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ABSTRACT: Cyanate esters (CEs) are recognized as matrix materials in
composites for high-temperature structural applications, owing to their
excellent thermal and dimensional stability, resistance to micro-cracks, low
moisture absorption, and low dielectric loss. Though the brittle nature of
CEs curtails their effective utilization, thermoplastic toughening has paved
the way to circumvent their innate brittle attribute by virtue of the resulting
two-phase morphology. This Review enumerates detailed deliberation on
thermoplastic toughening of CEs and their semi-interpenetrating networks.
Further, the effects of various decisive variables like thermoplastic
concentration, molecular weight, and curing conditions are also reviewed
and disserted in detail. In addition, the mechanical properties of numerous
developed CE blends and their toughening mechanism are deliberated to
elucidate their substantial engineering applications. This Review renders a

detailed contemplation on thermoplastic toughening of CEs, composite fabrication methodology, and their structural integrity for

high-temperature applications.

1. INTRODUCTION

Reduction in the weight of a component, especially in space
applications, is coupled with improvements in the performance
of the system along with fuel economy and increase in payload
capacity. The development of composite materials has provided
designers the flexibility to tailor properties such as strength,
modulus, fracture toughness, and thermal stability. A recent up-
and-coming trend in the composites industry is to develop
composites for high-temperature structural applications, such as
parts around aero-engines, leading edges, rotor blades, etc. In
the past, epoxy-based composites with high-strength fibers like
carbon/glass have been the major class of material catering to
the needs of such specialty applications.”” However, current
epoxy-based systems have drawbacks of excessive water
absorption and residual stresses, leading to micro-cracks when
thermally cycled.” Also, the maximum service temperature of
these epoxy systems for structural application is approximately
177 °C, while further introduction of wet environments
restricts this to 149 °C.* Hence, researchers are searching for
matrix materials exhibiting high service temperature along with
improved toughness and reduced water uptake. Cyanate esters,
bismaleimides, and polyimides are a few of the choices of
materials that are being continuously evaluated for their
capability to match the requirements for specialty applica-
tions.*~"*

Cyanate esters (CEs) are becoming a popular choice in high-
temperature specialty applications because of their excellent
mechanical and physical properties, including high glass
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transition temperature (T,), excellent thermal stability, low
dielectric loss, low moisture uptake, and low flammability.*
Compared with epoxies and bismaleimides (BMIs), CEs are
inherently more hydrophobic, and cured neat resins absorb
only 0.5—2.5 wt% of water.”'” The cost of CEs is also
comparable with that of high-performance epoxies and less than
that of BMIs. Along with high-temperature structural space
applications, CEs have tremendous potential in the electronics
industry for making printed circuit boards, building radome
structures, etc.b14710

Monomers of CEs polymerize by a cyclotrimerization
reaction to yield a cyanurate-linked polymer network also
referred to as a triazine ring. CEs are available in a variety of
forms including liquid, solid, semisolid, and solution and have
excellent shelf-life at room temperature.” High cross-link
density associated with CEs contributes to achieving a high
T, but, on the flip side, can be blamed for the low fracture
toughness. Therefore, enhancing the toughness of CE resins is
a major concern in order to use them as matrix in high-
performance applications. Various approaches have been
studied to enhance the toughness of CEs, including blending
with epoxies, BMlIs, reactive rubbers, and engineering thermo-
plastics."’~>” Thermoplastics toughening is attractive and
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effective toughening mechanism, as the resulting blend system
retains important inherent properties of CEs. Engineering
thermoplastics like poly(ether imide), polysulfones, polyimide,
poly(ether sulfone), polyacrylate, etc. are miscible in cyanate
monomers, forming homogeneous blends.””~** Handling and
processing of these blends are similar to those for epoxies;
hence, well-developed processing techniques known for epoxies
can easily be imported. Curing of these blends leads to phase
separation, forming semi-interpenetrating networks with
properties greatly depending upon the morphology ob-
tained.”*™*° Various morphologies are observed, including
phase-inverted and co-continuous. Hence, understanding the
effects of morphology-controlling variables like molecular
weight, curing conditions, and blend composition is crucial in
order to tailor the final properties of blends.

CEs are extensively modified and evaluated to enhance their
toughening characteristics using various approaches such as
incorporating fillers, blending with elastomers or thermo-
plastics, using high-temperature thermosets, etc. Despite the
advantages of thermoplastic toughening in high-temperature
thermosets, it has not been extensively reported and reviewed.
Hence, in this Review, a comprehensive study on the
thermoplastic toughening of CEs and tailoring of the final
properties of the blend through control of morphology is
presented. In this abstraction, various toughening mechanisms
involved in modification of high-temperature thermosets, their
processing routes, and control of variables involved in the
processing are reviewed in detail. Further, we delineate various
thermoplastics for their toughening potential in CEs in addition
to the number of different morphology-dominating variables
and mechanical properties of blends. Subsequently, we
demonstrate the utilization of these toughened blends in the
development of high-temperature composites for engineering
applications like radomes, tail assembly, leading edges, rotor
blades etc. Though it is ambitious to cover the entirety of the
published work on this topic, we have made an attempt to
compile most of the literature which can make the greatest
potential impact in this field.

2. CONCEPT OF POLYMER BLENDS AND
INTER-PENETRATING NETWORKS

Polymer blends are defined as “a mixture of at least two
polymers or copolymers with their concentration above 2 wt
9%”,” and a new class of materials has improved properties,
comprising the advantages of each polymer constituent.
Blending is an easy and economical method for developing
new polymeric material, allowing tailoring of properties in
accordance with end use by appropriate selection of the
polymer combinations. Polymer blends are broadly classified
into two major types: miscible blends and immiscible blends.

Miscible blends are homogeneous single-phase systems that
can undergo phase separation while curing and generates
different morphologies. Since the properties of a cured polymer
blend depend on the final morphology obtained, various
researchers have undertaken extensive studies on the miscibility
and phase separation behavior of polymer blends.”**~°

2.1. Miscible and Immiscible Blends. Thermodynami-
cally, blends are classified into miscible, partially miscible, or
immiscible on the basis of the Gibbs free energy (AG,,;,) value
of the mixture,”””” given by the following equation:

AG,,, = AH_, — TAS_, (1)

4480

In order to get a miscible solution (binary blend), the following
two conditions need to be satisfied:

First,
AG,, <0 2)
Second,
*(AG,,
[7(0 2‘““‘)] >0
¢ T,P 3)

where AG,;, is the Gibbs energy of mixing and ¢ is the
composition, usually taken as the volume fraction of one of the
components.

Here, AS_;, is the entropy of mixing. It is always positive and,
therefore, favorable for mixing. AH,; is the enthalpy change
due to mixing, which can be either endothermic or exothermic.
Exothermic reactions that occur during mixing, which drive the
system toward miscibility, are possible only if strong specific
interactions like polymer hydrogen bonding, dipole—dipole,
and ionic interactions are present in polymer components.”®
These specific interactions can be understood using techniques
such as Fourier transform infrared (FTIR) spectroscopy, small-
angle neutron scattering (SANS), and nuclear magnetic
resonance (NMR) spectroscopy. It is believed that blends
which show a single T, are miscible blends. However, T, is
insensitive to thermodynamic miscibility and depends on the
degree of dispersion. Hence, a single T, does not necessarily
represent miscible blends, as immiscible blends with fine
dispersions of phases have also shown single T, values.*® Zhan
et al.*” reported that a blend of CE/poly(ether imide) (PEI)
shows a single T, at an early stage of curing (up to 6 min for
curing at 150 °C§ and then two T, peaks for each component.
Their study concluded that the CE/PEI blend was homoge-
neous up to 6 min at 150 °C curing and then phase-separated.

The most popular theory for defining thermodynamic
miscibility of polymer blends was developed by Flory and
Huggins in 1941.%° This theory defines miscibility and helps us
to construct a phase diagram of blends. According to this
theory, free energy of mixing is given by

_ 4 ¢,
AG,, = RTV[(VI] In(¢)) + (72) 1n(¢2)] + Bp, ¢,

4)
where yj, = y1,/V, and B = y,RT(V/V,), with V, molar
volume, ¢; volume fraction, and y,, a binary interaction
parameter.

Flory and Huggins defined the critical binary interaction
parameter (1, ..), and blends with binary interaction
parameter above the critical point result in phase separation.
Zhan et al.*"* applied the Flory—Huggins equation to draw a
phase diagram for CE/PEI and concluded that 15 parts per
hundred (phr) concentration was a critical point corresponding
to the lowest curing conversion of CE. Further, Zhan reported
that, for the phase separation mechanism at a concentration of
thermoplastic lower than the critical point in conversion versus
composition transformation diagram results in a nucleation and
growth (NG) mechanism, while for higher concentration above
the critical point it leads to phase separation by spinodal
decomposition (SD).”” Borrojio et al.*’ and Pascault et al.*
investigated rubber-toughened CE blends using the Flory—
Huggins equation and concluded that phase separation occurs
due to changes in free energy dominated by changes in entropy
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Figure 3. Schematic of phase separation and morphology changes with increasing thermoplastic concentration: (a) particulate, (b) co-continuous,

and (c) phase-inverted.

during polymerization. The solubility parameter approach is
also used to define soluble blend combinations. The solubility
parameter of CE is § = 25.23 (J/mL)"? and polymers having
solubility parameter values close to the CE solubility parameter
are defined as miscible in CEs.”**'

2.2. Interpenetrating Networks (IPNs). IPNs form an
another class of polymeric component system, having two
cross-linked polymer networks without any covalent bonding in
between them. Figure 1 shows a schematic representation two
cross-linked networks, A and B, combining to form an
interlinked full-IPN. Another binary network with only one
polymer cross-linked is also referred to as an IPN but, more
precisely, a semi-IPN. As shown in Figure 2, linear chain B
combines with network A to lead to a semi-IPN in which only
one polymer is in network form.

IPNs can be prepared by mixing two monomers and then
cross-linking them to form a network or by dissolving the
second polymer in the network of the first polymer followed by
curing the second polymer to form a network. Another route
leading to IPNs is the blending of two polymers which are
thermodynamically miscible and then cross-linking them to
form a network. IPNs may undergo phase separation following
kinematics like NG and SD and follow four distinct stages to
yield the final morphology.*

During the first stage, both polymers remains soluble and
form a clear transparent solution. As polymerization proceeds
to stage two, the solution clouds up and phase separation
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occurs following a NG mechanism. In stage three, an
interconnected cylinder develops following a SD mechanism.
Further, as the polymerization proceeds to the stage four, it
results in growth of domains.’*** This dual phase continuity
causes an increase in the area under the loss modulus vs
temperature curve near the Tg.44 A morphology with smaller
domain sizes shows one broad glass transition peak, while with
larger domain sizes two distinct glass transitions are
observed.”®* IPNs are considerably more important, as they
combine two non-compatible polymers in network form, like
brittle high-temperature thermosets and tough thermoplastics.
The resulting material combines the inherent advantages of the
individual components, such as the toughness and ease of
processing of thermoplastics and high service temperature of
thermosets.

3. MORPHOLOGY AND PHASE SEPARATION

Phase separation occurring in soluble blends of amorphous
thermoplastics/thermosets is an effective means for toughening
the thermoset without degrading its inherent properties.”> Co-
continuous and phase-inverted morphologies are known to
improve mechanical properties for this type of system.

Figure 3 shows the morphology change as a function of
concentration of added component. Component A, which is
represented in black, is added in component B, shown in white.
At lower concentrations of component A, spherical particles of
component A are dispersed in a matrix of component B, and
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Figure 4. Cyclotrimerization of cyanate esters.

the resulting morphology is termed a particulate morphology,
as shown in Figure 3a.

Although particles tend to take the spherical shape to
minimize surface energy, other shapes are also possible, such as
ellipsoids, platelets, etc. This phase separation is seen as shifting
from a single-phase region to a metastable region in a phase
diagram. In the metastable region of the phase diagram, phase
separation occurs due to the NG mechanism, involving slow
nucleation of component A followed by growth.*

An increase in the concentration of component A leads to a
transition from the single-phase region into the spinodal region.
Here, phase separation occurs by the SD mechanism and leads
to co-continuous or phase-inverted morphology. Figure 3b
shows the co-continuous morphology, in which both phases are
continuous. This morphology is also termed as a “sea—island”-
type morphology. With a further increase in the concentration
of component A, phase inversion occurs, in which component
A becomes the matrix and component B is dispersed in particle
form, as shown in Figure 3c.

4. ELASTOMER VS THERMOPLASTIC TOUGHENING

Cyanate ester prepolymer has a reactive (—O—C=N)
functional group which on curing undergoes cyclotrimerization.
The resultant three-dimensional cross-linked network is often
called a poly(cyanurate), as shown in Figure 4.%* The curing
reaction is an addition polymerization reaction which does not
form any byproducts. The CE homopolymers based on
bisphenols have a T, in the range of 250—290 °C, and for
CEs based on novolacs, even higher T, in the range of 270—350
°C or above are possible.” CEs possess excellent electric
properties with a low dielectric constant (D, = 2.66—3.08),
which is unusual for equally high temperature resins. Even
blending CEs with epoxies and BMIs has resulted in superior
dielectric properties in the modified systems.””*’ CEs are
inherently tougher than epoxy and other high-temperature
resins, and the fracture toughness of neat bisphenol A dicyanate
(BADCy) resin is 0.62 MPa-m'/2* In order to enhance the
toughness of CEs, two main approaches are popular. A number
of studies are available for toughening of high-temperature
epoxies with reactive elastomeric rubbers such as carboxyl-
terminated butadiene—acrylonitrile (CTBN) copolymers.*~>*
This approach has also been extended to toughening of CEs
without much success. Elastomer toughening causes significant
improvement in the fracture toughness; however, a major
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drawback of this approach is that it causes degradation in high-
temperature properties. Further, the addition of soft rubber in
the stiff matrix reduces the overall yield strength and the
modulus of system.”'

Shaw et al.”® blended CTBN with a BMI polymer system and
reported an improvement in toughness only after 100 phr
concentration of modifier. Such a high rubber loading causes
degradation in the service temperature and modulus properties.
Yang et al.>**’ investigated toughening of CE resin using an
experimental core—shell rubber modifier and reported a
significant enhancement in toughness of the matrix.

Sachdeva et al.>® investigated rubber toughening of high-
temperature polyimide (PI) and reported a decrease in the T,
of PI from 300 to 137 °C. Unsaturation present in elastomeric
structures like CTBN and amine-functionalized butadiene—
acrylonitrile copolymer rubbers (ATBN) provides unwanted
sites for reactions at high temperature.”® Toughening of high-
temperature polymers with particulate fillers like glass, silica,
aluminum hydroxide, and zirconia also has been reported with
limited success.””*

On the other side, thermoplastics toughening of high-
temperature thermosets resulted in significant improvements in
fracture toughness without reducing their high-temperature
properties.él_68 As phase separation occurs while curing,
individual components retain their Tg.zs’69 Marieta et al.”’
showed that CE and PEI, having T, = 27§ and 220 °C,
respectively, retain their transition temperatures after blending
at various concentrations such as 10, 15, and 20 wt% PEI. The
phase-separated domain of the blend resulted in two T, values,
corresponding to the individual constituents in the blend. A
slightly increase in T, of PEI is reported for 15 and 20 wt% PEI
blends. Thus, blending with thermoplastics having higher T,
results in an overall higher T, of the blend system. Further,
chemical resistance is also found to be improved for such
systems.

Hedrick et al.’"* investigated blending hydroxy-function-
alized poly(aryl ether sulfones) with epoxy resin at different
molecular weights and reported improvement in fracture
toughness. They showed that the addition of functionalized
polysulfone (PSF) results in a two-phase particulate morphol-
ogy, with particle size increasing with increase in molecular
weight of the PSF. Hence, understanding the fundamentals
associated with thermoplastic toughening and further its
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application in toughening of high-temperature thermosetting
CEs became more important.

5. THERMOPLASTIC/CYANATE ESTERS BLENDING
TECHNIQUES

Two main blending techniques, namely solution blending and
solvent-free temperature-assisted solution mixing, are adapted
for thermoplastic toughening of CEs. However, each of them
has certain merits and demerits over the other.

5.1. Solution Blending. In the solution blending
technique,””* initially thermoplastics are dissolved in a
solvent such as dichloromethane (CH,Cl,) to form a liquid
solution. This liquid thermoplastic solution is then mixed with
CE monomers/prepolymers at room temperature. The mixture
is then continuously stirred, and heating is employed if
necessary. The residual solvent is removed by the use of a
vacuum along with heating to 90—120 °C, and catalyst is added
if required. Figure 5 shows a schematic representation of the
solution blending process. Solution blending is convenient and
has been successfully implemented for blending of many
thermoplastics, including PEL”" poly(ether sulfone) (PES),””
etc.
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Thermoplastic loadings of large quantities can easily be
processed with solution blending.”> However, removal of
residual solvent imposes a great challenge, and 100% solvent
removal is difficult to achieve. Further, an increase in viscosity
of the solution with addition of thermoplastics imposes
difficulty in the solvent removal process.

5.2. Solvent-Free Temperature-Assisted Solution
Mixing. Amorphous thermoplastics like PSF, PEI, PES,
polyacrylate, polycarbonate, etc. are miscible in CEs. This
property of CEs can be utilized for obtaining blends of
thermoplastics and CEs. In this process, pellets or a fine powder
of thermoplastics is slowly added into liquid dicyanates such as
AroCy L-10 with continuous stirring,30 as shown in Figure 6.
Liquid dicyanates are initially heated to a temperature of 100—
130 °C.>***7* If required, curing catalyst can be added during
blending.*' Complete mixing is ensured by observing trans-
parency of the solution, and degassing is done to remove
bubbles that form during mechanical mixing.

This process is extensively reported as “melt mixing”, which
typically refers to the process of melting the polymers and then
mixing them to obtain homogeneous blends, and it utilizes
specialized equipment like compounders, batch mixers, and
extruders. Hence, this process cannot be corroborated
technically as melt mixing. Therefore, the above blending
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process can also be termed as “solvent-free temperature-assisted
solution mixing” based on its characteristics. Solvent-free
temperature-assisted solution mixing is a most suitable blending
technique for miscible thermoplastics up to approximately 20
wt%.”? This advantage of “temperature-assisted solution
mixing” makes the process more suitable for bulk production.

6. MORPHOLOGY AND MECHANICAL PROPERTIES
OF THERMOPLASTIC-TOUGHENED CYANATE
ESTERS BLENDS

The final morphology obtained after curing of thermoplastic-
toughened cyanate blends is of great importance, as it controls
the physical as well as mechanical properties of the end
application. The morphologies obtained depend mainly on the
thermoplastic composition, curing conditions, and molecular
weight, allowing us to tailor the properties. Thus, a study of
morphology and its variables becomes essential in the context
of thermoplastic toughening of high-temperature thermosetting
CE resins.

6.1. Poly(ether imide) (PEI) Blend. PEI has excellent
mechanical and electrical properties. It has high service
temperatures (up to 170—180 °C), low shrinkage, high
moisture resistance, inherent flame retardancy, and low
smoke emission during fire. Also, a low coefficient of thermal
expansion (CTE) and a high dielectric resistivity are important
properties of PEL. However, high cost and high density are the
major drawbacks of this novel thermoplastic.”®

6.1.1. Effect of Composition on Morphology. Harismendy
et al,*" Tao et al,”* and Wang et al’¢ studied the effect of
thermoplastic concentration on the final morphology obtained.
For a composition of 5 wt% PEI], the particulate morphology is
obtained. However, the spherical particles of PEI are very fine
and can only be identified at higher magnification. Similar
particulate morphology was obtained with a blend of 10 wt%
PEJ, in which spherical domains of around 0.5 mm diameter are
dispersed in the cyanate-rich matrix, as shown in Figure 7a.
This clearly shows that the degree of phase separation is higher
for 10 wt% as compared to 5 wt% sample, and nucleated
spherical particle thus grows in size. In this morphology, two
particles size are observed, and in order to increase fracture
toughness, bimodal distribution is preferred over unimodal
distribution. This phase separation was attributed to the NG
mechanism in which PEI phase nucleates and grows in cross-
linking cyanate matrix during curing of the blend.*”

A blend with 15 wt% PEI shows co-continuous morphology
in which both the PEI and cyanate phases remain continuous.
Also, small spherical particles of PEI and cyanate are dispersed
in the cyanate-rich and PEI-rich phases, respectively, as shown
in Figure 7b. This is attributed to secondary phase separation
which occurred in already phase-separated PEI- and cyanate-
rich domains. Adhesion of particles and matrix in the PEI-rich
phase was poor, whereas the cyanate-rich phase showed good
adhesion between particles. This is mainly because of the higher
contraction of the thermosetting-rich phase compared to the
thermoplastics-rich phase.*’

Further increasing the composition up to 20 wt% leads to
complete phase inversion, as shown in Figure 7¢, in which
cyanate appears as an independent spherical domain of around
2 mm diameter dispersed in PEI matrix. This co-continuous
morphology shows broad particle size distribution. The phase
separations for 15 and 20 wt% PEI concentration leading to co-
continuous and phase-inverted morphology follow the SD
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Figure 7. (a) Particulate morphology (10 wt% PEI). (b) Co-
continuous morphology (15 wt% PEI). (c) Phase-inverted morphol-
ogy (20 wt% PEI). Reprinted with permission from ref 76. Copyright
2006 Springer Nature.

mechanism, and 15 wt% composition is close to a critical point
in the experimentally studied phase diagram.>

Examination of fracture toughness reveals that maximum
toughening is achieved with 20 wt% PEI blend, which gives
phase-inverted morphology. The main reason for the increment
was ductile deformation of the thermoplastic matrix.">** Also,
the particulate morphology associated with 10 wt% PEI gave an
almost 2-fold increase in toughness compared to neat cyanate
resin.” This significant improvement is mainly because of the
crack path deflection behavior of PEI spherical particles. Tensile
study on blends concluded that addition of thermoplastics does
not lead to significant changes in flexural properties, though the

DOI: 10.1021/acs.iecr.7b05202
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Table 1. Mechanical Properties of CE/PEI Blends with Varying PEI Concentrations and Molecular Weights

tensile strength tensile modulus elongation at break compression strength Gic
composition (MPa) (GPa) (%) (MPa) Kic (MPam'?)  (J/m?) refs

BADCy 63.7 227 4.14 327° 0.62 100” 45, 71

BADCy/PEI(0.3) = 756 2.38 4.66 3520 1.35¢ 495% 45,71
90/10

BADCy/PEI(0.3) = 84.7 2.39 5.86 427" 1.6 680% 45,71
85/15

BADCy/PEI(0.3) = 734 2.00 5.50 464" 3.1 2480 45, 71
80/20

BADCy/PEI(0.5) = 53.3 2.09 4.45 76
90/10

BADCy/PEI(0.5) = 62 1.98 445 76
85/15

BADCy/PEI(0.5) = 67.8 233 5.50 76
80/20

“Pre-curing at 180 °C for 3 h and post curing at 200 °C for 2 h, 250 °C for 1 h. bPre—curing at 160 °C for 3 h and post curing at 200 °C for 2 h, 250

°C for 1 h.

co-continuous morphology obtained for 15 wt% PEI gives the
maximum tensile stren_gth, tensile modulus, and percent
elongation at fracture.”"’® Mechanical properties of cyanate/
PEI blends are summarized in Table 1.

6.1.2. Effect of Curing Condition on Morphology.
Harismendy et al.” studied the effect of curing temperature
on morphology. Three different curing cycles, with pre-curing
temperatures of 140, 160, and 180 °C for 3 h and post-curing at
200 °C for 2 h and at 250 °C for 1 h, were compared to
determine their effect on the generated morphology of various
blend compositions, varying from 0 to 20 wt%. Further, it was
found that the activation energy for the curing reaction of CEs
is independent of thermoplastic loading.** For the blend with
5—10 wt%, varying the curing temperature does not alter the
overall morphology. However, the size of the spherical particles
was found to increase with increasing curing temperature. The
blend with 15 wt% PEI loading shows no significant change in
morphology for the three temperatures cycles studied, and its
phase separation mechanism remains the same. For 20 wt% PEIL
blend, 140 °C curing leads to globules of irregular sizes and
shapes, but 180 °C curing generates higher average particle size
distribution. Atomic force microscopy (AFM) study of the
fracture surface reveals signs of ductile deformation of the
thermoplastic matrix around particles.**

Fracture toughness was found to increase with increasing
curing temperature for S and 20 wt% PEIL, and it was
exceptionally high for 20 wt% PEI pre-cured at 180 °C. This
enhancement is due to the obtained bimodal distribution of
particle sizes with small spherical particles and big globules.
However, 10 wt% PEI showed a decrease in toughness with
increasing pre-cure temperature, as particle size increased. For
PEI with 15 wt% composition, the fracture toughness remains
unaffected by changes in the curing conditions.

A similar trend was observed for the tensile test study, which
shows that increase in tensile strength with increase in pre-cure
temperature and for 20 wt% PEI blend, 180 °C pre-cure
temperature results in highest tensile strength, as shown in
Table 1.

6.1.3. Effect of Molecular Weight on Morphology. With
increasing molecular weight, the viscosity of the blend also
increases, thereby affecting phase separation during blend
curing. Wang et al.”® used two different PEIs having inherent
viscosities of 0.3 and 0.5 dL/g with 6 h curing at 150 °C. The
blend with 10 wt% PEI (0.5 dL/g) leads to a morphology
different than particulate, in which a ribbon-like matrix domain
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of PEI is dispersed in the cyanate-rich matrix. Using 20 wt%
PEI at 0.5 dL/g leads to smaller particle size than PEI at 0.3
dL/g at the same composition, mainly because the smaller
cyanate particles are not able to merge further due to the
increased viscosity of PEI with 0.5 dL/g sample.

Confirming the previous observations on morphology, 15 wt
% PEI (0.3 dL/g), resulting in co-continuous morphology,
showed the maximum tensile strength. Ribbon-like morphology
is found to give minimum tensile strength, and hence, tailoring
of the molecular weight of the modifier becomes essential, in
order to avoid ribbon-like morphology.

6.2. Poly(ether sulfone) (PES) Blend. PES has high
service temperatures up to 180 °C in an unstressed condition
and good mechanical properties. It has fair shrinkage and
moisture uptake properties. The broad range of service
temperature, good creep behavior, and excellent electric
properties are key features of this thermoplastic.”

6.2.1. Effect of Composition on Morphology. Recently, in
2013, Thunga et al.”® evaluated toughness and CTE behavior as
a result of blending with PES at different compositions. Up to
1S wt% of PES, the morphology observed was particulate, in
which finely dispersed PES particles were found inside a
continuous bisphenol E cyanate ester (BECy) phase. Increasing
concentration from 5 to 15 wt% PES resulted in an increase in
size and number of PES particles along with a simultaneous
decrease in cyanate phase. This morphology with continuous
BECy phase changes to a discontinuous structure at 20 wt%
PES, which is called a co-continuous phase. With PEI only 15
wt% loading resulted in co-continuous morphology, but here
with PES, a larger loading of up to 20 wt% is required to
achieve a similar morphology. This requirement of higher PES
loading as compared to PEI is mainly due to the lower
molecular weight of PES as compared to PEL. However, instead
of the phase-inverted morphology obtained at higher
concentrations of PEI, 30 wt% PES led to a non-uniform
phase-separated morphology in which large BECy micro-
domains are distributed inside the separated BECy/PES
structure.

Evaluation of flexural properties using a three-point bending
test concluded that flexural stress, flexural strength, and flexural
toughness increase initially up to 10 wt% PES, leading to
particulate morphology, and then decrease with further increase
in PES concentration. Kinloch et al.”” examined the fracture
toughness properties and results of mechanical properties of a
PES/CE blend, which are listed in Table 2. The decrease in
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Table 2. Mechanical Properties of PES-Toughened Cyanate
Ester Blend

flexural flexural flexural fracture

stress strain toughness ener
composition (MPa) (MPa) (MPa) J/m*) refs
0 wt% PES 110.8¢ 6 349“ 150° 26, 69
S wt% PES 128“ 8.7¢ 735% 26
10 wt% PES 131.7¢ 8“ 638" 190° 26, 69
15 wt% PES 118 7.7¢ 600” 26
20 wt% PES 927 4.5% 199° 379° 26, 69
25 wt% PES 330° 75
30 wt% PES 59¢ 2.15¢ 514 340° 26, 69

“Pre-cured at 180 °C for 2 h and post-cured at 250 °C for 2 h.
bFractured at 21 °C.

flexural properties at higher concentration (20—30 wt%) is due
to a discontinuous BECy phase. However, the CTE was found
to decrease with increasing PES concentration, as PES has a
considerably lower CTE (~2S ppm/°C) than BECy (~60
ppm/°C) at room temperature. A low value of thermal
expansion coefficient is essential for high-temperature polymer
composites to improve dimensional stability and avoid residual
thermal stress in composites.*®

When PESs are functionalized and blended with CEs, they
exhibit improved properties. Chang et al.’* used hydroxyl- and
cyanate-terminated poly(ether sulfone)s, denoted as HPES and
CPES, respectively, for toughening of BADCy. Two PES
compositions, 10 and 50 wt%, giving particulate and co-
continuous interconnected structures, respectively, were
evaluated for fracture toughness with and without using curing
catalyst. Surprisingly, the 10 wt% blend of CPES resulted in
blurring the interface with particulate morphology, as shown in
Figure 8a.

Figure 8. Morphology of 10 wt% PES having different functional
groups: (a) CPES and (b) HPES with 1 wt% catalyst. Reprinted with
permission from ref 30. Copyright 2000 Elsevier.

This blurring interface is a result of interaction between
BADCy and CPES due to polycyclotrimerizations by inherent
cyanate groups present in both monomers. This blurring
interface causes an improvement in adhesion between particles
and matrix. As HPES does not have a cyanate group, no
blurring interface was observed. But, as shown in Figure 8b, the
use of 1 wt% catalyst reveals the existence of the blurring
interface due to inter-reaction between the hydroxyl termini in
HPES and the cyanate group in BADCy, which is promoted by
the catalyst, thus improving mechanical properties, as listed in
Table 3.

6.2.2. Effect of Molecular Weight on Morphology. Rau et
al.”’ evaluated the influence of different molecular weights of
hydroxyl-functionalized phenolphthalein-based poly(arylene
ether sulfone) on the morphology of the PES/CE blend.
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Table 3. Effect of Functional Group and Curing Catalyst on
Mechanical Properties

tensile tensile fracture
strength, modulus, energy, G (J/

composition o (MPa) E (GPa) m?) ref

10 wt% HPES 81.97 3.15 33.5 30

50 wt% HPES 78.85 2.82 138.5 30

10 wt% HPES with 81.97 3.15 67 30
curing catalyst

50 wt% HPES with 78.85 2.82 415.6 30
curing catalyst

10 wt% CPES 81.98 3.16 80.3 30

50 wt% CPES 78.89 2.82 416.6 30

Two PESs, with number-average molecular weight M, = 15 000
and 20000 g/mol, were used to modify CEs at varying
compositions from 20 to 30 wt% PES. For M, = 15000 g/mol,
20 wt% PES resulted in co-continuous morphology, and
increasing the concentration to 30 wt% led to a finer phase
structure. However, increasing the molecular weight to M, =
20000 g/mol for similar 20 wt% PES concentration was found
to generate phase-inverted morphology. Zhan et al.*' found a
similar effect when the intrinsic viscosity of PES was increased
in a cyanate/epoxy/PES blend. Thus, higher viscosity at the
onset of phase separation, due to an increase in molecular
weight, can achieve co-continuous or phase-inverted morphol-
ogy even at a lower concentration of modifier. Recently, Uhlig
et al.”® studied four different molecular weights of PES to
modify two different grades of CEs. BADCy and METHYLCy
were modified using PES at varying molecular weights. It was
found that increasing molecular weight increases fracture
toughness in both CEs, and higher toughening was achieved
with co-continuous morphology obtained at 20 and 25 wt%
PES.

6.3. Polysulfone (PSF) Blend. PSFs have a broad range of
service temperature from —100 to +200 °C, and they are
known for their excellent mechanical and electrical properties,
fatigue endurance, fair shrinkage, and water uptake properties.
Continuous exposure to high service temperature up to 150 °C
is common for PSF thermoplastics. Additionally, their moisture
and hot water resistance properties are remarkable, with no
hydrolysis.”

6.3.1. Effect of Composition on Morphology. Study on CE
blend with PSF was first reported by Woo et al.”* in 1994.
Morphology study reveals that there is a transition of from
particulate morphology to co-continuous at 20 wt% concen-
tration. Further, Hwang et al*® investigated functionalized PSF
for its effect on toughening of CEs in 1997. PSFs were
functionalized via bromination and cyanation reaction to result
in cyanated polysulfone (CN-PSF), and both PSF and CN-PSF
were solution blended with BADCy in three different
concentrations of 10, 20, and 30 phr. For PSF concentration
of 10 phr, particulate morphology was observed, with spherical
particles having a size of around 0.5—1.0 um dispersed in the
BADCy matrix. Increasing PSF concentration to 20 phr led to
phase inversion, where the size of dispersed BADCy particles
was around 4—8 pm. Further increasing concentration to 30
phr does not alter the morphology, but the size of BADCy
particles is reduced to 1—2 pm due to increased viscosity of the
blend suppressing the growth of particles.

For CN(0.6)-PSF blend, smaller particle size of 0.2—0.3 ym
was observed for 10 phr, and an increase in concentration to 20
phr generates co-continuous morphology. Further increasing
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Table 4. Mechanical Properties of Neat PSF and CN-PSF at Varying Concentrations

composition flexural strength (MPa) flexural strain (%) flexural modulus (MPa) Kic (MPa-m'/?) ref
BADCy 19597 + 3.7 74 + 0.3 3112 + S1 0.62 48
BADCy/neat PSF (10 phr) 1854 73 69 + 0.6 3107 + 64 0.825 48
BADCy/neat PSF (20 phr) 183.8 £ 9.0 4.5 + 0.2 3200 + 114 1.125 48
BADCy/neat PSF (30 phr) 130.8 + 2.9 45+ 02 3106 + S1 1.25 48
BADCy/CN(0.6)-PSF (10 phr) 1665 + 7.5 73+ 12 2789 + 61 0.78 48
BADCy/CN(OAG)—PSF (20 phr) 149.6 + 12.5 5.8 +0.38 2844 + 69 1.14 48
BADCy/CN(0.6)-PSE (30 phr) 1413 + 3.6 50 +02 2887 + 61 152 48

concentration to 30 phr causes phase inversion, but the particle
size observed was small, 0.3—0.4 um. Also, adhesion between
particles and matrix was found to be good for observed
morphology. This change in morphology and reduction in
particle sizes are due to the chemical reaction of the functional
group in CN-PSF with the cyanate group.

Fracture toughness evaluation highlighted that a blend of
CN-PSF with 30 phr concentration has a maximum toughening
effect due to tough CN-PSF acting as matrix, and chemical
reaction helps in improving adhesion between particle and
matrix. Interestingly, 20 phr concentration for both cases leads
to equal toughening, as the morphologies observed are
different, where CN-PSF blend leads to co-continuous
morphology while PSF blend leads to phase inversion
morphology.

6.3.2. Effect of Curing Condition on Morphology. Changes
in morphology as a result of different curing conditions were
studied by Hwang et al.”” in 1999. Observation of morphology
revealed that the change in phase separation mechanism was a
function of curing temperature for the BADCy/PSF blend. For
curing temperature of 250 °C, particulate morphology with PSF
particles dispersed in BADCy phase was observed for 10 phr,
which changed to co-continuous at 15 and 20 phr
concentration, followed by phase inversion at 30 phr. However,
decreasing the curing temperature to 200 and 230 °C changed
the phase separation mechanism, even at 20 phr concentration,
and resulted in phase inversion, in which BADCy particles are
dispersed in the PSF matrix phase. Further, BADCy particle
size reduces with increasing concentration to 30 phr. This
reduction in BADCy particle size is due to an increase in
viscosity with a decrease in curing temperature constraining the
growth of particles. For a low curing temperature of 80 °C, only
10 phr of PSF concentration formed a co-continuous
morphology, which changed to phase inversion at only 15 phr.

Marieta et al.”” used AFM to study morphology changes as a
result of different pre-cure temperatures. For 15 wt% bisphenol
A PSF, the transition from particulate morphology to dual-
phase morphology consisted of both particulate and co-
continuous phases, which were observed with increasing pre-
cure temperature from 160 to 180 °C. Also, AFM images
revealed a secondary phase separation that occurs in the
separated thermoplastic domain.

6.3.3. Effect of Molecular Weight on Morphology.
Molecular weight causes changes in morphology due to the
fact that viscosity increases as the molecular weight of the
modifier increases. Hwang et al.”* in 2000 studied the effect of
four different molecular weights on morphology. Initially, at
low molecular weight, for samples with 10 phr concentration,
morphology was particulate, having PSF particles dispersed in
BADCy matrix. At the same concentration, increasing the
molecular weight led to an increase in size of PSF particles, and
at a higher molecular weight of around M,, = 84 400, the phase
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changed to co-continuous morphology. Thus, with higher
molecular weight, only 15 phr concentration can cause phase
inversion, and this change is driven by viscosity change.

6.3.4. Mechanical Properties of Cured Blend. Table 4
shows that the fracture toughness of neat BADCy was
improved as a result of adding PSF. For the neat PSF as well
as CN-PSF, the maximum value of fracture toughness was
obtained for 30 phr concentration. However, CN-PSF gives
maximum toughening due to the functional group present
which reacts and improves the adhesion between particles. Woo
et al.”> compared two thermoplastics, PEI and PSF, at 20 wt%
in polycyanate and concluded that PSF is more effective in
toughening, due to the observed small particle size of
approximately 0.8 ym compared to PEI particles, which are 2
um or greater in the co-continuous phase. The fracture
toughness, K¢, for 20 wt% PSF/polycyanate was 1.45 MPa-
m"2 much higher than that of PEL K¢ = 1.10 MPa-m'/?, at the
same concentration. However, the T, of PSF is lower compared
to PEL ie, T, < 200 °C.

Flexural properties of BADCy are found to degrade as a
result of blending with PSF. This is due to the fact that neat
PSF has a lower flexural strength of 127.6 MPa as compared to
neat BADCy.*

6.4. Poly(arylene ether) Blends. Poly(arylene ether)
blends are high-performance engineering thermoplastics with
service temperature up to 250 °C in unstressed conditions.
They have excellent mechanical properties with high modulus
and hardness. They also have good chemical and electrical
properties, good creep behavior, and good fatigue properties
along with fair resistance to moisture.”

6.4.1. Effect of Curing Condition on Morphology. Blends
with various concentrations of reactive thermoplastics, like
hydroxyl-functional phenolphthalein-based amorphous poly-
(arylene ether ketone), poly(arylene ether sulfone), and
poly(arylene ether phosphine oxide), have been reported to
have a toughening effect as a result of blending with CEs.
Srinivasan et al.*’ evaluated the effect of curing cycles on
morphology and the corresponding effect on toughness of the
blends. They reported that morphology changes from
particulate at 10 wt% to phase-inverted at 30 wt%, with co-
continuous at 20 wt% loading of modifier. For a blend of
phenolphthalein-based hydroxyl-functionalized poly(arylene
ether sulfone) (PPH-PSF-OH) with 25 wt% in CEs, initially
co-continuous morphology was obtained for a curing cycle of 1
h at 104 °C, which changed to finer phase morphology upon
holding 5 h at the same temperature. Evaluation of fracture
toughness concluded that a morphology that exhibits the finer
texture phase-separated domain results in lower fracture
toughness. The blend of poly(arylene ether phosphine oxide)
(PPH-PEPO-OH) with CEs does not show a preferential
staining in scanning electron microscopy (SEM), which is
attributed to the development of a phase-mixed network, which
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is further confirmed by a single peak in dynamic mechanical
analysis.”'

Table 5 shows the fracture toughness of all three poly-
(arylene ether) blends at various concentrations. The more

Table S. Fracture Toughness of Poly(arylene ether)
Modifiers at Varying Concentrations in Cyanate Esters

Kic (MN/m>?)

M, = 15000 M, = 15000 M, = 15000
concentration PPH-PEPO-OH  PPH-PEK-OH PPH-PSF-OH ref
0 wt% 0.53 0.53 0.53 80
10 wt% 0.61 0.7 0.8 80
20 wt% 0.7 0.9 121 80
30 wt% 0.8 13 1.87 80

distinguished phases and morphology of poly(arylene ether
sulfone) blend result in higher fracture toughness for all
concentrations compared to other poly(arylene ether)
modifiers. For 30 wt% PPH-PSF-OH, the maximum toughen-
ing is observed, with Kic = 1.87 MN/m>? The poly(arylene
ether ketone) (PPH-PEK-OH) blend resulted in intermediate
toughening with respect to the other modifiers.

6.4.2. Effect of Molecular Weight on Morphology.
Toughening of CEs as a result of blending with poly(arylene
ether sulfone) at various molecular weights was reported by
Srinivasan et al.*' in 1998. The study revealed that both
chemistry and the molecular weight of the modifier are
important to control the morphology and to result in a higher
toughening effect. Table 6 summarizes the fracture toughness
for different molecular weights of poly(arylene ether sulfone)
blends at different concentrations in CEs.

Table 6. Fracture Toughness of Poly(arylene ether sulfone)/
Cyanate Ester Blend at Varying Molecular Weights

Kic (MN/m>?)

concentration of poly(arylene M, = M, = M, =
ether sulfone) 10 000 15000 20000 ref
0 wt% 0.53 0.53 0.53 81
10 wt% 0.55 0.8 0.9 81
20 wt% 0.62 12 1.25 81
30 wt% 0.95 1.83 2.05 81

It can be seen that the low molecular weight of M, = 10 000
results in insignificant improvement in fracture toughness.
Study of its fractured surface gives evidence about the absence
of texture, signifying no multi-phase network formation. The
highest molecular weight of M, = 20 000 resulted in maximum
toughening, followed by intermediate improvement with M, =
15000. This improvement with higher molecular weight was
due to higher degrees of phase separation, which leads to a
larger domain in morphology. Again, a higher concentration of
modifier with phase-inverted morphology leads to the highest
toughening of the matrix.

6.5. Other Thermoplastics Blends. Harvey et al.*” studied
polycarbonate blends with CEs and concluded that no phase
separation occurred through characterization using small-angle
laser light scattering and differential scanning calorimetry.
Further, the T, for such a blend lies midway between the T,
values of the two individual polymers. However, no mechanical
evaluation was reported to conclude on toughening of the base
matrix. lijima et al.*' blended poly(ethylene phthalate) (PEP)
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with CEs to improve toughness. They reported that the
homogeneous solution formed with PEP and resulted in phase
separation after curing. The observed morphology showed fine
PEP particles of size less than 1 ym dispersed in cyanate matrix
for 20 wt% of PEP of low molecular weight (MW = 13 600);
further increase in molecular weight resulted in increased
particle size. Fracture toughness (Kc) study concluded that 20
wt% PEP (MW = 19 800) results in a 120% improvement in
fracture toughness. Also, flexural properties of these modified
systems were equal or a little higher as compared to those of
the unmodified system. However, a slight decrease in T, was
observed as a result of blending with PEP. The modification
also resulted in increased water absorption in this modified
system. Fainleib et al®’ evaluated blending of CEs with
hydroxyl-terminated polyethers such as polyoxypropylene
(PPG) and polyoxytetramethyl glycol (PTMG). Even loading
>10 wt% PPG resulted in tensile strength of around 30-35
MPa and glass transition value above 250 °C. Improvement in
tensile properties was observed up to a concentration of 40 wt
%, and further addition of modifier led to a decrease in tensile
properties of the matrix. Tijima et al.** synthesized random as
well as multi-block-type PIs and blended them with CEs. They
concluded that random PIs are more effective in toughening
than multi-block-type Pls. Further, co-continuous and phase-
inverted morphology resulted in effective modification of CEs.
A blend of 15 wt% random PIs (MW = 63 400) resulted in an
almost 65% increase in fracture toughness without degrading
flexural modulus and T,

Puglia et al.** reviewed the effectiveness of hybrid
modification of epoxy with microscale elastomer/thermoplastic
and nanoscale fillers such as silica, carbon nanotubes, clay, etc.
They concluded that hybrid modification in epoxy made it
possible to tailor multiple properties independently at two
length scales, i.e., nanoscale filler and microscale thermoplastic/
elastomer, thus extending their range of applications. This
hybrid modification provides an effective way to balance
between toughness and modulus properties along with
imparting excellent thermal and moisture stability in the
epoxy resin. This hybrid modification can also be extended for
these thermoplastic-toughened CE blends to enhance their
properties further. Filler modification of cyanate resins have
been studied by various researchers.**”®® Badrinarayanan et
al.*” incorporated zirconium tungstate in CEs to enhance the
dimensional stability, as zirconium tungstate has a negative
CTE. They reported that modified CE resin resulted in a
decrease in the CTE of the matrix, and hence reduced the
warpage and curvature in fiber-reinforced composites, thereby
minimizing residual stress. In another study, Pan et al.”
modified CE resin with silicate nanorods and reported a 40%
increase in the modulus. Further, strength and toughness were
increased to 42 and 55%, respectively. Wooster et al.”' studied
hybrid modification of CEs with silica filler and both elastomer
and thermoplastic modifiers and reported an increase in
toughness. Xie et al.”” evaluated the effect of a hybrid filler,
CTBN rubber/silicon nitride (CTBN/Si;N,), in the BADCy
resin and reported about 59.5% increase in impact strength.
Also, flexural strength was increased by 34.3% for the hybrid
modified system. Thus, hybrid modification of CE blends is an
another effective method to enhance the properties of matrix,
thereby extending their applications.
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7. TOUGHENING MECHANISMS IN
THERMOPLASTIC-TOUGHENED CYANATE ESTER
BLENDS

Understanding the mechanism of toughening is important, as it
allow one to design properties by controlling various decisive
factors such as particle size, volume fraction, modulus, etc.
Phase separation occurs in thermoplastic-toughened thermoset
resins, producing two-phase morphology, following various
toughening mechanisms based on the characteristics of the
polymer used. Commonly reported toughening mechanisms for
these blends are crack pinning, crack path deflection, crack
bridging, stress whitening and debonding, cavitation, plastic
hole grow’th,93 etc., which are further discussed in detail here.

7.1. Crack Bridging. Crack bridging is the most probable
mechanism in thermoplastic-toughened resins, where the
phase-separated rigid particles span the two crack surfaces
and reduce the stress concentration by applying surface traction
at the crack tip.”* Energy absorbed by the crack-bridging
particles increases the toughness. Figure 9 gives a schematic
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Figure 9. Schematic showing stages of the crack bridging mechanism.

representation of crack bridging in which cracks propagate in a
brittle matrix through particles without breaking them. With the
opening of crack, these particles span the crack surfaces, and
energy absorbed in stretching and tearing of bridging particles
leads to toughening.

In the fractographs, the fractured surface showing damaged
particles in the plane of the crack gives evidence for toughening
by the crack bridging mechanism. Several studies on thermo-
plastic-toughened epoxy have reg)orted crack bridging as a
major toughening mechanism.”"**** Also, crack bridging is
independent of the potential of the matrix for plastic
deformation.”® Kunz-Douglass et al.”® studied rubber toughen-
ing of epoxy resin and proposed a model for crack bridging.
They observed that when the crack propagates, it leaves rubber
ligaments attached to the crack surface and stretches with
opening of the crack wedge, thereby acting like a spring. Based
on their observation, those researchers proposed the first model
to quantify toughening based on the amount of elastic energy
stored in the rubber particles during stretching. This model
considers three major factors that lead to toughening: (1)
particle size, (2) particle tearing energy, and (3) volume
fraction of particle in the matrix.

According to rule of mixture, the toughness of a composite
can be expressed as follows:
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Gic = Gie(1 = V) + AGyc (8)
where Gl is the fracture toughness of the matrix, V, is the
volume fraction of particles, and AG,¢ = 41V, represents the
increase in fracture toughness due to bridging particles, where
[, is the tear energy of the particle (the smaller the particle, the
higher the tearing energy).

Kinloch et al.”” disagreed with the above theory, as it does
not consider stress whitening, large plastic deformation,
increase in toughness at elevated temperature, etc. Also, rubber
tear theory does not explain how nonreactive rigid thermo-
plastic particles can lead to toughening, as they possess a low
deformation characteristic. They proposed another a model,
which considers matrix dilatational deformation and cavitation
caused by rubber particles as a primary toughening mechanism.
Their observation concluded that the major rubber-toughening
achieved with the epoxy was due to plastic deformation of the
matrix. Based on Kinloch’s work,® Huang et al.”® developed a
mathematical model to assess the toughening due to crack
bridging as well as cavitation and shear banding. According to
the Kinloch model,”” fracture energy of rubber-toughened
epoxy is given by the following equation:

Gic = Gic + ¥ (6)

where Gy is the fracture energy of unmodified epoxy resin, ¥ is
the toughening due to rubber particles, ¥ = AG, = AG, + AG,,
where AG, is the toughening due to crack bridging (AG, =
41V, given by the rubber tearing strain model proposed by
Kunz-Douglass%) and AG; and AG, are toughening con-
tributions due to plastic shear banding and plastic void growth
in the matrix, respectively. For the calculation of AG, and AG,,
Kinloch et al.>"”"”? proposed a plastic shear-band mechanism.

Thus, using the above model, various aspects of toughening
such as particle size, volume fraction, and fracture strength of
particles can be designed effectively. However, these model are
proposed for rubber particles, and their applicability for
thermoplastic toughening still remains questionable due to
the different physical properties of the particles.

7.2. Crack Pinning. In this mechanism, rigid thermoplastic
particles act as a crack arrester, causing the crack to blow out
and thus to absorb extra energy. This is a common mechanism
for a morphology containing a dispersion of thermoplastic
particles rather than a brittle thermoset in particulate form, as
thermoplastics are tough and impenetrable.”” In the crack
pinning mechanism, the fracture surface consists of a “tail” near
the particle, which can be observed in fractographs. A schematic
representation of crack pinning mechanism is shown in Figure
10. When the moving crack meets the inhomogeneity in the
path, the crack temporarily gets pinned at that point. The front
of the pinned crack then bows forward between pinning
particles, until it forms semi-circular segments with diameter
equal to the spacing between pinning points. An overlapping
segment will result behind the pinning points, thereby breaking
the crack front, as shown in Figure 10. Thus, energy absorbed
during the time of crack pinned until the breaking of the crack
front behind the pinning points leads to toughening via the
crack pinning mechanism.

In 1970, Lange™ reported a crack pinning mechanism in
which secondary phase inhomogeneities act as obstacles
impeding the front of the moving crack, requiring more energy
for propagation. In their study, aluminum trihydrate filler was
added in the epoxy as a fire-retarding filler, which
simultaneously led to an increase in fracture toughness, and
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Figure 10. Schematic of the crack pinning mechanism.
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increments were found to depend on the volume fraction of the
fillers. To explain the model fractographs were studied, and it
was stated that a crack initiates in the brittle matrix which
interacts with a second phase particle, bows between filler
particles, but remains pinned. Their model gives a functional
relationship between the fracture energy of filler-modified
material and the average spacing between the filler particles.
According to their model, the fracture energy in filler-modified
composite is given by the following equation:

i)
+_
d
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)

where T is the line energy per unit length of crack front and d is
the arc of the circle (ie., distance between inhomogeneities, d =
2R). Crack pinning is mainly associated with inorganic rigid
filler particles and is less effective in ductile matrix materials.”®
Another model was proposed by Evans,'”” which accounts for
the segment interaction of crack front and predicts the
nonlinear increase in fracture toughness, which is a function
of the volume fraction of particles. Kinloch et al.”” reported
about the crack front bowing when the epoxy resin was
modified with glass particles. Yee'®" investigated toughening of
nylon-66 with rigid polyphenylene oxide particles and found
that rigid particles induced localized dilatation and matrix
deformation, which are the major reasons for toughening. Also,
cavitation and crack pinning by the rigid particle increasing
stress concentration at the crack tip contribute significantly.

7.3. Crack Path Deflection. Crack path deflection is the
mechanism associated with rigid secondary phase particles
dispersed in a brittle matrix. In this mechanism, the rigid
thermoplastic particles cause the crack to deviate from its path
into another plane. This crack path deviation results in
increased surface area and, hence, the energy required for
propagation of the crack. The crack path deflection mechanism
is schematically represented in Figure 11.
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Figure 11. Schematic representation of the crack path deflection
mechanism.

Kinloch et al."”* reported about crack path deflection as a
toughening mechanism for particulate morphology in thermo-
plastic-modified epoxy systems. Faber et al.'”’ proposed a
quantitative model for crack path deflection which assumes
particle size has no effect on path deflection. Their model is
based on the fact that, when the crack intercepts the second
phase particle, it will tilt at an angle of 8 from its original plane,
the angle of tilt depending upon the position of the particle
with respect to the path of the advancing crack, as shown in
Figure 12a. If an adjacent particle causes the crack to tilt back in
the opposite direction, the crack front will twist, as shown in
Figure 12b.

Thus, this tilting and twisting of the crack results in a mixed
mode of loading. The tilted crack represents Mode I (opening)
and Mode II (sliding) loading, while the twisted crack has
Mode III (tearing) loading along with Mode 1. Using these
loadin% conditions and local stress intensities at the crack front,
Faber'”® proposed the equation for fracture toughness given by
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Figure 12. Tilt and twist of crack due to interaction with particles.

(b)

G, = (G—)G;“
G

where G is the average strain energy release rate representing
the net crack driving force and G™ is the strain energy release
rate for undeflected crack. Based on this study, Faber concluded
that twisting of the crank front is important and contributes
significantly in toughening,

7.4. Cavitation and Massive Shear Yielding Mecha-
nism. This mechanism is associated with blunting of the crack
tip due to its interaction with a cavity developed around the
second phase particle in the matrix. This interaction of crack
front with the cavity relieves the tri-axial tension state to a more
uniaxial tensile stress state, and this new stress state favors shear
band formation, creating a large plastic zone."”"'% Most of the
studies on rubber toughening of epoxy reported that cavitation
around the rubber particles, which leads to crack blunting and

plastic deformation, is the primary toughening mecha-
105,106
m.

(8)

Pearson et al.'” investigated the deformation of CTBN-
modified epoxy resin in a three-point bending test and
concluded that cavitation of the rubber particles was the
primary toughening mechanism present. Observation under
optical microscope revealed shear bands, which were generated
due to cavitated particles. Gazit et al.'”° studied reactive rubber
toughening in epoxy resin and reported that a micro-cavitation
process resulted in toughening of the epoxy. In tensile testing,
micro-cavitation was observed throughout the sample gauge
length. Also, stress whitening and shear band formation were
observed in the sample tested on a tensile impact tester, as
shown in Figure 13.

(@)

Figure 13. Tensile impact test sample: (a) stress whitening and (b)
shear band formation. Reprinted with permission from ref 106.
Copyright 1983 American Chemical Society.
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It has been reported that light scattering from the cavitated
particles results in stress whitening, which is often observed at
the crack tip or at the fracture surface.'”""” Stress whitening
has also been reported in thermoplastic-modified systems in a
few references.”

Dompas et al.'>* proposed a model for rubber particle
cavitation which assumes spherical rubber particles and
hydrostatic tension on the particle acting as driving force for
cavitation. They concluded that particle cavitation is a function
of relative volumetric strain given by the following equation:

2(y, +T,)
K A’1/3
T

o
©)
where A is the relative deformation of particle, K, is the bulk
modulus of rubber, I, is the energy per unit area, and 7, is the
van der Waals surface tension of rubber. From the above
equation it is clear that larger particles will cavitate first in the
deformation process, followed by smaller particles.

7.5. Toughening Mechanisms in Thermoplastics-
Modified Cyanate Ester Blends. The toughening mecha-
nism in any system is complex and often consists of multiple
mechanisms working simultaneously. McGrail et al."® reported
that crack path deviation and crack front pinning are the
toughening mechanisms in particulate/co-continuous/phase-
inverted morphologies. Their study was based on reactively
terminated PSF and CE, epoxy, and BMI blends. DiBerardino
et al.”” studied the toughening mechanism associated with PI-
modified CE and reported that crack bridging and crack
pinning are the major toughening mechanisms. Kim et al.'”’
evaluated toughening of CEs with PEI and concluded that co-
continuous morphology causes toughening through crack
deflection and crack pinning by PEI continuous domains,
shown in Figure 14a, whereas in the phase-inverted
morphology region, shown in Figure 14b, PEI matrix
deformation is the major reason for the toughening.

Oyanguren et al.®’ examined the fracture toughening
mechanism in the co-continuous morphology developed in a
PSF-epoxy blend. They reported that in thermoplastic-rich
domains, toughening mechanisms are the crack-path deflection,
bifurcation lines, and plastic drawing of PSF-rich particles, while
in thermoset-rich domains, plastic drawing of the PSF-rich
phase along with stress whitening and debonding of thermoset-
rich particles lead to toughening. Kinloch et al.”’ used the
fracture mechanics approach to explain the effect of thermo-
plastic modification and mechanisms of toughening in modified
CE systems. Polyester copolymer and hydroxyl-terminated PES
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Figure 14. Scanning electron micrographs: (a) co-continuous region
and (b) phase-inverted region. Reprinted with permission from ref
109. Copyright 2002 Springer Nature.

were used to modify and improve the toughness of the CE
resin. Tapered double cantilever beam (TDCB) testing was
used to calculate fracture energies of the modified systems. For
an unmodified system, stick/slip crack propagation was
observed as a failure mechanism, which is associated with
very brittle materials.”” Figure 15 shows the SEM image of

Figure 15. Scanning electron micrograph of unmodified BADCy resin.
Reprinted with permission from ref 69. Copyright 2003 Springer
Nature.

unmodified CE, in which the fracture surface is very glossy,
indicating that little plastic deformation has occurred. Also, the
fracture surface has steps and changes in the level of cracks,
which are associated with feather markings caused by the crack
forking in the fast brittle fracture.

For a PES/BADCy-modified system, phase-inverted mor-
phology was observed for 20 wt% PES, and it was found that
particles are not well bound with the matrix, as the surface of
the particles was smooth, with no matrix material attached, as
shown in Figure 16. Thus, the researchers concluded that
cavitation and the plastic hole growth micro-mechanism are the
toughening mechanisms for the modified system, which leads
to a significant increase in fracture toughness.””

When cyanate resin based on phenolic triazine (PT) was
modified with PES, the developed morphology showed a good
adhesion between CE particles and PES matrix, thus failing by
ductile tearing of matrix. Figure 17 shows the SEM image of PT
resin modified with 10 wt% PES, showing good adhesion
between particles and matrix phase.

Harismendy et al.** studied PEI toughening of CEs and
concluded that particulate morphology corresponding to 10 wt
% PEI led to toughening by crack path deflection and crack
bridging with very little deboning present. They observed good
adhesion between particles of the PEI and CE matrix.
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Figure 16. Scanning electron micrograph of 20 wt% PES/BADCy
blend. Reprinted with permission from ref 69. Copyright 2003
Springer Nature.

Figure 17. Scanning electron micrograph of 10 wt% PES/PT blend.
Reprinted with permission from ref 69. Copyright 2003 Springer
Nature.

8. STRUCTURE/PROPERTY RELATIONSHIP

The resulting properties of the blends are directly linked to the
morphology obtained after phase separation. As per the
discussions on the morphology and toughening mechanism, it
can be concluded that co-continuous and phase-inverted
morphologies are effective in toughness enhancement, and a
higher degree of phase separation will lead to a higher
toughening effect.”’ In the phase-inverted morphology, having
good bonding between the phase-separated particle and matrix,
plastic deformation of thermoplastic matrix is the mechanism
which leads to significant toughening. In contrast, for the
morphology with loosely bonded particles, toughness is
enhanced via cavitation, plastic hole growth, and shear banding
mechanism. Toughening in particulate morphology containing
thermoplastic particles dispersed in the matrix follows the crack
bridging mechanism along with crack pinning and crack
deflection mechanisms. However, very fine particles dispersed
in the matrix are ineffective and do not improve toughness
significantly.***> In the co-continuous morphology, plastic
deformation of the thermoplastic-rich domain is the important
mechanism which improves the toughness significantly.
Functionalized thermoplastic such as cyanate-terminated PES
result in blurring the interface in the morphology due to
excellent bonding between the thermoplastic phase and matrix,
further enhancing the toughness.30 Thus, to enhance the
toughness property of brittle CEs, co-continuous and phase-
inverted morphologies are important along with use of
functionalized thermoplastics.

DOI: 10.1021/acs.iecr.7b05202
Ind. Eng. Chem. Res. 2018, 57, 4479—4504


http://dx.doi.org/10.1021/acs.iecr.7b05202

Industrial & Engineering Chemistry Research

9. EXPERIMENTAL METHOD FOR THE MECHANICAL
CHARACTERIZATION OF TOUGHENED BLENDS

Among all the properties, mechanical properties are usually the
most important, as essentially all end applications and service
conditions require some degree of mechanical loading.
Selection of material for the application is often based on its
mechanical properties such as fracture toughness, tensile
strength, modulus, elongation, and impact strength. Hence,
accurate characterization of these mechanical properties has
become essential for successful design of the component. Thus,
in this section, methods for characterizing the toughness and
deformation of CEs and their thermoplastic blends are
discussed in detail.

9.1. Fracture Toughness. A fracture mechanics approach
is used to calculate the resistance of a material to the
propagation of a present crack, called fracture toughness.
This is an important property of a material and must be
considered while designing the components for various
applications. The fracture mechanics approach considers that
the crack is present in the material at which stress
concentration occurs during loading. The crack will then
grow when the stress intensity at the crack tip exceeds the
cohesive strength of the material.''’ It considers the linear
elastic fracture mechanics in which all energy dissipation is due
to the fracture process and the deformation that occurs is linear
elastic. Fracture toughness of polymer/polymer blends is
mainly characterized by single-edge-notch bending (SENB)
and compact tension (CT) tests. ASTM DS504S is the most
preferred standard method for these tests, which gives
toughness in terms of the critical stress intensity factor (Kic)
and critical strain energy release rate (Gyc). In this method, pre-
cracked specimen is loaded either in tension or in three-point
bending, and the Kj¢ value is calculated from an equation which
is derived from plane strain condition at the crack tip. A sharp
notch is first machined in the sample and a crack is initiated by
inserting a fresh razor blade at the notch and tapping the blade.
The recommended initiated crack length for test is at least 2
times longer than the radius of the machined notch.

9.1.1. Single-Edge Notch Bending (SENB) Test. In this test,
the specimen consists of a center notch and is loaded in three-
point bending, as shown in Figure 18. For a specimen having

A
0.6D
) 4

! S=4W i

Figure 18. Single-edge notch bending test (SENB).

sheet geometry, sample thickness (B) should be assumed equal
to sheet thickness, and width is taken as W = 2B. Initial crack
length should be calculated such that 0.45 < a/W < 0.55 (crack
length nominally equal to thickness B and W/B = 2), which
includes crack pre-notch plus razor notch. Specifications of a
sample for the SENB test are shown in Figure 19. During the
test, readings of load and corresponding displacement of crack
are recorded to obtain a curve of load vs crack displacement.
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Figure 19. Test specimen for SENB test.

9.1.2. SENB Calculation of Fracture Toughness. Stress
intensity factor K¢ is calculated using the following standard
formula:

P,
Q 1/2
Ky = ——f(x), MPa-

@ = gyl &) o (10)
where P is the load (in kN), B is the specimen thickness (in
cm), W is the specimen depth (in cm), a is the crack length (in
cm), and x = a/W. For 0 < x < 1,

[1.99 — x(1 — x)(2.15 — 3.93x + 2.7x]

(1 + 2x)(1 — x)3/2

f(x) = 6x1/?

(11)
Strain energy release rate is given by a known relation,
2\ 2
(1 - v)Kc
“ E (12)

where v is Poisson’s modulus and E is Young’s modulus.
9.1.3. Compact Tension (CT) Test. The test specimen used
in the CT test is shown in Figure 20, which considers
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Figure 20. Test specimen for compact tension (CT).

dimensions such that the crack length (pre-notch plus razor
notch) is a = B and W/B = 2. Sample is loaded in tension on
the machine which has a controlled constant displacement rate
(e.g, Servo hydraulic Instron testing machine) using a fixture
called clevis, and displacement of crack and corresponding load
is recorded. Recommended cross heat rate is 10 mm/min for
both test methods. During test, readings of load and
corresponding displacement are recorded, and a curve of load
vs displacement can be obtained.

9.1.4. CT Calculation of Fracture Toughness. Stress
intensity factor (Kic) is calculated using the following standard
formula:

__ R
KQ - BWl/zf(x) (13)
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where P, is the load (in KN), B is the specimen thickness (in
cm), W is the specimen depth (in cm), a is the crack length (in
cm), and x = a/W. For 0.2 < x < 0.8,

f(x)
(2 + x)(0.886 + 4.64x — 13.32x” + 14.72x° — 5.6x")
(1 - x)*?

(14)
Further, strain energy release rate is calculated using eq 12.

Various studies on thermoplastic-toughened resins have
employed the above test methods for evaluation of fracture
properties.””' > 1'% Yoon et al.''* reported a SENB test
with three-point bending mode at the rate of 0.5 in./min for
PSF-toughened epoxy. In another study, Brooker et al.''’
reported a CT test for a thermoplastic-modified epoxy system.
Samples with dimensions of 20 mm X 20 mm X 3.5 mm were
used, and pre-cracked was done using a small hacksaw together
with a razor blade to cut a sharp crack while loading at rate of 1
mm,/min.

9.2. Tensile Properties. In a broad sense, tensile test is the
measurement of a material’s ability to withstand pulling force
and quantifies the maximum deformation in the material before
breaking. Tensile elongation and modulus are the most
important parameters indicating strength of a material and
are widely specified for a material. Tensile modulus, determined
from a stress—strain diagram, gives information about the
relative stiffness of a material, which is useful in designing
components for a specific application. For the evaluation of
tensile properties, a tensile testing machine with constant cross
head movement is used, which has a one movable grip and one
stationary grip with self-aligning ability, thereby preventing
alignment problems. An extension indicator known as an
extensometer is used to determine the relative distance between
two designated points located along the gauge length during
elongation of the test specimen. The specimen for tensile test
can be prepared by either injection molding or compression
molding for plastics.''® Specimen may also be prepared by
machining from a plate, slab or similar form. For CE blends, the
process employed is to cast the film/cured resin in the mold
followed by machining. Test specimen dimensions required for
testing are described in detail in ASTM D638, which is the
most commonly used standard for the measurement of tensile
properties of plastics. This test uses a dumbbell-shaped
specimen, and type I sample is mostly preferred for the test,
as shown in Figure 21.

I 165 mm A

I 13 mm |

19 mm

T
—
Gage length=50 mm

Figure 21. Test specimen of tensile test.

Five test speeds are specified in the standards; however, the
most frequently used speed for the test is 0.2 in./min. To
evaluate the tensile properties, test specimen is positioned on
the grip of the machine and loaded at the rated speed. The load
cell detects the resistance of the specimen to elongation, and
the load values at yield, maximum, and break are recorded.

9.2.1. Calculation of Tensile Properties. A number of
parameters such as tensile strength, percentage elongation at
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yield/break, modulus of elasticity, etc. can be calculated
through tensile testing using the formulas given below:

load (N)

. 2
cross-section area (m®)

tensile strength =

tensile strength at yield (MPa)

maximum load recorded (N)

. 2
cross-section area (m”)

tensile strength at break (MPa)
_ load recorded at break (N)

. 2
cross-section area (m®)

Modulus and elongation properties are calculated from a
stress—strain curve, for which an extensometer is attached to
the specimen, which magnifies the actual elongation of the
specimen. To calculate the modulus, a tangent is drawn to first
linear straight portion of the curve, and two points are selected
on the tangent as per convenience for recording stress and
strain values. The formulas used to calculate modulus are as
follow:

. . 2
tensile modulus (MPa) = difference in stress (N/m®)

difference in strain (m/m)

. ) change in length
tensile strain = ————

gauge length

Various studies on the thermoplastic-toughened blends of CEs
also have reported tensile characterization. Tao et al.”' and
Zhan et al.’' evaluated tensile properties of PEI- and PES-
modified CE blends, respectively, using an Instron tensile tester
with sample having gauge length of 15 mm and cross head
speed of 1 mm/min. In another study, Srinivasan et al.*'
reported tensile properties for poly(arylene ether)-modified CE
resin with a cross head speed of 1.27 mm/min.

9.3. Impact Properties. Impact resistance of a material is
the ability of any material to resist fracture under high-speed
stress loading. The impact properties are a measure of the
overall toughness of a material, which is its ability to absorb
energy before fracture. Impact strengths of polymeric materials
are direct representations of their toughness characteristic, and
the higher the impact strength, the higher will be the toughness.
Impact properties of polymeric materials are usually calculated
using the Izod—charpy impact test, as per ASTM standard
D256. The objective of the Izod—charpy impact test is to
calculate the strength of a standard test specimen to the
pendulum impact load, and the results are expressed in terms of
kinetic energy loss by the pendulum for the breaking of
specimen. The energy absorbed in the breaking of specimen
consists of the energy needed for the deformation of the
specimen, to initiate a crack, to propagate the crack, and to toss
the broken end of the specimen. Specimens used in the Izod
test are notched to provide stress concentration, which
promotes brittle fracture and thus prevents plastic deformation.
In the Izod test, specimen is clamped vertically as a cantilever
beam and it is struck by a swinging pendulum, released from a
predetermined height over the specimen clamp. In the charpy
test, a similar setup is employed, except here the sample is
supported horizontally like a beam and fractured by a blow
from the pendulum in the middle of the specimen. The
dimensions of the sample used in Izod—charpy tests is as shown
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in Figure 22. The sample can be prepared either by molding or
cutting from a sheet. The preferred width of the specimen is

All Dimension are in, mm
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Figure 22. Izod—charpy impact test specimen.

6.35 mm or above, as test specimen having width less than this
may overestimate the strength due to absorbed energy in
crushing, bending, and twisting.

9.3.1. Izod Test. The clamping setup for the Izod test is
shown in Figure 23, in which notch end is facing toward the

Striking
pendulum
Notched tfv
specimen =
<
Fixed Movable vise
vise jaw jaw

Figure 23. Schematic representation of Izod test.

strike edge of the pendulum. During the test, a pendulum with
known mass is released from a pre-determined height, having a
certain known potential energy, and allowed to strike the
specimen. During the impact, energy absorbed in the fracture of
specimen is read directly in units of in.-Ibf or ft.-Ibf from the
scale or digital display. Impact strength is then calculated by
dividing the energy absorbed in breaking by the thickness of the
specimen.

9.3.2. Charpy Test. This test is similar to the Izod test,
except for the sample positioning, as shown in Figure 24. Here

Figure 24. Schematic representation of Charpy test.
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the sample is mounted horizontally and supported unclamped
at both ends. Readings are taken for sample when the ends
break completely, and impact strength is calculated by dividing
the breaking energy by the thickness of the specimen.

9.4. Dynamic Mechanical Thermal Analysis (DMTA).
DMTA is an advanced characterization technique to evaluate
the viscoelastic properties of polymeric materials. In this
technique, viscoelastic properties are measured in an oscillatory
mechanical deformation experiment, as a function of temper-
ature and frequency.”®''” The DMTA analyzer consists of a
linear drive motor to load the sample via probe, a sensor to
measure displacement such as a linear variable differential
transformer (LVDT), a temperature control furnace, a drive
shaft, and clamps to hold the sample while testing. Based on the
service condition of polymer blends, various deformation
modes such as tension and compression, torsion and bending
(single cantilever, dual cantilever, or three-point bending), and
shear mode are employed in the characterization.""”

DMTA works on the principle that when a polymer is
subjected to external stimuli (e.g, mechanical), processes
develop in its structure, such as changes in length and angle of
bonds, which take time to bring into a new equilibrium. These
processes in the structure functions of time called “relaxation
time”, which also depend upon temperature. During the
recovery in the polymer, back-stress is created in the material
opposite to applied stress, which causes a material to return to
its original state when the external stress is removed. These
stress levels are in the linear elastic range of a material, such that
stress o strain, and the proportionality constant is called
Young’s modulus (E). The analyzer gives thermograms as plots
of elastic modulus, E and tan J, versus temperature/frequency,
from which viscoelastic properties of the material are recorded.
The tan & is the ratio of loss modulus (E”) to the storage
modulus (E’), and its peak represents the T, of the polymer.
Storage modulus represents the energy absorbed and released
elastically during deformation, while loss modulus represents
the amount of energy absorbed by the material due to internal
motions.

In DMTA experiment, the applied sinusoidal stress o is such
that the viscoelastic material loads in the elastic region. The
expressions for the resultant sinusoidal stress and strain are as
follow:

o(t) = o, cos(i (wt)) (15)
e(t) = g, cos(i(wt + 5)) (16)
where @ is the angular frequency of the oscillation.
The equation for complex modulus is then given by
pe= 28 _p
e(t) (17)
and
tand = —
E' (18)

where E” is the loss modulus and E’ is the storage modulus.
Various studies on thermoplastic-toughened CE blends have
also been reported, using DMTA as a characterization tool for
the evaluation of viscoelastic properties of blends.”*’>”!''®
Kim et al.'"” characterized the blend of PEI/CE using the
DMTA technique in a dual-cantilever bending mode. Samples
of dimensions 35 X 10 X 2 mm were loaded at a fixed
frequency of 1 Hz and heating rate of 2 °C/min over a
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temperature range of 50—350 °C. The effects of the various
morphologies generated on the loss and storage modulus of the
blend were evaluated. In another study, Harismendy et al.*’
evaluated the viscoelastic property of BADCy/PEI blend using
a three-point bending arrangement with a 44 mm span, and the
elastic modulus property of the blend was reported. Thus,
DMTA analysis is a tool that provides an understanding of the
complexity that appears due to time—temperature dependency
on the modulus of polymeric viscoelastic materials.

10. PROCESSING CHARACTERISTICS OF
THERMOPLASTIC/CYANATE ESTER BLENDS

Processing characteristics of developed toughened thermo-
plastic/CE blends and various fabrication techniques applicable
to processing these materials for manufacturing the final
components/structures, e.g, fiber-reinforced composites, fibers,
films, etc., are critically discussed in the next sections.

10.1. Processing Characteristics. CEs and their blends
are still new materials in the field of structural composites.
Owing to their processing similarities with epoxy resin,
processing of these material to develop fiber-reinforced
composites and other structures is not a challenge. Epoxy
resins have been widely explored, and various methods have
been developed for fabrication of high-quality fiber-reinforced
composites. Hence, these processing techniques developed for
epoxy resin can easily be imported for CEs with or without little
modification. Cyanate ester monomers are available in a large
variety of forms such as solid (REX-371), liquid (AroCy 1-10),
and semi-solid (XU71787);" hence, they offer an advantage for
processing. Another advantage with CE monomers is their
storage stability. Uncatalyzed CE monomers can be stored for
more than 6 months at room temperature and for even longer
duration at lower temperature.* CEs are self-curing resins in
which curing is triggered by the temperature, though to
increase the rate of cross-linking, a curing catalyst can also be
used. Popular catalysts for CEs are chelates of metal ions and
carboxylate salts''”'** with co-catalyst nonylphenol.””””"*!
Low toxicity is one of the important characteristics of CEs
which simplifies the processing.”*® However, CEs are highly
exothermic, and this should be carefully considered while
processing.

10.2. Composite Fabrication Methods for Cyanate
Esters and Their Blends. All common method for fabrication
of composite can be used for CEs and their blends due to their
processing similarities with epoxy resin. This processing
advantage of CE resin makes them attractive for various
commercial applications. CE resin also possesses excellent tack
and drape characteristics, which are required for composite
fabrication and hence avoids use of any external adhesive.”
Developed composite processing techniques such as resin
transfer molding (RTM),””"**'*% resin film infusion (RFI),””
prepregs,' ' ?>!* ® autoclave mold-
ing,">"**"%% pultrusion, etc. can be efficiently used for
fabrication of fiber-reinforced composites with CE resin. In the
following section, commonly used composite fabrication
techniques for structural applications are described in detail.

10.2.1. Resin Transfer Molding (RTM). RTM is a common
composite fabrication technique widely used for fabrication of
structural composites. A schematic of the RTM process is
shown in Figure 25. In this technique, fiber preform or dry fiber
reinforcement are placed on the surface of the lower half mold,
and then the upper mold is closed.
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Figure 25. Schematic of resin transfer molding (RTM).

The mold has the shape of the desired part, and a release gel
is applied on the mold surface for easy removal of the
composite. Resin is then pumped into the mold under pressure,
displacing the air through vents, until the mold is filled. The
uniformity of resin flow can be enhanced by vacuum
application.”" After the fill cycle, the cure cycle starts, during
which the mold is heated, and the resin polymerizes to become
a rigid plastic, thus forming a composite.

The viscosity of the resin plays an important role in the RTM
process because injection time depends upon viscosity of the
resin. If viscosity of resin is high, high pressure is required,
which may cause displacement of fibers inside the mold during
the resin injection stage, known as fiber wash."*> Recom-
mended viscosity of resin for RTM is in the range of 100—300
cP." Rau et al”” worked on a RTM for thermoplastic-
toughened CE blend. Various molecular weights and
formulations of poly(arylene ether sulfone) were blended
with CEs, and carbon-fiber-reinforced composite laminates
were fabricated using the RTM process. RTM technique
resulted in high-quality laminate with void content less than
2%. Improvements in damage tolerance were reported for
thermoplastics-modified composites, studied using compression
after impact (CAI) test. Mechanical properties of the composite
are listed in Table 7, which shows that high loading of

Table 7. Mechanical Properties of Carbon-Fiber-Reinforced
Composite

molecular flexural fracture
weight concn  modulus toughness,
(g/mol) (%) (GPa) Giic (]J/m*)  ref
CE 3.55 2.5 77
poly(arylene 15000 20 3.98 31 77
ether sulfone)/ 1 2
CE blend 5000 S 4.08 3.8 77
15000 30 4.4 3.94 77
20000 20 4.02 3.5 77

thermoplastic at same molecular weight (15000 g/mol)
resulted in higher fracture toughness and flexural modulus.
Also, an increase in molecular weight to 20 000 g/mol at the
same concentration resulted in improved mechanical proper-
ties.

Hillermeier et reported use of the RTM technique
for thermoplastic- and elastomeric-toughened cyanate resin.
Two thermoplastic, PEI and PS, were blended with CEs at 10
wt%, and glass-fiber-reinforced laminates were evaluated for

ol 123134

DOI: 10.1021/acs.iecr.7b05202
Ind. Eng. Chem. Res. 2018, 57, 4479—4504


http://dx.doi.org/10.1021/acs.iecr.7b05202

Industrial & Engineering Chemistry Research

Uppu release

Fibre tows

N

Hopper

el

Compaction
roller Paper
take-up

Resin

Doctm blade Release paper \\1th
thin film of matrix

resin

Figure 26. Schematic of hot-melt prepreg process.

=

Heating plate

Chlll plate

Impregnation Zone /

Prepreg take-up
roller

To vacuum

Vacuum bag

™~

1

Breather

Caul plate

Release film

Resin film/fabric

Vacuum sealant

sandwich

Figure 27. Schematic of resin film infusion (RFI) process.

their mechanical properties. Fracture toughness values of 653
and 563 J/ m? were reported for PEI and PS matrices,
respectively. Parlevliet et al,'”” from the airbus group,
investigated composite properties of epoxy/CE blends
manufactured by RTM and showed excellent high-temperature
stability of the product.

10.2.2. Prepreg and Autoclave Molding. The prepreg
technique has been an attractive choice for CE composites in
the past. Prepregs are the pre-impregnating fiber materials,
which can be impregnated either in resin solution or in filming
technique (hot melt process). A large variety of fibers such as
carbon, aramid, glass, quartz, etc. can easily be prepregged.4 In
the solution technique, impregnation of reinforcement is
achieved by dipping the fiber material in molten resin. In an
alternate method, the hot melt process, films of resin and
reinforcing fiber are sandwiched between two release films, with
simultaneous application of heat and pres.sure,135 as shown in
Figure 26. Generally, fabrication of composites with stacks of
prepregs is achieved by an autoclave or compression molding
process.'*® In an autoclave, prepregs are stacked in a mold in a
definite sequence and then spot-welded to avoid any relative
movement in between the prepreg sheets. After stacking of the
prepregs, the whole assembly is vacuum-bagged to remove any
air entrapped in between the layers. The entire assembly is then
transferred to an autoclave, which provides the heat and
pressure required for consolidation and curing of resin. The
prepreg technique has been widely explored for CEs, and a
significant amount of literature is available. Wang et al."**
reported a prepreg technique for fabrication of composite with
PEI and polyamideimide-toughened cyanate resin. They
reported that the resultant composite has a low heat release
rate and self-extinguish time of only 4 s. Autoclave processing
for composites was studied by Hayes et al."*” for a glass-fiber-
reinforced composite with an elastomer-toughened cyanate
resin. Epoxy-terminated butadine acrylonitrile rubber was used
to modify CE resin, which resulted in an increase in mode I
fracture toughness by 2-fold as compared to unmodified CEs.
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However, water absorption was found to increase as a result of
rubber modification. Barton et al.'’ investigated prepregging
and autoclave technique for BMI/CE blends. Their study
concluded that a blend of 50 wt% BMI and 50 wt% CE gives
maximum interlaminar shear strength (109.7 MPa). Parlevliet
et al.'” investigated epoxy-modified CE composite fabricated
using the prepreg process. The formulated blend possessed
excellent track and drape, resulted in easy processing through
prepreg and composite structure showed high stability and
good mechanical properties at elevated temperature (135 °C).
Mathew et al.'” and Hamerton et al.'*” also investigated the
prepreg technique for fiber-reinforced CE composites fabrica-
tion and concluded that prepreg and autoclave processes can be
easily imported in these blends.

10.2.3. Resin Film Infusion (RFl). RFI is a liquid molding
technique that is emerging as an alternative to RTM. It reduces
the cost of tooling required to keep the quality of composites
comparable to that achieved with RTM."*° A schematic of the
RFI technique for fabrication of composites is shown in Figure
27. In this technique, a sandwich of resin film and fiber cloths is
formed by alternate layering of them in the required fashion,
which is then vacuum-bagged as per the sequence shown in
Figure 27. Peel ply is used for easy removal of composite and
bleeder to absorb excess resin.'*” The entire bagged assembly is
then heated to cure the resin while simultaneously maintaining
the vacuum pressure for consolidation. Under heat, the
viscosity of the resin film decreases, allowing resin to flow,
and vacuum pressure causes consolidation and infusion of resin
into the fiber, thus impregnating it.

High-viscosity cyanate resins are suitable for fabricating
composite panels using the RFI process, as they possess film
formability. Although it is an important technique for structural
composites, literature on RFI studies on CEs is limited. Rau et
al.”” investigated RFI for CE/PSF blends and suggested that
RFI is a suitable composite fabrication technique for high-
viscosity resins. Poly(arylene ether sulfone) with molecular
weight of 15 000 g/mol, when blended at a higher loading of 25
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wt%, resulted in an increase in viscosity; thus, the RFI process
was used to fabricate composite samples. Mechanical properties
of the composite are listed in Table 7. In the case of
thermoplastic toughening, higher thermoplastic loading in CEs
results in a significant increase in viscosity; thus, higher pressure
is needed for fabrication of composites via RTM, which then
increases the chance of fiber wash. However, this increased
viscosity of resin is an advantage for RFI, as resin film can be
easily cast.

10.2.4. Pultrusion. Pultrusion'*® is a continuous composite
fabrication process in which composites are formed by pulling
the reinforcement through a heated closed die of the required
shape. A schematic representation of the pultrusion process is
shown in Figure 28. Reinforcement in the form of either
continuous rovings or fiber cloths is unrolled from the creel and
passes through the resin tank, which saturates the fiber. The
impregnated reinforcement is then guided to the hot die, where
the reinforcement is shaped into the desired profile, while
simultaneous curing the resin due to heating."”” A built-in
cutting mechanism then cuts the composite profile in the final
shape. Some pultrusion systems also employ a pre-former to
squeeze out excess polymer before passing to the hot die
section. Thus, in the pultrusion process, a constant cross-
section profile of the composite product is produced on a
continuous basis. Shivakumar et al.'*"'** fabricated a CE
composite rod with carbon fiber using the pultrusion technique
and proposed its application for brush seals in gas turbine
engines.

10.2.5. Filament Winding (FW). In the FW method, fiber
strands are passed through resin tanks to impregnate the fiber
completely. These impregnated fiber strands are then passed
onto a rotating mandrel, where they get wound in a controlled
manner and in a specific fiber orientation. Figure 29 shows a
schematic of the FW process. In this process, fiber tension is

Carriage Rotating Mandrel

Fibre spool

Resin impregnation
bath

Figure 29. Schematic of filament winding (FW) process.
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the critical parameter, because compaction is achieved through
the fiber tension. Optimum fiber tension is required so as to
avoid porosity in the composite. At the same time, too high
tension may break the fiber or initiate fiber fracture at the
surface. Finally, curing of resin is done by heating in an oven,
and the final composite product is taken out from the mandrel.
For complex shapes, soluble plaster or collapsible rubber can be
used for the mandrel. This method is widely used for making
pipes, pressure vessels, tanks, etc. Cyanate esters (PT resin)
have successfully undergone FW for cylindrical structures (e.g,,
pressure bottles) and showed excellent properties even at high
temperature (T & 288 °C).'* Esslinger et al."** manufactured
filament wound CE composite structures for missile
application, and improvement in thermal performance was
reported. Tian et al.'*’ studied the properties of carbon fiber
laminate manufactured by a wet FW process with epoxy/CE
resin. They reported that the formed laminate composite has a
long service life characterized by the standard vessel explosion
test. CE resins have also been used for FW of cylindrical
structures and rings with carbon fibers.'”> Cui et al."*® used the
FW technique for epoxy and BMI-modified CE resin and
reported that the formed composite had excellent strength and
thermal stability. A comparison of all composite fabrication
processes is illustrated in Table 8.

10.3. Processing of Fibers. Over the past few years,
polymer nanofibers have been popular among researchers due
to their wide applicability. They have been continuously studied
for their use in filters, scaffolds, sensors, reinforcements in
composite materials, protective clothing, etc."**~"* Most
thermosetting resins used in fiber-reinforced composites suffer
from poor delamination, poor fracture strength, and poor
impact resistance.'”’ Recently, toughening of fiber reinforced
composites with interleaved nanofibers veils has become
popular, due to the selective improvement in properties
without degrading other mechanical properties."*'~'>* A large
number of studies on enhancement of toughness with
interleaved nanofibers have been reported for fiber-reinforced
epoxy composites.”>*~**” This approach can also be easily
extended for CE-fiber-reinforced composites. Conventional
techniques such as drawing, template synthesis, phase
separation, self-assembly, and electrospinning have been used
to form nanofibers. Due to its simplicity and higher efficiency,
electrospinning is the most popular method used to form
nanofibers. The drawback of low production volume of
conventional electrospinning can be overcome by use of
multi-needle electrospinning and needleless spinning, but at the
expense of increase in production cost.">® Other techniques,
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Table 8. Comparison of Composite Fabrication Techniques

fabrication

technique advantages

resin transfer

molding 2. higher production rate

1. good surface finish on both sides of the product surface

3. process can be manual control, semi-automated, or highly

automated
4. uniform composite part thickness
S. low emission during composite processing
6. strict dimensional tolerances

7. high injection pressure is not required

8. low material waste due to near net shape parts fabrication

autoclave
molding

1. achieve high volume fraction of reinforcement

entrapped air through vacuum

3. high degree of uniformity in part consolidation

2. minimal void content in the finished part due to removing

4. applicable for both thermoplastic and thermosetting polymer

composites

resin film

infusion contents

2. potentially lower cost than prepreg

3. complex shaped parts can be manufactured with ease
4. local flow of resin ensures complete wetting of fibres

S. suitable for filler/functional composites

pultrusion 1. low cost and automated process

2. produces high-quality parts

3. high surface finish as compared to other composite processing

methods

4. high rate of production, as it is a continuous production process

S. high fiber volume fraction in the parts

6. resin content can be accurately controlled

7. resin impregnation area can be enclosed, thus limiting volatile

emissions

filament winding 1. high strength-to-weight ratio in fabricated parts

2. high degree of uniformity in fiber distribution, orientation, and

placement

1. high fiber volumes can be accurately achieved with low void

3. labor involvement is minimal, as it is an automated process

4. design flexibility possible with the change in winding patterns,

material, and curing option
S. size of the component is not restricted
6. high production volume

7. process automation results in cost saving

disadvantages
1. mold cavity limits the size of the composite
2. high tooling cost

3. matched tooling is expensive and heavy in order to withstand pressure

4. generally limited to small size components

S. possibility of un-impregnated areas

1. part size depends upon the autoclave size

2. high cost of production

3. low rate of production

1. not widely proven outside the aerospace industry

2. an oven and vacuum-bagging system are required to cure the component,
as for prepreg

1. suitable for constant cross-sectional areas
2. tapered and complex shapes cannot be produced

3. control of fiber orientation is not possible

4. thin wall parts cannot be produced
S. limited to constant or near-constant cross-section components

6. heated die costs can be high

1. capital investment is relatively high

2. very precise control over the mechanism is required for uniform
distribution and orientation of fiber

3. composite product configuration is such that it should facilitate in
Mandrel extraction

4. surface finish is poor

S. fiber direction cannot be changed within one layer of winding

. 159,160
such as centrifugal rotary spinning,'’

and infusion gyration,lé2 which
utilizes centrifugal force to produce fibers, are gaining attraction

over electrospinning, as they are largely independent of the
164

pressurized gyra-

. 161,162 .. 16
tion, force spinning,

materials’ properties. Hong et a
reported the “pressure coupled infusion gyration” process as an
effective alternative to electrospinning. This technique uses

in their recent study

both pressure and centrifugal force to produce fibers. It consists
of the central vessel on which orifices are mounted at
equidistance, driven by a DC motor. Via syringe, polymer
solution is infused into the bottom of the vessel, and high-
pressure nitrogen gas is used to force the solution through the
orifices. The researchers demonstrated the process and
reported that 60—850 nm diameter fibers were produced
with poly(ethylene oxide) polymer solution. The major
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advantage with this technique is that its yield efficiency is
very high, along with low tooling cost.

11. APPLICATION OF CYANATE ESTER COMPOSITES

Enhanced mechanical properties of modified CE resins make
them strong matrix materials for advanced structural
composites. Properties of CEs like low moisture absorption,"*®
high dimensional and thermal stability, excellent electrical
properties, low flammability,'”* etc. make them favorable
matrices in composites, over conventional epoxy resins and
other high-temperature resins. High moisture absorption in any
resin system has adverse effects on the performance of system,
as it causes a change in dimension, reduces T,, deteriorates the
hot-wet performance of the system, and also causes micro-
cracking, S Further, absorbed moisture causes an increase in
dielectric constant of system, which then reduces the
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performance in applications such as radomes, radars, printed
circuit boards, leading edges, etc. CEs absorb almost one-fourth
the moisture absorbed by conventional epoxies.* Thus, the use
of CEs in one of these applications has an advantage of low
moisture absorption, overcoming the above listed froblems and
thus improving the performance of the system.” In the next
section, we discuss various potential applications of CE resins
and their composites, which includes applications in primary
structural composites, aero-space structures, electronic equip-
ment, satellite components, etc.

11.1. Primary Structural Applications. Applications
which have significant load-bearing requirement and are flight
critical are termed as primary structures.'*” In such applications,
one of the major drawbacks of a conventional material like
epoxy is its brittle nature and high moisture absorption.
Cyanate esters are inherently tougher than epoxies, and
thermoplastic-toughened CE blends result in phase separation,
exhibiting highly improved toughness of resin.** Also, high-
temperature performance of toughened system and solvent/
chemical resistance are key advantages associated with the use
of CEs for structural applications.”” One of the major
requirements of resin in structural applications is the balance
between damage tolerance and hot-wet performance. Thus,
thermoplastic-toughened CEs provide an excellent balance
between toughness and compressive strength, without degrad-
ing creep- and solvent-resistance properties."””" Such primary
structural applications include parts around aero-engines, tail
assembly, air ducts in aircrafts, muffler systems in high-_sgeed
racing cars, rotor blades in helicopters, etc. 0P8 1y
developing high-speed missiles, e.g., Mach 3, the temperature
produced at the nose is high (T & 500 °C), and hence, high-T,
CEs toughened with thermoplastic composites out-perform
ceramic materials, due to their high short-term thermal stability,
light weight, and low production cost.'**

11.2. Satellite/Space Application. Components used in
satellite applications such as optical benches, reflectors,
dimensionally stable platforms, etc. currently use high-modulus
graphite/epoxy composites.'>” However, high moisture absorp-
tion of epoxy systems is the main drawback, which affects the
performance of composites and makes them prone to micro-
cracks when thermally cycled. Also, high outgassing of resin
used in space applications is a major problem, as it can
condense on optical and electronics components of the system,
thereby reducing their performance. Hence, the low outgassing
property of CEs is an another important advantage in satellite
applications,*”'® along with low moisture absorption and
high-dimensional stability. CEs have <1% outgassing volatile
loss and <0.1% condensable volatiles.'*> High T, of CEs and
excellent stability against radiation exposure are key advantages
associated with the use of CEs in space applications.'*"'®!
Further, the use of lightweight composite structures instead of
metal results in significant savings in launch cost in space
applications.

11.3. Radomes and Radar Components. The low
dielectric loss property of CEs makes them a suitable material
in applications such as radomes, and other parts in radar
systems.'®”'> Radomes used in military and commercial
vehicles have been made with epoxy or polyester resins.*
However, with increasing demand for radomes for applications
at high frequencies (9—44 GHz),'®” the need for a material
with a low dissipation factor and high T, makes CEs a primary
material of choice."®”'® In such high-frequency applications,
absorbed electrical signal causes heating of radomes; hence,
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high T, is essential. Also, modified CEs result in an improved
mechanical property, which fulfills the damage tolerance and
load-bearing requirements in these applications. Low moisture
absorption is again an advantage of the use of CE resins in
radomes and radar components, as dielectric properties remain
unaffected.

11.4. Radar-Absorbing Structures and Microwave
Communication Systems. Over the past few years, radar-
absorbing composite structures (RAS) have become popular in
aero-structures due to their high strength-to-weight ratio. In
these applications, low dielectric loss (D)) is essential, and
hence, CE resins with low Dy fibers (e.g, quartz) have been of
interest in research. Use of these composites can lead to
reduction in the radar cross-section, thereby increasing the
range and maneuverability of aircrafts.'*> Also, CEs meet the
thermal requirements essential for these applications and have
adequate strength. Another important application of CE
composites is to protect windows or antennae in microwave
communication and tracking devices. These composites offer
an advantage of reduced reflection of signals, thereby increasing
the strength and quality of signals. Such applications include
protection for communication systems in fuselages, leading
edges, and nose of aircrafts. CEs have been primary choice of
material in high-speed electronic systems such as printed circuit

boards and already inducted in many such applica-
tions, 160164165

12. CONCLUSION

This Review describes and gives examples of the mechanical
attributes of thermoplastics-toughened cyanate esters in fiber-
reinforced composites for structural applications. Thermo-
plastics blends have been reviewed for their phase-separation-
induced morphologies and the various resulting toughening
mechanisms involved. It has been observed that the viscosity of
a blend defines the mechanism of phase separation; hence,
monitoring of viscosity through control over molecular weight
and concentration of thermoplastic allows one to tailor the
morphology of a cured system. It has been elaborated that the
toughness of high-temperature thermosetting CEs is signifi-
cantly improved as a result of thermoplastic blending. The co-
continuous and phase-inversion morphologies which are
essential and decisive for toughness enhancement are generally
observed at higher loadings of thermoplastics. In contrast to
rubber blending, the high-temperature properties of elucidated
thermoplastics blends are not altered. Processing of these
blends is analogous to that of epoxy systems, and hence,
composites fabrication techniques such as resin transfer
molding, resin film infusion, autoclave, etc. can be advocated
for CE blends with minor alteration, which has also been
discussed in the current Review. Applications of modified CE
matrix/fiber-reinforced composites have also been exploited
and discussed in detail, including applications in radomes and
radar components, primary structures, satellites, radar absorb-
ing structures, etc., where high temperature is a critical aspect.
Thus, we envision that thermoplastics-toughened CE-based
composites have wide applicability as materials of the future
where high service temperatures are essential.
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