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Abstract

Project Code : RMU4880015
Project Title : Development of light weight polymer composite ballistic armor based
on benzoxazine alloys using various types of reinforcing fibers.
Investigator : Assoc. Prof. Sarawut Rimdusit, Ph.D.
Deparment of Chemical Engineering, Faculty of Engineering,
Chulalongkorn University, Bangkok 10330
Tel: 02-218-6862, 084-076-0689 Fax: 02-218-6877
E-mail Address: sarawut.r@chula.ac.th

Project Period : July 29", 2005 to July 28", 2008.

This study aims to develop a light weight ballistic armor from KevlarTM-reinforcing
fiber having polybenzoxazine alloys as a matrix. Polybenzoxazine (BA), a class of phenolic
resin, possesses several outstanding properties for being used as a composite matrix such
as ease of synthesis, near-zero shrinkage, lack of by-product upon curing, low A-stage
viscosity, high flame resistance, and high thermal and mechanical integrity. In addition, a
number of recent reports reveal that polybenzoxazine can be alloyed with various types of
resins to further broaden its useful properties. In this work, urethane elastomer (PU) is used
to enhance toughness of the polybenzoxazine and its effects on the ballistic characteristics
of the alloy matrices reinforced with KevlarwI are investigated. The experimental results
reveal that the curing peak of the matrices shifts to higher value with increasing the urethane
mass fraction in the BA/PU resin mixtures. The glass transition temperature increased from
175°C in the KevlarTM-reinforced polybenzoxazine to 235°C in the KevIarTM-reinforced 60/40
BA/PU. For mechanical properties, the increase of the elastomeric PU content showed the
expected increase of toughening behavior of the composites. The storage modulus of the
KevlarTM-reinforced BA/PU composite decreased from 16.4 GPa of the polybenzoxazine
matrix to 2.8 GPa of the 60/40 BA/PU alloys. A ballistic test was performed on a Kevlar -
reinforced composite using a 9 mm handgun and it was found that the optimal composition
of BA/PU alloys should be approximately 20 by weight of the PU. The appropriate thickness
of KevlarTM-reinforced 80/20 BA/PU composite panel was 30 plies and 50 plies to resist the

penetration from the ballistic impact of levels II-A and IlI-A, respectively.
Keywords : Polybenzoxazine; Alloys; Urethane Elastomer; Ballistic Armor; Composite.
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CHAPTER

INTRODUCTION

1.1 General Introduction

There have been numerous attempts to analyze the dynamics of ballistic impact on
a yarn to provide design guidance. There are two major publications that deal with the
ballistic resistance of soft body armor. One is a book by Lyons in 1963 and one by Laible
in 1980. The first book presented early work and theories in the 1950s and 1960s. The
early work was entirely related to fibers, which implied that the ballistic behaviors of
fabrics were controlled by fibers. The second book reviewed work in the 1970s on fibrous
armor and penetration mechanics. It largely ignored the previous fiber theories. The fiber-
matrix interaction was consequently considered to play an essential role in the ballistic

protection as well (Yang, 1993).
1.1.1 Ballistic fibers

The high strength of fibers has been developed rapidly for armor structure. Fibers
conventionally used include aramids (Kevlar'™ or Twaron'") , polyethylene fiber
(Spectra™ or Dyneema™) , nylon fiber , glass fiber and the like (Jacobs and Dingenen,
2001). The selection of fibers for application depends heavily on its mechanical property.
Several factors must be considered i.e. sonic velocity and energy absorption of the
specimens. Fibers provide excellent impact resistance in that the fibers have high sonic
velocity and high specific energy absorption because of its distribution of kinetic energy

upon ballistic impact

Specific energy absorption, Ej, depends on some physical parameters with the

relationship shown below:

*
O " 5 Grupt 8rupt

E, = p (1.1)




Where  Grypr, Eupr and p are fiber stress at rupture, elongation at rupture and its density

respectively. Whereas sonic velocity in fiber, V, is definedas V., =  E/p where E

s

is fiber modulus.

Tablel.1 Mechanical properties of important high strength fiber (Jacobs and Dingenen,
2001)

Fiber Strength Modulus Elongation at break (%)
(GPa) (GPa)
Aramid 2.8-3.2 60-115 1.5-4.5
HPPE 2.8-4.0 90-140 2.9-3.8
LCP 2.8 65 3.3
PBO 5.5 280 2.5
S glass 4.65 87 54

Note: HPPE is high performance, LCD is Vectra® liquid, and PBO is poly (p-phenylene

benzobisoxazole),

One class of fibers useful for ballistic armor application is polyamide fiber e.g.
Kevlar'™ because of its excellent thermal properties, highly crystalline, and highly
oriented fine structure as well as high tensile properties. Its highly crystalline, highly
oriented structure gives rise to high modulus which is required for enhancing sonic
velocity. The high tenacity and moderate elongation of Kevlar'™ fiber provide high
toughness and thus high work to break for the transverse deformation. These
characteristics attribute to the fairly effective absorption and distribution of the impact
force along the longitudinal axis; therefore, useful for ballistic applications. The fiber is

consequently considered as a major reinforcing constituent for ballistic armor in this work.

1.1.2 Polymer matrix for ballistic composites

The types of binders such as thermoplastic resins, thermosetting resins, and alloys
between thermoplastics and thermosets have been used as matrices for ballistic resistance.
The resin function is to hold the fibers firmly in a three-dimensional array of crossing

layers. The selection of a resin for the ballistic composite depends on its required



characteristics. Some important factors should be considered including rigidity,
environmental resistance, thermal stability, wear resistance, combustibility, processing
ability, and shelf-life. The resin content is generally carefully controlled to achieve a
balance of structure and ballistic properties. The amount of resin necessary to consolidate
the fibers comprises 75-80 percent by weight having been reported (Park, 1996, 1999). If
the amount of resin substantially increases above the desired amount the matrix, it will
become a major part of the armor volume weakening the materials. However, if the resin is
substantially less than that required to wet all fibers, this will result in the composite
material wherein the fibers are not properly consolidated and held in the proper position so
that upon impact, the fiber tends to separate relatively easily allowing the projectile to pass

through before the fiber absorbs impact forces (Epel, 1987).

In general, the resins used as a binder in ballistic armor have an adhesive
characteristic with respect to the fiber but with the tensile strength less than that of the
fiber. That is, upon impact, the fiber will function predominantly to transmit impact force
along its longitudinal axis. In principle, it is required that the resin should not hold the
fiber too rigidly along the surface but allow some small amount of movement of the fiber
surface longitudinally within the resin. Obviously, the composite structure resists and

provides a limited fiber spreading transversely to the fiber axis upon projectile impact.

Phenolic resins provide one future class of resins suitable for a matrix of a
composite armor. Phenolic resins are inexpensive, can be handled using conventional
processing technology, and do not bond too firmly to ballistic fibers especially Kevlar'™.
However, phenolics do require that moisture be driven from the resins during a curing
stage which is one additional step in the composite fabrication process. Other binders
which have been reported to be used for Kevlar'-reinforced composites consisted of
epoxy resin, styrene-isoprene-styrene, and phenolic polymer alloys with poly(vinyl butyl

ether) etc. (Denommee, 1976; John, 1992; Li et al., 1996).

Polybenzoxazine, a novel class of phenolic resins, has a wide range of mechanical
and physical properties that can be tailored to various needs. The polymer can be
synthesized by ring-opening polymerization of the aromatic oxazines with no by-products

released upon curing, no catalysts needed, no solvent elimination, and no need of



monomer purification (Ishida, 1996). The property balance of the material renders the
polymer with good thermal, chemical, electrical, mechanical, and physical properties
including very low A-stage viscosity, near-zero shrinkage, low water absorption, high
thermal stability, good fire-resistant characteristics, and fast development of mechanical

properties as a function of curing conversion. (Ishida and Allen, 1996).

One major outstanding property of benzoxazine resin is its ability to form hybrid
network with several other resins for tailor-made behaviors (Ishida and Allen, 1996;
Takeichi et al., 2000; Rimdusit and Ishida, 2000). In our recent work, urethane elastomer
was used to alloy with benzoxazine resin to improve thermal and mechanical properties of
the resulting polymer hybrids (Rimdusit et al., 2005). This observation also makes it
possible to fine tune and enhance the property of the obtained ballistic armor composites.
As a consequence, the systems of polybenzoxazine alloying with urethane elastomer as

ballistic composite matrices will be evaluated in this study.

1.1.3 Ballistic polymer composites

The development of composite technology has improved properties of the resulting
armor structure. Fibers are usually selected as a major reinforcement for the composites.
Eventhough each parent materials cannot provide sufficient ballistic properties, after
combining the parent materials, the level of protection is sometimes improved
significantly. This is because the resulting composite is able to generate more energy
absorption mechanisms. Hence, there are many literature data about the usage of the
normal fiber i.e. E-glass fiber (Naik et al., 2005), carbon fiber (Ulven et al., 2003), graphite
fiber (Hosur et al., 2005) etc. to produce ballistic composites. These fibers are capable of
forming effective armor composites with their suitable polymer matrices. Absorption of
kinetic energy of composite material composes of several mechanisms, including tensile
failure of fibers, elastic deformation of a composite, interlayer delamination, and inertia
effect due to impact. In general, kinetic energy can be absorbed and distributed according
to basic factors such as mechanical property and direction of fiber arrangement, matrix

properties, and interfacial strength (Thornton, 2001; Morye et al., 2000).



CHAPTER 11

THEORY

2.1 Kevlar Aramid Fiber

Kevlar aramid fiber was invented by S.L. Kwolek of Du Pont in 1965 and was
commercialized by the company in 1972. The word ‘aramid’ is a generic term for a
manufactured fiber in which the fiber-forming substance is a long chain synthetic polyamide
which at least 85% of the amide linkages are attached directly to two aromatic rings. This
generic definition distinguishes aramids from the conventional polyamides, such as nylon,
which mostly contain aliphatic and cycloaliphatic units in the polymer main chain. By
definition, the aramid family encompasses several other commercial fibers including

Nomex™, Teijinconex™, Technora™, and Twaron™ (Yang, 1993).
2.1.1 Manufacturing

In 1970, Blades and another Du Pont scientist discovered that a dry-jet, wet spinning
process was unique for the anisotropic aramid polymers. It provided fibers almost twice as

strong as the earlier fibers.
2.1.1.1 Preparation of polymer

Kevlar aramid fiber is based on poly(p-phenylene terephthalamide) (PPD-T),
one of the para-oriented aromatic polyamides. The PPD-T synthesis involves the low
temperature polycondensation of p-phenylene diamine (PPD) and terephthaloyl chloride (TCI)

in a dialkyl amide solvent.



NI—IQONI-i ) + CICO*Q—COCI
' TCl

PPD

| Amide solvent

%NHONH"-COGCO—} + 2 HCI

PPD—T

Scheme 1: Preparation of Kevlar' ™ fiber (Yang, 1993)

In this process, the amide solvent including hexamethylphosphoramide, N-methyl
pyrrolidone and dimethyl acetamide can be used. Hexamethylphosphoramide was suspected to
be carcinogenic. It may be used only with critical care to avoid skin contact and inhalation.
The other solvents are used in single or mixed systems, often in the presence of an inorganic
salt. The polymer from this reaction could be isolated by precipitation with water, neutralized,

and subsequently washed and dried (Bair and Morgan, 1972, 1974).

Problems of making aramid fiber from a para-oriented symmetrical polymer molecules
are all the monomers for the polymer preparation had to be synthesized and the polymer did
not melt, and had to be dissolved in a particular solvent so that it could be extruded through

spinneret holes to from a fiber (Bair and Morgan, 1972, 1974).
2.1.2 Commercial Kevlar aramid fiber products

The major types of Kevlar'™ filament yarns commercialized at present include the

following:

Grade Major Application
Kevlar Tire yarn

Kevlar 29 All-purpose yarn
Kevlar 49 High modulus yarn

Kevlar 68 Moderate modulus yarn



Kevlar 100
Kevlar 119
Kevlar 129
Kevlar 149

Colored yarn

High elongation yarn
High tenacity yarn
Ultra-high modulus yarn

2.1.3 Typical properties of Kevlar aramid yarns (Yang, 1993)

Table 2.1 : Properties of various grades of Kevlar™ fibers

Yarn properties  |Kevlar and| Kevlar49 | Kevlar 68 | Kevlar 119 | Kevlar 129 | Kevlar 149
Kevlar 29

Tensile strength
gpd 23.0 23.0 23.0 24.0 26.5 18.0
Kpsi 420 420 420 440 485 340
Initial modulus
gpd 550 950 780 430 750 1100
Mpsi 10.3 17.4 14.4 8.0 14.0 21.0
Elongation, % 3.6 2.8 3.0 44 3.3 1.5
Density g/cm’ 1.44 1.45 1.44 1.44 1.45 1.47
Moisture regain, %
25°C, 65% RH 6 4.3 4.3 - - 1.5

Note:Yarn properties determined on 10 inch twisted yarns (ASTM D-885)

In general, Kevlar aramid fiber has a high breaking tenacity that is several times that of
steel wire, nylon and polyester yarns. It has a much higher tensile modulus than steel wire,
fiberglass, nylon, and polyester fibers. The fiber has a low elongation at break, which is
comparable to that of steel. In addition, it has a relatively low density, which makes most

Kevlar™- reinforced structure a lighter weight for a given strength and stiffness (Yang, 1993).

2.2 Benzoxazine Resin




Benzoxazine resin is a novel kind of phenolic resin that can be synthesized from

phenol, formaldehyde, and amines. Solvent may be used in its synthesis depending on initiator

and heating (Ishida, 1996; Ning and Ishida, 2000). The resin is developed to provide optimal
properties in electronics or other high thermal and mechanical stability applications.

Benzoxazine resin can be classified into a monofunctional type and a bifunctional type
depending on a type of phenol used as shown in scheme 2 and 3. The example for the
monomer synthesis is

Phenol Formaldehyde  Aniline Benzoxazine monomer

OH

[0}

; e ~Q
+ H—ﬂ—H + NHf@ — ) +  HO
0

Scheme 2 : Synthesis of a monofunctional benzoxazine monomer.

Bisphenol-A Formaldehyde  Aniline

0
[

CH;
HOO@OH + 4HCH + NHZQ —
CH;

N
{
Sates
CH3 > + 4H,0
O

Scheme 3 : Synthesis of a bifunctional benzoxazine monomer.

Benzoxazine monomer

The balance material properties of benzoxazine resin such as good thermal, chemical,
electrical, mechanical, and physical properties make it highly attractive for several advanced

applications. These new materials possess high glass transition temperatures, high char yield,



high moduli, low water absorption despite the large amount of hydroxyl groups in the
backbone structure, excellent resistance to chemicals and UV light, low melt viscosities
compared to conventional phenolics, near-zero volumetric shrinkage or expansion upon
polymerization and relatively low coefficients of thermal expansion. Furthermore,
benzoxazine resin is able to be alloyed with several other polymers or resins; therefore,
rendering broader useful properties including the alloys of polybenzoxazine with bisphenol A-
typed epoxy (Rimdusit, 2001), with toluene diisocyanate(TDI)/polyethylene adipate polyol-
typed urethane resin (Takeichi et al.,2000), flexible epoxy(EPO732) (Rimdusit et al., 2005), or
with isophorone diisocyanate(IPDI)/polyether polyol-typed urethane resin (Rimdusit et al.,
2005).

2.3 Urethane Elastomers

Polyurethane is class of polymer which contains urethane group. The urethane group
results from the interaction of an isocyanate and a hydroxyl compound. A diisocyanate and a
polyhydric compound (polyol) react together leading to a cross-linked polymer. Thus
diisocyanates and diols (and polyols) are the principal raw materials used in the manufacture

of polyurethanes.

N—C—-0

Figure 2.1 Urethane linkage

The functionality of the hydroxyl-containing reactant or the isocyanate can be varied;
therefore, a wide variety of linear, branched and crosslinked structures can be formed. The
hydroxyl-containing components cover a wide range of molecular weights and types,
including polyester and polyether polyols. The polyfunctional isocyanates can be aromatic
aliphatic, cycloaliphatic, or polycyclic in structure and can be used directly as produced or
modified. This flexibility in the selection of urethane reactants leads to the wide range of the

resulting properties.



One convenient preparation of a urethane elastomer involves reaction of the
components without solvents. The glycol and triol, if desired, are added to the reactor and
heated with stirring to 60-90°C. The acid component is added quickly and the mixture stirred
and heated at such a rate that the water distills out rapidly. The hydroxyl and acid components
are used in such a ratio that nearly all acid groups react and the hydroxyl groups are adequate
to control the molecular weight in the desired range. The excellent properties of polyurethane
account for the facts that their use is economically feasible and that their range of applications
is steadily increasing. In some instance, they are even irreplaceable. Among these properties
are unique 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 providing fairly easy and efficient processing (Wirpsza, 1993).

2.4 Advanced Composites Materials

Composite materials have a long history of usage. Depending on the types of matrices,
composites can be categorized as polymer matrix composites, metal matrix composites,
ceramic matrix composites, carbon-carbon composites, intermetallic composites or hybrid
composites (Schwartz, 1997). In the other hand, based on the form of the dispersed phase,
composite materials can be classified into three commonly accepted types, fibrous composites,
laminated composites, and particulate composites; respectively (Jones, 1975). Fiber-reinforced
composites consist of continuous or discontinuous fibers in a matrix, while laminated
composites consist of layers of various materials and particulate composites are composed of

particles dispersed within a matrix.

Modern structural composites frequently referred to as advanced composites. The term
‘advanced’ means the composites materials based on polymeric materials with oriented, high-
modulus carbon, aramid, glass or ceramic fibers. Composite materials are combination of two
or more materials that are mixed on a microscopic scale to form a useful material. A resinous
binder or matrix will hold the fiber in place, distribute or transfer load, protect the dispersed

phase either in the structure or before fabrication and control the obtained chemical and

10



electrical properties. The strength and stiffness of the fiber are generally much greater or

multiples of those of the matrix material.

2.4.1 Fiber-reinforced composites

Fiber-reinforced materials consist of fibers in a matrix binder. They contain
reinforcement having length much greater than its cross-sectional dimensions. In the other
hand, a composite is considered to be a discontinuous fiber or short fiber composite if its
properties vary with the fiber length. When the length of the fiber is such that any further
increase in its length dose not, for example, further increase the elastic modulus of its
composite, the composite is considered to be continuous fiber reinforced. Most continuous
fiber composites, in fact, contain fibers that are comparable in length to the overall dimensions

of a composite part.

2.5 Composite Density

The theoretical density of composite is an important factor related to the amount of
filler and the void content in polymer composites, especially when a significant difference in
densities between filler and matrix are involved. The theoretical density compared to actual

density was calculated by a following relation ship (Piyawan, 1998):

Pe= 1 (2.1)
Wy (W)
Pr Pm
Where Wy = filler weight fraction

(1-W; = matrix weight fraction

filler density, g/cm’

Pr

ol = matrix density, g/cm’.
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2.6 Ballistic Standards (the National Institute of Justice [N1J], 1979)

2.6.1 N1J body armor classification

Personal body armors covered by this standard are classified into seven classes, or
types, by level of ballistic performance. The ballistic threat posed by a bullet depends, among
other things, on its composition, shape, caliber, mass, angle of incidence, and impact velocity.
Because of the wide variety of bullets and cartridges available in a given caliber and because
of the existence of handloaded ammunition, armors that will defeat a standard test round may
not defeat other loadings in the same caliber. For example, an armor that prevents complete
penetration by a .40 S&W test round may or may not defeat a .40 S&W round with higher
velocity. In general, an armor that defeats a given lead bullet may not resist complete
penetration by other bullets of the same caliber of different construction or configuration. The
test ammunition specified in this NIJ standard represents general, common threats to law

enforcement officers.

As of the year 2000, ballistic resistant body armor suitable for full time wear
throughout an entire shift of duty is available in classification Types I, IIA, II, and IITIA, which
provide increasing levels of protection from handgun threats. Type I body armor, which was
first issued during the NIJ demonstration project in 1975, is the minimum level of protection
that any officer should have. Officers seeking protection from lower velocity 9 mm and .40
S&W ammunition typically wear Type IIA body armor. For protection against high velocity
.357 Magnum and higher velocity 9 mm ammunition, officers traditionally select Type II body
armor. Type IIIA body armor provides the highest level of protection available in concealable

body armor and provides protection from high velocity 9 mm and .44 Magnum ammunition.

Type IIIA armor is suitable for routine wear in many situations; however, departments
located in hot, humid climates may need to carefully evaluate their use of Type IIIA body
armor for their officers. Types Il and IV armor, which protect against high-powered rifle
rounds, are clearly intended for use only in tactical situations when the threat warrants such

protection

12



In December 1978, the National Bureau of Standards and National Institute of Law
Enforcement and Criminal Justice (now National Institute of Justice) first classified the
ballistic body armors into several categories according to projectile size and velocity in its

NILE/CJ report. The current NIJ classification for police body armor is as follows:

Table 2.2 : NIJ standard of body armor showing type of caliber and bullet as well as

the projectile velocity in each category.

Protection Caliber Bullet Type, Weight Velocity(m/s) | Accept Hit
Level Per Panel
I .38 Special  |Round Nose Lead, 158 grain (10.2 grams) 259 5
.22 Special  |Long Rifle High Velocity Lead, 40 grain,(2.6 g) 320 5
II-A 9 mm Full Metal Jacket , 124 grain,(8.0 g) 332 5
40 S&W Full Metal Jacket , 180 grain,(11.7 g) 322 5
11 9 mm Full Metal Jacket , 124 grain,(8.0 g) 358 5
.357 Magnum |Jacketed Soft point, 158 grain,(10.2 g) 425 5
II-A 9 mm Full Metal Jacket , 124 grain,(8.0 g) 426 5
44 Magnum  |Lead Semi-Wadcutter Gas Checked, 240grain, 426 5
(15.5g)
111 7.62x 51 mm |Full Metal Jacket , 150 grain,(9.7 g) 838 5
(.30 Winchester)
VI .30 caliber  |Armor Piercing, 166 grain,(10.8 g) 868 1

(source: Thailand Ministry of Defense, 2004)

2.6.2 Definition

13



2.6.2.1 Ballistic panel

The protective component of an armor sample or panel, primarily consisting of
ballistic resistant materials, usually enclosed in a nonremovable cover. The ballistic panel is
normally retained within the armor sample or panel by a separate fabric carrier, and may be
removable from the carrier.

2.6.2.2 Armor carrier

A component of the armor sample or armor panel whose primary purpose is to
retain the ballistic panel and provide a means of supporting and securing the armor garment to
the user. These carriers are not generally ballistic resistant.

2.6.2.3 Armor sample

One complete armor garment comprised of a single wraparound style jacket, or

a set (two) of front and back armor panels.

2.6.2.4 Penetration

Complete penetration (CP): The complete perforation of an armor sample or

panel by a test bullet or by a fragment of the bullet or armor sample itself, as evidenced by the
presence of that bullet or fragment (armor or bullet) in the backing material, or by a hole
which passes through the armor and/or backing material.

Partial penetration (PP): Any impact that is not a complete penetration is

considered a partial penetration.

2.6.2.5 Angle of incidence

The angle between the line of flight of the bullet and the perpendicular to the

front surface of the backing material fixture.
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2.6.2.6 Fair hit

A bullet that impacts the armor sample or panel at an angle of incidence no

greater than = 5 from the intended angle of incidence, no closer to the edge of the ballistic

panel than 76 mm (3.0 in) and no closer to a prior hit than 51 mm (2.0 in), at an impact

velocity within + 9.1 m/s (30 ft/s) of the required reference test velocity.

2.6.2.7 Fail hit

A bullet that impacts the armor sample or panel at an angle of incidence no

greater than = 5 from the intended angle of incidence, no closer to the edge of the ballistic

panel than 76 mm (3.0 in) and no closer to a prior hit than 51 mm (2.0 in), at an impact
velocity less than 9.1 m/s (30 ft/s) below the required reference test velocity which produces a

penetration or an excessive backface signature.

2.6.2.8 Accept hit

A bullet that impacts the armor sample or panel at an angle of incidence no

greater than = 5 from the intended angle of incidence, no closer to the edge of the ballistic

panel than 76 mm (3.0 in) and no closer to a prior hit than 51 mm (2.0 in), at an impact
velocity more than 9.1 m/s (30 ft/s) above the required reference test velocity which does not

produce a penetration or an excessive backface signature.

2.6.2.9 Backface signature (BFS)

The depth of the depression made in the backing material, created by a

nonpenetrating projectile impact, measured from the plane defined by the front edge of the

backing material fixture. For armor tested on built up or curved backing material, the BFS is
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measured from the plane defined by the top edges of the depression or crater formed by the
impact.

2.6.2.10 Bullet type

2.6.2.10.1 Full metal jacketed bullet (FMJ)

A bullet consisting of a lead core completely covered, except for the
base, with copper alloy (approximately 90 % copper and 10 % zinc). “Total Metal Jacket
(TMJ),” “Totally Enclosed Metal Case (TEMC),” and other commercial terminology for
bullets with electro deposited copper and copper alloy coatings have been tested and are

considered comparable to Full Metal Jacketed (FMJ) bullets for this standard.

2.6.2.10.2 Jacketed hollow point bullet (JHP)

A bullet consisting of a lead core which has a hollow cavity or hole
located in the nose of the bullet and is completely covered except for the hollow point with a
copper alloy (approximately 90 % copper and 10 % zinc) jacket.

2.6.2.10.3 Jacketed soft point bullet (JSP)

A lead bullet, also known as a Semi Jacketed Soft Point (SJSP),
completely covered, except for the point, with copper alloy (approximately 90 % copper and
10 % zinc) jacket.

2.6.2.10.4 Round nose bullet (RN)

A bullet with a blunt or rounded nose. A bullet with a generally blunt or
rounded nose or tip, which possesses a small flat surface at the tip of the bullet, shall also be

considered a round nose bullet for this standard.

2.6.2.10.5 Semi jacketed hollow point bullet (SJHP)
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A bullet consisting of a lead core with a copper alloy (approximately 90
% copper and 10 % zinc) jacket covering the base and bore riding surface (major diameter),
which leaves some portion of the lead core exposed, thus forming a lead nose or tip, which has

a hollow cavity or hole located in the nose or tip of the bullet.

2.6.2.10.6 Semi jacketed soft point bullet (SJSP)

A bullet, also known as a Jacketed Soft Point (JSP), consisting of a lead
core with a copper alloy (approximately 90 % copper and 10 % zinc) jacket covering the base
and bore riding surface (major diameter), which leaves some portion of the lead core exposed,

thus forming a lead nose or tip.

2.6.3 Test method

2.6.3.1 Test preparation

Select the required test bullet for the armor type as specified in table 2.
Beginning with threat round number one, fire a minimum of three pretest rounds to ensure that
the first test round fired will strike the target as aimed, using a suitable targeting device (e.g., a
pointing laser). These pretest rounds will also serve to “warm” or stabilize the temperature of
the barrel before further testing. Set up the test equipment as shown in figure 6. Use a test
barrel appropriate for the ammunition required to test the armor (table 1), mounted in an
appropriate fixture with the barrel horizontal. Dimensions A and B shall be determined from
the barrel muzzle. The backing material fixture will be rigidly held by a suitable (metal) test
stand, which shall permit the entire armor and backing material assembly to be shifted

vertically and horizontally such that the entire assembly can be targeted by the test barrel.
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Backing Material Fixture

/wor Panel
Line of Flight
Stop Trigger (1 & 2)

A - 5 m for Type I, Il-A, II,

and Ill-A armors; 15 m

> for Type lll and IV armors
Chronograph 2 B - 2 m minimum for Type I, II-A,

Chronograph 1 I, and llI-A armors; 12 m minimum

for Type lll and IV armors

C - Approximately 1.5 + 6 mm

Figure 2.2 Test range configuration(Science and Technology of the National Institute

of Justice [N1J], 1979)

2.6.4 Requirements

2.6.4.1 Workmanship

Each armor sample shall be free from wrinkles, blisters, cracks or fabric tears,

crazing, chipped or sharp corners and edges, or other evidence of inferior workmanship.

Additionally, all samples shall be identical in appearance, size, and manner of construction.

2.6.4.2 Acceptance criteria for penetration and BFS compliance
(a) No perforation through the panel, either by the bullet or by any

fragment of the bullet or armor.

(b) No measured BFS depression depth greater than 44 mm (1.73 in).
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2.7 Theories on Ballistic Impact

2.7.1 The ballistic resistance of the fabric (Jacobs and Dingenen, 2001)

The ballistic resistance of a textile fabric to a projectile is generally attributed to its
absorption of kinetic energy upon ballistic impact. This is analyzed by way of simple
ballistic impact in the longitudinal (axial) and transverse directions of a fiber. The energy
absorbed by the fabric is converted into strain energy derived from stretching of the yarns and
kinetic energy due to transverse deflection of the fabric and inward movement of yarn
material towards the impact point. A portion of energy is also dissipated through frictional
losses. When a longitudinal impact is applied to a fiber at velocity V, a longitudinal wave will
be generated along the fiber at a velocity c. The fiber material behind the wave is subjected to

a strain e of

Q
Il

V/ic (2.3)
c =4E/p 2.4)

Where c is the velocity of the longitudinal, £ is fiber modulus and p is fiber density.
Thus, the velocity of wave propagation increases with the square root of fiber modulus and
inversely with the square root of fiber density. The higher the fiber modulus, the higher the

wave velocity and the greater the volume of fiber capable of interacting with the projectile.

If E is expressed in grams per denier and ¢ in m/s , the above equation can be

written as

c = JkE (2.5)

where k& = 88260 . The stress associated with the strain e is given by

p=Ee=VJE/k (2.6)

The ballistic dynamics is considerably more complicated when a fiber is impacted
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transversely than longitudinally.

Projectile

Fiber v

Figure 2.3 Wave propagation in a transversely impacted fiber (Jacobs and Dingenen,

2001)

The picture reveals schematically a fiber in a horizontal position which is impacted
transversely by a projectile traveling downward. The ballistic impact causes the center portion
of the fiber to deform before breaking. Two types of wave propagations are generated in the
fiber upon impact. One is the longitudinal waves discussed above and the other is the
transverse wave. The longitudinal are propagated outward along the fiber from the point of
impact. The transverse waves are also propagated outward from the point of impact. At the
transverse wavefront, the inward material for changes abruptly to the projectile velocity and

direction. Behind the transverse wavefront, the fiber has a straight configuration at an angle to

the horizontal direction (Jacobs and Dingenen, 2001).

2.7.2 The ballistic resistance of the composite
For residual velocity testing, by measuring the velocity of the projectile entering and
exiting the specimen, the amount of energy absorbed by the composite Eapsorption 15 calculated

as (Yang, 1993):

Eabsorption = 0.5 mprojectiles( Vinz - out2) (27)
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where is the m,gjecites mass of the projectile and Vi, and V,,, are the velocities entering and
exiting the specimen, respectively. This type of test method is typically used for residual

strength testing where penetration resistance is not required.

The term ‘ballistic limit velocity, Vso’ is defined as the minimum velocity at which a
particular projectile is expected to consistently, completely of specimen penetration. The Vs, is
the projectile velocity at which 50% of projectile will penetrate a given target, while 50% will
be stopped. The military standard MIL-STD-662E was created by the army to provide a
simple cost effective method for determining Vs, the ballistic limit. It is determined by taking
the average of an equal number of highest partial penetration velocities and lowest complete
penetration velocities which occur within a specific velocity range for a particular specimen
configuration. The velocity range requirement is necessary since an unusually high or low
data point could offset the average, causing a misrepresentation of the Vs ballistic limit.
According to standard recommendations, five partial and five complete penetrations within a

125 ft/sec range was set as the criteria for testing.

The energy absorbed by the composite was taken as the metric for impact penetration
resistance. From the V5o ballistic limit, the amount of energy E absorbed was calculated as:

E=0.5*m,* Vs’ (2.8)
where m,, is the mass of the projectile.
2.7.3 Mechanisms for dissipating ballistic impact

Upon ballistic impact, polymer composites retard the projectile by reducing its kinetic
energy. Different mechanisms such as the tensile failure of fibres, the elastic deformation of
the composite, interlayer delamination, back-face deformation, shear between layers in the
composite, and the inertia of the composite are responsible for the absorption of energy to
different extents. Amongst the factors which control the energy absorption are the tensile
properties of the fibre, the properties of the matrix, the arrangement of the fibres in the

composite and the interfacial strength. To be able to design composite materials for ballistic
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protection efficiently, it is necessary to understand and quantify the energy absorbed by each

of these mechanisms (Morye et al.,2000).

2.7.4 Quantification of the energy absorption by polymer composites upon

ballistic impact (Morye et al.,2000).

The mathematical model has been derived to predict the energy absorbed by the
composite during ballistic impacts. It gives a value of the ballistic limit, V5, defined as the
estimated highest velocity at which the projectile is stopped.

In developing the model the following assumptions had been made:

1. The projectile is rigid and remains undeformed during the impact:, this was confirmed
by experiments which revealed that the projectiles used in the experiment retained
their shape and mass after impact.

2. The energy lost in overcoming the frictional force between a projectile and
a composite is negligible and the heat generated during the projectile/composite
interaction is negligible.

3. The mechanism of failure of the composite is uniform across its thickness. This
has been confirmed subsequently by high speed photography.

4. The energy absorbed in delamination is neglected.

The kinetic energy of a projectile of mass, m, moving with a velocity, V is given by

KE = %sz (2.9)
the ballistic limit
| R
E; = EmV0 (2.10)

where V) is the limiting velocity.
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As discussed earlier, the impact of the projectile results in the formation of a cone on a

back side of the composite through the propagation of a transverse wave shown schematically

in Figure 2.4.
Direction of travel of projectile—>
Point of impact of steel sphere
on the composite
- ’/ﬁ\‘x. \E % 2
~ .,
| - \\\\\. \\ \\\ Rc
v . N ™
Fl Jj 1
0 /7
" . . 1 . // // (_
Y tenslofalue oler R
N © VR
GT
* Hlastic deformation of ‘
(a) secondary yams (b)

Figure. 2.4 Deformation of a composite during ballistic impact by a steel sphere
(a) plane of the back face and (b) side view. (Morye et al.,2000)

In addition to these two major energy absorbing mechanisms, due to deformation of
the primary and secondary yarns, there is a third contribution, the kinetic energy of the
moving portion of the composite panel. Elements of the composite panel which are at rest
before the impact are put into motion by the projectile on impact and, therefore, absorb energy

through the kinetic energy of the moving cone.
Thus Erotar = Err+ Eppt Exg (2.11)

I. Energy absorbed in the tensile failure of primary yarns (Etr)
If the energy absorbed at the point of tensile failure of the composite per unit volume
is E., then the total energy absorbed by tensile failure, Etr, is given by:

Erp=EcV (2.12)

where D is the projectile diameter, 7 is the composite thickness and R, is the radius of the

cone formed on the back face of the composite.
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Err =4E.R.DT (2.13)
I1. Energy absorbed in the elastic deformation of secondary yarns (Egp)

The energy absorbed in elastic deformation of the composite at a strain = can be
obtained from the area under the stress/strain curve of the composite and because the

stress/strain curve for the composite is linear, it is given by

EED = %Mé‘z (214)

where M is the tensile modulus of the composite.

The yarns within the deformed zone, which are not directly impacted by the projectile,
experience a different strain depending on their position. Those that are closest to the point of
impact experience a strain just lower than the failure strain, while those that are farthest from
the impact point do not see any strain. This imposes the following boundary conditions for the
variation in strain &, with distance from the impact point =&, at »=D/2 and £=0 at /=R, where

5o 1s the failure strain of the composite.

R* D*R*> D*R D*
Epp= ———0°~ | < _ < 4 c_ 2.15
" (er, —D){ 32 T2 1] @Y

III. Kinetic energy of the cone formed on the back face of the composite upon ballistic

impact (Exg)

The kinetic energy of the moving cone is given by

EKE = —I’I’ICVC (216)
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where m, is the mass of the moving cone and V. is the velocity of the moving cone.

The kinetic energy of the moving cone at the point of impact.
N P T
EKE = EﬂRchVc (217)

IV. Calculation of V

According to the model, the energy lost by the projectile is equal to the total energy

absorbed by the composite.

Er = Eroal (2.18)
Using Eq.(9),
%mVoz = E7otal (2.19)
VU = EETuml (2.20)
m

The determination of a theoretical prediction of V, from Eq.(2.20)requires the

measurement of all the various parameters shown in (2.13), (2.15) and (2.17).
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CHAPTER III

LITERATURE REVIEWS

Protective armors were traditionally made of metals in the old day. With the
development of the thermoplastic polymers and synthetic fibers in recent years, hard armor
systems of lighter weight have been produced that combine the use of metals, and/or
ceramics with polymeric fabrics as well as fiber-reinforced polymer composites. Soft
armors prepared from fabrics of fiber glass and Nylon and used for ballistic protection

during the Vietnam War had been reported. (Yang, 1993)

Jacobs and Dingenen in 2001 suggested high performance fibers used in ballistic
products as being characterized by: their low density, high strength, high energy
absorption and high sonic velocity because of its distribution of kinetic energy upon
ballistic impact. In ballistic products, the major fibers used include glass fibers, aramid
(Kevlar™), high performance polyethylene (UHMPE) fibers. Recently ballistic products

based on PBO fiber have been introduced in the market.
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Figure 3.1: Primary ballistic figures of merit for various fibers (Jacobs
and Dingenen, 2001)



Kevlar™ was reported to be well suited to ballistic armor applications because it
combines a high specific strength and modulus with high thermal resistance and fire
resistance. In the early 1970s, ballistic standards for body armor of aramid fiber have been
established and improved over the years (Yang, 1993). In addition Park, 2003 patented a
light weight soft armor product comprising at least one ballistic panel including of an
assembly of 50 piles woven aramid faric, weighing between 600 and 850 deniers. Its areal
density was no greater than 0.66 g/cm” and can protect a .22 caliber, 17 grains FSP (NIJ
Level I)

The development of composite technology has improved armor structure and
properties because it can decrease or absorb kinetic energy more than the unimpregnated
one. Gerard, 1980 proposed that the fibers encapsulated in relatively rigid matrix provided
ballistic protection higher than unimpregnated fabrics of equal weight. The selection of
resin for ballistic composite depends on its required characteristics. Some important
parameters needed to be considered include rigidity, process ability, its viscosity, curing

temperature, and shelf-life.

In the Tables 3.1, the types of resins used as matrices for ballistic resistance have
been summarized. Matrix polymers that have high modulus and strength will be more
brittle and crack notch sensitive. These properties lead to decreasing of energy absorption
capability. On the other hand, elastomeric matrices will decrease penetration resistance per
unit area of the composite armor but with great potential of energy absorption capacity.
Therefore, the appropriate ductile matrix should be chosen and reinforced with strong

fibers to achieve the effective composite armor.
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Table 3.1: Review on United States patents of polymer composite ballistic armor

Fiber

Matrix

Matrix Properties

Reference

1. Spectra™

Thermosetting
- epoxy

elastomer

modulus 500,000 psi
strength 3,000 psi at
high temp.

below the melting point
of fiber

Patent No. 4,748,064
Date: May 31, 1988

Patent No. 4,403,102
Date: Sep 6, 1983

Thermoplastic elastomer
- thermoplastic elastomer

- urethanes

- styrene-isoprene-styrene (SIS)
dissolved in methylene chloride

areal density 4.5 oz/yd.

Tg=-7010 0°C

low modulus

below the melting point
of fiber

T, =-55°C

melt index = 9 g/min
using

modulus 100 psi at
300% elongation

Patent No. 5,724,670
Date: Mar 10, 1998
Patent No. 5,534,343
Date: Jul 9, 1996
Patent No. 4,403,102
Date: Sep 6, 1983
Patent No. 5,480,706
Date: Jan 2, 1996
Patent No. 5,093,158
Date: Mar 3, 1992
Patent No. 4,748,064
Date: May 31, 1988

2. Kevlar™

Thermosetting
- phenolic resin

impact strength 17 J/m,

Patent No. 5,190,802

32 mm thick Date: Mar 2, 1993
- T,=170°C
Patent No. 4,748,064
Date: May 31, 1988
Patent No. 4,639,387
Date: Jan 27, 1987
- polyester Patent No. 4,550,044
Date: Oct 29, 1985
- epoxy - elastomer Patent No. 5,102,723
- modulus 500,000 psi Date: Apr 7, 1992
- strength 3,000 psi at Patent No. 3,956,447
high temp Date: May 11, 1976
Thermoplastic
- urcthanes - Tg=-70t0 0°C Patent No. 4,639,387
- low modulus Date: Jan 27, 1987
- styrene-isoprene-styrene (SIS) - Ty=-55°C Patent No. 5,480,706
- melt index =9 g/min Date: Jan 2, 1996
using

modulus 100 psi at 300%
elongation
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Fiber Matrix Matrix Properties Reference
3. Glass Fiber Thermosetting
- phenolic - moldable Patent No. 5,215,813
Date: Jan 1, 1993
- polyester - MW. Range 800 to 5,000 Patent No. 4,639,387
or more Date: Jan 27, 1987
Patent No. 4,550,044
Date: Oct 29, 1985
Thermoplastic
- urethane - flexibility Patent No. 4,639,387
- resistance to degradtion Date: Jan 27, 1987
- styrene-isoprene-styrene (SIS) - Ty=-55°C Patent No. 4,822,439
- melt index = 9 g/min Date: Apr 18, 1989
using

modulus 100 psi at 300%
elongation

4. Polybenzoxazole
and
Polybenzothiazoe

- are not limited to
thermoplastic or

Patent No. 6,268,301
Bl

thermosetting Date: Jul 31, 2001
Thermoplastics
- polybenzoxazole or - low flammability Patent No. 5,196,259
polybenzothiazoe - low smoke Date: Mar 23, 1993

high temperature stability

high chemical and solvent
resistance

high strength and modulus

5. Mixed Fibers
-aramid andcarbon
- aramid and glass
- carbon and glass
- carbon, glass and
spectra

- ethylene-acrylate,
methacrylate copolymer,
vinyl ester phenilic
polyimide, polycarbonate or
the like

high modulus
higher in impact resistance

Patent No. 4,732,803
Date: Mar 22, 1988

The resin content is needed to be carefully controlled to achieve a balance of

structure and ballistic properties. Such a fabric is impregnated with resin applied to extent

of about 20-25 percent by weight having been reported (Denommee et al., 1976; Epel,
1987; Park, 1996, 1999). Park, 1996, 1999 reported, if the amount of resin substantially

increased above the desired amount the matrix, it would become a major part of the armor

volume and weaken the materials. However if the resin amounts substantially less than that

required to wet all fibers, this will result in the material composition wherein the fibers are

not property consolidated and held in the proper position so that upon impact, the fiber

tends to separate relatively easily, allowing the projectile to pass through before the fiber

absorbs impact forces.
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Some binders have been reported to be used with Kevlar™ fiber to produce
ballistic composites such as 50:50 mixture of phenol formaldehyde resin and polyvinyl
butyral resin (Morye et al., 2000). The Kevlar™ composites of this resin mixture were 27
layers of Kevlar yielding 5.9 mm in thickness. It was capable to protect a projectile of 0.68

g steel sphere at 612 m/s strike velocity.

Coppage et al., 2000 patented composite fabric comprised of aramid fiber
combined with PBO fiber and at least one flexible, rubbery resin used in making ballistic
armor. Its composite was able to pass the NIJ III-A (.44 magnum). The products possessed

an area density of 0.48 g/cm’.

Phenolic resins provide a future class of preferred resins for a composite armor
(Denommee et al., 1976; Pilato, 1993; Hartran et al., 1993). Phenolic resins are
inexpensive, can be handled using conventional technology, and do not bond too firmly to
ballistic fiber especially Kevlar™. However, phenolics do require that moisture be driven
from the resins during curing stage which is one additional step in the composite

fabrication process thus the processing cost.

In this work, polybenzoxazine alloys as a ballistic composite will be selected. It is a
new class of phenolic resins designed molecularly to overcome most problems
encountered in traditional phenolics. Ning and Ishida, 1994 investigated the synthesis of
bifunctional benzoxazine precursors. These polyfunctional benzoxazine were found to
exhibit excellent mechanical and thermal properties with good handling capability for
material processing and composite manufacturing, e.g., the glass transition temperature of
190°C, tensile modulus of 3.2 GPa, and tensile strength of 58 MPa. In addition, they
offered greater flexibility than conventional phenolic resins in terms of molecular design.
They do not release by-product during reactions and there are no solvent other than for the
solvency which the reactants may have for each other. The other outstanding property of
benzoxazine resin is its ability to undergo hybrid network formation with several other
resins for tailor-made properties (Ishida and Allen, 1996; Takeichi et al., 2000; Rimdusit et
al., 2000, 2005). This makes it possible to fine tube and enhance the properties of the

ballistic armor.
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Ishida and Allen, 1996 reported that hybrids of benzoxazine resin (BA-a) and
bisphenol a-typed epoxy exhibited a substantial increase in their cross-linked density, thus
raising their glass transition temperature, flexural stress, and flexural strain at break over
those of the BA-a homopolymer. Takeichi et al., 2000 had successfully developed clear
poly(urethane benzoxazine) films based on BA-a resin and TDI/polyethylene adipate
polyol-typed urethane resin. The obtained films showed a single glass transition
temperature, implying no phase separation occurred in the resulting alloys. The properties
of the films ranged from elastomers to plastic, depending on the content of the

benzoxazine fraction in the alloys.

Recently, Rimdusit et al., 2005 improved the toughness of polybenzoxazine by
alloying with isophorone diisocyanate (IPDI) based urethane prepolymers (PU) or with
flexible epoxy. The toughness of alloys of rigid polybenzoxazine and the PU or epoxy
systematically increases with the amount of either tougheners due to the addition of more
flexible molecular segments in the polymer alloys, Interestingly glass transition
temperatures (Ty) of BA-a/PU alloys was found to be higher than those of the parent
resins, i.e. 165°C for BA-a and -70°C for PU while T, of the BA-a/PU alloys at 70/30 mass
ratio was found to be 220°C. However, this characteristics was not observed in the BA-
a/flexible epoxy alloys systems. BA-a/PU alloys thus may be suitable for an application as
a composite matrix to produce a ballistic armor due to the above observed thermal stability
as well as the broad range of the modulus of the resulting alloys. In this study, the suitable
composition ratios of the polymeric alloys between benzoxazine and urethane resins and
the number of the layers of the Kevlar cloth to produce ballistic composite of level IIA or

higher will be explored.
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CHAPTER 1V

EXPERIMENTAL

4.1 Materials

The materials used in this research are benzoxazine resin, urethane resin and
Kevlar™ fiber from DuPont. Benzoxazine resin is based on bisphenol, aniline and
paraformaldehyde. The bisphenol A was supplied by Thaipolycarbonate Co.,Ltd (TPCC).
Para-formaldehyde was purchased from Merck Company, and aniline was purchased from
Panreac Quimica SA Company. Urethane prepolymer was prepared from isophorone
diisocyanate and polyether polyol. The isophorone diisocyanate was obtained from

Degussa-Huls AG and the polyether polyol was supported by TPI Polyol CO., LTD.

4.2 Preparation of Resins

4.2.1 Benzoxazine resin preparation

Benzoxazine monomer was synthesized using bisphenol A, aniline and
paraformaldehyde at a 1:2:4 molar ratio. The reactant mixture was constantly stirred at
110°C for approximately 30 minutes. This resin was prepared based on a patented
solventless method (Ishida, 1996). The benzoxazine monomer was obtained as clear-
yellowish solid powder at room temperature. The product was then ground into fine

powder and can be kept in a refrigerator for future-use.

4.2.2 Urethane resin preparation

The urethane prepolymer was prepared using isophorone diisocyanate with diol of
MW 2000 at a 1:2 molar ratio. Isophorone diisocyanate and diol were mixed in a
distillation flask and the mixture was stirred under nitrogen stream at 90°C for two hours.
In the reaction, 0.4 g of dibutyltin dilaurate was used as a catalyst. After that, the mixture

(urethane prepolymer) was cooled to room temperature and was kept in a refrigerator.



4.3 Benzoxazine/Urethane Binary Mixture Preparation

The benzoxazine monomer was mixed with the urethane prepolymer to provide
Ba/PU mixture at the desirable mass fraction. The mixture was heated to about 80°C in an
aluminum container and was thoroughly mixed by hand for about 15-30 minutes until a
homogeneous mixture was obtained. The weight ratios of the benzoxazine (BA) and
urethane (PU) binary mixtures at 90/10 (BA/PU 90/10), 80/20 (BA/PU 80/20), 70/30
(BA/PU 70/30) and 60/40 (BA/PU 60/40), were evaluated as potential matrices for

Kelar™-reinforced composites for a ballistic armor.

4.4 Processing Method of Composites

The Kevlar™ fabrics were pre-impregnated with the binary mixture resins using
the hand-lay up procedure at 80°C. The weight fraction of the fiber was kept constant at
approximately 70-80% by weight. The molding compound was compression-molded using
a compression molder at 160°C and at a hydraulic pressure of 150 kg/cm” for 120 minutes.
The samples were then removed from the compression molder to an oven for post-curing
at 170°C, 180°C, and 200°C for 120 minutes. The specimens were finally left to cool down

to room temperature and were ready for characterizations.

4.5 Characterization Methods

4.5.1 Polymerization conditions and thermal property assessment

The polymerization behaviors of the benzoxazine resin/urethane prepolymer,
mixtures and their prepregs were examined using a differential scanning calorimeter
(DSC) model 2910 from TA Instruments. All samples were placed in a non-hermetic
aluminum pan with lid. The mass of the sample is in range of 3-5 mg. The experiment was
performed at a heating rate of 10°C/min under nitrogen purging. The glass transition of the
alloys and their composites were obtained using the DSC scan in the range of 50-300°C

using heating rate of 10°C/min under N, purging.
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4.5.2 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of all samples under various curing methods were acquired by using
a Spectrum GX FT-IR spectometer from Perkin Elmer. The apparatus is equipped with a
KBr beam splitter and a deuterated triglycine sulfate (DTGS) detector. A small amount of
a solid sample, preferably 0.5-1.0 mg, was ground and casted on a potassium bromide
(KBr) disk. The sample was sufficiently thin with optical thickness of a fraction of a
millimeter in compliance with the thickness specified under the Beer-Lambert’s law. The
sample was then mounted on a sample holder. All spectra were taken with 32 scans at a

resolution of 4 cm™ and a spectral range of 4000-400 cm™.

4.5.3Thermal degradation evaluation

Thermal stability and thermal decomposition of the cured polymer alloys were
studied using a Perkin Elmer’s TG/DTA thermogravimetric analyzer model SII Diamond.
The experiment was done using a heating rate of 20°C/min under nitrogen atmosphere.
The temperature was ramped from 30°C to 900°C using a sample mass of about 15-20 mg.
The degradation temperature at 5% weight loss and the char yield at 900°C were recorded

for each specimen.
4.5.4 Density measurement

The density of the polymer alloys and the Kevlar™ fiber composites were
measured by water displacement method according to ASTM D792-91 (Method A). All
specimens were prepared in a rectangular shape of 50 mmx25 mmx1 mm and weighted
both in air and in water.

The density was calculated using the following equation:

p= (G * po (42)

where p = Density of the specimen (g/cm’)

A

Weight of the specimen in air (g)
B = Weight of the specimen in liquid (g)
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po = Density of the liquid at the given temperature (g/cm’)

4.5.5 Flexural property measurement

A universal testing machine (model 5567) from Instron Co., Ltd. was used
to determine flexural properties of composite specimens. The test method used was a
three-point bending mode with a support span of 32 mm at a constant cross head speed of
0.85 mm/min. The dimension was 25 mm in width, 50 mm in length, and 2 mm in

thickness. The flexural properties were determined using ASTM D 790M-93 according to

the following equations:

3
Bp= L0 (43)
S = —;]fdlg (4.4)

where Eg= Flexural modulus (MPa)
S = Flexural strength (MPa)
P = Load at a given point on the load-deflection curve (N)
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 (N/mm)

4.5.6 Dynamic mechanical analysis

A dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH was
used to investigate specimens’ dynamic mechanical properties. The dimension of each
specimen was 50 mmx10 mmx2 mm. The strain was applied sinusoidally with a frequency
of 1 Hz and the specimen was heated at a rate of 5°C/min from room temperature to
270°C. The storage modulus (G'), loss modulus (G"), and loss tangent (tan ) were then
obtained. The glass transition temperature was taken as the maximum point on the loss

modulus curve in the temperature sweep test.

35



4.5.7 Fire test

The ballistic tests were made using 3 different classes of ammunitions. The tested
composite panel was approximately 12.5 cmx12.5 cm with varied thickness depending on
the number of layers of Kevlar™ cloth used. Each plate was impacted with only one
projectile. The Kevlar' “—reinforced polybenzoxazine alloy plates were about 1.5 mm thick
corresponding to 10-plies of the laminated composite. The laminates were tested using a 9
mm handgun as shown in Figure 4.2 and were impacted by a standard grain of a round
lead projectile with lead outer coating. The first experiment was aimed to evaluate the

most suitable composition of the matric alloys for ballistic protection.

Figure 4.1 The 9 mm handgun for the fire test

The laminates with a combined thickness of 20 and 30 plies were tested with a
standard 124 grain of a round lead projectile with copper outer coating (i.e. full metal
jacket ammunition) as shown in Figure 4.1. The impact velocity obtained from this

projectile was complied by the NI1J standard of level II-A.

The laminates with a combined thickness of 40, 50 and 60 plies were tested with a
test weapon having an impact velocity following NIJ standard of level III-A. The velocity
of each shot was recorded using a triggered timer system, as shown in Figure 4.2. For these

laminates, the average velocity measured was 426 m/s.
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Figure 4.2 Testing scheme used for the NI1J standard ballistic test

Table 4.1: Complete descriptions of all composite laminates used in the fire tests

Fire test Number Type of matrix Number of piles
1 la epoxy 10+10
1b 100/0 BA/PU 10+10
lc 90/10 BA/PU 10+10
1d 80/20 BA/PU 10+10
le 70/30 BA/PU 10+10
1f 60/40 BA/PU 10+10
2 2a 80/20 BA/PU 10+10
II-A 2b 80/20 BA/PU 20
2c 80/20 BA/PU 10+10+10
2d 80/20 BA/PU 20+10
2e 80/20 BA/PU 30
3 3a 80/20 BA/PU 20+10+10
II-A 3b 80/20 BA/PU 30+20
3c 80/20 BA/PU 10+10+30
3d 80/20 BA/PU 30+20+10
3e 80/20 BA/PU 30+10+10+10

4.5.8 Interfacial bonding examination

Interfacial bonding of the ballistic composite was investigated using a scanning
electron microscope (SEM) at an acceleration voltage of 15 kV. All specimens were
coated with thin gold film using a JEOL ion sputtering device (model JFC-1100E) for 4

min to obtain a thickness of approximately 30A and the micrographs of the specimen’s
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fracture surface were taken. The obtained micrographs were used to qualitatively evaluate

the interfacial interaction between the BA/PU matrix resin and the Kevlar™ fiber.
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CHAPTER YV

RESULTS AND DISCUSSION

5.1 Kevlar™ Fiber Characterization

Table 5.1 shows the thermal and mechanical properties of Kevlar™™ fiber utilized in
this work. It was evaluated and compared with standard properties of the commercialized
Kevlar29, reported in by Yang, 1993. The glass transition temperature of our Kevlar'™
fiber with the value of 348°C was observed in the DSC analysis. This value was somewhat
lower than that of the reported glass transition temperature of 375°C of the commercial
fiber. The TGA curves at a heating rate of 20°C/min under nitrogen atmosphere showed
the degradation temperature at 5% weight loss of the Kevlar' ™ of about 536°C. The gauge
length between the sample clamps was set at 2.54 cm. with the 10% per min strain rate for
tensile property evaluation of the filament. The tensile modulus of the Kevlar™ fiber was
determined to be 67 GPa having 5.5 % elongation at break. These values were comparable
to those of the commercial Kevlar29 having the reported tensile modulus of 70 GPa and

3.6 % elongation at break (Yang, 1993).

5.2 Neat Resin Characterization

5.2.1 Spectroscopic Investigation of the Molecular Structures

In this work, polyurethane (PU) prepolymer was synthesized by a reaction of
polyether polyol (MW. 2000) with isophorone diisocyanate (IPDI). The basic structures of
PU prepolymer were studied by FT-IR spectroscopic technique. The important functional
groups of the PU prepolymer are N=C=0, C=0, CH, and CHj; which were used to
characterize the presence of the prepolymer in the polymerization reaction. In the spectra,
the bond around 2280-2240 cm™ was attributed to the N=C=0 stretching of isocyanate
structure. The carbonyl absorption (C=0) indicated the reaction of the isocyanate group

with the hydroxyl group of the polyol to form a urethane linkage in the prepolymer. The



urethane’s carbonyl signal is usually located at 1730-1700 cm™ whereas several C-H
stretching signals are located between 3000-2800 cm™. Figure 5.1 shows the FT-IR spectra
of a mixture of the IPDI and the diol before and after their reaction. From the figure,
spectrum (b) indicated that the C=0 peak was appeared at 1715 cm™ and the N=C=0 peak
at 2270 cm™' was significantly decreased with the progress of the reaction to form the
prepolymer. The urethane prepolymer was confirmed to be obtained after the two reactants
reacted at 90°C for 120 minutes under N, purging which was the condition to render

spectrum (b).

The reaction between benzoxazine monomer(BA) and urethane prepolymer (PU)
could also be analyzed by FT-IR technique. Figure 5.2 shows the FT-IR spectra of the
BA/PU alloy at a mass ratio of 70/30. Figure 5.2 (a) reveals the spectrum of the BA/PU
prepolymer which presented the mixed fingerprints of both the benzoxazine resin and the
urethane prepolymer i.e. peaks at 942 cm™ (C-O-C stretching mode) and 1232 cm™ (tri-
substituted benzene) from the benzoxazine resin and that of 2270 cm™ (N=C=0 stretching)
and 1715 cm™ (C=0O stretching) from the PU prepolymer. After being fully-cured, the
oxazine ring is known to be opened by the breakage of a C-O bond of the monomer, which
further reacted with the N=C=O group of the PU. The mechanism was previously
proposed by Takeichi et al., 2000 and was also observed by Rimdusit, et al., 2005. Figure
5.2 (b) also exhibits the spectrum of BA/PU polymer alloys indicating the absence the
absorption bond at 942 ¢cm™ (C-O-C bond) and at 2270 cm™ (NCO group). These results
are also in good agreement with the previous reports by Takeichi et al., 2000 and

Rimdusit, et al., 2005
5.2.2 Curing Condition and Thermal Property Analysis of the Alloys

The curing exotherms of the neat benzoxazine resin (BA) and the binary mixtures
between the benzoxazine and the urethane resin (BA/PU) were shown in Figure 5.3. The
investigated compositions of the BA/PU mixtures were 60/40, 70/30, 80/20, 90/10 and
100/0 mass ratios. From this plot, the addition of the urethane resin in the benzoxazine
resin resulted in a shift of the curing peak maxima of the neat benzoxazine resin at 227°C
to a higher temperature. The positions of the peaks ranging from about 235°C for BA/PU
at 90/10 mass ratio to about 250°C for BA/PU at 60/40 mass ratio. In principle, the
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reactions between BA/PU were expected to comprise of at least two reactions; the first
reaction is the exothermic curing peak among the benzoxazine monomers that shows the
peak maximum centered at 227°C, while the second one is likely to be the reaction
between the isocyanate group on the urethane monomer with the phenolic hydroxyl group
on the polybenzoxazine. The reaction between the isocyante group with phenolic hydroxyl
group on polybenzoxazine was expected to proceed after phenolic hydroxyl group from
the ring opening of the benzoxazine monomer was produced. In addition, as the urethane
prepolymer could not react to form a homopolymer by itself, its presence with an
increasing amount might cause a dilution effect on the resulting BA/PU mixtures. As a
consequence, the curing retardation was observed and was more pronounced with the
increasing amount of the PU in the binary mixtures. The thermogram also shows the
decrease of the area under the curves of the binary mixtures when the amount of the
urethane resin increased. The phenomenon is attributed to the change from the BA/BA
interaction to a more BA/PU interaction with increasing the PU fraction in the alloys. The
systematic decrease of the exotherms with the PU implied that the BA/PU interaction
possessed a lower heat of reaction per mole of the reactant compared to that of the BA/BA
interaction. Excessive amount of the PU in the binary mixtures might also lead to the
presence of the unreacted PU in the fully cured alloys. Our BA/PU alloys with the PU
mass fraction of less than 30% was found to yield a fully cured system of an infinite

network as confirmed by the solvent extraction test.

Figure 5.4 exhibits the DSC thermograms of the mixtures of the benzoxazine and
urethane resins at a mass ratio of 60/40 at various curing conditions. The composition was
selected to represent all alloys for determining the full cured condition as the ratio required
the most thermal energy for curing. The heat of reaction determined from the area under
the exothermic peak is 159.6 J/g for the uncured 60/40 BA/PU mixture. It was reduced to
100.2 J/g after curing at 160°C for 2 hrs and decreased to 36.9 J/g after further curing at
180°C for 2 hrs. Furthermore, after post curing at 200°C for 2 hrs, the exothermic heat of
reaction was found to be as low as 3.4 J/g corresponding to approximately 95%
conversion. The degree of conversion of the sample was determined according to the
following relationship:

% conversion = (1 - gri )x100 (5.1

0
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where Hiy, is the heat of reaction of the partially cured specimens, whereas H, is the heat
of reaction of the uncured resin. Both quantities were determined from DSC experiments.
The obtained curing conversion indicated that the curing reaction of the BA/PU polymer
alloys could rapidly occur at higher temperature. Figure 5.5 suggested that the condition
for complete curing of the benzoxazine alloys was 160°C for 2 hrs, 180°C for 2 hrs, and
200°C for 2 hrs as indicated by the disappearance of the area under the exothermic peak of
more than 95%, in this case. Based on the above curing condition, the degree of
conversions were determined to be 96% in BA/PU = 70/30, 98% in BA/PU = 80/20, >98%
in BA/PU = 90/10, and >98% in the unmodified polybenzoxazine, respectively.

The effect of the urethane mass fraction on the glass transition temperature of the
BA/PU polymer alloys was previously reported by Rimdusit, et al., 2005 using DMA. In
these alloy systems, their glass transition temperatures showed a synergestic behavior as
T,s were observed to increase to the values greater than the T,ys of both parent polymers
with the mass fraction of the PU. Figure 5.5 and Figure 5.6 show the DSC thermograms
and the corresponding glass transition temperatures (Tgs) obtained from the thermograms
of the fully cured BA/PU matrix alloys. The Tgs of these BA/PU binary systems were
again found to increase with the mass fraction of the PU confirming our previous report
(Rimdusit et al., 2005). The glass transition temperatures of the PU and the poly(BA-a)
were reported to be about -70°C and 165°C, respectively. However, the glass transition
temperature of the fully cured BA/PU alloys were observed to be 180°C in 90/10 BA/PU,
208°C in 80/20 BA/PU, 219°C in 70/30 BA/PU and 246°C in 60/40 BA/PU. The observed
increase in the crosslink density of the binary systems with PU is one possible reason for
the enhancement in the T, of the resulting alloys though PU is a softer molecular species
having low T, and was expected to lower the T, of the binary alloys. The phenomenon was
attributed to the additional crosslinking caused by the reaction between an isocyanate
group on a urethane monomer with a hydroxyl group on polybenzoxazine after the

phenolic hydroxyl group from the ring opening of benzoxazine monomer was produced

(Rimdusit et al., 2005).

5.2.3 Thermal Degradation Behaviors of the BA/PU Alloys
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Figure 5.7 showed a TGA profile of the polybenzoxazine and BA/PU alloys at
various compositions. Normally, degradation temperature (T4) e.g. at 5% weight loss, is
one of the key parameters needed to be considered for high temperature applications. Our
results revealed that the degradation temperatures of the polymer alloys were slightly
higher than that of the polybenzoxazine homopolymer. The degradation temperature of the
pure polybenzoxazine at 5%wt loss was determined to be 315°C whereas the
decomposition temperatures of the BA/PU polymer alloys were approximately 326°C.
These results might be due to the reaction of the isocyanate of the urethane prepolymer and
the hydroxyl of the polybenzoxazine helped increase a crosslink density of the polymer
alloys as explained earlier. Therefore, one benefit of incorporating the PU into the BA
network was to improve the thermal stability of the polybenzoxazine as a result of
crosslinking density enhancement. In addition, the residual weight at 800°C of the binary
systems was found to decrease with increasing the PU fraction in the alloys. The char yield
at 800°C of the polybenzoxazine was determined to be 25 wt% which was consistent with
the value reported by Takeichi and Guo, 2000. The IPDI-polyol based polyurethane
possessed a lower char yield of only 23 wt% even at a higher temperature of 600°C
(Mallakpour and Isfakani, 2002). The increase of the PU fractions was thus expectedly to
decrease the char yield of the alloys as observed in Figure 5.7. This can be explained as the
structure of the polybenzoxazine contained a more thermally stable benzene rings
compared to the mostly aliphatic structure of the diol in the urethane. Consequently, the

addition of the urethane resulted in the lowering of the char yield in the polymer alloys.

5.3 Composite Characterizations

5.3.1 Curing Condition Determination

Figure 5.8 illustrates the DSC thermogram of Kevlar'"-reinforced 60/40 BA/PU
alloy prepregs. When comparing Figure 5.8 with Figure 5.3, the thermograms of our
prepregs possessed curing exotherms with the same peak maxima as that of the 60/40
BA/PU resin. This characteristic indicated that the Kevlar'" fiber used had no effect on the
curing reaction either retarding or accelerating the curing reaction of the matrix resin. In

other words, the fiber is chemically inert to the benzoxazine curing reaction.
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From Figure 5.8, the processing condition of the Kevlar™M-BA/PU prepregs was
thus chosen to be the same as that of the unreinforced resins i.e. at 160°C for 2 hrs, 180°C
for 2 hrs, and 200°C for 2 hrs. The condition was also selected to ensure that the fully
cured stage was obtained in every tested BA/PU mixture. The complete polymerization of
the composites was obtained as indicated by the disappearance of the curing exotherms in
DSC analyses. In addition, this condition was moderate enough for the Kevlar' ™ fiber
which will degrade at above 536°C. The above condition was; therefore, used to cure our

polymer alloys and their Kevlar “-reinforced composite prepregs.

5.3.2 Composition Determination of the Composites.

From the TGA thermograms of the unfilled polymer alloys and their composites in
Figure 5.7 and Figure 5.9, the percent matrix content could be estimated. The mass
fraction of the matrices of the composites determined from the thermograms using a
relatively large sample mass of 25-30 mg were calculated to be approximately 20% in
BA/PU = 60/40, 20% in BA/PU = 80/20, and 18% in BA/PU = 100/0 respectively. The
fiber content was thus about the same for all composites using the same hot-pressing
condition. The content was also in the optimal range for producing composite armors as
suggested by Park, 1996, 1999. This composition of the Kevlar' ™ fiber was fixed for all

composites produced in this work.

5.3.3 Thermal Stability Investigation

From Figure 5.9, the degradation temperatures at 5 wt% loss of Kevlar™-
reinforced benzoxazine alloy composites were, again, found to decrease systematically
with increasing the mass fraction of the PU in the alloys. The degradation temperatures at
5% weight loss of the Kevlar' -reinforced benzoxazine alloys with the PU compositions
of 0 to 40 % by weight was ranging from 374°C to 329°C. Another important feature in the
thermograms is the weight residue at 800°C or the char yield of the composites which is
related to the flammability of materials and is essential for some ballistic armor
applications. The char yield was found to systematically reduce from 44.5% to 35.6% with
an incorporation of the PU from 0 to 40% by weight. In addition, However, the values

were all greater than those of the matrix alloys comparing at the same PU content. This is
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due to the fact that the char yields of the composites also included the additional residue of

the Kevlar™ fiber which possessed a char yield of 44% i.e. at 600°C (Yang, 1993).

5.3.4 Mechanical Property Evaluation of the Composite Armor

Flexural properties of the Kevlar'V-reinforced polybenzoxazine alloys were
depicted in Figures 5.10 and 5.11. From Figure 5.10, flexural strengths of the Kevlar™
composites at various urethane mass fractions possessed the maximum value of 163 MPa
in 100/0 BA/PU and systematically decreased to 52 MPa when using 60/40 BA/PU alloy
as a matrix. We also observed the strengths of the composites to decrease in a linear
manner with the composition of the PU in the matrix alloys. In addition, flexural moduli of
the composites were found to significantly decrease with increasing the amount of the PU
in the alloys from 18.3 GPa at 0% by weight of PU to about 7.5 GPa at 40% by weight of
PU as illustrated in Figure 5.11. The phenomenon was due to the fact that the addition of
the rubbery urethane polymer into the adamantine polybenzoxazine was able to lower
either the strength or the stiffness of the resulting polybenzoxazine alloys as clearly seen in

both figures.

5.3.5 Dynamic Mechanical Property Investigation of the Composites

The dynamic mechanical properties of the BA/PU matrix alloys and the Kevlar' -
reinforced BA/PU are shown in Figures 5.12-5.16. From Figure 5.12, the storage moduli in
the glassy state of the BA/PU alloys expectedly decreased when the PU fraction increased
as a result of the incorporation of the more flexible PU structure in the alloys as already
described in the previous section. At room temperature, the storage moduli of the BA/PU
polymer alloys were systematically reduced from 5.7 GPa to 1.4 GPa with the addition of
the PU from 0 to 40% by weight. The values are about the same of those reported
previously (Rimdusit et al., 2005). In addition, the modulus in the rubbery plateau moduli
tended to increase with the mass fraction of the PU. This suggested that the increase in the
PU content in the polymer alloys possibly resulted in an enhancement of the crosslink
density of the fully cured specimens. In Figure 5.14, the storage moduli of Kevlar' -
reinforced benzoxazine alloys in the same compositional range of 0 to 40 % by weight of

the PU were ranging from 16.4 GPa to 2.8 GPa.
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Glass transition temperatures of the composites were also detected in the dynamic
mechanical thermograms based on the maxima of their loss moduli, G”. The T, values of
the BA/PU polymer alloys were found to increase with increasing the amount of the PU
fraction as also observed in the DSC experiments. According to Figure 5.14, a higher
crosslink density of the matrix alloys as in indicated by a higher plateau modulus with
increasing the amount of the PU led to a higher T, of the matrix. The effect of a crosslink
density on a T, of the polymer network can be accounted for using Fox and Loshaek
equation:

k
To =To(0)———+k 5.3
g =Tg(x) P (5.3)

n

where Tg(w)is the T, of infinite molecular weight linear polymer, kand k_ are the
numerical constants, M, is the number averaged molecular weight and p is the crosslink

density respectively.

From Figure 5.17, T,s of our Kevlar-reinforced composites exhibited the values
significantly higher than those of the neat BA/PU matrices comparing at the same mass
fraction of the PU in the alloys. The implication of these phenomena is probably due to the
contribution of the substantial interfacial adhesion between the Kevlar™ fiber and the

polybenzoxazine alloys.

The a-relaxation peaks of the loss factor or tan 6 of composites are shown in
Figure 5.18. The magnitude of tan 6 was observed to decrease with the increasing mass
fraction of the PU resin in the alloy matrices and the peak maxima also shifted to higher
temperature. The magnitude at the temperature below T, of the tan 8, was found to
increase as the urethane content in the matrix was increased implying the more viscous
characteristics of the alloys with the PU at low temperature. However, the peak height of
the tand in the vicinity of T, was observed to be smaller with the PU content. Since tand is
a ratio of a viscous to an elastic component of dynamic moduli of a specimen, it can be
surmised that its decreasing height with the PU around T, is associated with a lower
segmental mobility, and thus is indicative of a higher degree of crosslinking for the

urethane-rich samples as observed in our BA/PU alloy systems. In other words, the
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polymer alloys are softer at room temperature due to the PU fraction but possess higher

degree of crosslinking that can inhibit the large scale mobility at elevated temperature.
5.3.6 Firing Tests of the BA/PU Composite Armors
5.3.6.1 Specimen characterization

A series of ballistic tests were performed on the composite laminates which
were made of Kevlar'™ fabric impregnated with BA/PU resins and cured using the curing
condition as suggested in the previous section. The Kevlar'™ fabric used has the areal
density of about 0.016 g/cm”. The dimension of the laminated specimens was 25.4
mmx25.4 mmx1.8 mm, corresponding to ten plies of the Kevlar' ™ cloth impregnated with
about 20 by weight of the resin mixtures as determined in section 5.3.2. In addition, the
densities of the composites were determined to be 1.26 g/cm® in BA/PU = 60/40, 1.28
g/em’ in BA/PU = 70/30, 1.29 g/cm’ in BA/PU = 80/20, 1.30 g/cm’ in BA/PU = 90/10 and
1.31 g/em’® in BA/PU = 100/0.

5.3.6.2 Low level ballistic impact test

The composite laminates fabricated with a thickness of 10 plies of the
Kevlar™ at various the BA/PU alloy compositions mentioned above were tested using a 9
mm handgun with standard lead projectiles having lead outer-coating. From the test
results, the composite consisted of only 10 piles of Kevlar™ could not protect ballistic
impact from the above projectiles. Therefore the 20 piles of Kevlar'™ panels i.e. 10/10
panel arrangement, at all BA/PU alloy compositions were selected for the following tests.
In addition, the bisphenol A-based epoxy-Kelar'™ composites (i.e. cured by amine
hardener) at the same fiber content were also used to compare its ballistic impact
performance with our BA/PU matrix alloys. All the ballistic test results were tabulated in

Table 5.3.

In Table 5.3, the ballistic test results of the 20-ply Kevlar'V-reinforced
BA/PU as well as epoxy composites are listed. Comparing the ballistic performance of the

polybenzoxazine and the epoxy composites, though both composites with the 10/10
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configuration of the composite panels could not resist the projectiles in this test, the
polybenzoxazine composite panel exhibited obvious improvement in the energy absorption
characteristics. The improvement was clearly observed from the greater delaminated area
of the polybenzoxazine composites compared to the much smaller delaminated area of the
epoxy composites as depicted in Figure 5.18a-b. The firing results also indicated that the
90/10 and the 80/20 mass ratios of the BA/PU matrix exhibited ballistic penetration
resistance in comparison with the other compositions of the BA/PU alloys as well as the
epoxy matrix i.e. Figures 5.18c-d. However, only the composite from the 80/20 BA/PU
matrix exhibited 100% ballistic penetration resistance. In Figure 5.18c¢, the ballistic impact
performance of the Kevlar “-reinforced 80/20 BA/PU alloys revealed relatively larger
delaminated area than those of the epoxy and the BA matrix. The delaminated area has
been known to be one major component of the energy absorption mechanisms in ballistic
impact. Further increase the PU mass fractions to 30% and 40% by weight in the
composite matrices resulted in a poor ballistic impact resistance as noted in Table 5.3. This
confirms the necessity of identifying optimal fiber-matrix interactions in order to yield a
composite system of outstanding ballistic performance. The variation in the BA/PU alloy
compositions allowing an optimal interaction between the alloy matrix and its reinforcing

fiber was attributed to the outstanding ballistic performance obtained.

Important kinetic energy absorption of composite material composes of
several mechanisms, including tensile failure of fibers, elastic deformation of composite,
interlayer delamination, shear between layers in the composite, and inertia effect. Kinetic
energy absorption may be attributed according to basic factors such as mechanical
properties of the composite’s constituents direction of fiber arrangement, as well as
interfacial strength (Thornton, 2001; Morye et al., 2000). Fracture morphology of the
composite specimen is sometimes used to qualitatively evaluate the possible kinetic energy
absorption of the material. The SEM micrograph of the fracture morphology of Kevlar™
fiber is illustrated in Figure 5.21. The typical Kevlar™ fiber fractures were spilts along
fiber direction and skin off. These damage fractures are consistent with the fiber damage
previous reported by Sohn, et al., 2000. In their report, the scanning electron micrographs
were used to observe impact fractures and damage mode at the fracture surfaces of the
Kevlar™-laminated specimens comparing with those of Nylon fiber. In the study, the

Nylon fiber exhibited no potential for resistance to ballistic impact and exhibited energy
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absorption to be significantly lower than of that the Kevlar'™. The commonly observed
fracture characteristics of Nylon fiber were broken fibers and fused end of the fiber line

after impact with a 17-grain fragment simulator (Laible, Figucia and Ferguson, 1973).

The fracture surface of Kevlar'™-reinforced BA/PU alloys at various
compositions of PU is depicted in Figure 5.20a-d. In Figure 5.20a and b, the fracture
surfaces near the center of ballistic impact of the Kevlar™- reinforced 80/20 BA/PU alloy
exhibited substantial level of adhesive failure in which the fibers were largely stripped off
the matrix materials with only small fragments of the matrix remained adhere to the fibers.
This fracture phenomenon could be clearly distinguished from that of the 60/40 BA/PU
composites, which showed much lower degree of interfacial failure. The weaker
mechanical properties due to the excessive presence of the soft PU component might be
one reason of the observed predominantly cohesive failure in this composite. In other case,
the too strong adhesion between the Kevlar™ fibers and the BA/PU matrix alloy might be
attributed to the poor ballistic performance of the matrix resulting in the low degree of
composite delamination mechanism. These results also confirmed the effect of the BA/PU
alloy compositions on the interaction between the Kevlar™ fibers and the alloy matrices

and thus the ballistic performance of obtained polymer composites.

Consequently, the selection of a suitable matrix resin that renders the most
energy absorption characteristics with particular reinforcing fiber used is crucial to the
successful ballistic performance of the composite armor. The behaviors were also
explained and discussed partly by Laible and Figucia, 1973 who studied the used of high-
modulus organic fiber in three different types of matrix resins i.e. epoxy, phenolic, and
polycarbonate. Each of the resin had reported to possess different protective levels i.e.
epoxy had Vso = 649 ft/sec, phenolic provided Vsy = 511 ft/sec, and polycarbonate gave
Vso =491 ft/sec. Last but not least, it should be noted that the BA resin seemed to render a
synergistic behavior in ballistic performance with the PU system used with the 80/20
BA/PU rendering the most outstanding ballistic performance. The 80/20 BA/PU alloy was;
therefore, further used to fabricate the composite armors for higher protection level

evaluation.

5.3.6.3 Ballistic impact test of N1J level 1I-A
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The ballistic impact velocities required by NIJ standard for level II-A was
used to study the effect of the composite panel thickness and arrangement based on the
Kevlar™-reinforced 80/20 BA/PU alloys. Our composite samples were approximately 1.8
mm in thickness of 10 piles/panel, 3.5 mm and 5 mm in thickness of 20 piles/panel and 30
piles/panel composites respectively. The areal densities of the composites were determined
to be 0.24 g/cm’ in the 10 piles/panel composites, 0.48 g/cm” in the 20 piles/panel
composites and 0.70 g/cm’ in the 30 piles/panel composites. The Kevlar “-reinforced
80/20 BA/PU composite samples with 20 piles, and 30 piles thick were tested in this NIJ
standard. The 20 ply composites were arranged in 2 patterns i.e. 10/10 configuration and
20/0 configuration. While the 30 ply composites were arranged in 3 patterns i.e. 10/10/10
configuration, 20/10/0 configuration, and 30/0/0 configuration

The results obtained for the NI1J level 1I-A ballistic test are shown in Table
5.4. All samples were fired with a 9 mm handgun, which, in practice, was known to have a
greater impact velocity than that required by the NIJ standard of level II-A. The rear-side
damage area of each sample was measured. In Table 5.4, the individual value for the
deformed depth as well as the averaged diameter of the damaged area of the BA/PU
composites after impacted with the projectiles was reported. From the table, all composite
laminates assembled to have a combined thickness of 20 plies of the Kevlar'™ did not pass
this level of the NIJ standard for ballistic protection. As a result, the 30-ply composite
arrangements were evaluated. As seen in Table 5.4 and Figure 5.21, none of these 30-ply
thick samples was perforated by the level II-A projectiles. From the delaminated area
measurement, it is apparent that a sample with an arrangement of the 20-ply panel in front
of the 10-ply panel (sample 2d) exhibited the best ballistic performance. The damaged area
of this sample arrangement was significantly smaller than those of the other two
arrangements i.e. the 10/10/10 configuration and 30/0/0 configuration. Therefore, the
arrangement of composite panel in the firing test was found to be one important factor on
the ballistic performance of the composites. The sample 2d had consisted of 20 plies panel
in front of the 10 plies panel. The front panel with at least 20 plies of Kevlar™ cloth was
thus necessary for the level II-A resistance of perforation and was supposed to possess
sufficient properties to destroy or deform this type of projectile. As a result, the kinetic

energy was substantially reduced before piecing through the rear plate of 10 piles thick.
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Moreover, the energy might also be dissipated via the inertia effect when the projectile
passed through the gap between the two plates. However, the front plate of sample 2¢ was
found to possess insufficient mechanical integrity to destroy the projectiles. Consequently,
a relatively large portion of the impact energy could still be transferred to the adjacent
plate and caused relatively large damaged area to the rear plate. In the other hand,
although, sample 2e possessed relatively high stiffness i.e. 30 plies in thickness, enough to
substantially deform the projectile, this sample lacked the energy dissipation by an inertia
effect as likely to occur in the 20/10 configuration. As a result, a larger damaged area
comparing with sample 2d was observed. The cross-sections of the front plate of the tested
composites with 20/10/0 and 30/0/0 arrangements are also illustrated in Figure 5.22
revealing the the macroscopic delamination of the Kevlar™s cloth in the 20 plies and 30
plies thick composites. The picture might also be useful to roughly determine the size of

the delamination of the tested composite specimens.

5.3.6.4 Ballistic impact test of level 111-A

In this investigation, the Kevlar'“-reinforced 80/20 BA/PU composite
samples with the combined thickness of 40 piles, 50 piles, and 60 piles were subjected to a
ballistic impact evaluation at a projectile velocity required by NIJ standard for level I1I-A.
This III-A level test is currently the reported maximum level of protection based on
polymer composites. The samples with the combined thickness of 40 plies had one type of
arrangement, i.e. 20/10/10 configuration whereas the samples with the combined thickness
of 50 plies had two types of arrangements, i.e. 30/20/0 configuration i.e. sample 3b, and
10/10/30 configuration i.e. sample 3c. In the case of composite samples with the combined
thickness of 60 plies, the arrangements were set to be 30/20/10/0 configuration in sample
3d and 30/10/10/10 configuration in sample 3e. The test outcomes are listed in Table 5.5.
Figure 5.23 also shows of the photographs of some composites tested in this protection

level revealing the damaged or delaminated areas of the samples.

From Table 5.5, it is apparent that the test weapon with standard 124 grains
round lead projectile with a copper outer coating (Full Metal Jacket) typically used in the 9
mm handgun having a speed required by level III-A could be stopped with at least 50 plies

of the composite samples. The damage area evaluation confirmed that the arrangement of
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composite panels had an important effect on their ballistic protection. It can be seen that
sample 3b with 30/20 arrangement rendered the ballistically damaged depths and
diameters smaller than those of sample 3c of the 10/10/30 arrangement. This result implied
that the sample arrangement for level III-A protection needed at least 30-ply composite
panel as a front plate in the impact direction. The sufficiently stiff panel seemed to play a
crucial role as to deform the shape of the projectile as discussed previously. Figure 5.24
also depicts the side-view damage of sample 3b and 3¢ which again revealed significantly

different levels of deformation due to different composite panel arrangements. .

In the combined 60-ply thick composite panels, the arrangement was set to
be 30/20/10 configuration in sample 3d and 30/10/10/10 configuration in sample 3e. These
two types of arrangements were again found to lead to different damaged areas and
deformed depths. Sample 3e rendered less damaged area than sample 3d. Since the number
of the Kevlar™ plies combined was the same in each tested sample, the sample
arrangement with the thicker panel of 30 piles for level III-A to be on the front and was
found to be essential in the successful ballistic impact resistance of the composites with

lower degree of sample deformations..
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CHAPTER VI

CONCLUSIONS

The suitable matrix alloy composition based on benzoxazine, and urethane resins
for Kevlar™ fiber-reinforced composite armor was determined. The criteria for the
evaluation of the optimal resin mixture composition were thermal stability, mechanical

properties and ballistic impact resistance of the obtained composite materials.

From DSC experiment, the resin mixture curing reaction was found to occur at
higher temperature with an addition of the urethane prepolymer. The fully cured condition
of the prepregs could be achieved at 160°C for 2hrs, 180°C for 2hrs and 200°C for 2hrs.
Synergism in the glass transition temperature can be observed in Kevlar™-reinforced
BA/PU alloys confirming our previous finding. This phenomenon caused by the addition
of urethane prepolymer was attributed to improve crosslinked density of the matrix alloys.
The glass transition temperature of the BA/PU composites, obtained from peak of loss
modulus (G”) in the dynamic mechanical characterization, was found to be in the range of
178-235°C with the increasing amount of the urethane from 0-40% by weight. The
degradation temperature at 5 % weight loss of our composites decreased with increasing
the PU in the matrix alloys. The residual weight at 800°C of our composites in the range of

0 to 40% by weight of the PU fraction in the alloys was ranging from 44.5 to 35.6%

In dynamic mechanical property measurement, the increase of the PU content
significantly lowered the stiffness of the composites. The storage modulus of the
Kevlar™-reinforced BA/PU composite decreased from 16.4 GPa of polybenzoxazine

matrix to 2.8 GPa of 60/40 BA/PU alloys.

The ballistic test results of the 20-ply Kevlar' " -reinforced BA/PU composites
tested using a 9 mm handgun with standard lead projectiles having lead outer-coating,
revealed that 80/20 mass ratio of BA/PU matrix alloy exhibited outstanding ballistic
impact resistance in comparison with other compositions of the BA/PU alloys as well as of

the polybenzoxazine. The storage modulus of the composite armor having bullet



penetration resistance was found to be in the range of 10-15 GPa. In addition, the

corresponding density of the 80/20 BA/PU composites was approximately 1.29 g/cm3.

SEM observation showed various fracture surfaces due to ballistic impact including
fiber breakages, matrix cracking, delamination, interply cracking, and translaminar fracture
in the thickness direction of the 80/20 BA/PU composites. The extent of the delaminated
damage and interfacial fracture were observed to change with the composition of the

matrix alloys.

The studies of specimen’s thickness and the arrangement of the composite panels
revealed that the suitable thickness having 30 piles of the Kevlar'™ cloth can protect the
ballistic impact at level II-A. Whereas the 50 ply-thick composite was able to protect the
ballistic impact of NIJ level IIIA. Finally, the arrangement of composite panels was also
found to significantly affect the ballistic performance of our composites with the thicker
and stiffer panel should be placed in the front face of the composite panel assembly to

yield best ballistic resistance.
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Table 5.1: Thermal and mechanical properties of the Kevlar' “-fabric used.

Properties KevlarTM Used Kevlar 29*
Diameter (um) 12 12
Glass transition temperature(°C) 348 375
Degradation temperature at 536 475

5% wt loss (°C)

Char yield at 700 °C (%) 44 49
Modulus (GPa) 67 70
Elongation % 5.53 3.6

* Ref.:Yang, H.H. Handbook of Kevlar aramid fiber; John Wiley & Sons Ltd.; west
Sussex, England, 1993.
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Table 5.2: Density of Kevlar' “-reinforced BA/PU composites at various

PU contents.

PU Mass Fraction Theoretical Density Actual Density
(g/em’) (g/em’)
0 1.37 1.31 £0.004
0.1 1.36 1.30 £0.012
0.2 1.35 1.29 £0.007
0.3 1.35 1.28 +£0.004
0.4 1.34 1.26 +£0.008
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Table 5.3: Effect of BA/PU alloy compositions on ballistic impact resistance using

standard lead projectiles with lead outer coating typically used in 9 mm

hand gun.
Resistance to
Type Number of Plies Penetration
Number of Matrix Platel+Plate2 Platel Plate2

I.1a Epoxy 10+10 No No
1.1b Epoxy 10+10 No No
1.2a 100/0 BA/PU 10+10 No No
1.2b 100/0 BA/PU 10+10 No No
1.3a 90/10 BA/PU 10+10 No No
1.3b 90/10 BA/PU 10+10 Yes Yes
1.4a 80/20 BA/PU 10+10 Yes Yes
1.4b 80/20 BA/PU 10+10 Yes Yes
1.5a 70/30 BA/PU 10+10 No No
1.5b 70/30 BA/PU 10+10 No No
1.6a 60/40 BA/PU 10+10 No No
1.6b 60/40 BA/PU 10+10 No No

Note: BA = polybenzoxazine

PU = urethane elastomer
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Table 5.4: Effect of number of piles and panel arrangement of Kevlar' ™ -reinforced
80/20 BA/PU composites after ballistic impact at projectiles velocities
required by NIJ standard level II-A.

Number of Damage Dimension of
Sample Layers Resistance to the Rear Plate
Depth Diameter

Number of Composites Penetration (mm) (mm)

2a 10/10 No - -

2b 20/0 No - -

2c 10/10/10 Yes 10.8 69.5

2d 20/10/0 Yes 7.8 44.5

2e 30/0/0 Yes 8.7 66.6
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Table 5.5: Effect of number of piles and panel arrangement of Kevlar™ reinforced
80/20 BA/PU composites after ballistic impact at projectiles velocities
required by NIJ standard level III-A.

Number of Resistance Damage Dimension of
Sample Layers Impact to the Rear Plate
of Velosity Depth Diameter
Number | Composites (m/s) Penetration (mm) (mm)
3a 20+10+10 426 No - -
3b 30+20 430 Yes 13.6 93.3
3c 10+10+30 429 Yes 19.5 119.1
3d 30+20+10 429 Yes 11.0 90.3
3e 30+10+10+10 431 Yes 10.1 66.1
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Figure 5.1: FT-IR Spectra of polyurethane prepolymer:
(a) IPDI+Diol mixture before synthesis, (b) [PDI+Diol

prepolymer.
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Figure 5.2: FT-IR Spectra of BA/PU alloy formation : (a)BA/PU 70/30
before curing, (b) BA/PU 70/30 after being fully cured at
160°C/2h, 170°C/1h, 180°C/2h,and 200°C/2h
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Figure 5.3: DSC thermograms of BA/PU resin mixture at various mass
ratio : (@ ) 100/0, (H) 90/10, ( ) 80/20, (A) 70/30, (O)
60/40
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Figure 5.4: DSC thermograms of BA/PU at the mass ratio of 60/40 at various
curing conditions: ( ) @ncured, ( H) 160°C/2h, & )
160°C/2h,170°C/1h, and 180°C/2h,& ) 160°C/2h, 170°C/1h,
180°C/2h,and 200°C/2h
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Figure 5.5: DSC thermograms of the fully BA/PU polymer alloys at
various compositions: ( @) 100/0, () 90/10, ( ¢) 80/20,
(A) 70/30, (O) 60/40
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Figure 5.6: Relation between urethane content and glass transition

temperature from DSC of the BA/PU alloys.
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Figure 5.7: TGA thermograms of the BA/PU polymer alloys at various

compositions: (@) 100/0, () 90/10, (®) 80/20,
(A) 70/30, (O) 60/40
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Figure 5.8: DSC thermograms of the Kevlar' “-reinforced BA/PU at
mass ratio of 60/40 using various curing conditions: (@)
uncured, (H) 160°C/2h, and 180°C/2h, (#) 160°C/2h,
180°C/2h, and 200°C/2h
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Figure 5.9: Thermal degradation behaviors of the Kevlar'"-reinforced

BA/PU alloys at various compositions: (@) 100/0, (H)
90/10, (@) 80/20, (A) 70/30, (O) 60/40
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Figure 5.10: Relation between flexural strength and urethane content of

the Kevlar' “-reinforced BA/PU alloys
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Figure 5.11: Relation between flexural modulus and urethane content of

the Kevlar'“-reinforced BA/PU alloys
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Figure 5.12: Stroage moduli of BA/PU alloys at various mass ratios:

(@) 100/0, (M) 90/10, () 80/20, (A) 70/30, (O) 60/40
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Figure 5.13: Loss moduli of BA/PU alloys at various mass ratios:

(@) 100/0, (M) 90/10, (®) 80/20, (A) 70/30, (O) 60/40
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Figure 5.14: Storage moduli of the Kevlar™-reinforced BA/PU alloys
at various mass ratios of BA/PU (@) 100/0, (H) 90/10, (®)
80/20, (A) 70/30, (O) 60/40
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Figure 5.15: Loss moduli of the Kevlar"“-reinforced BA/PU alloys at

various mass ratios of BA/PU: (@) 100/0, (H) 90/10, (A)
80/20, () 70/30, (O) 60/40
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Figure 5.16: Loss tangents of the Kevlar'“-reinforced BA/PU alloys at
various mass ratios of BA/PU: (@) 100/0, () 90/10, (®)
80/20, () 70/30, (O) 60/40
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temperature from loss modulus peak: (@) BA/PU alloys,
(M) Kevlar™-reinforced BA/PU alloys
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Figure 5.18: Damaged and delaminated area of 10 piles/panel with the

samples arrangment of 10/10 after impact with standard lead
projectiles with lead outer-coating typically used in 9 mm
(a) Kevlar™-reinforced epoxy, (b) Kevlar'-reinforced
benzoxazine, (¢) Kevlar V-reinforced 90/10 BA/PU, (d)
Kevlar™-reinforced 80/20 BA/PU
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100pm

Figure5.19: SEM micrographs of the composite fracture surface showing
a deformation of the Kevlar™™ fiber after impact with

standard lead projectiles
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Figure5.20: SEM micrographs of the fracture surface of Kevlar™
reinforced composites after impact with standard lead
projectiles : (a) Kevlar'V-reinforced benzoxazine,

(b) Kevlar™-reinforced 80/20 BA/PU, (¢) Kevlar™-

reinforced 70/30 BA/PU, (d) Kevlar™-reinforced 60/40
BA/PU
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Figure 5.21: Damaged and delaminated area of sample after impact with
projectiles velocities which required by NI1J standard for
level II-A with the sample arrangement of: (a) 10/10/10, (b)
20/10/0 and (c) 30/0/0
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(b)

Figure 5.22: Damaged panel cross-sections of specimen can stop which
has stopped projectiles at a velocities required by NIJ
standard for level II-A (a) first panel of sample having

arrangement of 20/10/0, (b) first panel of sample having
arrangement of 30/0/0
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Figure 5.23: Damaged and delaminated area of sample after impact with
projectiles velocities which required by NI1J standard for
level I1I-A with the sample arrangement of: (a) 20/10/10,
(b) 30/20/0 and (c) 10/10/30
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(b)

Figure 5.24: Side view of the samples after impact with projectile
velocities which required by NIJ standard for level III-A (a)
sample 3b having a configuration of 30/20/0, (b) sample 3¢
having a configuration of 10/10/30
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Abstract

Thermal behaviors of polymer blends between common-type polybenzoxazine (PBA-a) and polysiloxane-block-polyimide (SPI) were studied
using Dynamic Mechanical Analysis (DMA) and Thermogravimetric Analysis (TGA). The polymer blends showed only one glass-transition
temperature (T) that increased as the content of SPI increased. Synergistic behavior in the char formation of the alloys was clearly observed.
The DTG curves showed three stages and two stages of decomposition reaction in neat PBA-a and SPI, respectively. For the blending systems
with 25 wt%, 50 wt%, and 75 wt% of SPI, the DTG thermograms of the blends exhibited four stages of thermal decomposition reaction. The
apparent activation energies (E,) of each step were determined using Kissinger method, Flynn—Wall—Ozawa method and Coats—Redfern
method. The type of solid state mechanism was determined by Criado method. From the calculation, the solid state thermal degradation mech-
anism is proposed to be F1 (random nucleation with one nucleus on the individual particle) type for PBA-a, SPI, and their blends.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Polybenzoxazine; Silicon-containing polyimide; Kinetics; Degradation; Char yield

1. Introduction

Polymer blends between polybenzoxazines and other poly-
mers have been a subject of many current investigations,
which aim to utilize some outstanding properties of polybenz-
oxazines. Polybenzoxazines are particularly applied to im-
prove the processability, mechanical, and adhesion properties
of the resulting resin mixtures. They can be synthesized via
a simple and cost-competitive solventless technology [1].
Moreover, their molecular design flexibility provides wide
range of properties that can be tailor-made. The polymers

* Corresponding author. Tel.: 466 2 218 6862; fax: 466 2 218 6877.
E-mail address: sarawut.r@chula.ac.th (S. Rimdusit).

0141-3910/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymdegradstab.2007.03.021

have been reported to possess many intriguing properties
such as high mechanical properties, high char yield, near
zero shrinkage, low water absorption, excellent electrical
properties, low melt viscosity, self-polymerized upon heating,
and no by-products during curing [2].

Although there were many studies about this family of the
polymers, little is known about the thermal degradation of pol-
ybenzoxazine. Hemvichian et al. [3] studied the degradation
process of polybenzoxazine in common type (PBA-a) by using
TGA and GC—MS. They identified the structures of pyrolysis
products. However, the solid state thermal degradation mech-
anism and kinetics study of PBA-a have not been studied
before.

In general, the approaches for improving the performance
of polybenzoxazine can be classified into two ways. One is
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the structure modification of benzoxazine monomers; the other
is the formation of composites or blends with other high-tem-
perature polymers like polyimide [4] as well as with inorganic
fillers such as clay [5] and metal oxide [6]. The blend of poly-
siloxane-block-polyimide (SPI) is proposed to enhance the
PBA-a properties in this study.

Many researches [7—9] revealed that polysiloxane-block-
polyimide (SPI) has a number of attractive characteristics,
i.e. low moisture sorption, excellent thermal stability, and
lower dielectric constant. Furthermore, this kind of block co-
polymer is reported to increase the flexibility of the materials.
Therefore, the thermal degradation of the blends between pol-
ybenzoxazine and polysiloxane-block-polyimide (SPI) is wor-
thy to investigate.

In this research, we prepared polymer blends of PBA-a and
SPI. The glass-transition temperatures and thermal character-
istic were determined by Differential Scanning Calorimetry
(DSC), Dynamic Mechanical Analysis (DMA), and Thermal
Gravimetric Analysis (TGA). The thermal degradation kinetic
parameters, activation energy (E,) and pre-exponential factor
(A), were evaluated by using three well-known methods, i.e.
Kissinger method, Flynn—Wall—Ozawa method, and Coats—
Redfern method. Kissinger method and Flynn—Wall—Ozawa
method were used in this study because they are mostly
used in the literatures and can be used without prior knowl-
edge of reaction mechanism. Additionally, Coats and Redfern
method was used because it renders the degradation parame-
ters such as E,, A, and possible reaction mechanism. The ther-
mal degradation mechanism of PBA-a, SPI, and the blend was
also evaluated by using Criado method.

2. Theoretical consideration

Generally for polymer degradation, it is assumed that the
rates of conversion are proportional to the concentration of re-
acted material. The rate of conversion can be expressed by the
following basic rate equation

da

= k(@) (1)
For thermogravimetric analysis, the fraction of decomposi-

tion («) is defined as the ratio of weight loss at time ¢ to total

weight loss at complete decomposition temperature as shown

in Eq. (2).

(2)

where M, is the weight of the sample at time #; M, is the initial
weight of the sample and; M; is the final weight of the com-
pletely decomposed sample.

It is assumed that k follows the Arrhenius equation.

k=Aexp(—E,/RT) (3)

Substituting “k” from Eq. (3) into Eq. (1) one obtains:

da

& = Aexp(— E/RT)f (@) )
According to non-isothermal kinetic theory, thermal degra-

dation at a constant heating rate,

8 =dT/dt (5)

can be expressed by Eq. (6)

da A
a3 exp(— Ey/RT)f (o) (6)
where f(«) is the differential expression of a kinetic model
function, « is the conversion, § is the heating rate (K minfl),
E, and A are the so-called activation energy (kJ/mol) and pre-
exponential factor (min~') for the decomposition reaction,
respectively. R is the gas constant (8.314 Jmol ' K™ h).
Generally, E, can be calculated by using three well-known
methods for dynamic heating experiment, i.e. Kissinger
method, Flynn—Wall—Ozawa method, and Coats—Redfern
method [10—12].

2.1. Kissinger method (differential method) [12—15]

Kissinger method uses Eq. (7) to determine the E, of solid
state reactions.

ﬂ AR n— E,
In <T2> = lnE——i-ln[n(l —ay) 1] _RTP (7)

P a

where T}, and «, are the absolute temperature and weight loss
at maximum weight-loss rate (da/df),, respectively, and 7 is
the reaction order. From the slope of the straight line
In(8/T7) versus 1/T,, the E, can be obtained. The advantage
of the Kissinger model is that the E, can be obtained without
the knowledge of any thermal degradation reaction mechanism
in advance.

2.2. Flynn—Wall—0zawa method (integration method)
[11—16]

Flynn—Wall—Ozawa method can be employed to quantify
E, without any knowledge of the reaction mechanisms. The
main advantage of this method is that it is not based on any
assumption concerning the temperature integral, giving, thus,
a higher degree of precision to the results.

From Eq. (6), it can be integrated using the Doyle approx-
imation [17,18]. The result of the integration after taking log-
arithms is

AE, 2315 0.457E,
g(a)R RT

log 8 =log (8)

The E, of the thermal degradation process of the blending sys-
tem was determined from the slope of the straight line log 8
versus 1/T.
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2.3. Coats—Redfern method [10,11,23]

Besides the above two methods, Coats—Redfern method is
often used in kinetic analysis of solid state processes. Coats—
Redfern method is presented in Eq. (9).

%:m(?ﬁ) _% )

From the slope of the straight line In[(g(e))/T?] versus /T,
E, can be calculated and A can be obtained from the intercept,
i.e. from In(AR/BE,).

2.4. Criado method [19—21]

The degradation reaction mechanism can be determined us-
ing Criado method [19]. Criado et al. [19] proposed a method
which can accurately determine the reaction mechanism in the
solid reaction process.

Criado et al. defined a type of Z(«) function

(5)

where x = E,/RT and w(x) is an approximate expression ob-
tained by integration against temperature, which cannot be ex-
pressed by simple analysis formulas, Paterson [22] proposed
a reasonable relationship between (x) and P(x) as shown in
Eq. (11).

Z(a) = ()T (10)

m(x) =xe'P(x) (11)
Senum and Yang [23] proposed the fourth rational expres-
sion of P(x)

e x> +18x? +86x 496
x x4+ 20x3 + 120x2 +240x + 120

P(x) = (12)

when x > 20, the error of Eq. (15) is less than 10™°%, which is

the basis we use in this paper.
Combining Eqgs. (1), (10) and (11), we can obtain:

Z(a) =f(a)g(e) (13)

Table 1

From Egs. (1), (10) and (11), the following relationship can be
derived:

L gt (14)

2 =7%r®

Eq. (13) is used to plot the master Z(a)—« curves for different
models listed in Table 1 [24], whereas Eq. (14) is used for rep-
resenting the experimental curve. By comparing these two
curves, the mechanism type of the thermal degradation can
be identified.

3. Experimental
3.1. Materials

The benzoxazine monomer bis(3-phenyl-3,4-dihydro-2H-
1,3-benoxzinyl) isopropane (BA-a) as shown in Fig. la was
prepared from 2,2'-bis(4-hydroxyphenyl)-propane (Bisphe-
nol-A) with aniline and formaldehyde according to the re-
ported method [25]. Bisphenol-A (commercial grade)
provided by Thai Polycarbonate Co., Ltd. (TPCC) was used
as received. Para-formaldehyde (AR grade) and aniline (AR
grade) were purchased from Merck and APS Finechem Com-
panies. As shown in Fig. 1b, polysiloxane-block-polyimide
(SPI) under the trademark of “BSF30”’ with molecular weight
of 167,720 was obtained from Nippon Steel Chemical. The ra-
tio of the block components (polysiloxane/polyimide) is
36.8 mol%.

3.2. Synthesis of blends

Polysiloxane-block-polyimide (SPI) was blended with benz-
oxazine monomers at various weight ratios, i.e. 100:0, 75:25,
50:50, 25:75, and 0:100. The blends were formed in a Teflon
mould and dried at 60 °C for 18 h. After that, the thermal treat-
ment was performed at 100 °C (for 1 h), 150 °C (for 1 h), and
200 °C (for 4 h) in a vacuum oven.

Algebraic expressions for g(«) and fla) for the most frequently used mechanisms of solid state processes

Mechanism

§(@) o)

A, Nucleation and growth (Avrami equation (1))

A, Nucleation and growth (Avrami equation (2))

A4, Nucleation and growth (Avrami equation (3))

R,, Phase boundary controlled reaction (one-dimensional movement)
R,, Phase boundary controlled reaction (contracting area)

R3, Phase boundary controlled reaction (contracting volume)

D;, One-dimensional diffusion

D,, Two-dimensional diffusion (Valensi equation)

D3, Three-dimensional diffusion (Jander equation)

D, Three-dimensional diffusion (Ginstling Brounshtein equation)
F;, Random nucleation with one nucleus on the individual particle
F,, Random nucleation with two nuclei on the individual particle
F3, Random nucleation with three nuclei on the individual particle

(1 - a)[~In(1 — )]'?
(1 - a)[-In(1 — )]
(1—a)[~In(1 — a)]"*

=

1/2

—a)
RV

(1
(1 01)
1/2)a™!
(1- a)ln(szazz)+a - (1704)] \ .
-0-aF 32)[1 - (1 -0 (1 - e
1= (2/3)a] = (1 - )" 3/2)

(

(3/2)[1 — (1 - )"
—In(1 — @) E—a

(

2
3
4
« 1
2
3
(

/(1 -a) 1—a)
1/(1 —a) 1/2)(1 — )’
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Fig. 1. (a) Benzoxazine monomer and polybenzoxazine; (b) polysiloxane-block-polyimide (SPI).
4. Measurements was used. A sample of about 10 mg was used for each test.
In order to erase any thermal history, the samples were heated
4.1. Thermal analysis at 10 °C/min. Then, they were cooled to the ambient temper-

ature, and scanned again using the same heating rate as before.
Differential Scanning Calorimeter (DSC) of TA instru-
ments (model DSC2910), calibrated with Indium standard,
3500

3000

2500

o

A &D\Dwaﬂ\gﬂ o
Sl

O OHoo-o
o - 2000

1500

Heat Flow (mW/mg), exo up
Storage Modulus (MPa)

1000

M 500

140 160 180 200
Temperature (°C) Temperature (°C)

Fig. 2. DSC thermograms of PBA-a, SPI and their blends at various SPI con- Fig. 3. Storage moduli of PBA-a, SPI and their blends at various SPI contents:
tents: (O) SPL, (O) 75 wt%, (&) 50 wt%, (A) 25 wt%, and (W) PBA-a. (O) SPL () 75 wt%, () 50 wt%, (A ) 25 wt%, and (W ) PBA-a.
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Fig. 4. Loss tangent of PBA-a, SPI and their blends at various SPI contents:
(O) SPI, () 75 wt%, (&) 50 wt%, (A ) 25 wt%, and (W ) PBA-a.

The glass-transition temperatures (T;) of the blends were
measured.

Dynamic mechanical properties of the blends were tested
using the NETZSCH Model DMA242. The experiment is
done in a tension mode using the dimension of the specimens
of approximately 23.7 mm (length) x 5 mm (width) x 0.5 mm
(thickness). The applied strain amplitude was 0.3% at the de-
formation frequency of 1 Hz. The specimens were heated us-
ing a temperature ramp rate of 3 °C/min from 40 to 250 °C.

4.2. Thermal gravimetric analysis (TGA)

The decomposition temperature (Ty) and char yield of the
blends were studied using TGA Instruments (model TGA/

100

90

80

70

60 0 25 50 75 100

Polysiloxane-block-polyimide (wt%)

50

Residual Weight (%)

40

30

ol v 1
200 400 600 800 1000

Temperature (°C)

(=}

Fig. 5. Thermogravimetric curves of PBA-a, SPI and their blends at various
SPI contents: (O) SPI, (1) 75 wt%, () 50 wt%, (A ) 25 wt%, and (V)
PBA-a. Inset: decomposition temperatures (T4 at 10% weight loss) at various
SPI contents.

45

Residual Weight (%)

25 L L L 1 L 1 n 1 L L L 1 L L L 1 L L n
0 20 40 60 80 100

Polysiloxane-block-polyimide (wt%)

Fig. 6. Char yield of PBA-a, SPI and their blends at various temperatures: (@)
1000 °C, () 800 °C.

SDTA 851°). The experiments were performed using a heating
rate of 20 °C/min from 40 to 1000 °C under nitrogen atmo-
sphere. The flow of purging nitrogen was kept at 80 ml/min.
The sample mass was approximately 20 mg.

Kinetics analysis via Kissinger method, Flynn—Wall—
Ozawa method, and Coats—Redfern method was carried out
at various heating rates, i.e. 5, 10, 20, and 25 °C/min.

5. Results and discussion
5.1. Effect of SPI content on glass-transition temperature

Fig. 2 shows the DSC thermograms depicting the glass-tran-
sition temperature (T,) of PBA-a, SPI, and their blends. At heat-
ing rate of 10 °C/min, the T, of the neat polybenzoxazine (PBA-
a) was determined to be 160 °C. The T,s of all blends were
slightly higher than that of neat PBA-a ranging from 163 to
169 °C, while the T, of the SPI was 173 °C. It is found that
SPI was able to elevate the Ts of the blends. In these systems,
there was only one broad T, in all blend compositions. However,
the systems exhibit partial miscibility [26] as evidenced by
a transformation of transparent PBA-a and SPI to opaque ap-
pearance with orange color of the blends.

Storage moduli of the PBA-a, SPI, and their blends in the
temperature range of 40—220°C are illustrated in Fig. 3.
The thermograms revealed the glassy state moduli, reported
at 40 °C of PBA-a to be approximately 3.1 GPa and that of
SPI to be around 1.1 GPa. Therefore, the SPI is much less stiff
than PBA-a due to the presence soft silicone segments in its
molecular structure. The stability of the polymer can be seen
from the slope of the glassy state moduli in the DMA thermo-
grams. The lower the slope of the glassy state modulus, the
greater is the thermal stability of the polymer. As a result,
DMA thermograms suggested that SPI was more thermally
stable than PBA-a. The presence of the SPI fraction thus helps
improving thermal stability of the resulting blends.



1270

12

dov/dt (min'h)

0 200 40 600 800 1000
Temperature (°C)

S. Tiptipakorn et al. | Polymer Degradation and Stability 92 (2007) 1265—1278

20

dov/dt (min'!)

0 200 400 V 600 800 1000

Temperature (°C)

8

dovdt (min'!)

0 200 400
Temperature (°C)

600 800 1000

Fig. 7. DTG curve and individual contributions of (a) PBA-a (20 °C/min), R*=0.9918; (b) SPI (20 °C/min), R*=10.9958; (c) blends with 75 wt% of SPI (20 °C/

min), R* = 0.9968; (@) experimental data, (O) simulated curve.

In addition, the tan ¢ of the polyimides and their blends is
depicted in Fig. 4. Generally, the magnitude of tan ¢ peaks re-
flects the large scale mobility associated with o relaxation pro-
cess, whereas the width of the tan 6 relates to the homogeneity
of the materials. The peak at lower temperature of 166 °C
could be attributed to that of PBA-a and the peak at higher
temperature of 184 °C was attributed to that of SPIL. It can
be noticed that only one single and broad peak was observed
in all blend systems. Furthermore, the peaks of the blends
were found to shift to higher temperature with increasing
SPI content, which corresponds to the DSC results.

5.2. Thermogravimetric analysis of the blends
and degradation kinetics

TGA thermograms of PBA-a, SPI, and their blends at var-
ious weight ratios of SPI are presented in Fig. 5. From the fig-
ure, it can be observed that the addition of SPI was able to
enhance the decomposition temperature of the PBA-a. The

inset of Fig. 5 explains the relationship between the decompo-
sition temperatures at 10% weight loss and the SPI content in
the blends. It clearly shows that the decomposition tempera-
tures of the blends increase from about 360 °C (for 0 wt%
of SPI) to about 500 °C (for 100 wt% of SPI) with the increase
of the SPI fraction.

Interestingly, the char yields of the blended systems ex-
hibited the synergistic behavior as shown in Fig. 6. The char
yields of the blends were higher than those of neat PBA-
a and SPI. The highest char value at 800 °C of about 45%
was found at 75 wt% of the SPI fraction, while the value of
pure PBA-a was only 30%. Theoretically, the possible reason
for synergism in the char formation is due to a large amount of
aromatic ring in the blends with some additional chemical
bonding between the PBA-a and the SPI. This synergy in
the char formation was also observed in the systems of poly-
benzoxazine alloyed with other types of polyimides [27].

From these results, we selected the blend at 75 wt% of SPI
for further kinetic studies of the blending systems since it
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Table 2

Initial temperature, final temperature, and peak temperature of small curves for polybenzoxazine, SPI and their blends at 20 °C/min in N, atmosphere

Polysiloxane-block-polyimide (wt% in PBA-a)

0 25 50 75 100
Stage 1 T; 280 Stage 1 T, 213 198 227 Stage 1 T; 422
Tpeak 353 Tpeak 323 313 328 Tpeak 521
T 426 T 432 427 429 T¢ 618
% Area 14 % Area 9 8 5 % Area 88
Stage 2 T; 316 Stage 2 T; 292 294 310 Stage 2 T; 521
Theax 408 Theax 420 429 428 Theak 607
Tt 499 Tt 548 563 546 Ts 694
% Area 58 % Area 51 40 22 % Area 12
Stage 3 T; 413 Stage 3 T; 386 375 384 R? 0.9958
Theax 496 Toeak 509 511 513
T 577 Tt 634 645 642
% Area 28 % Area 34 44 63
R? 0.9918 Stage 4 T; 504 501 508
Tpeax 609 616 618
T¢ 714 730 728
% Area 6 8 10
R? 0.9976 0.9974 0.9968

Note: T; = initial temperature and Ty = final temperature.

provides maximum char yield. After obtaining the TGA and
DTG curves, we used Peakfit program to separate the DTG
curves of the blends at 0 wt%, 75 wt%, and 100 wt%. After re-
solving the curves by using the computer software, it can be
noticed that the DTG curve of the PBA-a, presented in
Fig. 7a, composes of a three-stage weight-loss process. This
result is in good agreement with the study of Hemvichian
et al., which reports that this degradation process was observed
with the middle peak having the highest maximum rate of
weight loss. In addition, the degradation products were identi-
fied into eight categories as follows: benzene derivatives,
amines, phenolic compounds, 2,3-benzofuran derivatives,
iso-quinoline derivatives, biphenyl compounds, Mannich
base compounds, and phenanthridine derivatives [3]. More-
over for the pure SPI, the DTG curve can also be resolved

Gh

@Bl
1.00 1.20 1.40 1.60 1.80

1000/T,,

25 f

Fig. 8. Plots of In 8/ Tg versus 1000/T,, at different heating rates according to
Kissinger method for the blends (75 wt% of SPI): (W) peak 1, ( A) peak 2,
() peak 3, (A) peak 4.

into two main loss processes as shown in Fig. 7b. These results
correspond to the degradation study in the system of siloxane-
containing polyimide with the molecular weight of 1300 [28],
which reported at least two overlapping stages. Moreover, our
results also reveal the same phenomenon as found in the sim-
ilar system of polydimethylsiloxane (PDMS). It is well known
that the thermal degradation of PDMS in nitrogen atmosphere
results in depolymerization over the range of 400—650 °C to
produce cyclic oligomers [29,30]. In the degradation of
PDMS, the most abundant product is reported to be the trimer
of hexamethylcyclotrisiloxane with decreasing amounts of tet-
ramer, and higher oligomers [29]. For the blend system with
75 wt% of SPI as shown in Fig. 7c, the DTG can be resolved
into four curves, which represent the four main stages of deg-
radation in the blend. The determination of the areas under the
resolved peaks (% area) and the peak positions (Tpeax) Was
useful to make us understand more about the degradation pro-
cess of the blend system. All these data including initial de-
composition temperatures (7;) and final decomposition
temperatures (Ty) of pure PBA-a, SPI, and their blends are ex-
hibited in Table 2. In comparison of peak positions, it can be
observed that the Tpeqs of stage 1 and stage 2 in the blends for
all SPI compositions are similar to that of stage 1 in pure PBA-a,
while the Tpeys of stage 4 in the blends for are close to that of
stage 2 in pure SPL. Additionally, the Tpeqs of stage 3 in the
blends are the values between the Ty of stage 3 in pure PBA-a
and that of stage 1 in pure SPI. In the determination of the areas

Table 3
Activation energies obtained by using Kissinger method for the blend (75 wt%
of SPI)

Peak 1 Peak 2 Peak 3 Peak 4

E, R* E, R® E, R® E, R®
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

111 0.9204 187 0.9983 202 0.9972 260 0.9919

# Correlation coefficient.
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Fig. 9. Plots of log 8 versus 1000/T according to Flynn—Wall—Ozawa method for the blend (75 wt% of SPI) with weight loss from 5% to 20% conversion for
(a) peak 1; (b) peak 2; (c) peak 3; (d) peak 4: (O) 5%, ([d) 8%, () 11%, (@) 14%, (B) 17%, and (@) 20%.

under the resolved curves, the values of all degradation stages of
the blends are related to the contents of PBA-a and SPL It can
be seen that the addition of SPI led to the decrease of the %
area values in stages 1 and 2 and the increase of the values in
stages 3 and 4. These results confirm that that stages 1 and 2 of
the degradation in the blends are mainly from the degradation
of PBA-a, while stage 4 of the degradation in the blends is
from the degradation of SPIL. For the stage 3 of degradation, it
is proposed to be the degradation of some additional chemical
bonding between the PBA-a and the SPL

After the four overlapped curves were resolved, the conver-
sions were calculated from the areas under the curves by using
Simpson’s 3/8 rule. Then, the E, of each one was obtained via
three mentioned methods.

5.3. Calculation of the thermal degradation kinetics
parameters

The E, of the thermal degradation process of this blend was
determined using three well-known methods for dynamic

heating experiment i.e., the Kissinger method, Flynn—Wall—
Ozawa method, and Coats—Redfern method.

By using Kissinger method, the E, can be calculated from
the slope of the plot of ln(B/Tg) versus 1000/T}, (T, is the tem-
perature at the maximum weight-loss rate) as presented in
Fig. 8. The calculated values are shown in Table 3. The ob-
tained E, values of stages 1, 2, 3, and 4 are 111, 187, 202,
260 kJ/mol, respectively. From the literature [12,31], the Kis-
singer’s method was reported to provide highly reliable values
of E, with an error of less than 5% independent of reaction
mechanism, provided that E/RT > 10.

The E, of the blends can also be determined using the method
of Flynn—Wall—Ozawa from a linear fitting of In 6 versus 1000/
T at different conversions (Fig. 9a—d). Owing to the fact that this
equation was derived using the Doyle approximation only con-
version values in the low range can be used. In this study, the
conversion values of 5%, 8%, 11%, 14%, 17%, and 20% were
used. Fig. 9a—d shows that the fitting straight lines are nearly
parallel. Using Flynn—Wall—Ozawa method, the E, values cor-
responding to the different conversions are listed in Table 4. The
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Table 4
Activation energies obtained by using Flynn—Wall—Ozawa method for the
blend (75 wt% of SPI)

E, (kJ/mol) R*

Conversion (%) E, (kJ/mol) R*

Peak 1 Peak 2
5 117 0.9996 157 0.9895
8 120 0.9992 161 0.9905
11 125 0.9996 164 0.9882
14 127 0.9996 168 0.9917
17 130 0.9970 170 0.9935
20 130 0.9985 173 0.9933
Average 125 166

Peak 3 Peak 4
5 172 0.9900 231 0.9856
8 178 0.9940 231 0.9904
11 181 0.9928 233 0.9912
14 186 0.9954 236 0.9943
17 184 0.9925 239 0.9909
20 190 0.9946 241 0.9898
Average 182 235

% Correlation coefficient.

calculated E, from this method are 125, 166, 182, and 235
kJ/mol for peaks 1, 2, 3, and 4, respectively.

The method by Coats—Redfern is one of the most widely
used procedure for the determination of the reaction processes
[10,19,21]. From Eq. (9), proposed by Coats and Redfern, the
E, for all g(«) functions listed in Table 1 can be obtained at
constant heating rate. In this study, the same conversion values
have been used as those used in the Flynn—Wall—Ozawa

methods. Table 5 shows E,, A, and correlations for conversions
in the range 5—20% at constant heating rate of 20 °C/min. It
was found that the solid state thermal degradation mechanism
of the blends with 75 wt% of SPI is likely to be of F1 type,
because this mechanism presents the E, that is similar to the
value obtained by isoconvensional methods. Furthermore in
comparison with other mechanisms, this mechanism renders
the lowest E, to start the degradation stage [32]. The type of
degradation mechanism is confirmed by Criado method in
the next determination.

As presented in Table 6, Coats—Redfern method was applied
at the heating rate of 25, 20, 10, and 5 °C/min to determine the
average values of the E,, A, and the degradation mechanism.
The E, calculated by Coats—Redfern method are 116, 174,
223, and 281 kJ/mol. It is clearly shown that the E, of each deg-
radation stage increases with the increase of the heating rates. In
addition, the results suggest F1 type of solid state thermal deg-
radation mechanism for all four stages and all heating rates.
The possible reason that the increase of the amount of SPI led
to the increase of area under the curve of stage 3 of the blends
is that stage 3 correlates with SPI structure. The E, of this
peak was around 218 kJ/mol, which was lower than the bond
dissociation energy of Si—C bond (360 kJ/mol), the weakest
bond of the base polymers [33]. Hence, the decomposition of
the blends could be governed mainly by the molecular structure
and kinetic consideration and not by bond energies for stage 3.

By using Coats—Redfern method, the calculated E, at
20 °C of PBA-a for stages 1, 2, and 3 are 172, 209, and

Table 5

Activation energies obtained by using Coats—Redfern method for several solid state processes at a heating rate of 20 °C/min for the blend (75 wt% of SPI)
Type E, (kJ/mol) InA (min~") R? Type E, (kJ/mol) InA (min") R?
Peak 1 Peak 2

A2 57 10.46 0.9976 A2 82 13.07 0.9976
A3 35 5.55 0.9971 A3 51 7.31 0.9972
A4 24 2.95 0.9965 A4 35 4.30 0.9967
R1 116 22.76 0.9971 R1 164 27.67 0.9971
R2 120 22.93 0.9976 R2 169 27.97 0.9975
R3 121 22.82 0.9977 R3 171 27.90 0.9976
D1 247 48.78 0.9974 D1 339 58.15 0.9973
D2 247 48.78 0.9976 D2 346 58.75 0.9975
D3 252 48.43 0.9979 D3 353 58.58 0.9978
D4 249 47.66 0.9977 D4 348 57.69 0.9976
F1 124 24.50 0.9980 F1 174 29.68 0.9979
F2 6 —1.64 0.8542 F2 10 —0.88 0.9040
F3 21 3.05 0.9470 F3 31 4.23 0.9561
Peak 3 Peak 4

A2 105 15.23 0.9975 A2 139 34.94 0.9976
A3 66 8.76 0.9972 A3 88 34.48 0.9973
A4 47 5.41 0.9968 A4 63 34.14 0.9969
R1 210 31.70 0.9970 R1 275 35.62 0.9969
R2 217 32.14 0.9975 R2 284 35.65 0.9974
R3 219 32.11 0.9976 R3 287 35.66 0.9975
D1 432 66.21 0.9972 D1 565 36.34 0.9971
D2 441 66.99 0.9975 D2 576 36.36 0.9974
D3 450 66.99 0.9770 D3 588 36.38 0.9977
D4 444 65.99 0.9976 D4 580 36.36 0.9975
F1 223 33.98 0.9978 F1 293 35.68 0.9978
F2 15 —0.20 0.9245 F2 22 33.08 0.9347
F3 42 5.38 0.9603 F3 57 34.05 0.9613
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Table 6
Average activation energies obtained by using Coats—Redfern method at 25,
20, 10, 5 °C/min for the blend (75 wt% of SPI)

Table 8
Activation energies obtained by using Coats—Redfern method for several solid
state processes at a heating rate of 20 °C/min of BSF30

Heating rate (°C/min) E, (kJ/mol) InA (min~')  Possible mechanism
Peak 1

5 113 23.35 F1
10 108 22.21 F1
20 124 24.50 F1
25 119 23.87 F1
Average 116

Peak 2

5 161 28.51 F1
10 168 29.10 F1
20 174 29.68 F1
25 175 28.51 F1
Average 170

Peak 3

5 206 32.66 F1
10 217 34.14 F1
20 223 33.98 F1
25 252 39.25 F1
Average 225

Peak 4

5 287 39.73 F1
10 272 37.24 Fl
20 293 35.68 F1
25 270 36.12 F1
Average 281

263 kJ/mol, respectively (Table 7). The solid state thermal
degradation mechanism of PBA-a is proposed to be of F1
type. The PBA-a thermal degradation of this study is in agree-
ment with the results in the literature [34], which reveals the
phenolic cleavage at the maximum derivative of peak temper-
ature at around 400 °C.

With the Coats—Redfern method, the calculated E, at 20 °C
of neat SPI for peaks 1 and 2 are 369 and 460 kJ/mol, respec-
tively (Table 8). These calculation results coincide with the
bonding energy of Si—C (360 kJ/mol) [33], the weakest
bond in PDMS, and that of Si—O (454 kJ/mol) [35]. Hence,
the degradation of SPI could possibly be governed mainly
by the breaking of Si—C bond and Si—O bond.

Type Peak 1 Peak 2
E, (kl/mol) InA (min~') R? E, (kJ/mol) InA (min~") R?

A2 178 26.64 0.9959 223 30.14 0.9957
A3 115 16.55 0.9956 144 18.89 0.9955
A4 83 11.40 0.9952 104 13.16 0.9951
R1 348 52.80 0.9953 434 59.44 0.9952
R2 358 53.85 0.9958 447 60.66 0.9956
R3 362 54.04 0.9959 452 60.90 0.9958
D1 708 107.96 0.9954 882 121.23 0.9953
D2 722 109.54 0.9958 899 123.04 0.9956
D3 737 110.39 0.9961 917 124.10 0.9959
D4 727 108.82 0.9952 905 122.38 0.9957
Fl 369 56.33 0.9962 460 63.30 0.9960
F2 31 3.03 0.9502 40 373 0.9569
F3 76 10.99 0.9648 94 12.33 0.9684

From the calculation in the system of SPI, the solid state
thermal degradation mechanism is proposed to be of Fl
type. In this study, the degradation phenomenon of SPI coin-
cides with that of the literature [35], which reported that the
thermal degradation of PDMS in inert atmosphere results in
degradation over the range of 400—650 °C.

In comparison of PBA-a, SPI and the blend with 75 wt% of
SPI, the E, of the blend was found to be lower than those of
both pure components. This phenomenon corresponds to the
research of Nandan et al. [36], who studied the blending sys-
tem of poly(ether ether ketone)/poly(aryl ether sulphone).
They reported that the E, of the blends were lower than that
of the pure components because of different factors that con-
currently effect the process of degradation. Firstly, interactions
are possible among the different components in the blend dur-
ing degradation and among the products of degradation. These
chemical reactions can lead to an acceleration of the degrada-
tion rate with respect to that of pure components. These reac-
tions can be grouped into following processes [37,38].

— Reactions between macromolecules and small molecules,
— reactions between macromolcules and small radicals,

Table 7
Activation energies obtained by using Coats—Redfern method for several solid state processes at a heating rate of 20 °C/min of BA-a
Type Peak 1 Peak 2 Peak 3

E, (kJ/mol) InA (min~") R? E, (kJ/mol) InA (min~") R* E, (kJ/mol) InA (min~") R?
A2 81 14.82 0.9969 99 16.67 0.9969 126 19.13 0.9970
A3 51 8.55 0.9964 62 9.80 0.9965 80 11.45 0.9966
A4 36 5.29 0.9959 44 6.24 0.9960 57 7.49 0.9962
R1 162 30.76 0.9964 196 34.27 0.9964 248 38.89 0.9963
R2 167 31.16 0.9969 202 34.76 0.9968 256 39.52 0.9968
R3 169 31.12 0.9970 204 34.75 0.9970 258 39.56 0.9970
D1 333 64.13 0.9966 403 71.15 0.9966 508 80.38 0.9965
D2 340 64.86 0.9969 411 71.99 0.9969 518 81.41 0.9968
D3 347 64.82 0.9972 420 72.07 0.9971 529 81.68 0.9971
D4 342 63.84 0.9970 414 71.01 0.9970 522 80.50 0.9969
Fl1 172 32.97 0.9972 209 36.66 0.9972 263 41.56 0.9972
F2 11 —0.17 0.9191 14 0.24 0.9283 19 0.91 0.9348
F3 32 5.28 0.9587 39 6.00 0.9606 51 7.22 0.9606
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— reactions between macroradicals and small molecules,
reactions between two small molecules,

— reaction between two macroradicals,

reaction between macromolecules and macroradicals.

In addition, reactions with small molecules or small radi-
cals can give rise to faster breakage of the macromolecules
and to chemical structures that act as stabilizer groups.

These above reasons can explain the phenomenon that the
E, of the blends in many systems [38—40] are not close to
the predicted values on the basis of linear additive behaviour,
using following equation,

E,=Egywi +Eowy (15)
where E,; and E,, are activation energies of the homopoly-
mers, and w; and w, are the weight fraction of components
1 and 2, respectively [36].

Z(or)

Conversion (o)

Z(o)

Conversion (o)

1275

5.4. Determination of the reaction mechanism using
Criado method

The Z(a)—a master curves can be plotted using Eq. (13)
according to different reaction mechanisms shown in Table
1. The experimental data at 20 °C/min obtained by Flynn—
Wall—Ozawa method (Table 4) were substituted into Eq.
(14). Fig. 10a—d shows the Z(«)—«a master and experimen-
tal curve of the blend with 75wt% of PSI. The results
show that the experimental curves of all four steps of
degradation belong to F1 reaction mechanism (random nucle-
ation having one nucleus on individual particle) with rate-
controlling step of the nucleation process. Figs. 11a—c and
12a,b exhibit the comparison of the experimental curves of
pure PBA-a and PSI, respectively. It can be observed that
the degradation of pure PBA-a and PSI was proved to
obey the F1 mechanism. That means random nucleation
with one nucleus on the individual particle. The degradation

Z(o)

Conversion ()

Z(o)

Conversion (o)

Fig. 10. Plots of Z() versus « of the blend (75 wt% of SPI) compared between experimental curve and master curve at different mechanisms for (a) peak 1; (b)
peak 2; (c) peak 3; (d) peak 4: (x) A2, (1) A3, (—) A4, (A)RL, () R2,(O)R3, (A)DIL, () D2, (V) D3, (¢)D4, (M) FL, (o) F2, ) F3, (@) experimental

data.



1276 S. Tiptipakorn et al. | Polymer Degradation and Stability 92 (2007) 1265—1278

1.2 1.2
1+ 1+
0.8 - 0.8 -
2 06} S o6
N L N L
04 04
02 |- 02 -
0 0
0 0
Conversion (o) Conversion (o)
12
1 L
0.8 1
s L
N 06
04
0.2
0

Conversion (o)

Fig. 11. Plots of Z(«) versus « of PBA-a compared between experimental curve and master curve at different mechanisms for (a) peak 1; (b) peak 2; (c) peak 3; (d)
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Fig. 12. Plots of Z(«) versus o of BSF30 compared between experimental curve and master curve at different mechanisms for (a) peak 1; (b) peak 2: (x) A2, (|)
A3, (—) A4, (A) RL, (M) R2, ((O)R3, (A) D1, (&) D2, (V) D3, (&) D4, (M) FL, (v) F2, ) F3, (@) experimental data.
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was initiated from one random point acting as growth center,
which follows unimolecular decay law with first order reac-
tion [41,42].

6. Conclusions

In the blending systems of BA-a monomer and SPI, syner-
gistic behavior of char yield was observed. The possible rea-
son for the increase of char yield is that there was higher
cross-link density in the blend than both neat polybenzoxazine
and SPI. PBA-a and SPI showed three-stage weight-loss pro-
cess and two-stage weight-loss process, respectively. The deg-
radation of the blends between benzoxazine monomer and SPI
was found to be a complex process composed of at least four
overlapping stages, of which the E, can be calculated. The
study of separated curves from Criado method indicates that
PBA-a, SPI and their blending systems follow F1 thermal deg-
radation mechanism in the conversion range considered.
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INTRODUCTION

The application of microwaves was found to be an alternative method for
curing thermosets with a significant increase in the rate of reaction.'! In
addition, the microwave-heated thermosetting composite was also shown
to possess higher mechanical properties than those cured by conventional
thermal process. This was believed to be due to the homogeneity heating
that can reduce thermal stress in the composites.!”! In addition, microwave-
cured epoxy composites were sometimes found to exhibit stronger inter-
facial bonding than that of thermal-cured systems.*) However, microwave
heating ability of any material depends significantly on its dielectric con-
stants and dielectric loss factors. Since most polymers possess a low
dielectric constant,””! microwave heating of neat polymers is not favorable.
On the other hand, epoxy resins can be used in microwave heating because
of the presence of some polar groups in their molecular structure. A signifi-
cant increase in the rate of reaction was reported and an improvement in
some mechanical properties was observed in an earlier study.'® However,
epoxy resins often provide a narrow processing window, have a short sto-
rage life, require a curing agent, and must be refrigerated for storage.
Moreover, they are rather flammable and possess rather low thermal
stability compared to phenolic resin.!”’

Polybenzoxazine is a novel class of phenolic resins that has been
developed and studied to overcome the shortcomings of traditional phe-
nolic resins.®! Polybenzoxazine has the advantages of neither requiring
any strong acids as catalysis nor producing any volatile by-product dur-
ing polymerization. Its cross-linking reaction is achieved by a thermally
activated ring-opening reaction.”’ Many attractive properties such as
highly tailor-made molecular structure, low melt viscosity, self-polymer-
ization upon heating, near zero shrinkage, high mechanical integrity,
excellent electrical properties, high char yield, and ability to be alloyed
with various types of existing polymerst'®'? have been reported for poly-
benzoxazine. However, like most polymeric materials, the low dielectric
constant of polybenzoxazine means that it can not be cured conveniently
by microwave radiation. Fortunately, the problem of the low dielectric
constant of polymers can be improved by adding other suitable high
dielectric constant filler.!'*!

In order to enhance dielectric constant of material, Kitano et al.l'¥
reported the use of electro-conductive and inductive fillers such as short
carbon fiber and silicon carbide whisker (SiCy) for the heating or melt
processing of polyethylene. The authors suggested that the major
advantage of using SiC,, as a microwave-assisted coupling filler is due
its effective heating and less sparking during irradiation compared to
the use of short carbon fiber.">! Moreover, SiC,, has been reported to
exhibit outstanding toughening ability particularly with a rigid matrix
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such as found in many ceramics composite systems.'® Therefore, it is
anticipated that an incorporation of SiC,, into a polybenzoxazine
matrix should render at least twofold benefits to the benzoxzine resin.
The inherent rigidity of polybenzoxazine may be reduced by the tough-
ening mechanisms occurring in the filled systems, while the high electric
constant of the SiC,, should enhance the microwave curability of the
filled polybenzoxazine.

EXPERIMENTAL SECTIONS
Materials

The materials in this research were benzoxazine resin and silicon carbide
whisker. Benzoxazine resin is based on bisphenol-A, aniline, and formal-
dehyde. Bisphenol-A (commercial grade) was kindly supplied by Thai
Polycarbonate Co., Ltd. (TPCC). Para-formaldehyde (AR grade) was
purchased from Merck, and aniline (AR grade) was purchased from
APS Finechem. Silicon carbide whisker was supplied by Tokay Carbon
Co. All chemicals were used without further purification.

The benzoxazine resin used is based on bisphenol-A, aniline, and for-
maldehyde in the molar ratio of 1:4:2. This resin was synthesized by using
a patented solventless method.®! The obtained benzoxazine resin is a
clear yellowish powder at room temperature and can be melted to yield
a low viscosity resin at about 70°-80°C. The resin density is 1.2 g/cm?
and it has a reported dielectric constant of about 3-3.5.”! Silicon carbide
whisker (SiCy,) used was TWS-200. It is a nearly perfect single crystal
with an average diameter of 0.5um and density of 3.2 g/cm3. It has a
reported dielectric constant of about 40.'”

Specimen Preparation

Silicon carbide whisker was thoroughly mixed mechanically with ben-
zoxazine resin in an aluminum container at 85°C for at least 10 min
to ensure particle wet-out by the resin. The filler-to-matrix ratios were
0:100, 2:98, 4:96, and 6:94 by weight to yield molding compounds. For
the thermal-cured specimen, the compounds were compression-molded
to obtain a thickness of about 2mm. The hot-pressed temperature of
200°C was applied for 2h at a hydraulic pressure of 35 MPa. In the case
of microwave curing, the molding compounds were cured in a micro-
wave digestion oven (MARSS, model 907045) using a Teflon mold at
a desired power from 100 to 1kW and a fixed microwave frequency
of 2.45 GHz.
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Characterization Methods

The curing characteristics of the benzoxazine-silicon carbide composites
were examined by using a differential scanning calorimeter (DSC) (TA,
model 2910). For each test, a small amount of the sample ranging from
5 to 10 mg was placed on the aluminum pan and sealed in hermetically
with aluminum lids. The experiment was done using a heating rate of
10°C/min to heat the sealed sample from 30° to 300°C under N, purging.

A universal testing machine (Instron, model 5567) was used to deter-
mine compressive properties under compression mode. The dimension of
the specimen was 10 x 10 x 3mm. The compression test was performed
using a 1 kN load cell at a crosshead speed of 1 mm/min according to
the procedure outlined in ASTM 695-02.

A dynamic mechanical analyzer (Netzsch, model DMA242) was
employed to investigate the specimen’s dynamic mechanical properties.
The specimen dimension was 40 x 10 x 2mm. The test was performed
under bending mode. The strain was applied sinusoidally at a frequency
of 1 Hz. The specimen was heated at the rate of 2°C/min from room tem-
perature to 270°C. The dynamic storage modulus (E') was determined.

Observation of the interfacial bonding within the composites was
investigated using a scanning electron microscope (SEM) (JEOL JSM-
6400) at an acceleration voltage of 15kV. All samples were coated with
a thin film of gold using a JEOL ion sputtering device (model JFC-
1100E) for 4min to obtain a thickness of approximately 300 A before
micrographs of the magnified fracture surfaces of the composite were
taken.

RESULTS AND DISCUSSION

Figure 1 demonstrates the DSC thermograms with the temperature ele-
vating from 30° to 300°C, showing the influence of benzoxazine resin
filled with different SiC,, contents on curing temperature. The step
change at about 45°C observed in all thermograms with different SiC,,
contents was related to the glass transition temperature of the benzoxa-
zine resin. It is related to the liquefying point of this resin. Polymerization
of benzoxazine resin was known to occur by a simple ring-opening
addition reaction and does not yield any reaction by-products.””! The cur-
ing exotherm of the benzoxazine molding compound at different SiC,,
contents, shows the onset of cure at approximately 150°C. A maximum
exotherm peak was observed at 225°C, which is the characteristic of this
resin.["® The silicon carbide whisker has no direct effect on chemical reac-
tion during the curing process of the benzoxazine resins. This is because
there is no observable peak shift in the thermograms and the reaction
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Figure 1. DSC thermograms of benzoxazine molding compound at various SiC,,
contents: (o) 0, (m) 2, (@) 4, (A) 6, and (o) 20 wt.%.

temperature of SiC ceramics is above 1000°C.!">*) However, the area

under the curing peak was found to decrease with increasing SiC,
content.

Figure 2 demonstrates the effect of microwave heating on benzoxa-
zine resin. The DSC thermogram of benzoxazine resin heated by a micro-
wave at a high power of 1 kW for 30 min shows that under such condition,
it was hardly cured; the change of the degree of conversion at this
microwave irradiation condition was almost negligible. This is due to
the intrinsic nonpolar nature of the benzoxazine resin.”®! However, with
the addition of a relatively low content of SiC,, in the range of 4% by
weight, the benzoxazine resin was found to be cured relatively well. This
is evident in the DSC thermograms shown in Figure 3, when SiC,, of
4% by weight was used. Moreover, the input power needed to heat the
SiC,-filled benzoxazine resin to its full cure can be reduced substantially
from over 1 kW to only 270-330 W. Hence it is apparent that the presence
of SiCy, has a dramatic effect on curing of the benzoxazine molding com-
pound. It was also found that higher microwave input power or longer
irradiating time was needed as the SiC,, content decreased. With SiC,,
loading of 4% by weight, the microwave radiation power of 270 W for
20 minutes was found to be the most suitable for processing of the benzox-
azine molding compound to yield its fully cured state.
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Figure 2. DSC thermograms of benzoxazine resin: (¢) BA-a monomer, (m) BA-a
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Figure 3. DSC thermograms of microwave-treated 4 wt.% SiC,-filled polyben-

zoxazine molding compounds at fixed irradiation time of 15 min: (e) 150, () 180,
(@) 210, (A) 240, (o) 270, (O) 300, and (<) 330 W.
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The conversion-time diagram of the microwave-cured benzoxazine
resin filled with 4% by weight of SiC,, at 270 W is compared with that
of the regular thermal cure in an oven heating at 200°C in Figure 4.
The benefit of using the microwave technique is evidently depicted in
the rapid rise of conversion in the microwave-cured compound. As shown
in the diagram, curing time of only 20 minutes was required to convert
the benzoxazine molding compound to its maximum cure by microwave
processing at 2.45GHz and 270 W, while the traditional oven cure at
200°C required at least 120 minutes.

Figure 5 shows the DSC thermograms depicting the glass-transition
temperature (T,), which was assigned as the midpoint temperature of the
heat flow curvel®!! of the neat benzoxazine resin and of the SiC,-filled
polybenzoxazine at 2, 4, and 6% by weight of the filler. At a heating rate
of 10°C/min, the T, of the polybenzoxazine was found to be 153°C. The
T, of all the SiC,-filled polybenzoxazine composites cured thermally
show no significant change from that of the neat polybenzoxazine, i.e.,
ranging from 153° to 160°C. The SiC,, filler was found to elevate the
T, of the composites due to the reinforcing effect of the ceramic filler
to the matrix polymer. Boey and Yap®® reported the maximum T, of
microwave-cured epoxy-amine system to be significantly lower than those
achieved by thermal curing, because the sluggish reaction with microwave
curing of the epoxy-amine system could entrap the functional group in
the cross-link network. The different heating mechanisms, i.e., by
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Figure 4. Conversion-time curve of 4wt.% SiC-filled polybenzoxazine com-
posite: () microwave-cured at 2.45 GHz, 270 W, () thermal-cured at 200°C.
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Figure 5. DSC thermograms of fully cured polybenzoxazine composites:
(o) heat-cured polybenzoxazine, (JO) heat-cured 2wt% SiC,, (&) heat-cured
4wt.% SiC,, (a) heat-cured 6 wt.% SiC,,, (¥) microwave-cured 4 wt.% SiC,.

conduction of heat throughout the whole compound in the oven-cured
technique and sporadic heating from the surface of the tiny silicon car-
bide whisker as well as the inside-out heating mechanism of the micro-
wave during processing, may be the reasons for the discrepancy in T,
in some epoxy systems as mentioned above. In our case, at 4% by weight
of SiC,, content, the microwave-cured SiC,-filled polybenzoxazine com-
posites possess a T, of approximately 155°C, which is close to that of the
heat-cured composites. The observed similar values of T, implied no
significant change in the curing mechanisms as well as no degradation
of our benzoxazine resin upon microwave cure and heat-cure methods.
This behavior had also been reported for some resin systems.™!
Microwave radiation is believed to heat the whole composite simul-
taneously. In reality, since polymerization took place only within the
resin and the reaction is exothermic, the temperature of the surrounding
and the mold was always lower than that within the microwave-heated
resin. Therefore, a temperature gradient may still exist due to heat con-
duction from the hot benzoxazine molding compound to the colder sur-
rounding. For this reason, the percent conversion at different locations of
the microwave-cured composite was investigated. The results are illu-
strated in Table 1. It is evident that a relatively uniform curing of over
97% conversion was achieved at all locations in our fully cured com-
posite. The maximum cure conversion of nearly 100% was detected at
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Table I. Conversion at different positions of 4% by
weight SiC,-filled polybenzoxazine composite cured by
microwave irradiation

Distance from center (cm) Conversion (%)
-2 98.8
-1 98.3
0 100.0
1 98.5
2 97.7

the center of the composite sample. This test verified the uniformity of
cure achieved in the microwave-cured polybenzoxazine/SiC,, composites
prepared for further property characterization in our study.

Figure 6 exhibits the dynamic flexural moduli of the SiC,,-filled poly-
benzoxazine composites cured by traditional thermal heating with SiC,,
contents ranging from 0 to 6% by weight and microwave heating with
constant 4% by weight of SiCy, the optimal content for microwave pro-
cessing, with the temperature ranging from 30° to 260°C based on a heat-
ing rate of 2°C/min. The storage modulus of SiC,,-filled polybenzoxazine
at its glassy state tends to increase with increasing SiC,, fraction in the
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Figure 6. Storage modulus of fully-cured polybenzoxazine composites: (O) heat-
cured polybenzoxazine, (0J) heat-cured 2 wt.% SiCy, (¢) heat-cured 4 wt.% SiC,,,
(o) heat-cured 6 wt.% SiC,,, (m) microwave-cured 4 wt.% SiC,.
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composites as a result of the reinforcing effect of the more rigid SiC,,
filler. At room temperature, the dynamic modulus of SiC,-filled polyben-
zoxazine composite increased from 5.5 GPa of a neat polybenzoxazine to
6.2 GPa of the 6% by weight of SiC,, composite. The modulus of the
SiC,-filled polybenzoxazine in the rubbery plateau region was also
enhanced by increasing SiC,, content, because the load transfer in the
composite occurred mainly through the SiC,,, when the two phases con-
tact. Therefore, the mobility and the deformability of the rubbery matrix
could be reduced by the presence of the hard SiC,,. Since there was only a
small amount of SiC,, content in the composite, the dynamic mechanical
properties showed only marginal increase in values.

The stress-strain relation under axial compression of the polybenzox-
azine composites is shown in Figure 7. Apparently, compression load
increases with displacement until it reaches the intrinsic yield point of
the specimens, and then it drops gradually despite increasing the displace-
ment until composite failure. Strain softening, which was lacking in neat
polybenzoxazine, was observed in all SiCy-filled polybenzoxazine com-
posites. The specific energy absorption (SEA) for the axial compression
can be calculated by integrating the area under the load-displacement
curves and dividing by the mass of the specimen.!**! From the experiment,
the SEAs were found to increase with increasing the SiC,, content from
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Figure 7. Load-displacement curve under axial compression of polybenzoxazine
composites: (o) neat polybenzoxazine, (ll) 2 wt.% SiC,,-filled PBZ cured by heat,
(&) 4wt.% SiCy-filled PBZ cured by heat, (A) 6 wt.% SiC,-filled PBZ cured by
heat, (o) 4wt.% SiCy-filled PBZ cured by microwave.
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the value of 25kJ /kg of the unfilled polybenzoxazine, 36 kJ /kg for 4% by
weight of SiCy, to 49kJ/kg of the 6% by weight of SiC,-filled polyben-
zoxazine. The result suggested the promotion of energy absorption by the
incorporation of SiC,, into the polybenzoxazine matrix. However, at a
fixed 4% by weight of SiC,,-filled polybenzoxazine composite, the SEAs
of the composites cured by both methods were approximately the same
within the range of 31-42kJ/kg for thermal-cured composites and
32-44kJ/kg for microwave-cured composites. Both curing methods,
therefore, showed negligible effect on changing the mechanical properties
of the polybenzoxazine composites.

Figure 8 shows the interfacial characteristics along the fracture surface
of the silicon carbide whisker-filled polybenzoxazine (at 2 and 4% by
weight of filler) cured by hot-pressing and microwave radiation. The frac-
ture surface of the neat polybenzoxazine is much smoother than that of
the SiCy-filled polybenzoxazine composite. Protruding whiskers and holes,
where the whiskers were initially lodged before fracture, were also observed.
There were also evidence of whisker pullout and bridging. This fracture
characteristic might explain the enhancement of the SEAs of our polyben-
zoxazine matrix with the addition of the SiC,,, as discussed in the previous
section. Moreover, the interfaces between the matrix and the SiC,, filler in
the composite cured by microwave radiation revealed the same feature as
that observed in the thermally cured composites. The result confirmed

Figure 8. SEM micrographs of fracture surface of SiC,-filled polybenzoxazine
composites: (a) neat PBZ cured by heat, (b) 2wt.% SiC,-filled PBZ cured by
heat, (c) 4 wt.% SiCy-filled PBZ cured by heat, (d) 4 wt.% SiCy-filled PBZ cured
by microwave.
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the observed similarity in the mechanical properties of our polybenzoxazine
composites processed by both microwave and heat.

CONCLUSIONS

The effect of microwave cure and conventional thermal cure on thermal
and mechanical properties of SiC,-filled polybenzoxazine was investi-
gated. The optimal SiC,, content to effectively couple with microwave
to yield a fully cured polybenzoxazine was found to be about 4% by
weight. The optimum processing condition of SiC,-filled polybenzoxa-
zine composites for thermal curing was 200°C for two hours, and for
microwave curing it was 270 W for 20 minutes. The glass transition tem-
perature and flexural modulus of the composites increased slightly within
the evaluated SiC,, content up to 6% by weight and were not significantly
affected by the two processing methods. The specific energy absorption
upon uniaxial compression was found to increase with the SiC,, content.
The SEM micrographs of the composite fracture surfaces revealed sub-
stantial adhesion between the SiC,, and the polybenzoxazine matrix.
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ABSTRACT: Microwave radiation at 2.45 GHz with vari-
able power input was investigated as a tool to facilitate the
curing reaction of benzoxazine-epoxy-phenolic molding
compound i.e., BEP893. Dielectric filler for microwave cou-
pling was silicon carbide whisker (SiC,). Factors such as
whisker loading and input irradiation power were found
to have a profound effect on the microwave heating of the
BEP893 particularly on the rate of temperature rise and
maximum heating temperature. The SiC,, loading of 10%
by weight with the microwave irradiation condition of 300
W for 10 min renders the ultimate curing of the molding

compound. Significant reduction in processing time of the
microwave cured sample compared with the conventional
heat cured sample ie., 150 min at 200°C using conven-
tional heating is the key benefit of this technique. Mechani-
cal properties of the microwave cured and conventional
heat cured samples show similar characteristics with
slightly lower T, in the microwave cured samples. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 105: 1968-1977, 2007

Key words: composites; mechanical properties; thermal prop-
erties; crosslinking differential scanning calorimetry (DSC)

INTRODUCTION

Benzoxazine resin (BA) was developed as a high
flow, low void resin system with a capability of
forming thick samples of either filled or unfilled sys-
tems. The resin can be synthesized via a simple and
cost-effective solventless technology.! In addition,
molecular design flexibility of the resin comparable
to that of epoxy or polyimide renders wide range of
properties of the polymer that can be tailor-made.*™
The resin has been shown to possess some useful
properties such as ease of processing due to its self-
polymerizability upon heating via ring-opening po-
lymerization thus giving no volatile by-products.
The polymer shows near-zero shrinkage upon poly-
merization as well as possesses relatively high T,
and good thermal stability.”® Ishida and Rimdusit
have reported the use of BA-m type polybenzoxa-
zine as a matrix for boron nitride filler to obtain a
highly filled composite system with high value of
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thermal conductivity.”'® Recently, highly filled wood
composites from BA-a type polybenzoxazine with
relatively high modulus comparable to natural wood
has also been reported.'!

Those high performance composite properties are
attributed to the ability of the low viscosity BA resin
to accommodate very high filler loading i.e., up to
75% by volume as well as its good adhesive proper-
ties. Moreover, the compatibility of the polybenzoxa-
zine with various resins renders a large number of
polymer alloys or copolymers covering wide range
of properties.”” ! The hybrid systems based on BA,
epoxy, and phenolic resins are of particular interest
in this investigation since the systems show syner-
gistic behaviors in some of their properties in
addition to their excellent processbility and high
reliability of the cured samples.'”'® In this investiga-
tion, the well-characterized ternary systems namely
BEP893 which is the resin mixture of BA resin (B),
epoxy resin (E), and phenolic resin (P) at the mass
ratio of 8:9:3 is used as a matrix. The processability
as well as the cured properties of the resin has al-
ready been reported in our previous work."”

Microwave energy has been an attractive heating
source for material processing due to its capability
to interact directly with molecules i.e., by raising
their rotational energy level and thus the tempera-
ture. The consequence is a more uniform and faster
heating of the materials than traditional ways of heat
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conduction or convection.”>>> The technique has al-
ready been utilized in various systems such as to
accelerate reaction kinetics in the drug development
industry, to cure plywood cement, or to vulcanize
rubber in the tire industry.”” There are a number of
investigations on the use of microwave to cure ther-
mosetting resins particularly in epoxy systems and
its molding compounds. Some reports e.g., on the
epoxy systems, showed promising results in the
enhancement of the processing time using micro-
wave radiation comparing with the traditional ther-
mal curing.***’

In this investigation, we utilize microwave energy
for the curing process of BEP893 resin filled with in-
ductive or dielectric filler i.e., silicon carbide whisker
(SiCy). The effect of filler loading and input radia-
tion power on microwave coupling of this molding
compound as well as the composite properties com-
paring with those obtained from the conventional
heat cure method is to be investigated.

EXPERIMENTAL
Materials

The 4,4'-isopropylidenediphenol and aniline were
purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Paraformaldehyde was from Merck Chemical
Ltd. (Notthingham, UK). BA resin based on the
above reactants was synthesized using a solventless
method as reported elsewhere.! The as-synthesized
monomer is a clear yellowish solid at room tempera-
ture and can be molten to yield a low viscosity resin
at about 80°C. The monomer was ground to fine
powder and was kept in a refrigerator prior to use.
Bisphenol F type epoxy resin (YDF-170) from Tohto
Chemical Co., Ltd. (Tokyo, Japan) is a clear liquid at
room temperature and was used as-received. Pheno-
lic novolac (PR1501) from Hitachi Chemical Co., Ltd.
(Tokyo, Japan) was utilized as an initiator of BA res-
in’s ring opening reaction.'” In this investigation, the
ternary mixture with the mass ratio of BA resin: ep-
oxy resin: phenolic resin of 8:9:3 ie., BEP893 was
chosen as a matrix for SiC,, due to its well character-
ized properties to yield a relatively high thermal sta-
bility matrix."”

SiC,, (TWS-200) from Tokai Carbon Co., Ltd.
(Tokyo, Japan), having average diameter of 0.5 pm
and average length of 30 um, was used as a filler for
this investigation. The filler has a reported density of
3.20 g cm ° and a dielectric constant of about 40.%%%

Sample preparation

BEP893 resin was prepared by melt-mixing the three
monomers at 80°C for 20 min. The resulting homo-
geneous and low viscosity mixture can be com-
pounded with SiC,, at this stage. The BEP893 is solid

at room temperature and can be ground and kept in
a refrigerator for future use.

Molding compound of SiC,, and BEP893 was pre-
pared by dry mixing of the desired amount of the
resin and the whisker. The powder mixture was
then heated at 80°C and mechanically blended to
yield a uniform suspension of the molding com-
pound. About 5 g of the molding compound was
used for microwave heating or conventional heating
by compression molding. The fully cured composites
by compression molding were obtained using tem-
perature of 200°C for 180 min under the hydraulic
pressure of 0.1 MPa.

The microwave heating experiment was carried
out using a JRC industrial microwave machine model
NJA2103A. The operating frequency is 2.45 GHz
with variable input power from 0 to 1.2 kW. A
microwave generator (synthesizer and amplifier) sup-
plies the radiation energy to a horn antenna which is
directed to the surface of the sample. The reflected
microwave energy can be measured by a power
monitor and was minimized by a turner fitted on a
waveguide before a horn antenna. The nonreflected
part of the microwave radiation is absorbed by the
sample resulting in heating of the material. The evo-
lution of surface temperature of the sample was
monitored using infrared thermometer attached on
the sidewall of the microwave apparatus. The tem-
perature of the environment inside the microwave
applicator was also recorded using an AMOTHS8000
fiberoptic thermometer from Anritsu Meter.

Sample characterization
Dielectric property measurement

A LCR meter from Yokogawa-Hewlett-Packard
model HP 4284A (20 Hz-1 MHz) equipped with
dielectric test adaptor model 16451A (Yokogawa-
Hewlett-Packard), having parallel-plate micrometer-
typed electrodes was used to determine the capaci-
tance, a corresponding dielectric constant, and a loss
tangent of dielectric material. The measurement was
performed at room temperature. The test material
was in the form of disk shape with a diameter of
about 35 mm and a thickness of about 1 mm. A thin
layer of high vacuum silicone grease was applied on
both specimen surfaces to ensure good contact and
to eliminate air gap between the sample and the
electrodes.

Differential scanning calorimetry

A differential scanning calorimeter model DSC3100
from MAC Science was utilized to investigate curing
behaviors as well as to determine the transition tem-
perature of both filled and unfilled BEP893. The
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mass of the sample is ~10 mg. The sample was put
in an aluminum pan with lid and was scanned using
the heating rate of 10°C min~' from room tempera-
ture to 320°C under N, purging.

Thermomechanical analysis

Linear thermal expansion coefficient (LCTE) of a
specimen was determined using a Seiko Instruments
thermomechanical analyzer (model TMA /S5120C)
with sample size of 10 x 5 x 1 mm®. The measure-
ment was performed under tension at 10 g (force
control mode). The temperature was scanned twice
from 30 to 200°C at a heating rate of 2°C min™'. The
value of the LCTE was recorded on the second run
and was averaged between 40 and 80°C.

Dynamic mechanical analysis

Dynamic mechanical thermograms of the polymer
and its composites were obtained using a dynamic
viscoelastic analyzer model DVA-200 from IT Kei-
soku-Seigyo. The test was performed under tension
mode using 1 kgf load cell. The strain amplitude
was 0.2% and the frequency used was 10 Hz. The
sample was heated at the rate of 2°C min~' from
room temperature to 280°C. The samples were in the

dimension of 25 x 5 x 1 mm?®.

Scanning electron microscope

The fracture surface morphology of both microwave
cured and conventional heat cured samples was
obtained by scanning electron microscopy (Akashi
Beam Technology model Alpha-30A) at the magnifi-
cation of 1000x or 2000x with an acceleration volt-
age of 20-25 kV. Samples were coated with a thin
film of gold using a JEOL ion sputtering device
(model JFC-1100E) for 4 min to obtain a thickness of
~300 A before micrographs of the magnified fracture
surfaces of the composite were taken.

RESULTS AND DISCUSSION

Characteristics of BEP893 resin and microwave
heating

Figure 1 illustrates the DSC thermograms of the
uncured and fully cured neat BEP893 matrix. The
figure clearly exhibits the thermally curable behavior
of this BEP893 resin. The resin’s curing exotherm
starts at about 140°C with the peak maximum at
243°C. The curing enthalpy of the resin determined
from the area under the exothermic peak is 210 ] g
The fully cured BEP893 exhibits a glass transition
temperature (Tg) of about 145°C. This information is
essential for microwave heating since the target heat-
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Figure 1 DSC thermograms of the uncured and fully
cured BEP893: (e) uncured BEP893, (m) fully cured BEP893.

ing temperature due to microwave irradiation
should be well above 140°C to be able to cure this
BEP893 resin. In practice, the curing temperature in
the range of 180-200°C is preferable to achieve fast
curing with minimum thermal degradation of this
polymer."”

Figure 2(a,b) exhibit the temperature rise curves
due to microwave irradiation of the three starting
resins namely BA, epoxy, and phenolic resins, as
well as their ternary mixture under this investigation
i.e., BEP893 resin. The temperature rise curves as a
function of time of the three starting monomers are
shown in Figure 2(a). The microwave power used in
this investigation was fixed at 1 kW. From the figure,
it is evident that only epoxy resin could substantially
couple with microwave; thus, rendering the rapid
temperature rising beyond 180°C within few
minutes. Whereas both BA and phenolic novolac res-
ins show a much slower rate of temperature rising,
ie., the slope of the plot, with the obtained maxi-
mum temperature of ~130°C. As a consequence, BA
resin solely cannot be cured by microwave irradia-
tion because its maximum attainable temperature,
even at a relatively high microwave input of 1 kW,
is still rather low for the initiation of its ring-opening
polymerization reaction.

The outstanding microwave coupling capability of
the epoxy resin is attributed to its relatively polar
nature of the resin and makes it one of the most
investigated resins for processing by microwave.***
Therefore, the incorporation of substantial amount of
epoxy resin into the BA resin should enhance the
microwave coupling capability of the resulting mix-
ture. However, in reality, the maximum fraction of
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Figure 2 (a) Temperature rise curves at 1 kW of three

starting monomers: (8) Bisphenol F epoxy resin, (w) Phe-
nolics resin, and (e) BA-a benzoxazine resin. (b) Tempera-
ture rise curves upon microwave irradiation of BEP893
resin at various microwave input powers: (o) 100 W, (m)
200 W, () 300 W, (a) 400 W, (v) 500 W, (o) 600 W, and
(o) 1 kW.

the epoxy required is normally limited by the result-
ing properties of the cured sample. In this work,
BEP893 is evaluated for microwave processing due
to its relatively good overall cured properties as
reported in our previous work.

The temperature rise curves of BEP893 resin at
varied microwave input power ranging from 100 W
to 1 kW are plotted in Figure 2(b). In this figure, we
can see that this BEP893 resin clearly shows
improved microwave coupling ability compared
with that of the neat BA resin. It was also observed
that the initial rate of temperature rise of the resin,
which is related to the initial slope of each curve, as
well as the maximum achievable temperature rise
are increased with increased microwave input

power. However, the resin’s temperature rise even
at the evaluated input power up to 1 kW was found
to be only about 160°C, which is still rather low to
achieve at fast curing of the BEP893 resin.

Effect of SiC,, on microwave processing of BEP893

Though providing good overall cured properties, the
limited microwave coupling ability of the BEP893
resin led to the use of appropriate dielectric fillers to
further enhance its microwave heating property.
Recently, various types of dielectric fillers have been
incorporated in polymeric matrices to further assist
in its microwave processing or heating including
SiC,, in polypropylene,* in EPDM,*" and in polyben-
zoxazine®?; or aluminum powder in epoxy,33 carbon
black in epoxy™; as well as polyaniline in polyethyl-
ene.® Kitano et al.*® reported the use of electro-con-
ductive and inductive fillers such as short carbon
fiber and SiC,, for the heating or melting process of
polyethylene. They suggested that the benefit of
using SiC,, as microwave-assisted coupling filler was
due to its effective heating as well as less sparking
event during microwave irradiation comparing with
the use of short carbon fiber or carbon black. The
other potential benefits of using SiC,, as filler are its
excellent reinforcing behavior™”' and its reported
outstanding toughening ability, particularly in the
rigid matrix such as in many ceramics composite
systerns.37_40 The filler is, therefore, chosen as the
dielectric filler for our BEP893 resin.

Figure 3(a—c) depict the effect of SiC,, contents, i.e.,
5, 10, and 15% by weight, on the temperature rise
curves of BEP893 at various input microwave irradia-
tion power. From these figures, we can clearly see that
the presence of the SiC,, has a dramatic effect on the
heating of the BEP893 molding compounds. In Figure
3(a), two significant features were observed from
using this inductive filler. First, to reach the target
temperature for fast curing of BEP893, i.e., 180-200°C
in this case, relatively low SiC,, content of only 5% by
weight was found to be sufficient. Moreover, the input
power needed to heat the sample above the target
temperature was substantially reduced from 1 kW to
only about 400 W. From Figure 3(b), the SiC,, loading
of 10% by weight with the irradiation power of 100-
300 W was found to be sufficient for the microwave
processing of the BEP893 resin, while the input power
of less than 200 W for the SiC,, loading of 15% by
weight was required to effectively cure the resin as
seen in Figure 3(c). Finally, Figure 3(d) exhibits the
temperature rise curves as a function of SiC,, content
compared at a constant microwave input power of
200 W. From the plot, the initial rate of temperature
rise of the BEP893 molding compound increases with
increasing of SiC,, loading. The phenomenon is attrib-
uted to an increase in dielectric constant of a material
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Figure 3 (a) Temperature rise curves of BEP893 molding compound at 5 wt % SiC,, loading: (e) 500 W, (m) 400 W, (e)
300 W, (a) 200 W, and (v) 100 W. (b) Temperature rise curves of BEP893 molding compound at 10 wt % SiC,, loading:
(o) 300 W, (m) 200 W, and () 100 W. (c) Temperature rise curves of BEP893 molding compound at 15 wt % SiC,, loading;:
(o) 200 W, (w) 100 W. (d) Effect of SiC,, loading on temperature rise curves of BEP893 molding compound at a fixed micro-
wave power of 200 W: (e) 15 wt %, (m) 10 wt %, (e) 5 wt %, and (a) 0 wt %.

with an incorporation of dielectric filler.*' SiC,, is a
ceramics with reported dielectric constant of up to
40" whereas the BEP 893 was measured to be about 4
as illustrated in Figure 4. In theory, the greater the
dielectric constant of the material, the higher its
microwave coupling ability will be. An addition of the
SiC,, was found to systematically raise the dielectric
constant of the BEP893 molding compound in a rela-
tively linear manner as depicted in Figure 4, thus
resulted in the enhanced microwave coupling of the
compound with the filler loading.

Thermomechanical properties of conventional
heat cured SiC,-filled BEP893

The effect of SiC,, loading on dynamic mechanical
properties of the fully cured BEP893 composites is

Journal of Applied Polymer Science DOI 10.1002/app

shown in Figures 5 and 6. Figure 5 depicts the
effect of the whisker loading (in the range of 0-20%
by weight) on the storage modulus of the compo-
sites. From the plot, the presence of a high modu-
lus SiC, (400 GPa28) was found to significantly
enhance both the glassy state modulus and the rub-
bery plateau modulus of the neat BEP893 matrix
due to the reinforcing effect of the filler. Further-
more, the glass transition temperature (Tg) of the
sample obtained from the peak position of the loss
modulus as shown in Figure 6 was also found to
increase with increasing the SiC, content. The
enhancement of the modulus and the T, implies a
relatively good adhesion between this filler and the
BEP893 matrix.

There are many factors affecting a LCTE of a com-
posite material including the ratio of filler in a poly-
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Figure 4 Permittivity and dielectric loss of BEP893 mold-
ing compounds as a function of SiC,, loading: (e) permit-
tivity, (m) dielectric loss.

mer matrix, LCTEs of the filler and the matrix, bond
between the filler and the matrix, as well as the
degree of polymerization of the resin.**** Figure 7
presents LCTE of SiC,-filled BEP893 at various con-
tents of the filler. The figure evidently reveals that
the LCTE systematically decreases with an increase
in the SiC,, content. The reasons for this phenom-
enon are attributed to the adamantine nature of the
whisker with a reported LCTE value as low as
4.7 ppm °C™ " (ref. 42) and the substantial interfacial
interaction between the whisker and the matrix.
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Figure 6 Effect of SiC,, loading on loss modulus of fully
cured BEP893 composites: (o) 20 wt %, (m) 15 wt %, (¢) 10
wt %, (a) 5 wt %, and (v) 0 wt %.

From this figure, the LCTE value of the unfilled
BEP893 was determined to be 64 ppm C ' whereas
those of the filled BEP893 are ranging from 51 ppm°
C ' at 5% by weight of SiC,, to 28 ppm °C~ ' at 20%
by weight of SiC,. The SiC, is, therefore, useful in
lowering the LCTE of the BEP893 matrix. Low LCTE
composite is required in some applications such as
an electronic encapsulant. In our case, the SiC,, load-
ing of 10% by weight in the BEP893 matrix was cho-
sen for further investigation to compare the compos-
ite properties obtained by microwave cure and by
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Figure 7 Linear coefficient of thermal expansion (LCTE)
of SiC,,-filled BEP893.
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conventional heat cure. The loading had been shown
to provide sufficient microwave coupling as dis-
cussed in the previous section.

Comparison between microwave cured and
conventional heat cured BEP893 composites

Figure 8 is the overlay plot of DSC thermograms of
BEP893 molding compound at 10% by weight of the
SiC,, cured isothermally at 200°C using a conven-
tional oven. The graphs exhibit a systematic decrease
in the exothermic curing peak as well as the evolu-
tion of T, of the composite at different curing time.
In addition, the peak exotherms were observed to
slightly shift to higher temperature and the T,
expectedly increases with the degree of cure.

Figure 9 exhibits the DSC thermograms of the 10%
by weight SiC,-filled BEP893 after curing with
microwave at 100, 200, and 300 W using constant
cure time of 30 min. It can be clearly seen that the
microwave input power significantly affects on the
degree of cure of the BEP893 molding compound.
Within 30 min, the input microwave power of 300 W
was found to completely cure the BEP893 molding
compound as signified by the disappearance of the
exothermic peak of the DSC thermogram. Only par-
tially cured samples, however, were obtained using
100 and 200 W of the input power. As a conse-
quence, the microwave input power of 300 W was
selected to process our molding compound. The
optimal microwave irradiation time for curing the
BEP893 molding compound using the input power
of 300 W was also studied.
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Figure 8 DSC thermograms at different cure time of
BEP893 molding compound at 10% by weight of SiC,: (e)
0 min, (w) 10 min, (¢) 20 min, (a) 30 min, (v) 40 min, (o)
50 min, (o) 60 min, (¢) 90 min, (o) 120 min, (v 150 min,
(x) 180 min, (4) 240 min, and (—) 340 min.

Journal of Applied Polymer Science DOI 10.1002/app

RIMDUSIT ET AL.

EX0
—
-
-

Heat Flow (mW/mg)

0 50 100 150 200 250 300 350

Temperature (°C)

Figure 9 DSC thermograms of 10% by weight of SiC,-
filled BEP893 composites at different microwave powers
(irradiation time = 30 min): (e) 100 W, (m) 200 W, and (e)
300 W.

Figure 10 shows the effect of irradiation time on
the conversion of the BEP893 molding compound
filled with 10% by weight of SiC, using a micro-
wave input power of 300 W. The variable cure time
of up to 90 min was examined and the cured sam-
ples were taken for DSC analysis. From the thermo-
grams, the curing exotherm of the BEP893 molding
compound was observed to be drastically reduced
even when the cure time of only 5 min was used.
The conversion-time diagram of the microwave
heated BEP893 molding compound at 300 W and its
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Figure 10 Effect of microwave irradiation time on conver-
sion of 10% by weight of SiC,filled BEP893 molding com-
pound at irradiation power = 300 W: (o) 0 min, (w) 5 min,
(o) 10 min, (a) 20 min, (v) 30 min, and (o) 90 min.
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Figure 11 Conversion-time diagram of BEP893 filled with
10% by weight of SiC,,: (e) microwave cured at 300 W, (m)
heat cured at 200°C.

conventional heat cured sample at 200°C is shown in
Figure 11.

The conversion of each molding compound was
calculated from the following equation.

(AHy — AH)

% conversion (o) = AT
0

)

where AH, is the curing enthalpy of the starting
resin and AH is the curing enthalpy of the partially
cured sample. Both enthalpies were determined
from area under the exotherm in the DSC curve. 2%
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Figure 12 Glass transition as a function of cure conver-

sion of 10 by weight SiC,-filled BEP893: (0) microwave
cured at 300 W, (e) heat cured at 200°C.

Figure 11 evidently reveals the main advantage of
using microwave technique to accelerate the curing
process of the molding compound. From the plot,
the curing time of 5 min at the microwave power of
300 W renders the molding compound with about
95% degree of conversion while the curing time of
10 min can provide a degree of conversion of nearly
100%. In the case of a heat cured sample at 200°C,
the heating time of at least 150 min was necessary
for the same sample to achieve the same degree of
conversion. The potential energy saving from a sub-
stantial decrease in the processing time utilizing
microwave irradiation was, thus, obtained.

The T, of the BEP893 composites also increases in
accordance with the degree of cure. The correspond-
ing Te-conversion curves of the above microwave
cured and conventional heat cured samples, i.e., the
systems shown in Figures 8 and 10, are also plotted
in Figure 12. The curve shows the development of
T, as a function of percent conversion revealing the
trend typically observed in several thermosets.**®
In the figure, slightly lower T, values of the micro-
wave cured samples than those of the conventional
heat cured samples were observed. The different
heating mechanisms i.e., by conduction throughout
the whole sample in a conventionally cured sample
and a sporadic heating from the surface of tiny SiC,,
as well as the inside-out heating mechanism of the
microwave during the processing may be responsi-
ble for the observed discrepancy.

Figure 13 depicts the dynamic mechanical charac-
teristics of the fully cured BEP893 composites proc-
essed by microwave radiation. It was observed that
the storage modulus at room temperature of the
composite was about 5.5 GPa which is comparable
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Figure 13 Dynamic mechanical properties of microwave-
treated BEP893 composite: (e) storage modulus, (m) loss
modulus, and (e) tan d.
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Figure 14 SEM micrographs showing fracture surface of
BEP893 composites: (a) microwave cured, (b) heat cured.

to the value of 5.1 GPa of the BEP893 composite con-
ventionally cured shown in Figure 5. The Tgpma of
the microwave cured sample was determined to be
140°C which is slightly lower than the value of
145°C of the conventional heat cured sample shown
in Figure 6. This phenomenon is consistent with the
DSC result explained in the previous section.

SEM micrographs of the fracture surface of
BEP893 composites cured by microwave irradiation
and heat are shown in Figure 14. The micrographs
reveal similarity in fracture surface morphology of
the microwave cured and the conventional heat
cured composite. In both cases, the fracture surfa-
ces show substantial adhesion between the whisker
and the matrix as seen from the tight interfaces
between the two components with relatively short
whisker pull-out length. The good interfacial adhe-
sion of the filler and the matrix also explains the
enhancement in dynamic mechanical properties
and glass transition temperature of the obtained
composites.

CONCLUSIONS

Microwave processing ability and thermomechanical
properties of SiC,-filled BEP893 were investigated.
SiC,, was observed to effectively assist the micro-

Journal of Applied Polymer Science DOI 10.1002/app
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wave processability of the BEP893 resin. Optimal
amount of SiC,, of 10% by weight at relatively low
microwave power input of 300 W was found to suf-
ficiently cure the BEP893 resin using a curing time
of about 10 min. Microwave cured sample yielded
slightly lower T, than the conventionally cured sam-
ple. The different heating mechanisms of the conven-
tional heat-cured and the microwave-cured samples
are thought to be responsible for the discrepancies.
SEM pictures of the composite fracture surface
revealed substantial interfacial adhesion between the
BEP893 matrix and the whisker.
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ABSTRACT: Effects of a monofunctional benzoxazine dilu-
ent (Ph-a) on properties of a bifunctional benzoxazine resin
(BA-a) have been investigated. The BA-a/Ph-a mixtures are
miscible in nature rendering the properties highly dependent
on their compositions. The viscosity of the BA-a resin can be
reduced to one third using only about 10% by weight the Ph-a
diluent. The addition of the Ph-a resin into the BA-a resin can
also lower the liquefying temperature of the resin mixtures
whereas the gel point is marginally decreased. The gel point,
which depends on the BA-a/Ph-a mixtures and the cure tem-
perature, was determined by the frequency independence of
loss tangent in the vicinity of the sol-gel transition. The relaxa-

tion exponent values of the copolymer were found to be 0.24-
0.55, which is dependent on the cure temperature. Gel time of
the BA-a/Ph-a systems decreases with increasing temperature
according to an Arrhenius relation with activation energy of
60.6 = 1.5 kJ/mol. Flexural moduli of the BA-a/Ph-a polymers
also increase with the Ph-a mass fraction, however, with the
sacrifice of their flexural strength and glass-transition temper-
ature. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 104: 2928-2938,
2007

Key words: gelation; thermal properties; modification; cur-
ing of polymers; thermosets

INTRODUCTION

As polymer applications have been diversified, the
improvement of their properties particularly by modi-
fication of the existing polymers becomes increasingly
important. For instance, a diluent has been used in
several polymers or resins to formulate solvent-free
compounds for coating, adhesive, or composite appli-
cations.'™ In the composite fabrication process, the
resin viscosity is an important variable, affecting the
resin flow-out and wetting characteristics. Further-
more, diluted resins are employed in some formula-
tions to achieve easier handling, increase filler load-
ing, and reduce costs. In the past, organic solvents
have been used extensively to lower resin viscosity.
However, because of recent stricter environmental
regulations on the release of volatile organic com-
pounds (VOC), solvent use has become increasingly
restrictive.*
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DISCOVER SOMETHING GREAT

Generally, there are two classes of diluents. A re-
active diluent is the ingredient that actually under-
goes chemical reaction with the resin and becomes
part of the polymeric structure. The other type is a
nonreactive diluent, which can also lower the viscos-
ity of the base resin but does not take part in the
polymer structure formation. The class of resin that
most widely used as a reactive diluent is epoxy resin.
This type of reactive diluent was reported to provide
good properties and enhance processing characteris-
tics of the base resin."*® Urethane prepolymer as
well as unsaturated polyester had also been investi-
gated as reactive diluents of some major polymer
constituents.”® In recent years, a novel class of ther-
mosetting resin based on a benzoxazine structure
has gained substantial attraction because of some of
its intriguing properties.

Benzoxazine resins were reported to provide self-
polymerizable crosslinking system with high thermal
and mechanical integrity. The resins are capable of
undergoing ring-opening polymerization upon heat-
ing without strong acid or base catalysts; therefore, no
condensation by-products are released during a fabri-
cation process. Moreover, polybenzoxazines possess
several outstanding properties such as good dimen-
sional stability, low moisture absorption, and rela-
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tively high glass-transition temperature even though
they have relatively low crosslinking density.”™"!

A relatively low a-stage viscosity, one of the most
useful properties of benzoxazine resins, results in an
ability of the resins to accommodate relatively large
quantity of filler while still maintaining their good
processability when compared with traditional pheno-
lic resins. Ishida and Rimdusit'” reported that the use
of low melt viscosity benzoxazine resins filled with
boron nitride ceramics could improve the composite
thermal conductivity with the value as high as 32.5
W/mK at the maximum filler loading of 78.5% by vol-
ume. In the system of polybenzoxazine wood, sub-
stantial amount of woodflour filler (i.e., up to 70% by
volume) was reported to be incorporated in the poly-
benzoxazine matrix with a significant enhancement in
the resulting thermal and mechanical properties of the
obtained wood composites.'*

As some types of bifunctional benzoxazine resins
are solid at room temperature, many studies have
been done to utilize reactive diluents to lower liquefy-
ing temperature as well as to further reduce melt vis-
cosity of the benzoxazine resins. For example, Ishida
and Allen' reported that an addition of liquid epoxy
(EPONS825) to a polybenzoxazine greatly increased a
crosslink density of the thermosetting matrix and
strongly influenced its mechanical properties besides
an obvious ability of the epoxy diluent to lower the
liquefying temperature of the resin mixtures. More-
over, Rimdusit et al.” showed that toughness of poly-
mer alloys of rigid polybenzoxazine and low viscosity
flexible epoxy (EPO732) systematically increased with
the amount of the epoxy due to an addition of more
flexible molecular segments in the polymer hybrids.
Although a significant reduction in viscosity and
liquefying point was obtained using the epoxy, the
resulting benzoxazine-epoxy resin mixtures required
higher curing temperature than that of the neat ben-
zoxazine resin. The addition of a small fraction of phe-
nolic novolac resin as an initiator into the benzoxa-
zine-epoxy mixtures was reported to be crucial to help
lowering their curing temperature.®'>

A liquid monofunctional benzoxazine resin had
also been investigated as a reactive diluent of solid
benzoxazine resins. The melt viscosity of a bifunc-
tional benzoxazine resin, a bisphenol-A-aniline type
(BA-a), was reported to be substantially reduced by
the use of a monofunctional benzoxazine resin i.e., 4-
cumylphenol-aniline type (C-a).* However, the addi-
tion of the C-a resin into the solid BA-a resin was
reported to lower a crosslink density of the polymer
network and led to the decrease in thermal degrada-
tion temperature and char yield of the polymer
hybrids. Recently, Wang and Ishida'* investigated a
series of monofunctional benzoxazine resins. In their
arylamine-based resins, a monofunctional phenol-ani-
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line type benzoxazine (Ph-a) showed superior pro-
cessability as well as thermal stability to the phenol-to-
luidine type (Ph-mt) and the phenol-xylidine type
(Ph-35x) resins. Degradation temperature and char
yield of the Ph-a polymer were also reported to exhibit
the values even greater than those of its bifunctional
counterpart i.e.,, BA-a polymer. Its Ty psc of 142°C is
the highest among the three monofunctional resins
tested although the value is lower than that of the
bifunctional BA-a polymer i.e., 160°C. Finally, curing
kinetic analysis of a random copolybenzoxazine of
BA-a type and Ph-a type resins has also been reported
to exhibit an activation energy of about 50-84 kJ/
mol."> The obtained activation energy of the copoly-
benzoxazine is also relatively close to that of the BA-a
type resin (E = 81 kJ/mol).">*®

In this investigation, the Ph-a benzoxazine resin is
examined as a novel reactive diluent of a bifunctional
benzoxazine resin i.e., BA-a resin. Since the structure
of the Ph-a resin resembles the BA-a resin chemically,
a miscible mixture of the Ph-a and the BA-a resins
should be expected. The processability, thermal, and
mechanical properties of the resulting polymer
hybrids are also studied.

EXPERIMENTAL
Materials

Monofunctional and bifunctional benzoxazine resins
used are phenol-aniline type (Ph-a) and bisphenol-A-
aniline type (BA-a). The synthesis procedures are fol-
lowed those mentioned in Ref. 14. The chemical struc-
tures of these resins are shown in Scheme 1. Bisphenol-A
was kindly supplied by Thai Polycarbonate Co., Ltd.
(TPCC). Formaldehyde was obtained from Merck Co.
Phenol and aniline were obtained from Fluka Chemicals
Co. The as-synthesized Ph-a resin is a clear yellowish lig-
uid at room temperature while the as-synthesized BA-a
benzoxazine resin is a light yellow solid at room temper-

4
Q}EC@
O

(@) (®)

Scheme 1 (a) The reactive diluent-Ph-a monofunctional
benzoxazine monomer structure and (b) the BA-a bifunc-
tional benzoxazine monomer structure.
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ature and can be molten to yield a low viscosity resin at
about 80°C. The BA-a resin was ground to fine powder
and both were kept in a refrigerator prior to use.

Specimen preparation

BA-a/Ph-a polybenzoxazine specimens were prepared
by weighing a desired amount of the resin mixture in
an aluminum container. The binary systems to be inves-
tigated are BP91, BP82, BP73, BP64, BP55, and BP28. In
the nomenclature, B stands for the bifunctional BA-a
resin whereas P is the monofunctional Ph-a resin. The
numbers after the letters are the mass ratio of the two
monomers in the respective order. The two resins were
mixed mechanically at 80°C for about 15 min to obtain a
homogeneous mixture. The mixture was then poured
onto a metal mold and cured in an air-circulating oven
using a step heating profile as follows to ensure fully
cured condition: 100°C for 45 min, 120°C for 45 min,
160°C for 90 min, and 200°C for 120 min. The densities
of the poly(BA-a), the poly(Ph-a), and the BA-a/Ph-a
polymer hybrids were determined by a water displace-
ment method, ASTM D792-00 (Method A). The dimen-

sion of each specimen is 25 x 60 x 3 mm°.

Rheological property measurement

Dynamic shear viscosity measurements were per-
formed on a parallel plate rheometer using HAAKE
RheoStress model RS600. Disposable aluminum plates
having 20 mm in diameter were preheated for 30 min
with the gap zeroed at the testing temperature. The
void-free monomer mixture, which was liquefied at
80°C, was then poured onto the lower plate and the
gap was set to 0.5 mm. The temperature was immedi-
ately equilibrated at the set point for about 180 s and
the test was then started.

Differential scanning calorimetry

The curing behaviors of BA-a/Ph-a resin mixtures
were investigated using a differential scanning calo-
rimeter (DSC) model DSC 2910 from TA Instruments.
Specimen mass of about 5 mg was sealed in a nonher-
metic aluminum pan with lid. The heating rate used
was 10°C/min from 30 to 300°C. The experiment was
performed under nitrogen purging.

Thermogravimetric analysis

Thermal decomposition characteristic of each speci-
men was determined using a thermogravimetric ana-
lyzer from Perkin-Elmer (Diamond TG/DTA). The
experiment was performed under nitrogen purging
with a constant flow of 100 mL/min. Sample mass of
15-20 mg was heated using a linear heating rate of
20°C/min from room temperature to 800°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Processing window of the BA-a/Ph-a resin mix-
tures at various Ph-a resin using a heating rate of 2°C/min:
(®) BA-a resin, (Hl) BP91, (&) BP82, (A) BP73, (¥) BP64, (O)
BP55, ([1) Ph-a resin.

Dynamic mechanical analysis

Dynamic mechanical properties of the specimens
were obtained using a dynamic viscoelastic analyzer
model DMA 242 C from Netzsch Inc. The test was
done under a three point bending mode. The strain
amplitude used was 30 um at the frequency of 1 Hz.
The specimen was heated at a rate of 2°C/min from 30
to 250°C. The specimen is 52 x 10 x 2.5 mm?®. Glass-
transition temperature was taken from the tempera-
ture at the maximum point on the loss modulus curve.

Bending test

The flexural behaviors of the cured copolymers were
determined using a universal testing machine (Instron
Instrument, model 5567) at room temperature. The
specimens were tested according to ASTM D790-00
(Method I). A crosshead speed of 1.2 mm/min was
used. Three specimens from each copolymer composi-
tion were tested and the average values were
reported.

RESULTS AND DISCUSSION

Chemorheological properties
of BA-a/Ph-a resin mixtures

All BA-a/Ph-a resin mixtures are miscible giving ho-
mogenous and transparent liquid mixtures. The effect
of the Ph-a benzoxazine resin on the chemorheology
of the BA-a/Ph-a resin mixture is shown in Figure 1.
In the rheograms, the temperature of the resin mixture
was ramped from about 30°C up to the temperature
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beyond the gel point of each sample using a heating
rate of 2°C/min and the dynamic viscosity was
recorded. On the left hand side of Figure 1, we can see
that the liquefying temperature of the binary mixture
as indicated by the lowest temperature that the viscos-
ity rapidly approaches its minimum value signifi-
cantly decreases with increasing the Ph-a mass frac-
tion. For consistency, the temperature at the viscosity
value of 1000 Pa s was used as a liquefying tempera-
ture of each resin. On the basis of this convention, the
liquefying temperatures of BA-a resin, BP82 and BP64
resins are 73, 58, and 42°C, respectively. This is due to
the fact that the Ph-a resin used is liquid while the BA-
a resin is solid at room temperature. The addition of
the liquid Ph-a in the solid BA-a resin yielded a softer
solid at room temperature ranging from BP91 to BP64.
With increasing the Ph-a mass fraction beyond 40% by
weight i.e., BP64, the resin mixture became highly vis-
cous liquid with decreasing viscosity down to the lig-
uid Ph-a having lowest viscosity at room temperature.
In practice, lowering the resin liquefying temperature
obviously enables the use of lower processing temper-
ature for a compounding process, which is desirable
in various composite applications.

On the right hand side of Figure 1, gel temperature of
each resin mixture can also be determined. Interest-
ingly, the gel temperature of each resin ranging from
BA-a, BP91, to BP55 shows minor influence by an
increase in the Ph-a fraction compared to its effect on
the liquefying temperature. In this case, the maximum
temperature at which the viscosity was rapidly raised
above 1000 Pa s was used as gel temperature of each
resin. The gel temperatures of BA-a, BP82, BP64, and
Ph-a were determined to be 190, 187, 185, and 185°C,
respectively. As a result, the addition of the Ph-a diluent
seems to marginally affect the gel temperature of the BP
resin mixtures with the value of only few degrees lower
than that of the BA-a resin. In general, the opposite
trend i.e., an increase in the gel temperature with an
addition of a reactive diluent has been reported.'” The
addition of the Ph-a diluent to the BA-a resin was,
therefore, found to largely maintain the thermal curing
or processing condition of the obtained resin mixtures.
Furthermore, all the tested BP resin mixtures can main-
tain their relatively low viscosity within the tempera-
ture range of 80-185°C. This behavior provides suffi-
ciently broad processing window for a compounding
process in a composite manufacturing.

Dynamic shear viscosity at 90°C of BA-a/Ph-a resin
mixture as a function of Ph-a resin content is exhibited
in Figure 2. From the experiment, the mixture viscos-
ity was found to be significantly reduced from that of
the neat BA-a benzoxazine resin with increasing mole
fraction of the Ph-a diluent. For instance, BP91 (mole
fraction of BA-a = 0.79 and Ph-a = 0.21) possesses a
melt viscosity measured at 90°C to be about 9 Pa s
while that of the BA-a resin compared at the same
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Figure 2 Dynamic viscosity at 90°C of the BA-a/Ph-a resin
mixtures at various Ph-a mole fractions: Experimental data
(symbol), Predicted data with the Grunberg-Nissan equation
(solid line).

temperature is ~ 26 Pa s. The addition of the liquid
Ph-a resin of only 10% by weight (0.21 mol fraction)
can thus significantly improve processability of the
BA-a resin by reducing the a-stage viscosity of the BA-
a resin to be about one third. In theory, the lower vis-
cosity of the resin can enhance the ability of the resin
to accommodate greater amount of filler and increase
filler wetability of the resin during the preparation of
the molding compound. Furthermore, we can see that
viscosity of the BA-a/Ph-a resin mixture shows a non-
linear relationship with the Ph-a mole fraction. A vis-
cosity model of liquid mixture based on Grunberg-
Nissan equation®’ was used to predict the correlation
between viscosity and composition fraction. The
Grunberg-Nissan equation was the most suitable
equation for determining the viscosity of nonassoci-
ated liquid mixture as discussed by Monnery et al.*!
However, Irving® showed that a good agreement was
also obtained for some associated liquid mixture. The
calculation of liquid viscosity for a binary mixture
using this equation is as follows:

c 1 C C
Inn, = > xlnn; +§sziiji,j ¢y
i=1 i=1 j=1
where G;; = 0. for example, for a binary mixture (c = 2)
Inn, = x1Inn; +xInn,; + 110612 ()

In egs. (1) and (2), 0, is the mean viscosity of liquid
mixture (Pa s); 0 is the viscosity of pure component i
and j (Pa s); x; and x; are the mole fractions of the com-
ponent i and j; G;; is the interaction parameter (Pa s);
and c is the number of components.

Journal of Applied Polymer Science DOI 10.1002/app
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Since chemical structures of the BA-a benzoxazine
resin and the Ph-a resin are similar, the components in
a mixture should not interact exclusively with each
other and thus should behave in a similar manner as
an individual component® Consequently, it was
assumed that the interaction parameter (G; ) in eq. (2)
would be small and could be neglected. Thus eq. (2)
can be written as:

Inn,, =x1Inn; +x2Inn, 3)

In Figure 2, the calculated viscosity curve by the
Grunberg-Nissan equation seems to fit well with the
experimental viscosity data thus the present assump-
tion is suitable for the prediction of the liquid viscosity
of the BA-a/Ph-a resin mixtures in the entire composi-
tion range.

Investigation of the gel formation

One important aspect of thermosetting polymers is
their gelation behavior, especially, the kinetics of gela-
tion as well as gel time. Sol-gel transition, known as
the gel point, is one critical phenomenon that is cru-
cial, especially, for the material processing. The linear
viscoelastic properties in a dynamic experiment are
sensitive to the three-dimensional network formation
and can be used to precisely examine the gel point.
Measurements of oscillatory shear moduli have fre-
quently been used to continuously monitor visco-
elastic properties in chemically crosslinked networks
during the gel evolution. An oscillatory experiment is
preferable since minimum deformation is applied to
the material, particularly the delicate gel material, at
the gel point. The frequency independence principle
of the loss tangent in the vicinity of the gel point in ac-
cordance with Winter-Chambon criterion has been
widely used to define gel point of crosslinked poly-
mers, 192427

In oscillatory shear mode using a rotational con-
trolled stress rheometer, the range of stress that can be
applied to the material is needed to be verified
because different types of gels are able to sustain dif-
ferent levels of stress. Therefore, the gel must exhibit a
linear relationship between stress and strain, i.e., mod-
ulus is constant in the whole stress range used. In the
investigation to find the suitable stress range, the gel
point is obtained using a frequency of 1 rad/s with
2.5% strain. The gelation temperature used was 140°C
for each resin composition i.e., BP91, BP73, and BP55.
After reaching the gel point, which was defined by the
crossover of the storage and loss modulus during an
isothermal cure (ASTM D4473), the temperature of
each BA-a/Ph-a resin mixture was immediately low-
ered and equilibrated at 120°C to suppress further ge-
lation process while still maintaining the fluidity of
the sol fraction. The stress sweep experiment at the gel
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Figure 3 Stress sweep experiment at the gel points of BP
systems: (@) BP91, (W) BP73, (&) BP55.

point of the three different compositions of the BA-a/
Ph-a resin mixtures was then performed using a fre-
quency of 1 rad /s within the stress range of 60-250 Pa.
The results are shown in Figure 3. From the plots, we
can observe that all of the BA-a/Ph-a systems show a
fairly constant modulus in this stress range. This
means that a linear viscoelastic relationship can be
obtained in this chemically crosslinked systems in the
vicinity of their gel points.

In the rest of our experiments, the minimum con-
stant stress value of 60 Pa will be used for gel point
determination to ensure both linear viscoelastic rela-
tionship as well as minimum gel network rupturing.
The dynamic moduli of a curing system under oscilla-
tory shear, generally, follow the power law at the gel
point.'*?%3% The power law equation at the gel point
may be used to examine the gel time and the corre-
sponding value of the relaxation exponent is obtained
from eq. (4)

tand = G"/G' = tan(nn/2) 4)

when 7 is the relaxation exponent.

Figure 4 is a plot of tan § at different frequencies as
a function of heating time of BP91 using the gelation
temperature of 140°C. The gel time is obtained from
the point where the loss tangent is frequency inde-
pendent. Experimentally, it is the point where the loss
tangents of different frequencies intersect each other.
From the plot, the values of tan § intersect at a time
= 198 min corresponding to the gel time, toel, of this
resin. The gel times for the BA-a/Ph-a systems at dif-
ferent temperatures were also obtained from the tan §
plots similar to that in Figure 4. The relationship of gel
time as a function of temperature of the BA-a/Ph-a
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Figure 4 Loss tangent at various frequencies as a function
of time for BP91at 140°C: (@) 10 rad /s, (W) 31 rad/s, (@) 100
rad/s.

systems was presented in Table I. We can see that the
gel time of all resin mixture compositions tends to
decay exponentially with increasing temperature. This
is due to the fact that increasing the processing tem-
perature increases the rate of crosslinking of BA-a/
Ph-a systems. Consequently, at higher temperature,
the systems reach their gel points more quickly and
the gel times are shorter. From the table, the gel time
of BP91 ranges from 198 min at 140°C to about 63 min
at 170°C. Moreover, at the same temperature, we can
observe that the gel time decreases with increasing the
Ph-a content, which is likely due to the faster cross-
linking rates of the mixtures. For instance, at 140°C,
the gel time of BP91 = 198 min, BP73 = 185 min, and
BP55 = 182 min. This also implies that the curing con-
version of the BP resin can also increase with the Ph-a
content compared at the same processing condition.
As mentioned in eq. (4), at the gel point, a power
law may be used to examine the corresponding value
of the relaxation exponent, n, for each gelling systems.
The relaxation exponent is a specific parameter that is
related to the growing clusters in a material near the

TABLEI
Gelation Times of BA-a/Ph-a Systems
at Different Temperature

Gelation time, T (min)

Temperature (°C) BPI1 BP73 BP55
140 198 185 182
150 152 147 142
160 94 89 82
170 63 62 58
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gelation threshold. For the BA-a/Ph-a systems, the
relaxation exponent at the gel point was determined
from the tan & plots and by using eq. (4). Figure 5
exhibits the relaxation exponent values of BP91, BP73,
and BP55 at different cure temperature. The values
were almost unchanged with the resin composition.
Moreover, the relaxation exponent tends to decrease
with increasing the cure temperature. Recently, the
relaxation exponent values of the chemical gel systems
have been reported to show a nonuniversal value and
vary with the gelling system. The values of the relaxa-
tion exponents of the chemical gels were reported to
be 0.2-0.7 in PDMS system,*" 0.5-0.7 in polyurethane
system,32 and 0.68-0.72 in BA-m benzoxazine system29
etc. In this work, the relaxation exponent values of
BA-a/Ph-a systems were found to be 0.24-0.55 de-
pending on the cure temperature. This indicates that
the cure temperature shows some effect on the struc-
ture of the network clusters formed at the gel point for
these BA-a/Ph-a resins.

Furthermore, from the gel times calculated at differ-
ent temperatures, we can determine apparent activa-
tion energies for the BA-a/Ph-a systems. The curing
reaction can be represented by a generalized kinetic
equation:

dx

= KT f(2) )
where k(T) is the rate constant, ¢ is the reaction time,
f(x) represents an arbitrary functional form for the cur-
ing conversion, T corresponds to the temperature of
the reaction. The rate constant, k(T), is temperature de-
pendent according to Arrhenius law shown in eq. (6)

k(T) = Aexp(—E/RT) (6)
0.7
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Figure 5 The relaxation exponent (n) from gel point as a
function of cure temperature: (@) BP91, (H) BP73, (¢) BP55.
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Figure 6 Plots of gel times as a function of 1/T based on
rheological data at various Ph-a mass fractions: (®) BP91,
(M) BP73, (@) BP55.

An integration of eq. (5) from the onset of the cross-
linking reaction (t = 0, and x = 0) to the gel point (¢
= tge1, and x = x,) yields

In(tger) = In < /0 - dx/f(x)) ~In(A) + E/RT  (7)

where t, is the gel time, A is the pre-exponential fac-
tor, E is the activation energy, and T is temperature in
Kelvin.

Thus, the activation energies for gelation can be
determined from the slope of the plots between In(tge1)
against 1/T as depicted in Figure 6 and the corre-
sponding activation energies are summarized in
Table II. We can notice that the activation energy val-
ues of BP91, BP73, and BP55 are approximately the
same. This means that the Ph-a reactive diluent does
not significantly affect the kinetics of the gelation pro-
cess of the resin mixtures. The apparent activation
energy value averaged from the slopes of the plots
was determined to be 60.6 * 1.5 kJ/mol. The value is
in the same range as that of epoxy molding com-

TABLEII
Apparent Activation Energy Values Obtained from
Rheological Tests for BA-a/Ph-a Systems at
Various Ph-a Resin Contents

Activation
BP contents energy (kJ/mol)
BA-a 88*
BPI1 61
BP73 59
BP55 62

@ E-value of benzoxazine resin (BA-a) from Ref. 29.
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Figure 7 DSC thermograms of the BA-a/Ph-a resin mix-
tures at different Ph-a resin contents: (@) BA-a resin, (H)
BP82, (¢) BP55, (A) BP28, (W) Ph-a resin.

pound, using the same technique to determine the gel
point, i.e., E = 61-73 k] /mol.***

Curing reaction investigation by calorimetry

The DSC thermograms for the curing reaction of the
BA-a resin, the Ph-a diluent, and the BA-a/Ph-a mix-
tures at various compositions are shown in Figure 7.
From the thermograms, we observed only single dom-
inant exothermic peak of the curing reaction in each
resin composition. The phenomenon suggests that the
reaction to form a network structure of these binary
mixtures takes place simultaneously at about the same
temperature. In our previous work, the split of the
curing exotherms with an addition of a reactive dilu-
ent, i.e., in benzoxazine-epoxy resin mixture, has been
observed. In these resin systems, the newly formed
exothermic peak at higher temperature was attributed
to the interaction between the benzoxazine monomer
and the epoxy diluent whereas the peak at lower tem-
perature was due to the reaction among the benzoxa-
zine monomers."?

On the contrary, the curing peak temperature
observed in our BA-a/Ph-a mixtures in Figure 7 is sys-
tematically shifted to a slightly lower temperature
with increasing the Ph-a diluent. This is due to the fact
that the curing peak exotherm of the BA-a resin was
determined to be 228°C while that of the Ph-a diluent
was found to be 217°C. Our Ph-a diluent thus pos-
sesses a slightly low curing temperature comparing
with the base BA-a resin. The addition of Ph-a diluent
into the BA-a resin, therefore, renders a positive effect
on curing reaction of the obtained resin mixture by
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Figure 8 Conversion-time curve of thermally cured the
BA-a/Ph-a mixtures at 180°C: (@) BA-a resin, (H) BP82, (&)
BP55, (A) BP28, (W) Ph-a resin.

lowering its curing temperature even though of only
marginally. A relationship between curing conversion
with curing time of the BA-a/Ph-a resin mixtures at
180°C is illustrated in Figure 8. The trend of each curve
is similar to the observed dramatic increase in the
degree of conversion at the first 30 min of the curing
program. The longer curing time beyond 30 min can
increase the degree of conversion of each resin margin-
ally with the maximum achievable conversion depend-
ing on the resin composition. From the plot, the curing
conversions at 180°C and 120 min of the Ph-a, BP2S,
BP55, BP82 and BA-a polymers are 98, 96, 91, 83,
and 76%, respectively. This result also suggests that our
Ph-a reactive diluent renders a faster curing than the
BA-a. Its presence in the BA-a can help lowering the
curing temperature of the resulting resin mixtures.

Mechanical property of the polymer hybrids

The effect of the Ph-a composition on the dynamic me-
chanical properties of the BA-a/Ph-a polymers is
depicted in Figures 9-11. The storage modulus in the
glassy state region reflecting molecular rigidity of the
BA-a/Ph-a polymer networks is shown in Figure 9.
From this figure, we can clearly see that the storage
modulus of the poly(Ph-a) is higher than that of the
poly(BA-a). The storage modulus at the room temper-
ature of the poly(Ph-a) exhibits a value of about
6.7 GPa whereas that of the poly(BA-a) is ~ 5.7 GPa.
The Ph-a network is thus stiffer molecularly than the
BA-a network. Moreover, the storage modulus of the
BA-a/Ph-a polymers was found to systematically
increase when the Ph-a resin composition increased as
a result of the addition of the more rigid molecular
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Figure 9 Storage modulus of the BA-a/Ph-a polymer as a
function of temperature at different Ph-a contents: (@) pol-
y(BA-a), (M) BP91, () BP82, (A) BP73,(W) BP64, (O) BP55,
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segments of the poly(Ph-a) into the network as dis-
cussed above. However, the presence of the Ph-a frac-
tion in the poly(BA-a) network trends to lower the
rubbery plateau modulus of the polymer hybrids as
seen in Figure 9. This behavior implies that the cross-
linked density of the polymer hybrids decreases with
an increase of the Ph-a fraction.

The glass transition temperatures (T,’s) of the BA-a
and Ph-a polymers as well as their copolymers were
determined from the loss modulus peak in the dynam-

Loss Modulus (Pa)
SOO
T

0 50 100 150 200 250

Temperature ("C)
Figure 10 Loss modulus of the BA-a/Ph-a polymer as a
function of temperature at different Ph-a contents: (@) poly

(BA-a), (W) BP91, (&) BPS2, (A) BP73,(W) BP64, (O) BP55,
(O) poly(Ph-a).
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ical mechanical thermograms as seen in Figure 10. The
average Ty, pma of the poly(Ph-a) and poly(BA-a)
were reported to be about 115 and 160°C, respec-
tively.>”'>'* In Figure 10, the Tgs of the BP polymer
hybrids were expectedly found to increase with the
mass fraction of BA-a polymer. In our study, the Tes
of poly(BA-a), BP82, BP64, and poly (Ph-a) were deter-
mined to be 160, 142, 128, and 111°C, respectively. The
T, values of both parent polymers are consistent with
those reported elsewhere®®'*'* with the T,s of their
polymer hybrids varied systematically depending on
the composition of the BP polymers. The loss modulus
curve for each BP composition also reveals only one -
relaxation peak suggesting the presence of a single
phase material in these polymer hybrids. In theory, if
the two starting materials have undergone phase sep-
aration upon copolymerization, two glass transition
peaks sould be expected, one for each of the starting
homopolymer.

The tan 6 curve of the BA-a/Ph-a polymers at vari-
ous Ph-a compositions is also illustrated in Figure 11.
Again, only a single tan § peak was observed in each
BP polymer which is in good agreement with the loss
modulus result in Figure 10. The magnitude of the a-
relaxation from the tan & peak reflects trend in large
scale segmental mobility in the polymer network. In
the network, a greater separation between crosslinks
permits greater mobility of chain segments while the
width of the o-relaxation peak of the tan & curve
relates to network homogeneity. From our experi-
ment, the maximum amplitude of the o-relaxation
peak was found to increase with increasing the Ph-a
resin composition. This behavior suggests the lower
crosslinking density of the BP polymers when the
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Figure 12 Flexural modulus of the BA-a/Ph-a polymers as
a function of Ph-a compositions.

Ph-a mass fraction increases thus allowing greater
segmental mobility in the polymers. The lower degree
of crosslinking of the BP polymers with the amount of
the Ph-a content was also confirmed by the lower rub-
bery plateau modulus of the polymer hybrids with
increasing the amount of the Ph-a diluent as appeared
in Figure 9. Moreover, the widths at half height of the
a-relaxation peaks are about the same for all Ba-a/Ph-
a polymers. This implies that the degree of network
homogeneity of the two polymers as well as their
hybrids is likely to be similar.

Figure 12 shows the flexural moduli of the speci-
mens at different Ph-a contents. From this plot, the
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Figure 13 Flexural strength of the BA-a/Ph-a polymers as
a function of Ph-a compositions.
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Figure 14 TGA thermograms of the BA-a/Ph-a polymers
at different Ph-a mass fractions: (@) poly(BA-a), (H) BP91,
() BP82, (A) BP73, (W) BP64, (O) BP55, ([J) Poly(Ph-a).

flexural moduli of the samples were found to increase
with increasing the Ph-a resin. This correlation is in
good agreement with the modulus values obtained
from our dynamic mechanical analysis in the previous
section. The flexural modulus of the poly(BA-a) was
calculated to be 5.69 *= 0.14 GPa, while that of the
poly(Ph-a) was 6.51 = 0.15 GPa. Furthermore, the flex-
ural modulus values of the BA-a/Ph-a polymers at
various Ph-a contents ranging from 0 to 50% by
weight tends to increase with the poly(Ph-a) mass
fraction. For instance, BP55 possesses a flexural modu-
lus value of about 6.41 * 0.28 GPa, which is also close
to that of poly(Ph-a). The phenomenon is attributed to
the ability of the Ph-a diluent to easily react to form a
crucial part of the BA-a polymer networks as a result
of their similarity in chemical nature. In Figure 13, the
flexural strength of the poly(Ph-a) was found to be sig-
nificantly lower than that of the poly(BA-a) i.e., 50
MPa versus 152 MPa of poly(BA-a). Additionally, the
flexural strength of the BA-a/Ph-a polymers was
observed to decrease with increasing the Ph-a content
in the polymer hybrids from 0 to 50% by weight. The
lower degree of crosslinking of the poly(Ph-a) com-
paring with that of poly(BA-a) might be responsible
for the observed characteristics. The phenomenon is
also understandable as the Ph-a resin has functional
groups only half of those of the BA-a resin. Its ability
to crosslink is thus inferior to that of the BA-a resin.

Thermal degradation behaviors
of BA-a/Ph-a polymers

The TGA thermograms of the poly(BA-a), the poly
(Ph-a), and the BA-a/Ph-a polymers are shown in
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Figure 14. Intriguingly, all specimens exhibit an
improvement in their degradation temperature at 5%
weight loss and char yield over the poly(BA-a) with
an addition of the Ph-a diluent. The degradation tem-
perature at 5% weight loss of the poly(BA-a) was
determined to be 334°C comparing with the value of
352°C of the poly(Ph-a). In addition, the decomposi-
tion temperature of the BA-a/Ph-a polymers was
found to gradually increase with increasing the mass
fraction of the poly(Ph-a) as shown in the inset of
Figure 14. This behavior can be explained by the fact
that there is no isopropyl moiety in the poly(Ph-a)
structure. Therefore, the less stable, weaker moieties
in the poly(Ph-a) structure are eliminated whereas in
poly(BA-a), the isopropyl linkages from its bisphenol-
A structure has been reported to undergo thermal
decomposition at relatively lower temperature.'*>*3°

The study on a bisphenol-A-based polybenzoxazine
exposed to ultraviolet radiation has revealed that the
isopropyl linkage is the reactive site of cleavage and
oxidation.*® Moreover, the substituents of poly(Ph-a)
are also different from that of poly(BA-a). Poly(BA-a)
has only one unblocked ortho position to form the
hydroxyl group that is subjected to electrophilic aro-
matic substitution upon its ring-opening polymeriza-
tion while the poly(Ph-a) has two unblocked positions,
one at the ortho and another at the para position. The
study on polybenzoxazine model dimers has also
demonstrated that the absence or presence of the sub-
stituents has profound effects on thermal decomposi-
tion patterns and the char formation of the dimers.
Therefore, the absence of isopropyl moiety along with
the absence of substituents at both ortho and para
positions is likely responsible for the greater thermal
stability of the poly(Ph-a).?**” Other possibilities, such
as fewer short-chain branches in the poly(Ph-a) struc-
ture, which can serve as the initiation sites of the de-
gradation process, can also attribute to the improve-
ment of its thermal stability. As a result, the char yield
of the BA-a/Ph-a polymers systematically increases
from that of the poly(BA-a) with an increase in the
Ph-a content.

CONCLUSIONS

The monofunctional Ph-a resin can effectively serve as
a reactive diluent of the bifunctional BA-a resin to fur-
ther improve the latter processability. The viscosity
and liquefying temperature of the BA-a/Ph-a mix-
tures were found to significantly decrease with the
Ph-a mass fraction. The resin mixture renders misci-
ble, homogeneous, and void-free cured specimen with
the properties highly dependent on the composition
of the resin mixture. The gelation exponent, 1, of the
BA-a/Ph-a mixtures is dependent on the cure temper-
ature while the activation energy for the gelation pro-

Journal of Applied Polymer Science DOI 10.1002/app
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cess of the BA-a/Ph-a mixtures was found to be con-
stant and independent on the Ph-a mass fraction. The
incorporation of the poly(Ph-a) into the poly(BA-a)
can improve the stiffness as well as the thermal stabil-
ity (in terms of degradation temperature at 5% weight
loss and char yield) of the specimens whereas the T,
and flexural strength of the BA-a/Ph-a polymers were
found to decrease with the Ph-a mass fraction.
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Catalyst and Catalytic Reaction Engineering (Prof. Piyasan
Praserthdam), Chulalongkorn University for TGA measure-
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Abstract

In this study, the curing kinetics of polyfunctional benzoxazine resins based on arylamine, i.e. aniline and 3,5-xylidine, designated as BA-a and
BA-35x, respectively, were investigated. Non-isothermal differential scanning calorimetry (DSC) at different heating rates is used to determine
the kinetic parameters and the kinetic models of the curing processes of the arylamine-based polyfunctional benzoxazine resins were proposed.
Kissinger, Ozawa, Friedman, and Flynn—Wall-Ozawa methods were utilized to determine the kinetic parameters of the curing reaction. BA-a resin
shows only one dominant autocatalytic curing process with the average activation energy of 81-85 kJ mol~!, whereas BA-35x exhibits two dominant
curing processes signified by the clear split of the curing exotherms. The average activation energies of low-temperature curing (reaction (1)) and
high-temperature curing (reaction (2)) were found to be 81-87 and 111-113kJ mol~', respectively. The reaction (1) is found to be autocatalytic
in nature, while the reaction (2) exhibits nth-order curing kinetics. In addition, the predicted curves from our kinetic models fit well with the

non-isothermal DSC thermogram.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polyfunctional benzoxazine resins which can be modified by
changing the amine group on the ring structure were reported
to provide self-polymerizable crosslink-system with high ther-
mal and mechanical integrity [1-3]. The polymers undergo
ring-polymerization upon heating without the aid of a curing
agent (strong acid and alkaline); therefore, no condensation by-
products are released during a fabrication process as well as
no corrosion of processing equipments. Moreover, polybenzox-
azines possess several outstanding properties such as near-zero
shrinkage after curing, low water absorption, and relatively high
glass transition temperature even though it has relatively low
cross-linking density [1,4]. In recent years, Ishida and Sanders
[5-7] disclosed improving thermal and mechanical properties of
polybenzoxazines based on alkyl-substituted aromatic amines
(e.g. BA-35x type benzoxazine). A series of benzoxazine resins

* Corresponding author. Tel.: +662 2186862; fax: +662 2186877.
E-mail address: sarawut.r@chula.ac.th (S. Rimdusit).

0040-6031/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2006.05.008

have been synthesized that, upon polymerization, produced a
varying amount of phenolic Mannich bridges, arylamine Man-
nich bridges, and methylene linkages. For the 3,5-xylidine-based
benzoxazine, its thermal degradation temperature at 5% weight
loss was reported to be 350 °C which is higher than that of BA-a
type benzoxazine, i.e. about 315 °C. In theory, polybenzoxazines
with additional amounts of arylamine Mannich bridges, and
methylene linkages showed improved mechanical and thermal
properties as a result of greater crosslink densities. Correlations
between the observed mechanical properties and network struc-
tures of polybenzoxazines were reported [8]. Consequently, the
polybenzoxazine and its alloys were investigated as a high per-
formance matrix of composite materials such as in electronic
packaging applications [9-14]. In order to make on optimum
use of the benzoxazine resins, it is important to understand the
nature of their curing process, the structure of the cured material,
and how its kinetic parameters can be influenced by tempera-
ture, etc. The curing reaction is a very complex process because
many reactive processes sometimes occur simultaneously. The
final properties of the crosslinked benzoxazine resins depend
significantly on the kinetics of the curing reaction concerned
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with extent of curing, the curing conditions, etc. [2,15]. There-
fore, the study of the curing kinetics contributes to both a better
knowledge of process development and an improvement of the
quality of final products related to the structures of the polymer
network [16,17]. In addition, the availability of reliable methods
for cure monitoring also plays a crucial role in process control
and optimization of the polymer network processing [18].

There are several techniques previously used to examine the
kinetics of the polybenzoxazine curing, for instance, differential
scanning calorimetry (DSC) [2,16,19,20-28], Fourier Trans-
form Infrared Spectroscopy (FTIR) [29], and rheokinetic mea-
surements [20]. Among these, differential scanning calorimetry
has been the most utilized technique for the determination of
kinetic parameters and the corresponding rate equation of the
polybenzoxazine curing [2,15,19,21-27]. In general, the kinetic
parameters estimated from DSC dynamic experiments were
reported to agree relatively well with those estimated by other
methods [30]. The basic assumption for the application of DSC
is that the measured of heat flow, dH/dt, is proportional to the
reaction rate, da/ds. Without knowing the exact reaction mech-
anism, it is reasonable to assume that the reaction rate at a given
time is only a function of the conversion fraction particularly in
the isothermal method [18].

1.1. Kinetic analysis

Kinetic analysis of non-isothermal resin-cured system is
based on the rate equation [22]

da  da
dr P dr
where k(T) is a temperature-dependent reaction rate constant,
fle) the differential conversion function depending on the reac-
tion mechanism, and B8 = d7/d¢is a constant heating rate. The rate
constant, k(7), is temperature dependent according to Arrhenius
law shown in Eq. (2)

=k(T) f() D

E,
k(T) = A exp <_RT) (2)

where A is the pre-exponential factor, Ej, is the activation energy,
and T is the absolute temperature.

Non-isothermal method, a more precise measure to evaluate
the curing kinetic parameters, is carried out at different heat-
ing rates. This method is very attractive because the kinetic data
can be obtained in a relatively short period of time. Nevertheless,
there are some complications in the mathematical analysis of the
temperature integral which are inherent to the non-isothermal
approach. In addition, the isothermal method renders the desta-
bilization of the DSC heat flow at the beginning of the mea-
surement which leads to experimental errors. The two methods
also cover different temperature domains as discussed by Sbir-
razzuoli et al. [23]. Moreover, considering the shape of curing
peak, the number of peaks and/or shoulders in the isothermal and
non-isothermal DSC thermograms may be different. Although
there is only a single peak in the isothermal DSC thermogram, a
peak and a shoulder may appear in the non-isothermal DSC ther-
mogram. Consequently, the kinetic parameters obtained from an

isothermal cure study may not be good in predicting the non-
isothermal curing behaviors [31]. The non-isothermal method
which involves single or multiple dynamic temperature scans has
been applied extensively in the study of the curing reactions of
thermosetting polymers [16,17,32]. Four kinetic methods widely
used to study dynamic kinetics of thermosetting polymers are
Kissinger, Ozawa, Friedman, and Flynn—Wall-Ozawa methods.

1.1.1. The Kissinger method

Kissinger method is based on a linear relationship between
the logarithm of 8/ sz with the inverse of the peak temperature of
the exothermic curing reaction, through the following expression
[25,33]:

AR E
In ﬁz :111(Qp )— a 3)
T3 E, RT,
where O, = —[df(a)/da]a:ap.
The graphic representation of Eq. (3) allows us to examine

both the activation energy and the pre-exponential factor of cur-
ing kinetics.

1.1.2. The Ozawa method

A similar method to Kissinger method is Ozawa method,
which relates the logarithm of the heating rate and the inverse
of the exothermic peak temperature. Therefore, the curing acti-
vation energy can be determined from the resultant slope [34].

Ing=In (Alfa) —In F(e) — 5.331 — 1.052 <§;) )

" da

0 fl@)

where F(«) is a constant function.

Fla) = &)

1.2. Isoconversional method

The isoconversional method assumes that both of the activa-
tion energy and pre-exponential factor are the functions of the
degree of curing. In addition, the isoconversional approach can
be used to evaluate both simple and complex chemical reac-
tions. The significance of this technique is that no kinetic rate
expression is assumed for the data evaluation [35]. Two different
isoconversional methods are as follows.

1.2.1. Friedman method

The Friedman method, differential isoconversional method,
is used to determine a kinetic model of the curing process. The
method is based on Egs. (1) and (2) that leads to:

do da E,
In —=InB— =In[A - — 6
N H,BdT n[Af(a)] RT (6)
In case of the nth-order reaction:
fl@)=10—-a) @)
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From (1), (2), and (7)
miAf@l=In |2+ E2 C A tnma—w (8)
n )] =In|— — =1In nin(l —«
dr RT

The value of In[Af(«)] can be obtained from the known val-
ues of In[dw/df] and E,/RT. Therefore, the plot of In[Af{x)]
and In(1 — &) yields a straight line which the slope providing
the reaction order. The intercept is the natural logarithm of the
frequency factor if the reaction mechanism is of the nth-order
kinetics. The rate, da/dt, at each temperature can be determined
from

de ¢
dt  AH
where AH is the enthalpy of the curing reaction and ¢ is the
measured heat flow normalized with the sample mass.

C))

1.2.2. Flynn—Wall-Ozawa method

The isoconversional integral method was also proposed inde-
pendently by Flynn, Wall, and Ozawa [25] using Doyle’s approx-
imation of the temperature integral. This method is based on Egs.
(10) and (11).

nB=1 AEq 1 5.331 — 1.052 Ea 10
n,B_n( R )—ng(a)— . — 1. (RT) (10)

" o
0o fl@

where g(«) is the integral conversion function.

Thus, for a constant «, the plot of (In 8) versus (1/7) obtained
from DSC thermograms using various heating rates should ren-
der a straight line where the slope allows the determination of
the apparent activation energy. The apparent activation energy
received from the Flynn—Wall-Ozawa analysis is reported to be
more reliable than that from the Friedman analysis. Moreover,
the Flynn—Wall-Ozawa method, owing to its integrating charac-
ter, exhibits less sensitivity to noise than the Friedman method.
The latter, however, provides a better visual separation of more
reaction steps as well as information concerning the existence
of an autocatalytically activated process [36].

The advantage of these four kinetics methods over other non-
isothermal methods is that they do not require prior knowledge
of the reaction mechanism in order to quantify kinetic param-
eters [18]. Some of these methods had been used to determine
the kinetic parameters of benzoxazine resins. Recent work by
Ishida and Rodriguez [2,15] examined the curing kinetic of ben-
zoxazine resin (BA-a) with and without catalysts by using both
isothermal and non-isothermal differential scanning calorime-
try. They reported that the curing of benzoxazine precursors was
an autocatalysed reaction prior to diffusion control stage. The
apparent activation energy by Kissinger and Ozawa method of
the curing process was found to be about 102—116 kJ mol~! in an
uncatalysed system and 99-107 kJ mol~! in a catalysed system,
with an overall order of reaction of about 2. The phenol moiety
of the ring-opened benzoxazine monomers was reported to have
a catalytic effect on the curing reaction, i.e. reducing a reaction
induction time and increasing reaction rate. Weak acids such

gla) = (11)

as adipic acid and sebacic acid can also be effectively used as
catalysts for benzoxazine resin. The kinetic analysis of other sys-
tems of benzoxazine resins such as random co-polybenzoxazine
of BA-a type and P-a type benzoxazines has also been reported
[19]. The isothermal curing process of the co-polybenzoxazine
precursor involves an autocatalytic-type curing mechanism.
In the dynamic DSC experiments, the activation energy was
found to be 72kJmol~! based on the Kissinger method and
84kJmol~! using the Flynn—Wall-Ozawa method. Further-
more, in the isothermal experiments, the activation energy was
reported to be 50 kJ mol~! based on the Kamal method, whereas
the total order of reaction is between 2.66 and 3.03, depending on
the isothermal curing temperature. Moreover, comparison of the
activation energy of polybenzoxazine to that of an epoxy resin-
based underfill material used in electronic packaging as reported
by He [18] indicates nearly the activation energy values of the
epoxy system to be 87 kJ mol~! based on the Kissinger method.
Sbirrazzuoli et al. [22-26] and Vyazovkin et al. [21,27] also
investigated the curing kinetics of various epoxy resin systems
utilizing the isoconversional analysis. The authors observed a
dependence of the effective activation energy on the extent of
cure with the value approaching 70 kJ mol~! when the extent of
cure reached 0.8, i.e. the system of DGEBA + HHMPA + DMBA
[22].

To our best knowledge, the effect of alkyl-substituted ary-
lamines in the curing kinetics of the polyfunctional benzoxazine
resins has not been explored. It is, therefore, of interest to inves-
tigate that of the polyfunctional benzoxazine resins based on
arylamine, i.e. aniline and 3,5-xylidine. The curing kinetics of
the systems were examined by non-isothermal differential scan-
ning calorimetry at different heating rates in order to understand
the reaction kinetics of both systems and be the way of achieving
successful processing.

2. Experimental
2.1. Materials

The BA-a type benzoxazine based on bisphenol-A, formalde-
hyde, and aniline, and the BA-35x type based on bisphenol-A,
formaldehyde, and 3,5-xylydine were synthesized by patented
solventless technology [37]. Bisphenol-A and paraformalde-
hyde were received from Thai Polycarbonate Co. Ltd. and Merck
Company, respectively. A series of aromatic amines, i.e. aniline
(99%) and 3,5-xylidine (98%), purchased from Fluka Chemika
were used as received. A series of benzoxazine resin based upon
alkyl-substituted arylamines were investigated [5,6] as shown in
Scheme 1.

2.2. GPC measurements

Gel permeation chromatography (GPC) analysis was per-
formed at 40 °C on a Waters 600 using three Waters Styragel®
HT columns (Styragel® HT 0.5, Styragel® HT 1, and Styragel®
HT 4). Molecular weights are relative to monodisperse
polystyrene standards. Samples were prepared by dissolving the
benzoxazine resins in tetrahydrofuran (THF) mobile phase at
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Scheme 1. Arylamine-based benzoxazine monomers.

30°C in order to reach the final concentration of 0.25% (w/v).
The detector was Waters 2414 refractive index (RID).

2.3. DSC measurements

A differential scanning calorimeter model 2910 from TA
Instruments was employed to study the exothermic curing reac-
tions. The samples were scanned by non-isothermal method
from 30 to 290 °C at five different heating rates of 1, 2, 5, 10,
and 20 °C/min under a constant flow of nitrogen at 50 ml/min.

3. Results and discussion
3.1. Curing reaction

The heat flows of BA-a and BA-35x from the conventional
DSC mode are shown in Figs. 1 and 2, respectively. From these
figures, information about the nature of the curing reaction such
as initial curing temperature, peak temperature, and the curing
range of the both resins at different scan rates could be derived.
It can be observed that the exothermic peak shifts to a higher
temperature with higher heating rate. In our systems, the heat-
ing rates show no effect on the total exothermic reaction heat

9%}
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Fig. 1. DSC thermograms of BA-aresin at different heating rates: () 1 °C/min,
() 2°C/min, (¢) 5 °C/min, (A) 10 °C/min, and (V) 20 °C/min.

estimated from the area under the exothermic peak of BA-a and
BA-35x. The average total exothermic reaction heat of BA-a
and BA-35x is 341 and 299 J g~ !, respectively. It is noticed that
the curing reaction of BA-a has more amount of heat released
than that of BA-35x. This suggests that BA-a would be more
sensitive to accelerate the curing than BA-35x. Moreover, the
step changes of the thermograms of both resins at the tempera-
ture range of 45—60 °C are the glass transition temperature of the
benzoxazine monomers or Ty o. From Fig. 3, one can observe that
BA-a benzoxazine shows only one exothermic peak of the non-
isothermal DSC traces while BA-35x type benzoxazine shows
overlapped exothermic peaks or a small shoulder beside the main
peak. Thus, it is suggested that the curing reaction of BA-35x
type benzoxazine has at least two cure stages; the curing reac-
tion at lower temperature was caused by reaction (1) and the one
occurring at higher temperature was caused by reaction (2). The
individual reaction may be calculated by a combination of pro-
grammed and isothermal techniques. To verify the two curing
reactions of BA-35x, further experiments on isothermal curing
of partially cured samples (5-120 min) at 160 °C are depicted
in Fig. 4. It can be noticed that the thermogram of partially
cured BA-35x resin at 5Smin shows no significant change of
the exothermal peak temperature (200 °C) and still indicates the
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=

Fig. 2. DSC thermograms of BA-35x resin at different heating rates: (QO)
1 °C/min, (OJ) 2 °C/min, (¢) 5 °C/min, (A) 10 °C/min, and (V) 20 °C/min.
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Fig. 3. DSC thermograms of two types of benzoxazine resins at 10 °C/min: (O)
BA-a resin and ((J) BA-35x resin.

overlapped exothermic peaks, i.e. the effect of the second reac-
tion to the first peak is small. However, when the sample is cured
to 10 min, the peak temperature is shifted to 210 °C, revealing
stronger effect of the second reaction on the first peak. When
the sample is cured to 15 min, the first peak almost disappears
as the second peak is obviously observed. The partially cured
BA-35x resin to 120 min clearly shows only one exothermic
peak at higher temperature, implying that the effect of the first
reaction to the second peak temperature could be neglected. The
results in Fig. 4 ensure that there are two reaction phases in the
hypothetical product.

The kinetics of the DSC curves for BA-35x at the heating rates
of 1-20°C/min were analysed using PeakFit v4.12. In order
to separate two exothermic peaks, and to analyse the distinct
characterization of each, Pearson VII distribution was used as
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Fig. 4. DSC thermograms of BA-35x resin by using 10 °C/min heating rate after
isothermal curing of 160 °C at different curing times in oven: () uncured BA-
35x monomer, ((J) 5 min, (¢) 10 min, (A) 15 min, (V) 60 min, and (@) 120 min.
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Fig. 5. DSC thermograms of BA-35x resin recorded at 10 °C/min: the DSC ther-
mogram (solid line), the calculated DSC thermogram (dash line), (@) reaction
(1), and (QO) reaction (2).

shown in Fig. 5. The DSC thermograms were recorded for the
curing reaction of the BA-35x sample at 10 °C/min (solid line)
and calculated data from PeakFit v4.12 (dash line) with two
distinct peaks (peak I—black circles and peak [I—white circles).

3.2. Kinetic model

As the multiple heating rate methods for non-isothermal
analysis proposed by Kissinger and Ozawa can be used as an
alternative way of calculating the activation energy without
assuming any model of kinetic parameters and without inte-
grating the exothermic peak, the logarithm plots of heating rate
versus the reciprocal of the absolute peak temperature of BA-
a resin are given in Fig. 6. They are shown that a good linear
relationship between the heating rate and the reversal of the
exothermic peak temperature can be obtained. The average acti-
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Fig. 6. (@) Kissinger method and (M) Ozawa method plots for averaged activa-
tion energy determination of the BA-a resin.
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Table 1
Average activation energy of BA-a and BA-35x obtained by Kissinger and
Ozawa methods

Method Average activation energy (E,, kJ mol~!)
BA-a resin BA-35x resin
Reaction (1) (E,p) Reaction (2) (Ey)
Kissinger 81 81 111
Ozawa 85 87 113

vation energy values of BA-a and BA-35x resins calculated from
the slopes of the plots are listed in Table 1. BA-a resin shows
only one dominant cueing kinetic process with the average acti-
vation energy of 81-85kJmol~!, whereas BA-35x exhibits two
major curing processes. The average activation energies of BA-
35x for reactions (1) and (2) were 81-87 and 111-113kJ mol !,
respectively. In addition, the average activation energy values
obtained from Kissinger and Ozawa methods are not signifi-
cantly different. From the results, the calculated values of the
activation energy values of BA-a and BA-35x are different from
other reported works [2,15] because the molecular weight distri-
bution of the benzoxazine precursor is different as indicated by
GPC results. The precursor obtained is a mixture of monomers,
dimers, and other oligomers formed in subsequent reactions dur-
ing the synthesis, for instance, in case of BA-a, the molecular
weightis 431,498, and 807 g mol~!, respectively, while those of
BA-35x are 462, 562, and 964 g mol !, respectively. Typically,
the molecular weight of purified BA-a and BA-35x type ben-
zoxazine monomers is 463 and 527 gmol ™!, respectively [38].
Furthermore, considering the system of BA-35x, one can see
that the activation energy of reaction (2) is much higher than
that of reaction (1). As a result, reaction (1) is more sensitive to
the temperature than reaction (2).

From the results, we can observe that the average activation
energy value of reaction (1) for BA-35x resin is almost the same
as the average activation energy of BA-a resin. This implies that
the curing mechanism in the first stage of BA-35x resin is the
same as that of BA-a resin. This mechanism is the heterocyclic
ring opening polymerization of benzoxazine precursors since the
oxazine ring is the reactive site for curing of the benzoxazine.
The conformation of an oxazine ring containing benzoxazine is
a distorted semichair structure, with the nitrogen and the carbon
between the oxygen and nitrogen on the oxazine sitting, respec-
tively, above and below the benzene ring plane. This resulting
oxazine ring strain leads to the ring-opening polymerization to
occur under certain conditions [39], whereas the second exother-
mic peak of the reaction (2), indicated by the high-temperature
shoulder, corresponds to the side reactions which generate the
bisphenolic methylene linkages and possible reaction to the para
position of the arylamine ring called arylamine Mannich bridge
and methylene linked structures. In addition, Ishida and Sanders
[7] have reported different network structures of polybenzox-
azine (BA-a and BA-35x types) investigated by FTIR. They
found that the FTIR absorbed peak position of BA-35x after
polymerization shows a large band centered at 847 cm™~! corre-
sponding to the out-of-plane, in-phase hydrogen wagging mode
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Fig. 7. Flynn—Wall-Ozawa plots at various degrees of curing of the BA-a resin:
(O)a=0.05,(0) «=0.10, (0) =0.20, (A) =0.30, (V) = 0.40, (®) « = 0.60,
(M) «=0.80, () =0.90, and (A) «=0.95.

of the 1,2,3,5-tetrasubstituted arylamine ring, but this peak can-
not be observed for BA-a resin. However, the spectrum of both
polybenzoxazine types centered at 878 cm™!. This band agrees
with the frequency predicted for the out-of-plane, out-of-phase
hydrogen wagging node for the 1,2,3,5-tetrasubstituted aromatic
ring.

Moreover, a more complete assessment of the apparent
activation energy of benzoxazine resins throughout the entire
conversion range may be obtained using the isoconversional
methods that are the Flynn—Wall-Ozawa and Friedman meth-
ods. If the data fall into a straight line, the slope should then
correspond to E,/R at the particular conversion. For instance,
Figs. 7 and 8 are Flynn—Wall-Ozawa and Friedman plots of

do/dt
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Fig. 8. Friedman plots at various degrees of curing of the BA-a resin: (QO)

a=0.05, (O) «=0.10, (¢) «=0.20, (A) «=0.30, (V) «=0.40, (@) o=0.60,
(M) «=0.80, (¢) «=0.90, and (A) =0.95.
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Fig. 9. Values of the apparent activation energy obtained from
Flynn—Wall-Ozawa plots at different degrees of curing: () BA-a resin, ()
BA-35x (reaction (1)), and (ll) BA-35x (reaction (2)).

BA-a resin system for o=0.05-0.95, respectively. A good
linear relationship was observed from both Flynn—Wall-Ozawa
and Friedman plots. Values of E; of BA-a and BA-35x resins
obtained in this manner at different degrees of curing are shown
in Figs. 9 and 10. From the plots, the dependence of the apparent
activation energies of both benzoxazine resins as a function of
degree of curing was observed. The effect has been known in
literatures as a kinetic compensation effect [40]. As there was
no significant difference in the calculated activation energy
values either using differential or integral kinetic methods,
the activation energy obtained from Kissinger method was
then selected for further determining the reaction order of our
systems as recommended by Sbirrazzuoli et al. [25].

As previously mentioned, the mechanisms of the curing
reaction of thermoset resins usually have two general kinetic
reactions, an nth-order and an autocatalytic reaction [41]. In
this work, the method used to find kinetic model is Friedman
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Fig. 10. Values of the apparent activation energy obtained from Friedman plots
at different degrees of curing: () BA-a resin, ((0) BA-35x (reaction (1)), and
(H) BA-35x (reaction (2)).

method. For nth-order reaction, the average activation energy
from Kissinger method is taken as a constant, Eq. (8) may be
written as:

In[Af(@)] =In A +n In(l — a) (12)

Friedman suggested that the relationship between In[Af{a)]
against In(1 — o) should yield a straight line of which the slope
corresponds to the order of n of the reaction. Otherwise, for auto-
catalytic process, the Friedman plot would show a maximum of
In(1 — o) approximately around —0.51 to —0.22 which is equiv-
alent to « of about 0.2—0.4. This is due to the autocatalytic nature
that shows the maximum reaction rate at 20-40% conversion.
The results are in good agreement with several works reported
[42-44].

Fig. 11 shows Friedman plots of reactions (1) and (2) of BA-
35x resin, respectively. In case of reaction (1), since In[Af{c)]
and In(1 — &) are not linearly related, this implies that the curing
reaction is autocatalytic in nature. In contrast, the plot for reac-
tion (2) shows linear relationship indicating nth-order kinetic
behavior. Using the same analysis for BA-a (not shown here),
only single peak reaction is obtained suggesting the behavior of
autocatalytic reaction. According to other works reported, the
autocatalytic nature of the reaction kinetics of this resin can be
explained by the generation of free phenol groups while the ben-
zoxazine ring starts to open. These groups can actually accelerate
further ring opening [2,15].

For the nth-order model, it is assumed that the reaction obeys
Eq. (13)
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Fig. 11. Plots of In[Af(c)] vs. In(1 — o) of BA-35x resin using the heating rate
of 10°C/min and using the average activation energy from Kissinger method:
(Q) reaction (1) and (@) reaction (2).
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Table 2
The kinetic parameters evaluated for the curing of the BA-a system
Heating rate  E (kJ mol~") InA(s~!') Mean n Mean m Mean
(°C/min)
1 81 14.57 15,60 1.7 1.7 04 0.8
2 14.99 1.9 0.4
5 16.12 2.1 1.0
10 16.28 1.6 12
20 16.05 1.2 1.0
Table 3

The kinetic parameters evaluated for the curing of the BA-35x system (reaction

1)

Heatingrate E(Jmol™!) InA(s™') Mean n Mean m  Mean
(°C/min)
1 81 16.37 16.83 16 1.7 06 0.8
2 16.26 1.3 0.5
5 17.00 1.8 0.9
10 17.42 2.0 1.1
20 17.08 1.7 1.1

Conversely, the autocatalytic model considers independent reac-
tion orders: m and n, as shown in Eq. (14)

do E, nom
i A exp ( RT) (1—-—o)'o (14)

Theoretically, Egs. (13) and (14) could be solved by multiple
nonlinear regressions because the curing rate is an exponential
function of the reciprocal of the absolute temperature. By taking
the logarithm of Egs. (13) and (14), a linear expression for the
logarithm of curing rate can be obtained.

In (ﬁc(lio;) =InA— (5;) +n In(l — ) (15)
do
In (ﬂ dt) =InA

Egs. (15) and (16) can be solved by multiple linear regression,
in which the dependent variable is In(de/df), and the independent
variables are In«, In(1 — «), and 1/T. Therefore, the values of
A, m, and n can be obtained using the average activation energy
from Kissinger method. The degree of curing is chosen between
the beginning of the reaction and the maximum peak of degree
of curing (o =0.1-0.5). The results of the multiple linear regres-
sions analysis for all heating rates used of BA-a and BA-35x

Ey
— (RT) +nIn(l —a)+mIn(@) (16)

Table 4
The kinetic parameters evaluated for the curing of the BA-35x system (reaction

)

Heating rate E (kImol™!) InA (s7h Mean n Mean
(°C/min)
1 111 21.52 21.46 1.8 1.4
2 21.47 14
5 21.39 1.3
10 21.45 1.0
20 - -

160

120

(=]
(=]

[d(o )dt]/107 (s™)

£
o

Fig. 12. Experimental (symbols) and calculated (solid lines) DSC peaks corre-
sponding to the curing process of BA-a resin: () 1 °C/min, ((J) 2 °C/min, ()
5°C/min, (A) 10°C/min, and (V) 20 °C/min.

(reactions (1) and (2)) are listed in Tables 2—4, respectively. It
can be seen that the variation of A, m, and n with the heating
rate for both BA-a and BA-35x systems is in the same range as
those reported by Ishida and Rodriquez [2,15]. Consequently,
we obtain a mathematical model for autocatalytic kinetics of
BA-a system as,

o _
dr —

—9743
(5.96 x 10°%) exp ( T ) (1 — )l 708 a7

Similarly mathematical models for autocatalytic kinetics of BA-
35x (reaction (1)) and for nth-order kinetics of BA-35x (reaction
(2)) are presented in Eqs. (18) and (19), respectively.

do

—9743
= (2.04 x 107) exp ( - ) (1—a)'7a%8 (18)

120

100

80

60

40

[d(e)/dt]/107 (s7)

20

g1 T T [T T T T T T T TTT T TTTTTTT

ol 1 L
100 150 200 250 300

T (°C)

Fig. 13. Experimental (symbols) and calculated (solid lines) DSC peaks corre-
sponding to the first curing process (reaction (1)) of BA-35x resin: () 1 °C/min,
(0) 2°C/min, (¢) 5 °C/min, (A) 10 °C/min, and (V) 20 °C/min.
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Fig. 14. Experimental (symbols) and calculated (solid lines) DSC peaks cor-

responding to the second curing process (reaction (2)) of BA-35x resin: (O)
1 °C/min, (O) 2 °C/min, (¢) 5 °C/min, and (A) 10 °C/min.

da 0 —13,351\ 4,
4 = @09 x 10%) exp ( ——= | (19)

The experimental results are compared with those predicted
from the models for both systems, as shown in Figs. 12—14. It is
clearly seen that the calculated data from the model are in good
agreement with the experimental results.

4. Conclusions

The curing reaction of polyfunctional benzoxazine resins
based on two types of arylamine, aniline and 3,5-xylidine, was
studied. It was found that the curing process of BA-a was a
single curing reaction, while the curing reaction of BA-35x
was composed of two processes (reactions (1) and (2)), as
evidenced by the presence of a double peak on the DSC thermo-
grams.

By using Kissinger, Ozawa, Flynn—Wall-Ozawa, and Fried-
man methods approach, the obtained activation energy values
of both resins are almost invariable. In addition, the activation
energy value of BA-a is close to that of BA-35x (reaction (1)).
This indicates the same mechanism of the curing reaction of
both exothermic peaks. In the case of BA-35x, the activation
energy value at the reaction (1) is much smaller than that of
the reaction (2). Therefore, reaction (1) is more sensitive to the
temperature than reaction (2). The reaction orders of reactions
(1) and (2) are also different. This leads to the fact that there are
two different mechanisms involved in the curing reactions. The
autocatalytic models are proposed to adequately describe the
curing kinetics of the BA-a and BA-35x (reaction (1)) systems
while the nth-order model is found to present the curing process
of the BA-35x (reaction (2)). Evidently, the kinetic models of
the curing reactions of the both resins are in good agreement
with non-isothermal DSC results.
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