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Abstract. Phthalonitrile and benzoxazine have been considered as high-performance materials in the field of heterocyclic
chemistry. The polymerization of phthalonitrile and benzoxazine accelerated by active phenolic hydroxyl has attracted wide
interests. In this work, self-promoted polymerization behavior and processability of phthalonitrile containing benzoxazine
(BA-ph) with bisphenol-A (BPA) were investigated. Results revealed that BA-ph/BPA exhibited representative double-
stage curing behaviors corresponding to the ring-opening polymerization of benzoxazine rings and ring-formation polymer-
ization of nitrile groups. Compared with that of BA-ph, processability of BA-ph/BPA was improved and could be tuned by
varying BPA contents, processing temperature and time. Then BA-ph/BPA/glass fiber (GF) composite laminates were pre-
pared. In comparison with that of BA-ph/GF laminates (542 MPa and 25.8 GPa), the flexural strength and modulus were up
to 789 MPa and 23.6 GPa, respectively. Moreover, double 7,5 were observed at temperature around 200~300°C and
300~380°C, indicating microphase separation during the polymerization of oxazine rings and nitrile groups, confirmed by
the scanning electron microscopic (SEM) images. Thermal stabilities demonstrated that all BA-ph/BPA/GF composites
exhibited high Ty, up to 510°C. The systematic study of BA-ph/BPA system could enrich our knowledge on phthaloni-
trile-based resins in industrial applications, especially in the areas which require excellent mechanical properties and high
temperature resistance.
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1. Introduction

Over the past decades, epoxy (EP), phenolic (PE) and
benzoxazine (Bz) resins have been reported widely
in the fabrication of GF-reinforced laminates due to
their properties such as good wettability, nice
processability and good chemical resistances [1-3].
While the common thermal properties (150~300°C)
and low glass transition temperature (100~250°C)
of the polymers have greatly limited their further
applications in the fields of marine, aerospace and
electronic packaging [3, 4]. As the only candidate to
satisfy the flame standards of United States Navy
(MIL-STD-2031), phthalonitrile resins have attracted
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increased attentions both in laboratory and industry
areas, recently. However, high curing temperature
(>250°C), high postcuring temperature (>375°C)
and narrow processing window (<30°C) have also
greatly limited their wide applications [5, 6]. To solve
these problems, phthalonitrile-based monomers with
additional polymerisable groups such as amino, car-
boxyl, propargyl, oxazine, allyl, etc. were designed
and synthesized to pursue self-promoted polymer-
ization and a broad processing window for advanced
applications [7-11].

It is well known that a simple and effective method
is the incorporation of hydroxyl or amino groups
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into the reactive phthalonitrile units. The hydroxy-
or amino-functional phthalonitrile polymers were
proved to cross-link by self-promoted curing [12,
13]. A kind of phthalonitrile containing benzox-
azine resin (BA-ph) was designed and synthesized
via a condensation reaction between amino-func-
tional phthalonitrile and bisphenol A, shown in Fig-
ure 1 [14]. Owing to the active phenolic hydroxyls
generated from ring-opening of benzoxazine, many
advantages can be obtained. On the one hand, the
active phenolic hydroxyls generated from ring-open-
ing of benzoxazine can be used as a kind of curing
agent to achieve the cross-linking networks, thus real-
izing the self-promoted copolymerization. On the
other hand, the active phenolic hydroxyls allowed
BA-ph to be used as hydroxyl-functional phthaloni-
trile to achieve good processability and desirable
properties of the composites [14—16]. In addition, the
initial curing temperature and postcuring tempera-
ture of BA-ph were 200~220 and 280°C, respec-
tively, which significantly improved the processibil-
ity of phthalonitrile-based resins. However, the
process temperatures were also quite high for the
industry applications which required the compos-
ites fabricated in lower temperature (<200°C). Addi-
tionally, it was obvious that the outstanding proper-
ties of phthalonitrile-based composites were attrib-
uted to the completed polymerization of nitrile
groups. Previous reports indicated that a mass of
nitrile groups remaining in the polymer composites.
Thus, the properties of BA-ph polymers can be fur-
ther improved via increasing the polymerization
degree of nitrile groups.

The mechanism for benzoxazine ring curing involves
ring opening by protonation of the oxygen atom to
form an iminium ion and active hydroxy merits,
then electrophilic aromatic substitution, which was
earlier established by McDonagh and Smith that 3,
4-dihydro-2H-1, 3-benzoxazines exhibit ring/chain
tautomerism when protonated by migration of the
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Figure 1. Structures of BPA and BA-ph monomer

proton from the nitrogen to the oxygen atom [17].
Meanwhile, the phthalonitrile-based resins can be
effectively catalyzed by the active hydroxyl to form
phthalocyanine-dominated polymers. In terms of
the given mechanism, bisphenol-A (BPA) was
introduced in the BA-ph matrix which provided
additional active hydroxy]l.

In this study, to understand the catalysis behaviors
of active hydroxy in the curing process of BA-ph
resin, various molar ratios BPA were introduced.
Curing behaviors and processability of BA-ph/BPA
were investigated by differential scanning calori-
metric (DSC) and dynamic rheological analysis
(DRA). The structural transition of the BA-ph/BPA
system in the polymerization process was observed
by Fourier transform infrared spectrometer (FTIR)
and scanning electron microscope (SEM) images.
The possible reaction process between BA-ph and
BPA was presented in Figures 2 and 3. Then, solu-
tion prepolymer method was employed to prepare
the impregnating adhesive and GF-reinforced lami-
nates were fabricated by heat compression molding
at 160°C. The mechanical and thermal measure-
ments have been performed to evaluate the effects
of BPA on the composite laminates. Also, the sig-
nificant enhancements of the mechanical properties
for BA-ph/BPA/GF laminates have been discussed.

2. Experimental

2.1. Materials

Bisphenol-A, paraformaldehyde, 1, 4-dioxane, and
toluene were obtained from Tianjin BODI Chemicals
Co. Ltd., Tianjin, China. 4-Nitrophthalonitrile was
obtained from Alpha Chemical (Dezhou) Co. Ltd.,
Shijiazhuang, China. Butanone was purchased from
Tianjin Guangfu Fine Chemical Research Institute.
3-Aminophenoxyphthalonitrile (3-APN, 7}, = 174°C)
was obtained from Dymatic Special Chemicals co.,
Itd., Chengdu, China. The woven glass fiber fabric
is E-glass cloth-7628 provided by Jiangxi Changjia
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Figure 2. Reaction scheme for the AB-crosslinked polymerization of benzoxazine and BPA

glass fiber Co. Ltd., Jiangxi, China. The thickness
of the fiber cloth was 0.188 mm and the weight was
210 g/m?. All the reagents were of analytical grade
and used without further purification.

2.2. Synthesis of phthalonitrile containing
benzoxazine (BA-ph)

The synthetic route of BA-ph monomer was synthe-
sized according to the reference [14, 18] reported
before with minor modifications. In a typical exper-
iment, 3-APN (47.00 g, 0.20 mol), bisphenol-A
(22.80 g, 0.10 mol), paraformaldehyde (12.00 g,
0.40 mol) and 1, 4-Dioxane (60 mL) and toluene
(10 mL) were mixed under a stirrer at a speed of
300 rpm. After being refluxed at 100°C for 5 h, the
reaction mixture was treated by rotary evaporation
processing. Then, the mixture completely dissolved
in chloroform to remove the benzoxazine oligomer.
Finally, the solution was slowly poured into the
alkaline solution of sodium hydroxide (0.5 mol-L™")
distilled water to remove the bisphenol-A residue
and cooled to room temperature in the formation of
a solid. The solid was filtered and washed five times
with distilled water. Then the yellow solid was dried
in a vacuum at 60°C overnight.

2.3. Preparation of BA-ph/BPA blends and
impregnating adhesive
The BA-ph/BPA thermosetting blends with various
molar ratios (BA-ph/BPA ratios: 2:1, 2:2, and 2:3)
were prepared by physical blending at room tem-
perature (25°C), labeled as BA-ph/BPA21, BA-ph/
BPA22 and BA-ph/BPA23, respectively. As a refer-
ence, the pure BA-ph was prepared similarly.
The BA-ph/BPA impregnating adhesive with vari-
ous content of BPA was prepared by solution pre-
polymer method in butanone at 80°C for 2 h. Then,
the viscous solution was obtained.

2.4. Preparation of BA-ph/BPA/GF composite
laminates

The preparation of the BA-ph/BPA/GF composite
laminates was carried out as follows. GF cloth
(20x20 cm?) was brush-coated with the viscous
solution obtained above and dried at room tempera-
ture for 24 h. The ratio was designed to give a pre-
preg of 40% copolymers and 60% GF by weight. Ten
layers of GF prepreg cloth were placed in a stain-
less steel mold and hot-pressed under a pressure of
20 MPa at 160°C for 4 h. The laminates were natu-
ral cooled to room temperature and then solid poly-
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Figure 3. Reaction scheme for the polymerization of BA-ph: (a) linear linked of benoxazine, (b) ring-forming polymeriza-
tion of nitrile groups and (c) possible structures of resultant polymers
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merized at 200°C for 4 h, 240°C for 2 h and 280°C
for 2 h in the oven, respectively. The final laminates
were marked as BA-ph/BPA/GF21, BA-ph/BPA/
GF22 and BA-ph/BPA/GF23, respectively.

2.5. Characterizations

Differential scanning calorimetric (DSC) analysis
was performed by TA Instruments Modulated DSC-
Q100 at a heating rate of 10°C/min and a nitrogen
flow rate of 50 mL/min. The second DSC scans were
performed for the according samples. Dynamic rhe-
ological analysis (DRA) was performed using TA
Instruments Rheometer AR-G2 with a frequency of
1 Hz at different temperatures in air. The samples
(0.5-1 g) were melted between 25 mm diameter par-
allel plates with an environmental testing chamber of
the rheometer. FTIR spectra were recorded with Shi-
madzu FTIR8400S Fourier Transform Infrared spec-
trometer in KBr pellets between 4000 and 500 cm™!
in air. The flexural tests of the composite laminates
were performed with a SANS CMT6104 series desk-
top electromechanical universal testing machine at
room temperature. Flexural tests (three-point bending
mode) were held according to the GB/T9341-2008
standard test method with a crosshead displacement
speed of 10 mm/min and the test fixture was mounted
ina 10 kN capacity. The samples (dimension: 80 mm
x15 mmx2 mm) were tested with a support span/
sample thickness ratio of 15:1, and gained as aver-
age value for every three samples. Dynamic mechan-
ical analysis (DMA) in a three-point-blending mode
was performed on QDMA-800 dynamic mechani-
cal analyzer (TA Instruments, USA) to determine the
glass transition temperature (7). The storage mod-
ulus and tan delta were investigated at a frequency
of 1 Hz and amplitude of 20 um, and the samples
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(dimensions 30 mmx10 mmx2 mm) were heated
from 50 to 400°C at a temperature ramp of 3°C/min.
Thermal gravimetric analysis (TGA) was performed
on a TA Instruments TGA Q50 with a heating rate
of 20°C/min (under nitrogen or air) and a purge of
40 mL/min. The morphology of the fractured sur-
faces of the polymers were observed by SEM (JSM2
5900LV) operating at 20 k'V.

3. Results and discussion

3.1. Curing behaviors of BA-ph/BPA blends
Model curing studies were conducted to character
the curing behavior of phthalonitrile monomer with
the curing agent of 2-hydroxydiphenylmethane [19].
Compounds with phenol hydroxyl were used as
nucleophilic initiator to catalyze the reaction between
nitrile groups of phthalonitrile monomer. This was
driven by the fact that the nitrile groups can readily
form the isoindoline, diimino, triazine and phthalo-
cyanine with nucleophilic phenol groups [20].

The curing behaviors of BA-ph/BPA blends were
studied by DSC analysis presented in Figure 4 and
the main data were shown in Table 1. The typical
curves of BA-ph and BPA monomer were shown in
Figure 4b. It can be seen that the poignant endother-
mic transition observed at 156°C was assigned to
the melting temperature (7)) of BPA monomer.
However, the wide endothermic transition started
from 200°C and peaked at 250°C was attributed to
the evaporation of BPA monomer. In Figure 4b
(curve a) for pristine BA-ph, the double exotherm
bands were peaked at 230°C and 263°C, correspon-
ding to the ring-opening polymerization of oxaz-
nine rings and the ring-forming polymerization of
nitrile groups, respectively [14, 15]. With the intro-
duction of BPA, the exotherm bands shifted to a

(a) BA-ph

(b) BPA

Heat flow [wig]
Heat flow [wig]

T T T T T u T v
150 200 250 300 350

Temperature [*C]

100
b)

Figure 4. DSC curves of (a): BA-ph/BPA blends with various contents of BPA and (b): BA-ph and BPA monomers
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Table 1. Thermal properties of BA-ph/BPA system

T T; Teop Top AH_yring AH_yring Weight loss
Samples C] °C] rcl °cl gl gl [%]
BPA 156 - - - - 100
BA-ph 56.5 170 230 263 167.7 46.1 0.48
BA-ph-BPA21 79.2 125 210 253 201.5 69.3 1.86
BA-ph-BPA22 78.5 126 193 248 178.1 76.6 3.95
BA-ph-BPA23 77.8 123 183 246 172.8 98.3 9.65

lower temperature range, shown in Figure 4a. The
peak temperatures of BA-ph/BPA systems were
lowered to 183~210°C and the maximum was low-
ered to 246~253°C. The lowering of the tempera-
ture necessary for the ring-opening polymerization
of BA-ph has considerable meaning because the
high temperature necessary for the complete poly-
merization often cause problems and limits its appli-
cations. Additionally, the enthalpy of curing of BA-
ph/BPA blends was different in comparison with
that of pristine BA-ph, both for the ring-opening of
oxazine rings and ring-forming of nitrile groups.
The enthalpy for the ring-opening of oxazine rings
successively decreased with increasing the BPA,
shown in Table 1. It was related to the fact that the
oxazine rings formed more easily Mannich bridge
structures in the presence of phenol hydroxyl. Ref-
erences reported that the phenolic compounds with
free ortho or para positions act as initiators for the
ring-opening oligomerization of benzoxazine com-
posites, and an aminoalkylation reaction occur pref-
erentially at the ortho and para positions of phenols
[20-23]. Thus, the phenol hydroxyl groups in BPA
help the ring-opening reaction of oxazine rings
through copolymerization with BA-ph, affording an
AB-crosslinked polymer, shown in Figure 2.

Moreover, the initial curing temperature gradient
between oxazine rings and nitrile groups has been
enlarged with increasing the content of BPA, shown
in Figure 4a. The difference of polymerization rate
would result in a microphase separation between
the components resulting from the polymerization
of oxazine rings and nitrile groups, respectively. As
shown in Figure 3, BPA firstly catalyzed the ring-
opening polymerization of oxazine rings and the
linear polybenzoxazine formed (Figure 3a). Then,
the ring-forming polymerization of nitrile groups
was triggered by the active hydroxyl provided both
from the oxazine rings and BPA (Figure 3b). With
increasing the temperature or prolonging the time,
the phthalocyanine cycles self-aggregated and par-

alleled to the linear linked network of polybenzox-
azine (Figure 3c).

To further study the curing behaviors of BA-ph/
BPA blends, isothermal DSC curves as a function of
time have also been investigated at 180°C. It can be
seen in Figure 5 (curve a) that there was a weak and
wide exothermic band appeared at about 15 min,
which indicated the extremely low curing rate of
pristine BA-ph at 180°C. Figure 5 (curve b and ¢) and
(curve d) showed the curves of BA-ph/BPA blends
with various contents of BPA. All the blends exhib-
ited double exothermic peaks which resulted from
the double curing reactions. For all of the blends,
the first exothermic peaks occurred quickly at about
0.5~20 min and the second occurred at 30~60 min.
As can be seen, with increasing the content of BPA,
the intensity of the first exothermic peak increased
significantly. The reason was that the ring-opening
reaction reinforced by BPA monomer and the for-
mation of the Mannich bridge structures via ring-
opening polymerization was the first priority [11,
14, 16]. The second exothermic peak corresponded
to the polymerization of nitrile groups catalyzed by
the extra hydrogen provided from the ring-opening
of oxazine rings and BPA. For the curve of BA-

Heat flow [wig]

Exo—

T M T M T

0 20 40 60 80
Time [min]

Figure 5. Time sweep DSC curves of BA-ph/BPA blends
with various content of BPA: (a) BA-ph, (b) BA-
ph/BPA21, (c) BA-ph/BPA22 and (d) BA-ph/
BPA23
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ph/BPA22 system, the second exothermic peak
related to the polymerization of nitrile groups was
proportional in comparison with that of BA-
ph/BPA23 and stronger obviously than that of BA-
ph/BPA21. In all, the polymerization of BA-ph
could be significantly catalyzed by BPA and poly-
merization of the blends could be easily triggered at
lower temperatures and controlled by varying the
content of BPA. Additionally, with increasing the
content of BA-ph, curing temperature gradient
between oxazine rings and nitrile groups has been
explicated.

3.2. Processability of BA-ph/BPA blends

The rheological behavior, a key factor in predicting
processability, was studied by measuring viscosity
changes accompanying the self-promoted curing
reaction of the BA-ph/BPA blends. In Figure 6, the
complex viscosity (n*) of BA-ph/BPA blends, as
well as that of BA-ph, was determined as a function
of temperature from 50 to 300°C. In each case, a
decrease was observed in viscosity and a minimum
melt viscosity of 1-6 Pa's was observed for the
blends. The low viscosity was maintained in the tem-
perature range from 80~180°C, suggesting good
processability of BA-ph/BPA systems. A rapid
increase of n* was observed at about 180~200°C
for all BA-ph/BPA blends. Moreover, the increase
of n* was observed at lower temperatures with
increasing the amount of BPA.

To further determine the processing temperature
and time for BA-ph/BPA blends, the n* change of
the BA-ph/BPA22 blend was measured as a func-
tion of time at various temperatures, shown in Fig-
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Figure 6. Complex viscosity (n*) as a function of tempera-
ture for BA-ph/BPA system with various content
of BPA
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Figure 7. Complex viscosity (n*) as a function of time at var-
ious temperatures for the BA-ph/BPA22 system

ure 7. The curves indicated that the viscosity
increased with the increase of temperature. As
expected, high temperature had a great tendency to
accelerate the polymerization reaction of BA-ph/
BPA blends. It can be seen that the n* at different
temperatures were relatively low and stable before
the final curing reaction occurred. However, after the
curing reaction started, the n* increased dramati-
cally [24]. Namely, the increase of n* for BA-ph/
BPA22 blend at 170 and 180°C took a rather short
time (12 and 6 min), revealing that curing reaction
carried out rapidly. Thus, 160°C was a proper pro-
cessing temperature for BA-ph/BPA copolymers.

For comparison, isothermal viscosity measurements
were recorded on the BA-ph/BPA blends at 160°C
as a function of time to investigate the effect of BPA
content on the processability. As depicted in Figure 8,
it can be seen that all of the BA-ph/BPA blends
exhibited relatively low initial n* and the initial n*

40-10°
¢ = BA-ph-160
*— BA-ph-BPA-2-1
4— BA-ph-BPA-2-2
3010° v BA-ph-BPA-2-3

[n’[ [Pas]

50 100 ) 1%0 ) 200
Time [min]
Figure 8. Complex viscosity (n*) as a function of time at
160°C for the BA-ph/BPA system with various
content of BPA
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of BA-ph/BPA blends decreased with increasing the
amount of BPA. A complex melt viscosity around
3 Pa's was observed for all of the blends at 160°C,
initially, and then exhibited a dramatic increasing
viscosity. The complex viscosity of BA-ph/BPA21,
BA-ph/BPA22 and BA-ph/BPA23 blends increased
to 5000 Pa‘s in about 57, 64 and 70 min, respec-
tively. Moreover, BA-ph/BPA21, BA-ph/BPA22 and
BA-ph/BPA23 blends show different modes with
the extension of testing time. The complex viscosity
increased rapidly until the complex viscosity of BA-
ph/BPA was 12000 Pa-s. Then, the increasing trend of
complex viscosity was coincident with the increas-
ing content of BPA. The sectionalized increasing of
complex viscosity suggested the double-stage poly-
merization attributed to the ring-opening polymer-
ization of oxazine rings and the ring-forming poly-
merization of nitrile groups accelerated by hydroxyl
provided by BPA and ring-opening of oxazine rings
at elevated temperature. These were in good agree-
ment with the results of DSC. In all, results revealed
that the influence of BPA content on the rate of the
copolymerization was evident and the blends had
the desirable processing temperature and gelation
time [25]. Based on these rheological results, the
blends exhibited the desirable polymerization rate
and a wide processing window, which are important
to their applications in resin transfer molding or
resin infusion processes.

3.3. Structures of BA-ph/BPA pre-polymers
and polymers

To confirm the structural transition of the compos-
ites, the structures of BA-ph/BPA pre-polymers
obtained after being heated at 160°C and BA-ph/
BPA22 polymers heated at 200, 240 and 280°C
were investigated by FTIR spectra, respectively, as
shown in Figure 9 and Figure 10. In Figure 9, the
intensity characteristic absorption band at 1478 cm™!
was assigned to the in-plane C—H stretching of the
tetra-substituted benzene, indicating that the meth-
ylene bridges formed in the free ortho positions of
the phenolic structures [26, 27]. Meanwhile, the char-
acteristic band of oxazine at around 967 cm™' did
not appear in the spectra, confirming oxazine rings
were involved into the polymerization at 160°C.
Meanwhile, the peaks observed at 1164 and
1114 cm™! were corresponded to the frame vibra-
tion of phthalocyanine, and peaks at 1620 and
1283 cm™! were assigned to the stretching vibration

— — — v — — —
4000 3500 3000 2500 2000 1500 1000 500

Wave number [cm™]

Figure 9. FTIR spectra of BA-ph/BPA system with various
content of BPA heat treated at 160°C: (a) BA-ph/
BPA21, (b) BA-ph/BPA22 and (c) BA-ph/BPA23

1238! 7967
1164 1114

T v T v T T T T T v
3000 2500 2000 1500 1000 500

Wave number [cm™]
Figure 10. FTIR spectra of BA-ph/BPA22 system heat

treated at various temperatures: (a) 160°C,
(b) 200°C, (c) 240°C and (d) 280°C

T
4000 3500

of C=N and C—N=, respectively [28, 29]. Addition-
ally, the aforementioned characteristics and the low
intensity absorption band at 2227 cm™' correspon-
ding to nitrile groups, indicated the high polymer-
ization degree of nitrile groups at 160°C. Moreover,
the absorption intensity of nitrile groups decreased
with increasing the content of BPA, suggesting the
obvious catalysis. The wide and intensive absorp-
tion band at around 3364 cm™' corresponding to the
association state of hydroxyl were observed in all of
the samples, reported previously [15, 16]. The
absorption peak at 2969 cm-1 was assigned to the
stretching vibration of .CHj3 and no obvious changes
were observed.

Figure 10 showed the FTIR spectra of BA-ph/BPA22
polymers obtained after being heated at 160, 200,
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240 and 280°C, respectively. It was obvious that the
characteristic absorption bands at 2227 cm™' of the
BA-ph/BPA22 polymers were evidently weakened,
and the characteristic absorption band at 1620 and
1238 cm™! increased with increasing the treated tem-
perature. The intensive absorption band at 3364 cm™!
indicated the existence of association hydroxyl in
BA-ph/BPA systems. With increasing the treatment
temperature, it was obvious that the absorption inten-
sity decreased slightly, suggesting that elevated
temperature damaged the association hydrogen
bond.

3.4. Mechanical properties of BA-ph/BPA/GF
composite laminates

In the previous parts, copolymerizing behaviors and
processability of BA-ph/BPA blends were investi-
gated. These investigations can provide us with effec-
tive molding procedures to prepare GF-based BA-
ph/BPA composite laminates. The mechanical prop-
erties of resulting BA-ph/BPA/GF composite lami-
nates with various BPA contents were shown in Fig-
ures 11 and 12, in which properties of BA-ph/GF
were also presented. Overall, for individual BA-ph/
BPA/GF composite laminate, the flexural properties
were dramatically increased with the treated tem-
perature increase and then decreased slightly. The
flexural strength and flexural modulus of BA-ph/
GF composite laminate were increased with increas-
ing the temperature and up to 542 MPa and 25.8 GPa
at the completed polymerization temperature of
280°C, respectively. BA-ph/BPA/GF21 composite
laminate treated at 160°C exhibited high flexural
strength of 632 MPa and high flexural modulus of
23.6 GPa. Raising treatment temperatures, flexural
strength of BA-ph/BPA/GF21 composite laminate
increased to 786, 711 and 639 MPa at 200, 240 and
280°C, respectively. Analogously, the flexural
strength of BA-ph/BPA/GF22 and BA-ph/BPA/
GF23 composite laminate increased to 737 and
753 MPa at 200°C and decreased to 665 and
408 MPa at 280°C, respectively. The significant
increase of flexural strength was attributed to the
introducing of BPA which accelerated the polymer-
ization of BA-ph resulting in an improved cross-link-
ing degree. In addition, the association hydroxyl in
the polymers proved by FTIR may be conducive to
the improved flexural strength. However, the slight
decrease of strength may be resulting from the
volatilization of surplus BPA and the damage of

Flexural strength [MPa]

BA-ph 2-1 2-2 2-3
Molar ratio

Figure 11. Flexural strength of BA-ph/BPA/GF system with
various content of BPA

Flexural Modulus [GPa]

BA-ph 2-1 2-2 2-3
Molar ratio

Figure 12. Flexural modulus of BA-ph/BPA/GF system with
various content of BPA

hydrogen bond at elevated temperature, which was
verified by the steep decline of the flexural strength
for BA-ph/BPA/GF23 composite laminate. Addi-
tionally, the flexural modulus also showed regular
increase or decrease with increasing or decreasing
the BPA. In comparison with those of composite
laminates reported previously, BA-ph/BPA/GF com-
posite laminates which just underwent the heat treat-
ment at 160°C for 4 h exhibited excellent mechani-
cal properties. For thermosetting resin, long time cur-
ing and elevated temperature treatment were neces-
sary. In the previous work, BA-ph/GF systems were
treated for 11 h and the temperature was up to 280°C
[15, 16]. Phthalocyanine/GF systems were generally
treated at 320°C for 2 or 4 h to obtain the laminates
with good properties. For other thermosetting resins,
such as epoxy resins, though did not require the
treatment of high temperature and long time, the
properties of EP/GF composite laminates were usu-
ally barely satisfactory. Yang et al. [30] have pre-
pared EP/GF composite laminates with three kinds
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of GFs: plain weave fabric GF and biaxial or uniax-
ial stitched plain weave fabrics GF; and the corre-
sponding flexural strengths of resulted EP/GF com-
posite laminates were 370, 233 and 326 MPa with
fiber volume of 56, 56 and 57%, respectively.
Mouritz et al. [31] also reported that EP/GF com-
posite laminates exhibited a relatively low mechan-
ical performance with the flexural strength of
212MPa and flexural modulus of 12.9 GPa, with
the fiber volume of 34%.

Generally, mechanical properties of polymer/GF
composite laminates depended on the properties of
each primary component, the nature of the interface,
and the locus of filler-matrix interaction between
the matrix resins and GFs [32]. In our BA-ph/BPA/
GF systems, the good mechanical properties could be
attributed to multiple factors. These mechanical prop-
erties are, on the one hand, attributed to primary com-
ponent of GF and matrices themselves, while BA-ph
was also traded for their good mechanical perform-
ances. On the other hand, the existence of association
hydrogen bond which resulted from the polymer-
ization of BA-ph/BPA blends was also a key factor.
Furthermore, the polymerization of the matrices was
significantly catalyzed by BPA, thus, the mechani-
cal properties can be attributed to the highly cross-
linked matrices. The exothermic enthalpy of the com-
posites with various BPA and treated at various tem-
peratures were summarized in Table 2. Results indi-
cated that the conversion of oxazine rings and
nitrile groups increased with increasing BPA or tem-
perature, confirming the high crosslinking degree
and the improved mechanical properties.

3.5. Thermal stabilities of the BA-ph/BPA/GF
composite laminates

The thermal decomposition of the BA-ph/BPA/GF
composite laminates was also examined by TGA
(Figure 13 and 14) and the main results were sum-
marized in Table 3 and 4, in which the initial degra-
dation temperature (7;), the temperatures at weight
loss of 5% (7se,) and 10% (T'¢e,) were displayed.
Overall, thermal stabilities of BA-ph/BPA/GF com-

Table 2. Exothermic enthalpy of various BA-ph/BPA com-
posites heated treated at various temperatures

Weight [%]

T T v T ¥ T T d T M T T
100 200 300 400 500 600 700 800
Temperture [*C]

Figure 13. TGA curves of BA-ph/BPA22 system heat
treated at various temperatures in nitrogen

1004

—— BA-ph--180°C
—— 2-1-280°C
— 2-2-280°C
— 2-3-280°C
95+
£
£ 90-
L]
=
85+
80

100 200 300 400 500 600 700 800
Temperture [°C]

Figure 14. TGA curves of BA-ph/BPA system with various
content of BPA heat treated at 280°C

posites in N, increased with raising the treatment
temperature, attributed to the thermally induced poly-
merization and improved cross-linking density. Addi-
tionally, the catalysis of BPA was conducive to the
further polymerization of BA-ph. Due to the
volatilization of BPA at elevated temperature, the

Table 3. Thermal stabilities of BA-ph/BPA/GF22 laminates
heated at various temperatures

Samples T; Tso, T1o%
160°C 300.6 365.2 4442
200°C 321.4 372.8 4352
240°C 339.7 397.2 474.2
280°C 364.9 445.5 537.7

Table 4. Thermal stabilities of BA-ph/BPA/GF systems
with various content of BPA heated at 280°C

160°C 200°C 240°C 280°C Samples T; Tse, Tio0%

BA-ph-BPA21 25.8 10.7 8.2 7.2 BA-ph 456.0 589.0 -
BA-ph-BPA22 19.3 8.1 6.2 59 BA-ph-BPA21 365.8 452.6 553.2
BA-ph-BPA23 16.5 6.9 4.0 32 BA-ph-BPA22 364.9 445.5 537.7
BA-ph-BPA23 352.5 422.8 516.7
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further improvement of thermal stabilities was
restricted by the content of BPA. Nevertheless, all
BA-ph/BPA/GF composites could stand high 7'y,
up to 510°C in N,. Compared with other state-of-
the-art thermosetting composite laminates, the BA-
ph/BPA/GF composite laminates exhibited excel-
lent thermal stabilities. The phthalonitrile-based
composites or laminates [26, 27], by comparison,
showed as high 7; and Ts¢, as BA-ph/BPA/GF sys-
tems. However, these composites have to be cured
at elevated temperatures (over 350°C) for a very
long time (24 h or even more), which would be hard
in the practical processing. The thermosetting poly-
imide-based composite laminates, on the other hand,
were durable for a long time at 343°C, but these lam-
inates showed relatively low mechanical properties
(flexural strength: 345 MPa; flexural modulus:
20.7G Pa) compared with BA-ph/BPA/GF systems
(flexural strength: 781 MPa; flexural modulus:
23 GPa). The other laminates did not maintain the
same degree of thermal stability [34] as BA-ph/
BPA/GF systems. Meanwhile, the high-temperature
machining increased the difficulty of processing
and limited their potential applications.

3.6. Dynamic thermomechanical analysis of
the BA-ph/BPA/GF composite laminates
In the previous parts, mechanical properties and
thermal stabilities of BA-ph/BPA/GF laminates were
investigated. Results indicated that the laminates
shown outstanding mechanical properties treated at
200°C, suggesting the considerably high cross-link-
ing. Dynamic mechanical studies were conducted to
evaluate the changes in the sample modulus as a
function of temperature and determinate the 7, of
the polymers after being treated at 200°C. From these
studies, storage modulus and tan delta plots gener-
ated on BA-ph/BPA/GF polymers versus tempera-
ture were presented in Figure 15 and 16, respec-
tively, and the results of 7, were exhibited in Table 5.
In Figure 15, the modulus for BA-ph/BPA/GF22
changed from 32500 to 5000 MPa when heated
from 50 to 400°C. The initial modulus of BA-ph/
BPA/GF22 and BA-ph/BPA/GF23 were approxi-
mate (32280 MPa and 30570 MPa) and higher than
that of BA-ph/BPA/GF21 (26 580 MPa), indicating
the high cross-linking density of the laminates. For all
of the samples, the decline of modulus was seg-
mented, the first large modulus changes were
observed at about 180~250°C and the second were

#— BA-ph/BPA/GF-2-1
® BA-ph-BPAIGF-2-2
A BA-ph-BPA/GF-2-3

Storage modulus [MPa]

5-10%4

100 150 200 250 300 350 400
Temperature [°C)

Figure 15. Storage modulus (G') of BA-ph/BPA/GF system
with various content of BPA

0.20

0.15«
2 0.10+
m

0.054

—a— BA-ph/BPA/GF-2-1
®  BA-ph/BPA/GF-2-2
4  BA-ph/BPA/GF-2-3

0.004———— — —
100 150 200 250 300 350 400
Temperture [*C]

Figure 16. Damping factor (tand) of BA-ph/BPA/GF sys-
tem with various content of BPA

Table 5. Glass transition temperature of BA-ph/BPA/GF

laminates heated 200°C
Samples [Iél] [Iéz]
BA-ph/GF - 287
BA-ph/BPA/GF21 248 311
BA-ph/BPA/GF22 277 314
BA-ph/BPA/GF23 293 342

about 250~350°C. The data showed that the trans-
formation temperature range increased with the
increasing of BPA, attributed to the increased cross-
linking density. The sectionalized decline of modu-
lus suggested the microphase separation which
resulted from the out-of-step polymerization of
oxazine rings and nitrile groups at the presence of
BPA.

The T, was obtained from the maximum of tané in
a plot of tand versus temperature. As noted in Fig-
ure 16, two obvious relaxation peaks were observed
in each plot. The tan delta peaks (200~300°C) of all
BA-ph/BPA/GF were attributed to the Mannich
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bridge structures generated by ring-opening of
oxazine rings catalyzed by BPA. On heating to
400°C, the tan delta peaks occurred at the range of
300~370°C, which was ascribed to the relaxation of
aromatic heterocycte produced by the ring-forming
polymerization of nitrile groups. Obviously, both
the relaxation peaks shifted to higher temperature
with increasing the content of BPA. Meanwhile, the
space of the double peaks decreased with the con-
tent of BPA increasing. One possible explanation of
these results was that the cross-linking degree of
both oxazine rings and nitrile groups had been
improved by the assistance of BPA, affording a
reaction-induced microphase separation. As was
well known, the T, of polymers depends on the rigid-
ity of the molecular chains and the cross-linking
degree [35—40]. It can be seen in Table 5 that the
Ty, of the samples were up to 240°C, which were
superior to the traditional epoxy, phenolics and poly-
benzoxazines resin [36-40]. The T, of the samples
were up to 340°C, which were comparable to that of
phthalonitrile-based polymers cured at elevated
temperature with longer time [2, 7, 8]. Also, a semi
empirical equation has been used for calculating
cross-link density of highly cross-linked systems
[41, 42] shown in Equation (1):

logIOG' =7+ Xdensity (1)

where G’ is the storage modulus of the cured blends
in the rubbery plateau region in dynes/cm? above T,
(i.e. Ty +40°C), Xyensity 18 the cross-link density of
the polymers. According to the equation, the cross-
linking density of various BA-ph/BPA polymers
was presented in Table 6. It can be seen that all of
the polymers exhibited high crosslinking degree
(12000~13 000 mol/m?) which may confirm the good
mechanical properties and glass transition tempera-
tures. Besides, the increase of mechanical proper-
ties and glass transition temperatures can also be
attributed to the high crosslinking degree. The out-
standing 7T, was mainly attributed to the high cross-
linking degree of ring-opening polymerization of
benzoxazine and heterocyclization of nitrile groups,

which greatly limited the motion of the molecular
chains.

3.7. Phase morphology of the BA-ph/BPA
composite

SEM images of BA-ph/BPA22 polymers heat treated
at various temperatures were presented in Figure 17.
The images showed the evolution of the phase mor-
phology as the cure advanced for BA-ph/BPA22
composites. After being treated at 160°C, the reac-
tion (ring-opening polymerization and formation of
interlinked network) leads to a homogeneous phase
(Figure 17a). As the temperature was raised, forma-
tion of homopolymer of phthalocyanine occurs par-
allel to linked network formation of polybenzox-
aine. Minor tendency for phase separation is observed
at this stage (Figure 17b and 17c¢). Spherical nod-
ules are visible, which can be ascribed to the phthalo-
cyanine rings dispersed in polybenzoxazine linked
network. With increasing the temperature, the sever-
ity of phase separation is diminished because of the
formation of inter linked network as the major
phase (Figure 17d).

4. Conclusions

Copolymerization behaviors and processability of
BA-ph/BPA systems were investigated. The struc-
tures of the polymers were confirmed and the possi-
ble curing reactions were discussed. Results demon-
strated that the polymerization of the BA-ph/BPA
blends were representative double-stage curing
model. The components of the polymers depended on
the relative content of BA-ph and BPA. The results
of processability indicated polymerization of BA-
ph/BPA blends was progressing in the ranges from
160 to 200°C and the polymerization of nitrile groups
can be reduced to 160°C. The GF-filled BA-ph/
BPA composite laminates were prepared and their
mechanical and thermal properties were investi-
gated. The flexural strength of BA-ph/BPA/GF com-
posites was 789 MPa, which was superior to that of
BA-ph/GF composites (542 MPa), although the mod-
ulus (23.6 GPa) decreased in compared with that of
BA-ph/GF composites (25.8 GPa). Such mechani-

Table 6. Crosslinking density of BA-Ph/BPA polymers with various content of BPA

Samples T, Glass modulus at ambient temperature Crosslink density
[°C] |GPa] [mol/m3]
BA-ph/BPA/GF-21 311 26.5 12700
BA-ph/BPA/GF-22 314 30.6 13380
BA-ph/BPA/GF-23 342 323 13300
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e— W 1111

c)

d)

Figure 17. SEM images of BA-ph/BPA22 composites heat treated at various temperatures: (a) 160°C, (b) 200°C, (c¢) 240°C

and (d) 280°C

cal enhancements can be attributed to the catalysis
of BPA on the matrices and the abundant hydrogen
bond. Additionally, for BA-ph/BPA/GF laminates,
two T,’s were observed, suggesting the microphase
separation of BA-ph/BPA polymers because of the
out-of-step polymerization of oxazine rings and
nitrile groups, which was also confirmed by the
SEM images. Thermal stabilities revealed that all of
the BA-ph/BPA/GF composites could stand high
T10% up to 510°C in N,. These characteristics could
enable the BA-ph/BPA/GF composites to find uses
under some critical circumstances with require-
ments of excellent mechanical properties and high
temperature resistance. Moreover, an idea has been
suggested in this work to prepare a semi-IPN type
polymer.
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