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Abstract: Polyester-based materials are widely used in insulation systems due to their low cost and
relatively low thermal conductivity; however, further reduction in heat transfer is desirable for building
envelope components exposed to elevated surface temperatures. In this study, polyester—silica aerogel
composite insulation tiles were fabricated and systematically evaluated to identify the filler
concentration that minimizes thermal conductivity while maintaining practical curing integrity. Silica
aerogel powder was incorporated into unsaturated polyester resin at 1-5 wt.% (relative to resin mass)
using methyl ethyl ketone peroxide (MEKP) as the hardener and cobalt naphthenate as the accelerator,
and glass-fiber reinforcement was applied as a constant layup to enhance structural integrity. Curing
was performed at 120 °C. The resulting composites were characterized using Fourier transformed
infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and
steady-state thermal conductivity measurement suing a guarded heat flow meter, indicating retention
of the polyester chemical structure, predominantly amorphous composite formation, and improved
high temperature thermal resistance with increasing silica content. The monotonic reduction in thermal
conductivity was consistent with interruption of continuous matrix conduction pathways and
increased thermal boundary resistance introduced by dispersed, ultra-low-conductivity aerogel
domains within the polyester matrix. Thermal conductivity was measured under steady-state
conditions at 55 °C using a guarded heat flow meter in triplicate (N = 3). The thermal conductivity
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decreased from 0.2800 + 0.0030 W m™' K~! at 1 wt.% SiO; to 0.2300 + 0.0036 W m~! K-! at 5 wt.%
SiO,, corresponding to an overall reduction of 0.0500 W m~! K-! (17.9%) within the investigated
range. TGA results further indicated a major decomposition event over approximately 390-500 °C,
with composition-dependent residues increasing with silica loading, consistent with enhanced thermal
resistance at elevated temperatures. Overall, 5 wt.% silica aerogel provides the lowest measured
thermal conductivity among the tested formulations and supports the potential of these polyester-based
composites for rigid insulation tile applications with practical curing feasibility for roof and
building-envelope use.

Keywords: polyester composites; heat insulation tiles; polymer composites; curing behavior; low
thermal conductivity composites; silica acrogel

1. Introduction

The building sector is a major energy consumer, as estimates reported in the literature indicate
that 40% of worldwide energy use is associated with buildings, and energy demand is expected to
increase with rising living standards and cooling needs in warm regions [1]. Roofs are a primary
pathway for solar heat gain because they receive the most direct irradiation, and conventional roof
surfaces can reach 65 °C, which elevates indoor temperature and increases cooling demand [2].
Therefore, lowering conductive heat transfer through the roof via effective insulation remains an
important pathway to improve indoor thermal comfort and reduce reliance on active cooling
systems [3,4].

Polyester resins are widely used in mechanical and electrical components and are adopted in
insulation applications because of their low cost, low thermal conductivity, and high strength-to-weight
ratio [5—7]. Polymeric matrix composites are widely adopted when low density, manufacturability, and
property tailoring are required, and thermosetting systems remain central because curing converts the
resin into a rigid, dimensionally stable network [8]. Polyester resin is repeatedly emphasized as a
practical matrix because it combines low cost with favorable strength-to-weight characteristics and
established composite processing routes [9]. In the composite form, polyester usually undergoes
curing processing, where initiators/accelerators and temperature affect polymerization and final
properties [ 10]. Curing is defined as a chemical/physical transformation that leads to a harder, tougher,
or more stable material or linkage [11]. For unsaturated polyester, a description of the cure kinetics is
complex with more than one reaction process occurring from a single point in time [12]. The
mechanism is usually illustrated by the steps of initiation, propagation, and termination. The
decomposition of the initiator produces free radicals, and the radicals are used to react with the styrene
or polyester in polymerization [13]. The above cited literature emphasizes that the key parameters that
govern curing include not only temperature and pressure but also concentration of hardener/initiator,
accelerator, resin, filler, and reinforcement [14]. Consequently, conductivity reduction strategies must
be assessed as coupled formulation/process problems, otherwise the system may cascade into
incomplete curing, void formation, or property scatter conditions that compromise performance and
reproducibility. Epoxy resins can offer high mechanical performance and attractive chemical behavior
in several structural situations. The processing challenges are mentioned repeatedly: Smooth surfaced
epoxy composites are sometimes hard to achieve because of the adhesive behavior; in addition, the
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formation of cracks and bubbles in the curing process is characterized as a significant issue [15]. Vinyl
ester resins are said to possess curing properties and chemical properties similar to polyester and may
have a better mechanical and corrosion performance, but polyester is desired due to its lower thermal
conductivity and the short life of vinyl ester [16]. Phenolic resins are referenced for low smoke and
flammability properties and may have low thermal conductivity at a low price [17]. Collectively, these
comparisons support taking a pragmatic approach: The research need is not simply to switch matrices
but to engineer polyester-based composites toward lower thermal conductivity with equal or better
cure stability and fabrication practicality. Within polyester systems, the cited literature identifies
common curing agents and practical processing considerations. Methyl ethyl ketone peroxide (MEKP)
is widely used as an initiator/hardener and cobalt naphthenate as an accelerator in polyester composite
curing [18,19]. The same literature warns that non-optimal concentrations may increase radical
generation in ways that affect curing and the properties of the final composite [20]. This constraint is
particularly important for filler-enhanced insulation composites because the temptation to increase
filler content for lower conductivity must be balanced against the risk of shifting the system into a
curing regime that yields unstable networks or defect-prone microstructures. Therefore, when
insulation performance is targeted, the formulation must be designed so that thermal conductivity
reduction and cure integrity are optimized rather than traded off. Reinforcement is generally introduced
to ensure structural integrity and shape formation rather than to directly minimize thermal conductivity.

Fiber reinforcement is described as enabling specific shape and structure development for desired
products [21]. In polymer composites, reinforcement such as glass fiber is frequently used to develop
structural integrity while maintaining insulation performance; glass fiber is attractive due to low cost
and good mechanical, chemical, and electrical insulation properties [22,23]. In contrast, carbon fiber
is defined as high-strength, high-stiffness reinforcement with tolerance to high temperature, which is
accompanied by high expenses and galvanic corrosion potential, which has caused the preference of
glass fiber for many composite systems. Kevlar fibers are mentioned as light and tough with high
impact resistance but weakened by their weakness in compression and machining difficulties [24].
Boron fiber is said to have high stiffness and strength but is expensive and restricted for complex
shapes and is difficult to handle [25]. Ceramic composites, particularly oxide based ceramic
composites, are stated to be suited for very high temperature use and not suitable for heat insulation in
this regard [26]. Among insulating fillers, silica (S10;) aerogel is known as one of the most effective
insulating solids with very low thermal conductivity and light density owing to its less porous structure
and high surface area [27,28]. Aerogels have been mentioned in widespread application areas such as
insulated buildings, appliances, automobiles, and solar devices as well as in physical forms such as
monolith, granules, and powders [29-31]. For polymer composite integration, powders are of
particular interest as they can be integrated into the resin before curing and may offer the possibility
of wide distribution of an ultra-low conductivity phase in the polymer network. Nevertheless, silica
aerogels are typically brittle with low mechanical strength and, for this reason, can be more practically
used by embedding them into composite systems to extend usability in real structures [32]. In
effect, silica aerogel has insulation potential, but the composite architecture (dispersion quality, filler
loading, interfacial compatibility, and cure stability) determines whether this potential is realized in a
durable tile.

Due to the dual needs for thermal and structural performance of insulation composites, the above
cited literature supports multi-technique validation of composite integrity, rather than relying on just
one thermal measure. Characterization tools, including X-ray diffraction (XRD), differential scanning
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calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), and thermogravimetric
analysis (TGA) are mentioned as typical methods to check the composition, the curing quality, and the
thermal degradation behavior of polymer composites [33]. Accordingly, an insulation composite
intended for tile applications benefits from a combined reporting strategy that includes thermal
conductivity trends supported by chemical and structural verification that the composite is properly
formed and thermally stable. Reliable thermal conductivity measurement is central for screening
insulation materials. Thermal conductivity methods are classified into steady-state and transient
approaches [34,35]. Steady-state methods are emphasized as efficient for low thermal conductivity
materials and composites, albeit with longer test times and larger specimen requirements [36]. Guarded
hot plate is identified as a highly accurate approach for insulating materials and composites [37], and
guarded heat flow meter methods are described as widely used for low-conductivity materials, relying
on heat-flux sensing and Fourier’s law to infer conductivity [38,39]. Transient methods offer faster
tests but are described as less accurate in some contexts due to sensitivity to uncertainties in properties
such as specific heat capacity and density [40].

Although polyester-silica and polyester-silica aerogel composites were explored in the context of
thermal insulation, the literature primarily presents thermal conductivity at ambient or nearly ambient
temperatures and frequently considers curing behavior, structural characterization, and thermal
stability as independent constructs, but not as a unified approach to material selection. Specifically,
the literature regarding the systematic assessment of the relationship between curing conditions and
chemical integrity, structural evolution, behavior at high temperatures, and service-relevant thermal
conductivity is scarce. The originality of this research is the creation of a single structure-processing-
property evaluation of polyester-silica aerogel composites (1-5 wt.% Si0Oz) under a regulated curing
environment (120 °C) where FTIR, XRD, TGA, and steady-state thermal are conducted. Moreover, in
stark contrast to researchers who concentrate on individual properties, we directly correlate curing
integrity to thermo-physical performance to find practically viable insulation formulations. Our major
aims in this research are: (1) to demonstrate the curing stability of polyester silica aerogel composites
under controlled processing conditions; (ii) to experimentally verify the maintenance of polymer
chemistry and the predominantly amorphous structure at different silica loadings; (iii) to measure
thermal stability and degradation behavior up to 600 °C; and (iv) to determine the optimal silica aerogel
loading (5 wt.%). These results provide a realistic foundation for the development of polyester-based
thermal insulating tiles that offer improved thermal performance and manufacturability.

2. Materials and methods
2.1. Curing process of polyester/silica aerogel composites

Unsaturated polyester resin was used as the matrix material, silica aerogel powder as the
insulating filler, MEKP as the initiator/hardener, and cobalt naphthenate (CN) as the curing accelerator.
Silica aerogel particles used in this study were purchased from a commercial supplier (CABOT
Corporation USA), which i1s widely used for thermal insulation applications. Preliminary curing trials
were conducted by heating the formulated resin system on a hot plate over a temperature range
of 40—-160 °C to identify a defect-free curing window and to minimize bubble formation. During these
trials, surface temperature was recorded at 5 min intervals, and visual observations of gelation, surface
smoothness, and void/bubble formation were used to assess curing quality. For the composite
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specimens reported in this study, curing was carried out on a hot plate maintained at 120 °C, and the
surface temperature evolution was recorded at 1 min intervals under ambient starting temperatures
(Ts=18-27 °C), as provided in Tables S1-S5 in Supplementary Information. The overall experimental
procedure, including composite fabrication, curing, and thermo-physical characterization workflow, is
schematically illustrated in Figure 1. Representative fabricated samples and the hot plate curing setup
used for composite preparation are shown in Figure 2, highlighting the processing conditions and
specimen configurations.

1 Materials [ 2. Fabrication & Curing j [ 3. Characterization J
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Figure 1. Schematic of fabrication, curing, and thermo-physical characterization workflow
for polyester—silica aerogel composites.
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Figure 2. Samples prepared: (a) polyester sample; (b) hot plate setup of polyester/silica
aerogel curing.
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Bubble/void formation was primarily associated with off-stoichiometric dosing and inadequate
mixing of the initiator (MEKP) and accelerator (CN). Therefore, MEKP and CN were added in small,
controlled quantities and mixed thoroughly to ensure uniform polymerization and a smooth cured
surface. Based on preliminary trials, a curing temperature of 120 °C provided the best compromise
between rapid curing and surface quality for the polyester/silica aerogel formulations; this temperature
was maintained until complete solidification. All constituents (polyester resin, silica aerogel, MEKP,
and CN) were commercially available and were used without any additional pre-treatment. Composite
batches were prepared at a fixed polyester resin mass of 15 g per batch, while silica aerogel loading
was varied from 1-5 wt.% relative to the polyester resin mass (0.15, 0.30, 0.45, 0.60, and 0.75 g
for 1-5 wt.%, respectively). The selected silica aerogel loading range (1-5 wt.%) was based on
preliminary trials and practical processing constraints. Very low loadings (<1 wt.%) were expected to
produce negligible changes in thermal behavior, whereas higher loadings (>5 wt.%) were found to
increase the likelihood of particle agglomeration, non-uniform dispersion, and curing defects such as
void formation and surface irregularities. In addition, excessive filler content can interfere with the
polymerization process by altering the effective resin-to-hardener interaction. Therefore, the selected
range provides a balance to systematically investigate the influence of silica aerogel on composite
performance while ensuring consistent curing quality and structural integrity. MEKP and CN were
dosed at approximately 0.07 g and 0.04—0.05 g per batch, respectively, and kept approximately
constant across batches to enable a direct comparison of curing behavior and subsequent property
measurements. The detailed batch compositions and representative curing-temperature traces are
summarized in Tables S1-S5.

2.2. Sample preparation

The composite tiles were fabricated as square panels with dimensions of 5 in X 5 in x 0.5 in. Five
formulations were prepared using unsaturated polyester resin (15 g per batch), glass-fiber
reinforcement, MEKP (0.07 g) as the hardener, and cobalt naphthenate (0.04—0.05 g) as the accelerator.
Silica aerogel loading was defined relative to the polyester mass (15 g), yielding silica masses
of 0.15 g (1 wt.%), 0.30 g (2 wt.%), 0.45 g (3 wt.%), 0.60 g (4 wt.%), and 0.75 g (5 wt.%) (Tables S1-S5).
For each batch, the polyester resin was first mixed with the required silica mass according to the target
formulation, followed by the addition of cobalt naphthenate and MEKP. The mixture was then stirred
for a fixed duration until no visible agglomerates remained before casting into the prepared mold.
Glass-fiber reinforcement was applied as a constant layup across all formulations. Although glass fiber
had a higher intrinsic thermal conductivity than the polyester matrix, its configuration and quantity
was uniform across all samples; therefore, its contribution to overall heat transfer was consistent and
did not influence the comparative assessment of silica aerogel loading. Tables S1-S5 report the
resin-side formulation (polyester, silica aerogel, initiator, and accelerator), while the reinforcement
configuration was held unchanged to ensure that comparative trends reflected silica loading. Curing
was carried out on a hot plate maintained at 120 °C, and the surface temperature evolution was recorded
at 1 min intervals under ambient starting temperatures (Ts = 18-27 °C, Tables S1-S5). The exothermic
curing response showed rapid surface-temperature increases to peak values of approximately 94 °C
(1 wt.%), 97 °C (2 wt.%), 102 °C (3 wt.%), 93 °C (4 wt.%), and 109 °C (5 wt.%), followed by a
progressive decline toward approximately 6177 °C within the recorded curing window. A mold cover
was used during curing to minimize exposure to reactive constituents. After curing, the tiles were
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demolded and immediately dipped in water to dissipate residual heat, as excessive thermal loading was
observed to promote crack formation. Finally, the tiles were dried under ambient conditions and
inspected for macroscopic defects (cracking, warpage, and visible voids) prior to characterization. The
final fabricated composite tiles with varying silica aerogel loadings (1-5 wt.%) are presented in
Figure 3, illustrating the surface quality and physical integrity of the cured samples.

Figure 3. Final product: (a) polyester tile; (b) 1% silica tile; (c) 3% silica tile; and (d) 5%
silica tile.

2.3. Characterization of cured polyester composite

Powder XRD was used to examine the structural characteristics of the cured polyester/silica
aerogel composites. XRD patterns of the fabricated samples were obtained using a PANalytical X Pert
diffractometer and analyzed using HighScore Plus software. Measurements were performed using
Cu-Ka radiation with a wavelength 4 of 0.15406 nm, and phase screening was performed by
comparison with reference patterns from the ICDD/PDF database. The diffraction condition followed
Bragg’s law (Eq 1):

nl = 2dsinf (1)

where 7 is the diffraction order, 4 is the X-ray wavelength, d is the interplanar spacing (d-spacing),
and 6 is the Bragg angle. FTIR spectroscopy was used to identify functional groups and assess the
chemical features of the cured composites. All samples were analyzed using a JASCO FTIR

AIMS Materials Science Volume 13, Issue 2, 391-409.



398

spectrometer over the wavenumber range of 400—4000 cm™!, and the spectra were used to examine
characteristic absorption bands of the polyester matrix and changes associated with silica aerogel
incorporation. TGA was performed using a Hi-Res TGA 2950 (TA Instruments) to evaluate the
thermal stability and degradation behavior of the cured materials. The measurements were conducted
under air flow (74 mL/min) at a heating rate of 20 °C/min, and mass-loss profiles were recorded as a
function of temperature. Thermal conductivity (k) was measured at 55 °C using a guarded heat flow
meter (DTC-300) in accordance with the steady-state guarded method (ASTM E1530). This
steady-state approach was well suited for low-conductivity materials and provided a consistent basis
for comparing formulation-dependent changes in composite thermal performance. The elevated test
temperature (55 °C) was selected to represent service-relevant roof/tile thermal exposure rather than
relying solely on ambient-condition measurements. Prior to testing, specimen thickness was measured
using a vernier caliper, and the measured thickness was used in the ASTM E1530 conductivity
calculation; measurements were recorded only after the instrument output indicated steady-state
stabilization (i.e., negligible drift in heat-flow response and temperature gradient at the setpoint). The
instrument operating range was 0.1-40 W m~! K-!. Thermal conductivity measurements were repeated
three times (N = 3) for each formulation under identical test conditions, and the reported values
represent the mean =+ standard deviation (SD). Accordingly, the measured thermal conductivity values
were 0.2800 = 0.003 (1 wt.% Si0Oy), 0.2647 + 0.0050 (2 wt.% SiO2), 0.2540 + 0.0036 (3 wt.%
Si0,), 0.2367 £ 0.0035 (4 wt.% SiO2), and 0.2300 £ 0.0036 W m~! K~! (5 wt.% SiO;). The measured
thermal conductivity values for all composite formulations at 55 °C are summarized in Table 1,
including the mean values and associated standard deviations. The accuracy and operating ranges of
the instruments used for characterization are listed in Table 2.

Table 1. Thermal conductivity of polyester—silica aerogel composites at 55 °C as a
function of SiO; loading (mean = SD, N = 3).

SiO; loading (wt.%) N Mean k (W m™' K1) SD (W m™ K™
1 3 0.2800 0.0030
2 3 0.2647 0.0050
3 3 0.2540 0.0036
4 3 0.2367 0.0035
5 3 0.2300 0.0036

Table 2. Accuracy and operating range of measuring instruments used in the experimental setup.

Instrument Model Accuracy Operating range
XRD PANalytical X Pert Angular accuracy: +0.0025° 20: —40° to 160°
FTIR JASCO FT-IR spectrometer Wavenumber accuracy: £0.01  400-4000 cm™!
cm™!
TGA Hi-Res TGA 2950 (TA  Balance accuracy: +£0.1% Ambient to 1000 °C
Instruments)
k DTC-300 Accuracy: 3% —20 to 300 °C; 0.1-40 W m~! K~!
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Table 3 consolidates composition, curing parameters, and thermo-physical properties of the polyester—silica aerogel composites. All samples
were cured at 120 °C, isolating the effect of silica loading (1-5 wt.%). Increasing SiO2 content increased peak exothermic curing temperature and
high-temperature residue, indicating enhanced thermal persistence, while the primary degradation range of the polyester matrix remained
unchanged (=390-500 °C). Thermal conductivity at 55 °C decreased monotonically from 0.2800 + 0.0030 to 0.2300 + 0.0036 W m~' K~! with
increasing silica content. Among the investigated formulations, 5 wt.% SiO; exhibited the optimal balance of curing behavior, thermal stability,
and insulation performance. The selection of characterization techniques in this study was guided by the need to establish a direct linkage between
material structure and thermal performance. FTIR was employed to confirm the chemical integrity of the polyester matrix and to assess any changes
associated with the silica aerogel incorporation. XRD was used to evaluate the structural nature of the composites, particularly to verify the
predominantly amorphous character, which influenced heat conduction behavior. TGA was selected to quantify the thermal stability and
degradation characteristics at elevated temperatures, providing insight into high-temperature performance and residual inorganic content. Finally,
steady state thermal conductivity was conducted directly to assess insulation performance under relevant conditions. Together, these techniques
provide a framework to evaluate structure-property relationships in developed countries.

Table 3. Summary of polyester—silica aerogel composite formulations, curing conditions, and thermo-physical characterization results.

Sample SiO; (wt.%) SiO»(g) Polyester (g MEKP(g) CN(g) Cure (°C) Ts(°C) Peak surface Main TGA Residue at k at 55 °C

T (°C) loss (°C) 600°C (%) (Wm'K™

P-SA1 1 0.15 15 0.07 =0.04-0.05 120 18-27 94 390-500 11-12 0.2800 +
0.0030

P-SA2 2 0.30 15 0.07 =0.04-0.05 120 18-27 97 390-500 12-13 0.2647 +
0.0050

P-SA3 3 0.45 15 0.07 =0.04-0.05 120 18-27 102 390-500 15-16 0.2540 +
0.0036

P-SA4 4 0.60 15 0.07 0.05 120 20 93 390-500 17-18 0.2367 <+
0.0035

P-SAS 5 0.75 15 0.07 0.04 120 18 109 390-500 19-20 0.2300 <+
0.0036

AIMS Materials Science Volume 13, Issue 2, 391-4009.



400

3. Results
3.1. Characterization
3.1.1. FTIR

FTIR spectra of the polyester and silica aerogel composites cured at 120 °C are compared in
Figure 4 for silica loadings of 1-5 wt.% and show a consistent polyester fingerprint with superimposed
silica-related features. All spectra exhibit a broad O—H stretching band at approximately 34263461 cm™
(e.g., 3426 cm™! for 1 wt.% and 3461 cm™' for 5 wt.%), consistent with hydroxyl-containing surface
species associated with silica (silanol groups) and/or weakly bound moisture; the breadth of this band
reflects hydrogen-bonded and surface-associated O—H groups rather than a single discrete vibrational
mode. The cured polyester network is evidenced by the ester carbonyl (C=O) absorption in
the 1710-1734 cm™! region, appearing at 1712 (1 wt.%), 1712 (2 wt.%), 1734 (3 wt.%), 1725 (4 wt.%),
and 1710 cm™! (5 wt.%). Minor variations in the apparent carbonyl peak position and shape can arise
from changes in the local chemical environment (e.g., polarity and proximity to hydrogen-bonding
sites) and/or spectral overlap and processing and are not indicative of the formation of new functional
groups. Consistent with this observation, no new diagnostic absorption bands attributable to chemical
modification of the polyester backbone are detected upon aerogel addition, indicating that silica
incorporation does not alter the primary polyester chemistry. Aliphatic C—H stretching bands are
present in the 2827-2935 cm™! region (e.g., 2827 cm™! for 3 wt.% and 2859-2935 cm™' for higher
loadings), reflecting CH»>/CH3 vibrations of the cured polymer network. The C—O—C/C—-O stretching
region also remains evident across all compositions, with bands between approximately 1224
and 1353 cm™! (1353 cm™! for 1 wt.%, 1257 cm™! for 2 wt.%, 1267 cm™' for 3 wt.%, 1275 cm™!
for 4 wt.%, and 1224 cm™! for 5 wt.%), confirming retention of ester and ether linkages after curing.
In the lower-wavenumber region, features around 933-950 cm™! (1-4 wt.%) and a more distinct band
near 817 cm™! (5 wt.%) are consistent with silicate-related vibrations (Si-O and Si—O-Si modes)
contributed by the silica-containing phase. With increasing SiO; loading, the relative visibility of
silicate-associated bands increases as a larger fraction of the composite response originates from Si—O
vibrations and overlap with polymer bands becomes less dominant. Weak features near 2395-2418 cm™!
should be interpreted cautiously, as this region can be influenced by atmospheric background
contributions such as CO; absorption in FTIR measurements. Overall, the persistence of the polyester
carbonyl and C—O-C/C-0O bands across 1-5 wt.% demonstrates that curing at 120 °C preserves the
characteristic polyester chemistry, while the gradual evolution of silicate-associated features
reflects increasing silica contribution and polymer—filler interfacial proximity rather than the formation
of new chemical phases. Thus, FTIR confirms successful curing of the polyester network across all
formulations, with silica aerogel incorporation primarily influencing spectral intensity and local
environments through physical dispersion and interfacial effects.
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3.1.2.  XRD
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XRD patterns of polyester/silica aerogel composites containing 1-5 wt.% SiO; are presented in
Figure 5 to evaluate their structural characteristics. Across all compositions, the diffractograms are
dominated by a broad diffuse background with only weak superimposed features, indicating that the
composites are predominantly amorphous. This response is physically expected because Bragg
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diffraction requires long-range periodic atomic order; cured unsaturated polyester is largely
non-crystalline (crosslinked network) and silica aerogel is typically amorphous, so the scattering
intensity is distributed as a wide “halo” rather than concentrated into sharp reflections. Superimposed
on this amorphous background, a limited number of low-intensity features appear around 26 = 18-25°,
28-34°, and 59-63°. These features are best interpreted as minor silica/silicate-related contributions
or short-range ordering effects associated with the composite constituents that are present as trace
ordered domains or short-range correlations. Moreover, because their intensities are weak and do not
form a consistent, strong peak set, they do not indicate the formation of a new crystalline phase in the
polymer matrix. Importantly, increasing silica loading from 1 to 5 wt.% does not produce the
appearance of new sharp peaks or a systematic growth of existing peaks; instead, the overall pattern
shape remains similar, implying that silica aerogel functions primarily as a dispersed, low-crystallinity
filler, with no evidence of silica-induced crystallization within the investigated range. Therefore, the
XRD results support the conclusion that the fabricated composites remain amorphous
dominated across the investigated silica range, with only weak reflections attributable to minor
silica/silicate contributions rather than crystallization of the polyester matrix. The predominantly
amorphous structure is favorable for thermal insulation, as the absence of long-range order suppresses
phonon transport and is consistent with the observed reduction in thermal conductivity.
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Figure 5. XRD patterns of polyester/silica aerogel composites containing 1-5 wt.% SiOz,
showing predominantly amorphous behavior with no evidence of silica-induced
crystallization.

The structural characterization results provide direct insights into the observed thermal
conductivity reduction. The increasing presence of silicate-associated bands in the FTIR spectra with
higher Si0; loadings confirms the progressive incorporation and dispersion of silica aerogel within the
polyester matrix, which increases the number of polymer-filler interfaces. These interfaces act as
thermal resistance sites, impeding heat flow across the composite. Concurrently, the XRD results
indicate that all composites remain predominantly amorphous, with no evidence of silica-induced
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crystallization. The absence of long-range ordered structures suppresses phonon transport, further
limiting heat conduction. Together, these features support a mechanism in which dispersed aerogel
domains interrupt continuous conduction pathways and increase heat-flow, resulting in the observed
decrease in thermal conductivity with increasing silica content.

3.1.3. TGA

Figure 6 presents the TGA profiles of polyester composites containing 1-5 wt.% silica aerogel,
plotted as mass remaining (weight %) versus temperature. In TGA measurements, the recorded weight
decreases with increasing temperature due to progressive mass loss, initially through removal of
physically held species such as trace moisture and low-molecular-weight components, and subsequently
through chemical degradation of the polymer network into volatile products that leave the sample pan.
In these results, all formulations remain comparatively stable up to approximately 350-380 °C,
indicating that low-temperature mass loss is limited, and that the composites do not undergo substantial
degradation prior to this range. A major mass-loss step is observed between approximately 390
and 500 °C, where the curves drop steeply, corresponding to the primary thermal and oxidative
decomposition of the unsaturated polyester matrix. Within this temperature interval, oxidative
reactions are associated with the formation of peroxide-type intermediates at susceptible sites in the
polymer backbone, followed by chain scission and rapid evolution of volatile degradation products,
which results in a sharp decrease in the remaining mass. Beyond 500 °C, the curves transition into a
slower tailing region between 500 and 600 °C as decomposition gradually diminishes and the system
approaches its final residue. Importantly, the residual mass at 600 °C increases systematically with
silica loading, reaching approximately 11%—12% (1 wt.%), 12%—13% (2 wt.%), 15%—16% (3 wt.%),
17%—-18% (4 wt.%), and 19%—-20% (5 wt.%), reflecting the increasing proportion of the thermally
stable inorganic silica phase that does not volatilize within this temperature range. Higher silica
contents also contribute to the formation of a more persistent residue or char—silica barrier, which can
hinder heat transfer and volatile diffusion during the later stages of degradation. The 1 wt.% composite
exhibits the most polymer-dominated behavior, resulting in the lowest final residue and a
comparatively sharper mass reduction during the main decomposition step, whereas composites with
higher silica loadings retain greater residual mass due to the increased non-combustible silica fraction
and the associated barrier effect.

Overall, Figure 6 indicates that although the principal decomposition window of the polyester
matrix remains similar across the 1-5 wt.% silica aerogel range (390-500 °C), increasing silica content
enhances the high-temperature residue and improves the apparent thermal persistence of the
composites up to 600 °C. Because Figure 6 is presented as TGA mass remaining (weight, %) versus
temperature, the discussion focuses on the temperature ranges of major mass loss and the final residue
at 600 °C, which can be directly interpreted from the curves. A detailed kinetic assessment, such as
determination of maximum mass-loss rates and characteristic degradation temperatures, would require
derivative thermogravimetric (DTG) analysis and is therefore suggested for future work.
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Figure 6. TGA of different concentrations of silica with polyester.

To provide a quantitative assessment of thermal stability, key thermogravimetric parameters are

summarized in Table 4.

Table 4. Quantitative assessment of thermal stability, key thermogravimetric parameters.

Sample SiO; (wt.%) Temperature at 5% mass Maximum degradation Residue at 600 °C
loss (Td,5%, °C) temperature (Tmax, °C)

P-SA1 1 365 425 11-12

P-SA2 2 370 430 12-13

P-SA3 3 375 435 15-16

P-SA4 4 380 440 17-18

P-SAS 5 385 445 19-20

The results indicate that while Td,5% and Tmax remain within a similar range across all
formulations, consistent with the dominant polyester matrix, the residual mass increases systematically
with silica aerogel content, confirming enhanced thermal persistence due to the increasing inorganic

fraction and associated barrier effects.

3.2. Thermal conductivity

At a test temperature of 55 °C (328.15 K), the k, of the polyester/silica aerogel composites
decreases systematically with increasing SiO; loading (Figure 7), from 0.2800 + 0.0030 (1 wt.%)
to 0.2647 £ 0.0050 (2 wt.%), 0.2540 + 0.0036 (3 wt.%), and 0.2367 = 0.0035 W m™' K~! (4 wt.%),
reaching a minimum of 0.2300 + 0.0036 W m~! K-! (5 wt.%). Thermal conductivity measurements
were repeated three times (N = 3) for each formulation, and values are reported as mean + SD. It is
important to note that although silica aerogel exhibits ultra-low intrinsic thermal conductivity, the
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relatively high composite thermal conductivity values observed in this study are attributed to low filler
loading (1-5 wt.%), where the polyester matrix remains the dominant continuous phase for heat
conduction. Due to the low density of aerogel, the corresponding volume fraction remains limited,
resulting in a polymer-dominated heat transfer pathway. Therefore, the observed reduction (~17.9%)
is consistent with effective medium behavior for dispersed insulating inclusions. From a practical
standpoint, these composites are designed as rigid insulation tiles rather than ultra-low-conductivity
materials, offering a balance between thermal performance, structural stability, and manufacturability
for building-envelope applications such as roofing and wall insulation panels. Overall, increasing silica
aerogel content from 1 to 5 wt.% reduces k by 0.0500 W m™! K~! (17.9%), indicating progressively
improved insulation performance within the investigated range. This monotonic decrease is consistent
with expected composite heat-transfer behavior. Furthermore, silica aerogel is an ultra-low-conductivity
phase because its nanostructured, highly porous network limits solid-state heat transport through
reduced solid connectivity and promotes heat flow through thin ligaments and gas-filled pores. When
dispersed within a higher-conductivity polyester matrix, aerogel domains act as distributed thermal
resistance regions. As the aerogel fraction increases from 1 to 5 wt.%, two effects become more
pronounced: (i) disruption of continuous matrix conduction pathways, which increases effective
heat-flow tortuosity; and (ii) increased interfacial thermal resistance, because polymer—aerogel
interfaces introduce additional thermal boundary resistance, and their number increases with filler
loading. The relatively larger reduction observed between 1 and 2 wt.% (0.2800 to 0.2647 W m~! K1)
1s consistent with the onset of effective barrier formation at low filler content, where a modest increase
in aerogel fraction can significantly disrupt the most continuous heat-conduction paths. At higher
loadings, further decreases (e.g., 0.2540 t0 0.2367 W m~! K~! between 3 and 4 wt.%) remain consistent
with an increasing frequency of low-k regions and interfaces encountered by the heat flux as filler
content rises. Under identical steady-state test conditions at 55 °C, the 5 wt.% composite exhibits the lowest
measured k and therefore provides the highest insulation performance among the tested compositions.
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Figure 7. Thermal conductivity of different concentrations of silica with polyester.
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Since the glass-fiber reinforcement is identical in all formulations, its contribution to effective
thermal conductivity is uniform across all samples. Therefore, the observed variations in thermal
conductivity are attributed to changes in silica aerogel loading rather than reinforcement effects. The
dependence of thermal conductivity on silica aerogel loading is illustrated in Figure 7, where a
monotonic decrease in k is observed with increasing SiO> content, confirming the effectiveness of
aerogel incorporation in enhancing insulation performance.

4. Conclusions

In this work, we demonstrate that silica aerogel can be incorporated into an unsaturated polyester
matrix to produce insulation tiles with stable curing at 120 °C and a consistent improvement in thermal
performance at elevated temperature. Across 1-5 wt.% SiO,, spectroscopy and diffraction results
indicate that the polyester network is retained, and the composites remain predominantly amorphous,
while thermogravimetric behavior shows increased inorganic residue with higher aerogel content.
Most importantly, the thermal conductivity measured at 55 °C decreases monotonically with silica
loading, identifying an optimal formulation within the investigated range.

e Polyester—silica aerogel tiles (1-5 wt.% Si0;) are fabricated successfully under a consistent
curing protocol at 120 °C.

e FTIR and XRD confirm retention of the polyester fingerprint and a predominantly amorphous
composite structure across all formulations.

e TGA indicates comparable main degradation behavior, with increasing residue as SiO»
loading increases.

e At 55 °C, the k decreases monotonically from 0.2800 + 0.0030 to 0.2300 + 0.0036 W m~! K-!
(1-5 wt.% Si102; N = 3), corresponding to a 17.9% reduction.

e Within 1-5 wt.% SiO2, 5 wt.% provides the lowest measured thermal conductivity and is the
best-performing composition among those tested.

5. Future recommendations

Although this experiment determines the thermal and thermo-chemical functionality of
polyester-silica aerogel composites, additional research is needed to justify their application in the
building-envelope contexts. The mechanical properties (e.g., flexural strength, impact resistance, and
dimensional stability) should be thoroughly evaluated in future to indicate structural reliability in the
service conditions. Moreover, long term durability tests in environmental ageing conditions, including
thermal cycling, moisture exposure, and ultraviolet (UV) radiation, need to be conducted to determine
the performance degradation with time. For an application perspective, scalability and
manufacturability issues such as large-area fabrication, cost optimization, and compatibility with
roofing and wall systems should also be explored. These guidelines will assist in closing the gap
between laboratory-scale material development and practice.
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