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Modified resin for
high-performance composites
Sarawut Rimdusit and Isala Dueramae

A simple and practical modification makes a new class of phenolic

resin—benzoxazine resin—stronger and more resilient.

Benzoxazine resins are highly attractive for applications that include

composite parts in aircraft1 and electronic packaging. These resins are

a novel class of thermosetting polymers that combine the thermal prop-

erties and flame retardance of phenolic resins with the excellent me-

chanical performance and molecular design flexibility of epoxy resins.

However, the inherent rigidity of benzoxazines can be limiting. Re-

searchers in this field are currently working to widen the applications

of these polymers through greater flexibility.

Polybenzoxazines are a class of macromolecules that possess ni-

trogen and oxygen in a cyclic molecular structure that is fused to

another benzene ring. During polymerization, polybenzoxazines

demonstrate several advantageous characteristics, including catalysis-

free curing, near-zero shrinkage (which improves dimensional stabil-

ity), and a byproduct-free curing process. Finished polybenzoxazines

also demonstrate low melt viscosity, high glass-transition temperature

(Tg), high thermal stability, good mechanical strength and modulus,

low water absorption, low dielectric constant, good adhesive proper-

ties, and high resistance to burning and chemical degradation.2, 3 Con-

sequently, a number of companies have commercialized the resins and

their composites.2

Improvements to polymeric material properties, particularly modifi-

cation of existing polymers to achieve high thermal stability, high char

yield, and high Tg, are increasingly important for advanced composite

applications in aerospace or electronic packaging industries.3 Benzox-

azine resin’s ability to form alloys with other resins or polymers opens

opportunities to create new resin systems with intriguing properties.

For example, alloying between benzoxazine resin and epoxy resin is

considered to be a potentially effective measure to enhance thermal and

mechanical properties of the polymers for applications such as resin

transfer molding.5

However, the observed reduction in thermal stability and fire resis-

tance from this modification tends to limit the applications of the result-

ing alloys. Here, we report a more flexible and stable molecular linkage

via additional ether bond formation in the polybenzoxazine network for

Figure 1. Appearance of the fully cured bisphenol-A-aniline (BA-a)

type polybenzoxazine and benzophenonetetracarboxylic dianhydride

(PBA-a/BTDA) copolymers at various BTDA mol (mole) ratios:

(a) PBA-a, (b) BA-a/BTDA 4:1, (c) BA-a/BTDA 3:1, and

(d) BA-a/BTDA 1.5:1.4

thermal, mechanical, and fire-resistant property enhancement through

the introduction of various types of aromatic anhydrides.

We prepared a novel bisphenol-A-aniline-type polybenzoxazine

(PBA-a) modified with dianhydride by reacting bisphenol-A-aniline-

based benzoxazine (BA-a) resin with 3,30,4,40-benzophenonetetracar-

boxylic dianhydride (BTDA) in 1-methyl-2-pyrrolidone solvent. The

monomer mixture easily transformed into transparent PBA-a/BTDA

copolymers by thermal cure (see Figure 1). Fourier-transform IR

spectroscopy revealed the formation of ester linkages, which are a cov-

alent interaction between hydroxyl groups of the PBA-a and car-

bonyl groups in the dianhydride (see Figure 2). The PBA-a/BTDA
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Figure 2. Model reaction of dianhydride-modified polybenzoxazine copolymers. Ar: Argon. PMDA: Pyromellitic dianhydride. s-BPDA: Biphenyl-

tetracarboxylic dianhydride. BTDA: Benzophenonetetracarboxylic dianhydride.

copolymers show only one Tg, with values as high as 263
◦
C at a molar

ratio of BA-a:BTDA of 1.5:1 (see Figure 3, inset). The value is re-

markably higher than the Tg of the unmodified PBA-a, which is 178
◦
C.

In addition, the resulting PBA-a/BTDA copolymers display relatively

high degradation temperature of up to 364
◦
C (see Figure 4, inset) and

substantial enhancement in char yield (the solid residue left after ther-

mal degradation), with a value of up to 61% by weight (see Figure

4). Moreover, the PBA-a/BTDA copolymer samples also demonstrate

significantly enhanced flexibility compared to the unmodified PBA-a.6

This copolymer shows great potential for applications that require high

thermal and mechanical properties with fire-resistant characteristics.

Polybenzoxazine copolymers obtained from reacting BA-a resin

with various types of aromatic carboxylic dianhydrides, i.e., py-

romellitic dianhydride (PMDA), 3; 30,4; 40-biphenyltetracarboxylic

dianhydride (s-BPDA), or BTDA demonstrated enhanced thermo-

mechanical properties. The copolymers’ Tg followed the order
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PBA-a:PMDA>PBA-a:s-BPDA>PBA-a:BTDA.4 The difference in

the Tg of the copolymers is connected to the rigidity of the dianhydride

components. Furthermore, the Tg of PBA-a:PMDA, PBA-a:s-BPDA,

and PBA-a:BTDA films was significantly higher than that of the neat

PBA-a because of the enhanced crosslink density after dianhydride ad-

dition (see Figure 4). This greater crosslink density results from ad-

ditional ester linkage formation between the hydroxyl group of PBA-a

and the anhydride group of dianhydrides formed by thermal curing (see

Figure 2).

We also investigated composites based on carbon fiber (CF) and ben-

zoxazine (BA-a) modified with PMDA. We examined the flammability

of the CF composites by limiting oxygen index (LOI) and UL-94 ver-

tical tests. The LOI value is the lowest oxygen gas concentration that

must be present in an oxygen/nitrogen mixture for a material to burn.

LOI values increased from 26.0 for the CF/poly(BA-a) composite to

49.5 for the CF-reinforced BA-a/PMDA composites as thin as 1.0mm.

The CF-reinforced BA-a/PMDA composites also achieved the maxi-

mum V-0 fire-resistant classification.7, 8 These properties translate to a

very short burning time for our composite samples. Less than 10 sec-

onds pass between removing a methane flame and self-extinguishing.

Figure 3. Storage modulus of PBA-a/BTDA copolymers as a function of

temperature at different BTDA mol ratios: (�) PBA-a. (�) BA-a/BTDA

4:1. (�) BA-a/BTDA 3:1. (ı) BA-a/BTDA 2:1. (N) BA-a/BTDA 1.5:1.

(H) BA-a/BTDA 1:1. Inset: Crosslink density (�x, �) and glass transi-

tion temperature (Tg, �) at various BTDA mol ratios.6

Figure 4. Degradation temperature (Td) at 5% weight loss under ni-

trogen atmosphere of PBAa/BTDA copolymers as a function of BTDA

content.5

Incorporating PMDA into a poly(BA-a) matrix significantly en-

hanced the Tg and the storage modulus (E0) of the CF-reinforced BA-

a/PMDA composites compared with those of the CF/poly(BA-a). We

found the Tg values and storage moduli of the obtained CF-reinforced

BA-a/PMDA composites to have relatively high values, up to 237
◦
C

and 46GPa, respectively. The BA-a/PMDA copolymer matrix on the

CF and interfacial adhesion between the fiber and the copolymer ma-

trix demonstrated good wettability.8 The CF-reinforced BA-a/PMDA

composites exhibited a relatively high degradation temperature of up

to 498
◦
C and substantial enhancement in char yield with a value of up

to 82%, which are somewhat higher than those of the CF/poly(BA-a)

composite, i.e., 405
◦
C and 75.7%, respectively.8

In summary, we report a highly economical and practical technique

to improve the flexibility and thermal resilience of polybenzoxazines

without sacrificing other favorable properties. With this process, both

mechanical and thermal properties of the benzoxazine resin are sub-

stantially enhanced, thus broadening the polymer’s usefulness. CF-

reinforced composites based on the modified polybenzoxazine show

high mechanical integrity, good thermal properties, and outstanding fire

resistance. These CF-reinforced BA-a/PMDA composites hold great

potential for applications in advanced composite materials that require

mechanical integrity and self-extinguishing abilities. The next step of

our research is to investigate the effects of anhydride groups such as
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monoanhydride and trianhydride on properties of the resulting poly-

benzoxazine alloys.
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