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A B S T R A C T   

A new strategy to obtain nanodomain structure in thermoset/thermoset blends was developed via different 
dynamic reactions of cyanate ester (CE) and epoxy (EP) resins in the presence of zinc (II) acetylacetonate and 
glutaric anhydride. The resulting polymer systems show high mechanical property mainly attributed to EP 
nanophase and the excellent interfacial interaction between EP nanophase and CE matrix. Owing to the broad 
glass transition, the polymer systems display thermally activated triple shape memory effects in the temperature 
ranges of 150–225 �C. Moreover, the systems exhibit thermal self-healing behavior resulting from the trans
esterification and possible reactions between the residual cyanate ester and epoxy groups, and a 78–83% re
covery of fracture toughness for the resulting polymers can be achieved after the first healing schedule of 200 �C/ 
2 h.   

1. Introduction 

Thermosetting polymers with nano structures have been developed 
rapidly in the past decade and received great interest by researchers due 
to their unique properties that are often rather different from those of 
conventional materials in mechanics, optics, magnetism, therotics 
electricity and so on [1–5]. In situ formation of nanostructure in polymer 
blend is a promising method, with this method, the present key problem 
on poor dispersion of nanopahse is solved aptly. Generally, two strate
gies have been proposed to develop in situ nanostructure within ther
mosetting polymer matrix. 

The first is incorporating thermoplastic into thermosetting resins to 
form thermoplastic nanophase separated structure in thermosetting 
polymer matrix [6]. Because thermoplastics and thermosetting resins 
form a highly immiscibility blend, polymerization-induced phase sepa
ration is often used to obtain two-phase polymers [7]. For example, pol
yether sulfone, end-chain modified polyether sulfone, polysulfone and 
poly(ε-caprolactone), a liquid carboxylterminated acrlonitrile-butadiene 
rubber are introduced into thermosetting resins to obtain nanophase 
separated structures [8–10]. However, the immiscible thermoplastic/
thermosetting systems have a coarse morphology and poor adhesion be
tween the two components. 

The second is introducing block copolymers into thermosetting for 
creating nanostructures within thermosetting polymer matrix [11–13]. 

Owing to the improved compatibility of the blended components, block 
copolymer can be limited the scale of phase separation, thus the nanoscale 
microstructure in the thermosetting polymer can be created easily [12,13]. 
For instance, epoxidized styrene-block-butadiene-block-styrene triblock 
copolymer is added to epoxy (EP) resin to obtain spherical nanoparticles 
with diamater of 20–30 nm in EP matrix [14]. Low-molecular-weight poly 
(ethylene oxide)-poly(ethylene-alt-propylene) and poly(ε-caprolactone)-
block-poly(dimethyl siloxane)-block-poly(ε-caprolactone) triblock copol
ymer are introduced to EP resins to fabricate nanostructured thermosets, 
and various nanostructures such as lamellar, cubic bicontinuous, hexag
onally packed cylinders, etc. can be formed depending on the concentra
tion of EP resins [15,16]. Polystyrene-block-polybutadieneblock-poly 
(methyl methacrylate) ABC triblock copolymers and poly(ethylene 
oxide)-block-polyethylene diblock can accelerate the formation of nano
structures in thermosetting resins [17,18]. Owing to the formation of 
nanostructures, the polymer blends can be considered as macroscopically 
homogeneous materials. However, it can be noticed that for easily con
structing nanophase structures, at least one end of the polymer chain must 
be incompatible with thermosetting resin to ensure phase separation 
[15–19], then the adhesion between the two components is relatively 
weak. Guo and coworkers have reported that the introduction of block 
ionomer sulfonated polystyrene-block-poly(ethylene-cobutylene)-block- 
polystyrene (SSEBS) or their complexes in EP resin can successfully 
self-organize nano-scaled phase structure [20,21], and the sulfonic acid 
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groups or a tertiary amine-terminated poly(ε-caprolactone) blocks in the 
block ionomer complex can form hydrogen bonding with EP that signifi
cantly improves the adhesion between the components. It is great signif
icance to improve the adhesion between nanostructure phase and polymer 
matrix for the outstanding mechanical property. 

As we know, most thermoset/thermoset blends can form compatible 
formulation blends and the strong chemical or physical interactions 
between the different components can be realized because of their 
copolymerization or the formation of interpenetrating polymer net
works [22,23]. Then, the excellent adhesion between thermosetting 
nanophase and thermosetting matrix can be easily obtained if the 
nanophase structure can be formed in situ in compatible thermo
set/thermoset blends under reasonable condtions, and the resulting 
polymers may show some unexpected properties. Actually, it is hard to 
achieve phase-separated structure for thermoset/thermoset blends 
because of the lower Flory-Huggins interaction parameter in polymer 
blends and similar molecular weight of the blends [24]. Generally, the 
compatible formulation blends can easily form copolymer and inter
penetrating polymer that have structured at molecular scales [25], 
thermoplastics and block copolymers are used to form nano-scaled 
phase structure in epoxy mainly owing to the partially compatible, 
and the macro-scaled phase structures are usually generated by con
ventional tougheners because they are highly incompatible blends [25, 
26]. But for fully compatible blends, researchers believe that 
phase-separated structure can be induced in a narrow channel of 
composition. Few examples of such blends are benzoxazine/cyanate 
ester (CE) and benzoxazine/bismaleimide blend, in which sea-island 
phase structure and bi-continuous phase separated morphology can be 
formed by controlling reaction [27]. Since the strong interfacial adhe
sion between the separed-phase and matrix can be easily achieved in 
compatible blends, some unexpected properties may be obtained. 

CE resins are representative high performance thermosetting resins 
and the cured CE resins are gifted with attractive properties such as 
excellent thermal property and high glass transition temperature. 
However, the inherent brittleness of the cured CE resins has limited its 
development and application owing to the rigid triazine networks. Then 
the toughness of the cured CE needs improvement. As compared with 
CE, EP resins display lower thermal property but better toughness and 
processing. In commercial applications, CE resins are often modified 
with EP to form compatible formulation blends with improved pro
cessibility and toughness [28]. In addition, microcracks are always 
generated within brittle thermosetting matrix, and previous studies have 
indicated that dynamic covalent bonds such as dynamic trans
esterification bonds can render polymers good healing ability at 
150–230 �C without changing the crosslinking density [29–31]. For EP 
resins, the β-hydroxy ester bonds can be easily introduced into EP 
polymers through the reaction of hydroxyl/epoxy groups in EP and 
glutaric anhydride (GA) in the presence of zinc (II) acetylacetonate 
(ZAA), and the transesterification reaction between ester groups and 
β-hydroxyl groups can also happen in the presence of ZAA under 
controlled conditions, which can heal the microcracks within polymer 
matrix and recover the properties of polymers [29,32–34]. So, ZAA and 
GA are encouraged to appear in the EP systems. Furthermore, it is 
interesting to note that the polymerization of both CE and EP can be 
initiated by the same curing agents or catalyst such as amine derivatives 
and organometallic compounds at different temperature procedures [28, 
35], then it is a great opportunity to create phase-separated morphology 
by controlling reaction. As mentioned above, CE resins are often 
modified with EP for the better processability and improved toughness, 
then the nanodomains of EP polymers in CE matrix are expected for 
improving the property and developing new features of CE. 

In this work, to improve and extend the properties of thermosetting 
CE/EP blends, in situ nanodomain structure in miscible thermosetting 
CE/EP blends is self-constructed in the presence of catalyst of zinc (II) 
acetylacetonate (ZAA) and glutaric anhydride (GA) and the interface 
interaction between two phases can be consolidated through the 

reaction of CE and EP. The morphologies of the nanodomain structure 
are probed, and the mechanical property and thermal property of the 
resulting systems are investigated. Also, the resulting polymer systems 
are supposed to possess the shape memory behavior and self-healing 
ability because of their broad glass transition temperature and the dy
namic reversible covalent bonds inside the polymer systems [36,37]. In 
our previous work [29], although thermosetting EP and chain-extended 
bismaleimide (CBMI) were blended to obtain thermosetting systems 
with high thermal stability and dual memory effect, and GA and ZAA 
were introduced to the systems for designing dynamic trans
esterification bonds to heal or reconfigure the polymer systems, EP could 
easily react with CBMI at about 140 �C owing to the amino functional 
groups in CBMI as well as with GA in the presence of ZAA. Then the 
resulting EP/CBMI systems were cross-linked polymer networks based 
on EP/CBMI copolymers, which were significantly different from the 
thermosetting CE/EP blends with nanodomain structure presented in 
this paper. The aim of this paper is to present a novel strategy for 
designing in-situ nanostructured thermoset/thermoset blends with 
excellent mechanical property and other unexpected properties. 

2. Experimental section 

2.1. Materials 

Diglycidyl ether of bisphenol A epoxy resin (EP, epoxy equivalent 
weight: 184–195 g/mol) was purchased from Nantong Xingchen Syn
thetic Materials Co., Ltd. (China). Cyanate ester [bisphenol A dicyanate 
(2,20-bis(4-cyanatophenyl)isopropylidene, CE] was provided by Yangz
hou Tianqi Material Co., Ltd. (China). Glutaric anhydride (GA) and zinc 
(II) acetylacetonate (ZAA) were purchased from Aladdin Industrial 
Corporation, China. 

2.2. Preparation of CE/EP/GA/ZAA systems 

A mixture of EP and GA was heated at 100 �C in glass breaker. When 
the solution became transparent, ZAA was added. The mixture was kept 
at 100 �C under stirring for 10 min, adding CE. After stirring at 100 �C 
for 20 min, the mixture was poured into a glass mold and placed in 
vacuum at 100 �C for releasing gases, subsequently was cured via the 
temperature procedure of 100 �C/1 h þ 120 �C/6 h þ 180 �C/1 h. In this 
work, polymers with three formulations were prepared, and the weight 
ratios of CE/EP/GA/ZAA were 60/40/12/4, 50/50/15/5 and 40/60/ 
18/6, respectively, the corresponding polymer systems were coded as 
60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ 
ZAA, respectively. The ratio between EP and GA was calculated ac
cording to the stoichiometric ratio of epoxy group to anhydride [31], 
and the weight ratio of EP/GA/ZAA in all CE/EP/ZA/GAA systems was 
fixed at 10/3/1. ZAA was used as a promoter to accelerate the reaction 
of EP/ZAA as well as the reaction of CE. But for CE, very low concen
tration of ZAA could quickly catalyze the polymerization of CE [28], 
then it could be neglected as compared to the concentration of ZAA for 
catalyzing the reaction of EP/GA. It must be mentioned that during the 
preparing process of CE/EP/ZA/GAA systems, ZAA was mixed with 
EP/GA at 100 �C for 10 min before adding CE, then the concentration of 
ZAA was more highly diluted. Although the ratio of CE to ZAA with the 
content of EP/GA/ZAA varied, the ratio of CE to ZAA changed slightly. 
Because CE/EP blends are thermodynamically stable system [28], to 
form a uniformly dispersed phase structure in CE/EP blends, the 
co-continuous blends were encouraged [38]. Therefore, the weight ra
tios of CE to EP were expected to have smaller difference. However, 
CE/EP systems with larger ratios such as 10/90 or 90/10 were prepared 
for differentiating the samples (60CE/40 EP/GA/ZAA, 50CE/50 
EP/GA/ZAA and 40CE/60 EP/GA/ZAA). For comparison, samples 
EP/GA/ZAA (10/3/1) and CE/ZAA were prepared using the similar 
temperature procedure to CE/EP/ZA/GAA systems, and EP/GA (10/3) 
and CE were prepared using higher cure temperature procedure of 100 
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�C/1 h þ 120 �C/6 h þ 180 �C/2 h þ 200 �C/2 h þ 220 �C/2 h for 
considering their lower reaction rate (Fig. S1) [28]. It is hard to prepare 
CE/ZAA with the same ZAA content in CE/EP/GA/ZAA system owing to 
the very rapid catalytic polymerization of CE, only very lower concen
tration of ZAA was added for successfully preparing CE/ZAA, here the 
concentration of ZAA in CE/ZAA relative to CE was 0.05 wt%. EP was 
hard to self-polymerize to form crosslinked polymers that couldn’t be 
used as reference as indicated by the DSC curve of EP (Fig. S1). The 
possible main reactions during the preparation of CE/EP/ZA/GAA sys
tems are presented in Scheme S1 [28]. 

2.3. Characterization 

Attenuated total reflection Fourier transform infrared (ATR-FTIR) 
spectra were obtained using a Bruker Vertex 70 spectrometer (Ger
many). The conversion of epoxy groups (αepoxy group) and cyanate groups 
(α-OCN) were estimated using internal standard method, and the peak of 
aromatic ring at 1506 cm� 1 was selected as reference. 

The morphologies of samples were observed using a scanning elec
tron microscope (SEM, Hitachi S-4700, Japan), light microscope (VHX 
5000) and digital camera. 

Thermal properties were investigated using thermogravimetric 
analyzer (TGA, TA Discovery TGA Instrument) and differential scanning 
calorimetry (DSC, Q200 TA Instrument) at a heating rate of 10 �C/min 
under nitrogen atmosphere. 

Dynamic mechanical analysis (DMA) of sample was tested on a TA 
Instrument DMA Q800 at frequency of 1 Hz and a heating rate of 3 �C/ 
min. The dimensions of samples were 35 mm � 12 mm � 3 mm. The 
glass transition temperature (Tg) was defined by the peak temperature of 
tanδ curve. The crosslinking density (Xdensity) was evaluated based on the 
storage modulus at temperature T (T ¼ Tg þ 50 �C) according to Eq. (1). 

log10G’¼ 7þ 293Xdensity (1) 

Atomic force microscopy (AFM) was utilized to characterize surface 
topography using Bruker Dimension Icon AFM (Germany). A peakfore 
tapping mode was employed to analyze the modulus with an aluminum 
reflex-coated silicon cantilever probe under the resonance frequency of 
75 kHz. The nominal force constant was 3 N m� 1. 

Transmission electron microscopy (TEM) was attained using a FEI 
Tecnai G-20 TEM at 200 kV. An ultra-microtome was used to obtain 
ultrathin sections. 

The triple-shape memory behaviors were evaluated using DMA in
strument under a tensile force-controlled mode. The rectangular sam
ples were heated to a higher temperature Ttrans1 (Tg increased by about 
30 �C) and then stretched to a temporary shape (S1) from its original 
shape (S0), writing down the strain under load (εs1,load). The deformed 
sample was cooled to lower temperature Ttrans2 (Tg reduced by about 
20 �C) and unloaded the force, writing down the strain under unloading 

(εs1). Subsequently, the sample was continued to be deformed to another 
temporary shape (S2) under external force, cooled to room temperature 
and unloaded the force, writing down the strain under load (εs2,load) and 
unloading (εs2). Reheating the deformed sample to Ttrans2 and Ttrans1, 
respectively, temporary shapes S2 and S1 could recover to S1 and then 
to S0, writing down the corresponding strains after recovery (εs1,rec and 
εs0,rec). The Rf and Rr were calculated according to the following Eqs. (2) 
and (3) [39]. 

Rf ðx → yÞ¼ ð
εy � εx

εy;load � εx
Þ � 100% (2)  

Rrðx → yÞ¼ ð
εxðor εx ;recÞ � εy;rec

εx � εy
Þ � 100% (3)  

where x and y represented different shape (S2, S1 and S0). 
Flexural strength was measured using an electronic universal testing 

machine (CMT-4104, China) according to GB/T 2567-2008 at a speed of 
2 mm/min. 

Fracture toughness (KIC) was measured using standard single-edge 
notched beam (SENB) specimens. The length (L), width (W) and thick
ness (T) of samples were 38 mm, 7 mm and 3.5 mm, respectively. The 
notch was cut with a diamond saw, then generating a pre-crack by gently 
tapping a fresh razor blade at the base of the notch. The length (α) of pre- 
crack was controlled between 0.45W and 0.7W. The samples were tested 
using the electronic universal testing machine at a constant displace
ment rate of 0.5 mm/min. Fractured specimens were healed at 200 �C 
for 2 h after the two crack surfaces were contacted each other tightly. 
After healing procedure, owing to the healing of the crack surfaces, the 
pre-cracks should be made again using the same method for generating 
pre-crack as mentioned above. The healing efficiency (η) was the ratio of 
the KIC after healing (KIC healed) to the original KIC (KIC origin). Fig. S2 
shows the dimensions of SENB specimen. 

3. Results and discussion 

3.1. Structure and morphology of polymer systems 

Changes of characteristic functional groups in CE/EP/GA/ZAA sys
tems before and after cure can be investigated using FTIR as shown in 
Fig. 1. The FTIR spectra (Fig. 1a) of CE/EP/GA/ZAA systems before cure 
present the characteristic absorption peaks of epoxy groups, cyanate 
ester (� OCN) groups and C––C of aromatic ring at 917 cm� 1, 
2274� 2235 cm� 1 and 1506 cm� 1, respectively, they also show the 
distinct characteristic absorption peaks of anhydrides at 1800 cm� 1 and 
1760 cm� 1. As compared to CE/EP/GA/ZAA systems before cure, the 
cured CE/EP/GA/ZAA systems have weak or disappeared absorption 
peaks of epoxy and –OCN groups as indicated by their FTIR spectra. 
However, some new absorption peaks appear at 1700 cm� 1, 1560 cm� 1 

Fig. 1. FTIR spectra of CE/EP/GA/ZAA systems (a) and αepoxy group and α-OCN (b).  
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and 1367 cm� 1, which are attributed to the stretching vibration char
acteristic absorption peaks of carbonyl group in ester and triazine ring, 
respectively, resulting from the reaction of epoxy with GA and the 
polymerization of CE in the presence of ZAA (Scheme S1). Additionally, 
an absorption peak at 1746 cm� 1 can be observed in the FTIR curves of 
CE/EP/GA/ZAA systems, which is caused by the oxazoline groups 
formed by the reaction of –OCN and epoxy group. 

For 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/ 
GA/ZAA systems, the calculated αepoxy group values are 93%, 94% and 
98%, respectively, which gradually increase with EP/GA/ZAA content 

(Fig. 1b), this phenomenon is attributed to the fact that the increased 
EP/GA/ZAA concentration can improve the polymer reaction rate of EP. 
The calculated α-OCN values are 90%, 98% and 80% (Fig. 1b), respec
tively, which increases with EP/GA/ZAA content first and then de
creases when the weight ratio of CE/EP is 40/60, the reason is the fact 
that the slightly higher ZAA concentration in polymer systems can lead 
to the faster polymerization of CE that limits the diffusion of CE 
monomer and results in the incomplete reaction of CE. 

To further clarify the possible reactions of CE/EP/GA/ZAA system, 
DSC experiments were performed as shown in Fig. 2. For CE monomer, 

Fig. 2. DSC curves of CE, CE/EP, CE/ZAA, EP/GA/ZAA and CE/EP/GA/ZAA system.  

Fig. 3. SEM and AFM images of the fracture surfaces of the cured CE/EP/GA/ZAA systems and the curves of distance modulus of the representative cross sections 
marked by dashed lines: (a, a0 and a0 0) 60CE/40 EP/GA/ZAA, (b, b0 and b0 0) 50CE/50 EP/GA/ZAA and (c, c0 and c0 0) 40CE/60 EP/GA/ZAA. 
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the endothermic peak at 82 �C is caused by the melting point, and the 
exothermic peak at 312 �C is attributed to the self-polymerization of 
–OCN groups. Evidently, EP can accelerate the reaction of CE because 
the exothermic peak temperature of CE/EP is about 265 �C that is lower 
than that of CE. The reaction between CE and EP can explain the 
excellent compatibility between CE and EP. Furthermore, the addition of 
ZAA can quickly catalyze the reaction of CE, which can be indicated by 
the very low exothermic peak temperature (about 83 �C) of CE/ZAA. 
The EP/GA/ZAA shows an exothermic reaction peak at 181 �C. Because 
ZAA can significantly catalyze the reaction of CE, a weak peak at about 
79 �C in the DSC curve of 50CE/50 EP/GA/ZAA system should be 
attributed to the catalytic reaction of CE and the significant exothermic 
peak at 160 �C must be caused by the reaction of EP/GA/ZAA, which 
demonstrate a two-stage curing for CE/EP/GA/ZAA system at lower 
temperature and the main reactions occurred in CE/EP/GA/ZAA sys
tems is not copolymerization. However, a weak shoulder exothermic 
peak at about 220 �C in the DSC curve of 50CE/50 EP/GA/ZAA can 
indicate the reaction between CE and EP, demonstrating that the 
interface interaction between CE and EP phases can be improved at 
higher temperature. 

To confirm the morphology of CE/EP/GA/ZAA system, SEM and 
AFM experiments were conducted. Fig. 3 shows the SEM and AFM im
ages of the fracture surface of the cured CE/EP/GA/ZAA systems. The 
SEM images of the fracture surfaces of the cured 60CE/40 EP/GA/ZAA, 
50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA clearly demonstrate 
nanodomain structure (Fig. 3a¡3c), which can prove the formation of 
two different crosslinked polymer networks. The discrete interlaced 
patterns (Fig. 3a¡3c) are very different from the smooth and glassy 
surfaces of fractured CE, CE/ZAA, EP/GA and EP/GA/ZAA systems 
(Fig. S3). 

The AFM images also show the nanodomain structure, the darker 
domain represents the lower modulus EP nanodomain, which can be 
indicated by the storage moduli of EP/GA (or EP/GA/ZAA) and CE (or 
CE/ZAA) polymers (Fig. S4a), whereas the bright area represents the 
higher modulus of CE polymers. The average sizes of the nanophase in 
60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA 
calculated from the curves of distance modulus (Fig. 3a0 0¡3c0 0) are about 
35 nm, 30 nm and 28 nm. It seems that lower content of CE can lead to 
smaller EP nanodomain, the most likely reason for this is the increased 

molecular diffusion of EP. Because CE and EP are compatible and CE can 
quickly react in the presence of ZAA to form the cross-linked networks 
that can restrict the molecular diffusion of EP, the decreased CE content 
can reduce the formation of the cross-linked networks, which is bene
ficial to the diffusion of EP molecules and the formation of slightly 
smaller EP nanodomain. 

Fig. 4 shows a schematic of in situ formation mechanism of the 
nanodomain structure in CE/EP/GA/ZAA system and TEM image of the 
resulting CE/EP/GA/ZAA systems. During the heating process of CE/ 
EP/GA/ZAA systems, CE has the priority to react in the presence of ZAA 
at lower temperature. With the increase of molecular weight and cross- 
linking degree of CE, EP micelles should be formed by reactive extrusion 
of CE [38,40]. But because CE resins and low molecular weight CE 
polymers are compatible with EP, and the strong electronic interaction 
between carbon atom of the –OCN in CE and oxygen atom of epoxy 
groups in EP can form due to their strongly electrophilic and nucleo
philic behavior [28], the CE/EP blends should be thermodynamically 
stable systems at the nanometre scale during the early stage of the curing 
[38] (Fig. 2a). For CE/EP/GA/ZAA systems, ZAA can quickly induce the 
localized reactions of CE as indicated by the DSC curve of CE/ZAA, 
which can significantly decrease the molecular diffusion by several or
ders of magnitude during cure [28,41,42], then the EP molecules are 
hard to further gather together and the nanostructures of the EP domain 
can lock and well disperse in CE polymer systems (Fig. 4b). As the re
action time and temperature increase, the molecular weight of CE con
tinues to increase, meanwhile EP starts to react as indicated by the DSC 
curves of EP/ZAA/GA and 50CE/50EP/ZAA/GA (Fig. 2a), Finally, EP 
nanodomains can be constructed in situ in blend systems (Fig. 4c). Since 
the formation of the EP domains is mainly controlled by the thermo
dynamic stability of the compatible resin systems before curing or 
during the early stage of the curing, which is related to the strong 
electronic interaction between carbon atom of the –OCN in CE and ox
ygen atom of epoxy groups, as well as controlled by the different dy
namic reactions of CE and EP, the method for constructing EP 
nanodomain in CE/EP/GA/ZAA systems may be a combined technology 
based on self-assembly technology and reaction-induced phase separa
tion, which is different from the traditional phase separation method 
that is based on the incompatibility of thermoplastic/thermosetting 
resins to fabricate nanostructure via reaction-induced phase separation 

Fig. 4. Schematic of in situ formation mechanism (a–c) and TEM image of the nanostructure in 60CE/40 EP/GA/ZAA system (d).  

Fig. 5. DMA (a) and TGA (b) curves of CE/EP/GA/ZAA systems.  
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mechanism [12]. Although CE can react with EP as implied by the DSC 
curve of CE/EP, high temperature is needed. It is remarkable that even 
when confined in self-constructed nanostructures, the copolymerization 
of CE and EP can happen as indicated by the DSC curves of CE/EP and 
50CE/50EP/ZAA/GA. However, the reaction occurs only at the interface 
between the EP domain and CE matrix. The TEM image of CE/EP/
GA/ZAA system (Fig. 2b) can prove the existence of the nanodomain 
with about 30 nm in diameter. As compared to 60CE/40 EP/GA/ZAA, 
50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA, 90CE/10 EP/GA/ZAA 
and 10CE/90 EP/GA/ZAA have no obvious nanostructures (Fig. S3), the 
reason is the fact the lower concentration of CE or EP cannot induce 
obvious phase separation structure owing to the good compatibility of 
CE/EP. Leibler L and coworkers have reported that stable co-continuous 
polymer materials can structure at the nanometre scale by reactive 
blending [38]. Then when CE content is close to that of EP, 
co-continuous CE/EP/GA/ZAA systems can be easily formed and 
nanostructure can be constructed in CE/EP/GA/ZAA systems. 

3.2. Dynamic mechanical property and thermal property 

Fig. 5 shows the DMA and TGA curves of CE/EP/GA/ZAA systems. 
CE and CE/ZAA have higher storage moduli at glassy plateau and Tg 
values than EP/GA and EP/GA/ZAA mainly owing to the rigid triazine 
ring in CE polymers [28] (Fig. S4a). The storage moduli at glassy plateau 
of 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/
ZAA are about 2103 MPa, 2203 MPa and 1995 MPa that are between 
those of CE (or CE/ZAA) and EP/GA (or EP/GA/ZAA) (Fig. 5a) and when 
the temperature is over 200–250 �C they rapidly decrease to 30 MPa, 
26 MPa and 35 MPa, respectively, corresponding to the storage moduli 
at rubbery plateau. The Tg values of 60CE/40 EP/GA/ZAA, 
50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA are 192 �C, 175 �C and 
167 �C, which decrease with the increase of EP/GA/ZAA content, the 
reason is the increased soft segments resulting from the ring-opening 
reaction of epoxy group with glutaric anhydride and the reduced rigid 
triazine ring in the resulting polymers. However, the Xdensity increases 
with the content of EP/GA/ZAA as listed in Fig. 5a, the reason is the fact 
that EP resins can effectively react with GA for their higher concentra
tion in the system. To further understand the change tendency in storage 
moduli, Tg values and Xdensity of CE/EP/GA/ZAA systems with 
EP/GA/ZAA content, 90CE/10 EP/GA/ZAA, 10CE/90 EP/GA/ZAA are 
prepared. It can be found that the storage moduli at glassy plateau, Tg 
and Xdensity values of 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 
40CE/60 EP/GA/ZAA are between those of 90CE/10 EP/GA/ZAA and 
10CE/90 EP/GA/ZAA (Fig. S4a), the storage moduli and Tg generally 
decrease with EP/GA/ZAA, whereas Xdensity increases. In this work, 
CE/EP/GA/ZAA systems have a single damping peaks, which suggests 

the excellent compatibility between CE and EP [43]. 
CE and CE/ZAA show much higher initial thermal decomposition 

temperatures at 5% weigh loss (Tdi) and decomposition temperatures at 
the maximum weigh rate (Tdmax) than EP/GA and EP/GA/ZAA mainly 
owing to the rigid triazine ring and high aromatic ring content in CE 
polymers (Fig. S4b). All CE/EP/ZAA systems show lower Tdi and Tdmax 
than CE and CE/ZAA possibly due to the decreased rigid triazine ring 
and aromatic ring. In this work, EP/GA and EP/GA/ZAA may show 
higher Tdi or Tdmax than CE/EP/ZAA systems possibly owing to the in
crease of epoxy group conversion. The Tdi values of 60CE/40 EP/GA/ 
ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA are 353 �C, 
337 �C and 338 �C (Fig. 5b), which are much higher than the Tg of the 
corresponding samples, indicating that CE/EP/GA/ZAA systems are 
chemical thermal stability around Tg. The Tdi of CE/EP/GA/ZAA may 
decrease with EP/GA/ZAA concentration first and then increase when 
the ratio of CE/EP is below 40/60, the reason for this is the combined 
effects of the decreased rigid triazine ring and aromatic ring and the 
increased Xdensity and αepoxy group. 

3.3. Mechanical properties 

Fig. 6a shows the mechanical properties of 60CE/40 EP/GA/ZAA, 
50CE/50 EP/GA/ZAA, 40CE/60 EP/GA/ZAA, EP/GA, CE, CE/ZAA and 
EP/GA/ZAA. CE and CE/ZAA have lower fracture toughness but higher 
flexural strength than EP/GA and EP/GA/ZAA mainly owing to the rigid 
triazine ring network. The fracture toughness (KIC) and the flexural 
strength of 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/ 
60 EP/GA/ZAA are 1.7–2.0 MPa m1/2 and 87–135 MPa. Increasing EP/ 
GA/ZAA content can improve the fracture toughness and flexural 
strength of CE/EP/GA/ZAA systems, the phenomena can be attributed 
to the increased soft segments resulting from reaction between epoxy 
resin and ZAA, and the increased Xdensity. More importantly, the for
mation of the nanophase structure can effectively toughen and reinforce 
the resulting polymers. From the SEM image (Fig. 3), the tortuous 
microcracks along the interface between nanodomain and CE matrix can 
be observed, which can prove that the presence of nanodomain can 
prolong crack propagation and increase the energy consumption. 
However, their fracture toughness cannot continue to increase when the 
weight ratio of CE/EP is beyond 50/50 possibly owing to the higher 
Xdensity. 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/ 
GA/ZAA exhibit significantly improved fracture toughness as compared 
to CE, CE/ZAA, EP/GA and EP/GA/ZAA. Although 60CE/40 EP/GA/ 
ZAA and 50CE/50 EP/GA/ZAA display lower flexural strength than CE 
(or CE/ZAA) owing to the decreased rigid triazine ring networks, all CE/ 
EP/GA/ZAA systems have higher flexural strength than EP/GA (or EP/ 
GA/ZAA). 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/ 

Fig. 6. Mechanical properties (a) of polymer systems and SEM images of fracture surfaces of 90CE/10 EP/GA/ZAA (b), 60CE/40 EP/GA/ZAA (c), 50CE/50 EP/GA/ 
ZAA (d), 40CE/60 EP/GA/ZAA (e), 10CE/90 EP/GA/ZAA (f), EP/GA (g), CE (h), CE/AA (i) and EP/GA/ZAA (j). 
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60 EP/GA/ZAA also display higher mechanical property than 90CE/ 
10 EP/GA/ZAA and 10CE/90 EP/GA/ZAA systems, the main reason is 
the fact that EP nanostructures can effectively consume energy as indi
cated by the tortuous microcracks within matrix (Fig. 3 and Fig. S3). The 
SEM images of fracture surfaces of 60CE/40 EP/GA/ZAA, 50CE/50 EP/ 
GA/ZAA, 40CE/60 EP/GA/ZAA and EP/GA/ZAA show rough fracture 
surfaces (Fig. 6b� 6d and 6f), indicating that the resulting polymers 
exhibit certain degree of toughness. Moreover, it can be found that 

60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA, 40CE/60 EP/GA/ZAA 
show rougher fracture surfaces than CE, CE/ZAA, EP/GA, 90CE/10 EP/ 
GA/ZAA and 10CE/90 EP/GA/ZAA, indicating that CE/EP/GA/ZAA 
systems can consume more energy and have better toughness. 

3.4. Triple-shape memory behavior 

Because 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA, 40CE/60 EP/ 
GA/ZAA show broad glass transition region (Fig. 5a), they may have 
good deformation ability [44,45]. The CE/EP/GA/ZAA systems show 
high tensile stain (~43%) at break at Tg þ 35 �C (Fig. S5) and have 
excellent dual-shape memory behavior with a Rf of 83.3–91.0% and a Rr 
of 92.7–95.4% after 5 cycles (Fig. S6 and Table S1). The triple-shape 
memory effect of CE/EP/GA/ZAA systems were investigated in detail 
as shown in Fig. 7. Table 1 summarizes the Rf and Rr values of 
CE/EP/GA/ZAA systems. During the shape memory cycle processes of 
CE/EP/GA/ZAA systems (Fig. 7a� 7c), the original rectangle samples are 

Fig. 7. Triple-shape memory effect and images demonstration of CE/EP/GA/ZAA: 60CE/40 EP/GA/ZAA (a, a0), 50CE/50 EP/GA/ZAA (b, b0), 40CE/60 EP/GA/ZAA 
(c, c0). 

Table 1 
Triple-shape memory property obtained from Fig. 7a� 7c.  

Samples Rf (%) Rr (%) 

S0→S1 S1→S2 S2→S1 S1→S0 

60CE/40 EP/GA/ZAA 63 97 64 83 
50CE/50 EP/GA/ZAA 62 94 47 88 
40CE/60 EP/GA/ZAA 44 93 68 67  
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heated to 200–225 �C for 5 min first, and then stretched to 3–4% strain 
with the stretch rate of 2%/min, cooling to 150–175 �C, part of the 
chains become frozen and the first temporary shape S1 can be fixed, the 
obtained Rf, S0→S1 is 44–63%. The chains can continue to move after an 
additional 4% strain is applied to the sample, the second temporary 
shape S2 can be fixed, and the Rf, S1→S2 of 93–97% can be obtained after 
cooled to room temperature and reload the force. Reheating the samples 
with temporary shape S2 to 150–175 �C, their shape recovery can be 
activated to shape S1 and the Rr, S2→S1 is 47–68%. When the temperature 
continues to rise to 200–225 �C, the recovered shape S1 can recover to 
the original shape S0 and the final shape recovery rate Rr, S1→S0 is 
67–83%. 

Images demonstration of triple-shape memory effect of CE/EP/GA/ 
ZAA systems is also shown in Fig. 7a0 � 7c0). One side of a longer strip 
samples (A0) are deformed to a spiral (A1) at higher temperature 
(200–225 �C), and then cooling to a lower temperature (150–175 �C) 
under load, another side of sample is deformed to an inverse spiral (A2), 
which can be fixed after cooled to 25 �C and unloading the external 
force. When the deformed samples are heated to 150–175 �C and then to 
200–225 �C, their shapes (A2) can recover to the temporary shape (A1) 
and the original shape (A0), respectively. 

3.5. Self-healing behavior 

CE/EP/GA/ZAA systems contain dynamic ester linkages resulting 
from the reaction of EP and GA, and the reversible transesterification 
reaction can be happened between ester group and hydroxyl group in 
the presence of catalyst ZAA and new ester groups and hydroxyl groups 
are formed before a dynamic equilibrium of transesterification is re- 
established. Therefore, self-healing behavior may occur in CE/EP/GA/ 
ZAA systems [32–34]. Fig. 8 shows the fracture toughness and the 
healing efficiency η of the healed CE/EP/GA/ZAA systems, and 
self-healing mechanism. After the first healing cycle at 200 �C for 2 h, 
the fractured 60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 
40CE/60 EP/GA/ZAA have the healing efficiencies of 78%, 81% and 
83%, respectively (Fig. 8a). The healing efficiencies for 
60CE/40 EP/GA/ZAA, 50CE/50 EP/GA/ZAA and 40CE/60 EP/GA/ZAA 
are 76%, 43% and 48%, respectively, after the second healing cycle at 
200 �C for 2 h is completed. The third healing efficiencies can be close to 
50% for CE/EP/GA/ZAA systems (Fig. 8a). 

The ability of self-healing mainly results from the transesterification 
reaction in CE/EP/GA/ZAA systems as shown in Fig. 8b. When the 
fracture surfaces are tightly close together, the transesterification be
tween β-hydroxyl groups and ester groups on the two crack surfaces 
might happen in the presence of the catalyst ZAA at 200 �C and form 
new ester groups and β-hydroxyl groups, thus chemical reaction can re- 
bond the two fracture surfaces together. In addition, CE/EP/GA/ZAA 
systems contain small amount of unreacted epoxy groups and –OCN 

groups that can react with each other (Fig. 8c), and the epoxy groups can 
react with the triazine ring in CE polymers at high temperature (Fig. 8d), 
which can aid in healing the crack surfaces. After the first healing cycle, 
the healing efficiencies significantly decrease owing to the reduced 
epoxy groups and –OCN groups in healed CE/EP/GA/ZAA systems. The 
second healed 50CE/50 EP/GA/ZAA sample can withstand 1000 g- 
weigh pull force, indicating the good healing ability. The fracture sur
faces of samples can be bonded together and the cracks between the two 
fracture surfaces partially or completely disappear after treating at 
200 �C for 2 h (Fig. S7a� 7c). Some interfacial debonding regions can be 
observed from the fracture surface of the healed sample as marked by 
circles in Fig. S7d� 7 g, which indicates the healing behavior. 

4. Conclusions 

In situ nanodomain structure in polymer networks with dynamic 
ester bonds were successfully constructed by catalyst-controlling the 
dynamic crosslinking behavior of compatible thermosetting CE/EP 
blend. The resulting CE/EP/GA/ZAA systems not only had adjustable Tg 
from 167 �C to 192 �C, but also exhibited high initial thermal decom
position temperatures of 337–353 �C. The existence of nanophase 
structure in polymer systems could increase the microcrack propagation 
path and effectively consume energy. CE/EP/GA/ZAA systems dis
played excellent toughness of 1.7–2.0 MPa m1/2 and high flexural 
strength of 87¡135 MPa. Moreover, such thermosetting CE/EP/GA/ 
ZAA systems could exhibit good triple-shape memory effect via thermal 
activation at 200–225 �C and 150–175 �C, respectively. The introduc
tion of the dynamic ester bond as well as the residual epoxy group and 
–OCN groups could endow CE/EP/GA/ZAA with good self-healing 
ability, a healing efficiency of 78–83% could obtain for CE/EP/GA/ 
ZAA systems. The healing efficiency could remain about 50% even after 
third healing cycle. The present strategy of in situ self-constructed 
nanodomain structure in thermosetting CE/EP/GA/ZAA offered a 
promising opportunity to improve the mechanical property and develop 
function materials. 
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