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ABSTRACT

DEVELOPMENT AND IMPLEMENTATION OF HIGH TEMPERATURE RESISTANT
RESIN SYSTEMS THAT CAN BE USED WITH FIBER/FABRIC REINFORCEMENT

FOR USE IN MISSILE/ROCKET APPLICATIONS

Kaya Deniz, Tuğba

Ph.D., Department of Polymer Science and Technology

Supervisor : Prof. Dr. Erdal Bayramlı

Co-Supervisor : Prof. Dr. Özdemir Doğan

February 2017, 94 pages

Motor case of a rocket/missile system is exposed to hot and high pressure gases. Its struc-
tural components such as control surfaces, outer casing are exposed to mechanical loads and
aerodynamic heating due to the high velocity of the system. Therefore reinforced resin matrix
polymeric composite materials are needed. These materials are applied inside and outside of
the rocket/missile system in order to resist the aforementioned conditions. Considering the
increasing difficulties in design criteria, rocket/missile systems that can carry its mission in
harsh environments should be manufactured. This necessitates resins that possess advanced
thermal and mechanical properties and high Tg than the currently used composite materi-
als. Due to their strategic importance for the defense industry, international treaties limit
importing these resins from other countries.

In this thesis, fiber/fabric reinforced composite materials were manufactured from benzox-
azine derivatives. The manufactured composite materials were confirmed by accomplishing
laboratory scale thermal and mechanical tests.

Synthesis of benzoxazine monomers was achieved in high yields under optimized reaction
conditions by using phenol, aldehyde and amine derivatives. The characterization of these
compounds was made via NMR and FTIR). Polymerization of these monomers was studied
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under appropriate curing conditions. The thermal and mechanical properties of obtained
thermoset materials were examined.

The composite materials were manufactured from these resins, which possessed desired thermal
and mechanical properties (char yield ≥ %30, Tg ≥ 150◦ C).

Keywords: resin, char yield, glass transition temperature, composite, benzoxazine
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ÖZ

ROKET FÜZE SİSTEMLERİNDE ELYAF/KUMAŞ TAKVİYESİ İLE
KULLANILABİLECEK YÜKSEK SICAKLIK DAYANIMLI REÇİNE SİSTEMLERİ

GELİŞTİRİLMESİ VE UYGULANMASI

Kaya Deniz, Tuğba

Doktora, Polimer Bilimi ve Teknolojisi Bölümü

Tez Yöneticisi : Prof. Dr. Erdal Bayramlı

Ortak Tez Yöneticisi : Prof. Dr. Özdemir Doğan

Şubat 2017 , 94 sayfa

Roket/füze sistemlerinin çalışması esnasında motor gövdesi, içerisinde oluşan yüksek sıcaklık
ve basınçtaki gazlara ve sistemin yapısal bileşenleri (kanat, füze dış kaportası) uçuş esnasında
ulaşılan yüksek hızlar nedeniyle mekanik yüklemelere ve aerodinamik ısınmaya maruz kalır.
Bu nedenle roket füze sistemlerinin içinde ve dışında kullanılan reçine matrisli takviyeli poli-
merik kompozit malzemelerin söz konusu koşullara dayanması gerekmektedir. Her geçen gün
tasarım isterlerinin genişlediği göz önüne alındığında daha zorlayıcı koşullarda çalışacak roket
füze sistemlerinin üretimlerine ihtiyaç duyulmaktadır. Bu kapsamda, mevcut durumda kulla-
nılan kompozit malzemeler yerine termal ve mekanik özellikleri gelişmiş yüksek Tg’li reçinelere
ihtiyaç duyulmaktadır. Söz konusu reçineler savunma sanayii için stratejik öneme sahip olup
yurtdışından temininde ihracat lisansı kullanımları uluslararası antlaşmalar ile sınırlandırıl-
maktadır.

Bu tez kapsamında benzoksazin türevi monomerler sentezlenerek elyaf/kumas takviyesi ile
kompozit malzemeler üretilmiştir. Üretilen kompozit malzemelerin laboratuvar seviyesi termal
ve mekanik testleri yapılarak uygunlukları doğrulanmıştır.

Monomerlerin sentezi; fenol, aldehit ve amin türevleri kullanılarak mümkün olduğunca yük-
sek verimde gerçekleştirilmiş ve elde edilen monomerler spektroskopik yöntemlerle (NMR,
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FTIR vb.) karakterize edilmiştir. Sentezlenen monomerlerin uygun olgunlaşma koşullarında
polimerleştirilmesi sonucu elde edilen termoset malzemelerin termal ve mekanik özellikleri in-
celenmiştir.

Termal ve mekanik özellikleri istenilen kriterleri (kül verimi ≥ %30, Tg ≥ 150◦ C) karşılayan
reçineler kullanılarak kompozit malzeme üretimleri gerçekleştirilmiştir.

Anahtar Kelimeler: reçine, kül verimi, camsı geçiş sıcaklığı, kompozit, benzoksazin
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CHAPTER 1

BACKGROUND

Motor case of rocket/missile systems are exposed to hot and high pressure gases and their
structural components (i.e. control surfaces, outer casing) are exposed to mechanical loads and
aerodynamic heating due to the high velocity of the system. These loads can cause damage in
the high strength metallic alloys. In order to retain their functionality corresponding systems
should be protected from temperature and pressure increase that they are exposed. For this
purpose there are some thermal insulation methods one of which is ablative cooling of the
system. With this system, exposed thermal or mechanical load are absorbed by the chemical
and/or physical rearrangement of the protecting layer via heat or mass transfer [1, 2].

Those thermal ablative materials are composite materials which contain fiber/cloth matrix
and organic binders. The reinforcement material has high mechanical strength and thermal
stability with a very high temperature melting point. The organic binders on the other
hand, have relatively lower melting and decomposition temperature beside their low thermal
conductivity constants [3].

Ablative cooling consists of several steps depending on the characteristic of the organic binder
[4]. It is known that, high char yielding materials are more resistant than the materials that
can easily lose their integrity during the mass loss ablation process. The reason is the formed
char layers. It can serve as a thermal protection layer for the below layers and also it is
stronger than the original organic binder.

There are some special resin systems used in order to increase the char yield. This system
should have some mechanical properties in addition to high char yielding and low toxic smoking
properties.

As a result, polymeric composite materials applied inside and outside of the rocket/missile
system, should resist the aforementioned conditions. Considering the increasing difficulties in
design criteria, rocket/missile systems that can carry its mission in harsh environments should
be manufactured. This necessitates resins that possess advanced thermal and mechanical
properties and high Tg than composite materials that are employed at present. Due to their
strategic importance for the defense industry; the import of these resins from other countries
are limited by international treaties.

Due to their thermal and mechanical strength ‘Phenolic resins’ are used as such systems.
Within the phenolics, benzoxazines exhibit some outstanding advantages besides their simi-
larities with the traditional resins. These superiorities can be summarized as follows [5–7]:
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• Zero volume shrinkage upon curing.

• Low water absorption

• No need of catalyst for curing

• Easy structural modifications

• Strong inter and intramolecular hydrogen bonding.

In this thesis; fiber/fabric reinforced composite materials were manufactured by synthesizing
benzoxazine derivatives considering the developing technology about their use. The properties
of manufactured composite materials were confirmed by performing laboratory scale thermal
and mechanical tests.
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CHAPTER 2

INTRODUCTION

Benzoxazine is a molecule in which a heterocyclic six-membered ring, which contains oxygen
and nitrogen atoms is attached to the benzene ring. Depending on the heteroatoms positions,
different kind of benzoxazine structures can be found (Figure 2.1).

The traditional benzoxazine which is used as a commercial thermosetting product is 3,4-
dihydro-3-methyl-2H-1,3-benzoxazine.

N

O

N

O

N

O

1,3-Benzoxazine 3,1-Benzoxazine 1,4-Benzoxazine

Figure 2.1: Various structures of benzoxazine Molecules

In 1944 Holly and Cope first synthesize this molecule [8] and in 1970 Schreiber patented the
synthesis of small benzoxazine oligomers as a modifier for epoxy resins [9, 10]. In the 1980s
Reiss et al investigated the formation reaction kinetics of monofunctional benzoxazines. They
concluded that monofunctional benzoxazines result in linear manner and larger molecular
weight benzoxazine resin could not be achieved with the monofunctional benzoxazine use.
Another research investigate that molecular weights of the polymers from monofunctional
monomers are between few hundreds to a few thousands depending on the polymerization
type [11]. It is as recently as in 1994 that the study on polybenzoxazine properties was
reported for the first time by Ning and Ishida [12].

At the beginning, benzoxazine were thought as attractive candidates for replacing the tradi-
tional phenolics, which are polymerized by condensation. In addition to phenolic chemistry
performance, benzoxazine resin polymerization type eliminates most of the short comings re-
sults fro the condensation polymerization type of phenolics. Furthermore benzoxazine is not
only an alternative to phenolics with similar thermal properties but also thay are alternatives
to epoxies with much more strength in similar processing methods, or they are alternative to
bismaleimides with close thermomechanical properties with easier application methods.
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Extreme rich molecular structure and design flexibility gives benzoxazine a wide range of
physical and mechanical properties and application abilities. The materials property balance
such as thermal, chemical, electrical and physical properties are quite well and make them
attractive for commercial applications.

Due to the specific and unique properties of benzoxazines such as almost zero volume shrinkage,
very high char yield, fast development of mechanical properties as a function of conversion,
glass transitions much higher than curing temperatures, excellent electrical properties, and
low water uptake despite having many hydrophilic groups, new application areas may be
developed.

In addition to formed material properties, during polymerization reactions occurs via a ring
opening reaction yielding no by-product. Molecular design flexibility of benzoxazine gives
opportunity for different kind and of specific applications. They are classified as alternatives
to traditional phenolics, polyesters, vinyl esters, epoxies, bismaleimides, cyanate esters, and
polyimides [13].

2.1 Chemistry of Benzoxazine

Benzoxazine resins are defined as the condensation products of primary amine, phenol and
formaldehyde.

The polymerization of mono-functional benzoxazine results in linear or branched polymer with
molecular weights of a few hundreds or thousands [11]. Bi functional benzoxazines oın the
other hand can result in higher molecular weight cross-linked networks [14].

Depending on the reaction conditions such as time, temperature, reactants ratio, solvents used
the monomenr synthesis of benzoxazines generally result in yields of 70-90 %. Ishida and his
co-workers developed a highly efficient method in which no solvents are used iteIshida:1996aa,
Liu:1995aa in addition to commonly adopted synthetic method using a solvent.

This melt state or solventless synthesis is applicable for precursors (amine and phenol) which
may be both liquid, one of them is liquid or has a melting temperature below 150 ◦C, because
this temperature is the starting point for the benzoxazine to polymerize. In order to avoid
mixture of precursors monomers and oligomers the temperature should be kept lower than this
value. Beside as oligamerization starts the viscosity of the reacting system increases which
hinders the effective mixing of the reactants.

Benzoxazine can crystallize if they are pure. However these molecules tend to retain small
amount of solvents and impurities, as a result purification may be difficult.

2.1.1 Synthesis of Benzoxazine Monomers in Solution

An example procedure for the Mannich reaction to produce 3-substituted 3,4-dihydro-2H-1,3-
benzoxazines utilizes a phenol, formaldehyde, and a primary amine in a molar ratio of 1:2:1,
respectively, as shown in Figure 2.2 [8, 12]. At the early stage of the reaction primary amine
and formaldehyde condensed to give imine medium. The imine further reacts with phenol
forming the benzoxazine structure.
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Figure 2.2: Synthesis of benzoxazine monomer

2.1.2 Synthesis of Benzoxazine Monomers by Melt or High Solid Methods

In solution synthesis large amount of high boiling point solvents are required and the reaction
rate is so slow. In addition some precursor materials are not soluble in this high boiling point
low dielectric constant solvents. Also the use of solvent increases the cost of the production
method in addition with environmental problems. As abovementioned benzoxazine monomers
tend to retain small amount of solvent residue, which is difficult to remove. The solventless
synthesis method can overcome these shortcomings [15].

With the help of this procedure large amount of products can be produced. The reaction
mechanism was proposed by Liu and Ishida [16].

Although the homogeneity of the solution synthesis is easier to control, a solution with low
concentration is kinetically inefficient due to the lowered probability of the reactants to collide.
Furthermore the removal of the solvent is both hard and environmentally undesirable.

With the help of the solventless synthesis, the precursors can melt at a moderate temperature.
With the help of an acid base interaction, a co-melting temperature can be formed which has
a value smaller than each of the precursors (eutectic systems). In the melt state reactions
the oligomerization reaction is in competition with the benzoxazine ring formation. The de-
sired temperature should be enough for benzoxazine monomer formation but should not yield
oligomerization. Higher temperature or prolonged reaction times thus increase the probability
of oligomer formation.

The decomposition temperature of paraformaldehyde into formaldehyde is around 100 ◦C,
which is a typical temperature for solventless synthesis method. The decomposition of paraformalde-
hyde into formaldehyde plays a very important role in determining the formation of benzox-
azine and side products in the melt state reactions.

In the solventless synthesis method, the system is heterogeneous consist of gas-liquid, liquid-
solid, and gas-solid which requires a narrow range of temperature tolerance. The rate of
reaction not only depends on the chemical structure and electronic effects of the reactants but
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also to the physical state of them and also diffusion coefficients as well as on the exact nature
the physical contact [17].

The main shortcoming of the melt state reaction is the fact that it is not applicable for all
precursors because some phenols or amines has very high melting temperature. As a solution
small amount of solvents can be added to the system but this strategy decreases the yield.
For example, when the solid content is 18 % the yield of benzoxazine formation was 86 % with
36 % solid content on the other hand , the yield was increased to 90 %. For the melt state
reactions on the other hand the efficiencies are dramatically increased [18]. The advantage of
the addition of solvent beside the solubility problem, they may form azeotropes with water
such as toluene yielding an advantegous during the purification.

In benzoxazine synthesis another possible intermediate is the formation of 1,3,5-triazinane
(Figure 2.3).

NH2

3 +
O

H H
N N

N
+

OH

+
O

H H
O

N

k1 k2

Figure 2.3: Triazinane intermediate formation and benzoxazine formation from it

If the reaction rate constant for the former reaction is lower than the latter, benzoxazine for-
mation is favorable. In other case, triazine remains. Its stability depends on the amine forming
it, phenol attacking it as well as the reaction conditions, such as temperature, concentration,
acidity, and interaction frequency of the reagents.

2.1.3 Reaction Conditions and Side Reactions

Various reaction conditions such as nature and position of the substituents, type of the pre-
cursors used and etc, strongly effects the reaction efficiencies.

2.1.3.1 Effects of Phenol Structure

The substituens of the phenol derivative on the ortho and para positions, affects both the
type of the condensation reaction anf stability of the formed benzoxazine. If an N-methylol
Mannicch base is considered as an reactive intermediate, a competitive reaction occurs between
the ring formation and disubstituted mannich base formation (Figure 2.4).

The electron density at the free ortho position favors the by-product formation by increasing
both the electrophilic character of hydroxyl group and lone pair electrons at the ortho position.
Therefore by optimizing the substituents and reaction conditions the formation of the by-
products can be avoided.
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Figure 2.4: Dihydroxybenzylamine byproduct formation versus Benzoxazine formation

2.1.3.2 Effects of Amine Structure

Mannich base and compound 2 shown in Figure 2.4 are favored with the use of strong amines
such as methylamine etc. From mild amines like cyclohexyamine Mannich base is formed
only. And finally from weak amines such as aniline only mannich base in high yield along with
benzoxazine is formed.

2.1.3.3 Effects of Synthesis Conditions

The benzoxazine ring formation yields are significantly depends on the solvents used. The
reaction efficiencies are lowered as the dielectric constant of the solvents are increasing.

On the other hand, hydrophilic solvents, such as water and alcohol, make the ring more
polar and ready to break. Oligomerization reactions start before the completion of the ring
formation [19]. However in some cases the solubility in the low dielectric solvents can be
overcome by mix solvent method. One solvent is low dielectric constant solvent, the other
is high (such as dioxane/methanol) may be used in order to increase the solubility of the
system [20]. Another example of mixed solvent may be water chloroform, one of which is
hydrophobic the other is hydrophilic.

In this system the product of benzoxazine stays in the organic layer, as a result hydrolysis
reaction of the benzoxazine is inhibited. Amine derivative on the other hand, can diffuse into
the water layer, at the interphase of the organic and water layer actually, just after it reacts
to form benzoxazine the product transform itself to the hydrophobic layer [21].

Depending on the type of the phenols and amines used for the synthesis of the benzoxazines
benzoxazine derivatives can be stable at the alcohols or not. For instance if the used amine
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is strongly basic and a less acidic phenol is used for the benzoxazine synthesis, the product is
stable even in the hot alcohol environment [7]. It can be concluded that the substituents on
the benzoxazine ring have a certain effect on the stability of the oxazine ring.

During the polymerization reaction of a benzoxazine molecule, the cleavage of the C-O bond is
the primary step. Cleavage of this bond results in the formation of a carbocation and oxygen
anion. The proton is transferred to the anions to form hydroxyl groups, with electrophilic
attack of carbocation to the active carbon. It can be concluded that the stability and tendency
to oligomerization reaction depends on the ortho carbon activity of the oxazine ring and
stability of the carbon oxygen bond. In theory when the phenol has an electron donating
unit as a substituent, both the oxygen anion and alpha carbon reactivity increases, resulting
in easy and stable ring formation, but difficult for a polymerization reaction to initiate. The
inverse situation is valid for an electron withdrawing substituent on the phenol derivative. The
formation of benzoxazine ring is difficult and also the breakage and thus the polymerization
is easier in this case. The reaction is thermally activates the system.

2.2 Polymerization Mechanism

For a benzoxazine to polymerize, the most accepted theory about the reaction is an thermally
activated ring opening cationic addition reaction. The benzoxazine ring has some ring strain
due to the heteroatoms on the ring. This induced strain eases the opening of the ring continues
with the reaction of polymerization. Around 160 and 220 ◦C the polymerization reactions
can take place for the purified monomers of benzoxazine [14], after a few minutes gelation
take place in the absence of catalyst or initiator. The initiation reaction temperature for
a benzoxazine polymerization reaction highly depends on the purity of the monomer. If
the formed oligomers are purified from the reaction medium, the polymerization reaction
temperature will increase because it is an cationic ring opening polymerization reaction and
the formed oligomers hydroxyl groups act as an acid source, lowering the initial reaction
temperature [22].

There are many theories about the polymerization depending on the type of phenols and
amines used. In addition by using the same monomer, different types of polymers can be
produced, depending on the initiation mode [23]. Still the iminium ion mechanism seems to
explain many observed phenomena shown in Figure 2.5.

According to the iminum ion mechanism, polymerization rate depends on the stability of the
iminium ion formed as well as depending on the electron density of the oxygen and alpha
carbon of the phenolic moiety.

2.3 Unique Properties

2.3.1 Near-Zero Volume Changes

An important drawback about thermosetting resins is the shrinkage resulting in the residual
stress for the composites because of the thermal mismatch of volume change between fiber
and matrix resin. The shrinkage value for a typical epoxy or phenolic during polymerization
can reach to the value about 2-10 %.
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Figure 2.5: Polymerization mechanism via iminium ion intermediate
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In order to achieve mechanical interlocking to a substrate with the optimal performance, the
thermal mismatch between substrate and resin should be minimal and structural integrity of
the resin should remain. The increase in the density of common resins creates residual stress
between the substrate and the resin. For example for a composite material this residual stress
may cause micro cracks or inhibit the transfer of thermal or mechanical load which lead to
failure of the material.

For benzoxazine resins on the other hand, this shrinkage values are nearly zero [24–26]. The
research investigate that no more than 1 % volume is changed upon polymerization of benzox-
azine. It was revealed that although the volume is reduced slightly at the isothermal elevated
curing temperature, the system expands upon cooling resulting in very little change in volume.
This behavior of benzoxazines eliminates the risk of formation of the residual stress which in
turn results in the better load transfer property.

2.3.2 Low Water Absorption

Common resins such as polyesters, vinylesters, phenolics, epoxies, bismaleimides, and poly-
imides, have relatively highe water absorption upon saturation. The reason is they all have
polar groups that can interact with water. İt was investigated that the saturation by water
for both epoxies and phenolics can reach to 3-20 % by weight [27]. Although benzoxazines
has similar polar groups like epoxies and phenolics like phenolic hydroxyl group or Mannich
base -CH2NCH2- group, the saturation by water is much less compared to these resins on the
contrary to expectation.

A benzoxazine resin, which is produced from the precursors of bisphenol A, aniline and
formaldehyde, can only be saturated at 1.9 % by weight. After more than 10 years [6],
there was no further water absorption was observed. In addition the use of more hydrophobic
precursors additionally decreases this value. This is a great advantage for benzoxazine due to
the eliminated risk of water absorption which results in loss of mechanical properties, increase
in dielectric properties or increase in thermal conductivity.

2.3.3 Glass Transition Temperature (Tg)

The apparent glass transition temperature coincides with the polymerization temperature,
Tcure, if polymerization takes places under the ultimate glass transition temperature of the
resin system. After a significant degree of conversion system vitrifies and inhibit the proceeding
of the reaction. However if the local motion of the polymer chain allows for further reactions
or geometric rearrangements, the reaction may continue and Tg can exceed Tcure. Many of
the polybenzoxazine resins are within this type of materials. They exhibit high glass transition
temperatures approximately from 150 to 400 ◦C due to active sites available to react. Thus
the Tβ (side chain motions) provides enough energy for the reaction to proceed [28].

Furthermore, addition reaction may also contribute to fast Tg developing. Yet another reason
may be the structural rearrangements occurring at high temperatures.
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2.3.4 Fast Physical and Mechanical Property Development

Developing good physical and mechanical properties for condensation polymers such as epoxy
resins is very slow at the early stages of conversion. These type polymers need a high degree
of conversion in order to achieve desired properties. As a result, if the conversion of the resin
is changed due to the experimental conditions near to the end of the process, a significant
amount of the properties may be changed compare to the property changes at the early stage
of conversion.

For polybenzoxazines on the contrary, the properties were developed at the very early stages of
conversions. The glass transition temperatures or mechanical strength values are very similar
at the early stageconversion and end of the reaction. It was shownthat 80 % of Tg can be
reached just by the 50 % conversion [29] for a benzoxazine of bisphenol A derivative. An
epoxy derivative of the same compound can only reach 25 % of its ultimate glass transition
temperature at the same conversion [30, 31]. This reveals that even at the early curing stage
benzoxazine would have excellent properties.

2.3.5 Very High Char Yield

Federal regulations revela emerge regulation on the flammability issues from academics and
industrial studies. Fire statistics [32] reveal that number of victims caused by a fire in 2011
belongs to 2349 of which 2191 sufferded injuries and 158 of them were died meaning that 16
people was passed a way in every week.

Flame retardancy is a crucial issue nowadays and there are plenty of academic studies in order
to make flame retardant materials.

2.3.5.1 Burning Behavior

Combustion is a chemical process in which a material reacts rapidly with oxygen and emits
heat. Complicated elementary reactions take place during combustion. The fire can simply
represent by a triangle shown in Figure 2.6 includes oxygen heat and fuel. If one of the
three elements of this fire is removed, combustion stops. The ignition temperature is impor-
tant factor at fire triangle. The fuel’s temperature should be raised to characteristic ignition
temperature of the material for combustion to occur and and also to continue spontaneous
combustion. The precess can be divided into three main stage. At first the fuel was heated,
second it decomposes into the combustibale and non-combustble compounds and finally the
combustible compounds ignites upon mixing with fire resulting in the production of a fire.

After ignition proper conditions may allow flame spread and solid burning which among the
others determine the heat release rate. Also heated zone should be appropriately large to
overcome heat loss [33].

2.3.5.2 Burning Behavior and Thermal Decomposition of Polymers

Combustion is defined as rapid, exothermic, fast chemical oxidation-reduction reaction which
may be spontaneous or continuous due to ignition and heat loss. Process of combustion
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Figure 2.6: Fire triangle

for polymeric materials can be separated into stages such as heating, decomposition ignition
combustion and flame propagation.

With heating, polymer’s temperature is raised to its characteristic decomposition temperature
and the polymer releases flammable gases which diffuse into the flame zone.

Following decomposition, if ignition source is available, combustion will begin in gas phase and
release more heat for self-sustaining. Also this gas phase reaction produces combustion near
solid surfaced polymeric material. Flames may occur due to polymeric material’s properties
and fire performance (Figure 2.7).

Figure 2.7: Combustion cycle of polymer

At first, polymers go pyrolysis stage. Then by the help of heat produced in pyrolysis, hot
radicals react with air and volatile radicals which causes the ignition. As the temperature
rises the material decomposes or thermooxidtively degrades. The small degraded combustible
molecules move to the front surface and meets with the flame front. At his stage a rich supply
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of the oxygen reacts with this compounds producing the flame. The reactios are exothermic
and huge. These released energies turns back to the system sustaining the degraditon [34].
This cycyle continues until whole material burns (Figure 2.7.).

Flames may spread horizontally or vertically depending on the pyrolysis zone and polymeric
material alignment. Horizontal flame spreads slower than vertical because flame is heated only
by downward gas phase heat transfer. Vertical spread is faster because heat transfer consists
of conductive, convective and gas phase [35].

Polymers can be classified according to varying thermal decomposition of their chemical com-
position and fire performance. Decomposition of many polymer accelerates through oxidants
such as oxygen and air.

The definition of the thermal degradation of a polymer can be done that it is the case without
any additional compound involve the polymer undergo chemical changes due to the high
temperature environment. Thermal degradation of polymers has an importance to develop a
technology in polymer processing for using polymers at higher temperature and understanding
thermal decomposition mechanism for the synthesis of fire safe polymeric material.

The degradation of the polymers has two main mechanisms which are depolymerization and
fragmentation of chains [36]. Polymers have different and various types of bonds. Random
chain scission, chain-end scission depolymerization and elimination of pendant groups are the
three main types of thermal degradation of polymers.

2.3.5.3 Flame Retardancy Mechanism of Polymers

Flame retardants should block or restrain the combustion. Flame retardants can step in during
specific stages of combustion like heating decomposition ignition or flame spread.

Depending on their specifications, flame retardants can defy the combustion process in their
solid phase or in the flame zone physically or chemically or combination of these two mecha-
nisms [37].

Condensed phase: Some of the flame retardants can form a carbon layer on surface of polymers.
This layer insulates the material and acts as a physical barrier slowing down heat and mass
transfer, from the flame (eg: boron or phosphate based flame retardants) [38].

Gas phase: With a flame retardant radical reaction mechanism of combustion can be stopped
at the gas phase either by endothermic reactions or dilution of the combustible gases with
halogenated flame retardants [39].

By cooling : The additive degrades endothermically and cools down the temperature in which
degradation cannot take place anymore (eg: metal hydroxides) [40].

By inert gas dilution: The flame retardant additives decompose with combustion and produces
large volumes of non-combustible inert gases which dilute oxygen supply or fuel below the
flammability limit (Talc, chalk, Aluminum hydroxide, which produces CO and H2O) [41].

By dilution: In this mechanism the additive behave as a thermal sink which results in increase
of the heat capacity of the system, or it reduces the concentration of the flammable products
below the limit of flammability at the condensed phase (eg: microglass sphere , fibers or
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minerals) [42].

2.3.5.4 Flame Retardancy of Benzoxazines

One of the two basic mechanism of flame retardancy is the char formation capability. Char
reduces the evoparation of the flammable gases to the flame zone and diffusion of the oxygen
to the decomposition zone. İt also act as a thermal barriers inhibiting the direct thermal
radition of the underlyin material.As a result a high char yield is a desired property for a
flame resistant material.The prelemineier analysis about the char forming capability can be
achieved by using thermogravimetric dynamic analysis. The char yields for the epoxies with
this technique is around 5-15 % for phenolic resins on the other hand the values can reach
to 30-55 % [43, 44]. These phenolic resins are one of the highest char yield resins in which
processing is easy. İnvolment of aromatic units in the structure of the resin increases the char
yield capability in spite of the fact that there is no a direct correlation between char forming
ability and benzene ring. For example polybenzoxazine has higher percent of aromatic units
compare to traditional phenolics but their char yields are away better than the phenolics. The
char yields of benzoxazine are in the range of 35-75 % [45]. Walter and Lyon’s theory states
that, polar group contribution to char forming ability for benzoxazines are quite high [46].

2.4 Molecular Origin of Unique Properties

Polybenzoxazines has outstanding properties compared to phenolics, epoxies and bismaleimides.
The very fast development of the advanced properties of the benzoxazines such as high char
yield, high Tg, high mechanical properties and low diffusion abilities can be explained by
various and complex nature types of hydrogen bonding abilities of the benzoxazine. In the
literature it was investigated that almost all type of hydrogen bondings can be formed by ben-
zoxazines. They are OH-OH inter and intramolecular hydrogen bondings, OH-N six-membered
intramolecular hydrogen bondings or OH-π . These interactions were investigated by X-ray
crystallographic study of model dimer [47], molecular modeling study [48], high resolution
solid-state 1HNMR with double quantum technique [49] and FTIR study of model oligomers
all strongly support the formation of both inter and intra-molecular hydrogen bonds. The
very stable six-membered hydrogen bond shown in Figure 2.8 can explain the hydrophobicity,
low dielectric constant, high char yield, and high modulus.

The excellent mechanical, thermal and physical properties of the benzoxazines are believed
to result from the hydrogen bonding capability. The hydrogen bonding capability and type
of formed hydrogen bonds depends on the electronic character of the benzoxazine molecule.
Researches investigate that, a local helical structure can be formed due to the complex hydro-
gen bonding capability of benzoxazines. A particular interest in understanding the type and
strength of the helical formation give information about the design of the monomer synthesis.
The ratio of intermolecular hydrogen bonding compare to intramolecular hydrogen bınding
depends on the electronic characters and acidities of the phenols or amines used. A higher
basicity and electron density amine such as methyl amine has higher tendency to form inter-
molecular hydrohgen bonding than a lower basicity end electron density amine derivative such
as aniline. Similarly more acidic phenol forms higher ratio of intramolecular hydrogen bonding
rather than intermolecular hydrogen bonding. The design crtieria should involve an optimum
ratio of intra and intermolecular hydrogen bonding capability. The intrsmolecular hydrogen
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Figure 2.8: Hydrogen bonding in benzoxazines

bonding is very stable upto 300 ◦C [50] although if the glass transition temperature is higher
than this value. However the interaction with other additives depends on the strength of the
intermolecular hydrogen bonding capability.
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

Bisphenol-A received from Sigma Aldrich. Aniline (99 %) and paraformaldehyde were received
from Merck Company. 4,4-dihydroxybiphenyl and 4,4-dihydroxybenzophenone are received
from ABCR GmbH & Co. KG company. Epoxy structural adhesive received from HENKEL
with the commercial name of Hysol EA 934NA. High silica fabrics are received from CPMIEC
Company. All materials are used as received without further purification

3.2 Synthesis of the Monomers

3.2.1 Solution Synthesis

3.2.1.1 In Dioxane

Stoichiometric amount of paraformaldehyde was dissolved in 1:2 methanol:dioxane solvent
system via heating. After the dissolution of formaldehyde, the reaction flask was cooled below
10 ◦C. Then stoichiometric amount of aniline was dissolved in dioxane and added dropwise
with automatic syringe for 1 h. The mixture was stirred for another hour at room temperature.
Then first catalytic amount of base (5-10 % wt. with respect to phenol) and bisphenols were
added respectively. The mixture was stirred under reflux for 5-10 h.

3.2.1.2 In Toluene

Stoichiometric amounts of aniline (0.02 mol, 1.86 g), aqueous formaldehyde solution (0.04
mol,from 37 % solution), and bisphenol (0.01 mol) were dissolved in toluene (5 mL) in a 250-
mL three-necked flask. The mixture was stirred and refluxed for 5-10 h. After evaporation of
toluene the crude product was dissolved in ethyl acetate or chloroform and washed with 3 N
NaOH (3-5 times), brine and deionized water respectively.
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3.2.2 Solventless Synthesis

3.2.2.1 Synthesis of BA

Bisphenol-A (2 g, 0.009 mol) and paraformaldehyde (1.41 g 0.044 mol) were mixed in a mortar
for approximately 15 minutes. Then NaOH (1.5 % wrt bisphenol A) was added and mixed
for another couple of minutes. The reagents were taken into a 25 ml reaction flask and (1.65
g 1.57 ml 0.018 mol) aniline was added and stirred for 3-4 minutes. Physical appearance of
the mixture when no formaldehyde remains should be as homogenous as possible. Otherwise
oligomers start to form. The mixture was heated in a preheated oil bath at 80 ◦C with a
condenser. After 20 minutes condenser was removed, the system was opened to atmosphere
and the temperature was raised to 150 ◦C. After heating at this temperature for 70-80 min-
utes reaction flask was allowed to cool to room temperature. Same synthetic procedure was
repeated using 20, 100 and 250 g batches of Bisphenol A. 1H NMR spectra of crude products
are given in Appendix A.

For further purification, BA was dissolved in diethyl ether and washed with brine (3-5 times).
Organic layer was dried over Mg2SO4 filtered and concentrated using rotary evaporator to
some extent. Then the mixture was dumped over thick aluminum foil (thick, industrial one)
The purpose of doing this process is to increase surface and remove as much solvent as possible
from the product. The aluminum foil with the product was taken into a vacuum oven at 120
◦C and kept for two hours. The product was obtained as yellow transparent chunks.

3.2.2.2 Synthesis of BP

Stoichiometric amount of 4,4-dihydroxybiphenyl (2 g 0.011 mole) and paraformaldehyde (1.61
g 0.053 mol) were mixed in a mortar for approximately 15 minutes to get fine powders. Then
NaOH (2.5 % wrt bisphenol) was added and mixed for another couple of minutes. After
adding aniline (2 g, 1.96 ml, 0.021 mol) the mixture was liquidified. Then it was taken into a
preheated oil bath at 80 ◦C with a condenser. After 15 minutes, the condenser was removed,
system was opened to atmosphere and the temperature was increased to 140 ◦C. After heating
at this temperature for 65 minute it was brought to room temperature. The reaction was also
repeated by using 10, 20, and 100 g of bisphenol. 1H NMR spectra are shown in Appendix A.

For further purification of the monomer it was precipitated from acetone/methanol, or ethyl
acetate/methanol, or chloroform/methanol solvent systems. Purified product was allowed to
stay in a vacuum oven for two days at 45-50 ◦C and 100 mmHg.

3.2.2.3 Synthesis of BZ

Stoichiometric amount of 4,4-dihydroxybenzophenone (2 g 0.009 mol), paraformaldehyde (1.40
g 0.047 mol) and aniline (1.74 g, 1.71 ml, 0.019 mol) were mixed in a mortar for approximately
15 minutes to get a fine powder. Then NaOH (1% wrt bisphenol) was added and mixed for
another couple of minutes. Then the mixture was taken into a 25 ml reaction flask and heated
with a preheated oil bath at 110 VC with a condenser. After 15 minutes condenser was
removed and system was open to atmosphere. After heating the mixture for 65 min open
atmosphere at 135 ◦C it was cooled to room temperature.
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The reaction was also repeated by using 5, 20, and 200 g of bisphenol. 1H NMR spectra are
shown in Appendix A.

For further purification of the monomer it was precipitated from acetone/methanol, or ethyl
acetate/methanol, or chloroform/methanol solvent systems. Purified product was allowed to
stay in a vacuum oven for two days at 45-50 ◦C and 100 mmHg.

3.3 Composite Production

In the preparation of the composites high silica cloth was chosen because of thermal per-
formance of the fiber (SiO2 content ≥ 95 %, areal weight: 300±30 g/m2, fracture strength:
89±10 N/cm2).

The composites were prepared by resin powder molding model [51]. About 8 g of the well-
grounded resin was distributed between the fabric layers. 9, 20 and 40 layers of plies were
used according to specified analysis.

On the basis of DSC analysis of the materials defining melting and curing behaviors, processing
procedure of BA and BZ silica cloth composites was determined as follows.

The sandwiches were first preheated to 150 ◦C in order to melt and liquefy the resin under
the pressure of 2 ton (0.5 MPa). When the excess resin stops flowing from the mold, the
temperature and pressure were increased to their corresponding curing values. Such as;

Applied curing cyles for BZ; 170 ◦C 2 hour, 190 ◦C 2 hour and 220 ◦C 2 hour.

Applied curing cyles for BA; 160 ◦C 2 hour, 180 ◦C 2 hour and 200 ◦C 2 hour.

3.4 Characterizations

3.4.1 Structural Characterizations

FTIR measurements in attenuated total reflectance (ATR) mode were performed by using IR-
spectrometer (Bruker VERTEX 70) at a resolution of 2 cm−1 with 32 scans between 600-3800
cm−1 wavenumbers.

1H NMR spectra were obtained in CDCl3-CCl4 (1:1) solvent system, recorded in a Brucker
Spectrospin Avance DPX-400 Ultra shield instrument at 400 MHz and 100 MHz respectively.
The 1H NMR data was reported as chemical shifts (δ, ppm) relative to tetramethylsilane
(δ 0.00), peak multiplicity (abbreviations are as follows: s, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; br, broad) and coupling constants in Hertz integrated number of
protons.

3.4.2 Thermal Characterizations

In order to analyze exothermic and endothermic physical or chemical events of the composites,
neat resins and monomers, Differential Scanning Calorimetry (DSC) analysis was used. The
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thermograms were recorded with a TA DSC 2920, ranging from room temperature to 400
◦C, with different heating rates of 5 ◦C/min 10 ◦C/min, 15 ◦C/min and 20 ◦C/min under a
nitrogen and oxygen atmosphere.

TGA measurements were carried out using a TGA/DSC analyzer with varying heating rates
5 ◦C/min, 10 ◦C/min, 15 ◦C/min and 20 ◦C/min under nitrogen environment.

3.4.3 Rheological Characterizations

Change in the mechanical property with dynamic heating for neat resins and composites were
analyzed by Dynamic mechanical analysis (DMA). The samples had rectangular dimensions
of 54x10x3; length x width x thickness. The analyses were conducted in three point bending
configuration at 1 Hz using a DMA Q800 of TA Instruments. Tests were performed at a
constant amplitude using sinusoidal oscillation and under dynamic conditions in the interval
T = −100 . . . 400 ◦C at a heating rate of 5 ◦C/min.

3.4.4 Cone Calorimetry Characterizations

The combustion behavior of the neat resins were examined by using a Fire Testing Technology
mass loss cone calorimeter (according to ISO 5660). Mass loss cone calorimeter was used in
order to investigate time to ignition (TTI), rate of heat release (HRR), the maximum rate of
heat release (PHRR) of the cured resins. A 50 kW/m2 heat flux was used on the resin surface.
The specimens’ dimensions were 50 mm x50 mm x 3 mm. Edge burning effects were reduced
by covering the samples with heavy duty aluminum foil leaving an exposed area of 80 mm2.

The device consists of a radiant electric heater in a conic shape, an electric spark for ignition,
and a load cell to measure the weight loss (3.1). All tests were ended after 600 s exposure of
the incoming heat radiant.

3.4.5 Density Measurement of Composites

Water displacement method according to ASTM D 792 (Method A) was used in order to mea-
sure the density values of the composite samples. The weight of the samples were recorded
before and after immersing method. And displacement of the water was the measuring crite-
rion.

The dimension of a specimen is 30x30x3 mm3. mm3. The densities were calculated by
equation:

ρ =
A

A−B
× ρ0 (3.1)

where ρ and ρ0 are densities of the specimen and water at a given temperature (g/cm3), A
and B are weight of the specimen in air and in water (g).
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Figure 3.1: Cone calorimetry

3.4.6 Mechanical Characterizations

After fabrication the test specimens were subjected to various mechanical tests as per ASTM
standards. The mechanical tests that we carried out are tensile test, compression and bond in
tension test-2. The specimen size and shape for corresponding tests are as shown in Table 3.1.

Table3.1: Types of Mechanical Testing

Test ASTM Standart Specimen Size

Tensile Test ASTM D 3039 250x25x3

Compression Test ASTM D 3410 150x25x1

3.4.6.1 Tensile Tests

Tensile tests are used to measure the force needed to permanently deform a sample and to
locate the extent of elongation at fracture point. ASTM D3039 is employed to define in plane
tensile properties of high modulus fiber reinforced polymer matrix composite materials.

Fiber reinforced composites were cut to appropriate dimensions (as per ASTM D3039, see
Figure 3.2) by a saw cutter after they were dried. The specimens had a rectangular cross
section with 25 mm width and 250 mm length. Test specimens were mounted on the grips of
Instron universal test device with 10 mm gauge length (Figure 3.3). Stress – strain curve was
obtained after the test to locate elastic modulus and ultimate tensile strength. An average of
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two tests were taken to determine these properties.

Figure 3.2: Composite tensile tpecimen

3.4.6.2 Compression Tests

Fiber reinforced composites were cut to appropriate dimensions (as per ASTM D3410, see
Figure 3.4) by a saw cutter after they were dried. The specimens had a rectangular cross
section with 25 mm width, 250 mm length and 1 mm thickness. Test specimens were mounted
on the grips of Instron 44 81 test device with 10 mm gauge length. Tests were carried in room
temperature with a 1.5 mm/min constant head speed. Stress – strain curve was obtained
after the test to locate ultimate strength. An average of three tests were taken to determine
mechanical properties.

3.4.7 Thermomechanical Characterizations

In order to investigate the thermal expansion behavior of the composites Thermomechanical
Analyses (TMA) were conducted according to ASTM D696. By using Rheometric Scientific
TMA 500. The sharp change in the thermal expansion behavior can be named as the glass
transition temperature of the composite. The thermal expansion coefficents before and after
glass transitions were detected from the slope of the curves of Height increase vs temperature.
The analyses were conducted in the temperature range of room temperature to 400 ◦C with
a heating rate of 5 ◦C/min.

3.4.8 Oxyacetylene Torch Characterizations

The ablation behavior of the composite under the exposure of oxyacetylene torch was charac-
terized according to ASTM E 285-80 standard. This characterization technique is a prelimi-
nary analysis, which is widely used for the investigation of the materials ablation behavior [11].
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Figure 3.3: Instron universal tester
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Figure 3.4: Compression test sample of BA and BZ

Figure 3.5: Oxyacetylene torch test setup
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Synthesis of the Monomers

In order to synthesize BA, BP and BZ; both solution and melt state reactions were carried
out. While designing the reaction parameters for solution synthesis; it was decided to employ
low dielectric constant, high boiling point and aprotic solvents are used. The reasons are;

• benzoxazines can form at high temperatures,

• C-O bond on the oxygen ring should be stable, should not be protonated or polarized.

In order to increase the solubility of the precursors, small amount of polar, protic solvents were
used. Within the context of these decisions, efficiencies of the reactions were below desired
levels.

For the melt state synthesis; it was intended to have a melt mixture by mixing precursors
below 150 ◦C. This was established for BA; while, for BP and BZ, since starting phenols for
BP and BZ synthesis have very high melting temperatures, it couldn’t be performed. In order
to avoid this situation, a base catalyst was employed and by screening the reaction parameters,
efficiencies close to full conversion were achieved for all of the monomers.

4.1.1 Synthesis of BA Monomer

O

N

O

N

OHHO

NH2

C

O

H H

+ +
-2 H2O

a b c

For the synthesis of this monomer; the reaction temperature, stoichiometry of the reactants
and the amount of the catalyst were optimized. The results of these studies are summarized
in Table 4.1.

As can be seen from Table 4.1, when there is no catalyst (entry 4-8), two extra signals were
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Table4.1: Optimization results for the synthesis of BA

Entry Rxn Type
a:b:c Rxn Time % Cat Temp

Efficiency (%)
Ratio min (NaOH) (◦C)

1 In Dioxane 01:02:04 480 - Reflux 0

2 In Dioxane 01:02:04 600 10 Reflux 65

3 In Toluene 01:02:04 480 - Reflux 59

4 Melt 01:02:04 5 - 110 44

5 Melt 01:02:04 8 - 140 61

6 Melt 01:02:05 10 - 85 78

7 Melt 01:02:05 15 - 95 90

8 Melt 1:2:4.5 15 - 95 80

9 Melt 1:2:4.5 95 0.5 10 78

10 Melt 1:2:4.5 95 0.5 10+10 80

11 Melt 1:2:4.5 85+95 0.2 10+5 67

12 Melt 1:2:4.5 85+95 0.2 10+20 73

13 Melt 1:2:4.5 85+95 0.2 10+35 80

14 Melt 1:2:4.5 85+95 0.2 10+60 82

15 Melt 1:2:4.5 95 0.2 10+10 72

16 Melt 1:2:4.5 95 0.2 10+30 79

17 Melt 1:2:4.5 95 0.2 10+20 78

18 Melt 1:2:4.5 95 0.2 10+20 80

19 Melt 1:2:4.5 95 0.4 10+40 82

20 Melt 1:2:5.5 95 0.2 10+10 74

21 Melt 1:2:5.5 95 0.2 10+30 78

22 Melt 01:02:05 95 0.5 15+65 81

23 Melt 01:02:05 95 0.5 15+45 85

24 Melt 01:02:05 95 0.5 15+65 88

25 Melt 01:02:05 100 0.2 10+50 88

26 Melt 01:02:05 100 0.2 10+70 88

27 Melt 01:02:05 95 0.5 10+70 88

28 Melt 01:02:05 95 1 10+70 84

29 Melt 01:02:05 95+110 1.25 15+45 81

30 Melt 01:02:05 95+110 1.25 15+65 87

31 Melt 01:02:05 110 1.5 20+10 81

32 Melt 01:02:05 110 1.5 20+40 83

33 Melt 01:02:05 110 1.5 20+70 96
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observed on the 1H NMR (Figure 4.1). The signal at ~4.1 ppm corresponds to the side product
(compound 4) mentioned on page 7. The second signal at ~4.8 ppm corresponds to triazinane
(compound 3) on page 6. This signal increases after 15 min but decreases significantly after
20 min. The product formation is mainly taking place over this compound.

Figure 4.1: Impurity BA monomer signal change with time synthesized without using catalyst

When the reaction was done by using NaOH as the catalyst, the signal at 4.09 ppm corre-
sponding to byproduct decreased depending on the catalyst amount. By keeping all other
parameters the same but changing the catalyst from 0.2 to 1.5 %, formation of byproduct was
eliminated completely (Figure 4.2).

Such a signal was not observed for BP and BZ monomers. The electron density on the α
carbon of bisphenol A molecule compared to other phenols is relatively high. This increases
the possibility of byproduct formation. By adding base catalyst to the system, labile proton
of the phenolic moiety makes the oxygen attack more possible than the α-C attack. This may
be the reason of the disappearance of the signal.

In a similar way, the signal 4.81 ppm was decreased with increase of base used. Increase
in the reactivity of phenolic oxygen leads to enhanced attack to triazine. With the use of
base catalyst, phenoxide ion was formed which has higher nucleophilicity than phenol itself
resulting in more efficient cleavage of triazinane ring.
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Figure 4.2: Effect of catalyst amount on occurrence of by- and side products in the synthesis
of BA monomer

4.1.2 Synthesis of BP Monomer
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4,4-Dihydroxybiphenyl phenolic compound used for the synthesis of BP monomer has a melting
point of 280 ◦C. For this synthesis temperature; stoichiometry and catalyst have been screened
in the solventless and solution reactions. The results are summarized in Table 4.2 below.

For the synthesis of this monomer, previous studies in literature state that synthesis of this
compound can be achieved by solution method such as in toluene or in dioxane [52,53]. Similar
experiments were conducted at the laboratory but the efficiencies were too low and purification
could not be achieved. As a result, melt state reactions were tried even though the phenol
used for this synthesis did not melt before 150 ◦C which is a characteristic temperature for
benzoxazines above which oligomerization reactions can start. The system did not show melt
state within available temperature scan range. But unexpectedly, the product has shown
characteristic signals oxazine. The product has remaining some insoluble residue. Those may
be unreacted reagents or some oligomeric products having enough degree of polymerization to
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Table4.2: Optimization table of BP monomer

Entry Rxn Type
A:B:C Rxn Time % Cat Temp

Efficiency (%)
Ratio min (NaOH) (◦C)

1 Melt 01:02:05 6h - 120 0

2 Melt 01:02:05 45 - 110 18

3 Melt 01:02:05 45 - 120 51

4 Melt 01:02:05 20 - 135 64

5 Melt 01:02:05 40 - 150 84

6 Melt 01:02:05 80 - 145 84

7 Melt 01:02:05 12+40 0.5 145 90

8 Melt 01:02:05 10+30 0.5 140 88

9 Melt 01:02:05 15+45 0.5 140 92

10 Melt 01:02:05 10+40 0.5 145 89

11 Melt 01:02:05 10+40 0.5 145 88

12 Melt 01:02:05 15 0.5 140 55

13 Melt 01:02:05 15+25 0.5 140 76

14 Melt 01:02:05 15+65 0.5 140 92

not to dissolve. The highest efficiency can be achieved with this system was accomplished at
145 ◦C.

For the melt state reaction, base catalyst was used and the amounts were screened. With the
use of 2.5 % base catalyst wrt phenolic moiety, a liquid mixture at room temperature can be
achieved. The resultant product had no remaining insoluble parts and the NMR spectrum of
the product is shown in Figure 4.3.

4.1.3 Synthesis of BZ Monomer

a b c
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4,4-Dihydroxybenzophenone phenolic compound used for the synthesis of BZ monomer has a
melting point of 200 ◦C. For this synthesis temperature, stoichiometry and catalyst have been
screened in the solventless and by solution reactions. The results are summarized in Table 4.3
below.

As similar with the BP molecule; researchers used in solution method for the synthesis of
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Figure 4.3: Change of BP monomer signal with time

Table4.3: Optimization table of BZ monomer

Entry Rxn Type
A:B:C Rxn Time % Cat Temp

Efficiency (%)
Ratio min (NaOH) (◦C)

1 Melt 01:02:05 60 - 140 55

2 Melt -1:2:5 60 - 100 39

3 Melt 01:02:05 60 - 90 26

4 Melt 01:02:05 60 - 135 64

5 Melt 01:02:05 60 - 135 62

6 Melt 01:02:05 60 - 135 40

7 Melt 01:02:05 20 - 85 25

8 Melt 01:02:05 8+20 - 135 57

9 Melt 01:02:05 15+30 - 135 88

10 Melt 01:02:05 135 0.5 15+25 53

11 Melt 01:02:05 135 0.5 15+45 63

12 Melt 01:02:05 135 0.5 15+45 77

13 Melt 01:02:05 135 0.5 15+65 85

14 Melt 01:02:05 110+135 1 15+45 60

15 Melt 01:02:05 110+135 1 15+65 90
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this monomer. The reaction time is changed within 6 to 24 hours. Also the efficiency of the
reaction is quite low (60 %) [52,53].

The solventless method for this molecule did not work at first. This phenolic derivative is the
least reactive among the two due to the strong electron withdrawing bridge, which decreases
the reactivity of the phenolic oxygen from the electronic point of view. The product could not
be gathered within the low temperatures (80-120 ◦C). When the temperature was increased
the system flooded and effused from the reaction balloon and filled the condenser. This may
be due to the reason that when the reaction conditions were not sufficient for the reaction to
take place, decomposition of paraformaldehyde to gaseous formaldehyde evaporates, bringing
the melt state reactants with it. Even the product could be produced with this system;
the efficiencies were too low making the purification nearly impossible. The product had a
significant percent of insoluble residue.

The solventless experiments were repeated with the use of a base. As a result of temperature
and base quantity screening best result was achieved with a total conversion. Corresponding
characteristic 1H NMR is shown in Figure 4.4.

Figure 4.4: Change of intermediates of BZ monomer with time

In general; in the melt state reactions, decomposition of paraformaldehyde is the rate deter-
mining step. In addition to this, for an in solution system, the solvents used are either mixed
solvents one of which can dissolve water and the other dissolves the product (e.g. dioxane:
methanol) or type of solvents that can make azeotrope with water (e.g. toluene). These sys-
tems remove the produced water from the reaction medium and shift the reaction towards the
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product side. The dilution of the reaction medium makes the reaction proceed slower and it
provides sufficient time for side reactions and thus the efficiency is decreased. Besides removal
of those high boiling solvents are not easy and desire time and effort.

While designing our melt state reactions, two-step heating was used. First the system was
condensed in order make sure that, decomposed formaldehyde should not leave the system
and take place in the reaction medium. Beside by avoiding the escape of the produced water,
dissolution of the paraformaldehyde and phenol precursor is increased and enhances the reac-
tion with amine like in the case of solution synthesis using mixed solvent systems for better
solubility. In the literature it is shown that for an amine formaldehyde condensation reaction,
amines are totally consumed after 15-20 min above 100 ◦C [53]. As a result; after making the
reaction take place, the condensation was stopped and open the system to the atmosphere, let
the water escape and shift the equilibrium to the right and also let the excess formaldehyde
to leave the system which is difficult to purify.

4.2 Polymerization Kinetics

Polymerization reactions for benzoxazine involves several steps which results in complex ki-
netics. As the polymerization reactions proceeds the physical medium of the reaction envi-
ronment drastically has changed. At the initial state of the reaction the medium is a mixture
of low molecular weight oligomers or monomers with low viscosity. As the reaction proceeds
the molecular weight of the resulting chains increase which in turn increase in the molecular
interaction, viscosity. On the other hand molecular mobility decreases. The decrease in the
molecular mobility becomes more dramatic when the formed chains crosslinks. The crosslinked
chains lose the ability to move and past one another. At this step the system becomes a high
viscous medium from easy flowing medium. Up to this stage the reactions are kinetically con-
trolled and benzoxazines undergo autocatalyzed polymerization like epoxies. Trace amount of
oligomeric benzoxazine hydroxyl group act as an acid source. As the reaction proceeds newly
formed OH groups are the new catalyst sources. After transition to rubbery state reaction
becomes diffusion controlled and finally it solidifies.

As the polymerization proceeds due to increase in molecular weight, the thermal energy pro-
vided by that specific temperature would not be sufficient for further reactions and the chains
freezes. At this stage vitrification of the material occurs, and this temperature would be the
glass transition temperature of the material. As the molecular mobility decreases the reaction
becomes diffusion controlled rather than kinetic controlled.

The reaction occurring at high temperature ranges for thermosetting resins are competing
with the decomposition of the structure as well. It is nearly impossible to get fully converted
structures but every molecule its characteristic ultimate degree of conversion, depending on
its properties.

In order to understand the primary curing behavior of the monomers BA, BP and BZ, DSC
thermograms of each were examined at different heating rates (Figure 4.5,4.6 and 4.7). Crude
BA and BZ show significantly lower melting temperature compare to purified ones. Similarly
their curing onsets have lowered compare the pure products. However, decrease in the melting
temperature is much faster than curing temperature. This gives a wider processing window,
i.e. more time to prepare desired shapes while it melts before curing starts.
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For the BP monomer however, the decrease in the curing onset is faster than the melting
temperature. The decreases are small, and the material reveals similar behavior with the
purified one.

Figure 4.5: DSC thermograms of pure and crude BA monomers at different heating rates

Figure 4.6: DSC thermograms of pure and crude BP monomers at different heating rates

Curing activation energies of uncured material are examined with Kissinger [11] method, which
assumes reaction activation energy constant during curing independent of curing degree which
is not correct as abovementioned. Maximum curing peaks of crude and purified monomers
and their reaction activation energies which are calculated according to 4.1 are shown in Table
4.4.

−ln
(
β

T 2
p

)
=
Ea

R
× 1

Tp
− ln

(
AR

Ea

)
(4.1)

In 4.1; β is the heating rate, Tp is the peak temperature of the exotherms at each heating
rate, Ea is the activation energy, R is the universal gas constant and A is the preexponential
factor.
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Figure 4.7: DSC thermograms of pure and crude BZ monomers at different heating rates

Table4.4: Exotherm peaks of monomers and activation energies

◦C/min BA (◦C) BP-pure (◦C) BP-crude (◦C) BZ-pure (◦C) BZ-crude (◦C)

10 244.55 240.08 221.47 215.19 213.38

15 253.26 249.27 229.32 224.40 220.72

20 259.82 255.55 236.98 230.88 226.21

Ea (kJ/mol) 98.56 95.48 85.52 92.204 82.05

As mentioned in the Section 2.2, polymerization tendency is higher for the lower electrophilic
character rings. As expected, BZ has the lowest activation energy and BA has the highest. For
the crude monomers, activation energies decrease further, due to catalytic amount of phenolic
moieties.

4.3 Curing of the Monomers

4.3.1 DSC Analysis of Monomers

Polymerization reactions of benzoxazine monomers are exothermic. DSC analysis proves this
information while giving an exothermic peak around the polymerization temperature depend-
ing on the dynamic heating rate. As a consequence, the energy under the exothermic peak is
proportional with the energy release during cure.

Curing characteristics of benzoxazine resins BA, BP and BZ were studied by a differential
scanning calorimeter (DSC) at a heating rate 10 ◦C/min as shown in Figure 4.8. The stepwise
decreases in heat of the samples are melting temperatures of the monomers. The thermal
transition located between 150 and 275 ◦C are attributed to the thermal curing characteristics
of benzoxazine ring opening reactions. The characteristic transitions of the monomers are
collected in Table 4.5.

BA has a melting temperature of 48 ◦C, BZ has a melting point of 75 ◦C and BP has a melting
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Table4.5: DSC analysis of monomers BA; BP and BZ

Tonset (◦C) Tpeak (◦C) Tend (◦C) Tmelting (◦C)

BA 210 249 270 48

BP 191 226 264 195

BZ 152 218 256 75

Figure 4.8: DSC analysis of BA, BP and BZ monomers
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temp of 195 ◦C. The lowest melting temperature of BA can be attributed to the alkyl units
on the bridge, which provides free rotation and prevents compact packing of crystallites. BP
has the highest melting behavior, which may be due to the strong interaction resulting from
the π-π stacking of the aromatic units.

The polymerization rate is affected mainly from two contributions. First one is the electronic
effect of the monomers and the second one is the interactions between the molecules deter-
mining the viscosity of the system. At the beginning of the reaction even though BA has the
lowest viscosity, the initiation of the reaction is the slowest compared to the others due to
electronic effects. As shown in Figure 2.5 the oligomerization or polymerization starts with
the breakage of the -O-C- bond at the oxazine ring. The reason of the latest reaction start of
BA may be the electron donating bridge substituents on the molecule. The electron donating
alkyl units at the para position of oxygen increases the charge density of it [54]. The increasing
charge on the oxygen atom makes the bond more stable and this retards the initiation of the
reaction.

Similarly BZ has the lowest onset of polymerization due to the decreasing effective electronic
charge on the oxygen, which eases the breakage of the bond. BP has nothing on the bridge
and should show an average behavior, which is in agreement with the DSC results.

At the second step of the reaction (Figure 2.5), the alpha carbon of the benzoxazine ring
attacks to the iminium ion via electrophilic substitution reaction. The effective charge density
on the alpha carbon of benzoxazine increases the rate of reaction. As a result BA has the
highest rate for the second step of polymerization. BZ on the other hand has the lowest
charge density on α carbon. Therefore, the rate of reaction decreases from BA to BZ due to
this electronic effect. Another factor affecting the retardation of polymerization proceeding is
the viscosities of the systems. The viscosity enhancement is the lowest for BA due to weak
intermolecular interactions compare to BP and BZ. These reasons explain the exothermic
peak shapes. For BA ring opening is retarded but once it opens the reaction proceeds more
quickly than the others. For BZ on the other hand, ring opening is enhanced but electrophilic
substitution is retarded.

The difference between melting temperature and curing onset gives the processing window of
the material. Thermograms reveal that the highest processing window belongs to BA and the
lowest belongs to BP.

4.3.2 Cure Monitoring Via DSC and FTIR

As mentioned in 4.2 Polymerization reactions depend on both electronic effects and reaction
medium viscosity. During polymerization of thermosets the material transfer itself from liquid
to first rubbery phase then glassy phase. Therefore, while deciding the reaction temperatures,
some certain consideration should be accounted beside the DSC thermograms.

• High temperatures are needed for curing to occur. As a result, degradation of the
material is inevitable in competition with the polymerization during thermal treatment
(shown by the Appendix B). In order to minimize the degradation rate, the reaction
should be conducted at the lowest possible temperature for reaction to occur with a
slow rate.

• The reaction at constant (relatively) low temperature can proceed to some extent due
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to the increased viscosity and molecular weight. The energy given by the constant
relative low temperature will not be sufficient to continue the reaction due to the formed
secondary forces via molecular weight increase. This results in freezing the reaction, ie.
vitrification.

As a result, for the polymerization to occur with a minimum material lost, proper step heating
process were conducted. The degree of conversions are calculated according to Equation 4.2

%Curing =

(
1− ∆Hi

∆Hmonomer

)
∗ 100 (4.2)

Where ∆Hi is the amount of exothermic energy of the material after the thermal treatment.
∆Hmonomer is the amount of the heat of the heat of the untreated monomer.

4.3.2.1 Curing of BA

The optimal curing conditions of BA monomer were determined from the partial disappearance
of the area under the curve of the exothermic peak in the DSC experiment. Corresponding
curves are shown in Figure 4.9.

Figure 4.9: DSC thermograms BA resin after each cure stage

The heat of reaction of the uncured sample was measured to be 211.6 J/g. After a step curing
at 150 ◦C/2 h, 160 ◦C/1 h, 180 ◦C/2h, 200 ◦C/1h and 220 ◦C/2 h, the values decreased to
187.2, 169.7, 15.1 and 6.1 J/g, respectively, which corresponded to the degree of conversion of
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12, 20, 93 and 97 %. The decrease in the heat capacity around 220 ◦C can be interpreted as
glass transition.

The curing exotherm shifts to lower temperature for the first two thermal treatment step, and
then shifts to higher temperatures for the two last steps. This behaviour is in agreement with
abovementioned idea which explains that, polymerization intiation is difficult for BA with
stable oxazine ring structure. Once it is broken, the second step which is the electrophilic sub-
stitution reaction is more convenient for BA. After some extent of course the viscosity reaches
a critical value with incresed molecular weight, the probability of the reaction to occur de-
creases and needs more energy input. Chemical structure of benzoxazine resin BA, its network
formation with the abovementioned curing schedule was studied by FTIR spectroscopy. Figure
4.10 shows corresponding FTIR spectra.

Figure 4.10: FTIR spectra of BA resin after each cure stage

IR absorption band found at 1230 cm−1 can be at assigned to C–O–C stretching mode of
benzene ring and 1493 and 938 cm−1 assigned to tri-substituted benzene ring as shown in
Figure 4.10 bottom curve.

The oxazine ring was broken by the breakage of C–O-C bond of the ring. With the initiation
of polymerization the BA molecules were transformed from a ring structure to a network
structure. While this process occuring tri-substituted benzene ring transforms into a tetra-
substituted benzene ring [55–57]. The polymerization reaction of the BA can be monitored
from the decrease of the absorption bands at 1493, and 938 cm−1 and the appearance of the
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new absorption band at 1476 cm−1 of the tetra-substituted benzene ring.

4.3.2.2 Curing of BP

The network formation of BP after thermal cure was also monitored by DSC thermogram.
Figure 4.11 shows DSC curves of BP after each stage.

Figure 4.11: DSC thermograms BP resin after each cure stage

The heat of reaction of the uncured sample was measured to be 245 J/g. which is higher than
needed for BA. After a step curing at 150 ◦C/2 h, 180 ◦C/1 h, 2200 ◦C/2h and 240 ◦C/1 h,
the values decreased to 211, 77.5 and 6.5 J/g, respectively, which corresponded to the degree
of conversion of 10, 69, and 97 %.

Although it is seen that 30 min at 240 ◦C is sufficient for ultimate conversion, the step
heat capacity increases with the increase in thermal treatment. This can be due to the
immobilization of dangling segment with thermal annealing.

FTIR spectra of BP after each cure stage, as shown in Figure 4.12.

With the increase of curing temperature, the absorption bands of C–O–C stretching mode of
benzene ring at 1230 cm−1 and tri-substituted benzene ring at 1484 and 928 cm−1 decreased
and finally disappeared after the curing at 240 ◦C. Additionally, a new band is formed at 1450
cm−1 which can be attributed to four membered benzene ring signal.

39



Figure 4.12: FTIR spectra of BP resin after each cure stage
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4.3.2.3 Curing of BZ

In order to maintain minimum time and lowest temperature curing schedule, step heating
temperature program was applied to BZ monomer. Figure 4.13 shows respective responses of
the material after each thermal step.

Figure 4.13: DSC thermograms BZ resin after each cure stage

The heat of reaction of the uncured sample was measured to be 212.6 J/g. The decrease of the
exothermic amount is clearly observed with the increase of curing temperature. After a step
curing at 150 ◦C/2 h, 180 ◦C/1 h, the values decreased to 168.2 and 63.5 J/g, respectively,
which corresponded to the degree of conversion of 21 and 70 %. The exotherm disappeared
after curing at 220 ◦C/2h indicating the completion of cross-link reaction. However after
thermal treatment at 240 ◦C/1 h, the glass transition shifts to higher temperature.

As indicated in 3.1.1, the polymerization gets harder for both BP and BZ as the reaction
proceeds. The curing exotherms shifts to right with the increase in conversion.

FTIR spectra of BZ after each cure stage is shown in Figure 4.14.

With the increase of curing temperature, the absorption bands of C–O–C stretching mode of
benzene ring at 1227 cm−1 and tri-substituted benzene ring at1494 and 933 cm−1 decreased
and finally disappeared after the curing at 240 ◦C. Additionally, a new band is formed at 1484
cm−1 which can be attributed to four membered benzene ring signals.
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Figure 4.14: FTIR spectra BZ resin after each cure stage
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4.4 Properties of polymers

4.4.1 Dynamic Mechanical Analysis

The dynamic storage modulus (E’ ) is defined as the stress in phase with the strain in a
sinusoidal shearing deformation divided by the strain. Loss modulus (E”) is defined as the
stress with a phase lag with the strain divided by the strain. It is a measure of the energy
dissipated as heat per cycle under deformation, i.e., the viscous response of the material. The
ratio between the loss modulus and the storage modulus is called the mechanical loss factor,
or tan δ. The damping properties of the material give the balance between the elastic and
viscous phases in a polymeric structure [58].

As the temperature increases, E’ decreases for all resins which is attributed to the increase in
the molecular mobility of the polymer chains [59]. In the glassy region before glass transition
however the decrease in the modulus is faster compare to other thermosetting resins. This
may be due to the weakening of the intermolecular forces of the benzoxazine structures in
which hydrogen bonding has significant effects on properties. Absorption of the load with the
relaxation of these intermolecular forces retards the glass transition.

4.4.1.1 DMA Properties of PBA

Change in storage modulus loss modulus and damping factor with temperature increase is
shown in Figure 4.15 for PBA.

Figure 4.15: DMA curve of PBA after cure cycle of 150 ◦C 1h180 ◦C 2h, 200 ◦C 2h, 220 ◦C
1h
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Mechanical integrity is lost at 168 ◦C for PBA. This temperature can be addressed as Tg of
E’. Loss modulus on the other hand exhibits a peak at 187 ◦C in which the real relaxation
occur before which the molecules cannot move and after which the molecules are free to move
and thus maximizes at the glass transition which has the highest friction value. The ratio of
loss modulus to elastic modulus (tan δ) peaks with a value of 0.63 and its half height width is
40.13 ◦C.

The properties of resulting polymer are compared with the commercial product properties
of Huntsman Company. Their final products with similar curing conditions have similar
properties [51].

4.4.1.2 DMA Properties of PBP

Effect of different curing cycles on the properties of PBP is shown in Figure 4.16 and 4.17.

Figure 4.16: DMA curve of PBP after cure cycle of 160 ◦C 1h180 ◦C 1h, 200 ◦C 2h, 220 ◦C
1h

The increase in the thermal treatment rises glass transition temperature from 202 ◦C to
235 ◦C. In adition, tan δ value decreases from 0.49 to 0.38. Half height width of damping
parameter on the other hand increases from 63.2 ◦C to 76.0 ◦C. It can be concluded that
additional thermal treatment makes the material harder and limits and broadens the molecular
mobility. Room temperature storage modulus on the other hand decreases significantly with
the application of additional thermal treatment from 1750 Mpa to 999 MPa. Increase in glass
transition temperature and decrease in modulus seems contradictory ideas. This attitude
can be explained with the idea that, increase in crosslinking reduces the secondary molecular
interactions and increases the free volume of the polymer [60,61].
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Figure 4.17: DMA curve of PBP after cure cycle of 160 ◦C 1h180 ◦C 1h, 200 ◦C 2h, 220 ◦C
1h, 240 45min

4.4.1.3 DMA Properties of PBZ

Effect of different thermal treatment on the properties of PBZ resin is shown in Figure 4.18
and 4.19.

As can be seen from Figure 4.18, storage modulus shows a sudden increase after decreasing
at 208 ◦C. This behavior can be explained with the incomplete curing. By applying thermal
treatment during the test, the material first reaches the rubbery region and continues to
reaction to reach complete curing by the additional uncured sites of the chain. In the Figure
4.19 on the other hand, additional thermal treatment diminishes this behavior. The mechanical
integrity can be preserved up to 323 ◦C which is the ultimate glass transition temperature of
PBZ.

As similar with PBP the damping factor for PBZ is decreased and the material gets harder
as the curing treatment is applied. The storage modulus of the material is decreased with the
same reasons for PBP.

The significant decrease in room temperature storage modulus can be explained with free
volume values. X-linking stiffness decreases which will be explained later in detail.

4.4.2 Thermogravimetric Analysis

Thermogravimetric analysis is a technique in which at inert atmosphere or oxidative atmo-
sphere, the mass loss of a substance is measured with the temperature increase or time increase
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Figure 4.18: DMA curve of PBZ after cure cycle of 160 ◦C 1h180 ◦C 1h, 200 ◦C 2h, 220 ◦C
1h, 240 1h

Figure 4.19: DMA curve of PBZ after cure cycle of 160 ◦C 1h180 ◦C 2h, 220 ◦C 1.5h, 250 ◦C
3h
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at constant temperature with a controlled temperature program. The decomposition process
is affected from the decomposition environment. This technique is generally used for investi-
gating the decomposition and corresponding mass loss mechanism of polymers.

Thermogravimetric analysis of the cured PBA, PBP and PBZ resins in air and N2 were
conducted in order to understand the thermal performance of the resins. Corresponding TGA
graphs measured in air and N2 were shown in Figure 4.20 to Figure 4.25. The temperatures
at which a significant percent of weight loss occurred with the information of char yields at
800 ◦C for inert atmosphere and at 600 ◦C are summarized in Table 4.6 and in Table 4.7.

Figure 4.20: TGA curve of PBA in N2

Table4.6: TGA Results of Resins in N2

5% 10% Rate1 Rate2 char

PBA 316 327 307 0.32 400 0.32 35

PBP 355.5 381.5 411.3 0.22 487 0.12 61

PBZ 402 426 435 0.19 511 0.25 59

The thermal degradation mechanism of benzoxazine exhibits that the Mannich Bridge is the
first degraded part predominantly releasing the primary amine as volatile. Depending on the
nature of the amine used the first degradation products will be Schiff base or Mannich base
degrade. If basicity of the amine is strong former case is favorable, for the low basicity is true
for the later degradation. Within the early degradation of the Mannich Bridege, methylene
bridge formation was detected [62]. Benzoxazines are also known to form strong hydrogen
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Figure 4.21: TGA curve of PBA in air

Figure 4.22: TGA curve of PBP in N2
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Figure 4.23: TGA curve of PBP in air

Figure 4.24: TGA curve of PBZ in N2
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Figure 4.25: TGA curve of PBZ in air

Table4.7: TGA Results of Resins in Air

5% 10% Rate1 Rate2 char

PBA 345 369 411 0.34 720 0.26 42

PBP 379 409 401 0.17 692 0.41 62

PBZ 435 465 426 0.11 658 0.43 56
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bonds. Strength of the hydrogen bond can delay the initial degradation temperature. The
type of the hydrogen bonds depends on phenol acidity and amine basicity. More acidic phenols
yield higher fraction and stronger intramolecular six membered hydrogen bonding as OH—N.
The strength of this hydrogen bonding affects the primary decomposition and it is highest
for PBZ and lowest for PBA. The isopropyledene unit in PBA also has similar decomposition
temperature as the mannich bridge. As a result the first decomposition for PBA is very fast.
For the degradation of the remaining phenolic moiety, the degradation temperature is highest
again for PBZ than PBP, however the rate is also higher. At the end the char yield of PBP
exceeds PBZ slightly.

Under inert atmosphere the polymer show mainly two step degradation. The first step is
abovementioned respective amine group degradation, and the second is the phenolic backbone
degradation. PBA starts to degrade first and PBZ starts as the last. Although PBZ has
highest degradation temperature as at the inert atmosphere, the overall rate results in highest
char yield for PBP. The thermograms show that three of the polymers show thermoxidative
stability till 500 ◦C.

4.4.3 Cone Calorimetry Analysis

The complexities in the reproducibility and chemistry of the fire, there are different methods to
analyze different characteristics of combustion process. Limiting Oxygen Index (LOI) UL-94
dripping tests are some common used examples of these methods. Cone Calorimeter is a bench-
scale flame retardancy test in which different levels of thermal radiation can be simulated.
Heat release rate, time to ignition, mass loss rate, effective heat of combustion are some
characteristics results of the material defining their fire behaviors [63,64].

Time to Ignition (s): When surface of the material is exposed to fire, it is heated to about the
endothermic decomposition temperature of the material. Decomposition produces flammable
gases flow from material to fire. When the mass loss rate of the decomposed product reaches
a significant value with an effective heat of combustion sufficient to make them to spark
with fire, ignition occurs. TTI can be measured from the onset on an HRR curve. TTI
depends on; amount of thermal irradiance, oxygen availability, temperature, thermophysical
and themochemical properties of the material.

Heat Release Rate (kW/m2): A quantitative measure of the amount of oxidative exothermic
thermal energy released by a material per unit are when exposed to fire radiating a constant
heat flux. HRR is not constant but varies with exposure time. The most characteristic
parameters are the Peak Heat Release Rate and Average Heat Release Rate. The heat released
by a burning material can provide additional thermal energy for the growth and spread of fire.
As a consequence it is the most important characteristic of a material defining its flammability.

Mass Loss: Measurable amount of the material when it is exposed to fire. It depends on
the ignition time, combustion energy, char formation or transformation from thermally thick
material to thermally thin material [64].

Effective Heat of Combustion (MJ/kg): For cone calorimetry measurement effective heat of
combustion is defined as the ratio of heat release rate to the mass loss rate.

Total Time of Burning: It is the time elapsed from the beginning of the test to the flameout.

51



Fire Grow Index: Ratio of PHRR to TTI. It is a way of describing the flame spread rate. The
unit is kW/m2s.

Fire growth Rate: The ratio of PHRR to time to PHRR. It is another definition of flame
spread rate. The unit is kW/m2s.

In order to have better flame retardancy, heat release rate, total heat release and mass loss
should be lower with an increase in time to ignition value.

Heat release behaviour of polymers: Heat Release Rate profile of a material fluctuates consid-
erably over time due to various chemical and physical thermal events occurs to the sample
exposes to the fire. First the material does not release any heat because the thermal loads are
insufficient to heat the material to the decomposition temperature.

When external heat flux heats the surface to thermal decomposition temperature, an immedi-
ate heat release occurs from the initial surface volatiles. They immediately form a protective
layer which is not so strong. Then the heat release shows a sudden decrease due to the first
formed protective layers. Since the initial layer is not strong enough the rate starts to increase
but steadily this time. After a while due to the formation of an effective char layer, the rate
starts to decrease after it peaks. Here the char functions in two ways; first, it behave as a
barrier preventing the release of flammable volatiles to the flame zone and diffusion of oxygen
to the decomposition zone. Second, due to its porous structure, it behaves as a thermal barrier
inhibiting the direct exposure of the flame to the material.

By these two mechanisms the decomposition rate and thus the heat release rate slows down.
In Figure 4.26 typical burning behaviours of different materials heat release rate graphs are
shown.

Figure 4.26: Typical HRR curves for different characteristic burning behaviours

Under 50 kW/m2 heat flux, the heat release rate heat, total release curve, mass loss curve and
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mass loss rate and with time is shown in Figure 4.27 and Figure 4.28.

Figure 4.27: Heat Release Rate Curve of PBA, PBP and PBZ

Table4.8: Heat Release Behavior of PBA, PBP and PBZ

Sample TTI (s)
PHRR

(kW/m2)
THR

(MJ/m2)
PEHC
(MJ/kg)

BA 23 201 62 69.47

BP 43 122.22 32 77.31

BZ 47 172.57 42 71.7

Time to ignition which is the x-intercept of first increase in the heat release rate is lowest for
PBA and highest for PBZ. This result is consistent with TGA at inert atmosphere results in
which initial thermal degradation temperature are in the same order. Heat release rate first
increases for three of the polymers due to first flammable products evaporate from the virgin
material. For PBA the rate increases nearly linearly and faster than the other two polymers.
The rate starts to decrease after peaking at 200 s. for PBP on the other hand the increase in
the rate after first peak is slower and the rate in this zone is nearly constant. The rate of heat
release starts to decrease before the others, indication of better flame retardancy. For PBZ a
more complex behavior is observed. The rate increase after first increase is slower first but
after 175 second it accelerates as if it is a non-charring thermally thin material.

The results indicate that, PBP has lowest total heat release and peak heat release. The
highest heat of combustion value of PBP shows that better flame retardancy is occurred in
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Figure 4.28: Total Heat Release of PBA, PBP and PBZ
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the condensed phase rather than in the gas phase.

Mass loss behavior of polymers: In the first part of mass loss, material shows a delay because
the surface temperature has not reached to the decomposition temperature. Than a rapid loss
in mass is observed as the endothermic decomposition starts. In this step the rate increases
rapidly. After this, step rate of mass loss slows down due to the increase in thermal insulation,
provided by the growth of char surface layer. As mass loss proceeds the material becomes
thermally thin with time and decomposition rate again increases. At last, step rate again
decreases and drops to zero as the last remains of the polymer was degraded.

Under 50 kW/m2 heat flux, mass loss curve and mass loss rate curve are shown in Figure 4.29
and Figure 4.30 and the results are summarize in Table 4.9.

Figure 4.29: % Mass Loss Curves of PBA, PBP and PBZ

Comparing with TGA results both BP and BZ are good char forming materials around 60 %
of the residue remaining at 800 ◦C in an inert atmosphere. The char yield for cone calorimetry
measurement for the material at 820 ◦C for with an exposure time of 450 s are very similar
with the TGA results at 800 ◦C in the inert atmosphere. This indicates that degradation
occur below the pyrolysis zone is inert.

The rate of weight loss is higher for PBA and its char residue is the lowest among the three of
the polymers. Still it has an char yield above 30 % with an exposure time of 450 second and
820 ◦C. PBP has the highest char yield and lowest rate of mass loss. After an initial increase
in the rate of mass loss, the rate steadily decreases and after a point it has formed a stable
residue that does not allow continuing of fire.
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Figure 4.30: Mass Loss Rate Curves of PBA, PBP and PBZ
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For PBZ the initial rate of weight loss is higher than PBP but lower than PBP. The acceleration
of mass loss is on the other hand is highest among three. It behaves as if it is a non-charring
material, although it has a significant amount of residue when fire ends.

In general the flame retardancy can be achieved with three mechanisms all of which are
functions of each other. First one is the thermal insulation capability of the material, second
is the structural integrity and the third one is the burn through resistance.

In general the condensed phase can be divided into three regions. At the top layer, initial
degradation products form a char layer. Below the char layer, second layer can be named as
the decomposition layer, in which the material is decomposing at a temperature above the
decomposition temperature but below the char formation temperature. At this region the
polymer partially degraded producing high molecular weight segments which are too heavy to
vaporize to the flame zone. In addition, due to the incomplete decomposition, the material
can not produce char or combustion gases. Below the decomposition zone of the material, the
region can be named as virgin material, This region may contain cracks but the temperature
is too low for a decomposition to occur. When the temperature at the bottom zone is low and
the rate of heat transfer to this layer is slow, the material can be named as thermally thick
material.

While continuing to heat the sample the char layer proceeds to move towards to the virgin
zone. As a result heat transfer rate to the virgin zone increases. The material eventually
becomes a thermally thin material.

For PBZ the sample cracks during the repeated experiments, the sample broken from different
sides. This may result in the ease of heat conduction to the back surface and decreases the
efficiency of formed char as a barrier to inhibit the escape of the flammable gaseous products
into the fire zone. It behaves as if it is thermally thick although it has a considerable amount of
char residue due to the occurrence of these cracks. In order to be effective char, the structural
integrity of the char zone is very important.

Table4.9: Mass Loss Behavior of PBA, PBP and PBZ

Sample
Char @ 300

(s)
Char @ 450

(s)
Time to peak

(s)
Peak MLR

(g/s)
Mean MLR

BA 36 29 57 0.12 0.089

BP 66 60 65 0.075 0.049

BZ 63 59 177 0.11 0.069

4.5 Molecular Origin of the Differences of the Resins

The reason of the lowest glass transition temperature for PBA can be explained with the
lowest crosslinking density of it. The crosslinking density is highest for PBZ on the other
hand. The modulus value at room temperature is highest for PBA and lowest for PBZ. The
values at 50 ◦C are; BA: 1530 MPa, BP: 998 MPa, BZ: 935 MPa. This can be explained that
increasing crosslinking density increases the free volume of the material and thus decreases the
modulus. The modulus values in the rubbery region show an opposite trend in the rubbery
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region. At Tg+50 ◦C modulus values are: BA: 32.85 MPa, BP: 69.76 MPa, BZ: 177.31 MPa.
We can conclude that dependency of modulus to molecular stiffness is more important than
its’ crosslinking density before Tg, after Tg on the other hand crosslinking density dominates
the storage modulus property.

The reason of the higher crosslinking density of PBZ can be explained with the polymerization
mechanism shown in Figure 4.31.
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Figure 4.31: Two Types of Polymers of Benzoxazine

As explained in the introduction chapter, polymerization stars with the breakage of C-O bond
in the ring forming an iminium carbocation intermediate. In the second part of the polymer-
ization reaction free ortho position of the benzoxazine molecule reacts with the carbocation
via electrophylic substitution reaction resulting in Mannich bridge (Type 1). The reactivity
of this step depends on the reactivity of the ortho group. As a result electron density of this
position increases the probability of the reaction. This probability is highest for BA because
of the electron donating alkyl groups at the bridge and it is lowest for BZ due to electron
withdrawing carbonyl group at the bridge.

Polymerization mechanism can also proceed with the reaction of para position of aniline and
carbocation intermediate (Type 2). The decrease in the probability increases the probability
of second reaction. This is highest for BZ and lowest for BA. This additional polymerization
probability may be the reason of the increased crosslinking density of BZ. In Figure 4.32
formed benzoxazine infrared spectra are shown.

As shown from the Figure 4.32 the ratio of mono substituted benzene ring around 680 cm−1

to the disubstituted benzene ring around 830 cm−1 is highest for PBA and lowest for PBZ.

Yet another reason for the highest glass transition temperature for PBZ can be explained with
strength of intramoleculer six membered hydrogen bonding shown in Figure 4.33.

The strength of the intramolecular hydrogen bonding depends on either acidity of the OH
proton or basicity of the amine. Thus hydrogen bonding is strongest for PBZ due to electron
withdrawing group at the para position and lowest for PBA due to an opposite effect. Therefore
weakling of the secondary forces is most difficult for PBZ as the thermal load is applied before
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Figure 4.32: FTIR Spectra of PBA, PBP and PBZ

Figure 4.33: Hydrogen Bonding of Polybenzoxazine Derivatives
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reaching glass transition.

4.6 Properties of Composites

Resin Powder Molding, which is used for solid resin row material has some advantages such
as no need use of a solvent and resulting solvent evaporation problems which may result in
pore formation within the composite. In addition the solid fillers may be distributed within
the powder resin by ball milling. The solubility and aggregation problem of the powder fillers
during process are avoided.

In order to investigate thermal insulation performance of the resins, 20x20 cm2 high silica
cloth fabric composites were prepared. At around 8 g of the powder resin was distributed onto
the single ply of the cloth. According to the thickness requirements for corresponding tests;
8, 20 or 40 plies of the composites were prepared. Cured composites of BA, BP and BZ are
shown in Figure 4.34.

Figure 4.34: BA BP and BZ High Silica Composite Plates

Applicability of the investigated cure cycles of neat resins was tried in composite productions.
After optimization studies for composite production cure cycles, appropriate temperature,
pressure and time parameters were defined for both BA and BZ. For BA, after leaving the
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system at 150 ◦C and under the pressure of 2 ton for half an hour, the temperature and pressure
were increased to 160 ◦C and 10 ton respectively. The duration time at this temperature was
2 hours, and then the temperature was increased to 180 ◦C at the same pressure for two hours.
Final step of curing was carried out at 200 ◦C for another 2 hours at the same pressure. At
the end of the cycle, the system was left for natural cooling.

For BZ on the other hand, the starting procedures were the same, namely: at 150◦C under
the pressure of 2 ton and 30 minutes duration was decided to be enough for wetting the
reinforcement. Before the completion of gelling, the temperature and pressure were both
increased to 170 ◦C and 10 ton respectively for 2 hours. Under the same pressure, cure cycle
of 190 ◦C 2 hour and 220 ◦C 2 hour was applied. The material was left for natural cooling.

For BP resin on the other hand, as can be seen from the Figure 4.30 there occurred a significant
phase separation between the cured resin and fabric. The reasons may be the processing
window of the monomer 4.3.1 Figure 4.8. Just after the melting the resin starts to polymerize,
which does not allow resin to interact with the fabric.

Another reason may be lack of sizing agent on the fabric surfaces, which enhances the inter-
action between hydrophobic resin and hydrophilic fabric [65].

4.6.1 Density Measurement of Composites

According to Archimedes Principle measurement, the densities of the produced composites
are summarized in Table 4.10. The need for the lightweight materials for current technology
is one of the key reasons of using polymer composite materials with desirable performances.
Density measurement samples are shown in Figure 4.35 and the averaged measurements are
summarized in Table 4.10.

Table4.10: Density Measurements of BA and BZ Composites

g/cm3 Sample 1 Sample 2 Sample 3

BA 1.736 1.697 1.740

BZ 1.627 1.620 1.636

Figure 4.35: Density Measurement Samples

Thermosetting resin materials are used in aeroscope application because of their high strength
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and lightweight properties compared to metal alloys counterparts. The values obtained from
the measurements of BA and BZ high silica composites indicate that these materials are
suitable for rocket/missile application. The current technology used for rocket/missile nozzle
thermal insulation is Silica phenolic composites, which have a density of 1.63 g/cm3 [66].

4.6.2 Thermal Analysis of Composites

TGA analyses give information about the chemical events such as dehydration decomposi-
tion beside physical phenomena such as vaporization, sublimation as a function of increasing
temperature. TGA analysis is used to measure the variation in mass of the materials when
subjected to heating isothermally or dynamically.

In order to analyze thermal characteristics of composites; thermogravimetric analysis had been
conducted (Figure 4.36 and Figure 4.37). Corresponding results are summarized in Table 4.11.
The resin/fabric ratio can be deduced from the char yield at oxygen at 800 ◦C. Because SiO2

is stable at this [67] temperature the lost weight belongs to resin in the composite. The resin
content of BA is 35 %. While preparing the composite, BA is melted at 150 ◦C, the viscosity
has reached to its minimum value at this temperature. This value for BA resin is too small and
curing onset is very high. As a result too much resin had been lost while pressing it. Although
the resin content is below the desired value, the composite has still significant mechanical
properties.

The resin content for BZ-high silica composite on the other hand, is calculated as 46 %. This
ratio is very desirable for nozzle applications (around 40-50 percent).

BA composite has char yields of 74 %, 65 % at inert and oxygen environments respectively.
The values for BZ composite on the other hand are 74 % and 65 % respectively. It can be seen
that although BZ has a higher concentration of the resin, its char yield at inert atmosphere is
still higher than BA composite. This is because of the higher char forming tendency of BZ as
explained in 3.4.2.

The results are summarized in Table 4.11 give the information that these resins have the
potential that can be used for ablative nozzle insulation materials.

Table4.11: TGA Results of BA and BZ Composite

Char Yield
in N2 (%)

Char Yield
in O2 (%)

Td
in N2

Td
in O2

% Resin
Content

BA 74 65 367 390 35

BZ 79 54 410 453 46

4.6.3 Mechanical Characterizations

4.6.3.1 Tensile Tests

Tensile tests were conducted using Instron according to ASTM D3039 [68], in order to study
the behavior and ability of the material response under the tensile loads. Tensile test curves
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Figure 4.36: TGA of BA Composite at O2 and N2 Enviroment

Figure 4.37: TGA of BZ Composite at O2 and N2 Environment

63



of BA and BZ high silica composites are shown in Figure 4.38 and 4.39.

Figure 4.38: Stress strain Curves of BA Composite

After reaching maximum stress values for the samples can hold an immediate decrease of the
strength values were observed.

The samples failed immediately after reaching the maximum stress. The absorbed energy
under the curve can be explained as the work done against the friction of displacing the resin
relative to the cloth or work required to cause elastic de-bonding.

Tensile test of results BA and BZ composites are summarized in Table 4.12.

Table4.12: Tensile Test Results of BA and BZ Composites

BA BZ

Tensile Stress
at Max. Load

(MPa)

154 36
123 43
147 72

Tensile Strain
at Break

(%)

0. 8 0. 2
0. 7 0. 4
0. 8 0. 3

Modulus (MPa) 22198 16877

The results reveal that, BA has a tensile strength around 150 MPa. Although the structural
properties of the high silica fabrics are very low, the strength value for BA is quite high and
promising.

64



Figure 4.39: Stress strain Curves of BZ Composite

Interfacial adhesion between fiber and resin is a crucial issue, which in turn effect the overall
strength of the composite material. A strong interfacial interaction and adhesion is desired in
order to perform better stress transfer between fiber and matrix.

BA has more electron density throughout the entire molecule, which results in better inter-
molecular attraction. As mentioned before benzoxazines can have various types of H-bonding
capability. The degree of intra- and intermolecular hydrogen bonding capability depends on
the amine basicity and phenol acidity. As the basicity of amine or acidity of the phenol
increases, the percentage of intramolecular hydrogen bonding capability increases. Geomet-
rically available hydroxyl groups in BA resin with less intramolecularly hydrogen bonded
contributes more to adhesion with silica fabrics, which also has free -OR groups at the sur-
face.

In addition to interface strength between fabric and resin the ability of resistance to tensile
force of matrix itself is another critical issue. Higher intermolecular attraction such as π-π
stacking Van der Waals interactions and H-bonding, is higher for BA due to its higher electron
density. Increased coulombic interaction also enhances the load bearing ability.

In addition to electronic effects, there may be some physical contribution to the differences
between BA and BZ tensile strength values. The viscosity of BA is significantly lower than
BZ resin. High viscosity decreases the impregnation ability of the resin, which results in
wettability capacity. In fact at the end of the test, it is seen that at some points BZ cannot
spread smoothly shown in Figure 4.40.

Agglomeration acts as areas of weakness and causes stress concentrations leading to low me-
chanical properties. These inhomogenities prevent the load transfer behavior of the matrix
due to the load-carrying capacity of the composite.
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Figure 4.40: Agglomeration of BZ

BZ composite preparation methods need further optimization studies.

4.6.3.2 Compression Tests

The need for insulation material compression strength is one of the key factors especially
at the exit cone of nozzle. Insulation compressive strength can be a very important design
consideration. The greater the compressive strength, the more durable the insulation is.

Materials which has high compression strength values, can withstand various forms of external
pressure. When the insulating material has higher compression strength values, it will perform
better insulation properties, and last longer.

Table4.13: Compressive Strength Test Results of BA and BZ Composites

BA BZ

Compression Stress
at Max. Load

(MPa)

267.6 124.4
235.5 139.8
238.1 145.3

Silica phenolic compression strengths are around 140-150 MPa. This indicates that compres-
sive strengths of both BA and BZ are sufficient for use in this application.
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Figure 4.41: Compressive Strength Test of BA Composite

Figure 4.42: Compressive Strength Test of BZ Composite
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4.6.4 DMA Characterizations

The fiber-reinforced polymeric composites lose their ability to withstand mechanical or thermal
loads near their glass transition temperature with softening, decomposition or degradation.
The steel or other metals on the other hand, can retain their structural integrity for a long
time of period. By dynamic mechanical analysis the change in the storage modulus of the
material is measured with temperature increase.

DMA results show that modulus increases and exhibits a value at least double that for neat
PBZ (Figure 4.43). Moreover substantial enhancement in the rubbery plateau modulus of
the composite also increased significantly compared to neat resin. Glass transition values
according to storage modulus are similar with neat resin at around 330 ◦C. However, the glass
transition temperature values according to loss modulus and loss factor values are delayed and
increased from around 250 ◦C to 350 ◦C. This indicates a good thermal load transfer between
resin and fabric.

Figure 4.43: DMA graph of BZ High Silica Composite

Table4.14: DMA Results of BA and BZ Composites

Tg E’ Tg E” Tand Height W1/2 Tand

BA 182 187 0.23 20

BZ 323 258 0.085 -

4.6.5 Thermomechanical Characterizations

Thermal expansions of the composites were analyzed by thermo-mechanical analyzer (TMA).
Coefficient of thermal expansion (CTE) of the materials was measured before and after glass
transition temperature (Tg). The significant change in dimension change with time is defined
as glass transition temperature in which a significant portion of the material loses intermolec-
ular interaction capability and thus more free to expand.
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Figure 4.44: DMA graph of BA High Silica Composite

Table 4.15 shows the CTE values of BZ and BA high silica composites before and after Tg.

The results indicated that dimensional change at lower temperature was lower than the dimen-
sional change at higher temperature. The CTE values before and after glass transition were
measured from the slope of curves. The point of the sharp change of the thermal expansion
behavior was named as glass transition temperature because before this point strong molecu-
lar interactions did not allow too much expansion. After the weakening of the intermolecular
forces, the expansion capability increases [69].

Table4.15: TMA Results of BA and BZ Composites

Tg CTE @ T<Tg CTE @ T>Tg

BA 164.17 10.72 105.69 9.86

BZ 285 58,6 128.4 2

In both states, thermal expansion coefficient is lower for BA material, which may result better
intermolecular interaction between the chains that is in consistent with the previous mechan-
ical, and DMA results. The change in the thermal expansion coefficient on the other hand is
much more for BA. This is again in agreement with the previous results. BA composite prop-
erties are more dependent to the intermolecular interactions rather than the crosslink property
or crosslinking density is higher for BA composite than BZ composite. These secondary force
interactions are much more dominant at lower temperatures.

4.6.6 Oxyacetylene Torch Characterizations

During the re-entry of a spacecraft vehicle, thermal protection of the components against
harsh and short intense thermal and mechanical loads is very important in order to maintain
its functionality. In addition while designing the spacecraft vehicles one of the key parameter
is the mass gain. For this, increase in the ablation resistance of the materials used with limited
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mass is crucial parameter for the design studies.

Oxyacetylene torch test is the most convenient and low cost method and is used for primary
evaluation of thermal ablation resistance of materials. The test conditions impart erosive
and shear forces on the sample. Oxyacetylene flame test was carried out based on standard
ASTME285-08 [70]. Ablation resistance characteristics were measured via volumetric and
mass loss manner before and after the ablation. LAR and MAR are defined as the Linear
Ablation rate and Mass Ablation rates respectively. LAR and MAR values are defined by the
following equations.

LAR = dL/dt (4.3)

MAR = dM/dt (4.4)

While calculating the ablation parameters, the difference between initial parameters and final
parameters are divided.

The specimens of 30 mm diameter and 10 mm thickness were prepared and they were subjected
to a flame torch which has an approximate temperature of 2500 ◦C for 20 s time duration.
The inner diameter of the oxyacetylene torch tip was 2 mm, and the distance between the gun
tip and specimen surface was 10 mm. the flow rate ratio of oxygen and acetylene were kept
at a constant value of 2.5

The average ablation rate of three samples from each composition is taken as the ultimate
ablation rate of BZ and BA composites and the results are shown in Table 4.16.

Table4.16: Oxyacetylene Test Results

Sample Mass Ablation Rate g/s Linear Ablation Rate mm/s

Silica Phenolic 0.0638 -

BZ – 1 0.054 0.095

BZ – 2 0,041 0.1

BA – 1 0,029 0.043

BA – 2 0,029 0.082

BA – 3 0,026 0.085

As can be seen from the Figure that, a white coating on the thermoset resin has been occurred.
This was result from a consecutive reaction as:
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SiO2(l) → SiO2(g) 1
1/3 SiO2(l)+C(s) → 2/3 SiC(s)+ CO(g) 2
1/3 SiO2(g)+C(s) → 2/3 SiC(s)+ CO(g) 3
1/3 SiO2(g)+C(s) → 2/3 SiC(l)+ CO(g) 4
1/3 SiO2(l)+C(s) → 2/3 SiC(s)+ CO(g) 5
1/3 SiO2(g)+C(s) → 2/3 SiC(s)+ CO(g) 6
1/3 SiO2(g)+C(s) → 2/3 SiC(s)+ CO(g) 7
1/3 SiO2(l)+C(s) → 1/2 SiO (l)+ CO(g) 8
2 SiO2(l) + SiC(s) → 3 SiO(g)+ CO(g) 9
2 SiO2(l)+ SiC(l) → 3 SiO(g)+ CO(g) 10

While silicon dioxide melting it absorbs a huge amount of energy cooling the system. The
other consecutive reactions are also exothermic result in cooling of the system. Beside the
exothermic reactions, a protective layer on the outersurface of the composite has been created
which is much stronger than the carboneous char layer and thermally more stable. Although
the char yield of BZ composite is higher than the BA composite as discussed in TGA results,
the interaction of BA resin with the cloth is stronger than BZ resin composite as explained in
the mechanical property discussions. This stronger interaction may result in better efficiency
cooling reactions of BA with SiO2.

The results indicate that the ablation performance of BA and BZ high silica composites are
quite low and they are both even lower than the reference silica phenolic insulation materials.
They have the potential of nozzle insulation materials.
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CHAPTER 5

CONCLUSION

In the first part of study, synthesis of the designed monomers BA BP and BZ were achieved.
BA is a commercial product being sold by some producers, such as HENKEL and HUNTS-
MAN. Primary characterizations confirm that BA products produced by our laboratory shows
similar behaviors with the commercial BA products. The other two monomers BP and BZ
are known in literature. But their synthesis methods are quite complex which are not suitable
for the large-scale productions. The efficiencies for them are below 60 % and need multi-step
purifications. For the new synthetic methods developed in our laboratory, the two monomers
can be successfully synthesized with efficiencies more than 90 % without any purification in
less than two hours.

DSC thermograms of purified and crude monomers reveal that, the crude products of BA and
BZ have wider processing windows compare to purified ones. This allows better processing
opportunities with the utilization of the crude products.

Kinetic analysis of the pure monomers shows the theoretical behaviour. The least electron
density at the monomer of BZ, which contains electron withdrawing carbonyl group at the
para position to phenolic hydroxyl group has the highest tendency toward polymerization.
The reason is the destabilized C-O bond.

Thermal analysis of the cured resins shows a general two steps degradation. At first, amine
derivatives leave the structure and secondly aromatic backbone degradation occurs. Initial
degradation temperature increases with increased strength of six membered intramolecular
hydrogen bonding. Char yields are above 30 % for PBA and above 60 % for PBP and PBZ.
Mass loss rates indicate the ablation rate behavior and it is the least for PBZ with a broader
curve.

Initial characterizations show that BA monomer characteristics are suitable for the structural
insulation resin development. For BP and BZ molecule the results indicate that they can be
applicable for the nozzle thermal protection systems.

The composite production of BA and BZ can be achieved but due to the lower processing
window of BP, the composites could not be produced with resin powder molding method.
Solution coating method will be tried for this resin.

Mechanical, thermal and ablation analysis of both BA and BZ high silica composites indicate
that corresponding performances of these composites are better than the currently used silica
phenolic insulation materials.
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APPENDIX A

SOLVENTLESS WITHOUT CATALYST

Figure A.1: 1H NMR spectrum of monomer crude BA synthesized with 20 gr of Bisphenol A,
the reaction efficiency is greater than 95 %

81



Figure A.2: 1H NMR spectrum of monomer crude BA synthesized with 100 gr of Bisphenol
A, the reaction efficiency is greater than 95 %
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Figure A.3: 1H NMR spectrum of monomer crude BA synthesized with 200 gr of Bisphenol
A, the reaction efficiency is greater than 95 %
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Figure A.4: 1H NMR spectrum of monomer crude BP synthesized with 10 gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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Figure A.5: 1H NMR spectrum of monomer crude BP synthesized with 20 gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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Figure A.6: 1H NMR spectrum of monomer crude BP synthesized with 100 gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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Figure A.7: 1H NMR spectrum of monomer crude BZ synthesized with gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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Figure A.8: 1H NMR spectrum of monomer crude BZ synthesized with 20 gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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Figure A.9: 1H NMR spectrum of monomer crude BZ synthesized with 300 gr of 4,4-
dihydroxybiphenyl, the reaction efficiency is greater than 95 %
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APPENDIX B

DSC AND TGA ANALYSIS OF PBA

Figure B.1: DSC and TGA analysis of PBA after 93 % curing indicating mass loss during
cure
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Figure B.2: DSC and TGA analysis of PBA after 20 % curing indicating mass loss during
cure
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