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Introduction 
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Chapter 1: General introduction 

 

1.1 Fiber reinforced polymer matrix composite (PMCs) [1-4] 

 

The word composite implies that the material is composed of dissimilar 

constituents, which means there are two or more individual constituents that retain their 

identity on the macroscopic level in composite material. Materials composing a 

composite can be classified as a reinforcement or strengthening phase and a matrix or 

binder phase. Generally a homogeneous matrix component is reinforced by a stronger 

and stiffer constituent, which is usually in the forms of continuous fibers, discontinuous 

or chopped fibers, whiskers, particles, platelets, etc. Matrix materials can be polymers, 

metals, or ceramics. The composite mentioned in this paper will be concentrated 

primarily on fiber reinforced polymer matrix composites. Typically the reinforcement 

fibers are impregnated by a matrix material that acts to transfer load to the fibers. Also 

the matrix plays a role of protecting the fibers from abrasion and environment attack. 

The matrix dilutes the properties to some degree, but even so very high specific 

(weight-adjusted) properties are available from these materials. The excellent 

lightweight coupled with high stiffness and strength along the direction of the 

reinforcement is one of the major reasons for their use in aircraft, automobiles, and 

other moving structures. There are also some desirable properties including superior 

corrosion and fatigue resistance compared to metals. Currently the PMCs are limited to 

service temperatures below about 300ºC for the matrix decomposes at high temperature. 

The PMCs are often divided into two categories: reinforced plastics and so-called 
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advanced composites based on the distinction of the level of mechanical properties 

(usually strength and stiffness); however there is unambiguous line separating the two. 

Reinforced plastics typically consist of polyester resins reinforced with low-stiffness 

glass fibers, which are relatively inexpensive. And the advanced composites consist of 

fibers and matrix combinations that yield superior strength and stiffness, which are 

relatively expensive. They typically contain a large percentage of high performance 

continuous fibers, such as graphite, aramid or other organic fibers. 

The reinforcement, the matrix and the interphase between the matrix and 

reinforcement determine the properties of PMCs. When designing PMCs, many 

variables should be put into consideration. The variables like the geometry of the 

reinforcement, and the nature of the interphase influence the properties of PMCs as well 

as the types of matrix and reinforcement and their relative proportions. Also the 

mechanical properties of PMCs are highly interdependent. For instance, cracking 

associated with shear stresses may result in a loss of stiffness. Impact damage can 

seriously reduce the compressive strength of PMCs. Compressive and shear properties 

can be seen to relate strongly to the toughness of the matrix, and to the strength of the 

interfacial bond between matrix and fiber. All these PMCs characters must be 

considered comprehensively to produce a structural material optimized for the 

conditions for which is to be used. 

The matrix properties determine the resistance of the PMCs to most of the 

degradative processes, for instance impact damage, delamination, water absorption, 

chemical attack and high-temperature creep, which cause failure of the structure. PMCs 

can be classified in to fiber reinforced thermosetting plastic (FRP) and fiber reinforced 

thermoplastic (FRTP) by the distinction in the types of matrix resin.  
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Polyesters, vinylesters, epoxies bismaleimines and polyamines are thermosetting 

resins. Currently the most commonly used thermosetting resin in advanced composite is 

the epoxies. Initially, the viscosity of thermosetting resins is low. During their curing 

process, thermosetting resins undergo chemical reactions that crosslink the polymer 

chains and thus connect the entire matrix together in a three-dimensional network. 

Because of the three-dimensional cross-linked structure, the thermosetting resins tend to 

have high dimensional stability, high-temperature resistance and good resistance to 

solvents. However, the major short point of fiber reinforced thermosetting resins is hard 

to be recycled or reused just because of the chemically insert of the cured matrix. 

Polymers such as polyetherimide, polyamide imide, polyphenylene sulfide, 

polyether-etherketone (PEEK) and liquid crystal polymers fall into the same category 

known as thermoplastic resins, sometimes called engineering plastics. In thermoplastic 

resins, there are long, discrete molecules that melt to a viscous liquid when heated to 

process temperature, and after forming, are cooled to an amorphous, semi-crystalline or 

crystalline solid. Unlike the curing process of thermosetting resins, this process is 

reversible, and by just heating to the process temperature the thermoplastic resins can be 

formed into another desired shape. Thermoplastics are more resistant to impact damage 

and cracking comparing to thermosetting resins, although they are inferior in 

high-temperature strength and chemical stability to them. Thermoplastics offer a 

promise way for manufacturing PMCs effectively, because it is easier and faster to heat 

and cool a material than it is to cure it. Although the thermoplastic resins are reinforced 

primarily by discontinuous fibers by extrusion, injection molding or compressing 

molding currently, there are great potential for manufacturing high-performance PMCs 

reinforced with continuous fibers, because of their high processing cycle. 
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In order to produce the PMCs with improved properties and manufacture more 

cost-effectively, the following needs should be addressed: (1) it is urgent to develop a 

new, low-cost fabrication method for PMCs, because their high cost remains the most 

important barrier to more widespread use in commercial application; (2) the impact 

resistance of PMCs should be improved which is crucial to the reliability and durability 

of PMC structures; (3) delamination is considered to be the most important mode of 

damage propagation in PMCs with laminar structure so the delamination should be 

depressed during design; (4) the interphase determines how the load transmitted 

between the reinforcement and the matrix, has a critical influence on PMCs behavior, 

should be well understood. 

 

1.2 Manufacture of continuous fiber reinforced thermoplastic composite 

 

As a category of matrix resin for fiber reinforced polymer composites, the 

thermoplastic have several advantages over thermosets. Firstly, their shelf life is 

unlimited. Because the Thermoplastics are high molecular weight polymers, unlike 

thermosetting resins, there is no need to cure via a chemical reaction to form a rigid 

three-dimensional cross-linked chemical structure. They do not have to be stored in 

freezers. This effectively infinite shelf life is a big advantage and avoids problems with 

material age and storage. Secondly, many types of manufacturing methods are available 

for thermoplastics, including compression moulding, pultrusion, filament winding and 

thermoforming. Prepreg material made from reinforcing fibers pre-impregnated with 

thermoplastic resin can also be used to build composite parts using autoclave processing. 

Thirdly, as mentioned before, interconversion between solid and viscous liquid can be 
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performed by changing temperature of thermoplastics, this character makes them can be 

formed into the shape required quickly and with the ability to be re-formed; something 

that cannot be achieved using conventional thermoset resins; by only applying heating 

and pressure. It is for this reason that thermoplastics have great appeal as composite 

matrices. During these manufacture or re-forming processes the only factors are how 

quickly the materials can be heated and cooled, the cycling time is markedly shortened 

comparing to thermosets. Finally, the thermoplastics are with the properties of low 

water absorption and high chemical resistance. Moisture uptake results in a decrease in 

mechanical properties such as stiffness. Moisture uptake is also important in bonded 

repair procedures since moisture in the parent material is a source of voids in the repair 

bondline. Thermoplastic matrix composites exhibit excellent mechanical performance in 

hot/wet environments. The thermoplastics with crystalline morphologies such like 

PEEK and PPS exhibit excellent resistance to chemical attack which makes them ideal 

for many aviation operating environments. On the other hand, the thermoplastics are 

with some disadvantages, for instance, high processing temperatures and high pressures 

are required. The processing temperatures required to form thermoplastics are far 

greater than for thermosets and even the thermoplastics are melt at high temperature but 

still remain fairly viscous which can make it difficult for the resin to flow and the 

composite part to consolidate consequently high temperature and pressures are 

required[5-7]. 

For the purpose of maximization of the reinforcing effect of fiber-reinforcement 

the continuous fibers were employed to reinforce polymer matrix resin for years. The 

thermosetting resins traditionally are liquid at room temperature with low viscosity [8], 

the molding processes such as resin transfer molding (RTM) and vacuum assistant resin 
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transfer molding (VaRTM) are commonly employed to fabric composite materials[9,10]. 

On the other hand, the melt viscosity of thermoplastics is two or three orders of 

magnitude higher [11, 12], make it generally not possible to shift the required viscosity 

range merely by raising the processing temperature. This makes it difficult for the 

polymer melt to impregnate into fibrous beds. The poor impregnation leads to poorer 

product properties. Hence the critical process elements must deal with the effects of this 

high viscosity. In the impregnation step viscosity affects both fiber/resin uniformity as 

well as fiber wet-out which is critical for good load transfer in the final part. In 

processing the final part, viscosity affects consolidation rate, fiber wash or movement of 

the fibers in the part and cycle time. The most critical phase in processing of 

thermoplastics is the impregnation step. Here the fiber and resin are brought into 

intimate contact and the fiber/matrix distribution is essentially set. For most 

thermoplastic systems this is accomplished first before proceeding to make a part. 

Accordingly, special equipment and manufacturing techniques are required for 

continuous fiber reinforced composites in order to facilitate the resin impregnation 

simultaneously ensure the continuous fibers without being cut during the impregnation 

process [13, 14]. For this primary limitation, the use of thermoplastic matrices has been 

limited by the lack of good processing techniques. For the sake of adopting the 

thermoplastics resin for large volume applications [7, 15], during the last decade, great 

efforts have been made to overcome the difficulties in impregnation of fiber with 

thermoplastic resins for manufacturing composites. There are three different types of 

impregnation process for thermoplastic composites: (1) direct melt impregnation; (2) 

operations involving intimate mixing of constituents prior to impregnation, and (3) 

processes involving precursors of low viscosity (solvent methods and techniques 
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involving reactive chain extension after impregnation). As reviewed by A.G.Gibson [16], 

there are two stages to prepare a fiber reinforced thermoplastic composite, first is 

compounding the reinforcing fiber and matrix, the second is impregnation and 

consolidation using a combination of heat and pressure. In the first stage the flow length 

known as the distance that the matrix resin must flow in order to complete the 

impregnation process to the required level, should be minimized in the purpose of 

achieving better impregnation in the second stage. 

Those techniques include film stacking, co-woven yarn, plied matrix, powder 

impregnation, commingled materials, pseudo-thermoplastic oligomers, and dissolved 

polymer solution [12, 17, 18]. Illustrated in figure 1.1. 

 

 

Fig. 1.1. Illustration of impregnation methods 

 

In film stacking method, the fiber and resin beds are stacked in an alternative way, 



8 

 

when temperature increases to melting point the resin film melts and penetrates into the 

fiber bed attaining the final state of consolidation [15, 19-21]. Due to the low cost and 

excellent processability for both small and large-scale structures film-stacking method 

is considered very effective in producing thermoplastic resin composites. Especially the 

processing time and the resin flow path may be controlled by an appropriate allocation 

of the resin film and fiber beds. Also vacuum is often employed to reduce the entrapped 

void [22]. 

Co-woven fabrics are created by interweaving separate reinforcing and resin yarns. 

They can be woven in various-harness satin and other styles, depending on user needs 

[23, 24]. Sometimes an uneven distribution of reinforcement in the matrix may occur. 

Plied matrix technique uses a Polymer fiber yarn wound around a reinforcing fiber 

yarn [25]. 

Powder impregnation is attractive continuous process that overcomes the difficulty 

of working with thermoplastics with high melt viscosities and poor solubility. This 

process generally produces a flexible prepreg by pulling the reinforcement continuously 

through a bed of powdered resin with diameters arranged 15-150μm. The resin particles 

are inserted between the fibers at the assistance of opening up technologies [26-31]. The 

most important advantage of powder impregnation technology is its ability to process 

matrix systems with very high melt viscosity and high melt temperature. One problem 

with this method is in handling the constituent materials since the polymer powder can 

be easily dislodged from the reinforcing filaments. 

Commingled yarn consists of a blended combination of reinforcing fiber yarn and 

a yarn spun from a thermoplastic resin. In the commingled state, the multi-filament 

yarns are scattered amongst one another at the fiber level [32-37]. This is a relatively 
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easy process to use. Any thermoplastic resin can be made to work if it can be made into 

a fiber. Here the trick is to insure that the fiber diameter of the matrix fiber is matched 

to that of the reinforcing fiber in order to assure good distribution of the two fibers. It 

also requires a texturing process to open the yam bundle without damaging the brittle 

fiber. 

The oligmers of some thermoplastics are promising materials for good 

impregnation with fiber bed, because of their low viscosity. After impregnation the 

oligomers were polymerization in situ, producing fiber reinforced thermoplastic 

composite [38-41]. However, the unreacted monomers left in the composite system will 

weaken the properties of the final product. 

In solvent impregnation, low viscosity solution with polymer resin dissolved in 

solvent has been used to impregnate fibrous reinforcement. Subsequently, the solvent 

will be vaporized to form a fiber reinforced thermoplastic composite [42]. The benefit 

of this process is derived from the low viscosity of the resulting resin solution which 

allows both unidirectional tapes and woven fabrics to be used as feed material. However, 

there are two big drawbacks: the potential for residual solvent in the prepreg, and 

inability to use higher performance resins that have excellent solvent resistance. Much 

more endeavors are required in fabrication of continuous fiber reinforced thermoplastic 

composite with better performance. 

The Poly-p-phenylenebenzobisoxazole (PBO) is a rigid-rod polymer formed by the 

polycondensation of terephthalic acid (TA) and diaminoresorcinol (DAR) in 

polyphosphoric acid (PPA) [43]. Fibers manufactured by this polymer are spun by a 

dry-jet wet-spinning technique that warrants a high degree of molecular chain 

orientation through an elongational flow field [44-46]. The aromatic heterocyclic rings 
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in the polymer provide the fiber with excellent tensile, impact and tribological 

properties and ensure good chemical resistance under a wide temperature range [47]. 

Also exceptional fire resistance of PBO was reported by Serge Bourbigot [48]. All those 

excellent mechanical properties provided great potential applications in advanced 

composite materials. Although the mechanical properties of composites are primarily 

determined by the properties of reinforcement and matrix, the reinforcement/matrix 

interface is also an indispensable factor in influencing the overall properties of the 

composite, such as off axis strength, fracture toughness and environmental stabilities 

[49, 50]. Because the interface properties impress the effectivity of stress transferred 

from matrix to reinforcement. However, the surface of PBO fiber is chemical insert and 

smooth due to its high crystallinity and the lack of polar functional groups in the 

polymer repeat unit, which lead to a poor interfacial adhesion with most of the polymer 

matrix [51]. Several surface treatment methods, such as chemical treatment [52-54], 

corona, plasma modification [15-58], chemical coupling method [59] and γ-ray 

irradiation [51] are used to add polar agents improving surface free energy or roughen 

the fiber surface for better adhesion properties. 

Fiber compressive strength is as important as the tensile strength in many 

composite applications. But extensive studies on compression behavior of PBO fiber 

found that the compressive strength (200-300MPa) is only a small fraction of its tensile 

strength. The reason is that unlike carbon and other inorganic fibers, rigid-rod 

polymeric fibers exhibit failure via kinking instead of a catastrophic failure. The 

deformation mechanism involving kinking of individual molecules was confirmed by 

observing sharp, high angle tilt boundaries. Several theoretical models have been 

developed to explain compressive failure in high performance polymeric fibers. A 



11 

 

model proposed the elastic instability of perfectly oriented rigid-rod chains. From this 

model, the relationship between compressive strength and shear modulus, depending on 

buckling mode, is suggested that the compressive failure is dominated by fibrillar 

instability rather than molecular instability. The other theories concerned the 

misalignment between fibrils, crystals, or domains of well-oriented molecules and 

applied load direction [44]. 

 

1.3 Impact resistance of laminated composite [60-63] 

 

The most significant limitation of composite materials is their susceptible response 

to out-plate impact loading. In recent years many investigations have been undertaken 

in an attempt to better understand the impact response of these materials [64-68]. The 

failure modes of composites are significantly different from those of metals and very 

complex. In metal structures the impact damage always starts from the surface and of 

course can be detected by routine visual inspection. However, the ability of composites 

undergoing plastic deformation is extremely limited, the absorbed impact energies cause 

significant impact damage in the form of delamination, matrix cracking, or fiber 

breakage which is totally undetectable by visual inspection. The damage subsequently 

leads to reductions in both strength and stiffness. For developing composite materials 

with better impact resistance it is essential to understand the impact phenomenon, 

damage mechanisms, and develop appropriate mathematical models. 

The main damage forms caused by impact energy in composite materials are 

delamination, matrix cracking and fiber breakage. Among them, delamination and 

matrix cracking are sensitive to matrix properties, whereas fiber breakage is more 
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sensitive to the properties of fiber. Generally improvements in the properties of the 

constituents lead to improved impact damage resistance. Influences on the impact 

resistance of composites caused by the properties of fiber, matrix and the interfase 

between them and also the test conditions such like the geometry of the sample and 

impact velocity will be introduced. 

The properties of the fibers in a continuous fiber composite have a significant 

effect on the impact resistance and subsequent load-bearing capacity of components 

made from such materials. Higher fiber failure strains, with the same elastic modulus, 

will result in higher energy absorption, especially since the strain energy absorbed by 

the matrix represents a large portion of the total strain energy. For the same impact 

energy, higher capacity to absorb energy results in less fiber breakage and a higher 

residual tensile strength. Secondary matrix damage which occurs after initial fiber 

failure will also be reduced so that residual compressive strength is also increased [69]. 

For low velocity impact loading, the ability of the fibers to store energy elastically 

appears to be the fundamental parameter in determining impact resistance. Kevlar fibers, 

which have large areas under their stress/strain curves, offer excellent impact resistance 

[70]. 

The polymeric matrix in a fiber-reinforced composite serves to protect, align and 

stabilize the fibers as well as assure stress transfer from one fiber to another. In general, 

both the stiffness and strength of the matrix are considerably below those of the 

reinforcing fiber. Nevertheless the function of the matrix is critical. For example, 

damage to the matrix such as impact-induced delamination can reduce the load-bearing 

capability of the composite by up to 50% [71]. As a result of the relatively poor 

behavior of matrix, in recent years much work has been undertaken in an attempt to 
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identify the fundamental matrix properties that influence the impact resistance of 

composite materials. It is clear that matrix properties play a significant role in 

determining the impact resistance and subsequent load-bearing capability of a 

fiber-reinforced plastic. Presently, significant efforts have been made to improve the 

impact resistance and post-impact compressive properties of composites by changing 

the matrix properties [72-75]. 

The bonding strength between the matrix resin and the fiber reinforcement is a 

controlling factor in determining the mechanical performance of most polymer 

composites. Generally, oxidative treatment on the surface of the fibers is performed in 

order to improve the level of adhesion between matrix and fiber. Initially, this 

interracial zone was considered as being a two dimensional surface with effectively zero 

thickness. However, more recent studies have shown that this region is in fact 

three-dimensional, having its own distinct properties [76, 77]. The level of treatment 

applied to the surface of the fibers in a composite material has a significant effect upon 

both its impact resistance as well as its residual load-carrying capability. In general, 

impact on composites with low levels of fiber surface treatment generates large areas of 

splitting and delamination with severe effects on the compressive properties of the 

material. Localized impact loading on highly treated fiber composites results in a 

smaller, more localized damage zone, a lower perforation threshold and improved. 

Composite materials offer a unique advantage in that properties such as strength 

and stiffness can be tailored to meet specific design requirements through a careful 

selection of the fiber stacking sequence. Considerable work has shown that the impact 

resistance of composite materials also depends upon the specific order in which the 

plies are stacked. The impact resistance of a multidirectional laminate is strongly 
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dependent upon the specific orientation of the plies. Unidirectional laminates should be 

avoided since they split and fail at low energies. The mismatch in bending stiffness 

between two plies appears to have a significant effect upon the level of damage incurred 

at that interface. Damage appears to be greatest where ply orientation changes of 90° 

occur. This suggests that for containment of damage laminates with abrupt changes in 

fiber direction should be avoided. Other ways to suppress damage include the use of 

woven fabrics, the use of hybrid composites or stitching at desired locations.  

Geometry of the test sample is a fundamental parameter in determining the impact 

response of a composite component. Researchers found that the energy absorbing 

capability increases with an increased size of GFRP beam under low velocity impact 

conditions, however, doubling the size did not leading to a equivalent increasing in the 

energy absorption[78]. Geometrical effects are significant under conditions of low 

velocity impact loading. Varying the geometry changes the target's ability to store 

energy and therefore its impact resistance. Large targets are not necessarily better 

energy absorbers than small coupons. Consequently attention should be taken when 

interpreting data from tests on laboratory-size specimens. 

Varying the impact velocity and therefore the strain rate affects both the material's 

properties as well as the target response. Low velocity impact loading by a heavy object 

induces an overall target response, whereas high velocity impact by a light projectile 

induces a localized mode of target deformation resulting in energy being dissipated over 

a small region immediate to the point of impact. In the latest generation of tough 

composites matrix dominated modes of fracture appear to show a distinct rate 

dependency and care should be taken when using static tests to characterize dynamic 

behavior. 
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1.4 Spread tow fabric reinforced composites 

 

Woven fabrics are wildly employed to reinforce polymeric matrix in composites 

are instead of pre-impregnated warp sheets in many application field. Firstly, fabric can 

be easily handled, allowing for automation and consequent reduction of labor. Secondly, 

fibers can conform to complex shapes and have more isotropic in-plate properties than 

unidirectional materials do [79-81]. However, distortions of the fiber roving at 

interlacing points in the fabric lead to stress concentration in the composite, result in 

reduction in strength and stiffness comparing with cross-ply laminates [82-86]. A new 

technology was developed to change the woven fabric structure for reducing the stress 

construction and improving their mechanical properties which is known as spread tow 

fabric (STF) [87-89]. This technology includes the steps of spreading a tow into a thin 

and flat unidirectional tape, and waving the tapes to a woven spread tow fabric using a 

special weaving apparatus. The fibers in the woven structure are arranged in the 

straightest orientation insuring that the fiber properties are used in the most effective 

way to carry load. There are some advantages of spread tow, for instance, it is possible 

to achieve better mechanical properties in composite materials, because the diminished 

fiber distortion at the cross-over points; the flatness of STF makes it impossible for hulk 

matrix accumulation in the near absence of crimp at the interlacing points, consequently, 

the dead weight of the final composite materials can be remarkably reduced. 

The spread tow fabric technology is commonly employed in producing carbon 

fiber spread tow fabrics used as reinforcement in composite. It had been confirmed that 

with using spread tow technology the tensile strength and bending strength of composite 
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were improved as well as the fatigue property [90, 91]. In addition, the enhancements in 

damage resistance such like open-hole tensile strength [90] and open-hole compressive 

strength [92] as well as impact resistance [93] were reported. By the investigation of 

damage mechanism, it is discovered that transverse crack and delamination are 

significally restrained along with the reducing in the laminate thickness [94, 95]. 

 

1.5 Multi-scale fiber reinforced polymer matrix composites [96] 

 

A new kind of composite combining the micro-scale fibrous reinforcement, 

nano-scale filler and matrix is defined as three-phase composite because of the different 

in the length scales of reinforcement and fillers. In the three-phase composite the main 

reinforcing phase are continuous fibers, which determine the high strength and modulus 

of the materials, while the matrix can be considered as a nanocomposite, containing 

particles on the nanometer scale. The high volume fraction will not be influenced, 

because the nanometer scale fillers only fit in the space occupied by the matrix before. 

The relatively poor properties of matrix resin and the weak fiber-matrix interfacial 

bond limit the though-the-thickness properties in fiber reinforced polymer matrix 

composites with laminated structure. In fact delamination caused by external loading as 

in static bending, compression or tension, in cyclic fatigue or by impacts of low-to-high 

energies, during fabrication or in service is one the most prevalent life-limiting crack 

mode in laminate composites. Improving the though-the-thickness properties and 

reducing delamination are urgent for their future structural applications. 

Introducing nanotechnology in the field of composite with nano-scale fillers, like 

carbon nanotubes (CNTs) and carbon nanofibers (CNFs), offers new possibility to 
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improve the resistance to interlaminar fracture and impact damage and multifunctional 

properties of FRPs. Because of their excellent modulus and strength, high aspect ratio, 

large surface area and excellent thermal and electrical properties, these nanofillers can 

be incorporated into the FRPs to modify the properties of matrix resins. 

The most important part of introducing CNTs into a composite is how they are 

integrated into the three-phase multi-scale composites. The incorporation of nanoscale 

CNTs with conventional microscale fiber reinforcements in a common polymer matrix 

can be achieved by modifying either the matrix resin or the fibrous reinforcement using 

CNTs. Fabrication of multi-scale FRPs with modified matrix resin has some limitations 

that hinder their development and widespread applications. One of the main problems in 

this approach is that the viscosity of the matrix increases dramatically with increasing 

CNT content, even the content is below 1wt%, and the CNTs severely agglomerate 

together in the composite. The highly viscous and CNT-agglomarated resin systems 

cannot be processed using the conventional composite manufacturing methods such as 

RTM or VaRTM. For example, when the frequently used VaRTM is employed to 

fabricate the multi-scale FRPs, nanofillers can be filled and trapped in the inter-tow 

regions within the perform mesh, leading to an inhomogeneous microstructure of 

multi-scale FRPs. Another way is attaching CNTs on the surface of fibrous 

reinforcement directly. The key advantage of this method is the ability to incorporate 

CNTs with high concentrations in the composites. 

There are many reports [97-100] on the properties of CNTs-polymer composites; 

according to these researches, the fracture toughness was significantly improved by 

adding CNTs in the matrix resin. From those promising, there is a possibility to use 

CNTs in modifying the properties of FRPs that are dominated by the inherent properties 
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of the matrix materials such as compressive and flexural strength. The compressive 

strength of composites is considered to depend on the modulus of the matrix [101-104]. 

The higher the matrix modulus is the better lateral support of the fibers they can provide, 

which reduces the tendency of micro buckling or kinking of fibers. The compressive 

strength dominates the flexural strength of the continuous fiber reinforced composites, 

because, under flexural loading the failure always starts at the compressive side due to 

the micro buckling and kinking [100]. It is considered that the factors affecting the 

modulus of polymer composite are complicated. Those factors include the nature of 

filler and polymer matrix and the compatibility between them, the distribution or 

dispersion of the fillers in the polymer matrix, as well as the interfacial structure and 

morphology, and so on [105-107]. 

The interlaminar shear strength of the multi-scale composite can be improved 

because of the enhancement in matrix strength and the fiber-matrix interfacial adhesion 

strength [96]. The nanoscale fillers enhanced the load transfer to the fibrous 

reinforcements in the adherents so that the failure occurred preferentially in the 

composite rather than along the adhesive composite interface. 

 

1.6 Investigation in this research 

 

The fiber reinforced polymer matrix composite materials (PMCs) attracted many 

attentions, for their properties of light-weight, high specific strength and specific 

modulus, good corrosion resistance and etc.. But there are still some properties that may 

cause problems during the usage in practice. When the composite fiber and matrix 

materials are combined to form a composite material the properties of the result differs 
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from most engineering materials in that the mechanical properties of composites are 

highly dependent on the direction in which the loads are applied. Composite strength 

and stiffness are generally anisotropic. Strength and stiffness are generally much higher 

along the fiber direction (isostrain) than perpendicular to the fiber direction (isostress). 

This property should be pay attention to when design the products made from this kind 

of materials. Changing the stacked sequence manufactures quasi-isotropic materials for 

usage in the field like aerospace. 

The interface between reinforcing fiber and matrix is with direct influence on the 

load transforming in PMCs. Poor interface properties will lead to poor mechanical 

properties of PMCs. 

A critical type of damage in the PMCs is delamination which sometimes developed 

from matrix imperfections. Delaminations form on the interface between the layers in 

the laminate. Delaminations may form from matrix cracks that grow into the 

interlaminar layer or from low-energy impact. Debonds can also form from production 

nonadhesion along the bondline between two elements and initiate delamination in 

adjacent laminate layers. Under certain conditions, delaminations or debonds can grow 

when subjected to repeated loading and can cause catastrophic failure when the laminate 

is loaded in compression. (Behavior of delaminations and debonds depend on loading 

type. They have little effect on the response of laminates loaded in tension. Under 

compression or shear loading, however, the sublaminates adjacent to the delaminations 

or debonded elements may buckle and cause a load redistribution mechanism that leads 

to structural failure.) 

When under compressive load in the fiber long direction, the reinforcing fiber fall 

into buckling easily which leads to low compression strength. 
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After the reinforcing fibers and matrix resins are composed together, it is hard to 

change the shape of the PMCs because of the characteristics (crosslinked structure 

which cannot be remolded) of the thermosetting resins. Thermoset materials once cured 

cannot be remelted or reformed. During curing, they form three-dimensional molecular 

chains, called cross-linking. Due to these cross-linkings, the molecules are not flexible 

and cannot be remelted and reshaped. 

It is inherently difficult to recycle PMCs, because of their complex composition 

(reinforcing fibers, plastic matrix and fillers), the crosslinked structure of thermosetting 

resins (which cannot be remolded), and the combination with other materials (metal 

fixings, honeycombs, foam, etc.). 

In order to fasten the material parts together, holes should be drilled on the PMCs 

parts. Improper hole drilling, poor fastener installation, and missing fasteners may occur 

in manufacturing and hole elongation can occur due to repeated load cycling in service. 

As mentioned before the viscosity of the thermoplastic resin is extremely high 

which leads to poor impregnation with continuous reinforcing fibers, cause poor 

mechanical properties in FRTPs. 

This research focuses on investigating how to improve the fiber volume fraction in 

FRTPs, and reshaping and reprocessing ability, impact resistance and creep life time of 

FRP. The high performance materials including high performance reinforcing fibers 

(poly(p-phenylenebenzobisoxazole), poly para-phenyleneterephthalamide, CNTs) and 

thermoplastic matrix resin are employed to fabricate the advanced polymer matrix 

composites. The molding method and the mechanical properties of the advanced fiber 

reinforced polymer matrix composites were investigated. 

The low fiber volume fraction of the continuous fiber reinforced thermoplastic 
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composite is the main limitation for application as structural materials.To achieve better 

impregnation and a higher fiber volume fraction, a new vacuum-assisted solution 

impregnation prepreg thermoplastic composite molding method was proposed. 

Consequently tensile testing comparison between the final composite and thermosetting 

composite with the same reinforcement was performed to confirm the feasibility of this 

method.  

Fabric reinforce polymer matrix composites are with complex deformation 

characteristics, the bending deformation of an organic fabric reinforced thermosetting 

composite was investigated by performing on a special pure bending apparatus. Also the 

deformation of carbon fiber reinforce same thermosetting resin was investigated for a 

comparison. 

A new technology of fabricating fabrics with thinner thickness than the ordinary 

ones is known as spread tow fabric (STF). There are some improvements in the 

composites with the reduced thickness of reinforcing fabrics. A spread tow fabric 

produced by aramid fiber is used as the reinforcement of composite. Influences of this 

spread tow fabric on the properties such like tensile strength compressive strength and 

the flexural properties of mono- and hybrid composites were investigated. 

A three-phase composite of CNTs and glass fiber reinforced phenol matrix was 

manufactured because there are reports on the enhancements of this kind of composite. 

It is promising to employ this technology to improve the creep life of fiber reinforce 

polymer matrix composite. Firstly the interlaminar shear strength was investigated by 

short beam testing method, and then a flexural creep test was performed. A long term 

creep data was obtained according to the time-temperature reciprocation law. With these 

data, the influences of adding CNTs on the durability of composite were investigated. 
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Chapter 2: Molding of PBO Fabric Reinforced Thermoplastic 

Composite to Achieve High Fiber Volume Fraction 

 

2.1 Introduction 

 

Fiber-reinforced composites are used as high-performance structural materials in 

fields such as the aerospace and automotive industries because they have higher specific 

strengths and stiffnesses than metallic materials. These materials are fiber-reinforced 

thermosetting plastics (FRPs) or fiber-reinforced thermoplastics (FRTPs), depending on 

the polymer used as the matrix. The advantages of FRTP composites over FRP 

composites include superior toughness and greater recyclability, and the possibility of a 

rapid processing cycle that does not involve a chemical reaction [1]. A unique property 

of thermoplastic composites is their thermoformability. A fibre reinforced thermoplastic 

sheet is formable into a two- or three-dimensional product by heating it to a temperature 

well above its glass transition temperature and by applying pressure. This property 

makes it possible to achieve a relatively low cycle time for the production of 

thermoplastic composite parts. The cycle time is determined by the time necessary for 

the heating, (de)forming and cooling of the composite material. The thermoforming 

techniques are distinguished by their different forming devices [2]. Commonly used 

molding methods for FRTP composites are injection and compression molding, in 

which discontinuous fibers are dispersed in thermoplastic matrices as reinforcement; the 

enhancement therefore cannot be compared with that using continuous fibers. 

Thermoplastic composites reinforced with continuous fibers are expected to have 
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superior mechanical properties. 

The main problem in using thermoplastic matrices for composites is the difficulty 

in impregnating the fibrous reinforcing materials with the resins, which have higher 

viscosities (500 to 5000 Pa s) than thermosetting resins (typically less than 100 Pa s) [3, 

4]. A high melt viscosity requires a significantly high processing temperature and 

pressure during fabrication. Thermoplastic matrices usually have very high melting or 

softening temperatures that are close to their decomposition temperatures; it is therefore 

not possible to reduce the viscosity by raising the processing temperature. This major 

drawback of thermoplastic composites limits their extensive use. Over the years, various 

methods have been developed in efforts to improve the impregnation of reinforcing 

fibers with thermoplastic matrices [5, 6]; these include the following methods. (1) 

Film-stacking method: the matrix film and reinforcing fabrics are alternately arranged 

and hot pressed to achieve impregnation. This method is suitable for matrices with low 

viscosities at the melting temperatures. (2) Plied-matrix method: the matrix fiber yarn is 

wound around a reinforcing fiber yarn. (3) Powder method: a matrix powder is 

combined with reinforcing fibers; also, a matrix film can be used to encapsulate exterior 

fiber yarns. One problem with this method is in handling the constituent materials, since 

the matrix powder can be easily dislodged from the reinforcing filaments. (4) Co-woven 

method: the matrix fiber yarn and the reinforcing fiber yarn are combined in a woven 

preform which possesses good drape ability. The warp direction of the fabric contains 

all of the reinforcing fiber yarns, whereas the weft direction contains all of the matrix 

yarns. (5) Commingled yarn method: the reinforcing and matrix fibers are evenly mixed 

in one yarn. Good impregnation of the matrix in the fibers and a homogenous 

distribution of the reinforcing fiber can be expected, since the matrix fibers and 
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reinforcing fibers are intimately mixed altogether. These methods attempt to mix the 

matrix and reinforcing material to reduce the impregnation length, which is the distance 

that the matrix resin must flow in order to complete the impregnation process to the 

required level under appropriate heat and pressure [7]. In addition, efforts have been 

made to reduce the viscosity of the matrix during impregnation. For example, in 

Nakamura’s paper [8] the reinforcing fabric was first impregnated with a low-viscosity 

matrix monomer, and then the matrix monomer was polymerized in situ to form 

polymer macromolecules. In this process, it is easy to get good impregnation, but hard 

to achieve 100% polymerization, and the method is limited to matrices that can be 

polymerized in situ. Another fruitful variant of the in-situ polymerization approach is to 

use a low-molecular-weight thermoplastic polymer for impregnation and increase the 

molecular weight by chain extension after impregnation [9]. Other examples of 

impregnation using low-viscosity polymer matrices involve the use of a solvent or 

plasticizer [10, 11]. In these methods, the most important aspect is that the solvent must 

be removed from the manufactured composite after impregnation. 

Most of the methods mentioned above work at the fiber bundle level, and both the 

mixing and low-viscosity methods have beneficial effects on the impregnation process. 

However, warp and weft yarns have interweaving points in the produced reinforcement 

fabric, which doubles the impregnation length compared to that of a fiber bundle. 

According to the law of mixture, the mechanical properties of the final composite are 

greatly influenced by the fiber volume fraction [12]. A high fiber volume fraction is 

important in transferring the properties of the reinforcing material to the composite. It is 

therefore necessary to improve the fiber volume fraction as much as possible; under 

ideal conditions, most of the composite is occupied by fibers, and the rest is matrix 
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which expected to form good adhesion among the fibers. It is therefore considered that 

impregnation at low viscosity is preferable in manufacturing fiber-reinforced 

thermoplastic composites. 

To achieve better impregnation and a higher fiber volume fraction, this study 

proposed a new vacuum-assisted solution impregnation prepreg thermoplastic 

composite molding method. Tensile testing of the final composite confirmed the 

feasibility of this method. In this method, poly(p-phenylenebenzobisoxazole) (PBO) 

fabric with a plain weave was used as the reinforcing material. To improve the bonding 

strength between the reinforcing fibers and the thermoplastic matrix, corona discharge 

surface treatment was first applied; then the treated fabric was impregnated with a 

thermoplastic solution under vacuum. After volatilization of the solvent, a thermoplastic 

prepreg was obtained. The laminated prepreg sheets were hot pressed for manufacture 

into a fiber-reinforced thermoplastic composite. The fiber volume fraction was 

calculated, and the tensile properties were investigated and compared with those of 

thermosetting composites reinforced with the same fiber.  

 

2.2 Experimental 

 

2.2.1 Materials 

 

Fibers of PBO, a rigid-rod isotropic crystalline polymer material, are 

high-performance polymeric fibers that have many excellent properties (e.g., a high 

Young modulus, superior tensile strength, and excellent thermal resistance) [13–15] 

compared with those of traditional polymeric materials. PBO fibers can be used to 
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reinforce advanced composites and have many potential applications in the aeronautical 

and space industries, the military industry, general industry, and other advanced fields 

[16]. The PBO fabric used for reinforcement in this study was Zylon
®
 High Modulus 

(HM), supplied by the Toyobo Co., Ltd. It has a tensile strength of 5.8 GPa and a 

modulus of 270 GPa. Also the carbon fiber (Torayca
®
 CO6343 woven fabrics) 

purchased from Toray Industries, Inc. was used as reinforcement. 

The thermoplastic matrix used in this study was crystalline co-polyester obtained 

from Toyobo Co., Ltd. It has a glass-transition temperature of 78 °C, no established 

melting point, but a softening point at 185 °C, and a melt viscosity of 7000 dPa s at 

250 °C. 

N-methyl-2-pyrrolidone (NMP), obtained from the Kanto Chemical Co., Inc., 

served as the solvent for preparing the solution of the thermoplastic matrix.  

 

2.2.2 Composite Manufacturing 

 

In order to achieve better impregnation, the crystalline co-polyester resin was 

dissolved in NMP using a hot-plate magnetic stirrer (Coring PC-420D) at different 

weight percentages (15, 20, 25, and 30 wt%) at 100 °C. The viscosity of the solution 

was measured using viscosity-measuring equipment (Brookfield Viscometer DV-I 

Prime), based on JIS K 7117-1 (plastic resins in the liquid state or as emulsions or 

dispersions; determination of apparent viscosity by the Brookfield Test Method) and 

compared with that of an epoxy resin.  

PBO fabric is produced for clothing applications and has a chemically inert smooth 

surface and few oxygen-containing functional groups. The performance of a composite 
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depends largely on the interfacial adhesion between the matrix and the reinforcement, 

which determines how stress is transferred from the polymer to the reinforcing fiber. It 

is therefore necessary to improve the adhesion properties using a fiber surface treatment 

[17–19]. In this work, a corona discharge (Corona Master PS-1M, Shinko Electric & 

Instrumentation Co., Ltd.) surface treatment was used as a chemical reactor to add polar 

bonds and hydrogen bonds to the fiber surface; the bonds most frequently encountered 

are C–O, C=O, C–O–O·, and C–OOH [20]. These bonds are promising for increasing 

the bonding strength between the PBO fibers and the thermoplastic matrix.  

Next, the hand layup method was used for pre-impregnation of the reinforcing 

fabric with the matrix solution, which has a much lower viscosity than the melted resin. 

After hand layup pre-impregnation, the fabric was placed in a vacuum oven, and the 

temperature was increased from ambient temperature to 200 °C under vacuum over 2 h. 

During this process, the vacuum helped to achieve better impregnation and complete 

volatilization of the solvent NMP. The prepreg was obtained after returning to room 

temperature and atmospheric pressure, during which the thermoplastic resin froze to a 

rigid state.  

During prepreg manufacture, to verify that the solvent was completely removed, 

the weight of the reinforcing fabric (wF) and the weights before and after solvent 

evaporation (wb and wa, respectively) were measured. Then equation (2.1) was used to 

calculate the weight percentage (wt%) of the solution used in the experiment. By 

comparing the result with the weight percentage of a prepared solution, it could be 

determined whether or not the solvent was completely removed.  

    
     

     
                                                 Eq. (2.1) 

The prepreg sheet was then hot pressed (table-type test press, SA-302, Tester Sangyo 
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Co., Ltd.) at 200 °C and 0.26 MPa to tidy the surface and squeeze out excess resin 

before the next manufacturing step. This step is helpful for improving the fiber volume 

fraction in the final composite product. Figure 2.1 shows the manufacturing procedure 

described above. 

 

 

Fig. 2.1. Manufacturing procedure. 

 

In the composite manufacture, the prepreg sheets were laminated in metallic molds 

(Figure 2.2) with different thicknesses, and hot pressed at 8.70 MPa and 200 °C with a 

pressure residence time of 30 min. After process cycling, test samples with different 

fiber volume fractions were prepared. An epoxy resin (epoxy resin XNR 6815, harder 

XNH 6815, Nagase ChemteX Corporation) reinforced with the PBO fabric subjected to 

corona discharge treatment was produced using the hand layup method for comparison 

of the tensile properties. 
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Fig. 2.2. Diagram of metallic mold used in the hot-pressing process. 

 

2.2.3 Bonding Tests and Tensile Tests 

 

In the bonding tests, the prepreg was arranged according to the diagram in Figure 

2.3. After hot pressing for 30 min at a pressure of 6.97 MPa, a bonding test was 

performed using a Shimadzu Autograph at a drawing velocity of 10 mm/min. The 

average bonding strength was calculated from at least five specimens. The bonding 

strength of a PBO-fiber-reinforced epoxy resin was also investigated for comparison. 

 

 

Fig. 2.3. Diagram of bonding test sample. 

 

Samples were cut from the fiber-reinforced composites and tensile experiments 

were performed using a Shimadzu Autograph, based on JIS K 7054 (testing method for 
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tensile properties of glass-fiber-reinforced plastic). The size of the test sample is shown 

in Figure 2.4, and the drawing velocity was 1 mm/min. In order to obtain the actual 

tensile modulus, two strain gages (KFG-5-120-C1-11L1M2R, Kyowa Electronic 

Instruments Co., Ltd.) were longitudinally bonded at the center of both sides of each test 

specimen. An average was taken from at least five specimens of each sample. 

 

 

Fig. 2.4. Diagram of tensile test sample. 

 

2.3 Results and discussion 

 

2.3.1 Bonding Properties 

 

To determine the influence of the corona discharge treatment on bonding, fabrics 

with different treatment times (fabric length of 20 cm be treated for 0, 5, 10, 15, and 20 

s, respectively) under the same discharge voltage were impregnated using the same 

matrix solution (matrix mass fraction in the solution was 25%) and used as bonding test 
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samples. The bonding experiment results are presented in Figure 2.5. The graph shows 

that the bonding strength changed with treatment time; the maximum bonding strength 

was for a treatment time of 10 s, so the treatment time was set at 10 s as this gave the 

best treatment effect, according to the experimental results. 

 

 

Fig. 2.5. Influence of corona discharge treatment time on bonding strength. 

 

The bonding strengths of fabrics with the same treatment time (10 s) impregnated 

with different matrices, thermoplastic solutions (matrix mass fraction 15%, 20%, 25%, 

and 30%) and epoxy resin were studied to determine the influence of the matrix mass 

fraction on bonding. The results are presented in Figure 2.6. Vacuum assistance in the 

prepreg manufacture when the resin mass fraction was 30 wt% increased the bonding 

strength by 35%. This result indicated that vacuum-assisted manufacture is an effective 

method of producing FRTP composites. Vacuum assistance facilitated both 

impregnation and solvent volatilization. The void remaining in the fabric after hand 
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layup pre-impregnation was eliminated by the pressure difference, and was filled by the 

matrix. In addition, the solvent was gasified during the temperature increase from 

ambient temperature to 200 °C, and the gaseous solvent was immediately removed from 

the fabric laminations without leaving voids. 

 

 

Fig. 2.6. Influence of resin on bonding strength. 

 

Table 2.1 shows the weights measured during prepreg manufacture and the 

calculated solution weight percentage; these confirmed that there was no residual 

solvent left in the prepreg. It is therefore unnecessary to worry about the negative 

impact of residual solvent on the final composite properties. 
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Table 2.1. Calculated solution weight percent when the prepared solution weight percent 

is 25%. 

 wF (g) wa (g) wb (g) wt% 

1 137 151 192 25.45% 

2 139 151 187 25.00% 

3 138 151 189 25.49% 

 

In terms of the influence of the resin mass fraction, the best bondings were 

observed at 20 wt% and 25 wt%, similar to that of the epoxy resin. As indicated by the 

viscosity curve of the matrix in Figure 2.7, these solutions (20 wt% and 25 wt%) had 

viscosities similar to that of the epoxy resin, and an appropriate amount of matrix, 

which is helpful in achieving perfect impregnation. When the mass fraction was 15 wt%, 

impregnation was easy. However, there was not enough matrix, leaving voids between 

fiber laminations and causing weak bonding among them, so this sample had the worst 

bonding. When the mass fraction was 30 wt%, the viscosity was higher than that when 

the mass fraction was 15, 20, or 25 wt%. However, impregnation was not as good as at 

it was at 20 and 25 wt%; thus, the bonding strength was low even when the amount of 

resin was the highest. In the matrix solution, the solution viscosity and amount of resin 

are opposing parameters, both of which strongly affect the final product. In this study, 

the bonding test results indicate that the mass fraction equilibrium points are at 20 and 

25 wt%. For the tensile tests, a prepreg produced using a 25 wt% matrix solution for 

impregnating the PBO fabric was prepared to make a composite plate. 
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Fig. 2.7. Matrix viscosity curves. 

 

 

2.3.2 Tensile Properties 

 

The fiber volume fraction is calculated on the assumption that the fibrous 

reinforcements are arranged cheek by jowl in the composite, as shown in figure 2.8. The 

area of foursquare A is (2+√3)d
2
, the area occupied by circular fibrous reinforcement is 

πd
2
, when the fiber is covered with Δd matrix the composite area A’ is (2+√3)(d+Δd)

2
. 

The fiber volume fraction can be calculated according to the equation (2.2): 

   
   

    
 

   

             
                                            Eq.(2.2) 

where Vf is fiber volume fraction, L is the length of the composite. If the matrix covered 

on the fiber is 0.1d the fiber volume fraction reduces to 69.53%. The matrix in 

composite serves to protect, align and stabilize the fibers as well as assure stress transfer 

from one fiber to another, the function of the matrix is critical. Improving fiber volume 

fraction by reducing the amount of matrix must fulfill the prerequisite of ensuring the 

matrix function.  
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Fig. 2.8. Illustration of calculating fiber volume fraction. 

 

An ion milling system is used to cut the PBO fiber reinforced composite, and the 

cross section was observed using Hitachi SEM equipment, the SEM images are 

presented in figure 2.9. The fibers are well dispersed in the matrix without obvious void 

in the composite. With the increasing in fiber volume fraction, the fiber is pressed close 

to each other; in 65.24%, fibers don’t remain in circular. It is apprehensive for the 

changing in the composite mechanical property, so the tensile test was performed to 

confirm the relationship between fiber volume fraction and mechanical property. 
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(a) 

 

(b) 

 

(c) 

Fig. 2.9. SEM images with different fiber volume fractions (a) 53.61%, (b) 56.12%, (c) 

65.24%. 

 

Figure 2.10 shows a representative tensile stress–strain curve for a PBO-reinforced 

thermoplastic composite with a fiber volume fraction of 61%. The sample broke at the 

point marked “×”, and the tensile strength was taken from this point. The gradient of the 

dashed line in the graph is considered to be the tensile modulus of the test sample. 

Figure 2.11 indicates the average tensile strength, and Figure 2.12 indicates the tensile 
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modulus. 

 

 

Fig. 2.10. Representative tensile stress–strain curve of PBO-reinforced thermoplastic 

composite. 

 

 

Fig. 2.11. Tensile strength comparison. 
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Fig. 2.12. Tensile modulus comparison. 

 

In PBO-FRTP (PFRTP), both the tensile strength and the tensile modulus improved 

with increasing fiber volume fraction. In PBO-FRP (PFRP), the fiber volume fraction 

was slightly lower than that of PFRTP; this depends on the manufacturing conditions. 

The calculated tensile strengths of PFRTP and PFRP are similar, and PFRP has a higher 

tensile modulus than PFRTP if the fiber volume fractions are the same.  

The investigation of the tensile properties of PFRTP and PFRP indicated that they 

had similar tensile properties. Molding using thermoplastic resin solutions and 

vacuum-assisted impregnation is therefore suitable for the manufacture of thermoplastic 

composites. 

In the primary experiment, film-stacking was also used to produce the prepreg, and 

after hot pressing into a composite under the same conditions as those used for the 

solution impregnation prepreg, the fiber volume fraction was less than 49%, lower than 

that achieved using the solution impregnation method, which indicated that solution 

impregnation was better than film-stacking. 
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By employing the same vacuum assistant solution impregnation method carbon 

fabric reinforced thermoplastic composite was manufactured, and the tensile properties 

are evaluated on the Autograph testing machine. The highest fiber volume fraction 

achieved is 65%. The tensile properties improved with the increasing fiber volume 

fraction. Similar tensile properties as CFRP were achieved in CFRTP when the fiber 

volume fraction is similar (shown in figure 2.13). 
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(b) 

Fig. 2.13. Tensile properties comparison between CFRTP and CFRP (a) tensile strength 

and (b) tensile modulus. 

 

After the tensile test, fracture surface observation was also performed. The photo 

graphs and SEM image are presented in figure 2.14. Fiber rupture is the main fracture 

model observed at the fracture surface both in CFRTP and CFRP, rather than 

delamination. In the SEM image of CFRTP at the fracture surface it is found that the 

matrix resin gets into the interspaces between the fibers which indicated that the 

impregnation method proposed in this paper is conducive for good impregnation of 

thermoplastic in continuous fiber. 

 

 

(a) 

CFRP CFRTP 
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(b) 

Fig. 2.14. Observation of the fracture surface (a) photo graph of the fracture surface and 

(b) SEM observation of CFRTP at fracture surface. 

 

2.4 Summary 

 

Vacuum-assisted solution impregnation prepreg thermoplastic composite molding, 

to improve the fiber volume fractions in FRTP composites, was investigated. After 

pre-impregnation of the reinforcing fibers with thermoplastic resin solution, a vacuum 

was employed for further impregnation and solvent volatilization in the prepreg 

manufacturing process. The treatment time for the fabric and the solution conditions 

were determined (10 s/20 cm and 25 wt%, respectively) based on bonding tests. Under 

the determined manufacturing conditions, the fiber volume fraction in the thermoplastic 

composite material reached 60%, which is similar to those of laboratory-produced 

fiber-reinforced thermosetting composites. The tensile strength and tensile modulus 

were improved to levels similar to those of PFRP after the fiber volume fraction of 
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PFRTP was improved. Tensile tests and comparisons confirmed the effectiveness of 

vacuum-assisted solution impregnation. The feasibility of the proposed method was 

confirmed.  

Application of the method in manufacturing continuous carbon fiber reinforced 

thermoplastic indicated that it is promising in the manufacture of other continuous fiber 

reinforced thermoplastic composites with high fiber volume fraction when the 

reinforcing materials are in the form of fabric. 
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Chapter 3: Deformation behavior of fiber-reinforced plastic 

composites under a pure bending moment 

 

3.1 Introduction 

 

Fiber-reinforced plastics (FRPs) encompass composite materials that use fibers to 

mechanically enhance their strength and elasticity of plastics. FRPs are commonly used 

in the aerospace, automotive, marine, and construction industries for their high strength, 

lightweight and good corrosion resistance. FRPs can be shaped into forms that are 

difficult or impossible using conventional steel materials. This flexibility stems from the 

virtually limitless combination of ply materials, ply orientations, and ply stacking 

sequences possible when constructing a laminate material. FRPs can be used to easily 

construct for light-weight and preassembled shapes of high complexity [1-3]. However, 

this flexibility of design complicates analyses of composite structures. In particular the 

anisotropic and inhomogeneous properties of fiber-reinforced composite materials lead 

to more possible modes of damage and failure that are much more complex than those 

of conventional materials [4-7]. Hansen et al. [8] used a unique effective stress-strain 

(S-S) relationship for fiber-reinforced composites to fit experimental results obtained 

under various loading conditions in fiber-reinforced composites; however, they found 

this fitting to be difficult. Many efforts have been made to understand the response of 

polymeric composites undergoing different loadings; researchers have found that these 

composites generally exhibit highly nonlinear and rate-dependent behaviors in off-axis 



58 

 

directions [9-11]. Researchers consider these nonlinear behaviors of polymeric 

composites to include plastic deformation, microscopic failure (such as matrix cracking 

and fiber-matrix debonding), geometric nonlinearity (such as fiber rotation), and other 

mechanisms [11]. Many theories have been developed to model these nonlinear S-S 

relationships [9,10,12,13]. Thus, it is important to test and use these formulations to 

predict the properties of fiber-reinforced polymeric composites and the design 

implications of those properties. 

Polymeric composites are often reinforced using woven fabric instead of 

pre-impregnated warp sheets for many reasons. First, fabric can be easily handled, 

allowing for automation and consequent reduction of labor. Second, fibers can conform 

to complex shapes and have more isotropic in-plate properties than unidirectional 

materials do. However, distortions of the fiber roving in the fabric can reduce strength 

and stiffness [14]. One disadvantage of using FRPs is that, unlike metals, reshaping 

them after their matrix has hardened is very difficult, especially for thermosetting 

polymers and regardless of the type of reinforcement used. In this paper three kinds of 

fibers formed into plain woven fabrics were used as reinforcing materials to 

manufacture polymeric composites then the pure bending and load-unload cycled tests 

were performed on these composites to investigate their responses. 

 

3.2 Material and methods 

 

3.2.1 Materials 

 

In this paper, in order to find out the influence of different fibers on the bending 

property of fiber reinforced plastic composites, three kinds of fibers are used to 
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reinforce an epoxy resin matrix (epoxy resin XNR 6815, hardener XNH 6815, Nagase 

ChemteX Corporation) and then explored how those fibers affected the bending 

properties of the resultant plastic composites. The fibers employed to reinforce the 

epoxy resin are a glass fabric got from Nitto Boseki Co., Ltd., a carbon fabric (Torayca
®
 

woven fabrics) purchased from Toray Industries Inc., and a 

poly(p-phenylenebenzobisoxazole) (PBO) fabric (Zylon
®
 High Modulus (HM)) 

supplied by the Toyobo Co., Ltd. Each of the fiber sheets had a plain weave [0°/90°]. 

Unlike glass, glass fiber is a lightweight, extremely strong and robust material after 

being heated and drawn into fine fibers. Carbon fiber is somewhat stronger and stiffer 

than glass fiber, but glass fiber is typically far less brittle and the raw materials are much 

less expensive. Carbon fiber is composed mostly of carbon atoms and has a high 

strength-to-volume ratio because its crystals are aligned almost parallel to the long axis 

of the fiber, along which the carbon atoms are bonded together. Many properties of 

carbon fiber make it very popular in aerospace, civil engineering, military, and 

motorsports, including its high stiffness, high tensile strength, low weight, high 

chemical resistance, high temperature tolerance, and low thermal expansion. Fibers of 

PBO, a rigid-rod isotropic crystalline polymer with molecular chains oriented in the 

fiber-longitudinal direction, have excellent tensile strength, Young’s modulus, and 

thermal resistance compared with traditional polymeric fibers. PBO fiber is currently 

the strongest commercially available organic polymeric fiber [15-18]. These fibers can 

be used to reinforce advanced composites and have many potential applications in the 

aeronautical, space, and military industries, among others [19]. 

For the glass fiber fabric with a lower grammage than our chosen carbon fabric and 

PBO fabric, to ensure the final composites with equal thicknessthe same thickness, the 
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FRPs with 6-ply glass fabrics, 4-ply carbon fabrics and 4-ply PBO fabrics are 

manufactured using vacuum-assisted resin transfer molding (VaRTM) respectively. 

Carbon (2-ply) and PBO (2-ply) interply hybrid FRPs were also manufactured to study 

how the position of the fabric reinforcement influenced bending properties. In this paper, 

GFRP refers to glass-fiber–reinforced epoxy, CFRP refers to carbon-fiber–reinforced 

epoxy, PFRP refers to PBO-fiber–reinforced epoxy, CPFRP refers to hybrid FRP with 

carbon fabric on the compression side, and PCFRP refers to hybrid FRP with PBO on 

the compression side. Then the composite plates were cut into rectangular specimens 

according to the schematic diagram show in Figure 3.1. By adding tabs to the two ends 

of the specimen, it is protected from clamping damage. 

 

 

Fig. 3.1. Schematic showing the dimensions of the bending test specimens. 

 

3.2.2 Experimental equipment and method 

 

As shown in Figure 3.2(a) is the schematic of pure bending apparatus, it is 

assembled on a Shimadzu Autograph test machine when a test is about to perform. Each 

specimen was clamped at its ends by two clamps. The clamp at point A is attached to an 
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arm AO, which can swing around the axis through point O, while the position of the 

center of the clamp at point B is fixed. In addition, the clamps at points A and B can 

rotate around the center point in response to forces applied by the Autograph test 

machine in a tensile test mode via a steel wire rope attached to the two wheels at point A 

and B. The steel wire rope passes through point O to prevent forces other than the 

bending moment to affect the test specimen. Figure 3.2(b) shows a schematic diagram 

of a bent specimen. After bending each specimen, the curvature k of the specimen can 

be calculated from the rotation δ of the clamps and the displacement x (x is the distance 

of OA rotated during the bending test which is measured at the midpoint of arm OA). 

The bending moment (M) per unit width applied to the specimen is calculated from the 

force F and lever arm a.  

      
               

 
                                          Eq. (3.1) 

where k is the curvature of the specimen, R is the radius of curvature, δ is the rotation of 

the clamp, L is the length of both arms OA and OB, and l is the distance between the 

two clamps. 

                                                             Eq. (3.2) 

where M is the bending moment per unit width applied to the specimen, F/2 is the force 

in each steel wire rope, and a is the radius of both wheels A and B. 

Thus, the bending stress σ and strain ε can be calculate according to the following 

equations: 

  
   

                                                            Eq. (3.3) 

  
  

 
 

                  

  
                                          Eq. (3.4) 

where b and h are the width and the thickness of the specimen, respectively. 
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(a) 

 

(b) 

Fig. 3.2. (a) Schematic of pure bending apparatus; (b) schematic of a bent specimen. 

 

First, a bending moment was applied to each specimen until breakage, from which 

its load at rupture point can be acquired. Then an equivalent specimen was subjected to 

a load-unload cycled test according to the conditions in table 3.1. Afterwards, the 

relationship between stress and strain was investigated for each specimen. All data are 

averages from at least five equivalent specimens. 
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Table 3.1 Load-unload cycling test conditions 

 
First cycle Second cycle Third cycle Fourth cycle Fifth cycle 

Load Unload Load Unload Load Unload Load Unload Load 

Velocity 

(mm/min) 
20 20 20 20 20 20 20 20 20 

Boundary 

condition 

Load (N) 

1/5F* 5N 2/5F 5N 3/5F 5N 4/5F 5N Rupture 

*F indicates the load at rupture point or maximum load. 

 

3.3 Results and discussion 

  

Figure 3 shows the representative S-S curves of CFRP, GFRP, and PFRP. Both 

CFRP and GFRP broke and have nearly linear S-S relationships. CFRP has a higher 

Young’s modulus than GFRP does, and the strain induced in GFRP is larger than for 

CFRP, corresponding to the properties of these two fibers. PFRP had a similar modulus 

to CFRP at a very low stress, but its S-S curve quickly flattens and eventually becomes 

almost parallel to the coordinate axis. The bending stress for PFRP does not change 

linearly with strain because the PBO fiber has different properties than the carbon fiber 

and glass fiber. Although the tensile strength and modulus of the PBO fiber are higher 

than those of the carbon fiber, it is easy for PFRP to fail on the compression side, 

leading to a lower strength than CFRP or GFRP [20]. During the bending test, CFRP 

and GFRP broke into two parts. In contrast, PFRP bent into a circularly deflected shape; 

after unloading, the PFRP mostly kept its loaded shape. The inset of Figure 3 shows a 

photo of PFRP after bending. 
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Fig.3.3. Representative S-S curves of CFRP, GFRP, and PFRP after a pure bending test. 

The × symbol denotes breakage. The inset shows a PFRP specimen after bending. 

 

Figure 3.4(a) shows typical S-S curves for CFRP, GFRP, and PFRP after four 

cycles of load-unload bending tests. The shapes of these curves are similar to those 

shown in Figure 3.3. For the CFRP curve, the loading and unloading portions are too 

close to the continuous main curve to tell apart; in GFRP the loading and unloading 

parts slightly depart from the main curve, and in PFRP the loading and unloading parts 

differ obviously. As shown in Figure 3.4(b), for example, when a specimen is bent 

during the fourth load-unload cycle, a certain stress leads to a corresponding strain; 

during unloading, the stress decreases and the strain partially reverts. The total strain 

after the loading process is considered to be composed of recoverable strain which is 

considered to be reversible elastic strain, and residual strain, which is defined as an 

irreversible plastic strain. Upon resuming the test after each unloading, the stress 

gradually rejoins the continuous main curve without any stress overshoot peaks [21]. 

Figure 3.5 summarizes the total and elastic strains during each cycle, which 
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demonstrates how the plastic strain depends on the total strain. 

 

 

(a) 

 

(b) 

Fig. 3.4. (a) Representative S-S curves of CFRP, GFRP, and PFRP after cycled pure 

bending tests; (b) magnification of (a), showing the total strain and elastic strain in one 

load-unload cycle. 
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Fig. 3.5. Dependence of plastic strain on total strain during cycled pure bending tests. 

 

As it can be ascertained in Figure 3.5 that the total strain at the boundary condition 

of each sample increases for each additional cycle, as does the elastic strain. In PFRP 

about half of the total strain is plastic strain, but in CFRP and GFRP the plastic strain 

occupies a small portion of the total strain. Without being bent to breakage, CFRP and 

GFRP recover more readily than PFRP, but PFRP has good plasticity. 

As shown in Figure 3.4(b) a cycle performance includes load and unload portions. 

At the end of the unload portion the specimen was bent once again, going to the next 

loading portion, the slope of the loading portion, defined as the instantaneous modulus 

of the loaded material. This parameter is considered to be as important as the material’s 

modulus of elasticity, which can be derived from the initial loading slope. The 

degradation of the mechanical properties of the loaded material can be characterized by 

its stiffness loss, which can be calculated by assessing how the elastic modulus changes 

between load cycles in the S-S curve [2]. Figure 3.6 shows how the modulus varies over 

many cycles with fit curves. Although the instantaneous modulus of PFRP decreases 
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remarkably after cycled tests, it is still larger than that of GFRP As mentioned 

previously, the PFRP has good plasticity after bending and can be highly strained 

without failing; thus, PFRP meets the requirements for re-processing. The curves fit to 

the moduli of CFRP and GFRP are almost horizontal because these composites can 

easily recover their mechanical properties after loading. 

 

 

Fig. 3.6. Variation of modulus for the loading portions of each cycle. 
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(a) 

 

(b) 

Fig. 3.7. Representative S-S curves of mono-fiber–reinforced and hybrid-FRP 

composites after a (a) bending test and a (b) load-unload cycled bending test. 

 

To retain the advantages while minimizing the disadvantages of the composites, the 

hybridization of carbon and PBO fibers reinforced composite was manufactured [22]. 

Figure 3.7 shows representative S-S curves of CFRP, PFRP, and hybrid FRP after 
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bending tests and load-unload cycled bending tests. Two types of hybrid FRPs with 

different fibers on the compression side were manufactured. Based on the type of fiber 

placed on the compression side of this composite, one of two categories of S-S curves 

emerged: CFRP-like with higher strength and lower strain, or PFRP-like with lower 

stress but higher strain. Figure 3.7(a) shows a photo of CPFRP after a bending test; the 

specimen failed on the carbon-fiber side and formed an obtuse angle at the failure point. 

Figure 3.7(a) also shows a PCFRP specimen after a bending test; the specimen also 

failed on the carbon-fiber side, and delamination occurred between the carbon laminate 

and PBO laminate and holds a circularly deflected shape after the test, influenced by the 

presence of PBO fiber. Figure 3.7(b) shows that the areas between the loading and 

unloading portions for CPFRP are larger than those for CFRP, which can be attributed to 

the presence of PBO fibers. The curves of PCFRP and PFRP are much like each other; 

the residual irreversible plastic strain in PCFRP is as large as in PFRP. PBO fiber has a 

higher tensile strength than carbon fiber, but has a similar modulus and much lower 

strength in compression. Consequently, when the carbon laminate is on the compression 

side of the composite, CPFRP has higher strength than CFRP; when the PBO laminate 

is on the compression side, the composite performs like PFRP because of its lower 

compression strength. The carbon ultimately ruptures under tensile stress, leading to 

delamination. 
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Fig. 3.8. Modulus variation between mono-fiber–reinforced and hybrid-FRP 

composites. 

 

Figure 3.8 summarizes the slopes of the loading portions of hybrid-fiber– and 

mono-fiber–reinforced composite S-S curves, as introduced previously. The modulus of 

the hybrid CPFRP obviously improved, caused by the tensile modulus of the PBO fiber 

being higher than that of the carbon fiber. However, the modulus of PCFRP slightly 

improved. The variation of the modulus of CPFRP is like that of CFRP, showing a small 

linear change. The modulus of PCFRP has a similar trend to PFRP. 

 

3.4 Summary 

 

The properties of mono-fiber- and hybrid-fiber-reinforced plastic composites 

during pure bending moment and load-unload cycled bending tests were investigated. It 

is found that the failure mode of PFRP is different from those of CFRP and GFRP 

during pure bending. For hybrid-fiber-reinforced composites, the choice of fiber on the 
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compression side affects the failure mode of the composite. Load-unload cycled 

bending tests revealed that PFRP and PCFRP retained more irreversible plastic strain 

than CFRP, CPFRP, and GFRP did. Investigating the instantaneous modulus of each 

material revealed two disparate phenomena, one analogous to CFRP (little change) and 

the other to PFRP (significant decrease, but the residual modulus is still larger than that 

of GFRP). In further investigation the influence of other properties rather than the low 

compressive strength of PBO fiber, for example, the bonding behavior of between fiber 

and matrix, will be put into investigation to clarify the deformation behavior observed 

in this paper. 
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Chapter 4: Influence of aramid spread tow fabric on the 

mechanical properties of fiber reinforced plastic composite 

 

4.1 Introduction 

 

The aramid fibers had the highest strength-to-weight ratio comparing to the other 

when it was firstly introduced to the world in 1970s. With the characteristics of light 

weight, high strength, and high toughness the aramid fibers have let to the development 

of applications in composites, ballistics, tires, ropes, cables, asbestosreplacement, and 

protective apparel. The chemical composition of aramid fiber is poly 

para-phenyleneterephthalamide also known as PPD-T. This fiber is made from the 

condensation reaction of paraphenylene diamine and terephthaloyl chloride. The 

aromatic ring structure contributes high thermal stability, while the para configuration 

leads to stiff, rigid molecules that contribute high strength and high modulus. The 

para-aramid fibers are considered to be belonging to a class of materials known as liquid 

crystalline polymers. Because these polymers are very rigid and rodlike, in solution they 

can aggregate to form ordered domains in parallel arrays [1]. During the fiber 

manufacture process, the PPD-T was firstly dissolved in the solvent (concentrated 

sulfuric acid), then the solution was extruded through a sprinneret and drawn through an 

air gap, the liquid crystalline domains can orient and align in the axis direction of the 

manufactured fiber [2-4]. For the long, straight polymer chains align parallel to the fiber 

axis, confirmed by many researchers [5, 6], made the fiber be anisotropic, which means 

the strength and modulus in the fiber longitudinal direction is much higher than in the 
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radial direction, the orientation of the crystalline structure can be further improved when 

a high-temperature processing under tension was performed on the fiber which result in 

higher fiber modulus [7]. 

Spread Tow Fabric (STF) is a type of lightweight fabric. Its production involves 

the steps of spreading a tow in thin and flat uni-directional tape (Spread Tow Tape, STT), 

and weaving the tapes to a woven Spread Tow Fabric.[8] This technique increases the 

mechanical properties of the material and is also used to reduce weight on composites. 

In the composite reinforced by carbon fiber spread fabrics, the transverse crack and 

delamination are effectively suppressed because of the reduced laminate thickness, and 

the CAI properties are improved [9, 10]. 

In this research with the purpose of manufacturing composites strong and light 

weight, an aramid spread tow fabric is used to manufacture composites. The bending 

properties of the mono-fiber composite and hybrid composite reinforced by aramid STF 

and carbon fabric were investigated as well as the compression and tension properties of 

composite reinforced by aramid STF. Then the influence of aramid STF on the impact 

resistance properties of carbon fabric reinforced composite was investigated by the 

compression after impact (CAI) test method. 

 

4.2 Materials and Experiment details 

 

4.2.1 Specimens 

 

The reinforcement fibers used in this research including carbon fiber (Torayca
® 

CO6343 woven fabrics) purchased from Toray Industries, Inc., and two kinds of 

para-aramid fabrics, one is the ordinary fabric made by technnora yarn (Technnora® 

http://en.wikipedia.org/wiki/Tow
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manufactured by Teijin), and the other fabric is made by the technnora spread tow with 

thickness of 0.08mm got from Suncorona Oda co.,ltd. In order to weave the spread tow 

fabric the tow used in the ordinary fabric was firstly spread into a thin and flat 

unidirectional tape, and then spread tow fabric can be manufactured on a tape weaving 

machine. The aramid spread tow fabric was shown in figure 4.1. Laminated fabrics were 

used to manufacture fiber reinforced plastic composite by vacuum-assisted resin transfer 

molding (VaRTM). The epoxy resin (epoxy resin DENATITE XNR 6815, hardener 

DENATITE XNH 6815, Nagase ChemteX Corporation ) is employed as the matrix. 

 

 

Fig. 4.1. Photo of aramid spread tow fabric. 

 

4.2.2 Pure bending 

 

In traditional bending test methods (like three-point bending and four-point 

bending) the test sample were with limitative thickness, for the purpose of using the thin 

aramid spread tow fabric as a reinforcement of composite to produce thin composite 



77 

 

with better mechanical properties, it is not necessary to laminate over 20layers thin 

fabrics to satisfy the experimental conditions. So the pure bending experiment is 

employed to test the bending properties of the thin spread tow fabric reinforced epoxy 

composite. The details of pure bending apparatus have been introduced in Chapter 3. 

For a comparison the three kinds of fabric reinforced epoxy was manufactured. One is 

the composite with 9layers aramid spread tow fabric, the second is with 3layers carbon 

fabric and the third is a hybrid composite with 1layer carbon fabric on compression side 

and 5layers of aramid spread tow fabric on tension side. The composites were cut into 

rectangular specimens with dimensions of 110×25×0.85mm. The diagram of the 

specimen is presented in figure 4.2.  

 

 

Fig. 4.2. Schematic showing the dimensions of the bending test specimens. 

 

4.2.3 Tension 

 

During the bending test, the specimen undergoes tension tress on one side and 

compression stress on the other, here the tension property of aramid spread tow fabric 

reinforced composite was studied. The laminations of the specimens were 6layers 
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ordinary aramid fabric; 9layers aramid spread tow fabric and 3layers of carbon fabric 

respectively. The composites were cut into rectangular specimens with dimensions of 

2000×15×0.85mm (figure 4.3). Tabs were affixed at the ends of the specimens, 

avoiding damage from the clamps during tension test. The testing rate was 1mm/min. 

Also a triaxial strain (Kyowa Electronics, Inc.,) gage was glued in the center of the 

specimens. 

 

 

Fig. 4.3. Diagram of dimensions of tension test specimens. 

 

4.2.4 Compression 

 

During the compression test, the top and bottom edges of the specimens should be 

paralleled with each other and perpendicular to the loading axis as far as possible, 

because the compression results are very sensitive to the angle between the fiber 

orientation and loading direction. After being cut, the specimens were polished at the 

top and the bottom edges, and then the specimens were clamped in a specially made 

holding device, the compression test is performed on the autograph test machine, shown 

in figure 4.4. According to JIS K7161, two groups of specimens made of 8layers carbon 

fabric and 24layers aramid spread tow fabric respectively were compressed at a constant 
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displacement rate of 1mm/min. For a comparison, compression strength and modulus of 

the two kinds of composites were calculated using the equations (4.1) and (4.2): 

  
  

  
                                                         Eq. (4.1) 

   
  

  
                                                         Eq. (4.2) 

where   is compression strength (MPa); Pc is compression loading (N); Am is the area in 

the cross section of the specimens (mm
2
); Ec is compression modulus (MPa); Δ  is the 

increased compression strength when the compression strain increases Δ . 

 

(a)                                (b) 

Fig. 4.4. (a)Diagram of dimensions of tension test specimens and (b) Photograph of the 

settled test piece and the test device. 

 

4.2.5 Impacting test and compression after impact 

 

In order to find out the crashworthiness of the fiber reinforced epoxy composite, a 

Charpy impact tester (D-7900 type 510L 100/00, Zwick Gmbh & Co. KG) was used to 

add impact damage to the testing specimens. The Charpy impact tester is composed of a 
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machine body that provides both a stage for the test and an anvil supporting for the test 

specimen, and a pendulum striker, which is attached to a rotation axis supported by the 

machine body in the end of the pendulum arm; in the other end is a spherical impact 

head which is perpendicular to the pendulum arm with a 5mm radius of curvature. Also 

an acceleration transducer (Kyowa Electronics, Inc., AS-1000HA) is attached to the 

striker at the impact point in order to measure change of acceleration during impact test. 

The striker’s center of mass is adjusted to the impact head, to insure of all the kinetic 

energy being applied on the specimens. The pendulum striker has a mass of 1149.4g, 

and a swing arm length also known as the length from rotation point to impact point is 

390mm. A photograph of the charpy impact test machine is providing in figure 4.5 [11]. 

For a required kinetic energy or called impact energy, the pendulum will be raised to θ 

which is determined according to equation3: 

            θ                                               Eq. (4.3) 

where: W is the weight of the pendulum striker, g is G-forces, R is the length from 

rotation point to the striker’s center of mass, L is the length from rotation point to 

impact point, and θ is the angle striker should be raised. There is no necessity to take the 

energy losses caused by bearing friction or air resistance into account, for their small 

influence on energy balance. In this paper two energy levels (1/1.5J/mm) for the impact 

test were decided, and five specimens were tested for each sample at each energy level. 

The testing specimens’ dimensions were 80×50×2.5, specified by the supplement 

in JIS K7089. After specimens being settled on the anvil support, the pendulum striker 

will be raised to θ, and then hit the center of the specimen. To avoid a secondary impact 

the pendulum striker should be held after the striker hitting the specimen and 

rebounding. During this impact processing the changing of acceleration was recorded by 
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the data collection unit via the bridge unit control software (Kyowa Electronics, Inc., 

DBU-120A).  

 

 

Fig. 4.5. Illustration of Sharpy impact machine. 

 

After the impact test, the residual compression strength (RCS) was measured to 

evaluate the damage resistance of specimens, which is called compression after impact 

(the CAI test). RCS is sensitive to the damage caused by localized buckling of 

sublaminates created by delamination, leading to stress concentration around the region 

of reduced stiffness [12-15]. CAI test was performed using a mechanical property test 

machine (TMI UTM-10T; Toyo. Baldwin Co., Ltd.) with a loading cell of 100kN based 

on JIS K7089, and specimens are with the same dimensions used in impact test. The 

specimens were compressed at a constant displacement rate of 1mm/min. As mentioned 

in compression test, compression results were sensitive to fiber orientation relative to 

loading direction and the top and bottom edges are required to be parallel to each other 
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and perpendicular to the loading axis, consequently the same polish treatment of the 

samples were made during preparation. The geometry of the fixture for the CAI test is 

shown in figure 6. The maximum failure force of the specimen was obtained to evaluate 

CAI strength. The maximum compression strength or CAI strength is calculated by 

equation (4.4): 

      
 

  
                                                      Eq. (4.4) 

where  ULT  is the ultimate compression strength, P is the ultimate compression loading, 

b is the specimen width, and t is the average thickness. 

 

 

Fig. 4.6. Illustration of compression fixture. 
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4.3 Results and discussion 

 

4.3.1 Pure bending 

 

As shown in figure 4.7, the relationships between curvature and moment of aramid 

STF and carbon fabric reinforced composites are different from each other. The C-M 

curve of CFRP is linear, and when the curvature is about 35m
-1

 the CFRP was broken. 

On the other hand, the slopes of the C-M curves change at the inflexion point 20m
-1

, 

become gentle. Even bent to the terminal of the equipment, the AFRP had not been 

broken. The tensile properties and compressive properties of CFRP and AFRP are laid 

out in figure 4.8 and figure 4.9 respectively. In CFRP the gap between its tensile 

properties and compressive properties is not as big as in the AFRP. Bending property is 

a compressive property dominated character, the failure occurs on the compressive side 

in the forming of micro buckling and kinking [16]. During compression, buckling 

occurs at small loading in the AFRP, on the other hand, the CFRP was failure in fiber 

broken, shown in figure 4.10. 
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Fig. 4.7. Curvature-Moment curves of AFRP (9layers of aramid spread tow fabric) and 

CFRP (3layers of carbon fabric). 

 

 

Fig. 4.8. Tensile strength and modulus of CFRP and AFRP. 

 

 

Fig. 4.9. Compressive strength and modulus of CFRP and AFRP. 
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Fig. 4.10. Compressive Strain-Stress curves and failure mode of CFRP and AFRP. 

 

A simple but effective way of manufacturing advanced FRP is the hybrid method 

[17, 18]. In the purpose of enhancing the bending properties of AFRP, the STF was 

hybrid with carbon fiber and glass fiber which are with better compression properties 

than aramid fiber. In figure 4.11 shows the Curvature-Moment curves of AFRP, CFRP 

and hybrid FRPs. With one layer of carbon fabric on the compressive side, significant 

enhancements both in failure moment and curvature were observed, that is to say the 

hybrid CAFRP can undergo large flexural load at large curvature. The glass fiber used 

in AGAFRP is in mat, and was laminated in the middle of the composite, so the 

enhancement is not as notable as the carbon fiber. 
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Fig. 4.11. Curvature-Moment curves of AFRP, CFRP and hybrid FRPs. 

 

4.3.2 Impact properties 

 

The materials generally absorb the impact energy by elastic deformation and 

plastic deformation, materials like rubber can tolerate large elastic deformation, that is 

to say most impact energy can be absorbed by elastic deformation without any failure. 

However, the ability of composites undergoing plastic deformation is extremely limited, 

the absorbed impact energies cause significant impact damage in the form of 

delamination, matrix cracking, or fiber breakage which is totally undetectable by visual 

inspection. The damage subsequently leads to reductions in both strength and stiffness 

[19, 20]. The impact load-time curves of CFRP, AFRP and their hybrid FRPs under 

different impact energies are shown in figure 4.12. The peak load in the curves is the 

composites can bear before major failure under certain impact energy [21]. In figure 
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4.12(a) there is one load peak in all the curves, which is related to initial failure like 

interface failure or generation of matrix cracking. Adding aramid STF reduces the value 

of the load peak when the aramid STF is less-than 6layers, the peak value increases with 

adding aramid STF sequentially. All the peaks concentrate in the former part of the 

impact action, except AFRP and its load peak value is as large as CFRP. There is no 

deformation or damage observed after impact, the main way for absorbing energy is 

elastic deformation. When the impact energy level is raised to 1.5J/mm, all impact load 

increase, and two load peaks can be observed in the samples with aramid STF less-than 

18layers. The first one is initial failure, and the second one is the failure growth from 

the initial failure. The curve of the composite with 18layers aramid STF is still in the 

shape of plateau considered to be the merging of the initial failure and the following 

growth. The impact load increased significantly creating initial failure. 
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(b) 

Fig. 4.12. Impact load-Time curves for (a) 1J/mm and (b) 1.5J/mm (C: carbon fabric, A: 

aramid STF). 

 

4.3.3 Compression after impact 
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less failure such like interface separation or matrix cracking than CFRP dose, 

consequently, they have high retention. 

 

(a) 

 

(b) 

Fig. 4.13. CAI strength of (a) CFRP, (b) AFRP. 
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impact resistance but also the strength of the material should be considered synthetically. 

As shown in figure 4.14, the strength percentage is the ratio of composite comparing to 

CFRP after adding aramid STF, and strength retention is residual strength after impact 

comparing to strength without impact. Significant reduce in compression strength 

occurs when adding aramid STF; on the contrary, adding aramid STF doesn’t bring 

persistent increasing in strength retention. For the balance of material strength and 

residual strength retention adding 3layers of aramid STF is promising in application. 

The strength retention after 1.5J/mm impact is with analogous change. 

 

 

Fig. 4.14. Change of compression strength with and without impact. 

 

The samples after CAI test are with different failure modes, as shown in figure 

4.15, the left side is the front surface and the right side is back surface. With small 

amount of aramid STF, only shear failure can be observed, after that, the failure 

compose of shear failure in carbon side and buckling in aramid side, at last in AFRP 

only buckling is left, which are consistent with the compression result. 
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0     1    3    6   12    18    24 

Fig. 4.15. Photograph in the profile of the samples after CAI test (Impact energy level 

1J/mm). 

 

4.4 Summary 

 

In the purpose of producing advanced composite materials with small amount of 

raw materials the aramid STF were employed to manufacture hybrid composite with 

carbon fabric. Because of the hybrid effect, the hybrid ACFRP can undergo higher 

bending moment than AFRP and larger curvature than CFRP with only 1layer carbon 

fabric on the compressive side. By the hybrid method, the energy absorbing properties 

were changed, the impact-induced failure was controlled and it was promising to 

increase the residual strength retention from 80% up to over 90% even with aramid STF 

less-than 3layers. The possibility of producing advanced composite materials with small 

amount materials is supported by the results in this research. 
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Chapter5:  Determination of Creep Life of Glass Fiber 

/Phenol Composite Filled with Carbon Nanotubes by 

Four-Point Flexural Creep Test 

 

5.1 Introduction 

 

Because of their high specific stiffness and strength, as well as their outstanding 

fatigue performance and high chemical resistance, fiber-reinforced plastic (FRP) 

composites are becoming one of the most important lightweight materials, particularly 

in aircraft, F-1 cars, and the wind-energy industry, and have become irreplaceable 

nowadays. Although the in-plane properties of laminated composites are 

fiber-dominated and appear to be strong for many structural applications, the Z-axis 

through-the-thickness properties of such composites, such as delamination resistance, 

are often not sufficient owing to the apparent low performance of the matrix-dominated 

interface. Therefore, a limited structural integrity and an application far below the full 

potential are observed. For their laminated structure, FRP materials are susceptible to 

the effect of the transverse load. The FRP materials are inhomogeneous and anisotropic 

making their damage behavior complex and entirely different from that of a metal. In 

laminated FRP components, the damage mode usually consists of local permanent 

deformations, fiber breakage, delamination, and matrix cracking [1]. Studies of carbon 

fiber reinforced plastic (CFRP) have indicated that failure under static or dynamic loads 

is known to involve microscopic damage, such as matrix cracks and delamination [2, 3]. 

Such damages may not be visible for they are always on a subsurface, but their presence 
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can result in considerable reductions in composite strength and stiffness, and then in the 

catastrophic failure of the materials. One of the potential ways for overcoming this 

defect is to add fillers to the resin. If the fillers can disperse between the fiber fabric 

layers in the thickness direction of the composites, the fillers that are preferentially 

oriented between the fiber layers in the thickness direction can lead to the 

interpenetration of the fillers and the fiber fabric, thus forming a new interface between 

the resin and the fiber fabric, to transfer the load from the matrix to the fiber 

reinforcement layer, more effectively [4]. 

Carbon nanotubes (CNTs), first discovered by Iijima in 1991 [5], not only have the 

mutual properties of nanofillers, such as nanometric size, which leads to large specific 

surface areas exceeding 1000 m
2
/g [6], but also have excellent mechanical properties 

[7-10] and electrical and thermal conductivities [11, 12]. CNTs are considered to be 

high-potential nanoparticles for improving mechanical and physical polymer properties. 

For example, adding only 1 wt% CNTs to thermoplastic poly(vinyl alcohol) improves 

its tensile modulus by 80% [13]. Previous works have demonstrated that the key factor 

to achieving superior mechanical properties is the dispersion of nanofillers, and the 

higher performance of CNT-polymer composites strongly depends on the extent of load 

transfer from the matrix to the fillers [14, 15]. A perfect dispersion not only makes more 

filler surface area available but also prevents the aggregation of the fillers. The 

aggregated fillers act as stress concentrators in the composites and also cause nanotube 

slippage during composite loading, all of which greatly decrease the performance of 

FRP composites. 

There are many research papers on FRP composites reinforced by CNTs; most of 

them focus on improving the mechanical properties of the composites [16-18]. In this 
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work, the influences of the amount of nanotubes on flexural and interlaminar shear 

properties were confirmed. To find a simple and convenient way for evaluating the 

durability under static loads of FRP composites modified by CNTs, the four-point 

flexural creep test was performed. 

 

5.2 Experimental Procedure 

 

5.2.1 Materials 

 

Phenol resin has a three-dimensional network structure when polymerized, and it 

has some advantageous features, such as its electrical characteristics and mechanical 

properties, particularly its flame retardancy and thermotolerance. Therefore, phenol 

resin was used as the matrix in this study. The phenol matrix used consists of Shonol 

BRL-240 (phenol resin) and a curing agent (FRH-30A), both supplied by Showa 

Highpolymer. Considering the performance-to-cost ratio, glass fiber cloth (glass cloth 

WF230 100BX, supplied by Nitto Boseki) was used for reinforcement. The phenol resin 

was first modified by CNTs (CT-12k) at different mass fractions by Hodogaya 

Chemical. 

 

5.2.2 Manufacture of samples and test method 

 

Taking into account that during the resin transfer molding (RTM) process, the 

reinforcement fiber may block the transfer of CNTs, making the distribution of the 

CNTs uneven, hand lay-up molding was employed in this case. Nine plies of glass cloth 

were stacked to achieve a thickness of 2mm. After being saturated by the phenol resin 
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modified by CNTs, FRP samples were cured at 60 ℃ for 2h with a hot press machine 

and after-cured at 100 ℃ for another 4h in a heating oven. The color of the FRP 

subsequently changed from white to russet, indicating that the resin was fully cured, as 

seen in Figure 5.1. 

 

 

Fig. 5.1. Samples before and after after-cure. 

 

 

Fig. 5.2. Diagram of four-point bending test. 
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Fig. 5.3. Diagram of short beam test. 

 

Using JIS K7017 (fiber-reinforced plastic composite for the determination of 

flexural properties), a four-point bending test (Figure 5.2) was performed on Shimadzu 

Autograph. A short-beam method based on JIS K7057 (fiber-reinforced plastic 

composites for the determination of apparent interlaminar shear strength by short-beam 

method) was used to measure the interlaminar shear strength of the FRP samples. Figure 

5.3 presents the schematic graph. 

In this work, a four-point flexural creep test was performed to confirm the static 

durability of GFRP materials with CNTs. In practice, it may be a long time before 

materials reach the end of their lifetime; however, under the testing conditions, the time 

should be reduced. Therefore, an acceleration test (see JIS Z8115, glossary of terms 

used in reliability) has been conducted. 

As is well known, relaxation and creep occur owing to molecular motion, andthey 

become more rapid as the temperature increases. Temperature is a measure of molecular 

motion. The time-temperature superposition principle indicates that with viscoelastic 

materials, time and temperature are equivalent to the extent that data at one temperature 

can be superimposed upon data at another temperature by shifting the curves along a 

logarithmic time axis. The time-temperature superposition principle allows an 
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estimation of the relaxation modulus and other properties over many decades of time 

[19]. In this study, on the basis of the results of a four-point bending test, the creep test 

was performed by imposing 40 and 60% flexural fracture loads on the sample using JIS 

K7088 (test methods for flexural creep of carbon fiber reinforced plastics) at different 

temperatures, with an Intesco creep test instrument. After a one-hundred-hour test, we 

obtained curves for the deflection against time. Curves occurring under different 

temperatures but with the same load were obtained to form a master life curve according 

to the time-temperature reciprocation law. 

 

5.3 Results and Discussion 

 

5.3.1 Mechanical properties 

 

Figure 5.4 illustrates the four-point bending test results for the GFRP filled with 

CNTs. The flexural modulus increased slightly after adding CNTs to the phenol matrix, 

indicating that GFRP composite properties are fiber-dominated. The bending strength 

increased slightly with CNTs below 2 wt%, while at 2 wt%, it markedly increased, 

indicating that 2 wt% is a suitable mass fraction for enhancing this GFRP composite 

within the test range. Finally, the flexural modulus and bending strength improved, 

probably because after adding CNTs, the interlaminar strength and rigidity of the GFRP 

increased. 
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Fig. 5.4. Bending strength and flexural modulus of FRP filled with CNTs. 

 

 

Fig. 5.5. Shear strength of GFRP. 

 

Delamination along ply interfaces due to fiber/matrix debonding is one of the 

major failure modes in laminated FRP composite structures, subject to transverse and 
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fracture toughness of resin and the interfacial properties between fibers and the matrix. 

One of the major methods for promoting the fiber-matrix adhesion and improving the 

interfacial shear strength is modifying the interface using nanofillers. The interlaminar 

shear strength (ILSS) of the GFRP is illustrated in Figure 5.5. The ILSS was improved 

by adding CNTs owing to the stitching effect of CNTs between the fiber and the matrix. 

The ILSS with different mass fractions of CNTs tends to vary similarly to the bending 

strength, indicating that the improvement in bending strength is directly related to the 

ILSS. With an enhanced ILSS, FRP materials can effectively transfer load from one 

lamina to another, which can be considered as the most important factor for improving 

mechanical properties. 

 

5.3.2 Creep life test 

 

Every single creep test takes a long time; thus, to save time, samples with 0, 1, and 

2 wt% CNTs, which exhibited an obvious enhancement in the bending test, were chosen 

for the flexural creep test. Some of the test results are presented in Figure 5.6. The 

deflection increased with increasing temperature, and the sample was broken with a 

60% load imposed on it when the temperature was 60 ℃. The results indicate that the 

GFRP has time-dependent properties. 
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(a) 

 

(b) 

Fig. 5.6. Creep curves of GFRP with 1wt% CNTs under loads of (a) 40 and (b) 60% (×: 

broken down). 
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(a) 

 

(b) 

Fig. 5.7. Master curves under (a) 40 and (b) 60% loads (×: broken down). 
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Fig. 5.8. Longevities of GFRP under 40 and 60% loads 

 

The master life curves (Figure 5.7) were determined by the method of drawing 

master curves from short-term creep data based on the time-temperature reciprocation 

law [19]. A longevity comparison of FRPs with and without CNTs is given in Figure 5.8. 

Considering the master curves with a 40% load, samples with CNTs did not break even 

after 10
6
h, which is more than 100 years; it is evident that samples with CNTs formed a 

new balance on the molecular level that cannot be overcome at a 40% load. Further 
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of samples with a 60% load indicate an obvious enhancement of the lifetime of GFRP 

materials by adding CNTs. The almost straight climb in longevity indicates that CNTs 

effectively improved the lifetime of GFRP materials. However, the enhancing 

mechanism of CNTs has not been found. Here, we can only make a hypothesis that the 
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fiber to reinforce the matrix effectively. 
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5.3.3 Prediction of longevity of GFRP materials with CNTs 

 

The creep flexural rigidity (EIc) and static four-point bending rigidity (EI*) were 

calculated by the creep and bending tests, respectively, and the curve of the proportion 

of creep flexural rigidity to that of the bending test was determined [Figure 9(a)]. Linear 

fitting can be carried out by using the least-squares method and the results are shown in 

Figure 9(b). The gradients of the fitting straight lines and the correlation coefficients to 

original curves are presented in Table 5.1. The closer the correlation coefficient is to 1, 

the more reliable the fitting result is. The comparison of the absolute values of these 

gradients shows that the sample without CNTs has a greater gradient than those filled 

with CNTs under both 40 and 60% loads, which indicates that the decrease rate of the 

original sample is higher than those of the samples filled with CNTs and the failure of 

original sample is much more rapid. Since shearing test results have demonstrated that 

the ILSS is enhanced by CNTs, and the bending property is also enhanced, the lifetime 

of the GFRP is improved. In addition, the CNTs also improve the thermal properties 

[20] of the GFRP, resulting in a better performance even at higher temperatures. These 

findings suggest that samples filled with CNTs maintain a higher retention ratio of 

flexural rigidity than those without CNTs, indicating that the gradients of the EIc/EI* 

curves can be used for the longevity prediction of FRP materials with CNTs. 

 



107 

 

 

(a) Proportion of creep flexural rigidity (EIc) to static four-point flexural rigidity (EI*). 

 

(b) Fitting a straight line of rigidity ratio curves. 

Fig. 5.9. Comparison of rigidity ratio curves (under 40% load). 
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Table 5.1. Comparison of gradients of the rigidity ratio curves. 

 Sample (wt%) Gradient Correlation coefficient 

40% 

0 -2.38 0.980 

1 -2.26 0.988 

2 -1.94 0.967 

60% 

0 -2.36 0.923 

1 -1.80 0.919 

2 -1.64 0.955 

 

5.4 Summary 

 

In this study, phenol resin, glass cloth, and CNTs were used to manufacture GFRP 

test samples and the bending and shearing properties and the creep lifetime of the 

samples were investigated. The conclusions obtained are summarized as follows. 

Adding CNTs improved the bending strength flexural modulus and ILSS. Within 

the test range, the sample with 2 wt% CNTs exhibited the highest degree of 

strengthening, owing to the stitching effect of CNTs between the laminae. In samples 

with CNTs exceeding 2 wt%, the CNTs bunched together, reducing the degree of 

enhancement. New dispersion methods that can fill more CNTs into a matrix are 

essential for the further improvement of the materials. 

In the creep test with an imposed 40% load, only the sample without CNTs broke; 

samples with 1 and 2 wt% CNTs did not break, even after a long time. With an imposed 

60% load, the samples failed in the order of 0, 1, and 2 wt%. These findings were due to 

the stitching effect and improved thermal properties of CNTs. The longevity of the FRP 

can be predicted by comparing the flexural rigidities of samples with and without CNTs. 
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Chapter 6: Conclusions 

 

There are still some imperfections of the fiber reinforced polymer matrix 

composite materials, in this thesis focused on the molding method of manufacturing 

continuous fiber reinforced thermoplastic composite materials with high fiber volume 

fraction and mechanical properties; by introducing organic fibers into CFRP, the 

reshaping and reprocessing possibility of FRP materials was investigated; the fiber with 

good energy absorbing property was used to improve the impact resistance, and the 

stacked sequence was also put into investigation; at last the CNTs was employed to 

improving the interlaminar shear strength and the creep life time properties. The 

conclusions are collected in this chapter. 

In chapter one, an introduction on the manufacture method and the mechanical 

properties of advanced fiber reinforced polymer matrix composite materials was made. 

In chapter two, Vacuum-assisted solution impregnation prepreg thermoplastic 

composite molding method for improving the fiber volume fractions of continuous fiber 

reinforced thermoplastic composite materials was proposed and investigated. After 

pre-impregnation of the reinforcing fibers with thermoplastic resin solution, a vacuum 

was employed for further impregnation and solvent volatilization in the prepreg 

manufacturing process. The treatment time for the fabric and the solution conditions 

were determined (10 s/20 cm and 25 wt%, respectively) based on bonding tests. Under 

the determined manufacturing conditions, the fiber volume fraction in the thermoplastic 

composite material reached 60%, which is similar to those of laboratory-produced 

fiber-reinforced thermosetting composites. The tensile strength and tensile modulus 

were improved to levels similar to those of PFRP after the fiber volume fraction of 
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PFRTP was improved. Tensile tests and comparisons confirmed the effectiveness of 

vacuum-assisted solution impregnation. The feasibility of the proposed method was 

confirmed.  

Application of the method in manufacturing continuous carbon fiber reinforced 

thermoplastic indicated that it is promising in the manufacture of other continuous fiber 

reinforced thermoplastic composites with high fiber volume fraction when the 

reinforcing materials are in the form of fabric. 

In chapter three, the properties of mono-fiber- and hybrid-fiber-reinforced plastic 

composites during pure bending moment and load-unload cycled bending tests were 

investigated. It is found that the failure mode of PFRP is different from those of CFRP 

and GFRP during pure bending. For hybrid-fiber–reinforced composites, the choice of 

fiber on the compression side affects the failure mode of the composite. Load-unload 

cycled bending tests revealed that PFRP and PCFRP retained more irreversible plastic 

strain than CFRP, CPFRP, and GFRP did. Investigating the instantaneous modulus of 

each material revealed two disparate phenomena, one analogous to CFRP (little change) 

and the other to PFRP (significant decrease, but the residual modulus is still larger than 

that of GFRP). In further investigation the influence of other properties rather than the 

low compressive strength of PBO fiber, for example, the bonding behavior of between 

fiber and matrix, will be put into investigation to clarify the deformation behavior 

observed in this paper. 

In chapter four, in the purpose of producing advanced composite materials with 

small amount of raw materials the aramid STF were employed to manufacture hybrid 

composite with carbon fabric. Because of the hybrid effect, the hybrid ACFRP can 

undergo higher bending moment than AFRP and larger curvature than CFRP with only 
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1layer carbon fabric on the compressive side. By the hybrid method, the energy 

absorbing properties were changed, the impact-induced failure was controlled and it was 

promising to increase the residual strength retention from 80% up to over 90% even 

with aramid STF less-than 3layers. The possibility of producing advanced composite 

materials with small amount materials is supported by the results in this research. 

In chapter five, phenol resin, glass cloth, and CNTs were used to manufacture 

GFRP test samples and the bending and shearing properties and the creep lifetime of the 

samples were investigated. The conclusions obtained are summarized as follows. 

Adding CNTs improved the bending strength flexural modulus and ILSS. Within 

the test range, the sample with 2 wt% CNTs exhibited the highest degree of 

strengthening, owing to the stitching effect of CNTs between the laminae. In samples 

with CNTs exceeding 2 wt%, the CNTs bunched together, reducing the degree of 

enhancement. New dispersion methods that can fill more CNTs into a matrix are 

essential for the further improvement of the materials. 

In the creep test with an imposed 40% load, only the sample without CNTs broke; 

samples with 1 and 2 wt% CNTs did not break, even after a long time. With an imposed 

60% load, the samples failed in the order of 0, 1, and 2 wt%. These findings were due to 

the stitching effect and improved thermal properties of CNTs. The longevity of the FRP 

can be predicted by comparing the flexural rigidities of samples with and without 

CNTs. 
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