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Abstract

Cyanate ester resins are widely recognized for their excellent thermal stability, low dielectric
loss, and high glass transition temperature, making them attractive for advanced electronic
and communication applications. However, their inherent brittleness and limited filler
compatibility restricts broader use. In this study, cyanate ester composites were devel-
oped by incorporating transparent and opaque borosilicate glass powders modified with
silane coupling agents—3-Triethoxysilylpropyl isocyanate (TESPI) and 3-Isocyana-topropyl
trimethoxysilane (IPTMS)—to enhance interfacial adhesion and crosslink density. The
transparent (CTF) and opaque (COF) composite systems were fabricated with varying
filler contents (5-20 wt%), and their structural, mechanical, and dielectric performances
were systematically characterized through X-ray Diffraction, Fourier Transform Infrared
Spectroscopy, Scanning Electron Microscopy, Energy-Dispersive X-ray Spectroscopy (EDX)
and dielectric performance analyses. The results revealed that both filler types enhanced the
dielectric and mechanical stability of the cyanate ester matrix; however, the COF-15 compos-
ite, containing 15 wt% opaque glass, exhibited the highest tensile strength of approximately
125.70 + 1.50 MPa, and the dielectric constant increased from 2.86 + 0.1 (neat matrix) to
about 5.0 &= 0.1 while maintaining a low loss tangent (0.007@1 MHz). These improvements
were attributed to the zirconium-enriched opaque glass phase, which promoted strong
interfacial bonding, compact microstructure, and effective polarization control.

Keywords: cyanate ester composites; opaque-transparent glass; dielectric properties; tensile
strength; electronic applications

1. Introduction

Cyanate ester resins have attracted significant attention in recent years due to their
excellent thermal stability, low dielectric loss, high glass transition temperature (Tg), and
superior dimensional stability [1-7]. Cyanate esters, derived from bisphenols and cyanic
acid, undergo a highly selective thermal or catalyst-induced addition polymerization.
Figure 1 presents the general polymerization mechanism of cyanate ester monomers into
a highly crosslinked cyanurate network. The monomer structure consists of cyanate
(-O-C=N) functional groups connected via an organic backbone unit (denoted as A), which
is typically an aromatic or aliphatic moiety (e.g., bisphenol A or E derivatives). Upon
thermal activation or catalyst introduction, three cyanate groups undergo a highly selective
cyclotrimerization reaction, resulting in the formation of a symmetrical, six-membered
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triazine ring. This process occurs without by-product formation and yields a rigid, aromatic-
like structure that imparts high thermal stability and a glass transition temperature typically
in the range of 250-300 °C. The final cured material exhibits a three-dimensional
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Figure 1. General representation of the cyanate ester monomer, cyclomerization, polymerization and
cyanurate polymer network structure.

Crosslinked network, where triazine rings are interconnected through the organic
backbones, forming a robust cyanurate polymer matrix. This densely reticulated archi-
tecture is responsible for the excellent mechanical, dielectric, and thermal properties of
cured cyanate ester systems. These properties make them promising candidates for ad-
vanced electronic, aerospace, and communication applications, especially where thermal
and electrical reliability are critical. However, like many high-performance thermosetting
polymers, pristine cyanate ester systems suffer from low tensile strength [8,9] and limited
interfacial compatibility with some fillers [10], which can compromise mechanical integrity
and long-term dielectric performance in composite structures.

To overcome these limitations, various strategies have been employed to tailor the
crosslinking architecture and interface characteristics of cyanate ester composites. For
instance, fluorine-containing cyanate esters have been reported to reduce dielectric loss
and moisture absorption and dimensional stability [1,11]. Nano and micron-particle re-
inforcements, such as SiO; [12,13], Al,O3 [14,15], TiO, [16], graphene oxide [17], and
graphite [18] have been incorporated to improve thermal conductivity, mechanical strength,
and interfacial polarization control. Additionally, hybrid approaches combining inorganic
fillers with chemical surface modification have gained increasing attention to enhance filler—
matrix compatibility and dispersion uniformity. Surface functionalization using silane
coupling agents, such as aminopropyltriethoxysilane (APTES), enables covalent bonding
between the cyanate ester matrix and filler surfaces, thereby reducing interfacial defects
and improving load transfer efficiency [19,20]. Recent studies have also highlighted the
effectiveness of introducing glass or ceramic fillers and fibers with tailored optical trans-
parency or opacity to modulate dielectric permittivity while preserving low loss tangent
values [21-23]. Such multi-phase systems not only allow precise tuning of electromagnetic
response but also enhance microstructural homogeneity and thermal endurance, making
them promising candidates for high-frequency antenna radomes and electronic packaging
applications [24,25]. Although previous studies have demonstrated the potential of ceramic,
nanoparticle, and glass-based fillers to improve the dielectric and mechanical properties
of cyanate ester systems, several important aspects remain insufficiently understood. In
particular, a systematic comparison between transparent and opaque borosilicate glass
powders within the same cyanate ester matrix has not yet been reported. Moreover, the
combined effect of dual silane modification using TESPI and IPTMS on interfacial bonding,
crosslink density, dielectric polarization, and mechanical performance has not been com-
prehensively investigated. Existing studies generally focus on a single filler type, a single
surface treatment strategy, or limited property evaluation. Therefore, the fundamental
relationships between structure and performance that control the combined dielectric and
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mechanical behavior of cyanate ester—glass hybrid systems are still not fully understood,
particularly in the context of high-frequency electronic applications.

In the present work, we propose a systematic and comparative investigation of cyanate
ester composites reinforced with both transparent and opaque borosilicate glass powders.
The aim of this study is to simultaneously optimize dielectric behavior, mechanical per-
formance, and interfacial compatibility through the combined use of dual silane coupling
agents (TESPI and IPTMS). By integrating two different glass types within the same matrix
and evaluating their structure—property relationships, this work seeks to provide new
insights into the design of cyanate ester-based materials for high-frequency electronic
applications. The transparent glass phase was selected due to its low dielectric constant
(5.0-6.0) and minimal dielectric loss (0.0008@1 MHz), allowing effective control of the
dielectric response and reduction of the loss tangent while maintaining the homogeneity of
the polymer matrix. On the other hand, the addition of opaque glass powder—typically
enriched with ceramic opacifiers and microstructural heterogeneities—serves to enhance
interfacial polarization and tailor the composite’s electromagnetic absorption profile when
needed. It may also contribute to light scattering, microstructural compactness, or thermal
stability depending on the formulation.

To further improve interfacial compatibility, silane coupling agents were employed
to enhance the interfacial compatibility between cyanate ester and glass fillers [26]. Two
different bifunctional silanes were utilized: 3-Triethoxysilylpropyl isocyanate (TESPI), pri-
marily used as both a crosslinking agent and an interface modifier, and 3-Isocyanatopropyl
trimethoxysilane (IPTMS), specifically employed to surface-modify the glass powders. The
isocyanate group (-NCO) in both silanes can react with the cyanate ester matrix, promot-
ing crosslinked network formation, whereas the alkoxysilyl groups (-Si(OR)3) undergo
hydrolysis and condensation to form siloxane bonds with glass surfaces. Through these
dual mechanisms, TESPI improves crosslink density and interfacial adhesion, while IPTMS-
functionalized glass fillers enhance filler-matrix compatibility by covalently bonding to
the polymer matrix. This combined strategy leads to hybrid organic-inorganic networks
with improved interfacial adhesion [27], increased crosslink density, and reduced dielectric
defects. To evaluate these effects, glass powders were incorporated into the cyanate ester
matrix at varying loadings (5-20 wt%), with TESPI added at a variation 1-3 wt% in line
with literature-reported effective ranges. The study aims to clarify how TESPI and IPTMS
contribute to improvements in thermal stability, dielectric loss suppression, and microstruc-
tural integrity of cyanate ester composites, providing valuable insights for next-generation
electronic substrate materials.

2. Materials and Methods
2.1. Materials

The experimental materials used for preparing the reinforced composite samples in
this study included cyanate ester resin and glass powders. A two-part cyanate ester—epoxy
resin system (viscosity: 140 cP at 43 °C; cured density: 1.25 g/cm?) supplied by Lepus
Chemical (Tekirdag, Turkey) was employed. TESPI (Merck, Darmstadt, Germany) (Figure 2)
and IPTMS (TCI Products, Tokyo Metropolis, Japan) (Figure 3) were used as silane coupling
agents. BYK-066 N (Omya Chemicals, Oftringen, Switzerland) was incorporated as a
defoaming agent at 0.5 wt%. Ethanol (99% purity; Lepus Chemical, Tekirdag, Turkey) was
used as the solvent in all formulations.
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Figure 2. 3-(Triethoxysilyl)propyl isocyanate (TESPI) chemical structure.
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Figure 3. 4-(Isocyanatopropyl)trimethoxysilane (IPTMS) chemical structure.

2.2. Glass Powders Preparation

The raw materials were weighed according to the components and specified quan-
tities in Table 1. All raw materials were obtained with 99.9% purity (Lepus Chemical,
Tekirdag, Turkey).

Table 1. Glass powder compositions (mol.%).

Compound A Glass Powder B Glass Powder
Na,O 0.52 1.44
Si0, 66.54 64.40
ZrO, - 3.75
K,O 2.45 1.42
CaO 16.92 10.15
MgO 2.32 3.63
Al O3 3.61 2.73
ZnO 6.47 9.50
B,O3 1.16 2.88

After weighing, the samples were dry-mixed and subjected to melting at 1600 °C for
2 h (Nannetti Furnace, Italy) by using alumina crucibles. Then, the molten material was
quenched in water to form frit. The fritted glass composition was subsequently ground
for 40 h (Nanomultimix, 50S Model grinder, Turkey). The glass preparation process is
presented in detail in Figure 4.

The reason for selecting the compositions in this manner is that Glass Powder A was
intended to be transparent, whereas Glass Powder B was aimed to be opaque. Therefore,
XRD analyses were carried out for both Composition A and Composition B. In Composition
A, the formation of only the amorphous phase was targeted, while in Composition B, the
formation of zircon crystals—responsible for opacity—in addition to the amorphous phase
was desired. After XRD examination, powders were added to the cyanate ester matrix.
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Figure 4. Flow chart for the preparation of the glass composition.

2.3. Specimen Preparation

Cyanate ester resin (cyanate ester resin A/cyanate ester resin B = 2:1, w/w) was used
as the polymer matrix. Two silane coupling agents were selected to enhance filler—matrix
interactions: 3-Triethoxysilylpropyl isocyanate (TESPI, 1-3 wt%) was introduced into the
resin to act simultaneously as a crosslinking agent and an interfacial modifier, while 3-
Isocyanatopropyl trimethoxysilane (IPTMS) was employed to surface-modify the glass
powders. Prior to incorporation, glass powders (5-20 wt%) were dispersed in ethanol and
treated with IPTMS. After solvent removal, the modified fillers were dried and incorporated
into the cyanate ester resin together with TESPI. Glass powders were added to the resin
matrix in amounts of 5%, 10%, 15%, and 20% by weight. Prior to mixing, the glass powder
was dried under vacuum and resin was preheated to 90 °C for 1 h at 800 rpm (IKA RCT
Basic Stirrer, IKA Turkey, Istanbul, Turkey). The modified glass powders were then slowly
added to the liquefied resin. Subsequently, TESPI was slowly introduced into the solution
and mixed for an additional hour. Finally, the second component of the cyanate ester
was added. The final addition of the defoaming agent has been made (BYK-066N). All
composition details are presented in Table 2.
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Table 2. Composition details (wt%).

Component STD CTF-5  CTF-10 CTF-15 CTF-20 COF-5 COF-10 COF-15 COF-20
Cyanate ester 66.67 57.90 54.80 51.70 48.60 57.90 54.80 51.70 48.60
(Component A)
Cyanate ester 33.33 28.90 27.40 25.80 24.30 28.90 27.40 25.80 24.30
(Component B)
TESPI - 1.70 1.60 1.50 1.40 1.70 1.60 1.50 1.40
Glass powder_A - 5.00 10.00 15.00 20.00 - - - -
(transparent)
Glass powder B - - - - - 5.00 10.00 15.00 20.00
(opaque)
BYK-066N - 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

2.4. Characterization

The fritted glass compositions were ground prior to characterization, and the particle
size distribution of the resulting powders was determined by dynamic light scattering
using a zeta potential analyzer (Malvern Zetasizer Nano ZS, Malvern Inc., Malvern, UK).
Phase analysis of the glass powders and composite samples was carried out by X-ray
diffraction (XRD) using a PANalytical Empyrean (Malvern Inc., Malvern, UK) diffractome-
ter (operating at 40 kV and 40 mA with CuK« radiation (A = 0.154 nm), over a 20 range of
5-70° at a scanning rate of 2° /min. Fourier transform infrared spectroscopy in attenuated
total reflectance mode (FTIR-ATR) was performed using a PerkinElmer Spectrum 100
spectrophotometer (PerkinElmer, Waltham, MA, USA) to investigate chemical structure
and interfacial interactions; spectra were collected in the range of 550-4000 cm ™! with

a resolution of 4 cm™!

using 32 scans. Tensile properties were evaluated using an MTS
810 universal testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) in
accordance with GB 1040-79 (ISO 527-2:1993) [28]. Dumbbell-shaped specimens with a
gauge length of 50 mm, a gauge width of 10 mm, and a thickness of approximately 3 mm
were tested at a constant crosshead speed of 2 mm/min at room temperature (25 °C). The
reported values represent the average of five specimens. Dielectric constant (¢;) and loss
tangent (tan 5) were measured under ambient conditions using a precision LCR meter
(Hioki 3532-50, Hioki E.E. Corporation, Nagano, Japan) over a frequency range of 100 kHz
to 1 MHz; prior to measurements, the samples were polished and coated with silver paste
on both surfaces to form electrodes, followed by heat treatment at 750 °C for 30 min to
ensure good electrical contact. Microstructural morphology and elemental composition of
the cured samples were examined by scanning electron microscopy (SEM) (Philips, Hills-
boro, OR, USA) coupled with energy-dispersive X-ray spectroscopy (EDX) using a Philips
XL30 SFEG microscope (Philips, Hillsboro, OR, USA). EDX analyses were performed over
selected areas of the fracture surfaces at an accelerating voltage of 15 kV, and the spectra
were collected from representative regions to evaluate the elemental distribution of the
glass fillers within the cyanate ester matrix.

3. Results
3.1. Particle Size Distribution of Glass Powders

The graph (Figure 5) illustrates the particle size distribution of A and B glass pow-
ders. The solid lines represent the volume-based particle size distribution curves, while
the dashed lines indicate the cumulative distribution. Both samples exhibit a unimodal
distribution, with particle sizes predominantly concentrated in the submicron range. The
D (0.1), D (0.5), and D (0.9) values for A glass powder are 201 nm, 244 nm, and 1560 nm,
respectively, whereas for B glass powder they are 229 nm, 237 nm, and 1790 nm. The simi-
larity in the peak positions suggest that both powders have comparable median particle
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Volume (%)

sizes, although slight differences in the distribution tails reflect variations in the presence
of finer and coarser particles between the two samples.

Particle Size Distribution (Volume and Cumulative)

———————— 1100
— A Glass Powder
- B Glass Powder
80
60
v
-
©
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40 E
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10! - 102 10° 10" ©

Particle Size (nm)
Figure 5. The particle size distributions of A and B glass powders graph.

The size of the glass particles is a key parameter affecting the processing behavior,
interfacial adhesion, and overall performance of polymer composites. Particles in the sub-
micron range offer a larger specific surface area, which improves filler-matrix interactions
and enables more effective stress transfer at the interface. Moreover, smaller particles tend
to disperse more uniformly within the resin, decreasing the risk of sedimentation during
processing and limiting defect formation. From a dielectric standpoint, finer particles
increase the interfacial region available for polarization, which can raise dielectric permit-
tivity while preserving low loss when strong interfacial bonding is present. In contrast,
overly large particles or wide particle size distributions may encourage agglomeration
and void formation, resulting in stress concentration and higher dielectric loss. For this
reason, the median particle size of approximately 200-250 nm is considered appropriate for
balancing dispersion quality, interfacial bonding, mechanical strengthening, and dielectric
performance in cyanate ester composites.

3.2. XRD Analysis Results of the Specimens

The X-ray diffraction (XRD) pattern of the prepared A-glass powder (Figure 6) displays
a broad amorphous hump centered at approximately 24° (20), with no distinct sharp
diffraction peaks observed throughout the scanned range (10-70°). This broad and diffuse
peak is characteristic of an amorphous structure [29].

XRD analysis of the B-glass powder (Figure 7) shows both a broad amorphous hump
and sharp diffraction peaks, indicating partial crystallization. The crystalline reflections
match well with zircon (ZrSiO4) phases (PDF No: #06-0266) suggesting successful nucle-
ation by ZrO,. The presence of zircon contributes to light scattering and opacity, confirming
the formation of an opaque glass-ceramic [30].
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Figure 6. XRD pattern of the A-glass powder.
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Figure 7. XRD pattern of the B-glass powder.

Figure 8, XRD patterns of neat cyanate ester (STD) and glass-filled composites (CTF 5,
CTF10, CTF15, CTF20, COF-5, COF-10, COF-15, and COEF-20). All samples exhibit a broad
amorphous halo (=10-25° 28) with no crystalline peaks, indicating that both matrix and

transparent glass remain amorphous.
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Figure 8. XRD pattern of cyanate ester resin with (a) A and (b) B glass powder additive after curing.

3.3. FTIR Analysis Results

The FTIR spectra of the standard and transparent glass powder-filled cyanate ester
composites clearly reveal the progressive increase in crosslinking density with the addi-
tion of glass filler (Figure 9). The characteristic absorption band of the -OCN group at
around 2270-2230 cm !, prominent in the neat cyanate ester (STD), gradually decreases in
intensity and nearly disappears in the CTF-20 sample, indicating the conversion of cyanate
groups into triazine ring structures during polymerization. Concurrently, the appearance
and sharpening of the triazine ring vibration bands at approximately 1600-1550 cm ™
(C=N stretching) and 1360-1350 cm! (ring breathing) confirm the formation of a more
crosslinked network [31-33]. Additionally, the broad O-H/N-H stretching band around
3400-3200 cm ! becomes weaker and narrower in glass-filled samples, reflecting reduced
hydrogen bonding and a more compact molecular arrangement. The S5i-O-Si and Si-O-C
stretching vibrations observed in the 1100-900 cm~! region further indicate interfacial
bonding between the glass particles and the polymer matrix. Overall, the spectral evolu-
tion from STD to CTF-20 demonstrates a systematic increase in crosslinking density and
interfacial network formation, confirming that glass incorporation enhances the curing
reaction and structural integrity of the cyanate ester matrix.

100

Transmittance (%)
®
o

701

STD
601 — CTF5
— CTF-10

CTF-15
— CTF-20

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)

Figure 9. FTIR spectra of standard and A glass powder-filled cyanate ester composites.

The FTIR spectra of the standard cyanate ester (STD) and the B opaque glass powder-
filled composites (COF series) show distinct spectral changes that evidence the progressive
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increase in crosslinking density and the formation of new interfacial bonds with increas-
ing filler content (Figure 10). The characteristic -OCN stretching band at approximately
2270-2230 cm ™!, clearly observed in the neat cyanate ester, becomes gradually weaker and
nearly disappears for the COF-20 sample, indicating the extensive conversion of cyanate
groups into triazine structures during polymerization [31-33]. Simultaneously, the triazine
ring vibration bands around 1600-1550 cm~! (C=N stretching) and 13601350 cm ™! (ring
breathing) become sharper and more intense, confirming an increase in crosslinking density.
The broad O-H/N-H stretching band at 3400-3200 cm ! diminishes in the glass-filled
samples, suggesting reduced hydrogen bonding and higher network compactness. Fur-
thermore, the bands appearing in the 1100-900 cm ! region correspond to Si-O-Si and
Si—O-C vibrations arising from chemical interactions between the cyanate ester matrix and
the B-type opaque glass particles. Overall, the spectral evolution from STD to COF-20
confirms that the incorporation of opaque glass promotes higher crosslinking conversion
and interfacial bonding, resulting in a more rigid and densely crosslinked polymer network.

STD

COF-5
—— COF-10

COF-15
— COF-20

4000

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)

Figure 10. FTIR spectra of standard and B glass powder-filled cyanate ester composites.

3.4. Tensile Strength Results

Tensile stress—strain curves of standard (STD) and A-glass (transparent) powder-filled
cyanate ester composites is presented in Figure 11. The tensile stress—strain curves show that
the neat cyanate ester (STD) attains the lowest tensile strength while sustaining a relatively
large strain at break (~2.5-2.6%), indicating a more compliant/ductile response compared
with the filled systems. In contrast, the composite with 15 wt% glass powder (CTF-15)
achieves the highest tensile strength with a moderate strain at break (~2.0%), consistent
with efficient load transfer but a more abrupt failure than STD. CTF-10 approaches CTF-15
in peak stress and retains slightly higher strain, suggesting near-optimal interfacial bonding
at intermediate loading. At low loading (CTF-5), the strength remains limited despite a
comparatively high strain, whereas excessive filler addition in CTF-20 causes premature
fracture (~1.3-1.4% strain), likely due to particle agglomeration and stress concentration
sites. Overall, intermediate glass content (15 wt%) provides the best balance between
strength and deformability.
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Figure 11. Tensile stress-strain curves of standard (STD) and A-glass powder-filled cyanate
ester composites.

Tensile stress—strain curves of standard (STD) and B-glass powder-filled cyanate ester
composites is presented in Figure 12. The tensile strength of the B (opaque) glass-filled cyanate
ester composites exhibited a clear dependence on filler content. The composite containing
15 wt% opaque glass (COF-15) achieved the highest tensile strength (125.70 MPa £ 1.50) with
moderate strain, indicating efficient stress transfer between the matrix and the glass particles.
The COF-10 sample also showed high strength with slightly greater strain, suggesting good
interfacial adhesion at intermediate loading levels. At low filler content (COF-5), the strength
enhancement was limited, likely due to insufficient filler-matrix interaction. In contrast,
excessive filler addition (COF-20) led to reduced strength and early fracture, attributed to
particle agglomeration and increased brittleness. The unfilled STD sample exhibited the
lowest tensile strength but the largest strain at break (~2.5%), reflecting its more ductile nature.
Opverall, an optimal opaque glass loading of about 15 wt% provides the best balance between
rigidity and toughness for cyanate ester-based composites.

140
120 ﬂ
100
—sTD
T 80 e e —— CAAE.
= /:1 COF-5
3 60 —COF-10
£ —COF-15
oA COF-20
P —COF-
20
0
0 0.5 1.0 1.5 2.0 2.5 3.0
Strain (%)

Figure 12. Tensile stress—strain curves of standard (STD) and B-glass powder-filled cyanate
ester composites.

The tensile properties of the specimens were reported in Table 3. The tensile strength
values were determined from the maximum stress obtained from the stress—strain curves.
The results show that the incorporation of glass fillers significantly enhances the tensile
stress compared to the neat cyanate ester. For the transparent glass series, the tensile
strength increases markedly up to 15 wt% filler loading, reaching a maximum value of
81.0 MPa for CTF-15, followed by a decrease at higher loading due to possible particle
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agglomeration and stress concentration effects. In contrast, the opaque glass series exhibits
a more pronounced reinforcing effect, with the highest tensile strength of 125.70 MPa 4 1.50
obtained for COF-15, indicating improved stiffness and interfacial reinforcement associated
with the zircon-containing glass composition. However, increasing filler content generally
leads to a reduction in elongation at break, suggesting a transition toward a more rigid and
brittle network. Overall, the results demonstrate that glass type and filler loading strongly
influence the mechanical performance of cyanate ester composites.

Table 3. Tensile properties of cyanate ester composites reinforced with transparent (CTF) and opaque
(COF) glass powders.

Tensile STD CTF-5 CTF-10 CTF-15 CTF-20 COF-5 COF-10 COF-15 COF-20
Properties
Tem‘g&?g;mgth 34.00 36.00 79.80 81.00 55.60 79.00 83.00 125.70 105.50
*Std. Dev. (MPa)  +1.50 +1.30 +1.80 +1.40 +1.20 +1.50 +0.70 +1.50 +1.80
Elongation at 2.50 2.40 2.40 2.00 1.40 2.50 2.20 2.10 1.50
break (%)
*Std. Dev. (%) +0.08 +0.07 +0.06 +0.05 +0.04 +0.07 +0.06 +0.05 +0.05

*: Standard Deviation.

3.5. Dielectric and Tangent Loss Evaluation

The effect of incorporating transparent (A-type glass powder) and opaque (B-type
glass powder) fillers into the cyanate ester resin on the dielectric constant and loss tangent
was also investigated. Variation of dielectric constant (e;) with frequency for transparent
(CTF) and opaque (COF) glass-filled cyanate ester composites is presented in Figure 13.
Both transparent (CTF) and opaque (COF) glass-filled cyanate esters exhibit significantly
higher dielectric constants than the neat resin (STD), confirming the influence of glass fillers
on dielectric polarization. Among the composites, the dielectric constant increases with
filler loading, reaching the highest values for the COF-20 and CTF-20 samples (~4.8-5.0@
1 MHz). The COF series consistently shows slightly higher ¢, values than the corresponding
CTF series, indicating that the opaque glass particles enhance the interfacial polarization
and dipolar alignment more effectively.

OSTO OCTF-5 OCTF-10 OCTF-15 OCTF-20 OCOF-5 OCOF-10 OCOF-15 OCOF-20

Dielectric Constant (¢,
w

200,000 400,000 600,000 800,000 1,000,000
Frequency (Hz)
Figure 13. Variation of dielectric constant (er) with frequency for transparent (CTF) and opaque
(COF) glass-filled cyanate ester composites.

Dielectric loss tangent versus frequency graph of the standard and A glass powder-
filled cyanate ester composites is presented in Figure 14. The dielectric loss tangent values
of all samples decrease rapidly with increasing frequency, indicating reduced dipolar
relaxation and interfacial polarization losses at higher frequencies. At low frequencies
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(<200 kHz), a noticeable increase in tan 0 is observed due to interfacial charge accumu-
lation at the matrix—filler boundaries, which is typical for heterogeneous polymer com-
posites [34,35]. Among the samples, all glass-filled systems (CTF-5 to CTE-20) exhibit
slightly lower or comparable loss tangent values compared to the neat cyanate ester (STD),
suggesting that the incorporation of transparent glass particles suppresses dielectric losses
by restricting molecular mobility and enhancing crosslink density. At higher frequencies
(>400 kHz), tan 6 stabilizes around 0.02-0.03 for all compositions, demonstrating that
transparent glass addition maintains low dielectric loss and stable frequency-dependent
behavior suitable for high-frequency applications.

0.40

0.35 —STD

0.30 —CTF -5
2 025 —CTF-10
= 0.20 —CTF-15
()
b
£ 0.5 —CTF-20
’_
% 0.10
S

0.05

0

0 200,000 400,000 600,000 800,000 1,000,000

Frequency (Hz)

Figure 14. Dielectric loss tangent versus frequency graph of the standard and A glass powder-filled
cyanate ester composites.

A comparison of the dielectric loss behavior of the opaque glass-filled cyanate es-
ter composites is presented in Figure 15, illustrating how the addition of glass powder
influences polarization losses over a wide frequency range. The loss tangent values for
all samples exhibit a sharp decrease with increasing frequency, which can be attributed
to the suppression of interfacial polarization at higher frequencies. At low frequencies
(<200 kHz), relatively higher tan 6 values are observed, resulting from charge accumu-
lation at the interfaces between the cyanate ester matrix and opaque glass particles—a
behavior typical of heterogeneous dielectric systems governed by Maxwell-Wagner—Sillars
polarization [36-39]. The incorporation of opaque glass particles slightly reduces tan 5
compared to the unfilled resin (STD), indicating improved interfacial compatibility and
limited dipole relaxation losses. Beyond 400 kHz, the loss tangent stabilizes below 0.01 for
all compositions (specifically, the tangent loss for the COF-15 composite reached a level of
0.007@ 1 MHz), confirming that the composites maintain low dielectric losses and stable
polarization behavior across a wide frequency range, which is desirable for high-frequency
dielectric and antenna applications.
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Figure 15. Dielectric loss tangent versus frequency graph of the standard and B glass powder-filled
cyanate ester composites.

3.6. SEM/EDX Results

Figure 16 presents the SEM fractographs of the fracture surfaces of the transparent
glass-filled cyanate ester composites, providing microstructural evidence that supports
the FTIR, tensile, and dielectric results. The neat cyanate ester (STD, Figure 16a) exhibits a
smooth and homogeneous surface, typical of a densely crosslinked polymer with limited
crack deflection sites. With the addition of glass particles (CTE-5 and CTE-10, Figure 16b,c),
the fracture surfaces become progressively rougher, indicating improved interfacial interac-
tion and enhanced energy absorption during deformation. This microstructural change
corresponds well with the observed increase in tensile strength and dielectric constant,
suggesting efficient stress transfer and interfacial polarization between the glass and the
polymer matrix [39,40]. The CTF-15 sample (Figure 16d) displays a uniform particle dis-
tribution and well-integrated interfaces, which explains its superior tensile strength and
moderate dielectric loss. However, at higher filler loading (CTF-20, Figure 16e), particle
agglomeration and interfacial voids are evident, consistent with the slight decrease in
mechanical performance and the increase in loss tangent. Overall, the SEM observations
confirm that an intermediate filler content (~15 wt%) provides the most homogeneous
microstructure and optimal combination of mechanical and dielectric properties. Ar-
rows in the SEM images indicate the pores, while the rectangular markers highlight the
particle agglomerations.

Figure 17 presents the SEM fractographs of the fracture surfaces opaque glass-filled
cyanate ester composites, illustrating how the addition of opaque glass powder influences
the internal morphology and interfacial bonding. The COF-5 and COF-10 samples exhibit
relatively uniform filler dispersion and good matrix—filler adhesion, which correlate with
their enhanced dielectric constant and moderate tan 6 values. The COF-15 sample shows the
most compact and homogeneous cross-section with well-integrated filler-matrix interfaces,
consistent with its superior tensile strength and low dielectric loss, as also supported by
FTIR results indicating strong interfacial interactions. However, in the COF-20 sample,
localized particle agglomeration and void formation are evident, which likely hinder stress
transfer and contribute to the slight reduction in mechanical performance and increase in
dielectric loss. These observations confirm that an intermediate filler content (~15 wt%)
results in optimal interfacial bonding, efficient stress distribution, and improved dielectric
stability. Arrows in the SEM micrographs denote the pores, whereas the rectangular boxes
indicate particle agglomerates.
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Figure 16. SEM fractographs of the fracture surfaces: (a) neat cyanate ester (STD), (b) CTF-5,
(c) CTF-10, (d) CTFE-15, and (e) CTF-20.

Figure 17. SEM fractographs of the fracture surfaces: (a) COF-5 (b) COF-10 (c) COF-15 (d) COF-20.
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The comparison of the cross-sectional SEM microstructures between the transparent
(CTF) and opaque (COF) glass-filled cyanate ester composites reveals noticeable differences
in filler dispersion, interfacial bonding, and overall matrix morphology. In the opaque
glass-filled series (COF), especially in COF-10 and COF-15 (Figure 17b,c), the microstruc-
ture appears denser and more homogeneous, with well-distributed glass particles and
minimal voids or cracks. This uniform distribution enhances interfacial adhesion, leading
to improved stress transfer efficiency, which is consistent with the higher tensile strength,
increased dielectric constant, and reduced loss tangent values observed experimentally. In
contrast, the transparent glass-filled composites (CTF) display rougher and more irregular
cross-sectional surfaces. The micrographs show localized agglomerations and partially
debonded regions, particularly in CTF-20 (Figure 16e) indicating weaker interfacial bonding
and less efficient load distribution. These microstructural imperfections correspond to the
slightly lower mechanical strength and higher dielectric losses measured for the CTF series.

In Figure 18, the microstructures and the corresponding EDX spectra of the CTF-15 and
COF-15 samples are presented. The EDX analyses were obtained from the regions marked
with red rectangles in the micrographs. For the CTF-15 sample (Figure 18a,b), the EDX
spectrum taken from the red-framed area reveals strong peaks of Si, Al, Ca, O, and C, which
correspond to the components of the transparent glass filler (SiO,—Al,O3—CaO system)
and the cyanate ester matrix. The presence of Ca indicates the successful incorporation of
the glass phase, while the Si and Al peaks confirm the formation of aluminosilicate-based
phases [41]. For the COF-15 sample (Figure 18c,d), the EDX spectrum obtained from the
red-marked region shows, in addition to Si, Al, O, and C, a distinct Zr peak, originating
from the zirconium-containing opaque glass additive [30].

Figure 18. Microstructures of the CTF-15 and COF-15 samples (a,c) and the corresponding EDX
analyses obtained from the red-framed areas (b,d).

The prepared cyanate ester/glass composites are expected to exhibit good thermal and
structural stability due to the highly crosslinked cyanurate network and the inorganic glass
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reinforcement. The FTIR results confirmed the formation of a dense triazine network, while
SEM observations showed well-bonded filler-matrix interfaces, both of which are known
to enhance long-term dimensional and thermal stability. In addition, the low dielectric loss
value obtained at 1 MHz indicates stable dielectric behavior under electrical fields. These
findings suggest that the developed composites possess sufficient stability for potential use
in high-frequency electronic and insulation applications.

4. Conclusions

In this study, transparent and opaque borosilicate glass powders were incorporated
into cyanate ester matrices to investigate their effects on mechanical, dielectric, and in-
terfacial properties. The results demonstrate that both filler type and content strongly
govern composite performance. The transparent glass series (CTF) improved dispersion
and crosslink density, leading to optimal mechanical behavior at intermediate loadings
(10-15 wt%). At higher loading (20 wt%), particle agglomeration and interfacial voids
slightly reduced performance. In contrast, the zircon-containing opaque glass series (COF)
produced a more pronounced enhancement in both dielectric and mechanical properties,
with the best overall balance observed for COF-15. The dielectric constant increased from
~2.86 £ 0.1 to ~5.0 £ 0.1 while maintaining a low loss tangent (~0.007 £ 0.001 at 1 MHz),
which is attributed to enhanced interfacial polarization and the formation of compact,
well-bonded microstructures confirmed by FTIR and SEM/EDX analyses. Overall, the
optimal filler content depends on glass type, with ~15 wt% providing the best balance for
both systems, while opaque glass composites exhibited superior dielectric permittivity
and mechanical reinforcement. These findings highlight the potential of zircon-containing
glass—cyanate ester composites as promising materials for RF and microwave substrate
applications, although further GHz-frequency dielectric and long-term thermal studies
are required.
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