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Multiphase structure were prepared in-situ in traditional homogeneous benzoxazine/epoxy blending systems by reaction induced phase
10 separation method.
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Micro-sized phase separation structure was successfully realized in normally homogeneous benzoxazine
(BZ)/epoxy (ER) (mass ratio: 80/20) blending systems in-situ by enhancing the content of catalyst,
imidazole (MZ). To reveal the internal relationships between the content of MZ and the phase separation,
the phase morphology, polymerization activity, rheology and relaxation behaviors of BZ/ER blends with
different contents of MZ were investigated by means of turbidity observation, scanning electron
microscope (SEM), differential scanning calorimetry (DSC), rheological and dynamic mechanical
thermal analysis (DMA), respectively. The results showed that in BZ/ER/MZ blending system, when the
content of MZ was high enough (> 8wt %), micro-sized ER-rich domains could be obtained, otherwise
homogeneous structure was obtained. What’s more, the curing reaction of BZ/ER/MZ blends at 110 °C
mainly associated with the polymerization of ER with MZ. Increasing the MZ content not only enlarged
the reactivity difference between ER and BZ and accelerated the gelation, but also resulted in a branched
or looser ER networks and relative low system viscosity, therefore was beneficial to phase separation.

1. Introduction

In the past few decades, thermosetting (TS) / thermosetting (TS)
blending systems have attracted more and more attention due to
their widely application in adhesives, filler-reinforced composite
materials, automotive and aircraft components, and coatings for
electronic circuits."® However, because of the highly crosslinked
network structures, TS/TS blending systems are brittle materials
that show unsatisfying toughness and elongation at break.
Effective toughening strategies are of high interest to enable
powerful new applications. It is well known that the properties of
polymer blends are not only associated with their chemical
structures but also to their phase structures.®® For multi-
component polymer systems, the introduction of multiphase
structures can greatly improve the toughness of the products
without sacrificing the other excellent properties, such as
modulus and thermal mechanical properties, which is an
interesting modification method used in the polymer industry.®
Therefore the introduction of multiphase structures in the TS/TS
blends was supported to be a good way to improve the toughness.
As one of the method to introduce multiphase structures in multi-
component polymer systems, reaction-induced phase separation,
which is designed as the uniform precursor system undergoing a
phase separation into a two phase separated structure during the
development of the curing process, has attracted much attention.
This method has been widely used in the thermoplastic (TP)
modified TS resin systems,>” but was fewly reported in TS/TS
blending systems.® For TS/TP blends, such as epoxy/poly (ether

imide) blends,'* because there is much difference between TP

resin and TS precursor on their thermodynamic compatibility and
initial dynamic asymmetry (such as, molecular weight (M,),
viscosity and glass transition temperature (T,)), the entropy of
so mixing as well as the compatibility can be significantly reduced
with the curing reaction of TS resin.*? While for TS/TS blends,
such as benzoxazine/epoxy blending system,*® because the two
components have good compatibility and are initial dynamic
symmetry (e.g. similar low M,, low viscosity and T), the initial
s5 entropy of mixing is huge, which makes it difficult to get phase
separation structure. In addition, in TS/TS blends, mutual
entanglement of polymer chains in the cross-linked networks or
the copolymerization between the two components always leads
to the formation of permanent interlocked homogeneous
60 Structures.
Accordingly, increasing the dynamic asymmetry during the
curing reaction process and reducing the mutual entanglement as
well as the copolymerization reaction are promising strategies to
get phase separation structures in TS/TS blending systems.
es Among the ways to increase the dynamic asymmetry, sequential
polymerization of different component in the blending systems
which has been reported previously, will be a good choice.**
The sequential polymerization refers to that one component
(component A) can polymerize to a certain degree before another
70 one (component B) starts to polymerize in the presence of curing
reagent. During this process, the M, difference between the two
components can be gradually enlarged and the systemic entropy
of mixing can be significantly decreased, which will promote the
phase separation of component A from matrix B. Through this
s method, Yang and Dean etc. have obtained phase separation

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



Page 3 of 10

3

RSC Advances

structures in urethane/acrylate resin and epoxy/methacrylic acid
blending systems, respectively.**> However, it should be noted
that in their systems, the polymerization mechanisms between the
two components are largely different (e.g. photo-initiated and
thermal-initiated) and no copolymerization between the two
components exists.

Nevertheless, it is well known that the occurrence of phase
separation in multi-component blending system depends on the
competition effect between the Kinetics of thermodynamic
driving force for phase separation and cross-linking reaction of
the polymerization component.” In TS/TS (A/B) blending system,
the preferential polymerization of A resin will increase the M, of
polymer A, thus enlarge the dynamic asymmetry between A and
B resin and increase the thermodynamic driving force for phase
separation, which is beneficial to phase separation. On the other
hand, the crosslinking reaction of A resin will lead to vitrification
and the increment of viscosity of A/B blending system, which
will inhibit phase separation. Therefore, how to balance the
opposite effects of curing reaction of A resin on the phase
separation is the key to get multi-phase separation structures in
TS/TS blending systems.

Due to the good processability, excellent thermal and physical
mechanical properties, benzoxazine (BZ)/ epoxy (ER) blending
system has attracted much more attention in the past decades.’
Herein, BZ/ER blending system is chosen as an example to study
the phase separation of TS/TS blending systems. Ishida and
Rimdusit et al. studied the curing behaviour of BZ/ER binary
blending system and reported that the phenolic hydroxyl groups
(-OH) produced by the ring-opening polymerization of BZ could
initiate the polymerization of epoxy groups,’*'®?° leading to the
copolymerization between BZ and ER. Besides, the curing
mechanisms of BZ and ER resin both belong to ring-opening
mechanism,?% most of the ER polymerization catalysts (or
initiators), such as Lewis acids,®?* imidazole,®?" tertiary
amine?®? and organic acids®’, etc, can also be used to catalyze
the polymerization of BZ resin.®®" Consequently, it was
relatively difficult to precisely control the polymerization
sequence of BZ and ER resin via catalyst design and no phase
separation phenomenon was reported in BZ/ER blending
system.®*¥* Until recently, Grishchuk et al occasionally
observed nano-sized phase domains in BZ/ER/amine blending
systems by atomic force microscope.®*** However, no systematic
investigations about the phase separation of the blending systems
and their influencing factors were reported.

Our group has done a lot of contributions to develop phase
separation structures in BZ/ER blends. We investigated the
possibility of phase separation in BZ/ER blends by model
component, and concluded that if epoxy resin can polymerize to
long molecular chains before the polymerization of BZ resin,
phase separation could be observed in BZ/ER blends. Besides,
based on the long terms investigation about the catalytic
polymerization of BZ and ER resin, we found that imidazole
(MZ), a low temperature curing agent of ER resin, is a proper
catalyst to realize the sequential polymerization of ER and BZ at
proper initial curing temperatures (80 °C~140 °C).* Recently,
using MZ as catalyst, we successfully prepared sea-island phase
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morphology in BZ/ER blending systems at 110 °C via reaction-
inducted phase separation method.*®

To be honest, BZ/ER/MZ blending system has been investigated
for a long term, but only homogeneous structure was reported.*
Comparing the reported systems with our novel multiphase
systems, we find that in the same BZ and ER mass ratio, MZ
content is the critical factor that influencing the final structure. In
this work, we devoted ourselves to reveal the internal relationship
between MZ content and phase separation in BZ/ER/MZ
blending systems. In order to do this, the influence of MZ content
on the phase morphology, curing reactive of BZ and ER, and
rheological behaviour were systematically investigated by means
of differential scanning calorimetry (DSC), turbidity observation,
scanning electron microscope (SEM), Fourier transform infrared
(FTIR), rheological measurement and dynamic mechanical
thermal analysis (DMA).

2. Experimental
2.1 Materials

Benzoxazine resin (BZ), industrial grade, based on 4, 4'-
diaminodiphenyl methane (DDM), phenol and paraformaldehyde
was synthesized and characterized as previous report,*’ and was
used without further purification. The average number molecular
weight (M,) of BZ resin was about 435 g mol™. Phenol, DDM
and paraformaldehyde were purchased commercially from
Chengdu Kelong Chemical Reagents Corp. (China) and used as
received. Bisphenol-A-based ER (Commercial name E44),
industrial grade, was provided by Shanghai synthetic resin
factory (China) and had an epoxy equivalent weight of 227~246 g
eq. Phenol, DDM, paraformaldehyde, tetrahydrofuran (THF)
and imidazole (MZ, melting temperature 91 °C) were supplied by
Chengdu Kelong Chemical Reagents Corp. (China). The
chemical structures of materials were shown in Scheme 1.

2.2 Preparation of BZ/ER/MZ blends

The blends of BZ/ER/MZ were prepared by mixing BZ and ER
resin (mass ratio: 80/20) at 110 °C for 20min, and when the
mixture was cooled to 95 °C, MZ was added and the mixture was
stirred vigorously for 2 min until MZ completely dissolved. The
samples were degassed under vacuum for another few minutes
afterward and then refrigerated (-18 °C) to avoid any further
curing reaction. Samples for BZ/MZ and ER/MZ were prepared
by the same way.

The blends of BZ/ER/MZ involved in this work were defined as
BZ/ER/IMZ (3wt%), BZ/ER/MZ (8wt%) and BZ/ER/MZ

100 (12wt%). Herein, the mass ratio of BZ and ER was fixed at

80:20, and the weight fraction of MZ was 3wt%, 8wt% and
12wt% of the content of ER, respectively.

Scheme 1. Chemical structures of BZ, ER and MZ.
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Figure 1. Transparence (A4, B, and C;) and SEM (A,, B, and C,) morphology of BZ/ER/MZ blends with 3 wt% (A; and A,), 8 wt% (B, and
B,) and 12 wt% (C; and C,) of Mz, respectively. Samples for transparence observation were cured at 110 °C for Sh, for SEM observation
were etched with THF to remove BZ-rich phases after curing at 110 °C for 5h (A, and B,) or 3h (C,).

s 2.3 Measurement 110°C. The dynamic time sweep at a given temperature, pulsation
35 (1 rad/s), and deformation (1%) was used in order to obtain
steady state and thus ensure that measurements were performed
under dynamic equilibrium conditions.
Dynamic mechanical thermal analysis (DMA): The relaxation
behaviours were performed with TA Q800 DMA equipment.
0 Specimens with the dimension of 30 x 10 x 3 mm® were tested in
three point bend mode. The maximum strain amplitude was 20
um and the oscillating frequency was 1 Hz, as the temperature
was scanned from 40 to 250 °C with the heating rate of 5 °C/min.
Samples for DMA measurement were cured at 110 °C for 20h,
s and then 180 °C for 2h.

Turbidity: In order to facilitate the observation of the turbidity of
the blending system, the badge of Sichuan University was placed
at the bottom of the reaction mould and pictures that reflected
systemic states at specific curing stage were taken with a camera.
10 Scanning election microscope (SEM): The phase morphology
of the blend was investigated by field emission SEM (FEI Inspect
F). Samples for SEM measurement were fractured under liquid
nitrogen, and etched with THF at room temperature for 2~3 min.
The fractured surfaces were dried at room temperate under
15 Vacuum and then coated with gold before SEM observation.
Differential scanning calorimetry (DSC): The curing reaction
of the blends was investigated by DSC (TA Q20). The enthalpy
was measured with the heating rate of 10 °C min™ from room
temperature to 350 °C under nitrogen flow of 50 ml min™. 3.1 Turbidity and Morphology

% Mzagz’)\/?ge’ 'ra_rlnp scdannll\lng \t/wth drl]fferent hgatmgi ra}tes (‘:’_’ 1?’ tlhs ' For BZ/ER/MZ blends with different content of MZ, before the
an min") ,un ,er 2d mospl; ere was done to investigate the curing reaction, all the samples were homogeneous solutions with
apparent cure activation energy (Ea). bright yellow appearance. After curing at 110 °C for 5h, the

F.OE r|e; transform_ |nf|::1retd d(Fg IR?:: The cc:mpofnent .Off eacg transparency of these samples became different: higher content of
fich ‘phase was Investigated Dy fourier transform-infrare MZ in the blend, poorer transparency from the appearance

25 spectroscopy (FTIR) and ATR-FTIR measurements which were (Figurel A,—B;—C;). The turbid phenomenon indicated the

[';(_errlflgrmed on a N(;C?)IEI 57:.)0 F_I-I_—:_'F:: sp(icttrometer.t Samtple_for occurrence of phase separation in BZ/ER/MZ blending system
. was _prepare y casting sofutions onto potassium with 8wt% (B;) and 12wt% (C,) MZ. To further prove the phase
bromide window at room temperature. All of the spectra were . he f d f f half d
btained at a resolution of 4 cm™ and the average of 32 scans separation structures, the fractured surfaces of half cure
° : PBZ/ER/MZ blends were etched with THF and investigated by

* bRIhegloglcal meazu;ements:AThegr:ec;]log|catl be.ha;nours tOf Othe SEM. As shown in Figure 1, no phase separation was observed in
ends were recorded on an Ares-5A reometry mstrument. One the sample with 3wt% MZ (A;), while clearly heterogeneous

eometry was chosen, namely, parallel plates with diameter oL . .
gOmm (Zp) and 25mm (down)yTr?e isothefmal temperature was e morphology with irregular spherical domains (0.8~1.2pum)

3. Result and Discussion
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Figure 2. FTIR spectra of BZ/ER/MZ (8wt%) blend (a), and the
THF-soluble part (b) and THF-insoluble part (c) of PBZ/ER/MZ
blend after curing at 110 °C for 5h and etching with THF for 24h.

dispersed in the matrix was observed in the blends with 8wt%
and 12wt% MZ (B, and C,).

After etching with THF for 24h, the half cured phase separated
PBZ/ER/MZ bulk gradually decomposed into a large amount of
white insoluble floccules (Figure 2 insert). This phenomenon
implies that the dispersed phase cannot dissolve in THF, while
the matrix (continuous phase) is soluble in THF at the phase
separation point. In order to distinguish the component of each
rich phase, THF-soluble part and THF-insoluble part were run
FTIR and ATR-FTIR scanning separately. Herein, BZ/ER/MZ (8
wit%) blend was selected as an example, and the FTIR spectrum
of original BZ/ER/MZ (8 wt%) blend was shown in Figure 2a for
comparison.

As shown in Figure 2a, the characteristic absorption bands of ER
resin (912 cm™, epoxy group) and BZ resin (943 cm™, oxazine
ring) were both observed in the FTIR spectrum. Meanwhile, the
absorption bands of BZ resin at 1035 cm™ (vsc-o0-c), 1228 cm?
(Vasc-o-c), 1113 cm™ (vascn-c) and 1489 cm™ (1,2-disubstituted
benzene) were also observed, which covered the characteristic
absorption bands of ER resin at 1041 cm™ (vsc-o-c) and 1236 cm’
! (vasc-o-c). In Figure 2b, all of the characteristic peaks of BZ
monomer were found, indicating that the main component of
THF-soluble part was unpolymerized BZ resin. While in Figure
2c, the disappearance of the peaks of BZ resin at 943 cm™ and
1489 cm', and the observation of absorption bands of ER resin at
1382 cm* and 1361 cm™ (6. of isopropyl structures), 1041 cm™
and 1236 cm™ indicated that the main component of THF-
insoluble part was ER resin. The absence of characteristic
absorption band of epoxy group at 912 cm™ revealed the
complete polymerization of ER resin. Therefore, it could be
concluded that the embossed dispersed domains observed in
Figure 1 (B, and C,) corresponded to ER-rich phases, and the
continuous phase (matrix) corresponded to BZ-rich phases.

3.2 The curing reaction of BZIER/MZ

The curing reactions of BZ, ER and BZ/ER blend with or without
MZ were investigated by DSC measurements. From Figure 3a
and 3b, it is clearly that MZ can catalyze the polymerization of
both ER and BZ resin, but the catalytic effect for ER resin was
more obvious. For BZ/ER blend, only one exothermic peak at
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Figure 3. DSC curves of ER and ER/MZ (a), BZ and BZ/MZ (b),
BZ/ER and BZ/ER/MZ (8 wt%) blends (c).

244 °C was observed, while under the catalysis of MZ (8 wt%),
multi-peaks were observed and the peak temperatures were
shifted toward low temperatures (Figure 3c). Compared with the
DSC curves of ER/MZ and BZ/MZ blend, we deduced that in
ternary blend the peak at low temperature (151 °C) corresponded
to the polymerization of ER with MZ, and the peak at high
temperature (197 °C) corresponded to the polymerization of BZ
resin. This deduction was consistent with our previous reports.*®

3.3 Polymerization sequence

As shown in Figure 4, increasing the content of MZ, the
exothermic peaks of BZ/ER/MZ blends shifted to low
temperatures and the two peaks corresponding to the
polymerization of ER and BZ resin were well separated. To
further investigate the effect of MZ content on the polymerization
of BZ and ER in ternary blending systems, the exothermic curves
of BZ/ER/MZ blending systems were well fitted by four
Gaussian functions.”® Here, BZ/ER/MZ (8 wt%) blend was
shown as an example to study the peak assignment (Figure 5).
According to the above DSC results, peak 1 and 2 should
correspond to the polymerization of ER resin, and peak 3 and 4
should correspond to the polymerization of BZ resin. Therefore,
the reactivity difference between ER and BZ in BZ/ER/MZ
blends was mainly dependent on the reactivity difference between
the two adjacent peaks (peak 2 and peak 3).

In this study, the reactivity of ER and BZ resin in BZ/ER/MZ
blending system was estimated by activation energy (E,). To get
the E, information of the blending system, DSC measurements of
a series of blends under different heating rates were carried out.
The peak fitted temperatures corresponding to Peak2 and Peak3
were recorded and summarized in Table S1. According to the

Ozawa equation:>*5!
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Table 1. The relationship between E, results and phase separation of BZ/ER/MZ blends

System (K‘]E;f;'l) (Kiﬁ:l'l) AE,= (Eus-E)/E;,  Phase Separation®
BZ/ER/MZ (3wt%) 78.1 105.2 34.7% NO
BZ/ER/MZ (8wt%) 67.4 102.1 51.5% Yes
BZ/ER/MZ (12wt%) 67.2 102.7 52.8% Yes

2 Calculated by Ozawa equation.

® According to the turbidity observation and SEM morphology measurement.

Inj = C ~1.052x =
RT,
Where, £ is the heating rate, R is the gas constant, C is a constant
parameter independent of E,, and Ty, is the peak temperature (K),
s the E, of peak2 (E,») and peak3 (E,3) were calculated from the
resultant slope of Ing vs. 1/T, (Figure S1) and summarized in
Table 1.
As shown in Table 1, when the content of MZ increased from
3wt% to 12wt%, the E, of ER (E,,) decreased from 78.1 to 67.2
1 KJ mol?, while the E, of BZ (E,3) almost did not change
(105.2~102.7 KJ mol™). That’s to say, increasing the MZ content
to some extent could improve the reactivity of ER, while had
little effect on that of BZ resin, thus enlarged the reactivity
difference 4E, between ER and BZ (from 34.7% to 52.8%). This
1s result might be due to the fact that most of MZ has been
consumed during the polymerization of ER/MZ, only small
amount of MZ was left to catalytic the polymerization of BZ
resin.

3.4 The growth of molecular chain during phase separation
20 Process

Figure 6A compared with the DSC curing exothermal curves of
BZ/ER/MZ (8 wt%) blending system before and after curing at
110 °C for 5h. It was clear that, after curing at 110 °C for 5h, the
peak at 151 °C corresponding to the polymerization of ER with
s MZ disappeared, while the peak at 197 °C corresponding to the
polymerization of BZ resin almost had no change. Combining

10
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Figure 4. DSC curves of BZ/ER/MZ blends with different contents
30 of MZ.

1
150

with the conversion-time curves of BZ/ER and ER/MZ systems
(Figure 6B), which showed that the conversion of BZ/MZ was
less than 5% after curing at 110 °C for 30 min, while that of
ER/MZ could rapidly reach to 80%, we concluded that the

35 polymerization of BZ/ER/MZ blend at 110 °C was mainly
associated with the polymerization of ER with MZ. In this case,
the polymerization of ER with MZ played an important role for
the phase separation of BZ/ER/MZ blends, for clear phase
separation was observed after curing at 110 °C for 5h.

40 DSC curves of ER/MZ blends shown in Figure 7 manifested that
ER has two exothermal peaks under the catalysis of MZ.
Increasing the MZ content, both of the two peaks shifted towards
low temperatures, and the peak area at low temperature increased.
Heise®®®® and Vogt* et al. studied the polymerization of phenyl

a5 glycidyl ether (PGE) with 1,3-unsubstituted MZ and attributed
the peak at the low temperature to the MZ: PGE (1:2) adduct
formation (Scheme 2, step 1) and the main peak to the alkoxide-
initiated polymerization (Scheme 2, step 2). Farkas and Strohm®
proposed that MZ: PGE (1:2) adducts were assumed to act as the

so initiators for the polymerization of PGE by an etherification
reaction in which the reactive alkoxide anion was the propagating
species. Meanwhile, Barton et al. claimed that the adduct
formation step and alkoxide-initiated polymerization of ER/MZ
occurred step by step, but not simultaneously.*® According to the
ss reported polymerization mechanism of ER/MZ shown in Scheme
2, the adduct formation step tends to form a linear polymer, and
the subsequent anionic polymerization causes the crosslinking

10
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Figure 5. Peak fit results of the curing exothermal curves of
60 BZ/ER/MZ (8 wt%) blend at the rate of 10 °C/min.
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5 3.5 Rheological behavior
o
§ The real-time isothermal (110 °C) rheological results for
BZ/ER/MZ blending systems with different MZ content was
¢ 40 measured and shown in Figure 9. As the gel point for
. L L . L thermosetting resin can be estimated from the crossover point of

L
0 5 10 15 20 25 30 35
Time (min)

Figure 6. (A) DSC curves for BZ/ER/MZ blend with 8wt% of MZ
before (a) and after (b) curing at 110 °C for 5h. (B) Isothermal

s conversion curves at 110 °C: (c) BZ with 3 wt% of MZ; (d) ER with
3 wt% of MZ.

reaction and leads to the formation of three dimensional network
structure.?® In this case, increasing the MZ content would form

10 longer ER-MZ oligomers firstly, and then resulted in a looser
network structures.

Figure 8 shows the storage modulus and tan delta curves of cured

ER/MZ blends. The storage modulus (E;) at the rubber plateau

decreased with the increase of MZ content. According to the

1s theory of rubber elasticity, the crosslinking density (v) of

effective network chains and the molecular weight between
crosslinks (M) can be estimated from E, as*®
E, =34vRT :3¢Mi RT

Where g is a front factor, which is unity for ideal rubbers (here

20 we assumed g = 1), R is the gas constant, and E, is the storage
modulus at temperature T (T4+30 K), p is the bulk density of
polymer (1.22 glcm® for ER/MZ). This equation is strictly valid
only for lightly crosslinked materials and therefore is used only to
qualitatively compare the level of crosslink.

25 As shown in Table 2, when the content of MZ increased from 1
wt% to 8 wt%, the crosslinking density of ER/MZ blends
decreased from 11.6x10°% to 0.9x10° mol/m°, and the molecular
weight between crosslinks increased 12 times. This result
confirmed that with high MZ content, the polymerization of ER

3o was tend to form long linear ER polymer chains before the
gelation, and then resulted in a looser network. Otherwise, the
polymerization of ER was tend to form short polymer chains
before the gelation, and resulted in a tight network.

storage modulus (G’, elastic response) and loss modulus (G”’,
viscous behavior ) [57-58], it is clear that the gel time of
BZ/ER/MZ blends decreased from 2646s to 1906s, and the

45 viscosity at gel point increased 14 times as the content of MZ
increased from 3wt% to 8wt%. While further increasing the MZ
content to 12wt%, no gel point was observed (G” > G’” during the
whole curing process), but high viscosity was obtained in a very
short time (< 1500s). What’s more, the information about the

so increasing rate and the final viscosity of BZ/ER/MZ blends also
were obtained from Figure 9B. For maximum content of MZ (c),
the system viscosity had a rapid enhancement in a short time (t <
1500s) and then balanced at 4969 Pa.s. For minimum content of
MZ (a), the system viscosity increased very slowly at the initial

ss stage (t < 2000s), but underwent a rapid enhancement around the
gel point and the final viscosity (76082 Pa.s) was 15 times higher
than that of curve (c). As for the middle content of MZ (b), the
above situation fell in between a and c.
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1000

Storage Modulus (MPa)
2 . 5 8
" m -. o
Tan Delta

=3
Q
5
T

1E3
50 100 150 200 250

o Temperature (°C)

Figure 8. Storage modulus and tan delta curves of ER/MZ blend
with different content of MZ after curing at 110 °C/20h + 180
°C/2h.
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Scheme 2. Polymerization routes of ER in presence of MZ.

Step (1) Adduct formation
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N/\N Adduct formation
—_—

Step (2) Alkoxide initiated polymerization

ER

ER-MZ oligomer —— N

From the above analysis, it was interesting to note that when the
MZ content was high to 12wt%, no gelation phenomenon was
s observed. And increasing the content of MZ led to a fast increase
of the viscosity and high viscosity before the gelation but a
relatively lower viscosity at balanced domains. Because the
curing reaction of BZ/ER/MZ blend at 110 °C was mainly
associated with the polymerization of ER with MZ, the gelation
w0 and isothermal viscosity various both contributed to the
polymerization of ER/MZ. In our systems, when the MZ content
was 12wt%, the molar ratio of epoxy group of ER resin to the N
function groups of MZ compound was 2.5/2.0. Most of the epoxy
groups was consumed during the adduct formation process, and
s only few of them was left to take part in the crosslink reaction
(alkoxide-initiated polymerization). That’s why no gelation
phenomenon could be observed in BZ/ER/MZ blend with 12wt%
of MZ. This result indirectly proved that looser or linear/branched
poly-ER would be obtained with the increase of MZ content,
20 which was consistent with the results shown in Table 2. What’s
more, before the gelation, the fast increase of viscosity and the
high viscosity value indicated the fast growth of the ER
molecular chains and the formation of high molecular weight of
linear ER-MZ oligomers, which decreased the system entropy of
25 mixing, and increased the dynamic asymmetric between ER and
Bz, thus favoring the occurrence of phase separation.'®
Meanwhile, the relative low complex viscosity at balanced
domains indicated the formation of branched or looser poly-ER
network structures, which could allow the free diffusion of BZ
30 monomers in and out of the ER network. Therefore, high MZ
content was the key to balance the opposite influences of curing
reaction of ER resin on the phase separation of BZ/ER/MZ
blending system.

Table 2. DMA data for the cured ER/MZ blends

MZ E, T v M,
content (MPa) (K) (10° mol/m®  (g/mol)
1wt% 134.5 434.0 11.6 105.2
3 wt% 33.9 407.5 3.1 393.5
8 wt% 9.7 392.3 0.9 1355.6

? Peak temperature of Tan delta

® H HOH
N n—e —(I:mw?—cz+
\—/ e

35 3.6 Phase separation process

According to the results and discussions given in the previous
sections, the relationships among MZ content, curing reaction,
rheological behavior and the phase separation of BZ/ER/MZ
blending system were obtained as illustrated in Scheme 3.

«0 Before the curing reaction, BZ resin, ER resin, and MZ were
homogeneously mixed. When the reaction started at 110 °C, ER
resin could homopolymerize preferentially under the catalyst of
MZ to form linear ER-MZ oligomers and then to form branched
or crosslinked ER networks. But the ER network structures and

ss the final morphology of PBZ/ER/MZ blends were depended on
the MZ content added in the system:

(A) If the MZ content was low (< 3wt%), the molecular chain of
ER-MZ oligomer formed in the first step shown in Scheme 1 was
much shorter, which led to the formation of much tighter ER-
s0 network in the following alkoxy-anion-initiated polymerization of

1000004 a
(B) (1906s, 1886 Pa.s) b

10000
5 (1500s, 459 Pa.s) c
g 1000
¥ 1004 (2646s, 132 Pa.s)

=g
= 104
14 T T T T T
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 9. Rheological behavior of BZ/ER/MZ blending systems
with (a) 3wt%, (b) 8wt% and (c) 12wt% of MZ upon curing at 110

s5 °C as a function of time (s): (A) storage modulus (G’, solid line)
and loss modulus (G”, dash line), (B) Complex viscosity.
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Scheme 3. Schematic of the relationship among MZ content, curing reaction and phase separtion of BZ/ER/MZ blends at 110 °C.
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ER. In this case, at the beginning, the slowly polymerization of
ER/MZ neither enlarged the dynamic asymmetry between BZ and
ER, nor effectively reduced the systemic entropy. And in the later
stage, the formation of the highly crosslinked ER networks led
tothe increase of viscosity and the reduction of the mobility of ER
network, thus inhibited the separation of ER network from the BZ
matrix. Consequently, during the whole polymerization process,
phase separation was impossible and only homogeneous structure
was obtained.

(B) If the MZ content was high enough (> 8wt%), the
polymerization rate of ER was fast, and the molecular chain of
ER-MZ oligomer was much longer. In this case, the dynamic
asymmetry between ER-network and BZ resin was enlarged, and
the system entropy was reduced sharply. Both of those led to the
decrease of the compatibility of the ER polymer with surrounding
BZ resin. In the late stage, the formation of branched or looser
ER-network led to a relative low systemic viscosity, which
allowed the free diffusion of BZ resin out from ER network.
During this process, lightly crosslinked ER network gradually
shrunk to exclude the entrapped BZ molecules due to its
viscoelastic property, and finally micro-sized dispersed ER-rich
phases were obtained.

4 Conclusions

In BZ/ER/MZ blending systems, the curing reaction of
BZ/ER/MZ blend at 110 °C was mainly associated with the
polymerization of ER with MZ. Increasing the MZ content could
accelerate the polymerization of ER and enlarge the reactivity
difference (4E,) between ER and BZ resin, therefore reduced the
possibility of copolymerization between BZ and ER. What’s
more, increase the MZ content led to the linear growth of the ER
molecular chains and resulted in a looser network structures,
which could not only increase the dynamic asymmetry between

i ER network ks

Micro-sized
ER-rich phase |

~
o

5!

@

60

65

70

7HOR l
>

123
2 &
BZ and ER, but also retain the system viscosity in a relative low
range, therefore was the key to prepare multiphase structures in
BZ/ER/MZ blend. That’s why 0.8~1.2um sized sea-island phase
structures were observed in BZ/ER/MZ blending with 8wt% and
12wt% of MZ systems but not in with 3wt% of MZ system. The
finial mechanical properties, especially the toughness of the

BZ/ER/MZ blends will be systematically and deeply investigated
in the future studies.
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