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ABSTRACT 

 

In this dissertation, the behavior of C/C composites material was discussed when 

the static and cyclic loads were applied. The basic experiments and calculations were 

performed to understand the static fracture, fatigue fracture and crack growth behavior 

of C/C composites.  

The two dimensional manufactured C/C composites plate which has 

machine-ability was used for testing. Several configurations of specimens such as 

smooth, notched and holed specimens were used and made by machining processes. 

Static tensile tests, push-pull tests and cyclic bending fatigue tests were carried out for a 

determined loading condition. Push-pull and cyclic bending fatigue tests were 

performed under load control technique and push-pull static tensile tests were 

performed under load and stroke control technique.  

In the first study, it was found that the fatigue limit was dependent on stress ratio, 

fiber direction and notch configuration. Also, the fatigue limit and tensile strength of the 

notched specimens were not lower than those of the smooth specimens. So, the fracture 

behavior of the material was different from metals and plastics. In addition the local 

interlaminar debonding of fiber sheets and local shear deformations are important 

factors in the evaluation of static and fatigue strength. 

In the second study, it was found that the critical fracture stresses on the 

specimen were affected by fiber orientation and notch shape. The specimen geometry 

has more effect on ultimate tensile strength rather than fatigue strength because the slip 

deformation easier to develop in the direction of separation between phenolic resin and 

carbon fiber. The fracture behavior of fatigue and tensile specimens were related to the 

damage of the phenolic resin which was caused by shear deformation and succeeding 

breaking of carbon fiber. 

In the third study, it was found that the shorter slit has longest fatigue life 

compared with longer slit length, holed and blunt notched specimens.  The fatigue life 

was not related to stress concentration factor, but considered to be related with 

maximum stress and stress distribution. Also, the crack growth rate is affected by 

specimen geometry and stress intensity. 

(Sofyan Arief Setyabudi) 
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CHAPTER I 
 

 

High demand of materials with specific properties in engineering design makes 

the development of new material grow fast. Lightweight material with high strength 

becomes high priority in the development of new material. Composite materials have 

high possibility to meet that demand continues to evolve rapidly [1, 2]. 

Since its invention 50 years ago, there has been rapid development and wider 

utilization of carbon-carbon (C/C) composites material in early 20th century. Japan 

Aerospace Exploration Agency (JAXA) was successfully launched the Hayabusa 

capsule to the outer space and return to the earth, crossing the atmosphere to bring with 

it the asteroid material. Also, the aircraft manufacturer such as Airbus and Boeing 

Company started introducing the new aircraft design contains almost 50 % of composite 

materials. 

The specific properties of C/C composites material have high possibility to 

replace the utilization of metals, metal alloys, plastics and ceramics for engineering 

materials especially at elevated temperature. The advantages of C/C composites 

material use are described as follows: 

 Lighter than metals and its alloys 

 High strength and high modulus elasticity 

 High abrasion resistant  

 Low coefficient of friction  

 Very workable and easy to be formed in to complex shape 

Even though C/C composites possess many advantages compared with 

common materials, C/C composites still have disadvantage of limited use for special 

design or secondary structure. In the present, fabrication cost still becomes the limiting 

factor for the utilization of C/C composites. The fabrication of C/C composites needs 

high technology which causing higher cost of production. Another important issue 

which makes the limitation of C/C composites application is their behavior related to 

dynamic loading. The fatigue and fracture behavior of C/C composites not yet fully 

clarified, especially on the fracture and crack growth mechanism.  

Fracture mechanism becomes the important parameter to assess the behavior of 
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composite materials. Composite materials as anisotropic materials have specific 

structure with different properties from isotropic materials such as metal. Composite 

materials consists matrix and fiber in their structure. It implies that their interface is 

built from many layers of fibers. Normally, the strength of composite materials depends 

on the direction of the fiber itself as anisotropic materials, but the strength also varies 

depending on the fiber bridging. Therefore, the fiber orientation and number of the fiber 

layers in the thickness direction influence the strength of composite materials. 

 This studies suggests the importance to investigate fatigue, failure and 

fracture behavior of specific composite materials corresponding to their application on 

the structure. The fatigue and failure response of composite materials are different from 

metals. Where the response of metals on fatigue is cracking, composite materials exhibit 

the combination of many factors, such as fiber breakage, matrix cracking, delamination 

and also interlaminar and interfacial debonding. Fatigue and failure behavior of metals 

started when the crack initiation begins. The crack will propagate and can be predicted 

corresponding to the applied stress that given. Crack initiation of metals occupies 

almost 5 – 50 % of fatigue life. It can be understood because metal forms originally 

have initial damage such as cracks in micro scale, inclusion in the grain and internal 

residual stress. Therefore the initial damage can be detected, so that the crack initiation 

can be predictable and the fatigue life can be assessed. In the case of composite 

materials, internal matrix and fiber damage such as fiber breakage, matrix cracking, 

delamination and interfacial or interlaminar debonding can occur separately or in 

combination. It means that in the case of composite materials the fatigue and failure 

were highly dependent on the laminates, fiber orientation and the loading conditions. 

This condition makes every composite materials have specific fatigue and failure 

behavior corresponding to their types, fabrication, manufacturing processes and loading 

conditions. 

Design of structure or component needs suitable geometry. Machining 

processes on part of structure or component becomes an option to respond it 

requirement, although the part of structure or component can also prepared by direct 

forming. Many failure of structure was originated by the geometry shape of structural 

parts which made by machining processes. Notched sections become the main concern 

for investigating the failure mechanism of materials corresponding to the stress 
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concentration in the vicinity of notch. In the case of metals, the relationships between 

notch shape and fatigue behavior have been investigated and clearly clarified. Also, the 

mechanism of crack initiation and growth on notch side has been clarified too.  

Composite materials e.g. metal matrix composites, shows different behavior in 

the relation with notched case. Ghosn et al. [3] reported that single edge notch 

specimens had higher resistance to fatigue crack growth than center crack specimens. 

Also Kantzos et al. [4] reported that in the case of compact tension specimen, fatigue 

cracks grow rapidly when the crack grew parallel to the loading and fiber direction. But, 

the crack grew normal in single edge notch specimen even though the cracks grow 

parallel to the loading direction. These research cases above show that stress 

concentration have less influence on fatigue behavior of composite materials.  

The phenomenon of notch sensitivity in the case of C/C composites material 

was clarified by Goto et al. [5, 6]. They reported that the fracture resistance near notch 

tips was enhanced with an increase of the fiber interface fracture around the notch tips. 

It was elucidated further that micro crack near the notch tips will release stress 

concentration. Another interesting result was reported by Aly-hasan et al. [7] 

corresponding on the notched specimens case. It was reported that the length of notch 

influence fracture stress at notch tip. So far the damage mechanism of composite 

materials was fiber interface fracture and shear damage, even though other research 

results were reported that fiber bundle splitting and zigzag pattern also defined as 

damage mechanism.       

The compressive strength of composite materials was known surpassed the 

tensile strength. Stress ratio of applied stress is important parameter in the fatigue 

behavior assessment. The influence of stress ratio on the fatigue and fracture behavior 

of C/C composites has been investigated by Murdani et al. [8]. They reported that stress 

ratio affect the value of fatigue limit in the case of notched specimens in which the 

fatigue limit is determined by net stress rather than stress concentration. Also, the 

damage mechanism was proven to be shear damage and the fracture mode was in mixed 

mode. The level of fatigue strength is reduced when the shear mode along the fiber 

direction is developed strongly. An interesting result was also reported that slit depth 

was not influence the fatigue limit. Therefore, the influence of slit depth on the fatigue 

limit becomes interesting because it was inconsistence with previous investigation 
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which was reported by Aly-hasan et al. [7]. So, it is necessary to conduct a deeper 

investigation of the notch configuration on the fatigue and fracture behavior. Therefore, 

this dissertation aims to clarify the results above. 

The examination of fatigue life will also observe the crack growth behavior 

which indicates the fatigue life process. Stress intensity factor which affects the crack 

growth rate have been studied in the case of composite materials [9,10 ]. However, there 

were some difficulties to implement stress intensity concept on fatigue and fracture 

behavior of composite materials due the domination of mixed fracture mode of 

composite materials over mode I or mode II. Composite materials have resistance to 

fatigue crack growth in some notch cases. This resistance was caused by relative 

strength of the matrix and interfacial shear strength which control the fatigue and 

fracture behavior. In certain case where composite have notch sensitivity, stress 

intensity factor can be implemented by combining both analytical and experimental 

result.    

Mechanical properties of composite materials have high chance for 

improvement. The development of 3D composite structure was introduced in the 

relation with the reinforcement of composite structure. These 3D composite materials 

show excellent strength in the direction which was not parallel with the fiber. The 

fracture mechanism of 3D C/C composites material has been proposed [7, 11, 12]. The 

notch effects of 3D C/C composites material exhibit less influence on the stress 

concentration factor. It was proven that the value of stress concentration factor was 

much lower than analytical result. The 3D C/C composites material have low shear 

strength, so the notch configuration was not affect the tensile behavior on the net cross 

section [12]. Matrix structure improvement reveals good opportunity to continue the 

investigation of fatigue and fracture behavior in respect with the enhancement of C/C 

composites material. Beside of the reinforcement in the fabrication, the improvements 

against fatigue in the design also require further investigation. The failure in the design 

also originates from the joints between composite with other materials. The methods of 

crack arresting become an interesting study in the future research. 
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1.1 History of C/C composites 

 

Long history in technology about C/C composites is developed new material 

with excellent feature such as lightweight and high strength is needed. The issues of fuel 

fossil require exact solution besides of engine efficiency. Light material with high 

strength becomes the main concern to solve those issues. C/C composites reveal the 

capability to meet the requirement as excellent material even though their utilization 

still limited in secondary structures. In this century, usage of composites materials will 

be extended. 

 The development of C/C composites was inseparable with the composite 

materials as basis evolution. The combination of each engineering material to improve 

the mechanical properties such as metal with plastic, plastic with ceramic also metal 

with ceramic shows significant improvement of the mechanical properties. These 

combinations were known as composite material. From those combinations, composite 

with carbon based materials introduce significant lightweight material but still have 

strong mechanical properties. Replacing steel with another metal or metal alloy indeed 

show good progressions in the relation with the lightweight issue even though only 

reduce 20 – 50% of weight by replacing steel with aluminum and titanium alloys. 

Significant impact was shown by replacing steel with carbon based composites, the 

weight was reduced almost 60 – 80%.  

In the recent year, the development of carbon based composites growing fast 

concomitant with their utilization on aircraft and spacecraft. With additional mechanical 

properties such as resistant on high temperature with low expansion make the carbon 

based composites become the major option on aircraft and spacecraft industry. Now, the 

researchers started to introduce the smart composite where the chance of other 

mechanical properties besides as mentioned above were improved such as electrical 

conductivity. The utilization of smart composites besides of the main purpose as 

mentioned above used for radar sensor, capacitor and electric conductor. Smart 

composites reveal the opportunity of carbon based composites more beneficial than 

other engineering material. Multi-functional composites were also introduced in the 

relation with the improvement of the composite material utilization. Previously, in order 
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to place some parts of composite into irregular position on the structure, composites 

should be joined by mechanical fastening or bonded by adhesive bonding. The joining 

or bonding implies the fiber bundles disconnected, so the strength on joining or bonding 

area was weaker. Now, composite material with different matrix/polymer type was 

possible to be formed into one shape with continuous fiber bundles. Therefore, the 

utilization of composite material becomes flexible in irregular position or shape without 

reducing the strength of structure. Now, Fig. 1 shows schematic illustration of classes of 

engineering materials.        

 

 

 

Fig. 1 Classes of engineering materials 

 

1.1.1 Composites material 

 

 Composites material is made by combining of two or more materials to provide 

unique combination of properties. The combination material can formed from metal 

with ceramic, ceramic with plastic and metal with plastic. The materials works together 

but still have their own mechanical properties and the final result of combination have 

better mechanical properties than constituent materials. Also, the material combined to 
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minimizing the deficiency of each combined material, easy tailored to suit particular 

design requirements and easy to form in to complex shapes.   

 
Fig. 2 Illustration of composite form 

 

 The structures of fiber have an important impact on the composite strength. 

The primary strength of composite material was influenced by the fiber structures, 

especially on the tension and shear strengths. Figure 2 shows the illustration of 

composite form. The compressive strength more affected by the structure of matrix. The 

configuration of fiber can be structured in random, aligned and woven as shown in Fig. 

3. The selection of each configuration depends on the constituent material that forms the 

fiber and the final utilization after the composites was formed. 

 

 
 

Fig. 3 Illustration of fiber configurations of composite 
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1.1.2 C/C composites material 

 

 The first basic idea of C/C composite was discovered in 1958, at the time when 

polymer matrix composite was decomposed by thermochemical process in laboratory 

experiment. Carbon composite is a combination of graphite fiber in graphite matrix in 

which the graphite fiber was reinforced. The optimum process should be considered in 

order to produce C/C composites that meet the requirement of demand such as weave 

design, fiber selection and production process.  

The mechanical properties of C/C composites have high possibility to be 

improved. Increasing fiber volume ratio is the common method. To increase the fiber 

volume ratio, the weave design of fibers is important procedure in the relation with the 

fiber pre-forms manufacturing. The design of weave depends on the utilization priority 

of carbon composite final product such as flexibility on contour, type of strength, 

thickness and surface roughness. Commonly, the weave designs of fiber consist as 

follows: 

1. One-Directional weave (Unidirectional) 

 

 

 

Fig. 4 Illustration of unidirectional weave 

 

One-directional weave is used for application in which the priority is only on 

the axial symmetry along the fiber axis. This kind of weave was unbalanced, because 

the fibers were held together in the laminate, so the strength only in the direction of 
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parallel to the laminate. 

 

2. Two-Directional weave  

 

 

 

 

 

Fig. 5 Illustration of two-directional weave configuration 
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Two-directional weave provide fibers through the thickness direction besides 

the parallel direction on surface laminate. Figure 5 shows the illustration of 

two-directional weave configuration. Plain weave type is the most resistant against 

shear stress. Satin weave type has low resistant to shear stress because the floating yarn 

and straight length of fiber contributes more tensile strength to the composite. But, satin 

weave has smooth surface, possible to reach minimum thickness, high tensile and high 

flexural strength. Twill weave is forming a distinct diagonal line on the fabric surface in 

which the warp and yarn interlace regularly, so the utilization of twill weave will more 

easily follow the contour than the plain weave.     

   

3. Three-Directional weave  

 

 

Fig. 6 Illustration of three-directional weave configuration 

 

In the three-directional weave, the warp fibers pass completely through the 

thickness to interlock the contiguous layer. So the parallel directions have high tensile 

strength, stiffness and also have high shear strength. Figure 6 shows the illustration of 

three-directional weave configuration. 
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4. Multidirectional weave 

 

 

 

Fig. 7 Illustration of multidirectional weave configuration and fiber direction of the 

bundle 

 

As anisotropic material, the approach as isotropic material is important to be 

achieved. Figure 7 shows the illustration of multidirectional weave configuration and 

fiber direction of the bundle. Carbon composite with multidirectional weave has 

possibility to approach the properties of isotropic material. In the multidirectional 

weave, woven fiber can be placed in the direction in which strength is required. So, the 

weave will fully in balance and the strengths will be equal in all direction of axis.  
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The selection of fiber type also become important parameter in order to obtain 

good result of carbon based composite. High strength and high modulus of fiber will 

provide high thermal conductivity with low thermal expansion. In the production 

process, it should be considered that to acquire high strength and high modulus of 

carbon based composite as desired, the strength and modulus of carbon fiber should 

have at least twice value from expected strength and modulus of the carbon composite 

final product. 

 

 

 

Fig. 8 The production process of C/C composites  

 

The production process of carbon based composite need special process 

because the melting point of graphite is almost 3700o C. It makes the production process 

of carbon based composite is impossible using normal production process like sintering 

process. Thus, high technology of production process must be used like thermal 
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decomposition process. Finally, the production cost will be higher than normal 

production process. Figure 8 shows the example of the production process of C/C 

composites.. 

The production process of C/C composites was started from the fiber 

reinforcement by polymer in which the process build a lamination. The lamination is 

corresponding with the fiber layer direction in order to form a laminated structure. The 

laminated structures consist in two-dimensional and three-dimensional orientations as 

explained below: 

1. Two-dimensional fiber reinforced polymer (2D FRP) 

Figure 9 shows the illustration of two-dimensional fiber reinforced polymer. 

The plane of the laminate structured with the fiber layer in which the direction of the 

fiber layer only aligned along the x-direction and y-direction of plane axis. To align the 

fiber layer, this kind of FRP was prepared by conventional process that needs high skill 

to eliminate the lack of the layers alignment. Therefore, the production cost will high 

and also difficult to align the layer through the thickness direction. The strength through 

the thickness was also low because the strength only supported by the resin strength 

between each layers.   

 

 

 

Fig. 9 Illustration of two-dimensional of fiber reinforced polymer (2D FRP) 
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2. Three-dimensional fiber reinforced polymer (3D FRP) 

Figure 10 shows the illustration of three-dimensional fiber reinforced polymer. 

Beside of x-direction and y-direction, the fiber bundle orientation was also aligned 

through the thickness direction (z-direction) of plane axis. The three-dimensional FRP 

was developed in order to reduce the production cost, increase the strength through the 

thickness direction and reduce the impact damage tolerance. The design of weave 

becomes an important parameter because the shape of final product consists of single 

structure of the fiber bundle. The weave design with interlock reveals the improvement 

of the strength through the thickness direction and also the improvement of the damage 

impact tolerance but the 3D FRP has less ability for machining.  

 

 

 

Fig. 10 Illustration of three-dimensional of fiber reinforced polymer (3D FRP) 

 

From the background mentioned above, the mechanical properties of carbon 

based composite was depended from carbon fiber manufacturing, carbon matrix 

manufacturing and production process of composite. So, finally in order to obtain good 

result of C/C composite that suitable with the demand, the design of carbon based 

composite should be consider as follows: 
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1. The design of weave ; (one-directional, two-directional, three-directional and  

multidirectional) 

2. The selection of fiber type 

3. The ratio of fiber volume 

4. The reinforcement of fiber 

5. The manufacturing of matrix/polymer 

6. The selection of production processes  

 

1.1.3 Fatigue and failure of C/C composites 

 

 Fatigue and failure response of C/C composites material show different 

behavior compared with metals behavior. As isotropic material, fatigue and failure 

behavior of metals were demonstrated by the crack behavior. The failure of metals was 

originated from crack initiation, the process of crack propagation and continued with the 

process of failure. The understanding of fatigue behavior on metals was concomitant 

with many investigation and analysis of fatigue and failure behavior of metals in the last 

decades. Even though the certain cases of specific behavior in the relation with 

durability of fatigue need more deeply investigation, however the fatigue and failure 

response of metals was fully understood. 

 

 

 

Fig. 11 Illustration of fracture mode 
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When the stress applied to the material that exceeds the fracture stress limit, the 

material will fracture. There are three distinct modes of fracture: opening-mode, 

sliding-mode (forward shear) and tearing-mode (transverse shear) as shown on Fig. 11. 

Also, Fig. 12 shows the effects of loading mode on fracture type. In the case of fracture 

mode with the opening-mode (mode I) only, the fatigue behavior was possible to 

predicted because the crack was initiated from surface and the tendency of crack 

propagation were growth equivalent with the applied stress which was shown in the 

metal cases. However, in the case of the fracture mode was in shear-mode or mixed 

mode between opening-mode and shear-mode (sliding-mode or tearing-mode), the 

fatigue behavior was difficult predicted because the crack was not always initiated from 

the surface. Thus, the investigations of fatigue behavior of C/C composites involve 

many approach of research method, so the investigation results were varies depend on 

the C/C composites quality, design and loading mode.   

 

 

 

Fig. 12 Illustration of the effect of loading mode on fracture type 

 

 Fatigue and failure response of C/C composite material were shown in the 

damage on the fibers, the damage on the matrix or the combination of the damage 

between fibers and matrix. Many possible cause of the damage on C/C composite make 

the new investigation on fatigue behavior continuously proposed along with the 

manufacturing development of C/C composites especially in the relation with the 

mechanical properties improvement.  The damage mechanisms of C/C composites 
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become one of the interesting points for investigation. The combination of the damage 

between fibers and matrix exhibit the combination of fracture mode between 

opening-mode fracture (mode I) and sliding-mode fracture (mode II). This combination 

of fracture mode was caused by many possibilities of damage inside the fibers and 

matrix which can be occur separately or together such as interfacial debonding (the 

damage between matrix and fiber), interlaminar debonding (the damage between fibers 

bundle), delamination (the damage between fibers layer), fibers breakage/fiber pull out 

and matrix cracking.  

 

 

 

Fig. 13 Illustration of the damage on fibers and matrix  

 

Figure 13 shows the illustration of fibers and matrix damage. Fibers 

breakage/fibers pull out and delamination were caused by weak bonding of fiber bundle. 

This kind of bonding was depended on the weave design in the relation with the weave 

configuration strength against the stress type. The damage was initiated from fibers 

damage and followed by matrix damage. Different cause was occurred in the case of 

interlaminar debonding, interfacial debonding and matrix cracking. This kind of damage 

was caused by the quality of the matrix in which the damage was initiated from the 

matrix and followed by fibers damage.  

The damage detection of composite which was initiated from matrix was easier 
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to observe than the damage which was initiated from fibers, because the damage was 

originated from the surface. So, the failure was predictable associated with the crack 

growth. In the case of the damage was originated from the fibers, the crack was not 

visible. The explosion of space shuttle Colombia during takeoff was caused by 

undetectable fiber damage on the C/C composites tile of the leading edge wing. Now a 

day, the development of damage detection on composite grows faster than previous 

concomitant with the increasing use of composite material in aviation and also the 

relation with air safety concern. The nondestructive testing of the damage state on 

composite by embedding optical sensor inside the composite was used in order to 

reduce unexpected failures which were originated from fibers such as ultrasound test, 

radiographic imaging and infrared imaging.  

 

1.2 Format of the dissertation 

 

From above mentioned background, it is important to investigate the specific 

composite materials in particular conditions such as specific loading and specimen 

configurations. This dissertation attempts to investigate static fracture, fatigue fracture 

and crack growth behavior of 2D C/C composites with fine woven carbon laminates. It 

comprised of following works: 

 

1. Investigation of fatigue and fracture behavior  

Based on the forementioned background, shear damage and fiber interface 

fracture has become the major candidate of fracture mechanism of composite materials. 

In the case of 2D C/C composites with fine woven carbon laminates, it is also important 

to deeply investigate and clarify their fracture mechanism. In this study, fatigue and 

fracture behavior were investigated in several specimens configuration such as smooth, 

notched and slit specimens. Several loading method were performed such as tensile 

static, tensile fatigue and cyclic bending tests. The fatigue strength and fracture 

mechanism were investigated in relation with specimen configurations and loading 

conditions. Fracture mechanism will be examined by direct observation on fractured 

specimens. 
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2. Investigation of the effects of fiber direction on strength of notched specimen  

As an anisotropic material, the strength properties of fiber and matrix need 

further examination. In this study, tensile and fatigue failures of notched specimen were 

investigated in relation with the fiber direction. The fiber direction of 0°/90° and 

-45°/45° were arranged against the loading direction. Several notch configurations such 

as blunt notch, and slit with 90°and 45° angles were used for testing specimens. The 

effects of specimen geometry and fiber direction on ultimate tensile strength and fatigue 

strength will be discussed.   

   

3. Investigation of fatigue behavior and the relationship between crack propagation 

and slit configuration  

Composite materials have notch sensitivity or notch insensitivity. They have 

relative influence to the crack behavior and fatigue life. In this study, the effects of slit 

configurations on crack initiation and growth behavior were investigated in several slit 

length. The relationship between crack propagation and slit configurations will be 

proposed. Also, the relationship between fatigue strength and specimen shape were 

examined by stress concentration and stress intensity factors. Furthermore, the effect of 

slit configuration on fatigue strength will be discussed regarding both experimental and 

analytical method.  

 

 This dissertation is outlined as follows, 

Chapter I  Introduction 

Chapter II  Fatigue and Fracture Behavior of Machineable C/C Composites 

Chapter III  Effects of Fiber Direction on Strength of Notched Specimens of 

C/C Composites 

Chapter IV  Fatigue Behavior and the Relationship Between Crack 

Propagation and the Slit Configuration of C/C Composites 

Chapter V  Summary 
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CHAPTER II 

 

2.1. Introduction 

 

Many composites materials have been manufactured to reach the final shape of 

a machine component. The final shape, manufacturing process and strength of the 

component are considered in the manufacturing process or structural design. On the 

other hand, some composites materials have been prepared as machine elements after 

being machined by a milling or a cutting machine [1-3]. This type of composites was 

made in the shape of a bar or a plate, for example, as the nuts and bolts made by certain 

companies. Composites materials have been used in several machine parts such as the 

wings and body of aircraft, and so on. A potential high temperature resistance and high 

strength to weight ratio are expected in some composites materials [4-9]. For the use of 

composites materials as a member of a structure or a machine element, the mechanical 

properties and fracture toughness are important factors. So the effects of stress 

concentration and local damage on the fracture behavior of a machine component 

should be examined, because general machine components have notched and holed 

parts [1,2,7,9]. 

 In this study, the static and fatigue strengths of C/C composites fabricated 

using fine-woven carbon fiber laminates were examined, and the fracture mechanisms 

were examined based on the observation of the damage conditions of specimens. To 

clarify the mechanical behavior of C/C composites, two-dimensionally [1-12] and 

three-dimensionally [5-8,10-12] reinforced sheets were used for experiments, and the 

fracture modeling and damage evaluation were examined. Also, a geometrical modeling 

of the laminate was investigated by analytical and numerical analysis [13-18]. Goto et al. 

[3,9] and Hatta et al. [8] examined the fatigue limit of C/C composites, and they 

mention that the specimen did not break over 1x104 cycles loading under the fatigue 

limit. Murdani et al. [1] investigated the fatigue behavior of a slit plate of C/C 

composites by referring to the studies of Goto et al. [3,9] and Hatta et al. [8]. It was 

shown that the fiber and slit directions were related to the strength and mechanism of 

fatigue in a specimen. However, Murdani et al. [1] did not compare the damage and 
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fracture mechanism between the slit specimen and the smooth specimens in which slits 

or notches were not cut. 

 By referring to the previous studies, the critical fatigue strength w, which is 

the stress amplitude of endurance limit for 1x106 stress cycles, was compared in 

specimens under several conditions. Tensile fracture test, push-pull fatigue test and 

cyclic bending test were performed and fracture mechanisms were investigated. The 

effects of the loading method on the strength of the material and on the fracture 

mechanism were examined. Also, the effects of notched configurations on fractures 

were examined because many machine components have notches and holes. 

 

2.2. Experimental method 

 

 The material used was two-dimensional sheets of C/C composites fabricated 

using fine-woven carbon fiber laminates. The mechanical properties are shown in Table 

1. The applications of this material are for glass manufacturing parts, bolts, nuts, etc 

[21]. This type of C/C composites features the use of fine-woven carbon fiber cloth and 

it has machineability. The fiber bundle (yarn) consists of warp-yarn in the longitudinal 

direction and fill-yarn perpendicular to the warp-yarn as shown in Fig. 1. The present 

material, where the architecture is woven, is identical in both orientations, i.e. the 

warp-yarn and fill-yarn are interchangeable in orientation [1]. 

 

Table 1 Physical and mechanical properties of the material [1]. 

 

 

Figure 2 shows the geometries of the specimens. The basic geometry of the 

specimen is a square shape. The specimen used for the tensile fracture test is called the 

tensile specimen, the specimen for the push-pull fatigue test, the push-pull specimen and 

the specimen for the cyclic bending, the cyclic bending specimen.  
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Fig. 1 Fiber bundle (yarn) orientation. 

 

  Patterns of the specimens are distinguished by fiber directions that have 0°/90° 

and 45°/-45° angles  to the specimen axis. Also, they are distinguished by the notch 

shapes.  Including the smooth specimen, several configurations of the specimen were 

used. We referred to the specimen with a 0.5 mm notch root radius as the slit specimen, 

and that with over a 1.0 mm notch root radius as the blunt notched specimen. The angle 

of the slit to the slit specimen axis was chosen as 90° and 45°. 

A hydraulic testing machine was used for testing. The main static tensile tests 

were carried out under a stroke control technique with a tensile speed of 1x10-4 mm/sec. 

To examine the damage extension, the deformation patterns of the broken specimens 

with load control tensile tests were compared to those with stroke control tests. 

Push-pull fatigue tests were carried out under a frequency of 10Hz with the stress ratio 

(the ratio of the minimum to the maximum cyclic stress) R = -1 and R = 0. Also, cyclic 

bending tests were performed under a frequency of 5Hz. Figure 3 shows the testing 

apparatus for the cyclic bending tests. Pure bending was applied at the test section of the 

specimens. Cyclic tension was applied to four columns of the bending apparatus, so 

cyclic compression would be applied to the upper side edge of the attached specimen, 

and cyclic tension would be applied to the lower side. By comparing the fatigue damage 

of specimens, the failure mechanism of the present C/C composites was examined. 

   



24 

 

Axial direction 

a 

b 

c 

 
All dimensions in mm 

 

Fig. 2 Configuration of specimens (t represents thickness of specimens); (a) tensile 

specimens, (b) push-pull specimens, (c) cyclic bending specimens. 
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Fig. 3 Apparatus for applying bending moment. 

 

According to the investigation of Goto et al. [3, 9], Hatta et al. [8] and Murdani 

et al. [1], the critical fatigue strength w was compared among the fatigue specimens 

used. Then the processes of fatigue failure and fatigue damage were discussed. The 

critical fatigue strength w was determined by the simple method which is called Load 

Increase Tests (LIT) [1, 3, 8]. According to the investigation of Murdani et al. [1], w of 

each specimen pattern can be approximated by a single specimen. In this method, the 

tests were carried out by increasing the applied stress for a decided range of number of 

cycles step by step.  
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  The net stress  was calculated with the projection-cross section which was 

projected in the axial direction at the ligament, for comparison of the strengths of 

specimens. 

 

2.3. Evaluation of tensile strength 

 

Static tensile tests were performed with stroke control technique. The 

deformation of the test section and applied load were measured manually. The 

stress-strain curves of the smooth specimens, slit specimens and blunt notched 

specimens are shown in Fig. 4. In general cases of metals, the strength of a notched 

plate is lower than that of a smooth specimen [19]. However, in the present results, the 

ultimate tensile strength of smooth specimens was lower than that of slit and blunt 

notched specimens in both cases of fiber orientations of 0°/90° and 45°/-45°. The 

strongest specimen among them had notches or slits which were cut vertical to the 

loading axis. Also, it was found that the fiber orientation affected the strength, and the 

specimen with a fiber direction of 0°/90° was stronger than that of 45°/-45° in all 

specimen configurations. 

It has been reported that shear deformation is one of the important factors for 

the weakening of C/C composites [1-9]. In the case of the present specimens with a 

notch or slit, shear deformation was localized at a narrow band between the roots of the 

notch or slit. Figure 5 shows features of the broken specimens. The fracture mechanism 

determines the order of strength among the specimens used. In the case of metals, 

plastic constraint occurred under the three axial stress conditions in the deep notched 

specimen, and the yielding stress became higher than that of the smooth specimen [20]. 

Similar behavior happened with the present C/C composites. However, high plastic 

deformation and the three axial stress conditions are not expected in the thin plate of the 

present material. In the vicinity of a notch or slit roots, material is deformed under plane 

stress conditions rather than plane strain conditions. Thus, the fracture constraint 

occurred due to restraint of the deformation in matrix and fiber. The fracture constraint 

then led to the higher strength of the slit specimens and blunt notched specimens. 
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 Fig. 4  Stress-strain curves in tensile tests; (a) fiber orientation of 0°/90°, (b) fiber 

orientation of 45°/-45°. 
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The breakage patterns for each type of specimen are shown as follows; Figures 

5 (a) and (b) show the cases of the smooth specimens. The local interlaminar debonding 

of carbon sheets is observed and the direction of the fracture surface in the direction 

through the thickness is almost 45°. The shear deformation pattern is observed in the 

smooth specimen where  = 45°/-45°. So the damage spread in a wide area according to 

the local interlaminar debonding in the specimens, and the tensile strength level became 

lower.  

Figures 5 (c) and (d) show examples of the fracture patterns of slit specimens 

where = 90°.  The damaged area is limited to the narrow bands, and the fracture 

directions are affected by the fiber directions. That behavior is related to the fracture 

constraint and higher tensile strength. 

Figures 5 (e) and (f) show cases of the slit specimens where  = 45°. At the 

final stage of the tensile test the cracks suddenly grew from both slit bottoms and their 

coalescence was observed in the case where  = 0°/90°. Also, the crack surface tended 

to incline in the direction of almost 45° though the thickness. In the case of  = 45°/-45°, 

a relatively straight fracture surface was created, and interlaminar debonding behavior 

was observed on the upper sides of the specimen. It is understood that shear 

deformation developed in plane phases, and the cracks grew along the shear bands and 

the local interlaminar debonding extended. It is found from those observations that the 

order of strength is related to the fiber orientation, directions of slits and localized 

damage area. 
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Fig. 5  Observations of fractured specimens; (a) smooth specimen where = 0°/90°, 

(b) smooth specimen where = 45°/-45°, (c) slit specimen where = 90° and 

= 0°/90°, (d) slit specimen where = 90° and= 45°/-45°, (e) slit specimen 

where = 45° and= 0°/90°, (f) slit specimen where = 45° and= 

45°/-45°. 
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2.4. Evaluation of fatigue life and fatigue damage 

 

According to an experimental study by Anggit et al. [1], the stress amplitude of 

fatigue strength for 1x106 stress cycles or fatigue limit w was approximated by LIT in 

this study, too. A detailed explanation of LIT was shown in Ref [1] and their method 

was referred from Goto et al. [3, 9] and Hatta et al. [8]. Now, the mechanisms of fatigue 

and fracture at room temperature can roughly be examined by the present technique. 

However, when the effects of temperature and environmental conditions on fatigue limit 

are examined, the effectiveness of the present method should be confirmed. 

 

2.4.1 Fatigue strength under push-pull loading and cyclic bending 

 

 The fatigue strengths w achieved by the push-pull specimens are compared in 

Fig. 6. The tests were carried out with applied stress ratio R = -1 and R = 0. The result 

reveals that the fatigue strength w of each specimen configuration relates to the fiber 

orientation. Thus, the fatigue strength w of the specimen with 0°/90° fiber orientation 

is higher than that of the specimen with 45°/-45° fiber orientation.  

 It is found from the result in R = -1 that the fatigue strength w is almost the 

same in each fiber orientation. Thus, the fatigue strength w is determined by the net 

stress level. On the other hand, in the case of R = 0, the fatigue strength w varied with 

the specimen configuration. Higher values of w were obtained in the case of the blunt 

notched specimen and the slit specimen where  = 90°, and lower values forw were 

obtained in the case of the smooth specimen and the slanted slit specimen where  = 45°. 

Fatigue strengths are related to the damage mechanism which is related to the fiber 

orientation, notch geometry and loading method. The same as the results of the tensile 

tests, the damage by one-directional deformation cumulated in the cases of R=0. The 

repetition of compressive and tensile stress affected shear deformation, and the fracture 

constraint is pronouncedly lower in the case of R = -1. 

 



31 

 

 

Fig. 6 Fatigue strengthw of push-pull tests (Frequency was 10Hz and the data for R=-1 

are referred from Ref. [1] )  

 

  Figure 7 shows the fatigue strength w of cyclic bending specimens. The 

one-way repeated loads were applied in the cyclic bending test as shown in the section 

on testing methods. The order of strength of w in the bending specimens shows almost 

the same tendency as in the case of the push-pull specimens where R = 0, and there are 

relatively clear differences in fatigue strength w for each specimen. Consequently, it is 

expected that the final fracture period was determined by the cumulative damage of 

one-directional deformation in the case of the cyclic bending specimen. In the next 

section, the relationship between fracture behavior and fatigue limits will be discussed 

based on observation results. 
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Fig. 7  Fatigue strength w of cyclic bending tests (Frequency :5Hz). 

 

2.4.2 Observation of fracture specimens and process of fatigue damage 

 

       The mechanism of fatigue failure in C/C composites is different from that in 

metals, so the unique mechanical properties of the C/C composites should be taken into 

consideration. The effects of the stress concentration on the fatigue strength of notched 

specimens are small, but the fracture constraint occurs and local shear damage affects 

the fatigue life.  
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Smooth specimen
= 45°/-45°  
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Fig. 8  Observation  of  fractured  smooth  specimens where R = -1; (a) = 

0°/90° , (b)= 45°/-45°.    

 

 The configurations of fatigue specimens with push-pull tests are shown in Figs. 

8 - 10. Figure 8 shows the cases of the smooth specimen where R = -1 (Similar patterns 

were observed in the case of R = 0). Fracture directions vary with the fiber direction, 

and the fracture patterns are not affected by the stress ratio R. Where the fiber direction 

of  = 0°/90°, the final crack extension direction was inclined in a direction of 45° 

through the thickness. On the other hand, where  = 45°/-45°, the crack extended 45° in 

an inclined direction within the specimen plane face and through the thickness. The 

specimen used was a thin plate specimen, so the direction of shear deformation was 

controlled by plane stress conditions. Also, the fiber directions affected the fracture 

direction.  
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Fig. 9  Observation of fractured slit specimens where = 90°; (a) R = -1, =°/90° , 

(b) R = 0, = 0°/90°, (c) R = -= 45°/-45° , (d) R = 0, = 45°/-45° (Fig.9a 

is referred from Ref. [1]). 

        

As well as tensile fracture, the fracture constraint due to the localization of 

shear deformation occurred in the fatigue process in slit specimens. Figure 9 shows an 

example of the fracture pattern of a slit specimen where = 90°. Where the fiber 

directions  were 0°/90°, the deformation was localized in narrow bands. The strength 

of the specimen became higher because it was hard for the shear deformation to develop 

in a wide area. Where the direction  = 45°/-45°, the damage and cracking started at the 

notch bottom and the fracture surfaces were inclined through the thickness and the 

specimen plane face. Thus the development of a shear type fracture was observed in the 

vicinity of the slit bottoms. Those mechanisms of shear deformation and damage were 

caused by the effects of fiber direction on the fracture strength. 
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Fig. 10  Observation of fractured slit specimens where  = 45°; (a) R = -1, = 0°/90°, 

(b) R = 0, =0°/90°, (c) R = -1, = 45°/-45° , (d) R = 0, = 45°/-45° (Fig. 

10c is referred from Ref. [1]). 

 

Figure 10 shows cases of a slit specimen where = 45°. It is found that the 

fatigue damage was affected more by the fiber orientation than by the stress 

concentration at the notch bottom. Where  = 0°/90°, the fracture direction was affected 

by the inclined direction of the notch. Also, where  = 45°/-45°, the fracture orientation 

was strongly related to the fiber orientation. In the cases of a specimen with a blunt 

notch, the fracture pattern was almost the same as that of a slit specimen where = 90°. 

  The fracture patterns of notched specimens were affected also by the stress 

ratio R, and the compression stress during cycles affected features of the damage and 

cracking pattern. To investigate the patterns of fatigue damage and the effect of 

compression stress on the fracture behavior, cyclic bending tests were performed. 
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Fig. 11  Observation of fractured slit specimens; (a)= 0°/90°, = 90°, (b) = 

45°/-45°, = 90°, (c )= 0°/90°, = 45°, (d) = 45°/-45°, = 45°. 

 

  Examples of damaged and broken specimens in the cases of cyclic bending 

tests are shown in Figs. 11 and 12. The tension was repeated on one edge and the 

compression was repeated the opposite edge of the specimen. Damage in the specimen 

was initiated from the matrix on the tensile side of a notch or slit bottom. However, the 

final fracture was caused by interlaminar debonding at the compression side of the 

notch or slit. The interlaminar debonding occurred because local buckling originated 

from the compression stress. In the cases of the cyclic bending specimens, the fracture 

surface was not affected by the fiber directions or the notch directions. Thus, the final 

fracture behavior was almost the same in all cyclic bending specimens including the 

smooth specimens. This behavior is also related to the final fracture mechanism of the 

push-pull specimens because the fracture strength of C/C composites is related to the 

interlaminar debonding of fiber sheets. 
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Fig. 12  Observation of fractured blunt notched specimens; (a)= 0°/90°, Radius of 

notch root = 1.6mm, (b) = 45°/-45°, = 1.6mm, (c ) = 0°/90°, = 

2.5mm, (d) = 45°/-45°, = 2.5mm. 

  

2.5. Discussion of the damage mechanism 

 

To clarify the damage mechanism of the present composites, the results for 

tensile specimens, push-pull specimens and cyclic bending specimens are summarized.  

Figure 13 shows a comparison of broken tensile specimens. Figure 13 (a) was 

obtained by load control testing with a smooth specimen. The shapes of the stress–strain 

curves are almost the same as in the case of Fig. 13 (b) by stroke control testing. 

However the features of the fracture specimens are somewhat different. In the case of 

Fig. 13 (a), the load was increased step by step, and the load was held till specimen 

deformation stopped. A neck-like deformation is observed in the case of Fig. 13 (a), and 

this is somewhat different from the case of the stroke control testing. It is found that the 

rheological behavior of the matrix and the breaking of the carbon fiber were affected by 
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the orientation of the carbon fiber and the interlaminar debonding of the fiber sheet. 

Also, widespread damage area weakened every smooth specimen. 

 

 Load control test 
= 45°/-45° 

Stroke control test 
= 45°/-45° 

Smooth 
specimen 
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b 
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Top view 

 
 
 

Top view 
 

Fig. 13  Comparison of broken smooth specimens where  = 45°/-45° between the 

load control test and stroke control test; (a) load control test, (b) stroke control 

test.  

 

Figure 14 shows an example of a broken specimen with slit by load control 

testing. Similar types of fracture patterns were obtained from both the load control 

testing and stroke control testing, because the deformation area was limited by cutting 

the slit. Essentially, local deformation behavior led to the fracture constraint, and the 

strength of the notched specimens became higher than that of the smooth specimens in 

both the load control and stroke control testing where the net stress was used for the 

evaluation. 

In the cases of the fracture process of push-pull specimens, the fatigue damage 

was related to the deformation of the matrix and the succeeding breaking of fibers. 

Figure 15 shows a diagram of an example of the fracture process for a push-pull 

specimen with inclined notch [1]. At the first stage of fatigue, damage was localized 

with shear deformation and was dependent on the quality of the matrix as the bonding 

material. Then the damage accumulated with shear deformation, and the strength of the 
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matrix weakened due to decohesion or interlaminar debonding of fiber sheets and 

matrix. The final fracture started with the breaking of fibers, and final fracture strength 

was dependent on the fiber quality. Where  = 90° and  = /90°, the shear 

deformation of the matrix was restrained by the resistance of carbon fibers. On the other 

hand, where  = 45° and  = /-45°, the matrix was easier to deform by shear mode. 

Therefore, fiber orientation and slit shape are related to the local deformation and 

fracture constraint. 

 

 

Slit specimen
= 45°/-45° 
= 90° 

Slit specimen
= 45°/-45° 
= 45° 

a 
 
 
 
 
 

 
Plane view 
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Plane view 

 
 

Top view 

 
 

Top view 

 

Fig. 14  Broken slit specimens in the load control tests; (a) slit specimen where  = 

/-45°,  = 90°, (b) slit specimen where = °/-45°,  = 45°. 

 

 Also, the stress ratio affected the fatigue limit tendency of the specimens. 

Where R = 0, the damage accumulated due the repeated tensile stress or shear strain. On 

the other hand, both the shear strain and compressive strain affected the fracture 

behavior in the case of R = -1. A local interlaminar debonding of sheets would be 

related to dislocations among neighboring fibers. The local bucking and slipping of 

fibers brought on the interlaminar debonding. So, care should also be taken since the 

repetition of compression stress is a factor in fatigue damage. 
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Fig. 15  Diagram of the fatigue process in the present C/C composites in the case of a 

specimen with 45°/-45° fiber orientation [1] 

 

The interlaminar debonding behavior of fiber sheets is important for an 

understanding of the strength and fracture mechanism of C/C composites. Figure 16 

shows a diagram of damage which occurred in the cyclic bending specimen. The 

damage was initiated on the vicinity of the tensile side of the notch bottom, and the 

cracklike pattern spread around the notch in the matrix, but fibers were not damaged. At 

the next stage, the damage accumulated in the vicinity of the compression side of the 

notch and the interlaminar debonding of the fiber sheets created weak points in the 

composites. Then local buckling suddenly started at the upper notch, and finally the 

specimen fractured.  

 Figure 17 shows observations of damage to a smooth specimen. The crack 

initiated from the compression side. The cutting of the carbon fiber led to damage in the 

composites material. A disconnected part was created at the cut edge of the specimen, 

and care should be taken at this point to use a machineable composites material. The slit 

specimen shows higher strength than the smooth specimen, because the damaged area is 

localized in narrow bands of fiber sheets. The local interlaminar debonding was related 

to the matrix deformation, and the final fracture suddenly started with the interlaminar 
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debonding and breaking of the fiber. The cut edge of the composites is another stress 

concentration site for the point of interlaminar debonding.  

 

Fig. 16  Diagram of the fracture process in cyclic bending specimen 

 

Interlaminar debonding happened due to the local shear deformation not only 

in the cyclic bending specimen but also in the tensile and push-pull specimens. Also the 

fracture constraint is related to the resistance of shear deformation and interlaminar 

debonding. Detailed measurement of fiber deformation by Digital Image Correlation 

Method and numerical analysis by Finite Element Method will be done in the future to 

investigate the detailed fracture mechanism of several types of C/C composites. 
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Fig. 17  Example of a damaged bending smooth specimen with α = /90°. 

2.6. Conclusions 

 

The fracture behavior and strength of C/C composites fabricated using 

fine-woven carbon fiber laminates were investigated in this study. Tensile tests and 

fatigue tests were performed with smooth specimens, slit specimens and blunt notched 

specimens. The concluding remarks are: 

1. The tensile strength of the smooth specimen was lower than that of the notched 

specimen when the stress was evaluated by net stress. The fracture constraint 

occurred in the case of a notched specimen due to a restraint of the deformation in 

the matrix and fibers, so the damaged area was limited to a narrow band. The 

fracture constraint resulted in higher strength in the case of the notched specimen. 

2. Fatigue strengths w of specimens were determined by damage expansion in the 

matrix and interlaminar debonding behavior. In the case of fatigue behavior also, 

the fracture constraint was related to the fatigue strength of the notched specimen. 

After expansion of localized shear damage and interlaminar debonding of fiber 

sheets, a final fracture suddenly occurred, depending on the quality of the fiber or 

bundle. 

3. In the present cyclic bending tests, the fracture started from the notch which was 

subjected to repeated compression stress. This is caused by the local buckling and 

interlaminar debonding of the material.  

4. When sheets of C/C composites are used after machining, care is taken that the 

edge created by cutting the material may initiate the interlaminar debonding. 
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Therefore, the cut edge side should be regarded as the damage concentration 

section or stress concentration section.  
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CHAPTER III 
 

 

3.1 Introduction 

 

Carbon composite materials with excellent heat resistance and light weight 

have been used in various applications [1-5]. Composite products, which are prepared in 

almost the final shape by machining, also have been prepared as a product material that 

can be processed into the desired shape. If decreasing of the material strength after 

manufacturing is small level, the application field of such materials will be expanded [6].  

Murdani et al. [7] have investigated the fatigue fracture process of machineable C/C 

composites with the stress ratio of R=-1. It had been shown that the fatigue fracture of a 

plate, which was made with multiple layers of woven fabric carbon fiber bundle, 

proceeded with shear deformation in a limited area. However, that study did not show 

the experimental results on the static and fracture behavior of a smooth specimen 

without a slit. Therefore, the fracture behavior and static fatigue behavior of the flat 

smooth and slit specimens of C/C composites were investigated with different stress 

ratios. 

Following Goto et al. [3] and Hatta et al. [4], the fatigue limit was determined 

with a simplified method and the fracture process was discussed. In addition, the 

process of breaking the material was investigated while considering the fiber-breaking 

behavior and shear deformation of the matrix. We particularly examined how the slit 

orientation, the loading direction, and the direction of fiber affect the fatigue behavior 

and strength when the specimen deformation was limited in a slit area. Murdani et al. 

[7] studied the shear deformation and the behavior of the carbon fiber during destruction 

just before the final fracture in a fatigue process in the case of R=-1. In this study, the 

direction and the area of damage in material was localized by cutting a narrow slit in the 

test section. Then, the appearance of a fracture which involved shear deformation was 

observed. In particular, we investigated the behaviors of tensile fracture and fatigue 

failure in the cases of R=0 and R=-1 by comparing the results of the slit specimen and 

the smooth specimen. 
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C/C type Grade Bulk Density 
Flexural 
strength 

Compressive 
strength 

Tensile 
strength 

Ash 
content 

  [Mg/m3] ⊥*[MPa] ⊥*[MPa] //* [MPa] [mass %] 

2DC/C CX-31 1.61 90 249 98 0.02 

*⊥: perpendicular to laminate *//: parallel to laminate 

3.2 Materials and experimental methods 

 

Material used was a two-dimensional C/C composite plate supplied by Toyo 

Tanso, Co., Ltd. with the commercial grade CX-31 [1], and the mechanical properties 

are shown in Table 1. This type of C/C composite was made by applying phenol resin 

into carbon fiber cloth and then pressing it under a high temperature. It has a fiber 

volume ratio of 50%, and the diameter of the carbon fiber is 7µm. Figure 1 shows the 

appearance of the material. 

 

Table 1. Mechanical properties 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Macroscopic appearance of the CX-31. 
 

The specimens which have a basic geometry of 130mm length and 30mm 

width were made by machining process. The loading axis of the specimen was set at 
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parallel or perpendicular to the fiber bundle orientation, and 45° inclined to the fiber 

bundle orientation. Hereinafter, these angles α of fiber will be shown by α=0°/90° and 

α=-45°/45°, respectively. A notched specimen with blunt notch root was also prepared in 

order to obtain reference data for fatigue mechanisms. 

Figure 2 shows the geometry of the specimens. Figure 2 (a) is a smooth 

specimen; Figure 2 (b) is a slit specimen in which slit direction was 45° inclined to the 

loading axis; Figure 2 (c) is a slit specimen in which slit direction was perpendicular to 

the loading axis; and Fig. 2 (d) is a specimen with a blunt notch.  

 

 

 

 

Fig. 2  Configurations of specimens; (a) Smooth, (b) Inclined slit, (c) Horizontal slit, 

(d) Blunt notch 

 

The specimens were manufactured based on fiber direction and loading 

direction (In each case,  was set at 0°/90° or -45°/45°). The specimen thickness was 
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3.2mm, and the ligament width of notched and slit specimens and the width at parallel 

section of smooth specimen were 20mm. The angle β of slit direction against specimen 

axis will be represented in the figures with β=90° for the case of Fig. 2 (c) and β=45° 

for the case of Fig. 2 (b). 

The tensile tests were performed by the load control method (the method of 

increasing the load gradually). When the displacement in the test section of the 

specimen stopped after increasing the load in the testing step, the next load level was 

applied. The load was increased 1 MPa at every testing step, and the test was continued 

until the specimen was broken. The displacement was measured between the parallel 

marked lines with 30mm distances. Fatigue test was performed by using an 

electro-hydraulic servo type of testing machine. The frequency of 2 Hz and stress ratio 

of R=-1 and R=0 are mainly used for the fatigue test. Also, the frequency of 10 Hz was 

set for the fatigue test of some specimens. The initiation and growth of the crack and the 

damage pattern on the specimen were observed directly by a microscope. 

 

3.3. Experimental results and discussion 

 

3.3.1 The damage caused by static tensile 

 

Figure 3 shows the stress-strain diagram of the static tensile tests with load 

control techniques. The results for smooth specimens and slit specimens were compared. 

The stress values for each specimen were calculated by net stress with parameters of the 

ligament area. Figure 3 (a) shows the result of α=0°/90° and Fig. 3 (b) that of 

α=-45°/45°. By comparing these results, it is understood that the ultimate tensile 

strength σB of α=0°/90° was higher for each specimen geometry. Also, it is understood 

that, in order, the ultimate tensile strength σB of specimens is first, the 90° slit specimen 

(specimen with β=90°), second, the 45° slit specimen (specimen with β=45°), and third, 

the smooth specimen, in each fiber direction. In these experimental conditions, the 

strength σB of the slit specimen was higher than that of the smooth specimen. From the 

specimen geometry, the tests were performed under plane stress conditions. So, the 

tendency of strength, in order, of relatively thin specimens in the present study is 
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different from the case of metals.  

 

 

Fig.3 Stress – strain curves in tensile tests 
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To discuss the tendency of strength in the present experimental conditions, the 

features of broken specimens were observed. Figure 4 shows those of the smooth 

specimen. Figure 4 (a) shows the case of α=0°/90°, and Fig. 4 (b) α=-45°/45°. The 

fracture direction in the case of α=0°/90° was inclined almost 45° through the thickness 

direction and was almost perpendicular to the axis direction. In plane stress conditions, 

the direction of maximum shear stress inclines 45° in the thickness direction. The 

phenolic resin, which was used to fix the carbon fiber, was damaged by shear 

deformation under plane stress conditions in the first stage of fracture. Then, the carbon 

fibers broke under the influence of shear deformation. On the other hand, in the case of 

α=-45°/45°, the fracture direction was strongly influenced by the fiber directions. 

Neck-like patterns were observed in the broken specimen. Slipping patterns were 

observed on the flat surface of the specimen. In the stage of the present study, it is 

evaluated from the features of  broken specimens that the damage to the phenolic resin 

was related to the deformation of the fiber, and caused by the peeling of the fiber and 

matrix (= the phenolic resin).. 

 

 

= 0°/90° = 45°/-45° 

a 
 
 
 
 
 
 
 

Plane view 

b 
 
 
 
 
 
 
 

Plane view 

              Top view 

 
 
 

Top view 

 

Fig.4 Observation of fractured smooth specimen 
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Also, from the view in thickness {undersides of Fig. 4 (a) and (b)}, the 

expansion of thickness was observed in both cases of α=0°/90° and α=-45°/45°. From 

the comparison of the broken features of the smooth specimens (Fig. 4) and slit 

specimens (Fig. 5 and Fig. 6), when the fibers were oriented in the direction in which 

the load displacement was constrained, the damage area was localized in a narrower 

section. 

Figure 5 shows the broken features of the 90° slit specimens. In the case of  

α=0°/90° , the deformation of the fiber is limited to a narrow band of ligament, and the 

macroscopic mode of unstable fracture was mode I, but the fracture direction through 

the thickness was partially inclined. In the case of α=-45°/45°, the thickness also 

decreased slightly at the outside of the slit part. Also, it was expected that the damage to 

the phenolic resin was caused by the slip deformation in the direction of the fibers. The 

crack grew in the 45° inclined direction from the bottoms of slits, and the zigzag pattern 

was formed due to the different crack growth directions of both silt sides. 

 

 

 = 0°/90° = 45°/-45° 

Slit 
specimen 
= 90° 

 

a 
 
 
 
 
 
 

Plane view 

b 

          Plane view 
 
 

Topview 

 
 

Topview 

Fig.5 Observation of fractured slit specimen (β=90o) 

 

Figure 6 shows the features of the broken 45° slit specimens. In the case of   

=0°/90°, fracture mode was combined with modes I, II and III, and cracks expanding 

from both sides look likely to coalesce at the center section. In the case of =-45°/45°, 
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the fibers were broken along the crack growth direction or fiber direction.  

From the observation results of broken specimens and examination of the 

relationship between tensile strength and fracture behavior, it was discussed whether the 

tensile strength was determined by the conditions of the deformation constraint. So, 

since the deformation in tensile tests was related to the directions of slip deformation in 

phenolic resin and directions of carbon fiber, it was considered that the slip deformation 

easily developed in the direction of peeling or separation between the phenolic resin and 

carbon fibers. Because of that, the tensile strength was lower in the case of  =-45°/45°. 

Also, the lower effect of stress concentration on fracture strength appeared in the 

present material. It is not the same tendency as in the case of metal. Because of that, 

there is an order to tensile strength according to specimen geometry. In the case of a 

metal, the yield strength of a bar specimen with a deeper circumference notch was 

higher than that of a smooth specimen due to the plastic constraint.  In the present 

experimental cases, during the processes of plastic deformation of phenolic resin and 

the fracture of carbon fibers, the phenomenon is the same as if the plastic constraint had 

occurred. Then, that phenomenon and the sizes of damaged areas observed in Figs. 4 – 6 

affected the tensile strength of slit and smooth specimens.  

 

 

 = 0°/90° = 45°/-45° 
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Top view Top view 
 

Fig.6 Observation of fractured slit specimen (β=45o) 
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3.3.2 The fracture behavior by applied cyclic stress 

  

Unlike the case of a metal, it is important in the fatigue process of the present 

C/C composites that the carbon fiber broke from the effects of shear stress after damage 

to the phenolic resin, which bonds a bunch of the carbon fiber. Since the frequency was 

set to 2 Hz in the present fatigue tests, it will take a longer time to obtain the fatigue 

limit by applying stress of 107 cycles. Therefore, following the methods of Goto et al. 

[3] and Hatta et al. [4], the fatigue limit was evaluated by the simple method. Thus the 

fatigue tests were performed by Load Increasing Tests (LITs) [3, 4], in which applied 

stress was increased in a decided stress range after a decided number of cycles were 

applied step by step. To confirm the effectiveness of LITs, fatigue strength for 2x106 

stress cycles was measured by using plural specimens by the normal method. Then this 

result was compared with the fatigue strength for 2x106 stress cycles, which was 

obtained by LITs. 

Figure 7 shows an example of the fatigue strength or fatigue limit σw for 2x106 

cycles, which was obtained under constant stress amplitude by using plural specimens.  

Figure 7 is the S-N curve in the case of the 90o slit specimen under stress ratio R=-1. For 

α=0º/90º, when the stress amplitude σa was 30 MPa, the specimen did not break until 

2x106 cycles. However, the specimen broke at about 103 cycles when σa was 32 MPa. 

For α=-45º/45º, the specimen did not break until 2x106 cycles under σa = 24MPa. 

However, the specimen broke at about 104 cycles under σa = 26.5 MPa.  From these 

examples, it was assumed that there is clear critical stress amplitude under which the 

specimen endures the application of 2x106 stress cycles. In the case of the broken 

specimen, the number of cycles to failure was lower than 104 under the present study 

conditions. Therefore, following the results of Goto et al. [3] and Hatta et al. [4], the 

fatigue limit σw was determined by LITs using one specimen.  
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Fig.7  Example of S-N curves in the case of R=-1. 

 

Figure 8 shows the examples for the method of LITs. The load was increased 

set by step, and the same level of stress amplitude was repeated 2x104 cycles in every 

step. The increased level of stress amplitude was 2 MPa, and the value of fatigue limit 

σw was set at 2 MPa lower than the maximum stress amplitude that was applied when 

breaking the specimen. Therefore, note should be taken that the exact fatigue limit was 

not determined in this study. Examples shown in Figs 8 (a) and (b) are the results for the 

case of 90° slit specimen and 45° slit specimen under R=-1. It is found that the fatigue 

limits obtained by LITs are little different from the results for that in Fig.7. Therefore, 

we decided that the fatigue limit σw can be approximated by the results of LITs. Now 

the stress amplitude was calculated by net stress. 
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 (a) Case of α=0°/90° and β=90o               
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                           (b) Case of 0 α=0°/90° and β=45o 

Fig.8 Example of step loading tests for determining the fatigue limit (R=-1). 
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Figure 9 shows the tendency of fatigue limit σw obtained by LIT. The values of 

σw are compared for each test specimen in the bar chart. The results under R=0 and R=-1 

are summarized by maximum cyclic stress σmax in each test. It is clear that the fatigue 

limit σw in the present tests depended on the fiber orientation. Now, the left-hand sides 

are the case of α=0º/90º, the right-hand sides α=-45º/45º. Because the maximum cyclic 

stress was the parameter used, the fatigue limit for R=0 was shown to be higher than the 

level for R=-1. 

 

 

Fig.9 Variations of fatigue limit. 

 
The variation in fatigue limits for the smooth specimen and 45° slit specimen 

showed almost the same tendency and the fatigue limits for the 90° slit specimen and 

notched specimen were almost the same, when stress ratio R was 0. However, where   

R=-1, less influence of the specimen geometry on the difference in fatigue limit was 

observed, and the difference in fiber direction strongly affected the fatigue limit. In both 

cases of R=0 and R=1, the fatigue limit for the specimen with α=0°/90° was higher than 

that with α=-45°/45°. There is less effect of specimen geometry on fatigue strength, 

compared with the results of the tensile test. But the fracture behavior of a fatigue 
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specimen was related to the damage to the phenolic resin and succeeding breaking of 

carbon fibers. 

 

   R = -1 R = 0 

Smooth 
specimen
= 0°/90° 

 
 
 
 

a-1 

 

a-2 

 
Smooth 

specimen 
= 45°/-45° 

 
 
 

b-1 
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Fig.10 Observation of fractured smooth specimen 

 
Figure 10 shows the features of the broken smooth specimen. In the case of 

α= 0°/90 °, R=- 1 as shown in Fig. 10 (a), the crack growth direction was determined by 

maximum shear stress direction under plane stress conditions. The cross section of the 

fracture surface, which was formed by crack growth, inclined in an almost 450 direction. 

It seems that a small amount of deformation accumulated in the tensile direction in the 

case of R=0, at final stage of fracture. The cracks started to grow from both sides of the 

specimen edges. In vicinity of the edges, the crack growth direction was almost 

perpendicular to the loading axis. But, entirely, the crack grew at an almost 450 incline 

through the thickness direction. From the view of the flat surface of specimens in the 

case of R=0, it is found that the cracks which initiated from both sides coalesced with 

each other at the final stage of fracture, because the crack initiation sites on both side 
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were not in the same position relative to the center line. So, in the center section of the 

specimen, the fracture surface was inclined at both specimen plane face and through the 

thickness direction. 

Figure 10 (b) shows the case of =-45°/45°. Inclined cracks were expected to 

grow in both the thickness direction and specimen plane face. The same as the case of 

the tensile test, it is considered that the deformation and damage to the 

phenolic resin affected the final fracture pattern of the specimen, and the fracture 

direction was related to the directions of carbon fibers, when constraint on the 

deformation direction was small. 
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Fig.11 Observation of fractured slit specimen (β=90o) 

 

Figure 11 shows the broken features of the 90° slit specimen. Figure 11 (a) 

shows the cases of R=-1 and R=0 where  is 0°/90°. The inclined crack growth was 

traced in the thickness direction. By comparing with the smooth specimen, it is not clear 
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that the crack grew in the direction of maximum shear stress. However, a mixed mode 

fracture of shear mode and tensile mode was observed.  It is considered from the 

features of fracture surfaces that the resistance to shear deformation in the case of R=0 

was higher than that in the case of R=-1. 

Figure 11 (b) shows the case of =-45°/45°. The features of fractured 

specimens are somewhat different depending on the stress ratio. In the case of R= -1, the 

specimen looked likely to break under plane stress conditions, the cracked surface was 

inclined in the thickness direction. On the other hand, in the case of R = 0, features 

similar to those in the case of Fig. 5 (b), which were obtained in the tensile broken 

specimen, were observed, and the crack growth direction changed. As mentioned above, 

the rapid growth of the crack occurred just before the break. Therefore, in the case of 

R=0, it is considered that the effects of one-directional deformation accumulated during 

fatigue process, and that peeling between the phenolic resin and carbon fibers effected 

the crack initiation and growth. Those were marked on the fracture surface. 
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Fig.12 Observation of fractured slit specimen (β=45o) 
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It is emphasized that the fatigue limit of the 90° slit specimen was higher than 

that of the smooth specimen in the case of R=0. As that result is reviewed from fracture 

patterns of the specimens, it is discussed that the strength order in specimen geometry is 

related to shear deformation. In the case of the 90° slit specimen, the crack growth 

direction did not coincide with the direction of maximum shear stress in a wide area. 

Such tendency would indicate that the range of repeated shear deformation was wider in 

the case of R=-1. 

Figure 12 shows the broken features of 45° slit specimens. The fracture surface 

morphology in this case is more complex than in the tensile fracture test. In the case of 

R=-1 and α=0°/90° as shown in Fig. 12 (a), the crack grew almost perpendicular to the 

specimen axis from the slit bottoms on both sides at the specimen plane face, and the 

crack grew at an inclined direction through the thickness. In this case, the angles of slits 

did not affect the fracture orientation, and the crack initiation and growth from a slit 

bottom were related to the fracture pattern. In the case of R=0, cracks initiated at the 

both sides of the slit, and these cracks connected at the final fracture process. In the case 

of R= -1 and α=-45°/45° as shown in Fig. 12 (b), the crack grew along the slit direction 

and fiber direction. However, the crack growth was only affected by the fiber direction 

and was not affected by the direction of the slit in the example of R=0. This example 

shows that the manner in which the specimen broke was related to the damage to the 

phenolic resin and deformation direction of the fibers rather than the stress 

concentration at the first stage of crack initiation. Similar results were obtained for the 

tendency of the fatigue limits for smooth specimens and 45° slit specimens. It is 

considered from a comparison of Fig. 12 and Fig. 10 that reason for the tendency of 

fatigue limit is related to the formation mechanism of the fracture surface. 

Figure 13 shows the broken features of the blunt notch specimens. In the case 

of R=-1, the crack grew in the inclined direction through the thickness in all specimens’ 

orientation α. In the case of R=0, the cracked surface did not appear under the plane 

applied maximum shear stress. This tendency is similar to that of the 90° slit specimen. 

The feature just before breaking is shown in the case of R=0 and α=-45°/45°. The 

patterns likely to have one directional deformation are observed in that specimen. It is 

assumed that the condition of deformation constraint and the effect of stress 

concentration on shear deformation are different for the blunt notched specimen and slit 
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specimens. In future study, it will be investigated how the stress concentration affects 

fracture behavior when a thicker specimen is used for testing. 
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Fig.13 Observation of fractured specimen with blunt notch 

 

 It was difficult to observe the initiation and the growth of the crack in the 

carbon fibers in detail with high magnification. However, the breaking of a specimen 

suddenly occurred at the final stage in the process of fatigue fracture, as in the process 

of the tensile fracture. Also, in the process of fatigue fracture, the cracking in phenolic 

resin was observed at a relatively early stage. In the case of a slit specimen, the crack 

grew from near the bottoms of the slits, and the crack grew rapidly with the shear crack 

just before breaking [7]. Also, the damages in phenolic resin did not continuously 

expand, but dispersed in some parts. The damage occurred in such parts with shear 

deformation and extended in the direction of the carbon fibers. As reported by Murdani 

et al. [7], it was understood from the present results that final fracture behavior was 

related to the strength of fibers, too. The fracture mode was mixed mode, and when the 
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shear mode along the fiber direction developed strongly, the level of fatigue strength 

became lower. 

 

3.4 Conclusions 
 

The strength of smooth specimens and slit specimens were compared. Fatigue 

limit was determined using a simplified method. The angles α between the carbon fibers 

and specimen axis were set at 0°/90° and - 45°/45°. The directions of the slit against the 

load axis were set at 90° (for 90° slit specimens) and 45° (for 45° slit specimens). The 

main results obtained are as follows: 

(1) The effect of the specimen geometry on ultimate tensile strength was clearly 

apparent, and, in order, the ultimate tensile strength according to specimen 

geometry was first, 90° slit specimen, second, 45° slit specimen, and third, 

smooth specimen. The effect of the specimen geometry on fatigue strength was 

less than that on ultimate tensile strength. However, in those tests, the highest 

strength was obtained where α was 0°/90°. 

(2) The damage to the phenolic resin by shear deformation (or slipping) and the 

subsequent breaking of carbon fibers were related to the strength of the present 

material.  Therefore, in the case where the fiber direction α was -45°/45°, the 

strength became lower because the fracture easily extended along the fiber 

direction. In case of α= 0°/90°, the fracture surface tended to form in an inclined 

direction through the thickness. 

(3) In this experiment, the fracture strength was influenced by the resistance to 

slipping deformation which was caused by the carbon fiber orientation and the 

method of cutting the slit processing, rather than by the stress concentration in 

the vicinity of the bottom of slit. 
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CHAPTER IV 

 

4.1 Introduction 

  

A carbon-carbon fiber reinforced matrix reveals advanced mechanical 

properties like high mechanical strength, high elasticity and toughness even at ultra-high 

temperatures [1]. It has low density compared to metallic materials, and therefore, very 

light-weight designing is possible using this material. In recent years, research has been 

performed to analyze various mechanical properties [1-7]. However, the research is still 

inadequate to establish various design criteria for load-bearing structures, especially as 

to the fatigue behavior. 

In this study, the cracks behavior of slit specimens of C/C composites was 

examined. The fatigue strength of slit specimens was compared with that of notched and 

holed specimens. Based on the observation of the crack behavior, the stress 

concentration and stress intensity factor of each specimen were calculated. Then the 

mechanism of fatigue fracture and order in which fatigue limit of specimen geometry 

were discussed. 

 

4.2 Material and Testing Procedure 

 

The material used was a two-dimensional C/C composites plate fabricated 

using fine-woven carbon fiber laminates supplied by Toyo Tanso Co. Ltd. with 

commercial grade CX-31. This type of C/C composites was made by applying phenol 

resin into carbon fiber cloth and then pressing it under a high temperature. It has a fiber 

volume ratio of 50% and the diameter of the carbon fiber is 7m. In the case of 

6.2mm-thickness of standard board, 26 pieces of carbon sheets are piled up. The 

maximum sizes in the both of length and width of original plate were 850 mm. The 

mechanical properties are shown in Table 1. Figure 1 shows the appearance, the fiber 

bundle of the material and loading direction. 
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Fig. 1 Macroscopic appearance, fiber bundle (yarn) orientation and loading direction of 

CX-31. 

 

The specimens were cut from a plate of 130mm in length L, 3.5mm in 

thickness b and 30mm in width 2W. Figure 2 and Table 2 show the geometry of 

specimens: Type A = slit specimen, Type B = holed specimen, Type C = blunt-notch 

specimen. 2W,  and t represent the specimen width, notch root radius, and notch length 

or slit length, respectively. 

 

 

 

 

 

 

 

Fatigue testing was performed by using an electro-hydraulic servo type testing 

machine. The frequency was 2Hz or 10Hz with a stress ratio of R=-1. The net stress, a 

was calculated with the cross section projected in axial direction at the ligament. The 

ligament width was calculated by 2(W-t). To ease the observation of crack initiation and 

growth, a special thin film was pasted on the specimen surface. The crack length was 

measured perpendicular to the axial direction by aids of a dial gauge and microscope. 

The microscope was connected to an image display device to make it easy to monitor. 

 

Table 1 Mechanical properties 
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Table 2 Geometry of the specimen 

 

Specimen t, mm , mm W, mm W-t, mm 

Type A 0.5 0.5 21 20 

Type A 1.0 0.5 22 20 

Type A 2.5 0.5 25 20 

Type A 5.0 0.5 30 20 

Type B 2.0 2.0 30 21 

Type C 7.5 8.0 30 15 

 

 

 

 

 

 

 

 

 

 

4.3 Results and Discussion 

 

4.3.1 Variations of Fatigue Strength and Stress Concentration Factor Kt 

 

Figure 3 shows the relationship between the stress amplitude calculated by net 

stress σa and the number of cycles to failure Nf. The arrow indicates the point where 

fatigue tests were stopped at N=1x107 cycles. The fatigue limit σw was defined as a 

critical stress where the specimens were not broken at N=1x107 cycles. The average 

values of data for plural specimens were used where Nf was lower than 1x107 cycles. 

But data of one specimen was used in the case where the specimen did not break at 

N=1x107 cycles. Table 3 shows the data of fatigue limit σw. 

Fig. 2 Geometry of specimen 
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In Fig. 3(a), the data of type A with t=0.5mm (slit specimens), type B (holed 

specimens) and type C (blunt-notch specimens) were compared. The fatigue limit of 

type B was not obtained and evaluated from the experimental results. The stress 

concentration factors Kt of those specimens are almost the same as shown in later. The 

stress concentration factors Kt are varied within 3 to 3.2 in those specimens, but the data 

of fatigue limits σw of those are different. It is clear that the fatigue limits of type A with 

t=0.5 mm are higher than those of the type B and type C. Now, instead of the data of 

t=0.5mm, the data of t=1.0mm in type A were used, the similar discussion could be 

developed.  

In Fig. 3(b), the data of all specimens were compared. It is found that the 

variation tendency of the fatigue life depended on the specimen geometry. In the present 

study, the highest fatigue limit σw was obtained in the case of slit specimens where 

t=0.5mm. Where t=5.0mm, S-N curve shows almost the same tendency as that of the 

holed specimens. However, there are no relationship between stress concentration and 

fatigue strength between those specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen t (mm) σw (MPa) 

Type A 0.5 41 

Type A 1.0 40 

Type A 2.5 34.5 

Type A 5.0 31* 

Type B 4.0 30* 

Type C 7.5 29.5 

Table 3 Variation of fatigue limit (the data with * is the estimated value from Fig. 3) 
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Fig. 3  Stress amplitude σa vs. number of cycles N in specimens used: (a) Type A (t = 

0.5mm), type B and type C (Stress concentration levels are almost the same in 

these cases); (b) All specimens of types A, B and C 

 

Where the slit length was t=0.5mm, all specimens fractured from outside of the 

slit section. From this behavior, it is considered that the data for the fatigue limit should 

be the same as that for plain specimens. Also, we expected that the same fatigue limit 

would be obtained when the specimen broke from the notched site and out of the 
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notched site in the case of t=0.5mm in type A.  As the damage in the matrix expanded 

over a large area, the fatigue limit σw became lowest in the case of blunt-notch 

specimens [1, 2]. The shear deformation and succeeding behavior of carbon fiber 

breakage is related to the fiber constraint [2, 3].  The tendency of fatigue lives in 

present cases was more related to the fracture constraint [2] than the stress 

concentration. 

 Now, the fracture constraint was occurred when the shear deformation was 

arrested, depending on the fiber conditions and the expansion patterns of damaged area 

[2, 3]. Figure 4 shows the example of the feature of broken specimen. In the case of the 

slit specimens, the crack grew by Mode I in fist stage, then this mode was changed to 

shear mode in thickness direction. On the other hand, the shear deformation was easier 

to occur in the case of the blunt-notch specimens. So, the crack grew by shear mode in 

all crack growth process in these specimens. When the shear deformation was easier to 

occur, the resistance of crack growth became lower. In the other words, in the case of 

slit specimens, due to the fracture constraint, the resistance of shear mode crack growth 

became higher at first stage of crack growth process [2, 3]. 

 

 

 

 

 

 

 

 

Fig. 4 Comparison of fracture patterns in:  (a) Type A with t= 5.0mm; (b) Type B  
 

 The stress concentration factor Kt was used for evaluation of the fatigue life 

and crack initiation life of notched specimens of metals by many researchers [6, 7]. In 

this study also the stress concentration factor of each type of specimen was calculated. 

Now, the stress concentration factor was defined by following equation: Kt=max/o. 
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Where o is the net stress and calculated by o=P/{2(W-t)b}. max is the maximum value 

of normal stress at notch bottom.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 5  Stress distributions  from the tip of the notch bottom (The normal stress y in 

front of notch is normalized by the net stress o): (a) All specimens; (b) 
Blunt-notch specimens 
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Figure 5 shows the example of the stress distribution in front of the notch and 

Table 4 shows the variation of the stress concentration factor Kt.  In the case of a metal, 

a fatigue crack initiates depending on the Kt value, and the fatigue life becomes lower 

with higher Kt values. In the present cases also, it is considered that the crack initiation 

life depends on the Kt value. However, the fatigue life was not determined by the Kt 

value.  

 

Table. 4 Variation of Kt 

 

 

 

 

 

 

 
 

 

 

For example, at distances of 0.5mm or longer from the notch tip, the stress 

value of the blunt-notch specimens becomes higher than that of slit or holed specimens. 

In the case of the slit specimens, stress decreases rapidly within a distance of 0.5mm 

from the slit tips. Because of the stress distributions, the damage of matrix was 

expanded within a small area in front of the slit tips. The crack initiation was easier to 

occur in the case of the slit specimens with high stress concentration. However, the 

damaged area was not expanded in wide area in front of the slit tip. So, shear 

deformation which related to fracture constraint was limited in smaller area. 

Figure 5(b) shows the calculation results for the blunt-notch specimens. Some 

different cases of notch length were calculated, but only the case of t=7.5mm is used for 

the experiment. It is found that the decreasing tendency of stress σy is almost the same 

among those calculation cases. In the case of blunt-notch, the stress decreased gently 

from the notch bottom. Therefore, the damage area was expected to be expanded in 

Specimen  ( mm) t ( mm) Kt 

Type A 0.5 0.5 3.06
Type A 0.5 1.0 3.99
Type A 0.5 2.5 5.83
Type A 0.5 5.0 8.04
Type B 2.0 2.0 3.06
Type C 8.0 10.0 4.23
Type C 8.0 7.5 3.18
Type C 8.0 5.0 2.61
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larger area in comparison with the case of slit specimens, when the stress level was 

reached in the conditions of crack initiation. 

From the above discussions, it is considered the reason that the fatigue life 

becomes longer in the case of slit specimens even though the crack initiation life is 

expected to be shorter. Also, it is emphasized that the gradient of stress from the notch 

root is related to the fatigue life of the specimens. 

 
4.3.2 Crack Growth Behavior and the Variation of Stress Intensity Factor 

KI 

  

 Figure 6 shows the examples of the crack growth curves of type A (slit 

specimens), type B (holed specimens) and type C (blunt-notch specimens). The arrows 

with the symbols in Fig. 6 indicate the stopping period of crack growth tests. From the 

S-N curves which is shown in Fig. 3, we expected that these specimens would not break 

even when the stress is repeated till N=107 cycles. Now, the crack length a was defined 

the length from the crack tip to notch root in each specimen. Also, that length was 

project length in the axial direction. Average length of right and left hand sides of 

cracks at the notches was used.  

The crack growth tendencies of unbroken specimens were somewhat different, 

depending on the specimen geometry. It was found that crack growth stopped after a 

certain length of crack growth and the coalescences of cracks in the case of holed 

specimens. However, in the cases of blunt-notch and slit specimens, the initiated crack 

hardly grew. In the case of blunt-notch, very small cracks were initiated. The fatigue life 

is related to the crack initiation and growth behavior. Even though the crack initiation 

was observed, some specimens were not broken. Specially, in the case of the slit 

specimens, the crack grew by mode I at early stage of crack growth. When the crack 

growth mode was changed to shear mode in thickness direction, the crack growth rate 

became higher.  
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Fig. 6 Crack growth from: (a) Type A with t = 2.5 mm; (b) Type B; (c) Type C 
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In the cases of the specimens where breaking behavior was observed, the crack 

growth rate unstably increased, and this period was dependent on the cyclic stress levels 

and shear deformation [2, 3]. Also, the density of crack initiation and damaged area 

affects the growth behavior of main crack and crack growth life. So, we performed 

observation of the cracks in the vicinity of notch bottom and calculation of stress 

intensity factor when additional cracks or sub-cracks were initiated around the main 

crack. Figures 7 and 8 show the images of crack growth in broken and unbroken 

specimens. Figure 7 is for slit and holed specimens.  Figure 8 is for blunt-notch 

specimens.  

 

 

 

 

 

 

 
Fig. 7 Observation of crack growth: (a) σa=31MPa, t=5.0mm, broken specimen of Type 

A; (b) σa=35MPa, t=2.5mm, broken specimen of Type A; (c) σa=32MPa, t=2 
mm, unbroken specimen of Type B 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Observation of crack growth in blunt-notch specimen (Type C): (a) σa=32MPa, 

t=7.5mm, broken specimen; (b) σa=29MPa, t=7.5mm, unbroken specimen) 

 

The crack growth behavior could be related to the crack density. In Fig 7, crack 

density is higher but the growth rate was comparatively slower in early stage of crack 
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growth under those experimental conditions. Figure 7(c) is an example of unbroken 

specimen having higher crack density at the tip with low stress levels. Under the 

conditions in fatigue limit, the crack growth stopped after growing some length. So, 

crack density influenced fatigue life, in the case of slit and holed specimens. In the case 

that the stress level was higher, the crack growth rate increased unstably, while the 

density of crack initiation was lower.  

Figure 8 shows the examples of crack growth with lower crack density at the 

notch bottom in the case of blunt-notch specimen. Fatigue life became shorter because a 

single crack grew faster than the additional cracks. Also, very small cracks were 

initiated at the fatigue limit. The faster crack growth occurred with shear deformation 

toward thickness direction. 

To discuss the density of crack initiation and the main crack growth behavior, 

quantitatively, stress intensity factor KI for mode I in a specimen having a slit was 

computed by the two-dimensional body force method [6]. According to the crack 

initiation and growth behavior in experimental cases, patterns 1-7 in Fig. 9(a) were 

examined. In the present experimental cases, the crack grew by Mode I at the surface 

plane. However, in the thickness direction, the crack grew by shear mode and the 

inclined crack face was observed in the thickness direction. Therefore, the present 

calculation was based on qualitative conditions. Exact calculation should be performed 

with three-dimensional models. However, the present calculations have good correlation 

with the experimental results. 

Figure 9 shows the variation of KI for specimens with main cracks on both 

sides where the initial length of main crack is 1mm. In the cases of Patterns 1 – 6, the 

main crack only changes its length. In the case of pattern 7, the both of main crack and 

additional cracks change their length, simultaneously. The calculation patterns of the 

main crack and additional cracks are shown in Fig. 9(a). Figure 9(b) shows the KI of the 

main crack in patterns 1 - 4 and Fig. 9(c) shows that in patterns 5 - 7. From the 

experimental results, a higher crack growth rate and shorter fatigue life was observed in 

cases where lower density of crack initiation was observed in front of the slit. Also, the 

initiation of perpendicular and parallel cracks to main crack is expected to affect the 

main crack growth. 
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(a) 

 

 

 

 

 

 

 

 

 

Fig. 9 Stress intensity KI vs. crack length l in main crack: (a) Calculation patterns; (b) KI 

of Patterns 1 – 4; (c) KI of Patterns 5 – 7 
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In comparison with the basic case of a single crack (Pattern 1), it is clear that 

KI became lower when perpendicular cracks initiated from the main crack, and then 

other additional cracks grew from the perpendicular cracks in the same direction as the 

main crack growth (Patterns 4, 5, 6, 7). In contrast, KI shows almost the same tendency 

as Pattern 1 where the additional cracks grew from the perpendicular cracks only in the 

direction backwards from the main crack growth direction (Patterns 2, 3). From these 

analyses, it was found that the conditions at the locations of additional cracks near the 

tips of the main crack affect the crack growth rate and fatigue life. In the case of Pattern 

7, the three cracks grow simultaneously, and the value of KI stays low. The behavior of 

crack growth by shear mode in the thickness direction in the cases of notched specimens 

will be analyzed in the future. 

 

4.3 Conclusions 

 

The fatigue limits of notched specimens were examined. The specimens were 

slit specimens, holed specimens and blunt-notch specimens of C/C composites. Also, 

stress concentration factor and stress intensity factor were calculated to explain the 

experimental results. The main results obtained are as follows: 

(1) The higher fatigue limit, w is obtained when slit length is shorter, compared 

with longer slit length, holed and blunt notched specimens. 

(2) Fatigue life is not exactly related to the value of the stress concentration factor. 

The maximum values of stress, stress distribution and fracture constraint are 

considered to be related to the fatigue life. 

(3) The stress intensity factor is affected by the situation of the main crack and 

additional cracks. The crack growth rate is affected by the specimen geometry 

and stress intensity. 
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CHAPTER V 
 

 

Summary 
 

The investigations of fatigue, fracture and crack behavior of two dimensional 

of C/C composites with fine woven carbon laminate were carried out in this dissertation. 

The findings summaries are outlined as follows:   

1. Fatigue and fracture behavior 

In this study, the fatigue strength of each specimen configurations was 

determined by damage expansion and interlaminar debonding behavior of the 

fiber sheets. In the case of notched specimens, the fatigue strength was related to 

the fracture constraint. Also, it was found that the fracture mechanism of the two 

dimensional of C/C composites material was the expansion of localized shear 

damage and interlaminar debonding of the fiber sheets. Furthermore, in the case 

of cyclic bending tests, local buckling and interlaminar debonding of fiber were 

identified in notched specimens due to repeated compression test. In addition, 

the tensile strength of the smooth specimens was lower than that of the notched 

specimens. Thus, it can be concluded that the fatigue and fracture behavior of 

the two dimensional of C/C composites material have similar behavior to 

common composite materials which was reported in the previous investigation.        

2. Effect of fiber direction on strength of notched specimen  

In this study, the fiber direction of 0°/90° show higher fatigue limit and critical 

fracture stress than that of the -45°/45° fiber direction in all specimen 

configurations. Moreover, the specimen geometry has more effect on ultimate 

tensile strength rather than fatigue strength. The fracture behavior of fatigue and 

tensile specimens were related to the damage of the phenolic resin which caused 

by shear deformation and succeeding breaking of carbon fiber. The considerable 

influence of specimen geometry on ultimate strength was affected by the slip 

deformation which was easier to develop in the direction of separation between 

phenolic resin and carbon fiber. Thus, the fracture strength of the two 

dimensional of C/C composites material was influenced by the resistance to 
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slipping deformation or shear deformation which caused by carbon fiber 

orientation rather than stress concentration in the vicinity of slit.    

3. Fatigue behavior and relationship between crack propagation and slit 

configuration 

In this study, the length of slit affects the fatigue life. The longer fatigue life was 

obtained in the case of specimen with shorter slit. It was explained from stress 

distribution analysis that at distance of 0.5 mm or longer from notch tip, the 

stress value of blunt notched specimens becomes higher than that of slit 

specimens at distance shorter than 0.5mm, the stress decreased rapidly for slit 

specimen cases. The crack growth tendency of unbroken specimens (lower 

cyclic stress level) was somewhat different, depending on the specimen 

geometry. In the case of blunt notch and slit specimen, the crack initiation was 

hardly to grow. Whereas in the case of holed specimens, the crack growth 

stopped after certain length. The crack tendency of broken specimens was 

unstably increased, depending on the cyclic stress level. The higher cyclic stress 

level was related to shear deformation condition which caused the density of 

crack initiation site near the tip became higher. Furthermore, stress intensity 

analysis of the crack behavior in the crack density related to the fatigue life has 

good correlation with experimental result. It was found that stress intensity 

factor KI became lower when perpendicular cracks initiated from the main crack, 

and when subsequently other additional cracks grew from the perpendicular 

cracks in the same direction as the main crack growth. It can be concluded that 

the conditions at the locations of additional cracks near the tips of the main crack 

affect the crack growth rate and fatigue life. 
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