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Abstract: Self-healing cyanate ester resins (CE) were developed by adding low molecular weight
poly(phenylene oxide) (PPO) resin, yielding a high performance CE/PPO system via a low-
temperature process. The addition of PPO improved the flexural strength and fracture toughness of
the CE matrix without sacrificing thermal properties. CE/PPO formulations with 5, 10, and 15 wt.%
PPO showed 43%, 65%, and 105% increase in fracture toughness due to a combination of crack
deflection, crack pinning, and matrix cavitation around second-phase particles. When PPO was
introduced into the CE, dielectric properties were either unchanged or declined. During thermal

treatment to heal damaged CE, liquid PPO flowed into cracks, and during subsequent cooling,
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solidified to bond the crack surfaces. The self-healing efficiency for CE with 15 wt.% PPO after
heating to 220°C for 1 h exhibited a recovery of 73% in toughness and 81% in microtensile strength.
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1. Introduction

Engineering thermoplastics are widely used to toughen thermosetting resins, allowing retention of
the glass transition temperature (Tg) and other desirable properties of thermosetting systems.[1-18]
References reveal that the introduction of low-molecular-weight or reactive thermoplastic polymers
into a thermosetting prepolymer is a useful strategy to finely tune the microstructure and improve
the properties of the resulting thermosetting systems because of low melt viscosities, excellent
solubility, or reactivity.[19-23] For example, the addition of epoxide-terminated low-molecular-
weight poly(phenylene oxide) (EPPO) to epoxy resin (EPN) systems can increase miscibility
between EPN and EPPO and form EPN/EPPO reactive blends. The cured blends show lower
dielectric constant, dissipation factor, water absorption, and higher Ty, thermal stability and flame
resistance compared with the neat resins.[21, 22] The introduction of allyl-functionalized
hyperbranched polyimide to bisphenol-A-based bismaleimide resin improves the processability of
the resins and increases the Tg, elastic modulus, and fracture toughness of the cured resin.[23]

Cyanate ester (CE) resins are thermosetting polymers and have been used in electrical encapsulation,
structural composites for aerospace, and various other applications.[24, 25] However, CE is brittle
because of the high crosslinking density of the triazine ring and consequently must be toughened for

structural applications. Although the approach of toughening thermoset resins with thermoplastic
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particles is well-established,[25, 26] there are few reports on thermoplastic toughening of CE
systems.[27-30] The addition of thermoplastic hyperbranched poly(phenylene oxide) (PPO)[27] and
epoxy-functionalized hyperbranched PPO[28] to CE reportedly reduces cure temperature and yields
tough polymers with superior dielectric properties[27, 28] and high Tg values.[28]

Thermoplastic particles/fibers can be used to repair matrix microcracks via diffusion of molten
thermoplastic into the cracks and formation of chemical bonds between the crack surfaces.[31-46]
For example, a hydrogen-bonding brush polymer system self-repairs through hydrogen-bonding
interactions.[37] Similarly, the addition of a high-molecular-weight linear polyester to epoxy heals
crack surfaces through melting, diffusion, and bonding of the thermoplastic particles.[38] The
mendable thermoplastic poly[ethylene-co-(methacrylic acid)] (EMAA) heals delamination cracks in
carbon fiber-epoxy laminates by wide area flow of EMAA through cracks via a pressure delivery
mechanism.[33, 34] A thermoplastic copolyester in polystyrene shape memory polymer (Veriflex)
can also be used to fill cracks.[35] Reactive thermoplastic EMAA and polyethylene-co-glycidyl
methacrylate can heal cracks in epoxy networks and delaminations in carbon-epoxy composites
through a pressure delivery mechanism where the molten EMAA and polyethylene-co-glycidyl
methacrylate are forced into the crack.[36] Non-reactive thermoplastic ethylene vinyl acetate can
heal epoxy composites resulting from the low viscosity of ethylene vinyl acetate during healing and
excellent adhesion to the fracture surface after cooling.

Here, we describe our efforts to design a high performance CE/PPO system with self-healing ability.
The formulation can be processed at relatively low temperature (<200°C) using the catalyst 4,4'-

diaminodiphenylsulfone (DDS). The mechanical properties, thermomechanical properties, dielectric
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properties, thermal stability, and the healing behavior of the cured CE/PPO system are analyzed and

described.

2. Experimental

2.1Materials

Cyanate ester resins (bisphenol A dicyanate (2,2'-bis(4-cyanatophenyl)isopropylidene, molecular
weight: 278) were selected and acquired (Zhejiang Shangyu Shengda Biochemical Co. Ltd,
China). A modified low-molecular-weight poly(phenylene oxide) with vinyl end groups (PPO
MX9000-111 resin, phenolic end-group content <100 ppm, Tg= 154°C, Mw = 1100) oligomer
powder was selected (Sabic), and a DDS catalyst was obtained (Alfa Aesar). Figure 1 shows the

structures of the materials.
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Figure 1: Structures of the materials.
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2.2Preparation of cyanate ester/poly(phenylene oxide) system

Cyanate ester (100 g) was heated to 100°C to obtain a clear liquid, then fixed amounts (5, 10, and
15 wt.%) of PPO and 1 wt.% DDS were added. The temperature of the mixture was raised to
120°C and held for 30—40 min while stirring constantly. Afterward, the mixture was poured into a
pre-heated mold, degassed, and cured according to the following schedule:

130°C/2 h+150°C/2 h + 180°C/2 h + 200°C/2 h. The cure schedule used for the neat CE was
150°C/2 h+ 180°C/2 h+200°C/2 h, followed by a post-cure at 220°C for 4 h. After curing,

samples were cooled to room temperature.
2.3Characterization

Flexural strength was measured using a load frame (Instron 4045). The three-point bend fixture
featured contact points with a 5 mm radius of curvature. Tests were conducted at 25°C using a
cross-head speed of 0.5 mm/min, and 10-15 specimens per composition were tested. The flexural

strength (of) was calculated using eqgn (1).

3F5

Of = -
2wd (1)

where: F = applied force at fracture, S = span, and w and d are specimen width and depth,
respectively..
Fracture toughness (Kic) was measured using single-edge notched beam specimens under mode |

conditions. Single-edge notched beam specimens were loaded to fracture to determine the fracture
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toughness of the materials. The size and dimension of the specimen is shown in Fig. 2(a). The notch
was introduced by first cutting a notch with a diamond saw, then generating a pre-crack by gently
tapping a fresh razor blade at the base of the notch. The size of the original crack was 0.45 W <a<
0.7 W. The specimen was loaded at a constant displacement rate (0.5 mm/min) until fracture, and

10-15 samples for each composition were tested. Fracture toughness (Kc) was calculated using eqn

2.
K = (1.93 -3.07(12) + 14.53(%/)2 - 2511 (%)3 - 25-30(%)4)
_3Psva
28W? @

where P is the critical load, B is the thickness, W is the width, S is the span, and a is the length of

the original crack.
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Figure 2: Size and dimension of the specimen.

A microtensile tester (Deben, SKN) was used to measure tensile strength (o). The tensile specimen
was an un-notched dog bone-shaped with a test section of 7 x 2 x 2 mm (L x W x D). The dimensions
of specimen are shown in Fig. 2(b). Tensile tests were carried out at 0.5 mm/s at room temperature,
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and ¢ was calculated by dividing the maximum applied force by the original cross-sectional area
(Ao). Six specimens per composition were tested.

The healing efficiency (1) was determined by comparing the Kic and ¢ values of fractured specimens
after healing with those of pre-fractured specimens. Fractured specimens were fixed using adhesive
tape to maintain close contact of the crack surfaces, then heated at 220°C for 1 h. Once heating was
complete, the specimens were cooled and the tape was removed from the sample, and Kic and ¢ of
the specimen were measured using the same test procedure described in the preceding text. The self-
healing efficiency for toughness (nkic) and for tensile strength (ns) were calculated using egns (3)

and (4), respectively.

_ Kic healed
Mo =

K ICorigin (3)

where Kicorigin is the fracture toughness of the original pre-fractured specimen, and Kichealed is the

facture toughness of the specimen after healing. Tensile strength is given by

__ Ohealed

B, =
‘ Oorigin (4)
after where oorigin IS the microtensile strength of the original pre-fractured specimen, and Ghealed iS the
microtensile strength of the specimen after healing.

The morphology of fractured specimens was examined using a scanning electron microscope (SEM,
Hitachi S-4700, Japan). All samples for SEM experiments were sputter coated with a thin gold layer

prior to examining. Fourier transform infrared (FTIR) spectroscopy was performed by scanning KBr
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disks of the samples from 400 to 4000 cm—1(Nicolet, ThermoScience). Differential scanning
calorimetry (DSC) experiments were performed (Q2000, TA Instruments) between 30°C and 400°C
at a heating rate of 10°C/min in a nitrogen atmosphere, and thermogravimetric analyses (TGA) were
performed from 30°C to 800°C at a heating rate of 10°C/min using nitrogen flowing at 50 ml/min
(TA Instruments SDTQ500). Dynamic mechanical analysis (DMA) was using a single cantilever
beam clamping setup (TA Q800 DMA). DMA tests were carried out from 50°C to 350°C using a
heating rate of 3°C/min at 1Hz. Sample dimension was 35 mm x 10 mm x 2 mm. The glass
transition temperature (Tg) was determined from the peak temperature in the tand-temperature plot.
The extent of conversion (o) of the cyanate ester groups (—OCN) and the amount(x) of unreacted
—OCN have been estimated according to the FTIR spectra of the uncured and cured CE/PPO
systems. To monitor the change of —OCN, the phenyl ring at 1510 cm—1 was used as the reference
peak, the vibration bands of —-OCN at 2280/2238 cm—1 were chosen to calculate the x and o

according to egns (5) and (6).
ag=1-—X (5)

(A ~ocn/A phenyl ring ) T.t

(A_OCN/Aphenyl ting) T.0 (6)

where A is the peak area of the selected group, T is the curing temperature, t is the curing time, and

0 represents no curing.

L. Yuan, S. Huang, Y. Hu, A. Gu, G. Liang, G Chen, Y Gao, and S. Nutt, “Poly(phenylene oxide)
modified cyanate ester resin for self-healing” 25 [7] 752-759 Polymers for Advanced Technologies
(2104) DOI<http://dx.doi.org/10.1002/pat.3290>

8



3. Results and Discussion

3.1Mechanical properties

Figure 3 shows the mechanical properties of the CE/PPO systems. The cured CE/PPO systems
prepared at low temperature show increases in flexural strength and fracture toughness compared
with the CE control samples prepared at high temperature. The flexural strength and the fracture
toughness increase by 25% and 43% for CE with 5 wt.% PPO, by 36% and 65% for CE with 10 wt.%

PPO, and by 41% and 105% for CE with 15 wt.% PPO.
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Figure 3: The mechanical properties of the cyanate ester/poly(phenylene oxide)
(CE/PPOQ) systems.

The improved flexural strength of CE/PPO systems derives primarily from the higher conversion
(o) of —OCN (Fig. 4), the amount(x) of unreacted —OCN for the cured CE/PPO systems is 2-4%
lower than that of the cured pure CE. DDS contains amine groups, and PPO contains trace amounts
of —OH, which is implied by the weak broad peak at ~3420 cm—1 in the FTIR spectrum of PPO
(Fig. 5(a)). Thus, both DDS and PPO catalyze the CE polymerization reaction, as indicated by the
exothermic peak temperatures of CE, CE/DDS, and CE/PPO (Fig. 6).[24, 47-51] As a result, the
amount of unreacted —OCN decreases, thereby increasing the flexural strength of CE/PPO. The

increase in fracture toughness stems from two factors. First, a trace amount of —OH in PPO and the
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DDS catalyst can react with —OCN to form the low-crosslink-density molecules iminocarbonates
(—O-C(=H;NH)-0-)[24, 49-51] and isoureas (—O-C(=H;NH)-NH-),[24, 47] both of which
toughen the matrix. As we know, iminocarbonate is an intermediate product, it can react with two —
OCN groups to form a triazine probably within a few hours.[24] However, in the particular study,
due to controlled curing temperature and time (at about 200°C for 2 h), the iminocarbonate have
insufficient time to completely convert triazine. The evidence of the existence of iminocarbonates
and isoureas can be proven by the weak peaks at about 1615 and 1640 cm—1 in the FTIR spectra of
the cured CE/PPO systems (Fig. 5(b)), respectively. Second, the dispersed PPO phase dissipates
crack energy and stabilizes cracks via cavitation, crack-tip blunting, debonding, and crack

bridging.[7, 8, 27, 52-55]
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Figure 4: The conversion (o) of —OCN based on the Fourier transform infrared spectra
of the cured cyanate ester/poly(phenylene oxide) (CE/PPO) systems.
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Figure 5: Fourier transform infrared spectra of poly(phenylene oxide) (PPO) and the
uncured and cured cyanate ester (CE)/poly(phenylene oxide) systems.
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Figure 6: Differential scanning calorimetry curves for cyanate ester (CE), CE/4,4'-
diaminodiphenylsulfone (DDS), and CE/poly(phenylene oxide) (PPO) system.

The tensile strength (c) of CE/PPO system cured at low temperature was less than that of the pure
CE control sample prepared at high temperature, and as PPO content increased, the ¢ values of
CE/PPO systems decreased. The decrease in 6 values for PPO/CE systems is attributed to changes
in crosslink density. CE/PPO systems contain new networks that include iminocarbonate and

isoureas, which have lower crosslink densities compared with the triazine ring crosslinked structure
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in the pure CE control, resulting in lower tensile strength. Note that because the interfacial region
around PPO particles contains only a small amount of iminocarbonate and the interfacial bond
strength is weak, PPO particles separate easily from the matrix and induce stress concentrations,
decreasing tensile strength.

Fracture surfaces of CE/PPO systems after fracture toughness tests were examined by SEM, and
representative images are shown in Fig. 7. The fracture surface of the CE control prepared at high
temperature is typically smooth, indicating brittle fracture (Fig.7(a)). The fracture surfaces of
CE/PPO systems are rougher than the CE control, consistent with the higher fracture toughness of
CE/PPO systems.[56] The spherical PPO particles were well dispersed in the CE matrix, as shown
in Fig. 7(b)—(d). The PPO particles are ~1-5 um in diameter and become slightly larger with higher
PPO content. Crack bifurcation, feather markings, cavitation, and debonding in the CE matrix are
evident in Fig. 7(b)—(d). The increase in toughness for CE/PPO systems is attributed to a synergism

of multiple toughening mechanisms.
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Figure 7: Scanning electron microscope images of fracture surfaces of cyanate
ester/poly(phenylene oxide) (CE/PPO) systems after fracture toughness tests.

3.2Thermal Properties

Figure 8 shows TGA and derivative thermogravimetric analysis curves for PPO and CE/PPO
systems. The degradation temperatures (Tq) at 5 wt.% weight loss of CE with 5, 10, and 15 wt.%
PPO cured at low temperature are 432°C, 429°C, and 423°C, respectively. Those Tq values are less
than those of the pure CE control (433°C) because of the presence of lower crosslinked density
molecules (iminocarbonates and isoureas), which exhibit lower thermal property levels compared
with the triazine rings in the pure CE control. Additionally, PPO has a lower T4 compared with the

CE control, and thus the introduction of PPO decreases the Tq4. The temperature of the maximum
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rate of degradation (Tmax) of the CE/PPO system is equal to the Tmax value (444°C) of pure CE, a

phenomenon is attributed to the higher Tmax of PPO.
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Figure 8: Thermogravimetric analysis and derivative thermogravimetric analysis
curves for poly(phenylene oxide) (PPO) and cyanate ester (CE)/PPO systems. This
figure is available in colour online at wileyonlinelibrary.com/journal/pat

3.3 Thermodynamical property of cyanate ester/poly(phenylene oxide) system

Figure 9 shows DMA curves of CE/PPO systems. The storage modulus of the CE/PPO sample is
less than that of the CE control sample and decreases with increasing PPO content, the phenomenon
is caused by the low molecular weight PPO and the lower crosslinked density networks.[25, 51-53]
As the temperature is increased, the storage moduli of all systems decrease. There is a sudden and
slight reduction in storage modulus for CE/PPO samples between 175°C and 225°C, which is

attributed to the PPO phase and increased interfacial area.
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Figure 9: Dynamic mechanical analysis curves of cyanate ester/poly(phenylene oxide)
(CE/PPO) systems.

The strong and sharp peaks in tand curves arise from the transition of triazine rings. The Tg value
for the cured pure CE is 298°C. Such a high Tq for the cured pure CE without DDS is attributed to
impurities within CE resins and the long curing cycle. First, impurities in CE tend to catalyze the
polymerization of CE[24] and higher impurities may lead to higher conversion of “OCN. Second,
the relatively long cure cycles (220°C for 4 h) can increase the conversion of —OCN at higher
temperature,[24] which can lead to higher T4 of CE matrix. The corresponding Tg values of CE/PPO
systems with 5, 10, and 15 wt.% PPO cured at low temperature are 300°C, 292°C, and 284°C,
respectively. CE with 5 wt.% PPO exhibits a slightly higher Ty than that of neat CE, whereas CE
with 10 and 15 wt.% PPO show slightly lower Ty values than that of the neat CE. Owing to the
catalytic effect of DDS and —OH in PPO on CE monomer, the conversion of -OCN increases, and
the T4 of CE/PPO systems may increase. However, the lower crosslinked density networks such as
iminocarbonates and isoureas in CE/PPO systems and the addition of flexible PPO reduces crosslink
density, which decrease the thermal property levels of CE. The negative effect becomes more

pronounced and gradually becomes the dominant factor with increasing PPO content, causing
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thermal properties of CE/PPO to decline. In this study, the Tg of CE with 10-15 wt.% PPO is only
~6-14°C less than that of unmodified CE. Thus, CE/PPO systems cured at low temperature exhibited

superior Ty values.

3.4Dielectric property of cyanate ester/poly(phenylene oxide) system

Figure 10 shows the dielectric constant and dielectric loss of CE/PPO systems over a frequency
range of 102-10° Hz. The dielectric constant of the CE control sample prepared at high temperature
is 2.84-2.98, and the dielectric loss (tand) is 0.0019-0.0067. The dielectric constant of CE with PPO
(low-temperature cure) is 2.75-2.93, which is less than that of the CE control (high-temperature
cure) (Fig. 10(a)), and decreases with increasing PPO content. This phenomenon is attributed to the
low dielectric constant of PPO (2.69-2.62) (Fig. 10(a)), and the reduced polar —OCN group. The
dielectric losses of CE/PPO are 0.0051-0.0016. The dielectric loss of CE/PPO system is slightly less
than that of the pure CE control because of the lower dielectric loss of PPO (0.0019-0.0007). As

PPO content increases, the dielectric loss of CE/PPO system gradually decreases (Fig. 10(b)).
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Figure 10: The dielectric constant and dielectric loss of cyanate ester/poly(phenylene
oxide) (CE/PPO) systems.

3.5Repair capacity of cyanate ester/poly(phenylene oxide) systems

Figure 11 shows the fracture toughness (Kic) and microtensile strength (o) of the CE/PPO samples
heated at 220°C for 1 h along with the healing efficiency. The addition of PPO to CE along with
thermal treatment recovers much of the toughness and the tensile strength of the fractured CE/PPO
systems. The recovery values of CE with 5, 10, and 15 wt.% PPO were 22%, 53%, and 73% of the
virgin (pre-fractured) toughness, and 28%, 50%, and 81% of the virgin tensile strength when heated

at 220°C for 1 h. Higher PPO contents led to higher self-healing efficiency values.
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Figure 11: The fracture toughness (Kic) and microtensile strength (o) of the cyanate
ester/poly(phenylene oxide) (CE/PPO) samples heated at 220°C for 1 h along with the
healing efficiency.

Figure 12 shows SEM images of the fracture surfaces of healed CE/PPO systems. The shapes of
PPO particles in healed samples differ from those of PPO particles on fracture surfaces of the
corresponding sample (Fig. 7). The areas surrounding PPO particles show the diffusion trace of PPO
(indicated by the arrows in Fig. 12), and the gap between PPO particle and matrix as shown in Fig. 7
is not apparent in Fig. 12, which arises from the crack filling of molten PPO during thermal
treatment. The molten PPO fills cracks and re-bonds crack surfaces after solidification, resulting in
recovery of properties in CE/PPO samples. As PPO content is increased, more liquid PPO fills

cracks, increasing the healing efficiency.
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Figure 12: Scanning electron microscope images of the fracture surfaces of healed
cyanate ester/poly(phenylene oxide) (CE/PPO) systems.

4. Conclusions

Poly (phenylene oxide) modified-CE resins with self-healing ability were synthesized. The flexural
strengths of CE with 5, 10, and 15 wt.% PPO cured at low temperature were 25%, 36%, and 41%
greater than that of the pure CE control cured at high temperature. The increases were attributed to
the reduced —OCN content. The fracture toughness values of CE with 5, 10, and 15 wt.% PPO cured
at low temperature were 43%, 65%, and 105% greater than the control, and the increases were

attributed to a combination of multiple toughening mechanisms, primarily crack bifurcation, feather
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markings, cavitation, and debonding of PPO particles. The CE/PPO systems showed lower
microtensile strength values compared with the pure CE (high-temperature cure), and the decreases
arose because of the formation of lower crosslink density molecules in the matrix and stress
concentrations around PPO particles. The addition of low molecular weight PPO resin to CE slightly
decreased the thermal stability of CE matrix. The CE/PPO systems showed lower dielectric constants
than the pure CE control for the low dielectric constant of PPO. Self-healing of CE/PPO systems
could be achieved by the flow of molten PPO during post-fracture heating. The recovery values of
CE toughness were 22—-73%, while the recovery of CE tensile strength was 28-81% of the virgin

tensile strength when heated at 220°C for 1 h.
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