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Abstract
A high temperature resistant novolac cyanate ester was blended with polyether-
sulfone (PES) with different molecular weights using the solvent-free approach. 
The phase separation, curing behavior and thermal properties were studied using 
hot stage microscopy, differential scanning calorimetry and dynamic mechanical 
analysis. Results showed the difference in the morphology for blends with differ-
ent molecular weight PES explained by possible network formation. The influence 
of PES content on the glass transition temperature and mechanical properties was 
investigated. The most significant toughening effect (increase of 132% in fracture 
toughness) was achieved on a functionalized low molecular weight PES (20 parts 
per hundred of resin, phr). Rheology investigation allowed to estimate the optimal 
content of PES (15 phr) for further prepreg manufacturing.

Keywords Cyanate ester · Toughening · Polyethersulfone · Phase separation · Glass 
transition temperature · Fracture toughening

Introduction

Cyanate ester resins are currently used for many important applications such as 
high-temperature adhesives, and advanced composite matrices in the aerospace and 
automotive industry [1–3]. A unique combination of properties such as high tem-
perature stability and chemical resistance, low moisture uptake and low dielectric 
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constant in the cured state, as well as low viscosity in the uncured state (lowest 
viscosity of all high temperature resins) has led to their use in low-volume high-
performance applications. However, their widespread use is unfortunately limited in 
many applications by their inherent brittle behavior due to their high crosslink den-
sity [4, 5]. The incorporation of thermoplastics into such networks has emerged as 
a promising approach to improve toughness, especially when high values of elastic 
moduli and glass transition temperature are required. The most common thermo-
plastic tougheners for epoxy systems are polysulfones (PSF), polyetherimides (PEI) 
or polyethersulfones (PES) [6–9].

The process of phase separation during the cure of thermoset/thermoplastic 
blends is essential to generate the toughened thermosets. The degree of toughening 
is related to the degree of phase separation and the generated morphologies. The lat-
ter depends on curing conditions, molecular weight and content of the thermoplastic 
toughener [10, 11].

PES has been successfully used as a modifier for toughening of epoxy resins 
[12]. Due to its relatively good compatibility with epoxies, good interfacial bonding 
between epoxies and PES can be achieved. It was shown that PES, after initial disso-
lution in the uncured resin, is involved in reaction-induced phase separation during 
the curing process [13].

Most of the investigated polycyanurate systems in the literature are based on bis-
phenol A or bisphenol E cyanate esters. Such cyanate esters have a low molecular 
weight and a glass transition temperature of 250–270 °C. In comparison, novolac-
type cyanate esters have a high molecular weight and a glass transition temperature 
above 350 °C, making them favorable for high temperature applications [14]. The 
challenge in toughening novolac-type cyanate esters is the low solubility of thermo-
plastic polymers. This is due to the higher polarity and large molecular weight of the 
novolac-type cyanate esters that limits the range of possible tougheners. Moreover, 
in most of the existing research works, to achieve the dissolution of thermoplastic 
toughener, solvents are usually used with further evaporation. For industrial applica-
tions, this approach is not suitable; therefore, we focused on simplification of tough-
ening procedure. From our preliminary investigations, we established that a number 
of thermoplastic polymers (PEI, PSF) are not enough soluble using the solvent-free 
toughening approach and do not lead to phase separation while PES showed very 
promising results.

Therefore, the aim of the present study was to investigate the influence of molec-
ular weight, functionalization and content of PES on the morphology and phase sep-
aration behavior as well as on thermal and mechanical properties of novolac-type 
cyanate ester composites.

Experimental

Materials

In this work, phenol novolac cyanate ester (CE, monomer molar mass 381.39 g/mol) 
was used as a matrix, the manufacturer is not mentioned according to the project 
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partner requirements. As tougheners different polyethersulfones Sumikaexel 2603 
MP, 4100 MP and 5003 MP (Sumitomo Chemicals; Japan) with various molecular 
weights were used. The properties of used materials are presented in Table 1.

Sample preparation

Cyanate ester/PES blends were prepared as follows. The viscosity of CE was 
reduced by raising the temperature to 80 °C. Preliminary dried PES (in vacuum oven 
24 h at 110 °C) in amounts of 5, 10, 15, 20 parts per hundred resins (phr) was added 
to the resin, and mixtures were heated to 180 °C for 15 min to achieve swelling of 
PES particles in the matrix. Using the Speedmixer DAC 1100.1 FVZ (1200  min−1 
for 2 min), cyanate ester blends with various PES content were obtained.

Plates were manufactured by casting the mixtures into molds consisting of three 
rectangular steel plaques covered with high temperature resistant release agent Mar-
bocote TRE 45 ECO. The cure cycle was 2 h at 190 °C, 1 h at 220 °C and 1 h at 
260 °C. The cured plates were allowed to cool slowly to room temperature, removed 
from the mold and further cut to produce bars for mechanical testing.

Methods

Differential scanning calorimetry (DSC)

Dynamical DSC measurements were performed using a TA DSC 25 (TA Instru-
ments) at a heating rate of 10 K/min purged with dry nitrogen gas.

Morphology observation

The morphology of blends was observed using a Linkam Hot Stage microscope. 
Resin droplets were placed in between two glass plates and placed on the hot 
stage. The temperature was then raised to 190 °C, kept for 15 min, and then further 
increased for post-curing to 260 °C for 30 min.

Fracture surface investigation was performed using a Keyence VK-X200 confocal 
laser scanning microscope (CSLM).

Table 1  Material properties of used PES

Parameter PES 2603MP PES 4100MP PES 5003MP

Molar mass, g/mol 16,000 33,000 42,000
Particle size, µm 45 45 45
Glass transition temperature, °C 220 223 227
–OH end groups, per 100 polymer relat-

ing units
4.5 – 1.1
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Rheology

The viscosity of CE/PES blends was measured at elevated temperatures between 
25 and 120 °C using Physica MCR300 (Anton Paar) plate-plate rheometer at 0.1% 
strain and 1 Hz frequency.

Dynamic mechanical analysis (DMA)

Glass-transition temperature Tg and Storage Modulus E’ were measured using a TA 
Q800 dynamic mechanical analyzer (TA Instruments). Measurements were per-
formed using a three-point bending clamp. The specimens were cut with a diamond 
blade saw and polished to the dimensions of 25 x 10 x 2 mm.

The glass transition temperature was defined as the temperature corresponding to 
the onset of the storage modulus curve.

Mechanical tests

Fracture toughness tests were performed using single-edge notched bending (SENB) 
samples in three-point bending, following the ASTM D5045-99(2007). The sam-
ples were cut from the resin plates by water jet to nominal dimensions of 52.8 × 12 
× 4 mm with a 4.5 mm deep notch. By tapping the samples at the tip of the notch 
with a frozen razor blade a natural pre-crack was created. The pre-cracked SENB 
specimens were loaded under three-point bending using a universal testing machine 
(Zwick/Roell Z100) at a rate of 10 mm/min. Flexural strength and modulus were 
determined using the mentioned universal testing machine in three-point bending 
according to ASTM D790 (2017) with a crosshead speed of 1 mm/min. The sample 
dimensions were 50 × 10 × 3 mm.

Results and discussion

Thermal properties

DCS results (Fig.  1) show an exothermic reaction at a curing temperature of 
around 300 °C. Temperature of curing peak (Tp) and total enthalpy of the reaction 
(ΔH) are collected in Table 2. Comparing the results, it is noticeable that the PES 
(PES2603MP and PES5003MP) with OH-end groups accelerate the curing of CE. 
PES without hydroxyl groups (PES4100MP) has almost no influence on the cur-
ing process (Table  2). Blends with both functionalized PES have lower enthalpy, 
because OH groups are involved in the curing process of the cyanate ester.

Morphological characterization

Morphology of CE-PES blends for 15 phr of toughener is presented in Fig.  2. 
All samples exhibited initial dissolution in the matrix, followed by phase 



217

1 3

Polymer Bulletin (2022) 79:213–225 

separation. However, only PES with low molecular weight (PES2603MP) forms a 
dual droplet morphology with spherical domains of approximately 5–20 µm diam-
eter (Fig.  2a). Toughener with higher molecular weight and terminate hydroxyl 
groups (PES5003MP) formed co-continuous sea island morphology with a com-
bined CE/PES structure after dissolution (Fig.  2c). Non-functionalized PES 
(PES4100MP) in combination with CE leads to complete phase inversion (Fig. 2b).

The difference in morphology depends on the molecular weight of both polymers 
in the blend. An increase of the molecular weight of thermoplastic reduces the mis-
cibility between the resin and the toughener, which accelerates the phase separation 
of the mixture. At the same time, the increase of molecular weight increases the 
viscosity of the mixture, which further slows down the phase separation. [15]. In the 
case of CE and high molecular weight PES, the process is complicated by sterical 
reasons that apparently prevent phase inversion and as a result the morphology stays 
co-continuous.

The morphology of fracture surface obtained using laser scanning microscopy 
for the mixture with 15 phr of PES 2603 is shown in Fig.  3. The microcracks 
observed in Fig. 3a display a fragile structure of the neat CE. Fracture surface inves-
tigations of toughened blends demonstrated crack pinning and crazing toughening 
mechanisms but in the case of PES 4100MP and 5003MP the sedimentation layer 
is observed (Fig. 3b–d). As mentioned, the morphology investigation of blends with 
high molecular weight PES with terminate hydroxyl groups and non-functionalized 

Fig. 1  DSC curves of CE with 20 phr of PES 2603MP, 4100MP and 5003MP

Table 2  Curing parameters 
of neat CE and 20 phr of PES 
blends

System Tp, °C ΔH 103, J/kg

CE 313 710.8 ± 17.2
CE-PES 2603MP 300 555.2 ± 44.9
CE-PES 4100MP 309 615.4 ± 38.1
CE-PES 5003MP 301 569.1 ± 40.7
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PES showed a continuous structure. This likely resulted in the observed sedimenta-
tion of both tougheners in the cured cyanate ester matrix regardless of PES content.

As a result of the reaction between −OH groups of the PES and Cyanate ester, an 
H-bonding interaction likely occurs (Fig. 4). This influences the swelling of the PES 
particles in the matrix. At the same time, PES5003 due to its high molecular weight 
contains lower amounts of OH groups, which leads most probably to a dual-phase 
morphology. In the case of low molecular weight bisphenol A (BADCy) cyanate 
ester, it was shown that in BADCy-PES 5003MP blends with amounts of PES below 
20% phase separation occurs with the formation of particles having a diameter of 5 
µm. Above 20% PES particles appear not to be bonded to the matrix [8]. In our case, 

Fig. 2  Hot stage microscopy data at 260 °C for CE-15 phr PES: 2603MP (a), 4100MP (b), 5003MP (c)
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Fig. 3  Fracture surface of the 
neat CE (a) and CE- 15 phr PES 
blends: 2603MP (b), 4100MP 
(c), 5003MP (d)
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novolac CE has a higher molecular weight than BADCy, and microscopy investiga-
tions indirectly indicate that strong hydrogen bonding influences the morphology of 
the blend.

Viscosity measurements

Viscosity of blends neat CE and CE/PES2603 with different content of the tough-
ener was measured in the oscillation mode at three temperatures: 30, 80 and 120 °C 
(Fig. 5). These temperatures were chosen to estimate the best impregnation condi-
tions and the content of PES since they represent typical temperatures in the com-
posite processing. Usually, the recommended viscosity of the resin for prepreg man-
ufacturing should be around  105 Pa s at room temperature with proper tackiness and 
1 Pa s at impregnation temperature (80–120 °C). The results show that the studied 

Fig. 4  Possible crosslinking of cyanate ester with polyethersulfone via hydroxyl groups

Fig. 5  Viscosity of CE-PES2603MP for various content of toughener at different temperatures
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CE/PES blends stay in the required viscosity range at room temperature. Studies at 
impregnation temperature show that the best choice for a blend would be either 10 
phr of PES while processing at 80 °C or 15 phr at 120 °C. Investigation of thermal 
and mechanical properties can give the complete picture and will lead to the final 
decision.

Thermal properties

DMA data show the initial storage moduli for toughened systems, which are lower 
than the value for neat CE (Fig. 6). The effect of PES toughener on the glass tran-
sition temperature of the investigated blends was also different. In general, there 
are several approaches of Tg determination, as tanδ, onset or end point of storage 
modulus curve. In aerospace applications, the onset  Tg determination is most com-
mon. The neat resin possesses the onset temperature at around 390 °C. Incorporat-
ing 20 phr of PES results in a reduction of onset temperature to values correspond-
ing to a  Tg of the PES. In the case of PES 2603MP, the drop of storage modulus is 
approximately 30% of the initial value; whereas, in the case of PES 4100MP and 
5003MP at approximately 240 °C, the drop of the storage modulus comes to more 
than 50% (Table 3). That correlates with the morphology data when sedimentation 

Fig. 6  DMA curves of CE with 20 phr of PES 2603MP, 4100MP and 5003MP

Table 3  Tg onset and storage 
modulus drop (%) of neat CE 
and CE-PES (20 phr) blends

System Tg onset, °C ΔE, %

CE –/390 –
CE-PES 2603 241/390 30
CE-PES 4100 232/390 74
CE-PES 5003 242/390 70
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of high molecular weight PES was observed. Such difference also can be explained 
by strong hydrogen bonding formation in the case of PES 2603MP (Fig. 4).

Investigation of PES 2603MP content on the storage modulus drop is presented in 
Fig. 7. Initial storage modulus values are similar for 5 and 10 phr PES (3200 MPa) 
and for 15 and 20 phr (2800 MPa). The same trend in modulus drop is observed. 
Taking that into account as well as processability of the planning prepreg manufac-
turing, 15 phr of PES was suggested as an optimal content. Also, in case of rein-
forced composites the fiber will make the major contribution and this drop will be 
even more insignificant.

Mechanical properties

Flexural tests showed low sensitivity for CE brittle matrix (Table  4). According 
to [16], the values of flexural modulus (Ef) and (ϭf) strength of PES are 2550 and 
129 MPa, respectively. With the increase of the PES content, the flexural modulus 
slightly decreased and strength had higher values.

Mechanical properties of CE-PES composites characterized by fracture tough-
ness K1C and fracture energy G1C is given in Fig. 8.

Fig. 7  DMA curves of CE blends with different content of PES 2603MP

Table 4  Flexural properties of 
neat CE and CE-PES blends.

System Ef, MPa ϭf, MPa

CE 3802 ± 99 45.3 ± 8.6
CE-5phr PES 2603 3578 ± 149 46.5 ± 8.1
CE-10phr PES 2603 3483 ± 132 53.1 ± 11.9
CE-15phr PES 2603 3299 ± 143 54.6 ± 13.8
CE-20phr PES 2603 3275 ± 139 54.7 ± 12.6
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With the increase of the PES content, the expected improvement of fracture 
toughness of cyanate ester matrix is observed. For 20 phr of PES K1C increased to 
0.72 from 0.31 MPa  m1/2 for the neat resin while G1C increased to 117 from 27 J 
 m2. Such improvements can be explained by forming phase separated and inverted 
structures. Since in the case of PES4100MP and 5003MP sedimentation occurred, 
no adequate improvement of mechanical properties was expected.

Conclusions

The morphology, thermal and mechanical properties of cyanate ester—polyethersul-
fone blends depending on the molecular weight and content of thermoplastic tough-
ener were investigated. Increases in molecular weight of the thermoplastic toughener 
lead to phase separation, which causes a reduction of glass transition temperature of 
the blend to the value of Tg of PES. Depending on the content of PES, the minor 
drop of storage modulus allows considering such systems for high temperature com-
posites applications.
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Fracture surface investigations demonstrated crack pinning and crazing toughening 
mechanisms. SENB analysis showed that 20 phr of polyethersulfone with –OH end 
groups lead to 132% improvement in fracture toughness. Thermal, mechanical and rhe-
ology tests allowed to determine the optimal content of the toughener of 15 phr of PES 
suitable for the prepreg manufacturing.

In the next steps, we investigate and present results of carbon fiber composites based 
on the developed toughened cyanate ester system.
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