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CHAPTER I 
 

INTRODUCTION 
 
1.1 General introduction 
  
 Personal armor is worn or carried to provide an individual with protection from 
energy. In the military and law-enforcement environment, this energy is principally in the 
form of impact by penetrating missiles non-penetrating projectiles blows, or blast waves 
from explosions. Energy can be performed as work that act on the body as well as may 
produce contusion and laceration of tissues and fracture of bones. The interaction 
between the energy and body depends on impact form i.e. penetrating missiles deliver 
energy internally during their passage through tissues, but blast waves and non-
penetrating impacts interact with the body wall. Moreover, energy may be transferred 
internally from the motion of the body wall by stress waves and shear which will 
disparate motion of components of tissues and of organs. Therefore, many types of 
personal armor have been designed for protection from penetrating and non-penetrating 
impacts [1]. 
 
 The first known use of armor was by the Egyptians. Armors were a cloth, shirt 
like garment overlapped with bronze layers or plates sawn together. The armor was very 
heavy, causing this style of protection to be short-lived. To solve the weight limitations of 
armor, the light weight armor was created. For example, the aramid fabric body armor 
was used by U.S. army in 1973-1975, over 600 people have been saved from death or 
serious injury and police fatalities have shown a significant change in trend and 
numbers. Moreover, during the Vietnam War, soft armors were manufactured from 
fabrics of fiberglass and nylon and used for ballistic protection [2]. 
 
 Generally, textile armors were used for fragmentation or low energy bullet defeat, 
usually are woven. The yarns applied in woven ballistic have a high specific strength 
and high modulus. These properties imply that the fibers are particularly difficult to 
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break. The high modulus allows the energy to be dissipated as a longitudinal stress 
wave, which is along the yarn. In case a high velocity bullet, only textile armor can not 
defeat the bullet. Therefore, a hard strike face is necessary to break up and distort the 
projectile before the composite backing spread the energy over a greater area. 
 
 Ceramic materials are commonly used as a strike face portion for containment 
blast fragments and bullet penetration. It is due to their very high hardness and 
compressive strength. The most common ceramic materials used are alumina, boron 
carbide, silicon carbide and titanium diboride. However, the ceramic materials also have 
some disadvantages i.e. ceramic armor is relatively heavy, and is configured for a fixed 
level of protection against a single ballistic threat. 
 
 Fiber based composites are widely used as armor backing because of their low 
weight and excellent energy absorption characteristics. Fiber glass, Kevlar and Spectra 
are also commonly used in conjunction with high strength adhesive to create effective 
composite backings [3]. 
 
1.1.1 High performance fibers 

 
 The selection of fibers for application depends on its mechanical property to 
absorb the projectiles kinetic energy locally and spread out the absorbed energy fast 
before local conditions for the failure are met.  The factors must be considered i.e. (i) the 
ability to absorb energy per their unit mass (Esp) is related to the fiber stress at rupture 
(σrupt), the elongation at rupture (εrupt), and the fiber density (ρ) as: 
 
      ρεσ  /rupt*rupt0.5        spE                           (Eq 1.1) 
 
(ii) the ability of fibers to spread out energy is governed by their speed of sound (Vsound) 
which is defined in terms of fiber modulus (E) and fiber density (ρ) as: 
 

      1/2E/soundV ρ                                             (Eq 1.2) 
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 The high strength of fibers has been developed for armor structure. Fibers 
conventionally used include aramids (KevlarTM or TwaronTM), polyethylene fiber 
(SpectraTM or DyneemaTM), nylon fiber and glass fiber [4]. The properties of high 
performance fibers are summarized in Table 1.1. 
 
Table1.1: Typical mechanical properties of high performance fibers.  

Fiber type Failure strength 
Gpa 

Failure Strain Axiall modulus 
GPa 

Density 
g/cm3 

Aramid 2.8-3.2 0.015-0.045 60-115 1390-1440 
UHMWPE 2.8-4.0 0.029-0.038 90-140 970-980 

LCP 2.7-2.9 0.033-0.035 64-66 1400-1420 
PBO 5.4-5.6 0.024-0.026 270-290 1540-1560 
PIPD 3.9-4.1 0.011-0.013 320-340 1690-1710 
Nylon 0.06-0.08 1.5-2.5 1.0-1.5 1070-1170 

S-glass 4.64-4.66 0.053-0.055 82-92 2470-2490 
Poly-aramids (Kevlar®, Twaron®, Technora®); Highly oriented ultra-high molecular weight 
poly-ethylene, UHMWPE (Spectra®, Dyneema®); Poly-benzobis-oxazole, PBO (Zylon®), 
and Poly-pyridobisimi-dazole, PIPD ( M5®). 

 
 Among various fibers, aramid fabrics are popularly selected to use in ballistic 
armor due to its high thermal stability which allows aramid fabrics to retain overall high 
tensile resistance and elongation of yield during ballistic event. Other types of fibers are 
also used for ballistic armor such as polyethylene fabric which has an enhanced ability 
over aramid fabrics to adsorb energy of a projectile and reduces the back face 
deformation generated by a stopped projectile. However, the high cost of these fibers is 
disadvantage. Therefore, searching of others fibers to cooperate with Kevlar fiber is one 
alternative to reduce cost of manufactured ballistic armor. 
 
 Recently, glass fiber and carbon fiber are also attractive material to be used in 
ballistic armors. Nunes et al. (2004) observed that bullet proof following NIJ standard for 
level-I was achieved by using 30 plies of glass fiber reinforced-epoxy matrix composites. 
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None of these laminate were perforated by any of the shots. Interestingly, this composite 
can deform the bullet after impact. Furthermore, the impedance layer by simply dividing 
physically the 30-ply laminate into an array of two 15-ply laminates can decrease the 
back side delamination area. This behavior decreases the probability of debris on the 
inside of a ballistic protected structure [5]. Larsson and Svensson (2002) investigated 
the properties of hybrid composite materials based on carbon fiber, organic fibers 
(polyethylene and PBO). Separation of fibers, with the carbon fibers at the front portion 
is advantage for ballistic velocity limit. For example, the laminate consisting of 75% 
quasi-isotropic carbon fiber epoxy at the front and 25% cross-ply polyethylene fibers at 
the back surface has 82% higher specific ballistic velocity limit [6].  

 

1.1.2 Polymer matrix for ballistic composites 
 
 In general, the resins used as a binder in ballistic armor have an adhesive 
characteristic as well as increase ductility energy absorption. Various resins such as 
epoxy, polyester, vinyl ester, and phenolics have been applied for ballistic armor. 
Traditional phenolic resins have been widely used as matrices for composites in aircraft 
interiors because of its good heat resistance, flame retardant, dielectric properties, low 
smoke generation, and low cost. However, phenolic resins have serious shortcomings 
i.e. the brittleness, release of water and ammonia during the curing process and along 
with limited shelf life. Recently, benzoxazine resin which is one kind of phenolic resins 
was selected to apply as matrix for reinforced fiber due to its outstanding properties, no 
by-product during polymerization, high thermal stability, excellent mechanical properties, 
and ability to alloy with various types of resins [6-11]. 

 
Alloying benzoxazine resin (BA-a) with urethane prepolymer (PU) can improve 

the flexibility of the more rigid polybenzoxazine. Moreover, the synergism in glass 
transition temperature (Tg) revealed and that the Tgs of the alloys are significantly greater 
than those of the parent polymers [7]. The research about effect of urethane prepolymer 
based on various type of isocyanate also reported that toluene-diisocyanate (TDI) 
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resulted in provided the highest Tg, flexural modulus, and flexural strength of the alloys. 
The BA-a/PU based on TDI alloys were used as matrices for reinforced carbon fiber at 
80wt% in cross-ply orientation. The flexural strength of composites had relatively high 
values of about 490 MPa [8]. Because of desirable properties of this polymer alloys, they 
were used in the ballistic armor applications. The ballistic composite that contained  
KevlarTM and benzoxazine-urethane alloys as reinforcing fiber and matrix, respectively 
was developed and under patent pending. The ballistic testing was reported that the 
thickness of KevlarTM-reinforced 80/20 BA-a/PU composite panel was 30 plies and 50 
plies in order to resist the penetration from the ballistic impact of levels II-A and III-A, 
respectively [9]. 

 
The development of composite technology has improved properties of the final 

product of armor structure. Fibers and matrix are important factors to obtain high 
performance ballistic armor. In this work, the resistant of the armor composite 
penetration using benzoxazine resin and benzoxazine-urethane as matrix reinforced 
with KevlarTM and other fibers including carbon fiber, and glass fiber are investigated by 
observing possibility incorporate with KevlarTM in order to reduce cost of KevlarTM. The 
effect on other physical, mechanical and thermal properties of the matrices and their 
fibers-reinforced composites are also be evaluated within the scope of the study. 

 
1.2 Objectives 
 

1. To develop a light weight ballistic armor based on benzoxazine alloys as 
 matrices i.e. benzoxazine-urethane  

2. To study suitable composition ratios of the polymeric alloys and a number of 
 layers of the Kevlar cloth to produce ballistic composites of level III-A or 
 higher. 

3. To investigate possibility of using other reinforced-fibers such as carbon fiber 
 and glass fiber in order to cooperate with KevlarTM fiber i.e. the glass fiber or 
 carbon fiber composite will be designed as strike face whereas Kevlar 
 composite will be armor backing.  
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4. To evaluate the physical, mechanical and thermal properties of the resulting 
 composites to be used as ballistic armor. 

1.3 Scopes of research 
 

1. Synthesis of benzoxazine resin by solventless synthesis technology. 
2. Synthesis of urethane prepolymer by diol (MW = 2000) and toluene diisocyanate 

(TDI). 
3. Preparation of polymeric alloys between the benzoxazine resin/urethane  

prepolymers (BA-a/PU) at various weight ratios i.e. 100/0, 90/10, 80/20, 70/30 
and 60/40. 

4. Characterizations of benzoxazine resin, urethane prepolymer and 
benzoxazine/urethane alloys. 

 4.1 Examination of the puritites of  monomer and prepolymer. 
  - Nuclear magnetic resonance spectrometer (1H NMR) 
 4.2 Evaluation of the curing condition or crosslinking process of the alloys 
  - Fourier transform infrared spectroscopy (FTIR) 
  - Differential scanning calorimeter (DSC) 
5. Evaluation suitable composition ratios of the polymeric alloys and a number of 

layers of the fabric to produce ballistic composites of level III-A or higher. 
  5.1 Fabricate the fibers-reinforced composite armor from carbon fiber, glass 
fiber and Kevlar fiber using suitable resin mixtures at 20% by weight of the alloy 
matrices. 
  5.2 Investigation of thermal properties of the fibers-reinforced composites. 

 - Thermogravimetric analyzer (TGA). 
5.3 Evaluation of mechanical properties of the fiber composites based on the 
above alloys. 
 - Dynamic mechanical analyzer (DMA). 
 - Universal testing machine (flexural mode) . 

6. Evaluate the interfacial bonding between the resin alloys and the fibers by the 
analysis of fracture surface using scanning electron microscope (SEM). 

7. Fire test using NIJ standard of Level III-A or higher. 
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8. Analyze of the data drawing conclusions. 
9. Prepare the final report. 
 

1.4 Chemicals and equipments 
 

1. Kevlar fiber, glass fiber and carbon fiber 
2.  Chemicals 

  - Bisphenol 
  - Para-formaldehyde 
  - Aniline 
  - Toluene Diisocyanates (TDI) 
  - Polyhydric compound (propylene glycol) 

3. Hot press 
4. Hot plate 
5. Oven 
6. Nuclear magnetic resonance spectrometer (1H NMR) 
7. Fourier Transform Infrared Spectroscopy (FTIR Spectroscopy) 
8. Differential Scanning Calorimeter (DSC) 
9. Dynamic Mechanic Analyzer (DMA) 
10. Instron 5567 Testing Machine. 
11. Fire test lead projectiles with 44 Magnum Lead SWC Gas Checked 9 mm FMJ for 
level III-A and 7.62 mm 308 Winchester FMJ for level III. 

 



CHAPTER II 
 

THEORY 
 

2.1 Composite Materials 
 
 Composite materials consist of two major components which are the matrix and 
reinforcing agent as depicted in Figure 2.1. The matrix acts as a binder and in most 
cases a distinct region (inter phase) between reinforcement and matrix may also be 
observed. 
 

 
Figure 2.1 Schematic representation of the principal composite constituents. 

 
 The polymer based composites can be classified into many types as exhibited in 
Figure 2.2. There are three major types of polymer composites: those where the matrix is 
non-polymeric (although wood, clearly polymeric, plays a matrix role here), those with 
the polymer as the matrix, usually being reinforced or filled with another material, such 
as fibers, plates, or particulates and those where some degree of dual-phase continuity 
prevails, as in laminates foams [10]. 
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Figure 2.2 Classifications of polymer based composites [13]. 
 
 2.1.1 Matrices 
 
 The matrix in fiber-reinforced composite plays important roles in composite 
material i.e. (1) to transfer stress between the fibers, (2) to provide a barrier against an 
adverse environment and (3) to protect the surface of the fibers from mechanical 
abrasion. Therefore, selection of matrix has a major influence on the interlaminate shear 
strength which is an important design parameter for structural use under bending loads. 
On the other hand the in-plane shear strength is also important design factor under 
torsion loads. The matrix provides lateral support against the possibility of fiber bucking 
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under compression loading, hence influencing to some extent the compressive strength 
of composite material to certain extend. The interaction of fiber and matrix is also 
important in designing damage-tolerant structures. Finally, the process ability and 
defects in a composite material depend on the physical and thermal characteristics, 
such as viscosity, melting point, and curing temperature of matrix. 
 
 The principal factors usually need to be taken into consideration when choosing 
a matrix resin are: 
- The mechanical strength characteristic required for composite. Such strength 
properties also depend upon the type of reinforcement and its arrangement within the 
matrix. 
- The specific performance of the composite in its working environment. The matrix 
should be able to maintain its properties during service conditions. 
- The fabrication process to be used. The resin should be easy to use in the process. 
The cost and shelf life of the resin are also important parameter that have to consider   
[11]. 
 
 2.1.2 Benzoxazine Resin 
 
 Phenolic resins are widely used in various applications, from commodity and 
construction materials to the needs of the high technology aerospace industry. 
Benzoxazine resin is a novel kind of phenolic resin that can be synthesized from phenol, 
formaldehyde and amines [12]. Benzoxazines were first synthesized by Cope and Holy 
in 1940s [13].  
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Figure 2.3 Schematic synthesis of bifunctional benzoxazine monomer. 
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Figure 2.4 Structures of monofunctional and bifunctional. 

 
 Benzoxazine monomers are typically synthesized using phenol, formaldehyde 

and amine (aliphatic or aromatic) as starting materials. Different types of benzoxazine 
monomer can be synthesized using various phenols and amines with different 
substitution groups attached. These substituting groups can provide additional 
polymerizable sites and also affect the curing process. Therefore, benzoxazine resin 
can be classified into a monofunctional and a bifunctional type depending on a type of 
phenol i.e. benzoxazine bifunctional monomer use bi-phenol and benzoxazine 
monofunctional monomer use phenol to synthesize. The synthesis of benzoxazine resin 
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can be employed by solution or solventless methods. A novel solventless synthesis 
method was developed by Ishida in 1996 [14]. This method is a convenient method for 
preparation of benzoxazine monomer series. Stoichiometric amounts of solid bisphenol, 
para-formaldehyde and liquid 3-aminophenylacetylene were mixed together at 110oC as 
illustrated in Figure 2.3. Benzoxazine resin can be polymerized by heating and do not 
need catalyst or curing agent as shown in Figure 2.4. The unique properties of 
benzoxazine resin reported in the literature include: 
 
- Solvent-less synthesis provides almost contaminant-free monomers. Thus, we can 
neglect the purification process which can save a production cost and also decrease 
pollution from the use of solvent. 
- Self-polymerized upon heating. 
- No catalyst or curing agent required. 
- No by-products during cure.  
- Low melt viscosity. 
- Near zero mold shrinkage. 
- Low water absorption. 
- Excellent electrical properties. 
- High mechanical integrity [15-17].  
 
 The properties of polybenzoxazines compared with those of the state of art 
matrices were depicted in Table 2.1. Polybenzoxazines present the highest tensile 
properties. Their results from dynamic mechanical analysis reveal that these candidate 
resins for composite applications possess high moduli and glass transition temperatures, 
at low cross-link densities. Long-term immersion studies indicate that these materials 
have a low rate of water absorption and low saturation content, in addition to their 
satisfactory impact, tensile and flexural properties [17]. 
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Table 2.1: Comparative properties of various high performance polymers. 
Property Epoxy Phenolics Toughened 

BMI 
Bisox-phen 

(40:60) 
Cyanate 

ester 
P-T 

resin 
Polybenzoxazine 

Density 
(g/cc) 

1.2-1.25 1.24-1.32 1.2-1.3 1.3 1.1-1.35 1.25 1.19 

Max use 
temperature 

(°C) 

180 ~200 200 250 150-200 300-
350 

130-280 

Tensile 
strength 
(MPa) 

90-120 24-25 50-90 91 70-130 42 100-125 

Elongation 
(%) 

3-4.3 0.3 3 1.8 0.2-0.4 2 2.3-2.9 

Dielectric 
constant 
(1MHz) 

3.8-4.5 0.4-10 3.4-3.7 - 2.7-3.0 3.1 3-3.5 

Cure 
temperature 

(°C) 

RT-180 150-190 220-300 175-225 180-250 177-
316 

160-220 

Cure 
shrinkage 

(%) 

>3 0.002 0.007 <1 ~3 ~3 ~0 

TGA onset 
(°C) 

260-340 300-360 360-400 370-390 400-420 410-
450 

380-400 

Tg (°C) 150-220 170 230-380 160-295 250-270 300-
400 

170-340 

GIC (J/m2) 54-100 - 160-250 157-223 - - 168 
KIC 

(MPa m1/2) 
0.6 - 0.85 - - - 0/94 

Bismaleimide (BMI), Bisoxazoline-phenolics (Bisox-phen), Phenolic-triazine resin (P-T 
resin), Thermogrvimetric analysis (TGA), Fracture energy (GIC) and Fracture toughness 
plain-strain stress intensity factor (KIC). 
 
2.1.3 Urethane Elastomer 
 
 Otto Bayer et al. at I.G. Ferbenindustri, Germany in 1937 were the first to 
discover polyurethane (PU). The initial work was the reaction of aliphatic isocyanate with 
a diamine to form polyurea which was infusible and hydrophilic. Further research on this 
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subject demonstrated the reaction of an aliphatic isocyanate with a glycol produces new 
materials with excellent properties. Dupont and ICI soon recognized the desirable 
elastic properties of PU. Nowadays, the PU forming system has received intense 
attention resulting in the syntheses of various specialized forms such as plastics, 
rubbers, surface coatings, adhesives and fibers. 
 
 Urethane Elastomer can be regarded as a linear block copolymer shown in 
Figure 2.5. This segmented polymer structure can vary following properties over a wide 
range of strength and stiffness by modification of its three basic building block i.e. polyol, 
diisocyanate and chain extender. 
 

 
 

Figure 2.5: The basic unit in a urethane block polymer. 
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diisocyanate. Initially, the diisocyanate and polyol are reacted together to form an 
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after that it is converted into the final high molecular weight by further reaction with a diol 
and diamime chain extender. 
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properties in different ways. For example, aromatic diisocyanates give more rigid PU 
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work, the raw materials used for the systhesis of PU prepolymer are toluene 
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diisocyanate (TDI) which is an aromatic diisocyanate. Most of the TDI used is a mixture 
of the 2,4- and 2,6-isomers. The structure formulae of toluene diisocyanate (TDI) are 
shown in Figure 2.6. 

                           
 

Figure 2.6 2,4 Toluene diisocyanate and 2,6 toluene diisocyanate (TDI) [18, 19]. 
 
Toluene diisocyanate is prepared by direct nitration of toluene to give a 80:20 

mixture of the 2,4- and 2,6-di-nitro derivatives, followed by hydrogenation to the 
corresponding diaminotoluene. Though toluene diisocyanate (TDI) is stable with a 
relatively high-flash point, it can react with water, acid, base, organic, and inorganic 
compounds. The 80:20 mixture of 2,4-TDI and 2,6-TDI is, today, the most important and 
widely use for way application and widely used for vary application in commercial 
product.  
 
 The polyol component of the PU is a polyfunctional polyether (e.g., polyethylene 
glycol, polypropylene glycol, PTMG or polycaprolactone diol), polyester polyol (PEPO), 
acrylic polyol (ACPO), polycarbonate polyol, castor oil. The low molecular weight 
reactants result in hard and stiff polymers because of a high concentration of urethane 
groups. Otherwise, the use of high molecular weight polyols as the main reactants 
produces polymer chains with fewer urethane groups and more flexible alkyl chains. 
Long-chain polyols with low functionality give soft, elastomeric PU while short chain 
polyols of high functionality give more rigid. 
 In this work, polyether polyols with the fixed molecular weight of 2000 was used 
to synthesize our urethane prepolymer. Polyether polyols contain the repeating ether 
linkage –R–O–R– and have two or more hydroxyl groups as terminal functional groups. 
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They are manufactured commercially by the catalyzed addition of epoxies, cyclic ethers 
to an initiator. The most important types of the cyclic ethers are propylene oxide and 
ethylene oxide, with smaller quantities of butylene oxide also being consumed. These 
oxides react with active hydrogen-containing compounds so called initiators, such as 
water, glycols, polyols and amines; thus, a wide variety of compositions of varying 
structures, chain lengths and molecular weights is theoretically possible. By selecting 
the proper oxide (or oxides), initiators, and reaction conditions and catalysts, it is 
possible to synthesize a series of polyether polyols that range from low-molecular-weight 
polyglycols to high-molecular-weight resins. Most polyether polyols are produced for 
polyurethane applications; however, other end uses of the polyols ranging from 
synthetic lubricants and functional fluids to surface-active agents. In this work, the polyol 
used for the synthesis of our urethane prepolymer is polypropylene glycol (MW = 2000). 
The structure formulae of the polypropylene glycol (MW = 2000) are presented in Figure 
2.7 [20]. 

H O CH
CH3

CH2 O Hn
 

Figure 2.7 Polypropylene glycol used in this study. 

 
 Takeichi et al. studied about the synthesis and characterization of polyurethane-
benzoxazine in a previous work. The polyurethane-benzoxazine films as novel 
polyurethane (PU)/phenolic resin alloys were prepared by blending a benzoxazine 
monomer (BA-a) and TDI-polyethylene adipate polyol (MW = 1000) based PU 
prepolymer. FT-IR spectroscopic technique was used to investigate the reaction 
between benzoxazine resin and urethane prepolymer. From the experiment, the 
mechanism of benzoxazine-urethane alloys was proposed as illustrated in Figure 2.8. 
The benzoxazine ring thermally opens, followed by the reaction between the OH groups 
and NCO groups [21]. 
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Figure 2.8 Benzoxazine-Urethane crosslinked. 

 
2.2 Fiber-reinforced composites 
 
 Fibers are the principal constituent in a fiber-reinforced composite material. They 
occupy the largest volume fraction in a composite laminate and share the major portion 
of the load acting on a composite structure. Proper selection of the type, amount and 
orientation of fibers is very important; since it influences the following characteristics of a 
composite laminate i.e. specific gravity, tensile strength and modulus, compressive 
strength and modulus, fatigue strength and fatigue failure mechanisms, electrical and 
thermal conductivities and cost. High-performance polymeric (organic) fibers can be 
broadly classified into the following three main categories: (i) fibers from lyotropic liquid 
crystalline polymers, such as the aramid fibers (Kevlar); (ii) fibers from thermotropic 
liquid crystalline polymers, such as a copolymer of benzoic and naphthoic acids 
(Vectran); (iii) fibers from extended-chain flexible polymers, such as ultrahigh molecular 
weight polyethylene (Spectra, Dyneema) [11].  
 
 Fibers can be applied in a variety of frabication techniques. These include: 
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- Laminates of impregnated sheets of oriented fibers or woven fabrics 
- Filament winding of resin-coated continous fibers around three dimension axes of 
rotation to form a vessle 
 
 The basic element of fabrication and design a sheet  containing uniaxial oriented 
continous fibers. These sheets are stacked in various orientations and laminated to 
create a material that are controlled and tailored such that the finished product can be 
produced best with  properties having resistance against to multiaxial static and 
dynamic load during their service life [22]. 
 
 2.2.1 KevlarTM Aramid Fiber 
 
 KevlarTM aramid fiber developed in 1965 when a Du Pont research scientist 
synthesized a series of para-oriented symmetrical super-rigid molecular chain and fiber 
of ultra-high modulus [2]. Typical properties of KevlarTM fiber are summarized in Table 
2.1 
 
 In general, KevlarTM aramid fiber has a high breaking tenacity which is several 
times that of metal wire, industrial nylon, and polyester yarns. It also has a much higher 
tensile modulus than steel wire, fiberglass, nylon, and polyester fibers. KevlarTM has a 
low elongation at break, which is comparable to that of steel. It has lower density than 
steel and glass, which makes most KevlarTM-reinforced structures of a lighter weight for 
a given strength and stiffness. As an aramid, KevlarTM fiber is inherently stable at 
relatively high temperatures. It has a very small shrinkage at elevated temperatures, low 
creep, and a rather high glass transition temperature. In addition, it is corrosion 
resistantance, non-conductive, and resistantance to most chemicals except strong 
acids and bases. These outstanding properties make KevlarTM fiber products useful for 
many industrial and civilian applications. 
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Table 2.2: Properties of various grades of KevlarTM fiber. 

Yarn properties KevlarTM 
29 

KevlarTM 
49 

KevlarTM 
68 

KevlarTM 
119 

KevlarTM 
129 

KevlarTM 
149 

Tensile strength 
(GPa) 

2.90 2.90 2.90 3.03 3.34 2.34 

Initial modulus 
(GPa) 

71.02 119.97 99.28 55.16 96.53 144.79 

Elongation (%) 3.6 2.8 3.0 4.4 3.3 1.5 

Density (g/cm3) 1.44 1.45 1.44 1.44 1.45 1.47 

Moisture 
absorption(%) 

6 4.3 4.3 - - 1.5 

Note: Yarn properties determined on 10 in twisted yarns (ASTM D-885) 
 
 2.2.2 Carbon Fiber 
 

Carbon fiber is a generic name representing a family of fibers. Over the years, it 
has become one of the most important reinforcement fibers in many different types of 
composites, especially in polymer matrix composites [23]. Carbon and its graphite 
derivatives have emerged prominently in twentieth century technology. Carbon fibers 
are fine filament composed largely of carbon with structures and properties varying from 
those of amorphous carbon to those of well-developed crystalline graphite. Carbon in 
the graphitic form has hexagonal structure and highly anisotropic. The fibers have the 
largest variety of strengths and moduli. Carbon fibers are divided into high-strength and 
high modulus according to their mechanical properties. Possible strength of carbon 
fiber is estimated to be about 100 GPa. Though the theoretical tensile strength of single 
crystal of graphite is 150 GPa, which is the highest of all the materials known. The 
commercial high-strength carbon fibers have a reported maximum strength of 7 GPa 
[24]. The ratio of stiffness to density is very high for most carbon fiber because the 
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density of carbon is low. For this reason, they are the most widely used and are notably 
effective as reinforcing elements in advanced composite materials. 
 
 Physico-chemical properties of carbon fibers depend on the type of the 
precursor, manufacture conditions, the subsequent processing methods and other 
factors. Carbon fibers are a monocomponent system but they can be imparted with 
various properties often changeable in a wide range depending on the purposes and 
fields of application. The structure and properties of carbon fiber significantly depend on 
the raw material used, generally a polymer fiber. Numerous precursors have been used 
to produce carbon fiber. However three precursors which are being used for large-scale 
production of carbon fiber are PAN, rayon, and pitch. The first high-stiffness carbon 
fibers were produced from rayon. However, rayon-based carbon fiber did not compete 
with the PAN-based carbon fiber that became commercially available by the late sixties 
due to higher carbon yields which is 50% against 30% of rayon. 
 
 The carbon fibers produced from PAN have good-to-excellent strength up to 
6895 MPa and high stiffness. Later carbon fibers were also prepared from pitch, an 
available by-product of the coal gasification and petrochemical industries. The 
properties of pitch carbon fibers are generally inferior to PAN carbon fiber. The 
properties of typical carbon fiber from these three precursors are shown in Table 2.3. 
[25]. 
 
Table 2.3: Axial tensile properties of carbon fiber.  

 
Precursor 

 

Tensile 
strength (GPa) 

Tensile 
modulus (GPa) 

Elongation at 
break (%) 

PAN 
Pitch 

Rayon 

2.5-7.0 
1.5-3.5 
~1.0 

250-400 
200-800 

~50 

0.6-2.5 
0.3-0.9 
~2.5 
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 2.2.3 Glass Fiber 
 
 The basic material for making glass is sand, or silica, which has a melting point 
around 1750°C, too high to be extruded through a spinneret. However combining silica 
with other elements can reduce the melting point of glass which is produced. Fibers of 
glass are produced by extruding molten glass at a temperature around 1300°C, through 
holes in a spinneret and then drawing the filaments to produce fibers having diameters 
usually between 5 and 15 micron. 
 
 Several types of glass are based on silica (SiO2) which combined with other 
elements to create specialty glasses. The most common types of glass fibers are 
following: 
 
- A-glass is alkali or soda lime glass and is most usually used for bottles and not in fiber 
form.  
- E-glass is the most widely used as fiber reinforced composite. 
- S- and R- glasses contain a higher amount of alumina, however the higher the content 
of refractory solid such as alumina and silica the more difficult it is to obtain a 
homogenous melt and this is reflected in the cost of the final product. 
- C-glass is resistant to acid environment and Z-glass also resist to alkaline environment. 
Type D-glass is produced to apply in a low dielectric constant [26]. 
 
Table 2.4: Properties of glass fibers. 

Properties E-glass S-glass C-glass 
Modulus of elasticity 

(GPa) 7.24 8.62 - 

Tensile Strength 
(GPa) 3.4 4.8 2.4 
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Table 2.5 Typical properties of glass fibers. 

Property E-glass S-glass 

Specific gravity 2.60 2.50 

Young’s modulus (GPa) 72 87 

Tensile strength (MPa) 3450 4310 

Tensile elongation, % 4.8 5.0 

Coefficient of thermal expansion (μm/m/oC) 5.0 5.6 

 
 2.2.4 Assembling Fiber and Yarns: Woven Fabrics 

 The majority of fibers used to manufacture composite armor is a high 
performance fiber. However fibers placed in the path of the projectile cannot hold a high 
speed projectile by themselves. To engage a high number of fibers, they are combined 
into a woven fabric, a felt material or into a non-woven cross-plied in the from of 
unidirectional set of fibers. 

 

 Woven fabrics are designed through interlacing yarns in two- and three-
dimensional regular geometric arrangements. Two-dimensional woven fabrics are 
created by positioning yarns at 0o and 90o are the most common for armor applications. 
The yarns running parallel to the direction of weaving and transverse are called wrap 
and weft, respectively. They have three basic configurations, namely plain, twill and 
stain. 

 

 Plain weave is most basic of the 1 dimensional types. The wrap and weft form a 
simple criss-cross pattern. Each weft thread crosses the wrap threads by going over 
one, the under the next. Adjacent weft threads go under the wrap threads that its 
adjacent went over as shown in Figure (a). Twill weave is made by passing weft threads 
over one warp thread and then under two or more warp threads, with an offset between 
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rows that creates a pattern of diagonal ribs as depicted in Figure (b). Satin is more 
flexible type of weave, which is used to manufacture complex shapes. For example, one 
wrap runs over three or more weft yarn and under one weft yarn as presented in Figure 
(c). 

 

 
 

 

 

 

Figure 2.9 (a) Plain weave fabric, (b) 2/2 twill weave fabric and (c) 4-hardness stain 
weave. 

 

 Balanced weaves are fabrics in which the wrap and weft are made of threads of 
the same weight and number of threads per inch. The unbalanced fabric may be used 
to obtain different mechanical properties along the wrap and weft directions. It is well 
known that balanced fabrics dissipate more energy than unbalalnced ones. 
Nevertheless, ballistic fabrics normally have different levels of crimp in wrap and weft 
yarns because of the weaving process, resulting in weft yarns having lower levels of 
crimp than warp yarns as depicted in Figure 2.10. It is due to cause weft yarns to break 
preferentially to warp yarns during ballistic impacts. New generation fabrics for ballistics 
applications are manufactured with equal crimp in both yarns therefore they are loaded 
equally during ballistic impacts [27]. Furthermore, the process of weaving degrades the 

        (a)            (b)          (c) 
weft 

wrap 
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mechanical properties of the yarns. Lee et al .(2002) observed that the tensile stiffness 
of E-glass dry yarns is reduced by 7% and the strength is reduced by 30% after 
processing as shown in Figure 2.11  [28]. 

 

 
          (a)      (b) 

Figure 2.10 (a) Crimp in warp and (b) weft yarns from Twaron TM CT716 fabric. 

 

 
   (a)      (b) 

Figure 2.11 Cumulative probability distribution of tensile stiffness (a) and tensile strength 
(b) at different weaving phases. 
 

2.3 The Ballistic Resistance of Composite 

 
 A starting point for a description of the impact into fabric, the transverse impact 
into a single fiber is described first. Figure 2.12 illustrates a projectile strikes a fiber. Two 
types of wave propagations are generated in the fiber upon impact i.e. longitudinal and 
transverse. The longitudinal tensile wave travels down the fiber axis at the sound speed 
of the material. As the tensile wave propagates away from the impact point, the material 
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behind the wave front flows toward the impact point, which has deflected in the direction 
of motion of the impacting projectile. This transverse movement of the fiber is the 
transverse wave, which is propagated at a velocity lower than that of the material [4]. 
 

 
Figure 2.12 Wave propagation in a transversely impacted fiber. 

 

 Cunniff reported a projectile impacts the fabric as shown in Figure 2.12, it 
produces a transverse deflection in the yarns that are in direct contact with the projectile 
(defined as principal yarns) and generates longitudinal strain waves that propagates at 
the sound speed of the material down the axis of the yarns. Additionally, orthogonal 
yarns, defined as yarns that intersect the principal yarns, are then pulled out of the 
original fabric plane by the principal yarns. These orthogonal yarns undergo a 
deformation and develop a strain wave like those observed in the principal yarns. 
Analogously, these orthogonal yarns then drive yarns with which they intersect. These 
yarn–yarn interactions, which are a function of the friction between them, produce 
bowing, the misalignment of the orthogonal yarns, toward the impact point. The 
transverse deflection proceeds until the strain at the impact point reaches a breaking 
strain [29]. 
 



 27 

 
Figure 2.13 Sphere impacting single ply of fabric: (a) side view, (b) top view of z 
displacement contours and (c) bottom view showing principal yarns under high stress. 

 
For residual velocity testing, by measuring the velocity of the projectile entering 

and exiting the specimen, the amount of energy absorbed by the composite Eabsorption is 
calculated as [30]: 

 
Eabsorption    =   0.5 mprojectiles ( Vin

2 – Vout
2)              (2.1) 

 
where is the mprojectiles mass of the projectile and Vin and Vout 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, V50’ is defined as the minimum velocity at which 
a particular projectile is expected to consistently, completely of specimen penetration. 
The V50 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 V50 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 
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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 V50 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 V50 ballistic limit, the amount of energy E absorbed 
was calculated as: 

  E = 0.5 * mp* V50 
2               (2.2) 

 
where mp is the mass of the projectile.  
 
 2.3.1 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. Among 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., It is necessary to 
understand and quantify the energy absorbed by each of these mechanisms to be able 
to design composite materials for ballistic protection efficiently, [31]. 

 
 2.3.2 Quantification of Energy Absorption by Polymer Composites upon Ballistic 
Impact  
  

 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, V0, defined as 
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the estimated highest velocity at which the projectile is stopped. In developing the 
model the following assumptions had been made:  

 

- 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. 
- 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. 
- The mechanism of failure of the composite is uniform across its thickness. This has 
been confirmed subsequently by high speed photography. 
- The energy absorbed in delamination is neglected. 
- The kinetic energy of a projectile of mass, m, moving with a velocity, V is given by 
 

K.E. = 2
2
1mV                 (2.3) 

the ballistic limit 

    EL = 202
1mV                            (2.4) 

where V0 is the limiting velocity.  

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 2.14. 
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Figure 2.14 Deformation of a composite during ballistic impact by a steel sphere. 

(a) plane of the back face and (b) side view.                                                                                                                                                                    

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 

 

    ETotal  =  ETF + EED+ EKE                      (2.5) 

 I. Energy absorbed in the tensile failure of primary yarns (ETF) 
 
If the energy absorbed at the point of tensile failure of the composite per unit 

volume is Ec, then the total energy absorbed by tensile failure, ETF, is given by: 
 

    ETF = ECV                (2.6) 
 

where D is the projectile diameter, T is the composite thickness and Rc is the radius of 
the cone formed on the back face of the composite.  

          
    ETF  = 4EcRcDT                           (2.7) 
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II. Energy absorbed in the elastic deformation of secondary yarns (EED) 
 
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 = 2
2
1 M                            (2.8) 

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 = 0 at r=D/2 and =0 at r=Rc, where 0 is the failure strain of the composite.  

 

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

ballistic impact (EKE) 
 

The kinetic energy of the moving cone is given by 
         

    EKE  = 2
2
1

cVcm              (2.10) 

 
where mc is the mass of the moving cone and Vc is the velocity of the moving cone.  
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The kinetic energy of the moving cone at the point of impact. 

    EKE  = 22
2
1

cVTcR               (2.11) 

 
IV. Calculation of V0 

 

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

      
    EL = ETotal              (2.12) 
 
Using Eq.(2.4), 

  

    202
1mV = ETotal              (2.13) 

 

    Vo = TotalE
m
2                         (2.14) 

 
 2.3.3 Ballistic Standard of Body Armor (NIJ Standard for the Ballistic Resistance 
of Police Body Armor) 
 

 
 
 
 
 
 
 
 

 
Figure 2.15 Ballistic test setup. 
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 Police body armors covered by this standard are classified into seven types, by 
level of ballistic protection performance. The classification of an armor panel that 
provides two or more levels of ballistic protection at different locations on the ballistic 
panel shall be that of the minimum ballistic protection provided at any location on the 
panel. 
 
 Firstly, the test specimen should be conditioned at a temperature of 20 to 28°C 
(68 to 82°F) for at least 24 hours prior to test. Then the triggering devices are placed 2 
and 3 m (6.6 and 9.8 ft.), respectively from the muzzle of the test weapon as shown in 
Figure 2.17, and arranged them so that they define planes perpendicular to the line of 
flight of the bullet. The distance between the devices should be measured with an 
accuracy of 1.0 mm. (0.04 in.) using the time of flight and distance measurements to 
calculate the velocity of each test round. After the specified test weapon has been 
supported, leveled, and positioned, fire one or more pretest rounds as needed through 
a witness plate to determine the point of impact. Place the test specimen in the support 
fixture and position it 5 m. (16 ft.) from the muzzle of the test weapon. Then position an 
imperforated witness plate 15 cm. (6 in.) beyond the test specimen. Fire a test round 
and record the velocity of the bullet as measured by the chronograph. Examine the 
witness plate to determine penetration, and examine the specimen to see if the bullet 
made a fair hit. If no penetration occurred, reposition the test specimen and repeat the 
procedure with additional test rounds until the test is completed. Space the hits as 
evenly as possible so that every portion of the test specimen is subject to test.  
 
2.4 Ballistic Standard (National Institute of Justice for Body Armor Classification) 
 
 Two types of armor are classified to be soft armor and hard armor. Generally, 
soft armor designed to stop hand gun bullet. It is often worn in a sleeveless 
undergarment called a vest but is sometimes incorporated into the lining of a jacket or 
other outer garment. It is designed to be inconspicuous, although a person intent on 
detecting it might discern it under light clothing at close range in daylight. For hard 
armor, it is domed over soft armor. The hard armor is used for the special assignments 
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expecting an unusual risk of rifle fire or stabbing. The hard armors are manufactured 
from panels of sheet steel or titanium, perhaps coated or tiled with ceramic. 
 

Personal body armors covered by this standard are classified into seven 
classes, or types, by level of ballistic performance. 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 IIIA, 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 III 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. 
 
 2.4.1 Type I 
 
 This armor protects against .22 caliber Long Rifle Lead Round Nose (LR LRN) 
bullets, with nominal masses of 2.6 g (40 gr) impacting at a minimum velocity of 320 m/s 
(1050 ft/s) or less, and 380 ACP Full Metal Jacketed Round Nose (FMJ RN) bullets, with 
nominal masses of 6.2 g (95 gr) impacting at a minimum velocity of 312 m/s (1025 ft/s).  
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 2.4.2 Type IIA  
 

This armor protects against 9 mm Full Metal Jacketed Round Nose (FMJ RN) 
bullets, with nominal masses of 8.0 g (124 gr) impacting at a minimum velocity of 332 
m/s (1090 ft/s) or less, and 40 S&W caliber Full Metal Jacketed (FMJ) bullets, with 
nominal masses of 11.7 g (180 gr) impacting at a minimum velocity of 312 m/s (1025 
ft/s). It also provides protection against the threats mentioned in section 2.10.1.  
 2.4.3 Type II 
  
 This armor protects against 9 mm Full Metal Jacketed Round Nose (FMJ RN) 
bullets, with nominal masses of 8.0 g (124 gr) impacting at a minimum velocity of 358 
m/s (1175 ft/s) or less, and 357 Magnum Jacketed Soft Point (JSP) bullets, with nominal 
masses of 10.2 g (158 gr) impacting at a minimum velocity of 427 m/s (1400 ft/s). It also 
provides protection against the threats mentioned in sections 2.10.1 and 2.10.2.  
 
 2.4.4 Type IIIA 
 
 This armor protects against 9 mm Full Metal Jacketed Round Nose (FMJ RN) 
bullets, with nominal masses of 8.0 g (124 gr) impacting at a minimum velocity of 427 
m/s (1400 ft/s) or less, and 44 Magnum Semi Jacketed Hollow Point (SJHP) bullets, with 
nominal masses of 15.6 g (240 gr) impacting at a minimum velocity of 427 m/s (1400 
ft/s). It also provides protection against most handgun threats, as well as the threats 
mentioned in sections 2.10.1, 2.10.2, and 2.10.3. 

 
 2.4.5 Type III  
 
 This armor protects against 7.62 mm Full Metal Jacketed (FMJ) bullets (U.S. 
Military designation M80), with nominal masses of 9.6 g (148 gr) impacting at a minimum 
velocity of 838 m/s (2750 ft/s). It also provides protection against the threats mentioned 
in sections 2.10.1, 2.10.2, 2.10.3, and 2.10.4.  
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 2.4.6 Type IV  
  
 This armor protects against .30 caliber armor piercing (AP) bullets (U.S. Military 
designation M2 AP), with nominal masses of 10.8 g (166 gr) impacting at a minimum 
velocity of 869 m/s (2850 ft/s). It also provides at least single hit protection against the 
threats mentioned in sections 2.10.1, 2.10.2, 2.10.3, 2.10.4, and 2.10.5.  
 
 2.4.7 Special type  
 A purchaser having a special requirement for a level of protection other than one 
of the above standard types and threat levels should specify the exact test round(s) and 
minimum reference impact velocities to be used, and indicate that this standard shall 
govern in all other aspects.  
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Table 2.6: Test summary. 
Bullet 

 
Armor 
Type 

Test 
Ammunition 

 

Nominal 
Bullet Mass 

 

Suggested Barrel 
Length 

Required 
Bullet Velocity 

 I .22 LRHV 
Lead 
38 Special 
RN Lead 

2.6 g 
40 gr 
10.2 g 
158 gr 

15 to 16.5 cm 
6 to 6.5 in 
15 to 16.5 cm 
6 to 6.5 in 

320 ± 12 m/s 
1050 ± 40 ft/s 
259 ± 15 m/s 
850 ± 50 ft/s 

 II-A 
 

.357 
Magnum 
JSP 
9 mm 
FMJ 

10.2 g 
158 gr 
 
8.0 g 
124 gr 

10 to 12 cm 
4 to 4.75 in 
 
10 to 12 cm 
4 to 4.75 in 

381 ± 15 m/s 
1250 ± 50 ft/s 
 
332 ± 12 m/s 
1090 ± 40 ft/s 

 II 
 

.357 
Magnum 
JSP 
9 mm 
FMJ 

10.2 g 
158 gr 
 
8.0 g 
124 gr 

15 to 16.5 cm 
6 to 6.5 in 
 
10 to 12 cm 
4 to 4.75 in 

425 ± 15 m/s 
1395 ± 50 ft/s 
 
358 ± 12 m/s 
1175 ± 40 ft/s 

 III-A 
 

.44 Magnum 
Lead SWC 
Gas 
Checked 
9 mm 
FMJ 

15.55 g 
240 gr 
 
 
8.0 g 
124 gr 

14 to 16 cm 
5.5 to 6.25 in 
 
 
24 to 26 cm 
9.5 to 10.25 in 

426 ± 15 m/s 
1400 ± 50 ft/s 
 
 
426 ± 15 m/s 
1400 ± 50 ft/s 

 III 
 

7.62 mm 
308 
Winchester 
FMJ 

9.7 g 
150 gr 
 

56 cm 
22 in 
 

838 ± 15 m/s 
2750 ± 50 ft/s 
 

IV 
 

30.06 
AP 

10.8 g 
166 gr 

56 cm 
22 in 

868 ± 15 m/s 
2850 ± 50 ft/s 

Abbreviations:  AP - Armor Piercing, LRHV - Long Rifle High Velocity, FMJ - Full Metal 
Jacket, RN - Round Nose, JSP - Jacketed Soft Point, SWC - Semi-Wad cutter 
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CHAPTER III 
 

LITERATURE REVIEWS 
 
 Polymer composites play an important role in ballistic protection for military and 
civilian personnel, because of the high strength, stiffness, and elongation provided by 
man-made fibers. Such composites offer many advantages over metal armor, including 
high durability, light weight and low maintenance costs. Various composites have been 
proposed in the past for use in the ballistic protection. A commonly used composite 
comprises a laminated structure consisting of woven or knitted fibers embedded in one 
or more polymer matrices [32-34]. 
 
 Characteristics of matrix resin play an important role on the performance of 
each ballistic composite. Some important parameters for suitable matrix resins needed 
to be considered include its rigidity, processing ability, its viscosity, curing temperature, 
and shelf-life. Table 3.1 reveals some of the United States patents of polymer composite 
ballistic armor. The several types of fibers can be used with thermoplastics and also 
thermosets which have relatively broad range of properties depending on the intended 
applications. The matrix resins which are thermoplastic resins can be heated and 
softened, cooled, and hardened for limitless times without undergoing a basic alteration. 
On the other hand the thermosetting resins do not tolerate thermal cycling and cannot 
be reworked after molding. The outstanding characteristic of thermosetting resins is their 
inherent structural integrity, high thermal stability whereas common-typed thermoplastic 
polymers are more flexible and le Table 3.1: Review on United States patents of polymer 
composite ballistic armor [35-38]. 
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Table 3.1: Review on United States patents of polymer composite ballistic armor. 
Fiber Matrix Matrix Properties Reference 

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 

Matrix Matrix Properties Reference 
Thermoplastic elastomer   

- thermoplastic elastomer - areal density 4.5 oz/yd. Patent No. 5,724,670 
Date: Mar 10, 1998 

- urethanes - Tg = -70 to 0˚C  
- low modulus 
- below the melting point of fiber 

Patent No. 5,534,343 
Date: Jul 9, 1996 
Patent No. 4,403,102 
Date: Sep 6, 1983 

  1. 
SpectraTM 

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

- Tg = -55˚C 
- melt index = 9 g/min using 
- modulus 100 psi at 300% elongation 

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 

Thermosetting   
- phenolic resin - impact strength 17 J/m, 32 mm thick 

- Tg = 170˚C 
Patent No. 5,190,802 
Date: Mar 2, 1993 

  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 
- modulus 500,000 psi 

strength 3,000 psi at high 
 Temp 

Patent No. 5,102,723 
Date: Apr 7, 1992 
Patent No. 3,956,447 
Date: May 11, 1976 

Thermoplastic   

2. 
KevlarTM 

- urethanes 
 

 
        -       styrene-isoprene-styrene 

(SIS) 

-   Tg = -70 to 0˚C  
-   low modulus 
- Tg = -55˚C 
- melt index = 9 g/min using 
-   modulus 100 psi at 300% Elongation 

Patent No. 4,639,387 
Date: Jan 27, 1987 
 
Patent No. 5,480,706 
Date: Jan 2, 1996 
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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 or 

more 
Patent No. 4,639,387 
Date: Jan 27, 1987 

   Patent No. 4,550,044 
Date: Oct 29, 1985 
 

 Thermoplastic   
 - urethane 

 
 
         - styrene-isoprene-styrene (SIS) 

- flexibility 
- resistance to degradtion 
 
- Tg = -55˚C 
- melt index = 9 g/min using 
- modulus 100 psi at 300% 
          elongation 
 

Patent No. 4,639,387 
Date: Jan 27, 1987 
 
Patent No. 4,822,439 
Date: Apr 18, 1989 
 
 
 

- are not limited to thermoplastic 
or                                   

                  thermosetting 

 Patent No. 6,268,301 B1 
Date: Jul 31, 2001 

Thermoplastics   

4. Polybenzoxazole and 
    Polybenzothiazoe 

- polybenzoxazole or 
polybenzothiazoe 

- low flammability 
- low smoke 
- high temperature stability 
- high chemical and solvent 

resistance 
- high strength and modulus 

 
 

Patent No. 5,196,259 
Date: Mar 23, 1993 

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 

 
 Some binders have been reported to be used with KevlarTM fiber to produce 
ballistic composites such as 50:50 mixture of phenol formaldehyde resin and polyvinyl 
butyral resin. The KevlarTM composites of this resin mixture were 27 layers of Kevlar 
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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 [39]. 
 
 Coppage et al., 2000 patented composite fabric comprised of aramid fiber 
combined with PBO fiber and at least one flexible, rubbery resin (Styrene Butadiene-
Styrene block copolymer) used in making ballistic armor. Its composite was able to pass 
the NIJ III-A (.44 magnum). The products possessed an area density of 0.75 -0.95 lb/ft2 
[37]. 
 
 Phenolic resins provide a future class of preferred resins for a composite armor. 
Phenolic resins are inexpensive, can be handled using conventional technology, and do 
not bond too firmly to ballistic fiber especially KevlarTM. 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 [35, 40, 41]. 
 
 Polyfunctional benzoxazines 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 190oC, 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. This makes it possible to fine tube and enhance the properties of the ballistic 
armor [7, 21, 40, 41]. 
  
 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 
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temperatures (Tg) of BA-a/PU alloys was found to be higher than those of the parent 
resins, i.e. 165oC for BA-a and -70oC for PU while Tg of the BA-a/PU alloys at 70/30 mass 
ratio determined as 220oC. However, this characteristic was not observed in case of 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 [7]. 

 
 Ishida and Chaisuwan (2003) reported the improvement of the mechanical 
properties of carbon fiber-reinforced polybenzoxazine (BA-35X) composites by amine-
lerminated-butadiene-acrylonitrile (ATBN) which was used as the rubber interlayer. The 
thermal property of composites which was observed by dynamic mechanical analyzer, 
presented that the Tgs of composites remained almost constant at about 240°C until the 
concentration of ATBN reached 0.05%. Then, Tg started to decrease since ATBN 
modifier has a relatively low Tg. Moreover, this research also determined the mode II 
delarmination toughness (GIIC) of carbon fiber-reinforced polybenzoxazine composites. 
The GIIC increased with additional of ATBN rubber. Hence, the ATBN rubber interlayered 
method could be used to improve the delarmination toughness of the carbon fiber-
reinforced polybenzoxazine composites due to the adhesion improvement from the 
rubber interlayer [42]. 
  
 Lin S.P. et al (2007) investigated the polyurethane reinforced ultrahigh-
molecular-weight polyethylene (UHMWPE) and aramid fiber. The standard testing using 
the NIJ Threat Level IIA method reveals that at a thickness of 5 mm, the UHMWPE 
fiber/PU composite and the aramid fiber/PU composite both exhibited bulletproof 
properties; in this case, the number of penetrating layers of the UHMWPE fiber/PU 
composite (35 layers) was greater than that of the aramid fiber/PU composite (23 layers). 
The standard tests using the NIJ Threat Level IIIA method at a thickness of 5 mm, the 
UHMWPE fiber/PU composite did not exhibit bulletproof properties, whereas the aramid 
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fiber/PU composite did. In contrast, standard testing using the NIJ Threat Level IIIA 
method at a thickness of 10 mm indicated that the UHMWPE fiber/PU composite 
displayed bulletproof properties similar to those of the aramid fiber/PU composite; in this 
case, the number of penetrating layers of the UHMWPE fiber/PU composite (67 layers) 
was nearly equal to that of the aramid fiber/PU composite (64 layers) [43]. 
 
 Pilpel et al. (2008) investigated the ballistic panel that has a strike-face portion 
principally consisting of E-glass fiber and S-glass fiber. The plies weight of both glass 
fibers are about equal in their weight contribution to the panel. To prepare the prepreg, 
polypropylene and polypropylene were used as matrices. A sufficient pressure to form 
article in the mold is about 0.69 MPa. A molding process is about 52°C and the desired 
molding temperature is 171°C for polypropylene matrix and 121°C for polyethylene 
matrix. The first composite ply is deposed at about 90° relative to the fibers in the 
second composite ply. The composite laminates were observed that they passed NIJ 
criterion Type II, Type IIA, Type IIIA, Type III or Type IV or V50 [44]. 
 

 
Figure 3.1 Composite ballistic panels E- and S- glass/ matrix. 
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 Pilpel et al (2009) reported composite ballistic panels and method of use. The 
panels composite is shown in Figure 3.1 The composite comprise a strike face portion, 
which is first ply produced from E-glass and polypropylene (PP)/ or polyethylene (PE) 
matrix as well as support portion which is S-glass used as second ply. The fibers in one 
ply disposed at 90° to fibers in the other ply, are know in the art and are commercially 
available. The panels are tested by NIJ standard and the results are summarized in 
Table 3.2 [45].  
 
Table 3.2: The results of panels tested by NIJ standard. 

Material 
(Fiber/Matrix) 

Areal Density 
(g/cm2) 

NIJ Standard 
 

Velocity (m/s) 
 

S-Glass fiber/PP 1.10-1.46 III-A 442.56-479.76 
(E-Glass + S-Glass 

fibers at same weight) 
0.98-1.708 III-A 441.96.590-543.15 

S-Glass fiber/PP 4.88 III 876.01 
(E-Glass + S-Glass 

fibers at same weight) 4.88 III 843.09 

S-glass/Phenolic resin 4.88 III 889.77 
S-Glass fiber/PP 1.22-2.44 IV 543.02-847.96 

E-Glass + S-Glass 
fibers at same weight 

0.83-2.44 IV 408.13-810.47 

  
 From the Table 3.2, the S-Glass fiber reinforced PP (S-Glass fiber/PP) and S-
Glass and E-Glass fibers at same weight (E-Glass + S-Glass) were mentioned that they 
passed NIJ criterion IV. However, these results are doubtful i.e. the projectile velocities 
used for testing were observed to be lower than NIJ standard requirement i.e. 868±15 
m/s. It is due to the weight of used bullet in the test (44 grain 30 caliber simulated 
shrapnel) has weight lower than the standard test of NIJ. For NIJ standard level IV 
(Armor-Piercing Rifle), this armor protects against 30 caliber armor piercing rounds with 
nominal masses of 10.8g or 166 grain.  
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 Tanoglu et al. (2003) evaluated the effects of performing binder on mechanical 
properties and ballistic performance of E-glass-fiber/polyester composite. The peel 
strength determined by using T-peel test (ASTM D-1876-95) presented that the peel 
strength increased with increasing binder concentration (polyester) due to the improved 
adhesion between fabric and binder. The highest peel strength value was obtained from 
performed with about 9 wt% of binder. The composite panels were subjected to ballistic 
testing following NATO standard 2920 (1.1 g fragment simulating projectiles/FSPs). 
Figure 3.2 (a) illustrates the delamination (2.15% for front face and 8.62% back face) 
and intra bundle cracking type failure mode occurred within the impact damage zone of 
panel without binder. On the other hand, Figure 3.2 (b) shows that the panel with 3 wt% 
binder has a less damage and delamination (1.66% for front face and 4.74% back face). 
This may indicate a relatively higher energy absorbing capability of the composite with 
performing binder [46].  
 

 
Figure 3.2 Ballistic impact damage on front and back face of composite panels. 
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Naik et al., (2005) investigated the energy of the projectile, which was absorbed 
by E-glass/epoxy composite with different energy absorption mechanisms as shown in 
Figure 3.3. The impact velocity of a projectile used in this study was 158 m/s. In this 
case, the projectile kinetic energy was 34.9 J. At the end of the ballistic impact event, 
cone kinetic energy, secondary yarn deformation energy, tensile failure energy, 
delamination energy, and matrix cracking energy were 0.56%, 87.04%, 8.16%, 3.60% 
and 0.64% of total impact energy respectively. As a result of this research, the major 
portion of projectile kinetic energy was absorbed by the deformation of the secondary 
yarns. In addition, the energy absorbed by the deformation of the secondary yarns has 
two components, i.e. elastic strain energy and plastic deformation energy. If the 
projectile cannot complete penetrate to the target, elastic strain energy will be 
transferred back to the projectile, and the projectile will be rebounded [47]. 
 

 
 

Figure 3.3 Energy absorbed by different mechanisms during ballistic impact of 
woven fabric E-glass/epoxy laminate.  



 47 

 Gellert et al., 1998 investigated the energy transfer in ballistic perforation of fiber 
reinforced composites. The 30 mm squares of woven fiber either impregnated with 
Derakane 8084 vinyl ester resin or stitched along one axis at line spacings of 30 mm. 
The composite panels were cured at ambient temperature in a press at a 2 MPa then 
post-cured for 1 h at 90°C and 2 MPa. The ballistic testing was undertaken using 5.59 
mm diameter (0.22 inch Calibre). The values of ballistic limit, tensile fracture strain and 
apparent maximum strain in ballistic impact are exhibited in Table 3.3. Moreover, the 
energy data obtained from ballistic tests are illustrated in Table 3.4 [48]. 
 
Table 3.3: Properties of ballistic perforation of fiber and fiber reinforced composites. 
Material Areal 

Density 
(g/cm2) 

Ballistic 
limit  

(ms-1) 

Tensile 
Fracture 

strain 

Apparent maximum 
strain in ballistic 

impact 

Tensile 
Strength 
(MPa) 

E-glass 
composite 

8.1 356±14 0.021 0.036 308 

Kevlar 
composite 

8.1 458±10 0.052 0.063 400 

Spectra 
composite 

5.5 366±14 0.074 0.045 750 

Kevlar 
fabric 

6.6 474±5 0.035 0.15 (1), 0.18 (2) 1200 

Nylon 
fabric 

5.3 422±5 0.21 0.195 (1), 0.16 (2) 365 
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Table 3.4: Energy data from ballistic tests. 
Projectile Target energy term (J) Rear layer Material Velocity (ms-1) 

Kinetic energy 
(J) 

Kinetic 
Energy loss 

(J) 

Penetration 
Strain Kinetic Dealmination 

E-glass composite 370 75.3 68.2 Yes 2.5 1.2 1.5 
Kevlar composite 475 

 
124.1 115 Yes 6.3 4.0 1.3 

Spectra composite 390 83.7 79 Yes 3.0 1.3 < 0.9 
119.4 119.2 No 74.5 0.4 - Kevlar fabric 466 (1) 

476 (2) 124.6 123.8 No 54.1 0.5 - 
100.2 99 No 7 0.8 - Nylon fabric 427 (1) 

441 (2) 107 78 Yes 3 1.8 - 
 
 
 
 



CHAPTER IV 
 

EXPERIMENTAL 
 

4.1 Materials  
 

 The materials used in this research are benzoxazine resin, urethane resin, glass 
fiber and Kevlar™ fiber. The fiber was purchased from Thai Polyadd Limited Partnership. 
Benzoxazine resin is based on bisphenol, aniline and paraformaldehyde. The bisphenol 
A (polycarbonate grade) was supplied by Thaipolycarbonate Co., Ltd (TPCC). Para-
formaldehyde and aniline were purchased from Merck Company and Panreac Quimica 
SA Company, respectively. Urethane prepolymer was prepared using toluene 
diisocyanate and polyether polyol. The toluene diisocyanate was obtained from South 
City Group and the poly(propylene glycol) with the molecular weights of 2000 was 
supported by TPI Polyol CO., LTD.  

 
4.2  Preparation of Resins 
 
 4.2.1 Benzoxazine resin preparation 

 
Bisphenol A, aniline, and paraformaldehyde at a 1:2:4 molar ratio were used for 

the synthesis of benzoxazine monomer. These three reactants were continuously mixed 
at about 110oC for approximately 2 hours. The benzoxazine monomer was obtained as 
clear-yellowish solid at room temperature [14]. 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 from toluene diisocyanate and 

poly(propylene glycol) at a stoichiometric molar ratio using various molecular weights of 
the poly(propylene glycol) i.e. 2000. The two reactants were directly mixed in a four-
necked round bottomed flask and the mixture was continuously stirred under a nitrogen 
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stream at about 60oC for 2 hours to yield a light yellow prepolymer. Then, the urethane 
prepolymer was cooled to room temperature and was kept in a refrigerator for future-use. 

 
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 80oC 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 
KelarTM-reinforced composites for a ballistic armor. 
 
4.4 Processing of Composites 
 
 The fabrics were pre-impregnated with the binary mixture resins using the hand-
lay up procedure at 80oC. The weight fraction of the fiber was kept constant at 
approximately 80% by weight. The molding compound was compression-molded using 
a compression molder. The specimens were finally kept in room temperature to cool 
before they were ready for characterizations. 
 

4.5 Characterization Methods 
 
 4.5.1 Nuclear magnetic resonance spectrometer (1H NMR) 
 
 1H NMR spectra was used to check the chemical structure of purified 
benzoxazine monomer and urethane preolymer. The spractra were recorded on a 
Bruker DPX-300S spectrometer at the resonant frequencies at 400 MHz for 1H nuclei 
using CDCl3 as solvent and tetramethylsilane as the reference. 
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 4.5.2 Fourier transform infrared spectroscopy (FT-IR) 
 
 FT-IR spectra were obtained with a JASCO spectrophotometer model FT-IR 
4200-type A. Online FT-IR was carried out from 40 to 300 oC at heating rate 3min/ oC 
under nitrogen flow to investigate the curing behavior of the blend. 
 All of the samples used in this study were sufficiently thin to obey Beer-
Lambert’s law. The selected intensity data was normalized using the carbon-hydrogen 
symmetric deformation at 1388 cm-1, which is indicated the methyl group of bisphenol-A, 
was chosen as internal standard to compensate for the thickness change in the samples 
during polymerization. The intensity peaks of reactive groups assigned by FTIR were 
determined conversion of curing . 
 

    
oTA
iTA

,band) reactive (
,band) reactive (

-1                                                 (4.1) 

 
where α is conversion, A T,0 and A T,i are absorbance of reactive group before curing and 
at each temperature, respectively. To obtain more accurate quantitative results, the 
peak fit 4.0; a curve analysis program was used to resolve overlapped bands by using 
Lorentzian-Gaussian function. Calculations were continued until least squares curve-
fitting converged [58]. 
 

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-1 and a spectral range of 4000-400 cm-1. 
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 4.5.3 Differential scanning calorimeter (DSC) 
 
 The curing behavior and kinetic parameters were measured by DSC model 2910 
from TA Instrument. The heating rates was 10°C/min from 30 to 300°C under nitrogen 
gas purging. 
 

 4.5.4 Dynamic mechanical analysis (DMA) 
 
A dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH was 

used to investigate specimens’ dynamic mechanical properties. The dimension of each 
specimen was 50 mm10 mm2 mm. The strain was applied sinusoidally with a 
frequency of 1 Hz and the specimen was heated at a rate of 5oC/min from room 
temperature to 270oC. The storage modulus (G'), loss modulus (G''), and loss tangent 
(tan δ) were then obtained. The glass transition temperature was taken as the maximum 
point on the loss modulus curve in the temperature sweep test. 

 
 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: 

 
                                                 EB =                                                              (4.2) 

 
                                                               S  =                                                             (4.3) 
 
where     EB =  Flexural modulus (MPa)  

L3m 
4bd3 

3PL 
2bd2 
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               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 Thermogravimetric analysis (TGA) 
 
  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 20oC/min under nitrogen atmosphere. 
The temperature was ramped from 30oC to 900oC using a sample mass of about 15-20 
mg. The degradation temperature at 5% weight loss and the char yield at 900oC were 
recorded for each specimen. 
 
 4.5.7 Density measurement 
  
 The density of the polymer alloys and the 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 mm×25 mm×1 mm and weighted both in air 
and in water. 
 
 The density was calculated using the following equation: 
 
                               = (         )  o                                                   (4.4) 
where       =  Density of the specimen (g/cm3) 
              A  =  Weight of the specimen in air (g) 
      B  =  Weight of the specimen in liquid (g) 

o =  Density of the liquid at the given temperature (g/cm3) 

A 
 A - B  
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 4.5.8 Ballistic impact test 

  

 The ballistic tests were made using 2 different classes of ammunitions. The 
tested composite panel was approximately 15 cm×15 cm with varied thickness 
depending on the number of layers of fabric cloths used. The composite panel was 
tested with a test weapon having an impact velocity following NIJ standard. The velocity 
of each shot was recorded using a triggered timer system, as shown in Figure 4.1. A test 
barrel was appropriately selected for the ammunition required to test the armor. The 
barrel test was 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. 
                                                       

 
Figure 4.1 Testing scheme used for the NIJ standard ballistic test. 
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In this research, The ballistic impact test was preformed to evaluate the most 
appropriate composition of the matrix used for ballistic composite and possibility of 
using other reinforced-fibers such as carbon fiber and glass fiber in order to cooperate 
with KevlarTM fiber i.e. the glass fiber or carbon fiber composite will be designed as strike 
face whereas Kevlar composite will be armor backing.  

 
The first evaluation was performed using a test weapon having impact velocity 

following NIJ standard of level III-A. The dimension of the laminated specimens per one 
panel was 15 cm×15 cm×7mm, corresponding to 18 plies of the glass fabric and 32 
plies of carbon fabric. The equipments of ballistic test are shown in Figure 4.2 
The requirements and acceptance criteria for NIJ standard level III-A are following: 
 

 (a) Four complete armor samples, consisting of either a front and back set of 
 armor panels or one full jacket; two samples per test threat. 

(b) Six fair hit impacts per armor panel or jacket front and back surface, four 
 armor panels (two front and two back) or two armor jackets for each test 
 threat,  

(c) No perforation through the panel, either by the bullet or by any fragment  of 
the bullet or armor.  

(d) No measured backface signature, (made from oil based modeling clay) 
 depression depth greater than 44 mm (1.73 in). 

 
The second evaluation was performed using a test weapon having impact 

velocity following NIJ standard of level III. The two sizes of the polymeric laminated 
specimens were 15 cm × 15 cm and 30 cm× 30 cm. The specimen consisted of 25 plies 
of each type of fiber i.e. glass fiber and KevlarTM 

cloth. The fabrics were impregnated 
with about 20 % by weight of the BA-a resin for glass fiber and BA-a/PU (80/20) resin 
mixtures for KevlarTM fiber. The equipments of ballistic test are shown in Figure 4.3. The 
requirements and acceptance criteria for NIJ standard level III are following: 
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(a) One complete armor sample, or two to six primary ballistic panels, plates 
 or inserts, if removable from the armor sample (e.g., front panel protection 
 only).  

(b) Six fair hit impacts against each primary ballistic panel, plate(s), or 
 insert(s).  

(c) Backface signature of shot one and the highest remaining velocity shot for 
 each armor panel, plate, or insert. 

(d) No perforation by the bullet, fragment of the bullet, or fragment from the 
 plate/insert through the armor.  

(e) No measured backface signature depression depth greater than 44 mm 
 (1.73 in). 
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(a.) Equipments set up following NIJ standard level III-A 

 
(b.) Test barrel 

 
(c.) 44 Magnum Semi Jacketed Hollow Point 

Figure 4.2 The equipments of ballistic test for NIJ standard level III-A. 
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(a.) Equipments set up following NIJ standard level III 

 
(b.) Test barrel and chronographs 

 
(c) 7.62 mm Full Metal Jacketed 

Figure 4.3 The equipments of ballistic test for NIJ standard level III. 



CHAPTER V 
 

RESULTS AND DISCUSSION 
 
5.1 Model compound from 1H NMR 
 
 Urethane prepolymer was synthesized from toluene 2,4-diisocyanate and 
propylene gycol, with reaction between isocyanate group and hydroxyl group. Reaction 
of urethane prepolymer synthesis is shown in Figure 5.1. The resultant products after 
synthesis were characterized by 1H-NMR. The 1H-NMR spectrum at 1.12 ppm (a) and 
group of signals at 3.20-3.90 ppm (b) in Figure 5.2 (A)., are due to methyl protons and 
methine belonging to the internal portion of propylene glycol. Figure 5.2 (B) presents 
toluene 2,4-diisocyanate spectrum. Signals at 2.30 ppm (c) assigned the methyl protons 
belonging to aromatic proton of toluene 2,4-diisocyanate which was presented at 7.10-
7.83 (d and e). Urethane prepolymer spectrum is shown in Figure 5.2 (C), signals at 
1.25 ppm (f) and 4.98 ppm (g) were due to the terminal units and methine protons 
involved in the urethane linkages, respectively. The group of signals at 6.87-7.83 ppm (h 
and i) presented aromatic protons of chain end of urethane prepolymer and urethane 
proton formed from NCO minor reactivity in ortho position to the hydroxyl group [49]. 
 
 The 1H-NMR spectrum of the benzoxazine monomer was measured to confirm 
structure. The benzoxazine monomer structure and 1H-NMR spectrum are shown in 
Figure 5.3 and 5.4, respectively. The methyl proton of bisphenol-A showed the signal at 
1.58 ppm (a). The characteristic peaks assignable to methylene (Ar–CH2–N) of oxazine 
ring and methylene (O–CH2–N) were observed at 4.53 (b) and 5.24 ppm (c), 
respectively. The group of signals at 6.87-7.83 ppm (d) exhibits aromatic protron. 
Moreover, the disappearance of signal at 3.6 ppm indicates that the obtained monomer 
did not consist of methylene protron of either opening ring or dimmers [50, 51]. 
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5.2 In situ Fourier Transform Infrared Spectroscopic Investigation 
 
 5.2.1 Curing Process of Benzoxazine  
 
 It is well known that benzoxazine monomer will undergo a ring-opening 
polymerization upon heating in the absence of initiator and catalysts. The ring-opening 
reaction can be monitored at the band centered near 941 and 1230 cm-1 assigned to 
trisubstituted benzene ring and C-O-C stretching mode, respectively. As the curing 
process proceeded, an infinite three dimensional network was formed upon 
benzoxazine ring opening by the breakage of C-O bond and then the benzoxazine 
molecule transformed from a ring structure to a network structure. During this process, 
the tri-substituted benzene ring, backbone of benzoxazine ring, became tetra-
substituted benzene ring which led to the formation of a phenolic hydroxyl group-based 
polybenzoxazine (PBA-a) structure. The vibrational mode of benzoxazine polymerization 
is exhibited in Figure 5.5. The band centered near 1230 cm-1 associated with the 
opening of oxazine ring at C-O-C whereas the band around 941 and 1497 cm-1 involved 
with trisubstituted benzene ring. Both of these bands significantly reduced, when 
temperature was raised to 240°C. This phenomenon indicated a nearly complete loss of 
the oxazine ring. In additional, a new band at 878 cm-1 and 1488 cm-1 of the tetra-
substituted aromatic ring were observed suggesting the ring opening reaction to take 
place ortho to phenolic moiety. This result was good agreement with previous work 
reports [52].  
 
 5.2.2 Curing Process of Benzoxazine Alloyed with Urethane Prepolymer 
 
 The reaction between benzoxazine resin (BA-a) and urethane prepolymer (PU) 
could also be investigated by FT-IR technique. The spectra of BA-a/PU resin mixture at 
a mass ratio of 60/40 during curing process at various temperatures were exhibited in 
Figure 5.6. The spectrum of the BA-a/PU monomer with the characteristic peaks at 1230 
cm-1, which was C-O-C stretching mode of the benzoxazine resin and 941 and 1497 cm-

1 attributed to trisubstituted benzene ring. The absorption band at 1732 and 2273 cm-1 
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were attributed to NH-C=O and N=C=O stretching of the urethane prepolymer, 
respectively. The absorption bands at 941, 1230 and 2273 disappeared when 
temperature increased from 50 to 150oC. Meanwhile, the intensity of phenolic hydroxyl 
group of BA-a at the wide absorption band in the range of 3100-3700 cm-1 also 
decreased. This investigation may imply that the ring-opening polymerization of BA-a 
took place in situ with NCO group. Our result is also in good agreement with the result 
previously reported by Takeichi and Guo., 2001 [53].  
  
 Recently, the urethane formation reaction was reported that it was complicated 
by various side reactions. Therefore, these side reactions can influence to reaction of PU 
prepolymer and BA-a. As depicted in Figure 5.6, the absorption band at 1689 cm-1 
assigned to hydrogen bond of urea carbonyl which was observed at 150oC. The urea 
group was formed by reaction of the isocyanate containing prepolymer with amine 
group (which was produced from a trace amount of water and isocyanate-end group of 
PU), as shown in Figure 5.7. Moreover, the urethane and urea themselves can supply 
the labile hydrogen atoms to react with the isocyanate. This reaction forms the three-
dimensional crosslink structure containing allophanate and biuret as illustrated in Figure 
5.7 [54, 55]. At high temperature, both of the urethane linkage and allophante are 
unstable and prone to dissociation. The breakage bonds of these compounds directly 
generated isocyanate terminated chains. This phenomenon corresponded with the 
reappearance of the absorption band of NCO when temperature increased to 180oC, as 
shown Figure 5.6. 
 
 5.2.3 Qualitative Analysis of Ring-Opening Polymerization 
 
 Due to, the ring opening polymerization, tri-substituted benzene ring turned into 
tetra-substituted benzene ring and the absorption intensities associated with benzene 
ring changed, especially at bands and 1498 cm-1. Therefore, the absorption should be a 
suitable index for ring-opening reaction. The conversion of ring-opening polymerization 
at various temperatures with the band 1498 cm-1 is depicted in Figure 5.8. The 
polymerization of BA-a monomer was observed to occur at 140oC whereas the BA-a/PU 
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alloys exhibited the reaction around 180oC which was higher than neat BA-a. The tri-
substituted benzene ring band of neat BA-a increased to 98% at 230oC. The obtained 
alloys have nearly same conversion value (95%) at 260oC. These results suggested that 
the addition of PU tended to postpone the polymerization of benzoxazine. 
 
5.3 Differential Scanning Calorimetry (DSC) for Curing Process Investigation 
 
 The curing reaction of the binary mixtures of BA-a and PU at various PU 
compositions by differential scanning calorimetry using a heating rate of 10oC/min at a 
temperature range of 30-300oC is depicted in Figure 5.9. From the DSC thermograms, 
only a single dominant exothermic peak of the curing reaction in each resin composition 
was observed. The exothermic peak of the neat benzoxazine resin was located at 226oC 
which attributed to ring-opening polymerization of ozaxine ring. The curing peak 
maximum was observed to shift to a higher temperature when the PU fraction in the 
resin mixtures increased. In Figure 5.9, the positions of the exothermic peaks of BA-a/PU 
resin mixtures at 90/10, 80/20, 70/30 and 60/40 mass fractions were found to be 234oC, 
243oC, 245oC and 247oC, respectively.  
 
 Considering the breadth of the exotherms, the curing peaks of the binary 
mixtures became broader when the urethane content enhanced. Furthermore, an area 
under the exothermic peak was also observed to be decrease with increasing mass 
fraction of the PU. The heat of reaction values of the BA-a/PU resin mixtures determined 
from the area under the exothermic peak, were 272 J/g in BA-a/PU 100/0, 228 J/g in BA-
a/PU 90/10, 205 J/g in BA-a/PU 80/20, 165 J/g in BA-a/PU 70/30 and 153 J/g in BA-a/PU 
60/40. The phenomenon was possibly due to the reaction of the BA-a with the PU 
rendering a lower heat of reaction per mole of the specimen than the reaction of the neat 
BA-a. These can be attributed to the changes in the number of mole and the functional 
groups of each component in polymer alloys. At equal mass, the number of molecules of 
the PU was lower than that of benzoxazine monomers. In addition, a benzoxazine 
monomer is tetrafunctional while difunctional urethane prepolymer can only react with 
two hydroxyl groups of the polybenzoxazine. Thus, we can observe the decreasing of 



 61 

the heat of reaction with decreasing benzoxazine monomers in the binary mixtures. The 
result is in good agreement with previous work [56]. 
  
 Figures 5.10 presents glass transition temperatures (Tg) from DSC of the fully 
cured BA-a/PU alloys after curing at 150oC for 1 hour and 200oC for 2 hours. In this 
experiment, the Tg values were taken as the midpoint temperature of the change in 
specific heat in the transition region. From room temperature up to 300oC, there existed 
only single Tg in each of these BA-a/PU alloys. Additionally, the Tg’s of the polymer alloys 
between the BA-a and the PU were found to remarkably increase with the mass fraction 
of the PU. The Tg of the fully cured BA-a/PU alloys were observed to be 161oC in BA-
a/PU 100/0, 173oC in BA-a/PU 90/10, 182oC in BA-a/PU 80/20, 220oC in BA-a/PU 70/30 
and 241oC in BA-a/PU 60/40. However, Tg of the polyurethane elastomer and the 
polybenzoxazine were reported to be about –70 to –20oC [53, 57] and 160 to 170oC [14], 
respectively. This is the unique characteristic of these polymer alloys which exhibited 
synergistic behaviors in their glass transition temperature making the systems highly 
attractive for high temperature application. Synergism in glass transition of 
polybenzoxazine from an addition of other resins or polymers has been observed and 
reported previously in various systems such as benzoxazine-epoxy [15, 41] 
benzoxazine-polycarprolactone [58], or benzoxazine-polydimethysiloxane [59] etc. 
 
5.4 Investigation Types of Fiber for Strike Face Portion of Ballistic Armor 
 
 As mentioned in the objectives of this work, the other fibers such as fiber glass 
and carbon fiber are investigated possibility to cooperate with KevlarTM as a strike face in 
order to decrease cost of KevlarTM. Both of glass and carbon fabric were impregnated 
with 20% by weight of BA-a resin and cured using the curing conditions as suggested in 
the previous section. The dimension of the laminated specimens per one panel was 15 
cm×15 cm×0.7cm, corresponding to 18 plies of the glass fabric and 32 plies of carbon 
fabric.  
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 Generally, the key parameter in the ballistic armor design of composite 
structures is the damage resistance of matrix and fiber. From previous work, Mines et al. 
(1999) proposed that the perforation mechanics of high velocity impact depend on 
factors such as fiber type, the matrix, volume fraction, the stacking sequence, the size 
and initial kinetic energy of the impact [60]. Furthermore, Cheng et al. (2003) observed 
that the penetration process can be broke down into three sequential stages i.e. (i) 
punching, (ii) fiber breaking and (iii) delamination [61]. Therefore, the performance of 
glass fabric and carbon fabric composites is performed by .44 mm Magnum Semi 
Jacketed Hollow Point bullets (427 ± 15m/s). The damaged areas of the composites 
were measured by a digital camera and ImageJ software. 
 
 Both glass fiber and carbon fiber composites can not resist the ballistic 
penetration. However, they can distort the bullets as clearly seen in Figure511. The 
damaged areas were also noticed on the back surface after impact of glass fiber and 
carbon fiber composites. As can observed in Figure 5.12, the back surface of one and 
two panels of glass fiber composite present three damaged zones i.e. first one was a 
central fiber breakage region, whereas the second one was a much intense 
delamination area surrounding the fiber breakage/perforation region. The last region 
was a large region with diffuse delamination. According to Caprino et al. (2007) and Will 
et al. (2002), the delamination area was investigated to be correlated with the maximum 
absorbed energy by linear relationship [62, 63]. Therefore, delamination is one 
parameter that indicated the ability of energy absorption. This phenomenon was not 
observed in one panel of carbon fiber composites as shown in Figure 5.13. Perforated 
hole was found in the back surface of one panel of carbon fiber composite which 
implied that the specimen can not dissipate the load of impact. The two panels of 
carbon composite were observed petaling formation at the back surface. Petaling is 
formed by high radial and circumferential tensile stresses after passage of the initial 
wave near a lip of the penetration. This deformation is the result of bending moments 
produced by the forward motion of the material as it is pushed ahead of the projectile 
[64]. As depicted in Figure 5.12 and 5.13, the fiber pull out was observed to be more in 
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glass fiber composite than in carbon fiber composite. The fiber pull out characteristic 
reveals of the energy dissipation mechanisms during ballistic impact [65]. 
 
 The size of the damage and projectile velocities were measured as given in 
Table 5.1. The damage area at front surface where projectile entered was found to be 
less than the back surface. The delaminated areas of glass fiber composites on back 
surface were observed to be 60.21 cm2, 31.07 cm2 and 37.66 cm2 for one panel, 1st-two 
panels and 2nd–two panels, respectively whereas the damaged areas of carbon 
composites were smaller, at 5.67 cm2 (one panel), 10.53 cm2 (1st-two panels) and 17.86 
cm2 (2nd–two panels). From previous research, Will et al. (2002) investigated that the 
energy dissipated by delamination is directly proportional to the delamination area [63]. 
Therefore, the larger delamination of glass fiber composite may imply that it has the 
higher energy dissipation. Due to the energy dissipation characteristic and low cost of 
glass fiber composite, this composite is considered as a good candidate to be used as 
a strike face for ballistic armor. 
 
5.5 Thermal Degradation and Thermal Stability of BA-a/PU Reinforced with Fibers 
  
 The thermal stability of the composites was evaluated by TGA. The thermal 
degradation of all the samples has taken place within the programmed temperature 
range of 35-900oC. The TGA curves of all composites and matrices are illustrated in 
Figure 5.14 and 5.15, respectively. Thermal decomposition in glass fiber reinforced neat 
benzoxazine resin found to occur in one stage attributed to decomposition of the 
polymer matrix at temperature between 300oC and 500oC. For KevlarTM reinforced 
benzoxazine-urethane alloys, the thermal decomposition in composites were observed 
in two stages. The first stage was in the same range with the decomposition of the 
polymer matrix in glass fiber composite. The second stage from thermogram 
corresponded to the decomposition temperature of KevlarTM fiber was approximately 
500-600oC. The degradation temperatures at 5% weight loss (Td) of the glass fiber 
reinforced neat benzoxazine resin was observed to be 391oC whereas KevlarTM 
reinforced benzoxazine alloys with the PU compositions of 0 to 40 % by weight was 
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ranging from 381oC to 350oC. However, both of the glass fiber reinforced neat 
benzoxazine resin and KevlarTM reinforced benzoxazine alloys exhibited higher 
degradation temperatures than those of the polymer matrices, as illustrated in Table 5.2 
It is due to the effect of high degradation temperature of the glass fiber and KevlarTM 

fiber. Furthermore, the greater Td of the composite with higher amount of the 
benzoxazine fraction in the matrix alloys suggested the stronger interaction between the 
fiber and the polybenzoxazine than between the PU portion.  
 
 Another important feature in the thermograms is the weight residue at 800oC 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 be 83.35 for 
glass fiber composite. For the char yield of KevlarTM-reinforced benzoxazine alloys, the 
values systematically reduced from 36.43% to 34.61% with an incorporation of the PU 
from 0 to 40% by weight, as depicted in Table 5.2. In addition the values were all greater 
than those of the matrix alloys comparing at the same PU content.  
 
 Thermogravimetric analyzer was also used to determine the fiber content in the 
composites. In this research, the fibercontent in the composites was calculated using 
the resulting char yields from thermogravimetric analysis (TGA) following an empirical 
formula based on the rule of mixtures to calculate the fiber fraction. 
 
    )1()( fWbfWaX                                                 (5.1) 
 
Where X is the percentage weight of TGA residue, Wf is the weight fraction of fiber, a is 
the percentage residual weight when 100% fiber is degraded and b is the percentage 
residual weight when 100% neat matrix is degraded [66].  
 
 The percent of fiber content of 79 wt% in glass fiber composite, 77 wt% in 
KevlarTM fiber reinforced BA-a/PU 100/0, 83 wt% in KevlarTM fiber reinforced BA-a/PU 
90/10, 82wt% in KevlarTM fiber reinforced BA-a/PU 80/20, 80 %wt in KevlarTM fiber 
reinforced BA-a/PU 70/30 and 81wt% in KevlarTM fiber reinforced BA-a/PU 100/0 were 
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obtained, as shown in Table 5.2. The calculated results confirmed that the glass fiber 
and KevlarTM fiber content in each composite was about 80% by weight as prepared in 
the pre-impregnation stage. 
 
5.6 Dynamics Mechanical Properties of BA-a/PU Reinforced with Fibers 
 
 The dynamic mechanical properties of the glass fiber and Kevlar composites 
were examined as a function of temperature. The storage modulus (E′) at temperature 
ranging from 30 to 300oC of glass fiber reinforced with neat benzoxazine resin and 
Kevlar composites reinforced with PU content in the range 0 to 40 wt% are illustrated in 
Figure 5.16. Generally, the storage modulus of a solid sample at room temperature 
provides a measure of material stiffness. The storage moduli of obtained composites 
were found to be 25.57 GPa for glass fiber/ neat BA-a whereas the storage moduli of 
Kevlar composites were systematically reduced from 16.82 GPa to 11.92 GPa with 
addition of the PU from 0 to 40 wt%. It is due to the incorporation of the more flexible PU 
molecule in the composite. This observation is in good agreement with the previous 
studied of benzoxazine-urethane copolymer reported by Rimdusit et al (2011) [56]. 
 
 Glass transition temperature (Tg) of Kevlar fabric composites were exhibited in 
Figure 5.17. The Tgs of the crosslink materials were determined from the maximum of the 
loss modulus (E″) of the plots. From a pratical point of view, the maximum E″ is the 
most appropriate value to evaluate Tg. It corresponds to the initial drop from the glassy 
state into the rubbery state. The Tg of glass fiber reinforced neat BA-a was observed to 
be 182oC which was higher than neat BA-a reported at 165oC [56]. For KevlarTM 
composites, they can be observed that the addition of the PU into the matrix composites 
was found to increase the Tg of KevlarTM fiber composites. The Tgs of BA-a, 90/10 BA-
a/PU, 80/20 BA-a/PU, 70/30 BA-a/PU and 60/40 BA-a/PU composites were determined 
to be 184, 187, 213, 225 and 247oC, respectively. These values were higher than those 
of BA-a/PU matrices which reported to be in range of 165-245oC [56]. The implication of 
these phenomena is probably due to the contribution of the substantial interfacial 
adhesion between the fibers and the polybenzoxazine alloys. 
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The -relaxation peaks of the loss factor or tan  of composites are shown in 
Figure 5.18. The magnitude of tan 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 peak height of the tan in the vicinity of Tg was observed to be smaller 
with increasing PU content. Since tan is a ratio of a viscous to an elastic component of 
dynamic moduli of a specimen. Therefore, it can be implied that its decreasing height 
with the PU around Tg 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 [58]. In other words, the 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. 
 
 5.6.1 Effect of frequency 
 
 Frequency is found to have a direct impact on dynamic mechanical properties of 
materials. Figure 5.19 and 5.20 present the variation of storage modulus and tan of 
BA-a/PU 80/20 and Kevlar fiber reinforced BA-a/PU (80/20) at different frequencies i.e. 1, 
5, 10, 20, 25 and 50 Hz as a function of temperature. From the plot, the tan values 
were observed to shift to higher temperature with increase of frequency. It is due to the 
fact that a material is subjected to a constant stress its elastic will decrease over a 
period of time. The material undergoes molecular rearrangement in an attempt to 
minimize the localized stresses. Modulus measurements at high frequency performed 
over short time resulted in higher values while measurements taken over long times at 
low frequencies resulted in low values [67]. Furthermore, the width of tan peak of 
composite was observed to be boarder than matrix. This phenomena relates to the 
network heterogeneity due to the interfacial bond between fiber and matrix. 
 
 5.6.2 Activation Energy for glass transition temperature 
 
 The apparent activation energy for glass transition (∆E) can be used to 
characterize the relationship between the shift of glass transition temperature and 
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frequency. It is mentioned that Tg represents the relationship between the mobility of 
polymer chains and temperature whereas ∆E represents a relationship between 
mobility and time scale the energy barrier of transition temperature relaxation. The ∆E 
values for glass transition of the obtained composites can be calculated from the 
Arrhenius equation: 

 
     RTEff /exp0                                               (5.2) 
 
Where f is the measuring frequency, fois the frequency when T approaches infinity and T 
is temperature corresponding to maximum of tan curve.   
 
 Figure 5.19 and 5.20 show the variation of Tg obtained from peak tanδ as a 
function of frequency of mechanical oscillation for neat BA-a, BA-a/PU matrices, glass 
fiber composite and KevlarTM fiber composites. A good linear correlation was observed, 
and the activation energy was also calculated from the slope of the relationship between 
the frequency and glass transition temperature as depicted in Figure 5.21. The obtained 
activation energy values were summarized in Table 5.2. The activation energy of 
matrices tended to be increase with increasing amount of PU content i.e. 417 kJ/mole 
(BA-a), 472 kJ/mole (BA-a/PU 90/10) and 517 kJ/mole (BA-a/PU 80/20). This can be 
explained that in the glass transition region, the motion of molecules is governed by the 
crosslink density. The enhancement of crosslink density affects to the decreasing of the 
free volume and oscillations of molecules about mean position. As can seen in Figure 
5.22, the crosslink densities of BA-a/PU alloys were calculated from Neilsen equation 
 

 x
E 2930.7
3
'log 




  

  
From Nielson’s equation above, E' is a storage modulus in a rubbery plateau region, ρx 

is a crosslinked density that is the mole number of network chains per unit volume of the 
polymers. The obtained crosslink density increased with increasing PU fraction. 
Therefore increase in PU content reduces the motion of chain, which is required higher 
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energy to make molecule motion. For the composites, the activation energy of glass 
fiber reinforced BA-a and KevlarTM reinforced BA-a/PU matrices i.e. BA-a/PU (100/0), 
BA-a/PU (90/10) and BA-a/PU (80/20) composite were determined to be 434, 445, 491 
and 544 kJ/mole, respectively. These values were higher than those of matrices. This 
observation indicated the effective stress transfer between fibers and matrix, which 
decreased the polymer chain mobility [68].  
 
5.7 Composites Mechanicals Properties 
 
 The flexural properties of all composites are summarized in Table 5.4. From the 
table, the highest flexural modulus and flexural modulus was observed in glass fiber 
composite which is suitable for used as hard strike face of ballistic armor. This portion is 
necessary to break up and distort the projectile before the composite backing spread 
the energy over a greater area. In case of armor backing, KevlarTM composites were 
considered to be used in this portion. As illustrated in figure 5.23, the stress deflection 
curve of the KevlarTM composites were 2.04 mm for BA-a, 3.37 mm for BA-a/PU (90/10), 
4.27 mm for BA-a/PU (80/20), 3.37 mm for BA-a/PU (70/30) and 2.71 mm for BA-a/PU 
(60/40). The increased strain behavior may be caused by the addition of the more 
flexible PU fraction to the benzoxazine matrix. This indicates the improved flexibility of 
the obtained composites that can provide more deflection during ballistic impact [69]. 
The flexibility of KevlarTM composites slightly decreased when PU content was greater 
than 30wt% which was likely from the discontinuous or imperfect network. This 
observation is in good agreement with our recent work. Rimdusit et al. (2009) reported 
the ability of network formation of BA-a/PU alloys at different composition. The presence 
of 30 wt% of PU in BA-a/PU alloy was observed to be the weakest network which has the 
highest percent of solvent extraction (20.4%) whereas 20 wt% of PU in alloy provided a 
zero solvent extraction value [70]. In previous work, the ballistic armor based Kevlar TM 
reinforced BA-a/PU (80/20) was observed to be able resist the ballistic impact 
equivalent NIJ level III-A. Therefore, KevlarTM reinforced with BA-a/PU (80/20) was 
suitably chosen to be used as armor backing. 
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5.8 Fracture Surface of Composites 
 
 The SEM studies reveal aspects of fiber bonding and adhesion between fiber 
and matrix. The micrographs exhibit phase information and fracture characteristics 
reflecting the reasons why the mechanical properties have been changed and in turn 
decide the mechanical properties of polymeric composites [71]. The fractured surfaces 
of the glass fiber and KevlarTM composites are illustrated in Figure 5.24 a and b. The 80 
wt% of glass fiber reinforced neat BA-a resin and KevlarTM fiber reinforced BA-a/PU with 
presented the tight interfacial between fibers and benzoxazine matrix, which implied a 
good fiber interface, as illustrated in Figure 5.19 a and b. This may be explained that the 
glass fiber and KevlarTM fiber can provide interaction with matrices [72, 73]. These 
results confirmed the observed enhancement in thermal properties of these composites.  
 
5.9 Ballistic Impact Tests of Composite Armors 
 
 At high level ballistic impact test, NIJ level III ballistic impact, the test was 
performed on the composites which were assembled from glass fiber and KevlarTM 

fiber 
composites. The dimension of the polymeric laminated specimens was 15×15 cm2 
consisted of 25 plies of each type of fiber i.e. glass fiber and KevlarTM 

cloth. The fabrics 
were impregnated with about 20 % by weight of the BA-a resin for glass fiber and BA-
a/PU (80/20) resin mixtures for KevlarTM fiber. The glass fiber and KevlarTM composites 
were assembled to form a hard armor composite i.e. the panel of glass fiber composite 
acted as a strike face portion and the panel of KevlarTM composite performed as support 
portion. The specimen was performed by 7.62 mm AP projectile for one shot per 
specimen. The results of bulletproof testing of the composites were summarized in Table 
5.3.  
 
 The samples consisted of glass fiber and KevlarTM composite had two types of 
arrangements, i.e. 1 panel of glass fiber composite/1 panel of KevlarTM composite as 
sample 3a. and 2 panels of glass fiber composite/1 panel of KevlarTM composite as 
sample 3b. The total areal density of samples was 2.6 g/cm2 for sample 3a and 4.3 
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g/cm2 for sample 3b. The sample 3a can not pass this level of the NIJ standard for 
ballistic protection, as depicted in Figure 5.25. In case of the sample 3b, it can resist the 
ballistic penetration, as shown in Figure 5.26.  
 
 .As shown in Figure 5.26, the damage in glass fiber composite was more 
localized and circular in both front and back side whereas the damage characteristic of 
KevlarTM composite was observed to be a star shaped crack on front side and circular 
on back side. In a recent work, laminates were perforated by conical and ogival a 
projectile which is the characteristic of 7.62 mm AP projectile. These laminates showed 
localized damage but the region which was affected by the impact also increased with 
impact velocity. During ballistic impact of the fabric, transverse deflection was created 
in the principal yarns (the yarns that were in direct contact with the projectile). This, in 
turn interacts with orthogonal yarns (the yarns that intersect principle yarns) through the 
crossovers and the yarns got displaced out of the plain of the fabric. This results in 
deflection resembled square pyramid or star impression at the rear of the fabric or 
composite. The amount of energy absorbed by the composite depended upon the 
amount of the material that undergo deflection during impact and the velocity at which 
the deflection took place. The star-type crack  formation in the front side of the 
composite laminates can be attributed to the delamination of the layers and due to back 
ply being pulled away from the front ply during perforation [27, 74]. 
 
 In addition, the polymeric laminated specimens with approximately dimension 30 
  30 cm2 were prepared as the sample 3c. The total weight and thickness of the hard 
armor composite was about 4.6 kg and 31.5 mm, respectively. In this test a 7.62 mm full 
metal jacket with 3 ammunitions were impacted on the same composite specimen. 
Figure 5.27 illustrates the ability of the hard armor composite to clearly resist the 
penetration of those ammunitions. From table 5.5, the delaminated area of the sample 
3a, 3b and 3c had the values vary within a certain characteristic level for each panel. 
The observation indicates the homogeneity of the composite performance. 
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 Generally, selection of suitable armor materials for defense application is very 
crucial with respect to increasing mobility of the systems as well as maintaining safety. 
Therefore, determining the material with the lowest possible areal density that resist the 
predefined threat successfully is required in armor design. Table 5.4 summarizes the 
ballistic armors against 7.62 mm AP projectiles were produced from various materials. 
From table 5.6, the areal density of the composite based glass and KevlarTM reinforced 
benzoxazine alloy was significantly lower than those of reported materials e.g. aluminum 
alloy (10-11.5 g/cm2) [75], multi layer metallic plates-steel/aluminum (8.1-15 g/cm2) [76], 
alumina ceramic bonded steel (9.4-16.5 g/cm2) [77], the composite based alumina 
ceramic/stainless/KevalrTM reinforced benzoxazine alloy panels (7.1 g/cm2) [78], S-glass 
reinforced PP (4.88 g/cm2) and the composite panels of E-glass reinforced PP and S-
glass reinforced PP (4.88 g/cm2) [45]. Based on the outstanding characteristics of the 
composite based glass and KevlarTM reinforced benzoxazine alloy make it a good 
candidate for light weight ballistic armor. 
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Figure 5.1 Reaction of urethane prepolymer synthesis obtained from propylene gycol 
and toluene 2,4-diisocyanate. 
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Figure 5.2 1H-NMR of (A) propylene gycol (MW 2000), (B) toluene 2,4-diisocyanate and 

(C) urethane prepolymer. 



 74 

 
Figure 5.3 Structure of benzoxazine monomer. 
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Figure 5.4 1H-NMR of the benzoxazine monomer. 
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Figure 5.5 In situ FT-IR Spectra of benzoxazine resin during curing process. 
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Figure 5.6 In situ FT-IR Spectra of BA-a/PU resin mixture at 60/40 during curing process. 
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Figure 5.7 Urethane formation reactions. 
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Figure 5.8 The conversion of polymerization (1497 cm-1 ) of BA-a and BA-a/PU. 
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Figure 5.9 DSC thermograms of BA-a/PU resin at various compositions. 
() BA-a/PU 100/0, () BA-a/PU 90/10, () BA-a/PU 80/20, () BA-a/PU 70/30 

and () BA-a/PU 60/40. 
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Figure 5.10 DSC thermograms showing glass-transition temperature of BA-a/PU alloys at 
various compositions : () BA-a/PU 100/0, () BA-a/PU 90/10, () BA-a/PU 80/20, 

() BA-a/PU 70/30 and () BA-a/PU 60/40. 
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The deformed bullet retrieved from 1 panel of glass fiber composite 

 

 
The deformed bullet retrieved from 2 panels of glass fiber composite 

 

 
The deformed bullet retrieved from 1 panel of carbon fiber composite 

 

 
The deformed bullet retrieved from 2 panels of carbon fiber composite 

Figure 5.11 The deformed bullet after ballistic test. 
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1 panel of glass fiber composite 

  
2 panels of glass fiber composite (1st panel) 

  
2 panels of glass fiber composite (2nd panel) 

Figure 5.12 The impacted glass fiber composites. 
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1 panel of carbon fiber composite 

 
2 panels of carbon fiber composite (1st panel) 

  
2 panels of carbon fiber composite (2nd panel) 

Figure 5.13 The impacted of carbon fiber composites. 
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Table 5.1: The size of the damage of ballistic panel performed by .44 Magnum. 

Ballistic 
panel 

Velocity 
(m/s) 

Perforation 
 

Front damage 
area (cm2) 

Back damage 
area (cm2) 

Areal 
density 
(g/cm2) 

1 panel of 
Glass fiber 
composite 

439.20 Yes 16.60 61.26 1.52 

2 panels of  
 

Glass fiber 
composite 
(1st panel) 

441.65 Yes 19.21 31.07 

2 panels of 
Glass fiber 
composite 
(2nd panel) 

441.65 Yes 12.04 37.66 

3.53 

1 panel of 
Carbon fiber 
composite 

440.61 Yes 5.09 5.67 1.04 

2 panels of 
Carbon fiber 
composite 
(1st panel) 

442.0 Yes 4.95 10.53 

2 panels of 
Carbon fiber 
composite 
(2nd panel) 

442.0 Yes 11.89 17.86 

2.07 
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Figure 5.14 Thermal degradation of glass fiber reinforced neat BA-a (),  
KevlarTM fiber reinforced BA-a/PU alloys at various PU content: BA-a/PU 100/0 (),     
BA-a/PU 90/10 (),BA-a/PU 80/20 (), BA-a/PU 70/30 (), BA-a/PU 60/40 (), 

glass fiber and ( ) and KevlarTM fiber ( ). 
 
 
 
 
 
 
 
 
 
 



 86 

0

20

40

60

80

100

120

0 200 400 600 800 1000

Re
sid

ua
l W

eig
ht 

(%
)

Temperature (oC)
Figure 5.15 Thermal degradation of BA-a/PU alloys at various compositions :  

() BA-a/PU 100/0, () BA-a/PU 90/10, () BA-a/PU 80/20, () BA-a/PU 70/30 and 
() BA-a/PU 60/40 
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Table 5.2: The thermal stability of glass fiber and KevlarTM composites. 

Td at 5 wt% loss Percent residual weight at 

800oC 
Samples 

BA-a/PU 
Matrix Composite Matrix Composite 

Percent fiber 

content 

391a 83.35a 79a 
100/0 322 

388b 
32.88 

36.43b 77b 

90/10 327 384b 28.54 35.95b 83b 

80/20 329 382b 25.60 35.29b 82b 

70/30 337 370b 24.33 34.89b 80b 

60/40 339 350b 22.98 34.67b 81b 

a: composite based glass fiber and b: composite based KevlarTM fiber 
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Figure 5.16 Storage modulus of glass fiber reinforced neat BA-a (), and 
KevlarTM fiber reinforced BA-a/PU alloys at various PU content: BA-a/PU 100/0 (),BA-
a/PU 90/10 (),BA-a/PU 80/20 (), BA-a/PU 70/30 (), and BA-a/PU 60/40 (). 
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Figure 5.17 Loss modulus of glass fiber reinforced neat BA-a () and  

KevlarTM fiber reinforced BA-a/PU alloys at various PU content: BA-a/PU 100/0 (),BA-
a/PU 90/10 (),BA-a/PU 80/20 (), BA-a/PU 70/30 (), and BA-a/PU 60/40 (). 
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Figure 5.18 Tan δ of glass fiber reinforced neat BA-a () and 

KevlarTM fiber reinforced BA-a/PU alloys at various PU content: BA-a/PU 100/0 (),BA-
a/PU 90/10 (),BA-a/PU 80/20 (), BA-a/PU 70/30 (), and BA-a/PU 60/40 (). 
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Figure 5.19 Effect of frequency on the storage modulus and Tan δ curve of BA-a/PU 
(80/20) at different frequencies: 1 Hz (), 5 Hz (), 10 Hz (), 20 Hz(), 25 Hz 

s() and 50 Hz (). 
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Figure 5.20 Effect of frequency on the storage modulus and Tan δ curve of Kevlar fiber 
reinforced BA-a/PU (80/20) at different frequencies: 1 Hz (), 5 Hz (), 10 Hz (), 

20 Hz(), 25 Hz () and 50 Hz (). 
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Figure 5.21 The relationship between the measurement frequency (f) and the 
temperature of the Tan δ peak for neat BA-a (), 90/10 BA-a/PU (), 80/20 BA-a/PU 

(), glass fiber reinforced neat BA-a (), KevlarTM fiber reinforced neat BA-a (), 
KevlarTM fiber reinforced neat 90/10 BA-a/PU () and KevlarTM fiber reinforced neat 

80/20 BA-a/PU (). 
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Table 5.3: The activation energy of matrices and composites. 
Activation energy (kJ/mole) Matrix 

BA-a/PU Matrix Composite 

445a 
100/0 417 

434b 

90/10 472 491b 

80/20 517 544b 

     a: composite based glass fiber and b: composite based KevlarTM fiber 
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Figure 5.22 Crosslink density of BA-a/PU alloys at various PU compositions. 
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Table 5.4: Flexural properties of glass fiber and KevlarTM composites. 

Sample Flexural modulus 
(GPa) 

Flexural strength 
(MPa) 

Flexural strain 
at max stress (%) 

Glass fiber 
reinforced BA-a 

506 ± 13.62 28 ± 2.04 1.19 ± 0.15 

KevlarTM fiber 
reinforced BA-a 

153 ± 11.97 22 ± 1.27 1.26 ± 0.10 

KevlarTM fiber 
reinforced 90/10 

BA-a/PU 
127 ± 8.21 17 ± 1.19 1.27 ± 0.10 

KevlarTM fiber 
reinforced 80/20 

BA-a/PU 
104 ± 9.35 15 ± 2.25 1.35 ± 0.17 

KevlarTM fiber 
reinforced 70/30 

BA-a/PU 
95 ± 10.17 14 ± 1.29 1.19 ± 0.15 

KevlarTM fiber 
reinforced 60/40 

BA-a/PU 
74 ± 9.94 12 ± 1.51 0.87 ± 0.10 
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Figure 5.23 Stress-deflection curve of glass fiber reinforced neat BA-a () and 

KevlarTM fiber reinforced BA-a/PU alloys at various PU content: BA-a/PU 100/0 (),BA-
a/PU 90/10 (),BA-a/PU 80/20 (), BA-a/PU 70/30 (), and BA-a/PU 60/40 (). 
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(a) 

 
(b) 

 
Figure 5.24 Fractured surfaces of composites: (a) glass fiber reinforced neat BA-a and 

(b) KevlarTM reinforced 80/20 BA-a/PU. 
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1 panel of glass fiber composite 

 

 
1 panel of KevlarTM fiber composite 

Figure 5.25 The hard armor consisted of 1 panel of glass fiber composite/1 panel of 
KevlarTM composite. 

 

Front side Back side 

Back side Front side 
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2 panels of glass fiber composite (1st panel) 

 
2 panels of glass fiber composite (1st panel) 

  
2 panels of glass fiber composite (2nd panel) 

 
Figure 5.26 The hard armor consisted of 2 panels of glass fiber composite/1 panel of 

KevlarTM composite. 

Front side 

Front side 

Back side 

Back side 

Front side Back side 
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2 panels of glass fiber composite (1st panel) 

 
2 panels of glass fiber composite (1st panel)

  
1 panel of KevlarTM fiber composite 

 
Figure 5.27 The hard armor consisted of 2 panels of glass fiber composite/1 panel of 

KevlarTM composite (Size: 30cm × 30cm). 

Front side Back side 

Back side Front side 

Front side Back side 
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Table 5.5: The size of the damage and projectile velocities of 7.62 AP Winchestor. 
Sample 

 
Ballistic 
panel 

 
 

Perforation 
 

Front 
damage  

area (cm2) 

Back 
damage 

area (cm2) 

Areal 
density 
(g/cm2) 

Velocity 
(m/s) 

Glass fiber 
composite 
(1st panel) 

Yes 5.19 5.54 
3a 

KevlarTM 
fiber 

composite 
(2nd panel) 

Yes 5.55 8.38 

3.53 760.95 

Glass fiber 
composite 
(1st panel) 

N0 6.83 9.02 

Glass fiber 
composite 
(2nd panel) 

No 9.68 21.80 

3b 

KevlarTM 
fiber 

composite 
(3rd panel) 

No 124.5 176.04 

4.30 832.2 

Glass fiber 
composite 
(1st panel) 

No 
#1: 5.95 
#2: 6.13 
#3: 6.98 

#1: 5.98 
#2: 6.88 
#3: 7.73 

Glass fiber 
composite 
(2nd panel) 

No 
#1: 10.70 
#2: 9.04 
#3: 8.80 

#1:33.51 
#2: 28.04 
#3: 24.06 

3c 

KevlarTM 
fiber 

composite 
(3rd panel) 

No 
#1:131.18 
#2: 101.65 
#3: 104.25 

#1:157.60 
#2: 178.97 
#3: 159.74 

4.30 

#1: 842.8 
#2: 829.2 
#3: 833 

 

#: The target located on composite panel 
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Table 5.6: The ballistic armors against 7.62 mm AP projectiles were produced from 
various materials. 

Material Thickness 
(mm) 

Areal density 
(g/cm2) Velocity (m/s) 

Aluminum alloy 70 10-11.5 782±5.4 
Multi layer metallic plates 

(steel/aluminum) 
12-40 8.1-15.0 775-950 

Alumina ceramic bonded steel 9-12 9.4-16.5 - 
Composite based alumina 
ceramic/stainless/KevlarTM 

reinforced benzoxazine alloy 
22 7.1 838 

E-Glass + S-Glass fibers (at 
same weight) - 4.9 843 

S-glass/Phenolic resin - 4.9 890 
 
 



CHAPTER VI 
 

CONCLUSIONS 
 

In this research, the ballistic armor based on fiber composite was studied. The 
glass fiber reinforced benzoxazine resin was used as strike face whereas KevlarTM fiber-
reinforced benzoxazine alloy was armor backing plate. The suitable matrix alloy 
composition based on benzoxazine, and urethane resins for glass fiber and KevlarTM 
fiber-reinforced composites were determined. The criteria for the evaluation of the 
optimal resin mixture compositions were thermal stability, mechanical properties and 
ballistic impact resistance of the obtained composite materials. 

 
 The structure of benzoxazine resin and urethane prepolymer were successfully 
synthesized as confirmed using 1H NMR. 
 
 In situ FT-IR analysis confirmed the curing process of BA-a/PU matrices and 
evaluated the degree of curing conversion.  
 
 Processing condition of the BA-a/PU composites at 150oC for 1 hour and 200oC 
for 2 hours was achieved the fully cured stage. 
  
 Comparing two types of fibers, the glass fiber reinforced with benzoxazine resin 
suitable to cooperate with KevlarTM composite. 
 
 Tg and activation energy of the composites increased with increasing PU 
contents, which were higher than those of BA-a/PU alloys. 
 
 The presence of glass fiber and KevlarTM fiber in the BA-a/PU alloys enhanced 
both the Td and char yield of the obtained composites. 
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 The flexural strain behavior of KevlarTM composites increased with addition of 
urethane from 0 to 20 wt%. The improved flexibility of the KevlarTM composites can 
provide more deflection during ballistic impact. The highest flexural strain at break value 
of KevlarTM reinforced with benzoxazine-urethane alloy (80/20 BA-a/PU) was suitably 
chosen to be used as armor backing plate. 

 
SEM observation showed fractured surfaces of glass fiber reinforced 

benzoxazine resin and KevlarTM fiber reinforced benzoxazine urethane alloy (80/20 BA-
a/PU). From the micrograph, the tight interfacial between fibers and matrix were 
observed that attributed to a good fiber-matrix interface. 

 
 The hard armor composite with approximately dimension 30   30 cm2 consisted 
of 2 panels of glass fiber reinforced benzoxazine resin and 1 panel of KevlarTM 
reinforced benzoxazine urethane alloy (80/20 BA-a/PU) can resist the penetration from 
7.62 mm AP projectile (838 ± 15m/s) equivalent to level III of NIJ standard. The total 
weight, thickness and areal density of the hard armor composite were about 4.6 kg, 31.5 
mm and 4.3 g/cm2 respectively.  
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APPENDIX A 
 

Characterization of Benzoxazine/Urethane Polymer Alloys 
 
Appendix A-1 Curing temperature of BA-a/PU alloys. 
 

BA-a/PU systems compositions Curing temperature 
(oC) 

Heat of reaction 
(J/g) 

100/0 BA-a/PU 226 272 
90/10 BA-a/PU 234 228 
80/20 BA-a/PU 243 205 
70/30 BA-a/PU 245 165 
60/40 BA-a/PU 247 153 

 
Appendix A-2 Glass transition temperature of BA-a/PU alloys. 
 

BA-a/PU systems compositions Glass transition temperature (oC) 
100/0 BA-a/PU 161 
90/10 BA-a/PU 173 
80/20 BA-a/PU 182 
70/30 BA-a/PU 220 
60/40 BA-a/PU 241 
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APPENDIX B 
 

Thermal characterization of fiber-reinforced benzoxazine/urethane alloys 
 

Appendix B-1: Density of KevlarTM Fiber-reinforced BA-a/PU Alloys  
 

Density (g/cm3) 
Composition (BA-a/PU) 

Theory  Actual 
2.08 
(a) 

2.06  
(a) 100/0 

1.374 
(b) 

1.305 
(b) 

90/10 1.370 
(b) 

1.328 
(b) 

80/20 1.365 
(b) 

1.330 
(b) 

70/30 1.361 
(b) 

1.327 
(b) 

60/40 1.341 
(b) 

1.302 
(b) 

(a): Glass fiber reinforced benzoxazine resin and (b): KevlarTM fiber reinforced 
benzoxazine-urethane alloys. 
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Appendix B-2 Dynamic mechanical properties of fibers reinforced BA-a/PU  
                         alloys 
 

 
(a): Glass fiber reinforced benzoxazine resin and (b): KevlarTM fiber reinforced 
benzoxazine-urethane alloys. 
 
 
 
 
 
 
 
 
 
 

BA-a/PU system compositions 
 

Glass transition 
temperature (oC) 

Storage modulus 
(GPa) 

182 
(a) 

25.57 
(a) 100/0 BA-a/PU 

184 
(b) 

16.82 
(b) 

90/10 BA-a/PU 187 
(b) 

14.89 
(b) 

80/20 BA-a/PU 213 
(b) 

14.39 
(b) 

70/30 BA-a/PU 225 
(b) 

13.69 
(b) 

60/40 BA-a/PU 247 
(b) 

11.89 
(b) 
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The  objective  of the  study  is  to investigate  the  influence  of  heat  treatment  on shrinkage,  density,  sur-
face  roughness,  water  absorption,  diffusion  coefficient,  swelling  and  shear  strength  of  eastern  redcedar
(Juniperus  virginiana  L.)  samples.  The  anatomical  structures  of samples  are  also  observed  by scanning
electron  microscope  (SEM).  Specimens  are  exposed  to  temperature  levels  of  120 ◦C, 160 ◦C  and  190 ◦C  for
time  spans  of  2 and  8  h.  Based  on the  results  of  this  study,  dimensional  stability  in  the  form  of  shrink-
age  of  the  samples  is improved  by 2.68%,  1.40%  and  1.49%  for tangential,  longitudinal  and  radial  grain
eat treatment
edcedar
hear strength
urface roughness

orientations  as  function  of  heat  treatment,  respectively.  Heat  treatment  also  enhances  surface  quality  of
the  samples  based  on  numerical  values  determined  from  stylus  type  of  equipment.  Water  absorption,
swelling  values  and  diffusion  coefficient  of  the  samples  are  also  reduced  with  heat  treatment.  Samples
exposed  to heat  treatment  have  lower  shear  strength  values,  ranging  from  25.12%  to  52.67%,  than  those
of  control  samples.  It appears  that  all properties  evaluated  in  this  work  are  affected  more  pronouncedly
as  temperature  and  exposure  time  is  increased.
. Introduction

Eastern redcedar (Juniperus virginiana L.) is one of the most
idely distributed indigenous conifers in the eastern US. Over

even million acres of Oklahoma lands are infested with redcedar
Payne et al., 1998). Miller (2007) observed that the heartwood of
edcedar is bright or dull red, and the narrow sapwood is nearly
hite. The wood is dimensionally stable with low shrinkage and

esistant to decay with fine and uniform texture. However, eastern
edcedar is underutilized as raw material for lumber manufacture
ue to its low value and irregular growth patterns (Bidwell et al.,
000). Currently, the wood from eastern redcedar is used for fence
osts and novelty items. Eastern redcedar has encroached on 10.2
illion acres in Texas and Oklahoma and there have been effort

o control this species (Alemayehu et al., 1998). Eastern redcedar
as serious adverse environmental impact such as degrading grass-

ands, increasing wildfire hazard and displacing native wildlife and
lant populations reported by Hiziroglu (2007).

Properties of eastern redcedar can be improved using alterna-
ive approaches to make this species more desirable to manufacture
alue-added products with possible potential opportunities. Heat

reatment is one of the processes which are used to enhance prop-
rties of wood. This process is also considered as eco-friendly
lternative to chemically impregnated wood materials. Stamm

∗ Corresponding author. Tel.: +662 218 6862; fax: +662 218 6877.
E-mail  address: sarawut.r@chula.ac.th (S. Rimdusit).

924-0136/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2011.12.019
© 2012 Elsevier B.V. All rights reserved.

(1956) concluded that the obtained woods properties from heat
treatment process depended on several factors i.e. time, tem-
perature, treatment atmosphere, wood species, moisture content,
wood dimension and the use of a catalyst. Korkut et al. (2008)
reported that the chemical modifications that occur in wood at high
temperatures are accompanied by several favorable changes for
its physical properties including reduced shrinkage and swelling,
improved biological durability, low equilibrium moisture content,
enhanced weather resistance, better thermal insulation properties
and stronger decay resistance. Kocaefe et al. (2008) studied the
wetting characteristics of heat treated wood by contact angle mea-
surement. The treated wood becomes more hydrophobic which
is the important factor of resistant biological attack and dimen-
sional stability. Therefore, the heat treatment process can be used
as an alternative method to make low-value wood species imitat-
ing the appearance of high-value species proposed by Gunduz et al.
(2009).

Generally, the temperature and duration for heat treatment of
wood varies from 180 ◦C to 280 ◦C and from 15 min  to 24 h, respec-
tively, depending on the heat treatment process, wood species,
sample size, moisture content of sample, desired target mechani-
cal properties, resistance to biological degradation and dimensional
stability of the final product as observed by Kamdem et al. (2002).
Temperature level has a greater influence on properties of wood

than exposure time. The physical and chemical properties of wood
permanently change at temperature about 150 ◦C and it contin-
ues with increasing temperature as reported in previous work
(Mitchell, 1988).

dx.doi.org/10.1016/j.jmatprotec.2011.12.019
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:sarawut.r@chula.ac.th
dx.doi.org/10.1016/j.jmatprotec.2011.12.019
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Fig. 1. Surface roughness specimens and shear strength test specimens.
P. Kasemsiri et al. / Journal of Materials Pr

A study carried out by Korkut and Guller (2008) investigated
he effects of heat treatment on physical properties and surface
oughness of redbud maple. Swelling reduction in radial, tangen-
ial and longitudinal grain orientations of the treated samples at a
emperature of 180 ◦C for 10 h was found to be 23.43%, 34.64%, and
0.04%, respectively. Such reduction rates of the samples resulting

n enhanced dimensional stability are desired for better utiliza-
ion of wood products. The average surface roughness (Ra) of these
amples also decreased up to 15.06%. The increase in smoothness
f wood is very important for some applications such as finishing
nd gluing in veneers. Dundar et al. (2008) concluded that veneers
ith rough surface of wood cause excessive resin use and may

esult in resin-bleed through the face veneer. In another study, the
ffects of thermal treatment on the mechanical and physical prop-
rties of Wild pear wood were evaluated by Gunduz et al. (2009).
he thermal treatment of the samples at 160 ◦C for 2 h increased
odulus of elasticity about 5% (from 6.27 GPa to 7.06 GPa) while

heir bending strength and compression strength values decreased
y 7.42% and 7.55%, respectively. The swelling properties of Wild
ear wood in tangential, radial and longitudinal grain orienta-
ions improved as 2.6%, 5.3%, and 8.5% swelling, respectively, as

 result of heat treatment. The effect of heat treatment on mechan-
cal properties of hazelnut wood was also studied by Korkut and
iziroglu (2009). Maximum reduction values of 68.11%, 64.97%,
nd 58.75% were determined for Janka-hardness in radial, tangen-
ial grain orientations, and tension strength parallel to grain for the
amples exposed to a temperature of 180 ◦C for 10 h, respectively.
t is important that improved dimensional stability of heat-treated
imber has to be balanced against the decrease in overall strength
alues when evaluating the effectiveness of using heat treatment
or any applications. For example, the heat treatment process was
pplied to use with surface densification technique investigated
y Gong et al. (2010) and also the interactive effect of surface
ensification and post heat treatment of aspen was studied. In gen-
ral, the heat treatment at high temperature can assist in solving
he unstable dimensional densified wood products. The densified
spen samples exposed to a temperature in ranging of 190–210 ◦C
howed that their dimensional stability significantly improved
ith the observation in the reduction of radial swelling of samples

rom 32 to 9%.
As  mentioned above various properties of heat treated differ-

nt species have been reported in literature. However currently
here is little information about the influence of heat treatment
n some properties such as swelling, surface roughness, shear
trength of eastern redcedar. Therefore the objective of this work
as to evaluate various physical and shear strength properties of

astern redcedar to provide an initial data so that such treated
pecies can be used more efficiently and effectively as value added
roduct.

. Materials and methods

The  70 defect free samples with dimension of
0 mm × 45 mm × 50 mm were cut from commercially pro-
uced flat sawn lumber supplied by a local sawmill. The specimens
ere sanded with sandpaper having 120 grits by applying 10 light

trokes to each surface before they were conditioned at tempera-
ure of 20 ◦C with 65% relative humidity to have 12% equilibrium

oisture content. Fig. 1 illustrates size and grain orientation of the
amples used for the experiments. Dimension of each sample were
easured and they were weighted at accuracy of 0.01 mm and

.01 g, respectively. The density, shrinkage and roughness tests

ere carried out on the same samples.

Surface roughness of samples was measured by employing a
ne stylus profilemeter Hommel T-500 unit equipped with a TK-
00 skidless type pick-up. Five random measurements were taken



1 ocessing Technology 212 (2012) 1324– 1330

f
f
n
a
q
a
M
v
r
p
p
t
c
r
A
r
w
a
c

c
t
1
t
p
t
s
s
a
d

S
3
p
s

3

s

m
f

e
f
n
e
w
(
S
i

Table 1
Average density, surface roughness and shear strength values of the samples (values
in parenthesis are standard deviation).

Heat treatment Density Surface roughness (�m)

(g/cm3) Rmax Rz Ra

Control sample 0.49 (0.06) 46.19 (8.02) 45.88 (8.26) 5.81 (1.17)
120 ◦C (2 h) 0.48 (0.06) 44.71 (7.42) 33.32 (6.91) 4.43 (0.86)
120 ◦C (8 h) 0.46 (0.05) 40.45 (7.39) 28.96 (6.30) 4.07 (0.95)
160 ◦C (2 h) 0.47 (0.04) 39.33 (4.51) 30.54 (4.11) 3.86 (0.63)

◦

T
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rom surface of sample to evaluate surface characteristics at dif-
erent thermal treatment conditions. Three roughness parameters,
amely average roughness (Ra), mean peak-to-valley height (Rz)
nd maximum roughness (Rmax) were used to evaluate surface
uality of the samples. Definitions of such roughness parameters
nd specifications of stylus type equipment were described by
ummery (1993). These parameters were commonly used in pre-

ious work to evaluate surface characteristic of wood products as
eported by Hiziroglu (1996). Swelling measurements on the sam-
les were conducted to 0.01 mm  accuracy at three different marked
ositions before and after heat treatment process. Water absorp-
ion and thickness swelling characteristics of the samples were also
onducted based on ASTM D 570-08. Before any testing was car-
ied out, the thickness and weight of each sample were measured.
ll samples were submerged in distilled water. The samples were
emoved from the water tank, rinsed, wiped, weighed before they
ere returned to water tank at each level. The amount of water

bsorbed was calculated based on the mass of each sample at initial
ondition.

For shear strength experiment, polyvinlyacetate (PVAc) pur-
hased from Elmer’s Products, Inc. was used as adhesive applied on
he both surfaces of each shear pair by brushing at a spread rate of
20 g/m2. After adhesive application, the specimens were pressed
ogether using a light pressure of 655 g/cm2 for 24 h at room tem-
erature. A total of 35 specimens were prepared for shear strength
ests based on ASTM 905-03. The schematic of the test sample and
hearing tool are illustrated in Fig. 1. The shear strength values of
amples were determined on a Comten testing Unit equipped with

 load cell having capacity of 1000 kg. The loading speed of machine
uring testing was adjusted to 5 mm/min.

The  anatomical structures of samples were investigated by
EM. The untreated and heat treated sample (approximately

 mm × 3 mm × 3 mm)  were scraped with a blade. The sample were
ut under vacuum and coated with a thin film of gold using an ion
puttering device, before micrographs of the surfaces were taken.

.  Results and discussion

Table  1 displays densities and surface roughness values of all
amples exposed to different heat treatments.

In general air-dry density and densities of the samples deter-
ined following each heat treatment decreased insignificantly as

unction of temperature and exposure time as can be seen in Table 2.
Sample exposed to a temperature of 120 ◦C for 2 h had the low-

st density reduction as 2.10% as compared to those exposed 190 ◦C
or 8 h having 3.25%. It seems that temperature was more promi-
ent factor influencing reduction of density of the sample than
xposure time. Similar findings were also observed in a previous

ork involved with heat treatment of oak samples. Korkut et al.

2010) observed that the average roughness surface of heat treated
essile Oak had improved values up to 25.67%. This observation
s in good agreement with our work. It is a well-known fact that

able 2
ercent decrease in properties of treated eastern redcedar samples.

Heat treatment Density Shrinkage 

Tangential Longitudin

Control sample 0 0 0 

120 ◦C (2 h) 2.10 2.52 1.09 

120 ◦C (8 h) 2.29 2.53 1.10 

160 ◦C (2 h) 2.47 2.56 1.27 

160 ◦C (8 h) 2.80 2.56 1.29 

190 ◦C (2 h) 2.63 2.57 1.38 

190 ◦C (8 h) 3.25 2.68 1.40 
160 C (8 h) 0.45 (0.06) 37.74 (5.84) 28.77 (5.04) 3.33 (0.77)
190 ◦C (2 h) 0.47 (0.05) 36.45 (6.92) 27.18 (5.52) 2.25 (0.81)
190 ◦C (8 h) 0.44 (0.05) 31.11 (6.67) 23.67 (5.20) 1.72 (0.90)

heat treatment reduces the hydrophilic behavior of the modified
wood (Homan et al., 2000) and the chemical structure of some of
its elements (Raimo et al., 1996).

Shrinkage reduction values of heat treated eastern redcedar
specimens in three grain orientations are also summarized in
Table 2. The lowest shrinkage reduction values were 2.52%, 1.09%,
1.27% for the samples exposed to a temperature of 120 ◦C for 2 h
along tangential, longitudinal and radial grain orientations, respec-
tively. These values were followed by the samples exposed to the
same temperature for 8 h. Based on statistical analysis no signifi-
cant difference was found for shrinkage values among the sample
exposed temperature levels of 120 ◦C, 160 ◦C for 2 h and 8 h as
well as 190 ◦C for 2 h at 95% confidence level. However, the sam-
ple exposed to 170 ◦C for 8 h resulted in significant difference in
their shrinkage reduction values as compared to those of exposed
120 ◦C and 160 ◦C for both time spans. In general tangential shrink-
age reduction values were determined higher than those of both
radial and longitudinal values. This is an expected result since wood
has the highest dimensional instability in tangential direction due
to vertical orientation of microfibrils in S2 layer of the cell wall. This
observation is in good agreement with previous work concluded by
Barnett and Bonham (2004). The orientation of cellulose microfib-
rils, S2 layer made up the greatest proportion of the cell wall thick-
ness. Therefore it was  the important part which affected the physi-
cal properties such as shrinkage. Modification in chemical structure
of components as mentioned above prevents the re-absorption
of water molecules which have tendency attaching between and
within the wood polymers, lignin, cellulose and hemicellulose.
Esteves et al. (2007) reported that during heat treatment num-
ber of hydroxyl group is decreased and replaced with hydrophobic
acetyl groups resulting in crosslinking between wood fibers. Such
phenomenon improves dimensional stability of heat treated wood.
Reduction in shrinkage values of eastern redcedar samples deter-
mined in this work resulted in lower than those observed for
different species including oak in past work (Korkut et al., 2010).

Eastern  redcedar has approximately 3.8% oil in its heartwood.

Most of the samples used in this work had almost 95% heart-
wood portion of the wood with limited sapwood where there is
only 1% or less oil exists. It is appears that oil should have acted
some kind of barrier to heat treatment in contrast to other species

Surface roughness

al Radial Rmax Rz Ra

0 0 0 0
1.27 2.41 4.66 4.52
1.29 2.99 5.66 5.20
1.39 2.76 4.80 4.78
1.41 4.89 7.22 5.90
1.45 4.29 5.57 5.90
1.50 8.38 9.62 10.11
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Fig. 2. Typical roughn

ithout having oil or other extractives in their heartwood. There-
ore, reduction values in shrinkage characteristic of the samples
ere not more than 2.68% as in case of samples exposed to a

emperature of 190 ◦C for 8 h. The reduction shrinkage results in
he enhancement of dimensional stability which is desirable for
pplications such as for garden, kitchen, sauna furniture, cladding
n wooden building, bathroom cabinets, floor material, musical
nstruments, ceilings, inner and outer bricks, doors and window
oinery and a variety of other outdoor and indoor uses.

Kilic  et al. (2008) observed surface roughness of samples using
 fine stylus method. One of the advantages of this method is to
btain actual profile of surface and standard numerical roughness
arameters, which can be calculated from the profile. Fig. 2 presents
he typical profiles of treated samples at 120 ◦C for 2 h and 190 ◦C
or 2 h compared with a control sample.
The surface roughness of the samples treated at three tem-
erature levels for two the spans improved with increasing with
emperature and heat exposure time, as displayed in Table 1 and
ig. 3.

able 3
ffect of heat treatment on water absorption, swelling and diffusion coefficients.

Heat treatment Water absorption (%) Swelling (%

Tangential 

Control sample 59.07 2.41 

120 ◦C (2 h) 55.22 2.22 

120 ◦C (8 h) 52.05 2.10 

160 ◦C (2 h) 47.14 1.83 

160 ◦C (8 h) 41.66 1.77 

190 ◦C (2 h) 36.29 1.62 

190 ◦C (8 h) 31.19 1.58 
ofiles of the samples.

While control samples had an average Ra value of 5.81 �m and
3.87 �m was  determined for the specimens exposed to a tempera-
ture of 170 ◦C for 8 h. No significant difference was found between
surface quality of the control samples and those exposed to 120 ◦C.
However the samples exposed to 160 ◦C and above had substan-
tially enhanced surface quality. For example Ra value of 3.86 �m
was determined for the sample treated at temperature of 160 ◦C for
2 h which is 1.5 times lower than that of control sample. High tem-
perature causes conversion of lignin into a thermoplastic condition
resulting in densification and compacting of the surface roughness
of the samples. Such observation was  also main conclusion of past
studies (Korkut et al., 2010). Rough surface of wood members can
easily be eliminated by sanding however such process will not only
increase overall production cost but also will cause dust problem
during manufacture. Therefore, heat treatment of redcedar would

be considered as alternative method to enhance its surface quality
for further production steps.

Based on visual observation from photographs taken from SEM
it seems that cross section of heat treated samples had rather clean

) Diffusion coefficient (×10−12 m2/s)

Radial Tangential Radial

1.42 1.54 1.02
1.34 1.49 0.99
1.27 1.46 0.97
1.25 1.33 0.91
1.13 1.31 0.87
1.08 1.28 0.83
0.95 1.23 0.78
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ig. 3. Surface roughness values of the samples as function of heat treatment: ( )
ontrol sample, ( ) heat treatment at 2 h and ( ) heat treatment at 8 h.

nd smooth surface. Although some of the fibers are broken due to
ut performed on control samples, it is still clear that heat treatment
imply eliminated some of the small and broken fibers from the cell

umen as well as on the surface of the samples as can be seen from
he photographs of the samples exposed to 120 and 160 ◦C for 2 h
n Fig. 4. Surface roughness evaluation of the samples also revealed
hat heat treatment enhanced their smoothness.
Fig. 4. Micrographs taken from cross-section of the samples by SEM: (a) control
sample,  (b) treated sample at 160 ◦C for 2 h and (c) treated sample at 190 ◦C for 2 h.

The values of water absorption for the heat treated redcedar

are depicted in Fig. 5. The percentage of water absorbed plotted
against time for all samples showed the similar behavior. The water
adsorption values of the untreated and treated samples were in the
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ig. 5. Percentage water absorption of the samples at various heat treatment con-
itions: (�) control sample, (�) 120 ◦C for 2 h, (�) 120 ◦C for 8 h, (©) 160 ◦C for 2 h,
�) 160 ◦C for 8 h, (�) 190 ◦C for 2 h and (�) 190 ◦C for 8 h.

ange of 31.19–59.07% after 240 h of exposure as summarized in
able 3.

Furthermore, the water absorption of treated samples also
ecreased with increasing temperature and duration time of heat
reatment process. This is due to the fact that heat treatment
ffects the wood cell polymers which consist of hemicellulose,
ellulose and lignin. Among these compositions, Kocaefe et al.
2010) observed that hemicelluloses are greatly prone to ther-

al degradation during the treatment whereas cellulose and lignin
re somewhat modified. The degradation of hemicelluloses causes
f releasing of the organic acids which influences the cross-
inking reduction in hydroxyl groups (OH ) and cleavage of the
ignin–polysaccharide complex. The decrease in hydroxyl groups
lso increases the hydrophobicity of wood and results in reduction
f the water absorption.

When  wood is soaked in water or any liquids the liquid enters
he wood up to a content which is far beyond the fiber saturation
oint. It is a well-known fact that all properties of wood can be influ-
nced from water sorption. Therefore, the sorption behavior and
iffusion process of solid wood are interesting for utilizations such

 method by evaluating its in-service performance to help under-
tand mold growth on wood, and for evaluating drying kinetics in
ood (Neimsuwan et al., 2008). El kouali et al. (1992) investigated

he diffusivity of water in wood specimens. The diffusivity can be
alculated from the straight line obtained by plotting the amount
f water transported through the corresponding axis as a function
f the square root of time:

Qt

Q˛
= 4

Th

(
D

�

)0.5
t0.5 (1)

here  D is diffusion coefficient, Th is the thickness of sample in
angential and radial direction, Qt is the moisture content at time
; and Q˛ the moisture content at equilibrium.

The obtained values from the fitting are shown in Table 3. The
iffusion coefficient values of all samples had trend of decrease with

ncreasing the temperature and duration time of heat treatment.
his implies that the inclusion of water molecules in treated sample
s less than those of control sample due to the changing structure

f wood as discussed in the result of water absorption.

The percentage of swelling values in tangential and radial grain
rientation of sample after immersion in water 240 h is shown in
ig. 6 and Table 3.
Fig. 6. Percentage thickness swelling of the samples at grain orientations: (�) tan-
gential grain orientation and (�) radial grain orientation.

Both radial and tangential swelling value of treated samples
significantly decreased as compared to those of untreated sample.
The highest decrease of swelling value was determined for treat-
ment condition of 190 ◦C for 8 h. These results also corresponded
with the water absorption and diffusion coefficient of samples i.e.
treated specimens had less amount of water in wood cell wall
and the slow water uptake due to the decrease of the amount of
wood’s hydroxyl groups. As a consequence of the reduced number
of hydroxyl groups the swelling of treated samples were lower as in
the case of Black pine observed by Gunduz et al. (2009) (19.13% in
radial and 37.61% in tangential) and Wild pear reported by Gunduz
et al. (2008) (3.52% in radial and 5.29% in tangential) when the
samples were compared at the same heat treatment condition.
The reduction of both water absorption and swelling result in an
increase in dimensional stability required for several application of
wood.

The average shear strength values of the samples are presented
Tempera ture  (oC)/Time (h) Treatme nt
8/091SC 12 0/2 120/ 6 160/ 2 160/8 190/ 2

Fig. 7. Shear strength values of the samples as function of heat treatment.
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ig. 8. Percentage decrease in shear strength values of the samples as function of
eat treatment.

Such reduction was noticeable for even samples exposed to a
emperature of 120 ◦C for 2 h having 23% reduction in the shear
trength value. Maximum value was 52% for the samples exposed
o 190 ◦C for 8 h as illustrated in Fig. 8.

There are past studies carried out to evaluate effect of heat treat-
ent on mechanical properties of different species and they all

oncluded adverse influence of heat treatment on mechanical prop-
rties of the specimens such a Wild pear (Gunduz et al., 2009), Scot
ine (Korkut et al., 2008), and Hazelnut wood (Korkut and Hiziroglu,
009). Unfortunately thermal degradation and loss of chemical
lements of wood is a major parameter which is responsible for
egative impact of heat treatment on mechanical characteristics of
he sample as reported by Yildiz et al. (2006). Kartal et al. (2008)
lso observed that depolymerization reactions of wood polymer
ncluding changes and loss of hemicellulose play an important role
n such results of heat treated wood.

. Conclusions

This study investigated effect of heat treatment on chemical sta-
ility, surface roughness and shear strength of eastern redcedar
amples. It was observed that heat treatment has limited bene-
ts on dimensional stability of eastern redcedar. Surface quality
f the samples was enhanced noticeably as a result of heat treat-
ent. On the other hand, shear strength of the samples tended to

ecrease with heat treatment. Therefore heat treatment of eastern
edcedar is not recommended for applications to be used where
onstructional strength properties are critically desired. However,
uch treatment would be considered to improve surface quality
f the sample for furniture and craft applications where smooth
urface of the members is ideal. In further studies, it would be desir-
ble to determine bonding and other mechanical properties such
s hardness of eastern redcedar as function of temperature and
xposure time to have a better understanding of heat treatment on
roperties of such species.
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In this study, properties of experimentally manufactured wood polymer composites based on benzox-
azine resin (BA-a) and cashew nut shell liquid (CNSL) copolymer were investigated. Specimens having
as high as 75% by weight of eastern redcedar (Juniperus virginiana L.) particles mixed with BA-a/CNSL
matrix were manufactured for property evaluation. From the experimental results, wood particles evi-
dently lowered the curing temperature and activation energy of the BA-a/CNSL curing process. Thermal
and mechanical properties of the samples were found to substantially increase with increasing amount of
wood particles. Dimensional stability in a form of the thickness swelling of the specimens and overall sur-
face quality from water immersion test were found to be comparable with those of other wood-based
composite panels.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Eastern redcedar (Juniperus virginiana L.) is one of the most
widely distributed indigenous conifers in the eastern United States.
Over seven million acres of Oklahoma lands are infested with redc-
edar [1,2]. Eastern redcedar has serious adverse environmental im-
pact such as degrading grasslands, increasing wild fire hazards, and
displacing native wildlife and plant populations. Generally, the
wood from eastern redcedar is used for fence posts and novelty
items. In a previous work, experimental particleboard panels were
manufactured from eastern redcedar, and it was found that the
basic properties of such samples were comparable with those of
commercially made [3]. This process could provide a possible
alternative to convert a potentially costly land management prob-
lem into a value-added product.

Adhesive cost in wood composite manufacture is the main
parameter controlling overall production cost. It would be ideal
to reduce adhesive percent in the composite to minimize cost of
final product. However, it is well known fact that even 1% reduc-
tion in adhesive amount used in the composite would influence
adversely almost all properties of the final panel product. One
alternative approach to achieve reduce overall product cost would
be maximizing fiber amount without changing adhesive content in
the matrix. Interestingly, phenolic resins based on benzoxazine
structures have a low a-stage viscosity that allows an addition of
greater amount of filler [4]. Furthermore, benzoxazine resins have
All rights reserved.

+66 2 218 6877.
t).
been reported to provide some outstanding characteristics such as
having excellent thermal properties and flame retardance, molecu-
lar design flexibility, low moisture absorption, near zero shrinkage
upon polymerization, low melt viscosities, and low dielectric
constant [5–8]. Therefore, polybenzoxazines are widely applied
in various fields including structural materials and adhesives espe-
cially when high strength properties are desired. In a recent work,
it has been reported that highly filled composite panels having up
to 75% wood flour can be manufactured using benzoxazine resin
[9]. The high compatibility between the wood flour and the poly-
benzoxazine matrix was evident from the large improvement in
the glass transition temperature (Tg) and char yield of the wood
composites. Besides, the benzoxazine resins were also modified
as ternary matrices for wood flour that consisted of benzoxazine,
epoxy, and phenolic novolac resins (BEP resins). The results of
these ternary system investigation suggested that an addition of
epoxy resin into benzoxazine resin can reduce the liquefying tem-
perature of wood-substituted composites from the highly filled
BEP alloys at 70 wt.% of the wood flour content [10]. The relatively
high flexural strength of the BEP wood composites up to 70 MPa
was also achieved in the same study.

The other potential approach for reducing cost of composite
material is to use inexpensive polymeric material. Consequently,
to observe the easily renewable and low-cost resin is becoming a
matter of necessity [11]. Recently, the development of the benzox-
azine based on renewable organic material has attracted signifi-
cant attention. Especially, a novel cardanol-based benzoxazine
monomer having an oxazine ring in its structure can be a good can-
didate as binder in composite manufacture. The oxazine ring can

http://dx.doi.org/10.1016/j.compositesa.2011.06.011
mailto:sarawut.r@chula.ac.th
http://dx.doi.org/10.1016/j.compositesa.2011.06.011
http://www.sciencedirect.com/science/journal/1359835X
http://www.elsevier.com/locate/compositesa
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react with carbon atoms on benzene ring of cardanol, which is the
main component of cashew nut shell liquid (CNSL) [12]. CNSL is a
blend of naturally occurring phenol-based monomer and is tradi-
tionally obtained as by-product during the process of removing
the cashew kernel from the nut. The production of CNSL is nearly
25% of the total nut weight. The main producers of cashew nut
are in Asia, Africa, and South America. The major components of
CNSL are anacardic acid, cardanol, and trace of cardol and 1-
methylcardol. The CNSL has various applications in different indus-
tries such as friction linings, paints and varnishes, laminating
resins, rubber compounding resin, urethane-based polymer,
surfactant, epoxy resin, modifier agent of phenol–formaldehyde
resin for plywood production, reactant of wood composite produc-
tion, and intermediate compound in chemical industries [11,13–
17]. Therefore, CNSL would be considered as an excellent potential
material to modify the properties of benzoxazine resin possibly to
reduce overall material cost in composite manufacture.

Currently, there is no information about properties of plastic-
based composite using the CNSL-modified benzoxazine resin with
eastern redcedar particles to produce a value-added product. There-
fore, the objectives of this work are to produce composite materials
from these raw materials and to evaluate the effects of eastern
redcedar content in the matrix on the resulting kinetic parameters
of the curing process, as well as on the physical and mechanical
properties of the obtained wood-substituted composites.

2. Experimental

2.1. Materials

Benzoxazine resin (BA-a) based on bisphenol-A, aniline, and
formaldehyde were used as binder to manufacture the wood com-
posite samples. The bisphenol-A (polycarbonate grade) was sup-
plied by Thai Polycarbonate Co., Ltd. (TPCC). Paraformaldehyde
(AR grade) and aniline (AR grade) were purchased from Merck
Ltd. and Rankem. The CNSL was contributed by Maboonkrong Sir-
ichai 25 Ltd. (Thailand). Eastern redcedar ( J. virginiana L.) chips
were reduced into particles before they were separated on a shaker
type screen. Particles size of the wood flour used was 400 lm.

2.2. Preparation of wood–BA-a/CSNL composites

Benzoxazine monomer was synthesized from bisphenol A, ani-
line, and formaldehyde at a molar ratio of 1:2:4. The monomer syn-
thesis was based on the patented solventless synthesis technique
[18]. The BA-a blended with CNSL at a fixed weight ratio of 85/
15 (BA-a/CNSL) was used as a composite matrix.

Eastern redcedar particles were dried at a temperature of 100 �C
for 24 h in a laboratory oven until they reached a constant weight.
The ratios of wood particles to polymer matrix (%wt/wt) were pre-
pared at 0/100, 50/50, 60/40, 75/25, and 80/20. The wood particles
were compounded with the BA-a/CSNL mixture in an aluminum
container at a temperature of 80 �C for at least 30 min in order to
ensure complete filler wetting. The molding compound was then
placed in a preheated stainless steel mold with a dimension of
60 mm � 25 mm � 3 mm and compressed in a hydraulic press
using a pressure of 15 MPa at 130 �C for 0.5 h and 180 �C for 2 h.
The cured specimens were cooled down at room temperature
before testing.

2.3. Characterization of the composite samples

The curing behavior and kinetic parameters of the samples were
evaluated by a differential scanning calorimeter (DSC) model 2910
from TA Instrument. The heating rates were 2, 3, 5, and 10 �C min�1

from 30 to 280 �C under nitrogen gas purging.
Densities of wood composites were determined by a water
replacement method based on ASTM D 792 Method A [19]. The
density of redcedar particles was determined by a pycnometer.

The dynamic mechanical analyzer (DMA) model DMA 242 from
NETZSCH was employed to determine the dynamic mechanical
properties and relaxation behaviors of BA-a/CNSL polymer alloy
samples. The dimension of specimens was 10 mm � 50 mm
� 2 mm. The test was performed in a three-point-bending mode.
In a temperature sweep experiment, a frequency of 1 Hz and a
strain value of 0.1% were applied. The temperature was scanned
from room temperature to Tg of each specimen with a heating rate
of 2 �C min�1 under nitrogen atmosphere. Additionally, flexural
modulus and flexural strength of the wood polymer composite
specimens were determined according ASTM D 790 [20] employ-
ing a Universal Testing Machine, Instron, Model 5567 equipped
with a 1 kN load cell. The measurement was carried out in a
three-point bending mode with a support span of 48 mm and at
a crosshead speed of 1.2 mm/min. A minimum of five samples with
a dimension of 25 mm � 60 mm � 3 mm were tested, and the
averaged values were determined.

Water absorption and thickness swelling characteristics of the
samples were conducted following ASTM D 570 [21]. Before test-
ing, the thickness and weight of each sample were measured. All
samples had been submerged in distilled water for sequential time
spans of 2, 6 and 24 h up to 1 week before the samples were re-
moved, wiped, weighed, and immediately returned to water bath
at each test period. The amount of water adsorbed was calculated
based on the initial conditioned mass of each sample.

Surface characteristics of samples were examined by employing
a fine stylus profilemeter Hommel T-500 unit equipped with a
TK-300 skidless type pick-up. Six random measurements were ta-
ken from surface of each sample to evaluate surface characteristics
at dry condition and after 24 h water immersion. Three roughness
parameters, namely average roughness (Ra), mean peak-to-valley
height (Rz), and maximum roughness (Rmax), were used to evaluate
surface quality of the samples. Definitions of such roughness
parameters and specifications of stylus type equipment were de-
scribed in the literature [22].

Fracture surface of the wood composites was investigated using
a scanning electron microscope (SEM) (Quanta model 600 F) at an
acceleration voltage of 20 kV. Fractured samples were coated with
a thin film of gold using an ion sputtering device, before micro-
graphs of the fractured surfaces were taken.
3. Results and discussion

3.1. Curing behavior of eastern redcedar particles filled BA-a/CNSL
composites

The effect of eastern redcedar particles or filler content on cur-
ing reaction of BA-a/CNSL matrix was investigated by DSC as
shown in Fig. 1. The matrix showed an exothermic peak attributed
to the ring-opening polymerization of oxazine ring at 214 �C. Inter-
estingly, the exothermic peak of BA-a/CNSL system was found to be
lower than that of the neat BA-a, which was reported at about 220–
240 �C [23]. This result indicated that the anacardic acid in CNSL
might act as a curing accelerator, which caused a shift of the exo-
therm of the ring-opening reaction of the benzoxazine resin to
lower temperature. The thermograms at different eastern redcedar
particle contents clearly revealed that the exothermic curing peak
decreased with increasing eastern redcedar particle contents, i.e.,
213 �C (30 wt.% filler content), 211 �C (50 wt.% filler content), and
203 �C (70 wt.% filler content). This phenomenon can be attributed
to the catalytic effect of polymerization of the matrix induced by
carbohydrates and lignin in wood substrates [24]. The similar



Fig. 1. DSC thermograms of samples manufactured with various filler contents: (.)
85/15 BA-a/CNSL matrix, (N) 30 wt.% filler content, (�) 50 wt.% filler content, and
(j) 70 wt.% filler content. Fig. 2. (h) Krissinger method and (d) Ozawa method plots for averaged activation

energy determination of 75 wt.% eastern redcedar particles filled BA-a/CNSL (85/25)
resins.

Table 1
Kinetic parameters of wood composites evaluated by Kissinger and Ozawa. methods.

Eastern redcedar/matrix (75/25 wt.%) Methods

Kissinger (kJ/mol) Ozawa (kJ/mol)

Eastern redcedar/(BA-a) 77 81
Eastern redcedar/(BA-a/CNSL) 72 76
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conclusion was also observed in the wood composite panels man-
ufactured using phenol formaldehyde resin [25].

A non-isothermal method in DSC experiment was used to
determine the curing kinetic parameters of wood composites, which
were 75 wt.% eastern redcedar particles filled the BA-a and BA-a/
CNSL (85/25) resins. The activation energy of the curing process
was also examined by both the Kissinger and Ozawa methods. The
details of both methods were clearly described in our previous work
[26].

3.1.1. Kissinger method
Kissinger method is based on a linear relationship between

ðln b=T2
pÞ against the inverse of the peak temperature of the exo-

thermic curing reaction (1/Tp). The activation energy (Ea) can be
obtained as follows:

ln
b

T2
p

 !
¼ ln

Q pAR
Ea

� �
� Ea

RTp
ð1Þ

where b is a constant heating rate, f(a) is differential conversion
function depending on reaction mechanism, and Qp = �[d f(a)/d a]
a = ap

3.1.2. Ozawa method
A similar method to Kissinger method is Ozawa method that

relates the ln b and (1/Tp) as follows:

ln b ¼ ln
QpAR

Ea

� �
� ln FðaÞ � 5:331� 1:052

Ea

RTp

� �
ð2Þ

FðaÞ ¼
Z a

0

da
f ðaÞ

where F(a) is a constant function
A good linear correlation was observed, and the activation en-

ergy was also calculated from the slope of the relationship between
the heating rate and the reversal of the exothermic peak tempera-
ture, as illustrated in Fig. 2. Table 1 displays the average calculated
activation energy values 77–81 kJ/mol and 72–76 kJ/mol for east-
ern redcedar particles filled BA-a and BA-a/CNSL (85/25) resins,
respectively. These values are lower than around 84–87 kJ/mol
the activation energy of neat benzoxazine resin previously
reported [26]. This observation is good evidence that eastern redc-
edar particles not only decreased curing temperatures but also
reduced the activation energy of the benzoxazine matrices. This
would be possibly due to the catalytic effect of eastern redcedar
particles as mentioned above. The decrease in curing temperature
and activation energy of wood composites has a positive effect on
the wood composite manufacturing, i.e., a relatively lower curing
temperature or lower energy consumption can be used.

3.2. Density measurement

One measure to evaluate the optimum packing of filler in ben-
zoxazine matrix is density measurement [27,28]. The densities of
eastern redcedar particles filled BA-a/CNSL composites as a func-
tion of the wood flour content are illustrated in Fig. 3. The theoret-
ical densities of the composites were calculated as follows:

qc ¼
1

ðWf =qf Þ þ ðð1�Wf Þ=qmÞ
ð3Þ

where Wf is filler weight fraction, (1 �Wf) is matrix weight fraction,
qc is composite density, qf is filler density, and qm is the matrix den-
sity. Based on this equation, the calculated theoretical densities va-
lue depends on weight fraction and density of the filler and the
matrix based on complete wetting. The density levels of materials
were 1.19 g/cm3 for eastern redcedar particles, 1.19 g/cm3 for poly-
benzoxazine, and 0.94 g/cm3 for CNSL. The experimental results at
filler contents in the range of 50–75 wt.% present a linear relation-
ship between the density value and the filler loading.

3.3. Mechanical properties

The dynamic mechanical properties of the wood-based compos-
ites were examined as a function of temperature. The storage mod-
uli at temperature ranging from 30 to 250 �C of BA-a/CNSL matrix
and eastern redcedar particles filled with contents ranging from 50



Fig. 3. Density of wood composites at various eastern redcedar contents: (h) actual
density and (d) theoretical density.

Fig. 5. Loss modulus of samples at various filler contents: (.) 85/15 BA-a/CNSL
matrix, (N) 50 wt.% filler filled BA-a/CNSL, (�) 60 wt.% filler filled BA-a/CNSL, (j)
70 wt.% filler filled BA-a/CNSL, and (d) 75 wt.% filler filled BA-a/CNSL.
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to 75 wt.% are exhibited in Fig. 4. The room temperature moduli of
the wood composites at the filler content of 75 wt.% were observed
to be within the range of 4.48 GPa compared with the 3.24 GPa of
BA-a/CNSL matrix. The storage modulus was maintained to be con-
stant up to higher temperature by increasing eastern redcedar par-
ticles content. This behavior can be attributed to the effect of
restriction of segmental motion of matrix possibly due to the sub-
stantial interfacial bonding between the matrix and eastern redce-
dar particles. Such observation is also similar to the finding of our
previous studies [9,29].

Fig. 5 shows a plot of the loss modulus of the BA-a/CNSL matrix
and wood composites as a function of temperature. The peak posi-
tions of the loss moduli were used to indicate the Tgs of the sam-
ples. As depicted in Fig. 5, the Tg of the BA-a/CNSL matrix was
147 �C whereas the Tgs of wood composites having eastern redce-
dar particles content ranging from 50 to 70 wt.% were observed
to be 162 to 188 �C. This result indicated that the Tg value increased
with increasing amount of the eastern redcedar particles. As
explained in our previous work, the presence of the phenolic struc-
ture in lignin fraction of eastern redcedar particles and the
abundance of hydroxyl moieties in the filler are believed to provide
Fig. 4. Storage modulus of samples at various filler contents: (.) 85/15 BA-a/CNSL
matrix, (N) 50 wt.% filler filled BA-a/CNSL, (�) 60 wt.% filler filled BA-a/CNSL, (j)
70 wt.% filler filled BA-a/CNSL, and (d) 75 wt.% filler filled BA-a/CNSL.
a composite system with strong interfacial bonding to the poly-
benzoxazine with enhanced thermal properties [9,29].

Flexural properties of the wood composites were examined, and
the results are illustrated in Figs. 6 and 7. Flexural modulus values
of the eastern redcedar particles filled BA-a/CNSL alloys are also
depicted in Fig. 6. The average flexural modulus of wood compos-
ites ranged from 4.27 to 7.09 GPa. This values fall in the same as
those of the polybenzoxazine wood composites reported in recent
work [9,29]. The flexural modulus as a function of eastern redcedar
particles content showed a behavior nearly identical to that of the
storage modulus determined by DMA, i.e., the flexural modulus
trended to increase with increasing amount of eastern redcedar
particles.

Fig. 7 presents the flexural strength of wood composites. The
flexural strength values trended to increase with increasing
amount of eastern redcedar particles content in the samples having
values ranging from 34.13 to 47.06 MPa. It should be noted that an
increase in filler content enhanced the modulus and strength of
samples due to reinforcing capability of the filler and matrix
[29]. These flexural strengths are significantly higher than those re-
ported wood plastic composites, e.g., 50–70 wt.% commercial wood
particles reinforced HDPE (2.7–3.1 GPa) [30]. Furthermore, the
Fig. 6. Effect of wood particle content on flexural modulus of the wood composites.



Fig. 7. Effect of wood particle contents on flexural strength of the wood composites.

Fig. 8. Percentage water absorption of the wood composites at various filler
contents: (N) 50 wt.% filler filled BA-a/CNSL, (�) 60 wt.% filler filled BA-a/CNSL, (j)
70 wt.% filler filled BA-a/CNSL, and (d) 75 wt.% filler filled BA-a/CNSL.

Table 2
Diffusion case selection parameters and diffusion coefficients of the wood composites.

Eastern redcedar/matrix n Diffusion coefficient � 10�12 (m2/sec)

50/50 0.55 1.73
60/40 0.37 1.89
70/30 0.46 2.36
75/25 0.51 3.08

Fig. 9. Percentage thickness swelling of the wood composites at various filler
contents: (N) 50 wt.% filler filled BA-a/CNSL, (�) 60 wt.% filler filled BA-a/CNSL, (j)
70 wt.% filler filled BA-a/CNSL, and (d) 75 wt.% filler filled BA-a/CNSL.
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flexural modulus of wood composite in this work is higher than
typical medium-density fiberboard (MDF) requirement, which
requires flexural modulus to be in a range of 0.5–3 GPa. Generally,
MDF is frequently used as substrate for thin overlays to manufac-
ture furniture units [31]. These results implied that BA-a/CNSL
resin strongly adhered to the eastern redcedar particles and effec-
tively imparted good mechanical properties to the composites.
3.4. Water absorption of the wood composite samples

The values of water absorption and thickness swelling for the
wood composites at varied filler loadings are shown in Fig. 8. The
percentage of water absorbed plotted against time for all samples
revealed a similar behavior, i.e., the samples absorbed water more
rapidly during first stages (0–24 h). The water adsorption values of
the samples were in range of 4.17–18.66% after 170 h of the
immersion. These values were significantly lower than the water
absorption values of previous works such a sisal reinforced with
glyoxal–phenol–resorcinal (30%) and of bamboo/epoxy composite
(40%) [32,33]. Moreover, the water absorption of all samples was
also observed to increase with increasing filler content. This is
likely caused by the hydrogen bonding of the water molecules to
the free OH groups presented in the cellulosic cell wall components
of the filler and by the possible diffusion of water molecules into
the filler and matrix interface. Furthermore, large number of por-
ous tubular anatomical of fiber might accelerate the penetration
of water by the so-called capillary action. Therefore, with the
increase in the filler content, there are more water residence sites
(OH groups), which result in more absorbed water [34].

3.4.1. Kinetic of water sorption
It is necessary to study the kinetic water sorption to have better

understanding of the water sorption mechanism and to minimize
water uptake of materials. Generally, the analysis of the diffusion
mechanism and kinetics was performed based on Fick’s theory.
The generalized equation can be expressed as

Mt

Ma
¼ ktn ð4Þ

where Mt is the moisture content at time t, Ma is moisture content
at equilibrium, and k and n are constants.

The diffusion behaviors can be classified as follows: super case
II (n > 1), case II (n = 1), anomalous (1/2 < n < 1), classical/Fickian
(n = 1/2), or pseudo-Fickian (n < 1/2). From the plots of log Mt/Ma
versus log t, the obtained slope values of all samples were summa-
rized in Table 2. The absorption of water in the eastern redcedar
particles filled BA-a/CNSL approached toward the Fickian diffusion
case, as the value of n were determined to be in the range of 0.36–
0.54. These values were close to the value of n = 0.5. Generally, the
water adsorption in natural fiber reinforced plastics usually follows
Fickian behavior [35].

3.4.2. Transport coefficients
The diffusion coefficient (D) is the most important parameter of

the Fick’s model. This parameter presents the ability of solvent
molecules to penetrate inside the composite structure and can be
calculated using the following equation:



Fig. 10. Typical roughness profiles of the samples in dry and soaked condition.
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Mt

Ma
¼ 4

L
D
p

� �0:5

t0:5 ð5Þ
where L is the thickness of sample.
From Eq. (5), the diffusion coefficient was obtained from the

slope of the plot of Mt/Ma versus (t)0.5. The obtained values from
a curve fitting were shown in Table 2. The diffusion coefficient
values of wood composites expectedly showed an increasing trend
with increasing eastern redcedar loading. This is due to the hydro-
philic characteristics of lignocellulosic fiber incorporated. Addi-
tionally, the greater natural fiber loading may increase interfacial
region of the transport of the diffusant. This result is in good agree-
ment with the results of our previous work [35].



Table 3
Surface roughness values of the wood composites.

Eastern redcedar/matrix Surface roughness values before water
immersion (lm)

Surface roughness values after water
immersion (lm)

Percent increase in surface roughness
values (%)

Ra Rz Rmax Ra Rz Rmax Ra Rz Rmax

50/50 4.21 40.76 73.29 5.24 47.55 77.93 24.44 16.66 6.32
60/40 2.01 20.05 35.27 5.24 47.55 77.93 42.03 51.42 25.31
70/30 4.00 32.72 51.35 6.46 44.43 66.85 61.43 37.23 30.19
75/25 2.32 20.89 30.63 4.03 32.78 49.25 73.86 56.92 60.76

Fig. 11. Micrographs taken from cross-section of the samples by SEM (arrows show the gaps between wood and matrix due to water adsorption): (a) samples with 50% filler
in dry condition, (b) samples with 50% filler in wet condition, (c) samples with 75% filler in dry condition, and (d) samples with 75% filler in wet condition.
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3.5. Thickness swelling of the samples

Due to the presence of polar groups in lignocellulosic material,
the polar group can attract water molecules through hydrogen
bonding. This phenomenon leads to moisture build-up in fiber cell
wall and in fiber matrix interface. These factors affected the swell-
ing of fiber and the changing the dimensional behavior of the
composite samples, namely thickness swelling and linear expan-
sion [36].

The thickness swelling (TS) of the eastern redcedar filled BA/
CNSL is illustrated in Fig. 9. The thickness swelling of the speci-
mens increased with increasing eastern redcedar content in the
panels similar to water absorption results. The TS value of the sam-
ples having 50–75 wt.% filler content for the 24 h water immersion
varied from 2.10% to 5.06%. These values were found to be lower
than those of the 55 wt.% phenolic resin reinforced with grass fiber
(18.4%) [37]. Overall, TS values of the samples were within the
same range of commercially produced other types of wood-based
composite panels such as fiberboards having a range of 1.6–5.45
[38]. It is due to the important characteristics of BA-a/CNSL matrix
and the eastern redcedar particles, i.e., the benzoxazine resin is
well known as a low water adsorption material [4]. In addition,
both CNSL and eastern redcedar have oil content [3]. This compo-
nent in wood may act as a wax that is normally added in typical
particleboard manufacturing to enhance their dimensional stabil-
ity from moisture absorption. As shown in Fig. 9, the thickness
swelling increased only in the initial stage and thereafter remained
almost constant. After 10 days, the thickness swelling leveled off
and the percentage of the TS value was observed to be within
the range of 3.76–7.91%.

3.6. Surface roughness of samples

The typical roughness profiles of our wood composites are
shown in Fig. 10, and the average roughness values are also sum-
marized in Table 3. Average roughness (Ra), mean peak to valley
height (Rz) and maximum roughness (Rmax) values for the samples
having 50–70 wt.% wood particles in dry condition ranged from
2.32 to 4.21 lm, from 20.05 to 40.76 lm, and from 30.63 to
73.29 lm, respectively. After 24 h water immersion, surface rough-
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ness of all samples was remeasured to evaluate the change of their
roughness characteristics. The percent increase in surface rough-
ness values enhanced with increased filler content in samples, as
exhibited in Table 3. This is due to water adsorption in lignocellu-
losic can lead to a build-up of moisture in the fiber cell wall and the
interphase region between matrix and fiber. It is well known that
moisture could result in swelling and dimensional instability of
wood products [39]. The similar trend of the percent increase in
roughness values was also observed in the panels composites
exposed to 75–85% humidity [40].

3.7. Fracture surface investigation

The fractured surfaces of wood composites before and after
water absorption measurement are illustrated in Fig. 11a–d, respec-
tively. The 50 and 75 wt.% eastern redcedar filled BA-a/CNSL matrix
before water immersion presented the tight interfaces between the
filler and BA-a/CNSL matrix, which implied a good fiber–matrix
interface. The results confirmed the observed enhancement in
mechanical and thermal performance of these wood composites.
After 10 days of water immersion, the fractured surfaces of samples
were characterized by SEM to evaluate the existence of substantial
degree of adhesion between the matrix and filler. Fig. 11c–d exhib-
ited the voids and crack between eastern redcedar particles and
BA-a/CNSL matrix attributed to the decreasing degree adhesion of
filler-matrix. As mentioned above, the hydrophilic nature of the cel-
lulosic materials caused the composite to take up a high amount of
water. The water tends to be retained in the inter cell wall of the
cellulosic structure of these fillers and flaws at the interface and
microvoid existence in the composites [34].

4. Conclusions

Bisphenol A benzoxazine resin alloyed with cashew nut shell
liquid was observed to be a good binder for natural fiber. The addi-
tion of cashew nut shell liquid and eastern redcedar particles effec-
tively reduced the curing temperature and activation energy of
benzoxazine resin. The effects of the eastern redcedar particles con-
tent on the thermal and mechanical increased with optimum
amount of filler to matrix at 75/25 by weight that attributed to good
compatibility between the fiber and the matrix. The wood compos-
ites at various contents of particles also showed relatively low per-
centages of water absorption and thickness swelling. The obtained
wood composites based on eastern redcedar particles also provided
an economic incentive to convert a costly land management prob-
lem into the value-added products of wood composite panels.
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a b s t r a c t

Effects of cashew nut shell liquid (CNSL) on properties of a bifunctional benzoxazine resin (BA-a) have
been investigated. The CNSL remarkably decreases the liquefying temperature, gel time and curing tem-
perature of the neat benzoxazine resin. The Kissinger and Ozawa methods are used to calculate the curing
kinetic parameters of BA-a/CNSL systems. The activation energy values obtained from both models show
fairly consistent results i.e. the activation energy values decrease with increasing the CNSL content. It
eywords:
ashew nut shell liquid
enzoxazine resin
elation
uring kinetics

was found that optimal CNSL content from solvent extraction experiment should not exceed 20 wt% to
avoid the presence of unreacted CNSL in the alloy network. Properties of bamboo fiber-reinforced BA-
a/CNSL alloys are also investigated in this work. The filled BA-a/CNSL at 65 wt% of bamboo fiber shows a
substantial increase in storage modulus and Tg of the composites. BA-a/CNSL alloy shows great potential
as high performance lignocellulosic adhesive for wood composite applications.
ood composite

. Introduction

Benzoxazine resins are new members of phenolic based adhe-
ives. These novel types of phenolic resins have been reported to
rovide some outstanding characteristics such as excellent thermal
roperties and flame retardance, molecular design flexibility, low
oisture absorption, near zero shrinkage upon polymerization, low
elt viscosities, and low dielectric constant [1–4]. Therefore, poly-

enzoxazines are widely applied in various fields such as structural
aterials and adhesives especially when high strength properties

re desired.
Recently, the development of the benzoxazine-based on renew-

ble organic material has attracted significant attention. Especially,
novel cardanol-based benzoxazine monomer contains an oxazine

ing in its structure. The ring can react with carbon atoms on ben-
ene ring of cardanol which is the main component of cashew
ut shell liquid (CNSL) [5]. CNSL is a blend of naturally occurring
henol-based monomer and is traditionally obtained as by-product
uring the process of removing the cashew kernel from the nut.
he production of CNSL is nearly 25% of the total nut weight.
he main producers of cashew nut are in Asia, Africa and South

merica. The major components of CNSL are anacardic acid, car-
anol and trace of cardol and 1-methylcardol. The CNSL has various
pplications in different industries such as friction linings, paints
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and varnishes, laminating resins, rubber compounding resin, ure-
thane based polymer, surfactant, epoxy resin, modifier agent of
phenol–formaldehyde resin for plywood production and interme-
diate for chemical industries. It also has potential and opportunities
for development of other tailor-made polymers. This makes CNSL
and their components become important for new value-added
materials with possible industrial uses [6–8]. Consequently, CNSL
is an excellent candidate material to modify properties of benzox-
azine resin and a potential of reducing a material cost.

Currently there is no information on properties of BA-a/CNSL
alloys. Therefore, effects of the benzoxazine resin modified with
cashew nut shell liquid oil on the resulting processing ability and
kinetic parameters of the curing process will be investigated in
this research. Furthermore, the thermal properties and the adhe-
sion performance of these alloys in wood composite will also be
examined.

2. Experimental

2.1. Materials

Benzoxazine resin is based on bisphenol-A, aniline and
formaldehyde. The bisphenol-A (polycarbonate grade) was sup-
plied by Thai Polycarbonate Co., Ltd. (TPCC). Para-formaldehyde (AR

grade) and aniline (AR grade) were purchased from Merck Ltd. and
Panreac Quimica S.A. The CNSL was contributed by Maboonkrong
Sirichai 25 Ltd. Bamboo fiber (Dendrocalamus asper) was supplied
by Forest Products Division, Royal Forest Department, Thailand.

dx.doi.org/10.1016/j.tca.2011.03.020
http://www.sciencedirect.com/science/journal/00406031
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Fig. 1. Viscosity of BA-a/CNSL resin at various compositions: (�) BA-a/CNSL 100/0,
(�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL
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BA-a/CNSL), 59 ◦C (80/20 BA-a/CNSL), 50 ◦C (70/30 BA-a/CNSL) and
◦

0/40.

.2. Preparation of benzoxazine–cashew nut oil matrix

Benzoxazine monomer used was synthesized from bisphenol
, aniline and formaldehyde at a molecular ratio of 1:2:4. The
onomer synthesis was based on the patented solventless synthe-

is technique [9]. The reactants were physically mixed and heated
o their melting point temperature thereafter maintained at a tem-
erature sufficient to complete the interaction of the reactants to
roduce the benzoxazine monomer [10]. The BA-a blended with
NSL was used as a composite matrix and was prepared at temper-
ture of 80 ◦C.

.3. Preparation of wood-BA-a/CSNL alloy composites

Bamboo fiber was dried at temperature of 100 ◦C for 24 h to
et a constant weight. A fixed bamboo fiber content of 65 wt%
as compounded with BA-a/CSNL mixture in an aluminum con-

ainer at 80 ◦C for at least 30 min in order to ensure fiber wet-out
y the resin. Due to the relatively low viscosity of the matrix at
0 ◦C, the fiber can be impregnated by manual mixing follow-

ng the method in Refs. [32,33]. The viscosity of all matrices was
llustrated in Fig. 1. The compound was placed in a preheated
0 mm × 25 mm × 3 mm stainless steel mold and compressed in a
ydraulic press using a pressure of 15 MPa and at temperature of
10 ◦C for 0.5 h and 170 ◦C for 3.5 h. The cured specimens were

eft to cool down at room temperature in an open mold before
esting.

.4. Evaluation of chemorheological properties

Chemorheological properties of each alloy were examined using
rheometer (Haake Rheo Stress 600, Thermo Electron Coopera-

ion) equipped with 35 mm in diameter parallel plate geometry.
he measuring gap was set at 0.5 mm. The experiment was per-
ormed under an oscillatory shear mode at 1 rad s−1. The testing
emperature program was ramped from room temperature at a

eating rate of 2 ◦C min−1 to a temperature beyond the gel point
f each resin and the dynamic viscosity was recorded.
ca Acta 520 (2011) 84–92 85

2.5. Evaluation of curing reaction and kinetic parameters of
BA-a/CSNL matrices

The curing behavior and kinetic parameters were measured by a
differential scanning calorimeter (DSC) model 2910 from TA Instru-
ment. The heating rates were 1, 3, 5 and 10 ◦C min−1 from 30 to
300 ◦C under nitrogen gas purging.

2.6. Evaluation of curing behavior of BA-a/CNSL blends

Fourier transform infrared spectra of all samples under vari-
ous curing conditions were acquired by using a Spectrum GX FT-IR
spectrometer from Perkin Elmer. All spectra were taken as a func-
tion of time with 64 scans at a resolution of 4 cm−1 and a spectral
range of 4000–650 cm−1. The powder sample was mixed with KBr
powder. The mixed powder was pressed into pellet before mea-
surement.

2.7. Mechanical properties analysis

The dynamic mechanical analyzer (DMA) model DMA 242 from
NETZSCH was used to investigate the dynamic mechanical prop-
erties and relaxation behaviors of BA-a/CNSL polymer alloys. The
dimension of specimens was 10 mm × 50 mm × 2 mm. The test was
performed in a three-point-bending mode. In a temperature sweep
experiment, a frequency of 1 Hz and a strain value of 0.1% were
applied. The temperature was scanned from room temperature to
Tg of each specimen with a heating rate of 2 ◦C min−1 under nitrogen
atmosphere.

The flexural modulus and flexural strength of the wood compos-
ite specimens were determined according ASTM D790 employing
a Universal Testing Machine, Instron, Model 5567 equipped with a
1 kN load cell. The measurement was performed in a 3-point bend-
ing mode with a support span of 48 mm and at a crosshead speed
of 1.2 mm/min. A minimum of five samples with a dimension of
25 mm × 60 mm × 3 mm was tested and the averaged values were
determined.

3. Results and discussion

3.1. Chemorheological properties of BA-a/CNSL resin mixtures

The complex viscosity values of the BA-a, 90/10 BA-a/CNSL,
80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40 BA-a/CNSL as a
function of temperature are illustrated in Fig. 1. During heating,
these uncured monomers became softened and viscosity rapidly
decreased as temperature approached their softening points. The
next stage was the lowest viscosity range of the resin mixtures as all
compositions became liquid. This stage provided a processing win-
dow for the compounding process of each alloy. At the final stage,
the binary mixture underwent crosslinking reactions past their gel
points resulting in a sharp increase in their viscosities.

As seen from Fig. 1, the temperature of resin mixture was
ramped from 40 ◦C up to beyond the gel point of each sample
using a heating rate of 2 ◦C min−1 and a dynamic viscosity was
recorded. On the left hand side of Fig. 1, the liquefying temperature
of the binary mixture was indicated by the lowest temperature that
the viscosity rapidly approached its minimum value. For consis-
tency, the temperature at the viscosity value of 1000 Pa s was used
to determine liquefying temperature of each resin [11]. The lique-
fying temperature significantly decreased with increasing amount
of cashew nut shell liquid oil fraction i.e. 83 ◦C (BA-a), 68 ◦C (90/10
39 C (60/40 BA-a/CNSL). This may be due to the fact that the CNSL is
liquid while benzoxazine resin is solid at room temperature. There-
fore addition of liquid (CNSL) in the solid (BA-a resin) resulted in
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ig. 2. (a) Effect of gel temperature on the gel time of BA-a mixed with CNSL at com
ehavior of BA-a/CNSL revealing the gel time as a function of gel temperature at com
rrhenius plot of the gelation behavior of BA-a/CNSL at compositions: (�) BA-a/CN

ofter material at room temperature with lower liquefying point.
he lowest viscosity at room temperature was observed in a 40 wt%
NSL system. In practice, lowering the resin liquefying tempera-
ure obviously enables the use of lower processing temperature for
compounding process, which is desirable in various applications.

On the right hand side of Fig. 1, gel temperature of each resin
ixture can be evaluated. The temperature at which viscosity was

apidly raised above 1000 Pa s was used to indicate gel tempera-
ure of each resin [11]. The gel temperatures tended to decrease
ith increasing the CNSL content i.e. the gel temperatures of BA-a,

0/10 BA-a/CNSL, 80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40
A-a/CNSL were observed to be 184, 159, 152, 147 and 143 ◦C,
espectively. This result implied that CNSL can be not only a reac-
ive diluent for benzoxazine resin but also a good initiator to lower
he curing temperature or gel point of the benzoxazine resin.

.2. Evaluation of activation energy of BA-a/CNSL resin mixtures

Some of the important aspects of thermosetting polymer
nclude their gelation behavior, kinetic of gelation and the gel time.
ol–gel or gel point is one critical phenomenon that is crucial for

he material processing. The gel points of samples can be accu-
ately determined by dynamic rheological measurements which
re sensitive to degree of crosslinking. In principle, elastic modulus
nd viscous modulus present the same power-law variation with
ion 90:10 (�) 1.6 Hz, (�) 2.8 Hz, (�) 5.0 Hz, (�) 9.0 Hz and (�) 15.9 Hz. (b) Gelation
tions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10 and (�) BA-a/CNSL 70/30. (c) The
/0, (�) BA-a/CNSL 90/10 and (�) BA-a/CNSL 70/30.

respect to the frequency of oscillation at a gel point [12]. The cor-
responding expressions describing the dynamic moduli at the gel
point were as follow:

tan ı = G′′

G′ = tan
(

n�

2

)
(1)

where G′ is storage modulus, G′′ is loss modulus and n is the relax-
ation exponent which is network specific. The above expression
suggests frequency independent nature of tan ı at gel point. Exper-
imentally, this is the point where tan ı curves of various frequencies
crossover each other.

Fig. 2(a) shows the gel point of BA-a/CNSL at 90/10 mass ratio
which was cured isothermally at 140, 150, 160 and 170 ◦C and at dif-
ferent frequencies i.e. 1.6, 2.8, 5, 9 and 15.6 Hz as a function of time
(s). From the plot, the points that tan ı is frequency independent
were at time equal 35 min (140 ◦C), 25 min (150 ◦C), 13 min (160 ◦C)
and 7 min (170 ◦C) corresponding to the gel time at each temper-
ature. The gel times of the resin mixtures expectedly decreased
with increasing temperature. Gel times of other BA-a/CNSL systems
at different temperatures were also obtained from the tan ı plots
similar to the result in Fig. 2(a). Fig. 2(b) illustrates a relationship
between gel time and temperature of BA-a/CNSL systems at varied

compositions. All resin mixtures exhibited an exponential decay
behavior of the gel time with increasing temperature. This could be
due to the fact that raising the processing temperature increased
the rate of crosslinking of BA-a/CNSL systems. As a result, the higher
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ig. 3. (a) DSC thermograms of BA-a/CNSL resin at various compositions: (�) BA-
A-a/CNSL 60/40. (b) DSC thermograms of BA-a at various curing conditions: (�) u
ethod and (�) Ozawa method plots for averaged activation energy determination

uring temperature, the faster the resin systems can reach their gel
oint. Additionally, from the figure, the gel time tended to decrease
ith increasing the CNSL content comparing at the same tempera-

ure. For instance, at 140 ◦C the gel time BA-a = 108 min, BA-a/CNSL
0/10 = 35 min and BA-a/CNSL 70/30 = 14 min. This result also indi-
ated that the curing conversion of the BA-a/CNSL was raised with
ncreasing CNSL content.

According to Winter and Chambon, tan ı is independent of
requencies at the gel point of the polymer. The frequency indepen-
ence of the loss tangent in the vicinity of the gel point has been
idely used to determine the gel time (tgel) in either chemical or
hysical gels. Additionally, activation energy of gelation process
an be evaluated and calculated from the gel times at different
sothermal temperatures using Arrhenius model following Eq. (2)
r (3)

gel = A exp
(

�E

RT

)
(2)

r

n(tgel) = ln A +
(

�E

RT

)
(3)
here tgel is gel time, A is a pre-exponential factor, E is activation
nergy (kJ mol−1) and T is temperature (K).

Fig. 2(c) displays the Arrhenius plot revealing the effect of the
eactive CNSL on the gel time of BA-a resin. The activation energy
L 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�)
d, (�) 160 ◦C/1 h, (�) 180 ◦C/1 h, (�) 200 ◦C/1 h and (�) 200 ◦C/2 h. (c) (�) Kissinger
/10 BA-a/CNSL.

calculated from the slopes of the curves was 84 kJ mol−1 (BA-a),
80 kJ mol−1 (90/10 BA-a/CNSL) and 71 kJ mol−1 (70/30 BA-a/CNSL).
These activation energy values decreased with increasing amount
of the CNSL. Moreover, the different y-intercepts at various CNSL
content in Fig. 2(c) were also related to the initial temperature that
material started the gelation process. The lowest y-incept value was
found in 70/30 BA-a/CNSL system while the neat BA-a provided
the highest value. This result implied that the presence of 30 wt%
CNSL in BA-a required lower starting temperature for the gelation
process than 90/10 BA-a/CNSL or neat BA-a.

3.3. Curing reaction and thermal properties of BA-a/CNSL resins

The neat benzoxazine resin (BA-a) is designed to thermally poly-
merize via a ring-opening addition reaction so that it does not
yield any by-product. The curing reaction takes place either with
or without catalyst or initiator. In general, it is a well known fact
that oxazine ring opening is initiated by the presence of acidic
catalysts [13]. The curing exotherms of the resin mixtures at var-
ious weight ratios of BA-a and CNSL are illustrated in Fig. 3(a).
The peak exotherm and enthalpy of curing of BA-a were observed

at 237 ◦C and 277 J g−1. In the case of BA-a/CNSL mixtures, the
peak exotherms and enthalpy of cure values were found to be
lower than those of BA-a. When the amount of CNSL in samples
increased, both peak exothermic temperature and enthalpy of cure
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Table 1
Kinetic parameters evaluated from Kissinger and Ozawa methods.

BA-a/CNSL sample Methods

Kissinger (kJ mol−1) Ozawa (kJ mol−1)

100/0 84 87
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shown in Fig. 4(c). Furthermore, the other adsorption bands of car-
bonyl group appeared in the region of 1750–1550 cm−1 which is
assigned to the strong interaction between BA-a polymer and car-
boxylic acid. Especially, the appearance of the band at 1285 cm−1
90/10 82 85
70/30 74 79

alues decreased i.e. 216 ◦C and 246 J g−1 (90/10 BA-a/CNSL), 207 ◦C
nd 224 J g−1 (80/20 BA-a/CNSL), 203 ◦C and 219 J g−1 (70/30 BA-
/CNSL) and 197 ◦C and 194 J g−1 (60/40 BA-a/CNSL). This result
uggested that the anacardic acid in CNSL might act as a curing
ccelerator which caused a shift of the exotherm of the ring-
pening reaction of the benzoxazine resin to lower temperature.
he lowering of exotherms in benzoxazine systems had also been
bserved by the addition of other acidic protons such as poly (amide
cid), clay, and titania [14–16]. In addition, the decrease of cure
xotherms of BA-a/CNSL alloys may be possibly due to the presence
f phenolic compounds in CNSL such as cardanol, cardol and 1-
ethylcardol. These phenolic compounds can act as initiator for the

ing opening oligomerization of benzoxazine compounds [16]. The
ecrease of curing temperature of BA-a/CNSL alloys has a positive
ffect on the utilization of these alloys as a matrix for lignocellu-
osic composites i.e. a relatively lower curing temperature, or lower
nergy consumption, can be used. Generally, the curing or melting
emperatures of wood composite molding compounds should be
ept below 200 ◦C, except for a short period of processing time, in
rder to achieve samples with good mechanical integrity. A higher
emperature can result in the release of volatiles, discoloration,
dor, and embrittlement of the wood component [17].

The fully cured condition of BA-a and BA-a/CNSL systems was
etermined from the neat BA-a resin, which required the high-
st curing temperature among the investigated resin mixtures as
epicted in Fig. 3(a). The DSC thermograms of BA-a resin after
ndergoing different curing conditions were shown in Fig. 3(b). The
egree of conversion estimated by Eq. (4) was determined to be 20%
fter curing at 160 ◦C for 1 h, 72% after curing at 180 ◦C for 1 h, 96%
fter curing at 200 ◦C for 1 h and 100% after curing at 200 ◦C for 2 h.
t the final step, the disappearance of exothermic peak of reaction

ndicated the fully cured of sample.

conversion = 1 −
[(

Hrxn

Ho

)
× 100

]
(4)

here Hrxn is the exothermic heat of reaction of the partially cured
pecimens, as determined from DSC, and Ho is the exothermic heat
f reaction of the uncured resin.

.4. Curing kinetic model of BA-a/CNSL matrix

To determine the curing kinetic parameters of BA-a/CNSL, a non-
sothermal method in DSC experiment was used. The methods are

idely used to study dynamic kinetics of thermosetting polymers
s proposed by Kissinger and Ozawa. The detail of each method was
escribed in the literatures [18,19].

From the non-isothermal DSC result of 90/10 (BA-a/CNSL) by
sing this multi heating rate data according to the Kissinger and
zawa method, a good linear relationship between the heating

ate and the reversal of the exothermic peak temperature can
e obtained as shown in Fig. 3(c). The activation energy can also
e calculated from the slope of the plot. The average activation
nergy values of BA-a and BA-a/CNSL are summarized in Table 1.

he average activation energy of BA-a resin was calculated to be
4-87 kJ mol−1. This values fall in the same range as those in our
revious report [19]. The average activation energy of BA-a/CNSL
ystem trended to decrease with increasing amount of CNSL con-
ca Acta 520 (2011) 84–92

tent in the resin mixture i.e. 82–85 kJ mol−1 for 90/10 (BA-a/CNSL)
and 74–79 kJ mol−1 for 70/30 (BA-a/CNSL). The decreasing activa-
tion energy of BA-a with increasing content of acid media was also
observed in polybenzoxazine-clay hybrid nanocomposite [20]. Fur-
thermore, a decrease of activation energy upon increasing CNSL
content also had similar trend as that obtained from Arrhenius
model in the gelation process.

3.5. Curing behaviors of BA-a blended with CNSL

The curing behavior of BA-a blend with CNSL was monitored
by FT-IR spectroscopy. Fig. 4 shows example of FT-IR spectra in
case of BA-a/CNSL at a fixed mass ratio of 80/20. In Fig. 4(a), the
characteristic infrared adsorption bands of CNSL were observed
at 990 and 912 cm−1 which correspond to phenol containing the
pendent chain at meta position. The bands at 1264 and 1156 cm−1

were assigned to the symmetric and asymmetric stretching of the
bounding C C, respectively and the peak at 1588 cm−1 also related
to the stretching of carbon double (C C). The characteristic bands
at 1650 cm−1 was assigned to (C O) of anacardic. The peaks at
2852 and 2922 cm−1 corresponded to asymmetric and symmetric
stretching of CH3 and the peak around 3320 cm−1 was character-
istic of the stretching of OH [21–23]. For BA-a/CNSL, as shown
in Fig. 4(b) the characteristic adsorption peak of BA-a were 940
and 1232 cm−1, which were assigned to the benzoxazine mode
of the benzene ring that is adjacent to oxazine ring and trisub-
stituted benzene of the oxazine ring, respectively. According to
the polymerization mechanism reported by Dunkers and Ishida
[24], the oxazine ring is opened by the breakage of a C–O bond
in it. Thereby the benzoxazine molecule was transformed from
a ring structure to a network structure. During this process, the
tri-substituted benzene ring, the backbone of the benzoxazine
ring, became tetra-substituted. The indication of the ring-opening
polymerization of BA-a was observed from the decrease of the
absorption at 940 and 1232 cm−1 and the appearance of new
adsorption band at 1487 cm−1 which is tetra tetra-substituted as
Fig. 4. IR spectra of (a) uncured CNSL, (b) uncured BA-a/CNSL 80/20 and (c) cured
BA-a/CNSL 80/20 at 200 ◦C/2 h.
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a/CNSL alloys i.e. 3383 mol m−3 (BA-a), 4517 mol m−3 (BA-a/CNSL
90/10), 4357 mol m−3 (BA-a/CNSL 80/20), and 3471 mol m−3 (BA-
a/CNSL 70/30). This behavior also implied that only a certain
content of CNSL i.e. ∼10–20 wt%, yielded highly crosslinked net-

Fig. 5. (a) Storage modulus of BA-a/CNSL alloys obtained from fully cured condition
Scheme 1. A possible reaction between BA-a and CNSL.

ould be assigned to the aromatic ester (Ar–COOR) that might
rom during curing reaction of BA-a/CNSL. This result may implied
hat the reaction between the phenolic (OH) of polybenzoxazine
nd carboxylic acid of CNSL component could occur as shown in
cheme 1. The similar reaction was also observed in the system of
enzoxazine alloyed with poly (amide acid) [16].

.6. Dynamic mechanical properties of BA-a/CNSL polymer matrix

Dynamic mechanical properties of the BA-a/CNSL alloys as a
unction of temperature are displayed in Fig. 5(a). The storage mod-
lus (E′) of a solid sample at room temperature provides a measure
f material stiffness. The storage moduli of fully cured alloys were
ound to be 5.6 GPa for BA-a, 4.8 GPa for 90/10 (BA-a/CNSL), 4.7 GPa
or 80/20 (BA-a/CNSL), 4.0 GPa for 70/30 (BA-a/CNSL) and 3.9 GPa
or 60/40 (BA-a/CNSL). The storage moduli at room temperature
f BA-a/CNSL polymers systematically decreased with increasing
mount of CNSL. The decrease of storage moduli in alloys can be
xplained by the plasticizing effect of the CNSL on the polyben-
oxazine. Though, the presence of CNSL in BA-a resulted in a more
uctile polymer hybrids, the storage moduli values of BA-a/CNSL
atrix were still higher than those of major unfilled thermosets

sed as wood composite matrices including phenolic resin (1 GPa)
25], and unsaturated polyester (8.8 × 10−3 GPa) [26].

Furthermore, the rubbery plateau modulus value in Fig. 5(a) can

e used to determine crosslink density of the alloy network. In
he past, some researchers have attempted to apply theory of rub-
er elasticity to quantify crosslink density and molecular weight
etween crosslinks/entanglements of network forming polymer.
ca Acta 520 (2011) 84–92 89

However, this theory is strictly applicable to lightly crosslinked
materials. For highly crosslinked polymer network, the Gaussian
distribution of the chain between crosslink is no longer applied
and its crosslink density is more precisely estimated by the Nielson
equation,

log
(

E′

3

)
= 7.0 + 293

(
�

Mc

)
(5)

where E′ (dynes cm−2) is the storage modulus in a rubbery plateau
region, � (g cm−3) is the density of the material at room temper-
ature and Mc (g mol−1) is the molecular weight between crosslink
points [4,27,28]. From the results, addition of CNSL content from
0 to 30 wt% provided a maximum in the crosslink density of BA-
at various CNSL compositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-
a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL 60/40. (b) Loss modulus of
BA-a/CNSL alloys obtained from fully cured condition at various CNSL compositions:
(�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL
70/30 and (�) BA-a/CNSL 60/40.
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Table 2
Swelling and solvent extraction properties of BA-a/CNSL alloys.

Composition (BA-a/CNSL) % Swelling % Solvent extraction

100/0 1.78 0.95
90/10 0.96 0.10
80/20 2.87 0.30
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alloys similar to the unfilled systems. The Tgs of BA-a, 90/10 BA-
a/CNSL, 80/20 BA-a/CNSL, 70/30 BA-a/CNSL and 60/40 BA-a/CNSL
composites were determined to be 181, 178, 168, 133 and 113 ◦C,
respectively. The values were also higher than those of the unfilled

Fig. 6. (a) Storage modulus of BA-a/CNSL reinforced with bamboo at various CNSL
70/30 6.63 1.01
60/40 15.4 10.6

ork structure due to the possibly network formation between
enzoxazine resin and anacardic acid in CNSL. This optimal con-
ent is similar to the optimal amount of phenolic novolac resin in
he same type of polybenzoxazine [31] or the optimal content of
poxy resin in the polybenzoxazine [3].

Glass transition temperatures (Tg) of fully cured BA-a/CNSL
olymer alloys were obtained from Fig. 5(b). The Tgs of the crosslink
aterials were determined from the maximum of the loss modu-

us (E′′) of the figure. From a practical point of view, the maximum
′′ is the most appropriate value. It corresponds to the initial drop
rom the glassy state into the rubbery state. The Tg of BA-a and
A-a/CNSL alloys was found to decrease when the CNSL content

ncreased with the values ranging from 168 ◦C in BA-a to 110 ◦C
n 60/40 BA-a/CNSL. This is probably due to the fact that the Tg of
ypical cashew nut shell liquid oil cured with cobalt naphthenate
s reported to be about 60 ◦C [29] whereas the neat polybenzox-
zine possesses a higher Tg of 165 ◦C. Consequently, the Tgs of the
lloy systems became lower as the CNSL content increased. More-
ver, the decreasing Tgs of BA-a/CNSL alloys may be due to the
liphatic nature of CNSL thus it can act as a plasticizer especially
hen the excess amount of CNSL presents in the polybenzoxazine.

he decrease in the Tg of polybenzoxazine was also observed when
enzoxazine resin was alloyed with phenolic novolac and novel
lycidyl phosphine oxide [29,30].

.7. Investigation of network formation ability of BA-a/CNSL
lloys

The network formation ability of the BA-a/CNSL matrices at dif-
erent composition of CNSL was assessed by solvent extraction

ethod. In the test, the alloy specimens were immersed in chlo-
oform for 15 days. After the immersion, it was observed that BA-a,
0/30 BA-a/CNSL and 60/40 BA-a/CNSL showed a deep color change
f solvent due to a release of significant amount of extractives from
ach specimen. In addition, when the amount of CNSL in the poly-
er alloys was 30 wt% or greater, specimen disintegration from the

olvent extraction test was observed. Beyond 30 wt% of CNSL, it was
xpected that excessive amount of CNSL might cause the formation
f discontinuous network or network clusters. On the other hand,
0/20 BA-a/CNSL specimen exhibited slight color change and 90/10
A-a/CNSL specimen showed almost no color change of the solvent.
he percentages of swelling and solvent extraction are summarized
n Table 2. It is clear that the optimum of CNSL i.e. 10 wt%, pro-
ided a near-zero solvent extraction value with the lowest degree
f swelling. These results also suggested that the optimal content
f CNSL of 10 wt% can contribute to a more perfect network for-
ation of BA-a polymer. The solvent extraction results were also

onsistent with the crosslink density results of these alloys.

.8. Characterization of BA-a/CNSL composites reinforced with
amboo fiber
The storage moduli as a function of temperature of the 65 wt% of
amboo fiber filled BA-a/CNSL alloys are plotted in Fig. 6(a). From
he plot, the storage moduli at room temperature of the composites
ere observed to be in a range 3.7–6.3 GPa. It is clearly seen that all
ca Acta 520 (2011) 84–92

of the BA-a/CNSL alloys reinforced with 65 wt% bamboo fiber had
significantly higher storage modulus values than those of unfilled
BA-a/CNSL alloys. This is due to the reinforcing effect of bamboo
fiber on the BA-a/CNSL matrices implying the substantial interfacial
bonding between the alloy matrix and the bamboo fiber. From our
previous reports, the presence of the phenolic structure in lignin
fraction of woodflour and the abundance of hydroxyl moieties in
the filler is believed to provide a composite system with strong
interfacial bonding to the polybenzoxazine [32,33].

Fig. 6(b) exhibits a plot of the loss modulus of BA-a/CNSL filled
with 65 wt% of bamboo fiber. As previously mentioned, the peak
position of the loss modulus was used to determine Tg of each sam-
ple. It was evident that the Tg of the wood composites increased
with an increase in polybenzoxazine fraction in the BA-a/CNSL
compositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20,
(�) BA-a/CNSL 70/30 and (�) BA-a/CNSL 60/40. (b) Loss modulus of BA-a/CNSL
reinforced with bamboo at various CNSL compositions: (�) BA-a/CNSL 100/0, (�)
BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�) BA-a/CNSL 70/30 and (�) BA-a/CNSL
60/40.
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Table 3
Flexural modulus and flexural strength of various natural fiber-reinforced
composites.

Composite type Mass fraction
of fiber (wt%)

Flexural
modulus (GPa)

Flexural
strength (MPa)

Commercial wood flake
reinforced HDPE

50–70 2.7–3.1 18–31

Bamboo fiber reinforced 40 3.1 21
P. Kasemsiri et al. / Thermo

atrices suggesting significant interfacial bonding between the
amboo fiber and the polymer alloys.

.9. Flexural properties of bamboo fiber composites based on
A-a/CNSL matrices

Flexural properties of bamboo fiber filled BA-a/CNSL alloys are
epicted in Fig. 7(a). The average flexural modulus of our bamboo
ber composites was ranging from 3.9 to 6 GPa. The flexural modu-

us as a function of CNSL content showed a behavior nearly identical
o that of the storage modulus determined by DMA i.e. the flexural

odulus trended to decrease when the amount of CNSL increased.
rom Table 3, the flexural modulus of the bamboo-filled BA-a/CNSL
lloys was significantly higher than those of reported wood plastic
omposites e.g. 50–70 wt% commercial wood particles reinforced
DPE (2.7–3.1 GPa) [34], 40 wt% bamboo fiber reinforced HDPE

3.1 GPa) [35] and 39 wt% bamboo fiber reinforced unsaturated
olyester (3.6 GPa) [36]. Fig. 7(a) also exhibits flexural strength

f the bamboo composites to be ranging from 54 to 66 MPa. The
exural strength of the composites was found to slightly decrease
hen the amount of CNSL increased. However, the bamboo filled
A-a/CNSL showed flexural strength higher than those major wood

ig. 7. (a) Effect of CNSL content on mechanical properties of bamboo composite:
exural modulus (�) and flexural strength (�). (b) Flexural stress and strain relation-
hip of bamboo-reinforced BA-a/CNSL reinforced with bamboo fiber at various CNSL
ompositions: (�) BA-a/CNSL 100/0, (�) BA-a/CNSL 90/10, (�) BA-a/CNSL 80/20, (�)
A-a/CNSL 70/30 and (�) BA-a/CNSL 60/40.
HDPE
Bamboo fiber reinforced

unsaturated polyester
39 3.6 –

plastic composite products listed in Table 3.
Fig. 7(b) illustrates flexural stress and strain curves of bamboo

reinforced BA-a/CNSL matrices. From the figure, flexural strains at
break of the composites were 1.20% BA-a, 1.45% BA-a/CNSL (90/10),
1.55% BA-a/CNSL (80/20), 1.71% BA-a/CNSL (70/30) and 1.52% BA-
a/CNSL (60/40). The improved strain behavior may be caused by
the addition of the more flexible CNSL fraction to the polybenzox-
azine matrix. Additionally, the area under the flexural stress–strain
curve refers to the energy absorption capability of the alloy materi-
als which indicated the toughness of materials. The area under the
curve tended to increase slightly with the amount of CNSL in the
alloys i.e. 37 MPa at BA-a/CNSL (100/0), 40 MPa BA-a/CNSL (90/10),
42 MPa BA-a/CNSL (80/20), 43 MPa BA-a/CNSL (70/30), and 38 MPa
BA-a/CNSL (60/40). The slight decrease of the toughness when CNSL
content was greater than 30 wt% was likely from the discontin-
uous or imperfect network formed from the presence of excess
amount of CNSL in the polybenzoxazine as discussed in the solvent
extraction experiment.

4. Conclusions

An addition of cashew nut shell liquid oil in benzoxazine resin
can substantially reduce the liquefying temperature, gel time, cur-
ing temperature and activation energy of the benzoxazine resin.
A benzoxazine resin alloyed with cashew nut shell liquid oil was
developed as highly processable matrices for wood composite
products. The bamboo fiber content as high as 65% by weight was
able to be incorporated into the obtained matrices due to the rela-
tively low melt viscosity of the BA-a/CNSL mixtures. The obtained
bamboo fiber-reinforced composites exhibited good compatibility
between the fiber and the matrices thus attributed to enhance-
ment on glass transition temperature and mechanical integrity of
the samples.
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Abstract. A light weight ballistic composites from KevlarTM-reinforcing fiber having 
polybenzoxazine (BA)/urethane prepolymer (PU) alloys as a matrix were investigated 
in this work. The effect of alloy compositions on the ballistic composite properties was 
determined. The increase of the elastomeric PU content in the BA/PU alloy resulted in 
samples with tougher characteristics; the storage modulus of the KevlarTM-reinforced 
BA/PU composites increased with increasing the mass fraction of polybenzoxazine. A 
ballistic impact test was also performed on the KevlarTM-reinforced BA/PU composites 
using a 9 mm handgun and it was found that the optimal composition of BA/PU alloys 
should be approximately 20wt% of PU. The extent of the delaminated area and 
interfacial fracture were observed to change with the varied compositions of the matrix 
alloys. 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 equivalent to 
levels II-A and III-A of NIJ standard. The arrangement of composite panels with the 
higher stiffness panel at the front side also showed the best efficiency ballistic 
penetration resistance. 
 
 
Keywords: Polymer alloys, KevlarTM fiber, ballistic composite, polybenzoxazine, urethane 
prepolymer. 
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1. Introduction 
 
In the past, protective armors were traditionally made of metals. With the development of the 
thermoplastic polymers and synthetic fibers in recent years, hard armor systems with lighter weight 
have been produced, which combine the use of metals, and/or ceramics with polymeric fabrics as well 
as fiber-reinforced polymer composites. The development of armor materials has been focused on 
reducing the weight of the existing armor materials because the reduction of weight could helps in 
saving energy as well as increasing mobility [1, 2]. During the Vietnam War, it was reported that soft 
armors prepared from fabrics of fiber glass and nylon were used for ballistic protection [3]. Some of the 
commercial fibers used to manufacture armors include aramids (KevlarTM or TwaronTM) [4], nylon fiber 
[5], polyethylene fiber (SpectraTM or DyneemaTM) [6, 7], and carbon fiber [8, 9]. The fibers should 
provide excellent impact resistance required for ballistic armors, and have high sonic velocity and high 
specific energy absorption as well as the capability to distribute kinetic energy upon ballistic impact [5]. 
Typical polymeric materials used in ballistic applications are ultra high molecular weight polyethylene 
(i.e. DyneemaTM) and para-aramid fibers (i.e. Kevlar and Twaron). In general, Kevlar has been 
introduced as ideal type of base material for ballistic protection due to its outstanding thermal properties 
and high tensile properties. Its highly crystalline and highly oriented fine structure result in high 
modulus required for enhanced sonic velocity [3, 6, 10]. Consequently, the fiber is considered as a 
major reinforcing constituent for ballistic composites in this work. In composite material, even though 
each parent material (i.e. the fiber and the matrix) cannot provide ballistic resistant properties by itself; 
the combination of the two components had been found to exhibit an enhanced level of ballistic 
protection.  

 In general, an enhanced ballistic performance of light-weight armor requires its ability to deform 
and/or break-up the projectiles into small fragment and prevent the penetration of the projectile by 
absorbing projectile’s kinetic energy. Absorption of kinetic energy of the composite 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 is absorbed and 
attributed according to key factors such as fiber mechanical properties, direction of fiber arrangement, 
matrix properties and interfacial strength [11-15]. 

 Recently, the types of matrix binders for ballistic composites are such as thermoplastic resins [16, 
17], thermosetting resin [12, 18, 19], and the alloys between thermoplastics and thermosets [14]. Other 
binders for KevlarTM-reinforced composites consisted of urethanes [15], epoxy resin [20, 21], polyester 
[22] styrene-isoprene-styrene [23]. In general, the function of the matrix resin is to hold the fibers 
firmly together in a three-dimensional array of crossing layers. The selection of a resin for the ballistic 
composite depends on its required characteristics such as rigidity, environmental resistance to thermal, 
wear, combustibility, process ability, and shelf-life. The amount of resin necessary to consolidate the 
fibers has been reported to be approximately 75-80 wt% [24, 25]. If the amount of resin used is 
substantially increased above the desired amount the matrix, it results in a major part of the armor 
volume weakening the materials. However, if the resin is less than that required to wet all fibers, this 
causes the fibers in the composite have not enough properties to consolidate and held in the proper 
position upon impact; then, the fiber tends to separate relatively easily allowing the projectile to pass 
through before the fiber absorb force [26]. In general, the resins used as a binder in ballistic armor have 
an adhesive characteristic with respect to the fiber, while the tensile strength of the resin should be 
lower 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. In some previous works [19, 26], 
phenolic resins provide a future class of preferred resins for a composite armor. Phenolic resins are 
inexpensive and easy to handle employing conventional technology. However, they do not bond too 
firmly to ballistic fiber (especially Kevlar fiber); the moisture is driven from the resins during a curing 
stage (one additional step in the composite manufacturing process). 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, [27]. The property balance of the material renders the polymer 
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with very low A-stage viscosity, near-zero shrinkage, low water absorption, and fast development of 
mechanical properties as a function of curing conversion [28-30].  

 In this study, polybenzoxazine alloying with urethane elastomer used as matrix for ballistic armor 
composites were evaluated due to one major outstanding property of benzoxazine resin related to an 
ability to form hybrid network with several other resins for tailor-made behaviors [31-34]. Urethane 
elastomer was also used to alloy with benzoxazine resin to improve thermal stability and mechanical 
properties of the resulting polymer hybrids [34]. In this work, the word ―alloy‖ was used in stead of 
―blend‖ because there has been evident from some previous works [35-37] that the chemical bonding 
were generated between polybenzoxazine and urethane elastomer. This makes it possible to fine tune 
and enhance the properties of the ballistic armor composites. 

 
2. Experimental 
 
2.1. Raw Materials 
 
The materials are benzoxazine resin, urethane prepolymer and Kevlar™ from DuPont. Benzoxazine 
resin based on bisphenol-A, paraformaldehyde and aniline was synthesized by patented solventless 
method [27]. The bisphenol-A was supplied by Thai Polycarbonate Co., Ltd (TPCC). Paraformaldehyde 
and aniline were purchased from Merck Company, and Panreac Quimica SA Company, respectively. 
The obtained benzoxazine resin is clear-yellowish solid at room temperature. Urethane prepolymer was 
prepared from isophorone diisocyanate and polyether polyol (diol, MW=2000) using dibutyltin 
dilaurate as a catalyst. The isophorone diisocyanate was supplied by Degussa-Huls AG and the 
polyether polyol was available from TPI Polyol Co., Ltd. The urethane prepolymer is clearly viscous 
liquid at room temperature and it was kept in a refrigerator. 
 
2.2. Composite Processing 

The benzoxazine resin was mixed with the urethane prepolymer to provide BA/PU mixtures at the 
desirable mass fraction. The mixture was heated to about 80oC in an aluminum pan and was thoroughly 
mixed manually for about 15-30 minutes until it was homogeneous. The weight ratios of binary 
mixtures at 90/10, 80/20, 70/30, and 60/40 BA/PU resins were evaluated as potentially matrices for 
KelarTM-reinforced composites. 

 The KevlarTM fabrics were compounded with binary mixture resins using the hand-lay up procedure 
at 80oC. The weight fraction of fibers was kept constant at 70-80%. The molding compound was 
compression-molded using a compression molder at 160oC for 2 hours. The samples were then post-
cured in an oven at 170oC, 180oC, and 200oC, each step for 2 hours. The fully cured specimens were left 
at room temperature and used for further characterization. 

 

2.3. Sample Characterization 

Dynamic mechanical analyzer (DMA) model DMA242 from NETZSCH was used to investigate the 
viscoelastic properties of the specimens. The strain at amplitude of 30 μm was applied sinusoidal with a 
frequency of 1 Hz. The specimen was heated at the rate of 5oC/min from room temperature to 270oC 
and the specimen dimension was 50mm10mm2 mm.  

 Thermal decomposition characteristic of the cured polymer alloys and the composites were studied 
using a thermogravimetric analyzer from Perkin Elmer (Diamond TG/DTA). The experiment was 
measured using a heating rate of 20oC/min under nitrogen atmosphere. The temperature was ramped 
from 30oC to 880oC using the sample mass of about 15-20 mg.  

 Instron Universal testing machine, Model-5567 was used to determine flexural properties of 
composite specimens. The test method used was a three-point bending mode according to ASTM D790-
00 (Method I) with a support span of 32 mm with a constant cross head speed of 0.85 mm/min. The 
specimen dimension was 50mm25mm2mm. 

The ballistic tests were made using three different ammunitions. The tested composite plate with a 
dimension of 12.7cm12.7cm was prepared; each plate was impacted with one projectile. The 
KevlarTM–reinforced polybenzoxazine alloy plates were 3.2 mm in thickness corresponding to two 10-
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ply laminates. The laminates with 20 plies were tested using a 9mm handgun with a standards grains 
round lead projectiles having a lead outer coating. The first experimental locations chosen for projectile 
impact were selected so as to evaluate the most suitable composition of the matrix alloys. In addition, 
the laminates with 20 and 30 plies were tested with standard 124 grains round lead projectile with a 
copper outer coating (Full Metal Jacket) typically used in the 9mm handgun. The impact velocity used 
was recommended by the NIJ standard for level II-A protection. The laminates with 40, 50 and 60 plies 
were tested with a test weapon, meeting the impact velocity according to standard for level III-A. 
Measured average velocity was determined as 426 m/s for the tests. The velocity of each shot was 
measured using a triggered timer. The damaged areas on each sample were evaluated. 

 Interfacial bonding of the composites after they were impacted was evaluated using a scanning 
electron microscope (JEOL, model JSM-5800LV) at an acceleration voltage of 15 kV. All specimens 
were coated with thin film of gold using an ion sputtering device (Balzers, model SCD040) for 4 
minutes to have a thickness of approximately 30nm. The obtained micrographs were used to evaluate 
qualitatively the interfacial interaction between the matrix resin and the fiber and to study the 
mechanisms of ballistic energy absorption. 
 

3. Results and Discussion 

 
3.1. Properties of Cured BA/PU Alloys 
 
The dynamic mechanical properties of the BA/PU polymer alloys are shown in Fig. 1. All specimens, 
i.e., 100/0 BA/PU, 80/20 BA/PU, 70/30 BA/PU, and 60/40 BA/PU were fully cured to yield highly 
cross-linked structure. As seen in Fig. 1, the storage moduli (E) in the glassy state of the BA/PU 
polymer alloys expectedly decreased with increasing the PU fraction due to the incorporation of the 
more flexible structure of PU in the alloys as already described by Rimdusit et al. [35]. The urethane 
prepolymer molecule contains a large number of ether linkages in which the internal movement of the 
molecules is very active compared with the rigid phenolic structure of the polybenzoxazine resulting in 
the lowering of the stiffness of the alloys. From Fig. 1, the storage moduli at room temperature 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 wt%. On the other hand, the modulus in the rubbery plateau moduli tended to increase 
with the mass fraction of the PU. This could be implied that the crosslink density of the fully cured 
specimens increased with increasing the PU content.  Theoretically, the relationship between the 
crosslink density and the rubbery plateau modulus could be exhibited as presented in Eq. (1) [36, 37].  
 

RTE e3  (1) 
 
where E’ is the rubbery plateau modulus at Tg+50oC in MPa, )( e is crosslink density in mol/m3, R is 
gas constant and T is absolute temperature at Tg+50oC. The calculated values of crosslink density 
crosslink density are shown in Table 1. 
 
Table 1. Calculated values of crosslink density of the BA/PU Alloys. 
 

 

BA/PU alloys 

 

Tg (
o
C) 

Rubbery plateau modulus at 

Tg+50
o
C (MPa) 

Calculated 

Crosslink density 

(mol/m
3
) 

100/0 165 92.8 22.4 
80/20 175 168.8 39.1 
60/40 220 365.2 69.6 

 
When the crosslink density increases with PU content as shown in Table 1, the mobility of the 

molecular chain in the alloy decreases. This could relate to the glass transition temperature of the alloys.  
Glass transition temperatures (Tgs) of the BA/PU polymer alloys were also detected in the dynamic 
mechanical thermograms based on the maxima of their loss moduli (E) as also shown in Fig. 1. The Tg 
values of the BA/PU polymer alloys showed a synergistic behaviors as Tgs were observed to increase to 
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the values greater than that of both parent polymers with increasing the amount of the PU fraction. The 
Tgs of the PU and the polybenzoxazine were reported to be about -70oC and 165oC, respectively [35]. 
However, the Tgs of the fully cured BA/PU polymer alloys were observed to be 165oC in 90/10 BA/PU, 
175oC in 80/20 BA/PU, 217oC in 70/30 BA/PU, and 220oC in 60/40 BA/PU. From Fig. 1, the increase 
of PU content resulted in the increase in the crosslink density of the polymer alloy. This could be 
observed from the increase of the storage modulus in the rubbery plateau region and the Tgs as 
previously reported [35]. The phenomenon was attributed to the additional crosslinking caused by the 
reaction between an isocyanate group of urethane resin and a hydroxyl group of polybenzoxazine after 
the phenolic hydroxyl group from the ring opening of benzoxazine resin was produced [38-39].  

 
Fig. 1. Viscoelastic properties of the BA/PU alloys at various mass compositions:  
 E (●) 100/0, (■) 90/10, (♦) 80/20, (▲) 70/30, (▼) 60/40; 
 E (○) 100/0, (□) 90/10, () 80/20, (∆) 70/30, (∇) 60/40. 

 

 
Fig. 2. TGA thermograms of the BA/PU polymer alloys at various compositions: 
 (●) 100/0, (■) 90/10, (♦) 80/20, (▲) 70/30, (▼) 60/40. 
 

 Figure 2 shows a TGA profile of the polybenzoxazine and BA/PU polymer alloys at investigated 
compositions. Generally, degradation temperature (Td) is one of the key parameters needed to be 
considered for high temperature applications. The results of this study revealed that the Td of the 
polymer alloys were significantly higher than that of the polybenzoxazine. The Td of the 
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polybenzoxazine at 5% weight loss was determined to be 315oC whereas the Td values of the BA/PU 
polymer alloys were approximately 326oC. These results could be due to the reaction of the isocyanate 
of the PU and the hydroxyl group of the polybenzoxazine helped increase a crosslink density of the 
polymer alloys as explained earlier. Therefore, one benefit of incorporating the PU into the 
polybenzoxazine network was to improve the thermal stability of the polybenzoxazine as a result of 
crosslinking density enhancement. In addition, the residual weight at 800oC of the BA/PU polymer 
alloys was found to decrease with increasing the PU fraction in the polymer alloys which was consistent 
with the value previously reported [35]. 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 PU resulted in the lowering of the char yield in the 
polymer alloys. 
 
3.2. Properties of KevlarTM-reinforced BA/PU Alloys 

3.2.1. Dynamic Mechanical and Mechanical Properties 
 
The dynamic mechanical analysis of the KevlarTM-reinforced alloys is shown in Fig. 3. In the figure, the 
storage moduli of KevlarTM-reinforced BA/PU alloys at 0- 40 wt% of PU with the fibers kept at 80 wt% 
were presented. It could be noticed that the storage moduli of the composites systematically decreases 
with increasing the PU fraction in the polymer alloys as a matrix of the composites, i.e., 16.4 GPa for 
KevlarTM-reinforced 100/0 BA/PU alloys to 2.8 GPa for KevlarTM-reinforced 60/40 BA/PU alloys. 
Moreover, the Tgs obtained from the maxima of the loss moduli curve of the KevlarTM-reinforced 
BA/PU alloys were found to increase with increasing the amount of the PU fraction, i.e., 180oC in 90/10 
BA/PU, 195oC in 80/20 BA/PU, 218oC in 70/30 BA/PU, and 235oC in 60/40 BA/PU as also shown in 
Fig. 3. In addition, Tgs of Kevlar-reinforced composites were significantly higher than those of the neat 
BA/PU alloys comparing at the same mass fraction of the PU in the alloys. In general, the Tgs of 
urethane elastomer and polybenzoxazine were reported to be about 70oC and 165oC, respectively [36]. 
In our study, Tgs of the copolymers were also found to increase with the mass fraction of urethane. This 
enhancement in the Tg could be attributed to the increase in the crosslink density of the binary systems 
as previously observed in the DMA investigation of the resulting copolymers [36]. Furthermore, this 
phenomenon could be due to the substantial interfacial adhesion between the fiber and the matrix [40] . 

 
Fig. 3. Viscoelastic properties of KevlarTM-reinforced BA/PU alloys at various mass compositions: 
 E (●) 100/0, (■) 90/10, (♦) 80/20, (▲) 70/30, (▼) 60/40; 
 E (○) 100/0, (□) 90/10, () 80/20, (∆) 70/30, (∇) 60/40. 
 

Flexural properties of the KevlarTM-reinforced polybenzoxazine alloys were depicted in Fig. 4. It 
could be observed that the flexural strength of the alloys was decreased with the PU content from 163 
MPa (of pure polybenzoxazine) to 52 MPa (at 40wt% of PU). We also observed the strengths of the 
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composites decrease in a linear manner with the increase 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 wt% of PU to about 7.5 GPa at 40 wt% of PU as illustrated in 
Fig. 4. The phenomenon was due to the fact that the addition of the rubbery urethane polymer into the 
rigid polybenzoxazine was able to lower either the strength or the stiffness of the resulting 
polybenzoxazine alloys. 
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Fig. 4. Flexural properties of the KevlarTM- reinforced BA/PU alloys at various PU contents:  
 (●) Flexural strength; (■) Flexural modulus. 
 
 
3.2.2. Thermal Stability of the Composites 
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Fig. 5. Thermal degradation behaviors of the KevlarTM-reinforced BA/PU alloys at various mass 
ratios of BA/PU: (●) 100/0, (■) 90/10, (♦) 80/20, (▲) 70/30, (▼) 60/40. 

 
 From Fig. 5, the degradation temperatures (Tds) at 5% weight loss of KevlarTM-reinforced 

polybenzoxazine alloys were found to increase systematically with increasing the mass fraction of the 
polybenzoxazine in the alloys. The Td at 5% weight loss of the KevlarTM-reinforced polybenzoxazine 
alloys with the PU compositions of 0 to 40% by weight was ranging from 374oC to 329oC. Another 
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important feature in the thermograms is the weight residue at 800oC or the char yield of the composites 
which is related to the flammability of materials and is essential for some ballistic armor applications. 

When the armor is penetrated, the heat is generated. The material could first decompose by 
thermally initiated mechanisms or thermo-oxidative decomposition. It has been reported that char could 
decrease the diffusion rate of decomposed, flammable gases toward the flame front and decrease the 
burning of the material [41]. The char yield was found to systematically reduce from 45.8 % to 39.1% 
with an incorporation of the PU from 0 to 40% by weight. This could be attributed to the fact that 
urethane contained aliphatic structure, while polybenzoxazine contained benzene rings [42]. Therefore, 
the increase in urethane content leads to the increase in aliphatic structure having less thermal stability 
and less char yield [38-39].  However, these values were all greater than those of the matrix alloys 
comparing at the same PU fraction. This is due to the fact that the char yields of the composites also 
included the additional residue of the KevlarTM fiber which possessed a char yield of 44% at 600oC [3]. 
 
 
3.2.3. Firing Tests of the BA/PU Composite Armors 

 
A series of ballistic tests were performed on the composite laminates which were made of KevlarTM 

fabric impregnated with BA/PU mixtures and cured using the curing condition as suggested in the 
experimental section. The KevlarTM fabric used has the areal density of about 0.016 g/cm2. The 
dimension of the laminated specimens was 25.4mm×25.4mm×1.8mm, corresponding to 10 plies of the 
KevlarTM cloth impregnated with about 20% by weight of the BA/PU mixtures. The densities of the 
composites were determined to be 1.26 g/cm3at 60/40 BA/PU, 1.28 g/cm3at 70/30 BA/PU, 1.29 g/cm3 at 
80/20 BA/PU, 1.30 g/cm3 at 90/10 BA/PU and 1.31 g/cm3 at 100/0 BA/PU. 
 
3.2.3.1. Low Level Ballistic Impact Test 
 
The composite laminates fabricated with a thickness of 10 plies of the KevlarTM at various the BA/PU 
alloy compositions mentioned above were tested using a 9mm handgun with standard lead projectiles 
having lead outer-coating. From the test results, the composite consisted of only 10 piles of KevlarTM 
could not protect ballistic impact from the standard lead projectiles. Therefore the 20 piles of KevlarTM 
panels i.e. 10/10 panel arrangement, at all BA/PU alloy compositions were selected for the following 
tests. Moreover, the bisphenol A-based epoxy-KelarTM composites (cured by amine hardener) at the 
same fiber content were also used to compare its ballistic impact performance with our BA/PU matrix 
alloys. From the fire test, although both composites with the 10/10 configuration of the composite 
panels could not resist the projectiles, the polybenzoxazine alloy composite panel exhibited obviously 
higher energy absorption than the epoxy composites. This could be noticed from the greater 
delaminated area of the polybenzoxazine composites in Figs. 6(a)-6(d). From Table 2, Figs. 6(c) and 
6(d), the firing results also indicated that the 90/10 and the 80/20 mass ratios of the BA/PU matrix 
alloys exhibited ballistic penetration resistance in comparison with the other compositions of 100/0 
BA/PU matrix as well as the epoxy matrix. However, only the composite from the 80/20 BA/PU matrix 
alloy exhibited 100% ballistic penetration resistance. In Fig. 6(d), the ballistic impact performance of 
the KevlarTM-reinforced 80/20 BA/PU alloys revealed relatively larger delaminated area than those of 
the epoxy matrix (Fig. 6(a)) and the polybenzoxazine matrix (Fig. 6(b)). 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 wt% and 40 wt% in the composite matrices resulted in a poor 
ballistic impact resistance. This phenomenon confirms the necessity of identifying optimal fiber-matrix 
interactions in order to yield a composite system with outstanding ballistic performance. The variation 
in the BA/PU alloy compositions could allow an optimal interaction between the alloy matrix and its 
reinforcing fiber, which leads to obtaining the outstanding ballistic performance. 

 As previously mentioned and reported in the literature [14], the kinetic energy absorption of 
composite material composes several mechanisms, including tensile failure of fibers, elastic 
deformation of composites, interlayer delamination, shear between layers in the composite, and inertia 
effect. Kinetic energy absorption may be attributed to basic factors such as mechanical properties of the 
composite’s constituent direction of fiber arrangement, as well as interfacial strength. Fracture 
morphology of the composite specimen is sometimes used to qualitatively evaluate the possible kinetic 
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energy absorption of the material. The fracture surfaces of KevlarTM-reinforced BA/PU alloys at various 
compositions of PU are depicted in Figs. 7(a)-7(d). The results reveals that the fracture surfaces near the 
center of ballistic impact of the KevlarTM- reinforced 80/20 BA/PU alloy (Fig. 7(b)) 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 (Fig. 7(d)), 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, too strong adhesion between the KevlarTM 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 KevlarTM 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. It could be noted that the BA/PU alloy seemed to render a synergistic behavior in 
ballistic performance at the composition of 80/20 BA/PU with the most outstanding ballistic 
performance. Therefore, The 80/20 BA/PU alloy was further used to fabricate the composite armors for 
higher protection level evaluation. 
 
 
 
 
 
 
 
Table 2. Comparison of resistance to penetration of low level ballistic impact test for different types 

of matrix with 10 piles/panel and 10/10 arrangement. 
 

Type of Matrix 
Resistance to Penetration 

Remark 
First panel Second panel 

Epoxy No No - 
Polybenzoxazine No No - 

90/10 BA/PU Yes Yes - 

80/20 BA/PU Yes Yes 100% ballistic penetration 
resistance 

 
 
 

TOSHIBA
Underline
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(a) First panel (a) Second panel 

 

          
(b) First panel (b) Second panel 

 

           
(c) First panel (c) Second panel 

 

          
(d) First panel (d) Second panel 

 
Fig. 6. Damaged and delaminated area of 10 piles/panel with the samples arrangement of 10/10 after 

impact with standard lead projectiles with lead outer-coating typically used in 9 mm: (a) 
KevlarTM-reinforced epoxy; (b) KevlarTM-reinforced polybenzoxazine; (c) KevlarTM-reinforced 
90/10 BA/PU; (d) KevlarTM-reinforced 80/20 BA/PU. 
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(a) (b) (c) (d) 

Fig. 7. SEM images of the fracture surface of the composites after impacted with standard lead 
projectiles (x 1000 magnification): (a) KevlarTM-reinforced polybenzoxazine; (b) KevlarTM-
reinforced 80/20 BA/PU; (c) KevlarTM-reinforced 70/30 BA/PU; (d) KevlarTM-reinforced 
60/40 BA/PU. 

 
 
3.2.3.2. Ballistic Impact Test of NIJ Level II-A 

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 KevlarTM-reinforced 80/20 BA/PU alloys. The 
samples were prepared approximate thicknesses of 1.8mm, 3.5mm, and 5.0mm for panel manufactured 
10, 20, and 30 pile composites, respectively. The areal densities were 0.48 g/cm2 for the 10 piles, 0.48 
g/cm2 for the 20 piles, and 0.70 g/cm2 for the 30 piles panel composites. The KevlarTM-reinforced 80/20 
BA/PU composite samples with 20 piles, and 30 piles were tested in the NIJ standard. The 20-ply 
composites were arranged in 2 patterns, i.e., 10/10 and 20/0 configurations. In case of the 30-ply 
composites, they were arranged in 3 patterns, i.e., 10/10/10, 20/10/0, and 30/0/0 configurations. 

 The penetration resistance results of the composite after impact with projectile velocities for the NIJ 
level II-A ballistic test are shown in Table 3. All samples were fired with a 9 mm handgun, which is 
known to have a greater impact velocity than that required by the NIJ standard of level II-A. 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 KevlarTM did not pass this level of 
the NIJ standard for ballistic protection. Eventually in the 30-ply composite arrangements, none of these 
samples was perforated by the level II-A projectiles as seen in Table 3 and Fig. 8. From the delaminated 
area measurement, it is apparent that a sample with an arrangement of the 20-ply panel in front of the 
10-ply panel (20/10 configuration) (Fig. 8(b)) 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 (Fig. 8(a)) and 30/0/0 (Fig. 8(c)) configurations. Therefore, the arrangement of composite 
panel in the firing test was found to be one important factor on the ballistic performance of the 
composites. The front panel with at least 20 plies of KevlarTM 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 thickness. 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 the 
10/10/10 (Fig. 8(a)) configuration composite 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, the 30/0/0 (Fig. 8(c)) configuration composite possessed relatively high stiffness 
enough to substantially deform the projectile, this sample lacked the energy dissipation by an inertia 
effect as likely to occur in the 20/10 (Fig. 8(b)) configuration. As a result, a larger damaged area 
comparing with the 20/10/0 configuration composite 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 Fig. 9(a) and Fig. 
9(b), respectively, revealing the macroscopic delamination of the KevlarTM’s cloth in the 20 plies and 
30 plies thick composites.  
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Table 3. Effect of number of piles and panel arrangement of KevlarTM-reinforced 80/20 BA/PU 
composites after ballistic impact at projectiles velocities required by NIJ standard level II-A. 

 

Configuration Penetration resistance 
Damage dimension of the rear plate 

Depth (mm) Diameter (mm) 

10/10 No - - 
20/0 No - - 

10/10/10 Yes 10.8 69.5 
20/10/0 Yes 7.8 44.5 
30/0/0 Yes 8.7 66.6 

 
 

       
(a) First panel (10 piles/panel)                      (a) Second panel (10 piles/panel) 

   
(a) Third panel (10 piles/panel) 

 

       
                  (b) First panel (20 piles/panel)                    (b) Second panel (10 piles/panel) 
 

   
(c) First panel (30 piles/panel) 

 
Fig. 8. Damaged and delaminated area of sample after impact with projectiles velocities required by 

NIJ 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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(a)                                                      (b) 

Fig. 9. Damaged panel cross-sections of specimen that could stop projectiles at 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. 

 

         
(a) First panel (20 piles/panel) (a) Second panel (10 piles/panel) 

   
(a) Third panel (10 piles/panel) 

 

       
(b) First panel (30 piles/panel) (b) Second panel (20 piles/panel) 

 

       
(c) First panel (10 piles/panel) (c) Second panel (10 piles/panel) 

   
(c) Third panel (30 piles/panel) 

Fig. 10. Damaged and delaminated area of sample after impact with projectiles velocities required by 
NIJ standard for level III-A with the sample arrangement of: (a) 20/10/10, (b) 30/20/0, and (c) 
10/10/30. 
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Table 4. Effect of number of piles and panel arrangement of KevlarTM reinforced 80/20 BA/PU 
composites after ballistic impact at projectiles velocities required by NIJ standard level III-A. 

 

Configuration 
Impact velocity 

(m/s) 

Penetration 

resistance 

Damage dimension of the rear plate 

Depth (mm) Diameter (mm) 

10/10 426 No - - 
20/0 430 Yes 13.6 93.3 

10/10/10 429 Yes 19.5 119.1 
20/10/0 429 Yes 11.0 90.3 
30/0/0 431 Yes 10.1 66.1 

 
 
3.2.3.3. Ballistic Impact Test of NIJ Level III-A 
 
In this investigation, the KevlarTM-reinforced 80/20 BA/PU composite with the combined thickness of 
40, 50, and 60 piles were subjected to a ballistic impact evaluation at a projectile velocity required by 
NIJ standard for level III-A. This III-A level test is currently the reported maximum level of protection 
based on polymer composites. The composites with the combined thickness of 40 plies had one type of 
arrangement, i.e. 20/10/10 configuration whereas that of 50 plies had two types of arrangements, i.e. 
30/20/0, and 10/10/30 configurations. In the case of the samples of 60 plies, the arrangements were set 
to be 30/20/10/0, and 30/10/10/10 configurations. The test outcomes are listed in Table 4. In addition, 
Fig. 10 also shows of the photographs of some composites tested in this protection level revealing 
damaged or delaminated areas of the composites.  

 From Table 4, 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 9mm handgun having a speed required 
by level III-A could be stopped with at least 50 plies of the composites. The damage area evaluation 
confirmed that the arrangement of composite panels had an important effect on their ballistic protection. 
It can be seen that the composite with 30/20/0 arrangement rendered the damaged depths and diameters 
smaller than those of the composite with the 10/10/30 arrangement. This result implied that the 
composite arrangement for level III-A protection needed at least 30-ply composite panel as a front plate 
in the impact direction. The sufficiently stiff panel seemed to play a crucial role as to deform the shape 
of the projectile as discussed previously.  

 In the combined 60-ply thick composite panels, the arrangement was set to be 30/20/10, and 
30/10/10/10 configurations. These two types of arrangements were again found to lead to different 
damaged areas and deformed depths. The composite with 30/10/10/10 configuration rendered less 
damaged area than that of composite with 30/20/10 configuration. Since the number of the KevlarTM 
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. 



DOI:10.4186/ej.2011.15.4.23 

ENGINEERING JOURNAL Volume 15 Issue 4, ISSN 0125-8281 (http://www.ej.eng.chula.ac.th/eng/)                                          37 

4. Conclusions 
 
In this study, the suitable matrix alloy based on benzoxazine, and urethane resins for KevlarTM fiber-
reinforced composite armor was determined. The synergism in the Tg can be observed in KevlarTM-
reinforced BA/PU alloys. This phenomenon was due to the addition of urethane prepolymer is 
attributed to improve crosslinked density of the matrix alloys. However, the increase of the PU fraction 
significantly lowered the stiffness and degradation behavior of the composites. The results of low level 
ballistic impact test of the 20-ply KevlarTM-reinforced composites revealed that only the composite 
from the 80/20 BA/PU matrix alloy exhibited 100% ballistic penetration resistance. The studies of 
specimen’s thickness and the arrangement of the composite panels indicated that the suitable thickness 
having 30 piles of the KevlarTM 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 III-A. Furthermore, 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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ORIGINAL ARTICLE

A comparison of the withdrawal resistance load of nails using
experimental and interference approaches

YIREN WANG1, WEN-CHING SU1, PORNNAPA KASEMSIRI2 & SALIM HIZIROGLU3

1Department of Forest Products and Furniture Engineering, National Chaiyi University, Chaiyi City, Taiwan, 2Department

of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok, Thailand, and 3Department of

Natural Resource Ecology & Management, Oklahoma State University, Stillwater, Oklahoma, USA

Abstract
The objective of this study was to determine and predict the withdrawal resistance or pull-out load of common wire nails
embedded in radial, tangential and cross-sectional grain orientation of Douglas fir (Presudotsuga menziesii) and sugar maple
(Acer sacharum) samples. Four lead-hole diameters of 1.5, 2.0, 2.5 and 3.0 mm were used to create various interference fits.
Nails with a diameter of 3.38 mm were driven into the samples to a depth of 10 mm for the experiments. The overall
withdrawal resistance of Douglas fir samples was found to be lower than that of maple samples. Strength values of each
sample increased with decreasing lead-hole diameters. No significant difference was found between withdrawal resistance
values from radial and tangential sections in either species. However, significantly lower values were obtained for the cross-
sections of the samples than for the two other sections. Ratios between predicted pull-out load values of the nails from both
species based on the finite element numerical interference approach were very close to experimental measurements, with
ratios ranging from 0.93 to 1.09. The results provide better understanding of the behaviour and performance of pull-out
resistance for building systems.

Keywords: Common wire nails, Douglas fir, maple, withdrawal strength.

Introduction

In general, the stability of any building system

consisting of interconnected components is directly

related to the performance of the fastening elements.

Common wire nails are widely used for different

applications of wood constructions because of their

good performance and low cost. Therefore, knowl-

edge of the withdrawal strength of nails for wooden

elements will provide useful information about the

stability and durability of the materials in the

building system. Various research projects have

been carried out to evaluate the withdrawal strength

characteristics of different types of nails, including

annularly threaded, helically threaded, cement-

coated and galvanized nails, but little testing has

been done on common wire nails with different lead-

hole diameters (Feldborg & Johansen, 1972;

Ehlbeck, 1976; McLain, 1997; Rammer & Zelinka,

2004; Celebi & Kilic, 2007). In one of these studies

it was concluded that design withdrawal values

for bright nails were underestimated by 40�60%

(Skulteti et al., 1997). In general, the density of wood

and the nail diameter were the main parameters

influencing the withdrawal strength properties of the

nails (Stern, 1976). The withdrawal resistance of

threaded nails embedded in various species has also

been studied (Stern, 1976; Wills et al., 1996).

Withdrawal strength is a function of moisture

content, nail penetration depth, diameter of the nails,

and density and grain orientation of the wood. The

grain orientation of the samples significantly influ-

ences the overall strength properties as well as the

fastening characteristics of wood. If the nail is driven

to parallel to the wood fibre along the longitudinal

direction, withdrawal resistance is reduced to 50�
75% compared with that of a nail driven across the

grain orientation in either radial or tangential section

(Forest Products Society, 1999). The withdrawal

strength of annularly threaded nails embedded in
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southern pine lumber was investigated to determine

the effect of nail diameter and galvanization on

withdrawal resistance (Rammer & Mendez, 2008).

When the findings from this study were compared

with results using common nails, it was concluded

that common wire nails had lower values than those of

galvanized nails.

Although numerous studies have been carried out

to evaluate the withdrawal strength of different types

of nail embedded in pine and other softwood species,

little information has been documented on the

withdrawal strength of common wire nails in Dou-

glas fir and maple. Therefore, the objective of this

study was to determine experimentally the with-

drawal resistance of common wire nails with four

lead-hole diameters, which would create different

interference fits, driven into three sections of Dou-

glas fir and maple samples, and to compare these test

values to calculated values using the finite element

interference approach.

Materials and methods

Defect-free Douglas fir (Presudotsuga menziesii) and

sugar maple (Acer sacharum) samples were condi-

tioned in a climate chamber with a temperature of

208C and a relative humidity of 65% until they

reached an equilibrium moisture content of 12%.

Flat-sawn specimens for tangential section and quar-

ter-sawn specimens for radial section nail withdrawal

strength had dimensions of 170 � 50 � 35 mm,

while cross-section samples had dimensions of

50 � 50 � 35 mm. Figure 1 illustrates the sample

size and grain orientation of each type of sample.

Table I shows the number of samples and their

specifications. Nails with a diameter of 3.38 mm

were driven into radial and tangential surfaces of

Douglas fir and maple with four randomly arranged

lead-hole diameters, 1.5, 2.0, 2.5 and 3.0 mm, using

an MTS testing system at a cross-head speed of

30 mm min�1. The smaller cross-section specimen

carried only one nail at a time for different lead-hole

diameters. After nails were driven into the sample,

they were kept in a climate-controlled room for a week

before the pull-out test. The MTS unit was also used

for a pull-out test at a cross-head speed of

2 mm min�1.

Theoretical approach

When a nail is driven into wood, the pressure

between the nail and the wood contact surface is

produced by interference fits. The driving behaviour

of a nail into wood with a lead hole is very similar to

the axial pressing of a shaft into a hub with

interference fit.

For a typical cylindrical surface assembled by

interference fitting one or two isotropic materials

with each other, contact pressure can be calculated

analytically by Lame’s equation (Timonshenko,

1941; Collins, 2003):

p ¼ D

2 a
Eh

b2þa2

b2�a2 þ nh

� �
þ d

Es

d2þc2

d2�c2 � ns

� �h i (1)

where p � contact pressure, D � diametrical inter-

ference, E � Young’s modulus, n � Poisson ratio,

h � hub (outer cylinder), s � shaft (inner cylinder),

a � hub inner radius before assembly, b � hub

outer radius before assembly, c � shaft inner radius

before assembly, and d � shaft outer radius before

assembly.

Once the contact pressure has been determined,

the load used to pull the shaft apart from the hub can

be calculated by the following friction model:

F ¼ l� p� A (2)

where F � withdrawal load, m � coefficient of fric-

tion, p � contact pressure, and A � contact area.

After the hub and shaft have been constructed, the

hollow diameter of the hub increases and the outer

diameter of the shaft decreases. The difference in the

diametrical deformation between the hub and shaft is

the diametrical interference (D). However, owing to

the large difference in the moduli of elasticity between

the nail and the wood, all deformation is contributed

by the wood rather than by the steel nail. The

diametrical interference is equal to the diametrical

difference between the nail and lead-hole diameters.

The orthotropic characteristics of wood, with three

moduli of elasticity, three shear moduli and three

Poisson ratios with respect to the longitudinal,

tangential and radial directions, are too complex to

apply Lame’s equation to the wood�nail joint. For

instance, the assumption of axial symmetrical defor-

mation in the cylindrical hub and shaft is no longer

true owing to the orthotropic characteristics of wood

and the shape of the wood into which the nail is

driven. Lame’s equation is also restricted to two-

dimensional stress analysis and the case of two

cylinders with the same axial length. The finite

element approach is a powerful tool in such situa-

tions, having the advantage of being applicable to any

arbitrary shape comprising any materials or combina-

tions of different materials. Prasad et al. (1994)

analysed the stress in a hollow shaft using the finite

element method for a hub�shaft system and achieved

good agreement with the results from Lame’s equa-

tion. Zhang et al. (2000) applied Lame’s equations

and three-dimensional finite element stress analysis to

interference fits in a ring gear�wheel connection.

They found that three-dimensional finite element

214 Y. Wang et al.
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analysis gave more complete and accurate results.

Because of the high value of modulus of elasticity of a

steel nail, the nail could be treated as a rigid body. The

diametrical displacement is thus contributed only by

the wood. The displacement vector {uh} of the lead

hole in wood and the nodal forces {P} acting along the

contact plane by virtue of the interference could be

formulated by [K] {uh} � {P}, where [K] is the

stiffness matrix of the wood.

The contact pressures and withdrawal loads

(pull-out loads) of nails with different lead-hole

diameters were approximated using numerical ana-

lysis software, ANSYS, within the scope of finite

element analysis (Kohnke, 1996). To take advan-

tage of the geometric symmetry of the problem, a

three-dimensional axisymmetric model was ana-

lysed. Since the stresses at the interface between

the nail and wood were the main concern, a finer

mesh was used in this region, as illustrated in the

quarter meshed model wood�nail joint in Figure 2.

The wood and nail were modelled using SOLID186

elements. The contact surfaces were modelled

using CONTA174 and TARGE170 elements on

the wood and nail surfaces, respectively. The

Figure 1. Schematics of the samples with three grain orientations used for the experiment.

Table I. Experimental design.

Maple Douglas fir

Section No. of nails No. of samples (dimensions, mm) No. of nails No. of samples (dimensions, mm)

Tangential 4 10 (170 � 50 � 35) 4 10 (170 � 50 � 35)

Radial 4 10 (170 � 50 � 35) 4 10 (170 � 50 � 35)

Cross-section 1 40 (50 � 50 � 35) 1 40 (50 � 50 � 35)

Average moisture content (%) � 12.0 � 11.8

Average density (g cm�3) � 0.56 � 0.45

Withdrawal resistance load of nails 215
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Young’s moduli and shear moduli of sugar maple

and Douglas fir used in the simulation and shown

in Table II are from Bodig and Jayne (1982).

The Poisson ratios of both wood species are those

given in the Wood handbook (Forest Products

Society, 1999). The nail is isotropic, with a

measured modulus of elasticity of 170,356 MPa

and an assumed Poisson ratio of 0.3 for isotropic

material.

Results and discussion

Table III displays average experimentally and theo-

retically calculated pull-out load values and max-

imum contact pressure for radial, tangential and

cross-sections of the samples from both species. In

general, maple samples gave higher pull-out values

than Douglas fir samples. The average pull-out value

of the nails with four different lead-hole diameters in

radial sections of maple was 1001.5 N, while the

corresponding value for Douglas fir was 287.5 N,

which is 2.48 times lower. The high density of maple

would be a major reason for this finding. The values

for the other two sections of both species showed a

similar trend. It appears that pull-out values in-

creased with decreasing lead-hole diameter in all

sections of samples of both species. A smaller lead-

hole diameter with a fixed nail diameter would cause

a larger interference fit. Consequently, a smaller

lead-hole diameter would have a higher pull-out

load. Both species showed the lowest pull-out load

values in cross-sections, followed by tangential and

radial sections. Low pull-out values in the cross-

section can be related to the limited resistance of the

tubular structure of wood against the driving the

force of the nails. In a previous study, the withdrawal

resistance of nails embedded in cross-sections of the

samples was 50�75% lower than that of both radial

and tangential sections (Forest Products Society,

1999). Statistical analysis showed significant differ-

ences between pull-out test values from the two

species at the 95% confidence level, but regarding

the grain orientation of the samples, no statistical

difference was found between radial and tangential

sections. However, values determined on cross-sec-

tions of the samples were significantly different from

those of the other two sections, at the 95% con-

fidence level.

Figure 2. Illustration of meshed sample used for theoretical calculations.

Table II. Moduli and Poisson ratios of wood.

Modulusa (MPa) Poisson ratiob

Species EL ER ET GLR GLT GRT mLR mLT mRT

Maple 13,810 1,310.69 677.8 1,012.84 752.9 254.6 0.424 0.476 0.349

Douglas fir 11,259 939.07 588.81 771.52 720.50 79.43 0.292 0.449 0.390

Note: aBodig and Jayne (1982) Appendix I; bWood Handbook (1999).
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Contact pressure values exhibited a similar trend.

They increased with decreasing lead-hole diameter

for samples from both species. Nails driven into the

cross-section resulted in significantly lower contact

pressure values than those of both tangential and

radial sections of the samples. It appears that the low

density and the anatomical structure of Douglass fir

are key parameters, resulting in lower contact

pressure values than those of maple, similarly to

the pull-out test findings.

A computer program was used to predict the pull-

out values of the samples for four lead-hole dia-

meters in three sections. As can be seen from Table

II, the experimental and predicted pull-out values

were similar to each other, with ratios ranging from

0.93 to 1.09, suggesting that such an approach could

be used to predict accurately the pull-out character-

istics when common wire nails are driven into the

samples.

Conclusions

Common wire nails embedded in Douglas fir and

maple were tested to determine their pull-out

resistance. Additional parameters considered were

the grain orientation of the samples and the lead-

hole diameter, which influenced the overall resis-

tance values. Maple samples had the highest pull-out

strength value of 1005.5 N in radial grain orienta-

tion. Results from experimental tests and theoretical

calculations were comparable to each other, having

ratios close to 1.0. In further studies, the pull-out

resistance of similar types of nails embedded in wood

samples with various penetration depths could be

determined to obtain more comprehensive informa-

tion on their characteristics.
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ABSTRACT: In this research, processability and some
important thermomechanical properties of polybenzoxa-
zine (BA-a) modified with a highly flexible urethane elas-
tomer (PU) are discussed. This copolymer has been
reported to show synergy in its glass transition tempera-
ture and some mechanical properties thus provides a fasci-
nating group of high temperature polymers with
enhanced flexibility. The results reveal that a processing
window of the BA-a/PU mixtures is widened with the
increasing urethane prepolymer fraction, that is, the lique-
fying temperature is lowered and the gel point shifted to
higher temperature with the amount of the PU. Synergism
in glass transition temperature (Tg) of this copolymer was

clearly confirmed, i.e., Tg’s of the BA-a/PU alloys were
significantly greater than those of the parent resins, i.e.,
BA-a (Tg ¼ 166�C) and PU (Tg ¼ � 70�C). In addition, flex-
ural modulus was found to systemically decrease from 5.4
GPa of the neat polybenzoxazine to 2.1 GPa at 40% by
weight of the PU. Flexural strength of the alloys also
shows a synergistic behavior at the BA-a/PU ratio of 90/
10. Coefficient of thermal expansion of the polymer alloys
were also found to show a minimum value at BA-a/PU ¼
90/10. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121: 3669–
3678, 2011

Key words: copolymers; crosslinking; gelation; thermosets

INTRODUCTION

Polybenzoxazine, a novel kind of phenolic resin, is
one of new thermosetting plastics. The curing of this
resin involves ring-opening polymerization without a
catalyst or a curing agent and does not produce any
by-products during cure which might cause void in
the products. Polybenzoxazine possesses various use-
ful properties such as high ability to synthesize from
inexpensive raw materials, low melt viscosity before
cure resulting in its high processability, no by-product
during cure, near zero volumetric shrinkage after
processing, low water absorption, high thermal stabil-
ity, and excellent mechanical properties.1–3 However,
the application of this polymer is limited to certain
areas due to its rather high rigidity. In principle,
toughness of polybenzoxazine can be enhanced by

two major strategies. The first strategy is by utilizing
a novel molecular design of benzoxazine resins such
as a synthesis of linear aliphatic diamine-based ben-
zoxazine and a utilization of high molecular weight
benzoxazine precursors.4 Second method is by alloy
formation or copolymerization with flexible resins or
polymers such as urethane elastomer,5–7 flexible ep-
oxy,6,8 poly (e-caprolactone),9 poly(imide-siloxane),10

and polydimethylsiloxane.11 The latter strategy is
a relatively versatile and simple method to improve
mechanical property or thermal stability of
polybenzoxazine.
Recently, benzoxazine resin (BA-a) alloyed with

urethane prepolymer (PU) had been developed by
Takeichi et al. The resulting hybrid films were pre-
pared by blending BA-a monomer and PU which
was synthesized from 2,4-toluene diisocyanate and
adipate polyol (Mw 1000). The obtained films
showed a single glass transition temperature suggest-
ing no phase separation in the resulting alloys. The
properties of the films ranged from elastomers to
plastics depending on the amount of benzoxazine
fraction in the alloys.4 Other BA-a/PU alloy systems
were investigated by Yeganeh group. The PU struc-
ture used in this system had glycidol as a blocking
agent of urethane prepolymers. The Tg of this system
was found to increase with increasing BA-a con-
tent.12 Furthermore, a series of phenol end-function-
alized urethane prepolymers was prepared by Yega-
neh et al. These telechelic oligomers were used as a
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macro initiator for ring opening polymerization of
benzoxazine monomers. Thermal stability of the
resulting networks was improved by increasing PU
molecular weight as well as BA-a content.13 Interest-
ing characteristics of some, benzoxazine-urethane
alloy systems were also observed by Rimdusit et al.
According to this report, benzoxazine resin (BA-a)
was alloyed with isophorone diisocyanate/polyether
polyol (Mw 2000) based PU. The obtained alloys not
only provided expected enhancement on their flexi-
bility but also exhibited synergism in glass transition
temperature (Tg). The Tg value as high as 220�C of
this alloy system was observed when 30 wt % of PU
was added.6,7 Synergism in glass transition of
polybenzoxazine from an addition of other resins or
polymers has been observed and reported previously
in various systems such as benzoxazine-epoxy,8,14

benzoxazine-urethane,6,7 benzoxazine-polycarprolac-
tone,9 or benzoxazine-polydimethysiloxane11 etc.

From the substantial enhancement on flexibility
and the observed synergistic behaviors in Tg of ben-
zoxazine-urethane alloys discussed above, other
essential properties of the alloys including their
processability or chemorheological characteristics
and some thermomechanical properties as a function
of alloy compositions will be examined in this work.
The chemorheological characteristic is one of the
crucial phenomena for material processibility. The
sol-gel transition and time for gelation obtained
from rheological property measurement are impor-
tant factors to control desirable products with appro-
priate processing conditions and methods.

EXPERIMENTAL

Materials

Materials used in this research are benzoxazine resin
and urethane prepolymer. Benzoxazine resin is
based on bisphenol-A, aniline, and formaldehyde.
The bisphenol-A (polycarbonate grade) was sup-
ported by Thai Polycarbonate Co., Ltd. (TPCC).
Para-formaldehyde (AR grade) was purchased from
Merck Company and aniline (AR grade) was con-
tributed by Panreac Quimica S.A. Company. Ure-
thane prepolymer was prepared using polypropyl-
ene glycol polyol at a molecular weight of 2000 with
toluene diisocyanate (TDI). The toluene diisocyanate
was obtained from the South City Group whereas
the polypropylene glycol polyol at a molecular
weight of 2000 was kindly supplied by TPI Polyol
Co., Ltd.

Matrix resin preparation

Benzoxazine monomer (BA-a) was synthesized
from bisphenol A, aniline, and paraformaldehyde at

a 1 : 2 : 4 molar ratio. This resin was prepared based
on a patented solventless method.11 The resulting
benzoxazine monomer is solid at room temperature
with transparent yellow color. The as-synthesized
monomer was ground into fine powder and was
taken for material characterization.
The urethane prepolymer was prepared by using

propylene glycol at a molecular weight of 2000 with
2,4-tolulene diisocyanate (TDI) at a 1 : 2 molar ratio.
Small amount of dibutyltin dilaurate (DBDT) was
used as a catalyst for the synthesis. The two reac-
tants for urethane resin preparation were stirred
under a nitrogen stream at 70�C for 2 h. 0.075% by
weight of dibutyltin dilaurate was used as a catalyst.
After the completion of the reaction, the obtained
clear and viscous urethane prepolymers were cooled
to room temperature and kept in a nitrogen-purged,
closed container.

Benzoxazine/urethane polymer alloys preparation

The benzoxazine monomer (BA-a) was blended with
the urethane prepolymers (PU) to provide BA-a/PU
mixtures. Each resin was measured at the desirable
mass fraction. The mixture was then heated to about
100�C in aluminum pan and mixed until a homoge-
neous mixture was obtained. The molten resin mix-
ture was poured into an aluminum mold and step-
cured in an air-circulated oven at 150, 170, 180,
190�C for 1 h each and 200�C for 2 h. Part of the
mixture was taken for differential scanning analysis.
The specimen was finally left to cool down to room
temperature and was then ready for material
characterizations.

Characterization methods

Chemorheological properties measurement

Chemorheological properties of each alloy were
examined using a Rheometer (Haake Rheo Stress
600, Thermo Electron Cooperation) equipped with
20 mm in diameter parallel plate geometry. The
measuring gap was set at 0.5 mm. The experiment
was performed under an oscillatory shear mode at 1
rad/s. The testing temperature program was ramped
from room temperature at a heating rate of 2�C/min
to a temperature beyond the gel point of each resin
and the dynamic viscosity was recorded.

Differential scanning calorimetry

The curing behavior and glass transition tempera-
ture of benzoxazine resins alloyed with urethane
elastomer were examined using a differential scan-
ning calorimeter (DSC) model 2910 from TA Instru-
ments. The thermogram was obtained using a heat-
ing rate of 10�C/min from room temperature to
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300�C under nitrogen atmosphere maintained to be
constant at 50 mL/min. The sample with a mass in a
range of 3–5 mg was sealed in an aluminum pan
with lid.

Density measurement

The densities of benzoxazine resins alloyed with ure-
thane prepolymer were determined by water dis-
placement method according to the ASTM D 792-91
(Method A). The dimension of specimens was in rec-
tangular shape 25 mm � 50 mm � 2 mm.

Dynamic mechanical analysis

The dynamic mechanical analyzer (DMA) model
DMA242 from NETZSCH was used to investigate
the dynamic mechanical properties and relaxation
behaviors of BA-a/PU polymer alloys. The dimen-
sion of specimens was 10 mm � 50 mm � 2 mm.
The test was performed in a three-point bending
mode. In a temperature sweep experiment, a fre-
quency of 1 Hz and a strain value of 0.1% were
applied. The temperature was scanned from �
150�C to the temperature beyond the glass transition
temperatures (Tg) of each specimen with a heating
rate of 2�C/min under nitrogen atmosphere. The
storage modulus at glassy state was correlated to
molecular rigidity of the polymer network whereas
the storage modulus at rubbery plateau was depend-
ent on crosslink density of the network.

Thermogravimetric analysis

The degradation temperature (Td) and char yield of
the BA-a/PU polymer alloys were studied using a
DSC-TGA Q600 SDT from TA Instruments. The test-
ing temperature program was ramped at a heating
rate of 20�C/min from room temperature to 900�C
under nitrogen atmosphere. The purge nitrogen gas
flow rate was maintained to be constant at 100 mL/
min. The sample mass used was measured to be
� 10–20 mg. Degradation temperature of each speci-
men was determined from the temperature at 5%
weight loss whereas char yield was obtained the
weight residue at 800�C.

Thermomechanical analysis

The coefficient of thermal expansion (CTE) was
measured with a Perkin–Elmer Instrument Technol-
ogy SII Diamond thermal mechanical analyzer
(TMA). The dimension of specimens was 2 mm �
2 mm � 2 mm and had flat surfaces. The specimen
was heated from room temperature to the tempera-
ture beyond the glass transition temperature at a
heating rate of 10�C/min.

Universal testing machine (Flexural Mode)

The flexural properties of the BA-a/PU polymer
alloys were determined using a universal testing
machine (model 5567) from Instron Co., Ltd. The
test method was a three-point bending mode with a
supporting span of 32 mm and tested at a crosshead
speed of 0.85 mm/min. The dimension of the speci-
mens is 25 mm � 50 mm � 2 mm according to
ASTM D790M-93. The measured properties are aver-
aged from eight specimens.

Hardness measurement (Shore D)

The hardness of polymer alloys samples was also
measured using a shore D hardness tester (model
ES-720G) from Micro Photonics. The specimens were
25 mm � 50 mm � 2 mm, and had flat surfaces fol-
lowing ASTM D2240.

Water absorption measurement

Water absorption measurement was conducted in ac-
cordance with ASTM D570 using a specimen dimen-
sion of 25 mm � 50 mm � 2 mm. Three samples of
each composition were submerged in deionized
water. The specimens were periodically removed and
dried by wiping for weight measurements after which
they were immediately returned to the water bath.

RESULTS AND DISCUSSION

Chemorheological behaviors

The effect of BA-a/PU resin mass ratios on chemo-
rheology of the resin mixtures, which are miscible
giving homogenous and transparent liquid, is shown
in Figure 1. In the rheograms, all resin mixtures

Figure 1 Viscosity of BA-a/PU resin at various composi-
tions: (l) 100/0, (n) 90/10, (^)80/20, (~)70/30, and
(!)60/40.
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showed a relatively high viscosity at room tempera-
tures due to the solid state nature of these resin mix-
tures. They were transformed into liquid when the
temperature was raised to their liquefying point (i.e.,
left side of the rheograms). At this point, the com-
plex viscosity of all resin mixtures rapidly
decreased. For consistency, the temperature at the
viscosity value of 1000 Pa.s was investigated as a
liquefying temperature of each resin.15,16 From the
figure, it can be seen that the increasing urethane
polymer fraction in the resin mixtures led to the
lowering of their liquefying temperatures. This is
due to the fact that the urethane prepolymer used is
liquid while the BA-a resin is solid at room tempera-
ture. Therefore, the addition of the liquid urethane
prepolymer in the solid BA-a resin caused the shift-
ing of the transition from solid state to liquid state
to lower temperature. From the above convention,
the liquefying temperature of BA-a/PU resins 100/0,
90/10, 80/20, 70/30, and 60/40 were determined to
be 71�C, 67�C, 60�C, 57�C, and 51�C, respectively.
All resin mixtures became liquid after liquefying
point that was the lowest viscosity of each resin sys-
tem and is normally termed the A-stage viscosity.
Lowering the resin liquefying temperature obviously
enables the use of lower processing temperature of a
compounding process, which is desirable in various
composite applications.

Furthermore, at the end of the A-stage viscosity or
at higher temperature, the resin mixtures underwent
crosslinking reactions past their gel points, which
was defined as a transition of liquid (sol) to solid
(gel), (i.e., the right side of the rheograms), resulting
in a sharp increase in their viscosities. 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.15,16 From the figure, the
gel point of the BA-a/PU resin mixture increased
with increasing mass fraction of the urethane prepol-
ymer. The gel temperature of BA-a/PU resins 100/0,
90/10, 80/20, 70/30, and 60/40 were determined to
be 196, 205, 210, 216, and 219�C, respectively. These
results suggested that the urethane prepolymer had
effect on the curing reaction of the benzoxazine
monomer. In other words, the processing window of
the BA-a/PU resin mixtures was widened with an
addition of the urethane prepolymer. Therefore, one
advantage of adding urethane into BA-a/PU resin
mixtures was to modify chemorheological behaviors
of the benzoxazine resin. The widest processing win-
dow was � 70 to 215�C for BA-a/PU of 60/40 com-
pared with the range of 90 to 195�C of the neat BA-
a. This behavior provides BA-a/PU resins with suffi-
ciently broad processing window for a typical com-
pounding process in a composite manufacturing.

Figure 2 exhibits the effect of urethane prepolymer
content on complex viscosity of BA-a/PU resin mix-

tures determined at 120�C. From the experiment, the
complex viscosity of the benzoxazine-urethane resin
mixtures significantly increased with increasing the
amount of the urethane prepolymer as the urethane
resin had much higher melt viscosity than that of
the neat benzoxazine resin. This might be due to the
higher molecular weight of the urethane prepolymer
compared with that of the benzoxazine resin. The
complex viscosity of BA-a/PU resin mixture at 0, 10,
20, 30, and 40% mass fractions of the PU were deter-
mined to be 0.11, 0.21, 0.44, 0.78, and 1.01 Pa.s,
respectively. In practice, the lower viscosity of the
resin can enhance the ability of the resin to accom-
modate greater amount of filler and increase filler
wettability of the resin during the compounding
process in a composite material preparation.15,16

Density measurement of BA-a/PU polymer alloys

In this work, density measurement of all fully cured
BA-a/PU specimens was performed to investigate
the presence of void in the specimens. Figure 3
shows the density of specimens with various ure-
thane contents comparing with their theoretical den-
sity. The calculated one was based on the basis that
the densities of the polybenzoxazine and urethane
prepolymer were 1.19 g/cm3 and 1.06 g/cm3.17,18

Furthermore, the theoretical densities of the BA-a/
PU polymer alloys were determined to be 1.190,
1.177, 1.164, 1.151, and 1.138 g/cm3 in BA-a/PU
100/0, 90/10, 80/20, 70/30, and 60/40, respectively.
Whereas the measured densities at 100/0, 90/10,
80/20, 70/30, and 60/40 mass ratios of the BA-a/PU
alloys were found to be 1.188, 1.177, 1.160, 1.148,
and 1.133 g/cm3, respectively. In the result, the den-
sities of the polymer alloys were observed to

Figure 2 Effect of urethane content on viscosity of BA-a/
PU resins determined at 120�C.
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systematically decrease with increasing PU fraction
suggesting that the theoretical and actual density of
the BA-a/PU alloys followed the rule of mixture.
Moreover, it can be observed that the actual den-
sities were about the same with the values slightly
lower than those of the theoretical densities. Because
of the rather high melt viscosity of the urethane pre-
polymer, adding more urethane prepolymer directly
affected on the mixing behavior and the obtained
densities were normally slightly lower than the theo-
retical values. The phenomenon is likely to be
caused by the presence of voids in the specimens as
a result of mixing difficulty from an addition of the
more viscous PU fraction into the benzoxazine resin.

DMA of the BA-a/PU polymer alloys

Transition temperatures of all BA-a/PU polymer
alloys were also determined using DMA since the
technique is highly sensitive to even minor transi-
tions or relaxations. DMA senses any change in
molecular mobility in the sample when temperature
is raised or lowered. The dynamic modulus is one of
the most important properties of materials for struc-
tural applications. Typically, mechanical damping is
often the most sensitive indicator in determining all
kinds of molecular motions, which are taking place
in polymeric materials particularly in solid state.
Figure 4 plots the loss modulus (E00) curves of the
benzoxazine-urethane alloys at various compositions
which had been fully cured to yield the crosslink
structures of the infinite network as a function of
temperature. The Tg of the alloys can be roughly
estimated from the maximum peak temperature in
the loss modulus curve of each specimen. From the
figure, we can see that the Tg of the neat polyben-
zoxazine was determined to be 165�C whereas those

of the polymer alloys were about 177, 192, 220, and
245�C in BA-a/PU 90/10, 80/20, 70/30, and 60/40.
Therefore, adding PU into the polybenzoxazine can
substantially increase the Tg of the polymer alloys.
Synergistic behavior of the Tg of the alloys was evi-
dently observed, i.e., Tg’s of all alloys were greater
than those of the BA-a and the PU, i.e., 165�C15,16

and �70�C,5,19 respectively. This is the unique char-
acteristic of these polymer alloys as it exhibited syn-
ergistic behaviors in their glass transition which
makes the systems highly attractive for high tempera-
ture application. The synergistic behavior of these
polymer alloys has been discussed more elaborately
in our previous work6,7 as to be due to the substantial
enhancement in crosslink density of the alloys by the
presence of urethane portion in the network. Both the
rigidity of the polybenzoxazine and the enhancement
on crosslink density from the urethane provided the
synergism in glass transition temperature of the
resulting polymer alloys. The possible network for-
mation scheme or illustration between the ring-open-
ing reaction of benzoxazine resin and urethane resin
has been suggested in the work by Takeichi et al.5

Figure 5 shows the storage modulus (E00) of BA-a/
PU alloys at various compositions. From the figure,
three areas including the glassy state, the transition
region, and the rubbery plateau were obtained for
each sample. Ordinarily, the storage modulus of the
materials decreased with increasing temperature. At
room temperature, the storage modulus in a glassy
state of the BA-a/PU binary systems was expectedly
found to systematically decrease with increasing PU
mass fraction. We can see that the storage moduli of
the BA-a/PU alloys were reduced from 5.2 GPa to
1.8 GPa with the addition of the PU from 0 to 40%
by weight. As a consequence, the presence of the

Figure 3 Density of BA-a/PU alloys at various composi-
tions: (h) Theory density and (l) Actual density.

Figure 4 Loss modulus of BA-a/PU alloys at various
compositions: (l) 100/0, (n) 90/10, (^) 80/20, (~) 70/30,
and (!) 60/40.
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more flexible PU in the copolymers resulted in the
more flexible polymer hybrids as seen from the
lower room temperature modulus.

Effects of urethane prepolymer on the storage mod-
ulus in the rubbery plateau region of their polymer
alloys are illustrated in Figure 6. From the figure, the
storage modulus in the rubbery plateau region tended
to increase with the mass fraction of the PU which
was an opposite trend to the storage modulus in the
glassy state. The storage moduli in the rubbery pla-
teau region were systematically increased from 56
MPa to 148 MPa with an addition of the PU fraction
from 0 to 40% by weight. This suggested that the
increase in the PU content in the polymer alloys possi-
bly resulted in an enhancement of the crosslink den-

sity of the fully cured specimens which was closely
related to the rubber plateau modulus. For a tight net-
work structure, i.e., rubbery plateau modulus is
greater than 107 Pa such as in our case, the non-Gaus-
sian character of the polymer network becomes more
and more pronounced and the equation from theory
of rubbery elasticity no longer holds. The approxi-
mate relation expressed in eq. (1) below proposed by
Neilsen20,21 is thus preferred and is reported to better
describe the elastic properties of dense network, e.g.,
in epoxy systems.3,22,23

log
E0

3

� �
¼ 6:0þ 293 q=Mcð Þ (1)

where E0 (Pa) is the storage modulus in a rubbery
plateau region, q (g/cm3) is the density of the mate-
rial at room temperature, and Mc (g/mol) is the mo-
lecular weight between crosslink points. The
crosslink density of our polymer alloys was found to
increase with the mass fraction of the urethane pre-
polymer. The crosslink density of the BA-a/PU poly-
mer alloys was estimated to be 4338 mol/m3 in BA-
a/PU 100/0, 4829 mol/m3 in BA-a/PU 90/10, 5227
mol/m3 in BA-a/PU 80/20, 5443 mol/m3 in BA-a/
PU 70/30, and 5779 mol/m3 in BA-a/PU 60/40.
In addition, the effect of molecular weight

between crosslinks (i.e., inversely proportional to its
crosslink density) on a Tg of a copolymer or a non-
uniform polymer network can be accounted for
using the equation also proposed by Neilsen.21,24

Tg � Tgð0Þ ¼ k

Mc
(2)

The number average molecular weight between
crosslinks is Mc. Tg(0) is the glass transition tempera-
ture of the uncrosslink polymer. Figure 7 illustrates

Figure 6 Storage modulus at rubbery plateau and cross-
link density of BA-a/PU alloys at various compositions:
(l) Storage modulus at rubbery plateau and (n) Crosslink
density.

Figure 5 Storage modulus of BA-a/PU alloys at various
compositions: (l) 100/0, (n) 90/10, (^) 80/20, (~) 70/30,
and (!) 60/40.

Figure 7 Glass transition temperature and the crosslink
density of BA-a/PU alloys at various compositions: (l)
Glass transition temperature and (n) Crosslink density.
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the Tg from loss modulus and crosslink density of
BA-a/PU alloys at various compositions. As seen
from this figure, the Tg of the polymer network
increased when its crosslink density in the alloys
increased, which is in good agreement with our
DMA results.

Tan d or loss tangent curves, obtained from the ra-
tio of energy loss or viscous part (E00) to storage
energy or elastic part (E0) of dynamic modulus of
material, are shown in Figure 8. The Tg of the poly-
mer alloys can also be determined from the maxi-
mum peak temperature on the tan d curve of each
sample. As shown in the figure, Tg’s of the alloys
were observed to shift to higher temperature when
the urethane prepolymer content in the alloys
increased. Furthermore, an inset of Figure 8 illus-
trates the magnitude of the tan d peak maximum
reflecting the large scale mobility associated with a
relaxation. The peak height of the tan d was found
to decrease with increasing the mass fraction of the
PU. This confirmed the reduction in segmental mo-
bility of polymer chains with increasing crosslink
density as PU fraction in the alloy increased. The
width at half height of the tan d relates to the net-
work homogeneity. The width at half height of the
tan d curves of our BA-a/PU polymer alloys were
broader in the PU rich systems implying network
heterogeneity to be more pronounced with an
increasing amount of the PU.8

Thermal degradation of BA-a/PU polymer alloys
(TGA)

Thermal degradation of BA-a/PU polymers was
investigated by thermogravimetric analysis (TGA).
Figure 9 shows the degradation temperature and

char yield at various urethane contents under nitro-
gen atmosphere. The Td’s of the neat polybenzoxa-
zine and the polyurethane were determined to be
325�C and 305�C whereas their alloys showed the Td

values of 326, 327, 334, and 336�C in BA-a/PU 90/
10, 80/20, 70/30, and 60/40. As evidently seen in
the figure, the Td’s of the polymer alloys were found
to be slightly higher than that of the neat polyben-
zoxazine. Consequently, synergistic behavior of Td of
these alloys were also observed, i.e., the Td’s of all
alloys were greater than that of the neat BA-a
(325�C) and the neat PU (305�C). Therefore, an incor-
poration of the PU into the polybenzoxazine was
found to enhance thermal stability of the polyben-
zoxazine. These results might be due to the reaction
of the isocyanate in urethane prepolymer and
the hydroxyl of the polybenzoxazine to increase
a crosslink density of the polymer alloys as
aforementioned.
Another interesting feature in the TGA thermo-

grams is the percent residual weight of our polyben-
zoxazine alloys which reported at 800�C under N2

atmosphere. It can be seen that the residual weight
of the BA-a/PU alloys were found to systematically
decrease with increasing PU fraction. This is due to
the fact that polybenzoxazine possessed higher char
yield value of about 29% while no char residue was
found for the polyurethane used. The chemical
structure of the polyurethane composed of a less
thermally stable aliphatic structure of the polypro-
pylene glycol polyol compared with the prevalent
benzene rings in the molecular structure of the poly-
benzoxazine. The char yields of BA-a/PU alloys at
10, 20, 30, and 40% mass fractions of the PU were
determined to be 24.1 wt %, 23.4 wt %, 20.7 wt %,
and 18.7 wt %, respectively. This result is also

Figure 8 Tan d of BA-a/PU alloys at various composi-
tions: (l) 100/0, (n) 90/10, (^) 80/20, (~) 70/30, and
(!) 60/40.

Figure 9 Thermal degradation of BA-a/PU alloys at vari-
ous compositions: (~) Char yield and (l) Degradation
temperature.
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consistent with those reported by Takeichi et al. and
Takeichi.5,19

Coefficient of thermal expansion of BA-a/PU
polymer alloys

During heat transfer, the energy that is stored in the
intermolecular bonds between atoms changes. When
the stored energy increases, so does the length of the
molecular bonds. As a result, solids typically expand
in response to heating and contract on cooling. This
dimensional response to temperature change is
expressed by its CTE. Figure 10 exhibits the CTE
characteristics of BA-a/PU alloy specimens at vari-
ous urethane mass fractions. The CTE values of BA-
a/PU 100/0, BA-a/PU 90/10, BA-a/PU 80/20, BA-
a/PU 70/30, and BA-a/PU 60/40 were determined
to be 57.7, 44.7, 53.0, 82.8, and 90.2 ppm/�C, respec-
tively. It was clearly observed the CTE of our alloys
did not show a linear relationship with the composi-
tion of the alloys but also exhibited a synergistic
behavior with the minimum CTE value at BA-a/PU
90/10 mass fraction. The CTE of BA-a/PU at 90/10
and 80/20 weight ratios were found to be lower
than that of the neat polybenzoxazine and increased
to higher values when the amount of PU fraction
was greater than 20 wt %. In principle, the addition
of the PU which is more expansible than BA-a due
to its elastomeric nature, the resulting BA-a/PU
alloys should result in an increase in their CTE val-
ues as observed in the PU content of greater than
20% by weight region. The observed synergistic
behavior in CTE of these polymer alloys in the vicin-
ity of 10–20% by weight of implied that the effect of
crosslink density enhancement in the alloy’s CTE

dominated the effect of the higher expansion of the
PU provided that the PU mass fraction was main-
tained below 20% by weight.

Flexural properties of BA-a/PU polymer alloys

In this investigation, the specimens for flexural anal-
ysis were loaded until failure and the stress–strain
curves were obtained for each sample. The flexural
strength of a thermosetting resin is influenced by a
number of interrelated system parameters including
Tg, molecular weight between crosslinks, crosslink
density, free volume, chemical structure, network
irregularity and perfection, and many other contrib-
uting factors.25 Flexural properties (flexural strength,
flexural modulus, and elongation at break) of BA-a/
PU polymer alloys were shown in Table I. The flex-
ural strength of the neat polybenzoxazine was deter-
mined to be 130 MPa. Interestingly, the strength val-
ues of the BA-a/PU alloys were observed to exhibit
also a synergistic behavior with the maximum flex-
ural strength value of 142 MPa observed at the BA-
a/PU mass ratio of 90/10. In addition, with an
increase of the PU fraction (i.e., 20 wt %, 30 wt %,
and 40 wt %), the flexural strength values were
found to decrease systematically. Those flexural
strengths of the BA-a/PU alloys were determined to
be 120, 89, and 60 MPa in BA-a/PU 80/20, 70/30,
and 60/40. This finding coincides with the phenom-
enon found in CTE and Tg as discussed earlier. Our
result is also in good agreement with the result pre-
viously reported by Rimdusit et al.6

The maximum flexural modulus value of 5.5 GPa
belonged to neat polybenzoxazine. The flexural
modulus was also found to linearly decrease with
increasing amount of PU for all BA-a/PU alloy sys-
tems. The flexural modulus values of BA-a/PU
alloys were 4.1 GPa, 3.4 GPa, 2.5 GPa, and 2.1 GPa
for BA-aPU of 90/10, 80/20, 70/30, and 60/40 mass
ratios, respectively. The flexural modulus shows a
behavior nearly identical to that of the storage
modulus at room temperature determined by DMA.
This phenomenon was due to the fact that the addi-
tion of the softer urethane resin into the benzoxazine
resin was expected to lower the stiffness of the

Figure 10 Effect of urethane content on coefficient of
thermal expansion of BA-a/PU alloys at various
compositions.

TABLE I
Flexural Properties of BA-a/PU Copolymers at Various

Compositions

PU
content (%)

Flexural
strength (MPa)

Flexural
modulus (GPa)

Flexural
strain at
break (%)

0 130 5.5 2.5
10 142 4.1 3.5
20 120 3.4 3.8
30 89 2.5 4.1
40 60 2.1 5.1
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polybenzoxazine alloys as a result of an elastomeric
nature of the PU used.5,19

The effect of urethane prepolymer on the flexural
strain at break of polybenzoxazine as can be seen
in Table I. The flexural strain at break of polyben-
zoxazines alloyed with urethane prepolymer at 0,
10, 20, 30, and 40% were determined to be 2.5, 3.5,
3.8, 4.1, and 5.1, respectively. Normally, the addi-
tion of the more flexible urethane prepolymer to
the rigid polybenzoxazine matrix should also con-
tribute to the increased strain at breakage for the
alloys.5,19

Surface hardness of BA-a/PU polymer alloys

Hardness is defined as the resistance offered by a
specimen to the penetration of a hardened steel trun-
cated cone (Shore-A), pointed cone (Shore-D), or a
spherical or flat indenter (foam hardness). In this
study, Shore-D hardness was measured on a scale
that was graduated from 0 to 100 divisions; 0 denot-
ing the lowest and 100 the highest degree of hard-
ness. In Figure 11, the surface hardness (Shore D)
values of the BA-a/PU polymer alloys at different
PU content were presented. As expected, the surface
hardness of the polymer alloys was found to system-
atically decrease with increasing PU fraction. An
addition of PU to BA-a was found to diminish the
resistance of the BA-a deformation. The surface
hardness values of the fully cured BA-a/PU alloys
were observed to be 86, 77, 73, 69, and 68 shore D in
BA-a/PU 100/0, 90/10, 80/20, 70/30, and 60/40.
The surface hardness of the urethane was reported
to be � 40 shore D.26 As a consequence, the
hardness of the BA-a/PU alloys tended to follow a

simple rule of mixture. This phenomenon was simi-
lar to hardness values of polyurethane reinforced
with aluminum oxide (Al2O3) particles reported by
Zhou et al.27

Water absorption of BA-a/PU polymer alloys

Figure 12 shows percent water absorption of BA-a/
PU alloys versus time. It can be seen in this figure
that the percent water absorption value of BA-a
alloyed with the PU tended to increase with an
addition of the PU. Moreover, the percent water
absorption was observed to increase sharply in the
first 24 h of the test, and reach a plateau value of
1.3% in BA-a/PU 100/0, 2.0% in BA-a/PU 90/10,
2.8% in BA-a/PU 80/20, and 4.3% in BA-a/PU 70/
30, and 4.7% in BA-a/PU 60/40. To explain the dif-
fusion in the material, the generalized equation can
be expressed as

Mt

Ma
¼ kntn (3)

where Mt is the mass of sample at time t and Ma the
mass of sample at saturation or infinite time.
The diffusion behaviors can be classified as:

super case II (n > 1), case II (n ¼ 1), anomalous
(1/2 < n < 1), classical/Fickian (n ¼ 1/2), or
pseudo-Fickian (n < 1/2).28 From the plots of log
Mt/M versus log t, the obtained slope of the neat
polybenzoxazine was about 0.71 implied that its
diffusion behavior was an anomalous type. The
slopes of the BA-a/PU polymer alloys were deter-
mined to be in a range of 0.23–0.32 suggesting
Fickian type diffusion behavior.

Figure 11 Effect of urethane content on surface hardness
of BA-a/PU alloys at various compositions.

Figure 12 Percentage water absorption of BA-a/PU
alloys at various compositions: (l) 100/0, (n) 90/10, (^)
80/20, (~) 70/30, and (!) 60/40.
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CONCLUSIONS

An addition of urethane resin in BA-a/PU resin mix-
tures was found to substantially widen their process-
ing window. Density of the alloys decreased with the
urethane contents. Synergism in thermal stability was
clearly observed in these polymers. The phenomenon
was explained by an ability of the PU fraction to sub-
stantially enhanced crosslink density of the resulting
polymer alloys. Furthermore, the char yield of the
BA-a/PU alloys was found to systematically increase
with the increasing amount of the BA-a fraction.
Whereas the CTE of the alloys was observed to show
a minimum at the BA-a/PU ¼ 90/10 mass ratio. The
flexural strength of the BA-a/PU alloys exhibited the
ultimate value at BA-a/PU ¼ 90/10 mass ratio
whereas the flexural modulus, flexural strain at break
and surface hardness showed behaviors following a
rule of mixing. Last but not least, BA-a fraction in
the alloy was used to effectively lower the water
absorption of the resulting polymer.
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Adhesive cost in wood composite manufacture is the main parameter controlling
overall production cost. One alternative approach to achieve reduce overall product cost
would be maximizing fiber amount without changing adhesive content in the matrix.
Interestingly, phenolic resins based on benzoxazine structures have a low a-stage viscosity
that allows an addition of greater amount of filler []. Furthennore, benzoxazine resins have
been reported to provide some outstanding characteristics such as having excellent thermal
properties and flame retardance, molecular design flexibility, low moisture absorption and
near zero shrinkage upon polymerization [2]. In this study some of the properties of
experimentally manufactured wood plastic composite reinforced with benzoxazine resin (BA-
a) and cashew nut shell liquid (CNSL) copolymer were investigated. Specimens having 50-
75o/o eastern redcedar (Juniperus virginiana I.) particles mixed with matrix material BA-
aICNSL were manufactured for the experiments. Based on the findings in this work, wood
particles decreased the curing temperature (T.u,"a) of BA-a/CNSL matrix (as shown in Fig. 1).
Dynamic mechanical characteristics of the specimens increased with increasing amount of
wood particles. Good compatibility between wood particles and BA-a/CNSL matrix was
found and such compatibility resulted in enhanced the glass transition temperature (Te) value
of the specirnens (as shown in Fig. 2).It appears that BA-a blended with CNSL can be used as
attractive value-added product to be used for certain application where their high
performances are desired.
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Abstract

The transparency of thermally reversible light scauering (TRLS) materials can be switched between opaque and

transparent states by varying temperature. TRLS films have potential applications in thermal sensors, optical devices

etc. TRLS behavior was observed in the benzoxazine alloyed with urethane prepolymer (BA-a/PU) system. The

intensity of transmitted light was evaluated as a function of temperature in successive heating/cooling process.

Transparent states were observed during heating in the range of 150-200'C whereas opaque state was investigated upon

cooling. In addition, the BA-a/PU system also exhibits enhanced thermal stability i.e. a synergism in glass transition

temperature (Tg) was observed for all examined BA-a/?U alloy systems. The Tg value of the copolymer network was

found to systematically increase with increasing the PU fraction in the alloys and the highest Tg of the copolymer that

could form infinite network was observed at 40 wt%o of the PU fraction to be about 241"C.

Keywords; Polybenzoxazine, Urethane prepolymer, Thermally reversible light scattering, Glass transition temperature,

Synergism

1, Introduction

Thermally reversible light scattering (TRLS) is

material which can be reversibly switched from opaque

to transparent states by varying temperafure i.e. it can be

transparent or opaque depending on whether it is

submitted to a cooling or a heating cycle. From this

characteristic, TRLS have potential applications in

thermal sensors, optical devices, recording media and

several other applications. 11-21

The aim of this research is to investigate the TRLS

behavior in benzoxazine (BA-a) resin alloyed with

urethane elastomer (PU) i.e. BA -alPU system. Hence, this

systern is very attractive for some optical applications

besides its outstanding thermal and mechanical

characteristics.

The system of BA-alPU consists of benzoxazine

resin and urethane elastomer. The benzoxazine, which is

one kind of phenolic resin, has some outstanding

properties i.e. low a-stage viscosity, no curing agent

reguired for its polymerization, near zero shrinkage, no

curing by-products, as well as high mechanical and

thermal properties of the fully cured specimens.

Nevertheless, one shortcoming of benzoxazine is high

brittleness. In our previous work, it was found that

improved toughness of polybenzoxazine by alloying with

urethane prepolymer (PU) can be easily achieved. In

addition, synergism in glass transition temperature of this

alloy was also observed. The Tg of the urethane

elastomer and polybenzoxazine were reported to be about

-70 to -20oC and 160 to l70oc, respectively. The Tg of

BA-a/PU systems were found to increase with the mass

fraction of PU. The optimum composition of BA-a/PU

alloys in terms of enhanced flexural modulus and

maintaining the high flexural modulus of

polybenzaxazine were in the range of 90/10 to 7Al3A

mass ratios whereas those increased toughness, as

evidenced by the area under the curves of flexural stress

and flexural strain were investigated when the

composition of both tougheners was less than 40 wt%. t3]
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The purpose of this work is to analyze optical

properties of this BA-alPU system and to observe factors

which affect its TRLS phenomenon,

2. Experimental

BA-a monomer used was synthesized &om

bisphenol A, aniline and formaldehyde at a l:2:4 molar

ratio according to the solventless synthesis technique [1].

The urethane prepolymer was prepared from toluene

diisocyanate and polyether polyol (Molecular weight -
2000) at a 2: I molar ratio. The two reactants lvere mixed

in a distillation flask and the mixture was stirred under a

nitrogen stream at 90oC for 2 hours. To accelerate the

reaction, A.4 gram of dibutylin dilurate was used as a

catalyst.

To prepare specimens, BA-a rnonomer was

manually blended with PU at a desirable mass fraction.

The resin mixture was mixed in aluminum pan and

wanned up about 80"C until a homogeneous mixture was

obtained. The specimens were cured in an air-circulated

oven at 150-200oC for 6 h.

The curing behavior and thermal transition of BA-

a and BA-a/U were measured by a differential scanning

calorimeter (DSC) model 29rc from TA Instrument.

Each sample was scanned at heating rate of 10 oC/2min

from room temperature to 300oC under N2 purging. The

sample \,vas measured at approximately l0 mg.

Fourier transform infrared spectra of all samples

under various curing conditions were acquired by using a

Spectrum GX FT-IR spectrometer from Perkin Elmer

with an ATR accessory. All spectra were taken as a

function of time with 32 scans at a resolution of 4 cm-t

and a spectral range of 4000-650 cml.

The UV-visible optical transmission spectra were

recorded on a Hitachi U-3210 spectrophotometer at

variable temperature

3. Results

3.1 Curing behavior and thermal transition of BA-alPU

alloys

DSC profiles of the benzoxazine and benzoxazine

blended with urethane prepolymer are shown in Figure l.

A single dominant exothermic peak of the curing reaction

in each composition was observed. The peak exotherm of

BA-a was investigated at 222"C. In the case of BA-a/PU,

the peak exotherms were observed to be smaller than that

of BA-a. When the amounts of PU in samples increased

the positon of the peak exotherm also shifted to higher

temperature i.e. 232"C (90/10 BA-a/PU), 243"C (80i20

BA-a/PU), ?44"C t70130 BA-aiPU) and 248"C (60/40

BA-a/PU).

0 50 100 150 200 254 300

Ternperature (oC)

Figure 1. DSC thermograms of curing temperature (a.)

100i0 (BA-a/PU), (b.) 90/10, (r.) 8Al2A, (d.) 70130 and

(e.) 60/a0
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Figure 2. DSC thennograms of glass-transition

temperature (a.) 100/0 (BA-a/PU), (b.) 90110, (c.) 80120,

(d.) 70130 and (e.) 60/a0

Figure 2 illustrates DSC thermograms of BA-a and

BA-aiPU at different ratios, after curing process" The

exothermic of all compositions disappeared that implied

the fully cure stage. The Tg of the fully cured BA-aPU

alloys were observed to be 157oC in BA- a, l62oC in BA-

a/PU 90/10, 183oC in BA-a/PU 8Al2A, 226oC in BA-
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aIPIJ 70130 and 24loc in BA-a/PU 60140. This results

indicated the slmergism in glass transition temperature

i.e. the Tgs of all alloys were higher than neat

polybenzoxaztne (162 oc) and polyurethane (-70 oc).

This result is in good agreement with a previous report

by Rimdusit et.al. (2005).

3.2 Nefwork Spectroscopic Analysis

The spectra of BA-a monomer, polybenzoxaztne

and BA-a alloyed were presented in Figure 3. The FT-IR

spectra of BA-a monomer (Figure 3a) illustrates the

formation of the benzox azine .itrg (C-o-C) which was

confirmed at 94r and 1230 cm-t. After curing, those

absorptions disappeared with the opening of benzoxazine

ring (Fig 3b). The characteristic bands of benzoxazine

and urethane moieties are presented in Figure 3c. The

band at 2242 cmt was from the NCO group of PU.

Figure 3d exhibits the IR spectrum after completion of
curing, the absorption at 941, 1230 cm- l (C-O-C) and

2242 cm-t (x-c-o) disappeared, which indicates the

formation of BA-a/PU polymer networks.

significantly higher than the value at room temperature.

when the specimen was cooled down to l50oc, the phase

separation re-appeared, and gradually became opaque at

100, 50"c and room temperature. Therefore, the phase

separation of BA-alPU alloy was observed at lower

temperafures and transformed to a homogenous phase at

elevated temperature which led to TRLS phenomenon to

BA-a/PU system.

{- Room Temperature

-F200 ("c)
o 1so (.c)

+roo fc;+-50 ("c)

rJ -t
rlrr

500 550 600 650 700

Wavelength (nm)

Figure 4. Temperature dependence of optical transmission

spectra

200'c

150"c

Room temperature
to 100"C

Figure 5. The optical microscope images from 200oc to

room temperature of BA-a/PU alloy

3.3 Therrno-optical sensor behavior

The thermo-optical sensor behaviors of 60140 BA-

aIPIJ at various temperatures were illustrated in Figure 6.

The high resolution image covered with this alloy was

obtained when temperature increased at l50oc.

Furthermore, the image can be repeatedly displayed

1.5

1.2o
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.€og
E
U)c
g 0.6
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o
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$
-ot-
oo

_o
r(

4000 3600 3200 ,#::e:ilr#i0cllioo 1200 800

Figure 3. FT:IR spectra of (a) BA-a monomea @)

polybenzoxazine, (c) 90/10 (BA-a/PU) before curing, (d)

90110 after curing

The temperature dependence of optical

transmission spectra and optical microscope images were

exhibited in Figure 4 and 5, respectively. When BalPU

film at 60140 mass ratio was heated at }AA"C, the

specimen became transparent without phase separation.

Furthermore, the transmittance at 500-700 nm was
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Heating I

+

IAHeatin{ 
lcooline

or hided controlled by temperature. From, this

phenomenon indicated that this alloy would initiate new

researches for the preparation and application of ''smart

materials" such as optical sensor.

Room Temperature

1000c

A

lcoolins

1500C

200"c

Figure 6. The thermo-optical sensor behaviors of 60140

BA-a/PU at various temperatures.

4. Conclusions

TRLS behavior was observed in the BAiPU

system. The apparent transition from opaque to the

transparent state occurred in the iange of 150-200"C.

When BA/PU film was cooled down to 150oC, the phase

separation was observed and gradually became opaque

below 100oC. Moreover, the synergistic behavior in Tg

were observed at 4ll compositions of BA/PU. Therefore,

BA-a/PU is a novel promising material for the future

TRLS applications.
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Abstract

Mixtures of benzox azine resin and cashew nut

shell liquid (BA-a/CNSL) at various mass ratios

reinforced with bamboo fiber (Dendrocalamus asper) are

investigated as wood composites. In this work, thermal

properties of the alloy matrices and those of the bamboo

composites are examined using DSC. Flexural properties

of the bamboo-filled BA-a/CNSL are also measured

using a universal testing machine. The bamboo fiber can

be highly filled in the BA-a/CNSL system i.e. with the

bamboo fiber content up to 65 Vo by weight. The curing

temperature of the alloy matrices tends to decrease with

an addition of the CNSL in benzoxazine resin i.e. CNSL

was observed to act as catalyst for benzoxazine curing.

Moreover, GNSL can reduce cost of the wood composite

matrices as it is the waste from the process to remove the

cashew kernel from the nut. The flexural modulus values

of the bamboo composites up to 5.97 GPa and flexural

strengths up to 66 MPa were obtained when neat

polybenzoxazine was used as a bamboo composite

matrix. Both flexural modulus and strength of the

bamboo composites with CNSL in the matrices slightly

reduced with the amount of CNSL. Interestingly, the

relationship between flexural stress and strain of the

obtained bamboo composites indicated that all alloy

matrices modified with CNSL rendered an increase in the

flexural strain at break as well as in the areas under the

stress-strain curves i.e. an increase in the toughness of

the composites or the energy absorption capability. The

highest strain at break and toughness were obtained when

3A% by weight of CNSL was added in rhe alloy marrix

i.e. with the strain at break value of I .72vo and the area

under the stress-strain curve of A.249 J.

1. Introduction

Natural fibers are well known as renewable and

abundantly available materials. Moreover, their cost is

less expensive than synthetic fibers which are used as

reinforcement in making structural components

therefore, natural fibers are suited to common

application tU. The bamboo fibers are often called

natural glass fibers due to, their high strength and good

mechanical properties. These fibers are an alternative

raw material for many types of composite panel

production, i.e. furniture units, plywood and flooring

[2J. In recent work, wood flour-filled benzoxazine has

been investigated as a possible as high performance

wood-substitute material. Benzox azine resins are

relatively new members of phenolic resins and have

many characteristics of traditional resins such as

excellent thermal properties and low melt viscosity.

This allowed substantial amounts of woodflour (up to

TATI by weigh| to be added in the benzoxazine, epoxy,

and phenolic novolac resins (BEP resins) system.

Relatively high flexural strengths of BEP wood

composites up to 70 MPa can also be obtained. The

outstanding.cornpatibility between woodflour and the

ternary matrices contributed to the modulus and

thermal stability enhancernent of the wood composites

particularly with an increase of the polybenzoxazine

fraction in the BEP alloys t3-41.

Recently, u group of bio-composite researchers has

investigated the novel cardanol-based benzox azine
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monomer, which contains an oxazine ring in its structure.

The ring can react with carbon atoms on ben zene ring of

cardanol which is the main component of cashew nut

shell liquid (CNLS). CNSL was obtained as a by-producr

during the process of removing the cashew kernel from

the nut. Hence, it can be considered a sustainable low

cost and largely available natural resource particularly in

Thailand t5l. Because of this reason, CNLS is an

interesting material for improving the properties of resin

and to reduce cost of material. The objective of this work

is to. evaluate various mechanical and thermal properties

of experimental fiberboard samples made from bamboo

fiber using benzox azine resin blended with CNSL as

wood adhesive.

2. Experimental

Benzoxazine resin (BA-a) was synthesized from

bisphenol-A, Para-formaldehyde and aniline at a 1:2:4

molar ratio following the patented solventless technique

[3]. The CNSL was heated at 190 'C for 5 h in order ro

eliminate volatile organics. The BA-a blended with

CNSL as wood composite matrices were prepared at 80

"C. The investigated weight ratios of the BA-a and CNSL

in the mixtures were 50150, 6AAA, 7ABA, 80DA and

90110 respectively. To prepare bamboo composite,

bamboo fiber was dried at 100 "C for 24 h. A fixed

bamboo fiber content of 65Vo by weight was

compounded with BA-a/CNSL mixture in an aluminum

container at 80 "C for at least 30 rnin and was placed in a

preheated 60 x 25 x 3 *m' stainless steel mold and

compression molded in a hydraulic press using a pressure

Gf 15 MPa, at 100"C for 0.5 h and 170"C for 3.5 h. The

cured specimens were left to cool' down at room

temperature in an open mold before testing.

The curing behavior and thermal transition of

specimens were measured by a differential scanning

calorimeter (DSC) model from TA Instrumenr. The

heating rate was 10 "C/min frorn 30 to 300'"C and

nitrogen gas used for purging.

Densities of bamboo composites were determined by

a r,vater replacement method (ASTM D 792-91 lvlethod

A.) The bamboo fiber was investigated using a

pycnometer (100 ml Sekiya Company).

The flexural modulus and flexural strength of the

wood composite specimens were determined according

ASTM D790-M93 on a universal testing machine,

Instron model 5567. The msasurement was performed

in a 3-point bending mode with a supporting span of 48

mm and at a crosshead speed of 1.2 mm/min. The

dimension of each specimen was 25 x 60 x 3 mm3.

3. Results

3.1 Curing behavior and thermal transition of

BA-a/CNSL matrices

DSC profiles of the benzoxazine and benzoxazine

blended with CNSL are shown in Figure l. The peak

exotherm of BA-a was observed at 237"C. In the case

of BA-aICNSL, the peak exotherms were found to be

lower than of BA-a. When the amounts of CNSL in

samples increased the peak exotherm decrease i.e.

216"C (90/10 BA-a/CNSL), 207"C (80/20 BA-

a/CNSL), 203"C (708A BA-a/CNSL), 197"C (6AAA

BA-a/CNSL) and 186"C (50/50 BA-a/CNSL). This

result implied that CNSL acted an acid catalyst for BA-

a curing and was thus able to shift the exotherm of the

ring-opening reaction of benzoxazine resin to lower

temperature [5]. The lowering of exotherms in similar

system had also been observed by the acidic protons

such as polyamic acid, clay, silica and titania [6].

Figure 2 illustrates DSC thermograms of BA-a and

BA-a/CNSL at different ratios, after curing ar 170"C

for 3.5 h. The degree of conversion of the partially

cured samples can be determined according to the

following relationship:

vocosyersion = [, - 
g*l. roo (l)

L HOJ

where Hon is the heat of reaction of the partially cured

specimens, as determined from DSC results, and Ho is

the heat of reaction of the uncured resin. The

percentage of conversion of each sample is shown in

Table 1.
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Figure L. DSC therrnograms showing the curing temperature of

BA-alCNSL.
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Figure 2. DSC thermograms of BA-a and BA-a/CNSL cured

at l70-C for 3.5 h.

Table 1: Degree of conversion of partial cured sample

BA-a/CNSL sample Vo conversion of partial cured

polybenzoxazine alloys. However, flexural modulus of

the bamboo-filled BA-a/CNSL alloys remained

significantly higher than those of the reported wood

polymer composites, i.e. bamboo reinforced HDPE

with 4AVo by weight bamboo - 3.1 GPa [7J, wood flake

reinforced HDPE composites with SAVI by weight of

wood content = 2.7 GPa and 70Vo by weight of wood

content

modulus of wood composite in present work is higher

than typical medium-density fiberboard (MDF)

requirement which requires flexural modulus to be in a

range of 0.5-3 GPa. Normally, MDF is frequently used

as substrate for thin overlays to manufacture furniture

units [9].

Figure 4 illustrates the flexural strength of bamboo

composites. The average flexural strength value of the

bamboo composites ranged from 44.2 to 66.1 MPa. The

flexural strength slightly reduced when the amount of

CNSL increased from 10 to SAVo by weight. However,

the bamboo fiber-filled BA-a/CNSL still possessed

flexural strength values higher than 40Vo by weight

bamboo reinforced HDPE (21.3 MPa) and commercial

wood flake-reinforced HDPE at 50To by weight (31

MPa) and atTA Vo by weight (18 MPa) 17 -91.
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3.2 Flexural properties of bamboo fiber composites

Flexural properties of bamboo fiber filled BA-

a/CNSL alloys are exhibited in Figure 3. The average

flexural modulus of bamboo fiber composite ranged from

3.86-5.97 GPa. The flexural modulus decreased when

amount of CNSL increased, this phenomenon indicated

that the addition CNSL into the polybenzoxazine tended

to lower the strength or the stiffness of the resulting

0 10 20 30 40 50

Mass Ratio of CSNL (%)
Figure 3. Effect of CNSL content on flexural modulus

of wood-BA-alCNSL composite at various compositions.

+BA-a
+- 90/1S BA-aICNSL+80120 BA-a/CNSL

-.- 70fig BA-aICNSL
--o-60/40 BA-a/CNSL=t- 50/50 BA-a/CNSL
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0.249 J at 70To CNSL content and other relevant values

were 0.155 J BA-a/CNSL (80/20), 0.145 J BA-a/CNSL

(90/10) and 0.120 J BA-a (100).

3.3 Density of bamboo fiber composite

Theoretical density of the samples was

calculated based on density values of polybenzoxazine,

bamboo and cashew nut oil which were Ll9 glcmi 
-,

0.80 g/cm3 and A,g4 g/cm3 ,respectively. Table 2

showed the density of BA-a/CNSL matrices reinforced

with bamboo fiber at a fixed weight ratio of 65Vo

(bambooY 35Vo (matrix). The measured densities of the

bamboo composites above 3AVo by weight of CNSL in

the alloys were lower than the theoretical values. This

result indicated that the CNSL amount of greater than

3AVo by weight was in excess to react with benzoxazine

resin. Consequently, the excess CNSL might evaporate

during the curing process that caused void formation in

the composite specimens. The unreacted CNSL might

also cause the network defects or incomplete network

formation in the alloys which resulted in the lowering

of the mechanical and therrnal properties of

the obtained bamboo composites. The appearances of

voids in specimens induced crack growth

corresponding to the result in Figure 5, when CNSL

adding at 40 and SAVo by weight, the value of stress-

strain relation ship significantly reduced from the

highest value at 307a by weight CNSL in contents.

Table 2: Density of wood-BA-a/CNSL alloy composite

at mass ratio of CNSL ratio.

Mass fraction of
BA-a/CNSL in Theoretical

composite
Actual

10

0102a304050
Mass Ratio of CNSL (%)

Figure 4, Effect of CNSL content on flexural strenglh

of wood-BA-a/CNSL composite at various compositions.
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Figure 5. Flexural stress and strain relationship of bamboo-reinforced

BA-a/CNSL.

Figure 5 presents the relationship between flexural

stress and strain of bamboo reinforced with BA-a/CNSL

matrices. Increasing the CNSL content in the composite

was observed to cause an optimum in the flexural strain

at break of the materials as follows: 1.2AVo BA-a (100),

1.45% BA-a/CNSL (90/10), l.55%o BA-a/CNSL (80/20),

l,7l% BA-,a/CNSL (70/30), l.52Vo BA-dCNSL (60/40)

and l.50Vo BA-a/CNSL (50150). This phenomenon

implied that the BA-a/CNSL matrices at optimum of

CNSL could restrain crack growth and absorb and

dissipate mechanical energy in the obtained polymer

alloys. Furthermore, the area under the flexural stress-

strain curve refers to the energy absorption capability of

the alloy materials or the toughness of materials. Figure 5

suggested that when the amount of CNSL in alloy

contents increased, the area under the curve tended to

increase implying higher toughness of the specimens.

The highest area under the curve was calculated to be

(6
(L

ct
@
c)
l-

a

100

90/10

80t20

TABA

6At4A

50/s0

r.203
1.194

1.186

1.176

1.169

1.161

l.l2l + A.022

1.106 t 0.021

1.102 + 0.017

r.A29 t 0.017

0.986 * 0.015

0.979 r 0.009

--+- BA-a--€- 90/10 BA-a/CNSL
--f- 80120 BA-aICNSL---o- 70/30 BA-a/CNSL
* 50/40 BA-a/CNSL
-+-- 50150 BA-a/CNSL
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4. Conclusions

Bamboo fiber can be highly filled in BA-a/CNSL

system i.e. with the bamboo fiber content up to 65 Vo by

weight. CNSL was found to act as a curing catalyst to

benzoxazime resin by lowering its curing temperature.

Both flexural modulus and strength of the bamboo

composites with CNSL in the matrices slightly reduced

with amount of CNSL. An increase in the flexural strain

at break as well as the areas under the stress-strain curves

was observed with the presence of the CNSL in

benzoxazine matrix.
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