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The advent of space exploration, and high-speed civil transport has prompted the development of polymeric materials that can endure
extreme environments. Cyanate ester (CE) is a commonly used thermoset matrix for high temperature applications in aerospace and
defense applications. CE has high glass transition temperature (> 200℃), low moisture absorption, low coefficient of thermal expansion,
and is extremely thermally stable. Various additives have been reported in the literature to improve thermal stability of the matrix
further to prolong the life of parts manufactured from CE. In this review, we will survey various inorganic additives based on silica, clay,
boron and phosphorous reported in the literature to improve thermal properties of cyanate ester. We will also discuss the thermal
stability improvement mechanisms for these CE-inorganic hybrids.
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Introduction

High temperature thermoset materials have seen tremendous research in the past decade for
applications in defense, aerospace, electronics, and transportation. Polymers are the preferred choice
for these industries as they have better mechanical properties than brittle ceramics and are lighter
than most metals. Thermoset polymers offer increased design and processing flexibility in addition to
significant weight savings. The thermoset resin market is expected to grow at a CAGR of 4.6% during
2020-2025 to $38 billion by 2025 [1]. High glass transition temperature, increased char yield and
stability, fire retardance, moisture, and corrosion resistance are the most sought-after performance
parameters. These properties make them suitable for various structural part applications in aerospace
(jet engine ducts and nozzles, heat shields), transportation (body and heat shields, window casing, fuel
vapor canisters in automotives), and electronics industry (switchgears, fuel cells) [2]. Epoxies, cyanate
esters, bismaleimides, and polybenzoxazines capture the largest share of market in high temperature
thermosets. Several review articles have outlined the progress on the thermal property modification of
epoxies [3, 4, 5] and polybenzoxazine [6]. In this article we provide a brief overview of the design of
high performance/high temperature polymers and discuss the effect of interactions between various
additives and matrix on thermal stability. We discuss recent advances to improve thermal performance
of CE resins through various inorganic additives based on silica, clay, boron and phosphorous. We also
outline the mechanism for thermal performance improvements.

2

Concepts for high temperature materials

Thermal stability of thermosets is primarily based on the structural moieties in the backbone and
cross link density. The degradation is initiated at “weak links” in the polymer chain network. Thus,
higher bond energy of backbone structural moieties or stabilization due to resonance results in
higher energy for polymer degradation (Q1). Cross-linked thermoset polymers usually have a higher
thermal stability because even after cleavage at any point, the second strand keeps the polymer
system intact, allowing possible recombination [8]. Rigid chemical structures such as aromatic and
heterocyclic groups, intumescent systems such as epoxies, or inorganic additives such as siloxanes
prevent heat flow, resulting in higher char yields by increasing Q 1 as shown in Fig. 1 [9]. To
understand thermal degradation mechanism in thermosets, it is essential to consider the
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environment (inert or air) of the samples. In inert environments, pyrolysis is the primary thermal
degradation process in the range 350℃ to 550℃, resulting in the generation of semi-coke and
gaseous fragments [7]. Thermosets with high hydrogen content (such as aliphatic, cycloaliphatic
polymers) leave lower residue post pyrolysis as the disproportionation reactions result in increased
decomposition to hydrogen rich volatile products. Any oxygen from the structural moieties of the
polymer chain generates CO2, CO, and H2O gaseous products. At higher temperature (> 550℃), a
second pyrolysis step further carbonizes the polymer into a final char residue generating CH4 and NH3
(hydrogen enriched) gaseous products. In air environment, the material undergoes two consecutive
chemical processes: decomposition and combustion. Heat causes generation of small gaseous
decomposition products due to pyrolysis. These decomposition products are combusted in the
presence of air releasing heat energy (Q2) which further perpetuates pyrolysis in the polymer [10].
Higher char yields imply lower concentrations of small-fragment combustible gaseous products. Van
Krevelen depicted the effect of higher aromatic content on the char forming tendency [7]. Thermosets
containing halogens or nitrogen generate incombustible gases upon decomposition and thus improve
thermal stability by reducing Q2. Consequently, to design a thermally stable and flame retardant
material, we can either increase Q1or decrease Q2.

Figure 1: Schematic of thermal degradation of polymers [7]
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Cyanate Ester (CE)

CE resins are widely finding applications in electronics, aircraft, and defense high temperature
applications due to its high glass transition temperature, low coefficient of thermal expansion, low
water absorption, and excellent dielectric properties [11, 12, 13]. CE is considered a promising
material for applications such as satellite antennae and truss, radome, wing components of jets and
aircraft, electronic components, re-entry vehicles and high temperature adhesives etc. Various CE
monomers are commercially available as shown in Fig. 2. CE thermally cures through a
cyclotrimerization addition reaction. The different monomer synthesis, polymerization mechanisms,
cure conditions, and properties of commercial CE resins have been discussed elsewhere [14, 15, 16].
Inamdar et al. recently documented an extensive review on thermoplastic toughening of CE for high
temperature applications [17]. Here we will survey the literature for strategies to improve thermal
resistance of the CE resin and possible degradation mechanisms. We will discuss properties and
2
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degradation of neat CE resin followed by a review of various fillers and additives reported in the
literature to improve the thermal performance of the resin further.
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CE resins exhibit glass transition temperature (Tg)> 200℃, 5% weight loss temperatures (Td,5)
between 440-460℃ and 30-65% char yields (Yc) in inert environments at 900℃. The high resonance
energy in cross-linked aromatic and triazine ring structures are responsible for high thermal stability
of the resin [18]. Oxley et al. studied thermal decomposition of various substituted triazine ring
structures and concluded that these energetic nitrogen rich heterocyclic rings resist degradation up to
550 ℃ and they tend to undergo depolymerization resulting in C = N polymers and rings before
catastrophic decomposition [19]. Thus, the polycyanurates form a carbonaceous char during
degradation and prevent further mass loss by protecting underlying material. Ramirez et al studied
the degradation mechanism and characterized the volatile decomposition products. They explained in
air environment, thermooxidative degradation is initiated by rapid hydrolysis of ether oxygen bond
between the phenyl and triazine rings around 350-450℃ in the presence of moisture. At higher
temperatures.
Figure 2: Commercial cyanate ester monomers

gaseous fragments from phenyl and triazine ring structure degradation are also oxidized to generate
carbon dioxide and water. While in inert environment, degradation occurs via homolytic cleavage of
hydrocarbon backbone in the temperature range 450-500℃. The thermal decomposition
temperature is independent of the monomer chemical structure and the first degradation usually
occurs around 450℃ for all CE resins. Elemental analysis of pyrolysis chars indicates that about 2/3
of oxygen and nitrogen from the resin is incorporated in the condensed phase while the remaining is
lost in volatile species. Cyanic acid (HOCN), CO, CO2, and NH3 are common volatile products detected
during polycyanurate degradation in pyrolysis GC-MS. Thermal decyclization of cyanurate structures
3
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yields cyanates which undergo thermal isomerization to isocyanates. In addition to the inherent
char-forming tendency of cyanurate structures, they could also be interacting with other structural
groups in the resin during thermal degradation to increase char yields [20]. Thus, the fire behavior
of polycyanurates is highly dependent on their fuel value, char yield, and char properties. Lyon et al.
evaluated combustibility of various CE resins. They clarified the polycyanurates undergo char
swelling and numerous small fissures are generated on the char surface that release pyrolysis gases
formed at depth. Higher cross-link density results in higher char yields and brittle char fracture
during burning [21]. Various composites of CE with inorganic additives based on siloxanes, clay,
boron, and phosphorus have been studied to improve its thermal properties which are discussed
below.
3.1

Silica composites

Silica based composites offer unique advantages among the many inorganic fillers used to improve the
thermal stability of organic matrices due to the versatility of their synthesis methods and easy
functionalization mechanisms. The inorganic silica reported success to improve thermal stability of
various thermoset polymer materials such as epoxy [22, 23, 24] and polybenzoxazine [25, 26, 27]. The
silica particles provide thermal insulation to the organic matrix and form impermeable layers towards
small molecular gases or volatile products thus delaying thermal degradation. However, the action of
silica nanoparticles and marcomolecular polysiloxanes have demonstrated limited success in CE
matrices. The various routes used to incorporate siloxanes in CE and resulting thermal stability data are
reported in Table 1. Pan et al. reported that composites of bisphenol A dicyanate (BADCy) and attapulgite
(ATT) silicate nanorods demonstrated a slight decrease in Td,10% and Yc with increasing nanorod loadings.
Td,10% decreased by ≈ 9℃ for 8 wt% nanorod loading as compared to 476 ℃ for neat resin. They
attributed this behavior to the increase free volume in the system due to ATT nanorods which provide a
path for small molecules to escape and result in decreasing thermal stability. The nanorods were diamine
functionalized as reacting groups with CE for better dispersion. However, the reduced the crosslink
density and triazine ring concentrations due isourea bonds formed between ATT and matrix may also be
contributing to reduced Td,10% [28]. Similarly, Chuang et al. surface modified nano-silicon dioxide
particles with silane coupling agents such as KH-560 and SEA-171 for CE composites to improve
interaction between inorganic and organic components. They reported considerable improvements in
Td,5% and Tg as compared to neat CE as summarized in Table 1. [29] Yang et al. attempted to modify
BADCy with linear polysiloxanes. The authors reacted the amino functionalized polysiloxanes with
stoichiometric amount of epoxy resin to avoid formation of isourea between -NH2 and -OCN groups from
additive and matrix respectively. An increasing loading of polysiloxanes resulted in a reduced glass
transition temperature (Tg) and thermal degradation properties. Tg and Td,5% decreased by 26 and 14 ℃
at 6 wt% loading of polysiloxanes. Yc obtained at 900 ℃ for all samples was lower than the neat resin in
inert environment. The authors explain the flexible Si-O-Si bonds introduced in the system result in
lower Tg values. Also, the newly formed oxazolidinone linkages between additive and matrix are more
thermally labile than triazine rings resulting in reduced thermal performance [30]. We believe the -OH
groups on the polysiloxanes could also be reacting with CE to form iminocarbornate linkages [31]. Also,
the oxazolidinone linkages would be formed between any unreacted epoxy and CE resin. Though both
iminocarbornate and oxazolidinone linkages would result in lower thermal stabilities than triazine
linkages. Additionally, Zhang et al. synthesized epoxy functionalized polyhedral oligomeric
silsesquioxane (POSS) and BADCy CE composites at various loadings. At 5 wt% loading POSS molecules
increased the Td,5% from 382 ℃ for neat resin to 412℃ but Yc remained almost same at 36.5% and 38% in
inert environment at 800℃. POSS molecules provide a high density of Si-O and Si-C bonds which could be
4
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improving thermal stability of the composite due to their large bonding energies. However, beyond 10
wt% loading the authors reported reduced Td,5% and Yc due to excessive POSS aggregation [32].
3.2

Clay Nanocomposites
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Polymer nanocomposites with clay, especially montmorillonite (MMT), have been most widely studied to
improve the thermal and mechanical properties of thermoplastic and thermoset polymers [33, 34, 35].
The layered silicates in clay are stacked together with alternate layers of negative charges generated by
metallic ions such as Si, Al or Mg and counter positive alkali or alkaline cations such as Na and K. These
hydrophilic silicates are made compatible with polymeric matrices (organophilic) through ion exchange
modification with organic cationic surfactants as shown in Fig. 3 [36]. The morphology for the
polymer/layer structure composites lies between intercalated and exfoliated structures. In intercalated
nanocomposites the interlayer d-spacing is increased due to penetration of several polymer chains while
in the exfoliated nanocomposites, the polymer matrix extensively penetrates and delaminates the layer
structure. The nanostructure morphology developed by dispersion of clay particles in the organic matrix
play a pivotal role in the final thermal or mechanical property of the nanocomposite. Several studies with
different intercalating agent such organic cations have been carried to improve the clay particles
dispersion in the CE matrix which are discussed below [37].
To prepare CE-clay composites, resin is usually heated to 60-90℃ to reduce the viscosity followed by
high shear mixing post clay addition. Various clays such as bentonite and MMT with various organic
modifications have been studied with CE resin to form intercalated and exfoliated composites. For
instance, Ganguly et al. demonstrated the effect of various loadings of Cloisite 30B modified MMT in a
Table 1: Cyanate ester-silica composites thermal results data
Silica additive

Sample

Tg , °C

Td,x , °C
Td,5

Ref.
Td,10

Neat BADCy

280*

-

476

BADCy + 1wt%

284*

-

470

BADCy + 2wt%

*

-

475

*

-

472

-

467

BADCy + 4wt%
BADCy + 8wt%

ATT-NH2 silica nanorods

282
259

252*

nano-SiO2 particles

Neat BADCy

281

surface treated with

Untreated nano-SiO2

310

KH-560 or

nano-SiO2 treated with KH-560

SEA-171

nano-SiO2 treated with SEA-171

310
310

ǂ

388.9

-

ǂ

434.3

-

ǂ

441.3

-

ǂ

464.3

-

Neat BADCy
BADCy + 6wt%

298

ǂ

272

ǂ

294
280

-

BADCy + 12wt%

270

ǂ

264

-

257

ǂ

259

-

239

ǂ

255

-

213

ǂ

249

310

ǂ

382

-

326

ǂ

412

-

335

ǂ

426

-

382
368

-

BADCy + 18wt%
BADCy + 24wt%
BADCy + 36wt%
Epoxidized polysiloxanes

Neat BADCy
BADCy +5wt%
BADCy + 10wt%
BADCy + 15wt%
BADCy + 20wt%
Epoxidized POSS

315

ǂ

325

ǂ

28

29

30

32

T d,x : Temperature at x wt% loss
ǂ

T g : Glass transition temperature *DSC DMA
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phenolic based CE resin on thermal properties such as Tg, coefficient of thermal expansion (CTE) and
thermal stability. XRD experiments provide evidence that the resin penetrated into the galleries as the
interlayer spacing of clay increased from 17.83Å to ca. 40 Å in cured samples. Additionally, Tg, Td,5% in
air increased from 305, 334℃ for neat resin to 329, 384 and 390, 395℃ at 1% and 5% clay
respectively. Yc correlated to the respective clay content as expected for all composites. Clay particles
also reduced the CTE for the composites from 60 µm/m℃ to 50 and 44 µm/m℃ at 1% and 5% clay
loadings. A drastic increase in interfacial area and increased interfacial adhesion between nanoscale
reinforcements and resin are often suggested mechanisms for these superior thermo-mechanical
properties of nanocomposites [38]. Similar improvements in Tg and Td,5% were observed by Bershtein
et al. using amino functionalized MMT clay in bisphenol-E CE resin [39]. Further, clay has been
reported to considerably improve the flame retardance of CE matrix for aircraft interior application.
Gilman et al. studied flammability of phenolic CE PT-15 and PT-30 nanocomposites with various MMT
based clays to find an effective organic treatment for MMT to facilitate intercalation and ultimately
exfoliation. They worked with purified sodium MMT (Na-MMT), methyl, tallow, bis-2-hydroxyethyl,
ammonium MMT(OH-MMT), dimethyl, ditallow ammonium MMT (A-MMT), and two different
melamine-based ammonium MMT, i.e., melamine hydrochloride (MEL-MMT) and melamine
pyrophosphate (MPP-MMT). Lower molecular weight PT-15 resin intercalated more resin in the
galleries than PT-30 due to a similar dependence as bulk diffusivity on polymer molecular weight
(Apparent diffusivity, D ∿ Mw-2). CE-MMT clay nanocomposites demonstrated reduced heat release rate
(HRR), for instance, from 1275 kW/m2 for PT-30 CE to 580 and 430 kW/m2 and for 16 wt% MEL-MMT
and MPP-MMT clay nanocomposites, respectively. They also outlined that aside from HRR, mass loss
rate (MLR) was the primary parameter influenced in the CE-clay nanocomposites. However, specific
extinction area (SEA, a measure of smoke density), carbon monoxide yield, and heat of combustion (Hc)
remained unaffected due to the absence of any gas phase combustion process change. As explained
earlier, clay nanoparticles provide a hindered gas product diffusion and protect the organic material
sandwiched between the silicate layers from heat preventing combustion, thereby acting
predominantly in the condensed phase. [40]
Figure 3: Schematic view of cation exchange to prepare organically modified MMT clay and possible intercalation with cyanate
ester matrix [41]

3.3

Boron Fillers

Boron fillers are non-oxide ceramic materials and have recently drawn much attention to improve
thermal conductivity and stability of thermoset polymeric materials. Li et al. presented BADCy and
6
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dicyclopentadiene bisphenol cyanate ester (DCPDCE) CE composites with boron nitride (BN) fillers.
As with clay composites, BN particles are added to heated resin and stirred, followed by thermal
curing in molds. They reported an improvement in Td,5 by about 20 ℃ on addition of 5 wt% BN filler
[42]. Wu et. al studied CE composites with hexagonal-BN nanoparticles. They reported improved
performance in thermal stability of the composites at T > 400℃ through TGA experiments. Td,5
seemed to remain unaffected up to 15 vol% loading of h-BN fillers and was close to 455 ℃ as
reported for pristine resin. Additionally, h-BN/BADCy nanocomposites manifest lower CTE values
depending on filler loading [43]. Boron fillers for thermal property modification of thermosets are a
fairly new concept and previous work have failed to outline the mechanism for improvement in
thermal stability in CE matrix. Boron compounds are used commercially to improve flame retardance
of cellulose and wood products [44, 45]. In a recent review, Dogan et al outlined that boron
compounds act in both condensed and gas phase to improve flame retardance of polymeric materials
as shown in Fig. 4. They explain that boron compounds (zinc boron, boron phosphate, boric acid,
boron nitride, borax) have been explored as synergistic additives in cellulosic materials with
phosphorous, nitrogen, silicone and carbon containing flame retardants. Additionally, boron
compounds decompose endothermically which acts as heat sink in the degradation process. Some
organoboron compounds also liberate free radicals which as radical scavengers and liberate noncombustibles in gas phase [46]. Boron additives have been studied in thermoplastic materials such as
HDPE, PET, PVC etc., however their application in thermoset materials is limited in the literature [47,
48, 49]. In the last few years, researchers have explored boron chemistry in polymeric materials to
improve thermal conductivity, flame retardance, and as dynamic cross-links for self-healing and 3D
printing materials [50, 51, 52, 53, 54]. In our recent work, we demonstrated exceptional
improvement in thermal performance of CE with boron cage carborane compounds. [55]. The
hydroxy and epoxy functionalized carboranes were solvent blended in CE and thermally cured. These
hydroxy and epoxy functionalities form iminocarbonate and oxazolidinone chemical linkages with CE.
We observed an improved char yield from 0% to 76 and 82% with 30 wt% hydroxy and epoxy
carborane loading respectively at 1000℃ in air. We believe the non-toxic nature, diversity of boron
chemistry, and its possible synergistic interactions [56] with other elements in the matrix such as
nitrogen, oxygen, carbon, phosphorous and silicone can be beneficial to provide thermal resistance
and flame retardance of a wide variety of thermosets, including CE.

3.4

Phosphorous

Phosphorous based flame retardants (PFR) are widely studied for all polymeric materials. PFRs
quench the reaction sequence by reacting with the free radical decomposition products back to the
condensed phase. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is one of the most
promising PFRs studied extensively with various polymeric materials to improve their flame
retardance. Several research articles also outline the functionalization of DOPO to improve its
compatibility with CE resin [57, 58, 59, 60]. Lin modified BADCY monomer by reaction with DOPO at
125℃ with 1-4 wt% phosphorous content. He reported a reduction in Tg with increase of DOPO
content from 285℃ for neat resin to 162℃ at 4 wt% phoshorous in the composite from DOPO. Yc at
650℃ also dropped by about 5-20% at 650℃ both in air and inert environment with increasing
phosphorous content. However, the composites demonstrated improved flame resistance from UL-94
burning for neat resin to UL-94 V-0 rating above 1.5 wt% phosphorous loading [58]. Thus,
phosphorous additives improve the flame retardance of CE, however, result in decrease in application
temperature (reduced Tg) and overall thermal stability (reduced Yc of the composite). Epoxy-cyanate
ester composites with PFR demonstrate improved thermal stability in addition to increased flame
7
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retardance [60]. However, co-curing of epoxy and cyanate ester thermosets results in varied
compositions of triazine, isocyanurate and oxazolidinone linkages in the material resulting in vastly
different properties intermediate to both resins depending on initial loadings and hence are
considered out of the scope of this review.
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Figure 4: Proposed flame retardant actions of boron compounds in cellulosic materials. Reprinted from Composites: Part B,
Vol 222, Dogan et. al, Flame retardant effect of boron compounds in polymeric materials, 109088, Copyright (2021), with
permission from Elsevier
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Conclusion

In this article, we have discussed recent advances to improve thermal stability of cyanate ester matrix.
CE belongs to a family of high temperature thermoset materials with excellent thermal stability, low
moisture absorption and dielectric loss properties. These properties make CE suitable for aerospace
and defense applications. Recent attempts to improve thermal stability of CE include various silica and
clay-based composites which form impermeable inorganic oxide layer protecting the underlying matrix
and preventing loss of gaseous components. Additionally, boron-based fillers such as boron nitride
have demonstrated success to improve thermal stability of CE. Although boron additives are a new
concept for polymers, we believe the nontoxic nature and diversity of boron chemistry make it an
interesting additive for future high temperature materials. A deeper understanding of boron chemistry
for thermal stability improvement and interactions of boron with resin matrix during degradation may
enable better design of thermoset thermal properties. Phosphorous based flame retardants such as
DOPO improve fire resistance of CE, however they also reduce Tg and Yc resulting in a decrease in
application temperature. In the future, synergistic CE composites with a mixture of boron and
phosphorous additives could also be interesting to explore.
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