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Abstract
This study presents a novel single-component, moisture-curable sealant formulation based on silyl-terminated polyether 
(MS) polymer, reinforced with synergistic nanofillers including fumed silica and nano-calcium carbonate. The primary 
objective was to enhance the mechanical performance, thermal stability, and rheological behavior of the MS-based sys-
tem through the strategic use of nanotechnology. The optimized formulation exhibited a tensile strength of 1.73 MPa and 
elongation-at-break of 175%, while shear strength increased to 1.97 MPa after seven days of curing under controlled tem-
perature and humidity. Fourier transform infrared spectroscopy (FTIR) confirmed stronger intermolecular interactions and 
improved crosslinking density due to the presence of reactive nanoparticles. Thermogravimetric analysis (TGA) showed a 
noticeable enhancement in thermal resistance, particularly with fumed silica loading up to 0.9 wt%, which delayed thermal 
decomposition. Additionally, nano-calcium carbonate at 31.7 wt% contributed to better dimensional stability and homo-
geneous filler dispersion within the polymer matrix. The inclusion of 0.6 wt% fumed silica resulted in a 155% increase 
in adhesive strength compared to the unfilled formulation. Rheological analysis revealed superior thixotropy and sag 
resistance, making the sealant suitable for precision applications such as vertical joints or overhead installations. Overall, 
this work underscores the potential of nanofiller-enhanced MS polymers to meet demanding performance criteria, offering 
a scalable and robust solution for industrial sealing applications.
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Introduction

Adhesive bonding technology is widely used and is an 
important method for connecting structures in various 
industries [1]. Additives, especially nanoparticles, can 
affect the strength of any adhesive bond, but unfortunately, 
quantitative research and experimental data in this area are 
lacking [2, 3]. Adhesive joints in engineering structures are 
subjected to both tensile and shear loads, so it is important 
to study the effect of variables such as nanomaterials and 
temperature on their strength under complex stress condi-
tions [4, 5]. Previous studies have shown that the tensile 
strength of adhesive joints decreases with increasing tem-
perature, and the correlation between tensile and shear 
properties varies in terms of stiffness, strength, and duc-
tility of the joint [6–8]. The effect of nanoparticles on the 
strength of an adhesively bonded joint has been studied for 
specific adhesives, such as epoxy [9, 10] and polyurethane 
[11], with different temperature ranges and failure criteria 
[12]. Further research, of course, is needed to determine if 
these conclusions apply to other types of adhesives [13]. 
Silyl-modified polymer sealants also referred to as SMPs or 
MS polymers, have become increasingly popular in a wide 
range of industrial applications due to their excellent prop-
erties and versatility. These sealants are unique due to their 
polyether backbone which is terminated by silane groups. 
This structure gives them the ability to be both adhesive and 
sealant, making them ideal for applications requiring strong 
bonding and sealing properties [14]. The silane groups in 
the polymer backbone allow for excellent adhesion to a vari-
ety of substrates, including metals, plastics, glass, and even 
damp or oily surfaces [14, 15]. One of the key advantages 
of silyl-modified polymer sealants is their high elasticity 
and flexibility [16, 17]. This makes them ideal for applica-
tions where movement and vibration are common, such as 
in the automotive and transportation industries. Their ability 
to withstand extreme temperatures and weather conditions 
has made them a popular choice in construction and outdoor 
applications. In addition to their excellent physical proper-
ties, silyl-modified polymer sealants are also known for their 
environmentally friendly nature [18]. They are solvent-free 
and have low emissions, making them a preferred choice for 
green building projects and eco-conscious industries. SMPs 
also are an alternative to polyurethanes, as they do not have 
unreacted isocyanate groups and have additional benefits 
such as lower static charge, no shrinkage after curing, and 
paint ability. In this context, recent research on the curing 
kinetics and structure–property relationship of moisture-
cured one-component polyurethane adhesives has provided 
valuable insights into the performance and reliability of 
such systems [19].

The present study involved the preparation of a mois-
ture-curing sealant incorporating silica nanoparticles. The 
thermal and mechanical properties of the sealant were 
investigated before and after adding the nano-additive. 
The insights derived from this work establish a paradigm 
for designing high-performance materials with tailored 
mechanical resilience, thermal stability, and adhesive capa-
bilities. These findings not only address pressing indus-
trial demands but also inspire future innovations across 
diverse sectors, underscoring the transformative potential of 
nanoscale engineering in polymer chemistry.

Experimental

Materials

The silyl-terminated polymer (S303H, viscosity 10000–
15000 cP, moisture: ≤ 0.1 wt%, pH 6.0–8.0) was acquired 
from Kaneka Co. Japan. (3-Aminopropyl) triethoxysilane 
(APTES) was supplied from Sigma Aldrich Co. USA. Dibu-
tyltin dilaurate (DBTDL) was obtained from Rezitan Co. 
Iran. Nano-calcium carbonate (OMYA CARB 5-SW) was 
obtained from Omya Pars Co. Iran. Anti-oxidant (SONG-
NOX 1680) was purchased from Songwon Industrial Co. 
LTD, Korea. Anti-UV (Tinuvin 326) from Ciba Specialty 
Chemicals Co. Switzerland, titanium dioxide (Crimea 
Tiox 280), fumed silica (Aerosil 200, specific surface area 
(BET): 175–225 m²/g, SiO2 content: >99.8%, tamped den-
sity: approx. 50 g/L), and diisononyl phthalate (DINP) were 
all commercially available in industrial grade. All the afore-
mentioned materials and reagents were utilized directly 
without any additional purification.

Preparation of sealant

The filler materials (minerals) were dehydrated (at 120 °C 
for 24  h) before use. Compounding of the materials was 
carried out using a double-plate mixing tank. The prepara-
tion of blank compound (without a nano-additive) followed 
by: silyl-terminated polyether polymer (33.5 wt%) which 
was masticated by using slowly adding nano-calcium car-
bonate (31.7 wt%) and then diisononyl phthalate (15 wt%), 
titanium dioxide (15.8 wt%), moisture absorbent based on 
aluminum silicate (0.5 wt%), anti-oxidant (0.71 wt%), anti-
UV (0.71 wt%) were added and mixed (2 h under vacuum, 
120 °C, 205 rpm). The produced master batch was cooled 
to room temperature (< 40 °C), followed by adding APTES 
(1.5 w%), and DBTDL (0.5 wt%), and mixing under inert 
conditions (10  min) to prepare the final mastic adhesive. 
Finally, the product was packed under an inert gas. Prefer-
ably, the humidity level is 1000–2000 ppm.
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To improve adhesion and investigate the effect of the 
fumed silica on the mechanical properties of the MS seal-
ant, different percentages of the fumed silica (0.3, 0.6, and 
0.9 wt%) were added to the formula and compared with the 
series without the fumed silica.

Characterization

The sealants were cured in standard conditions (23 ± 2  °C 
and relative humidity of 50 ± 5%) for 1 to 10 days. The 
mechanical properties of the samples were measured via 
a mechanical testing system (Santam STM-5) operating at 
50  mm/min tensile speed (ASTM D 451545, 2006). The 
viscosity and thixotropy (according to DIN SPEC 91143-
2) of the sealant samples were measured (at 25 °C) using a 
rotational rheometer (Anton Paar, ViscoTherm VT2 model) 
in steady shear mode, equipped with spindle CC10. The 
hardness of the samples (T = 6 mm) was measured using a 
Shore A durometer (Santam SHD-05, ASTM D2240). The 

hardness was read within 30 s of firm contact with the speci-
men. T-peeling strength study was performed on a glass plate 
before and after aging, so that the samples were peeled at an 
angle of 90 degrees every 5 mm (ASTM D 511709, 2005). 
Chemical structure of the materials followed by using FTIR 
spectroscopy (Thermo-Nicolet Avatar 370) using a standard 
KBr pellet technique. Thermogravimetric analysis (Mettier 
Toledo-TGA, Switzerland) was conducted to mass loss per-
centage measuring of the products, (heating rate of 10 ℃/
min from 25 to 800 ℃) under an argon atmosphere.

Results and discussion

Effect of additive on viscosity

The viscosity of the final compound increases with the 
rising concentration of fumed silica, as shown in Table 1. 
This behavior is primarily attributed to the incorporation of 
fumed silica particles within the free volume of the poly-
mer matrix. The presence of these nanoparticles restricts 
the mobility of polymer chains, resulting in increased inter-
molecular interactions and, consequently, a notable rise in 
viscosity (Table 2).

Shear strength

The full strength of the prepared sealant may take several 
days to develop. Thus, the strength measurement was car-
ried out after 1, 3, 5, 7, and 10 days of surface drying of the 
products (Fig. 1). The shear strength has raised with increas-
ing of the fumed silica concentration. This increase can be 
attributed to the sufficient chemical interaction between the 
additive and the components of the sealant composition due 
to the formation of a three-dimensional network [14]. The 
adhesion strength of the sealant composition was raised with 
the increasing percentage of the fumed silica, which could 
be because of hydrogen interactions with the sealant matrix. 
Also, the shear strength of the products was increased with 
drying time, so that the shear strength reached its maximum 
value (1.97 MPa, after 7 days) using 0.6 wt% of the fumed 
silica. This value is 2.6 times higher than the original seal-
ant. However, longer curing times (up to 10 days) had little 
effect on shear strength (Fig. 1).

Tensile strength and elongation-at-break

Incorporation of the fumed silica (up to 0.6 wt%) resulted 
in enhancement of the tensile strength (from 1.15 to 1.73 
MPa), while, elongation at break was reduced (from 233 
to 175). The reason can probably be related to the high 
strength of the fumed silica and its favorable distribution in 

Table 1  Effect of fumed silica on the viscosity of the sealant
Fumed silica (wt%) Viscosity Flow
0 1.18 × 107 mPa.s Sagging: 1 mm
0.3 1.42 × 107 mPa.s No sagging
0.6 2.16 × 107 mPa.s No sagging
0.9 3.13 × 107 mPa.s No sagging

Table 2  Effect of the fumed silica on the peeling strength of the sam-
ples
Fumed silica T-peeling on metal (kg.f/25 mm) T-Peeling on glass
0% 17.8 70% CF
0.3% 19.3 Min. 99% CF
0.6% 21.8 Min. 99% CF
0.9% 20.3 Min. 99% CF

Fig. 1  Effect of the fumed silica concentration and curing time on the 
shear strength of the sealant
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the field of resin [20]. The introduction of additional fumed 
silica (0.9 wt%) resulted in an abrupt decline in the tensile 
strength. This phenomenon is believed to be attributed to the 
agglomeration of the silica particles, leading to the forma-
tion of multiple regions within the sealant matrix that are 
prone to crack formation (Figs. 2 and 3).

T-Peeling strength

As shown in Fig.  4a, the neat (blank) sealant exhibited 
poor adhesion to the metal surface, with clear interfacial 
failure zones where the sealant was entirely detached from 
the substrate (marked areas). This behavior is attributed to 
the lack of reinforcement and insufficient interaction at the 
polymer-metal interface, leading to adhesive failure. In con-
trast, the incorporation of fumed silica at 0.6 wt% (Fig. 4c) 
improved the interfacial bonding, evidenced by cohesive 
failure patterns indicating stronger matrix-substrate interac-
tions. However, increasing the fumed silica content to 0.9 
wt% (Fig.  4d) resulted in a decline in peel strength, with 
similar adhesive failure zones reappearing (circled areas). 
This performance reduction is likely due to the aggregation 
of nanoparticles and their poor dispersion, which disrupts 
the matrix homogeneity and weakens the filler-polymer 
and filler-substrate interactions. These observations empha-
size the critical role of uniform nanoparticle dispersion in 
enhancing adhesion strength. On the glass substrate (Fig. 4e 
and f), the peeling behavior revealed mainly cohesive fail-
ure across all samples, highlighting good compatibility and 
interaction between the sealant and glass surface.

Fig. 4  T-Peeling tests of the 
samples on metal: a blank sample, 
b fumed silica 0.3 wt%, c fumed 
silica 0.6 wt%, d fumed silica 0.9 
wt%, and e and f T-peeling tests of 
the samples on glass

 

Fig. 3  Effect of the fumed silica concentration on the tensile strength 
of the sealant

 

Fig. 2  Effect of the fumed silica concentration on elongation-at-break 
of the sealant
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Structural study

FTIR results of MS sealant with different weight percent-
ages were studied (Fig. 6). The most important character-
istic peaks in the FTIR spectra are as follows: the broad 
spectrum around the wavelength of 3400 cm−1 is related to 
the stretching vibration of both (O-H) and (N-H) functional 
groups of MS polymer and APTES, respectively. The peak 
at 2967, 2928, and 2871 cm−1 indicates the stretching vibra-
tion of (C-H) in polyether resin. The peak at 1729, 1455 
and 1371  cm−1 are respectively in the range of stretching 
vibration corresponding to the (C= O) functional group of 
DINP, CH2, and CH3, and the peak at 2508 cm−1 can cor-
respond to Si-H stretching modes. The results show that no 

Morphological study

By comparing the images of the fracture surfaces involved 
in the blank sample and the sealant (containing 0.6 and 0.9 
wt% of the fumed silica), it can be seen that the presence 
of fumed silica has led to the change of the smooth frac-
ture surface to a far more wavy and uneven fracture surface 
in the sealants containing 0.6 wt% (Fig. 5), which requires 
more energy to fail. The FE-SEM image of the fracture sur-
face of sealants containing 0.9 wt% fumed silica shows that 
agglomerated areas have been created (Fig. 5d), and these 
factors have led to a decrease in the fracture energy of the 
sealant compared to the sealant containing 0.6 wt%.

Fig. 6  FTIR of the produced blank 
sample and nanoparticles contain-
ing samples

 

Fig. 5  FE-SEM image of the 
samples: a blank sample, b fumed 
silica 0.6 wt%, c fumed silica 0.9 
wt%, and d agglomeration of the 
fumed silica
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Notably, the sample with 0.6 wt% fumed silica exhib-
ited a slightly higher residual mass compared to the neat 
sample, which is attributed to the increased content of inor-
ganic silica filler. A detailed summary of thermal stability 
parameters for the MS sealants with varying fumed silica 
concentrations is presented in Table 3.

Rheological properties

Fumed silica is widely recognized as an effective rheology 
modifier in sealant formulations, primarily used to control 
flow behavior and enhance thixotropy. The viscosity of 
the formulated sealants was measured using a rheometer, 
as illustrated in Fig.  8. Results indicate that increasing 
the weight% of fumed silica leads to a more pronounced 
decrease in viscosity with increasing shear rate. This 

new peaks were created in the FTIR spectrum by adding the 
fumed silica, and none of the peaks were removed. The most 
important point of this phenomenon can be attributed to 
the so low percentage of fumed silica reinforcement in the 
sealant. A comparison of the FTIR study on the transforma-
tion of MS raw sealant and the fumed silica shows that the 
peak related to O–H stretching vibration is slightly wider 
in the sample containing the fumed silica, while, the inten-
sity of the peak decreases compared to the sample without 
of the fumed silica. This occurrence signifies the involve-
ment of the hydroxyl functional group in establishing a link 
between the connection field and the reinforcement within 
the nanocomposite.

Thermal gravimetric analysis (TGA)

The thermal stability of the sealant samples containing 0, 
0.3, and 0.6 wt% fumed silica was evaluated using thermo-
gravimetric analysis (TGA). The samples were heated from 
room temperature to 800 °C at a constant rate of 10 °C/min 
under an argon atmosphere (as illustrated in Fig.  7). The 
onset temperature was determined at 5 wt% mass loss. The 
decomposition process occurred in three distinct stages. The 
initial stage of mass loss, observed around 200 °C, precedes 
the main degradation event and is primarily attributed to the 
evaporation of small molecules such as softening agents, 
water, and the degradation of secondary hydroxyl groups. 
In the samples containing 0.3 and 0.6 wt% fumed silica, 
this initial mass loss occurred at higher temperatures, sug-
gesting restricted molecular mobility. This behavior can be 
explained by hydrogen bonding between the silyl-function-
alized polyether chains and the hydroxyl groups present 
on the surface of the silica particles, which contributes to 
the formation of a three-dimensional network that hinders 
the release of small molecules. The second stage, around 
400 °C, is marked by a sharp decline in mass, corresponding 
to the thermal degradation of the polyether backbone. The 
final stage involves the breakdown of more thermally stable 
components such as carbon black and inorganic fillers.

Table 3  Thermal stability indices of the MS sealants
Fumed silica Degradation onset 

temperature (°C)
Maximum destruc-
tion temperature 
(°C)

Amount 
of 
residual 
coal (%)

0% 196 398 31.49
0.3% 200 400 31.95
0.6% 208 404 32.10

Fig. 8  Effect of the fumed silica concentration on the rheological of 
the sealants

 

Fig. 7  TGA and DTG curves of the 
MS sealants
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fumed silica, hinders the release of small molecules during 
thermal degradation. This leads to improved thermal stabil-
ity and resistance to degradation, making the sealant more 
durable and long-lasting. With the increase of the fumed sil-
ica, the shear strength increased with time, and after 7 days, 
the shear strength reached its maximum value (1.97 MPa). 
Tensile strength and elongation percentage improved 
up to 0.6 wt% of the fumed silica and reached 1.54 MPa 
and 165%, respectively. The rheological properties were 
improved, so that with increasing fumed silica, the initial 
viscosity increased, which prevented the sealant from sag-
ging during application, with the rise of the shear rate, the 
viscosity further decreased and thixotropy was improved, 
which could help the injection of the sealant during applica-
tion. The shear strength in the sample containing 0.6 wt% of 
the fumed silica reached 21.8 kg. /mm, which has improved 
by 22.47% compared to the sample without the fumed sil-
ica. The thermal resistance of the sealant modified with the 
fumed silica (0.6 wt%) had a slightly higher start tempera-
ture and maximum degradation temperature than the sample 
without the fumed silica and other modified samples.
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shear-thinning behavior becomes more evident with higher 
fumed silica content, reflecting improved thixotropic char-
acteristics and enhanced flowability. These features are par-
ticularly advantageous during sealant application, as they 
facilitate easier injection and handling.

Figure 9 shows the evolution of viscosity in adhesives 
containing different amounts of fumed silica. At the begin-
ning, all systems display relatively high viscosity, which 
is related to the existence of a stable network structure 
in the matrix. When shear is applied, the viscosity drops 
sharply as physical interactions are disrupted and the three-
dimensional particle-polymer network is broken down. This 
reduction improves the flowability of the adhesive and facil-
itates its application. After removing the shear, the recovery 
of viscosity was monitored. The reference sample without 
nanoparticles was unable to rebuild its structure, and the 
viscosity remained at a lower level. With a small amount 
of fumed silica, partial recovery was observed, although the 
initial state was not completely restored. At higher loadings, 
however, the viscosity almost returned to the original value. 
This suggests that larger specific surface area and stronger 
particle-matrix interactions at higher silica content facili-
tate faster network reconstruction. Overall, increasing the 
concentration of fumed silica strengthens the thixotropic 
response, allowing the adhesive to remain injectable while 
regaining rheological stability after shear.

Considering the optimized properties of the adhesive, 
including high viscosity, appropriate thixotropic behavior, 
acceptable shear and tensile strength, thermal stability, and 
compatibility with both metallic and glass substrates, this 
formulation is particularly suitable for applications such as 
glass installation and sealing, vertical and overhead joints 
in the construction industry, as well as general sealing pur-
poses under variable climatic conditions. Its ease of appli-
cation, one-component nature, and reliable mechanical 
performance make this system a promising alternative to 
more complex two-component adhesives.

Conclusion

The fumed silica in the sealant composition plays a cru-
cial role in its mechanical properties. The viscosity, shear 
strength, adhesion strength, and tensile strength are influ-
enced by the addition of the fumed silica. Increasing the 
concentration of the fumed silica leads to an increase in 
all behaviors. Higher concentrations of fumed silica, how-
ever, result in a lower percentage of elongation, indicating 
a more rigid and less flexible sealant. Beyond a certain con-
centration, typically around 0.6 wt%, the peel strength of 
the sealant may start to decrease. The formation of a three-
dimensional network, facilitated by the presence of the 

Fig. 9  Effect of the fumed silica concentration on the thixotropic of 
the sealants
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