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Preface

In the past 30 years, only few polymers, that have been developed, are able to
reach the commercial stage. Polybenzoxazines are one of those few. Their ease of
synthesis with tremendous molecular design flexibility allows tailor-made
properties with a broad range of applications. Their unique characteristics such as
self-polymerizability upon heating without a need for a catalyst or curing agent,
very low A-stage viscosity, near-zero volumetric shrinkage, fire resistant behav-
iors, as well as their outstanding thermal and mechanical properties make the
polymer highly attractive for various applications including electronic packaging
or aerospace.

Demand for high performance multicomponent polymeric materials based on
existing polymers continues to be increasingly important from stringent require-
ments from a variety of industrial sectors. This book provides an introduction to
the unique and fascinating properties of alloys and composites from novel com-
mercialized thermosetting resins based on polybenzoxazines. Their outstanding
properties such as processability, thermal, mechanical, electrical properties, as
well as ballistic impact properties of polybenzoxazine alloys and composites are
discussed and reviewed in the monograph. Chapter 1 of this book presents an
introduction to major and commercially available benzoxazine resins, their com-
mercialized polymeric products, and their outstanding properties. Chapter 2 pre-
sents major alloy systems based on polybenzoxazines and some synergestic
behaviors observed in these alloys, whereas Chap. 3 discusses the fundamentals of
highly filled polybenzoxazine composite systems that render, e.g., very high
thermomechanical and thermophysical composite materials. High thermal con-
ductivity of filled polymers is one essential property desired for an application such
as electronic packaging encapsulation and very high thermally conducting poly-
benzoxazine composites for such applications will be discussed in Chap. 4.
Chapter 5 summarizes natural fiber-reinforced polybenzoxazine composites as a
newly high performance wood-substituted material from the ability of poly-
benzoxazines to strongly adhere to lignocellosic materials. An ability of poly-
benzoxazines to form polymer alloys with various types of other resins or
polymers are demonstrated in Chap. 6 on their applications as lightweight ballistic
composites with high performance fibers such as Kevlar'™. The last chapter of this
book presents electrical properties of filled polybenzoxazine composites with those
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conductive fillers such as carbon black and graphite. The composites are investi-
gated for promising applications such as a bipolar plate in fuel cell, etc. Although
Chap. 2 and part of Chap. 4 resemble original research articles, the information
from these chapters is up-to-date and highly cited by researchers and thus worthy
to be included in this book.

One of the authors, S. Rimdusit, would like to acknowledge the hard work by
Manunya Okhawalai to help prepare this book (Chap. 1), and Isala Dueramae
(Chap. 3). Finally, Dr. Ramesh N. Premnath of Springer is gratefully acknowledged
from his continuous support and comments on the preparation of this book.
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Chapter 1
Introduction to Commercial Benzoxazine
and Their Unique Properties

Abstract Since World War II, only few polymers, which have been developed,
are able to reach the commercial stage. Polybenzoxazines are one of those few.
Their ease of synthesis with tremendous molecular design flexibility allows tailor-
made properties with broad range of applications. Their unique characteristics
such as self-polymerizability upon heating without a need for a catalyst or curing
agent, very low A-stage viscosity, near-zero volumetric shrinkage, fire-resistant
behaviors, as well as their outstanding thermal and mechanical properties, make
the polymer highly attractive for various applications including electronic pack-
aging or aerospace. As a consequence, some companies start to commercialize the
resins and their composites. This chapter summarizes benzoxazine resins and their
related products recently commercialized by some major companies. The key
properties of the polymers for engineering applications are also concisely
discussed.

Keywords Commercialized polybenzoxazine - ARALDITE® MT - Epsilon
resin - PB1000 prepreg

1.1 An Overview of Polybenzoxazines

Polybenzoxazines are heterocyclic macromolecules possessed nitrogen and oxy-
gen in their cyclic molecular structure and fuse to another benzene ring. Poly-
benzoxazine can be prepared through the ring-opening polymerization at oxazine
ring by thermal activation with no further addition of initiator or catalyst, con-
sequently is called self-polymerization. Benzoxazine resins are basically synthe-
sized from formaldehyde, amine functional group, and phenoxide group, thus
rendering them tremendous flexibility in their molecular design. The various
molecular structures of benzoxazine resins are obtained by incorporation of dif-
ferent amine and phenoxide structures. The molecular design flexibility of ben-
zoxazine reins is of crucial advantages of being tailored their versatile properties to

S. Rimdusit et al., Alloys and Composites of Polybenzoxazines, 1
Engineering Materials, DOI: 10.1007/978-981-4451-76-5_1,
© Springer Science+Business Media Singapore 2013
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suit specific requirements and leads to the solutions of several shortcomings of
conventional phenolic resins. Upon polymerization, polybenzoxazines provide
various outstanding characteristics of no catalytic needed for curing, near-zero
volumetric change (near-zero shrinkage) upon thermal curing rendering dimen-
sional stability, and no by-product released during polymerization leading to no
additional removal of volatile by-product. Moreover, polybenzoxazines offer a
number of attractive properties such as low melt viscosity, high glass transition
temperature, high thermal stability, good mechanical strength and modulus, low
water absorption, low dielectric constant, good adhesive properties, and high
resistance to burning and chemical. Consequently, polybenzoxazines have gained
much attention from scientists in the field of polymer research as well as from the
industrial researchers. In addition, multicomponent polymeric materials based on
the reaction of benzoxazine resins with other polymers or resins have been
reported to further enhance the properties of the resulting polymer hybrids with
even broader range of applications, for example epoxy/polybenzoxazine copoly-
mers [1-3], bismaleimide/polybenzoxazine copolymers [4], polycarbonate/
polybenzoxazine hybrids [5, 6], poly(e-caprolactone)/polybenzoxazine hybrids,
[7, 8], polyurethane/polybenzoxazine copolymers [9, 10], polyimide/polybenzox-
azine alloys [11]. Additionally, polybenzoxazines were successfully demonstrated
to provide composite materials with various outstanding characteristics both in
particulate-filled polybenzoxazine composites [12-16], and fiber-reinforced poly-
benzoxazine composites [17-20]. Several applications including conductive
polymeric systems [21, 22], polymer electrolyte membrane [23, 24], coatings [25],
electronic packaging [26], aerospace composites [27], and wear-resistant com-
posites [28] are some examples reported in the literatures.

Polybenzoxazines could be classified by their functionality into mono-
functional benzoxazine monomers, bifunctional benzoxazine monomers, and
multifunctional benzoxazine monomers. Several structures of benzoxazine resins
have intensively been synthesized by scientists to tailor their properties. Although
much technical information of polybenzoxazines has been reported, to date, no
engineering information specifically on commercial polybenzoxazines has been
reviewed. In this book chapter, we discuss in detail the key properties of poly-
benzoxazine based on bifunctional type to be attentively commercialized by
Huntsman Advanced Materials, Gurit, Henkel Corporation, and Shikoku Chemical
Corporation.

In the following section, five principal types of polybenzoxazines based on
bisphenol-A, bisphenol-F, thiobiphenol, phenolphthalein, and dicyclopentadiene
(DCPNO) commercialized by Huntsman Advanced Materials are mainly dis-
cussed. For simplicity, abbreviation will be used throughout this book chapter. The
structures and the abbreviations are shown in Table 1.1.
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Table 1.1 Five principal monomeric benzoxazines commercialized by Huntsman Advanced
Materials

Benzoxazine monomer structure Abbreviation Reference
BA-a [29]
BF-a [30]
TD-a [31]
Boz-BP [32]

DCP-a [33]
O/\N@

1.2 Synthesis of Distinguished Benzoxazines
and Their Properties

As stated in the previous section, benzoxazine resins can be classified by their
functionality into mono-functional benzoxazine, bifunctional benzoxazine, and
multifunctional benzoxazine resins. Mono-functional benzoxazines are less
attractive to researchers. The molecular structure of mono-functional poly-
benzoxazine is reported as a linear low molecular weight polymer, in contrast to
the bifunctional polybenzoxazine which is a crosslinked structure [29-34]. The
formation of small molecule of oligomeric structures with an average molecular
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weight of 1,000 from curing process is a main reason for the limited applications
of the mono-functional-type benzoxazine resins [35]. Therefore, in this chapter, we
are focusing on bifunctional types of benzoxazine resins which show various
tailor-made properties and have been successfully commercialized.

1.2.1 Bisphenol-A- and Aniline-Based Benzoxazine Resin

Bisphenol-A and aniline-based benzoxazine resin (BA-a) or bis(3,4-dihydro-2H-3-
phenyl-1,3-benzoxazinyl)isopropane is the most investigated and utilized type of
benzoxazine resins due to ease of synthesis and wide range of acceptable prop-
erties. The benzoxazine resin is synthesized from the reaction of bisphenol-A,
paraformaldehyde, and aniline at 1:4:2 mol ratio at 110 °C without the use of any
solvent as disclosed by Ishida in 1996 [36]. This solvent-less synthesis method is a
convenient, cost competitive, and environmentally friendly method for preparation
of various types of benzoxazine monomers and is one reason for a successful
introduction of the benzoxazine resin into the market. The synthesis path of this
monomer is shown in Scheme 1.1. The obtained benzoxazine resin can, then, be
polymerized by the ring-opening polymerization of cyclic monomers via thermal
cure without an addition of any catalyst or curing agent. The structural change in
benzoxazine monomer to polybenzoxazine via thermal polymerization is illus-
trated in Scheme 1.2.

Among various outstanding properties of BA-a resin, its low melt viscosity
before curing is one of those useful properties, rendering the ability of BA-a to

HO T OH + CH>0 +

Scheme 1.1 Synthesis route of BA-a-type benzoxazine resin
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Scheme 1.2 Formation of polybenzoxazine network by thermal curing process

easily wet the filler or reinforcement in a compounding process. This property is
desirable and crucial in various composite applications. Moreover, the low melt
viscosity of BA-a is also reported to help facilitate the mixing of BA-a with other
resins or polymeric materials to form copolymers or alloys [2, 9, 17, 19].
Figure 1.1 illustrates processing window of BA-a resin, revealing its liquefying
temperature and its gel point. From the figure, after the temperature is raised to its
liquefying point at 70 °C, the solid BA-a resin is transformed into low viscosity
and remained at this stage to the temperature of about 180 °C. After that, the resin
underwent crosslinking reaction past its gel point, resulting in a sharp increase in
its complex viscosity as a result of chemical network formation. The gel tem-
perature or gel point under dynamic heating determined from the processing
window of BA-a in Fig. 1.1 was reported to be about 196 °C [9].

The curing profile of BA-a benzoxazine resin is normally investigated by
differential scanning calorimetry analysis (DSC) as shown in Fig. 1.2. The curing
behavior observed using dynamic DSC at a heating rate of 10 °C/min of the
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as-synthesized BA-a exhibited a relatively symmetric exothermic peak with the
peak temperature at about 232 °C and the onset temperature of 190 °C which is
the characteristic of the oxazine ring-opening reaction [37]. However, the purified
BA-a shows slightly higher curing temperature of about 240 °C [32, 33].

In terms of mechanical properties, the changes in mechanical behavior of
materials as a function of temperature are conveniently investigated by dynamic
mechanical analysis (DMA) due to the high sensitivity of this technique to even
minor transitions or relaxations. The DMA analysis of the fully cured BA-a was
investigated, e.g., by Rimdusit et al. [17]. As seen in Fig. 1.3, the storage modulus
under bending mode at a glassy state of BA-a polybenzoxazine was found to be
about 5.7 GPa. The modulus value starts to decrease at elevated temperature and
then reaches its rubbery plateau at about 200 °C. The T, observed from maxima
peak of loss modulus curve of BA-a polybenzoxazine was observed at 173 °C
which is its o-transition.

Fig. 1.3 Storage and loss 10* 1000
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In principle, thermal stability of polymeric materials can be indicated by their
thermal degradation temperature. The thermal degradation of BA-a in nitrogen
atmosphere has been studied by thermogravimetric analysis (TGA) as exhibited in
Fig. 1.4. Rimdusit et al. [9] reported that the T, at 5 % weight loss of BA-a
polymer was observed to be 325 °C with the char content at 800 °C of about 29 %.
A limiting oxygen index (LOI) is one key parameter needed to be considered for
flame-resistant properties of material. The larger the LOI value of the material is,
the less susceptible it is to burn. In general, the material is regarded as flammable
when its LOI is below 22. The material with LOI equal to or greater than 26 is
classified as self-extinguishable [38]. The LOI of the BA-a polybenzoxazine was
reported to be 23.5. Though this polymer is not classified as self-extinguishable
materials by the above criteria, its simple modification with compounds such as
phenolic novolac [12], dianhydrides [39], or triphenyl phosphate flame retardant
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Fig. 1.6 TGA thermogram of BA-a under oxidative environment (adapted from Low et al.
(1999) [31])

[40] can provide BA-a polybenzoxazine with the LOI up to 26 which meets the
self-extinguishable criteria.

The mechanism of thermal degradation of BA-a was thoroughly observed by
Low et al. [31]. The derivative thermogram of BA-a under nitrogen atmosphere
was shown in Fig. 1.5. The onset of thermal degradation of BA-a is approximately
220 °C. In their report, the authors suggested that the degradation of phenolic
linkages and the Mannich bridges occurred simultaneously. The maximum weight
loss was observed at 388 °C with the rate of 4 %/min. The authors further
investigated and noticed that aniline was a major degrading component which is a
consequence of Mannich bridge cleavage.

Moreover, the thermal oxidation of BA-a was also investigated, as exhibited in
Fig. 1.6. The derivative curve of BA-a polymer showed a small and broad peak
between 250 °C and 500 °C, followed by a major peak at approximately 600 °C. It
is well recognized that the char of organic polymer occurred during heating to the
temperature of 600 °C and the char started to degrade at temperature over 600 °C.
The authors found that the BA-a polybenzoxazine completely degraded under air
atmosphere at about 700 °C.

Coefficient of thermal expansion (CTE) is the tendency of matter to change in
volume or dimension in response to a change in temperature. Upon a matter is
heated, the molecules begin moving and become active; thus, the energy stored in
the intermolecular bonds between atom changes. The length of the molecular bonds
is greater. Solids typically expand in response to heating and contract on cooling.
The changes in dimension with response to the changes in temperature of BA-a were
examined by Rimdusit et al. [9]. The CTE value of BA-a polymer was reported to be
about 57.7 ppm/ °C which is comparable with bisphenol-A epoxy [41].
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In terms of potential engineering applications of BA-a resin, the crucial
advantage of low melt viscosity of BA-a provides ease of wetting on particle-filled
and fiber-reinforced polybenzoxazine composite preparation. Consequently, the
highly filled systems of various types of particles with BA-a benzoxazine resin
matrix are achieved [12]. Various highly filled systems of benzoxazine resins are
discussed in detail in Chap. 4 of this book. The ability of BA-a benzoxazine resin
to be alloyed with other polymers and resins is also one useful aspect of this resin.
For examples, BA-a resin can be copolymerized with polyurethane and was
reported to exhibit the synergism in glass transition temperature of the resulting
copolymers [19, 37, 42]. The similar synergistic behavior is also observed in the
system of benzoxazine—epoxy copolymers [43]. Furthermore, a combination of
BA-a and cashew nutshell liquid oil has been reported to help lower the curing
temperature and activation energy of the blend [44]. Additionally, BA-a benzox-
azine resin modified with dianhydrides was reported to provide a remarkable
increase in T, as high as 263 °C which was much higher than that of the
unmodified BA-a polymer. The resulting BA-a benzoxazine modified with dian-
hydride polymers also displays relatively high 7; up to 364 °C and substantial
enhancement in char content with a value of up to 61 % by weight [45]. The
polymer alloys’ aspect of polybenzoxazine is discussed more comprehensively
Chap. 2 of this book.

1.2.2 Bisphenol-F- and Aniline-Based Benzoxazine Resin

Bisphenol-F and aniline-based benzoxazine monomer or bis(3,4-dihydro-2H-3-
phenyl-1,3-benzoxazinyl)methane (BF-a) can be synthesized by the reaction of
bisphenol-F, formaldehyde, and aniline according to solvent-less technology [36].
Scheme 1.3 shows the reaction pathway of BF-a preparation. The physical
appearance at room temperature of this resin is yellow powder similar to BA-a.

The DMA analysis of BF-a cured at 190 °C for 3 h was investigated by Kim
et al. [30]. As noticed in Fig. 1.7, the T, observed from maxima peak of loss
modulus curve of BF-a was exhibited at 173 °C which is close to that of BA-a
benzoxazine resin.

The thermal degradation behavior of BF-a in nitrogen atmosphere was studied
by Lin et al. [46]. The rate of weight loss of BF-a was found to be higher than that
of BA-a by reaching 5 % of weight loss at 306 °C, whereas that of BA-a is
reported at 325 °C. On the other hand, BF-a exhibited char content of 46 % which
is higher than that of BA-a (29 %) [9], suggesting greater fire-resistant behavior of
BF-a compared to BA-a.


http://dx.doi.org/10.1007/978-981-4451-76-5_4
http://dx.doi.org/10.1007/978-981-4451-76-5_2
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HOOCHZQOH + CH 20 +
NH,
OpiCHZAQ:O
9 )

Scheme 1.3 Reaction pathway of BF-a synthesis

Fig. 1.7 DMA spectra of 1010
BF-a (adapted from Kim
et al. (1999) [30])
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1.2.3 Thiobiphenol- and Aniline-Based Benzoxazine Resin

The synthesis of thiobiphenol-based benzoxazine resin (TD-a) can be carried out
by three reactants, i.e., 4,4’-thiobiphenol, formaldehyde, and aniline in solvent-less
synthesis [36] as shown in Scheme 1.4.

The outstanding characteristic of this type of benzoxazine resin is its high-
temperature stability. Low et al. in 1999 [31] investigated the thermal behavior of
thermal degradation of TD-a. The derivative curves of TD-a are illustrated in
Fig. 1.8. A sharp peak of weight loss around 300 °C followed by a broad tail at
about 350 °C was observed, indicating the wide degradation linkage of thiobi-
phenol. Moreover, the rate of degradation of TD-a was lower, compared with BA-a
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and showed the maximum rate of about 3 %/min at 300 °C, thus resulting in
potentially high fire-resistant behavior. In comparison, the rate of weight loss of
TD-a was slower than BA-a, which was reported to be 4 %/min at 388 °C. It might
attribute to the stability in chemical structure, i.e., 4,4'-thiobiphenol, which is more
thermally stable than bisphenol-A structure. Char yield of the TD-a polybenzox-
azine has been reported to be 57 % compared to the value of 29 % for BA-a
polybenzoxazine. The thiobiphenol-based benzoxazine monomer is thus poten-
tially useful in applications such as fire-resistant material.

1.2.4 Phenolphthalein- and Aniline-Based Benzoxazine
Resins

N-phenyl phenolphthalein-based benzoxazine resin (Boz-BP) was successfully
synthesized using conventional method in mixed solvents of toluene and ethanol
by Yang et al. [32]. The reaction of phenolphthalein, paraformaldehyde, and
aniline can be carried out at 80 °C for 24 h to produce Boz-BP benzoxazine resin.
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Scheme 1.5 Synthesis of N-phenyl phenolphthalein-based benzoxazine resin
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Fig. 1.9 Dynamic mechanic analysis thermogram of Boz-BP (adapted from Yang et al. (2011)
[321)

The obtained benzoxazine resin is white powder with 78 % yield. The synthesis
pathway is displayed in Scheme 1.5.

The DMA thermograms of Boz-BP were observed by Yang et al. as demon-
strated in Fig. 1.9. The T, of Boz-BP noticed from the maximum peak of loss
modulus was 225 °C which was significantly higher than that of BA-a.

In terms of thermal degradation properties, the derivative curves of the TGA
thermogram of Boz-BP are presented in Fig. 1.10. A three-stage weight loss
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process was observed, centered around at 242, 338, and 463 °C, respectively. In
comparison with BA-a, the first weight loss is showed at 199 °C. The first weight
loss of BA-a and Boz-BP is indicted to the evaporation of amine cleavage. Thus,
the enhancement in thermal stability of Boz-BP can be attributed to the well-
protected amine part due to the reaction at para site of aniline. The T, at 5 %
weight loss and char content at 800 °C are determined to be 305 °C and 51 %,
which is substantially higher than those of BA-a [32]. From the flammability of
UL 94 test, Boz-BP is graded as V-0 criterion.

The CTE of Boz-BP is 47 ppm/ °C [32] which was lower than that of BA-a
with CTE values of 57.7-62 ppm/ °C [16, 32]. The authors discussed that the
improvement in CTE of Boz-BP is attributed to the para position substitution of
aniline, incorporation of bulky phthalide structure into the crosslinked network of
benzoxazine, and the formation of additional hydrogen bonding between carbonyl
and hydroxyl groups.

Furthermore, phenolphthalein is a well-known chemical used as a color change
indicator [47], a component in temperature-resistant polymer [48] or optoelec-
tronic photosensors and so on. Color change indictor ability of phenolphthalein-
based benzoxazine resin was demonstrated by Cao et al. by the reaction of
phenolphthalein (3,3-bis(4-hydroxyphenyl)-1(3H)-isobenzofuranone), allylamine,
and paraformaldehyde at a stoichiometric ratio of 1:2:4 [47]. According to the
reported procedure, phenolphthalein-based benzoxazine resin (3,3-bis(3-allyl-3,4-
dihydro-2H-1,3-benzoxazie)-1(3H)-isobenzofuranone) (B-adi) was synthesized
with a yield of about 80 %. The obtained benzoxazine resin is a transparent yellow
viscous liquid at room temperature. The synthesis reaction is shown in
Scheme 1.6.

The curing behavior of the phenolphthalein- and allylamine-based benzoxazine
resin was elucidated in the literature using DSC as exhibited in Fig. 1.11. The two
exotherms were apparently observed, in contrast to BA-a or BF-a benzoxazine
resin types which show only one dominant exothermic peak [37]. The two
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exothermic peaks of B-adi were determined to be 206 and 239 °C, respectively.
The two overlapped exotherms were vividly noticed, indicating that the two
reactive functional groups of N-allyl and benzoxazine ring may react simulta-
neously at about the same temperature. Cao et al. further investigated the thermal
polymerization of B-adi in order to identify each type of chemical reaction to each
signal. It was concluded that the first exotherm attributed to N-allyl functional
group and the second one attributed to the benzoxazine ring as it is known that
thermal polymerization of N-allyl could occur at low temperature.
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Fig. 1.12 DMA spectra of B-adi (adapted from Cao et al. (2006) [49])

The thermomechanical behavior of phenolphthalein- and allylamine-based
benzoxazine resin was also investigated by Cao et al. [49]. As seen in Fig. 1.12, T,
of the polymer observed from the maximum of tand and loss modulus is 295 and
273 °C, respectively. The T, of phenolphthalein- and allylamine-based benzox-
azine resin is much higher than BA-a or BF-a polybenzoxazines. In the DMA
thermograms, the storage modulus of B-adi was constant up to 236 °C; thereafter,
storage modulus decreased rapidly, and the rate of storage modulus decrease was
maximal at 272 °C [49]. Similar to the T, behavior of B-adi, the storage modulus
of B-adi was constant up to an elevated temperature compared to that of BA-a in
which storage modulus stated to decrease at about 150 °C.

The thermal stability of B-adi was also carried out by TGA as shown in
Fig. 1.13. The degradation temperature of B-adi polybenzoxazine at 5 % weight
loss was found to be 336 °C, and its char yield at 800 °C was 40 %. The rate of
weight loss reached a maximum at 405.5 °C. It was concluded that phenol-
phthalein-based benzoxazine resin containing three benzene rings in its structure
provides substantial improvement in thermal behavior of the obtained poly-
benzoxazine. The authors also stated that the presence of the allyl group resulted in
an increase in rigidity of the polymer by an increase in crosslink density. As a
consequence, the polymer exhibits high T, value and high char yield and possesses
an excellent thermal stability. From DMA and TGA profile, the B-adi benzoxazine
resin could be classified as high thermal stability and heat resistance materials,
thus widen its applications over temperature range.

Phenolphthalein chemical is colorless when pH < 8.2 in medium, and it
transforms into red when pH > 8.2. Thus, phenolphthalein is a proper color
indicator at pH of about 8.2. The behavior of B-adi in alkaline medium is also
observed by Cao et al. It was found that at the beginning, B-adi is red pink in color
and transforms to amaranth in the strong alkaline medium, for example, in NaOH
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Fig. 1.13 TGA thermogram of B-adi and its rate of weight loss (adapted from Cao et al. (2006)
[49D)

solution. However, after titration with HCI, the amaranth solution transforms to
colorless at pH of 10, indicating that phenolphthalein-based benzoxazine resin,
B-adi, is a proper color indicator at pH of about 10 [49], which is slightly higher
pH than phenolphthalein. The applications of this benzoxazine resin were thus
widen by using phenolphthalein structure as a color indicator.

1.2.5 Dicyclopentadiene- and Aniline-Based Benzoxazine
Resins

DCPNO is a by-product in oil refineries, with low cost and high reactivity. As seen
in its molecular structure, DCPNO possesses highly hydrophobicity by linking
each phenolic with nonpolar bridging group, thus contributes to excellent moisture
resistance and to a dramatic reduction in the dielectric constant. The poly-
benzoxazine with DCPNO in its structure was expected to provide good thermal
and mechanical properties in addition to low dielectric constant and low moisture
absorption.

DCPNO-type polyhydrobenzoxazine could be prepared by the reaction of
DCPNO phenol novolac, formaldehyde, and aniline in 1,4-dioxane solvent. The
mixture was heated to reflux at 145 °C for 5 h to complete the reaction. The brown
solid of DCP-a benzoxazine resin was obtained with a reported yield of 86 %. The
synthesis of DCP-a was described by Shieh et al. [33]. The synthesis of DCP-a is
shown in Scheme 1.7.
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Fig. 1.14 DSC thermogram
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In comparison with BA-a, the polymerization temperature of DCP-a benzox-
azine resin is clearly higher. As seen in Fig. 1.14, the curing temperature of DCP-a
was examined to be about 270 °C.

The T, observed from tand of DCP-a was reported by Shieh and coworkers to
be 183 °C and was observed to show a value similar to 7, of BA-a determined
using the same technique.

The same authors also investigated the moisture absorptions of the fully cured
DCP-a polybenzoxazine as shown in Table 1.2. In comparison with BA-a, DCP-a
possessed much lower moisture absorption among the others with the report value
of 0.21 %, whereas BA-a showed higher moisture absorption of 0.33 % after
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Table 1.2 Moisture absorption and dielectric properties of cured polybenzoxazine (adapted from
Shieh et al. (2006) [33])

Polybenzoxazine =~ Moisture absorption  Dielectric constant at 1 MHz  Dissipation factor
BA-a 0.33 3.31 0.0145

DCP-a 0.21 2.95 0.0095

immersed in 100 °C water for 24 h. Moisture absorption of DCP-a is an out-
standing characteristic of this polybenzoxazine. The moisture absorption was
attributed to hydrophobicity of materials as DCP-a showed cycloaliphatic in its
structure which known to be hydrophobic in nature [33]. The absorbed moisture
can act as plasticizer, which reduces the mechanical and thermal properties of
cured resins. Moisture uptakes also reduce T, of a laminate material as well.

Moreover, dielectric properties of DCP-a were also elucidated by Shieh et al. It
was clearly seen from Table 1.2 that DCP-a possessed much lower dielectric
constant (2.96) and dissipation factor (0.0095) than that of BA-a. Additionally, the
dielectric constant of polymer from DCP-a was significantly lower than traditional
phenolic resin (3.9-4.0). The lower dielectric constant of DCP-a is attributed to the
greater free volume of molecule and hydrophobicity as seen in its molecular
structure [50]. This low dielectric constant characteristic is desirable in an appli-
cation such as electronic packaging materials.

Finally, for an application as an integrated circuit package or composite, the
matrix material with low moisture absorption is required because water uptake
may ionize ionic impurities and corrode the circuit. Furthermore, moisture
absorption will increase the dielectric constant of laminate board. Consequently,
lower moisture uptake is necessary, especially for laminate materials; thus, DCP-a
is an excellent candidate for an integrated circuit packaging material or matrix
resin for composite laminate, etc.

1.3 Major Producers of Benzoxazine Resins and Related
Products

1.3.1 Huntsman Advanced Materials

Huntsman Advanced Materials is one of the major companies which have con-
tinuously developed benzoxazine resins as engineering materials for various
potential applications. The benzoxazine resin products from Huntsman Advanced
Materials have first been launched since 1994. Nowadays, Huntsman Advanced
Materials provides five standard benzoxazine monomers for both industrial use
and academic use with the trade names of ARALDITE® MT [51]. The trade names
of benzoxazine resins commercialized by Huntsman Advanced Materials are listed
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Table 1.3 Benzoxazine products commercialized by Huntsman Advanced Materials [57]

Benzoxazine monomer Trade name

Bisphenol-A-based benzoxazine resin ARALDITE® MT 35600
Bisphenol-F-based benzoxazine resin ARALDITE® MT 35700
Thiodiphenol-based benzoxazine resin ARALDITE® MT 35900
Phenolphthalein-based benzoxazine resin ARALDITE® MT 35800
Dicyclopentadiene-based benzoxazine resin ARALDITE® MT 36000

Table 1.4 Major properties of benzoxazine resin products commercialized by Huntsman
Advanced Materials [57]

Materials based on Typical properties Thermal properties Flammability
benzoxazine resin

Viscosity at Reactivity at T,, DSC T, UL-94 (sec)
120 °C (cP) 190 °C (min) (°C) DMA
)

Bisphenol-A <1,000 ~15 ~170  ~180 >250
Bisphenol-F <1,000 ~20 ~150  160-170 75-100
Thiodiphenol- 2,000-2,500 1-2.5 160-170 170-180 100-125
Phenolphthalein 3,000-3,500 5-10 190-200 230-240 <50
Dicyclopentadiene 3,500-4,000 10-15 ~ 140 ~ 140 >250

in Table 1.3. Moreover, major properties of these benzoxazine resin materials are
shown in Table 1.4.

Additionally, Huntsman Advanced Materials also presented benzoxazine resins
in liquid form. For example, Developmental LMB 6659 is bisphenol-F-based
benzoxazine resin in 75 % of MEK solution and Developmental LMB 10640 is
cardanol-based benzoxazine resin with the viscosity of 50-150 mPa s at 25 °C.
Furthermore, mono-functional benzoxazine resins are one of the interesting
products traded by Huntsman Advanced Materials, i.e., RD 2007-027, which is
phenol-based benzoxazine resin with molecular weight of 211 and RD 2009-008
having molecular weight of 419.

Besides the five commercialized benzoxazine resins, Huntsman Advanced
Materials also provides benzoxazine resin accelerators to be used as a catalyst for
benzoxazine resin homopolymer and benzoxazine/epoxy combination. The ben-
zoxazine accelerators are commercialized by the trade name of “Accelerator DT
300” and “Accelerator DT 310” with the melting point of 154-156 °C and
127-134 °C, respectively. These two accelerators could increase reactivity (i.e.,
gel time reduced by half), whereas Accelerator DT 310 possesses additional
function of reducing curing temperature down to 160 °C [52]. Experimentally,
DT300 which is known to be 4,4’-thiodiphenol has been proved to be a good
accelerator by markedly reducing the gel time and activation energy of benzox-
azine resin and benzoxazine/epoxy formulations [53].
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1.3.2 Henkel Corporation

The commercial benzoxazine resin products have also been developed by Henkel
Co., for aerospace applications. Henkel benzoxazine resins under the trade name of
“Epsilon” have been commercialized with the service temperature of about 150 °C
[54]. Major characteristics of Epsilon benzoxazine resin are summarized below.

Henkel’s Epsilon 99110 is designed for a broad range of applications with a high-
temperature performance. Epsilon 99120 is claimed by Henkel to be a toughened
benzoxazine resin, and Epsilon 99900 is a binder which is compatible with the
Epsilon resins. The binder functions as an additional toughening, preforming, and
compaction agent for the reinforcements. The viscosity of Epsilon 99110 and
Epsilon 99120 was investigated by using temperature sweep mode under rheometry.
It is known that for resin infusion, the viscosity below 10 poise is required. At the
viscosity of 7 poise, the temperatures of Epsilon 99110 and Epsilon 99120 are 78 and
93 °C, respectively. The minimum achievable viscosity of those two resins is 0.6 and
1 poise. Both resins can also be processed over the full temperature range of
100-160 °C. Moreover, the viscosity of the benzoxazine resin products under
storage at ambient temperature for 6 months and at 110 °C for 2 h exhibits only a
small change which is acceptable for infusion characteristics. This behavior of
benzoxazine resins is of great advantage for longtime shipping and storage.

The thermal properties of Epsilon 99110 and Epsilon 99120 are also investi-
gated and reported by the company. The 7, of the fully cured polymers of the two
resins observed according to ASTM E 1640 is 191 and 180 °C, which meet
aerospace service temperature requirements.

For prepregs applications, 40 % volume fraction of Epsilon is reinforced with
carbon fabric composites and the properties are reported in Table 1.5.

According to Epsilon’s high-performance materials, Henkel Co. has partnered
with Airtech International to offer tooling carbon fiber prepregs for the manu-
facture of composite tools. The tools are claimed to be suitable for repeated cures
at 180 °C while maintaining good dimensional stability and vacuum integrity.
With the combination of being stable at ambient temperature and having a lower
exotherm during the curing process, Henkel’s benzoxazine enables shorter cure
cycles to be used for manufacture of thick tools without special precautions.
Henkel and Airtech Materials Group have been awarded a JEC Paris Innovation
Award Finalist from this product development.

Moreover, Henkel and Toho Tenax have developed the new benzoxazine resin—
based prepregs with modern carbon fiber reinforcements for interior aircraft

Table 1.5 Mechanical properties of Epsilon 99110/carbon fabric produced by Henkel [58]

Property Lay-up Modulus Strength
Tension 0/90 72.1/71.8 1,028/973
Compression 0/90 63.7/68.3 934/1,009
In plane shear + 45 591 99.0

Interlaminar shear 0/90 - 66.7
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applications. Additionally, the product offers many potential applications outside
aerospace such as oil and gas extraction. In 2010, the product has also been
awarded the JEC Paris Innovation Award Finalist with the development of
Henkel’s benzoxazine prepreg resin and film adhesive for Airbus A 380. In this
specific application, the materials need to withstand high-temperature exposure,
meet aircraft secondary structural design requirements, and flammability, smoke,
and toxicity (FST) requirements to eliminate possibility of any smoke or toxic
gases entering the passenger compartment. The use of Henkel’s benzoxazine resin
can replace bismaleimide with the significant cost reduction in processing and
improved toughness while still meeting the high-temperature requirements, fluid
resistance, and flammability.

Finally, “Epsilon 99110” benzoxazine resin has also been used as a solid
precursor polymeric materials for preparing polybenzoxazine foam using azodi-
carbonamide as a chemical blowing agent [55]. The resulting polybenzoxazine
foam has been reported to possess good mechanical properties suitable for
structural application with a substantial reduction in weight.

1.3.3 Gurit

Gurit is a leading prepreg supplier for aircraft interiors and an innovative aviation
industry since 1985. PB1000 is presented by Gurit as the next generation of
aircraft interior prepregs (monolithic or sandwich structures, sidewalls, galleys,
and seating) passenger floor and cargo floor. The company claims the benzoxazine
resin to be free from phenol and formaldehyde, which satisfies the environment
standards like AIRBUS AP2091. The benzoxazine resin used by the company can
be cured under mild condition of 140 °C for 45 min and 160 °C for 15 min with
nonvolatile release and generated a perfect void and porous free surface. More-
over, Gurit’s novel PB1000 is claimed to fully comply with demanding interna-
tional JAR/FAR fire protection regulations regarding commonly used fast curing
process. With the unique material performance, PB1000 is claimed to be an
effective choice for aircraft interior applications. As comparing the mechanical
properties of PB1000 to phenolic resin, PB1000 possesses various excellent
properties as seen in Table 1.6 [56]. The company suggests that PB1000 is clearly
capable of replacing phenolic systems.

Additionally, the benzoxazine resin reinforced with E-glass prepregs is com-
mercialized under the trade name of “PB1000-68-40” by Gurit. The prepregs
consists of E-glass fabric impregnated with the benzoxazine PB1000. The material
has been developed for the realization of extremely lightweight composite struc-
tures with high specific mechanical properties and high FST (flammability, smoke,
toxicity) requirements. The composite structure is claimed to be utilized in the
temperature range of —55 up to 80 °C. The obtained E-glass fiber-reinforced
polybenzoxazine can be applied in aviation and aerospace industries as well as in
rail industries.
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Table 1.6 Comparison of typical mechanical values of benzoxazine resin and phenolic com-
mercialized by Gurit (US7781 fabric/40 % resin)

Properties values Standard PB1000 Aerospace phenolic
Flexural strength (MPa) I1SO 178 550 320

Flexural modulus (GPa) ISO 178 22 16

Interlaminar shear strength (MPa) AITM 1.0019 28 18

Flammability (cm/s/s) AITM 2.0002A 6/0/0 6/0/0

Smoke density (Dm) AITM 2.0007A 19 5

Heat release (HRR/HR) AITM 2.0006 50/25 30/25

Table 1.7 Commercialized benzoxazine resins provided by Shikoku Chemical Co.

Benzoxazine monomer structure Abbreviation
@ P_a
O/\N
P-d
BA-a
BA-m

1.3.4 Shikoku Chemical Corporation

Shikoku Chemical Co., is one of the leading companies to commercialize benzox-
azine monomers. The company not only commercializes bifunctional benzoxazine
resins, but also trades mono-functional benzoxazine resins as well including
P-a (3-phenyl-3.,4-dihydro-2H-1,3-benzoxazine), P-d (bis(4-(2H-benzol[e][1, 3]-
oxazine-3[4H]-yl)phenyl)methane), and bifunctional BA-m benzoxazine resin
(2,2-bis(3,4 —dihydro-3-methyl-2H-1,3-benzoxazine)propane), besides the most
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Table 1.8 List of published literatures that use the industrial benzoxazine monomers

Type of benzoxazine resins Supplier Published year Reference
BA-a Shikoku Chemical Co. 2000 [59]
BA-a Shikoku Chemical Co. 2000 [42]
BA-a, P-a Shikoku Chemical Co. 2002 [60]
P-a Shikoku Chemical Co. 2003 [16]
BA-a Shikoku Chemical Co. 2004 [61]
BA-a Shikoku Chemical Co. 2005 [62]
BA-a Shikoku Chemical Co. 2005 [11]
BA-a Shikoku Chemical Co. 2006 [63]
BF-a Shikoku Chemical Co. 2006 [64]
BA-a Shikoku Chemical Co. 2007 [65]
BF-a Shikoku Chemical Co. 2008 [66]
BA-m Shikoku Chemical Co. 2008 [67]
BA-a, P-a Shikoku Chemical Co. 2008 [68]
BA-a Shikoku Chemical Co. 2009 [69]
BA-a Huntsman Advanced Materials 2008 [70]
P-d Shikoku Chemical Co. 2012 [71]
BA-a Huntsman Advanced Materials 2012 [53]
BA-a Huntsman Advanced Materials 2012 [72]
DCP-a Huntsman Advanced Materials 2012 [73]
BA-a Huntsman Advanced Materials 2012 [74]

widely used BA-a (bis(3,4-dihydro-2H-3-phenyl-1,3-benzoxazinyl)isopropane).
Their chemical structures are listed in Table 1.7.

The list of some published literatures using benzoxazine monomers from the
above-commercialized sources is tabulated in Table 1.8.

1.4 Conclusion

Nowadays, benzoxazine monomers have been commercialized by many leading
manufacturers, for instance, Huntsman Advanced Materials, Henkel Corporation,
Gurit, and Shikoku Corporation for utilizations in aerospace, electronics or civil
engineering. Withe the tremendous flexibility in benzoxazine molecular design
and with corresponding outstanding properties, five different types of benzoxazine
resins have been commercialized with some unique characteristics to suit various
applications. Bisphenol-A-based benzoxazine resin is a most common and most
interesting type of benzoxazine resin, providing relatively mild condition for
polymerization, very low melt viscosity, broad processing window, high reactivity,
and good overall thermal properties. Bisphenol-F- and thiobiphenol-based
benzoxazine resins provide higher thermal stability in terms of degradation tem-
perature and char yield than BA-a. DCPNO-based benzoxazine resin, even though,
possessed high curing temperature, but as the presence of greater benzene ring in
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its structure, it behaves the much lower water absorption and excellent dielectric
properties. The color indicator, also with superior thermal stability and glass
transition temperature of phenolphthalein-based benzoxazine resin, has unique
characteristics of this type of benzoxazine resin. All of these benzoxazine resins
possess the same thermally curability of the oxazine ring structure of ease of
handling. Consequently, these five types of benzoxazine resins have recently been
manufactured and commercialized by several companies. Some related composite
products have also been launched such as by Henkel.
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Chapter 2
Polybenzoxazine Alloys

Abstract Polybenzoxazine is a class of high-performance materials possesses
many intriguing characteristics. The ability of alloying with other minor compo-
nents is one of the crucial properties for this novel kind of thermosetting, i.e., the
properties of the rendered alloys and blends could be tailor-made to meet the
requirements of any application. In this chapter, the reviews of the polybenzox-
azine alloys in the aspects of some important characteristics (such as thermal and
mechanical properties) were dedicated.

Keywords Polybenzoxazine - Alloys - Blends - Tailor-made properties

2.1 Introduction

Polybenzoxazine (PBZ), a novel class of high-performance phenolic resin, have
attracted great attention as versatile materials for structural and engineering
applications because they possess good flame retardance, and thermal properties of
phenolic resins, including their high mechanical properties, with good sound and
noise absorbance. This class of thermosetting polymer could be synthesized from
phenol (or substituted phenols), aldehyde (such as formaldehyde, acid aldehyde, or
pyromucic aldehyde), and amine groups. Even though these resin types were firstly
produced in 1940s by Holly and Cope [1], the capability of polybenzoxazine has
become well known recently in 1990s [2]. The novel polymers can be synthesized
via either solvent or solventless technology. Additionally, the curing of the resins
involves ring-opening polymerization with no need of any catalyst or curing agent
for producing, and there is no by-product during curing, which leads to no void in
the products. In addition, polybenzoxazines render near-zero volumetric shrinkage
or expansion upon cure, high processability due to low melt viscosity before
polymerization, low water uptake, high char yield, and low coefficient of thermal

S. Rimdusit et al., Alloys and Composites of Polybenzoxazines, 29
Engineering Materials, DOI: 10.1007/978-981-4451-76-5_2,
© Springer Science+Business Media Singapore 2013
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expansion. Moreover, the polymers render low dielectric constant and dissipation
loss, high mechanical performance and great molecular design flexibility [3—15].
Interestingly, the polymers possess a crucial property, i.e., the ability to be alloyed
with many chemicals such as epoxy, polyurethane. This interesting property leads
to the modification of mechanical and thermal properties of the rendered alloys.
That means the drawback of the polybenzoxazine, i.e., its brittleness, could be
managed by alloying with other polymers [3—15]. In this chapter, this review
article is dedicated to the polybenzoxazine alloys and blends.

2.2 Benzoxazine/Epoxy Copolymers

Although polybenzoxazines (PBZ) possess high glass-transition temperature and
modulus, it is reported that the crosslink density of PBZ is rather lower than that of
other thermosetting polymers with the same properties. The reason is attributed to
the fact that hydrogen bonding could be sufficient to hinder the chain mobility and
induce the rigidity as observed in the glassy state [12]. Ishida and Allen studied the
copolymerization between PBZ and diglycidyl ether of bisphenol-A (DGEBA), the
most commonly used epoxy resin in the copolymer, could lead to higher crosslink
network [13]. That also has an effect on the higher glass-transition temperature (77,)
than the parent polymers as reported by Rimdusit et al. [16, 17]. The authors
proposed that the reaction between benzoxazine and epoxy were composed of two
reactions, i.e., the first reaction is the polymerization reaction between the mono-
mers of benzoxazine, and the second one is the reaction between epoxide group on
the epoxy and the phenyl group on polybenzoxazine. Furthermore, it was reported
that the reaction between epoxide group and phenyl group was expected to proceed
after ring-opening polymerization of phenolic hydroxyl group in benzoxazine
monomers occurred [11, 17, 18]; the proposed reaction is presented in Fig. 2.1 [9].

Additionally, the DMA results reveal the synergistic behavior of glass-
transition temperature as shown in Fig. 2.2. It could be noticed that the copolymer
at the epoxy content beyond 45 wt% presents the significant decrease of T, with
the system containing equal amount of both two components. This could be
attributed to the fact that the stoichiometric ratio of components was approached;
the excess small molecular weight epoxy could not be unreacted and remain in the
network formed. This could hinder network formation and act as a plasticizer in
the fully polymerized network as discussed by Rimdusit et al. [17].

2.3 Benzoxazine/Epoxy/Phenolic Ternary System

The ternary system of benzoxazine, epoxy, and phenolic resins was developed by
Rimdusit and Ishida [19]. It was reported that the properties of the mixtures
depends on the mass ratios of the starting materials. Interestingly, the synergistic
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behavior of glass-transition temperature (7,) is obtained. The relationships
between the epoxy content and glass-transition temperature of the mixture with six
blending ratios of benzoxazine/epoxy/phenolic resin (3/6/1; 4/5/1; 5/4/1; 6/3/1,
7/2/1, and 8/1/1) from DSC and DMA are exhibited in Fig. 2.3. It could be noticed
that the highest glass-transition temperature observed from DMA is 180 °C, when
the weight ratio of is 5/4/1 [13, 18]. The authors noted that the epoxy acted as
diluents in the ternary system and increase the crosslink density and flexibility
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compared with parented materials. Additionally, it was reported that the small
amount of added phenolic resin could improve the crosslink density and the glass-
transition temperature of benzoxazine/epoxy copolymer. The amount of phenolic
resin in the range of 6-10 wt% was needed to obtain the highest T,. Moreover, the
synergistic behavior of glass-transition temperature was contributed to the rigidity
from benzoxazine molecules and the increase of crosslink density from epoxy. It
was reported that the small amount of phenolic resin leads to the decrease in the
curing temperature of the ternary system in comparison with curing reaction of
only benzoxazine/epoxy binary system.

2.4 Poly(Benzoxazine-Urethane) Alloys

The poly(benzoxazine-urethane) alloys were synthesized from urethane prepoly-
mer and monofunctional or bifunctional benzoxazine resins. For example, the
synthesis of the alloy using 3-phenyl-3,4-dihydro-2H-1,3-benzoxazine (Cm-type
monofunctional benzoxazine resin) and urethane prepolymer (derived from
polyethylene adipate polyol with molecular weight of 1000 Da and 2,4-tolylene
diisocyanate at molar ratio of 1:2) are shown in Fig. 2.4 [20]. It was reported that
during polymerization, there could be intermolecular reaction between hydroxyl
groups (OH-) of benzoxazine monomer and isocyanate groups (NCO-) of urethane
prepolymer. The cured poly(benzoxazine-urethane) alloys films were transparent,
indicating good compatibility between two components. This is confirmed by the
only one glass-transition temperature, suggesting no phase separation in the alloys.
Furthermore, the authors reported that the decomposition temperature of the alloys
were higher than that of pure polyurethane. That means even small amount of
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benzoxazine added in the polyurethane could increase the thermal stability of the
polyurethane.

The alloys between BA-a (bifunctional benzoxazine) resin and urethane pre-
polymer (prepared from isophorone diisocyanate and polyether polyol with
molecular weight of 2000 Da at the molar ratio of 2:1) was studied by Rimdusit
et al. [21]. The authors reported that the enhancement of the glass-transition
temperature (7,) of the alloys also observed as seen in Fig. 2.5. It could be noticed
that one glass-transition temperature is observed for the alloy synthesized from
urethane prepolymer and either monofunctional or bifunctional benzoxazine res-
ins. That exhibits high miscibility between the starting polymeric components
because of the copolymer reaction [19, 21, 22].

The T, of the alloys are noticeably higher than those of the parent resins, e.g.,
the alloy at 30 wt% of PU renders the glass-transition temperature of approxi-
mately 220 °C, while those of pure PU and PBZ are reported to be about —70 and
165 °C, respectively [11, 16-18, 23]. The effects of polyol molecular weight on
the properties of poly(benzoxazine-urethane) alloys were investigated using var-
ious molecular weights, e.g., 1,000, 2,000, 3,000, and 5,000 [24]. The flexural
strength values of the poly(benzoxazine-urethane) at different molecular weights
of polyol are presented in Fig. 2.6. It could be seen that the strength of the binary
systems did not reveal a linear relationship with the PU content but exhibited the
synergistic behavior with the maximum values at the BA-a:PU ratio of 90:10. It
was reported that there was no significant effect of polyol molecular weight on the
glass-transition temperature (T,) of the alloys. The synergy of T, of polybenzox-
azine has been reported in various alloy systems as the polybenzoxazine renders
relatively low crosslink density in comparison with epoxy of the same type of
bisphenol as starting material. The research related to the model of benzoxazine
dimmer and trimer structures has revealed the intermolecular and intramolecular
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hydrogen bonding, hindering the network formation to obtain high crosslink
density [12]. The addition of second polymer to form the alloy could increase the
crosslink density of poly(BA-a) alloyed with PU elastomer. Figure 2.7 presents
the effects of polyurethane contents on the glass-transition temperature and the
crosslink density of the alloys of benzoxazine and polyurethane synthesized from
the polyol at a molecular weight of 2000 with toluene diisocyanate (TDI) [16]. In
the figure, the crosslink density of the copolymer networks, p,, can be approxi-
mately calculated from the equilibrium value of shear storage modulus in the
rubbery region (G,') which equal to E,'/3 as presented in Eq. (2.1)
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where E', is an equilibrium value of tensile storage modulus at rubbery plateau in
the unit of dyne/cm? . p, is a value of crosslink density, being the amount of mole
of network chains per unit volume of the polymers.

2.5 Polybenzoxazine/Poly(N-Vinyl-2-Pyrrolidone) Alloy

Su et al. [25] prepared the alloys between BA-a-type polybenzoxazine (PBZ) and
poly(N-vinyl-2-pyrrolidone) (PVP); the thermal properties and hydrogen bonding
of the alloys were determined. The authors reported that only one glass-transition
temperature (7,) was observed for all PVP contents, exhibiting complete misci-
bility in the PBZ/PVP alloy. The synergism of glass-transition temperature was
reported as shown in Fig. 2.8. The highest value of glass-transition temperature
could be found at the weight ratio of 50:50. Furthermore, the researchers reveal
that the hydrogen bonding in polybenzoxazine/poly(N-vinyl-2-pyrrolidone) alloy
could occur due to the interaction between the carbonyl group of poly(N-vinyl-2-
pyrrolidone) and hydroxyl group of polybenzoxazine. This interaction could be
sufficient to induce rigidity and impede the molecular mobility in the alloys,
leading to the T, synergy.
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2.6 Polybenzoxazine/Poly(e-Caprolactone) Blends

As a nature of phenolic materials, polybenzoxazines tend to be brittle. This
characteristic limits the applications of this material. Thus, the flexural and impact
properties of the polymers are expected to enhance when incorporating a com-
ponent rendering a low glass transition (7,). Huang and Yang [26] prepared the
blends between bisphenol-A/methylamine-based benzoxazine resin (BA-m) and
poly(e-caprolactone) (PCL) via solution blending method. The miscibility and
thermal behaviors of the blends were studied. They reported that the synergistic
behavior of glass-transition temperature (7,) was found in low content of PCL. As
presented in Fig. 2.9, the T, value of the blends is as high as ca. 206 °C, while
those of poly(BA-m) and PCL are ca. 170 and —60 °C, respectively. This could be
attributed to the fact that higher polymerization conversion occurred when PCL
was presented as observed in the Fourier transform infrared spectroscopy (FTIR)
results. The FTIR spectra revealed intermolecular hydrogen bonding between the
hydroxyl groups of PBZ and the carbonyl groups of PCL during polymerization.
This could lead to the improvement of T, and the miscibility of poly(BA-m) and
PCL. This can be implied that the addition of poly(e-caprolactone) into poly-
benzoxazine could enhance the properties of the polybenzoxazine at high tem-
perature. The enhancement of flexural properties of the polybenzoxazine/poly
(e-caprolactone) blends was reported by Ishida and Lee [27], while the phase
separation was discussed by Zheng et al. [28].

Despite many outstanding characteristics of polybenzoxazine as previously
mentioned, pure polybenzoxazine is not suitable for coating such as its brittleness.
There has been an attempt to modify the properties of polybenzoxazine, i.e., the
preparation of benzoxazine monomer with additional functional group, the syn-
thesis of benzoxazine-based composites and alloys, and incorporation of
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benzoxazine in polymer chain. Recently, there has been a study on the system of
sunflower oil-modified polyester (SOMP) prepared via the ring-opening poly-
merization of e-caprolactone [29]. Stannous octoate and partial glycerides were
used as catalyst and initiator, respectively. The mole ratio of monomer by initiator
was various to control the chain length of polycaprolactone and shorten the
reaction time. The hydroxyl functional benzoxazine monomer was prepared by
combining with SOMP. The FTIR results revealed the urethane linkage between
the hydroxyl functional benzoxazine monomer (HFBa) and SOMP. The rendered
alloys possess low brittleness. The thermal properties of the cured alloys and pure
polymers are presented as shown in Table 2.1.

From Table 2.1, it reveals that the degradation temperature of cured HFBa was
lower than cured SOMP-HFBa because of the highly cleavable Mannich bridges of
HFBa. However, it could be noticed that after removing the volatile portion, the
remained char yield is rather high.

Table 2.1 Thermal characteristics of the cured alloys and pure polymers (adapted from
Tagdelen-Yiicedag et al. [29])

Sample Degradation temperature Char yield at
at 5°% weight loss (°C) 538 °C (%)
Pure SOMP-HFBa 304 1.1
SOMP-HFBa/HFBa (1/8 mol ratio) 291 26.6
SOMP-HFBa/HFBa (1/10 mol ratio) 274 26.4

Pure HFBa 270 28.8
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2.7 Polybenzoxazine/Poly(Imide-Siloxane) Alloys

Ardhyananta et al. [30] reported the improvement of thermal stability, mechanical
property, flame resistance, and flexibility of bisphenol-A/aniline-based poly-
benzoxazine (poly(BA-a)) by alloying with polydimethylsiloxane (PDMS) since
PDMS is one of the most important silicones that have inorganic main chain,
showing both high flexibility and many intriguing properties, e.g., good oxidative
stability, low surface energy, high hydrophobicity, high gas permeability, and
good biocompatibility [31]. The alloys at 7 and 13 wt% of PDMS revealed higher
thermal stability, i.e., the degradation temperatures at 10 %weight loss are 352 and
368 °C, respectively. These values are greater than that of pure polybenzoxazine
(326 °C). It was reported that the glass-transition temperature determined from E”
peak of DMA results presented two values. The higher T, was in the range of
176-185 °C, while the lower T, was in the range of 63-72 °C. These T, values
correspond to those of poly(BA-a) and PDMS components, respectively. This
behavior revealed the phase separation of the alloy in microscale. In addition, the
char yield at 850 °C of the alloys increased with increasing PDMS content.
The values of residual weight were in the range of 40-46 %, presenting the
enhancement of the flame retardancy. In addition, they reported that the obtained
alloy film render higher tensile strength and elongation at break than neat
poly(BA-a) due to the toughening effect of PDMS. Recently, the effect of pendant
groups of polysiloxane, e.g., PDMS, PMPS, and PDPS on thermal properties have
been reported by Ardhyanant et al. [31]. The phenyl group of polysiloxanes as
PMPS and PDPS improved their compatibility with poly(BA-a). The alloying
could enhance the glass-transition temperature because of high crosslink density
by plasticizing effect of polysiloxanes. Moreover, poly(BA-a)/PDMS alloy
exhibited the optimum improvement of decomposition temperature, while
poly(BA-a)/PDPS presented the most effectiveness of flame retardancy. That
means the thermal properties of the polybenzoxazine/poly(imide-siloxane) alloys
depends on the types of polysiloxanes.

In order to enhance the miscibility of the alloy between poly(BA-a) and
polysiloxanes, the polybenzoxazine alloying with PDMS-containing polyimide as
poly(imide-siloxane) with hydroxyl functional group (PI-Si(OH))was developed
by Takeichi et al. [32]. The researcher reported that only one glass-transition
temperature was observed at ca. 300 °C because crosslinked polymer networks
were formed. It is worthy to note that in case of poly(BA-a) alloyed with poly
(imide-siloxane) without hydroxyl functional group (PISi), the synergy of char
yield was reported at certain content of PISi as presented in Fig. 2.10 [33]. The
phenomenon could be due to a large amount of aromatic ring in the blends with
some chemical interaction between poly(BA-a) and PISi.
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2.8 Polybenzoxazine/Polyimide Blends

Takeichi et al. [34] prepared the polymeric blends using a bifunctional benzox-
azine resin, 6,6'-(1-methylethylidene)bis(3,4-dihydro-3-2H-1,3-benzoxazine)
(BA-a) and a polyamic acid (PAA, intermediate compound to synthesize poly-
imide) or soluble polyimide (PI) derived from bisphenol-A di(phthalic anhydride)
ether (BPADA) and oxydianiline (ODA). The results of loss modulus (E”) and loss
tangent (tand) exhibited only one glass-transition temperature (7,) in both systems
of poly(BA-a)/PAA and poly(BA-a)/Pl. That means these blending systems were
miscible. The T,s was shifted to higher temperature when increasing the content of
imide. In comparison at the same ratio, the T,s of poly(BA-a)/PAA alloys were
slightly higher than that of poly(BA-a)/PI alloys. For example, at 30 wt% of
poly(BA-a), the T, of poly(BA-a)/PI alloys is 205 °C, while that of poly(BA-a)/
PAA is higher than 215 °C. That indicates the formation of crosslinked structure in
the alloys of poly(BA-a)/PAA. In aspect of thermal stability of poly(BA-a)/PI
alloys and poly(BA-a)/PAA alloys, the value of decomposition temperature
increased with the increase of imide content. In addition, the synergism of char
yield was observed as shown in Fig. 2.11. It was presented that an interpenetrating
polymer network (IPN) structure occurred in the systems. The PAA was imidized
in situ with the polymerization of BA-a. This leads to the formation of aromatic
ester group (AR-COOR). The proposed reaction between PAA and BA-a is pre-
sented in Fig. 2.12. The researchers explained that the combination of poly(BA-a)
and PAA contains IPN structure, while that of poly(BA-a) and PI are supposed to
be pure semi-IPN structures.



40 2 Polybenzoxazine Alloys
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2.9 Polybenzoxazine/Dianhydride Copolymer

As previously mentioned in the section of the polybenzoxazine/polyimide blends,
Takeichi et al. [34] reported that the chemical bonding between carboxylic acid of
poly(amic acid) to generate aromatic ester group (Ar-COOR). Thus, the chemical
bonding could be expected in the system of poly(BA-a) copolymerized with
dianhydride (BTDA). In general, BTDA is applied as comonomer for high tensile
strength polyimide fiber, films, and foams to render outstanding mechanical and
electrical performances including excellent heat insulation and fire retardancy.
Recently, the copolymers prepared from bisphenol-A/aniline-type benzoxazine
resin (BA-a) and BTDA in N-methyl pyrrolidone (NMP) solvent were studied by
Rimdusit and Jubsilp [35] and Jubsilp et al. [36]. From their works, the results
from FTIR spectra showed that the chemical interaction between hydroxyl groups
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of poly(BA-a) and anhydride groups of dianhydride occur to generate ester link-
ages at the spectrum of 1730 cm ™', similar to the peak found in the benzoxazine
containing polyester studied by Tuzun et al. [37].

When the poly(BA-a) was incorporated with dianhydride, the ester linkages
(the functional group with structural flexibility) were formed. That is able to make
the rigid poly(BA-a) flexible. Furthermore, the transparency of copolymer indi-
cates that there is no phase separation in the binary system. This physical
appearance of fully cured copolymer is in agreement with the DSC results, which
presents the single glass-transition temperature (7). It is worthy to note that the
synergism of (T,) was observed in the poly(BA-a) modified with BDTA, i.e., the
T, value of the BA-a:BDTA copolymer at the weight ratio of 60:40 (mole fraction
of BDTA = 0.4) was reported to be 255 °C. This value is significantly higher than
that of unmodified poly(BA-a), i.e., 173 °C as presented in Fig. 2.13. The T,
improvement of poly(BA-a) is attributed to the increase in crosslink density of the
copolymers determined by dynamic mechanical analysis (DMA). Additionally, the
degradation temperatures of the copolymer were remarkably higher than those of
the parent components as exhibited in Fig. 2.14. The residual weight or char yield
of the copolymer at 800 °C was as high as ca. 61 %, much higher than that of pure
poly(PBA-a). Thus, the obtained copolymer possesses high mechanical properties
with excellent fire retardancy.

Recently, there was an investigation on the effects of aromatic tetracarboxylic
dianhydrides on the thermomechanical properties of poly(BA-a)-dianhydride
copolymer [38]. Three different tetracarboxylic dianhydrides were determined, i.e.,
pyromellitic dianhydride (PMDA), 3,3’,4,4’ biphenyltetracarboxylic dianhydride
(s-BPDA), or 3,3’,4,4° benzophenonetetracarboxylic BTDA. The authors dis-
cussed that the rendered copolymer of poly(BA-a) and three types of dianhydride
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could be potential candidates for high-performance materials with excellent
mechanical integrity for high temperature applications. The glass-transition tem-
peratures (7,) of the copolymers were reported to be in the order of poly(BA-
a):PMDA > poly(BA-a):s-BPDA > poly(BA-a):BTDA. The difference of the
glass transition is relevant to the rigidity of dianhydride components. All types of
dianhydride render significantly higher T, than that of neat poly(BA-a) due to the
improved crosslink density. Moreover, the decomposition temperature at 10 %
weight loss of neat poly(BA-a) was 361 °C, while those of the copolymers
increased in the order of poly(BA-a):PMDA (426 °C) > poly(BA-a):s-BPDA
(422 °C) > poly(BA-a):BTDA (410 °C). This thermal stability could be related to
the aromatic skeleton of the acid dianhydride component, i.e., phenylene
unit > biphenyl unit > benzophenone unit [37].

2.10 Polybenzoxazine/Lignin Alloys

The curing and thermal behaviors of polybenzoxazine alloyed with lignin were
investigated by Noru-Eddine et al. [39]. Two types of polybenzoxazines were
determined, i.e., phenol-based benzoxazine (Pa) and bisphenol-A-based benzox-
azine (Ba). The DSC results reveal the initial temperature (7;), finial temperature
(Tp, peak curing temperature (7)), heat of enthalpy of curing (AH), and glass-
transition temperature (7,) of the alloys as shown in Table 2.2. The results
revealed that the maximum curing temperatures of the mixtures were less than that
of neat benzoxazine monomer. The heat of polymerization of the mixture between
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Table 2.2 DSC results of the polybenzoxazine/lignin alloys at various lignin contents (adapted
from Noru-Eddine et al. [39])

Mpiass ratio of benzoxazine and lignin  7; (°C) T, (°C) T,(°C) AH{J/g) T, (°C)

Pa-type polybenzoxazine 228 254 277 298 210
Pa:lignin = 95:5 182 226 274 440 214
Pa:lignin = 90:10 196 221 268 188 216
Pa:lignin = 85:15 162 207 266 319 218
Pa:lignin = 80:20 161 207 282 227 218
Pa:lignin = 75:25 150 207 277 224 223
Pa:lignin = 70:30 133 203 264 202 237
Ba-type polybenzoxazine 215 261 313 277 240
Ba:lignin = 95:5 111 229 301 330 304
Ba:lignin = 90:10 127 226 309 395 309
Ba:lignin = 85:15 143 256 297 284 310
Ba:lignin = 80:20 142 219 299 300 310
Ba:lignin = 75:25 136 215 299 339 310
Ba:lignin = 70:30 152 212 285 303 311

benzoxazine monomer and lignin had no relationship with the mass content. The
increase in the lignin content leads to the increase in 7. This could be attributed to
the increase in crosslink density. In general, the value of T, is related to the
mobility of the polymer backbone and the crosslink density. Therefore, the lignin
polymer could make network structure denser and the mobility of the backbone
lower than the neat polybenzoxazine. Recently, Emranul Haque et al. [40] pre-
pared and studied the polymer alloys of bisphenol-A-based polybenzoxazine and
lignin by mixing two components and following with thermal curing. It was
revealed that lignin accelerates the polymerization of benzoxazine. At the lignin
content up to 2 wt%, the alloy is transparent. In case of higher content, the phase
separation was observed. In aspect of thermal stability at lignin content of 10 wt%,
the highest onset of decomposition temperature was observed. Moreover, it was
reported that the char yield of the alloy film was increased with increased the
lignin content. That indicates the higher flame retardancy of the alloy film than the
neat polybenzoxazine.

2.11 Potential Applications of Polybenzoxazine Blends
and Alloys

The wide applications of polybenzoxazine blends and alloys are in many areas, i.e.
for fabricating molded and casted stuffs, as bonding particles, for ion exchange
uses, for lamination and impregnation process, in manufacturing composites
including electrical components, etc., because of the ability to be alloys with
various kinds of resins or polymers. The property is able to broaden the range of
applications of the polymer [8, 41, 42]. At present, the benzoxazine resins are
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commercially produced as the component in prepreg composites due to their
excellent toughness and stability at high temperature, significantly low shrinkage
enhancing equipment surface quality, and drastically long out-life. In addition,
liquid form of benzoxazine resin can be applied in the process of vacuum-assisted
resin transfer molding (VARTM) and resin transfer molding (RTM) because of
their excellent characteristics, e.g., easiness to process in VARTM and RTM, wide
processing window, long storage time in room temperature. Another application of
this resin is as film adhesive for composite bonding and high temperature com-
posites. Moreover, benzoxazine resins are a good chemical to substitute phenolic
resins attributed to nontoxicity before and upon cure and great fire resistant
characteristics, high glass-transition temperature. Therefore, the familiar uses of
the polybenzoxazine are such as the prepreg for aircraft interior parts that must
meet the fire, smoke, and toxicity (FST) regulations. Recently, benzoxazine has
been developed and favorably introduced for the applications in the halogen-free
printed circuit board (PCB) manufacturing due to their many outstanding char-
acteristics [43].

Furthermore, recently, the polybenzoxazine alloyed with poly(benzimidazole)
has been developed for the purpose of highly durable polymer electrolyte mem-
branes at high temperature (over 100 °C) [44]. The casting method is applied to
the solution of a poly[2,2’-(m-phenylene)-5-5’-bibenzimidazole] and di-functional
benzoxazine monomer, HFa benzoxazine, in N, N-dimethylacetamide before
stepwise heating. The rendered films are potential to be produced in large scale by
roll-to-roll coating. The products provide the thermal and mechanical stability.
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Chapter 3
Highly Filled Systems of Polybenzoxazine
Composites

Abstract One outstanding property of benzoxazine resins is their very low
A-stage viscosity, and therefore, it provides good filler wetting characteristic and
allows large amount of filler or reinforcement to be incorporated in the matrix resin
during composite fabrication. The relatively broad processing window with suit-
able chemorheological properties also renders the resins their ability to fabricate
special composite systems of a highly filled kind. In this book chapter, we discuss
the above high processability of benzoxazine resins to form various types of highly
filled systems. These special kinds of composite materials are of crucial practice
and a key success in such applications as dental composites, orthopedic com-
posites, wood-substituted composites, thermally conductive composites, or friction
and wear composites.

Keywords Highly filled composite - A-stage viscosity - Particle packing

3.1 Introduction

Highly filled composite materials have been developed and investigated for var-
ious applications such as in the area of dental and orthopedic medicine, structural
plastic materials, paper coatings, automotive products, wood composite, electronic
packaging, bipolar plate in fuel cell, erosion resistance, and friction wear. [1-12].
The highly filled composites are defined as the dispersion of filler particles in
polymer matrix close to the maximum packing density of the particles, which
identified experimentally by its maximum observed density that is equal to its
theoretical density [10]. In principle, characteristics of the particles, i.e., their
shape, size, and size distribution, have significant effect on the packing charac-
teristics of the particulate composite materials [13], in particular the highly filled
ones.

Moreover, in the composite fabrication process, the resin viscosity, which is
related to the resin flow-out and wetting characteristics, is an important factor,
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which influences the quantity of the particulate filler to be incorporated. Ben-
zoxazine resin, a new class of phenolic resins, possesses various characteristics
that make it suitable for use as a matrix of high-performance composites, such as
its self-polymerizability upon heating, no release of by-products during curing,
very low A-stage viscosity, near-zero shrinkage, low water absorption, and high
thermal stability with relatively high char formation, as well as good mechanical
performance [14-16].

A very low A-stage viscosity, one of the most useful properties of benzoxazine
resins, results in an ability of the resins to accommodate relatively large quantity of
filler while still maintaining their good processability when compared with tra-
ditional phenolic resins. For example, Ishida and Rimdusit reported that the use of
a low melt viscosity benzoxazine resin filled with boron nitride (BN) ceramics
could provide a composite material with a maximum BN content of up to 78.5 %
by volume or 88 % by weight resulting in a very high improvement on the
composite thermal conductivity with the value as high as 32.5 W/mK [10]. In the
system of polybenzoxazine—wood composite, substantial amount of woodflour
filler (i.e., up to 70.5 % by volume or 75 % by weight) was reported to be
incorporated in a polybenzoxazine matrix with a significant enhancement in the
resulting thermal and mechanical properties of the obtained wood composites [8].
Moreover, the successful use of polybenzoxazine as a matrix for highly filled
composites has been reported in the various other types of fillers or reinforcing
agents such as graphite [12], alumina [17], and nanosilica [18].

Though typical bifunctional benzoxazine resins are solid at room temperature,
they provide relatively low values of their molten stage or A-stage viscosity. As
mentioned previously, a lower viscosity of a resin can enhance an ability of the
resin to accommodate greater amount of filler and increase filler wettability of the
resin during the preparation of the molding compound. Some previous studies have
been done to utilize reactive diluents to lower liquefying temperature as well as to
further reduce melt viscosity of the benzoxazine resins such as by adding a liquid
epoxy [19] as well as a liquid monofunctional benzoxazine resins [20-22].
Although a significant reduction in viscosity and liquefying point was obtained
using the liquid epoxy, the resulting alloy mixtures were reported to render higher
curing temperature than that of the neat benzoxazine resin. Recently, Jubsilp et al.
reported that a monofunctional phenol-aniline type benzoxazine resin (Ph-a) as a
reactive diluent for bifunctional benzoxazine resin showed possible effect on
curing behaviors of the monomer mixtures in contrast to the effect observed using
epoxy diluent. The curing peak temperature observed in the BA-a/Ph-a mixtures is
systematically shifted to a slightly lower temperature with increasing the Ph-a
diluent [22]. Consequently, highly filled and high-performance polymer compos-
ites from benzoxazine-based polymers have been successfully developed and
reported [8, 10, 12, 17, 18].
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3.2 High Processability Characteristics of Benzoxazine
Resins

One outstanding characteristic of benzoxazine resins in terms of their processability
is their ease of monomer synthesis from an invention of the solventless technology
by Ishida and Agag [15]. In addition, the as-synthesized monomers from the sol-
ventless synthesis have been shown to yield monomers of relatively high purity
with low content of oligomers or other high molecular weight species. Conse-
quently, even the as-synthesized monomers can provide a highly desirable low
A-stage viscosity value. Solid-state "H-NMR spectroscopy is very useful for the
study of the benzoxazine chemical structure and the purity of benzoxazine
monomer simultaneously. For example, the structure of as-synthesized bisphenol-
A—aniline type benzoxazine monomer (BA-a) was investigated by Kasemsiri et al.
[23] using "H-NMR spectrum as shown in Figs. 3.1, 3.2. The methyl proton of
bisphenol-A showed the signal at 1.58 ppm (a). The characteristic peaks assignable
to methylene (Ar—CH,—N) of oxazine ring and methylene (O-CH,-N) were
observed at 4.53 (b) and 5.24 ppm (c), respectively. The group of signals at
6.87-7.83 ppm (d) exhibits aromatic proton. Moreover, the disappearance of signal
at 3.6 ppm suggested that the obtained monomers exhibited negligible quantity of
methylene proton of either opening ring dimers or oligomers [24, 25]. Therefore,
the spectra suggested that the as-synthesized benzoxazine resin is highly pure.
Figure 3.3 exhibits the processing window of the BA-a-based benzoxazine,
which is solid at room temperature. The viscosity of the resin initially decreases
due to heating past its liquefying or softening point to reach its minimum value. At
the point of minimum viscosity, the resin can conveniently be processed or
transferred into the mold. In the highly filled composite manufacturing process, the
low melt viscosity resins are required in typical formulations to achieve easier
handling and to increase filler loading. The softening temperature of the BA-a
monomers was determined to be 76 °C at the viscosity of 500 Pa.s. In Fig. 3.3, the
incorporation of the liquid Ph-a in the solid BA-a resin also yielded a softer solid at
room temperature, ranging from BP91 to BP64. Lowering the resin liquefying
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temperature enables the use of lower processing temperatures for a compounding
process, which is also highly desirable in most composite applications [22].

3.3 Fundamentals of Particle Packing Characteristics [26]

In order to achieve maximum filler packing in the composites, characteristics of
the particulate filler are known to play a crucial role in this purpose. This section
summarizes major features of the particulate filler to provide maximum packing
density value in composite materials. The detail discussion on particle packing
characteristics can be further studied in an excellent monograph by German [26].



3.3 Fundamentals of Particle Packing Characteristics 51
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For monosized spheres, the fractional packing density is between 0.60 and 0.64
[26]. In the case of the actual density, the value depends on the filler character-
istics, namely the size and shape, and factors including the adsorbed moisture. The
packing density ranges from 30 to 65 % of theoretical value; the lower value is
representative of irregular and sponge filler.

Figure 3.4 gives the fractional packing density for various monosized irregular
particle shapes. The figure reveals that interparticle friction depends on particle
surface irregularities. The greater the surface roughness or the more irregular the
particle shape, the lower the packing density as the shape departs from equiaxed
(spherical). As the particle shapes become more rounded (spherical), the packing
density increases.

Furthermore, the packing of fibers provides an illustration of a decreasing
packing density as the particles have a larger length-to-diameter or the aspect ratio
(L/D). Figure 3.5 plots the fractional packing density versus the length-to-diameter
ratio for fibers. Obviously, fractional packing density improves as the particles
approach a smooth, equiaxed shape.

To overcome the packing limits of particulate filler, we can tailor the particle
size distribution for greater packing density. Bimodal particle size mixtures can
pack to higher densities than monosized particles. The key to improve packing
then rests with the particle size ratio. In principle, small particles are selected to fit
the interstices between large particles without forcing the large particles apart.
In addition, even smaller particles can be chosen to fit into the remaining pores,
giving a corresponding enhancement in the particle packing density or the
reduction in the void volume between the particles. The basis for the phenomenon
is illustrated in Fig. 3.6. In the figure, the fractional density is shown as a function
of composition for a mixture of large and small particulate spheres. At the max-
imum packing composition, there is a greater volume of large particles than small
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Fig. 3.5 A change in 0.8
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particles. The relative improvement in packing density depends primarily on the
particle size ratio of the large and small particles. Within a limited range, the
greater the size ratio shows the higher the maximum packing density [26].
Starting with the large particles, the packing density initially increases as small
particles are incorporated to fill the voids between the large particles, which
corresponds to the right hand side of Fig. 3.6. Eventually, the quantity of small
particles fills all of the spaces between the large particles. On the other hand,
beginning with the small particles, clusters of small particles and their associated
voids can be eliminated and replaced with a full density region everywhere when a
large particle is added. The packing benefit of replacing small particles with the
large particle continues until a concentration where the large particles contact one
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another. Figure 3.6 shows this process on the left hand side of the curve. The point
of maximum packing density corresponds to the intersection of those two curves.
At this point, the large particles are in point contact with one another and all of the
interstitial voids are filled with the small particles. The optimal composition in
terms of the weight fraction of large particle X* depends on the amount of void
spaces between large particles, which equals (1 — f;), where f; is the fractional
packing density of the large particles [30],

X =f/f* (3.1)
With the packing density at the optimal composition f* given as,
[ =+ =1) (3.2)

And the fraction packing density for the small particle is fs.

The ideal fractional density of each of spherical particle, i.e., large and small
particle sizes, can pack to obtain the maximum packing density is 0.637. To obtain
the maximum packing density value higher than 0.637, if the corresponding mass
fraction of large particle for maximum packing is 0.734, while the mass fraction of
the small particle sizes is of 0.266, the expected fractional packing density would
be 0.86 [26].

Figure 3.7 illustrates how the packing density increases with the particle size
ratio (large diameter divided by small diameter). Note the dramatic change in
behavior at the particle size ratio corresponding to one particle filling the triangular
pores between the large particles at roughly a 7:1 size ratio. In principle, increasing
the packing density will increase with the homogeneity of the mixture. In practice,
randomly mixed systems will have property range between unmixed and fully
mixed and typically exhibit some in homogeneities that deviate actual packing
from the ideal.

Fig. 3.7 Effect of particle 0.9
size ratio on the packing
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particles and 30 % small
particles
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Table 3.1 Effect of particle size distribution on packing density showing relation between
particle size ratio and maximum packing density

Number of component Size ratio Weight percent Packing fraction
1 - 100 0.64
2 7:1 73:27 0.86
3 49:7:1 75:14:11 0.95
4 343:49:7:1 73:14:10:3 0.98

Table 3.2 Effect of BN particle size on packing densities of polybenzoxazine composites [10]

Boron nitride (grade) Average particle size (pm) Type Pm (Wt %)
HCPH 9 Flake 60
HCJ325 45 Aggregate 75
TS1890 75 Aggregate 85
HCJ48 225 Aggregate 88

Similar to the behavior of spheres, a density increase is associated with
blending different particle sizes of similar shapes. However, a major difference
between spherical and nonspherical particles is that the initial packing is typically
higher for spheres. In summary, the greater the surface roughness, shape irregu-
larity, or particle aspect ratio will lead to the lower the inherent packing density of
the particles.

Though the relative density gain is similar for spherical and nonspherical
particles, the starting density for nonspherical particles is lower. Accordingly, at
all compositions, the nonspherical mixture will provide lower in density. In
addition, the idea developed for bimodal mixtures for packing density enhance-
ment can be extended to multimodal systems, as seen in Table 3.1.

Ishida and Rimdusit [10] studied the dependence of the different BN powder
characteristics on the maximum packing densities of the obtained polybenzoxazine
composites as exhibited in Table 3.2. From their result, the larger the average
particle size of BN with bimodal size distribution, the higher the maximum packing
density of the composite, which is in agreement with the theory of particle packing
discussed above [26].

3.4 Highly Filled Polybenzoxazine Microcomposite

3.4.1 Highly Filled Wood-Substituted Composites
Jrom Polybenzoxazine

Wood—-polymer composites’ (WPC) popularity and expansion into residential
markets and construction industries including siding, exterior decking and railing
material are due to the product’s perceived low maintenance and environmental
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performance (life span and absence of toxic chemicals) relative to chemically
treated solid wood [27]. The focus in wood—polymer composite research has been
on enhancement of mechanical integrity of the wood composite and the
improvement in the interfacial adhesion between the hydrophilic wood and
hydrophobic polymer matrix. Studies have concentrated especially on various
coupling agents and chemical treatments to improve adhesion between these two
components [27-31].

In our previous reports, good interfacial adhesion between the woodflour filler
and the matrix was observed in the polybenzoxazine-wood composites without
any additional treatment on the woodflour filler [8]. This is because a phenolic
hydroxyl group—based polybenzoxazine (PBA-a) structure formed by ring opening
reaction of BA-a upon thermal treatment might be from chemical bonds with the
woodflour filler. In addition, the low melt viscosity of BA-a type polybenzoxazine
allows substantial amount of woodflour to be easily incorporated into the com-
posites up to 70.5vol %. As a result, substantial improvement in the storage
modulus at room temperature as well as in the rubbery plateau modulus of the
polybenzoxazine—wood composites over the neat polymer was observed as shown
in Fig. 3.8.

Figure 3.9 is a plot of the loss moduli of the unfilled and woodflour-filled
polybenzoxazines as a function of temperature. The peak positions of the loss
moduli were used to indicate the glass transition temperature (7,) of the specimens.
The outstanding compatibility between the woodflour and the polybenzoxazine
matrix is evidently seen from the large improvement in the composite’s T, with the
value as high as 220 °C at 70.5vol % of the filler comparing with the T, value of
160 °C of the neat polybenzxoazine. This 7, enhancement of up to 60 °C is hardly
found in other filled polymeric systems [32].

Fig. 3.8 Storage modulus of 10" -
woodflour-filled g
polybenzoxazine composites
at different filler contents:
(square) neat resin,
(diamond) 34.6vol %,
(triangle) 44.3vol %,
(inverted triangle) 54.4vol %,
(left pointing triangle)
65.0vol %, (right pointing
triangle) 70.5vol %
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Fig. 3.9 Loss modulus of the
polybenzoxazine composites
at different filler contents:
(square) neat resin,
(diamond) 34.6vol %,
(triangle) 44.3vol %,
(inverted triangle) 54.4vol %,
(left pointing triangle)
65.0vol %, (right pointing
triangle) 70.5vol %
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Interestingly, Fig. 3.10 showed the synergistic behavior of char yields in the
highly filled systems. The observed synergistic behavior in the char formation of
this polybenzoxazine composite system may be attributed to the substantial
chemical bonding between the woodflour filler and the polybenzoxazine matrix
because of their similar phenolic nature and their relatively high availability of the
free OH group. In some other wood-substituted composites, char formation as a
function of woodflour contents tends to provide a behavior following a rule of
mixture or even showed negative deviation phenomenon [27-31, 33].

Fig. 3.10 Effect of 40
woodflour content on the char
yield of the woodflour-filled
polybenzoxazine composite
reported at 800 °C under
nitrogen atmosphere

Char Yield (%)
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3.4.2 Boron Nitride-Filled Polybenzoxazine for Electronic
Packaging Application

In 1998, Ishida and Rimdusit have been reported very high thermal conductivity of
32.5 W/mK obtained by BN-filled polybenzoxazine at its maximum filler loading
of 78.5 % by volume (88 % by weight). Up to present, this composite system still
provides the highest reported thermal conductivity value among polymer com-
posites [34-36]. In terms of mechanical properties, the moduli of the highly filled
polybenzoxazine-BN composites were found to greatly increase with increasing
amount of the BN as shown in Fig. 3.11. This observed behavior corresponds to the
high thermal conductivity value of the specimen because, in theory, heat particle or
phonon conducts better in a stiffer material, i.e., higher acoustic velocity. The
modulus at room temperature of 85 % by weight BN filler is very high, exceeding
10 GPa, which is a value comparable to continuous fiber glass—reinforced pheno-
lics. The detail discussion of this composite is presented in Chap. 4.

3.4.3 Highly Filled Systems of Alumina
and Polybenzoxazine

Alumina is one of the major mechanical reinforcement in plastics. The dynamic
mechanical property of the alumina-filled polybenzoxazine and epoxy was
investigated and compared in Fig. 3.12. At room temperature, the storage modulus
(E) of the polymer composites steadily increased with increasing alumina content.
From the figure, the polybenzoxazine—alumina composite showed higher storage
modulus at each filler content compared with the epoxy composites. At the
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Fig. 3.12 Storage modulus
of Al,O3 composites as a
function of alumina content
(circle) polybenzoxazine [17]
(square) epoxy [1], (left
pointing triangle) DGEBA/
D230 [37], and (triangle)
DGEBA/DA400 [37]
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maximum alumina content of 83 wt% (60vol %), the storage modulus as high as
46 GPa was obtained. This high reinforcing effect from an addition of rigid
particulate filler into the polymer matrix is attributed to the strong interfacial
interaction between the alumina and the polybenzoxazine.

The glass transition temperature of the neat polybenzoxazine was determined to
be 176 °C, whereas the glass transition temperature of the highly filled composites
was increased systematically with the alumina content up to about 188 °C as
shown in Table 3.3. An increase in the T, with an addition of the alumina confirms
the good interfacial adhesion between the alumina filler and polybenzoxazine
matrix resulting in a high restriction of the mobility of the polymer chains; thus,
the higher T, observed.

Surface hardness is generally investigated as one of the most important factors
that are related to the wear resistance of materials. Table 3.3 reveals the Vickers
microhardness (HV) values of the neat polybenzoxazine and alumina-filled
polybenzoxazine composite at different alumina contents. The surface hardness of
the alumina composites increased substantially with increasing alumina content.
The HV value of the alumina-filled polybenzoxazine composites with the alumina

Table 3.3 Glass transition temperature and hardness of highly filled PBA-a/Al,0O3; composites
[17]

Al,O3 content (wt %) Glass transition temperature (°C) Hardness (MPa)
0 176 388

50 178 515

60 180 609

70 182 766

80 188 1038

83 185 1124
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contents ranging from of 0 to 83 % by weight was 388-1,123 MPa. The HV value
of alumina-filled composite at 83wt % was found to be 189 % higher than that of
the neat polybenzoxazine. Consequently, the resulting composites should be
highly useful as wear-resistant materials.

3.4.4 Graphite-Filled Polybenzoxazine Composites

Graphite is the most commonly used material for a bipolar plate [38—40]. It has a
good electrical conductivity and excellent corrosion resistance with a relatively
low density of about 2.2 g/cm ™. However, it lacks mechanical strength and has
poor ductility. Flexible graphite-based composite bipolar plates made from poly-
mer/graphite mixture are considered as an attractive option for polymer exchange
membrane fuel cell (PEMFC). They offer the advantage of lower cost, rapid
processing, and higher flexibility, and they show reduced weight in comparison
with metal bipolar plates and pure graphite.

Jin-Chul Yun et al. [40] observed a moisture absorption, which occurred in
composites, resulting on the reduction of the mechanical and electrical properties.
They showed that the absorbed moisture introduces small cracks in the polymer
resin. In addition, they assessed that the imperfect bonding as defect or voids
between polymer and graphite are likely susceptible areas for moisture absorption.
Therefore, considering this factor is important. The Department of Energy (DOE)
proposed a technical target of bipolar plates for the year 2010 in which the main
water uptake has values of much less than 0.3 %, which is the value desired in the
industrial standard of typical composites for bipolar plate [41].

Figure 3.13 reveals the plot of the water absorption percentage against time of
highly filled composites between graphite and polybenzoxazine. The water

Fig. 3.13 Water absorption 0.40
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polybenzoxazine composites: 035 |
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adsorption values of all graphite—polybenzoxazine composites at different filler
contents ranging from 40 to 80 % by weight were recorded up to 168 h of the
immersion. All composite samples at different graphite contents exhibited a
similar behavior, that is, the specimens absorbed water more rapidly during first
stages (0-24 h) and at a slower rate beyond that up to their saturation points. The
water uptake of all compositions at 24 h is <0.11 % and only ca. 0.03 % at a filler
content of 80 % by weight. Furthermore, the water uptake up to 168 h is only
0.2 % at graphite content of 40 % by weight and steadily lower at higher graphite
contents. The decrease in water absorption with increasing graphite content is
attributed to the presence of the more hydrophobic nature of the graphite filler in
the polymer composites. At the polymer composite contained with 50wt %
graphite content, these values were also significantly lower than water absorption
values of other composite systems such as those of graphite filled with epoxy [42].
For example, Du and Jana reported a 24-h water uptake of about 1.8 % for
graphite—epoxy composite, whereas only about 0.1 % for graphite—benzoxazine
composite was observed comparing at a fixed graphite content of 50 % by weight
as exhibited in Fig. 3.14.

The electrical conductivity is one of the most important characteristics among
those requirements for a bipolar plate application. The property is largely influ-
enced by the total filler loading and an ability to form a conductive network of the
conductive filler used [12, 43—46]. As per the recent benchmark given by DOE,
USA, the recommended value of electrical conductivity for bipolar plate is
>100 S.cm ™' [41]. Table 3.4 depicts electrical conductivity of the graphite-filled
polymer composites at different weight fractions of graphite. It is evident that the
conductivity of the composite increased with an increase in graphite content. Our
highly filled graphite—polybenzoxazine composites at 70-80 % by weight of
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Table 3.4 Electrical conductivity (Scm™") of graphite composites

Graphite content PBA-a Novolac epoxy Phenol formaldehyde Epoxy
(wt %) [12] [43] [44] [45, 46]
40 0.39 - - -

45 - - - -

50 2.55 - - 1.25
55 - - - 25

60 8.4 - - 5

65 - - - 15

70 104 53 248 325
75 215 78 66.1 71.25
80 245 100 64.8 117.5
85 - 125 83 -

90 - 133 95.2 -

graphite content were found to be a promising candidate for bipolar plate for the
fuel cell application as they showed relatively high electrical conductivity of
104-245 S.cm_l, which evidently meet that of DOE requirements. Moreover, our
polybenzoxazine composites showed greater enhancement in electrical conduc-
tivity than those in other graphite/polymer systems such as novolac epoxy [43],
phenol formaldehyde [44], and epoxy [45, 46] comparing at the same graphite
loading [43—46], i.e., in the case of resole-type phenol formaldehyde resin, the
electrical conductivity value was reported to be 125 S.cm™' for the 65vol %
graphite, whereas at the graphite content of 85vol %, the highest electrical con-
ductivity value was reported to be 235 S.cm™' [12].

3.5 Highly Filled Polybenzoxazine Nanocomposites

There are different types of commercially available nanoparticles that can be
incorporated into the polymer matrix to form polymer nanocomposites. Depending
on the application, the researcher must determine the type of nanoparticle needed
to provide the desired effect. The most commonly used nanoparticles in the lit-
erature are as follows: montmorillonite organoclays (MMT), carbon nanofibers
(CNFs), polyhedral oligomeric silsesquioxane (POSS®), carbon nanotubes
(MWNTs, SWNTSs), nanosilica, aluminum oxide, titanium oxide, and others. The
highly filled nanocomposites were always found in the dispersion of the nanosilica
into the different polymers [18, 47-50]. The storage modulus of polymer nano-
composites, containing nanosilica as filler, is shown in Fig. 3.15. The storage
modulus of all nanocomposite systems was increased with increasing nanosilia
content. The polybenzoxazine nanocomposite in our investigation showed higher
storage modulus than the other nanocomposite systems at the same amount of
nanosilica. The value of storage modulus indicates the material’s ability to store
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Fig. 3.15 Storage modulus 12
of silica nanocomposites as a

function of nanosilica content

of the different polymer 10
matrices: (circle)
polybenzoxazine [18],
(square) epoxy [48],
(inverted triangle)
polyurethane [49], (left
pointing triangle) cyanate
ester with 40 nm of nanofiller
[50], (left pointing triangle)
cyanate ester with 12 nm of
nanofiller [50]

Storage Modulus (GPa)
[o)}

0 1 1 1 1
0 10 20 30 40 50

Nano-SiO, Content (Wt%)

the energy of external forces without permanent strain deformation. Therefore,
higher storage modulus is associated with a higher elastic property of materials.
Furthermore, the greater enhancement of the storage modulus observed in nano-
Si0,-filled PBA-a than in epoxy and cyanate ester composite systems as compared
in Fig. 3.16 implies the greater interaction between the nano-SiO, and the poly-
benzoxazine matrix than that in epoxy and cyanate ester resins. These results
imply that BA-a resin is a highly effective adhesive for the nano-SiO, filler.
Microhardness values and percentage of improvement in the polymer nano-
composites as a function of the nano-SiO, content are depicted in Fig. 3.17,
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revealing a linear relationship between the hardness values and the amount of the
nano-Si0,. The hardness of the nanocomposites was found to increase with the
nanosilica contents. Interestingly, our polybenzoxazine nanocomposites showed
greater enhancement in hardness than those in epoxy/nano-SiO, comparing at the
same filler content [48, 49]. The large increase in microhardness is attributed to a
much higher hardness of the nano-SiO, (1,103-1,120 MPa) [51] compared with
the neat polybenzoxazine. Moreover, the relatively small standard deviation in
hardness values with strong hardening effect is attributed to the homogeneous
dispersion of the nanofiller in the polybenzoxazine matrix and to the strong filler—
polymer interactions with decreasing interparticle distance when the amount of the
filler increases. As a result, polybenzoxazine/nano-SiO, molding compounds show
a hardness characteristic suitable for high-performance coating material compared
with the traditional epoxy coating system.
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Chapter 4
High Thermal Conductivity of BN-Filled
Polybenzoxazines

Abstract This chapter discusses one engineering application of polybenzoxazines
as a highly thermally conductive electronic packaging encapsulant. The combi-
nation of various useful properties of benzoxazine resins and their resulting
polymers has been demonstrated to render a very high thermally conductive
polymer composite. Thermal conductivity value as high as 32.5 W/mK in hex-
agonal boron nitride-filled polybenzoxazine, up to present, remains the highest
reported thermal conductivity value in the literature. Other outstanding properties
of the resulting composites as an electronic packaging encapsulant are also dis-
cussed in this chapter.

Keywords Thermally conductive composite - Highly filled composites
Polybenzoxazine - H-boron nitride - Electronic packaging encapsulant

4.1 Introduction

One of the major material properties involves its thermal behavior. Thermal
conductivity, thermal diffusivity, specific heat capacity, and thermal expansion
coefficient are four major thermal properties of materials [1, 2]. Table 4.1 exhibits
the thermal conductivity values of various materials. Polymers are considered to
be good heat insulating materials, while many ceramic materials are good ther-
mally conductive materials. From the table, we can see that perfect crystalline
nonmetallic materials, such as diamond or cubic boron nitride, have thermal
conductivity values much higher than those of metallic materials. This is due to the
fact that the flow of heat energy for nonmetallic materials occurs only by means of
phonon propagation, which is much more effective than the flow of heat energy by
electron movement, which is the major mechanism of heat transfer in metallic
materials.
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Table 4.1 Thermal

- Materials Thermal conductivity (W/mK)

conductivity at 20 °C of -

materials [2, 3] Diamond 2,000
Graphite 2,000
C-boron nitride 1,300
Silver 427
H-boron nitride 20-400
Aluminum nitride 195
Iron 80
Aluminum oxide 22
Silicon dioxide (crystalline) 14
Silicon dioxide (amorphous) 1.3
Glass 0.8
Water 0.66
HDPE 0.52
LDPE 0.33
Epoxy 0.14
Air 0.026

The importance of thermal conductivity in polymer and polymer composites
has significantly intensified in recent years particularly in the electronic industry as
more compact and low loss design for power apparatus and electronic packaging
have been of urgent concern for present development. Polymers are commonly
used as a binder in molding compounds for electronic packaging encapsulants and
in fiber-reinforced substrate for electronic wiring boards. The major requirements
for such applications include good adhesion of the polymer binder to the con-
stituents that are to be coated or protected. Typical curing processes require short
cure duration with a maximum cure temperature of 150 °C. The molding com-
pounds should have at least 1 h pot life and at least six-month shelf life. No
volatile and toxic components should be produced or released during the curing
and service stages. In terms of reliability of the electronic packages, the material
used should possess a high glass-transition temperature of at least 150 °C and
exhibit less than 1 % linear shrinkage during curing with low residual stress after
curing of less than 5 MPa. It is important that the material causes no stress-related
failures of the assembly during temperature cycling, i.e., should provide high
thermal conductivity value as well as low thermal expansion coefficient mismatch
between its molding compounds and the protected electronic parts. Sufficient
mechanical protection is one key function of the polymer encapsulants. Finally,
the material should be cost competitive [4-6].

The possibility to solve these stringent material requirements has been dem-
onstrated by the use of relatively novel family of polymeric systems, namely
polybenzoxazine. Benzoxazine resins have been reported to provide many out-
standing characteristics including relatively high thermal stability, high glass-
transition temperature, and high char yield. Molecular design flexibility of the
resins is tremendous and therefore creates a large family of these polymers. They
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are one of the few groups of thermosetting resins which, in the pure form, possess
very low melt viscosity which greatly facilitates filler wetting and mixing. The
resins also provide high-performance cured specimens [7, 8]. Composite materials
obtained from these resins show high potential use in various applications such as
electronic packages [9—-11], bipolar [12], electrolyte membrane for fuel cell [13],
or binder resin for frictional material [14].

As mentioned earlier, one major property of polymeric molding compound for
electronic packaging application is an ability of the material to dissipate heat with
sufficient rate typically by incorporating with high thermal conductive fillers. The
incorporation of highly thermally conductive ceramic materials in polymers in
order to improve the thermal conductivity of encapsulant or substrate has long
been studied [5]. The composite should exhibit balanced properties of high thermal
conductivity and thermal stability of the ceramic component while retaining ease
of processing and low dielectric constant of the polymer matrix.

In a recent review by Tanaka and coworkers [15], inorganic ceramic fillers such
as SiO,, Al,O5, AIN, and BN with micrometer in size are generally selected to
achieve highly thermally conductive polymer composite packages with electrical
insulation capability. In their report, the key features of the polymer composites
with high thermal conductivity characteristics consist of (1) the use of micrometer
size filler dramatically enhanced thermal conductivity of the material compared to
the nanometer size filler. (2) The larger the microfiller size, the higher the thermal
conductivity of the composite. (3) Nanofiller can also improve thermal conduc-
tivity but providing the value of within 1 W/mK. (4) Fillers with higher inherent
thermal conductivity values are better for the enhancement of thermal conductivity
of the composites. (5) Polymer matrices with higher thermal conductivity are
better than the lower conductivity ones. (6) Filler orientation is one critical factor
to enhance thermal conductivity of the materials. (7) A thermal conductivity value
of 20 W/mK was achieved by orientation of polymers by magnetic field. (8)
Coupling agents are important to raise thermal conductivity of the specimens. (9)
Coupling agent shows a more pronounced effect on thermal conductivity
enhancement of the composites based on nanofillers than microfillers. (10) Max-
imum thermal conductivity value of 5 W/mK was obtained in Al,Os-filled com-
posites. (11) Thermal conductivity value of 9.1 W/mK was obtained in polyimide
filled with AIN/BN hybrid fillers. (12) Mesogen epoxy loaded with 55 % by
volume of alumina (size = 10 pm) provides a thermal conductivity value up to
10 W/mK. (13) Thermal conductivity value of 11 W/mK was achieved in epoxy
filled with AIN having a particle size of 7 um and at a loading of 60 % by volume.
(14) Thermal conductivity value of 19 W/mK is the maximum for ordinary epoxy
using a multimodal particle size mixing of hexagonal BN (0.6 um) and cubic BN
(1 pm). (15) The maximum thermal conductivity value in polymer composite so
far is 32.5 W/mK using hexagonal BN with average particle size of 225 pm and
the matrix materials is polybenzoxazine. Table 4.2 lists the examples of polymer
composite systems with relatively high thermal conductivity values (>4 W/mK)
reported so far [15].
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Table 4.2 Polymer composite systems with thermal conductivity value greater than 4 W/mK
(adapted from Tanaka et al. [15])

Polymer matrix Fillers Filler size (um) Content (%) k (W/mK)
Polybenzoxazine BN 225 78.5 vol. 325
Epoxy BN 0.6 (h), 1 (c) 27 vol. 19
Epoxy AIN 7 60 vol. 11
Epoxy BN (silane) 5-11 57 vol. 10.3
Polyimide AIN/BN 79/xx 70 vol. 9.3
PVDF AIN 12 (whisker) 60 vol. 7.4
Polyimide BN 8 60 wt. 7
Epoxy BN 5-11 57 vol. 53
Epoxy BN Conglomerated 64.9 wt. 5.13
Epoxy AL O3 10 55 vol. 5
Epoxy AIN 0.5 (whisker) 47 vol. 4.2
Epoxy Diamond <10 70 vol. 4.1

This chapter discusses the composite system based on the boron nitride-filled
polybenzoxazine which, up to present, provides the highest thermal conductivity
value among those reported in the literatures and has been issued the US patent in
1999 [8]. The principle behinds the successful thermal conductivity enhancement
of this highly filled polybenzoxazine composite is discussed below.

4.2 High Thermal Conductivity Electronic Packaging
Materials Obtained by Boron Nitride-Filled
Polybenzoxazine (Reproduced from [5]
with permission)

The concept of effective thermal management by maximizing the formation of
conductive networks while minimizing the heat resistance along the heat-flow path
is well recognized. Berman [16] explained the transport of heat in nonmetals by
the flow of phonons or lattice vibrational energy. The thermal resistance is caused
by various types of phonon scattering processes, e.g., phonon—phonon scattering,
boundary scattering, and defect or impurity scattering. Therefore, in order to
maximize the thermal conductivity in materials, these phonon scattering processes
must be suppressed. Phonons travel in matter with the speed of sound. In theory,
the scattering of phonons in composite materials is mainly due to the existence of
an interfacial thermal barrier from acoustic mismatch, or the damage of the surface
layer between the filler and the matrix [17, 18]. These interfacial phonon scattering
phenomena are similar to the scattering of light due to differences in refractive
indices of the media.

Consequently, we generated the idea of maximizing the formation of highly
thermally conductive networks and minimizing the thermal resistance along the
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conductive paths by first choosing the filler which should be able to form many
heat-flow paths. The maximum packing of the filler in the matrix is one way to
assure the formation of near-perfect conductive networks. To achieve high packing
density composites, the use of large size particles with multimodal particle size
distribution and low aspect ratio with smooth surface texture as a second phase
were suggested [19]. Secondly, the thermal resistance would be reduced by the
combination of various techniques. The selection of particles which have perfect
lattice or crystal structure as much as possible to suppress the scattering of pho-
nons by lattice defects is essential. This kind of filler is normally found in highly
thermally conductive ceramics, such as boron nitride or aluminum nitride. The
large particle size, i.e., low particle surface area, is desired to minimize the
scattering of phonons due to the interfacial thermal barrier. Moreover, the use of
large particle size tends to form fewer thermally resistant junctions of the polymer
layers than the small particle size at the same filler content. Finally, the layer of the
matrix resin between the particles must be as thin as possible, to such a degree that
its mechanical properties are still high enough for the application, to reduce the
thermal resistance due to the resin itself. This can be achieved by using a resin
which has low melt viscosity. Furthermore, the low viscosity resin generally aids
in filler mixing during the molding compound preparation. These hypotheses are
based on one important assumption that the adhesion between the filler and the
matrix resin is good; otherwise, the third phase, an air gap, may occur and will also
have a high contribution to the overall conductivity of the composites. Therefore,
the choice of resin which possesses low melt viscosity and excellent adhesion with
the selected filler is preferred.

In the report by Ishida and Rimdusit, the authors used bisphenol-A/methyl-
amine-type benzoxazine resin (BA-m) to form a highly filled molding compound
and composite with hexagonal boron nitride. The resin was used as-synthesized
without further purification. The monomer is solid at room temperature. It was
ground into fine powder and stored in a refrigerator for future use. Table 4.3 lists
major properties of the BA-m benzoxazine resin used by Ref. 5.

Table 4.3 Properties of bisphenol-A/methylamine-type polybenzoxazine (BA-m)

Properties Values
Density

Monomer (x1073 kg/m3) 1.159
Polymer (x 1072 kg/m?) 1.122
Thermal expansion coefficient (x 10° m/m °C) 69
Glass-transition temperature (8 °C) 180
Heat capacity (J/kg °C) 1,415
Water absorption at room temperature (wt%)

24 h 0.17
120 days 1.15
Gy (GPa) 1.8

Melt viscosity at 100 °C (Pa S) 1.2
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The filler used was hexagonal boron nitride (grade HCJ48) supplied by
Advanced Ceramics. The powder consists of large aggregates of flake-like boron
nitride crystals fabricated by hot-pressing technology. The powder has bimodal
size distribution with mean particle size of ca. 225 um. The monomer powder was
dry mixed well with boron nitride at a desired volume fraction. The mixture was
then heated up to ca. 80 °C in a mixer and was mixed by hand for ca. 10 min. The
compound in the form of paste was then compression molded into various
dimensions depending upon the types of experiments. All the specimens were
thermally cured at 200 °C with pressure of 0.1 MPa for 2 h. The specimens were
left to cool down at room temperature in the open mold for ca. two hours before
using.

Figure 4.1 shows the density of boron nitride-filled polybenzoxazine as a
function of filler content. The theoretical densities of the composites were calcu-
lated based on the density of boron nitride of 2.25 g/lcm® and the density of
polybenzoxazine, BA-m, of 1.122 g/cm® [20].

In Fig. 4.2, the compositions of the composites were confirmed again by using
TGA. Most observed composite densities especially at higher filler contents
showed good agreement with the values calculated from the compositions ana-
lyzed by TGA, suggesting negligible amount of voids. The reason that the den-
sities of specimens at low range of filler contents are somewhat higher than those
of the original molding compound is due to the greater loss of resin by overflowing
out of the mold than that in case of higher filler contents. In this study, we defined
the maximum packing density of each type of filler by its maximum observed
density that is equal to the theoretical density. Using boron nitride grade HCJ48,
we were able to make a specimen with maximum packing density up to 78.5 % by
volume (88 % by weight) as shown in Fig. 4.1. The attempt to add boron nitride

Fig. 4.1 Maximum packing 217
density of boron nitride-filled
polybenzoxazine using boron

nitride grade HCJ48. (black 2F  —e—Realdensiy
square) theoretical density, [ —®—Theoretical density
(black circle) experimental 19 L

density

Density (g/cm®)
»
T

P BEPEEPEET R RPN RN NN S R R N ——"

30 40 50 60 70 80 a0
Filler Content (vol%)




4.2 High Thermal Conductivity Electronic Packaging Materials 73

Fig. 4.2 TGA experiment 110
for composition r
determination of composite 1
samples. (filled triangle) wor
50 wt% BN, (filled inverted ek
triangle) 60 wt% BN, (black 8 af
diamondsue) 70 wt% BN, g L
(black square) 80 wt% BN, % [
(black circle) 85 wt% BN = 80
5 | —+—85wt%BN
S 70fF -—=—80wt%BN
& | —«—70wt%BN
Lt —*—60wt% BN
0 —v—50wt% BN
50 ' : 1 1
0 200 400 600 800 1000

Temperature (°C)

beyond 78.5 % by volume tended to decrease the observed composite packing
density to a value lower than the theoretical value due to void formation.

The maximum packing densities of four grades of BN are summarized in
Table 4.4. From the result, we can see that the larger the average particle size of
boron nitride, the higher the maximum packing density of the composite, which is
in good agreement with the theory of particle packing [19]. One of our reasons to
choose a large average particle size of boron nitride filler is to be able to obtain the
maximum packing density in the specimen as thermal conductivity seems to have
characteristics of both a path-dependent property, i.e., the conductivity values
increase rapidly beyond the percolation threshold, and a bulk property, i.e., the
conductivity values are strongly dependent on filler loading. The use of maximum
packing density of filler in the composite can, at the same time, render a large
number of conductive networks in the composite which fulfills both path-dependent
and bulk properties.

The maximum achievable boron nitride loading in our system, 78.5 % by
volume, surpassed the maximum boron nitride loading reported by Bujard, 31 %
by volume [21]. This is due to the fact that our boron nitride powder has a large
average particle size (225 pm) and has low effective aspect ratio as it is an
aggregate of fake-like crystals. Moreover, the filler also has bimodal particle size
distribution. The effect of particle size on a packing density was investigated by

Table 4.4 The effect of particle size on composite packing densities

Boron nitride (grade) Average particle size (pm) Type Om (Wt%)
HCPH 9 Flake 60
HCJ325 45 Aggregate 75
TS1890 75 Aggregate 85

HCJ48 225 Aggregate 88
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Ruschau et al. [22, 23]. Their observation was consistent with the theory of particle
packing [19] which states that, in an unimodal particle size distribution, the
packing density decreases with smaller particle size due to an increase in particle
surface area, lower particle mass, and a greater importance of weak short-range
forces including electrostatic fields and surface adsorption of moisture and other
wetting liquids that can lead to agglomeration. The high aspect ratio particles, such
as flake or fiber, greatly exhibit the bridging phenomenon in compacts. Though the
bridging assists in the formation of the conductive network by lowering the per-
colation threshold, it lowers the packing density. The multimodal distribution of
the particles also plays a significant role in enhancing the packing density.
Although packing density is higher in multimodal particle mixtures, German [19]
observed that there is less benefit to make the mixtures beyond the bimodal system
to a trimodal or more complex system which are more difficult to obtain and
handle. As a consequence, the use of boron nitride grade HCJ48 having a bimodal
particle size distribution with large average particle size should be sufficient in
obtaining high particle packing.

The effect of particle size on thermal conductivity was studied using an
apparatus for steady-state thermal conductivity measurement based on the Colora
thermoconductometer or Schroder technique [24]. All specimens used were the
composites of 30 % by weight of polybenzoxazine and 70 % by weight of boron
nitride, which is the composition beyond the typical percolation threshold of bond
percolation. The boron nitride used was a mixture of large particle size grade
(HCJ48 with 225 mm average particle size) and a smaller particle size grade
(TS1890 with 75 mm average particle size). Increasing the composition of the
large particle size grade of boron nitride resulted in higher thermal conductivities
as shown in Fig. 4.3. This is due to the fact that the network formation of the large
particle filler has less heat resistant junctions than that of the smaller size filler. As
a result, the thermal conductivity of the specimens beyond the percolation
threshold increases with increasing the fractional composition of the large particle
size grade of boron nitride filler.

Figure 4.4 shows the thermal diffusivities of boron nitride-filled polybenzox-
azine as a function of filler content. These values can be converted into thermal
conductivity by multiplying thermal diffusivity value with the sample’s heat
capacity and density. In order to determine the thermal conductivities of the
composites, densities and heat capacities of the composites are needed. The heat
capacity of each specimen was determined by MDSC. Table 4.5 shows the thermal
diffusivities, heat capacities, and composite densities of specimens at different
compositions and the corresponding values of thermal conductivities.

From Fig. 4.5, we can see that, once the conductive networks of the large
particle size are formed, the thermal conductivity of the composites will exceed
that of the smaller particles as the formation of the conductive paths of the large
particles renders less thermal resistance along the paths [25]. The phenomenon is
more pronounced at the filler content exceeding the maximum packing of smaller
particles since the maximum packing of smaller particle size is less than the
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maximum packing of the larger particles [22, 23]. Our experimental results are in
good agreement with the above statement.

We have produced a composite with a remarkably high value of thermal
conductivity of 32.5 W/mK at 78.5 % by volume of boron nitride filler. The value
was averaged from the value of 30.8 W/mK at the center of the sample and
34.2 W/mK at the edge of the sample. This value is ca. 15 times higher than the
maximum achieved thermal conductivity value found in epoxy filled with small
flake-like boron nitride [21] and about eight times greater than the state-of-the-art
value found in alumina-filled epoxy [26].
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Table 4.5 Thermal conductivity of boron nitride-filled polybenzoxazine

Filler content o x 10° (mz/s) Cp (J/kg K) p (x 1073 kg/m3) k (W/mK)
33 0.91 1,069 1.593 1.50

54 5.22 933 1.758 8.56

66 10.8 897 1.889 18.3

78.5 19.2 841 2.012 32.5
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An anisotropic behavior of this composite was also observed. By measuring
linear coefficient of thermal expansion, LCTE, of 80 % by weight of boron nitride-
filled polybenzoxazine, we obtain the LCTE value of the sample measured along
the z direction to be 44.2 x 10 m/m °C, while the LCTE value measured in the
x and y directions is 7.17 x 10 m/m °C. The result reveals an anisotropic behavior
of this composite material. This is due to the fact that boron nitride powder has
anisotropic property and possesses high aspect ratio from its fake structure which
can strongly contribute to the anisotropic LCTE of this composite. Although the
boron nitride powders used are the aggregates of the fake crystals which have low
effective aspect ratio, the anisotropic LCTE obtained implies the anisotropic ori-
entation of the fakes in the aggregates.

Bond percolation is used to explain formation of conductive networks by the
filler in the composite materials. This theory can normally explain the insulator—
conductor transition well in path-dependent properties of materials such as elec-
trically conductive composites as a point at which the first conductive path is
formed. The filler content, ¢, at this transition point is called the percolation
threshold, ¢.. However, thermal conductivity seems to be an intermediate property
between a path-dependent property and a bulk property. Hence, the thermal
conductivity value in the composite material depends on both the formation of the
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filler network and the filler loading. Generally, the percolation threshold of ther-
mally conductive composite is difficult to define. Agari et al. [27, 28] demonstrated
an indirect technique used to identify the percolation threshold of the composite by
using filler which can affect both electrical and thermal properties of the com-
posites, such as carbon black. In our system, we use a percolation threshold of
0.198 which is the currently accepted percolation threshold for a three dimensional
network [29]. In their analysis, the authors obtained the critical exponent having
the value of 2.02 which is in good agreement with the value of 2 in bond per-
colation for a three dimensional system [29].

Figure 4.6 shows the storage shear moduli of the composites with filler loadings
ranging from 50 to 85 % by weight. The moduli of the composites expectedly
increase with increasing amount of boron nitride. This corresponds to the high
conductivity value of specimen as heat conducts better in a stiffer material, i.e.,
higher acoustic velocity. The modulus at room temperature of 85 % by weight
filler is very high, exceeding 10 GPa which is a value comparable to continuous
fiberglass-reinforced phenolic. Thus, the formation of a network from low aspect
ratio filler produces a similar composite strength as that from a high aspect ratio
reinforcement, such as glass fiber. Moreover, the storage modulus of the composite
at all compositions exhibited fairly stable values up to ca. 200 °C due to the high-
performance property of the polybenzoxazine matrix. From Fig. 4.6, the moduli of
these composites increase rapidly nonlinearly with increasing filler contents.

The glass-transition temperatures of the filled systems were obtained from the
maximum value of G as shown in Fig. 4.7. We observe a large increase of ca.
40-45 °C in the glass-transition temperatures of the composites relative to the
glass-transition temperature of the homopolymer made from BA-m resin, i.e.,
180 °C [20]. The implication of this phenomenon is possibly due to the contri-
bution of the good interfacial adhesion between the boron nitride filler and
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polybenzoxazine matrix. The stiff boron nitride filler can highly restrict the
mobility of the polymer matrix which adheres on the filler surface and could lead
to the large increase in the glass-transition temperatures of their composites. It is
also possible that the boron nitride surface acted as a catalyst and the molecular
architecture of the crosslinked polybenzoxazine was affected. Figure 4.8 shows the
plot between the glass-transition temperatures as a function of filler contents. From
the plot, we observed an increasing tendency of the glass-transition temperature as
filler contents increased.

The electron micrograph of the fracture surface of the composite is shown in
Fig. 4.9. The picture shows smooth interfaces between the filler and the resin
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which signifies good interfacial adhesion of the boron nitride filler and poly-
benzoxazine matrix. The good adhesion of boron nitride and polybenzoxazine is
one of the significant contributions to the high thermal conductivity values of their
composites as poor interfacial adhesion can lead to strong scattering of heat energy
at the filler—matrix interfaces.

Figure 4.10 shows the water absorption of the composites at different filler
contents ranging from 60 to 85 % by weight up to 150 days. As the filler content
increases, the water uptake decreases. These composites show very low room
temperature water uptake having values much <0.2 % which is the value desired
in the industrial standard of typical composites for electronic packaging. As seen
in the following Fig. 4.11, the water uptake of all compositions at 24 h is <0.1 %
and only ca. 0.02 % at a filler content of 85 % by weight. From the curves, the
water uptake up to 150 days is <0.8 % at a filler content of 60 % by weight and
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lower at higher filler contents, which is considered to be very low. The generalized
equation to explain the diffusion in the materials can be expressed as

MM, = kot (1)

where M, is the mass of sample at time ¢ and M,, the mass of sample at saturation or
infinite time.

The diffusion behaviors can be classified as follows: supercase II (n > 1), case
II (n = 1), anomalous (1/2 < n < 1), classical/Fickian (n = 1/2), or pseudo-Fic-
kian (n < 1/2) [30].
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Figure 4.12 illustrates log M,/M, versus log t plots which show the slopes
ranging from 0.43 to 0.53. Thus, we can conclude that our composite material
exhibited a behavior close to Fickian-type diffusion.

4.3 Conclusions

The thermal conductivity of boron nitride-filled polybenzoxazine exhibited a very
high conductivity value. The remarkably high value was obtained using the well-
recognized concept of thermal management in composite materials by maximizing
the formation of conductive networks while minimizing the thermal barrier
resistance along the heat-flow path. The concept was accomplished by using
highly thermally conductive filler with a matrix resin which has low melt viscosity
and good adhesion to the filler. In addition, a large particle size with multimodal
particle size distribution was used. Boron nitride and polybenzoxazine have
properties that meet all these requirements and thus exhibit a very high thermal
conductivity value. This molding compound also exhibits high and stable
mechanical strength up to 200 °C with a high T, value of ca. 220 °C. Water
absorption at room temperature for 24 h of this composite is very low. Boron
nitride-filled polybenzoxazine has many outstanding properties which makes it
suitable for an application as a molding compound for the electronic packaging
industry and other applications with high thermal conductivity.
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Chapter 5

Newly High-Performance
Wood-Substituted Composites Based
on Polybenzoxazines

Abstract Wood-substituted composites of natural woodflour-filled polybenzox-
azine and theirs polybenzoxazine alloys with high mechanical properties, good
thermal stability, and reduced water uptake have been developed. The outstanding
compatibility between the woodflour and the polybenzoxazine-based polymer
matrix is evidently seen from the large improvement in the composite’s
mechanical properties, glass-transition temperature (7,), and char yield as also
evidently seen in the fracture surface of the wood polymer composites based on
polybenzoxazine. At the optimal woodflour content of 70 % by weight in poly-
benzoxazine results in the composite’s T, as high as 200 °C or about 40 °C greater
than that of the neat polybenzoxazine and the modulus in a range of 6.4-6.8 GPa
compared to that of natural Hevea brasiliensis wood, i.e., 9.7 GPa. Polybenzox-
azine is thus proved to be useful as an effective binder for lignocellulosic materials
such as woodflour.

Keywords Wood-substituted composite « Polybenzoxazine - Phenolic - Epoxy -
Cashew nut shell liquid - Woodflour

5.1 Introduction

Wood is an important raw material, which has been used by human beings since
early years. The reason for its diverse and great utilization is related to its good
physical strength, esthetically pleasing characters, and low processing cost.
However, nowadays, the forest area in the world particularly hardwood forest is
seriously decreasing while the quantity of using natural wood as a major materials
in various applications is still high. Over the 20-year period ending in 1994, the
world population increased by 40 %. In that same period, global consumption of
wood increased to 37 %. This per capita demand varied slightly between 0.66 and
0.67 m>. If the demand for wood continues at this rate, it will be necessary to
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Fig. 5.1 Wood polymer
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increase the production of wood products for the next 4-6 decades by 0.3-0.7
billion m® per decade. Since the current total annual wood harvest globally is
approximately 3.5 billion m?, the anticipated increase in the demand is significant.
In addition, during the 1980s, there was a decrease of 2 % in the world’s forest due
to deforestation excluding the forest that was logged and left to regenerate.
Therefore, over last decade, the new materials with the natural’s wood properties
to use for substituting natural wood were studied to find their way into the market
as wood-substituted materials. The new wood replacement is wood polymer
composites which are a form-shaped composite material made of cellulosic fillers,
i.e., woodflour/fiber, and thermosetting/thermoplastic polymers with acceptable
relative strength and stiffness, high durability, low maintenance cost, fewer prices
relative to other competing materials, extended lifetime compared with many
wood products, and the fact that it is a natural resource [1, 2] wood polymer
composite applications as shown in Fig. 5.1 are regarded.

Wood polymer composites have firmly established themselves on the
American, European, and Asian markets due to their sustainability and manifold
characteristics, i.e., 100 % recycle and up to 80 % renewable resources. Market
share and applications of wood polymer composites in the past five years have been
growing rapidly by reporting of wood—plastic composite information center of
Washington State University, especially for applications such as decking and railing.
Wolcott and Smith [3] have been recorded that the sales of wood polymer composites
in 2005 exceed $1.0 billion. Two-thirds of the produced composites are comprised of
decking and railing products, accounting for $0.7 billion, while window and door
frame products are projected to be valued at approximately $0.27 billion. In addition,
the growth market of wood polymer composites in north American has been reported
approximately 13 % per year from 1998 to 2008 and was valued at US$220 million
[4] while, in Europe, and the market share of the wood polymer composites in total
wood product consumption in 2006 was estimated at far less than 1 %, while annual
growth rates in the wood-based polymer composite consumption are estimated at
over 10 %. Interestingly, in 2007, wood polymer composite production in Europe
was estimated at approximately 100,000 tons. The leading countries are Germany,
Austria, Belgium, the Netherlands, and Scandinavia. In addition, in this area, a
strong trend toward the solid deck execution has been observed since 2010.
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Hackwell Group also reported that European production of wood polymer
composites has both diversified in its applications and grown rapidly over the last
five years to reach 193,000 tonnes by 2010. In addition, a new report forecasts
continuing growth to almost 360,000 tonnes by 2015, which represents an average
annual growth of 13 %, but nevertheless a slowing in growth compared with the
2005-2010 period, as a result of the continuing difficulties in European economies.
However, growth rates in the wood polymer composite market vary: while the
American market is fairly saturated, the European Union shows growth rates of up
to 25 % per year, while the highest growth rates are today found in Asia, and
especially in Japan, where it holds a 60 % market share in architectural land-
scaping in the public and private construction sectors.

In case of composite products based on polymer and wood filler, the polymeric
matrices used can generally separate to thermosetting polymers, i.e., epoxy and
phenolic resins that are majority of binder up to 70 % of wood polymer composites
such as particleboard materials. The other polymeric matrix is thermoplastic
polymer. Recently, this polymeric matrix has been developed to increase more and
more for using to be a binder of wood polymer composite, i.e., polyethylene,
polypropylene, poly(vinylchloride), and acrylonitrile-butadiene—styrene (ABS).
Interestingly, the wood polymer composites can effectively solve high flamma-
bility, high water absorption due to be hydrophilic material as well as termite
irresistibility of the natural wood. The potential applications for the wood polymer
composites include siding, roofing, residential fencing, picnic tables, benches,
landscape timber, patios, gazebos and walkways, road furniture, and playground
equipment. However, a major problem encountered in using thermoplastic
matrices is its rather poor interfacial adhesion between the untreated polar wood
fillers and the strongly hydrophobic characteristics of the polymeric matrix.
Therefore, mechanical performance of the wood-substituted composites based on
thermoplastic polymer is relatively poor that results in limiting thermoplastic-
based wood polymer composites present use to common nonstructural end-uses.
Another significant shortcoming of this type of matrix is the relatively low filler
content, typically less than 50-60 % by weight, that can be added into the matrix.
To achieve greater filler content, modification of the interface between the wood
fillers and the matrix either by physical or chemical treatment is required. How-
ever, surface treatment of filler particles normally increases the steps and the cost
of processing.

In recent years, the trend is shifting slightly toward a greater number of wood
polymer composite’s applications in the automobile industry. Structural compo-
nents may also have the potential to become a future focus of production in
addition to the current major area of car body parts. The natural filler-reinforced
polymer composites have been interested in interior and exterior parts for car
manufactures because the composites can serves a twofold objective: to lower the
overall weight of the vehicle thus increasing fuel efficiency and to increase the
sustainability of their manufacturing process. Many companies such as Mercedes
Benz, Toyota, and DaimlerChrysler have already accomplished and they are
looking to expand the uses of natural fiber composites. In addition, Hackwell
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Group has been reported that BASF in North America is introducing a new resin
developed for natural fiber thermosetting composites. Acrodur thermosetting
acrylic copolymer is already being used in a door panel substrate for the BMW 7
Series sedan molded by Drixlmaier Group in Germany. It is used to impregnate a
mat made of wood fibers, i.e., sisal and jute, or other natural materials to produce a
70 % fiber composite. On curing process, Acrodur resin has been crosslinked by
heating during compression molding to become thermosetting.

Therefore, the highly filled composites based on polybenzoxazine, newly
thermosetting polymer, for applications required good mechanical strength, high
thermal stability, and fire resistance as well as eco-friendly materials, are devel-
oped. Para-woodflour was selected as a reinforcing filler because of its availability
as a low-cost waste wood material in Southeast Asia, i.e., Thailand and Malaysia.

5.2 High-Performance of Para-Woodflour-Filled
Polybenzoxazine Composites

Since January 1989, Thailand has banned all commercial logging in its hardwood
forests. Therefore, softwood has been accepted to use for substituting hardwood.
However, the conventional hardwood, i.e., rubber wood or Hevea brasiliensis
(Table 5.1) which is also called para-rubber wood in Thailand is one of the more
durable lumbers nowadays used in furniture industry because it is considered the
most eco-friendly lumber, as it is only harvested after the rubber wood tree has
completed its lifetime growing cycle which is generally 26-30 years. Therefore,
the para-rubber wood is one of the alternative eco-friendly, simply using up a
waste product of the latex production industry unlike other woods such as
mahogany, teak, oak, and birch that are cut down for the sole purpose of producing
furniture. In consequence, woodflour or sawdust of rubber wood tree which is
abundant and a major waste of the furniture or sawmill industry in Thailand.

As aforementioned, wood polymer composites are highly attractive as a product
to replace natural wood since their properties can be formulated to imitate wood
materials with some characteristics even being superior to the natural wood.
Recently, Rimdusit et al. [6] have studied bisphenol-A/aniline-based benzoxazine

Table 5.1 Properties of para-rubber wood

Properties

Density at 16 % moisture content (g/cm>) 0.56-0.64
Static bending at 12 % moisture content (N/mmz) 66
Modulus of elasticity at 12 % moisture content (N/mmz) 9,700
Hardness (N) 4,350
Tangential shrinkage coefficient (%) 1.2
Radical shrinkage coefficient (%) 0.8

Source Sarkar Plywood Rubber Wood-Sarkar Plywood Pvt. Ltd.
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Table 5.2 Mechanical properties of natural fibers [7]

Fiber Specific Modulus Specific modulus Tensile strength
gravity (GPa) (GPa) (MPa)

Jute 1.30 55 38 393

Sunhemp 1.07 35 32 398

Pineapple 1.56 62 40 170

Glass fiber-E 2.50 72 28 3,400

resin (as abbreviated BA-a) filled with para-rubber woodflour which can be
obtained in a relatively cheap price. In addition, generally, natural filler inherently
possesses low density, high specific strength, and high specific modulus as evi-
dently shown in Table 5.2. From this table, though natural fibers show lower
absolute modulus than inorganic fiber such as the fiberglass, their specific prop-
erties clearly render much greater values. These characteristics are essential in the
application that strength and weight of the composite products are of major con-
cern such as in automobile part.

Thermosetting polymer that was selected as a matrix of wood-substituted
composites as reported by Rimdusit et al. [6] is polybenzoxazine. The benzoxazine
resin has many attractive and useful properties including no curing agent required,
near-zero shrinkage upon crosslinking, no by-product released during cure. In
addition, its polymer shows good mechanical properties, high thermal stability,
low water absorption, low flammability, and low A-stage viscosity as stated by
Ishida and Tareg [8]. A significant ability of the bisphenol-A/aniline-based ben-
zoxazine resin (BA-a), synthesized using the patented solventless method [9] to
yield bifunctional monomers shown in Fig. 5.2, is low A-stage viscosity that helps
in filler wetting with substantial amount of the para-rubber woodflour filler can be
incorporated into the polybenzoxazine matrix.

Interestingly, the relatively low A-stage viscosity of the BA-a resin enabled the
incorporation of a large amount of untreated para-rubber woodflour with particle
size less than 149 um up to 75 % by weight (70.5 % by volume) which is its
maximum packing of highly filled polybenzoxazine system, i.e., 1.380 g/cm’
calculated based on the density of para-rubber woodflour of 1.490 g/cm® and the
density of poly(BA-a), of 1.185 g/cm®. The results show the significant properties,
i.e., thermal, mechanical, and some physical properties, of the polybenzoxazine

~—, CH —
HO—  p— é—-‘..\__ /—OH _ oH
g, £ f

OH /m

Fig. 5.2 Bisphenol-A/aniline-based polybenzoxazine [Poly(BA-a)]
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filled with para-rubber woodflour particularly high glass-transition temperature,
i.e., from 160 °C for the unfilled system to 220 °C for 75 % by weight of para-
rubber woodflour filler. On the other hand, degradation temperature at 5 % weight
loss (T, s) was expectedly observed to decrease with the para-rubber woodflour
content and the char yield at 800 °C of the polybenzoxazine wood showed syn-
ergistic characteristics with the value of 36 %, compared with 28 % of the neat
polybenzoxazine matrix and 18 % of the para-rubber woodflour as shown in
Table 5.3.

In addition, the superior mechanical properties, i.e., modulus of elasticity under
flexure mode or flexural modulus (Ey) of the para-rubber woodflour-filled poly-
benzoxazine composites than that of polybenzoxazine matrix, were observed.
Flexural modulus is measure of how a material will deform and strain when weight
or force is applied on fixed materials. Therefore, the flexural modulus value is used
as an indication of a material’s stiffness under flexure mode. From the table, the Ef
measured at room temperature (25 °C) of the para-rubber woodflour-filled poly-
benzoxazine composite with 2075 % para-rubber woodflour contents which show
the relatively high the Ef to be 6.8-7.3 GPa compared to that of the Ef of the
natural para-rubber wood is recorded as 8.0-9.7 GPa [10]. Therefore, the Ef of
wood-substituted polybenzoxazine composites is in the vicinity of the natural para-
rubber wood. Moreover, modulus of rupture under flexure test or flexural strength
(pp) that is defined as a material’s ability to resist deformation under the action of
flexure force as high as 60-70 MPa was achieved in these highly filled system
which are significantly close to that of natural para-rubber wood, i.e., 74 MPa [10].

The interfacial adhesion between woodflour and polymer matrix plays an
important role in determining the performance, i.e., thermal and mechanical
properties of the wood-substituted polymer composites. Generally, theories of
adhesion can be attributed to five main mechanisms, i.e., adsorption and wetting,
mechanical interlocking, electrostatic interactions, chemical bonding and diffu-
sion, which can occur at the interface either in isolation or in combination to
produce the bond. In the polybenzoxazine filled with para-rubber woodflour filler
without surface modification, the enhanced physical-mechanical properties, i.e.,
modulus and glass-transition temperature composites, were observed as we

Table 5.3 Properties of para-rubber woodflour-filled polybenzoxazine composites
Para-rubber woodflour 7, (°C) T, (°C) Char yield E;(GPa) p,(MPa) Water absorption

(wt %) (%) at 24 h (%)
0 160 323 28 4.7 76 0.11
40 180 298 34 5.6 - 0.97
50 185 283 35 5.8 61 2.32
60 190 280 36 59 60 2.37
70 200 N N 6.5 60 3.79
75 220 - - 6.8 61 5.88
80 - 276 35 6.6 61 8.11

100 240 275 18 9.7 66 -
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expected due to strong para-rubber woodflour-polybenzoxazine bonding via
chemical bonding and mechanical interlocking adhesions. The hydrogen bonding
formations are possible in this composite system as shown in Fig. 5.3.

Scanning electron microscopy (SEM) technique was employed to observe the
morphology at the para-rubber woodflour/polybenzoxazine interface as shown in
Fig. 5.4. Typically, the SEM technique revealed the appearance of three types of
interfacial adhesion, i.e., woodflour/fibers, woodflour/fibers breakage, and fibril-
lation. The woodflour/fibers pull-out morphology corresponds to weak adhesion of
the two phases. On the other side, the breakage and fibrillation of woodflour/fibers
were observed on the fractured surface, which implies the existence of substantial
degree of adhesion between the two components.

From Fig. 5.4, the interfacial adhesion characterization of wood-substituted
polybenzoxazine composites shows good bonding because the para-rubber
woodflour breakage and fibrillation were observed. This indicated the significant
compatibility between the polybenzoxazine matrix and polar-hydrophilic wood
materials, i.e., cellulose and hemicelluloses which have a strong polar hydroxyl
groups in their structures. This makes the woodflour highly compatible with polar
acidic or basic polymers such as the polybenzoxazine. Therefore, the good
interfacial adhesion is essential to transfer a stress from the polybenzoxazine
matrix to the para-rubber woodflour filler and thus improve the mechanical
strength and the thermal stability of this wood-substituted polymer composite. In
addition, the physical penetration of the benzoxazine resin with low a-stage vis-
cosity into the microstructure of para-woodflour also causes mechanical inter-
locking of the polybenzoxazine into irregularities of para-woodflour.

Meanwhile, some wood-substituted polymer composites such as polyethylene
and polypropylene wood composites show no good compatibility due to the poor
interfacial adhesion between polar-hydrophilic woodflour/fibers in nature (high
surface tension) and nonpolar-hydrophobic thermoplastic polymers (low surface

Fig. 5.3 The possible
hydrogen bonding in the
lignocellulosic filler—
polybenzoxazine composite
system

Lignocellusic filler Polybenzoxazine
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Fig. 5.4 Fracture surface of
polybenzoxazine filled with
para-rubber woodflour
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tension). This characteristic leads to wood-substituted polymer composites with
poor dispersions of woodflour/fibers in the polymer matrices due to strong
woodflour/fiber-woodflour/fiber interactions resulting from hydrogen bonding
[11], and poor mechanical properties of the composites, particularly tensile, impact
strengths and elongation at break. Therefore, many researchers have reported
surface modification of the woodflour/fiber to overcome these problems [12].
Ashori and Nourbakhsh [13] have studied some physical and mechanical prop-
erties of polypropylene reinforced with MAPP-treated-oak or MAPP-treated-pine
woodflour fillers with 250-um particle size. The authors have reported that the
flexural modulus and strength of the polypropylene-filled with oak woodflour at
40 % by weight was 1.92 and 26.0 MPa, respectively, while those of the poly-
propylene-filled with pine woodflour at the same content were 2.06 and 30 MPa,
respectively. Therefore, when compared with those values of the polypropylene
composites, the relatively higher flexural modulus (5.00 GPa) and flexural strength
(54.0 MPa) of polybenzoxazine reinforced with untreated para-woodflour in the
range of 250-297-um particle size at 40 % by weight was observed [6]. For wood-
based composites and panel products, an optimal flexural strength is required [14]
i.e., 3.0-23.5 MPa for particleboard-grade requirements, 11.0-19.5 MPa for par-
ticleboard-flooring product-grade requirements, and 14.0-34.5 MPa for medium-
density fiberboard (MDF). Interestingly, for polybenzoxazine wood composites
show flexural strength up to 60.0-70.0 MPa which is more than sufficient for high
strength wood-substituted products. In addition, comparison of mechanical prop-
erties of our polybenzoxazine wood composites with the other system at the same
wood filler content was also listed in Table 5.4.

Furthermore, one of the important properties, the water absorption content
when exposed to humid environment, has seriously considered of wood-
substituted polymer composite industries since absorbed significant amounts of
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Table 5.4 Comparison of mechanical properties of polybenzoxazine wood [6] with related wood
polymer composites [15]

Composites properties Flexural
Modulus, GPa Strength, MPa
PBA-a + 40 % para-rubber woodflour 5.59 58.7
PP + 40 % woodflour 3.03 44.2
PP + 40 % woodflour + MAPP 3.08 53.1
PP + 40 % wood fiber 3.25 479
PP + 40 % wood fiber + MAPP 3.22 72.4

water adversely affect most physico-mechanical properties, i.e., decrease of
mechanical moduli, decrease of yield strength, change of yield/deformation
mechanisms; hygrothermal degradation, i.e., microcracks, aging, chain scission
through hydrolysis, degradation of fiber/matrix interface in composites; swelling
stresses. Typically, in wood-reinforced polymer composite industries, the tem-
pered hardboard with thickness ranging from 2.1 to 9.5 mm defines the water
content of less than 10-30 % by weight, or the standard hardboard in the same
range thickness requires the water absorbed in the sample of less than 1540 % by
weight. According to experimental results of the para-woodflour-substituted
polybenzoxazine composites with a thickness of 3.2 mm carried out according to
ASTM D570-98 standards, the water absorption content calculated using the
following Eq. (5.1) of the polybenzoxazine composites filled with 40-80 % by
weight (34.6-76.1 % by volume) of para-woodflour is in the range of 5-25 % by
weight as listed in Table 5.3 which meets the above industrial requirements and
the water absorption content of the polybenzoxazine wood composites were sig-
nificantly less than that of natural wood, i.e., 20-300 % [16].

W(t) — W

WA(t) = We

x 100 (5.1)
where WA(t) is the water absorption at time 7, Wy is the dried weight, and W(?) is
the weight of sample at a given immersion time ¢.

Interestingly, the significantly decreased water absorption content of natural
wood was observed as expected because the hydroxyl group (—OH) of poly-
benzoxazine chemically bonded with the —OH groups in the lignocellulosic filler,
and this limits the water absorption content for polybenzoxazine wood composites,
as shown in Fig. 5.5.

Moreover, the para-woodflour-filled polybenzoxazine composites are compared
with related wood polymer composites. It was found that, at the same absorption
time (24 h) and filler content (50 % by weight), our para-woodflour-filled poly-
benzoxazine wood composite can absorb water significantly less than those of
untreated natural wood—fiber polymer composites, i.e., novolac resin filled with
banana, hemp, and agave fibers. The para-rubber woodflour-reinforced poly-
benzoxazine composite has a water absorption value of 2.37 % by weight, while
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Fig. 5.5 Water absorption behavior of natural wood filler (a) and polybenzoxazine wood
composites (b)

the untreated agave-fiber composite, the best result among those three natural
wood—fiber novolac composites, has a rather higher water absorption value
approximately 10 % by weight [17].

In general, woodflour/fiber, lignocellulosic materials, composes of a polar-
hydrophilic natural polymeric material possessing many hydroxyl groups (—OH),
which is able to combine with water molecules. Therefore, the wood-substituted
polymer composites absorb water when they containing lignocellulosic material,
i.e., cellulose and hemicelluloses which in the presence of hydroxyl and carboxylic
groups, are used in moist areas. However, it is believed that no significant change
occurs in the microstructure of the wood-substituted polymer composites, because
the reinforcing filler is encapsulated in the nonpolar-hydrophobic matrix polymer.
The molecular structures of para-woodflour filler was performed by Fourier
transform infrared spectroscopy (FT-IR) technique which is well known to be
suitable for the quick characterizations of very low amounts of nonsoluble
materials. The obtained FT-IR spectra given in Fig. 5.6 show the basic structures
of para-woodflour filler.

A strong broad hydroxyl (~OH) group stretching vibrations are observed from
3,300 to 3,600 cm ™! and the bands associated with the aromatic and aliphatic C-H
stretching are presented at 3,000-2,800 cm~!. The bands centered near
1,750-1,725 cm™ " associated with the carbonyl (C=0) stretching in the carboxylic
(—=COOH) and ester (COO-) groups, and another at 1,122 cm s likely due to C—
O and C-C stretching of cellulose components. Most of these bands have con-
tributions from both carbohydrates (cellulose and hemicelluloses; 70-80 %) and
lignin (20-30 %). In addition, the intensity of the band of aromatic skeletal
vibrations 1,505 cm ™! is observed for lignin contents [18].

Moreover, the FT-IR spectra of woodflour after thermal treatment were pre-
sented. The spectra considerably changed from that of untreated woodflour/fiber.
The aromatic and aliphatic C-H stretching peak at 3,000-2,800 cm ™' decreases
after thermal treatment when compared to untreated woodflour/fiber. This result
indicates the loss of some hydrocarbon compounds as volatile while broad
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Fig. 5.6 IR spectra of para- 1
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absorption peaks of a strong broad hydroxyl (—-OH) group were still detected at
3,600-3,300 cm™ ' In addition, the carbonyl peak at 1,750-1,725 cm ™! was reduced
in comparison to both the 3,600-3,300 cm~ ! and 1,505 cm_l, indicating that these
functional groups lost from the surface due to the decomposition of lignin [19].

As above mentioned, the polymers and their corresponding composites are
typically sensitive to changes in their environment and their mechanical properties
may vary widely with conditions. Therefore, in recent years, to predict the
mechanisms of water transport in polymer composite materials, many researchers
have investigated. Moisture absorption in polymeric composites has shown to be
governed by several different mechanisms. The first involves of diffusion of water
molecules inside the micro gaps between polymer chains. The second involves
capillary transport into the gaps and flaws at the interfaces between fiber and the
matrix. This is a result of poor wetting and impregnation during the initial man-
ufacturing stage. Typically, based on these mechanisms, there are three known
mechanisms of water transport in polymer composites classified according to the
relative mobility of the water and of the polymer segments, which are Fickian
diffusion, relaxation-controlled, and nonFickian or anomalous [20]. In the case of
wood-substituted polymer composites, the dominant mechanism depends on fac-
tors such as woodflour/fiber content, chemical structure of the polymer, dimen-
sions and morphology of the woodflour/fiber filler, polymer-woodflour/fiber filler
interfacial adhesion, humidity, and temperature. Hygroscopic and hydrophilic
materials of wood polymer composites results in moisture absorption. Moisture
transfer in wood or wood polymer composites has been quoted by Skaar and
Adhikare [21] that moisture movement is mainly controlled by diffusion when the
moisture content of the wood is below the fiber saturation point (FSP) indicated
that the moisture diffusion was a combination of two movements: the vapor dif-
fusion through the void structure and the bound water diffusion through the cell
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wall. Therefore, a diffusion model based on Fick’s second law has been developed
to describe this mass transfer process which is unsteady-state system, the con-
centration changes with time. For the case of thin plane with uniform initial
distribution and equal initial surface concentrations under unsteady-state, the
generalized equation for the diffusion behavior can be expressed by

—=1- imexp[(—D(Zn + 1)2n2r/(4lz))] (5.2)

where M, denotes the total amount of diffusion substance entering the sheet at time
t, M, denotes the corresponding quantity after infinite time, D is the diffusion
coefficient, and / denotes the half thickness of sheet.

At initial absorption stage, moisture absorption (M,) shows linear increase with
t. Therefore, Eq. (5.2) is simplified to the following equation:

_2MVD /1
TV 0

D= gM;ZFHZ (5.4)

M,

where 0 is the slope of the plot between M, and 1"

However, the composite materials result in different behavior of moisture
absorption with Fick’s law . The generalized equation for explaining the diffusion
behavior in composite materials can be expressed in Eq. (5.5).

M,

= k1" (5.5)

where M, = the water absorption at time 7, M, = the water absorption at satura-
tion point or infinite time k, and n = constants

The diffusion behaviors can be classified as supercase II (n > 1), case II
(n = 1), anomalous (1/2 < n < 1), classical/Fickian (n = 1/2), or pseudo-Fickian
(n < 1/2) [ref].

The classical diffusion theory or Fickian (n = 1/2) was used to explain the
behavior of moisture absorption for woodflour/fiber polymer composites. Fig-
ures 5.7 and 5.8 illustrate M,/M,, versus 1" plots of para-rubber woodflour-rein-
forced polybenzoxazine composites at various para-rubber woodflour filler
contents.

From the plots in Fig. 5.7, we can see that the polybenzoxazine wood com-
posites filled with para-rubber woodflour about 40 and 50 % by weight show
classical diffusion behavior while the diffusion behavior of the polybenzoxazine
wood composites filled with para-woodflour about 60-80 % by weight was
observed to be two-step. Therefore, increasing para-woodflour contents show
significant effect on the diffusion behavior of the polybenzoxazine wood com-
posites. One mechanism is that of coupled mass and momentum transport or



5.2 High-Performance of Para-Woodflour-Filled Polybenzoxazine Composites 95
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coupled through swelling as well as glassy inhomogeneous network of poly-
benzoxazine in nature.

Figure 5.8 illustrates log M,/M,, versus log ¢ plots of the polybenzoxazine
wood composites filled with 60, 70, 75, and 80 % by weight which showed the
slopes which are n value approximately 0.45, 0.39, 0.34, and 0.28, respectively.
Thus, we can conclude that our composite materials filled with para-rubber
woodflour about 40-50 % by weight exhibited behavior close to Fickian-type
diffusion (n = 0.5) while that filled with para-woodflour more than 60 % by
weight displayed a pseudo-Fickian. Furthermore, the larger constant value
(k) informed the affinity between the material and the water molecules refers to the
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stronger the interactions with the water molecules. As expected, the k value of
polybenzoxazine wood composites increased with increasing para-rubber wood-
flour contents, i.e., 0.22, 0.29, 0.34, and 0.41 for 60, 70, 75, and 80 % by weight
woodflour content, respectively (Fig. 5.9).

5.3 Fire-Retardant Para-Woodflour-Filled
Polybenzoxazine Alloy Composites

In spite of the merits mentioned above, the natural wood still has many weak
points such as high water absorption (30-200 %) due to be hydrophilic material in
nature that lead to splinter, wrap or twist, termite irresistibility, and high flam-
mability (LOI = 21) indicated relatively high burning potential which limits its
use in some applications. Therefore, wood-substituted composites from waste
wood materials, i.e., sawdust or woodflour and resin binder, play a key role to
solve these problems by combining those complementary properties of the filler
and the polymer matrix. In recent years, low flammability, one of the most
important properties of wood-substituted polymer product used in constructions, is
required. White and Dietenberger [22] have quoted that “statutory requirements
pertaining to fire safety are specified in the building codes or fire codes. These
requirements fall into two broad categories: material requirements and building
requirements. Material requirements include such things as combustibility, flame
spread, and fire endurance. Building requirements include area and height limi-
tations, fire stops and draft stops, doors and other exits, automatic sprinklers, and
fire detectors.” Building codes related with fire rating for construction materials
have provided definitions for some terms commonly used to describe how a given
material or assembly will perform in a fire. Terms those have been defined
including of combustible, noncombustible, fire resistance, and ignition resistant.

Fig. 5.9 Plots of

log M; /M. versus log ¢ of the
polybenzoxazine wood
composites at various para-
rubber woodflour contents:
(circle) 60 wt%, (square)

70 wt%, (diamond) 75 wt%,
(triangle) 80 wt%
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Combustible and noncombustible refer to the performance of a material such as
wood, cement, and steel while fire resistance and ignition resistant can refer to a
material or an assembly, i.e., all the components in a wall-siding, insulation, and
sheathing products. Generally, many common construction materials such as
wood, wood-substituted polymer composites, and plastic products which are
commonly used for decking and siding have been considered to be the combustible
materials that readily ignite and burn [23].

Lately, poly(vinyl chloride), PVC, is one of the most utilized thermoplastics as
a matrix polymer for fire-resistant wood composites due to its inherently low
flammability (LOI = 50) [24]; however, during its combustion, the polymer can
release hydrochloric (HCI) gas which is both corrosive and toxic. Furthermore,
some systems of wood polymer composites are incorporated with flame retardants
for improving their fire-resistant ability. Basically, flame retardants function under
heat to yield products that would be more difficult to ignite than pure polymers, or
that do not propagate flame readily. Although an addition of flame retardant, i.e.,
antimony trioxide (Sb,0O3), decabromodiphenyl oxide (DBDPO), and alumina
trihydrate (ATH), reduces flammability of materials, the mechanical properties are
usually sacrificed and the use of flame retardant also obviously increases the
material cost. [25]. Moreover, mechanical properties of thermoplastic wood
composites have been investigated by several workers [26, 27]. The flexural
strength of PVC wood composites was reported to be approximately 46 MPa [26]
compared to the value of 66 MPa of para-rubber wood whereas flexural charac-
teristics of woodflour-reinforced polyethylene were investigated by Farid et al.
[27]. The properties of the polyethylene wood composite with 50 % by weight of
woodflour content showed a relatively low flexural modulus value of 1.05 GPa and
low flexural strength value of merely 19 MPa. Furthermore, thermosetting wood
composites have been investigated in mechanical properties. Ayrilmis et al. [28]
have studied the mechanical properties, modulus, and strength under flexure mode
of particle boards based on phenol-paraformaldehyde and woodflour/rice husk
particle mixtures (89-92 % by weight). The flexural modulus and strength of
particle board have been reported from 2.3 to 2.6 GPa and from 12.8 to 14.0 MPa,
respectively. These results suggest that thermoplastics wood composites may not
effectively be used for high load-bearing applications.

Recently, high-performance wood polybenzoxazine alloy composites with
relatively high flame-retardant characteristics and good mechanical properties
have been investigated by Rimdusit et al. [29]. As above mentioned, one intriguing
characteristic of the benzoxazine resin is its ability to be alloyed with other resin
such as phenolic novolac [30]. Phenolic novolac resins containing aromatic phenol
units linked predominantly by methylene bridges were synthesized from phenol
(carboxylic acid) with less than equimolar proportions of formaldehyde under
acidic conditions. In addition, the raw material, i.e., phenols, can be replaced using
cresols or bisphenol. The general chemical structure of the phenolic novolac is
shown in Fig. 5.10.

Phenolic resins are found in a myriad of industrial products. They are applied as
adhesives or matrix binders in engineered woods (plywood), brake linings, clutch
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Fig. 5.10 Preparation and molecular structure of phenolic novolac resin

plates, circuit boards, coatings, and adhesives. In addition, the resins are of par-
ticular interest in structural applications due to their inherent fire-resistant prop-
erties yielding limiting oxygen index (LOI) values about 25-33 although smoke
generation of phenolic networks occurred upon burning, chemical resistance,
electrical insulation, dimension stability, and low cost. Phenolics have a broad
range of applications varying from construction to electronics and aerospace. In
the case of phenolic, composites have many desirable performance qualities
including high-temperature resistance, creep resistance, excellent thermal insula-
tion and sound damping properties, corrosion resistance, and excellent fire/smoke
toxicity properties. However, they possess two significant disadvantages that are
low toughness and generated water after curing reaction which can be remain
trapped within the composite’s sample that lead to damage the structure of the
composite materials. Therefore, current commercial novolacs are limited to
applications where high strength is not a requirement. However, for wood-
substituted polymer materials, the advantages of using phenolic novolac resin as
wood binder are their known high compatibility with wood, high char yield, no
toxic by-products from burning, and its low cost. The addition of phenolic resin
can sometimes significantly enhance fire-resistant properties of the base polymers
it is with incorporated.

Rimdusit et al. [29] have studied the effect of phenolic novolac resin contents
on curing temperature, flame resistance, thermal stability, and mechanical prop-
erties of wood polymer composites prepared from bisphenol-A/aniline-based
benzoxazine resin (BA-a)-phenolic novolac alloys as a wood composite matrix
filled with 50 wt% para-woodflour having particle size in the range 50-150 pm. In
this work, the authors have presented the curing exotherms of the mixtures
between benzoxazine monomer and phenolic novolac resin that the curing
acceleration is observed from the shift of the curing exotherm peaks to lower
temperature when the amount of phenolic novolac resin in the mixture increases,
i.e., the curing exotherm of the benzoxazine monomer with a peak maximum of
about 225 °C while that of the mixtures between benzoxazine monomer and
phenolic novolac resins with a peak maximum in ranging of 145-205 °C as plotted
in Fig. 5.11. The relationship between the exotherm peaks and the amount of
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phenolic resin in the binary mixture suggests that phenolic novolac resin acts as an
initiator for benzoxazine monomer as previously observed by Rimdusit et al. [30].

Aforementioned, fire safety is an important concern in all types of construction.
Fire prevention basically means the elimination or suppression of an ignition of
combustible materials by controlling either the source of heat or combustible
materials. Due to its hydrocarbon nature of its molecular constituents, wood and
wood-substituted polymer materials will burn when exposed to heat (high enough
temperature) and air (oxygen). Thermal degradation of the materials occurs in
stages. The degradation process and the exact products of thermal degradation
depend upon the heating rate as well as temperatures. The sequence of events for
combustion is quoted by White and Dietenberger [22] as follows: (5.1) wood,
responding to heating, decomposes or pyrolyzes into volatiles. They become much
more pronounced above 300 °C (5.2) volatiles, some of which are flammable, can
be ignited if the volatile—air mixture is of the right composition in a temperature
range of about 400-500 °C. This gas-phase combustion appears as flame (5.3) with
air ventilation, and the char oxidation becomes significant around 200 °C. This
char oxidation is seen as glowing or smoldering combustion until only ash residue
remains. This solid phase combustion will not proceed if flaming combustion
prevents a supply of fresh air to the char surfaces. Several characteristics are used
to quantify the burning behaviors of wood polymer composites including LOI,
burning rate, heat of combustion (HOC), smoke generation, and heat release rate
(HRR).

In this work, flammability properties of the polybenzoxazine—phenolic novolac
wood composites via LOI and rate of burning were listed in the Table 5.5. The
LOI is the minimum concentration of oxygen, expressed as a percentage that will
support combustion of a material. It is measured by passing a mixture of oxygen
and nitrogen over a burning specimen and reducing the oxygen level until a critical
level is reached [31]. Materials with high LOI values are recommended for high
fire risk applications, principally for internal structures and components, since the
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Table 5.5 Limiting oxygen index (LOI) of rubber woodflour-filled polybenzoxazine composites
compared with that of other polymers and composites

Samples LOI (%) Burning rate (mm/min)
Polymers

Polybenzoxazine based on bisphenol-A/aniline 30 [29] -
Poly(BA-a)/phenolic alloys 31 [29] -

Phenolic resin 25, 33 [29, 33] -

Epoxy resin 24 [34] -

Polyimide 36 [35] -
Polypropylene (PP) 17 [29] 40-75 [36]
Poly(vinyl chloride) 50 [29] -

Composites

Poly(BA-a) + 50 wt % para-RW* 25 [29] 17

BP70/30 (50 wt %) + 50 wt % para-RW 26.2 No burning rate
BP50/50 (50 wt %) + 50 wt % para-RW 27.1 No burning rate
BP30/70 (50 wt %) + 50 wt % para-RW 28.1 -

BP30/70 (40 wt %) + 60 wt % para-RW 26.2 -

PP + 50 wt % sawdust - 31 [37]

Note * para-RW is para-rubber woodflour

materials offer the potential to self-extinguish when the fire becomes deprived of
oxygen [32], while the rate of burning is a general term used to describe the linear
combustion rate at which a given material is consumed by fire. It is measured in
length over time at given temperature. From the Table 5.5, the LOIs of all
benzoxazine (B)-phenolic novolac (P)wood composites at various phenolic
novolac contents in ranging of 30, 50, and 70 % by weight were above the
self-extinguishable limit, i.e., LOI > 26. Furthermore, burning rate of 50 wt%
para-rubber woodflour-reinforced polybenzoxazine—phenolic novolac alloy com-
posites was also displayed in Table 5.5. We can see that the burning rate of the
benzoxazine—phenolic wood composites decreased when the amount of phenolic
novolac resin increased. The burning rate was 17 mm/min in the polybenzoxazine
wood, while that of 50 wt% para-rubber woodflour-reinforced BP73 and BP55
composites does not burn.

In addition, effect of para-rubber woodflour contents (50 and 70 % by weight)
on mechanical bending properties and thermal stability, i.e., degradation temper-
ature at 10 % weight (T,,0) and char yield at 850 °C of the para-rubber woodflour-
reinforced polybenzoxazine—phenolic novolac alloy composites at various phe-
nolic novolac contents, was also investigated as listed in Table 5.6.

From the table, the mechanical bending properties, i.e., flexural modulus and
strength, provide an excellent measure of the degree of reinforcement provided by
the para-rubber woodflour to the polybenzoxazine—phenolic novolac wood com-
posites. From the table, the flexural modulus increases with para-rubber woodflour
content, while flexural strength slightly decreases with the woodflour content.
However, at the same woodflour content, increasing of phenolic novolac resin
results in improvement in flexural strength, suggesting that there is stress transfer
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Table 5.6 Mechanical and thermal properties of polybenzoxazine—phenolic novolac alloy
composites filled with para-rubber woodflour with 50 and 70 % by weight

BP alloy E; (GPa) pr (MPa) Ta10 (°C) Char yield (%) T, (°C)
matrix
(wt%) 50 wt% 70 wt% 50 wt% 70 wt% 50 wt% 70 wt% 50 wt% 70 70 wt%
wt%
Poly(BA-a) 5.8 6.1 60 59 305 290 36 32 198
BP90/10 5.7 6.1 61 59 311 295 37 35 218
BP80/20 6.4 6.4 65 58 313 296 40 35 202
BP70/30 5.3 6.0 66 62 313 298 40 36 -
BP50/50 5.5 6.1 65 69 313 299 40 36 -
BP30/70 - - - - 313 294 38 34 -

from the matrix to the woodflour filler respective of the amount of the phenolic
novolac resin present. Furthermore, thermal stabilities, i.e., T4 and char yield at
800 °C, of each of woodflour compositions were found to enhance with increasing
of the phenolic novolac content. Therefore, the presence of the phenolic novolac
resin helps to retard the flammability of the polybenzoxazine—phenolic novolac
wood composites. Interestingly, addition of the phenolic novolac resin increases
the glass-transition temperature of the composites, particularly in BP91 wood
composite. This characteristic was ascribed to stronger bonding between the
polybenzoxazine—phenolic novolac matrix and the woodflour filler than that
between the polybenzoxazine matrix and the woodflour filler.

5.4 Ternary System Based on Benzoxazine, Epoxy,
and Phenolic Resins Filled with Para-Rubber
Woodflour

Epoxy resins are of interest due to their wide use as structural components. They
are easily manufactured and commonly used as matrix materials in structural
composites, as adhesives, or as coatings. This resin has long been used in an
electronic part assembly, electronic circuit board, and electronic encapsulation
because their well-characterized properties include high strength as well as good
thermal and chemical stability. In addition, epoxy resin has wide range of curing
temperature, low shrinkage, outstanding corrosion resistance, and relatively low
water absorption; however, they are rather flammable materials and possess rather
low thermal stability compared to phenolic resin.

Generally, the epoxy resin used most widely is made by condensing epichlo-
rohydrin with bisphenol-A, diphenylol propane. An excess of epichlorohydrin is
used to leave epoxy groups on each end of the low molecular weight polymer.
Depending on molecular weight, the epoxy resin is a viscous liquid or a brittle
high-melting solid. Figure 5.12 shows the formation of the crude diglycidyl ether
of bisphenol-A (DGEBA). From the reaction, DGEBA is obtained by reacting
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Fig. 5.12 Epoxy prepolymer based on bisphenol-A and epichlorohydrin

epichlorohydrin with bisphenol-A in the presence of sodium hydroxide. The
reaction takes place in two steps; they are the formation of a chlorohydrin inter-
mediate and the dehydrohalogenation of the intermediate to the diglycydyl ether,
respectively. Each molecule of the diglycydyl ether will react with that of the
bisphenol-A at the epoxide group, forming eventually the higher molecular weight
DGEBA epoxy resin.

Epoxide groups may homopolymerize or react with active hydrogen atoms in
other molecules, usually termed hardeners or co-reactants, to produce copolymers.
Cure of an epoxy resin may involve either or both of these reactions and can be
very complex, since reaction of an epoxide with one functional group can produce
new functional groups for additional reaction with epoxide, and so on. The epoxy
resins are cured by many types of materials, i.e., polyamines, polyamides, poly-
sulfides, urea— and phenol-formaldehyde, and acids or acid anhydrides, through
coupling or condensation reactions [38]. The reaction with amines involves
opening the epoxide ring to give a f-hydroxyamino linkage as shown in Fig. 5.13.

Acids and acid anhydrides react through esterification of the secondary
hydroxyl groups on the epoxy resin as well as with the epoxide groups. The
phenolic and amino resins may react in several ways, including condensation of
methylol groups with the secondary hydroxyls of the epoxy, and reaction of the
epoxide groups with phenolic hydroxyls and amino groups. Epoxy resin can also
be cured by cationic polymerization, using Lewis acid catalysts such as BF5 and its
complexes, which form polyethers from the epoxide groups. However, these
curing agents have their own advantages and disadvantages. The amine groups
used with room temperature to cure epoxy resins are volatile, smelly, and rather
toxic to the user, while the polyamide groups can adversely affect the process-
ability of epoxy resin due to its rather high viscosity of the high molecular weight
polyamide, although high-performance-cured system can be obtained. In case of
the acid anhydrides and Lewis acid group, they may cause corrosion to the pro-
cessing apparatus. As a result, many researchers have proposed to utilize a novel
class of epoxy crosslinkers based on self-polymerizable benzoxazine resins to
solve the problems of the currently used curing agents [39, 40].

Fig. 5.13 Epoxy prepolymer Q OH
based on bisphenol-A and \\ (|:
epichlorohydrin —H,C-CH——CH, * R—NH; CH,CCH,NHR
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Recently, low-viscosity ternary mixtures of benzoxazine, epoxy, and phenolic
resins have been developed by Rimdusit and Ishida [8]; benzoxazine resin imparts
thermally curable, low water uptake, high char yield, and mechanical strength to
the material, while epoxy is used mainly to reduce the viscosity of the mixture for
special application such as highly filled composite’s matrix, underfilling in the
electronic packaging encapsulation. The effect of epoxy resin on the viscosity of
benzoxazine—epoxy resin mixtures is listed in Table 5.7. Furthermore, an epoxy
resin also gives higher crosslink density material with improved thermal stability
as well as lowers the ambient temperature modulus of the ternary systems. In
addition, the mixture of benzoxazine (B), epoxy (E), and phenolic novolac (P)
resins to form the BEP ternary systems can provide a large variety of resin
properties suitable for wide applications, particularly in the highly filled systems.

Moreover, several authors have reported the reaction between an epoxy resin
and a benzoxazine resin. The ring opening of benzoxazine and epoxy took place
simultaneously with no catalyst for both monomers. The oxirane ring opens when
it reacts with the hydroxyl group, which results from the benzoxazine ring opening
to afford a network structure. Recently, curing kinetics of benzoxazine—epoxy
copolymer investigated by nonisothermal differential scanning calorimetry was
studied by Jubsilp et al. [40] to understand the nature of curing process of the
benzoxazine—epoxy resins. The authors have reported that the curing of benzox-
azine—epoxy resin mixture was consisted of two dominant reactions (reaction 5.1
and reaction 5.2), as evidenced by the presence of a double peak on the DSC
thermograms as depicted in Fig. 5.14.

The activation energy value via isoconversional method, i.e., Flynn—Wall-
Ozawa of the reaction 5.1 of the benzoxazine—epoxy curing (81 kJ/min), is similar
to that of the neat benzoxazine resin curing (81 kJ/min from Kissinger method)
[42]. Therefore, reaction 5.1 was confirmed to be the reaction among the ben-
zoxazine monomers while the activation energy value of reaction 5.2 is substan-
tially higher than that of reaction 5.1 and is closer to that of epoxy curing, i.e.,
118 kJ/min which is in excellent agreement with those reported for etherification
by Cole et al. (101.4 kJ/mol) [43] and for homopolymerization by Sbirrazzuoli
et al. (104, 170 kJ/mol) [44]. Then, reaction 5.2 is attributed to side reactions such

Table 5.7 Viscosity of

g . BEP compositions (weight ratios)  Viscosity at 100 °C (Pa-s)
benzoxazine—epoxy resin

mixtures at various epoxy Data from Data from
resin contents Rimdusit Rimdusit
et al. [30] et al. [41]
BEP 111 7.0 -
BEP 121 0.3 -
BEP 131 0.3 -
BET 811 - 917.3
BEP 721 - 616.3
BEP 631 - 235.6
BEP 541 — 80.9

BEP 451 - 43.0
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as etherification reaction of the glycidyl ether by a hydroxyl group of polymerized
benzoxazine resin or homopolymerization. Furthermore, the autocatalytic models
proposed were found to adequately describe the curing kinetics of both reactions of
the benzoxazine—epoxy resins. Consequently, a mathematical model for autocat-
alytic kinetics of benzoxazine—epoxy system (reaction 5.1) can be obtained.

d
cTO; = 1443 exp(81/RT)(1 — o) 0509 (5.6)
Similarly, mathematical model for autocatalytic kinetics of benzoxazine—epoxy

system (reaction 5.2) is presented in Eq. (5.7).

%:21.856xp(118/RT)(1 — )7 (5.7)

Moreover, Jubsilp et al. [45] have been investigated gelation kinetic parameter,
i.e., activation energy, of benzoxazine—epoxy—phenolic resin. Gelation has been
quoted by Prime that “Gelation is the incipient formation of a cross-linked net-
work, and it is the most distinguishing characteristic of a thermoset, then, a
thermoset loses its ability to flow and is no longer processable above the gel point,
and therefore gelation defines the upper limit of the work life.” In addition, gel
point, the transition point from a polymer solution to gel, is a function of the extent
of reaction or the fraction of functional groups reacted, and gel time is the time
interval from the start of a network forming process to the gel point by heating,
addition of catalyst into a liquid system. Therefore, the gelation reaction can be
represented by a generalized kinetic equation:

Xc

dx E,
In(teer) = In / ol In(A) + RT (5.8)
0
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where t, is the gel time, A is the preexponential factor, E, is the activation energy,
and T is temperature in Kelvin.

Thus, the overall activation energies for gel formation of BEP resin mixtures,
determined from the temperature 130-150 °C, can be examined from the slope of
the plots between In (fo) against 1/T as is summarized in Table 5.8. From the
table, the overall activation energy values for BEP network formation ranged from
35 to 40 kJ/mol, depending on the BEP composition. The maximum of overall
activation energy of the BEP541 implied the formation of the most dense gel
structure of the sample BEP541. This characteristic agrees with previous work
reported by Rimdusit et al. [41] that the moduli of the BEP ternary systems in the
rubbery plateau increase with increasing amount of epoxy in the BEP mixtures.
The greater plateau moduli of the specimens which have higher amount of epoxy
diluents are attributed to higher crosslink density in the materials.

Therefore, in recent years, the effect of epoxy resin in the ternary system on
mechanical, thermal performance of BEP composites filled with 70 % by weight
of para-rubber woodflour which is about the maximum packing of the filler used.
The observed densities of all BEP wood composites remained equal to their the-
oretical densities, for example, the density values of BEP811 wood composites as
a function of para-rubber woodflour content are illustrated in Fig. 5.15. These
highly filled composite systems can be produced due to the relatively low melt
viscosity of the BEP resin systems used.

Table 5.8 Activation energy p{gp composition

) ; Activation energy
of gelation of BEP resin

. . (weight ratios) (kJ/mol)

mixtures based on rheological
data BEP 721 35

BEP 631 36

BEP 541 40
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As we know that dynamic mechanical analysis (DMA) is a powerful technique
to determine thermomechanical properties of polymer materials. DMA permits
calculation of the viscoelastic properties of wood-substituted polymer composites
and provides valuable insights into the relationship among structure, morphology,
and properties of wood-substituted polymer composites. Figure 5.16 presents
DMA that measures the mechanical properties, i.e., storage and loss modulus
under flexure mode as a function temperature of BEP composites filled with 70 %
by weight of para-rubber woodflour.

From the figure, we can observe an improvement in the storage modulus values

of the 70 wt% para-rubber woodflour BEP composites when benzoxazine resin
content increased, i.e., 7.6 GPa for BEP541, 8.3 GPa for BEP721, and 9.7 GPa for
BEP811 since the effect of the more rigid molecular structure of the polybenzox-
azine compared with that of the epoxy used. In addition, the reinforcing effect of
para-rubber woodflour filler on the BEP alloys implying substantial interfacial
bonding between the BEP matrix (dark areas) and the para-rubber (white areas)
woodflour as observed SEM photograph in Fig. 5.17. The woodflour/fiber breakage
was observed. The property represents one of the significant load transfers, which
contribute to the high modulus values of the wood composite materials.
In addition, a clear transition is seen at temperature approximately 130, 140, and
150 °C for BEP541, BEP721, and BEP811 composites, respectively. This is glass
transition, which is the major transition in the composites. Below glass-transition
temperature, the storage modulus values drop as the temperature increases. In the
vicinity of glass-transition temperature, a very considerable drop is observed,
which indicates that the composite is going through a glass/rubber transition. It is
also important to keep in mind that glass transition determined from storage
modulus spectrum generally differs from what is determined from loss modulus
spectrum, because they actually show two different stages in transition. In the
former, the onset of the transition is observed, while in the latter, the peak point is
considered.
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Fig. 5.17 SEM micrographs
of fracture surface of BEP
matrix filled with para-rubber
woodflour filler

STREC BB 15y 20um

The loss moduli spectra of BEP composites filled with 70 % by weight of para-
rubber woodflour were plotted in Fig. 5.18. All BEP wood composite formulations
exhibited a major transition, i.e., the glass transition that is easily seen. This
transition which is observed around 172, 164, and 146 °C for the wood composites
based on BEP811, BEP721, and BEP541 matrices, respectively. As mentioned
above, the glass-transition temperature observed in loss modulus curve was higher
than what was determined from storage modulus curve. Again, glass-transition
temperature was significantly shifted to higher temperatures when benzoxazine
resin in BEP matrix mixtures increased. This is due to outstanding compatibility

Fig. 5.18 Loss moduli
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between the para-rubber woodflour and the polybenzoxazine fraction as above
discussed. This makes benzoxazine alloys highly attractive as a binder or matrix
for the production of high-performance wood composites with highly filled
capability.

Thermal stability, degradation temperature, and char yield, through measure-
ment using thermogravimetric analysis (TGA) at 20 °C/min under nitrogen
atmosphere of 70 wt% para-rubber woodflour-reinforced BEP composites at var-
ious epoxy contents, i.e., BEP811, BEP721 and BEP541, are listed in Table 5.9.
From the table, the degradation temperature at 10 % weight loss (7;() of the BEP
wood composites was found to be approximately 297 °C which is lower than that
of BEP matrices, i.e., ~380 °C. This is indicated that the present of the para-
rubber woodflour lowered the thermal stability of the BEP matrices. However, the
degradation temperature of the para-rubber woodflour increased about 22 °C in
comparison to the neat para-rubber woodflour, i.e., 7o = 300 °C [6] which might
derive from the BEP matrix coating around the para-rubber woodflour. The char
yield, the percent residue at 800 °C, of the BEP composites filled with para-rubber
woodflour filler is also listed in Table 5.9. It can be seen in this table that the char
yield of the BEP wood composites clearly increased as the benzoxazine content
increased. Char yields of the BEP wood composite prepared from BEP811 was
37 % whereas that prepared from BEP541 decreased to about 32 %, as compared
to that of the para-rubber woodflour having approximate value of 18 % [6].

5.5 Novel Cardanol-Benzoxazine-Based Wood Composites

In recent years, the preparation of fine chemicals from renewable materials has
become a significant attention with recycling the large amount of agro-industrial
wastes to produce, through environmentally sustainable processes, fine chemicals
which can be used for different purposes. One of the new materials from renewable
bio-sources is cardanol and its derivatives which are used to form new compound
such as cashew nut shell liquid (CNSL), a versatile by-product of the cashew
industry. Cardolite Coporation Inc. has reported that natural (i.e., cold, solvent
extracted) CNSL contains approximately 70 % anacardic acid, 18 % cardol, and
5 % cardanol, with the remainder being made up of other phenols and less polar
substances. As can be seen in Fig. 5.19, anacardic acid, cardanol, and cardol consist

Table 5.9 Thermal stability of 70 wt % para-rubber woodflour-reinforced BEP composites at
various epoxy contents

BEP composition (weight ratios) T (°C) Char yield (%)
BEP 811 296 (376)* 37 33)°
BEP 721 297 (379) 35 (33)
BEP 541 297 (383) 32 (30)

Note ™ © Ta10 and char yield at 800 °C of BEP matrix
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of mixtures of components having various degrees of unsaturation in the alkyl side
chain. In technical (i.e., heat extracted) CNSL, the heating process leads to
decarboxylation of the anacardic acid to form cardanol. Typically, the composition
of technical CNSL is approximately 52 % cardanol, 10 % cardol, 30 % polymeric
material, with the remainder being made up of other substances. However, each
component of CNSL depends on the purification—distillation. Commercially,
cardanol is the main component approximately 84 % of CNSL and is itself a
mixture of 3-n-pentadecylphenol, 3-(-pentadeca-8-enyl)phenol, 3-(pentadeca-8,
11-dienyl)phenol, and 3-(pentadeca-8,11,14 trienyl)phenol [46].

Recently, Kasemsiri et al. [47] have been investigated properties of experi-
mentally manufactured wood polymer composites based on bisphenol-A/aniline-
type benzoxazine (BA-a)-CNSL copolymer and eastern redcedar woodflour which
also provided an economic incentive to convert a costly land management problem
into the value-added products of wood composite panels. The author found that an
eastern redcedar woodflour (WF)/BA-a/CNSL compound shows the lower curing
temperature than that of BA-a/CNSL matrix. Moreover, eastern redcedar wood-
flour content also results in curing temperature that decreased with increasing
eastern redcedar woodflour content as shown in Table 5.10.

This is due to anacardic acid in CNSL might act as a curing accelerator, which
caused a shift of the exotherm of the ring-opening reaction of the benzoxazine
resin to lower temperature. The possible reaction between polybenzoxazine and
CNSL is shown in Fig. 5.20.

Furthermore, from the table, the activation energies of curing reaction of BA-a/
CNSL filled with eastern redcedar woodflour was reported to be 72—77 kJ/min
which are lower than that of benzoxazine resin, i.e., around 84—87 kJ/mol. This
observation is good evidence that eastern redcedar particles not only decreased
curing temperatures but also reduced the activation energy of the benzoxazine
matrices. This would be possibly due to the catalytic effect of eastern redcedar
woodflours as mentioned above. The decrease in curing temperature and activation
energy of wood composites has a positive effect on the wood composite

Fig. 5.19 Constituents of OH OH
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Table 5.10 Curing behavior of benzoxazine—-CNSL filled with eastern redcedar woodflour
composites

Sample Curing temperature Activation energy
Teure (°C) (kJ/min)

BA-a 225 84 [41]

BA-a/CNSL (85/15) 214 -

BA-a/75 wt % WF - 77

BA-a/CNSL (85/15) with 50 wt% WF 211 -

BA-a/CNSL (85/15) with 70 wt% WF 203 -

BA-a/CNSL (85/15) with 75 wt% WF 200 72

Fig. 5.20 A possible reaction between polybenzoxazine and cashew nut shell liquid [47]

manufacturing, i.e., a relatively lower manufacturing temperature or lower energy
consumption can be used.

The thermal and mechanical properties of the obtained wood composites based
on benzoxazine—-CNSL were also studied as listed in Table 5.11.

The dynamic mechanical characteristics of BA-a/CNSL matrix and their
composites are related to the properties of the components, the morphology of the
materials, and the nature of the interfacial adhesion between the wood filler and
polymer matrix. From the table, the storage modulus (E') of the BA-a/CNSL wood
composites is higher than that of neat BA-a/CNSL matrix, while Young’s modulus
under static flexure mode of those materials, which is calculated from the slope of
the initial part of a stress—strain curve, is similar conceptually to the storage
modulus, shows the similar trend to storage modulus values. Furthermore, the BA-
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Table 5.11 Thermal and mechanical properties of benzoxazine—CNSL filled with eastern
redcedar woodflour composite

WF content (wt %) in BA-a/CNSL (85/15) E' (GPa) E;(GPa) o,(MPa) T, from E" (°C)

0 3.24 4.27 62 147
50 4.25 5.80 34 162
70 4.42 6.83 44 180
75 4.48 7.09 47 188

a/CNSL exhibits more thermal stability than the neat BA-a/CNSL matrix as the T,
of the BA-a/CNSL wood composites is higher than that of the neat BA-a/CNSL
matrix. This behavior can be attributed to the effect of restriction of segmental
motion of matrix possibly due to the substantial interfacial bonding from the
presence of the phenolic structure in lignin fraction of eastern redcedar particles
and the abundance of hydroxyl moieties in the filler.

Furthermore, as aforementioned, water seems to be an environmental factor that
affects practically all materials exposed to exterior conditions. It is expected that
water may also affect performance and properties of wood-substituted polymer
composites including mechanical properties, dimensional stability, warping, and
intensification of biological activity. As listed in Table 5.12, it was observed that
water absorption of the polybenzoxazine-CNSL filled with eastern redcedar
woodflour composites increases with the increasing of eastern redcedar woodflour
content. This behavior was expected since the water absorption of these com-
posites is mainly due to the presence of woodflour that contains numerous
hydroxyl groups (-OH), which are available for interaction with water molecules
by hydrogen bonding. However, wood interacts with water not only on the surface,
but also in the bulk. Generally, there are three main regions in the composite where
the adsorbed water can reside: the lumen, the cell wall, and the gaps between
woodflour and polymer matrix in the case of weak interface adhesion are found.
However, for these composites, the found low water absorption values compared
with moisture absorption at 24 h of two commercial wood polymer composites
decking products, i.e., Trex® (12 %) and Strandex® (6 %). This indicates that the
eastern redcedar woodflour was satisfactorily encapsulated in the BA-a/CNSL
matrix, suggesting that no significant change occurs in the microstructure of the
composites as the authors have been reported that the absorption of water in the

Table 5.12 Water absorption and surface roughness of benzoxazine—CNSL filled with eastern
redcedar woodflour composites

WEF content (wt %) in BA-a/CNSL Water absorption at Average roughness,
(85/15) 24 h (%) R, (um)

0 0.11 [48] -

50 1.3 421

70 5.0 4.00

75 52 2.32
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eastern redcedar woodflours-filled BA-a/CNSL approached toward the Fickian
diffusion case, as the value of n constant values ranges from 0.46 to 0.55.

Moreover, the degree of surface roughness of the eastern redcedar woodflour-
filled polybenzoxazine/CNSL composites plays an important role since any sur-
face irregularities will affect the final quality of the product. Typically, surface
roughness is a function of raw material characteristics, species, particle size and
distribution and manufacturing variables, press parameters, resin content, face
layer densification, and sanding process of the panels. In addition, differences in
the average surface roughness of the produced wood polymer composite materials
were most likely due to the amount of the wood filler. In this work, the surface
roughness measurement using stylus technique (a fine stylus profilemeter Hommel
T-500 unit equipped with a TK-300 skidless-type pick-up) based on average
roughness (R,) was considered to evaluate the surface characteristics of the eastern
red cedar woodflour-filled polybenzoxazine/CNSL composites. From the
Table 5.12, the average roughness was found for the polybenzoxazine/CNSL
wood composites having a R, in the range of 2.32—4.21 um which are lower than
that of polypropylene reinforced with woodflour at 50 and 70 % by weight, i.e., 3.6
and 6.8 pum, respectively [49].

5.6 Conclusions

Polybenzoxazine and its alloy were found to be high-performance wood composite
binders with high mechanical properties and reduced water uptake that may be
summarized as follows:

The mechanical properties of the para-rubber woodflour-filled polybenzoxazine
composites from DMA and flexural test at para-rubber woodflour content below
the optimum filler packing, i.e., 75 % by weight, show approximately linear
relationship with filler loading. The outstanding compatibility between the
woodflour and the polybenzoxazine matrix is evidently seen from the large
improvement in the composite’s T, and char yield. Water absorption of the
composites is greatly reduced with increasing the amount of polybenzoxazine due
to the inherent low water absorption of the matrix.

Polymer alloys of benzoxazine resin and phenolic novolac resin were found to
be the binders of the highly filled wood composite systems. The addition of
phenolic novolac resin in the benzoxazine resin effectively reduced the curing
temperature of the alloys whereas the benzoxazine resin helped improve the
mechanical and thermal integrity of the alloy matrices. These useful properties of
the alloys were obtained when the amount of the phenolic novolac was maintained
at <20 % by weight. The benzoxazine/phenolic mixture at weight ratios 80:20 was
evaluated to provide optimal performance among the others. High woodflour
content at 70 wt% can be incorporated into the alloy to yield good processing
ability and high-performance wood composite systems with relatively high flame—
retardant characteristics.
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High-performance wood composites from highly filled ternary systems of
benzoxazine (B), epoxy (E), and phenolic (P) resins, i.e., BEP resins, were
achieved. The woodflour content of 70 % by weight can be incorporated into the
ternary systems due to the relatively low melt viscosity of the ternary mixtures.
The experimental results indicated that the increasing amount of epoxy fraction in
the ternary systems enhanced the alloys’ flexural strength and toughness. The
resulting BEP wood composites showed relatively high flexural modulus value up
to 8.3 GPa and flexural strength up to 70 MPa in BEP811-filled system. The
increase in polybenzoxazine fraction in the BEP ternary systems was found to
effectively enhance the mechanical and thermal characteristics such as the flexural
modulus and the glass-transition temperature of the resulting wood composites.

Interestingly, benzoxazine resin alloyed with CNSL was observed to be a good
binder for natural fiber. The addition of CNSL and eastern redcedar particles
effectively reduced the curing temperature and activation energy of benzoxazine
resin. The effects of the eastern redcedar particles content on the thermal and
mechanical increased with optimum amount of the eastern redcedar filler to
benzoxazine—CNSL matrix at 75:25 by weight that attributed to good compati-
bility between the filler and the matrix. The wood composites at various contents
of particles also showed relatively low percentages of water absorption. The
obtained wood composites based on eastern redcedar particles also provided an
economic incentive to convert a costly land management problem into the value-
added products of wood composite panels.
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Chapter 6
Polybenzoxazine Composites for Ballistic
Impact Applications

Abstract This chapter discusses the utilization of polybenzoxazine/urethane
alloys with fine-tuning properties for ballistic impact composite application. The
ballistic impact study of Kevlar™ fiber-reinforced polybenzoxazine alloys under
the test weapon with standard 124 grains round lead projectile and a copper outer
coating (Full Metal Jacket) typically used in the 9-mm handgun at an impact
velocity of 426-431 m/s is reported. The polybenzoxazine/urethane alloy matrices
at various urethane prepolymer contents were prepared to evaluate the effect of
different urethane contents on the thermal, mechanical as well as ballistic resistant
properties. Experimental results reveal a synergy in glass transition temperature
and some mechanical properties of the alloys at the composition range of 10-30 %
by weight of urethane fraction the thus provide a fascinating group of high tem-
perature polymers with improved flexibility and enhanced a ballistic resistant
characteristic.

Keywords Polybenzoxazine - Urethane - Ballistic properties - Kevlar'™ fiber -
NIJ standard

6.1 Introduction

The development of composite technology represents one of the most significant
advances in material science since the 1940s. In the United States, the current
market status for advanced protective gear and armor, including data from 2004,
estimates for 2015 an examination of personal protective industry regulations and
standards technological issues crucial to the industry to climb more than 20 % over
the period 20102015, reaching as much as $3 billion by 2015 [1]. Fiber-reinforced
composites are made from high-strength fibers embedded in metallic, ceramic, or
polymeric matrices. Especially, polymeric matrices have been the most widely used
for composites reinforced by synthetic fibers. In recent years, composites based on
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polymer matrix are increasingly being used in the armor structure due to high
strength and stiffness to weight ratios that results in polymer matrix composites
having quite popular as lightweight armor when compared with armor made from
hard and rigid materials such as bronze, brass, and steel. Furthermore, the hard and
rigid materials alone cannot provide effective energy dissipation such as material
deformation and breakage although they have the ability to resist penetration.
Therefore, the invention of synthetic fiber is the great improvement in armor design
which can improve the weight, flexibility, and breathe characteristics [2].

There are two types of armor that are prepared from woven fabrics. They are
the soft body armor and the soft armor structure. Soft body armor is used as the
protective garment for military and law enforcement personnel against ballistic
injuries. There are presently two types of ballistic threats: the penetration of
handgun bullets and the piercing of fragmented shells. The soft body armor is
prepared in the form of a vest to protect the torso of a human body. Another type
of armor is composite armor systems, i.e., nonstructural and structural composite
armors. In case of nonstructure, composite armor is often regarded as a parasitic
armor element because it is added to an existing structure to provide ballistic
protection. The existing structure may be a car, truck, ship, engine case, or shelter.
The latter type is structural armors or load-bearing, providing ballistic resistance.
They are used on armored vehicles, military vessels and vehicles, shelters, shields,
etc. They are prepared from multiple layers of fabrics combined with a resin
binder. The resin content is carefully controlled to achieve a balance of structural
and ballistic properties.

In recent years, the high strength of fibers has been developed rapidly for armor
structure. Fibers conventionally used include aramids (Kevlar™ or Twaron™),
high-performance polyethylene (HPPE) fibers, i.e., Spectra’™ or Dyneema'™,
nylon fiber, glass fiber, PBO (Zylon), and the like [3] which are listed in Table 6.1.
The selection of fibers for application depends heavily on its mechanical property,
and such a fiber should possess a high tensile and compressive modulus, high
tensile and compressive strength, high damage tolerance, low specific weight,
good adhesion to matrix materials (for structural composites), and a good tem-
perature resistance. Moreover, another factors must be considered, i.e., sonic
velocity and energy absorption of the specimens. Fibers provide excellent impact
resistance in that the fibers have high sonic velocity (V) and high specific energy
absorption (Ey,) because of its distribution of kinetic energy upon ballistic impact.
Both of them depend on some physical parameters with the relationship shown in
Egs. (6.1) and (6.2).

1 u u
Esp = E |:Gl’ P : o pt:| (61)
E
T (6.2)
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Table 6.1 Comparison of industrial filament yarns

Fiber E, o, E, (%) p (g/cm3) Moisture regain LOI Heat resistance
(GPa)  (GPa) (%) (°C)

Aramid 60-115 2.8-32 1.54.5 1.38-145 45 29  400-550

HS-PE  90-140 2.8-4.0 2.9-3.8 0.97 0 16.5 150

Polyester 13.8-15 1.12 14.5-25 1.38 0.4 17 260

PBI 5.6 - 30 1.40 15 41 550

PBO 280 5.5 2.5 - - - -

Nylon 5.5 1.0 18.3 1.14 - - -

S-Glass 85-87  4.65 53 248 0.1 100 300

E-Glass 69 2.41 3.5 2.55 - - -

Steel 200 1.72 1.4-20 7.8-7.86 0 - -

Note HS-PE is high-strength polyethylene, PBI is polybenzimidazole, and PBO (Zylon) is poly
(p-phenylenebenzobisoxazole)

where oyp, énp 0, and E are fiber stress at rupture, elongation at rupture, its
density, and fiber’s elastic modulus, respectively.

For the complete understanding of ballistic impact of composites, different
damage and energy absorption mechanisms should be understood. The possible
energy absorption mechanisms of a composite are deformation of primary and
secondary yarns, delamination, and matrix deformation as shown in Fig. 6.1. For
the different composite systems, the different mechanisms can be dominant. In
addition, properties of polymer matrix and reinforced fiber also affect the energy
absorption mechanisms of the composite. In composite fabrication, the addition of
matrix resin to a woven fabric provides the composite to be strong enough to serve
in normal applications, whereas the longitudinal wave velocity of the composite
with a resin matrix is slowed by its rigid crossover points. At these points, the
longitudinal wave velocity will be extensively reflected, which results in a high
strain gradient in the reinforced fiber and restricts transverse deflections of the
composite. However, the bonded layers permit load transfer to secondary yarns
through the continuum of a matrix and allow impact energy propagates in the
thickness direction and spreads over a large area on back layers of the composite.
This is an important mechanism for an armor design to stop very high velocity
projectile. In order to minimize the effect of the rigid crossover points, which
inhibits longitudinal wave propagation, some delamination between fiber and resin
should be achieved. Moreover, some flexibility in transverse deflection of the
composite is also necessary to get the maximum efficiency in armor applications.

Jacobs and Dingenen [3] suggested high-performance fibers used in ballistic
products as being characterized by their low density, high strength, high energy
absorption, and high sonic velocity because of its distribution of kinetic energy
upon ballistic impact. In ballistic products, the major fibers used include glass
fibers, aramid (KevlarTM), high-performance polyethylene (UHMPE) fibers. The
relationship between specific energy absorption and sonic velocity of each fiber
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(a)
Matrix

Fiber

(b) (©)

Fig. 6.1 Three principal damage mechanisms for low-velocity impact a matrix deformation,
b delamination (macroscopic)/depending (microscopic), ¢ fiber failure

has been presented in Fig. 6.2, and the types of fiber used as reinforcing materials
for ballistic resistance have been summarized in Table 6.2.

In addition, from the Table 6.2, the types of binders such as thermoplastic
polymers, thermosetting resins, and alloys between thermoplastics and thermosets
have been used as matrices for ballistic resistance. The resin function is to hold the
fibers firmly in a three-dimensional array of crossing layers. The selection of a
resin for the ballistic composite depends on its required characteristics. Some
important factors should be considered including rigidity, environmental resis-
tance, thermal stability, wear resistance, combustibility, processing ability, and
shelf-life. The resin content is generally carefully controlled to achieve a balance
of structure and ballistic properties. The amount of resin necessary to consolidate
the fibers comprises 75-80 % by weight having been reported [5]. If the amount of
resin substantially increases above the desired amount, the matrix will become a
major part of the armor volume weakening the materials. However, if the resin is
substantially less than that required to wet all fibers, this will result in the com-
posite material wherein the fibers are not properly consolidated and held in the
proper position so that upon impact, the fiber tends to separate relatively easily,
allowing the projectile to pass through before the fiber absorbs impact forces [6].

Fig. 6.2 Primary ballistic 15
figures of merit for various -
fibers (Modified from [3]) "é‘-
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In general, the resins used as a binder in ballistic armor have an adhesive
characteristic with respect to the fiber but with the tensile strength less than that of
the fiber. That is, upon impact, the fiber will function predominantly to transmit
impact force along its longitudinal axis. In principle, it is required that the resin
should not hold the fiber much rigidly along the surface but allow some small
amount of movement of the fiber surface longitudinally within the resin. Obvi-
ously, the composite structure resists and provides a limited fiber, spreading
transversely to the fiber axis upon projectile impact. Phenolic resins provide one
future class of resins suitable for a matrix of a composite armor. Phenolic resins
are inexpensive, can be handled using conventional processing technology, and do
not bond too firmly to ballistic fibers, especially Kevlar™. However, phenolics do
require that moisture be driven from the resins during a curing stage which is one
additional step in the composite fabrication process. Other binders which have
been reported to be used for Kevlar™-reinforced composites consisted of epoxy
resin, styrene—isoprene—styrene, and phenolic polymer alloys with poly(vinyl butyl
ether), etc. [7-9].

Nowadays, polybenzoxazine alloys as a ballistic composite have been reported
[10]. The property balance of the material renders the polybenzoxazine with good
thermal, chemical, electrical, mechanical, and physical properties including very
low A-stage viscosity, near-zero shrinkage, low water absorption, high thermal
stability, good fire-resistant characteristics, and fast development of mechanical
properties as a function of curing conversion [11]. Interestingly, enhancement in
thermal and mechanical properties was observed in polybenzoxazine alloy systems,
i.e., polymer alloys of BA-a/PU [12, 13]. This makes polybenzoxazine possible to
fine-tune and enhance the properties of the ballistic armor composites.

6.2 Polybenzoxazine/Urethane Polymer Alloys

Urethane prepolymer is class of polymer which contains urethane group. The
urethane functional group is formed by the chemical reaction between an alcohol
and an isocyanate as shown in Fig. 6.3. The polymer is resulted from a reaction
between alcohols having two or more reactive hydroxyl groups per molecule (diol
or polyols) and isocyanates that have more than one reactive isocyanate group per
molecule (a diisocyanate or polyisocyanate). Thus, diisocyanates and diols (and

Fig. 6.3 Urethane linkage

- N—C—0 —
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polyols) are the principal raw materials used in the manufacturing of
polyurethanes.

The functionality of the hydroxyl-containing reactant or the isocyanate can be
varied; therefore, a wide variety of linear, branched, and crosslinked structures can
be formed. The hydroxyl-containing components cover a wide range of molecular
weights and types, including polyester and polyether polyols. The polyfunctional
isocyanates can be aromatic aliphatic, cycloaliphatic, or polycyclic in structure and
can be used directly as produced or modified. This flexibility in the selection of
urethane reactants leads to the wide range of the resulting properties. The excellent
properties of polyurethane account for the facts that their use is economically
feasible and that their range of applications is steadily increasing. In some
instance, they are even irreplaceable. Among these properties are unique combi-
nation of a high elastic modulus, good flexibility, exceptional tear and abrasion
resistance, resistance to mineral oils and lubricants, resistance to UV radiation, and
finally providing fairly easy and efficient processing [14].

In 2005, Rimdusit et al. [12] have investigated an improvement in toughness of
rigid polybenzoxazine by alloying with isophorone diisocyanate-/polyether polyol
(IPDI)-based urethane prepolymers (PU) with molecular weight of 2,000. The
authors have reported that the toughness of alloys of bisphenol-A-/aniline-based
polybenzoxazine (PBA-a) and the PU systematically increases with the amount of
PU tougheners due to the addition of more flexible molecular segments in the
polymer alloys. Interestingly, glass transition temperature (7,) curve of BA-a/PU
polymer alloys was found to be higher than that of the parent resins, i.e., 165 °C
for PBA-a [10, 11] and —70 °C for PU [13], while T, from tand of the BA-a/PU
polymer alloys at 90/10 and 70/30 mass ratio was found to be 200 and 275 °C,
respectively. The authors reported great enhancement in the flexibility and thermal
properties of BA-a/PU polymer alloys since the reaction formation between the
isocyanate group (NCO) of the urethane prepolymer and the phenolic hydroxyl
group of polybenzoxazine which is observed in FTIR spectrum in Fig. 6.4. This
reaction formation resulted in greater crosslinked structure as observed in FTIR
technique. Figure 6.4a reveals the spectrum of the BA/PU prepolymer at a mass
ratio of 70/30, which presented the mixed fingerprints of both the benzoxazine
resin and the urethane prepolymer, i.e., peaks at 942 cm™' (C—O-C stretching
mode of benzoxazine ring), 1,232 cm_l, 1,499 cm™! (tri-substituted benzene ring
in BA-a) from the benzoxazine resin and that of 2,281 cm ™! (NCO group). After
being fully cured, the oxazine ring is known to be opened by the breakage of a C—
O bond of the monomer, which further reacted with the NCO group of the PU. The
mechanism was previously proposed by Takeichi et al. [15]. Figure 6.4b also
exhibits the spectrum of BA-a/PU polymer alloys, indicating the absorbances at
1,232 cm ™" (C-O-C stretching mode in benzoxazine ring), 1,499 and 942 cm ™'
(tri-substituted benzene ring in BA-a), and 2,281 cm™' (NCO group) disappeared.

Therefore, from FTIR experimental, the model reaction showed that poly-
benzoxazines obtained by thermal ring-opening polymerization of their precursors
contain phenolic hydroxyl group, which reacted further with NCO groups of
urethane prepolymer as presented in Fig. 6.5.
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Fig. 6.4 IR spectra of the
compounds: a mixture of BA-
a and PU and b BA-a/PU
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Moreover, an incorporation of PU into polybenzoxazine can enhance thermal
stability of all BA-a/PU polymer alloys. The decomposition temperature at 5 %
weight loss for these alloy systems was approximately 340 °C, while that for the
PBA-a was 330 °C. As a result, the crosslinked density was improved, which
marginally stabilizes against the thermal degradation of the polybenzoxazine. In
addition, thermomechanical property via the linear coefficient of thermal expan-
sion (CTE) of the BA-a/PU polymer alloys has also been reported by Rimdusit
et al. [13]. As we know that, the CTE is the tendency of the material expansion in
response to a change in temperature. In general, when a material is heated, its
particles begin moving and become active, thus maintaining a greater average
separation. Materials that contract with increasing temperature are rare; this effect
is limited in size and only occurs within limited temperature ranges. The material’s
CTE is calculated from the degree of expansion divided by the change in tem-
perature as shown in Eq. (6.3), and generally, the CTE varies with temperature.

ol
I xdrT

where d/ is the change in length of material in the direction being measured, [ is
overall length of material in the direction being measured, and dT is the change in
temperature over which d/ is measured.

In the BA-a/PU polymer alloys, the synergistic behavior in linear CTE of these
polymer alloys was observed in the vicinity of 10-20 % by weight as reported in
Table 6.3. The linear CTE values decrease with increasing levels of overall
crosslink density. This characteristic is due to increasing numbers of covalent
crosslinks in the polymer alloy network that serves to inhibit expansion in response
to temperature increases, whereas the PU content beyond 20 wt% in the BA-a/PU
polymer alloys resulted in increasing the linear CTE with increasing crosslink

(6.3)
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Fig. 6.5 Reaction scheme of polybenzoxazine-urethane prepolymer

Table 6.3 Linear coefficient of thermal expansion

PU content (wt%) CTE (ppm/°C) Crosslink density (mol/m3 )
0 57.7 4,338
10 44.7 4,829
20 53.0 5,227
30 82.8 5,443
40 90.2 7,779

density. This is expected to have different network structures [16]. Therefore, the
effect of crosslink density enhancement in the alloy’s CTE dominated the effect of
the higher expansion of the PU, provided that the PU mass fraction was maintained
below 20 % by weight.
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6.3 Novel Kevlar™ Fiber-Reinforced Polybenzoxazine/
Urethane Composites

Recently, the work deals with the characterization, i.e., ballistic properties, ther-
momechanical behavior, and thermal stabilities of a lightweight ballistic com-
posites from Kevlar™\-reinforcing fiber having benzoxazine(BA-a)/urethane
prepolymer (PU) polymer alloys as a matrix reported by Rimdusit et al. [10]. As
we know that, one class of fibers useful for the ballistic armor application is
polyamide fiber, e.g., Kevlar™ because of its excellent thermal properties, highly
crystalline, and highly oriented fine structure as well as high tensile properties. Its
highly crystalline, highly oriented structure gives rise to high modulus which is
required for enhancing sonic velocity than steel wire, glass fiber, nylon, and
polyesters. The high tenacity (strength per linear density unit) and moderate
elongation of Kevlar™ fiber provide high toughness, and thus, high work is
needed to break the transverse deformation. In addition, it has a relatively low
density, which makes most Kevlar'™-reinforced structure a lighter weight for a
given strength and stiffness [17]. These characteristics attribute to the fairly
effective absorption and distribution of the impact force along the longitudinal
axis; therefore, useful for ballistic applications.

Kevlar is the registered trademark for a para-aramid synthetic fiber, related to
other aramids such as Nomex and Technora. Kevlar was developed at DuPont in
1965 [18], this high-strength material was first commercially used in the early
1970s as a replacement for steel in racing tires. Typically, it is spun into ropes or
fabric sheets that can be used as such or as an ingredient in composite material
components (Table 6.4).

For DuPont™ Kevlar® fiber, the Kevlar™ range covers a spectrum of strength
and modulus values, from low modulus Kevlar®29 (K29), through high modulus
Kevlar®49 (K49), to very high modulus Kevlar®149 and very high-strength
Kevlar®129 as well as Kevlar KM2 as listed in Table 6.5. A variety of woven
fabrics is also used in aircraft and helicopter parts, electrical wiring boards, coated

Table 6.4 Chemical and physical properties of Kevlar aramid fiber [17]

Properties Value

High melt temperature 530 °C
Zero-strength temperature 640 °C

High glass transition temperature 375 °C

Low density versus glass (2.55) and steel (7.86) 1.44 g/cm3
Thermal stability Relatively high
Combustibility Low
Conductivity Nonconductive
Specific strength and modulus High

Creep Low

Environmental stability in sea water, oil, solvents Good
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Table 6.5 Yarn properties of various grades of Kevlar™ fibers (determined on 10 inch twisted
yarns: ASTM D-885)

Yarn property Kevlar®  Kevlar®  Kevlar®  Kevlar®  Kevlar®  Kevlar®
29 49 68 119 129 149
Tensile strength (Kpsi) 420 420 420 440 485 340
Initial modulus (Mpsi) 10.3 17.4 14.4 8.0 14.0 21.0
Elongation (%) 3.6 2.8 3.0 4.4 33 1.5
Density (g/cm®) 1.44 1.45 1.44 1.44 1.45 1.45
Moisture regain (%)* 6.0 4.3 4.3 - - 1.50

Note * Moisture regain (%) at 25 °C, 65 % RH

fabrics, and also soft ballistic body armor. Woven fabrics of Kevlar™ fiber are
widely used in composites, armor, aircraft cargo liners, and marine applications.

Rimdusit et al. [10] have been investigated the effect of alloy compositions on
the thermal, mechanical, and ballistic composite properties of 80 wt% Kevlar™-
reinforced polybenzoxazine/PU composites. Table 6.6 shows that the glass tran-
sition temperatures (7T,s) of Kevlar-reinforced polybenzoxazine/PU alloy com-
posites were significantly higher than those of Kevlar'™-reinforced
polybenzoxazine composite and the T,s of the composites based on polybenzox-
azine/PU alloys was also found to increase with the mass fraction of urethane. This
enhancement in the 7, could be attributed to the increase in the crosslink density of
the binary systems as previously reported by Rimdudsit et al. [12]. Furthermore,
this phenomenon could be due to the substantial interfacial adhesion between the
fiber and the matrix. While the degradation temperatures at 10 % weight loss
(T10) of 80 wt% Kevlar™-reinforced polybenzoxazine/PU alloy composites were
found to increase systematically with increasing the mass fraction of the poly-
benzoxazine in the polymer alloys. The Ty of the 80 wt% Kevlar'™-reinforced
polybenzoxazine/PU alloys composites with the polybenzoxazine compositions of
60-100 % by weight was in the range from 373 to 495 °C. The char yield values
are related to the flammability of materials and are essential for some ballistic
armor applications since when the armor is penetrated, the heat is generated. The
material could first decompose by thermally initiated mechanisms or thermo-
oxidative decomposition. It has been reported that char could decrease the diffu-
sion rate of decomposed, flammable gases toward the flame front and decrease the
burning of the material. From the Table 6.6, we can see that a remarkable

Table 6.6 Thermal and mechanical properties of 80 wt% Kevlar' M-reinforced BA-a/PU com-
posites at various PU contents

PU content (wt%) T, (°C) from E” curve Tyio (°C) Char yield (%) E;(GPa)  p;(MPa)

0 180 459 46 182 £04 163 £ 11
10 185 473 44 163 £0.6 135+ 10
20 195 414 43 16.1 £2.8 109 £ 22
30 218 409 41 124 £2.1 80 %15

40 235 373 39 77+16 52£13
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improvement in char yield, the percent residue at 800 °C, of the composites was
clearly observed when the polybenzoxazine content increased. This could be
attributed to the fact that urethane contained aliphatic structure, while poly-
benzoxazine contained benzene rings [19]. Therefore, the increase in poly-
benzoxazine content leads to the increase in benzene ring structure having more
thermal stability and more char yield.

In addition, from the Table 6.6, the increase in the elastomeric PU content in
the BA-a/PU polymer alloy resulted in samples with tougher characteristics; the
flexural properties, i.e., modulus and strength of the Kevlar™™-reinforced BA-a/PU
composites increased with increasing the mass fraction of polybenzoxazine. The
phenomenon was due to the fact that the addition of the rubbery urethane polymer
into the rigid polybenzoxazine was able to lower either the strength or the stiffness
of the resulting polybenzoxazine alloys.

6.4 Ballistic Properties of Kevlar™ Fiber-Reinforced
Benzoxazine/Urethane Composites

A low-level ballistic impact test was performed on the 20-ply laminates (10 piles/
panel and 10/10 arrangement) with sample size of 25.4 x 25.4 x 1.8 mm of the
80 wt% Kevlar™-reinforced BA-a/PU polymer alloy composites using a 9-mm
handgun with standard lead projectiles having lead outer coating, and it was found
that the optimal composition of BA-a/PU polymer alloys for the composites should
be approximately 20 wt% of PU because the firing results indicated that the mass
ratio of the BA-a/PU = 90:10 and the BA-a/PU = 80:20 matrix alloys exhibited
ballistic penetration resistance in comparison with the other matrix alloy compo-
sitions, i.e., BA-a/PU = 100:0 and the epoxy matrix as listed in Table 6.7.

In principal, one major component of the energy absorption mechanisms in
ballistic impact is the delaminated area. From Fig. 6.6, the relatively larger del-
aminated area of the composites based on the BA-a/PU = 80:20 matrix alloys than

Table 6.7 Effect of BA/PU alloy compositions on ballistic impact resistance of the 80 wt%
Kevlar™-reinforced BA-a/PU polymer alloy composites using standard lead projectiles with lead
outer coating typically used in 9-mm hand gun

Matrix Configurations Penetration resistance

Plate 1/Plate 2 Plate 1 Plate 2
BA-a/PU (60:40) 10/10 No No
BA-a/PU (70:30) 10/10 No No
BA-a/PU (80:20) 10/10 Yes Yes
BA-a/PU (90:10) 10/10 Yes Yes
Poly(BA-a) 10/10 No No

Epoxy 10/10 No No
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Fig. 6.6 Pictures of the fire
tested composites using
different types of matrices
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that of the composites based on BA-a/PU = 100:0, BA-a/PU = 90:10, and the
epoxy matrix was observed.

As a result, a larger damaged area of the 80 wt% Kevlar'™-reinforced BA-a/PU
polymer alloy composites compared with the 80 wt% Kevlar' ™ -reinforced poly-
benzoxazine and the 80 wt% Kevlar™™-reinforced epoxy configuration composite
was observed. The cross-sections of the front plate of the 80 wt% Kevlar™™-
reinforced BA-a/PU (90:10) polymer alloy and the 80 wt% Kevlar'™-reinforced
BA-a/PU (80:20) polymer alloy are also illustrated in Fig. 6.7a and b, respectively,
revealing the macroscopic delamination of the Kevlar’s cloth in the 10-ply-thick
composites.

Furthermore, the visual appearance of the projectiles after a low-level ballistic
impact test with the composites based on the BA-a/PU = 80:20 and BA-a/
PU = 90:10 matrix alloys was illustrated in Fig. 6.8. We can observe that the
standard lead projectile after a low-level ballistic impact test with the composite
based on the BA-a/PU = 80:20 was more damaged than that with the composite
based on the BA-a/PU = 90:10. Therefore, the variation in the BA-a/PU polymer
alloy compositions could allow an optimal interaction between the alloy matrix and
its reinforcing fiber, which leads to obtaining the outstanding ballistic performance.

Upon ballistic impact, polymer composites retard the projectile by reducing its
kinetic energy. There are several mechanisms of absorption of kinetic energy for
composite material, including tensile failure of fibers, elastic deformation of
composite, interlayer delamination, shear between layers in the composite, and
inertia effect. The absorption of kinetic energy may be attributed according to basic
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Fig. 6.7 Damaged panel cross-sections of specimen having arrangement of 10/10 that could stop
standard lead projectiles with lead outer coating typically used in 9-mm hand gun: a first panel of
80 wt% Kevlar ™-reinforced BA-a/PU (90:10) polymer alloy composite and b first panel of
80 wt% Kevlar M-reinforced BA-a/PU (80:20) polymer alloy composite
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Fig. 6.8 Image of the standard lead projectiles used for 80 wt% Kevlar™-reinforced BA-a/PU
polymer alloy composites at various PU contents

factors such as mechanical properties of the composite’s constituent direction of
fiber arrangement and interfacial strength. In general, the absorption of kinetic
energy of the composite materials can qualitatively evaluate via fracture mor-
phology. The composite laminates experience various types of fracture: delami-
nation, intraply cracking, matrix cracking, fiber breakage, and fiber damage that
depends on the interlayer materials [20]. The fracture surface morphology of the
fracture produced at the first layer of the 80 wt% Kevlar' ™-reinforced BA-a/PU
(80:20) polymer alloy composites after having been low-level ballistic impact
tested was observed using scanning electron microscopy (SEM). From Fig. 6.9a,
we can see that the Kevlar fiber fractures were multiple split break along fiber
direction and skin off as similarly observed in carbon fiber/epoxy composite system
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Fig. 6.9 SEM micrographs of fracture surface of the 80 wt% Kevlar™-reinforced BA-a/PU
(80:20) polymer alloy composites: a fiber fracture, b interfacial failure, ¢ matrix cracking, and
d no failure area

[21] which indicated that Kevlar fiber significantly exhibited potential for resistance
to ballistic impact. In addition, the results reveal that the fracture surfaces near the
center of ballistic impact of the 20-ply laminates of 80 wt% Kevlar' ™-reinforced
BA-a/PU (80:20) polymer alloy composites as shown in Fig. 6.9b exhibited sub-
stantial level of adhesive failure in which the fibers were largely stripped off the
matrix materials with only small fragments of the matrix remained adhere to the
fibers. Figure 6.9c shows the micrograph of the fracture surface of the composite. In
this area, good bonding between fibers and the BA-a/PU polymer matrix was
observed and no failure area was depicted in Fig. 6.9d.

Consequently, the selection of a suitable matrix resin that renders the most
energy absorption characteristics with particular reinforcing fiber used is crucial to
the successful ballistic performance of the composite armor. In this work, it
therefore seemed likely that the BA-a resin shows a synergistic behavior in bal-
listic performance with the PU system used with BA-a/PU (80:20), rendering the
most outstanding ballistic performance. The BA-a/PU (80:20) polymer alloy was,
therefore, further used to fabricate the composite armors for higher protection level
evaluation.

In general, personal body armors covered by ballistic impact standard, which is
National Institute of Justice (NIJ), are classified into seven classes, by level of
ballistic performance. The ballistic threat posed by a bullet depends, among other
things, on its composition, shape, caliber, mass, angle of incidence, and impact
velocity. As of the year 2000, ballistic resistant body armor suitable for full-time
wear throughout an entire shift of duty is available in classification Types I, II-A,
II, and III-A, which provide increasing levels of protection from handgun threats.
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Table 6.8 NIJ standard of body armor showing type of caliber and bullet as well as the projectile
velocity in each category

Protection Caliber Bullet type, weight Velocity Accepted hit/
level (m/s) panel
1 0.38 special Round nose lead, 158 grains (10.2 g) 259 5
0.22 special Long rifle high velocity lead, 40 grains 320 5
(2.6 2
1I-A 9 mm Full metal jacket, 124 grains (8.0 g) 332 5
0.40 S&W Full metal jacket, 180 grains (11.7 g) 322 5
II 9 mm Full metal jacket, 124 grains (8.0 g) 358 5
0.357 Magnum jacketed soft point, 158 425 5
grains (10.2 g)
II-A 9 mm Full metal jacket, 124 grains (8.0 g) 426 5
0.44 Magnum lead semi-wad cutter gas 426 5
checked
240 grains (15.5 g)
1 7.62 x 51 mm Full metal jacket, 150 grains (9.7 g) 838 5
(0.30 Winchester)
VI 0.30 caliber Armor piercing, 166 grains (10.8 g) 868 1

Source Thailand Ministry of Defense 2004

Type I body armor, which was first issued during the NIJ demonstration project in
1975, is the minimum level of protection that any officer should have. Officers
seeking protection from lower velocity 9 mm and 0.40 S and W ammunition
typically wear type II-A body armor. For protection against high velocity 0.357
Magnum and higher velocity 9 mm ammunition, officers traditionally select Type
IT body armor. Type III-A body armor provides the highest level of protection
available in concealable body armor and provides protection from high velocity
9 mm and 0.44 Magnum ammunition. Type III-A armor is suitable for routine
wear in many situations; however, departments located in hot, humid climates may
need to carefully evaluate their use of Type III-A body armor for their officers.
Types III and IV armors, which protect against high-powered rifle rounds, are
clearly intended for use only in tactical situations when the threat warrants such
protection. In December 1978, the National Bureau of Standards and National
Institute of Law Enforcement and Criminal Justice (now NIJ) first classified the
ballistic body armors into several categories according to projectile size and
velocity in its NILE/CJ report. The current N1J classification for police body armor
as shown in Table 6.8.

Rimdusit et al. [10] have also been investigated the ballistic properties of the
80 wt% Kevlar™-reinforced BA-a/PU (80:20) polymer alloy composites to be the
composite armors for higher protection level evaluation. The composites were
prepared approximate thicknesses of 1.8, 3.5, and 5.0 mm for panel manufactured
10, 20, and 30 pile composites, respectively. The areal densities were 0.48 g/cm?
for the 10 piles, 0.48 g/cm? for the 20 piles, and 0.70 g/cm? for the 30 piles panel
composites. The effect of number of piles and panel arrangement of the 80 wt%
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Table 6.9 Effect of number of piles and panel arrangement of the 80 wt% Kevlar™™-reinforced
BA-a/PU (80:20) polymer alloy composites after ballistic impact at projectile velocities required
by NIJ standard level II-A and III-A [10]

Projection level Configurations Penetration resistance Damaged dimensions of rare plate

Diameter (mm) Depth (mm)

II-A 10/10/0 No - -
20/0/0 No - -
10/10/10 Yes 69.5 10.8
20/10/0 Yes 44.5 7.8
30/0/0 Yes 66.6 8.7

II-A 20/10/10/0 No - -
30/20/0/0 Yes 93.3 13.6
10/10/30/0 Yes 119.1 19.5
30/20/10/0 Yes 90.3 11.0
30/10/10/10 Yes 66.1 10.1

Kevlar™-reinforced BA-a/PU (80:20) polymer alloy composites on ballistic
impact at projectile velocities required by NIJ standard level II-A and III-A is
listed in Table 6.9.

From the table, we can see that the penetration resistance results of the com-
posite after impact with projectile velocities for the NIJ level II-A ballistic test
were observed for the 30-ply composite arrangements, while all composite lami-
nates assembled to have a combined thickness of 20 plies of the Kevlar ™ did not
pass this level of the NIJ standard for ballistic protection. From the delaminated
area measurement, it is apparent that a sample with an arrangement of the 20-ply
panel in front of the 10-ply panel (20/10 configuration) exhibited the best ballistic
performance via the damaged dimension. The damaged area of this sample
arrangement was significantly smaller than that of the other two arrangements, i.e.,
the 10/10/10 and 30/0/0 configurations. The damaged and delaminated areas of
sample after impact with projectile velocities required by NIJ standard for level
II-A with 10/10/10, 20/10/0, and 30/0/0 arrangements are also illustrated in
Fig. 6.10a, b, and c, respectively, revealing the macroscopic damaged area of the
Kevlar™"s cloth in the 30-ply-thick composites with different arrangements.

Therefore, the arrangement of composite panel in the firing test was found to be
one important factor on the ballistic performance of the composites. The front
panel with at least 20 plies of Kevlar™ cloth was thus necessary for the level II-A
resistance of perforation and was supposed to possess sufficient properties to
destroy or deform this type of projectile. Therefore, the 80 wt% Kevlar'™-rein-
forced BA-a/PU (80:20) polymer alloy composites with the combined thickness of
40, 50, and 60 piles were subjected to a ballistic impact evaluation at a projectile
velocity required by NIJ standard for level III-A. This level III-A test is currently
reported maximum level of protection based on polymer composites. From the
table, we can see that the test weapon with standard 124 grains, round lead pro-
jectile with a copper outer coating (Full Metal Jacket) typically used in the 9-mm
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Fig. 6.10 Visual appearance of damaged and delaminated area of Kevlar™-reinforced BA-a/PU
(80/20) composites after impact with projectiles velocities required by N1J standard for level II-A
with the composite arrangement of: a 10/10/10, b 20/10/0, and ¢ 30/0/0

handgun having a speed required by level III-A could be stopped with at least 50
plies of the composites by observation of the damage area evaluation confirmed
that the arrangement of composite panels had an important effect on their ballistic
protection. It can be seen that the composite with 30/20/0 arrangement rendered
the damaged depths and diameters smaller than those of the composite with the
10/10/30 arrangement. This result implied that the composite arrangement for
level III-A protection needed at least 30-ply composite panel as a front plate in the
impact direction with observation of visual appearance of damaged and delami-
nated area of the composites after ballistic impact test at various panel arrange-
ments as shown in Fig. 6.11. The sufficiently stiff panel seemed to play a crucial
role as to deform the shape of the projectile as discussed previously.

Interestingly, in the combined 60-ply-thick composite panels, the two types of
arrangements (30/20/10 and 30/10/10/10 configurations) were again found to lead
to different damaged areas and deformed depths. The composite with 30/10/10/10
configuration rendered less damaged area than that of composite with 30/20/10
configuration. Since the number of the Kevlar™ plies combined was the same in
each tested sample, the sample arrangement with the thicker panel of 30 piles for
level III-A was to be on the front and was found to be essential in the successful
ballistic impact resistance of the composites with lower degree of sample
deformations.
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Fig. 6.11 Visual appearance of damaged and delaminated area of Kevlar™-reinforced BA-a/PU
(80/20) composites after impact with projectiles velocities required by NIJ standard for level
III-A with the composite arrangement of: a 20/10/10, b 30/20/0, and ¢ 10/10/30

6.5 Conclusions

The suitable matrix alloy based on benzoxazine and urethane resins for a light-
weight ballistic composites from Kevlar'™-reinforcing fiber having bisphenol-A-/
aniline-based polybenzoxazine (BA-a)/urethane prepolymer (PU) alloys as a
matrix was determined. The synergism in the glass transition temperature can be
observed in Kevlar ™-reinforced BA-a/PU polymer alloy composites. This phe-
nomenon was due to the addition of urethane prepolymer which is attributed to
improve crosslinked density of the matrix alloys. However, the increase in the PU
fraction significantly lowered the stiffness and degradation behavior of the com-
posites. The results of low-level ballistic impact measurement using a 9-mm
handgun of the 20-ply Kevlar™-reinforced composites revealed that the com-
posite from the BA-a/PU matrix at weight ratio 80:20 exhibited 100 % ballistic
penetration resistance. The appropriate thickness of Kevlar'™-reinforced BA-a/PU
(80:20) composite panel was 30 plies and 50 plies to resist the penetration from the
ballistic impact equivalent to levels II-A and III-A of NIJ standard. The
arrangement of composite panels with the higher stiffness panel at the front side
also showed the best efficiency ballistic penetration resistance.
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Chapter 7
Electrical Conductivity of Filled
Polybenzoxazines

Abstract As similar to other polymeric materials, polybenzoxazines (PBz) in
nature exhibit the insulative characteristics. In order to extend the range of PBz to
suit for various applications (such as electrostatic materials, conductive adhesives,
etc.), the modification of the polymer has been made. The practical and low-cost
method is compositing the polymer with electrically conductive filler. In this
chapter, the composite systems of PBzs filled with conductive fillers (such as
inherently conductive polymer, carbon-based filler, and metallic filler) were
reviewed and compared with some composite systems (i.e., epoxy and phenolic
resins). The theoretical concept of electrical conductivity, the inherently conduc-
tive polymer and the potential applications of the composites were also included.

Keywords Polybenzoxazine composites + Electrical conductivity - Conductive
filler

7.1 Introduction

Electrical conductivity is one of the crucial properties being concerned for many
applications of the materials. In electronic industry for many decades, there has
been reported about large number of losses from electrostatic discharge (ESD) or
the charge transfer to electrically sensitive devices. These problems could occur
during production, assembling, storage, and transportation. In 2006, the losses
associated with ESD were reported at between a half billion and five billion dollars
annually [1]. Therefore, the use of suitable materials to match their applications is
not dispensable.

As similar to general polymers, polybenzoxazines (PBz) typically perform as
insulator based on their conductivity value. Kimura et al. [2] studied the volume
resistivity of the bisphenol-A based benzoxazine with cyanate ester resin. In the
study, the monomers of 2,2-bis(3,4-dihydro-3-phenyl-1,3-benzoxazine) propane
benzoxazine (bifunctional benzoxazine, Ba) were blended with 2,2-bis(4-

S. Rimdusit et al., Alloys and Composites of Polybenzoxazines, 139
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Fig. 7.1 Chemical structures of Ba, BADCy (bisphenol based cyanate ester), and Ep
(monofunctional cyanate)

cyanatophenyle) propane (bisphenol-A based cyanate ester, BADCy) and 2-phe-
nyl-2-(4-cyanatophenyl) propane (mono functional cyanate). Their chemical
structures are presented as Fig. 7.1. The researchers reported that the volume
resistivity of BA/BADCy and Ba/Ep was in the range of 10°-10'¢ Q cm.

7.2 Types of Materials Classified Based on Electrical
Resistivity

According to the electrostatic discharge association (ESDA), all materials can be
classified into 4 main types, i.e., electrical insulator, antistatic materials, static
dissipative materials, and electrical conductor. In case of electrically conductive
materials, the electrical charges are able to go to ground or another object con-
tacting or coming close to. In case of insulative materials, high electrical resistance
and difficulty to ground were observed. That leads to the remains of static charges
in the place on the insulative materials for a long period of time. The ranges of
electrical resistivity for each type are shown in Table 7.1.

It has been reported that the major applications of electrically conductive
polymers are ESD and electromagnetic interference EMI protection [4-8]. The
application ranges of filled conductive polymer are related to the surface/volume
resistivity. It is noted that a surface resistivity for EMI shielding applications
typically is lower than 10 Q/sq, while that for ESD applications is in the range of
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Table 7.1 Types of materials classified based on electrical resistivity range [3]

Type of material Surface resistivity (€/sq) Volume resistivity (Q cm)
Electrical insulator At least 10'2 At least 10"

Static dissipative material 10°-10' 10*-10"

Electrical conductor Less than 10° Less than 10*

Antistatic material Not correlated Not correlated

10°~10° Q/sq. The surface resistivity of plastic is not less than 10" Q/sq, whereas
that of metal is in the range of 10~'=107> Q/sq [9].

In order to enhance the electrical conductivity of polymers, there are many
methods such as the modification of polymer structure, and the addition of elec-
trical conductive filler. The latter method is much easier and economical. There-
fore, the conductive fillers and conductive polymeric composites are mainly
discussed in this chapter.

7.3 Conductive Path and Percolation Threshold

Typically, polymeric materials perform as electrical insulator due to their high
electrical resistivity. When the small amount of electrically conductive filler was
added into the polymer, the resistivity of the filled polymer is still high. In case that
the filler is further loaded to the system, the connection between each small unit of
filler is formed. If the amount of conductive filler (in shape of powder, particles,
flake, platelet, or fiber) is high enough to provide the conductive path (as exhibited
in Fig. 7.2), the resistivity of the composite is drastically low. The relationship
between the electrical resistivity and filler content is presented in Fig. 7.3. The
region of the graph for the significant decrease is called percolation zone; the
minimum content of the filler to obtain the low resistivity is also called percolation
threshold.

(a) (b)
Insulative matrix
Insulative matrix Conductive filler '
; Conductive filler ~~ Conductive path
e, [
L
® o o
L

Fig. 7.2 Filler distribution in polymer composite: a at low content, b conductive path at high
enough content [10]
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From Fig. 7.3, electrical resistivity significantly decreased when the conductive
filler content is greater than the percolation threshold. The relationship between
conductivity (o) and resistivity (p) is shown in Eq. 7.1. The change of conductivity
beyond the percolation threshold can be expressed in Eq. 7.2, which was devel-
oped by Kirkpatrick [11] and Stauffer [12].

P:; (7.1)

o =ao(P—P.) (7.2)

where P, is the threshold probability of forming a conductive path, P is equivalent
to the volume fraction of conducting phase beyond the threshold content, ¢ is the
conductivity exponent, and g, is the pre-factor. Anyhow, it is worthy to note that
this classical percolation theory can be applied to the system of polymers mixed
with conductive filler with the following conditions: the filler must be spherical
particles with monodipersion and have an isotropic conductivity.

Theoretically, there are many factors having effects on the value of percolation
such as polymer polarity, polymer viscosity, degree of crystallization of polymer,
conductive filler types [13]. Miyasaka et al. [14] determined the effects of polymer
matrix types on the electrical conductivity of the composites. The researcher
revealed that the polarity of the polymer possibly relates to the critical content at
the percolation, i.e., the low polarity of the polymer matrix leads to the low
percolation content. It also has been reported that the low surface tension of the
polymer also results in the low percolation contents [15, 16]. The percolation
content also depends on polymer viscosity [17], i.e., the high viscosity of the
polymer matrix provides the high percolation content. It is attributed to the high
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viscosity could cause the decrease in aspect ratio of the filler and obstruct the
three-dimensional formation of conductive paths [18]. Types of conductive filler
are the important factors related to percolation content due to the difference of the
inherent nature [13].

7.4 Inherently Conductive Polymer Filler

Before determining the systems of polymer composites filled with inherently
conductive polymer, the properties of this polymer should be discussed. The
inherently conductive polymer has many interesting properties, such as light
weight, high strength per weight, low consumption of processing energy. Fur-
thermore, this type of polymer provides large change in the color when oxidized or
reduced, the redox process is reversible. There is ability to tune the electrical
conductivity by chemical manipulation of polymer backbone, dopants, and degree
of doping. This kind of polymer could be used as filler in polymer composite
systems.

In general, the conductive polymer composed of conjugated ladder-type
structure and/or aromatic structure. The chemical structures of well-known
inherently conductive polymers are presented as seen in Fig. 7.4. The main chains
of some conductive polymers contain nitrogen or sulfur atoms. In this figure, the
structure form of polyaniline (PANI) could be conductive only when m (the
repeating unit) is equal to 0.5. It is worthy to be noted that the inherently con-
ductive polymers without doping are insulative.

When the electrically conductive polymers are doped, there are two possible
cases, i.e., p-type doping and n-type doping. For p-type doping, the lone pair

H— Polyacetylene @ Polyparaphenylene
n

n

* S . . H .
\ / Polythiophene \ / Polypyrrole
L n n
H H
- m 1-m
Polyaniline

Fig. 7.4 Chemical structures of well-known inherently conductive polymers [19]
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Fig. 7.5 Direction of
electron and hole movement
in polyparaphenylene: a p-
type doping, b n-type doping
[20]
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electrons are removed from the main chain. Then, positive charge (hole) occurs. In
case of n-type doping, the electrons are added into the main chain. Thus, the
negative charge or excess electron occurs. Due to the delocalization of the © bonds
available in the system, the electrons and holes in the main chain can move as

shown in Fig. 7.5.

Typically, the conductive polymers could be either n-type or p-type doped. The
types of polymers and their doping types are presented in Table 7.2. The well-
known properties of the electrical conductive polymers are also shown in

Table 7.3.

From Table 7.3, it could be noticed that few types of inherently conductive
polymer have good stability to the environment with good processability.
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Table 7.2 Inherently conductive polymers and their types of doping [20, 21]

Polymer Type of doping
Polyacetylene n, p
Polyparaphenylene n, p
Polyparaphenylene sulfide P
Polyparaphenylene vinylene )4

Polypyrrole p
Polythiophene P
Polyisothionaphthene )4

Polyaniline p

Table 7.3 Properties of well-known conductive polymers [20]

Polymer Conductivity (S/cm) Stability Processability
Polyacetylene 10°-10° Poor Poor
Polyphenylene 10° Poor Poor
Polyphenylene vinylene 10° Poor Poor
Polyphenylene sulfide 10% Poor Excellent
Polypyrrole 10? Good Good
Polythiophene 10% Good Excellent
Polyaniline 10 Good Good

Therefore, not all the inherently conductive polymer is suitable and generally
found in the filled polymer composites [21].

PANI is one of the well-known conductive polymers used as filler in the
composite systems. Based on the oxidation state, there are three forms of PANI as
presented in Fig. 7.6 [21], i.e., Leucoemeraldine base (LB) which is yellow in fully
reduced form, Pernigraniline base (PB) which is violet in fully oxidized form, and
emeraldine base (EB) which is blue or green in half-oxidized form. Both LB and
PB forms are not conductive, while only EB form is able to be doped with protonic
acid. After doping, EB color is changed from blue to green.

Four most crucial factors effecting on the electrical conductivity of PANI have
been reported as follows [21-26]:

(a) Oxidation level and molecular arrangement: As mentioned early, there is low
electrical conductivity in case of no EB structure in PANI. Thus, the alter-
native arrangement of quinoid and benzenoid rings in PANI (half-oxidized and
reduced form) is the most important factor to achieve a high value of con-
ductivity [21, 22].

(b) Molecular weight of the inherently conductive polymer: In case that the long
chain of PANI molecule, the imperfection, e.g., distortion in chain symmetry
effecting on the continuous charge delocalization process in chain. This results
in a decrease in conductivity [21-27].
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Fig. 7.6 Three oxidation
states of polyaniline [21]

Fully reduced form (Leucoemeraldine base, LEB)
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Half oxidized and reduced form (Emeraldine base, EB)

(c) Percent crystallinity of and inter-chain separation: The electrical conductivity
of the system increase with the increase in crystallinity. With the decrease in d-
spacing, the conductivity trend to increase due to the probability of inter-chain

hopping of charge [21-26].

(d) Doping percentage and type of dopants: With different kinds of doping agents,
methods of doping and conditions, the rendered doped PANI provides dif-
ferent doping percentages leading to different electrical conductivity as pre-

sented in Table 7.4.

Table 7.4 Conductivity and processability of some dopant types/doping conditions of polyani-

line (PANI) [21]

Doping condition and type of dopant Conductivity (S/cm) Processability

HCI doped, in aqueous medium 10-12 Difficult

HCI doped, EB film cast from NMP then = 24 Difficult
doped

H,SO, doped 6.5 Difficult

Lauric acid doped, in aqueous medium 0.4 Difficult

Camphorsulfonic acid (CSA) doped, 200400 Solution processable
formed in solution

Aromatic phosphoric diester doped, in 1-10 Solution/melt processable
solution or mechanical mixing

CSA doped, EB film from chloroform: m- 70 Solution processable
cresol = 30:70 and CSA mixed as
powder

Polyaniline synthesized in benzene 2 Solution processable
sulfonic acid

n-dodecylbenzene sulfonate-doped 1-10 Solution/melt
polyaniline (PANI-DBSA) doped,
thermal doping

Diphenyl phosphate doped, in 65 Melt processable
chlorobenzene

Polyaniline synthesized in sulfanilic acid 3.1 Melt processable
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Table 7.5 Effect of PANI

PANI content + radiation dose ~ Volume conductivity (S/cm)
contents and EB dose on

electrical conductivity of the Pure PI without radiation 3.42 x 10716
composites [27] 0 phr + 200 kGy 1.86 x 107*
10 phr + 200 kGy 2.16 x 107
20 phr 4+ 100 kGy 1.86 x 1074
20 phr + 200 kGy 201 x 1074
20 phr + 300 kGy 232 x 107

Table 7.6 Effect of PANI PANI content (phr)

. Volume conductivity (S/cm)
contents on the conductivity

=5

of composites doped with 0 1.4 x 10 .
HCI [27] 10 7.0 x 10~
20 85 x 1077

Recently, the composites between polymers filled with PANI have been
developed. Tiptipakorn et al. [28] studied the effects of electron beam (EB) on
irradiated polyimide (PI)/PANI composites. The research developed the compos-
ites prepared from PI and PANI dissolved in N-methyl-2-pyrrolidone (NMP). The
composites were radiated with EB at 0, 50, 150, 200, and 300 kGy. The electrical
conductivity and thermal properties of the radiated composites were determined
and compared with those of the composites doped with 6 M HCIL. Table 7.5
reveals the relationship between PANI contents and EB dose on the conductivity
of PI/PANI composites, while Table 7.6 exhibits the effects of PANI contents on
the conductivity of composites doped with HCI. The results revealed that the
conductivity was enhanced from 3.42 x 107 S/em (untreated pure PI) to
6.97 x 107> S/cm (non-radiated PI filled with 10 phr of PANI and doped with
HCI). The conductivity was increased to 2.16 x 10™* S/cm in case of PI filled
with 10 phr of PANI radiated at 200 kGy.

As presented in Figs. 7.7 and 7.8, it was reported that the glass transition
temperature of the composite increased with increasing PANI content for either
EB radiation method or HCI doping method. The electrical conductivity values of
the radiated composites were higher than those of composites doped with HCI at
the same PANI content.

It can be noticed that the glass transition temperatures were increased at low
content of PANI. This could be attributed to the fact that the small amount of
PANI particle (in nanoscale) could impede the mobility of the PBz molecules. At
high content (more than 10 phr), the agglomeration of PANI could occur; this
could lower the ability to hinder the polymer mobility. Therefore, the glass tran-
sition temperature was decreased.

The research of PBz filled with PANI was carried out by Tiptipakorn et al. [29].
The researchers studied thermal properties of this composite system and reported
that the addition of PANI was able to increase the char yield and the decompo-
sition temperatures at maximum weight loss (Tymax) of the composites. The char
yield increased from ca. 37 % (pure PBz) to ca.4l % (20 phr of PANI) and
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ca.46 % (40 phr of PANI). This could be due to the amount of aromatic ring in the
chemical structure of composites was higher than that of pure PBZ [29]; therefore,
the Tymax Was increased from ca. 396 °C (pure PBz) to ca. 414 °C (20 phr of
PANI) and ca. 417 °C (40 phr of PANI). The researchers also reported that the
glass transition temperature of the PBz/PANI nanocomposites was increased with
the increase in PANI as presented in Fig. 7.9. This phenomenon is similar to that
was found in the system of fumed-silica-filled PBz [30].
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It is possibly attributed to the presence of the nano-particle that made the PBZ/
PANI composite stiffer.

Nowadays, a few researches relevant to PBz filled with inherently conductive
polymer have been conducted. However, some studies in the similar systems such
as phenolic resin and epoxy have been reported [31-33]. Ho [31] studied the
system of novolac phenolic resin blended with PANI doped with dodecyl benzenze
sulfonic acid (DBSA). The conductivity of the blends was determined at various
doped polyaniline (PADB) as presented in Table 7.7. It could be noticed that the
values of conductivity and glass transition temperature were increased with the
increase in PADB. At the low content of PADB, the composites were
heterogeneous.

Jia et al. [32] developed and characterized the epoxy-anhydride system con-
taining PANI doped with DBSA. Two forms of PANI-DBSA were prepared at
excess DBSA, i.e., powder and paste. The results exhibited that the paste form led
to the dispersion improvement of PANI-DBSA in the resin and then the lower
percolation content was shown. The excess amount of DBSA could impede the
curing reaction of epoxy and hardener; however, this shortcoming could be rem-
edied by the use of high concentration of accelerator. Recently, Jia et al. [33]
prepared the composites composed of epoxy (EP) filled with hydrochloric acid-
doped PANI with different shapes (particles, fibers, and wires). The electrical
conductivity values of the composites were determined. The results indicated that
the composites composed of PANI wires provided the lowest percolation thresh-
old. The volume resistivity values of the composites at various PANI contents are
presented in Fig. 7.10.
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Table 7.7 The conductivity and glass transition temperature of the Novolac phenolic resin
blended with PADB [31]

Novolac/ Optical Apparent Normalized Glass transition
PADB microscope conductivity conductivity temperature (°C)
image (S cm") (S cm")
99/1 Heterogeneous  0.06 6.5 49
70/30 Homogeneous  2.18 7.3 58
50/50 Homogeneous  2.74 5.5 65
30/70 Homogeneous  3.47 5.0 66
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7.5 Carbon-Based Electrically Conductive Fillers
and Their Polymer Composites

Carbon-based materials (such as carbon nanotube, carbon fiber, graphene) have
played an important role as electrically conductive filler. In the recent times, there
have been many researches related to the composites filled with carbon-based filler
[34, 35]. The comparison of the properties between carbon nanotube and graphite
is exhibited in Table 7.8 [35].

7.5.1 Carbon Nanotube Filled Composites

In nature, carbon nanotube possesses many intriguing properties such as high
flexibility, low density, and large aspect ratio (as high as over 1,000) [34]. Many
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Table 7.8 Comparison of properties of carbon nanotube and graphite [35]

Property Carbon Nanotube Graphite

Density (g cm™) 0.8 for SWCNT; 2.26
1.8 for MWCNT

Elastic Modulus (TPa) ca. 1 for SWNT 1
ca. 0.3-1 for MWNT

Strength (GPa) 50-500 for SWNT 130
10-60 for MWNT

Resistivity (uQ cm) ca. 5-50 50

publications have been focused on the electrical properties of the polymer filled
with this kind of nano-filler. The electrical properties of some epoxy composites
filled with both single-walled carbon nanotube (SWCNT) and multi-walled carbon
nanotube (MWCNT) are summarized as presented in Table 7.9. It could be noticed
that the processing method and types of the CNT have effects on the electrical
conductivity and percolation content.

Recently, there has been a research on benzoxazine-functionalized multi-walled
carbon nano-tubes using benzoxazine-containing compound (BPA-FBz) and
polymer (PFBz). The results revealed that the cross-linked pellets of MWCNT-
FBz and MWCNT-PFBz provided surface electrical conductivity of 0.05 S/cm.

Table 7.9 Some epoxy composites filled with carbon nanotube (CNT) and their electrical
properties [34]

Type of Processing Matrix Composite Percolation ~ References
carbon method electrical electrical content
nanotube conductivity  conductivity (Wt%)
(S/m) (S/m)
MWCNT Solution mixing ca. 4 x 107° ca. 0.4 0.18 [36]
MWCNT Bulk mixing ca. 1078 ca. 0.2 0.5-1 [37]
Aligned Shear mixing ca. 1070 ca. 2 0.0025 [38]
MWCNT
SWCNT High frequency - ca. 1.25 x 107 0.074 [39]
sonication
method
MWCNT Solution mixing ca. 1077 ca. 0.5 0.5 [40]
SWCNT Solution mixing ca2 x 107'" ca. 10 0.062 [41]
MWCNT Calendering ca. 1078 ca. 0.01 Less than 0.1 [42]
process
MWCNT Calendering ca. 107" ca. 50 Less than 0.1 [43]
process
MWCNT Solution mixing 1.2 x 107'* ca. 3 x 107 0.6 [44]
SDS® Suspended Bulk mixing 51 x 107" ca. 25 x 1077 0.5 [45]
MWCNT
MWCNT Roll milling ca. 107" ca. 0.1 0.1 [46]

? SDS = Sodium dodecyl sulfate
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The composites between BPA-FBz and MWCNT-FBz rendered high electrical
conductivities (ca. 7 x 107> S/cm) with good mechanical strength [47].

7.5.2 Graphene- and Graphene-Based Polymer
Nanocomposites

Recently, graphene-/graphite-based polymer nanocomposites have attracted the
attention of the researchers. The interesting point of view is that the enhancement
of properties of the polymer could be obtained at very low content of loaded filler
[48-50]. Table 7.10 presents the electrical properties of epoxy nanocomposites
with different types of graphene-/graphite-based fillers.

Recently, Kimura et al. [51] developed benzoxazine resin composites filled
with graphite for the bipolar plate in fuel cell. The researchers compared the
electrical conductivity values of benzoxazine composites and phenolic composites
filled with different types of graphite particles, i.e., synthetic graphite (SG),
expanded graphite (EP), and natural graphite (NG). The resistivity values of the
composite are shown in Table 7.11. It could be noticed that the electrical resis-
tivity of the graphite filled composite based on benzoxazine resin was lower than
that of the one based on phenolic resin. This is possibly attributed the fact that
benzoxazine provide better flow ability and lower viscosity, leading to the smaller
gap between the graphite particles.

Table 7.10 Electrical properties of graphene-/graphite-based epoxy nanocomposites [35]

Type of  Filler Process Conductivity of Conductivity of References
filler content matrix (S/m) composite (S/m)

EG 3.0 wt%  Sonication 1 x 107" 1 x 107 [48]

EG 2.5vol% Solution 1 x 107" 1 x 1072 [49]
Graphene 0.52 vol% Solution 1 x 1071 1 x 1072 [50]

4 Expanded graphite

Table 7.11 Comparison of electrical conductivity of the graphite-filled benzoxazine and phe-
nolic composites [51]

Matrix Electrical resistivity (mQ cm)

SG EP NG
Benzoxazine cured at 180 °C 4.8 2.4 4.6
Benzoxazine cured at 200 °C 4.1 2.2 4.4

Phenolic resin 52 2.9 8.8
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Table 7.12 Electrical conductivity and percolation threshold of the composites filled with metal
particles [52]

Composite Log (conductivity) of Log (conductivity) of Volume fraction of filler
the polymer (S/m) the composite at percolation threshold
at maximum (S/m)
Epoxy/Copper —12.8 5.2 0.050
Epoxy/Nickel —12.8 4.8 0.085
PVC/Copper —13.5 5.8 0.050
PVC/Nickel —13.5 4.5 0.040

7.6 Metal Fillers and Their Polymer Composites

Up till now, it is interesting that there has been no study focused on the electrical
conductivity of benzoxazine composites filled with metal particles. However,
Mamunya et al. [52] studied the effect of metal content and electrical conduc-
tivities of the epoxy resin composites and PVC composites with copper and nickel
filler. The researcher reported that the percolation threshold depends on the shape
and type of spatial distribution. The values of electrical conductivity and perco-
lation threshold are shown in Table 7.12. The difference between the percolation
threshold of epoxy/nickel and epoxy/copper is relevant to the particle shape having
an effect on the packing density.

It could be noticed that the metal-based fillers render relatively higher con-
ductivity than carbon-based filler materials, whereas carbon-based fillers could
render relatively lighter weight than the metal-based [53].

7.7 Potential Applications of Electrically Conductive
Polybenzoxazine Composites

The electrically conductive materials can be potentially applied in many fields
such as electrostatic materials, conductive adhesives, electromagnetic shielding,
printed circuit boards, antistatic clothing, piezoceramics, diodes and transistors.
Moreover, they could be used as chemical, biochemical, and thermal sensors,
electrical displays, rechargeable batteries and solid electrolytes, ion exchange
membrane [54, 55]. Recently, many patents related to the conductive thermoset-
ting have been issues. For example, Sugino et al. [56] invented the electrically
conductive, thermosetting materials used as a semiconductor element mounting
board. Nakao [57] invented the conductive thermosetting adhesive tape that
includes a metallic foil and thermosetting adhesive layer on one side of the
metallic foil. Atkin and Beach [58] invented a conductive thermoset material to
provide shielding against electromagnetic (EMI) radiation. Chikaoka [59] invented
the multilayer piezoelectric element constructed from a plurality of thin piezo-
electric layers. Fitts [60] invented a conductive, moldable composite material for
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the manufacture of electrochemical cell components comprising a thermosetting
resin system and conductive filler.
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