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Chapter 1-General Introduction 

1.1. Overview 

Engineering materials, for instance, metals, ceramics, are widely applied 

in industry owing to their desirable mechanical performance (high strength, 

stiffness, and good corrosion resistance, etc.).[1-3] However, they also show 

obvious shortcomings, such as heaviness, brittleness, and notch sensitivity. 

For decades, scientists and engineers have been attempting to overcome 

the limitations by developing novel structural materials that can offer 

prominent incorporations of stiffness, strength, toughness, and lightness at 

low cost. As science and technology advanced, synthetic compounds from 

multiple components, usually termed as composites, are invented and 

gradually replacing traditional industrial products due to the efficient 

combination of various mechanical properties that surpass those of their 

components by orders of magnitude.[4-6] One type of the most common 

composites at present, fiber-reinforced polymers (FRPs), are frequently 

used to substitute neat metals or ceramics in industry because of their 

improved comprehensive performance.[7, 8] These composites are generally 

composed of rigid elastic matrices (polymers, metals, ceramics, etc.) and 

rigid fibers, demonstrating high strength and stiffness.[9-11] Nevertheless, 

due to poor interfacial bonding and force transmission between matrix and 
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fibers (Figure 1.1), the rigid/rigid combinations usually exhibit 

unsatisfactory fatigue crack resistance.[12-17] Namely, conventional fiber or 

fabric reinforced composites, with an isotropic high modulus (~several or 

tens of GPa), are intrinsically rigid materials with limited and resulting low 

toughness. More unfortunately, incorporating multiple and mutually 

exclusive properties into one system, as exemplified by high toughness, 

strength, and stiffness, results in materials that compromise one essential 

property at the expense of another.[18-20] Therefore, a pivotal challenge for 

current composite field is that how to improve material toughness without 

sacrificing strength, lightness, etc. 

In fact, nature has managed to circumvent the dilemma and developed 

materials showing superior comprehensive mechanical performance (high 

fracture resistance, good load-bearing capacity and low density). The 

creations include, but not limited to, ligament and skin,[21, 22] bone and 

nacre.[23, 24] The strategy is to combine rigid, brittle components and soft, 

organic matrices into composite materials. Most of these natural materials 

have highly sophisticated structures with complex hierarchical designs 

existing over multiple length scales, which result in composite properties 

that far exceed what could be expected from a simple combination of the 

individual components (Figure 1.2). Extensive researches have been 

carried out in an endeavor to mimic the unique natural structure with 

synthetic approaches, aiming to obtain artificial composites exhibiting 
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prominent mechanical performance which is comparable to natural 

materials. For example, a synthetic nacre was fabricated by predesigned 

matrix-directed mineralization, showing a specific toughness and strength 

close to natural nacre.[25] Another soft biomimetic composite was designed 

by incorporating stiff aramid nanofibers into poly (vinyl alcohol) system, 

whose mechanical properties matched or exceeded those of prototype 

tissues.[26] Recently, based on the delicate concept learning from nature, 

our group has developed a new class of tough soft composites from the 

soft/hard combination of polyampholyte (PA) hydrogel matrix and woven 

glass fiber fabric (GF).[27-29] The de-swelling tough PA gel, with multiple 

ionic bonds in the gel network,[30] demonstrates a self-adjustable adhesion 

to either positively or negatively charged surfaces.[31] Therefore, it is 

supposed to form good adhesion with negatively charged GF. As expected, 

the biomimetic composites, having a desirable interface between matrix 

and fiber, exhibit very high fracture toughness (~250 kJ m-2), strength (~65 

N mm-1), and tensile modulus (~600 MPa), which are far superior to those 

of either the hydrogel or GF (Figure 1.3). As the composites contain water 

and are likely biocompatible, they exhibit some structural similarities with 

load-bearing natural tissues and hold great potential in biological 

applications. However, for this kind of hydrogel/fabric composites, a 

problem is that water evaporation during use occurs inevitably, which 

significantly influences their mechanical performance under industrial 
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condition. Hence developing a universal composite system that is tough yet 

stable for industrial application awaits further exploration.  

To overcome the dilemma for hydrogel/fabric composites, replacing 

water-contained matrices with more suitable ones is necessary. Similar to 

hydrogels, elastomers are also soft and energy dissipative, and they are 

usually tougher and water-free, enabling them to be applied in industry. 

Conventional elastomers, such as polydimethylsiloxane (PDMS), 

polyurethane (PU), are highly elastic and can hardly form good interfacial 

bonding with diverse surfaces. Composites from them usually show a 

limited mechanical performance. Lately, our group has successfully 

designed and developed a series of novel viscoelastic elastomers via a 

simple one-step radical polymerization of two kinds of acrylate 

monomers.[32] The resulting elastomers are not only soft and tough, but also 

adhesive to diverse surfaces (Figure 1.4), which allows the fabrication of 

composites with superior mechanical properties feasibly. 

1.2. Outline of this thesis 

The aim of this study is to design extraordinarily crack-resistant, yet strong 

and lightweight fiber-reinforced polymers (FRPs), and generate a universal 

criterion by understanding the fracture mechanism. To address these issues, 

we mainly focus on the following three parts: 1) Selecting suitable matrices 

to construct crack-resistant FRPs; 2) Investigating the mechanical 
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behaviors of resulting FRPs; 3) Understanding the fracture mechanism of 

tough FRPs by virtue of mechanics models. 

   In Chapter 2, a brief view on the concept of crack resistance is 

introduced. Meanwhile, common experimental methods to characterize the 

crack resistance of a material are explained. Based on the lessons learned 

from nature, basic strategy to enhance the crack resistance of materials is 

put forward. This chapter is helpful to initially understand why composite 

materials always show fantastic crack resistance. 

   In Chapter 3, the strategy to design an extraordinarily tough fiber-

reinforced polymers is introduced in detail. Viscoelastic matrices that are 

adhesive, soft, and tough are selected to combine with commercial fiber 

fabrics. The three key properties result in composites showing unique 

features that are totally different from traditional composites with 

thermosetting plastics as matrices. The good adhesion between fibers and 

matrix enables a strong interface, which ensures both components to fully 

dissipate stored energy; The softness of matrices gives extremely high 

fiber/matrix modulus ratio, leading to energy dissipation zones several 

orders of magnitude larger than common composites from rigid matrices; 

The tough matrices show strain energy density comparable to fibers, highly 

enhancing the energy dissipation density of composites in the dissipation 

zone. Therefore, we reasonably expect the composites are able to have a 

satisfying crack resistance. 
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   In Chapter 4, the prepared fiber-reinforced polymer composites are 

tested to investigate their mechanical properties. The highly anisotropic 

composites demonstrate multiple fantastic properties such as high strength, 

high toughness, and low density, which can be rarely achieved by other 

material systems. The strong interface between matrix and fibers is the 

premise of high mechanical performance. Moreover, the soft composites 

can also be polymerized from thermal initiation besides photo initiation, 

extending the possible application in industry. The design strategy is also 

universal, strong and tough composites can be obtained by combining 

various fabrics and matrices that are adhesive, soft, and tough. High 

temperature influences the performance of soft composites. However, 

preparing composites from matrices with high glass transition temperature 

is a way to solve this problem. 

   In Chapter 5, the crack-resistant mechanism of soft composites is 

analyzed. Consistent with the tearing behaviors at different width, the 

composites show a size-dependent fracture energy. Two characteristic 

widths are defined to divide the fracture behaviors of soft composites. 

According to the characteristic widths, the fracture energy of the materials 

is determined by the matrix toughness, fiber geometry, and width, when 

the fracture behavior of composites is fiber pullout and matrix failure. 

When the fracture behavior of composites is mainly fiber fracture and 

matrix failure, then the fracture energy is decided by the force transfer 
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length as well as the energy dissipation density, and the fracture energy 

become size-independent above this width, reflecting the intrinsic crack 

resistance of the composites. We show that force transfer length is related 

to the component modulus ratio while the energy dissipation density results 

from the volume weighed average work of extension of components. The 

results point out the way to fabricate tough composite materials. That is, 

maximizing force transfer length by increasing modulus ratio and 

enhancing energy dissipation density by using energy dissipative 

components. Based on this principle, we successfully fabricate composites 

that show fracture energy of as high as 2500 kJ m-2, 100 times that of 

current toughest composites and are even tougher than metals. 

In Chapter 6, we apply the design strategy to hydrogel system, aiming 

to develop crack resistant composite hydrogels. Alginate hydrogels dried 

in confined condition are employed as the rigid skeleton. Polyacrylamide 

hydrogels are used as the soft matrix. The modulus ratio of rigid to soft can 

be as high as 105, which is conducive for a large force transfer length. 

Meanwhile, the alginate skeleton has an energy dissipation density 

comparable to commercial fibers, which facilitates high energy dissipation 

density. The resulting composite hydrogels show improved tensile and 

tearing properties compared with components and are higher than current 

toughest hydrogels. 

   In Chapter 7, conclusions of the whole dissertation are summarized. 
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Figures 

 

 

Figure 1.1. Debonding and sliding processes of fiber-reinforced ceramic-

matrix composites. For this kind of composites, debonding is a prerequisite 

for toughening and sliding governs toughening. Crack propagation and 

fracture involve debonding and sliding processes. 

 

 

 

Figure 1.2. Hierarchical structure of bone ranging from the macroscale 

skeleton to nanoscale collagen and hydroxyapatite. 
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Figure 1.3. Extraordinary mechanical properties of PA/GF soft composites. 

(A) Tearing behavior. (B) Tearing properties compared with neat 

components. 

 

 

 

 

 

Figure 1.4. Adhesive viscoelastic elastomer from acrylate monomers. 
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Chapter 2-Recent advances in fiber reinforced 

polymer composites 

2.1. General concepts on crack resistance of composite materials 

2.1.1. Fracture in composite materials 

Crack resistance, as the name implies, is the ability of a material to resist 

crack growth before catastrophic failure.[33-35] Compared with homogenous 

materials, the crack propagation in heterogenous composite materials is 

more complicated. Depending on the strength of interface, the fracture of 

composites can be generally divided into two types: 1) crack growth due 

to interfacial debonding; and 2) crack growth due to components failure. 

   The interfacial debonding usually occurs in fiber-reinforced polymers 

(FRPs) made from rigid fibers and rigid thermosetting plastics (Figure 

2.1).[36] The modulus of fibers is on the order of 100~102 GPa,[9, 10] while 

that of matrix is on the order of 100 GPa,[11, 37-39] giving rise to a poor 

interfacial contact and resulting easily occurred delamination. The 

interface usually fails before matrix rupture and fiber breaking. Thus, fiber 

sliding friction during pullout is the main energy dissipation mechanism, 

whereas the matrix and fibers themselves do not dissipate much energy, 

resulting in a relatively low fracture energy.[40-42] 

   For the other case, in FRPs with sufficiently strong interface, the crack 
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will not be able to growth without breaking the components (Figure 2.2).[29] 

This fracture behavior highly enhances the crack resistance of materials 

because breaking components usually requires large amounts of energy to 

realize. However, developing this kind of FRP systems is demanding since 

the stiff reinforcing fibers usually interact weakly with general matrices. 

Scientists circumvent this problem recently by displacing the commonly 

used thermosetting matrices with matrices that are adhesive, soft, and 

tough.[30, 31, 43] The resulting composites with strong interface exhibit 

superior crack resistance compared with conventional rigid FRPs (Figure 

2.3.).[27, 28] 

2.1.2. Common characterization methods of crack resistance 

The essential goal of fracture mechanics is to define a criterion for crack 

growth and to link this criterion to the physical mechanisms of fracture. 

Typically, such a criterion involves the comparison between two distinct 

quantities: one is a material property which quantifies the resistance to 

crack growth, e.g. the fracture energy, and the other describes the driving 

force for crack growth as governed by external loading and specimen 

geometry. For a crack to grow, the latter must reach or exceed the former.  

Generally, the crack resistance of a material is characterized by fracture 

energy, Г, the energy required to create unit surface area for crack 

growth.[28, 44] Several kinds of common specimens are employed for 
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fracture testing to quantify the fracture energy (Figure 2.4).  

For a pure shear test (Figure 2.4a),[45-50] the undeformed sample is a 

long thin strip of width L0, height 2H0 and thickness b0 with L0≫2H0 and 

b0. A long crack of length c (c≫2H0) is initiated in the middle of the sample. 

Normally, an external force at a constant velocity is imposed on the grips 

to displace the sample and propagate the crack. The fracture energy derived 

in Rivlin and Thomas, is given by 

Г = 2𝑊(𝜆𝑠)𝐻0, 𝜆𝑠 = 1 +
𝛥

𝐻0
                                (2.1), 

where 𝑊(𝜆𝑠) is the strain energy density in materials at a stretch ratio 

of 𝜆𝑠 far ahead of the crack tip. In practice, 𝑊(𝜆𝑠) is typically measured 

by subjecting an uncracked sample to tension under the pure shear 

constraint and calculating the area under the measured stress-strain curve.      

For a simple extension test (Figure 2.4b),[45, 51-53] the undeformed 

sample geometry is defined by the length L0, height 2H0 and thickness b0. 

Unlike the pure shear test, the two arms of the specimen at the cracked end 

are clamped and peeled apart. The fracture energy, also derived in Rivlin 

and Thomas, is given by 

Г =
2𝜆𝑎𝐹

𝑏0
− 2𝑊(𝜆𝑎)𝐻0                                    (2.2), 

where F is the applied force to the two arms, λa and W are the stretch ratio 

and strain energy density of the arms, respectively.  

For a single notch test (Figure 2.4c),[54-57] it was initially proposed by 

Greensmith to determine the fracture energy of vulcanized natural rubbers. 
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Using a compliance method, Greensmith found that the fracture energy for 

short cracks with length c≪L0 is approximately given by 

Г =
6

√𝜆
𝑊(𝜆𝑏)𝑐                                          (2.3), 

where W(λb) is the strain energy density of an uncracked sample subjected 

to a uniaxial stretch ratio λb, and L0 is the width of the sample which is 

much less than the height 2H0. 

   For a tearing test (Figure 2.4d),[27, 30, 58, 59] the crack deformed by out-

of-plane shear loading. The two arms of a pre-cracked specimen are 

oppositely displaced to impose the tearing load. The fracture energy can be 

calculated as 

Г =
2𝐹

𝑏0
                                                   (2.4), 

where F is the tearing force, b0 is the sample thickness. 

2.2. Strategies to enhance the crack resistance 

The major strategies existing to increase the crack resistance of materials 

stem primarily from nature. By combining rigid, brittle components (e.g. 

fibers) with soft components (e.g. collagen), nature has shown us how to 

fabricate strong and tough composites. The creations include, but not 

limited to, skin and tendon (soft),[22] bone and scale (hard).[60, 61] Most of 

these natural materials have very complex hierarchical architectures 

existing over multiple length scales, resulting in comprehensive properties 

that far exceed what could be expected from a simple combination of the 
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individual components. 

   The extremely high crack resistance of natural materials can be 

explained from the physics point of view. The crack resistance, usually 

expressed by fracture energy, is influenced by two factors: 1) energy 

dissipation zone; 2) energy dissipation density. The former determines the 

size of area for the material to dissipate energy when the crack advances. 

The latter determines the amount of energy that is dissipated in the 

dissipation zone. Natural materials manage to maximize one of these two 

factors or both. For example, bones have a soft/rigid structure, resulting in 

extremely high modulus ratio, which generates a huge energy dissipation 

zone.[62-65] Another example is muscle, which contains strong fibrous 

skeleton and soft matrix. Fibers are strong and resistant to stretch, giving 

rise to a high energy dissipation density.[66, 67] These natural materials 

maximize the essential factors, highly enhancing their crack resistance.  

2.3. Objects and design strategy of this thesis 

Despite nature has shown us the success of creating high-toughness 

materials, it is still a big challenge for scientists to make tough artificial 

materials. Moreover, it is even more demanding to incorporate multiple 

mechanical properties into one material system, such as strength, 

toughness, low density, due to the contradiction between these properties.  

   In this dissertation, we put forward a universal strategy to design 
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composite materials showing high toughness, high strength, and low 

density simultaneously. Instead of using traditional thermosetting plastics 

as matrices, we select a range of newly developed viscoelastic matrices that 

are adhesive, soft, and tough, to combine with commercial woven fiber 

fabric, successfully creating a series of extremely tough fiber-reinforced 

polymers, without sacrificing strength and weight. We elucidate that the 

high toughness of the composites results from large energy dissipation 

zone and high energy dissipation density. The former is maximized by the 

extremely high modulus ratio of fiber to matrix. The latter is enhanced by 

the high toughness of matrices. This design principle can be further 

extended to hydrogel systems. Tough composite hydrogel is prepared by 

combining aligned fibrous alginate and soft polyacrylamide, suggesting the 

universality of the design strategy. We believe the tough composite 

materials developed in this work hold great potential in industrial 

applications and the design strategy can inspire the development of tough 

materials in various fields. 
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Figures 

 

 

Figure 2.1. Two important geometries for delamination in composites: (a) 

from an edge crack, (b) from a central notch. The crack growths by 

interfacial delamination. 

 

 

 

Figure 2.2. Fracture images of the composites with strong interface. The 

red arrows in (iii–vi) indicate fiber fracture. The green dashed lines in (i-

vi) show the fracture path, determined approximately by the fractured 

hydrogel matrix boundary. The crack growths by breaking both the fibers 

and matrix without interfacial debonding. 
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Figure 2.3. The extraordinary crack resistance of FRPs from 

polyampholyte hydrogels that are adhesive, soft, and tough. The 

composites show orders of magnitude higher tearing force compared with 

neat components. 

 

 

Figure 2.4. Fracture test configurations. (A) Pure shear. The thickness of 

the specimen is b0, and the grips assumed to be rigid. (B) Simple extension. 

(C) Single edge crack. (D) Tearing. For (A and C) the undeformed 

geometry is shown to illustrate specimen dimensions, while for (B and D) 

the deformed geometry is shown to illustrate the loading mode. The crack 

tip is illustrated as a red point and the dashed arrow indicates the projected 

crack path. 
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Chapter 3-Design Strategy of Tough Fiber Reinforced 

Polymers 

3.1. Introduction 

Synthetic compounds from multiple components, usually termed as 

composites, are gradually replacing traditional industrial products due to 

their efficient integration of multiple mechanical properties that surpass 

neat components by orders of magnitude.[4-6] They have replaced 

traditional industrial products such as metals and alloys due to their high 

strength at greatly reduced weight.[7, 8] However, these composites still 

show poor crack resistance compared with metals, which seriously 

hampers their reliability in safety-critical applications. Existing composites 

are usually composed of rigid thermosetting plastics (epoxy, phenolic resin, 

etc.) and rigid fibers, the moduli of thermosetting matrices and fibers are 

on the order of 100 GPa and 100~102 GPa, respectively.[9-11, 38] The 

rigid/rigid combinations give high strength and stiffness, while the 

fiber/matrix modulus ratio is normally below 102, which significantly 

confines the force transmission between he rigid/rigid components, giving 

rise to fairly limited process zone and resulting low toughness.[12-17]  

Generally, to create a crack-resistant fiber-reinforced polymer (FRP), 

two factors are considered to play key roles in affecting the toughness, i.e., 

the energy density, and the process zone size.[29] The energy density 
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dominates the amount of energy dissipation per area while the process zone 

determines the area of energy dissipation. The energy density is influenced 

by mechanical properties of components as well as the interface. 

Viscoelastic matrix and strong fiber are preferable to have large energy 

densities and form an excellent interface. For process zone, the concept is 

similar to the damage zone of tough hydrogels, which is the area 

surrounding the crack that dissipates energy.[44, 52, 68, 69] The size of process 

zone is reflected by the force transfer length, which highly depends on the 

modulus ratio between components.[70] Higher modulus ratio gives better 

force transfer capability and corresponding larger process zone. Therefore, 

tough composites can be constructed from energy-dissipative components 

with strong interfacial bonding and contrasting moduli. This principle is 

verified in fiber-reinforced hydrogel composites from a polyampholyte (PA) 

hydrogel matrix and woven glass fiber fabric (GF).[27-29] The soft, de-

swelling, and viscoelastic PA gel, with multiple ionic bonds in the 

network,[30] demonstrates a self-adjustable adhesion to either positively or 

negatively charged surfaces,[31] which forms strong adhesion with 

negatively charged GF. On the other hand, the fiber/matrix modulus ratio 

in this composite system achieves ~103 to 104, which greatly facilitates the 

force transfer between components.[29] As a result, the PA/GF composites, 

with energy-dissipative components (strain energy density above 4 MJ m-

3) and a considerable force transfer length (critical width above 45 mm), 
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exhibit high intrinsic toughness (~1000 kJ m-2), strength (~300 MPa), and 

tensile modulus (~600 MPa), which fill the gap between soft materials and 

traditional rigid materials. 

   To develop soft FRP composites based on elastomers, novel 

viscoelastic elastomers that are soft, tough, and adhesive to fibers, 

simultaneously easily to form composites with weave fiber fabrics are 

required. Existing elastomers, such as PDMS, polyurethane, and natural 

rubber, could not satisfy these requirements. The three properties of the 

viscoelastic matrices result in soft FRPs showing unique features that are 

totally different from conventional rigid FRPs: 1) the good adhesion 

between fibers and matrices enables a strong interface, which ensures both 

components to fully dissipate stored energy; 2) the softness of matrices 

gives extremely high fiber/matrix modulus ratio, leading to energy 

dissipation zones several orders of magnitude larger than common FRPs 

from rigid matrices; 3) the tough matrices show strain energy density 

comparable to fibers, highly enhancing the energy dissipation density of 

FRPs in the dissipation zone. 

In this chapter, we intend to design and develop FRPs based on this 

principle. For this purpose, we first select a series of novel elastomers by 

one-step free radical copolymerization of acrylate monomers. The 

dynamics of the elastomers, characterized by the Kuhn segment relaxation 

time, can be tuned over six orders by varying the chemical structure and 
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composition of the acrylate monomers that form hard segment and soft 

segment of copolymers. The elastomers exhibit maximum energy 

dissipation when the strain rate is 1/10 of the inverse of the Kuhn segment 

relaxation time, reaching a work of extension at tensile fracture of ~ 25 MJ 

m-3 and a fracture energy of 20 kJ m-2. Such toughness is comparable to 

natural rubbers and is among the highest of elastomers ever reported. In 

addition, these elastomers possess full self-recovery, self-healing, and 

strong adhesion on various solid surfaces. The wide range of tunable 

dynamics substantially enriches the choices of elastomers for soft FRP 

applications, and the facile one-step and solvent-free synthesis of these 

elastomers from liquid monomers are not only suitable for fabrication of 

composites with fabrics but also eco-friendly, cost-effective and scalable, 

which greatly lowers the barrier for the practical applications.[32] By tuning 

the molar fraction of monomers, the modulus of the energy-dissipative 

elastomers varies from hundreds of kilopascals to tens of megapascals, 

which is conducive to adjust the modulus ratio and relevant toughness of 

composites. 

3.2. Results and Discussion 

3.2.1. Design strategy of extraordinarily tough fiber-reinforced 

polymers 

To create a crack-resistant FRP, it is necessary to understand the 
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determinant factors that influence the crack resistance. The crack resistance 

of a material is characterized by fracture energy, Г, the energy required to 

create unit surface area for crack growth.[33-35, 71] Simply, we can envision 

that Г is influenced by two factors: 1) the length over which a material is 

deformed inelastically ahead of the advancing crack, known as the energy 

dissipation zone size, lT, and 2) the energy dissipation density of the 

dissipation zone when the crack advances, W. Accordingly, Г (J m-2) could 

be related to lT (m) and W (J m-3),[72, 73] 

Г ≅ 𝑊 · 𝑙𝑇.                                             (3.1). 

Therefore, developing tough materials is a question of how to design 

structures that maximize W and lT. For composites consisting of a hard 

phase embedded in a soft matrix, W results from the contributions of both 

components, while lT is related to the force transfer length that is 

determined by the component modulus ratio (hard to soft).[70, 74, 75]  

   To enhance the crack resistance of FRPs, we employ viscoelastic 

polymer matrices that are adhesive, soft, and tough. These properties 

should not only enable a strong interface with the stiff reinforcing fibers, 

but also result in large force transfer lengths through high fiber/matrix 

modulus ratios, which contributes to a high energy dissipation density and 

large energy dissipation zone (Figure 3.1).  
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3.2.2. Mechanical properties of selected matrices 

A class of newly developed “viscoelastomers” are used to fabricate a series 

of soft/rigid FRPs by combination with various woven fabrics. The 

viscoelastomer matrices are formed by one step radical copolymerization 

from liquid acrylate monomers without using solvent (Figure 3.2).[32] 

Chemical structures of used monomers are shown in Table 3.1. As a typical 

example, we first show the mechanical behaviors of the elastomers P(PEA-

co-IBA), synthesized from ethylene glycol phenyl ether acrylate (PEA) as 

soft segment and isobornyl acrylate (IBA) as hard segment. The elastomers 

are formed by UV initiated free radical copolymerization of the bulk 

monomers in the presence of small amount of benzophenone (BF) as UV 

initiator. By tuning the molar fraction of IBA, f (𝑓 =  
𝑀𝐼𝐵𝐴

𝑀𝑃𝐸𝐴+𝑀𝐼𝐵𝐴
 ) from 0.1 

to 0.3, the mechanical properties of the elastomer can be tuned over a wide 

range (Figure 3.3). Thereafter, the matrix is denoted as M1-f. The tearing 

fracture energy Tm, measured by trousers tearing test at a velocity of 50 mm 

min-1, can be tuned from 15 to 34 kJ m-2. The tensile modulus (Em) and the 

tensile work of extension (Wm) of P(PEA-co-IBA), measured at a strain 

rate of 0.07 s-1, vary from 0.8 to 4.4 MPa and from 6 to 19 MJ m-3, 

respectively. Moreover, the matrix is highly viscoelastic, the mechanical 

properties of which can be easily tuned by altering the testing velocity 

(Figure 3.4). Mechanical parameters of all matrices are summarized in 

Table 3.2. 
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   Therefore, the soft viscoelastomers P(PEA-co-IBA) are highly energy-

dissipative, having a work of extension roughly on the order of the rigid 

CF fiber. In addition, the fiber/matrix modulus ratio, Ef /μm, can be as high 

as 8.0×104 ~ 1.5×104 when the molar fraction of IBA, f, is varied from 0.1 

to 0.3. Accordingly, the combination of the CF and the viscoelastomers is 

expected to give high energy dissipation density and large force transfer 

length.  

3.2.3. Mechanical properties of used fibers 

   We try to combine the viscoelastomer with strong and rigid fiber fabrics. 

Images of all fabrics used in this work are shown in Figure 3.5. Taking 

carbon fiber (CF) fabric as an example, it has plain texture of 0.3 mm-thick 

and with fabric area density of 200 g m-2 woven from fiber bundles. Each 

fiber bundle is made from hundreds of thin fibers of 5 μm-diameter. The 

fiber bundles have an ellipsoid cross section of 3.8 mm perimeter and 0.204 

mm2 area. (Table 3.3). A single fiber bundle has tensile modulus Ef of 21 

GPa and work of extension at fracture Wf of 39 MJ m-3 (Figure 3.6, Table 

3.4). 

3.2.4. The strong adhesion between matrix and fibers 

To ensure the force transmission between components in fiber-reinforced 

polymer composites and avoid delamination, a strong interface is critical. 
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The adhesion tests between matrix and fibers are conducted by pulling out 

an individual fiber bundle from neat viscoelastomer matrices. The matrix 

M1-f is taken as an example to demonstrate the tests. The fiber bundle is 

partially embedded in M1-f matrix and pulled out unidirectionally. The 

results show that the fiber bundle outside the matrix breaks at a force of 

about 130 N for all tested matrices (Figure 3.7a), rather than being pulled 

out (Figure 3.7b). This result demonstrates that the interface and matrix do 

not fail, and the shear bonding strength (τs) of the interface should be higher 

than 2.28 MPa that is estimated by balancing the external force (F = 130 

N) with the adhesion force provided by the shear bonding strength, as F = 

τs·A, where A is the embedded surface area of the fiber bundle. 

3.2.5. The theoretical load transfer length for a model composite 

The theoretical load transfer length lT for a model composite consisting of 

parallel fibers embedded in a soft matrix is derived in the literature:[70, 74, 75] 

𝑙𝑇 = √
𝐸𝑓𝐴𝑓𝑑

𝜇𝑚ℎ
                                             (3.2), 

where Ef and μm are the tensile modulus of the fiber and the shear modulus 

of the matrix, respectively, d is the effective distance between adjacent 

fibers, h is the width of the fiber, and Af is the cross-sectional area of the 

fiber. Equation (3.2) can also be expressed in terms of the product of the 

geometric pre-factor 𝛼 = √
𝐴𝑓𝑑

ℎ
 and the modulus ratio, as 
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𝑙𝑇 = 𝛼 √
𝐸𝑓

𝜇𝑚
                                              (3.3). 

Assuming that this model is applicable to our composites, using the 

geometry parameters of fabrics shown in Table 3.3, the geometric pre-

factors for CF, GF, and AF are estimated as 𝛼𝐶𝐹 = 0.208 mm ,  𝛼𝐺𝐹 =

0.206 mm, 𝛼𝐴𝐹 = 0.201 mm, respectively. The geometry parameters of 

fabrics are determined from the cross section of corresponding composites 

shown in Figure 3.8. 

3.3. Conclusions 

In this chapter, the basic design strategy of tough FRPs is introduced. The 

key idea is to utilize viscoelastic polymer matrices that are adhesive, soft, 

and tough. The strong adhesion enables a strong interface between matrix 

and fibers, which ensures both components to fully dissipated stored energy. 

The softness of matrices is not only conducive for the interfacial bonding, 

but also gives an extremely high modulus ratio of fiber to matrix, resulting 

in an extraordinarily large force transfer length. The high toughness of 

matrices guarantees the high energy dissipation in the energy dissipation 

zone, facilitating a high energy dissipation density. These unique 

characteristics are totally distinguished from traditional fiber-reinforced 

thermosetting plastics, which usually exhibit interfacial delamination 

during fracture due to the rigid/rigid combinations. In rigid FRPs, the 

interface usually fails before matrix rupture and fiber breaking. Thus, fiber 
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sliding friction during pullout is the main energy dissipation mechanism, 

whereas the matrix and fibers themselves do not dissipate much energy, 

resulting in a relatively low fracture energy.[40-42] Therefore, the FRPs from 

adhesive, soft, and tough matrices, showing a strong component interface, 

are expected to possess crack resistance superior to conventional rigid 

FRPs. 

3.4. Experimental Section 

3.4.1. Materials 

Plain weave carbon fiber fabric (CF), glass fiber fabric (GF), and aramid 

fiber fabric (AF) were purchased from Marukatsu Co., Ltd., Japan. All 

fabrics were used as received. Acrylate monomers, ethylene glycol phenyl 

ether acrylate (PEA), benzyl acrylate (BZA), di(ethylene glycol) ethyl 

ether acrylate (DEEA), and isobornyl acrylate (IBA) were provided by 

Osaka Organic Chemical Industry Ltd, Japan. Ultraviolet initiator 

benzophenone (BP) was purchased from KANTO Chemical Co., Inc and 

used without further purification. 

3.4.2. Methods 

Preparation of viscoelastomers. Samples were prepared by placing 1 mm 

spacer between two hydrophobic films supported by glass plates to form a 

reaction mold. Subsequently two monomers, one of the following of 
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ethylene glycol phenyl ether acrylate (PEA), benzyl acrylate (BZA), or 

di(ethylene glycol) ethyl ether acrylate (DEEA), along with isobornyl 

acrylate (IBA), containing initiator (0.1 mol% of the total monomer molar 

concentration) was injected into the mold. The random copolymerization 

was allowed to proceed under an argon atmosphere via ultraviolet 

irradiation (UVP lamp Toshiba-FL15BLB, wavelength 365 nm, light 

intensity 4 mW cm-2) for 10 h. 

Uniaxial tensile tests. The tensile tests were carried out by using a 

commercial tensile tester (Autograph AG-X, Shimadzu Co., Japan) 

equipped with a 100 N load cell at 50 mm min-1 crosshead velocity in air. 

Before the tests, the viscoelastomers were cut into a dumbbell shape 

standardized as JIS-K6251-7 (2 mm in inner width, 12 mm in gauge length) 

with a cutting machine (Dumb Bell Co., Ltd.) (Figure 3.9a). 

Trouser tearing tests. The tearing fracture energy of the samples was 

evaluated by trouser tearing tests. The tensile tester (Autograph AG-X, 

Shimadzu Co., Japan) equipped with a 100 N load cell was employed to 

perform the tearing tests. A sample with a prescribed width w and length w 

+ 30 mm was prepared. An initial notch of 30 mm was made in the middle 

of the sample along the length direction with a laser cutter. To prevent 

elongation of the legs during tests, stiff and thin tape was glued on both 

sides of the samples before testing (Figure 3.9b). During testing, one leg 

of the sample was clamped to the base, and the other was clamped to the 
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crosshead, which was displaced at a velocity of 50 mm min-1 at room 

temperature in the open atmosphere. After testing, the tearing force-

displacement curves were obtained to calculate the tearing energy of 

samples by the following equation:[27-29] 

𝑇 =  
∫ 𝐹 𝑑

𝐿

0
𝐿

𝑡·𝐿𝑏𝑢𝑙𝑘
                                   (3.4), 

where F is the tearing force, t is the sample thickness, L is the displacement, 

and Lbulk is the projected crack length. 

Scanning electron microscopy. Microscale observation was carried out 

by scanning electron microscopy (SEM) (JEOL JSM-6010LA, Tokyo, 

Japan). Samples were gold-coated in an ion-sputtering machine (E-1010, 

Hitachi, Tokyo, Japan) before observation. The acceleration voltage varied 

from 15 to 20 kV. 
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Figures 

 

Figure 3.1. Design strategy of extraordinarily tough fiber-reinforced 

polymers (FRPs). The strategy employed involves combining strong and 

rigid woven fabrics with viscoelastomer matrices that are adhesive, soft, 

and tough. Such a combination gives high energy dissipation density, W 

and large energy dissipation zone, lT (up to the cm scale) due to the high 

fiber/matrix modulus ratio (104~105), guaranteed by the strong fiber/matrix 

interface. 

 

 

Figure 3.2. Composites were fabricated by random radical 

copolymerization. During preparation, a sheet of fiber fabric was 

embedded into a reaction cell made up of two glass plates coated with 

hydrophobic films, inside which 0.5 mm spacers were used to sandwich 

the fabric sheet on both sides. Afterwards the precursor solution was 

injected into the cell under argon atmosphere. Polymerization was initiated 

by UV irradiation for 10 h. 
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Figure 3.3. Tunable tensile properties of matrices M1-f that stands for the 

copolymer P(PEA-co-IBA) with various f. (a) Tensile properties of M1-f at  

displacement velocity of 50 mm min-1. The corresponding strain rate was 

0.07 s-1. (b) The work of extension and tensile modulus both increase as f 

increases. (c) Tearing properties of P(PEA-co-IBA) with varied f at 50 mm 

min-1. (d) The fracture energy also increases as f increases. 
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Figure 3.4. Strain rate dependence of viscoelastomer matrix M1-f and 

tensile properties of M2-0.15 and M3-0.6. (a) The matrices M1-f with 

different f are tested at strain rates of 0.007 s-1, 0.07 s-1, and 0.7 s-1 (Tensile 

velocities of 5 mm min-1, 50 mm min-1, and 500 mm min-1) (a-i, a-ii, and 

a-iii), respectively. Results indicate that the tensile property of matrix is 

highly dependent on strain rate. Tensile modulus and failure stress of 

matrix increase with increasing strain rate, while tensile strain decreases. 

Both M1-0.3 and M1-0.25 show obvious yielding and relatively high 

tensile modulus of 105 MPa and 30 MPa at the strain rate of 0.7 s-1, which 

behave similarly to thermal plastics. (b) Tensile property of M2-0.15. (c) 

Tensile property of M3-0.6. 
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Figure 3.5. Macro- and micrographs of plain weave (a) carbon fiber (CF), 

(b) glass fiber (GF), and (c) aramid fiber (AF) fabrics used in this work. 

All fabrics are in a plane weave pattern of fiber bundles that contains 

thousands of individual thin fibers. (i) The macrographs of all fabrics. (ii) 

The plain weave structures. (iii) SEM micrographs of woven fiber bundles. 

(iv) Individual fibers.  
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Figure 3.6. Mechanical properties of woven fabrics and individual fiber 

bundles used in this work. (a) Tensile stress-strain curves for both fabrics 

and individual fiber bundles of carbon fiber (CF), glass fiber (GF), and 

aramid fiber (AF) fabrics. The measurement of the fabrics was performed 

along the axis of meshes. The tensile performance of a single fiber bundle 

is different from a fabric. For the fabric that is in a weave pattern,[11] the 

bundles are in a curved geometry to form meshes. The mesh geometry 

influences the area to calculate stress and corresponding tensile modulus 

while the curved geometry influences the strain. Therefore, the fabric 

shows a lower tensile modulus, fracture stress but higher fracture strain. In 

particular, tensile properties of GF fabric and individual bundle are 

influenced by the monomer solution while CF and AF are not. Both GF 

fabric and bundle show decreased tensile stress and strain after soaking in 

the monomer solution for 10 h. This can be due to the corrosion of coating 

on GF during soaking, which generates more defects on GF. Therefore, 

data for GF after soaking is employed in the whole text. (b) Trousers 

tearing force-displacement curves for CF, GF, and AF fabrics. Tensile and 

tearing velocity were both 50 mm min-1. Strain rate for tensile tests was 

0.07 s-1. 
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Figure 3.7. Adhesion test to determine the interfacial bonding strength 

between single carbon fiber bundles and matrices, M1-f. (a) A carbon fiber 

bundle was embedded in the transparent matrix with an embedding surface 

area of 3.8 mm (cross-sectional perimeter) × 15 mm (length). The pullout 

velocity was 50 mm min-1. (b) Images showing the samples before and after 

the adhesion test. The length of a lattice is 5 mm. The fiber bundle fractures 

without being pulled out from the matrix, indicating the high strength of 

the interface as well as the matrices. 

 

 

 

Figure 3.8. Cross-section SEM view of the composite shows the cross-

sectional area of fiber bundles (area of red dotted circle) in the matrix, from 

which geometry parameters are estimated. 
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Figure 3.9. Elastomer sample geometries for tensile and tearing tests. (a) 

Dumbbell sample for tensile test. (b) Notched sample for tearing test. 
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Tables 

 

Table 3.1. Monomer structures that make up the viscoelastomer matrices. 

Each matrix is produced from copolymerizing a soft segment (ethylene 

glycol phenyl ether acrylate (PEA), benzyl acrylate (BZA), or di(ethylene 

glycol) ethyl ether acrylate (DEEA)) with a hard segment (isobornyl 

acrylate (IBA)). The molar fraction of the hard segment is defined as f. 
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Table 3.2. Summary of mechanical properties of the viscoelastomer 

matrices at different testing velocities. The properties are tensile fracture 

stress (σm), fracture strain (εm), Young’s modulus (Em), work of extension 

(Wm), and tearing energy (Tm). Each sample was tested N≥3 times to obtain 

the average value. The shear modulus μm of the matrix is 1/3 of the Young’s 

modulus. 

 

Sample 

code 

Testing velocity 

(mm min-1) 

Strain rate 

(s-1) 

f σm (MPa) εm (%) Em (MPa) Wm (MJ m-3) Tm (kJ m-2) 

M1-f 

5 0.7 

0.25 2.20 ± 0.28 1133 ± 24 1.71 ± 0.15 7.76 ± 0.28 20.66 ± 1.26 

0.3 3.20 ± 0.06 1082 ± 25 2.07 ± 0.23 10.57 ± 0.59 21.91 ± 1.55 

50 0.07 

0.1 1.57 ± 0.08 1225 ± 6.4 0.80 ± 0.03 6.43 ± 0.16 14.84 ± 1.22 

0.15 1.96 ± 0.45 1101 ± 16 0.84 ± 0.07 7.27 ± 0.74 17.26 ± 4.92 

0.2 2.24 ± 0.23 1030 ± 18 1.72 ± 0.30 8.49 ± 0.93 19.03 ± 1.68 

0.25 3.20 ± 0.16 961 ± 45 2.23 ± 0.49 12.55 ± 3.81 25.39 ± 1.16 

0.3 5.44 ± 0.18 905 ± 40 4.39 ± 0.61 19.34 ± 2.15 33.96 ± 3.65 

500 0.007 

0.1 3.27 ± 0.34 1063 ± 37 2.58 ± 0.28 13.22 ± 1.80  23.48 ± 1.38 

0.15 4.11 ± 0.64 868 ± 24 3.51 ± 0.88 14.52 ± 1.28 32.06 ± 1.83 

0.2 5.26 ± 0.32 752 ± 12 4.64 ± 1.21 14.72 ± 0.45 63.79 ± 1.27 

0.25 6.40 ± 0.02 634 ± 60 30.45 ± 4.21 22.80 ± 1.22 81.77 ± 3.80 

0.3 6.89 ± 0.42 538 ± 30 105.31 ± 11.58 29.65 ± 0.99 89.69 ± 9.44 

M2-f 50 0.07 0.15 6.20 ± 0.04 1041 ± 56 3.96 ± 0.56 23.34 ± 2.74 37.65 ± 0.88 

M3-f 50 0.07 0.6 1.86 ± 0.25 1391 ± 18 0.34 ± 0.05 8.29 ± 1.84  9.18 ± 1.00  
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Table 3.3. Structural parameters of the three plain weave fiber fabrics used 

in this work. Parameters include fabric area density (ρa), fabric thickness 

(t), cross-sectional perimeter of a fiber bundle (S), cross-sectional area of a 

fiber bundle (Af), effective distance between adjacent fiber bundles (d), 

width of a fiber bundle (h), single fiber radius (r).  

 

Fabrics ρa (g m−2) t (mm) S a) (mm) Af 
a) (mm2) da) (mm) h a) (mm) r (μm) 

CF 200 0.30 3.8 0.204 0.361 1.705 5 

GF 590 0.59 4.5 0.403 0.216 2.048 7 

AF 320 0.55 4.2 0.396 0.184 1.812 8 

a) These parameters were estimated from the SEM images of the corresponding composites. 

 

 

Table 3.4. Summary of mechanical properties of fabrics and corresponding 

fiber bundles. The properties include tensile fracture force (Ff) and nominal 

stress (σf), fracture strain (εf), Young’s modulus (Ef), work of extension (Wf), 

and tearing energy (Tf). Each sample was tested N≥3 times to obtain the 

average value. The testing velocity was 50 mm min-1.  

 

Sample code Ff 
a)(N) σf (MPa) εf (%) Ef (GPa) Wf (MJ m-3) Tf (kJ m-2) 

CF fabric 744 ± 54 496 ± 23 8.8 ± 0.2 6.6 ± 0.3 20.3 ± 3.8 2.5 ± 0.2 

CF fiber bundle 183 ± 32 895 ± 41 6.8 ± 0.1 21.8 ± 1.6 39.0 ± 4.2 — 

GF fabricb) 1210 ± 67 410 ± 22 5.7 ± 0.6 7.4 ± 1.0 14.3 ± 1.5 10.2 ± 1.1 

GF fiber bundleb) 228 ± 16 565 ± 40 4.7 ± 0.4 17.7 ± 0.7 16.4 ± 2.1 — 

AF fabric 1774 ± 85 645 ± 31 10.6 ± 0.4 7.8 ± 1.3 37.0 ± 2.3 17.0 ± 1.0 

AF fiber bundle 430 ± 23 1085 ± 58 9.1 ± 0.3 17.3 ± 1.4 55.8 ± 3.4 — 

a) Fabric is in a rectangle shape with a width of 5 mm. 

b) Data of soaked GF sample in Fig. S2 is employed. 
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Chapter 4-Mechanical Performance of Tough Fiber 

Reinforced Polymers 

4.1. Introduction 

Conventional fiber-reinforced thermosetting plastics usually demonstrate 

high strength, modulus, and low density, which are widely employed in 

industry as metal substitutes. However, it has long been a great challenge 

to fabricate fiber-reinforced polymers that incorporate both strength and 

toughness since these two mechanical properties are usually mutually 

conflicting.[19] The attainment of both strength and toughness is an essential 

requirement for most structural materials. They have little use as bulk 

structural materials if they do not show proper toughness even if the 

strength is high. In fact, it is materials with lower strength yet higher 

toughness that find general use in the most safety-critical applications, 

where failure is unacceptable. 

   In common rigid FRPs, the improvement of crack resistance has 

usually been a compromise between extrinsic toughening and intrinsic 

toughening.[76] Intrinsic toughening acts to inhibit damage mechanisms, 

such as fracture or debonding processes, and is primarily associated with 

plasticity. That is, it is effective against the initiation and propagation of 

cracks. On the other hand, with extrinsic toughening, the material’s 

inherent crack resistance is unchanged. Instead, mechanisms such as crack 
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deflection and bridging act mainly on the wake of the crack to shield the 

local stress/strain experienced at the crack-tip. By operating principally in 

the crack wake, extrinsic toughening is only effective in resisting crack 

growth. Furthermore, this effect relies on crack size. Natural materials 

commonly show both toughening mechanisms, which is the major factor 

underlying their high crack resistance. However, a critical difference 

between natural structural materials and artificial composites is that natural 

materials generally comprise hard and soft phases arranged in complex 

hierarchical architectures.[1, 77-81] The soft, viscoelastic phases shear 

dramatically upon loading, effectively transfer the load to the hard phases 

in a considerably large area. As a result, the materials can release stored 

energy in a large energy dissipation zone, demonstrating relatively high 

fracture energy compared with rigid FRPs. 

   The lesson from nature has inspired the creation of soft/rigid composite 

materials, which show highly improved crack resistance compared with 

rigid FRPs. For instance, by introducing viscoelastic hydrogels that are 

adhesive, soft, and tough into strong and rigid fabric phases, extremely 

crack-resistant soft FRPs have been developed.[27-31] The FRPs overcome 

the conflict between strength and toughness, which show high strength 

comparable to traditional rigid FRPs yet superior toughness that is 100 

times higher than rigid ones. Moreover, due to the high biocompatibility, 

the hydrogel-based FRPs hold great potential in biological applications. 
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   On the other hand, however, the hydrogel-based FRPs are not suitable 

for industrial applications since water evaporation occurs inevitably during 

use, which largely weakens their life span. This explains the reason that we 

develop the viscoelastic elastomers as the matrices for FRPs. The adhesive, 

soft, and tough elastomers show comparable properties with the hydrogel, 

while they are water-free, highly enhancing the weather resistance.[32] 

In this chapter, we investigate and discuss the mechanical performance 

of fiber-reinforced viscoelastomers. By tuning the molar fraction of 

monomers, the modulus of the energy-dissipative elastomers varies from 

hundreds of kilopascals to tens of megapascals, which is conducive to 

adjust relevant toughness of composites. Based on this consideration, we 

develop tough FRPs from various soft viscoelastomers/rigid woven fiber 

fabrics combinations. The resultant composites demonstrate 

extraordinarily high intrinsic toughness (up to 2500 kJ m-2) that is far 

superior to any best-in-class tough materials. Meanwhile they show high 

strength (~700 MPa) as well as low density (~1 g cm-3), which is a rarely 

achieved integration. Our work produces the toughest composites at 

present and puts forward a universal design criterion for novel tough 

structural materials. 
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4.2. Results and Discussion 

4.2.1. Fabrication of tough fiber-reinforced polymers 

Soft FRPs from are produced via a one-step random radical 

copolymerization of monomers in a mold where the fabric is sandwiched 

in the middle (Figure 4.1a). Here, FRP from M1-0.1 and CF is shown as 

an example. As the monomer liquid is hydrophobic and has low viscosity, 

it can wet the CF fabric and permeate easily into fiber bundles during 

monomer injection. As a result, the composites formed have an 

interlocking structure between the two components, with the matrix 

strongly bonded to the fibers, as seen by SEM observation (Figure 4.1b). 

The fabric can be seen in the soft FRP due to the optical transparency of 

the viscoelastomer matrix (Figure 4.2). 

4.2.2. Mechanical properties of tough fiber-reinforced polymers 

The fabricated FRPs are highly anisotropic, which are extremely resistant 

to stretching yet highly flexible to bending or twisting (Figure 4.2). Tensile 

tests and three-point bending tests reveal that the soft composite has a 

tensile modulus three orders of magnitude higher than the bending modulus 

(Figure 4.3), due to the fabric phase lying nominally along the neutral axis 

during bending. Moreover, the soft FRP demonstrates an incredibly high 

crack resistance. A soft FRP sample (w = 80 mm) with two long precut 
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cracks (30 mm) can hold 35 kg of hanging mass without crack propagation 

(Figure 4.4). 

   Uniaxial tensile tests are conducted to measure the load-bearing 

properties. Sample geometries and corresponding stress-strain curves are 

shown in Figure 4.5. The matrix is soft and highly stretchable, sustaining 

merely 1.5 MPa prior to failure and showing a work of extension of 6 MJ 

m-3 (inset of Figure 4.5). On the contrary, the neat carbon fiber fabric is 

very stiff and strong (490 MPa) but brittle, which fails at a strain of 8.8% 

and having a work of extension of 20 MJ m-3. Interestingly, when the fabric 

is integrated with the matrix, the resulting composite shows a similar 

stiffness to the neat fabric, but it is much stronger (700 MPa) and breaks at 

a higher strain (12.5 %) than the neat fabric. The enhanced tensile behavior 

of soft FRPs compared to neat fabrics can be understood by a mechanism 

proposed by Hui et al, which highlights the role of modulus disparity.[70] 

The extreme fiber/matrix modulus ratio means that the soft matrix can 

effectively transfer the lost load of the broken fiber to neighboring fibers 

by dramatically deforming in shear, resulting in a considerable overload 

region. Therefore, the lost load is carried by a broad region of adjacent fiber 

segments instead of being concentrated on a limited length scale, which 

delays the catastrophic failure of fibers. Tensile properties of all FRPs are 

shown in Figure 4.6 and summarized in Table 4.1. 

Trouser tearing tests are performed to quantitatively measure the crack 
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resistance of the material (Experimental Section).[27-29, 82-84] As shown in 

Figure 4.7, the composite achieves an extraordinarily high tearing force, 

which reaches a maximum value of 940 N mm-1, much higher than 3.7 N 

mm-1 of the neat fabric and 13.3 N mm-1 of the neat matrix. The composite 

has a tearing toughness (T) as high as 1400 kJ m-2, which is several orders 

of magnitude greater than both individual neat components (3.0 kJ m-2 for 

the neat fabric and 9.5 kJ m-2 for the neat matrix). The toughness of this 

composite is also much higher than any of the current best-in-class 

materials.[12, 25, 26, 85-87] Tearing properties of all FRPs are shown in Figure 

4.8. 

4.2.3. Comparison with common tough materials 

The soft FRPs developed here demonstrate an efficient combination of 

multiple properties compared with common tough materials.[2, 19, 88-91] 

Figure 4.9 first gathers the tensile modulus of the soft FRPs as a function 

of density, with other industrial materials for comparison. Together with 

PA gel/fiber composites, the soft FRPs show lower tensile modulus than 

ceramics, metallic glasses, CFRP and GFRP, metals and alloys but higher 

tensile modulus than engineering polymers and elastomers, filling the gap 

between soft materials and traditional rigid materials. Figure 4.10 

illustrates the fracture energy as a function of density for materials. The 

soft FRPs show an overwhelming advantage over common industrial 
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structural materials in terms of fracture energy, exceeding those of 

traditional rigid materials (CFRP and GFRP, metals and alloys, metallic 

glasses, and ceramics) by orders of magnitude. Yet the soft FRPs exhibit 

low density, which is comparable with engineering polymers and 

elastomers, and even woods. The soft FRPs also show a high tensile 

strength of 400 to 700 MPa, which are stronger than engineering polymers 

and elastomers, and rival conventional CFRP and GFRP (Figure 4.11). 

“Specific” mechanical quantities, which are the quantities divided by the 

density of the materials, are frequently used for the selection of lightweight 

but strong materials.[92, 93] Figure 4.12 plots the specific fracture energy of 

materials as a function of specific strength. The soft FRPs are located in 

the upper-right corner of the plot, indicating an excellent combination of 

high toughness and strength with low weight. The superior performance of 

the soft FRPs beats all the best-in-class industrial materials at present and 

even exceeds the extremely tough PA gel/fiber composites. The soft FRPs 

developed in this work overcome the conflict between toughness and 

weight and should have bright application prospects in industry. 

Summarized mechanical properties of materials are shown in Table 4.2. 

4.2.4. Temperature resistance 

To investigate if the soft FRPs are usable at different temperatures, tearing 

test were conducted on M1-0.2 composites from 24 to 150 °C。Tearing 
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results are shown in Figure 4.13, as the testing temperature is increased, 

both the tearing force and corresponding energy are decreased. Taking a 

look at the tearing behavior of those composites in Figure 4.14, it is 

obvious to figure out that detachment of matrix from fabric occurs at high 

temperature, which leads to a poor force transmission from the matrix to 

the fabric due to the undesirable interface. The matrix is viscoelastic at 

room temperature, however, viscidity of it may vanish at relatively high 

temperature, making it behave as a highly elastic elastomer. Therefore, the 

interfacial bonding is deteriorated, resulting in the delamination and 

corresponding poor mechanical performance. However, one can still 

fabricate tough FRPs at high temperature by choosing viscoelastic matrices 

that show high glass-transition temperature. 

4.2.5. The universality of the methodology to fabricate tough 

composites from varied matrices and fabrics 

To further verify if the proposed method is universal to fabricate tough 

fiber-based soft composites from varied matrices and fabrics, more 

monomers are selected to prepare fiber-reinforced polymers (Figure 4.15). 

Specially, monomers for soft segment in the matrix are divided in four 

types depending on their structures (BZA, PEA, PDEA in a group, 2-MTA, 

DEEA in a group, LA, ISTA in a group, THFA itself in a group). The 

toughness of the resultant composites is tested in Table 4.3, with that of 
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neat elastomers or neat fabrics as a comparison. As indicated in Table 4.3, 

compared with neat elastomers and fabrics, all resultant composites are 

much tougher, with toughness several orders of magnitude higher than that 

of individual component. This encouraging result suggests that the 

preparation method can be further extended to fabricate tough soft 

composites from diverse matrices and fabrics as long as the precursor 

solution of monomers can permeate through the fabric to form an 

interlocking structure, which opens the bright prospect of their applications 

in many fields. 

4.2.6. Fiber-reinforced polymers from thermal initiation 

In the above context, FRPs are all prepared by thermal initiation. Here, 

FRPs with varied molar ratio of matrix (from f = 0.3 to 0.1) are fabricated 

to further examine the availability of thermal initiation. To prepare FRPs 

from thermal initiation, same dosage of azodiisobutyronitrile (AIBN) was 

employed to activate the polymerization at 70 °C instead of benzophenone 

(BP). Other experimental conditions are the same. Results of tearing test 

for composites from thermal polymerization are gathered in Figure 4.16a-

e with composites from UV initiated photopolymerization as comparisons. 

Apparently, thermal initiation is an effective method to prepare tough soft 

composites as all newly made composites also show high tear resistance 

compared with those from photopolymerization. From the force-
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displacement curves and corresponding Lbulk of composites, tear energy of 

composites is presented in Figure 4.16f. All thermal-polymerized 

composites are tougher than photopolymerized composites in terms of 

tearing resistance.  

Matrices PEA-co-IBXA (f = 0.3 to 0.1) were also prepared and tested, 

whose mechanical properties are shown in Figure 4.17 and Figure 4.18 in 

comparison with those fabricated by photopolymerization. Unexpectedly, 

elastomers from different polymerization methods demonstrate 

dramatically different mechanical performance. With quite many 

elastomers prepared by thermal polymerization, it is realized that oxygen 

plays a much bigger role in affecting the mechanical performance of 

elastomers. The content of residual oxygen in oven is several thousand 

times higher than that in glovebox, which may result in products with much 

lower molecular weight and corresponding less desirable mechanical 

performance. In industrial production, repeatability is believed to be much 

better as long as the oxygen concentration can be well controlled. 

4.3. Conclusions 

In this chapter, we investigate a series of mechanical properties of tough 

fiber-reinforced polymers. The premise of the high-performance 

composites is a strong interface, resulting from the permeation of low-

viscosity monomer solution into fabrics. The prepared composites are 
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highly anisotropic, which are extremely resistant to stretch but quite 

flexible under bending or twisting. Due to the extreme modulus ration of 

fiber to matrix, the FRPs show much improved tensile strength and tearing 

toughness compared with neat fabric and matrix. During loading, the soft 

matrix shears dramatically, which effectively transfer the force to a broad 

area in the FRP, which benefits the load bearing property and energy 

dissipation of FRPs in three ways. First, the effective force transfer brings 

about a considerable energy dissipation zone, enabling components to 

dissipate energy in a large area. Second, the tough matrix itself in the 

energy dissipation zone can dissipate large amounts of energy. Third, fibers 

in the energy dissipation zone are broken instead of pulled out, which fully 

releases the stored elastic energy by deformation. Therefore, the soft FRPs 

show an efficient combination of multiple fantastic properties, which is 

rarely achieved by other materials. On the other hand, the tearing 

performance of FRPs are significantly influenced by temperature, which 

decreases as temperature goes up. This shortcoming can be solved by 

utilizing matrix that has high glass transition temperature. Various FRPs 

from thermal initiation or different combinations prove the feasibility. In 

summary, the FRPs in this study show a combination of several desirable 

properties and beat all the best-in-class materials in present, and the 

preparation method can be easily extended to other systems, which hold 

great potential in industry applications. 
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4.4. Experimental Section 

4.4.1. Materials 

Plain weave carbon fiber fabric (CF), glass fiber fabric (GF), and aramid 

fiber fabric (AF) were purchased from Marukatsu Co., Ltd., Japan. All 

fabrics were used as received. Acrylate monomers, ethylene glycol phenyl 

ether acrylate (PEA), benzyl acrylate (BZA), 2-(2-phenoxyethoxy)ether 

acrylate (PDEA), ethylene glycol methyl ether acrylate (MEA), di(ethylene 

glycol) ethyl ether acrylate (DEEA), lauryl acrylate (LA), isooctadecyl 

acrylate (ISTA), Tetrahydrofurfuryl acrylate (THFA), isobornyl acrylate 

(IBA), and tert-butyl acrylate (TBA) were provided by Osaka Organic 

Chemical Industry Ltd, Japan. Ultraviolet initiator benzophenone (BP) and 

thermal initiator azodiisobutyronitrile (AIBN) were purchased from 

KANTO Chemical Co., Inc and used without further purification. 

4.4.2. Methods 

Preparation of fiber-reinforced viscoelastomers. Samples were 

prepared by placing two 0.5 mm spacers on both sides of the fabric, which 

was inserted between two hydrophobic films supported by glass plates to 

form a reaction mold. Subsequently monomers containing initiator (0.1 

mol% of the total monomer molar concentration) were injected into the 

mold. The random copolymerization was allowed to proceed under an 
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argon atmosphere via ultraviolet irradiation (UVP lamp Toshiba-FL15BLB, 

wavelength 365 nm, light intensity 4 mW cm-2) for 10 h. Neat elastomers 

were also prepared as controls. 

Uniaxial tensile tests. For composites and fabrics, rectangular-shaped 

samples (10 mm wide and 80 mm length) were prepared with the fibers 

aligned parallel or perpendicular to the length direction. Tests were 

performed on a commercial tensile tester (Autograph AG-X, Shimadzu Co., 

Japan) equipped with a 20 kN load cell in the open atmosphere at room 

temperature. The initial length of the sample between grips was 20 mm. 

Since the fracture for the composite samples occurs at a small strain, and 

the load supported by the soft matrix at this strain is extremely low, the 

fracture strength of the composites is calculated from the maximum load 

divided by the cross-sectional area of neat fabric before loading (the width, 

w, multiplied by the fabric thickness, t) for both the neat fabric and the 

composite. The work of extension is defined as the area below the obtained 

stress-strain curve. The crosshead velocity was 50 mm min-1, unless 

otherwise stated. For viscoelastomers, the tensile tests were carried out by 

using the same commercial tensile tester equipped with a 100 N load cell 

at 50 mm min-1 crosshead velocity in air. Before the tests, the 

viscoelastomers were cut into a dumbbell shape standardized as JIS-

K6251-7 (2 mm in inner width, 12 mm in gauge length) with a cutting 

machine (Dumb Bell Co., Ltd.). 
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Trouser tearing tests. The tearing fracture energy of the samples was 

evaluated by trouser tearing tests. The tensile tester (Autograph AG-X, 

Shimadzu Co., Japan) equipped with a 20 kN load cell was employed to 

perform the tearing tests. A sample with a prescribed width w and length w 

+ 30 mm was prepared. An initial notch of 30 mm was made in the middle 

of the sample along the length direction with a laser cutter. For neat 

elastomer samples, to prevent elongation of the legs during tests, stiff and 

thin tape was glued on both sides of the samples before testing. During 

testing, one leg of the sample was clamped to the base, and the other was 

clamped to the crosshead, which was displaced at a velocity of 50 mm min-

1 at room temperature in the open atmosphere. After testing, the tearing 

force-displacement curves were obtained to calculate the tearing energy of 

samples by the following equation:[27-29] 

𝑇 =  
∫ 𝐹 𝑑

𝐿

0
𝐿

𝑡·𝐿𝑏𝑢𝑙𝑘
                                     (4.1), 

where F is the tearing force, t is the sample thickness, L is the displacement, 

and Lbulk is the projected crack length. 

Three-point bend tests. The flexibility of the composites was examined 

by three-point bend tests using a tensile tester (Tensilon RTC-1150A, 

Orientec Co., Japan) equipped with a 100 N load cell in the open 

atmosphere. The sample width was 10 mm and the length between bottom 

points was 20 mm. The testing velocity was 30 mm min-1. 
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Scanning electron microscopy. Microscale observation was carried out 

by scanning electron microscopy (SEM) (JEOL JSM-6010LA, Tokyo, 

Japan). Samples were gold-coated in an ion-sputtering machine (E-1010, 

Hitachi, Tokyo, Japan) before observation. The acceleration voltage varied 

from 15 to 20 kV. 
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Figures 

 

 

Figure 4.1. A typical procedure to prepare soft fiber-reinforced 

viscoelastomers. (a) Illustration of the preparation method. The low-

viscosity monomers can easily permeate the fabric, leading to the 

formation of a strong interface and interlocking structure. (b) The 

appearance of the as-prepared soft FRP and enlarged view of the local area 

by SEM. The viscoelastomer matrix is M1-0.1. Individual fibers are fully 

wetted by the viscoelastomer matrix, suggesting a complete permeation of 

liquid monomers into fiber bundles and the formation of strongly bonded 

interface. The length of a lattice is 5 mm. The scale bar represents 5 μm. 

 

 

 

 

 



56 
 

 

Figure 4.2. Demonstration of the superior mechanical properties of soft 

FRPs. The fabric is visible because the matrix is optically transparent. A 

strip of the composite is cut to clearly show its flexibility under bending or 

twisting. The length of a lattice is 5 mm. 

 

 

Figure 4.3. Anisotropy of soft fiber-reinforced polymer (FRP) from M1-

0.1 and CF. The tensile modulus approaches 10 GPa while the bending 

modulus is about 10 MPa, indicating that the composite is highly stiff upon 

stretching but flexible under bending. The strain rates of tensile and 

bending tests were 0.07 mm min-1 and 0.042 mm min-1, respectively. The 

velocity of tensile and bending tests were 50 mm min-1 and 30 mm min-1, 

respectively. 
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Figure 4.4. The extraordinary crack resistance of the composite. A 

composite specimen with two cracks can sustain 35 kg of weight without 

crack propagation. The scale bars represent 10 cm. 

 

 

Figure 4.5. Tensile tests on the composite, neat fabric, and neat matrix, 

with 10 mm sample width, measured at strain velocity and strain rate of 50 

mm min-1 and 0.07 s-1, respectively. The composite shows improved 

strength and work of extension in comparison to the neat fabric. 
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Figure 4.6. Tensile properties of soft FRPs using different combinations (a) 

The composites M1-f /CF with varied f are tested at tensile velocities of 5 

mm min-1, 50 mm min-1, and 500 mm min-1 (a-i, a-ii, and a-iii), respectively. 

(b) Tensile property of M2-0.15/CF. (c) Tensile property of M1-0.25/GF. 

(d) Tensile property of M3-0.6/AF. Sample width and gauge length are 10 

mm and 20 mm, respectively. 

 

 

Figure 4.7. Trouser tearing tests on the composite, neat fabric and neat 

matrix. Samples are prepared with a width (w) of 50 mm, and a length of 

80 mm. A pre-notch of 30 mm is made in the middle of the sample to make 

the projected length of tear (Lbulk) equal to width. Force-displacement 

curves show that the composite has much higher tearing strength and 

energy than the neat fabric and matrix. The tearing velocity was 50 mm 

min-1. 
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Figure 4.8. Sample size dependence of toughness as measured by tearing 

energy, T, for all composites fabricated in this work. (a) Tearing energy, T, 

as a function of sample width, w, for soft FRPs from M1-f and CF at testing 

velocities of 5 mm min-1 (i), 50 mm min-1 (ii), and 500 mm min-1 (iii), 

respectively. Since the elastomer matrices are viscoelastic, their 

mechanical behaviors are strain rate dependent. The inherent 

viscoelasticity of the matrices permits us to change mechanical behavior 

by changing the deformation rate. As expected, soft FRPs made from M1-

f and CF show different w2 and saturation T at different tearing velocities. 

(b) (c) (d) T as a function of w for soft FRPs from other combinations of 

matrix and fabrics. Two other series of viscoelastomers, P(BZA-co-IBA) 

and P(DEEA-co-IBA), denoted by M2-f and M3-f, respectively, are used 

in addition to M1-f. Also, glass fiber fabric (GF) and aramid fiber fabric 

(AF) are used in addition to CF. All fabrics have the same plain weave 

pattern to avoid difference in geometry. The results indicate that all 

composites show sample-size-dependent toughness. The saturation tearing 

energy is adopted as fracture energy Γ. 
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Figure 4.9. Tensile modulus (E) versus density (ρ) of various materials. 

 

 

Figure 4.10. Fracture energy (Г) versus density of various materials. 

Fracture energies of various materials were determined by trouser tearing 

tests (for soft FRPs), essential work of fracture (EWF) tests (for 

engineering polymers and elastomers), double cantilever beam or crack 

opening three point bend tests (for CFRP and GFRP, metallic glasses, 

metals and alloys, ceramics, and woods), respectively. 
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Figure 4.11. Tensile strength (σ) versus density of various materials. 

 

 

Figure 4.12. Specific fracture energy (Г/ρ) versus specific strength (σ/ρ) of 

various materials. 
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Figure 4.13. (a) Force-displacement curves of M1-0.2/CF composites 

(width = Lbulk = 40 mm) at different temperatures. (b) Corresponding 

tearing energy of composites. 

 

 

Figure 4.14. Photographs of M1-0.2/CF after tearing at different 

temperatures. 
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Figure 4.15. The selection of monomers, initiator and fabrics for 

fabricating various fiber-reinforced polymers. 
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Figure 4.16. Force-displacement curves of PEA-co-IBXA composites 

(width = Lbulk = 40 mm) (a) f = 0.3, (b) f = 0.25, (c) f = 0.2, (d) f = 0.15, (e) 

f = 0.1 polymerized from thermal or UV initiation and corresponding 

tearing energies of them (f). 
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Figure 4.17. Stress-strain curves of PEA-co-IBXA elastomers (width = 2 

mm, thickness = 1 mm, gauge length = 12mm) (a) f = 0.3, (b) f = 0.25, (c) 

f = 0.2, (d) f = 0.15, (e) f = 0.1 polymerized from thermal or UV initiation. 

 

 

Figure 4.18. Strain energy density (a) and modulus (b) of matrices from 

thermal- and UV-initiated polymerization. 
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Tables 

 

Table 4.1. Summary of mechanical properties of varied composites at 

different testing velocities. The properties include tensile fracture stress (σc), 

fracture strain (εc), Young’s modulus (Ec), tensile work of extension to 

fracture the composites (Wc), the volume weighed average of the work of 

extension of the fiber bundle and the matrix at fracture (Weff), and tearing 

energy (Tc). Each sample was tested N≥3 times to obtain the average value. 

Sample width and gauge length are 10 mm and 20 mm, respectively. 

 

Sample code 

Testing velocity 

(mm min-1) 

f σc (MPa) εc (%) Ec (MPa) Wc (MJ m-3) Weff (MJ m-3) Tc (kJ m-2) 

M1-f /CF 

5 

0.25 667 ± 58 11.06 ± 0.93 6.67 ± 0.71 40.49 ± 2.97 23.36 ± 2.26 856 ± 24 

0.3 618 ± 45 10.45 ±1.28 6.52 ± 0.35 34.75 ± 3.61 24.77 ± 2.42 760 ± 28 

50 

0.1 730 ± 65 12.36 ± 0.88 6.43 ± 0.50 44.18 ± 3.15 22.70 ± 2.20 1390 ± 41 

0.15 652 ± 59 11.86 ± 0.43 6.23 ± 1.11 42.23 ±1.92 23.12 ± 2.49 1435 ± 64 

0.2 645 ± 31 11.81 ± 1.33 6.72 ± 0.47 37.74 ± 3.62 23.73 ± 2.59 883 ± 46 

0.25 678 ± 56 11.26 ± 1.62 6.57 ± 0.41 39.83 ± 3.73 26.76 ± 4.03 712 ± 26 

0.3 691 ± 67 10.52 ± 0.9 6.51 ± 0.62 35.28 ± 2.01 29.15 ± 3.20 548 ± 29 

500 

0.1 687 ± 55 12.15 ± 0.58 6.66 ± 0.26 46.37 ± 4.15  26.09 ± 3.02 750 ± 34 

0.15 665 ± 60 12.26 ± 0.73 6.36 ± 0.30 45.48 ± 2.88 26.74 ± 2.76 682 ± 25 

0.2 654 ± 49 11.91 ± 1.21 6.92 ± 0.69 40.63 ± 3.29 26.84 ± 2.35 576 ± 15 

0.25 662 ± 31 11.66 ± 1.53 6.44 ± 1.37 40.82 ± 3.82 30.89 ± 2.73 552 ± 20 

0.3 692 ± 41 11.71 ± 1.46 6.57 ± 0.87 43.66 ± 3.24 34.31 ± 2.62 453 ± 9 

M2-f /CF 50 0.15 688 ± 65 12.04 ± 0.77 6.85 ± 0.39 38.37 ± 3.96 30.04 ± 2.38 597 ± 24 

M1-f /GF 50 0.25 515 ± 33 6.12 ± 0.51 7.24 ± 1.22 19.76 ± 3.10 15.46 ± 2.58 300 ± 7 

M3-f /AF 50 0.6 771 ± 56 11.27 ± 1.83 7.88 ± 1.70 37.50 ± 2.03  32.02 ± 0.92 2543 ± 26  
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Table 4.2. Summary of mechanical properties of various materials. The 

mechanical properties are tensile modulus (E), tensile strength (σ), fracture 

energy (Г), density (ρ), specific strength (σ/ρ), specific fracture energy 

(Г/ρ). 

 

Material E (GPa) σ (MPa) Г (kJ m-2) ρ (g cm-3) σ/ρ (Pa g-1 m3) Г /ρ (J g-1 m) 

Soft 

FRPs 

Viscoelastomer/fiber 5.2-7.9 480-770 300-2500 0.9-1.2 310-670 0.3-2.4 

PA gel/fiber 5.0-7.6 240-340 400-1000 ≈1.0 240-340 0.4-1.0 

Hard 

FRPs 
CFRP and GFRP 12.9-162 98-1275 0.36-20 1.4-2.0 50-860 

4.3×10-4-

1.1×10-2 

Metals and alloys 16.6-346 18-1525 0.6-190 1.6-22 0.9-200 
9.4×10-5-

8.6×10-3 

Metallic glasses 30.3-137 660-1800 0.003-340 3.9-8.3 100-294 
1.8×10-5-

1.2×10-2 

Ceramics 7.0-545 5-1970 0.02-0.05 1.7-4.0 0.5-620 
1.0×10-6-

1.3×10-4 

Engineering polymers and elastomers 0.3-4.1 0.2-104 0.3-29.7 0.9-1.4 0.7-80 
5.3×10-5-

2.4×10-2 

Woods 6.8-17.1 31-60 2.4-5.9 0.6-0.8 45-85 
3.2×10-3-

9.2×10-3 
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Table 4.3. Tearing toughness of neat elastomers, neat fabrics, and resultant 

composites from various combinations. 
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Chapter 5-Fracture Mechanism of Tough Fiber 

Reinforced Polymers 

5.1. Introduction 

Fracture is a common phenomenon in materials, while different materials 

demonstrate varied crack resistance or fracture process.[60, 94-96] 

Homogeneous materials are usually crack sensitive, which show 

significantly decrease in crack resistance when the size of crack grows 

above a material-specific length, defined by the ratio of the fracture energy 

measured in the large-cut limit and the work to rupture measured in the 

small-cut limit.[94] This length scale is usually called the size of energy 

dissipation zone. Composites are designed to be crack insensitive. One of 

the key points of their extraordinary crack resistance is that they commonly 

have a large size of energy dissipation zone, which enables the force to be 

transferred in a broad area among components, requiring far more energy 

to grow the crack compared to homogeneous materials.[79, 97-101] On the 

other hand, the energy dissipation in the area is also important for the crack 

resistance, which is usually decided by the intrinsic energy dissipation 

density of materials.[102-104] Generally, the crack resistance is characterized 

by fracture energy, which is influenced by two factors: 1) the length over 

which a material is deformed inelastically ahead of the advancing crack, 

known as the energy dissipation zone size, lT, and 2) the energy dissipation 
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density of the dissipation zone when the crack advances, W. Theoretically, 

for composites consisting of a hard phase embedded into a soft matrix, the 

energy density generates from the contribution of both components, while 

the size of the energy dissipation zone is related to the force transfer length 

that is determined by the modulus ratio of hard to soft phase as well as the 

geometric parameters.[70, 74] Therefore, the fabrication of a crack-resistant 

composite can be theoretically achieved by combining a rigid and energy 

dissipative skeleton and a soft and energy dissipative matrix. 

   To fabricate a tough composite, another important factor should be 

taken into account. For traditional composites composed of rigid/rigid 

components, interface is critical for the energy dissipation.[105-107] 

Delamination occurs frequently when the components have poor interfacial 

interaction, and consequently the composites fail before reaching the 

theoretical size of energy dissipation zone, sharply limiting the energy 

dissipation and resulting crack resistance.[108-110] Surface treatment then 

becomes necessary for the production of rigid composites, which, is time- 

and cost-ineffective. 

To overcome the challenges of conventional rigid composites, recently, 

fiber-reinforced soft composites are developed from polyampholyte 

hydrogels and glass fiber fabrics.[27-29] The soft, de-swelling, and 

viscoelastic PA gel, with multiple ionic bonds in the network, demonstrates 

a self-adjustable adhesion to either positively or negatively charged 
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surfaces,[30, 31] which forms good adhesion with negatively charged glass 

fibers. On the other hand, the fiber/matrix modulus ratio in this composite 

system achieves ~103 to 104, which greatly facilitates the force transfer 

between components. As a result, the PA/GF composites, with energy-

dissipative components (strain energy density above 4 MJ m-3) and a 

considerable force transfer length (critical width above 45 mm), exhibit 

high intrinsic toughness (~1000 kJ m-2), strength (~300 MPa), and tensile 

modulus (~600 MPa), which fill the gap between soft materials and 

traditional rigid materials. 

Similarly, we employ viscoelastic elastomers that are adhesive, soft, 

and tough to construct tough fiber-reinforced polymers (FRPs), which also 

demonstrate an efficient combination of multiple mechanical properties. In 

this chapter, we investigate the fracture mechanism of tough FRPs. By 

systematically tuning the chemistry and the composition of the 

viscoelastomer in the FRPs, we experimentally demonstrated that 1) the 

energy dissipation density W is related to the volume weighed average of 

work of extension at fracture of the viscoelastomer and the fiber bundles, 

Weff, and 2) the size of the energy dissipation zone, lT, is proportional to the 

square root of the fiber/matrix modulus ratio, 𝑙𝑇~(
𝐸𝑓

𝜇𝑚
)

1

2, where Ef and μm 

are the Young’s modulus of the fiber and shear modulus of the matrix, 

respectively. As Weff is the maximum energy density that could be 

dissipated, this result indicates that our soft FRPs take full advantage of the 
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energy dissipation density in the dissipation zone, owing to the strong 

interface and high toughness of the matrices.  

Our findings show that a combination of high strength fibers and soft, 

tough viscoelastomers maximizes the toughness (Г). By using specifically 

formulated viscoelastomers and aramid fiber fabrics, soft FRPs with 

extraordinarily high Г of 2500 kJ m-2 are developed for the first time. The 

toughness is far superior to any best-in-class tough materials, including 

metals and alloys. The soft FRPs also show high strength (700 MPa) as 

well as low density (≈ 1 g cm-3), comparable to traditional FRPs. This work 

provides a clear strategy for developing robust and lightweight soft FRPs 

for critical, load-bearing structural applications. 

5.2. Results and Discussion 

5.2.1. The importance of strong interface 

The viscoelastic elastomers are highly adhesive, which forms a strong 

interface with rigid fabrics. The firm bonding between the matrix and fibers 

enables the full energy dissipation of components. However, not all 

elastomers can satisfy the requirements of strong bonding. To verify the 

importance of interface for tough FRPs, we prepare two sets of carbon-

fiber reinforced polymers from M1-0.1 and polydimethylsiloxane (PDMS), 

respectively. Tearing behaviors of both FRPs are shown in Figure 5.1. FRP 

from PDMS exhibits apparent delamination of matrix from the fabric, 
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indicating a poor interfacial bonding between components. SEM 

observations further verify the debonding phenomenon. Figure 5.2 shows 

that M1-0.1 matrix is significantly deformed yet strongly bonded to fibers 

after tearing, whereas no residual PDMS matrix is observed on fiber 

surfaces. Trouser tearing tests also reveal that M1-0.1/CF composite is 

much tougher than PDMS/CF composite with the same geometry (Figure 

5.3). Interestingly, the energy dissipation density (Wm) of PDMS is ~8.39 

MJ m-3, which is comparable to that of M1-0.1. On the other hand, the 

modulus of PDMS is ~1.18 MPa, which is lower than that of M1-0.1. 

Therefore, according to the theory we proposed to quantify composite 

toughness, PDMS/CF composite should have a higher energy dissipation 

density as well as a larger force transfer length. This abnormal result 

indicates the importance of a strong interface to construct tough FRPs. 

Although M1-0.1/CF is highly deformed and fractured into two pieces, 

either part from it remains an intact composite without separation of matrix 

from fabric. However, detachment of matrix from fabric occurs for 

PMDS/CF during tearing test due to the difficult penetration of PDMS into 

fabric during preparation. This gives a reasonable explanation for the low 

toughness of PDMS/CF system. Namely, a large proportion of matrix 

detached from fabric during tearing, which contributes little to the 

composite toughness. This is essentially different from the energy 

dissipation mechanism of the concept “soft composite” we propose. 
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Following this point of view, the PDMS/CF system is, strictly speaking, 

not a soft composite but a soft compound. This result enhances our view 

that a strong interface plays a great role in toughening the composite. 

5.2.2. Fracture behaviors of varied FRPs at the same width 

First, we investigate the fracture behavior of FRPs from the same fabric 

but varied matrices at the fixed width. P(PDEA-co-IBA) with different f is 

used as the matrix. The matrix is defined as M4-f for simplicity. Mechanical 

properties of neat elastomers are shown in Figure 5.4. Obviously, higher 

concentration of hard segment (IBXA) gives rise to harder and tougher 

elastomer. Detailed parameters are summarized in Table 5.1. According to 

the difference in tensile modulus, we define the elastomer with the lowest 

modulus as soft elastomer, the one with the highest modulus as hard 

elastomer. FRPs are fabricated from these matrices with the same fabric. 

The tearing toughness is shown in Figure 5.5. With decreased f, the 

elastomer toughness decreases monotonously. The composite toughness, 

however, reaches a peak and then falls off, indicating that energy 

dissipation of matrix is not the only factor that determines the composite 

toughness. Direct evidence is obtained from tearing behaviors. As clearly 

demonstrated in Figure 5.6, energy dissipation zones differ significantly 

among composites. Softer matrix gives larger deformed zone of the 

resultant composite, indicating both matrix property and energy dissipation 
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zone play roles in affecting the composite toughness. Further 

understanding about the roles of matrix property and energy dissipation 

zone is realized by comparing how both factors work differently in the soft-

matrix composite as well as the hard-matrix composite. As indicated in 

Figure 5.7, mechanical properties such as modulus and tearing energy, 

improve obviously for both composites as the testing velocity increases. 

Tearing energy of the soft-matrix composite also follows the same trend 

with that of elastomer (Figure 5.8a1 and b1). When it comes to the hard-

matrix composite, it is surprising that tearing energy of the composite falls 

off as that of the elastomer increases (Figure 5.8a2 and b2). Explanations 

can be figured out from the different tearing behaviors between two kinds 

of composites. As illustrated in Figure 5.9, increasing the tearing velocity 

does not reduce energy dissipation zone of the soft-matrix composite since 

it has a quite large process zone. In this case, although the size of process 

zone is decreasing due to higher modulus of the matrix at high velocity, it 

is still larger than the sample geometry, enabling the composite to dissipate 

energy thoroughly during test. That is, matrix property is the key factor that 

influences the composite toughness in this situation. On the contrary, the 

energy dissipation zone of the hardest-matrix composite shrinks 

dramatically with increased modulus at high velocity, giving rise to a very 

limited energy dissipation zone during test (Figure 5.10). Even matrix can 

dissipate much more energy at higher testing velocity, the composite 
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toughness is highly restricted by the energy dissipation zone where allows 

matrix to contribute. 

5.2.3. Size-dependent fracture behaviors of FRPs 

The tradeoff between matrix property and energy dissipation zone triggers 

us to investigate the size-dependent fracture behaviors of FRPs, by which 

we can figure out the intrinsic influence of energy dissipation zone and 

matrix property. Here, M1-0.1/CF tested at 50 mm min-1 is taken as an 

example (Figure 5.11a). The plot of T versus w is divided into three regions 

by different fracture behaviors of the soft FRP. In region I (0˂w˂w1), 

fracture occurs due to fiber pull-out and matrix failure, and T increases with 

increasing width, w (Figure 5.11b). In region II (w1≤w˂w2), fracture occurs 

due to both fiber pull-out and fiber fracture, and T also increases with 

increasing w (Figure 5.11c). The width where the fiber starts to fracture is 

defined as the onset width of fiber fracture, w1. In region III (w≥w2), fiber 

failure is the primary fracture mechanism, and T reaches the saturate 

toughness, Г (Figure 5.11d). The width where the tearing energy starts to 

saturate is defined as the transition width, w2, which reflects the process 

zone size of soft FRPs. The transition width, w2, is attained by the crossover 

point of the two linear fitting lines for region I and II, and for region III, 

respectively. The conceptual illustration of size-dependent fracture 

behaviors is demonstrated in Figure 5.12. 
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5.2.4. An empirical method to determine characteristic width w1 of 

FRPs 

As discussed above, FRPs in this work possess two characteristic widths, 

w1 and w2. These two widths are crucial to divide the crack behaviors of 

FRPs into different regions. w2 can be attained by the crossover point of 

the two linear fitting lines for region I and II, and for region III, respectively. 

Here, we introduce an experimental method to determine w1 for FRPs. 

Huang et al. has verified the failure mode transition condition of a 

composite system, which indicates that as long as an intact fiber bundle 

fractures, energy dissipation zone can be deemed partially saturated in a 

composite.[28, 29] This understanding opens the possibility of acquiring the 

exact w1 for a given composite by comparing its tearing behaviors at 

different widths. Taking the composite M1-0.25/CF as an example here 

(Figure 5.13), it is easy to figure out that under width of 14 mm, tearing 

behavior of the composite is entirely expressed as fiber pullout. As the 

width increases to 14 mm, fiber fracture appears, indicating that some parts 

of the process zone are saturated in the composite. Therefore, 14 mm is 

regarded as the critical width of this composite. Using the same method, 

we can also obtain the critical width of composites with other molar ratios 

(9 mm for M1-0.3/CF, 18 mm for M1-0.2/CF, 23 mm for M1-0.15/CF, 24 

mm for M1-0.1/CF). 
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5.2.5. Model equation for determining the toughness of FRPs 

To have a thorough understanding of the composite system and generalize 

the rule to fabricate composites from varied matrices and fabrics, 

mathematic factors that determine the composite toughness should be 

revealed. Looking into the tearing test, the total work to destroy the 

composite can be acquired from the area under the force-displacement 

curve, which equals the product of the energy density of composite and the 

volume of process zone. Namely, 

𝑊𝑜𝑟𝑘 =  ∫ 𝐹𝑑𝐿 = 𝑊 · 𝑉
𝐿

0
                                 (5.1), 

where F is the tearing force, L is the displacement during test, W is the 

energy density, V is the volume of energy dissipation zone. While V is 

related to the geometry of composite: 

𝑉~ 𝑙𝑇 · 𝑡 · 𝐿𝑏𝑢𝑙𝑘                                        (5.2), 

Where lT is the force transfer length, t is thickness of the composite, 

𝐿𝑏𝑢𝑙𝑘  is the length of the tearing path, hence we can establish the 

relationship between Work and sample parameters. On the other hand, 

composite toughness can be calculated from W and sample geometry: 

𝑇 =  
𝑊𝑜𝑟𝑘

𝑡·𝐿𝑏𝑢𝑙𝑘
                                              (5.3), 

where T is the composite toughness. Therefore, combining equation (5.1), 

(5.2) and (5.3), one can figure out the relationship between T and W·lT: 

𝑇 ≌  𝑊 · 𝑙𝑇                                              (5.4). 

It should be noted that the above situation assumes that the energy 
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dissipation zone is saturated. For composites with unsaturated energy 

dissipation zone, since the size of the process zone is restricted by the width, 

the equation (5.4) is modified as  

𝑇 ≌  𝑊 · 𝑤𝑖𝑑𝑡ℎ                                         (5.5). 

5.2.6. Fracture mechanism of FRPs in region I 

In the case of samples with a width smaller than w1, the failure mode is 

dominated by fiber pullout and matrix failure, as suggested in Figure 5.11b. 

According to the model equation (5.5), the tearing toughness of FRPs 

should be related to the energy dissipation density as well as sample size. 

Hence, what determines the energy dissipation density becomes extremely 

important for the tearing toughness. Theoretically, for composites 

consisting of parallel fibers embedded in a soft matrix, the energy 

dissipation density by fiber pullout is given as:[70] 

𝑊𝑝𝑢𝑙𝑙𝑜𝑢𝑡 = 2𝜌𝑓𝑇𝑚𝑤𝑟                                     (5.6), 

where ρf is the number of fibers per unit volume, Tm is the fracture 

toughness of the soft matrix, w is the sample width, r is the fiber radius. 

This equation takes account of matrix fracture surrounding individual 

fibers and well explains that the mechanical performance of fibers does not 

contribute to the energy dissipation since they are pulled out instead of 

fractured, whereas the geometric parameters of fibers influence the 

frequency of matrix fracture. Substituting equation (5.6) into (5.5), the 
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tearing toughness of FRPs in the given mechanism of fiber pullout is found 

to be: 

𝑇 = 2𝜌𝑓𝑟𝑇𝑚𝑤2                                          (5.7). 

Using α to represent the geometric parameters of fibers, equation (5.7) can 

be simplified as: 

𝑇 = 𝛼𝑇𝑚𝑤2                                             (5.8). 

Therefore, three variables are influencing the tearing toughness of FRPs. 

Namely, geometric parameters of fiber, fracture toughness of matrix, and 

bulk sample size. By fixing the fabric or matrix, respectively, we can 

quantitively verify the role of fibers and matrix in affecting the tearing 

toughness of FRPs.  

At first, we use the same matrix M1-0.2 to fabricate FRPs to verify the 

role of fiber parameters on tearing toughness. Two kinds of carbon fiber 

fabrics (thin and thick) are employed, they are defined as t-CF and CF, 

respectively. Images of both fabrics used here are shown in Figure 5.14. 

Geometric and mechanical parameters are summarized in Table 5.2. FRPs 

are tested at varied widths to obtain the size-dependent tearing energy. As 

exhibited in Figure 5.15, tearing energies of FRPs from CF and t-CF are 

both proportional to w2, while the slopes are different. Since both FRPs are 

from the same matrix with constant Tm, according to equation (5.8), it is α 

that leads to the variance of slopes. The geometric parameter α of both 

fabrics is shown in the inset of Figure 5.15. The t-CF possesses a larger α 
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than that of CF, which is consistent with the difference of slopes. 

   Next, we change the matrix while keeping fabric the same. We employ 

M1-0.1 and M1-0.2 as matrices to fabricate FRPs. Since the matrix is 

highly viscoelastic, we also change the testing velocity to tune their 

mechanical properties and investigate the influence on tearing energy of 

FRPs. Results in Figure 5.16 also indicate that tearing energies of all FRPs 

are proportional to w2, while the variance in Tm leads to their different 

slopes because α is constant. The inset further verifies that the slope 

increases as the tearing energy of matrix goes up. 

   A systematic result is shown in Figure 5.17, where both fiber geometry 

α and tearing energy of matrix Tm are changing simultaneously. Tearing 

energy of FRPs, Tc, is found to be equal to Wpullout·w, suggesting both fibers 

and matrix contribute to the energy dissipation even though fibers do not 

fail. The geometry of fibers determines the amount and frequency of matrix 

failure during fiber pullout, this is also verified in Figure 5.18, which 

shows that the tearing energy of FRPs, Tc, is systematically higher than 

Tm·w, indicating matrix is not the only factor that facilitates the energy 

dissipation during composite failure. 

5.2.6. Fracture mechanism of FRPs in region III 

Fracture of FRPs in region II is rather complicated since it involves both 

fiber pullout and fracture. On the other hand, this middle region is not as 
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important as region I and III to understand the intrinsic fracture mechanism 

of FRPs. Therefore, the fracture mechanism of region II is not discussed in 

this thesis. Instead, the fracture mechanism of region III is discussed here 

since it reflects the intrinsic tearing properties of FRPs. As indicated in 

equation (5.4), when the sample size reaches or is beyond the intrinsic 

energy dissipation zone, the tearing energy becomes constant, which gives 

the intrinsic, size-independent tearing energy, Г of the composites.  

   To understand what determines the energy dissipation density and force 

transfer length in equation (5.4) and reveal the correlation between the 

mechanical properties of the viscoelastic matrices and the crack resistance 

of the soft FRPs, we further compare the behavior of soft FRPs by varying 

the mechanical properties of the matrix, P(PEA-co-IBA), by tuning f. The 

M1-0.3 viscoelastomer demonstrates relatively high modulus, fracture 

stress, work of extension, and tearing toughness when compared to M1-0.1 

(Figure 3.3 in chapter 3). The fiber/matrix modulus ratio (Ef /μm) of the 

f=0.3 composite is approximately 1.5×104, while the f=0.1 composite 

approaches 8.0×104. The force-displacement curves of the tearing tests are 

compared in Figure 5.19. Both composites are sufficiently large (w =70 

mm) to ensure that there is no size-dependent effect and the failure 

behavior is primarily fiber fracture. Interestingly, the f=0.1 composite with 

high Ef /μm is much more crack-resistant than the f=0.3 composite with low 

Ef /μm even though the former has a softer, weaker and less tough matrix. 
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The f=0.1 composite exhibits a much higher tearing force, which brings 

about a tearing toughness of 1400 kJ m-2, outperforming the f=0.3 

composite (550 kJ m-2) by 150%.  

Inset images in Figure 5.19 show the composites after tearing. In clear 

contrast with the limited distortion of the f=0.3 composite (Ef /μm = 1.5×104), 

the f=0.1 composite (Ef /μm = 8.0×104) undergoes significant deformation 

after tearing (highlighted by dashed white regions), indicating a large 

energy dissipation zone on the centimeter scale. This result demonstrates 

that high Ef /μm significantly facilitates force transfer over a large distance, 

allowing extensive energy dissipation throughout this region. 

   The large, macroscale energy dissipation zone suggested by Figure 

5.19 allows us to investigate the sample size dependence on the tearing 

behavior, from which we can accurately determine the force transfer length. 

When the sample width (w) is decreased to a value less than the force 

transfer length, the tearing resistance starts to decrease with w and the 

failure behavior of the composites also changes.[27-29] Figure 5.20 shows 

the influence of sample size on tearing energy, T, for the f=0.1 and f=0.3 

composites. They are tested from w = 5 mm to increasingly large w until T 

saturates. Similar to PA hydrogel/glass fabric composites,[29] two 

characteristic sample widths, w1 and w2, are observed. Fiber fracture starts 

to occur at w1 and becomes the main fracture mode at w2. The tearing 

energy increases with the sample width w, and saturates at w2, 
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𝑇 = 𝑘 · 𝑤, 𝑤 < 𝑤2                                      (5.9a), 

𝑇 = 𝑘 · 𝑤2, 𝑤 ≥ 𝑤2                                     (5.9b). 

The proportional constant k has a unit of energy dissipation density (J m-3). 

Equation (2) states that the tearing energy T is balanced by the release of 

stored strain energy in the crack tip zone of length w for samples with width 

w < w2 or w2 for samples with width w  w2. The saturation T at w  w2 

gives the intrinsic, size-independent tearing energy, Г of the composites. 

Therefore, the parameters k and w2 can be associated with the energy 

dissipation density, W, and the energy dissipation zone size, lT, as W = k 

and lT = w2, respectively, for the relationship shown in equation (5.4). 

The f=0.1 composite achieves Г ≈ 1400 kJ m-2 at w2 = 60 mm. In 

comparison, the f=0.3 composite attains Г ≈ 550 kJ m-2 at w2 = 21 mm. The 

f=0.1 composite needs a larger w2 to reach Г, which indicates a larger force 

transfer length, in comparison with the f=0.3 composite. These results are 

consistent with the observation of the dissipation area of samples that 

undergo tearing (Figure 5.19). 

To quantitatively understand the parameters k (or W) and w2 (or lT), we 

further investigated the correlation between these two quantities and the 

mechanical properties of the soft FRPs from different combinations of 

viscoelastomer matrices and fibers in chapter 3. For simplicity, samples are 

denoted as Mi-f/xF for composites made from matrix Mi-f (i=1,2,3) and 

fiber fabrics xF (xF =CF, GF, and AF), where CF, GF, and AF stand for 



85 
 

carbon fiber, glass fiber, and aramid fiber fabric, respectively. As indicated 

in Figure 4.8 in chapter 4, the tearing energies of all composites measured 

at different tearing velocities show similar sample width dependence as 

those in Figure 5.20. Summarized w2 and fiber/matrix property ratios for 

all composites at different tearing velocities are shown in Table 5.3.  

As shown in Figure 5.21, the log-log plot of w2 versus Ef /μm for 

different combinations of fibers and soft matrices at varied tearing 

velocities shows a linear correlation with a slope of 0.5 for Ef /μm > 104, 

following a scaling equation, 

𝑤2(𝑚𝑚) = 0.19 (
𝐸𝑓

𝜇𝑚
)

1

2                                   (5.10). 

Positive correlations between w2 and fracture stress ratio, fracture strain 

ratio, and fracture energy ratio of fiber to matrix (Figure 5.22) also exist, 

but the strongest correlation is observed with modulus ratio. These results 

suggest that the modulus ratio is the most relevant quantity to determine 

the load transfer length.  

For unidirectional fiber reinforced composites with parallel fibers 

perfectly bonded to a soft elastic matrix, Hui et al have found theoretically 

that the force transfer length is proportional to the square root of the 

fiber/matrix modulus ratio.[70] The scaling relation 𝑤2 ~ (
𝐸𝑓

𝜇𝑚
)

1

2 is in good 

agreement with this theoretical relationship. Furthermore, the pre-factor 

0.19 mm in Equation (5.10) is very close to the theoretical values 

(0.201~0.208 mm), estimated from the geometry of the composites. 
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In Figure 5.21 we observe that the two data points with Ef /μm < 104 

show an upward deviation of w2 from the scaling relation 𝑤2 ~ (
𝐸𝑓

𝜇𝑚
)

1

2 , 

which means the force transfer length is greater than predicted from the 

scaling relation of Equation (5.10). These data are tested at a high velocity 

of 500 mm min-1, corresponding to a strain rate of 0.7 s-1 in tensile tests. At 

such high strain rate, the matrices M1-0.3 and M1-0.25 of the composites 

show high modulus and obvious yielding behavior (Figure 3.3 in chapter 

3). Therefore, debonding at the interface occurs easily, and the force 

transfer is due to topological interlocking between the fabric and the matrix, 

which needs a wider sample size to reach the critical force for fiber fracture. 

In fact, SEM observation on the fracture surface of the composite with Ef 

/μm of 6.0×102 reveals that no residual matrix remains on the surface of the 

broken fibers (Figure 5.23-i), indicating interfacial debonding during 

tearing. On the contrary, for the composite with Ef /μm of 1.5×104, the 

matrix is still strongly bonded to the fibers even though it undergoes 

dramatic shear deformation (Figure 5.23-ii). These results demonstrate 

that a soft matrix favors strong bonding to the fabric. With the premise of 

a strong interface, the force transfer length of FRPs is proportional to the 

square root of modulus ratio.  

Next, we discuss what determines the energy dissipation density W. For 

tough homogeneous materials, W is related to the work of extension at 

fracture of the material.[44, 94, 111, 112] Since our soft, inhomogeneous 
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composites have very large force transfer lengths on the cm scale, tensile 

tests on specimens with conventional cm size should give higher strength 

and work of extension than the intrinsic values.[70] Therefore, it is not 

proper to use experimentally obtained tensile data (Figure 4.6 in chapter 4) 

to determine W. When the composite undergoes tearing, fiber breaking and 

matrix failure during fiber pullout both contribute to energy dissipation. 

For the composites studied here, the energy dissipated by the soft, tough 

matrices can be significant and is on the same order of magnitude as the 

energy dissipated by fiber breaking (Table 3.2, 3.4 in chapter 3). Hence, 

we introduce an effective work of extension, Weff, which is the volume 

weighed average of the work of extension of the fiber bundle, Wf, and the 

matrix, Wm, at fracture. 

𝑊𝑒𝑓𝑓 = 𝑊𝑓 · 𝑉𝑓 +  𝑊𝑚 · (1 − 𝑉𝑓)                            (5.11), 

where Vf is the volume fraction of fiber in the composites (50% in this 

work). Weff is found to be systematically smaller than the work of extension 

at fracture of the composites Wc estimated by testing specimens with a 

gauge length of 20 mm. Since the load transfer length is equal to w2, lT = 

w2, we investigated the correlation between the tearing energy Г and the 

product of Weff･w2. As seen in the plot of Г versus Weff･w2 for varied soft 

FRP systems at varied deformation rates (Figure 5.24), all of the data falls 

on the straight line of Г = Weff･w2. This result suggests that Weff reflects the 

energy dissipation density (W=Weff). It is also worth noting that the 



88 
 

composites with low Ef /μm (< 104) also conform to the correlation although 

their force transfer length, due to interfacial debonding, does not obey the 

square root relation with the modulus ratio. This is because even though 

debonding occurs at the interface, the force transfer by the interlocking 

structure of the composites also results in fiber breaking, instead of pulled 

out from matrix, leading to the full energy release of components.  

The analysis above demonstrates that maximizing the values of the two 

important parameters, W and lT, facilitates the design of extremely tough 

soft FRPs. This is realized by combining a matrix P(DEEA-co-IBA) (M3-

0.6) that is adhesive, soft (μm = 0.11 MPa), and tough (Wm = 8.3 MJ m-3), 

with AF fabric that is extremely rigid (Ef = 17 GPa) and strong (σf = 1085 

MPa, Wf = 56 MJ m-3). W is maximized through the high energy dissipation 

density of the fiber while lT is maximized by the extremely high modulus 

ratio (Ef /μm=1.5×105). The resulting soft FRP, possessing both high W (Weff 

= 32 MJ m-3) and lT (w2 = 84 mm), achieves a tearing toughness as high as 

2500 kJ m-2 (Figure 5.24), which exceeds that of metals as well as recently 

developed tough PA gel/fiber composites.[27-29] 

The force transfer length or the size of the energy dissipation zone of a 

material is usually expressed by a plot of fracture energy, Г, versus the 

work of extension at fracture, W.[89] The slope of the plot reflects the size 

of the energy dissipation zone, lT, according to Equation (5.4). Here, we 

show the plot of Г versus W for various material systems, from soft to rigid 
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in Figure 5.25. We used Weff for our soft FRPs. It is obvious that the soft 

fiber-reinforced polymers (soft FRPs) containing a viscoelastic matrix, no 

matter whether the matrix is polyampholyte (PA) hydrogel or 

viscoelastomer, show energy dissipation zones approaching 100 mm, 

which is higher than any common material system.[2, 19, 88-91] In contrast, the 

traditional rigid carbon-fiber and glass-fiber reinforced polymers, known 

as CFRP and GFRP, respectively, can barely achieve energy dissipation 

zones above 1 mm. Even though W of soft FRPs and some rigid FRPs are 

quite close, the significant difference in the size of the energy dissipation 

zone leads to variance in their toughness. 

5.3. Conclusions 

In this chapter, we investigate the fracture mechanism of tough soft FRPs 

from soft elastomers and stiff fabrics. We show that the tearing toughness 

of FRPs can be divided into three regions depending on tearing behavior. 

Fiber pullout occurs first (region I), afterwards fiber fracture starts, along 

with fiber pullout (region II), at last fiber fracture (region III) is the main 

failure mechanism of composites. Tearing toughness is size-dependent in 

region I and II, and becomes size-independent in region III. For tearing 

toughness in region I, we demonstrate that it is related to the energy 

dissipation density by fiber pullout and sample width, where the energy 

dissipation density is determined by fiber geometry, matrix toughness, and 
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sample width. For tearing toughness in region III, to generate FRPs with 

high saturation toughness (Г), both energy dissipation density (W= k) and 

process zone size (lT = w2) should be optimized. We show that the energy 

dissipation density is related to the additive of the component energy 

dissipation density (Wefff) while the process zone size is proportional to the 

square root of modulus ratio (Ef / μm) of fiber bundle to matrix, 𝑙𝑇~ (
𝐸𝑓

𝜇𝑚
)

1

2. 

These findings give a guidance to design and develop strong and tough 

composites, by utilizing adhesive, soft yet tough matrix as well as rigid but 

strong fiber. Based on this strategy, we demonstrate how new soft FRP 

composites from combination of viscoelastic elastomers and fabrics can 

reach unprecedented levels of crack resistance even beyond the toughest 

known materials. An important premise of producing tough FRPs is a 

strong interface, which enables components to fully release stored energy. 

5.4. Experimental Section 

5.4.1. Materials 

Plain weave carbon fiber fabric (CF), glass fiber fabric (GF), and aramid 

fiber fabric (AF) were purchased from Marukatsu Co., Ltd., Japan. 

Acrylate monomers, ethylene glycol phenyl ether acrylate (PEA), benzyl 

acrylate (BZA), di(ethylene glycol) ethyl ether acrylate (DEEA), and 

isobornyl acrylate (IBA) were provided by Osaka Organic Chemical 

Industry Ltd, Japan. Ultraviolet initiator benzophenone (BP) was 
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purchased from KANTO Chemical Co., Inc. 

5.4.2. Methods 

Preparation of fiber-reinforced viscoelastomers. Samples were 

prepared by placing two 0.5 mm spacers on both sides of the fabric, which 

was inserted between two hydrophobic films supported by glass plates to 

form a reaction mold. Subsequently monomers containing initiator (0.1 

mol% of the total monomer molar concentration) were injected into the 

mold. The random copolymerization was allowed to proceed under an 

argon atmosphere via ultraviolet irradiation (UVP lamp Toshiba-FL15BLB, 

wavelength 365 nm, light intensity 4 mW cm-2) for 10 h. Neat elastomers 

were also prepared as controls. 

Uniaxial tensile tests. For composites and fabrics, rectangular-shaped 

samples (10 mm wide and 80 mm length) were prepared with the fibers 

aligned parallel or perpendicular to the length direction. Tests were 

performed on a commercial tensile tester (Autograph AG-X, Shimadzu Co., 

Japan) equipped with a 20 kN load cell in the open atmosphere at room 

temperature. The initial length of the sample between grips was 20 mm. 

The work of extension is defined as the area below the obtained stress-

strain curve. The crosshead velocity was 50 mm min-1, unless otherwise 

stated. For viscoelastomers, the tensile tests were carried out by using the 

same commercial tensile tester equipped with a 100 N load cell at 50 mm 
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min-1 crosshead velocity in air. Before the tests, the viscoelastomers were 

cut into a dumbbell shape standardized as JIS-K6251-7 (2 mm in inner 

width, 12 mm in gauge length) with a cutting machine (Dumb Bell Co., 

Ltd.). 

Trouser tearing tests. The tearing fracture energy of the samples was 

evaluated by trouser tearing tests. The tensile tester (Autograph AG-X, 

Shimadzu Co., Japan) equipped with a 20 kN load cell was employed to 

perform the tearing tests. A sample with a prescribed width w and length w 

+ 30 mm was prepared. An initial notch of 30 mm was made in the middle 

of the sample along the length direction with a laser cutter. For neat 

elastomer samples, to prevent elongation of the legs during tests, stiff and 

thin tape was glued on both sides of the samples before testing. During 

testing, one leg of the sample was clamped to the base, and the other was 

clamped to the crosshead, which was displaced at a velocity of 50 mm min-

1 at room temperature in the open atmosphere. After testing, the tearing 

force-displacement curves were obtained to calculate the tearing energy of 

samples by the following equation:[27-29] 

𝑇 =  
∫ 𝐹 𝑑

𝐿

0
𝐿

𝑡·𝐿𝑏𝑢𝑙𝑘
                                    (5.12), 

where F is the tearing force, t is the sample thickness, L is the displacement, 

and Lbulk is the projected crack length. 

Scanning electron microscopy. Microscale observation was carried out 
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by scanning electron microscopy (SEM) (JEOL JSM-6010LA, Tokyo, 

Japan). Samples were gold-coated in an ion-sputtering machine (E-1010, 

Hitachi, Tokyo, Japan) before observation. The acceleration voltage varied 

from 15 to 20 kV. 
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Figures 

 

 

Figure 5.1. Tearing behaviors of carbon-fiber reinforced polymers from 

viscoelastic matrix M1-0.1 (a) and PDMS (b), respectively. Delamination 

of matrix from the fabric is easily observed in PDMS based composite. 

 

 

 

Figure 5.2. SEM observations of FRPs after tearing. (a) FRP from 

viscoelastic matrix M1-0.1. (b) FRP from PDMS matrix. The scale bars 

represent 20 μm. 
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Figure 5.3. Tearing properties of FRPs from M1-0.1 and PDMS. (a) Force-

displacement curves at varied width. (b) Tearing energy versus width. 

 

 

Figure 5.4. Mechanical properties of matrices. (a) Tensile properties. (b) 

Tearing properties. 

 

 

Figure 5.5. (a) Tearing results of composites with different molar ratios. 

(b) Tearing energies of composites (red) and elastomers (blue) as a function 

of f. The width of all composites is fixed at 30 mm. 
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Figure 5.6. Tearing behaviors of M4-f/CF composites with varied f. The 

width of all composites is fixed at 30 mm. 

 

 

 

Figure 5.7. Tensile results of the soft elastomer (M4-0.3) (a1) and the hard 

elastomer (M4-0.6) (a2) at different velocities. Tearing results of the soft 

elastomer (M4-0.3) (b1) and the hard elastomer (M4-0.6) (b2) at different 

velocities. 
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Figure 5.8. Tearing results of the soft-matrix composite (M4-0.3) (a1) and 

the hard-matrix composite (M4-0.6) (a2) at different velocities. Tearing 

energy of the soft elastomer and the corresponding composite (M4-0.3) 

(b1), the hard elastomer and the corresponding composite (M4-0.6) (b2) as 

a function of tearing velocity. 

 

 

Figure 5.9. Tearing behaviors of the soft-matrix composite (width = 30 

mm) at different velocities. 
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Figure 5.10. Tearing behaviors of the hard-matrix composite (width = 30 

mm) at different velocities. 

 

 

Figure 5.11. Determination of the onset width of fiber fracture, w1, and 

transition width of fracture behavior, w2, for soft FRPs by correlating their 

fracture behavior with the plot of T versus w in three regions. 
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Figure 5.12. Conceptual illustration of size-dependent fracture behavior of 

FRPs. 

 

 

 

Figure 5.13. Determination of w1 for the composite M1-0.25/CF by 

comparing the tearing behaviors at different widths. 
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Figure 5.14. Macro- and micrographs of plain weave (a) carbon fiber (CF), 

(b) glass fiber (GF), and (c) aramid fiber (AF) fabrics used in this work. 

All fabrics are in a plane weave pattern of fiber bundles that contains 

thousands of individual thin fibers. (i) The macrographs of all fabrics. (ii) 

The plain weave structures. (iii) SEM micrographs of woven fiber bundles. 

(iv) Individual fibers. 
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Figure 5.15. Tearing energy versus width of FRPs from same matrix and 

different fibers. 

 

 

Figure 5.16. Tearing energy versus width of FRPs from same fabric and 

different matrices. 
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Figure 5.17. Tc versus Wpullout·w of FRPs from various fabrics and matrices. 

 

 

Figure 5.18. Tc versus Wm·w of FRPs from various fabrics and matrices. 
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Figure 5.19. Representative force-displacement curves of trouser tearing 

tests on composites from CF and M1-f with different modulus ratios, Ef /μm. 

Comparing composites made from M1-0.3, composites made from M1-0.1 

with high modulus ratio show a higher tearing force as well as a larger 

deformation zone indicated by the inset images, suggesting a larger force 

transfer length. Tearing velocity was 50 mm min-1. 

 

 

Figure 5.20. Composite toughness as measured by tearing energy, T as a 

function of sample size, w. T increases with w and reaches the saturation 

toughness T = Г at a critical size that is related to the size of energy 

dissipation zone of the composite, w2 = lT.[29] The composite with high 

modulus ratio reaches a higher saturation toughness at a larger w. Tearing 

velocity was 50 mm min-1. 
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Figure 5.21. Correlation between the size of the energy dissipation zone, 

determined by w2, and the modulus ratio for composites from various 

combinations of fabrics and matrices that are measured at different 

velocities. For composites with modulus ratio larger than 104, w2 is 

proportional to the square root of the modulus ratio, w2 (mm) = 0.19 (Ef 

/μm)1/2. CF, GF, and AF stand for carbon, glass, and aramid fiber fabrics, 

respectively. 
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Figure 5.22. The relationship between w2 and fiber/matrix property ratios 

for all soft FRPs in this work. (a) w2 versus fiber/matrix fracture stress ratio, 

σf /σm; (b) w2 versus fiber/matrix fracture strain ratio, εf / εm; (c) w2 versus 

fiber/matrix work of extension ratio, Wf / Wm; (d) w2 versus fabric/matrix 

tearing energy ratio, Tf / Tm. 

 

 

Figure 5.23. SEM images of fractured surfaces for composites shown in 

Figure 5.21 by (i) and (ii). For composites made from the relatively rigid 

matrix (μm = 35.1 MPa) and having low modulus ratio, debonding occurs 

when fibers are fractured and pulled out (i). On the contrary, for composites 

from the soft matrix (μm = 1.5 MPa) and having high modulus ratio, the 

matrix is still strongly bonded when fibers are fractured and pulled out (ii). 

Scale bars represent 10 μm. 
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Figure 5.24. The experimentally determined saturation toughness, Г of soft 

FRPs versus Weff · w2, where Weff is the volume weighed average of the work 

of extension of the fiber bundle and the matrix at fracture, and w2 is the 

experimentally determined size of the energy dissipation zone (force 

transfer length). The validity of Г=Weff · w2 indicates the energy dissipation 

density W and the size of energy dissipation zone lT shown in Equation (5.4) 

is related to Weff and w2, respectively. 

 

 

Figure 5.25. Г of various materials versus energy dissipation density, W. 

The slopes shown by the dotted lines reflect the size of the energy 

dissipation zone of different materials. 
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Tables 

 

Table 5.1. Tensile, tearing parameters and glass-transition temperatures of 

elastomers M4-f. 

 

 

 

 

 

Table 5.2. Geometric and mechanical parameters of CF and t-CF. 
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Table 5.3. Summary of relevant ratios of fiber/matrix mechanical 

properties and experimentally observed force transfer length w2 for 

different composite systems. The ratios include tensile fracture stress ratio 

(σf /σm), fracture strain ratio (εf /εm), Young’s modulus /shear modulus ratio 

(Ef /μm), work of extension ratio (Wf/Wm), and tearing energy ratio (Tf/Tm). 

For comparison, the theoretical force transfer length lT for a model 

composite consisting of parallel fibers embedded in a soft matrix is 

calculated from Equation (S2) using the structure parameters of fabrics 

shown in Table S1 and the fiber/matrix modulus ratio of the composites. 

 

Sample code 

Testing velocity 

(mm min-1) 

f 

σf /σm  

(×102) 

εf /εm  

(×10-3) 

Ef /μm  

(×104) 

Wf/Wm 

Tf/Tm  

(×10-2) 

w2 (mm) lT (mm) 

M1-f/CF 

5 
0.25 4.07 6.00 3.75 5.03 12.00 34.10 40.26 

0.3 2.80 6.28 3.11 3.69 11.32 31.06 36.62 

50 

0.1 5.70 5.55 7.99 6.07 5.12 60.03 58.73 

0.15 4.57 6.18 7.64 5.36 14.37 59.94 57.45 

0.2 4.00 6.60 3.73 4.59 13.03 36.53 40.13 

0.25 2.80 7.08 2.87 3.11 9.77 29.53 35.23 

0.3 1.65 7.51 1.46 2.02 7.30 21.43 25.11 

500 

0.1 2.74 6.40 2.49 2.95 10.56 28.85 32.78 

0.15 2.18 7.83 1.83 2.69 7.74 27.62 28.10 

0.2 1.70 9.04 1.38 2.65 3.89 23.97 24.45 

0.25 1.40 10.73 0.21 1.71 3.03 18.26 9.54 

0.3 1.30 12.64 0.06 1.32 2.77 13.35 5.13 

M2-f/CF 50 0.15 1.44 6.53 1.62 1.67 6.59 21.50 26.46 

M1-f/GF 50 0.25 1.77 4.89 2.38 1.31 40.17 24.02 31.83 

M3-f/AF 50 0.6 5.83 6.54 15.04 6.74 184.78 83.86 77.77 
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Chapter 6-Applying the Design Strategy to Develop 

Crack-resistant Hydrogel Composites 

6.1. Introduction 

Hydrogels, generally consisting of three-dimensional hydrophilic polymer 

network and abundance of water, have been widely applied in many field, 

such as stimuli response,[113-115] drug delivery,[116, 117] tissue engineering,[118] 

etc. However, a pivotal shortcoming that restricts the applications of 

hydrogels is their poor crack resistance.[119] Because of the lack of crack-

resistant mechanism, common hydrogels merely show fracture energy on 

the order of 10-1~100 J m-2.[120-122] The values are much lower than those of 

cartilages (102~103 J m-2) and rubbers (103 J m-2).[21] The weak, brittle 

mechanical characteristic of hydrogels hinders further extensive use of this 

material. Thus far, hydrogels have been limited to the usage where the 

mechanical properties are not highly concerned.[123, 124] 

The crack resistance of a material, usually expressed by fracture energy, 

Г (J m-2), is theoretically determined by force transfer length, lT (m) and 

energy dissipation density, W (J m-3),[70] 

Г ≅  lT · W                                             (6.1). 

Common hydrogels intrinsically have both low lT and W due to the absence 

of efficient crack-resistant mechanism. When a crack is initiated and the 

gel is stretched, the deformation is inhomogeneous. Namely, the polymer 
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chains ahead of the crack are much more stretched than chains elsewhere, 

only the chains ahead of the crack tend to break.[44] Therefore, the gel is 

notch-sensitive because energy dissipates over a highly localized region: 

only a tiny fraction of the chains in the network—those crossing the crack 

plane—participate in energy dissipation, leading to small lT. On the other 

hand, only a trace amount of energy is required to break the polymer 

chains,[125-128] giving rise to a low W. 

   A successful method to enhance the crack resistance of hydrogels is to 

introduce the soft/rigid composite design. For composites consisting of a 

rigid phase embedded in a soft matrix, the lT is related to the hard/soft 

modulus ratio and the W depends on the energy dissipation density of both 

components. Therefore, to enhance the crack resistance of hydrogels, a 

soft/hard composite design is widely recognized. For example, double 

network hydrogels demonstrate high fracture energy on the order of 103 J 

m-2.[68, 69] The pre-stretched first network composed of polyelectrolytes has 

much higher modulus than the ductile, soft second network. The direct 

coupling of the two networks facilitates the efficient force transfer, results 

in polymer chains in a large zone being subjected to stress. Therefore, the 

resulting gels possess lT on the order of millimeter scale and high fracture 

energy.[52, 129] 

   In this work, we develop an even more crack-resistant hydrogels by the 

soft/rigid design. Alginate hydrogels dried in confined condition (DCC) are 
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employed as the rigid skeleton,[130] and lightly cross-linked polyacrylamide 

hydrogels act as the soft matrix. The DCC method yields the skeleton high 

modulus on the order of 102 MPa, leading to an extremely high component 

modulus ratio, which facilitates the force transfer between two components 

(high lT). Moreover, DCC-gels also show high energy dissipation density 

on the order of 101 MJ m-3, giving rise to high W. Benefiting from both 

high lT and W, the biocompatible composite gels, with a muscle-like 

structure, demonstrate fracture energy as high as 60 kJ m-2, two orders of 

magnitude higher than that of cartilages and exceeding any tough 

hydrogels. This kind of extremely crack-resistant hydrogels hold great 

potential in biological applications, such as artificial ligaments, tendons, 

etc.  

6.2. Results and Discussion 

6.2.1. Preparation of DCC- and composite hydrogels 

The composite gel is prepared by two steps. For the first step, initially, Na-

alginate gel is cross linked by calcium ions (Figure 6.1). Afterwards DCC-

alginate gel is fabricated by drying the calcium cross-linked alginate gel in 

confined condition (Figure 6.2). Second, the DCC-alginate gel is 

immersed in the monomer solution of 2M acrylamide in the presence of 

cross-linker and initiator. The polymerization is allowed to proceed in 

argon atmosphere under UV light for 10 h. 
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6.2.2. Morphology of DCC-gels 

The DCC method yields alginate hydrogels with anisotropic aligned 

fibrous structure. During drying, the gel shrinks due to the evaporation of 

water. As its two ends are fixed, the width and thickness of the hydrogel 

will shrink, but not the length. Therefore, the gel experiences tensile stress 

in the length direction during drying, causing orientation of the polymer 

chains along the length direction. When dried, the polymer concentration 

increases and above a critical concentration the polymers form nanofibrils 

through supramolecular interactions. Further drying induces aggregation 

of nanofibrils to form thicker fibers. The process is repeated to form the 

hierarchical fibrous structure of the gel. The reswollen gel maintains the 

same structure due to the formation of stable supramolecular interactions. 

Therefore, the DCC-gel are endowed with high rigidness and strength, 

which is a good candidate as the skeleton of composites. 

   The morphology of DCC-gel is shown in Figure 6.3. The bulk gel 

shows a shrunken appearance in width and thickness dimension. SEM 

observation reveals that aligned fibrous structure is formed inside the gel, 

indicating the successful preparation of the rigid skeleton. 

6.2.2. Swelling of DCC-gel in water and second monomer solution 

To make a composite gel, double network method is employed. A premise 

to prepare a double network structure is that the second monomer can enter 
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the network structure of the first network. To verify the swelling properties 

of DCC-gel, we immerse the DCC-gel into water and second monomer, 

respectively. The results are shown in Figure 6.4. The DCC-gel show close 

swelling properties in water and monomer solution, indicating that the 

second monomer can permeate into the first network during swelling. This 

result suggests that double network method is applicable to produce 

composite hydrogels. 

6.2.3. Mechanical properties of composite hydrogels 

Tensile properties of composite hydrogels are shown in Figure 6.5, with 

DCC-alginate, Polyacrylamide gel (PAAm gel), and normally dried (ND) 

alginate gel as comparisons. The PAAm gel is soft and ductile, which is 

much more stretchable than other gels, showing a low modulus. ND-gel is 

much stiffer and stronger because of the chain aggregation during water 

evaporation. DCC-gel is even stronger and stiffer. As mentioned before, 

during drying of DCC-gel, strong hydrogen bonds are formed among 

polymer chains due to the increased polymer concentration. Therefore, 

breaking these bonds requires large amounts of energy, leading to a high 

strength and energy dissipation density of DCC-gel. Moreover, after 

introducing a soft matrix, the composite gel shows even higher strength 

and energy dissipation density. According to the theory raised by Hui et al., 

the soft matrix shears dramatically during loading, effectively transferring 
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the force to a broad area, which delays the catastrophic failure of the 

skeletons.[70]  

6.2.4. Fracture in composite hydrogels 

Single notch tests are employed to examine the fracture energy of 

hydrogels (Figure 6.6).[34, 44] Sample geometry is exhibited in Figure 6.7. 

The fracture energy Г is calculated using the following equation: 

Г =  
6

√𝜆
𝑊(𝜆𝑐)𝑐                                          (6.2), 

where W(λc) is the strain energy density of an uncracked sample subjected 

to a uniaxial stretch λc. Fracture behaviors of composite gel is shown in 

Figure 6.8, with DCC-gel as a comparison. The composite gel shows an 

obvious crack blunting while the crack in DCC-gel propagates much more 

easily. Based on the fracture behavior, we can reasonably expect a high 

fracture energy of composite gels. Figure 6.9 gathers the results of single 

notch tests for DCC and composite gels. According to equation (6.2), the 

fracture energy of DCC gel is 29.5 kJ m-2 while that of composite gel is 

twice higher (61.4 kJ m-2), indicating the enhanced crack resistance by 

introducing soft matrix into DCC system. 

   Size effect on the fracture energy of hydrogels is also investigated. As 

is shown in Figure 6.10, both DCC and composite gels do not show 

apparent size-dependent fracture energy, which indicates that the sample 

size is beyond the intrinsic energy dissipation zone. That is, the energy 
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dissipation zone is saturated and the fracture energy reflects the intrinsic 

crack resistance of the gels. The composite gel shows fracture energy 

approximately twice that of DCC-gel. Since the energy dissipation density 

of composite gel is higher than that of DCC-gel, the increase in fracture 

energy should be attributed to the improvement of energy dissipation 

density instead of force transfer length, according to equation (6.1). As 

discussed before, the force transfer is related to both component modulus 

ratio and fiber geometric parameter. The introduction of soft matrix, on one 

hand, enhances the modulus ratio, on the other hand, however, may 

decrease the geometric parameter. This decrease neutralizes the 

improvement of modulus ratio and leads to the invariance of force transfer 

length. 

6.2.5. Comparison with other tough hydrogels 

The extraordinary crack resistance of composite gels stimulates us to have 

a systematic comparison with other hydrogel systems. As exhibited in 

Figure 6.11, both DCC and composite gels show much higher fracture 

energy and energy dissipation density compared with other hydrogels, even 

exceeding those of cartilages. The slopes reflect the size of energy 

dissipation zone or force transfer length. Both DCC and composite gels 

show close force transfer length to other hydrogels, proving that the 

increase of modulus ratio is neutralized. The extremely high crack 
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resistance and biocompatible compositions endow the composite 

hydrogels with great potential in biological fields. 

6.3. Conclusions 

In this chapter, we applied the design criterion of extremely tough fiber-

reinforced polymers to fabricate crack-resistant hydrogels. Soft matrix 

polyacrylamide hydrogel is introduced into alginate hydrogel system that 

is dried in confined condition (DCC). The resulting composite hydrogels, 

possessing highly aligned fibrous network structure, show improved 

tensile stress, modulus, and energy dissipation density, without sacrificing 

ductility. Single notch tests reveal that the composite gels have a fracture 

energy of as high as 60 kJ m-2, almost two orders of magnitude higher than 

the best-in-class hydrogels in present. The big increase in energy 

dissipation density is account for the high fracture energy. This work 

verifies the validity of the design criterion and produces extremely tough 

biocompatible hydrogels, which holds great potential to design other tough 

materials for various applications. 

6.4. Experimental Section 

6.4.1. Materials 

Analytical grade Na-alginate (viscosity 80–120 cP, Wako Pure Chemical 

Industries Ltd., Japan), calcium chloride (Wako Pure Chemical Industries 
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Ltd., Japan), Acrylamide (Junsei Chemical), N,N'-

Methylenebisacrylamide (MBAA) (Wako Pure Chemical Industries Ltd., 

Japan), 2-oxoglutaric acid  (Wako Pure Chemical Industries Ltd., Japan) 

were used as received without further purification. All aqueous solutions 

were prepared using ultrapure deionized water. 

6.4.2. Methods 

Preparation of composite hydrogels. Composite hydrogels are prepared 

by introducing a soft second network in the DCC hydrogel system. First, 

the DCC gel is prepared. Alginate solution was prepared by dissolving 4 

wt% Na-alginate in water and stirring overnight. To prepare Ca-alginate 

gel, reaction cell was first prepared by sandwiching two glass plates (10 

mm × 10 mm), separated using a 2 mm spacer. The upper end was kept 

open for solution insertion. Half of the reaction cell was filled with 4 wt% 

Na-alginate solution. 0.5 M CaCl2 aq. solution was introduced from the 

upper empty part of reaction cell. Ca2+ ions diffused through the alginate 

solution. Ca-alginate gel started to form when alginate solution met Ca2+ 

ions. After complete gelation, Ca-alginate gel was taken out of the reaction 

cell and placed in 0.5 M aq. CaCl2 solution for 1 d to complete the cross-

linking process. Finally, the gel was thoroughly washed with water to 

remove non-cross-linked salt and polymer. The Ca-alginate gel was used 

to prepare DCC-alginate gels. To apply DCC (drying in confined condition) 
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on Ca-alginate gel, both ends of a sample of ~1.5 mm thickness and 10 mm 

width were clamped. The distance between the two clamps was 30 mm. 

The gel was left in the atmosphere (temperature: 25 °C, humidity: 40–60%) 

to dry. After complete air drying, the gel was taken out of the device, the 

clamped part cut from both ends. Second, the DCC gel was immersed into 

the arylamide solution in the presence of initiator and cross-linker for two 

days. Afterwards, the gel was taken out and exposed to UV light for 10 h 

to allow the formation of second network. 

Uniaxial tensile tests. Tests were performed on a commercial tensile tester 

(Autograph AG-X, Shimadzu Co., Japan) equipped with a 100 N load cell 

in the open atmosphere at room temperature. The initial length of the 

sample between grips was 12 mm. The crosshead velocity was 50 mm min-

1. Before the tests, the hydrogels were cut into a dumbbell shape 

standardized as JIS-K6251-7 (2 mm in inner width, 12 mm in gauge length) 

with a cutting machine (Dumb Bell Co., Ltd.). 

Single notch tests. The tearing fracture energy of the samples was 

evaluated by single notch tests. The tensile tester (Autograph AG-X, 

Shimadzu Co., Japan) equipped with a 100 N load cell was employed to 

perform the tearing tests. A sample with a prescribed width (5 mm) and 

length (2.5 to 20 mm) was prepared. An initial notch of 1 mm was made in 

the middle of the sample along the width direction with a laser cutter. 

During testing, both ends of the sample were clamped to the base, one of 
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which was displaced at a velocity of 50 mm min-1 at room temperature in 

the open atmosphere. Samples without notch were also tested to calculated 

the fracture energy using equation (6.2). 

Scanning electron microscopy. Microscale observation was carried out 

by scanning electron microscopy (SEM) (JEOL JSM-6010LA, Tokyo, 

Japan). Before observation, samples were treated with freeze drying 

method. Afterwards, Samples were gold-coated in an ion-sputtering 

machine (E-1010, Hitachi, Tokyo, Japan). The acceleration voltage varied 

from 15 to 20 kV. 
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Figures 

 

 

Figure 6.1. Preparation of calcium cross-linked alginate hydrogel. 

 

 

 

Figure 6.2. DCC method to fabricated DCC-alginate hydrogel. 

 

 

 

Figure 6.3. Appearance and SEM morphology of DCC-alginate hydrogel. 
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Figure 6.4. Swelling properties of DCC-gel in water (a) and acrylamide 

monomer solution (b). 

 

 

Figure 6.5. Tensile properties of hydrogels. For composite and DCC gels, 

the tension direction is parallel with the fiber alignment. 
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Figure 6.6. Single notch test to determine the fracture energy of hydrogels. 

Two samples of the same gel were tested in tension. One sample was 

unnotched, and the other sample was notched. The unnotched sample was 

used to measure the stress-strain curve. The area beneath the force-length 

curve gave the work done by the force to the unnotched sample. The 

notched sample was used to measure the critical distance between the 

clamps, , when the notch turned into a running crack. 
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Figure 6.7. Sample geometry for single notch test. 

 

 

Figure 6.8. Fracture behaviors of DCC and composite gels. 
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Figure 6.9. Results of single notch tests for DCC and composite gels. 

 

 

 

Figure 6.10. Size effect on fracture energy of DCC and composite gels. 
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Figure 6.11. Fracture energy T, versus energy dissipation density, W, for 

various hydrogel systems. The slopes reflect the size of energy dissipation 

zone, according to equation (6.1). 
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Chapter 7-Conclusions 

This dissertation proposed a universal design principle for developing 

extraordinarily crack-resistant structural materials: maximizing both 

energy dissipation density and energy dissipation zone by the combination 

of strong and rigid skeletons with soft, adhesive, and tough viscoelastic 

matrices. This principle is not limited to fabricate fiber-reinforced 

polymers, but can be extended to other soft material systems such as 

hydrogels. Conclusions of this dissertation are as follows. 

   In Chapter 3, the basic idea of design extremely crack-resistant fiber-

reinforced polymers (FRPs) is illustrated. The key point of the idea is to 

use viscoelastic matrices that are adhesive, soft, and tough, which results 

in composites showing unique features that are totally different from 

traditional rigid FRPs: 1) the good adhesion between fibers and matrix 

enables a strong interface, which ensures both components to fully 

dissipate stored energy; 2) the softness of matrices gives extremely high 

fiber/matrix modulus ratio, leading to energy dissipation zones several 

orders of magnitude larger than common FRPs from rigid matrices; 3) the 

tough matrices show strain energy density comparable to fibers, highly 

enhancing the energy dissipation density of FRPs in the dissipation zone. 

Based on above considerations, a recently developed viscoelastic 

elastomers are employed to fabricate soft FRPs. The elastomers possess 
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low modulus yet high toughness and adhesion capacity, satisfying the 

requirements for making tough FRPs. The prepared FRPs have an 

interlocking structure with matrix strongly adhered to the fibers, which are 

expected to have a significant crack resistance. 

   In Chapter 4, the mechanical properties of as-prepared FRPs are 

examined. The prepared composites, with a strong component interface, 

are highly anisotropic, which are extremely resistant to stretch but quite 

flexible under bending or twisting. The FRPs also show much improved 

tensile strength and tearing toughness compared with neat fabric and 

matrix due to the extremely high modulus ratio of fiber to matrix. An 

efficient combination of multiple desirable properties is found in the soft 

FRPs, including high strength, high toughness, and low density, which is 

rarely achieved by other material systems. However, the tearing properties 

of FRPs are significantly affected by high temperature, which is expected 

to be solved by using matrix which has high glass transition temperature. 

Another advantage of the FRP system is that the material can be readily 

fabricated from either thermal initiation or UV initiation, and can be 

prepared from various matrix and fiber combinations. In summary, the soft 

FRPs show a combination of several desirable properties and beat all the 

best-in-class materials in present, and the preparation method can be easily 

extended to other systems, which hold great potential in industry 

applications. 
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   In Chapter 5, the mechanism of the extremely high crack resistance of 

soft FRPs is clarified. By analyzing the size-dependent tearing energy of 

FRPs, the fracture behaviors of FRPs are divided into three regions 

according to two characteristic widths, w1, and w2. When the sample width 

is blow w1, the fracture behavior of FRPs is fiber pullout as well as matrix 

fracture, which is defined as region I. In this region, fibers do not break or 

contribute to the elastic energy dissipation. However, the geometry of 

fibers influences the frequency of matrix destruction. The energy 

dissipation density by fiber pullout is found to be proportional to the 

product of fiber geometry, matrix toughness, and width, which is verified 

by several FRP systems. Region II is defined as the sample width is 

between w1 and w2. In this region, fibers are both pulled out and fractured, 

with matrix failure. Since the fracture behavior is complicated in this 

region and it does not reflect the intrinsic crack resistance of the FRPs, 

theoretical model is not launched. Finally, when the sample width is above 

w2, the composite shows a size-independent tearing energy, which means 

that the energy dissipation zone is saturated. This region is defined as 

region III. In this region, fibers are mainly fractured, with matrix failed. 

The tearing energy is found to be related to the force transfer length and 

energy dissipation density. The force transfer length is decided by fiber 

geometry as well as component modulus ratio. The energy dissipation 

density generates from the volume weighed average work of extension of 
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components. These findings give a guidance to design and develop strong 

and tough composites, by utilizing adhesive, soft yet tough matrix as well 

as rigid but strong fiber. Based on this strategy, we demonstrate how new 

soft FRP composites from combination of viscoelastic elastomers and 

fabrics can reach unprecedented levels of crack resistance even beyond the 

toughest known materials. 

   In Chapter 6, we applied the learned strategy to hydrogel systems, 

aiming to develop a crack-resistant composite hydrogel. Alginate 

hydrogels that are dried in confined condition are selected as the skeleton 

since they show high tensile modulus and energy dissipation density, which 

is conducive for making composites with high modulus ratio and energy 

dissipation density. An extremely soft hydrogel system, polyacrylamide, is 

employed as the soft matrix. The resulting composite hydrogels, 

possessing highly aligned fibrous network structure, show improved 

tensile stress, modulus, and energy dissipation density, without sacrificing 

ductility. Single notch tests reveal that the composite gels have a fracture 

energy of as high as 60 kJ m-2, almost two orders of magnitude higher than 

the best-in-class hydrogels in present. The big increase in energy 

dissipation density is account for the high fracture energy. This chapter 

verifies the validity of the design criterion and produces extremely tough 

biocompatible hydrogels, which holds great potential to design other tough 

materials for various applications. 
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