

The results presented in Fig. 1 demonstrate that
the method of film preparation significantly
influences tensile properties. Solution-cast PVC
films showed a maximum tensile strength of 4.91
MPa for the pure polymer. As the amount of
eggshell filler increased, the tensile strength
consistently decreased—from 4.11 MPa at a 1:0.3
PVC:ES ratio to 1.78 MPa at 1:2. This decrease is
attributed to the weak bonding between the
polymer matrix and the rough texture of the
eggshells, which creates stress concentration points
[19, 23].

Adding VTMS-treated eggshells to solution-cast
films mitigated this effect. At equivalent filler ratios,
the VTMS-modified films exhibited higher tensile
strength. For the 1:1 and 1:2 PVC:VTMS-ES films,
strengths of 3.15 MPa and 2.49 MPa were achieved,
respectively. These values show increases of about

20% and 40% compared to the untreated films,
proving that the silane treatment helps improve the
bond between the filler and the matrix [12].
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Fig. 1. Tensile strength of PVC composite films obtained
by different techniques

The co-precipitation technique significantly
enhanced the mechanical performance of all
samples. At the same filler ratios, co-precipitated
films exhibited much greater tensile strength,
approximately double the values recorded for
solution-cast counterparts. These improved
characteristics can be attributed to better
dispersion, afforded by the concurrent precipitation
of both the polymer and the fillerin a homogeneous
solution, which facilitates intermolecular
interactions and the uniform distribution of filler
particles. This process effectively reduces filler
agglomeration and the occurrence of stress
concentration points, which are key factors that
typically compromise mechanical strength [17, 23].
The highest tensile strength recorded for a
composite film was 7.46 MPa for the 1:0.3 PVC:ES
composition, only marginally (1%) lower than that
of pure PVC (7.53 MPa). VTMS surface treatment on
the eggshells further enhanced the effect of the co-
precipitation technique on the tensile strength of
composite films. The tensile strength of the 1:1
PVC:VTMS-ES film showed the most significant
enhancement, with a 32% increase compared to the
untreated version. Further enhancements of
around 8%, 6%, and 7% were noted for the 1:0.3,
1:0.5, and 1:1.2 ratios, respectively.

As presented in Fig. 2, for films prepared via
solution casting, the PVC sample exhibited a high
elongation break of 264.8%. The incorporation of
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untreated eggshell filler caused a notable initial
decrease in flexibility, with the 1:0.3 PVC:ES
composition showing a reduction of approximately
16%, reaching 221.7%. Further increases in filler
content to 1:0.5 and 1:1 ratios led to only slight
additional reductions in elongation at break, with
values of 217.6% and 212.1%, respectively. These
results show that with increasing eggshell content,
the flexibility of the composite films increases to a
certain value, after which further increase in filler
has minimal impact on the mechanical properties.

The PVC:VTMS-ES films obtained by solution
casting demonstrate a similar trend. Surface
treatment with VTMS significantly improved the
tensile strength of the samples, but the elongation
at break remained in the range of 247% to 199.1%.
This confirms that the inclusion of solid filler
particles reduces the mobility of the polymer chains
in the composite films. The restricted deformation
capability is a result of localized stiffening near the
filler—matrix interface, where the stress is partially
transferred through the rigid inclusions rather than
the polymer matrix itself [24, 25].
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Fig. 2. Elongation at break of PVC composite films
obtained by different techniques

Films prepared via the co-precipitation method
exhibited markedly different behaviour. The pure
PVC film demonstrated a higher baseline elongation
at a break of 377.3%, indicating the superior
flexibility of films obtained by this method.
Although the inclusion of untreated eggshells
reduced this value (344.8% for 1:0.3 PVC:ES and
77.9% for 1:2 PVC:ES), the drop was more gradual
and followed a clearer trend. Fig. 2 revealed
significant improvements in flexibility and in VTMS-

ES composites. For instance, the 1:0.3 PVC:VTMS-ES
film achieved an elongation break of 378%, which
was nearly the same as that of pure PVC. Moreover,
the 1:0.5 and 1:1 VTMS-treated films exhibited
increases of 37% and 68%, respectively, over the
same compositions with unmodified fillers.

These results clearly indicate that the co-
precipitation method is superior to solution casting
for producing flexible, stretchable composite films.
The superior performance can be explained by the
improved compatibility between filler and matrix,
as well as by the more uniform dispersion of
particles obtained through co-precipitation. This
method creates stronger bonding at the interface,
which helps preserve chain mobility and prevents
local hardening. The lack of leftover solvent, which
often remains in films prepared by solution casting,
also adds to the improved mechanical strength of
the co-precipitated materials [26].

As shown in Fig. 3, the Young’'s modulus
increased after adding eggshell powder. This was
expected, since the rigid mineral structure of the
filler makes the films stiffer [18]. This reinforcing
effect, however, was not uniform across all
compositions and was significantly influenced by
both filler treatment and the method of film
fabrication. For films obtained by solution casting,
the incorporation of untreated eggshells resulted in
a progressive enhancement of Young’s modulus
with increasing filler concentration. Starting from
10.2 MPa for the PVC film, the modulus increased
nearly threefold, reaching 35.7 MPa at the highest
filler ratio of 1:2 PVC-ES. The increase is attributed
not only to the stiffness of the filler itself but also to
the restriction of polymer chain mobility caused by
the introduction of rigid particles into the matrix.
However, this improvement is partially mitigated by
the limitations of the solution casting process,
which often leads to inhomogeneous filler
distribution, agglomeration, and weak interfacial
bonding zones.

VTMS surface treatment of the filler proved to
enhance filler—matrix compatibility, especially at
higher loadings. For the 1:1 and 1:2 PVC:VTMS-ES
films, Young’s modulus increased by 27% and 12%,
respectively.

The observed improvements are due to the
formation of chemical bonds between the hydroxyl
groups on the eggshell surface and the silane
coupling agent, which helps create a stronger
connection between the filler and the matrix. As a
result, the reinforced interface exhibits improved
resistance to external mechanical stresses. This
interfacial reinforcement translates into greater
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resistance to external mechanical stress [18].
However, with lower filler contents (1:0.3 and
1:0.5), the positive effect of VTMS treatment on
Young’s modulus was marginal. Increases of only
1% and 6% were observed, likely due to the
insufficient filler quantity to significantly alter the
stiffness of the overall matrix.
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Fig. 3. Young's modulus of PVC composite films
obtained by different techniques

The co-precipitation method resulted in a more
significant and consistent enhancement in Young's
modulus. Across all filler ratios, films prepared by
this technique exhibited higher stiffness. This
increase can be attributed to the better
microstructural homogeneity offered by co-
precipitation, which facilitates more uniform filler
distribution and minimizes the formation of stress
concentration sites. A maximum modulus value of
67.07 MPa was observed in the 1:2 PVC:VTMS-ES
film, which is about twice as much as the values
found in the same composition solution-cast
samples (35.7 MPa). This pronounced enhancement
underscores the significant influence of the
processing method on the final mechanical
performance of composite materials.

The presented results on the mechanical
properties of PVC films are in accordance with the
existing literature on polymer composites
reinforced with bio-derived calcium carbonate
fillers. Farahana et al. [27] reported a decrease in
tensile strength with the addition of powdered
eggshell filler due to filler-matrix incompatibility.
Silane treatment increased the values, but they
remained lower than those of the matrix. However,

our results show a significantly stronger effect when
co-precipitation is applied in addition to surface
modification, reaching a tensile strength of 7.46
MPa and an elastic modulus of 59.27 MPa.
Sharmeeni et al. [19] found elongation at break
values of 210-230% for PVC composites with
untreated eggshell filler, which was lower than the
378% achieved in the coprecipitated VTMS-
modified composites. Lin et al. [21] achieved a 228%
improvement in impact strength in polypropylene
with pimelic acid-modified eggshell, consistent with
reinforcement trends.

Fig. 4 shows the relative improvement in
mechanical properties of the composite films
prepared by the co-precipitation compared to the
solution casting. All polymer films show significant
improvements due to the method specificity and
the filler characteristics. The PVC film shows 42.5%
higher elongation at break, 53.5% higher tensile
strength, and 83.4% increased Young's modulus.
The PVC-ES composites show a significant increase
in tensile strength (81.6%) and elongation (55.5%).
However, the improvement in modulus is 71.7%,
which is less than that of the PVC film. This proves
the dual role of the filler, increasing the strength but
at the same time partially compromising the
stiffness of the film.
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Fig. 4. Relative improvements in the mechanical
properties of PVC composite films obtained by co-
precipitation techniques

Most notably, VTMS-modified PVC-ES
composites achieved peak values with 83.5% higher
tensile strength, 87.9% greater Young's modulus,
and elongation at break of 53.0%. The 30.1 %
difference in tensile strength between PVC and
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PVC-VTMS-ES films indicates: (i) improved
dispersion eliminating stress concentrators through
homogeneous co-precipitation, and (i) silane-
mediated covalent bonding allowing efficient stress
transfer across the filler-matrix interface. It is
important to note that the inverse relationship -
where PVC-ES films show an 11.7% decrease
relative to pure PVC, while PVC-VTMS-ES shows a
16.2% increase relative to PVC-ES - confirms the role
of VTMS in overcoming interfacial incompatibilities.

The thermal behavior of PVC and its composites
with untreated and vinyltrimethoxysilane-treated
eggshell filler, prepared at 1:1 and 1:2 ratios (PVC:
filler) via co-precipitation, was investigated using
thermogravimetric analysis (TGA) and differential
thermal analysis (DTA). From the TGA curves of the
composite films presented in Figs. 5 and 6, it is
evident that all samples revealed a minor mass loss
of approximately 3% upon heating to 120°C. This
initial weight loss is due to the evaporation of
residual moisture and volatile components,
including trace solvents retained from the film
fabrication process, as well as adsorbed water
present in the eggshell powder filler [28]. In the
initial stage of thermal degradation, occurring
within the temperature range of 220-350°C, the
thermogravimetric (TG) curves of the composite
films exhibit a comparable degradation profile. This
stage is  primarily  attributed to the
dehydrochlorination of polyvinyl chloride, during
which hydrogen chloride (HCI) is released and
conjugated polyene sequences are formed. The
evolution of HCl promotes further degradation
through an autocatalytic mechanism, thereby
accelerating the decomposition of the polymer
matrix [29]. Although the onset temperatures for
degradation are similar across samples, the pure
PVC film underwent a more significant mass
compared to the reduced degradation observed in
the PVC-ES (Fig. 5) and PVC:VTMS-ES composites
(Fig. 6). A subsequent degradation stage is observed
between 400 and 550 °C, which is associated with
oxidative decomposition and the breakdown of the
conjugated polyene structures formed during
dehydrochlorination [30]. While pure PVC showed
sustained mass loss beyond 550°C due to char
oxidation, composites exhibited suppressed
degradation in this range, indicating a stabilizing
effect imparted by the eggshell filler. This enhanced
stability is attributed to the filler's inherent thermal
resistance and potential insulation properties [31,
32].

Fig. 5 compares the thermogravimetric behavior
of neat PVC with PVC:ES composites containing

untreated eggshell at filler loadings of 1:1 and 1:2.
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Fig. 5. TG curves of PVC and PVC:ES films

At the lower filler ratio, the composite exhibits a
marginally reduced thermal stability, manifested as
a slight shift of the degradation onset to lower
temperatures. This effect likely arises from residual
organic membrane residues within the eggshell
powder, which catalyzes chain scission during early
stages of heating [33]. By contrast, increasing the
eggshell content to a 1:2 ratio significantly retards
the onset of dehydrochlorination and yields a more
gradual weight loss profile. The char yield at 800 °C
increases markedly from 1% for PVC to 8 % and
48 % for the 1:1 and 1:2 PVC:ES films, respectively.
This improvement is attributed to the
multifunctional role of biogenic CaCOs; in the
eggshell filler. During the thermal degradation of
PVC, HCl is released, which can be neutralized by
CaCOs from eggshells, yielding CaCl,, CO,, and H,0,
and thus reducing autocatalytic breakdown [33]. In
addition, the solid porous structure of eggshell
particles acts as a barrier to heat and radicals,
delaying decomposition and encouraging char
formation. Their porosity also traps volatile
products, lowering the degradation of volatile
products and enhancing  flame-retardant
performance [34].

VTMS surface treatment significantly improved
thermal stability. PVC:VTMS-ES composites showed
an about 30°C increase in the onset temperature of
the primary degradation stage compared to
untreated counterparts. The 1:2 PVC:VTMS-ES film
exhibited only 29% mass loss during this stage,
representing an approximately 12% improvement
over the untreated 1:2 PVC:ES (Fig. 6). In
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comparison, Murugan et al. [18] reported only a
15°C increase in decomposition temperature and a
negligible decrease in mass loss when using
untreated eggshell fillers. This further highlights the
importance of surface treatments and forming the
siloxane (Si-O-Si) linkages between hydrolyzed
VTMS silanols and functional groups on both CaCO;
and PVC [35]. These covalent bonds improve filler-
matrix adhesion, restrict polymer chain mobility,
hinder volatile diffusion (e.g., HCI), and promote
char retention. The silane layer also acts as a
protective thermal barrier, increasing degradation
activation energy and improving overall thermal
resistance [35]. While final char yield remained
CaCO3; dependent, VTMS modification significantly
altered degradation kinetics and shielding behavior
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20
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0 200 400 600 800
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Fig. 6. TG curves of PVC and PVC:VTMS-ES films

The DTA profiles presented in Figs. 7 and 8 reveal
the dynamics of the thermochemical processes
accompanying the thermal decomposition of PVC
and its composites with untreated and VTMS-
treated eggshell fillers. Notably, the exothermic
peak around 500°C exhibits marked differences
between pure PVC and PVC:ES composites (Fig. 7).
The 1:2 PVC:ES film displays a markedly intensified
exothermic peak compared to PVC film, indicating
additional heat-releasing reactions. This s
attributed to the dual contribution of the biogenic
calcium carbonate in neutralizing the evolved
hydrogen chloride and the porous microstructure of
the eggshell particles, which effectively retain
volatile degradation products. These volatiles
undergo secondary oxidation within the composite
matrix, thereby prolonging heat release and
amplifying the thermal response [36].
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Fig. 7. DTA curves of PVC and PVC:ES films

The reduced peak intensity in the 1:1 PVC:ES
film may be explained by an insufficient
concentration of the active mineral component to
drive significant heat-generating reactions during
this stage of thermal decomposition. Despite its
presence, the calcium carbonate in this composition
does not reach the concentration required for
efficient interaction with the liberated HCI.
Simultaneously, the presence of organic residues
from the eggshell membrane catalyzes premature
chain scission within the polymer matrix. This leads
to fragmentation of the structure before a stable
carbon skeleton can form, thereby limiting the
subsequent formation and effective oxidation of
carbonaceous residues. Consequently, this
attenuates the exothermic response in the high-
temperature region.

Films containing VTMS-ES filler demonstrate a
different thermal behavior. For both 1:1 and 1:2
PVC:VTMS-ES ratios, the exothermic peak
associated with the oxidative degradation of char
residues remains nearly unchanged in terms of
temperature, intensity, and profile compared to
pure PVC. This indicates that surface saturation of
the filler with silanol groups is achieved at the 1:1
ratio, enabling sufficient interfacial bonding and
matrix stabilization. Increasing the content of
modified eggshells to a 1:2 ratio does not induce
further changes in the thermochemical response,
indicating that the role of the inorganic filler in this
temperature range is secondary to that of the PVC
matrix.

142



G. Kolchakova and D. Kiryakova / Applied Engineering Letters Vol.10, No.3, 136-145 (2025)

500

—PVC
—— PVC:VTMS-E5=1:1

ey
o
o

—— PVC:VTMS-E5=1:2

300

200

Unsubtracted heat flow, mW

=
]
o

0 200 400 600 800
Temperature, °C

Fig. 8. DTA curves of PVC and PVC:VTMS-ES films

These observations align with previous studies.
Murugan et al. [18] reported that while increasing
the concentration of finely dispersed eggshell filler
enhances thermal resistance and char vyield, this
effect plateaus beyond a certain loading, indicating
thermodynamic saturation. Similarly, Sharmeeni et
al. [19] emphasized that thermal degradation in
PVC-ESP composites is primarily governed by the
matrix—filler ~compatibility. Although surface
modification improves the interfacial interactions
and thermal stability, it does not fundamentally
alter the decomposition mechanism of the polymer
matrix.

4. CONCLUSION

In this study, PVC composite films were
effectively produced by solution casting and co-
precipitation methods. The comparative analysis
demonstrates that co-precipitation leads to better
filler dispersion and a more homogeneous
microstructure, effectively eliminating issues
related to residual solvent typical of solution-cast
films. This led to a significant improvement in
mechanical properties for all obtained films, with
the PVC film reporting 42.5% higher elongation at
break, 53.5% higher tensile strength, and 83.4%
higher Young's modulus, while for the PVC-ES
composite, the increase reached 81.6% for tensile
strength and 55.5% for elongation at break
The PVC:VTMS-ES composite films showed the most
improvement, with 83.5% higher tensile strength,
87.9% higher Young's modulus, and 53.0% higher
elongation at break. The better thermal stability of
the composites, especially when VTMS-treated

eggshells are used, is due to stronger interactions
between the filler and the polymer matrix and
stable siloxane bonds.
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