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Abstract

The flexibility of polybenzoxazine (BA) can substantially be improved by alloying
BPU) or with flexible epoxy (EPO732). The

with IPDl-based urethane prepolygngrs M
experimental results, re. flexural 1; J / amic mechanical analysis, reveal that

SO

flexibility of the nigid pglyhe \ ari he®™PLLor the EPO732 alloys systematically
mereases with the amount ol ol ugh crs “added flexible molecular segments in

z&xazme resin at about 225 degree

the ?ml:.rmfrr hybrids.“' [ // / \\\

celcius shifts to a highep o ,. 1 both resin mixtures decreases.
/ = 3 \\% 1 (Tg) obtained from the peak of
., . ,. \\\\ L alloys 1s clearly observed, i.e. Tg
of the BA/PU alloys arc § df | *\\ \s.‘ 00 degree celcius) than those of the

parent resins, 1.e. BA{Tg #7140

Interestingly, the syn®rzis

loss modulus in the dy

de , 1 g = -70 degree celeius). However,
this synergistic charact€risge is ;f' J ~ ' BA/EPO732 alloy systems. The
synergistic Tg of BA/PU al Dy S '. a8 is nd to be 221 degree celcius while that
of BA/EPOT732 at the same ma
decreases with the aihe -
the PU fraction tossubs!
create the more cnr%ted n

shows almost n:ghg:bli.cffccls on the al]n crosslinked density or even reduce the alloy's

e A NN N AN ryres
Iﬁ%ﬁ‘iﬁ%‘ﬁiﬁiﬁiﬁ%‘b’ﬁfﬁ‘ﬁ:‘;‘i::":.ii

IS steadily enhanced with increasing the amount of the benzoxazine fraction due to

o be of only 95 degree celcius and further
ofiop is explained by the ability of

i ,ity of the polymer alloys thus
e resiilting alloys whereas the EPO732

the mhcrcnt high char yield of the benzoxazine resin comparing with the other two tougheners.
The toughened polybenzoxazine using IPDI-based urethane prepolymer, e.g. 70/30 BA/PU, 15
thus the promising system for a tough and high thermal stability polymeric network for bulk

or composite matrix apphcations.
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CHAPTER 1

INTRODUCTION

1.1 Background

Thermosets are plastics that are based on chemically cross-linked polymers with

high glass-transition temperatuggs hort network chains. They are made
| x\\\'ro'//

from monomers or oligoniess. {prepolymEsgl a8l are also designated as reaction
polymers and ought to BEEENEE herr sm@wemng raw materials can be

liquid or solid. Powdery a1 ' \ -\ transition temperatures of at
least 40-50"C in order 1o a#f01df ¢ \\\

The density oiftingfiod® 8r cross-lnkagesun elastomeric networks is generally

low, typically 0.05-0.2 #ol,

crlinking places them far beyond
the gel point. It followghth form of chain attached to the
network at one end are usughly « 2. To characterize the constitution
of the network in a way that cofaprehend ork imperfections, the cycle rank of
the network definedhele m . ' !9 easure of connectivity. A
feature of nttwnrk } _____________ "a" ree of connectivity, is the
copious mterpcnen'al.ﬂ : HSg theml. Chains emanating from a
given junction of the ncﬁw rk are embedd in a maze of other chains and junctions.

Most of the lﬂrﬁ: ﬂl%ﬁ %@W)ﬁme junction considered.

Thus fact, often@verlooked, has an lmponant bearing on the pmpcmes of elastomeric

1 MR TOPL PR (1

1.2 Benzoxazine Resins

Polybenzoxazine, a new thermoset plastic, possess various good properties, i.e.

high thermal stability, easy processability, low water sorption, near zero shrinkage



V]

after processing with excellent mechanical properties. It can be synthesized from
inexpensive raw material and do not release by-products during polymerization, thus
being high potential in many applications. However, one shortcoming of this resin is
the high rigidity. Alloying, blending or composite materials can improve the
mechanical properties or thermal stability of polybenzoxazine [3-8]. The epoxy and
urethane elastomer were used to alloy with benzoaxine resin to improve the thermal

stability and mechanical properties [3, 4, 6-8].

1.3 Epoxv Resins
Epoxy resins belong ing elgss of plastics and bear similarities

to materials such as the

| solves(e e most of epoxy resin was
synthesized by usifig biSpegol A 8dibisphiendl, I with epichlorohydrin. The
advantages of this res high adhesive strength, good

chemical resistance, gSy al propertics. Because of their

versatility, the epoxy resifis dfc tséd in num -\ \_~ ustrial applications. Epoxy resins
are also used in coating, M8dhesr < for grall thoneycomb structures, paintbrush

bristles, encapsulation compowigsand sealanl compounds for electronic packages.

1.4 Polyurethane m

o/

Pulyurﬂ?%%% ﬁmﬂ ﬁghly versatile properties

and a wide range of commercial ap‘?licatinns. Polyurethane plastics were materialized

T WA T e

hydroxyl-containing reactant on the isocyanate can be varied, a wide variety of
branched or cross-linked polymers can be formed. Hydroxyl-containing components
cover a wide range of molecular weights and types, including polyester and polvether
polyols. The polyfunctional isocyanates can be aromatics, aliphatic, cycloaliphatic, or
polycyelic in structure and can be used directly as produced or modified. This

flexibility in the selection of reactants leads to the wide range of physical properties



that allows polyurethanes to play an important role in the world market for quality
products from synthetic polymers. Polyurethane elastomers have found wide
application in virtually every industry because of their very special properties. The
most important of urethane elastomer are high elasticity over the entire hardness
range, flexibility over a wide temperature range, good weather resistance and good
resistance against many solvent. Polyurethane elastomers are also used in exterior

auto body parts, rollers, damping elements, drive components, sport and track surface.

The purpose of this waoul egtigate the flexibility enhancement of
polybenzoxazine based omalle CwithGne ible network i.e. flexible epoxy or
urethane elastomer. Wem zal tott nzoxazine mass fraction on the
curing behavior tempéral v |
ratio on the flexural’s

composition for highperjd

1.5 Objectives

1. To study the interaction o 220 : ®sin with urethane elastomer and flexible
epoxy. ’
2. To compare if Tient ity ot .:J enzoxazine using urethane

elastomer and {15 l b

J
3. To find optlmum Eompomtmn of thr: obtained polymer alloys which maintain

e gﬁfﬂﬁ“’ﬂﬂ’ﬂ‘m‘w BIN3

Lo selpd bk JNINURIINYAY

1. To synthesize benzoaxine monomer using solventless synthesis technology [9].
2. To study the curing behaviors in both benzoxazine resin/epoxy and benzoxazine

resin/urethane prepolymer using differntial scanning calorimetry (DSC).



3. To study the effect of composition of benzoaxine resin on glass transition
temperature by using dynamic mechanical analyzer (DMA) and on degradation
temperature using thermogravimetric analyzer (TGA).

4. To study the effect of composition on the flexibility using universal testing
machine (LLOYD).

5. To study the effect of molecular weight of urethane prepolymer on glass transition
temperature, degradation temperature and flexibility of the resulting

benzoxazine/urethane polymer al

AULINENINYINS
ARIAATAUNINGIAY
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CHAPTER 2

THEORY

2.1 Benzoxazine Resin

Polybenzoxazine is a phenolic polymer in which generated by the Mannich-

like condensation of phenol, farme .’i ad amine. It can be prepared by using

solventless synthesis technblag

grll pattern for this process is:

)

Q’r\ Xl ) - o
7
]

e formation

The mmm SIT W BV T i nity

allows the m erties of the cufed materialgsio be controled for the specific

o VA W W) Fk) o« v

puiybe xazine can be synthesized from a wide selection of raw materials consisting

Fig 2 1 The reaction of hcnzox

of phenolic derivatives and primary amines. Figure 2.2 shows two major types of

polybenzoxazine:



OH
Y
Ph
n
'|I:'h
N
a).bifunctional = M 2 ‘ b). monofunctional

gaxazine resin
Y Y
Benzoxazine resi Catmg and do not need catalyst or

curing agent. These o kinds of polybenzoxazine Are different in reactant. The
benzoxazine p~bi ";5 ‘ : L4 i-plengh, gand the benzoxazine
munufunctin(qnzl um ngMr properties are also
different. nzoxazi ﬂ i o can be fofymerized to yield
g -G O G

Ishida, et al. [11] proposed mechanism of polybenzoxazine formation. A
single-crystal X-ray crystallographic study shows that the preferential conformation
of a mono-oxazine ring containing benzoxazine is a distorted semichair structure, with
the nitrogen on the oxazine ring sitting, respectively, above and below the benzene

ring plane. The resulting ring strain from this molecular conformation makes it



possible for this type of six-membered ring containing molecule to undergo ring-
opening polymerization under certain conditions. In addition, from the chemistry
point of view, both the oxygen and the nitrogen on the oxazine ring can be potential
cationic polymerization initiation sites due to their high basicity by Lewis definition.
The electron charge calculation after energy minimization predicts, however, that
oxygen might be the preferred polymerization site over nitrogen due to its high
negative charge distribution (O, -0.311; N, -0.270). In light of this knowledge, we

propose that the oxygen on the oxazige ring will act as the nitiation site, upon attack

of a cationic initiator, to form & xonium ion. The polymerization will

then proceed by insertion ofsthe mio ugh the reaction of the oxygen on the
oxazine ring, thereby™ T™base phenoxy-type (Type 1)

polybenzoxazine structurg #MisSrcuhanism 15 hustrated as mechanism A in Figure

2 N '

e

OF
AU TN aﬁ%w TRl %‘Jf

QW’R@%@M@%’]@%&%&%MM

(mechanism A [ Type 1) [11]

Also, an alternative polymerization route which is similar to mechanism A but
having N as the initiation and propagation sites can be proposed (Figure 2.4). This
mechanism could also lead to the formation fo a Manich base phenoxy-type (Type 1)

polybeenzoxazine structure.
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Figure 2.4 The sonofunctional formation
Futhermore, in afbeg# azing nit e wother than the electron-rich nitrogen
and oxygen, the unobstrugledfor ho Pos ---’ ol the benzene ring with respect to the
phenoxy OR group is wall peé¥en 16 Plsscss thigh reactivity toward thermal

polymerization of benzoxazines -";?;:e.- -::-‘_ catalyts.

’ "}"J“

a—.,
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Figure 2.5 The mechanism of polybenzoxazine monofunctional formation
(Type II) [11]
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Therefore, it is logical to assume that upon initiation by a cationic initiator, the
propagation can also proceed by insertion of the monomers through the reaction of the
unobstructed benzene ortho position, producing a Mannich base phenolic-type (Type
II) polymer. This proposed mechanism is illustrated as mechanism B in Figure 2.5,
Moreover, in this latter case, the monomers propagate via reasonably stable
carbocations, i.e., oxonium cations stabilized by intramolecular hydrogen bonding (as

shown in Figure 2.5), which could lead to high-molecular weight polymer formation.

In this research, we use ne bifunctional monomer which was
synthesized from inexpensi erization occurred by a simple
ring-opening addition d any reaction by-products
Benzoxazine resins were rong acid catalysts required by
the other phenolic mateg f ¢ Jeained the plastic, polybenzoxazine, have

excellent mechanica p€riiés ko d thermgal prog Sities"Such as near-zero volumetric
shrinkage upon pol y ng low=witer Sorpha pite high concentration of
ach higher than polymerization

temperature, fast mechnighl dnd*physicalproperiies development as a function of the

penies. A fhill-polybenzoxazine

pending with maximum ucup 1 G 88 %6 by weight and thermal conductivity

up to 32 W/mk [1 j ‘ :
G

The other advantages y inc 'L'j- easy to processs, lack of

volatile formation, am# high mcchamcal‘yropl:mes all attractive for composite

material manﬂculﬂ W : ure of the benzoxazine
en

resin with epagy resin zoxazme resin w:th urethane prepulymer can be

a"““ﬁ RIAINTUURIINYIA Y

In the binary system, benzoxazine resin with epoxy resin can be polymerized
to obtain a high crosslink density and glass transition temperature than the
polybenzoxazine homopolymer [6]. In the binary system, benzoxazine resin with
urethane prepolymer based on toluene diisocyanate had greater elongation than the
polybenzoxazine homopolymer [4].
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2.2 Epoxy Resin

Epoxy resin refers to a chemical group consisting of an oxygen atom bonded
with two carbon atoms already united in some other way. The simplest epoxy is a
three-member ring, to which the term a-epoxy or 1,2-epoxy is applied. In Figure 2.6,
ethylene oxide (I) is an example of this type and the term 1,3 and 1,4-epoxy are
applied to trimethylene oxide (II) and tetrahydrofurane (111).

CH.—CH,
0 f 8
/N 0
Cl‘]z —CI i:-l_ _..r“"
CH,—CH,
1 mni
[13]
Epoxy resins i drohalogenation of the

chlorohydrin prepared B hydrin with suitable di- or

polyhydroxyl material or gtheg® ng molecule; by the reaction

of olefins with oxygen-Con croxides or peracids, and by

dehydrohalogenation of ¢

Epoxy resins are the th alastics such as the phenolics and

polyurethane. The baic_characien: great versatility, low
shrinkage, easy cure, I «I- emical resistance, high

iF

electrical insulation, and utstanding adhesinn

The m@umm I TINELDD) o e

epoxy (DER.7 "i used in the study are showmwin Figure 2.@sand Table 2.1,

e ANNIUARINGA Y
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I
!

v p@al [polypropylene glycol di (2,3-

Figure 2.7 Diglycidyl e

epoxy-propyl

Table 2.1 The specificgu@ é
v 4 Z
properties % 12 : unit
Epoxide Eq. wei { ,%‘""l' 2 -
Vapor pressure Mﬂs. 0 mmHg
Boiling point e < °C
Solubility in water | 2207/ < wt %
Specfic gravi -
viscosit v cps
y = P
w —

arane U H INNTNYING
VR ARTR W RAFHRE Bveome o

results from the interaction of an isocyanate and a hydroxyl compound as shown in
Figure 2.8. A diisocyanate and a diol react together. Then, a linear polyurethane is
obtained whilst a diisocyanate and a polyhydric compound (polyol) lead to a cross-

linked polymer. Thus diisocyanates and diols (and polyols) are the principal raw

materials used in the manufacture of polyurethanes.
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=

Figure 2.8 Urethane linkage [14]

The functionality of the hydroxyl-containing reactant or the isocyanate can be

and crosslinked can be formed. The

hydroxyl-containing comporients eover a Wide€sanBe of molecular weights and types,
including polyester and "FONEHEE ' .=kt pOIYiunctional isocyanates can be

aromatic. aliphatic, cycloali y palyieyche imstructure and can be used directly
as produced or modified. Jts fMedibilityin the selec "»,.;\ reactants leads to the wide

range properties.

Isocvanates

While the chemis
origin, the chemistry of nrgam

wrethanes are of relatively recent
gs back over hundred years. Wurtz, in
1849, was the first tq s =" aliphati ¥ reacting organic sulfates

with cyanates:

iF |

RgS(b + 2KCNCO v 2RNCO +K;80; (2.1)

ﬂUEJ’JVIEJVIﬁWEJ’]ﬂ?

The stru@fure of the mocyanates obtained b:-,r Wurtz was later confirmed by

o AT | 3 TN THY = © >

R-N=C + HgO —  R-N=C=0 + Hg (2.2)

The first aromatic isocyanate and phenyl isocyanate, was prepared by
Hofmann (1850). by pyrolysis of symmetrical diphenyl oxide:
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ICHs-NH-C=0 —*  2CHsNCO+H;  (2.3)

Polvols

A wide range of polyols is used in polyurethane manufactuning. Most of the
polyols used, however, fall into two classes: hydroxyl-terminated polyester and
polyethers. 90% of polyols used in manufacturing polyurethanes are polyethers with

terminal hydroxyl groups. Hydroxyl- ed polyesters are also used to obtain

erminat
polyurethanes with special propesti 'M//
- v / -

The structure of pa

BIplEys a Wrgesgartimdeicrmining the properties of the
final urethane prf:pol el \\\g\ nctionality of the polyol are
the main factors, but the st / olypl € \ aso important.

it the urcthane field is relatively
recent development. The figsf rg sort of cxperiment with polyethers as intermediates
for polyurethanes utilized pnl],fe. ived from ethyloxide or propylene oxide. The
first polyether desi fically for u N ¥ polyurethanes was a poly
(oxytetra methylend) giyeol derived ianl These are made by the
addition of alkylene es 1S ropyl de, “y alcohols or amines which
are usually called startep g ‘initiators’. The addition polymerization of propylene

oxide occurs ﬁiu .ﬂq %ﬁ ﬁﬂﬂﬂ ﬂid?} catalysis although

commercial polgel product is usually by base catalysis. The epoxide ring of propylene

¢ .
oxide aretieallyy mrﬁmﬁﬁm ' ﬁﬂn practice, the
ring uﬂ e fi m ically-hi m ith’ base catalysis.
Polyethers based of propylene oxide thus contain predominantly secondary hydroxyl

end-group. Secondary hydroxyl end-groups are several times less reactive with

isocyanates than primary hydroxyl groups.
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The polymerization of propylene oxide and ethylene oxide.
Secondary hydroxyl ( 95%)
2 1
CH,
R—CH,~0—CH,-CH{
12 OH
R-CH;-O +  H,C—CH—CH, base catalyst
R—CH,~0—CH-CH-OH
CHy
Primary hydroxyl ( 5%)

CH, M
R—:H,-MH;-{:Hi “nGh | GH:"O—C""Q*&"H:"C"':-GH-."GH

Secondary hydroxyl Primary hydroxyl

Initiator Polyether polyol
Polyfunctional Polyether polyol

alcohol or with both primary

amine and secondary

hydroxyl end-groups
Figure 2.9 h ether polyols [15]
(I A T ; : 3
Figure 2.9 showsthé manafacuire aer pelyols is usually carried out in

stainless steel of g"“"'—-"—“"‘ """'1- processes. The catalyst is
usually sodium or Tpolas queams solution although sodium

methoxide, potassium carbunate: and sudmm acetate are also used. A polymerization

‘““‘”““‘“T‘T‘TTEI‘*’J MENTNY T
W’Tﬁﬁﬂm URIANYIAY

Pulyester polvols tend to be more expensive than polyether polyols and they
are usually more viscous and therefore more difficult to handle. They also yield
polyurethane polymers which are more easily hydrolyzed, consequently they are only
used to make polyurethanes for demanding applications where the particular physical

properties abtainable from polyesters are important. Polyester-based polyurethane
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elastomers combine high levels of tensile properties with resistance to flexing and

abrasion. They also have good resistance to many types of oil.

The polyesters are prepared by reaction of dibasic acids (usually adipic but
other components such as sebasic or phatalic acid may be presented) with diol such as
ethylene glycol, 1,2-propylene glycol, and diethylene glycol (where linear polymer

segments are required).

For preparation of theipolye | =ntional methods of polyesterification,

Le. reaction between acid ‘ > used, the water of condensation
being removed by distilfifi0iand the eaction,assisted., if necessary, by use of vacuum
or an azeotrope. Brancljm® sdiced B ihe adding of small amount of a triol

to the reaction mixturcs

One conven ) ,.:; 1 18 VE edction of the components without
solvents. The glyco | _ ided to the reactor and heated with
stirring to 60-90°C. Ll S .\ sickly and the mixture stirred and
heated at such a rate 1:: Watepdistifls 0 idIyt The hydroxyl and acid components

are used in such a ratio that ne gaups react and the hydroxyl groups are in

sufficient to contyol th cular wéigl cdffynge.
L ]
The reactiviguf 1soCyanate hdifftrent type of active hydrogen compound

can be placed in the follgwing order:

AULINENINYINT

aliphatic NH3% aromaticNH2 :"p?mar}f OH = water >

A" R IRIMIANINED

RNHCONHR > RCONHR > RNHCOOR

and

The excellent application properties of polyurethane account for the facts that
their use is economically feasible and that their range of applications is constantly

increasing. In some instance they are even irreplaceable. Among these properties are
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unique combination of a high elastic modulus, good flexibility, exceptional tear and
abrasion resistance, resistance to mineral oils and lubricants, resistance to UV
radiation and finally the fact that the products retain these properties, as well as

providing fairly easy and efficient processing.

In this work, we synthesized urethane prepolymer in our laboratory. Raw
materials Isophorone diisocyanate and diol are available from Degussa-huels and
Mitsui Chemical. Inc. The specifi
Table 2.2

ipns of i1sophorone diisocyanate are shown in

Table 2.2 The speciﬁé: (L -.; ediisocyan: te

e
a7/ b NN —

NCO content I‘ l g ‘i 1\\\\ wi%
Vapor pressufc Hpa
Flash point °’C
Density g/em’
Purity F e 3 wit%
Total chlorine _‘I-.'_"_ Y ’ ppm

2.4 Dynamic Mecﬂl‘ical Analyze
oIV B Froperics of mtris o

they are dcfa‘!'med under periodje forces. Th dj,mamu: moduls the loss modulus,

o AR RIUA TR oo

dynafiic modulus indicates the inherent stiffness of material under dynamic loading

conditions. It may be a shear, a tensile, or a flexural modulus, depending upon the
investigating technique. Dynamic modulus is especially important for engineering
structural applications of p]ast.ics and composites since the variation of properties is
easily determined as a function of temperature and frequency (or time). The
polymeric materials under use conditions are often in the dynamic stress and strain

field, such as parts of automobiles, aircraft, and aerospace structures. Knowledge of
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the dynamic moduli and properties of polymeric materials is indispensable for the

design of these materials.

The mechanical damping or internal friction indicates the amount of energy
dissipated as heat during the deformation of the material. The internal friction of
material is important as a property index and for environmental and industrial
applications. Since noise is radiated by vibration, especially of metallic materials

with small internal friction [{}.[](}1—. )01 ), the application of damping materials to the

o\
‘*\\u

damping materials rather thai being radfed s irbame noise. Many viscoelastic

vibrating surface converts Witg heat, which is dissipated within the

polymers are good dar _mr an: Is W ’-mu “internal friction (0.1-0.3). High

damping or internal [ / \ greasing the effect of undesirable

vibration and in redu lbrahons to safe limits, as well

alrplane:-: to buildings.

as in playing a key rolg

The investigg d internal friction over a wide
range of temperatures #nd Ailevees proked o be very useful in studying the
structure of high polyme 5y of'Properties in relation to performance.
These dynamic parameters —hea i 0 determine the glass-transition region,
relaxation spectradeg stallinit fentation, cross-linking, phase
separation, st b al or morphologi ARy ting from processing, and
chemical cnmposilgl of pol ds, graft @}mﬂrs and copolymers. In

addition to these strugture-property relafignships, dynamic mechanical studies have

e UHHRABNTREAR
mcno,is‘l Rl PV NER g

indicates stiffness of polymeric material under the dynamic stress and strain
condition. It varies from 100 kPa to 100 GPa (10°-10'? dyn/em®) and depends upon
the type of polymer, temperature, and frequency. This value is related to the Young’s
modulus of polymers. The dynamic loss modulus, or internal friction, is sensitive to
many kinds of molecular motion, transitions, relaxation processes, structural

heterogeneity and the morphology of multiphase systems (crystalline polymers,
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polymer blends, and copolymers). Therefore, interpretations of the dynamic
mechanical properties at the molecular level are of great scientific and practical

importance in understanding the mechanical behavior of polymers.

The effects of molecular parameters on the dynamic mechanical properties are
based on internal structure. However, many polymeric materials are combined as
structural units, e.g., laminated plastics, fiber-reinforced compeosites, tires, and fabrics.

Dynamic mechanical properties are useful in determining the properties of these

structural units and the effects of the st i eeometry on dynamic properties. The

ultimate performance of these "'-; : Blics is influenced by the inherent

* J .
properties of the comporfeftEafdthe ¥ cmwi‘aclnm of the systems.

~*'~« forces, stress, strain, and
frequency are the ke viscoelastic body results in a
linear or nonlinear d Mthe stress varies sinusoidally
with time at a given fig iGally at the same frequency. If
the amplitude of the stres#is nalFenonght the stkainys also sinusoidal with time, and
the amplitude of the strair plitude of the stress at a given

temperature and frequency, i.e, 1s linear. However, if the amplitude of

et

the stress is larg w;,- = same frequency but is

nonsinusoidal; it ca ) jave high harmo ;:,;,f sar viscoelastic behavior.

2.5 Differential Scannp‘ iCalorimetu{R;Cl [17, 18]

AUBINENINEINI

Dlﬂ'crcﬂal Scanning Ca’lonmetr},r (DS ) 15 the dr.}mmant technique for the
BN 1 L4 N FRTS)
energy int Bﬁ subjected to a

controlled temperature program. Practically all physical and chemical processes

involve changes in enthalpy or specific heat, and the applicability of DSC to
condensed-phase systems is almost universal. Its measurement process is quantitative
and the change of enthalpy is usually a linear function of the reaction coordinate. A
DSC endothermal or exothermal peak is shown in Figure 2.10 A DSC measurement

gives the rate of change of enthalpy, so that the area between a DSC curve and its
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extrapolated baseline indicates the total heat of reaction. The fraction reacted is
obtained from division of the fractional area by the total area. The amplitude between

the baseline and the DSC curve measures the rate of reaction.

Figure 2.10 First-orderfray Hon'r e )TA: A =AT: for DSC: X = J/s. peak area

\\

= enthalpy ofra .‘ “fradiianal dgea’total arca = fraction conversion.

s - g

peak amplitude of conversion [ 17].
Diflerent . i‘-';““'“‘"- TS ; ost completely superseded
differential therma ‘[_4 e very high temperature or

pressure app!.icatia. The latter technique mea ”J‘- the temperatue difference
between terppeatyr Sa i A t r in a reference material
as they amﬁkmﬁﬂmxf ﬂnm;ﬁehange, This supersession
Is actua sult o _E:Eﬂ of DSC t&minclude both er-compensated and
heatﬁuwjéiﬁ,ﬁi :ﬁﬁfﬁg maﬁj istruments as DSC
instru?nems.

DSC is used for research on and characterization of copolymers. blends and
composites. It is used to study the properties of block copolymers such as the

crystallizations and glass transitions of its components. For example, in the case of

polyurethane, the glass-transition temperature can be determined for the domain
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containing polyether or polyester soft segments and the melting temperatures of the
butanediol hard segment can be obtained. The hard segments are thought to act as
macroscopic cross-links. The mechanical and rheological properties change during
these transitions. The temperatures at which the transitions occur affect these

proporties and the potential commercial applications of the material.

Differential scanning calorimetry is also widely used to investigate the

properties of polymer blends. It is e

]

1ally useful for distinguishing compatible and
incompatible polymers; the fonme gluss-transition temperature intermediate
between those of the two Comp e latter exhibit the two individual

glass transitions. Effec 1on on the melting temperatures

of the blends are detegumfiCe \\ ase diagrams can be developed
showing regions of incg ' \ tectic, and interaction parameters

can be calculated.

2.6 Thermogravime

Thermogravimet ofthermal analysis that examines the

mass change of a sample as 2 uperature in the scanning mode or as a
function of time i > isothermal mode. mal events bring about a change
in the mass of th 4' ization or glass transition),

but there are sameﬁr}r 1niports

hic@nclude desorption, absortion,
sublimation, vapnnzatpkuxidatiun, reduction and decomposition. TG is used to

chmnteﬁzeﬁ%%t% HWﬁawH%%naIs under a variety of

conditions, afd to examine the kmeﬂcs of the physmmchmmca] processes occurring

ML L e
the ex iental” Conditions” employ s s sam@l ass, volume and

physical form, the shape and nature of the sample holder, the nature and pressure of
the atmosphere in the sample chamber and the scanning rate all have important

influences on the charactenistics of the recorded TG curve.

TG cannot be considered as a black box technique where fingerprint curves

are obtained irrespective of the experimental conditions. Establishing the optimum
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conditions for TG analysis frequently requires many preliminary tests. It is essential
for accurate TG work that the experimental conditions be recorded and that within a
given series of samples the optimum conditions be standardized and maintained
throughout the course of the experiments. Only they can TG curves from different

experiments be compared in a meaningful way.

TG curves are normally plotted with the mass change ( Am) expressed as a

rature (T) or time (t) on the horizontal axis.

percentage on the vertical axis and i-'

A schematic representation of a0 action process observed in the scanning

SO /
mode is shown in Figurg 29 The reaclslm® Characterized by two temperatures, T;

and Ty, which are callcd (leenrocedura “-'—?'-ﬁle position temperature and the final

temperature, respective ie-lowest temperature at which the

onset of 2 mass chang set of ex rimental conditions.
~

Similarly, Ty represent; J which the process responsible for

the mass change WS | mplete \\ T; and Ty have no absolute
significance as both e #ag on x; @\ reaction interval (T; - Ty) have
no definitive value but dép .d% : : - a onditions.

§ﬂ mamw N9
aﬁm\mmmm BAY

ﬂm

i

Temperature /K

Figure 2.11 Schematic single stage TGA curve [19].
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2.7 Flexural Testing [ASTM D790]

Flexural properties are the ability of the material to withstand bending forces
applied perpendicular to the beam. The stresses induced due to the flexural load are
the combination of compressive and tensile stresses, as illustrated in figure 2.12. The
results from this test give the flexural modulus and flexural strength. Explanation of

the terminology used in flexural testing is as follows:

AZANNSN I“
2/ AN\ ©
¥ %\
Figu ‘_ #f: -; ting \\ point bending)
JIaddias < 2F
The flexural mudul ‘-;f-f o5
portion of the sifgss “curve. ' In '?
indication of the §iiff &% langent to the steepest initial
s g Eq. 2.4

i

by the slope of the initial straight-line
al modulus gives a good

straight-line portio fi;‘ the load-de pveurve and

ﬂuaqwaw@wswni =
w1 LN HVRNEREE

L = support span, mm,

b = width of beam tested, mm,

d = depth of beam tested, mm,

m = slope of the tangent to the initial straight-line portion of the load-deflection

curve, M/mm of deflection.
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The flexural strength is equal to the maximum stress in the outer fibers at the
moment of break. However, many polymers do not break under the flexural test even
after a large deflection. This stress may be calculated for any point on the load-

deflection curve by the following equation:

S = 3PL/2bd’ (2.5)
where
S = stress in the outer fib
P = load at a given |
L = support span,n::m’-—" 1
b = widthof bca ANt
d = depth of beam Lat ‘1/ /

2.8 Fourier Transf

C ?\ A (FT-IR) [20-23]
N

Infrared spectrogtoph %ﬁ tefactions of infrared light with a
matter. It provides the specifig i Brar iblecular vibrations. When infrared
light interacts with a matlcr, ) and causing the vibrations of chemical
bonds consisted in the of 9 damental vibrations for a
molecule: stretchi *" Bobement along the bond axis
(i.e., symmetric andﬁ‘ntisym Stre [ c@m’y bending vibrations arise
from changes in bond angle between two gtems and movement of an atomic group. It

relates to mﬂ%.ﬁ} ’gfw EMQ;@ W4 % Feshif pigiecute adsorbs a certain

energy that is uanhzed to raise Llap vibrational energ}' level an&jddrtmna] exchange

its alarm H‘m ﬂ:ﬂg on an infrared
spectrum at the wave numbf:r of sh rbed. Vanous stretching and bending

vibrations occur at specific frequencies. Bending vibrations normally require less
energy and occur at longer wavelength than those with stretching vibrations.
Vibrational frequencies depend not only on the structures of specific atemic groups,
but they are also affected by either greater or lesser degree by structures of the other
parts of the molecule. Therefore, different molecules represent different vibration

patterns due to different compositions in molecular structure.
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source » interferometer » sample > detector
v

amplifier
L 4

compuler |« Analog/digital
converter
Figure 2.14 Schemalieota typical #8=IR conyerter spectrometer [20]
FT-IR spectrongt€T j&'baged ondthe pe of light between two beams,

producing an interferog mains are interconvertible by the

Fourier transform -IR spcetometer are shown

schematically in Fig o ed by the IR source passes

through an interferomepes a sample before reaching a

detector. Upon the signal @mpHfie ligh-frequency contributions have

been eliminated by a fiter, the datare o ed into a digital from by an analog-to-

digital converter. "} 1 Athe computer for Fourier

el
L)

transformation. THe/ ig/from the ratio of a single

beam of the sample agdinst that of the reference. i

AULINENINYINS
PMIANTUAMINYAE



CHAPTER 3

LITERATURE REVIEW

Mitchell T. Huang and H. Ishida, 1999 [5] investigated the dynamic
mechanical of reactive diluent modified benzoxazine-based phenolic resin. The

viscosity of a difunctional benzoxagiié fegin is reduced by use of a monofunctional

benzoxazine monomer or asdifun Honal Lty monomer as reactive diluents to
further improve processabiihity onofunctional benzoxazine on
the thermal and dynaniiesmethariea aerlics ofilie. modified polybenzoxazine is
examined as a functig ‘ | operties, such as stiffness at
room temperature, by ation of the monofunctional
benzoxazine. Thermal fi o1 e monofinic \ modified polybenzoxazine
below 200°C is not sig sensitive to network structure,
however, are affected” | PI&s: neesnf 4ha | \(n nctional benzoxazine. The
incorporation of the ie reduces crosslink density and
produces a looser network ictional epoxy increases crosslink
density and produces a more céniettet e ructure.

'v

d

H. Ishida a:i ;g zoxazine with epoxy based

on DGEBA. The he
modify their EL benzoxazine network
greatly increﬁ ﬁ g Mﬁ ﬁl fﬁm 3‘/ matrix and strongly
influences its mcchamcal propertiest Copolymerjgation led to significant increases in

e s GV Tl FA) 0 D s ove o

of the [ariybf:nzuxazine homopolymer, with only a minimal loss of stiffness. By

Zoxazine are copolymerized with' an epoxy resin in order to

understanding the structural changes induced by variations of epoxy content and their
effect on material properties, the network can be tailored to specific performance
requirements.

H. Kimura et al., 1999 [7] synthesized terpenediphenol based benzoxazine
from terpenediphenol, formaline and aniline. Curing behavior of the benzoxazine with

epoxy resin and the properties of the cured resin were investigated. Consequently, the
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curing reaction did not proceed at low temperatures, but it proceeded rapidly at higher
temperatures without a curing accelerator. The properties of the cured resin both from
neat resins and from reinforced resin with fused silica were evaluated, respectively.
The cured resins showed good heat resistance, mechanical properties, electrical
insulation, and especially water resistance, compared with the cured resin from

bisphenol A type novolac and epoxy resin.

benzoxazine from VP, formaling and anilit curing behavior of the benzoxazine
with epoxy resin and fE~properties éumﬂ resin were investigated.
Consequently, the curing fgaeton djd np piggeed at low temperatures, but it
proceeded rapidly at highe® lefptiatules wi guring accelerator. The reaction
induction time or curinggfimeof e "‘ ch mittureirem VP based benzoxazine and
epoxy resin was found tgfflegfeds & ecin .AL‘_ with | .‘*. from conventional bisphenol
oc“reaction rate of VP based
benzoxazine and epo g 1 “ f th al of conventional bisphenol A
g ns from VP based benzoxazine and
epoxy resin showed good W€a aniéal properties, electrical insulation,
and water resistance compar gsin from VP and epoxy resin using

imidazole as the catalys

V‘ “
H. Ishida anm'f. Rodrigues, 4] sh@ed the curing reactions of

benzoxazine precursors dasgd on bisphena} A and aniline to determine the feasibility

of procesindh b B BV PRI FHULF AR Sorecursors re able o

overcome masﬂaf the shur‘l-::umin‘gs of traditional phenolic resins, and retain the

R YT UN AN A e

of phenglic material cures via a ring-opening mechanism that does not produce any
condensation or other reaction by-products. Phenol is not used as raw material, which
reduces considerably the environmental and health risks. According to differential
scanning calorimetry (DSC), the curing of benzoxazine precursors is an
autocatalysted reaction until vitrification is reached, and diffusion begins to control
the curing process afterwards. Isothermal and non-isothermal (d.s.c.) fests are

performed. Calculations of the activation energy and the overall reaction order are
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made by various procedures. The verification times and kinetic rate constants are also

calaulated.

S. Rimdusit and H. Ishida, 2000 [25] found the synergism in the glass-
transition temperature (Tg) of ternary systems based on benzoxazine, epoxy, and
phenolic resins. The systems showed the maximum Tg up to about 180°C in

benzoxazine / epoxy / phenolic-5 / 4 / 1 mass ratio. Adding a small fraction of

phenolic resin enhanced the crosslink density and, therefore, the Tg in the copolymers
of benzoxazine and epoxy ,\\\\t\ il Itimate Tg in temnary system, 6-10
wi1% phenolic resin was ugeded."The mu igidity from benzoxazine and the

improved crosslink density & u G contmbile io, the synergistic behavior. The

mechanical relaxation / / ed tegpary systems in a temperature
range of 140 to 350°C 3 \\ transitions : gamma transition

at =80 to -60°C, beta traggitigh gt H0U-802E 5] .-= ‘ jun at 135-190°C, and alpha,
at 290-300°C. The paftiall§f cred-spelin an additional loss peak that was

frequency-independent 8 a ges - { | \ process of the materials.

S. Rimdusit and H,
based on the ternary mlxture ry; FBenzoNa:

Low melt viscosi ( Jes

ave tleveloped new polymeric system
gpoxy, and phenolic novolac resins.
gus, with minimal processing

H‘ desirable reliability and

steps. The materiab g
processability, which were highly dependent on the m&os;tlan of monomers in the
mixture. A glass transitidpstemperature asghigh as 170°C and considerable thermal

sabitty . SEPEIRIDYVIEIATIN S DS om these sy,

Phenolic nam!ﬂ resin acted mam]‘y as an mmatm‘ for these tewry systems while
low m @‘lﬁ:ﬂ M’Ifﬁﬂ ﬂcﬁq ﬂtlﬁ]matenals were
atmbuﬂ to the epoxy fraction. Polybenzoxazine imparts thermal curability,

mechanical properties as well as low water uptake to the ternary systems.

T. Takeichi et al., 2000 [3] prepared poly(urethane-benzoxazine) films as
novel polyurethane/phenolic resin composites from blending a benzoxazine monomer
benzoxazine and urethane prepolymer that was synthesized from 2.4-tolylene
diisicyanate (TDI) and polyethyleneadipate polyol (MW ca. 1000) in 2:1 molar ratio.
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DSC of the polymer blend showed an exotherm with maximum at ca. 246°C due to
the ring-opening polymerization of benzoxazine, giving phenolic OH funtionalities
that reast with isocyanate groups in urethane prepolymer. The poly (urethane-
benzoxazine) films obtained by thermal curing were transparent, with color ranging
from yellow to pale wine with increase benzoxazine content. All the films had one
glass transition temperature (Tg) from viscoelastic measurements, indicating no phase
separation in poly(urethane-benzoxazine) due to in situ polymerization. The T,

increased with the increase of benzoxa

ontent. The films containing 10 and 15%

of benzoxaxine had characteristi€ \ | r, with elongation at break at 244

and 182%, respectively. Thg fims contai g than 20% of benzoxaxine had-

characteristics of plastics, azine) films showed excellent

resistance to the solven .ﬁ Medimethyl formamide, and N-
methyl-2-pyrrolidinone | \ -, olymer. Thermal stability of
hr: incorperation of a small
T.Takeichi and Y AGul, ﬁl : Prepa .{\. v(urethane-benzoxazine) films
monomer, 3-phenyl-3,4-dihydro-2H-

was synthesized from 2 4-tolylene

urethane prepolymer wa

amount of benzoxaxi

from blending a monofuncfiongtbenzoxd
1,3-benzoxazine, and urethane. prepolyme
* * < DFBHDS
diisocyanate and polyethy pate polyol (MWieal, 1000) in 2:1 molar ratio

followed by casting W; e ms. The poly (urethane-

benzoxazine) films obtgihed by thermal'edring a Iﬂﬂﬂ(ﬂ'erﬂ yellow and transparent.

All the films had onlysone glass transition temperature (Tg) from vicoelastic

messuroments,Flb8d DY VERI T IL) A Srepotsmer and poly

benzoxazine i'.iugIg to the in-situ c?pulymcnzatmn of benzox 1 e and urethane

oo QTR S EHAIA AT PHE B T

films confpining less than 50% of benzoxazine had characteristics of elastomer, with

elongation at break more than 200%. This elastic film exhibited good resilience with
excellent reinstating behavior. The films containing more than 60% of benzoxazine
had characteristics of plastics. The poly (urethane-benzoxazine) films showed
excellent resistance to the solvents such as tetrahydrofuran, N,N-dimethyl formamide,
N-methyl-2-pyrrolidinone and DMSO
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Wen-Yen Chiange and Chung-Dien Tsai, 1999 [26] prepared polyurethane
and phenolic resin to form maleimide-terminated PU/allyl nonyl novolac resin
ABCPs. The polyurethane was prepared from 4.,4’-diphenyl methane diisocyanate
(MDI) and poly(tetramethyleneoxide) [PTMO] of various molecular weights. The
composition, compatibility, mechanical and thermal properties of these in
homogeneous network polymers were investigated through differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), the tensile strength tester

and transmission electron microscop,

EM) micrographs.The results revealed that
the miscibility made only a_little imptofgruent but the tensile strength had clear

entanglement bew.reﬂ?

Hong Yee Low

~D was higher, because of the

mvestigated the structural effects

of phenol on thermal ay ion of polybenzoxazines. The

thermal behavior of a®Serigh offp | ‘f": aséd on aniline and various phenols
was examined under ix Under an inert environment,

the various phenols sub d of polybenzoxazines without

altering the mechanism of nder an oxidative environment,

the various phenols had a sig e on the degradation behavior of

Mannich base cleavage under
)

Y.-X. Wang and B, Ishida, 1999 j28] studied the cationic ring-opening

pnlmeﬁmﬁﬂﬂfwg 1@] H%@Wﬂq ﬂ@ could be opened and

olymerized at%om temperature. Fourier transfunn infrared spectroscopy. 'H and
¥ T

"C QAT RFRUHIN 1) HAR promsos

differentiial scanning calorimetry, and thermogravimetric analysis had been used to

polybenzoxazines hell

oxidative degradati ouhi

monitor the polymerization process and to characterize the obtained polymers. High
performance bisphenol-A/aniline based polybenzoxazine with glass transition (T,) at
220°C and char vield of approximately 60% at 800°C under nitrogen obtained.



CHAPTER 4

EXPERIMENT

4.1 Raw Materials

synthesized. The monomer s '
[29]. The bisphenol A™Swas=suppli _ycarhﬂnatc Co. Aniline and
paraformaldehyde werg feMighSpecialty Chemicals Co. and
Merk Co., repectivg prepared from isophorone
diisocyanate and polygf | iSpcyanate was obtained from
Degussa-Huls AG andgffie ol dfhcr polyol \wasaken, from Mitsui Chemical, Inc.

Dow chemical Co. contriitiig predfficiible cpoxy, i.e. D.ER. 732.

Benzoxazine monomr-wi . using bisphenol A, aniline and
paraformaldehyde g-3:2:4 molar ratio. The mixturead constantly stirred at 110°C
for approximately % | } “‘f.!". and low viscosity liquid
monomer.[ 10] The be ! oxazine monomer was crushed? ’J the powder and was kept in

ﬂ‘lJEl’J‘VIEWIﬁWEI'm‘i

The ure ane prepolymer wag prepared byusing isophoroggrdiisocyanate with

oo 8y TR RTID U B0 Il b B i

were miXed in a distillation flask and the mixture was stirred under nitrogen stream at

a refrigerator.

90°C for two hours. 0.4 g of dibutyltin dilaurate was used as a catalyst in the reaction.
After that, the mixture (urethane prepolymer) was cooled to room temperature and

was kept in a refrigerator.
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4.3 Sample Preparation

The benzoxazine monomer was mixed with flexible epoxy or urethane
prepolymer to provide Ba:PU or Ba:EPOXY at the desirable mass fraction. The
mixture was heated to about 80°C in an aluminum pan and was thoroughly mixed by
hand for about ten minutes until a homogeneous mixture was obtained. The mixture

can be kept at room temperature for further use. The polymer alloys mixture were re-

and was cured in an oven. All

the specimens were cure Lt hreklie specimens were left to cool down

A differential scanning Gtarmeter ) model 2910 TA Instrument from
Polymer Eﬂgineeﬁng Laboratety-k \ sed to study the curing behaviors in
both benzoxazine \WCHVepoxy and Benzovasing ¥ SU Mrethane prepolymer. All

samples were put in 3 i}?‘?-

of 10°C/min from roo

e o] Eilohiki)ieh 11l
e R A 1N TN D6 8

A dynamic mechanical analyzer (DMA) model DMTA Mk Il Rheometric

r' inned using the heating rate

temperature to 300°C under ™, purging. The mass of the

scientific from Polymer Engineering Laboratory Research was used to investigate the
specimens dynamic mechanical properties. The test was performed under bending
mode using 1 kg of load cell. The strain was applied sinusoidal with a frequency of 1
Hz. The specimen was heated at the rate of 2°C/min from room temperature to 350°C

and the dimension was 5 mm x 35 mm x | mm.
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Thermogravimetric Analysis (TGA)

A thermogravimetric analysis model TGA/SDTA 851° from Mettler-Toledo
model TGA/SDTA 851° was used to study thermal stability and the decomposition of
the cured polymer alloys. TG curves are normally plotted with the mass change
expressed as a percentage on the vertical axis and temperature or time on the
horizontal axis. The experiment was done using the heating rate of 20°C/min under

nitrogen purging. The temperature ed from 30°C to 900°C using the sample

mass of about 20 mg.

Universal Testing M;mb'y_

A universal testa@ maChiy D from Polymer Laboratory

Engineering Research v properties. The test followed
from ASTM D 790. TAc
a loading nose midwa b
mm in length, and 1.6

bending configuration with/l/Dyealn = 16 te8t at a constant cross head speed at

sand was loaded by means of
i@hsion was 25 mm in width, 50
en, arranged in a three-point
0.8 mm./min. and 25 mm. in SUPP: pad-deflection curves were plotted to
determine the flexurdh engt

icfingasured by the area under
the load-deflection G Y}

] )

Fourier transform infrafegspectroscopy o

ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂﬁﬂi

FT-IR s ctra of samples uilder Varous r:unng cundltluns were acquired via
Bl‘ukeqfﬁf]!ﬂ"ﬂ ?E@ ﬁJWB qiq splitter and a
deuterateg triglycine sulfate clector. H spectra were taken as a function of
time with 32 scans at a resolution of 4 em™ and spectra range of 4000-400 em”. In
situ monitoring of the structural change was deduced from the observed spectrum.
The polymerization reactions of the samples were examined at room temperature.
Premelted samples, 0.5-1.0 mg, were cast as thin films on potassium bromide (KBr)

disks at 80 °C. All of the samples used in this study were sufficiently thin with
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optical thickness under the Beer-Lambert’s law. The samples were then mounted on a

sample holder.

Because the thickness of the sample in the IR beam could be altered during the
reaction due to the low viscostiy of the monomers at the high temperature, an internal
reference band was assigned for quantitative analysis. The band at 2967 cm’', which

15 assigned to the C-H stretching of methyl group, was chosen as the internal standard.

AuEINENINEINS
ARAIN TN INAY
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FT-IR absorpti
* Structure

r

Specimengof §

|

fed and processed.

h 4

Dynamic mechanical
properties (D A ¥ tLloyd)
™ SIUI'BEE mﬂ'd 1 ,::.T.;;:m:-

e Loss modulus'efs

Mechanical properties

i gy 1‘ Flexural strength
e Flexural modulus

® tan o ;l
‘a
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“‘&u
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9 Benzoxazine/Urethane prepolymer alloys cumpari-ng o

Benzoxazine/Flexible epoxy (EPO 732) alloys

Figure 4.2 The schematic diagram of experimental works on Benzoxazine/Urethane

prepolymer and Benzoxazine/Flexible epoxy (EPO 732).

Benzoxazine/Urethane prepolymer Benzoxazine/Flexible epoxy (EPO 732)
at 90/10, 80/20, 70/30, 60/40 and at 90/10, 80/20, 70/30, 60/40 and 50/50
50/50 weight ratio (mixed at 80 °C) weight ratio (mixed at 80 °C)
¥ v
DSC DSC
* Reaction e Reaction
¢ Curing condition e Curing condition
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Benzoxazine/Urethane prepolymer (Diol 1000, 2000, 3000) at 90/10,
80/20, 70/30, 60/40 and 50/50 weight ratio (mixed at 80 °C)

1ght ratio

spared and processed at
c1ght ratio.

|
I )| Mechanical properties
' (Lloyd)

» Flexural strength

® Flexural modulus

A 4

Dynamic me !y
properties (DMA
e Storage moduls {E‘
e Loss mudulus (B A
e tan & Q

A

Relationship between structure and properties of
Benzoxazine/Urethane prepolymer alloys at molecular weight
of Diol 1000, 2000, 3000 were compared.

Figure 4.3 The schematic diagram of experimental works on the effect of Diol on

the properties of Benzoxazine/Urethane prepolymer alloys.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Benzoxazine/Urethane prepopymers and Benzoxazine/flexible epoxy

5.1.1 FT-IR Spectroscopy

“ "y
In this work, ureth ..,_ j prep& synthesized by the reaction of

polyether polyol (Diol-1 I'Il ang 3h__ - 50 phorone diisocyanate (IPDI).
» ',/,,,, " were slug ied by FT-IR spectroscopic

X are N=C=0, C=0,
ter 7 e presence of the polymer in

The basic structures g
technique. The impor
CH; and CH; which weaé, they
the alloy system.

Figure 5.1 shows ghe ﬁ laken fromi the mixture of [PDI and Diol at
n to form urethane prepolymers.
located between 2280-2240 cm™.

the molar ratio of 2:1 before anafic

The N=C=0 stretcl_ling ;’?#{EW?
The peak observed au2 ' s. thien, assigned to this N=C=0
stretching of the "— P "‘.'- (C=0) is usunally
700 cn
Therefore, the peak obsefved at 1730 cm™ eonsisting in Figure 5.1 was assigned to the

wrtvane cafp L b Y] SIS W £19) DSion in e wethane

prepolymer inda.'lating the reaction ?f the is-:}cyalgte group (IPDHIWith the hydroxyl
swe QANAD AR LY B 1o
observedjthat the C=0O peak clearly appeared at 1730 cm”' and the N=C=0 peak at
2270 cm-' decreased due to the reaction with the polyol. The remaining N=C=0
peaks are from the un-reacted terminal N=C=0 groups of the starting IPDI.

onsisting of hydragen-bonded urethane groups.

located between 173

Several C-H stretching bonds are located between 3000-2800 cm™. The four
peaks observed at 2972, 2931, 2898 and 2872 em” were assigned to the asymmetric
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C-H stretching of CHj, asymmetric C-H stretching of CH;, symmetric C-H stretching
of CH; and symmetric C-H stretching of CH,, respectively.

The reaction between benzoxazine monomer (BA) and NCO terminated PU
prepolymer was also monitored by FT-IR spectroscopy. Figure 5.2 shows an example
of FT-IR spectra in the case of BA/PU (Diol 1000) at a fixed mass ratio of 70/30. The
characteristic IR absorptions of BA were found at 942 and 1232 em” which were

assigned to the C-O-C stretching moda and the tri-substituted benzene of the oxazine

ring (Figure 5.2 a), respectively: Lgé process proceeded, an infinitely three

dimension network was fagmi = pelymerization mechanism reported

- ’ -‘
by Dunkers and Ishida [30] ik 4zing ringiswepened by the breakage of a C-O bond

of the oxazine ring. Theaetft \""i:\ rapsformed from a ring structure
to a network structure. JT1af | y : \\\

of benzoxazine ring, bega

stituted benzene ring, backbone
ing. It led to the formation of
a phenolic Mannich®bagé pblFbeniondy PBA), stfucture. These absorptions
disappeared after the hours followed by 180 °C for
4 hours (Figure 5.2 D). IR absorption band appeared at
3498 em’ was assngned droxyl group. These indicate that
benzoxazine monomer therm: #_3:' YIug hrough its ring opening reaction to
give PBA. It was.4 #- fhe blend of BA and PU
prepolymer (Figure's ) e “ and urethane prepolymer
characteristic absorptigns, such as (hos¢ al 942 and :1' em” from benzoxazine
species and that of 228 Wem' from NCO ? p of PU p er After being i"ull'_l,»r

cured, the ahsﬂ u %Jua m Ejlm wcﬁ];] e dbsorption at 2281 cm’

(NCO group) dﬁlappeared (Figure 52 d). These rﬁqlts are in gocﬂ}greemcm with the

vainﬂw TR &l 3417 1 3 1138 aE
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5.1.2 Differential Scanning Calorimetry (DSC)

The DSC thermograms of the mixtures between IPDI and Diol 1000, 2000 and
3000 are shown in Figure 5.3. The experiment was conducted from room temperature
up to 160°C using the heating rate of 10°C/min. The area of the exothermic peak of
IPDI/Diol 1000 IPDI/Diol 2000= IPDI/Diol 3000 because the number of reacting
functional groups in IPDI/Diol 1000 was the highest and that of IPDI/Diol 3000 was

i0. In addition, we can observe that the

relatively low temperature. The
maximum temperature of {he ermi iI-"Diul 1000, IPDI/Diol 2000 and
IPDI/Diol 3000 were Ok 1 _[espeq ively. Therefore, the IPDI/Diol
‘ - oto.the obtained results from the
DSC thermograms.

Figure. 5.4 ] érmogran L‘\ perature range of 30-300°C

A\

5t r l‘ pzéxazine monomer, the flexible epoxy

using the heating rat
(EPO 732), and the ureth

of the benzoxazine monomer/yith-a ped imim at about 225°C, which is the

- .\. agrams show the curing exotherm

characteristics of the therma] A 1 vj_r in [10]. On the contrary, the flexible

_-__7.}; in this temperature

\',‘

#'the last two systems, we,

epoxy and urethan ,, olvmer show no si

range because no Mmlia

however, observed !I endotherm curves at about % and 265°C as a result of

evaporation of the flexibfespox and ureth@ne prepolymer, respectively.
AUEINENINGINT

The DS% results of the bepzoxazine mopomer, benznx%‘p'le monomer with
oo BN O AABTBAG B
(EPO 732) are shown in Figure 5.5. The thermograms were obtained by conducting
the experiment in the temperature range of 30-300°C using the heating rate of
2°C/min. The low heating rate was selected in order to separate as much as possible
the thermal events in the systems. The composition of benzoxazine in the mixture was
fixed at 70wt%. In the BA/PU (Diol 2000) system, we can observe the single
exothermic peak of the curing reaction suggesting that the reaction of BA with BA

itself and BA with PU to form the network structure took place simultancously at the
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same temperature range. On the other hand, the system of BA and EPO 732 showed
the slight splitting of the curing peak at the temperature of 190°C. The curing
behavior of benzoxazine and epoxy binary mixture was reported previously by
Rimdusit and Ishida as two separate reactions. The reaction of BA with BA was
observed to occur at lower temperature than the reaction of BA with epoxy resin due

to the diluent effect from the presence of epoxy resin [25].

Figure 5.6 illustrates thg M5 hermograms of benzoxazine/urethane

determined from the areasunder-the el soml/g for the uncured mixture, and
) )
decreased gradually to at 150°C for 1h., the reaction
enthalpy is reduced g lg after being further cured at
170°C for 1h., 190°C fg \ |
at 200°C for 2h., theffex PR \ On was as low as 13.38 l/g

corresponding to approx jfia 2.5 '?: I N c light shift of the curing peak

A fter the final heat treatment

with increasing reactiofi cg é- b8cred “The phenomenon is similar to
the curing reaction of befzogs | previously [25]. The behavior
might be due to the diffiisie -ﬁ'

mixtures. ST

hanism after gelation of the resin

Figure 5.7 héys -"'r’ ine-urethane prepolymer
(Diol 2000} alloys u !I the heating rate of 10°C/min [.!-i the temperature range of 30-
300°C. The resip mixtufe €ampositions of ®A/PU were 50/50, 70/30 and 90/10 mass
i, rreRU B S AEI T Db s s

clearly presented, i.e. 230°C, 243°G and 250°C jn 90/10, 70/30 gnd 50/50 mass ratio

o s R V) B T BHER) 5 6 By

the curiflig reaction of these binary systems can proceed without the need of a catalyst

or a curing agent for the polymerization process. The reaction between the isocyanate
group on urethane prepolymer with phenolic hydroxyl group on polybenzoxazine is
expected to proceed after the phenolic hydroxyl group from the ring opening of the
benzoxzine monomer was produced. The position of the peak maxima ranges from
about 230°C in BA/PU(Diol 2000)-90/10 to about 250°C in BA/PU(Diol 2000)-50/50.

Hence, the retardation of the curing reaction of the benzoxazine resin is observed as a
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result of the presence of the urethane prepolymer. This can be explained as the effect
of dilution of the benzoxazine monomers with the urethane prepolymer. After the
generation of hydroxyl group by the ring opening of the benzoxazine monomers
occurred, the isocyanate of urethane prepolymer can, then, react with the hydroxyl
group of the polybenzoxazine. The curing retardation effect was more pronounced
with increasing the amount of urethane prepolymer (Diol 2000). The thermogram also
showed the decrease of the area under the curves when the amount of benzoxazine

monomer decreased. These can be e. to the changes in the number of mole

polymer alloys At the same mass, the
ere lower than the number of

molecules of benzoxazie { gy, a benzoxazine monomer 1s

\

\\ ~ iwobserve the decreasing of the

tetrafunctional while 4 er can only react with two

hydroxyl groups of thg

heat of reaction with dgéfes in the binary mixture. This

result is in good agreemeyt 0S¢ rEfo N and 4.
ﬂld-l
1& f @ B
Table 5.1 summéiizgs thg jf.:*a.f_ gha acteritics from DSC experiments of

benzoxazine/urethane prepolyfmes- aloy different mass ratios and curing

temperatures. After curing -;_5(“'}‘-? peak arca decreased by ca. 20-30%
and almost more thas 90% of the peak :,** ing at 200°C for 2 h. The
final curing conditle V ‘
was, therefore, 200° Ell or 2h. The maximum peak shﬂd to the higher temperature

when the mas ﬁ'ﬂﬂtmn‘uﬂrethaﬂe rep er mﬁre:ascd as mentioned earlier. The

f?l% lng to the following
q ‘m AN nmummm N 6

where H,y, is the heat of reaction of the partially cured specimens, as determined from

ethane prepolymer alloys

dt:grce of co

DSC results, and H, is the heat of reaction of the uncured resin. The conversion

indicated that the curing reaction of polymer alloys could rapidly occur at high

temperature.
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Figure 5.8 illustrate the curing characteristics of benzoxazine/flexible epoxy
(EPO 732) at a 70/30 mass ratio. Two major characteristics were observed from the
figure. Firstly, the exothermic peak position was found to be approximately the same
as that of the BA/PU alloys comparing at the same mass ratio. Secondly, the sign of
degradation peak at the temperature above 260°C was also observed. Due to the
overlap of the exothermic curing peak with the degradation event from the presence

of epoxy (EPO 732) fraction, the heat fraction and the corresponding degree of

thermograms. The optimal curig eondifefs#Of the benzoxazine/epoxy alloys were
determined under varied-eusiiig temperatireSetie cxothermic peak of the alloys

Figure 5.9 is thef \oggam|at \ atioUs Bompositions of benzoxazine-
flexible epoxy (EPO 73 ateaf 10°C/min in the temperature
\ eir self-polymerizability upon
heating of the benzo lyst or curing agent for the
polymerization to procegt m showed the decreasing of the
area under the curing peak® "benzoxazine monomer decreased.
The retardation of the curing ,1eae T"‘ﬁi‘" ok oxazine was, however, observed
which could be seefi-lraim the shift of the exothermic pi as jto higher temperature, i.e.
230°C in the 90/10,%2 k -T‘a BA/EPO 732 alloys.

' )
The retardation effe H f the epoxy diluent clearly {icreases with increasing the

amount of the flexible épexy (EPO 732).@The exothermic peak at about 260°C is

asigned o mﬂ%&ﬂ’&%ﬁmﬁ #ozsz] 7]
m@ma@ﬂwwwmma d

The dynamic mechanical properties of BA/PU (Diol 2000} alloys are shown in
Figures 5.10-5.12. The specimen’s compositions are ranging from 0-50% by weight
of PU fraction. All samples had been fully cured to yield the crosslinked structures.
The dynamic mechanical properties of the polymer alloys were obtained as a function

of temperature from room temperature up to 300°C based on a heating rate of

2°C/min.
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The thermal events in polymers can be described in terms of free volume. The
changes of free volume can be monitored as molecular changes or physical changes,
such as a volumetric change, internal movement of polymer molecules by the heat
adsorption or heat emission during that change, the decrease of stiffness and the
increase of mobility by a change in relaxation time.[31] The storage modulus of a

solid polymer at its glassy state tends to decrease with increasing the PU fraction in

linkage in which the inte ioven “nglCeuie is very high comparing with the
rigid phenolic structurg ' The storage modulus of the
polymer alloys also de aperature. The glass transition

temperature was rangig thane elastomer and 170°C for

bisphenol A/aniline basgd palybe 4 3 \ 3( \\t oreover, the decreasing rate
of the alloy's modulus slightl§f ificee: cd \vier \ ‘\\: tion in the alloys increased
because of the greate s & g- O N perature compared to the

polybenzoxazine used. Iu {{the i\ al stability of polybenzoxazine is

greater than that of the PU€lasiGme , the modulus in the rubbery plateau
tended to increase with the mas ré?{"’ o A_F p to 30 wt% and decreased after that.
This suggests that théincrease in th
higher crosslinked -v

helps facilitate the soning and make (he materials tmre flexible as seen from the

he-polymer alloys results in a

RY ] :
esente of the PU in the alloys

decrease of the room %emperature mod@lis while the crosslinked density was

et Bl b B9 SIEIAD 3
QIRVRG TR LT BV 511 oo

case, theiTg of each polymer alloy composition was defined using the maximum of
the loss modulus, The glass transition temperatures of polyurethane elastomer and
bisphenol A/aniline based polybenzoxazine were reported to be about —-70°C to -20°C
and 165°C, respectively. This showed the synergy of the system mentioned as Tg
increased with the mass fraction of PU up to 30 wt%. We also observed a broader
glass transition temperature when the amount of PU increased as clearly depicted in

Figure 5.11. These results imply the occurrence of network homogeneity in the
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polymer alloys. We can see the decreasing peak of loss modulus when PU mass
fraction increased. In 50% mass fraction of PU in alloy, no peak maxima in loss
modulus or a sign of Tg was detected within the examined temperature range, i.e. Tg

might be greater than the degradation of the alloys.

In various cases, the properties of multicomponent systems can be related

linearly with the composition of each component, i.e. following the rule of mixture.

d between the properties values of each

The property value of polymer allgy
mer alloys are better than those of
. hology after the polymerization
reaction [5, 6, 25]. Mo logital | es lidve: he central issue in the study of
jzes, shapes, and interfacial
bonding characteristicgfetg ihe3ncehanic: i thermal properties. A proper

elop synergistic behavior [26].

All transition #¥mpéraflires W cletemined With DMA under the same test
conditions. Because synérgigic belid Oy jas ol L in the BA/PU alloys system.
Two main factors, crosslink dérsie and: arrigidity are believed to contribute

to the synergistic behavior ofigur/B//E gms, and the source of the behavior

@i urethane prepolymer. The

3 '.‘- roportional to the rubbery

should come from thé contri!
degree of crusslink

.‘Il

o T .
plateau moduli in thg dynamic mechanica spcctran our case, the maximum

detectable glass tranmhﬁﬁmperaturc 1.e830 wt% urethane prepolymer in polymer

atioy reached B Tl QnbY & Wleah F G obfob @ tree volume, the effect

of permanent cﬂm entanglement [26] and the i ingrease of c:russlu*,danmty
ARTANT 35N ll'iﬂTJﬂEﬂﬁ t

However, it has also been reported that polybenzoxazine possesses a lower
crosslinking density and has greater Tg value than that of urethane prepolymer used
[25]. This may be due to the more rigid molecular structure and possible much higher
intramolecular and intermolecular forces on polybenzoxazine compared with the
epoxy and can be seen from the moduli of the binary systems at room temperature
that increase with an increasing amount of the benzoxazine fraction in the systems. As

mentioned previously, room temperature moduli increase with an increasing urethane
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prepolymer fraction of binary systems. The greater molecular rigidity of benzoxazine
resin and the higher crosslinking density of urethane prepolymer, therefore, render
synergistic behavior in the Tg in this material with the Tg maxima, as shown in Figure
5.11.

When the benzoxazine monomer and urethane prepolymer were well mixed
and the thermally cured process proceeded to form the network of BA/PU alloys.
After the isocyanate groups of .

, 4]. There was also the connection

gthane prepolymer molecules reacted with the
hydroxyl groups of benzoxs , /

‘w :.i

between polybenzoxazipe™and urethané~Deedtlymer. The increasing in crosslink

density of polymer alloys 45 Gbserved Fm_ BMA thermograms. This result shows the

/ \\\..\L\
o AN

f *\ akeichi, et. al [3, 4]. This was

urethane prepolymer i sity in polymer alloys. On the

contrary, the usage toluene diisocyanate and
polyethyleneadipate pg sor with benzoxazine monomer
resulted in the decr€asiy
because the moleculg mall, could not reduce the free
volume and bring the péh  The effect of a crosslink density
on a Tg of the polymer ngf¥ d¥or using Fox and Loshaek equation

[10]:

(5.2)

where Tg(w)is ﬂw& of nfin plecnlar weight acar polymer, kand k_are the

numerical congtants, ﬁs the averagﬂd'mo]ecular wm% t and p is the crosslink
density. Fméih m&m ﬂﬂﬂn is, the greater the Tg of
the polymer is, whlch is in good aBreement witlathe ex E erimental results. In addition,

oo W O EE B U I T 7} Gl e

to thcqmure heterogeneity in the alloy's network due to the presence of the PU

fraction.

Tan 8 curves, obtained from the ratio of energy loss (G”) to storage energy
(G’) in sinusoidal deformation, are shown in Figure 5.12. The magnitude of the tan &

peak maximum reflects the large scale mobility associated with alpha relaxation while
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the width of the tan & relates to the network homogeneity, i.e. more elastic with
increasing the amount of PU fraction in the binary mixture [3, 6]. Figure 5.12 shows
the tan & of the BA/PU at various compositions. The peak height of the tan & was
found to decrease with increasing the mass fraction of the PU while the peak
maximum shifted to higher temperature. This confirmed the reduction in segmental
mobility chain with increasing crosslinked density as PU fraction in the alloy

increases [5, 6]. The width at half height of tan & curves were broader in the PU rich

the transparency and the single - peak of A of each alloy confirmed the single
microscopic domain of'™ n of phase separation. As a
consequence, our bi o . bef o BAVR show a synergistic behavior in
their glass transitio palso observed previously by

Rimdusit and Ishida i

Figures 5.13 to 315 W th reprodu Its of the DMA thermogram in

:
the temperature rangé of 0 2, ;‘;“ ‘-,'3j e he: \ ate of 2°C/min. The dynamic
mechanical analyzer mafle JGARQAPLEXER ro) ahidol University was used to
recheck the BA/PU (Diol . H06Y-atloy composition range of 20-40 wt% of

urethane prepolymer. When.; r (Diol 2000) increased, the storage
modulus (G’) of pajyiier allovs decreases "% { the crosslink density and
glass transition tef ‘3 "‘ ge modulus (G’) and loss

modulus (G”), respes veI}r At the temperature abo Ji 30°C, we had observed the

second peak, E\j the polymer alloys as
noticeable s (um Mﬁagﬂﬂ:ﬁlﬁaﬁc drop in the specimens
modulus were evldenl at this point.¢
QW’]ﬁNﬂiﬂJ UNIINYIAY

lgums 5.16 to 5.18 illustrate the DMA thermograms of the polymer alloys
between BA and EPO 732 in the composition range of 10-50 wt%. The specimens
were also optically transparent and void-free due to the low viscosity epoxy used.
Samples containing various amount of epoxy were investigated for their dynamic
mechanical properties in the temperature range of 30-300 “C at heating rate of
2°C/min. From Figure 5.16, the effect of incorporating epoxy resin into

polybenzoxazine was seen as to systematically enhance the room temperature
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modulus of the resulting alloys up to 20 wt% and then the modulus was decreased

with the amount of epoxy.

The glass transition temperature of polymer alloys composition was detected
in the mechanical spectrum as the maximum of loss modulus (G”). The DMA spectra
show the decreasing of Tg with the amount of the epoxy. The highest Tg of polymer
alloy, 162°C, was observed in the specimen containing 10wt.% epoxy. Figure 5.17

shows that the maximums of lo

lulus shift to the lower temperature with
benzoxazine mass fraction degrease | Fro d Loshaek equation [10], the lower

the crosslink density is, theloWer the Tg er, which is in good agreement

Loss tangent, t BP0, 732 4s Shiown in Figure 5.18. The peak

height of the tan 6 dect ereuse mas nn of the epoxy resin which
means the elastic of allo 2w mount of epoxy and the maximum shifts
to lower temperature fdightige the AGreRsin 2 'of glass transition temperature with

fihe © idthlat half height of tan & when the

amount of EPO 732 incredSed /& smparin thé BA/PU alloys, the BA/EPO 732
alloys show the lower braadeti ‘ alloys indicating the network

homogeneity of B/ -'v:.l-t swer, On the contrany, the it at half height of tan & of
,

benzoxazine/epoxy . ‘fr'ﬂ t at all alloy compositions

and implies that the @ mhutmn of the network homo f:nmty does not change [5].

Epoxy (DG ﬂa- g‘il le epoxy (EPO 732)
contains ¢theﬁnu w}jdﬁ lﬁ%ﬁs A-based) have higher
Slfﬂllﬂl‘lql}-’ strucll_tire to%:rﬁxa?me sfructuﬁ tt’lfn]nﬂa?ie Eelpezc]y (EB{EE}]?S?.}

RIANNIU N R

ida, et al. [5, 6, 10] investigated the thermomechanical properties of
benzoxazine/epoxy (DGEBA-based) alloys and observed the enhancement in the Tg
of the alloys. They found that the glass transition temperature increased with the
amount of epoxy up to 30 wt%. This contrasted to our benzoxazine-flexible epoxy

systems and may be due to the enhancement of free volume in the obtained alloy

network from the poorer packing flexible epoxy used. Epoxy (DGEBA-based)
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contains benzene ring, which can reduce free volume more than the linear, multiple

ether linkage of the flexible epoxy.
5.1.4 Mechanical properties (Lloyd)

The effects of urethane prepolymer (PU Diol 2000) and flexible epoxy (EPO
732) on mechanical properties of their polymer alloys are illustrated in Figure 5.19

and 5.20, respectively. The specimeng fop flexural analysis were loaded until failure.

Both flexural stress and strajn at bréd e measured for the BA/EPO and
-~ BA/PU alloys series. Flexugal streng gpresents the ability of material to
absorb maximum force at_rupiure 1§ abil gcems with stc-ring and dissipating

As seen in Fie AR :; nihef BA/PU (Diol 2000) at 90/10
and 80/20 weight
homopolymer. The flex
than 20 wt%. The flexur
increasing mass fraction of P ;gég{‘w \

.*.

BA/EPO 732. The ¢4 : ange

ared with polybenzoxazine
the amount of PU was higher
Diol 2000) decreased with the
ws the flexural stress and strain of

{ 0-0.35 were expanded as

shown in Figure ,', @ { h and modulus gradually

o. The flexible molecules

increased until the c@wposition of EPC was

(urethane prepolymer and'BRO 732) enhanceg the flexural strength and flexural strain

vy iniviion REL) 800 VLSS VLS NI RS potymer stoys. The

results reveal th&¥, within the 10 wt% of PU and Ewt% of EPO 8}2 content studied
was suffagienrit ; . : .
FRIREAFRHNINY N
Table 5.2 shows the flexural strength and flexural modulus of polymer alloys

of BA/PU and BA/EPO 732 which were obtained from four specimens testing of each
composition. The flexural strength value of EPO732 50/50 alloys does not break

under this condition. We also observed the strength of the alloys did not relate in the
linear relationship with the composition of the alloys. This shows the optimum

composition to improve the strength of the alloys indicating the rigid and brittle
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materials became the tough and ductile materials. There were a number of important
factors that may be responsible for this phenomenon. The addition of PU and EPO
732 caused a greater percentage of the phenolic hydroxyl groups, which reacted with
epoxide and isocyanate functional group of flexible epoxy and urethane prepolymer,
respectively. This effect shows in the increasing of flexural strength and flexural
strain in polymer alloys. Additionally, the increased percentage of urethane
prepolymer and flexible epoxy compositions acted as a plasticizer in the polymer
alloys. Thus, the additional of the

matrix in higher percentage

flexibility segments to the polybenzoxazine

o

to the decrease in strength, modulus
and the increase in strai pected and was reported also by

various authors [3, 4]

S.1.5 Thermugrawme 1
zllt'll'-
Figure 5.21 £ f‘T sfzoXazine resin, urethane prepolymer
. 4 4 ﬁ 3\ s

(Diol 2000), and fle (P e heating rate of 20°C/min under
nitrogen purging. The }@3 . fiposition temperatures of each
composition at 5 wt% los _ 5°C and 255°C, respectively. Char
yield of the benzoxazine polymers vhich was in good agreement with the
value reported by othe 7, 28]; how agfTip char residue of urethane
prepolymer and flekip] ' Y |

0

The dcg;radannn.ﬁﬂgvmr of ﬂur er alloys are shown in Figures 5.22 and

5.23. The sﬂ;%fﬁsﬁ}%ﬁﬁw e Yapfbd<itiof e of 1050 wiv. Al

samples were mly cured to form théz cross]mked structures. The therrnaI properties of

the % mﬂ ?m @ amg from room
tempe around using heating rate o min. ly, it is possible

to predict sites of chemical attack in reactions such as hydrolysis in suitable polymers,
from the examination of available functional groups, but it was much more difficult to
predict general patterns of degradation due to the heat. It might be considered that a
good starting point would be an examination of bond energies as a guide to which
bonds would be first to break. However, the general features of particular importance

in relation to degradation processes are amorphous or crystalline state, glass transition
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temperature, functional groups presence, and presence of tertiary hydrocarbon atoms
[33]. The TGA thermograms of polybenzoxazines have been reported in many
researches [27, 28]. Low and Ishida [27] studied the structural effect of phenols on the
thermal and thermo-oxidative degradation of polybenzoxazines. They found that the
degradation of phenolic linkage occurs simultaneously with the degradation of

Mannich base in bisphenol A/aniline based polybenzoxazine at around 330°C.

Figure 5.22 shows the TGA ghe ’ ograms of BA/PU at various compositions

under nitrogen atmosphere. Fh M ’7 ; e improved thermal stability when
comparing with pﬂ]ybcn He: :_:- : decomposition temperatures at 5

wt% loss were approximalciyesdl C P allay compositions. This was due to the
thermally weak chemicat®bonfl B ASSTE] (Diol 2000) component [4].
These confirm the regs / / / : \\\ﬁ prepolymer and hydroxyl of
Giontially yweéak moicties of phenolic linkage in
vield of the binary systems

polybenzoxazine to in
polyenzoxazine s
decreased significantfd gfmpared* o ‘e polybenzéxazine, i.. the presence of

polybenzoxazine improyes

gerams of BA/EPO732 at various
compositions at =_ : te of 20°C i gén | flow. The decomposition
temperatures at 5 Wi loss decrease Bl or EPO 732. Furthermore,
the char yield of t
polybenzoxazine. Thesil;ﬂﬂts indicated that polybenzoxazine can help improve the

e BRSNS e
AMIANTAUNNIINYIAY

Figure 5.23 shows #kr{" =

binary sy dtCreased ’ij ficantly compared with the
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5.2 The effect of Diol molecular weight on properties of Benzoxazine/Urethane
alloys

5.2.1 Differential Scanning Calorimetry (DSC)

Figure 5.24 to Figure 5.26 illustrates three different benzoxazine/urethane
alloy at-70/30 mass ratio. From Figures 5.24-5.26, an exothermic peak due to the

curing reaction of BA/PU binary syst ' clearly seen. The conversion of all BA/PU

at various molecular weight of Diol ar % after heat treatment at 165°C for
Sh., the conversion is increased (0 95% at 165°C for 5h + 180°C for 4h:
The reason for choosing e | d ature, thus a prolonged curing

time, was to allow enoyg b esior ':. s.la ®sgape from the specimens.

Tables 5.3-5.5 suaf - fe resulfs of DSC' erimﬂnts at various molecular
weight of urethane™ prgpol#miss il A bellaviors were observed for
itios using different molecular
weight. The final curig < for ] e full formation of benzoxazine/urethane
polymer alloys in this case Was{tliereh C for 5h. plus 180°C for 4h.
5.2.2 Dynamic me _- !

The d}mamlcmmchamca “praperties of BAfaJ alloys at three different
molecular weights of Dibleare shown in Figglires 5.27-5.35. The specimens consisted

ot o in e b DIV S IVELOL S sty cured o o

highly crosslmlgd structures. From the DMA the cImograms, the slgrage modulus of a
solid Qa%’ {'] ﬁ g&ﬂ ﬁwgﬂ %qqewy !'1'1} ﬁ:ﬂﬁaﬂtmn of PU
increase§ (Figures 5.27, 5.28 and 5.29). The behavior was clearly explained as a result
of toughening enhancement from the flexible PU used. We also observed the
broadening of the glass transition temperature when the amount of PU increased. The
various Diol molecular weights showed the effect on the rubbery plateau modulus and
glass transition temperature enhancement. In the case of PU based on Diol 2000 and
3000, we also observed the increasing of modulus in the rubbery plateau of the

BA/PU alloys with the mass fraction of PU signifying the increase in their
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corresponding crosslinked density. It was previously reported that increasing the PU
content of the polymer alloys resulted in a higher crosslink density but lower glassy or
room temperature modulus. Moreover, the glass transition temperatures tend to
increase with the mass fraction of PU (Diol 2000 and 3000). However, the modulus in
the rubbery plateau and the glass transition temperature of BA/PU (Diol 1000)
showed an opposite trend, i.e. decreasing as the mass fraction of PU increases as

shown in Figure 5.27.

From the DMA res behavior in the Tg of the alloys
depended on the size or th hane prepolymer. The resulting
network morphology also 1 BALL Diol 1000) from the other two
diol molecular weights ig i loss modulus of BA/PU at diol

molecular weight of 1004 dhicl 3000 are shownlin the respective order Figures
5.30, 5.31, and 5.32. Thg 7 Fchch palymer alloy Lt position was detected using
eiieet Of diol fraction on the loss
modulus alloy” Tg of B Diol, r ound totbe rather different from those
of BA/PU (Diol 2000 a

mass fraction of PU (Diol

on temperature decreased with
: "{Diol 2000, and Diol 3000) tend to
increase with the PU mass fra - af molecular weight is similar to that
on the crosslinked w-I-n pfipsition temperatures of the
three alloys are closi _ i J

In addition, Takeithi, et al. [3, 4] prgpared urethane prepolymer /benzoxazine

o e BN BB g 1 v

urethane prepo er based tnlunn‘: ::'Insucyana:c (TDI) and Uycthyleneaﬁ:pate
polyol ﬁﬁ gﬂﬂﬁm ﬂ%ﬂﬂ @rﬂuultmg in the
decrease g with the mass fraction of urethane prepolymer. They results showed

the similar trend comparing with our BA/PU (Diol 1000) alloys system.

From the Fox and Loshack equation, the higher crosslink density of the alloy
network is, the greater is the Tg of the polymer, which is in good agreement with our
experimental results. Figures 5.34 and Figure 5.35 show tan 8 of BA/PU (Diol 2000

and 3000) at various compositions. The maximum of the tan & decreases with
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increasing mass fraction of the PU and the maximum shifts to higher temperature.
Since the materials have higher crosslinked density, they are more elastic when the
amount of PU is greater in the binary mixture. The observed of tan & curves were
broader with increasing the PU fraction. This may be ascribed by the broader
distribution of the network structure. On contrary, Figure 5.33 shows tan & of BA/PU
(Diol 1000) at various compositions. Though maximum of tan & decreases with

increasing mass fraction of the PU, the peak maximum shifts to lower temperature,

which is the trend already describ Wwous section.

Figures 5.36-5.3 nf DMA thermograms in the

temperature range of G0 lae8505C usi g ~. ) gurate of 2°C/min. The dynamic
mechanical analyzer mg \h- ahidol University was used to
& prepolymer in BA/PU-70/30
alloys. The thermograng€onfir . ke. when the molecular weight

investigate the effect of

of urethane prepolymerfingfe; . '.L e \: us (G’) of polymer alloys
decreased. The incre $ ; glass transition temperature was
observed in BA/PU (PUfba d it .g_:’ 4300 i"‘“k OR the contrary, we observed the
decrease of the rubbery plfiteali’modulus s§ transition temperature of BA/PU
(PU based Diol lﬂl‘.}ﬂ} when cofiipa 1
the effect of lowergahge of Diol mol cula verahis e, £ 1000, would be significant

V.T—' A )

in order to confirm th e enhancement.

2 mass ratio. Further investigation on

U

ﬁ AT Sneng

Flgurﬂs -39-5.41 show thes flexural stress-strain curve @of BA/PU series at
o AR AR FIA V425 14 B4 H b smes
added info a harder and more brittle polybenzoxazine the resulting stress-strain curve
from the one which possesses the yield point, moved to a straight line. As the PU soft
molecular segment is longer, the obtained strength and modulus decrease. In
addition, the strength and strain decrease as the content of BA increases. The chain
length of the soft segment of the PU plays an important role in the flexural strength of
the specimen. The shorter chain length possesses higher flexural strength and lower

flexural strain compared at the same mass fraction. This is due to the fact that the
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lower molecular weight diol yielded BA/PU alloys with greater crosslinked density
iLe. improved strength but less chain extension (lower clongation). Table 5.6
summarizes the flexural strength and flexural modulus of polymer alloys of BA/PU

which were obtained from four specimens testing of each composition.
5.2.4 Thermogravimetric analysis (TGA)

Figures 5.42-5.44 show the
weights of Diol (MW 1000, 2
nitrogen flow. We can seg that-all alloy=Zm#flials showed similar decomposition

e

ograms of BA/PU at various molecular

‘ d 4’ Ifder the scanning rate of 20°C under
temperature at 5 wt% loss '_ d 34 l': wihicreas the degradation temperature at
oy be 325-330°C [3, 27]. This
emphasizes the benef(i H"‘n, o enhance the degradation
temperature of the polyh / l level (15°C). The char yield
of BA/PU systems; hGwey€r Angroaséd siey " | ' the mass fraction of BA due

Swit% loss of neat po

to the prevalent benzeu® s

.-
(BN

ﬂ‘IJEI’J'VIEWIﬁWEI'lﬂ‘i
ammﬂimum'mmaﬂ
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Table 5.1 DSC of BA/PU (Diol 2000)

Exothermic Peak
Sample Curing

Code Condition On Set Peak Conversion

Temperature (°C) | Temperature (°C) (%)

Uncured 150 229.05 0.00

150 °C/1 hr 160 228.23 8.56

BA/PU | 170°C/1 hr 160 | 229.77 24.34

(90/10) [ 190 °C/1 hr 80 NN, 239.69 67.88

200 °C/1 hr 195 W/ 47.82 85.84

200 °C/2 hr ;.,n 52 91.75

Uncured st | B 90 0.00

150 °C/1 hr lj ;ﬂ[\‘.‘:\\ 235,08 15.66

BA/PU 170°C/1 hr | o A6 f[!‘\\ﬁ\\k‘wy 33.16

(80/20) [ 190 °C/1 hr lf.’&ﬁf\\\ . 69.76

200 °C/1 hr l] 2 ﬂ 1[\»}&1 86.54

200 °C/2 hr 91.7

Uncured 0.00

150 °C/1 hr 21.31

BA/PU | 170°C/1 hr 29.95

(70/30) | 190°C/1 hr 68.9

200 °C/1 hr 23007\ /8 86.08

200 °C/2 hir )« il 92.5

Uncured L7011 0.00

150 °C/1 hr 7] 11.52

BA/PU 170 °C/1 hr | 19.87

(60/40) 53.57

82.66

92.25

nC T 500

50€C/ .59

BAPU | 170°C/Thr . 23.71

(50/50) | 190°C/1 hr 170 239.60 34.24

200 °C/1 hr 175 247.31 77.49

200 °C/2 hr 225 257.86 92.26

63
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Table 5.2 Mechanical properties of BA/PU and BA/EPO alloys

77

Composition BAPY BA/EPO
Strength (MPa) | Modulus (GPa) | Strength (MPa) | Modulus (GPa)

100/0 117+ 5 4.27+0.3 1175 42703
90/10 1387 31402 1685 44602
80/20 1178 225+0.1 180 £ 10 449 +0.1
70/30 - 85+8 1.64 2127 4.55+0.2
60/40 50+ 4 165+ 10 320+£03
50/50 31£10 +0.2 . ;
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Table 5.3 DSC of BA/PU (Diol 1000)

1 Exothermic Peak
Sample Curing
Code Condition On Set Peak Conversion

Temperature (°C) | Temperature (°C) (%)
Uncured 175 233.97 0.00

BAPU ™65 eC 190 240.99
(90/10) 165°C/5 hr R 73.09
180°C/4 hr 215 260.45 04.37
Uncured ' 24592 0.00
??E’%}T 165 °C/5 hr ol 239.69 69.44
180 °C/4 hr — 260.30 05.21
BAPU Uncured 251.85 0.00
(50/50) | 165°C/5 hr ,//fﬂ] ;_ﬁ\\\ 35 3? 89.90
180 °C/4 hi 96.80

L fﬂ \;\\\K‘Q\
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Table 5.4 DSC of BA/PU (Diol 2000)

) Exothermic Peak
Sample Curing
Code Condition On Set Peak Temperature | Conversion
Temperature (°C) (°C) (%)
Uncured 150 229.05 0.00
BA/PU -
(90/10) 165 °C/5 hr 185 241.03 66.13
180 °C/4 hr 225 258.54 095.43
Uncured 17 237.8 0.00
BA/PU . 395
(70/30) 165 °C/5 hr . 82.19
180 °C/4 hr ed5.66 96.34
Uncured - 0.00
BA/PU
(50/50) 165 °C/5 hr 91.65
180 °C/4 hr 96.80
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Table 5.5 DSC of BA/PU (Diol 3000)

Exothermic Peak
Sample Curing
Code Condition On Set Peak Conversion

Temperature (°C) | Temperature (°C) (%a)
Uncured 170 230.34 0.00
?ﬁ;‘; 165 °C/5 hr 185 241.18 71.63
180 °C/4 hr 225 255.95 96.23
Uncured 0 242.62 0.00
(B,;Egg 165 °C/5 hr 24559 34.74
180 °C/4 hr - 268.44 96.94
BAPU Uncured | ™30 ,‘ ““E:l 26 0.00
(50150 165 °C/5 hr / 05 Ll 24039 92.07
180 °C/4 hr 98.09
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Table 5.6 Mechanical properties of BA/PU alloys at various molecular weights of diol.

Diol 1000 Diol 2000 Diol 3000
Composition I eth | Modulus | Strength | Modulus | Strength | Modulus
(MPa) (GPa) (MPa) (GPa) (MPa) (GPa)
80/20 160+5 | 541 90+4 | 24%1 85+5 | 2.1%.1
70/30 13846 | 45+05 | 75%5 1641 | 60+3 111
60/40 90+5 | 1.5£05 | 4547 |007£.04 | 40+2 | 06<.05

) )
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CHAPTER 6

CONCLUSIONS

The elastomeric urethane prepolymers (based on Diol 1000, 2000 and 3000
and IPDI) and the flexible epoxy (EPO 732) were used to enhance toughness of

e We found that the benzoxazine resin

can polymerize with urethane jré 0 g/ ble epoxy after the ring opening of
benzoxazine resin occurrétkrai xotherm in DSC analysis, the
curing reaction of the G slightly higher temperature
comparing with those af words, if comparing at the
same curing temperat _ onger curing time than the
BA/EPO mixtures. The #€sia # iha\reectionwas found to occur at higher
temperature from the additig ; Iymer (Diol 1000, 2000 and

3000) and flexible epoxy

The optimum compasitighss AEPO 732 alloys to improve the
flexural strength of matenials.are 90/10 ax 30 mass fraction, respectively. This
indicates that the rigjcthid brittle b becomethetough and ductile polymers,
However: the flexurs -;“_f Mfe mass fraction of PU or

|
EPO 732.

o] UL A DB G A Tt i e s

alloys based on gml 2000 and 3000¢This phenomenon contributed by the addition of
e R FE T A A R i o
PU incofporation. However, the flexible epoxy was found to reduce the degree of
crosslinking thus loosens the network structure of BA/EPO 732 alloys resulting in the

lowering of Tg with increasing the epoxy mass fraction.

The degradation temperature at 5 % weight loss is approximately 340°C in all
BA/PU alloy compositions using different molecular weights of Diol. However, the
decreasing in the temperature at 5 % weight loss is observed in BA/EPO 732 system.
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The increasing in char yield of alloys depends on the increasing amount of BA due to
the high char vield of the based polybenzoxazine.

The polybenzoxazine alloys with improved toughness and thermal properties
have been developed. We suggest that the BA/PU (based on Diol 2000) alloys at the
composition of 70/30 is the most optimum alloy which can enhance the flexibility and
thermal properties of the polybenzoxazine,
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Table A.1 Hardness of benzoxazine/urethane prepolymer alloys

Compostion Hardness
of alloys Upper Lower
38.4 38.5
BA/PU
38.7 38.4
100/0
39.5
34,
BA/PU
3‘
90/10
BA/PU
80/20 3
6
f
BA/PU ‘
18.7 8
70/30 ‘
BA/PU -
12.6 11.8
60/40 e — H'] ﬂﬁ'
U |
T SIS AN Y
950/50
4.9 4.8




Table A.2 Hardness of benzoxazine/flexible epoxy alloys

90/10

80/20

BA/EPO 732

BA/EPO 732

70/30

BA/EPO 732

60/40

950/50

h
B

15.2

Compostion Hardness
of alloys Upper Lower
384 385
BA/EPO 732
38.7 38.4
100/0
BA/EPO 732

Vs | o»3 |
b IRNBRINYING

¢ 147

W 4491

AN Y

15.0

13.2
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