
琉球大学学術リポジトリ

有害な欠陥やき裂がある工業材料の疲労特性の評価
と危険荷重の検出について

言語: 

出版者: 琉球大学

公開日: 2021-06-21

キーワード (Ja): 

キーワード (En): 

作成者: Rahman, S.M. Moshiar

メールアドレス: 

所属: 

メタデータ

http://hdl.handle.net/20.500.12000/48608URL



Doctoral Dissertation of Engineering 

                             

 

 

Detection of Application of Hazardous Load and Evaluation 

of Fatigue Properties in Engineering Material Having 

Inconvenient Defects or Cracks 

 

 

有害な欠陥やき裂がある工業材料の疲労特性の評価と危険荷

重の検出について 

 

 

 

 

 

 

March 2021 

by  

S. M. Moshiar Rahman 

 

      

 
Mechanics of Materials  

Material, Structural and Energy Engineering  

Graduate School of Engineering and Science  

University of the Ryukyus 



Doctoral Dissertation of Engineering 

                             

Detection of Application of Hazardous Load and 

Evaluation of Fatigue Properties in Engineering Material 

Having Inconvenient Defects or Cracks 

 

有害な欠陥やき裂がある工業材料の疲労特性の評価と危険

荷重の検出について 

 

 

 

 

 

March 2021 

 

by  

S. M. Moshiar Rahman 

 

      
Mechanics of Materials  

Material, Structural and Energy Engineering  

Graduate School of Engineering and Science  

University of the Ryukyus 

 

Supervisor: Prof. Chobin Makabe 





iv 
 

ABSTRACT 

Structural components experience different kinds of loads in their life cycle like axial, torsional 

etc. The existence of some unrecognized cracks results in poor mechanical properties which may 

bring terminal damage with higher load application. On this aspect, the detection of such kinds of 

overload and underload and crack initiation and propagation behavior due to the presence of 

inclusions in the machine structure were investigated. The main contents of the present dissertation 

are summarized as follows: 

A detection technique of the application of unexpected or hazardous over and under load was 

investigated. S15C carbon steel has been used to conduct this experiment which is called JIS-S15C 

steel. The specimen was prepared with pre-crack and notch at the center of the specimen. An 

acceleration behavior of crack growth due to the application of overload and underload during 

fatigue crack growth test with constant stress amplitude was observed. In some cases, the 

acceleration of crack growth brings catastrophic failure in machine the structure. Therefore, it is 

useful for machine maintenance to determine whether an unexpected load was applied or not by 

doing a daily inspection.  

Fatigue limit and crack growth behavior of carbon fiber reinforced epoxy composites and 

hybrid composites has been studied with a slit specimen. Then the results were compared between 

epoxy carbon fiber reinforced composites and the hybrid composites. The fatigue limit was defined 

by the maximum stress amplitude that the specimen endured 106 times or more repeated stress 

when S-N curve was used. For both cases, the highest fatigue limit was obtained for parallel loading 

fiber direction. According to those results, it was expected that the fatigue limit of smoothed 

specimens of carbon composites and hybrid composites can be evaluated from the results of the 

slit specimens.  

The fatigue life and fatigue limit of carbon steels having pre-cracks and inclusions, and 

prediction of fatigue limit by correction of crack initiation length were investigated. Presence of 

pre-cracks and inclusions may affect the crack initiation length and crack propagation behavior. 

Also, crack initiation behavior is related to the distribution of microstructure and inclusions present 

in the materials. Inclusion size higher than expected may decrease the fatigue strength of the 

material. This result is shown in the study of 0.25% carbon steel. For the material 0.45% carbon 

steel, there were some inclusions but fewer than 0.25% carbon steel. As initial crack length varied 

due to the presence of inclusions, a correction method has been proposed and fatigue life and limit 

have been predicted based on the correction.  
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Chapter One 

Introduction 

 

1.1 Fatigue and Fracture and Methods of Evaluating Them 

Structural components contain geometrical discontinuities. For instance, threaded connections, 

windows in aircraft, keyways in shafts, teeth of gear wheels, etc. The size and shape of these 

features are important since they determine the strength of the components. Conventionally, the 

strength of components or structures containing defects is assessed by evaluating the stress 

concentration caused by the discontinuity features. However, such a conventional approach would 

give erroneous answers if the geometrical discontinuity features have a very sharp radius or notch.  

Generally, a fracture is caused due to the crack initiation in a material. So, Fracture mechanics 

has been developed to evaluate the strength of cracked materials. Fracture mechanics describes the 

behavior of solids or structures with geometrical discontinuity of the structure. Fracture mechanics 

has now evolved into a mature discipline of science and engineering and has dramatically changed 

the understanding of the behavior of engineering materials. One of the important impacts of 

fracture mechanics is the establishment of a new design philosophy: damage tolerance design 

methodology, which has now become the industry standard in spacecraft, ships, and automobile 

parts design. In the case of small-scale yielding, the stress intensity factor, K, is used as the 

evaluation factor of cracked material.  

K = Fσ√πa               (1.1) 

Where, F is the correction factor depending on the shape of material, a is the crack length.  

In the case of machine components, static fractures and fatigue fractures have the possibility 

to happen. Especially, care is taken to prevent fatigue fractures in the machine design. Structural 

members subjected to repeated cyclic loading can undergo progressive damage which is shown by 

the propagation of cracks. This damage is called fatigue and is represented by a loss of resistance 

to failure with respect to time. Failure occurs even when the applied stress or strain is well below 

the value corresponding to failure under monotonic loading. Since most engineering structures are 

subject to fluctuating loads, fatigue is the largest single source of structural failure of metals in 

service.  
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To evaluate fatigue life and strength is very important for machine design. Fatigue properties of 

materials are often described by using the fatigue limit or the S-N curve. The S-N curve describes 

the relationship between applied cyclic stress, σ, and the number of cycles to failure, Nf. In the 

typical S-N curve, the number of cycles to failure, Nf, is given on logarithmic scale on the horizontal 

axis of the graph. On the vertical axis (either linear or logarithmic) the stress amplitude, σ in MPa. 

For example, in the case of carbon steel, the fatigue limit of the material is defined as the applied 

stress amplitude for which the material or structure does not fail even after more than 107 cycles. 

The fatigue limit is different for different materials. Carbon steel and its alloys show a clear fatigue 

limit but nonferrous materials like copper, aluminum and their alloys, and brass do not show a 

clear fatigue limit.  

Fatigue failure can be divided into three stages as follows,  

1. Crack initiation  

2. Crack propagation, and  

3. Final failure.  

The first stage of fatigue is the crack initiation stage. With few exceptions, in high-cycle life 

testing, fatigue cracks initiate from the surface of the specimen. However, if there is any material 

defect present, cracks tend to nucleate at subsurface flaws of unusual severity. Given in instances 

where subsurface crack nucleation was observed, the life of the part is governed by the cracks that 

initiate at the surface.   

The second stage of fatigue is the crack growth stage. For an example of a small-scale yielding 

case, when a constant cyclic stress range, Δσ (= max - min), is applied to a cracked or defective 

structure, stable fatigue crack growth occurs at stress levels which are below the yield stress of the 

material. In fact, the range of the stress intensity ΔK, where ΔK = Kmax – Kmin in a cycle may also 

be well below the materials fracture toughness. The reason is that the material near the crack tip is 

under severe plastic deformation. Since the stress-strain field near a crack tip is uniquely 

determined by the stress intensity factor, fatigue crack growth rates can be correlated to ΔK. In 

cases outside (other than) of small-scale yielding, the parameters related to the yielding area in 

front of the crack and J-integral are used for evaluation of crack growth.  
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Fatigue failure refers to the fracturing of any given material due to the progressive cracking of 

its brittle surface under applied stresses of an alternating or cyclic nature. Over time, fatigue failure 

can lead to safety issues and the premature loss of critical infrastructure. 

Generally, the components of machine structures have a notch or defect. There is stress 

concentration around the notch or defect.  Stress concentration factor, α, which reflects the severity 

of a notch or hole or defect in the structure, is defined as the dimensionless ratio of the maximum 

stress at the root of a notch or hole or defect, to the nominal applied stress. The stress concentration 

factor can be evaluated using analytical, numerical and experimental techniques; for common 

notch shapes the values of α can also be obtained from tables and charts which can be referred in 

Engineering handbooks. The relatively shallow notches and plural defects can cause high stress 

concentration. The presence of a notch or defect can be critical to the safety of components made 

of brittle materials.  

 

1.2 Detection of a Dangerous Situation by Fatigue Crack Growth in Metal 

In terms of fatigue, critical parts of structures, vehicles, and machines, fatigue crack 

propagation under service conditions generally involves random or variable amplitude rather than 

constant amplitude loading conditions. Under fluctuating stress condition, i.e., during the 

application of overload and underload, the crack growth rate may vary, that is the significant 

retardation and acceleration in the crack growth rate occur which makes it difficult to quantitatively 

predict the crack propagation behavior and fatigue life. Therefore, good understanding regarding 

overload and/or underload, are very important to develop the damage tolerance design and life 

prediction methodology.  

There have been numerous research studies conducted to determine the crack growth rate 

phenomena, which include the experimental studies [1-8]. Among them, the plasticity induced 

crack closure concept suggested by Elber has attracted much attention. Elber introduced the 

effective stress intensity factor range as a fatigue crack tip driving force, emphasizing the 

significance of the crack closure phenomenon of cracks.  

As unstable crack growth may bring catastrophic failure of the machine structure or 

engineering material due to the application of dangerous load, it is necessary to detect whether an 

overload or underload was applied or not during machine operation. It’s been established by 
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researchers that a crack initiates from the stress concentration region of the machine structure in 

its loading condition, and crack initiation from a notch can be detected by using a strain gage 

during operation [9-11]. Nondestructive testing offers detection of crack initiation in the structure, 

which is very effective, but the disadvantage of this method is that, the machine operation needs 

to be stopped to inspect machine parts. On the other hand, crack initiation and propagation in the 

machine structure can be observed and detected by using strain a gauge during the machine 

operation, i.e. there is no suspension or stoppage time required to detect crack initiation and 

propagation during machine operation.      

1.3 Crack Growth Behavior in the Case of a Composite. 

The deformation and fracture phenomena of the composites are somewhat different from those 

of metals. Some composites of light weight show higher strength than steel. However, anisotropy 

behavior of fracture is observed in a composite material. Therefore, care should be taken when a 

composite is used for machine equipment. 

Facing the uncompromising requirements for fuel economy in the automotive and aircraft 

industries, composite materials are seen to be used for structural light weight. Carbon fiber 

reinforced epoxy composite materials are among the engineering materials with the highest 

stiffness to weight and strength to weight ratio [12-14]. Since structural components may be 

subjected to complex cyclic loading, fatigue fractures can become one of the crucial causes of 

failure. Therefore, from the point of view of safety, an accurate assessment of fatigue life and 

loading conditions for carbon fiber reinforced epoxy composite components is essential.  

Composites made from prepregs have a number of drawbacks due to the manufacturing process 

used. These materials have a higher tendency towards delamination, i.e. formation and growth of 

interlaminar cracks that propagate through interfacial bonding under both static and fatigue 

conditions. This characteristic decreases the stiffness and strength and affects the mechanical 

behavior of the material and can significantly reduce its service life. During the last few decades 

scientists and researchers have been making efforts on the importance of the phenomenon of 

interlaminar fractures, it is still a matter of concern that limits the use of laminates in structural 

components.  

It should be noted that the specimens used for tension-tension (T-T) fatigue life tests are usually 

longer than those for tension-compression (T-C) and compression-compression (C-C) fatigue tests 
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[29]. There are several methods to determine the fatigue limit and strength of the materials like the 

S-N curve, Load Increase Test (LIT) method etc. The fatigue limit is defined by the maximum 

stress amplitude that the specimen can withstand 106 repetition stress cycles for the use of the S-N 

curve. The highest fatigue limit may be obtained when all the fiber directions are parallel to the 

loading direction and tested in tension-tension (T-T) loading condition. By comparing the fatigue 

limit of slit or partially notched specimens, the fatigue limit of unnotched or plain specimens can 

be determined. The experimental results obtained from the above fatigue test can be used for 

maintenance purposes of the machine structure. But before using these results, more testing and 

evaluation is required.    

1.4 Prediction of Fatigue Life and Strength. 

For the maintenance of the machine structure, monitoring crack initiation is important. Also, 

the prediction of fatigue life and evaluation of fatigue limit are important for keeping the safety of 

the machine structure. Some machine structures made with pure materials i.e. material having no 

impurities and no inclusions and subjected to tensile load may fail down by reducing the area of 

testing section for its work hardening properties [15]. A crack nucleates and propagates by 

overcoming interatomic strength and grain boundaries of the material. On the other hand, materials 

containing inclusions and internal defects may fails earlier than anticipated fatigue life due to the 

application of much lower loads. A crack nucleates at the inclusion and the crack grows from the 

inclusion. If there are multiple inclusions, multiple cracks initiate. Once the crack initiates, further 

application of stress causes each crack to increase independently. Upon further growth, a crack 

interacts with its neighboring crack and eventually they combine to form a unified longer length 

of crack which leads to the final fracture of the structure.  

Scientists and researchers have spent plenty of time to understand the fatigue phenomena, 

fracture mechanism and their governing equation and established some parameters to determine 

the fatigue strength. Among these, yield strength Y, ultimate tensile strength , and hardness HV 

or HB attract interest; and ultimate tensile strength and hardness are being used from early on to 

determine the fatigue limit through the following equations: 

w = 0.5               (1.2)  

w = 1.6HV                 (1.3) 
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But there are some limitations for the application of the above Eq. (1.2 & 1.3) [18, 26] because 

these equations are only valid for plain specimens or material having no pre-cracks or defects or 

inclusions.  

Normally the manufacturing process has developed, and now-a-days Additive Manufacturing 

technology is being used to produce structural material with improved mechanical characteristics. 

Despite having more advantages now in the production of more complex geometric components, 

disadvantages like defects, micro-cracks or inclusions are still concern for flawless manufacturing 

procedure. These cause decrease in the fatigue strength of the materials.   

Based on the above discussion, it was necessary to determine the fatigue limit of the structural 

material with consideration of defects, pre-cracks, inclusions whatever it contained in the structural 

material.  But the size and shape of the defect and inclusion are too complex to unite and therefore 

the evaluation of the fatigue limit of the material containing defects and inclusions is too difficult. 

To mitigate this problem, many researchers have investigated the effect of defects and inclusions 

but Murakami and Endo [18] have given a comprehensive and quantitative evaluation for various 

sizes of defect and inclusion and proposed the following equation to evaluate the fatigue limit 

accurately which is being widely used.   

6/1)(

)120(43.1

area

HV
w

+
=                                 (1.4) 

In this equation, Vickers Hardness (HV) represents the material properties and √area is described 

as the geometrical parameter of the defect or inclusion of the material. Unit of area is considered 

as μm (micrometer). To calculate the area used in Eq. (1.4) defect or inclusion size was measured, 

then the crack initiation size was measured from the specimen surface which is considered as the 

defect or inclusion size [27]. Then the area was calculated based on the following semi-circle 

equation; 

Area = π(l2)/8             (1.5) 

here l is the crack initiation length or defect length.  

Generally, defects or inclusions exist in various sizes in materials. Therefore, the crack 

initiation length also varied. The following is attempted to explain this. To evaluate the crack 
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growth rate under various conditions of crack initiation length, the fatigue life Nf is corrected by 

the following parameter λ [28];  

 λ = (1+) N/Nf                                      (1.6) 

where, ‘ ’represents the corrected value which is difference for different size of crack initiation 

length due to the defect or inclusion contained in the material. N/Nf is the dimensionless relative 

number of cycles.  

By analyzing and measuring the crack initiation size or critical defect size, it is possible to 

predict the fatigue life and fatigue limit of a structural component having unknown defects or 

internal cracks.  

1.5  Outline of Present Dissertation 

Based on the explanation above, the following experimental studies were performed to 

understand the landscape of fatigue phenomena, fatigue life, fatigue limit, detection method of 

dangerous load application, crack growth behavior, prediction of fatigue life and limit, etc. 

1.5.1 A method for detecting an unexpected application of a hazardous load during operation.     

A method for detecting the application of an unexpected dangerous load was investigated. An 

acceleration behavior of crack growth due to the application of overload and or underload during 

fatigue crack growth test with constant stress amplitude was observed. In some cases, the 

acceleration of crack growth brings catastrophic failure in machine structures. Therefore, it is 

useful for machine maintenance to know whether an unexpected load was applied or not by doing 

a daily inspection. In the present study by using a center-crack specimen, a simple method of 

detecting the application of overload or underload was investigated. Such an unexpected load can 

be detected by the waveform of the function of stress and strain in the vicinity of the crack. 

 

1.5.2 Method of detecting unexpected load leading by using strain information. 

The crack growth can accelerate after applying as unexpected overload or underload during 

the usual operation of a machine structure. An acceleration or deceleration of the crack growth 

was observed depending on the experimental conditions. In the present study, a method of 

detecting the application of an unexpected hazardous load, that is a high level of overload or 
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underload, was investigated. It is expected that the acceleration of crack growth brings catastrophic 

failure in a machine structure. Therefore, it is useful for machine maintenance to know whether an 

unexpected load was applied or not by doing daily inspection. In the present study by using center-

crack specimens, a simple method of detecting the application of overload or underload was 

investigated by using strain information. 

 

1.5.3 Effect of fiber direction and stress ratio on fatigue property in carbon fiber reinforced 

epoxy composites.  

The fatigue limit and crack growth behavior of slit specimens of carbon fiber reinforced epoxy 

composites were investigated. The fatigue limit was defined by the maximum stress amplitude that 

the specimen endured 106
 times repeated stress when the S-N curve was used. The highest fatigue 

limit was obtained when all the fiber directions were parallel to the load axis. The fatigue limits 

were evaluated in the cases of composites using laminate layers alternately parallel and 

perpendicular to the load axis which were then compared with the results of specimens where all 

the carbon fiber orientations were parallel to the load axis. When the measured value of the fatigue 

limit was lower, shear damage to the epoxy resin and peeling of fiber from epoxy resin occurred 

clearly. According to those results, it was expected that the fatigue limit of smooth specimens of 

carbon composites with long fibers can be evaluated from the results of the slit specimens. 

 

1.5.4 Fatigue and fracture mechanism of aluminum-carbon fiber reinforced hybrid 

composites. 

The fatigue limit and fracture behavior of epoxy carbon fiber reinforced composites and hybrid 

composites were investigated. Aluminum foil or a thin aluminum plate was incorporated with the 

carbon fiber to make the hybrid reinforced composites. Several specimens were prepared, and a 

series of fatigue tests were carried out to investigate the fatigue life and fracture behavior. Then 

the results were compared between the epoxy carbon fiber reinforced composites and the hybrid 

composites. It is discussed whether the S–N curves show similar characteristics for these two types 

of hybrid composites or not. As for the present result, the stress ratio and the type of hybrid 

composite affect the fatigue life. The interfacial bonding plays an important role in the strength 

and fracture behavior of notched specimens of the fabricated composites.  

1.5.5 Effects of existence of unexpected defects on fatigue strength. 
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There is a good correlation between the static strength and fatigue limit in many carbon steels. 

However, in the case of some commercially sold carbon steel, the fatigue limit cannot be evaluated 

from the static strength. Care should be taken when those materials are used for machine equipment. 

In the case of some materials, there is a decrease in fatigue limit from the expected values of 

Vickers hardness. In this study, one such case was investigated by push-pull. The examinations of 

the S-N curves and crack growth behavior were performed. Then, it was discussed that the decrease 

in the fatigue limit was related to the existence of defects of unexpectedly large size. The material 

tested is not expected to be used for machine equipment. However, it is not good if such materials 

are sold without any warning about the existence of such defects. 

1.5.6 A method for prediction of fatigue limit and life of carbon steel. 

There is a good correlation between the S-N curve and the crack growth law in carbon steel. 

Also, the fatigue limit of that can be evaluated from the parameters of hardness and crack initiation 

conditions. The crack initiation behavior is related to the distribution of microstructures and the 

sizes of inclusions. Therefore, when the fatigue limit and life of carbon steel are predicted, it is 

better to consider the initial crack length and crack growth behavior. In this study, one such case 

was investigated by push-pull with constant stress amplitude by using 0.45% carbon steel. The 

initial crack lengths were varied with the specimens used and testing conditions. The prediction 

method of the S-N curve from a corrected crack growth law in such case was proposed. Also, a 

method of prediction of fatigue limit and life from the point of safety was discussed in this study. 

 

The last section of the present thesis lists is the conclusions based on this dissertation and 

provides suggestions for further research directions. 

1.6 Conclusion 

Fatigue is a failure at relatively low stress levels of structures that are subjected to fluctuating and 

cyclic stresses. Fatigue testing is conducted to determine fatigue limit so the load that applied must 

under the fatigue limit to make sure that the specimen is in safe condition. Fatigue limit is the 

maximum stress amplitude level below which material can endure an essentially infinite number 

of stress cycles and not fail. Therefore, this testing is important to know the fatigue limit. 

The factors that affect fatigue life is mean stress σm, which is when reduced the mean stress will 

be increased the fatigue life. The surface face also will affect the fatigue life. Consequently, most 
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cracks leading to fatigue failure originate at surface positions specifically at stress amplification 

sites. It can be reduced by polishing the surface. Beside eliminating sharp surface discontinuities 

and imposing surface residual compressive stresses by shot peening also can be increased fatigue 

life. 

The failure may be due the discontinuity, poor design, improper maintenance, or other causes.  A 

failure analysis can determine the cause of the failure. Therefore, redesign can be taken to solve 

the problems. The fatigue testing is one of fracture analysis to know the fatigue limit to make sure 

that the engineers design the product in safe condition. 
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Chapter Two 

A Method for Detecting an Unexpected Application of a Hazardous 

Load During Operation 

 

2.1 Introduction 

The fatigue crack growth rate would vary from an expected situation when stress amplitude 

fluctuates. It is well known that the crack growth decelerates or accelerates when an overload or 

an underload is applied during the crack growth test with constant stress amplitude [1-8].  The 

focus of the present study is the acceleration behavior of fatigue crack growth. If the crack growth 

rate becomes higher, a machine structure or equipment will be in a dangerous situation.  

The crack growth rate after overloading and underloading is related to the formation of residual 

stress in front of the crack tips. The crack opening stress is affected by the residual stress conditions. 

It is well known that the crack growth rate can be summarized with effective stress intensity factor 

range Keff [1-8]. The crack growth can be evaluated by the Keff  to know whether the crack 

growth rate accelerates or decelerates after applying overload or underload. Therefore, to 

understand the crack growth behavior, crack opening and closing behavior should be evaluated. 

The acceleration of crack growth is dangerous, because there is the possibility of catastrophic 

failure in machine structure due to unstable crack growth. If cracks grow stably, the crack length 

after definite loading cycling can be predicted under the application of a crack growth law. In that 

case, the applied load can be evaluated or measured. When an unexpected load is applied during 

machine operation, it is important to know whether a dangerous overload or underload is applied 

or not. In the present study, the main objective is to detect the application of an unexpected load 

which leads to the acceleration of the crack growth. The crack initiation from a notch can be 

detected by using a strain gage during the operation [9, 10]. That method was applied to detect the 

application of the overload during fatigue test with constant stress amplitude in the previous study 

[11].  This work was improved in the present study and was understood that crack opening and 

closing behavior is strongly related with the acceleration of crack growth. In this paper, is shows 

the effectiveness for detecting a dangerous load by evaluating the relationship in the variation 

between local strain and applied stress. 
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2.2 Material and Crack Growth Testing Procedure 

The material used for the experiment was 0.15% carbon steel. This is called JIS-S15C in Japan 

(JIS = Japanese Industrial Standards). The chemical compositions and mechanical properties of 

the material are shown in Table 2.1. A center-cracked type of specimen was employed in this 

experiment. Figure 2.1 shows the specimen geometry and the positions where strain gages were 

pasted on. Dimensions of the specimens are 20 mm in length and 4 mm in width. A notch of 4 mm 

in length was cut in the center section of the flat part of specimen by electric discharge machine. 

Then the specimens were polished by emery paper and metal polisher.  

Before the main experiment, about 1 mm of crack was introduced from both sides of the notch 

root by a pull-push hydraulic fatigue testing machine. The initial crack length of the present 

specimen is about 6 mm which includes notch length of 4mm. 

After annealing at 600˚C for 1 hour in a vacuum furnace, strain gages were pasted on the 

specimen surface as shown in Figure 2.1 to detect an unexpected load application. The fatigue 

crack growth tests were carried out using a hydraulic testing machine with a constant loading 

frequency of 10Hz with negative stress ratio R= -1 in laboratory room conditions. Figure 2.2 shows 

the overview of the equipment used for testing.  Overload or underload was applied when the crack 

length reached about 6 mm. This crack length is defined as including the notch length. The crack 

opening and closing stresses were measured by using the strain gages. Crack length was measured 

by an optical microscope which was connected to an image display system device to make it easy 

to measure the crack length.  

Table 2.1: Chemical composition and mechanical properties of 0.15% carbon steel (σS; Yield 

stress [MPa], σB; Ultimate tensile strength [MPa],  Reduction of area [%]) 

Chemical composition [wt., %] 
Mechanical properties 

[MPa, %] 

C Si Mn P S Cr Ni Cu Fe σS σB  

0.15 0.30 0.50 0.013 0.013 0.19 0.05 0.14 Bal. 283 449 60 
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Figure 2. 1 (a) Geometry of the specimen and (b) Position of strain gages (Unit: mm) 
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Figure 2. 2 Fatigue testing machine and procedure 

 

2.3 Method of Measuring Crack Opening and Closing Stresses 

There are some methods of measuring crack opening and closing stress. We employed the 

“Unloading elastic compliance method” which was proposed by Kikukawa et al. [12]. Figure 2.3 

shows the schematic representation of that method of the present study. Due to the applied stress 

level and positions of pasted strain gages, the hysteresis loops of stress - strain curve showed 

different shapes depending on the elastic-plastic behavior. First of all, the gradient C of the stress 

 - strain ℇ relation on unloading stage within a range of 0.9max - 0.6max was measured. Then the 

following strain function was calculated, 

Hi =  i - C i                                                                                                                         (2.1) 

Where, C =   i in the range of 0.9max - 0.6max on unloading stage, and the subscript ‘i’ 

shows the measurement position of strain as shown in Figure 2.1. 

As shown in Figure 2.3, the points of crack opening and closing stress are measured by turning 

points or changing points of curvature of   −  loop [5, 12].  In some cases, the minimum value 

of H coincides with the crack opening stress. Where, p represents crack opening stress and cl 

crack closing stress. 
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Figure 2. 3 Schematic representation of the measurement of the crack opening and closing 

stresses; (a) Original stress – strain loop, (b)  vs. H in the case of e > p, (c)  vs. H in the case 

of e < p; Where, e is elastic strain and p plastic strain. 

2.4 Results and Discussion 

There are some cases of machine failure related to metal fatigue [13, 14]. It is well known that 

the specimen does not fail immediately after the fatigue crack initiation. Thus, even if a fatigue 

crack is initiated, the machine structure can be available for work on condition that the fatigue 

crack growth behavior is safe or the fatigue crack stops growing [14, 15]. So, some machines were 

in operation for a limited term though a crack initiated in the equipment. When the crack length is 

measured and crack growth behavior is predicted by the crack growth law during operation when 

an unexpected load is not applied, the machine is controlled under safe conditions. However, once 
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an unexpected load is applied, the crack growth behavior changes. Sudden stopping of machine 

operation is affected to the loading conditions. The occurrence of an earthquake is expected to 

bring damage to machine structure. Such possible cases of unexpected load applications had better 

be considered. 

In the present study, the acceleration of crack growth behavior was confirmed after the 

application of overloading and underloading during fatigue test with a center-cracked specimen 

with constant amplitude. Then a method of detecting the application of such an unexpected load 

was examined. 

2.4.1 Crack growth behavior 

The crack growth behavior after the application of overload and or underload was examined. 

After the application of such a load manually, the fatigue test was continued under the same testing 

conditions as that before the application. The following are conditions of manual load application; 

the case of overload and underload are ou =185 MPa & -185MPa, -185 MPa & 185 MPa, -113 

MPa & 113MPa and the cases of single underload are ul = -113MPa, -185 MPa. Because it is 

known that the acceleration behavior tends to occur when the underload is applied in the cases of 

negative stress ratio [7, 8], the loading conditions of the present investigations was chosen. Now, 

the order of unloading and overloading was not affected by the tendency of the crack growth. 

Hereinafter, those loads are called unexpected load or unexpected stress, conveniently.  Also, the 

symbols of unexpected stress are defined as follows, ul is underload, ol overload and ou overload 

and underload. The crack growth test was performed with constant stress amplitude a = 86 MPa 

with stress ratio R = -1.  

      Figure 2.4 shows the relationship between half-crack length a and number of stress cycles N. 

A series of fatigue tests were carried out to investigate the crack growth behavior. The crack 

growth behavior with the application of unexpected load was compared with that without 

unexpected load (which is the baseline of the present study’s data). The arrow shows the 

application point of such unexpected load. In comparison with the baseline, the crack growth rate 

accelerated when the applied unexpected load was over some critical stress level. In the present 

study, the acceleration of crack growth was observed when ou = ±185MPa.  In the case of ul = -

113MPa, the crack growth rate was almost the same as that of the baseline. In the case of ou= 

±113MPa, the crack growth decelerated from the base line.  
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Figure 2.5 shows the relationship between the crack propagation rate da/dN and stress intensity 

K at maximum stress.  It is clear that the crack growth rate is higher than the baseline when the 

unexpected load was applied with ou = ±185MPa.  

 

 

 

 

 

 

 

 

 

 

Figure 2. 4 Crack length a vs. number of cycles N 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5 da/dN vs. Kmax 
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2.4.2 Detecting the application of dangerous load 

 To detect the application of a dangerous load, the crack opening and closing stresses was 

measured. Because the crack growth rate is evaluated well by using the effective stress intensity 

range which is determined by the crack opening or closing stress, even if fluctuating stress is 

applied [1-8]. When the crack opening and closing stress level became lower than the baseline 

case after applying an unexpected load, the crack growth rate became higher than the baseline case. 

On the other hand, the higher-level stresses of the crack opening and closing bring a lower crack 

growth rate after applying an unexpected load. Such behavior of cracks can be applied to the 

detection of the application of a dangerous load. So, we measured the crack opening and closing 

by using the loop and waveform of the stress  and strain function H shown in Equation (2.1). 

Figures 2.6 and 2.7 show the loop and waveform of  and H in the cases of overload and underload 

application. Figures 2.8 and 2.9 show those in the case of a single underload application. The loop 

and waveform shapes were compared before and after the unexpected load was applied. Their 

change is strongly related to the crack opening and closing behavior.  

 Figure 2.6 shows the case of σuo= -113MPa and 113MPa. Now, the data was taken at N = 

313760 and a= 3.10mm before applying unexpected load, and at N = 322000 and a= 3.15mm after 

that. In the other cases, the data were detained in almost the same situation as the case of Figure 

2.6.  As shown in Figure 2.4 and 2.5, the crack growth was not accelerated after applying 

unexpected load. Also, the crack opening and closing stress were measured as shown in Figure 2.3. 

It is understanding from the loop of  - H (Figures. 2.6 (a1) and (b1)) that the crack opening and 

closing stresses keep the value close to 0 MPa before and after the overload. When the crack 

opening and closing stresses hardly varied before and after applying an unexpected load, the crack 

growth did not accelerate after applying that. Whether a dangerous unexpected load was applied 

or not was examined by using the waveform shape of the strain function H after spending some 

time on the application of unexpected load. It is found that the crack opening and closing stresses 

were determined by the time where the waveform of strain function H showed the changing. The 

dotted lines show the times of crack opening and closing. In the case of Figure 2.6, that waveform 

hardly changed and the local maximum point and turning point of the waveform of H were crack 

opening and closing points. 
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Figure 2. 6 In the case of  σou = -113MPa and 113MPa; (a) Before the application of overload (N 

= 313760, a= 3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of 

σ/σmax, and H2 ; (b) After the application of overload (N = 322000, a= 3.15mm),  (b1) σ-H loop, 

(b2) Waveforms of σ/σmax, and H1, (b3) Waveforms of σ/σmax, and H2 
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Figure 2. 7 In the case of  σou = -185MPa and 185MPa; (a) Before the application (N = 269005, 

a= 3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of σ/σmax, and H2 ; 

(b) After the application (N = 272609, a= 3.20mm),  (b1) σ-H loop, (b2) Waveforms of σ/σmax, 

and H1, (b3) Waveforms of σ/σmax, and H2 
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Figure 2. 8 In the case of  σul = -113MPa; (a) Before the application (N = 20000, a= 3.10mm), 

(a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of σ/σmax, and H2 ; (b) After the 

application (N = 28506, a= 3.13mm (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) 

Waveforms of σ/σmax, and H2 
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Figure 2. 9 In the case of  σul = -185MPa; (a) Before the application (N = 240110, a=3.10mm),      

(a1)  σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of σ/σmax, and H2 ; (b) After the 

application (N = 241108, a=3.13mm),  (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) 

Waveforms of σ/σmax, and H2 
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Figure 2.7 shows the case of σuo= -185MPa and 185MPa. Since the crack growth accelerated 

after applying an unexpected load, the detection of changes in the loop and waveform is very 

important to detect the crack growth acceleration. It is found that the loop and waveform of  and 

H after applying an unexpected load were changed from those before applying an unexpected load. 

Before applying an unexpected load, the loop and waveform were almost the same as the case of 

Figure 2.6 (a). However, in the case of Figure 2.7, the crack opening and closing stress moved to 

the negative stress level. Also, it is expected that the crack tip was fully opened just after applying 

unexpected load. In the case of Figure 2.6 (b), the shapes of the waveform H are clearly different 

from a sine waveform. However, in the case of Figure 2.7 (b), the turning points in the waveform 

H are not clear, and the waveform of this is closer to a sine waveform than the case of Figure 2.6 

(b). Therefore, the application of a dangerous unexpected load by inspection of the waveform 

could be detected. 

Human health can be checked by the electrocardiogram. We can check the waveform of strain 

function, like the electrocardiogram, continuously; then whether the dangerous load was applied 

or not can be detected. Therefore, it is better to continuously check the strain waveform for the 

purpose of inspecting machine health. 

Similar results were obtained in the cases of Figure 2.8 and Figure 2.9. A single underload was 

applied in those cases. It is known that the acceleration of crack growth tends to happen in the case 

of applying an underload rather than in the case of applying an overload [10]. The purpose of the 

present study is to investigate a simple method of detecting the application of a dangerous load. In 

the present stage of study, it is found that the application of a higher level of overload and 

underload bring acceleration of crack growth, and those loads can be detected by the waveform of 

a strain function. In the future, the detailed condition of acceleration of fatigue crack growth will 

be investigated. 

2.4.3 Observation in the vicinity of crack tip 

 The acceleration and deceleration of crack growth are related to the residual stress conditions 

in front of the crack tips. The residual stress conditions are related to the applied stress amplitude, 

stress ratio, and unexpected load levels. Also, crack tip deformation is related to the residual stress 

conditions [7, 8].  
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 Figure 2.10 shows the observation results of crack tip. In the case of acceleration of the crack 

growth (σou = -185MPa and 185MPa), from the comparison of the situation of the crack tip before 

(Figure 2.10 (b1)) and after (Figure.2.10 (b2) and (b3)) applying an unexpected load, it is observed 

that the crack tip was once blunted and sharpened again. As discussed by Makabe et al. [8], when 

the opened crack was closed again, tensile residual stress was created in front of the crack tip. Now, 

arrow shows the position of crack tip in Figure 2.10. In the case where the crack tip was not blunted 

much after applying an unexpected load as shown in Figure 2.10 (a), compressive residual stress 

was created in front of the crack tip. One of the mechanisms of crack growth acceleration and 

deceleration after applying an unexpected load is shown in the present paper. In future, the residual 

stress and strain distributions in the vicinity of the crack will be calculated, then a more effective 

method of detecting dangerous loads will be discussed. 
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Figure 2. 10 Comparison of crack opening behavior after applying unexpected load: (a) In the 

case of σou = -113MPa and 113MPa, (a1) Before application of overload and underload 

(N=313500, a=3.05mm), (a2) Just overloading (N=313760, a=3.10mm), (a3) After application of 

overload and underload (N= 314760, a= 3.12mm), (b) In the case of σou = -185MPa and 185MPa, 

(b1) Before application of overload and underload (N=85229, a↕=2.35mm), (b2) Just 

overloading N=269000, a=3.10mm), (b3) After application of overload and underload (N= 

272609, a= 3.20mm). 
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2.5 Conclusions 

 The method of detecting application of an unexpected load which leads to the acceleration of 

fatigue crack growth. The main results obtained are as follows: 

(1) In the present study, an application of overload and / or underload was performed during 

fatigue crack growth test with constant stress amplitude. The acceleration of fatigue crack 

growth occurred when the tensile residual stress created in front of the crack tips and the 

crack opening and closing stresses reached a lower level. 

(2) The shapes of stress – strain loops were changed when the crack growth rate was changed 

due to applying an unexpected load. This phenomenon was related to the crack closure 

behavior. 

(3) The crack opening and closing stresses could be easily measured by using the relationship 

between the stress and the strain function which was proposed by Kikukawa et al. [12]. 

(4) Monitoring for the detection of an application of a dangerous load can continuously be 

performed by using the waveform of the stress and the strain function. Those waveforms 

changed when the crack growth rate varied due to the application of dangerous load. 
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Chapter Three  

Method of Detecting Unexpected Load Leading by Using Strain 

Information 

 

3.1 Introduction 

The presence of cracks can lead to failure in members of structures or engineering applications. 

An application of unexpected sudden high load can bring unstable crack growth according to the 

applied load conditions. This study investigates the technique to determine the application of such 

load on the structural member or equipment while it’s in operation. In the previous study [1], one 

of the detection techniques the application of dangerous load was by analysing the strain function 

based on the unloading elastic compliance method [2]. However, the application of that method is 

limited in the cases that the loading waveform is measured. The background of this method is that 

the moving of the crack closure points related to the crack growth rate after the changing loading 

conditions. Also, another method for detecting the effects of loading conditions on crack growth 

behaviour in a cracked material was shown in the previous study [3].  

Design criteria which considered allowable conditions of operation follow important theories 

to prevent fractures or damage [2]. However, when an unexpected hazardous load is applied, a 

method of machine or structure maintenance should be reconsidered against the basic design 

criteria. Before reconsidering the operating conditions or replacing members of structures or 

engineering applications, the detection of which unexpected hazardous load was applied or not 

had better be done. In the case of cracked material, the growth behavior is monitored during 

operation, and then the residual fatigue life should be analyzed for safe operation. When an 

unexpected hazardous load is applied, the residual fatigue life should be analyzed again. 

In the case of cracked materials, the crack closure behavior affects the crack growth rate. So, 

the application of an unexpected hazardous load can be detected by the measurement of the crack 

closure point. The unloading compliance method [2] is very effective to measure the crack closure 

point. However, when the loading data is unknown, we should detect the variation of crack closure 

point by local strain. In the present study, the method of detecting whether a hazardous load was 

applied or not was examined by using the waveform of local strains. Just application of overload 
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could be detected by the method of reference [3], too. However, the occurrence of the acceleration 

or deceleration of crack growth can be distinguished with strain waveform by the present method. 

 

3.2 Material and Testing Procedure 

The material used for the experiment was 0.15% carbon steel. This is called JIS-S15C in Japan 

(JIS = Japanese Industrial Standards). The chemical composition (wt, %) was 0.15% C, 0.30% Si, 

0.50% Mn, 0.013% P, 0.013% S, 0.19% Cr, 0.05% Ni, 0.14% Cu and balance of Fe. The 

Mechanical properties of the material were 283 MPa of yield stress, 449 MPa of ultimate tensile 

strength and 60% of reduction of area.  

A center-cracked type specimen was used in this experiment. Dimensions of the specimens are 

20 mm in length and 4 mm in width. A notch of 4 mm in length was cut in the center section of 

the flat part of specimen by electric discharge machine. Then the specimens were polished by 

emery paper and metal polisher. Before starting the experiment, 1.0mm length of cracks were 

introduced from both sides of the notch root. The initial crack length was about 6 mm which 

included a notch length of 4mm. After annealing at 600˚C for 1 hour in a vacuum furnace, strain 

gages were pasted on the specimen surface as shown in Figure 3.1 to measure the crack opening 

and closing stress to detect an unexpected hazardous load application.  

The fatigue crack growth tests were carried out by using an electric hydraulic testing machine 

with a constant loading of 10Hz frequency under constant stress amplitude  = 86 MPa and 

negative stress ratio R= -1 in laboratory room conditions. Where R is defined by the ratio of 

minimum cyclic stress min to maximum cyclic stress max. Overload (which stress is represented 

by ol) or underload (represented by ul) was applied when the crack length reached about 6 mm. 

Crack length was measured by an optical microscope which was connected to an image display 

system to make it easy to measure the crack length.  

Figure 3.2 shows the schematic representation of overload and underload application. In this 

figure, min represents minimum cyclic stress, max maximum cyclic stress, ol stress at 

overloading and ul stress at underloading.  
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Figure 3. 1 Position of pasted strain gages (mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2 Schematic representation of overload and underload 

 
 

3.3 Results and Discussion 

A series of fatigue tests were conducted to investigate the crack growth behavior with the 

application of overload and underload, and results were compared with those of the baseline which 

was  experimental case without overload or underload. So, the overload and underload were 

regarded as an  unexpected hazardous load in the present study. The stress level at overloading 

was set as ol = 185MPa and 113 MPa and underload as σul = - 185 MPa and -113 MPa. Stress 

amplitude before and after the applying overload and underload was 86 MPa and stress ratio at 

that was R = -1.  
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Figure 3.3 shows the relationship between half-crack length a and number of stress cycle N. It 

is known that the crack growth rate accelerated when overload was applied with critical conditions 

[3]. In this study the acceleration and deceleration were obsereved depending on the conditions of 

overload or underload, in comparison with baseline data. The acceleration of the crack growth is 

an unexpected situation. In this study, the acceleration of crack growth behavior was observed 

when the overload and underload were ±185MPa. When those values are ±113 MPa, the 

retardation of crack growth was observed. For the case of ul = -113MPa crack growth rate was 

almost the same as for the baseline. 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 

Figure 3. 3 Crack length a vs number of cycles N 

 

Figure 3.4 shows the crack growth rate da/dN as a function of the maximum of the stress 

intensity factor Kmax.  It is clear that the acceleration of crack growth occured in the cases where 

the values of overload and underload were ±185 MPa. When those were ±113 MPa, the crack 

growth was retarded but this behavior is unclear in Figure3.4.  
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Figure 3. 4 da/dN vs Kmax 

 

 

Figure 3.5 shows the schematic representation of the stress – strain loop and the relationship 

between the stress and strain function. The strain functions are defined as follows; 

 

h1 =  +    h =  −                 (3.1) 

 

where,  = 1 or      and     are cyclic strain ranges of  and , respectively. The 

crack closure point can be measured by theoretical background of the elastic compliance method 

[2]. Therefore, this method has been applied by many researchers. In this study, we detect the crack 

closure behavior by using the relationship between stress and strain function h2. This method is a 

practical method but not theoretical one. However, for the purpose of detecting a hazardous load 

when stress data is unknown, the strain functions were determined in this study. The crack opening 

point is the knee point shown with arrow in the figure (Figure 3.5 (c)). 

Figure 3.6 shows the relationship between the function  and half-crack length a, where  = 

    The variation of  is compared in three cases, that is, crack growth of base line, 
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acceleration of crack growth and deceleration of crack growth. In the case of base line and 

deceleration of crack growth after applying overload and underload at a = 3 mm, the value of  is 

hardly changed. On the other hand, in the case of acceleration of crack growth,  is clearly varied. 

That value is increased with the growth of crack. So, we can predict the acceleration of crack 

growth after overloading and underloading. By using this relation, it is possible to know whether 

an unexpected hazardous load which led to the crack growth acceleration was applied or not during 

operation. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)         (b)            (c)               

 

Figure 3. 5 Stress-strain loops: (a)  -  loop, (b)  − h1 loop, (c)  - h2 loop. Arrow shows the 

crack opening point
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Figure 3.7 shows the examples of loops of stress and strain functions in the cases of applying overload 

or underload. According to Equation (3.1), the coefficient  is determined. In the cases of Figure 3.7 

(a), the shape of σ – h1 loop after application of overload and underload were not so much changed 

from those before the application. The same tendency was obtained in the case of 

 =     Therefore the quality of variation in strain function h1 is regarded as almost the same 

as that of stress variation. In the cases of Figure 3.7 (b) and (c), the σ – h2 loop after applying overload 

and underload were compared with that before applying overload and underload. When  =  in 

Figure 3.7 (b) there is small change in the shape of σ – h2 loop by applying overload and underload. 

When  =    in Figure 3.7 (c), the clear change of the shape of σ – h2 loop by applying overload 

and underload were observed. The turning points of σ – h2 loop, which were observed in Figure 3.7 

(b) and (c), are the crack opening and closing point. In the figures, the point of crack opening stress 

σop is shown by arrow. The point of crack closing stress σcl is almost the same point as σop. From these 

results, it is understood that the crack opening point and closing point are emphasized when 

 =    . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6 Variation of  (=    ) against the half-crack length. Arrow shows the overloading 

and/or underloading point. 
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Figure 3. 7 Example of the relationship between stress and strain functions in the case of ul = -

113MPa. [Before OL & UL N = 313,760, a = 3.10 mm and after OL & UL N = 332,000, a = 3.15 

mm, OL = Overload, UL = Underload]: (a) σ – h1 ( =), (b) σ – h2 ( =), (c) σ – h2 

( =   ) 
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A hazardous load, which leads to crack growth acceleration, can be detected by measurement 

of crack closure points [2]. It is shown in the present study that the detection can be carried out 

without the information of stress data. Instead of stress data, we can use the data of strain function 

h1. By comparing the waveforms of strain functions of h1 and h2, the detection of crack growth 

acceleration was performed. In the latter section of this paper, the results by which the strain 

functions are calculated by  =     are shown. 

In Figure 3.8 - 3.10, the waveforms of strain functions of h1 and h2 are shown. In these figures, 

the shape of the waveforms of h1 are hardly changed before and after the application of overloading 

and underloading. Waveform h1 showed the same tendency as the stress waveform which was not 

changed before or after overload and underload. Therefore, we confirmed whether the crack 

growth accelerated or not by analyzing waveform h1 and h2. Thus, the waveform h1 was used to 

check whether the loading conditions had changed or not.  Waveform h2 was for detecting the 

application of hazardous load. 

When the variation of the crack growth rate against the crack length of stress intensity kept the 

same tendency as the baseline even after applying overload and/or underload, the shape of 

waveform h2 hardly varied after those load applications, too, as shown in Figure 3.8. When the 

crack growth decelerated, the waveform h2 changed its shape just after applying overload and 

underload.  

However, after the crack grew from those application points. The waveform of h2 returned to 

the shape of the waveform observed before those points as shown in Figure 3.9.  In those cases, 

because the crack growth life will not be shortened, there is no need to change the maintenance 

plan of the machine or structure. However, in the case of Figure 3.10, the waveform of h2 was 

changed after applying overload and underload.  In this case the crack growth rate became higher 

after applying those loads. Therefore, after seeing this change of waveform, we should change the 

maintenance plan. 

Figure 3.11 shows the examples of σ – h2 loop after applying overload and underload. When 

crack growth did not accelerate after applying those loads, the crack opening stress and closing 

stress stayed at almost the same level after the application of those loads. However, when the crack 

growth accelerated, the crack opening stress and closing stress moved toward the minimum cyclic 
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stress because of plastic strain behavior in the vicinity of crack tips [3]. In that case, the effective 

stress range increases and the crack growth rate becomes higher.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8 In the case of applying ul = -113 MPa, when  =    : (a) Before underloading 

N = 20,000, a = 2.9mm, (b) After underloading N = 28,506, a = 3.13mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 9 In the case of applying ul = -113 MPa, ol = 113 MPa when 

 =     () Before application of UL & OL N=313,760, a = 3.10mm, (b) After application 

of UL & OL N = 322,000, a = 3.15mm 
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Figure 3. 10 In the case of ul = -185 MPa, ol = 185 MPa when  =     (a) Before 

application of UL & OL N= 240,110, a = 3.10mm; (b) After application of UL & OL N = 

241,108, a = 3.13mm 

The present study demonstrated a method of detecting whether or not a hazardous load was 

applied which can lead to crack growth acceleration, by using strain waveforms. This is a simple 

method, so it can be applied in some case whether cracked materials need to be maintained. 

 

 

 

 

 

 

                                                

 

 

Figure 3. 11 Comparison of  − h2 when  =    UL = Underload & OL = Overload (a) 

ul = -113 MPa and ol = 113 MPa, (b) ul = -185 MPa and ol = 185 MPa. 
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3.4 Conclusion 

 The method of detecting whether an unexpected load which leads to the acceleration of fatigue 

crack growth was applied or not is done by using strain data. The variation tendency of the local 

strains in the vicinity of the crack was affected by whether acceleration or deceleration occurred 

due to the crack opening and closing behavior. By considering that behavior, two types of strain 

functions were proposed for detection of unexpected load. Even if the load data was not measured, 

the unexpected load which leads to the acceleration of fatigue crack growth can be detected by the 

strain functions proposed in this study. The following outcomes have been found from this study: 

(1) Crack growth acceleration or deceleration were observed depending on the condition of 

overlaod and underload compared to the baseload i.e. without applying any overload or 

underload.  

(2) By analyzing the shape of the waveform of strain information, whether an unexpected 

overlaod or underlaod was applied or not can be detected/predicted. 

(3) The value of ‘λ’, which is the ratio of cyclic strain range, is an important parameter which 

can be used as a qualitative measurement tool of the variation of the strain function. 
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Chapter Four 

Effect of Fiber Direction and Stress Ratio on Fatigue Property in 

Carbon Fiber Reinforced Epoxy Composites  

 
4.1 Introduction 

A basic study was conducted on the strength characteristics of composite materials having long 

carbon fibers. It was shown that the stress concentration was not only the control parameter for 

evaluating fatigue limit of composite materials with a notch [1, 2]. It was found that the static 

tensile strength of carbon composites was strongly affected by fiber-matrix interfacial bonding 

strength. In previous study, the fatigue limit of the smooth specimen was predicted from the result 

of the slit specimen, and the effect of the long fiber direction on the fatigue behavior was analyzed 

[1, 2]. The characteristics of the strength of the carbon fiber composite material were examined in 

the present study. A composite material board was prepared by superimposing a commercially 

available carbon fiber sheet aligned in one direction and impregnating the cloth with the epoxy 

resin. Especially, the influence of anisotropy due to the different method of superimposing 

unidirectional carbon fiber sheets was examined, and the influence of local fracture behavior of 

fiber on fatigue strength was investigated. These experiments or investigations were performed 

due to develop the repair method of damaged carbon composite in the future.  

 

4.2 Materials and Experimental Method 

Thicker and thinner sheets of unidirectional carbon fiber were superimposed, and epoxy resin 

was allowed to penetrate between the sheets by the method of Vacuum Assisted Resin Transfer 

Molding (VARTM) [3, 4]. The thickness of one carbon fiber sheet is 0.23 mm and fiber diameter 

is 7 m. According to the fiber directions and alignment of the carbon fiber sheets, three types of 

carbon reinforced composites were fabricated. Thicker specimens were tested in the case of stress 

ratio R (minimum cyclic stress / maximum cyclic stress) = -1 and thinner specimens were tested 

in the case of R = 0. The main tests were performed with R = - 1. To prevent the buckling of the 

specimen in the case of thin specimen, testing was performed with R = 0. For thicker specimens, 

11 sheets were used to fabricate the carbon composites plate, and for thinner specimen 5 sheets 

were used.  

https://eow.alc.co.jp/search?q=fiber&ref=awle
https://eow.alc.co.jp/search?q=reinforced&ref=awle
https://eow.alc.co.jp/search?q=epoxy&ref=awle
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Figure 4. 1 Epoxy based carbon composites: (a) Geometry of the specimen, (b) Unidirectional 

carbon sheets, (c) Combination of different orientations, (d) Side view of the Specimen. 

Type A is based on all the sheets stacked with carbon fibers aligned in the loading direction. 

Type B is obtained by alternately superimposing sheets whose fiber direction is in the loading 
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direction and in the vertical direction. Type C is a stack of sheets in such an orientation that two 

pieces in the loading direction, and then one piece in the vertical direction were superimposed.  

Figure 4.1 shows the geometry of the specimen, fiber direction and fabricated epoxy carbon 

composites plate. Slit was processed from both ends of the specimen to lower the fatigue limit, 

and the experiment was carried out by changing the slit length. From the experimental results, the 

fatigue limit of the specimen was evaluated with net stress. The stress amplitude a is calculated 

by the following equation, 

a = P/{2b(W-t)}                              (4.1) 

Where, P is the applied load, W is the half width of the specimen, b is the thickness of the specimen, 

and t is slit length. 

The fatigue test was performed by using an electro-hydraulic servo testing machine with a 

loading capacity of 9.8kN. The stress ratio was R = -1 for thicker specimens, and R = 0 for thinner 

specimens. The frequency was 5Hz to 10Hz. Crack initiation and growth were observed directly 

from the surface of the specimen using a microscope. The microscope was connected to an image 

display monitor. In this study, the fatigue limit w was defined as the maximum applied stress 

amplitude a that could withstand 106 repeated cycles [1, 2, 5]. 

Generally, the fatigue limit w is determined by the ordinary technique with S-N curve. 

However, depending on the conditions, w can be approximated using single specimen by the load 

increment test, LIT [1, 2, 5]. In this study, the fatigue limit was obtained for both the cases of R = 

-1 and R = 0 by LIT. The example of this method is shown in Figure 4.2. In this experiment, the 

stress was increased 2MPa for every 2 x 104 cycles of stress application, and it is repeated until 

the specimen is broken. Therefore, the fatigue limit is determined by the stress amplitude of the 

step prior to the fracture load. 

 

4.3 Experimental Results and Discussion 

4.3.1 Evaluation of fatigue limit 

Figure 4.3 shows the S-N curve for R = -1 and t = 6.8 mm. Figure 4.4 shows the experimental 

results of LIT in the cases of R = -1 and 0. From the S-N curves it was found that if the stress level 

did not break the specimen until 104 repetitions, there is a possibility that the material can withstand 



 

47 
 

106 stress repetitions. From this result, it is expected that the fatigue limit can be approximated by 

LIT in the present study. Figure 4.3 shows that the fatigue limit of A type specimen is about 

340MPa, and that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 2 Example of Load Increase Test (LIT)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3 S-N curve at R=-1 
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of B type is about 110MPa when R = -1. Our main objective was to determine the influence of 

anisotropy, local fracture behavior of fiber on fatigue strength, and the main experiments were 

performed with R= -1. Now, S-N curves were obtained in the case of R = -1, only. It is expected 

that almost the same tendency of S-N curves will be obtained in the cases of R =-1 and 0. Figure 

4.4 shows the relation between the fatigue limit σw and the slit length, obtained by LIT. From the 

experimental results of present study, it is expected that the fatigue limit of the smooth specimen 

can be predicted from the fatigue limit of slit type specimen by using the net stress. It means that 

the fatigue limit has almost the same value in the case of slit specimen and smooth specimen when 

the net stress is used for the evaluation parameter. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                             (b) 

 

Figure 4. 4  Results of fatigue limit by LITs: (a) R=-1, (b) R=0 

In the present experiment, the fatigue limit varies according to the type of slit specimen. 

Scattering of the data was observed. It is due to the fabrication conditions of the specimen. When 

a shear fracture occurred due to decohesion of fiber and resin, the strength of the specimen became 

low. However, we expected that the fatigue limit of a smooth specimen can be estimated by taking 

the maximum value of the data as the expectation. The fabrication conditions of material should 

be better in a company than in this laboratory. 

In the case of A type specimen, the crack grew along the fiber direction when the slit was short. 

Furthermore, the specimen did not break in the direction perpendicular to the loading axis except 

when the slit and ligament lengths were 7 mm and 1 mm, respectively. In that case, the breaking 

period of specimen was determined when the load could not to be applied with determined 
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frequency (10Hz).  The fatigue limit of A type specimen was about 320MPa by LIT, which was 

closer to 340MPa which is the result obtained by the S-N curve at R = -1. The dotted line in 

the case of A type specimen in Figure 4.4 (a) shows the fatigue limit obtained from the S-N curve. 

That line, in the case of A type specimen in Figure 4.4 (b), shows the maximum value obtained by 

LIT. In the present study the fatigue limits of B type and C type specimens were predicted by that 

of A type specimen with dotted lines. For A type specimen, the base fatigue limit is 340MPa when 

R = -1, and 410MPa when R = 0.  

It was assumed that the ratio of the number of fiber sheets alignment in the loading direction 

determines the fatigue limit of each type of specimen and is shown by dotted lines. Thus, the 

fatigue strength is determined by the strength of the fiber in the loading direction without 

substantial influence from the area (or volume) of the epoxy during fabrication, and the fatigue 

limits were assumed to be 185MPa, 210MPa for B type and 247MPa, 340MPa for C type specimen 

when R = -1 and R = 0, respectively. 

The results obtained by Figure 4.4 also can be predicted the fatigue limit of the smooth specimen, 

if the fatigue limit is almost the same for the smooth and the slit specimens [1].  In the case of 

Figure 4.4 (a) of   R = -1, some measurement data are located under the dotted line. Because 

unexpected defects were created during the manufacturing process, the data of LIT are scattered. 

In the case of A type specimen, we cannot obtain one data with t = 6.8 mm dependent on the 

loading capacity of the testing machine. Therefore, the fatigue limit of A type specimen can be 

somewhat higher than 340MPa. Therefore, the data of dotted line of Figure 4.4 (a) can be used to 

approximate value of fatigue limit of the smooth specimen. 

In the case of Figure 4.4 (b) of R = 0, except for C type specimen, it is expected that the fatigue 

limits of the smooth specimen of A and B types are predicted by dotted lines. In the case of C type 

specimen, the specimen thickness was so thin that the specimen was expected to be damaged 

during the process of attaching it to the testing machine. From those results, the fatigue limit of 

the smooth specimen can be predicted from that of slit specimens. 

 

4.3.2 Fatigue crack growth and fracture pattern 

Figure 4.5 shows the broken specimen of B type specimen. In the case of R = -1 (Figure 4.5 

(a)), the specimen was broken in the shallow area of slatted part. The crack initiated from the epoxy 
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with shear mode and cut the fibers within the slit area and closer to the slit area.  On the other 

hand, in the case of R = 0 (Figure 4.5 (b)), the crack initiation parts were not in the vicinity of the 

slit. So, the extension of long fiber was observed from the broken specimen. The initial crack was 

initiated at the slitted area, but the growth of this crack did not bring the fracture of the specimen. 

After breakage of the fibers in plural parts, the specimen was broken. In the case of R = 0 also, the 

crack initiation in the slitted area strongly affected the fatigue limit. However, fracture pattern of 

the specimen was different in the cases of R = -1 and 0. 

The fracture pattern and crack growth behavior has been discussed in the previous paper [1]. 

The crack initiated from the epoxy region. Then the crack grew by shear mode and the crack cut 

fiber by shear mode. This mechanism can be applied in the present cases. The crack initiation and 

growth behavior are related to the fatigue limit of the present specimens. In the case of the thinner 

specimen, we performed the testing with R = 0 to prevent buckling. The peeling of fiber from the 

epoxy occurs easily in the case of thinner specimens. So, the broken fibers were observed outside 

of the slit area. However, the initiation and growth behavior of a crack in the first stage of fracture 

is expected to be the same in the cases of R = 0 and -1. In the cases of the present study, long fibers 

located in the direction vertical to the loading direction cannot work to strength the specimen. The 

ratio of fibers in the loading direction is strongly related to the fatigue limit. 

4.3.3 Discussion for tendency of present experiment 

In the present experiment, the method of LIT was referred from the work by Goto et al. [5]   

When the specimen was made by the fiber sheet in which fiber direction was perpendicular to the 

loading direction, the fatigue limit became very low. So, we assumed that such sheet was not 

contributed to strength of the present composite specimen. Therefore, it is expected in the present 

specimen that the fatigue limit depends upon the ratio of fiber in the loading direction. 

Consequently, in the present experimental cases, it was shown that the A type of epoxy composites 

had the higher fatigue limit than type B. 

In previous work [1], it was discussed that the volume fraction of voids in thin specimen is 

higher than that in thicker specimen. This is related to the peeling of fiber from the matrix as shown 

in Figure 4.5. The effects of thickness and stress ratio on the fracture behavior will be studied in 

the future. Also, followings were discussed. In the cases of the slit specimen, the growth direction 
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of crack initiated from slit was parallel the loading direction. Therefore, there was small effect of 

stress concentration of slit specimen on the fatigue limit. From that reason, the fatigue limit of the 

smooth specimens was not so much different from that of the slit specimens.  
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Figure 4. 5 Observations of fracture surface of B type specimen; (a) b=3mm, t=4mm, 

σw=102MPa in the case of R = -1, (b) b=1.4mm, t=5.5 mm, σw=410MPa in the case of R = 0. 

The data of fatigue limit shown in Figure 4.4 was scattered. This is related to the specimens’ 

conditions. It is expected that the volume fraction of voids is related to that scattering. The fatigue 

limits were determined by the crack growth behavior. The value of fatigue limit was determined 

from the data in which the crack growth stopped within short crack length in the loading direction. 
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4.4 Conclusions 

The purpose of this study was to examine the influence of the anisotropy due to the 

characterization of the material by superimposing unidirectional long carbon fiber sheets and local 

fracture behavior of fiber on fatigue strength.  The following results obtained are as follows: 

(1) A higher fatigue limit was obtained when the alignment of all carbon fibers was in the loading 

direction. 

(2) For composite materials with long fibers, it is expected that the fatigue limit of smooth 

specimens can be predicted from the results of slit specimens. 

(3) The crack initiated from the epoxy region. Then the crack grew by shear mode and the crack 

cut fiber by shear mode. This mechanism can be applied in the present cases. 

(4) The ratio of fibers in the loading direction is expected to be related to the fatigue limit. 

(5) The results obtained in the present experiment will be applied to a repair method for damaged 

carbon composites which will be investigated in future. 
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Chapter Five 

Fatigue and Fracture Mechanism of Aluminum-Carbon Fiber 

Reinforced Hybrid Composites  

 

5.1 Introduction 

Fatigue tests on a carbon fiber reinforced epoxy composite combined with aluminum foil or on 

aluminum plate were conducted. Carbon fiber reinforced epoxy composites are used in the 

structural application of integral parts for automobiles, aircraft and so on because of their light 

weight, high strength, and low-density characteristics. Lower weight and a higher modulus of 

elasticity makes it mostly applicable to the structural sectors. In the previous study, a basic study 

was conducted on the strength characteristics of notched specimens or slit specimens of composite 

materials with woven carbon fibers [1, 6-10]. It was discussed that the fatigue limit of the smooth 

specimen was predicted from the result of the notched specimen, and the effect of the long fiber 

direction on the fatigue behavior was analyzed [1-4]. The hybrid composites were prepared for the 

present study by assembling them one after another from commercially available woven carbon 

fiber cloth along with the aluminum foil or thin aluminum plate aligned in a uniaxial direction, and 

then impregnating the cloth/sheet with epoxy resin. Vacuum Assisted Resin Transfer Molding 

(VaRTM) system was applied to fabricate the hybrid composites. In the present study, the 

discussion was limited to the notched specimen for comparison to the previous study [1]. 

 

5.2 Materials and Experimental Method  

Three types of specimen were prepared to conduct the experiment. Fig. 5.1 shows the specimen 

geometry and type of specimen. For the manufacture of the A type specimen only woven carbon 

fiber sheets were piled up in the loading direction. In this specimen, eleven carbon fiber sheets 

were used.  Epoxy resin was allowed to spread/transfer through the carbon fiber sheets by the 

VaRTM method [4, 5]. The thickness of one woven carbon fiber sheet was about 0.35 mm. The B 

type specimen was fabricated by incorporating layers of aluminum foil as a filler material between 

the same carbon fiber sheets as used for the A type specimen. In this case, six woven carbon fiber 

sheets were used with five aluminum foil sheets in the longitudinal direction. The thickness of the 

aluminum foil was 0.01mm. The C type hybrid composites were fabricated with 0.5mm thick 
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aluminum plate which was placed in the middle with three woven carbon fiber sheets layered on 

each side of the aluminum plate. The aluminum plate was polished by abrasive paper and rinsed 

with ethanol to make it clean and dry prior to fabricating the hybrid composites. 

 The A and B types of specimens were tested at the stress ratio of R=-1, and the C type specimen 

was tested at the stress ratio R=0. The fiber orientation of the woven carbon fiber sheet/cloth is 

shown in Fig. 5.1. A Slit was introduced from both sides of the specimen to limit the discussion to 

the notched specimen case. The length of the slit and ligament differed for each type of specimen; 

the thickness was 2.4mm to 3.0mm, and the length of the specimens was 120.0mm. The experiment 

was carried out by changing the notch length for each type of specimen. The fatigue limit of a 

specimen was evaluated with net stress [1]. The stress amplitude, a was calculated by the 

following Eq. (5.1): 

a = P/{2b(W-t)}                                                                                                                    (5.1) 

Where, P is the applied load to the specimen, 2W is the total width of the specimen, b is the 

thickness of the specimen, and t is the slit length on each side of the specimen. 

The fatigue test was carried out by using an electro-hydraulic servo testing machine with a 

loading capacity of 9.8kN. The frequency was set as f =10Hz. Crack initiation and growth were 

monitored directly on the surface of the specimen by using an optical microscope which was 

connected to an image display monitor to investigate the fracture process of the material used. The 

S-N curve is being used as an essential tool to determine the fatigue limit, w. In this study, the 

fatigue limit was obtained for both the cases of R=-1 and R=0. The fatigue limit w was the 

maximum applied stress a that the material could endure107 repeated cyclic stress. The objective 

of the present study was to investigate the feasibility of producing light-weight aluminum-based 

hybrid carbon fiber composites with high strength to use as structural materials.  

5.3 Experimental Results and Discussion 

5.3.1 Determination of Fatigue Limit 

Fig. 5.2 (a) shows the S-N curve for R=-1 based on Type A and Type B specimens. It is found 

that the fatigue limit of the A type specimen was 300MPa and for the B type specimens it was 

140MPa. Therefore, the fatigue limit of the specimen fabricated by only with carbon fiber sheets 
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was higher than that of the hybrid composite specimen made with the combination of aluminum 

foil and woven carbon fiber sheet. The ratio of the number of carbon fiber sheets aligned in the 

loading direction determines the fatigue limit [1]. Here, the maximum number of woven carbon 

fiber sheets was in the loading direction in the A type specimen. From those results, it is expected 

that the maximum number of unidirectional carbon fibers aligned in the loading direction 

contributed to the fatigue limit of the A type specimen.   
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Figure 5.1 Epoxy based carbon composites: (a) Geometry of the specimens (A type, B type, and 

C type) (b) Combination of carbon fiber sheet and aluminum foil (B type specimen),  

(c) Combination of carbon fiber sheet and aluminum plate (C type specimen). 
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In future, we will make a sensor to detect internal crack growth in the specimen made with 

carbon composite material. We made the present composite material, and the experiment was 

performed with the addition of aluminum foil or the aluminum plate to make it cost effective. For 

the C type specimen, a fatigue test was conducted for both R=-1 and R=0. For negative stress ratio 

at R=-1, the fatigue limit was not satisfactory for the C type specimen. Specimens were broken in 

an indistinct manner because of machine accidents. Therefore, those tests should be performed 

again in the future. When the stress ratio is R=0, the specimen can survive 107 repetition cycles or 

more at 410MPa as is shown in Fig. 5.2 (b). The experimental results for the C type specimen are 

shown in Table 5.1. From this behavior of the specimen, it may be expected that the C type 

specimen has higher tension-tension load bearing capacity.  

From previous experimental results, it is found that the fatigue limit of the A type specimen at 

R=0 was 410MPa [1]. It is discussed that the fatigue limit of the C type specimen was almost the 

same as for the A type specimen even with the incorporation of the aluminum plate. These results 

show that the combination of carbon fiber and thin aluminum plate composite has a good fatigue 

limit. It indicates that the fiber orientation in the loading direction has an effective influence on 

the critical limit during the fatigue test. The fatigue limit become higher when tension-tension 

loading was applied than when tension-compression loading was applied. Also, the A type [1] and 

C type specimens show the same fatigue behavior in the case of tension-tension loading condition.  

 

 

 

  

 

 

 

  

 

 

 

 

 
 

                                                                                                                  

 

 

 

Figure 5.2 S-N curve: (a) R=-1, (b) R=0 
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Table-5.1: Experimental results for the C type specimen at stress ratio, R = 0 
 

Ligament length 

(mm) 

Ligament 

thickness (mm) 

Load,  

(MPa) 

Cycle to 

failure, N, 107 

2w, 

(mm) 

Slit, t1 

(mm) 

Slit, t2 

(mm) 

8.00 2.40 240.0 Not broken 24.00 8.00 8.00 

8.00 2.40 360.0 Not broken 25.00 9.00 8.00 

8.00 2.40 410.0 Not broken 24.00 8.00 8.00 
 

From the experimental results of the present study, the fatigue limit of a notched specimen can 

be used to determine the fatigue limit of a specimen without a notch or a smooth specimen by 

analyzing the stress. When a shear fracture occurs due to decohesion of fiber and resin, the strength 

of the specimen became lower. It may be estimated that the fatigue limit also depends on the 

fabrication process. By applying the sensors to the composite plate, we can investigate the internal 

crack initiation and growth behavior of the specimen.  

 

5.3.2 Obervation of Crack Growth Behavior 

For the A type specimen, the crack initiated from both sides of the notch tip which is shown in 

Fig. 5.3 (a) and propagated parallel to the loading direction, that is along the fiber direction. The 

specimen did not break in the direction perpendicular to the loading direction, and after a few 

millimeters of crack propagation in the parallel direction of loading, final fracture suddenly 

occurred in shear mode. Carbon fiber composite is a brittle material. Aluminum foil is a brittle 

material too and most brittle fractures occur in shear mode.  

The fracture surface is inclined to the maximum and the minimum principle axis is at an angle 

of 250 < x < 450 and parallel to the intermediate axis. This angle is influenced by the cohesion 

property of the carbon fiber reinforced epoxy resin composite. From Fig. 5.3 (a & b), it is found 

that pure tensile and compressive load was applied along the y-axis to conduct the fatigue test. The 

Crack initiated from the tip of the manually generated notch along the y-axis and then the final 

fracture took place parallel to the intermediate xy-axis (Fig. 5.3 (a & b)). In this experiment, the 

shear fracture happened suddenly [11]. It may be said that when one fiber breaks with the 

application of tensile and compressive load, the applied load was redistributed uniformly over all  
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Figure 5.4 Fracture surface of B type specimen (Microscopic view). 

(a) 
(b) 

(c) 

Figure 5.3 Fracture surface of A type specimen. 

(a) Naked eye view, (b) Fracture behavior, 

 (c) Microscopic view 
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Figure 5.5 Fracture surface of C type specimen at R = -1 (shear fracture): (a) & (b) 

Microscopic view (c) Naked eye view 
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the reamining fibers by the influence of stress concentration on its nearest unbroken fiber and 

demonstrated that failure of even a very limited number of fibers may lead to the failure of the 

whole specimen. It is because the loading area become shorter gradually that the final fracture took 

place momentarily.   

In the B type specimen, a similar shaped of S-N curve was found but the fatigue strength of the 

specimen was much lower than that of the A type specimen. It may be due to the reduced number 

of carbon fiber sheets incorporated in the fabrication of this type of specimen. The thickness of the 

aluminum foil is 0.01mm versus the 0.35mm thickness of a single carbon fiber sheet and had a 

negligible contribution to the strength of the specimen. 

Interlaminar shear strength is one of the important material parameters which affets the load 

bearing capacity of the material in as a structural applications. For the A type specimen, from Fig. 

5.3 (a & c), no noticeable delamination characteristics were found, i.e., interlaminar bonding with 

adjacent fibers was good. But for the B type specimen, a tiny proportion of delamination tendency 

was found which was completely absent in the A type specimen. We can say that interlaminar 

bonding between the woven carbon fiber material and the aluminum foil or plate was not effective.  

The fracture pattern and crack growth behavior have been discussed in the previous article [2]. 

For the B and C type specimens, the crack initiated from the notch tip and cut the fibers in shear 

mode within the notch tip area and then the crack propagated in shear mode. Also, 

delamination/separation of the fiber from the aluminum foil was observed. On some parts of the 

fracture surface, shown in Fig. 5.4 the carbon fiber layers delaminated from each other before the 

final fracture of the specimen. However, the fracture pattern of the B and C type specimens was 

different in the cases of R=-1. 

 

 

 

 

 

 

 

 
 

 

 
 

 



 

62 
 

5.4 Conclusion 

In this study, the effect of incorporating aluminum foil or an aluminum plate with the woven 

carbon fiber cloth in hybrid composites by using slits on both sides of a specimen were 

investigated. The main results obtained are as follows: 

(1) A higher fatigue limit was obtained in the case of the A type specimen when all the carbon 

fibers were in the loading direction. Also, the mechanical strength of the carbon fiber in the 

loading direction is higher than that of the aluminum foil or the aluminum plate at R = -1. The 

strength also differs due to variations in the thickness of the woven carbon fiber, aluminum 

foil and aluminum plate.    

(2) The fracture behavior is different for different types of specimens, as the composition and the 

number of layers of woven carbon fiber material are different. The fracture behavior depends 

on the interfacial bonding between the woven carbon fiber material and aluminum foil in the 

B type specimen or between the woven carbon fiber material and aluminum plate in the C type 

specimen. The strength properties of the specimen could be improved by improving the 

interlaminar bonding between the woven fiber cloth and aluminum foil or plate. 

(3) For the application of tension-tension loading conditions, the A type and C type specimens 

showed almost the same fatigue limit even though a reduced number of carbon fiber sheets 

were used.  
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Chapter Six 

Effects of Existence of Unexpected Defects on Fatigue Strength 
 

6.1 Introduction 

Material quality has been improved with the development of industrial technology. The fatigue 

limit of structural material has been improved, too. However, fracture incidents have happened for 

unexpected reasons1). Also, some commercially sold material shows unexpected strength. In this 

study, the fatigue limit w of such material was investigated. The fatigue limit of a plain specimen 

has been evaluated by Vickers hardness HV in many kinds of steel2). On the other hand, the fatigue 

limit of a metal containing a defect has been evaluated by the functions of the size of the defect 

(area of defect) and Vickers hardness3). Those evaluation methods were represented by the 

following equations, respectively, 

HVw 6.1=                               (6.1) 

6/1)(

)120(43.1

area

HV
w

+
=                                  (6.2)   

Where, unit of w, HV and ‘area’ are MPa, kgf/mm2 and m2, respectively. Now, HV is the average 

value of Vickers hardness. 

In the previous study4), the relationship between Eqs. (6.1) and (6.2) were discussed from the 

viewpoint of evaluation of fatigue limit w of a plain specimen or smooth specimen. In that case, 

the initiation of a fatigue crack was related to the grain size of perlite. Figure 1 shows an example 

of relationship between the fatigue limit σw, ultimate tensile strength σB and carbon % in the cases 

of annealed steel5). There is a variation in the strength of materials. Therefore, the strength of 

materials is related to the distribution of microstructures, defects, production methods and so on. 

Also, the strength of materials could be evaluated from the previous data and physical conditions.  

The carbon steel used in the present study showed a lower fatigue limit than the expected value 

from Eq. (6.1). Also, it is expected that this fatigue limit was not related to the grain sizes. There 

is some inconvenient situation in the material used. So, the decrease of fatigue strength of a carbon 

steel from its expected value from Eq. (6.1) was discussed in consideration of the apparent size of 

defects which lead crack growth faster.   
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Figure 6.1 Relationship between σw, σB and carbon% in annealed carbon steels. 

 

6.2 Material and Experimental Procedure 

The material used for the test was low carbon steel for which the chemical composition (wt, %) 

is 0.25%C, 0.30%Si, 0.50%Mn, 0.013%P, 0.013%S, 0.19%Cr, 0.05%Ni, 0.14%Cu and bal. of Fe. 

The mechanical properties of material are 283 MPa of lower yield strength, 439 MPa of ultimate 

tensile strength and 60 % of reduction of area. 

 The examples of microstructures after a heat treatment are shown in Fig.6.2. There is a large 

size defect (or inclusion) and a section in which distances of defects are very short. The size of 

some defect was larger than grain size: average perlite size was 21 m and average ferrite size was 

28 m. It is not expected that that material was produced for use in a machine equipment. However, 

if it is used for a machine equipment, inconvenient problems will happen. The material was 

annealed for 1 hour under 860oC. After annealing, the specimen was machined by lathe. Figure 
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6.3 shows the specimen geometry. To ease the observation of fatigue cracks, a partial notch was 

cut in the test section of some specimens. That notch shape is shown in Fig. 6.3 (b). Also, the 

specimens having a hole whose diameter and depth were 0.2mm (Fig. 6.3 (c)) were used. 

 

 

 

Figure 6.2 Microstructure (Longitudinal section) and inclusions; (a) Large inclusion, (b) Plural 

small inclusions. 

 

Hereinafter, a specimen with a partial notch or a hole is called a partial notch specimen or 

holed specimen, respectively. A specimen which does not have notch or hole is called a smooth 

specimen. Smooth specimens and the holed specimens were annealed for 1 hour at 600oC by an 

electric vacuum furnace. The electric vacuum furnace did not work because of an air leaking when 

the heat treatment of the partial notch specimen was going to start, and it took time to restore the 

electric furnace to normal conditions.  Therefore, in the case of the partial notch specimen, 

annealing by the electric furnace was not performed. As a result, that heat treatment conditions did 

not affect the results of the present study. Also, the purpose of using the partial notch specimen 

was observation of fatigue crack initiation and growth. Because the stress concentration factor of 

the partial notch bottom is about 1.4, the partial notch specimen can be regarded as a smooth 

specimen 6). Now, the partial notch specimen was used for observation of crack behavior instead 

of the smooth specimen. The surface of all specimens was finished by emery papers and metal 

polish powder. The push-pull fatigue test was performed by an electrohydraulic servo type testing 

machine. The main tests were performed with a stress ratio R of -1 that is the ratio of minimum 
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cyclic stress min to maximum cyclic stress max, and a frequency of 10Hz. The observation of 

crack initiation and growth was performed with a replication technique. 

 

 

Figure 6.3 Geometry of the specimen, partial notch, and hole; (a) Specimen, (b) Partial notch, (c) 

hole. 

 

 

6.3 Results and Discussions 

6.3.1 Fatigue limit and crack growth 

Figure 6.4 shows the S-N curves, that is the relationship between the stress amplitude a and 

number of cycles to failure Nf. It can be approximated that the fatigue limit of the smooth specimen 

was almost the same as that of the holed specimen and the partial notch specimen. Since the 

average of Vickers hardness was 125, the fatigue limit w of the smooth specimen was evaluated 

as being 200 MPa from Eq. (6.1). However, the experimental result of w was165 MPa. Thus, that 

is clearly different from the evaluation value from Eq. (6.1).  
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Because of the dimensions of the hole, that is, 0.2 mm for both hole depth and diameter and 

118 deg of angle of drill point, area that obtained by projection of hole geometry in the axial 

direction of the specimen was 6800 m2. The calculated value of w of the holed specimen from 

Eq. (6.2) was 160 MPa. This value is almost the same as the experimental result (w for the holed 

specimen = 164 MPa). It is well known that the fatigue limit of a specimen including a defect can 

be evaluated from Eq. (6.2) with high accuracy. In the present experimental case, the fatigue limit 

of a holed specimen can be represented by the function of Vickers hardness and defect size, also.  

In this study, the reason that the fatigue limit of the smooth specimen had a lower value than 

the evaluation value from Eq. (6.1) was discussed from the viewpoint of the fatigue crack initiation 

and growth. Now, in the case of a holed specimen, the leading crack initiated from another part of 

the hole and this crack led to specimen failure when the number of stress cycles N reached 1.04x106. 

This data is shown with the symbol * in Fig. 6.4. That means that there was a large defect which 

may have led to the specimen failure in addition to the drilled hole.  

The crack growth behaviour is related to the fatigue life. Figure 6.5 shows the crack growth 

curves or relationship between the number of stress cycles N and crack length l. In the case of a 

holed specimen, crack length includes hole diameter (0.2 mm). It is expected that the crack 

initiation and growth behavior of the smooth specimen and the partial notch specimen are not so 

much different. The applied stress level affect to the crack initiation life and growth life7). 

Therefore, some stress amplitudes close to the expected fatigue limit, which was evaluated from 

Eq. (6.1), were selected for the conditions of crack growth tests. Thus, 204 MPa and 190 MPa 

were the stress amplitudes for the testing and it was in reference to the 200 MPa of w. 

         In the case of the partial notch specimen, crack initiation was confirmed when the relative 

number of cycles N/Nf was 0.5. Because a linear relationship is obtained between the number of 

stress cycles and crack length where N/Nf is larger than 0.6, it is approximated that the crack growth 

rate dl/dN is proportional to the logarithm of crack length l 8). In the case of the holed specimen, 

stable crack growth was observed where N/Nf was larger than 0.2. The stress concentration at the 

hole bottom somewhat affected the crack growth behaviour9). However, it is expected that the crack 

growth rate dl/dN is proportional to the crack length when the crack grows stably. There is some 

difference between the tendencies of crack growth rate in the holed specimen and partial notch 

specimen because of the difference of the crack initiation life. However, the size of crack initiation 
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of the smooth specimen is close to 0.1mm. This size is not so much different from the hole diameter 

of the holed specimen. It is important that the size of the defect observed in Fig.6.2 is related to the 

crack behavior, and the crack initiation size is not related to the grain sizes. Thus, the crack 

initiation and growth behavior are related to the fatigue limit of the smooth specimen, partial notch 

specimen and holed specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 S-N curves of smooth specimen, partial notch specimen and holed specimen. 

 

6.3.2  Observation of crack growth and fracture surface  

Examples of observation of crack growth are shown in Figs. 6.6 and 6.7 in the case of the 

partial notch specimen. Crack initiation was observed when N/Nf reached about 0.5. The 

coalescence of cracks was observed in almost all cases of the partial notch specimen. The crack 

growth was observed by plastic replication techniques without etching the specimen surface. So, 

the crack initiation site is hard to detect in the pictures in Figs. 6.6 and 6.7. However, the pictures 

in those figures show almost the same sites of specimen surface, respectively. From those figures, 

immediately after crack initiation, the crack grew larger than 0.2 mm by cyclic stress. Now, arrows 

in Figs. 6.6 and 6.7 show the crack tips. The observation of fracture surface was performed by 

using a surface view microscope, an optical microscope and usual camera. Figure 6.8 shows 
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examples of a part of the fracture surface including crack initiation site in the case of partial notch 

specimen (The stress amplitudes are 180 MPa).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Crack growth curves: (a) l vs. N/Nf, (b) ln l vs. N/Nf 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Observation of crack ( = MPa); (a) N=5.0x104, N/Nf=0.41, l=0mm, 

(b)N=6.0x104, N/Nf=0.49, l=0.16mm, (c) N=9.0x104 , N/Nf=0.70, l=0.82mm 
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Figure 6.7 Observation of crack ( = MPa); (a) N=1.8x105 N/Nf=0.47, l=0mm, (b)N=2.4x105 

N/Nf=0.62 l=0.105mm, (c) N=2.7x105 N/Nf=0.70, l=0.21mm 

 

      The crack initiation site is expected to be detected by the surface roughness patterns and marks 

of existence of defects. The arrows show the crack initiation site from defects. There are areas 

which can be approximated by semi-circle with diameter of 100 m to 300 m. Those areas can 

be the crack initiation sites. The crack was initiated from a large size defect. Also, crack 

coalescence can happen in the crack growth stage as represented by Fig. 6.9. If there is a section 

in which distances of defects are very short and plural cracks initiate from them, the crack 

coalescence can happen in the very early stage of crack growth. Also, the coalescence of cracks 

initiates from defects at surface and internal sections. 

Figure 6.10 shows the observation of the fracture surface of the holed specimen. The leading 

crack that led to about specimen failure did not initiate from the hole. On the specimen surface, a 

relatively large size of crack was observed at the hole. If the crack growth did not proceed from a 

site other than the hole, the origin of leading crack must be the hole. From the observation results 

of crack growth and fracture surface, the cause of the lower fatigue limit than the expected value 

was the existence of abundant, large size defects in the carbon steel used in the present study. That 

material is not expected to be produced for use the machine equipment. 
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Figure 6.8 Observation of fracture surface by a surface view microscope (a=180 MPa); (a) 

Plural initiation sits, (b) Detail of part A. 
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 However, it is not good if such materials are used without any warning about the existence of 

such defects. That material was obtained through the usual commercial system. When a material 

is used for machine equipment, the size of defects had better be checked. Also, when a material is 

used for machine equipment without inspection of defects, it had better to be designed applying 

stress under the conditions that material has a relatively large size defect. For example, the 

expectation diameter of defect can be set to 0.2 mm or more. The material used in the present study 

was purchased as S25C from a local business company, but it is not thought that it has a standard 

quality of S25C. 

 

 

 
 

 

 

 

 

 

 

Figure 6.9 Schematic representation of crack growth from defects. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Observation of fracture surface of holed specimen when specimen broken from 

another part of hole (=  MPa); (a) Top view, (b) View from inclined direction. 
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6.4 Conclusion 

Fatigue limit and crack behavior were investigated in a commercially sold carbon steel. After 

annealing, three types of specimen were machined. That is, the smooth specimen, partial notch 

specimen and holed specimen. The results obtained are as follows, 

1) The fatigue limit of the smooth specimen shows clearly a lower value than the evaluated value 

from Vickers hardness. 

2)  The fatigue limit of the holed specimen had almost the same value as the evaluated value from 

Vickers hardness and projected area of the hole in the axial direction of specimen. 

3)  Fatigue limits for the smooth specimen and the holed specimen had almost the same value. 

That is related to the crack initiation behavior. Because, the material used has large size defects 

and a section in which distances of defects are very short, the crack initiation size was larger 

than 0.1 mm in the case of the smooth specimen and partial notch specimen. The existence of 

such defects and the crack growth behavior is related to the fatigue limit. 

4) The material used is not expected to be produced for use in machine equipment. It is good such 

kind of material is sold with a warning about the existence of defects. 
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Chapter Seven 

A Method for Prediction of Fatigue Limit and Life in Carbon Steel 

 

7.1 Introduction 

For the reliability and safety designing of engineering structural components metal fatigue 

should be taken in account. Hence, the study on metal fatigue property of materials is very 

important. The evaluation of fatigue life and investigation of crack initiation and propagation have 

been performed by many researchers [1-10]. In the case of carbon steel, there is a clear fatigue 

limit σw under constant stress amplitude, which is measured from the knee point of the S-N curve 

[11]. The fatigue limit is affected by the size of internal defects and inclusions (which size is 

defined by projected area in the load axis direction). Some method of evaluating the fatigue limit 

using hardness have been proposed as in the following equations [12, 13] 

HVw 6.1=                               (7.1) 

6/1)(

)120(43.1

area

HV
w

+
=                  (7.2) 

Where, the units of w, HV and area are defined as MPa, kgf/mm2 and m2 respectively. HV 

is the average value of Vickers hardness. Eq. (7.1) is used for evaluating fatigue limit of so-called 

smooth specimen without having any defects, and Eq. (7.2) for evaluating the fatigue limit σw of 

the material presence of defects. Murakami and Endo [12] proposed Eq. (7.2) using the fracture 

mechanics parameter, and many researchers have used it to evaluate the fatigue limit of defective 

materials for its high accuracy. 

It is considered that examination is required to use the Eq. (7.1) and (7.2) so as to be useful in 

application. The authors previous study [14] conducted an experiment using carbon steel S25C 

and experienced that the fatigue limit of smooth specimen may be lower than the fatigue limit 

evaluated by the Eq. (7.1) with Vickers Hardness HV. The reason of that was the material used for 

the experiment of S25C had inclusions with an equivalent diameter of about 0.2 mm. In that study 

suggested that if there is data on the crack initiation and growth of fatigue test, it will be possible 

to make an effective prediction of the fatigue limit and fatigue life of materials, when the presence 

of inclusions and defects is unknown. In this study, the correlation between crack growth, fatigue 
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life, and fatigue limit was investigated using carbon steel S45C. Since the fatigue limit and fatigue 

life depend on the initial size of defects and cracks, we examined how fatigue strength can be 

evaluated by predicting the size of crack initiation. 

 

7.2 Materials and Experimental Methods 

The material used in this experiment is commercially sold S45C. A longitudinal microstructure 

is shown in Fig. 7.1, and the spacing between the pearlite and ferrite layers in the microstructure 

may be related to the crack initiation and non-propagating phenomena. The chemical composition 

and mechanical properties of the material are shown in Table 7.1 and Table 7.2, respectively. The 

average grain sizes of ferrite and pearlite are 19 μm and 15 μm, respectively. The grain size is 

measured in the direction parallel to the tensile loading direction was about 50 μm. The diameter 

of the purchased material was 25 mm, and after cutting it in to the specified size, it was annealed 

at 8450C for 1 hour. After heat treatment, the specimen was machined. The shape of the specimen 

is shown in Fig. 7.2. The specimen was polished on the surface (in the testing section) with emery 

paper and metal polisher before conducting the experiment. 

Table 7.1: Chemical composition of the material tested 

  C        Si       Mn        P         S        Cu        Ni       Cr    Fe 

0.45    0.27    0.74    0.015    0.02    0.02     0.01    0.10     Bal. 

 

Table 7.2: Mechanical properties 

Lower yield stress 

σSL (MPa) 

Ultimate Tensile 

Stress σB (MPa) 

Reduction of 

Area  () 

325 607 60 

 

Since the stress concentration factor of the partial notch shown in Fig. 7.2(b) is negligible, the 

fatigue phenomenon does not affect greatly between with and without having a partial notch of 

small size [7]. Therefore, in this study, in order to facilitate the observation of crack initiation and 

propagation, the partial notch shown in Fig. 7.2(b) was machined at the center of the testing section 

of the specimen, and the specimen, partially notched whose stress concentration factor is 
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insignificant to the fatigue life and limit, was regarded as a smooth specimen. In the case of 

previous study for S25C, the specimen used had inclusions with a size equivalent to a diameter of 

0.2 mm from the stating of the test.  

 

 

 

 

 

 

 

 

 

Figure 7.1 Microstructure (Longitudinal section) 

 

 

 

 

 

 

 

 

 

Figure7.2 Specimen geometry; (a) Dimensions of the specimen (mm), (b) Partial notch, (c) Hole. 
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In the S45C material used in this study, such large inclusions did not exist, but some discussion 

was also made in terms of the existence of inclusions. It is studied how each fatigue life can be 

evaluated from the crack growth curves of smooth and pre-cracked specimen. Therefore, in the 

present experiment, a specimen with a hole shown in Fig. 7.2(c) was also used. In usual use of 

structural material, heat treatment may not be conducted after manufacturing of the material. 

Therefore, in this experiment as well, a fatigue test was performed without heat treatment after 

machining the specimen. 

Using an electro-hydraulic servo-type fatigue testing machine, a fatigue test was conducted 

with a stress ratio (= minimum cyclic stress/maximum cyclic stress) of R = -1 and a frequency of 

10 Hz. A replication technique using an acetyl cellulose film was used to observe crack initiation 

and growth behavior. Also, the intermediate fracture surface observation was conducted by a 

surface view microscope to examine the existence of defect and inclusion and hardness test using 

a micro Vickers hardness tester were performed to determine the Vickers hardness HV. 

 

7.3 Experimental Results and Discussion 

7.3.1 Fatigue limit obtained from S-N curves 

 Figure 7.3 shows the S-N curves obtained from the experimental results. Regarding the 

specimen using S25C in the previous study [6], the S-N curve of the smoothed and holed specimen 

processed with the holes of the dimensions shown in Fig. 7.2(c) have almost the same shape, and 

the fatigue limit was also almost same. On the other hand, in S45C used in this experiment, there 

is a clear difference in the S-N curve and fatigue limit between the smooth specimen and the holed 

specimen. The size of inclusions those are present in the specimen may differ depending on the 

material used, which affects fatigue strength. In S45C used in this experiment, there is no large 

inclusions that affect the fatigue limit, but discussion is also given to the case where such inclusions 

exist. Murakami and Endo [15] made a proposal of fatigue limit of the materials having defect 

which reduces the fatigue limit of the materials, and conducted a study based on that. 

 The experimental value of the fatigue limit σw obtained from the S-N curve shown in Fig. 7.3 

is approximately 230MPa, and the fatigue limit σw evaluated from Eq. (7.1) using the average 

Vickers hardness HV (170 or 170 kgf/mm2) was almost 270 MPa. Comparing these values, the 

fatigue limit calculated from HV in Eq. (7.1) is about 17% higher than the experimental value. In 
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light of this results, it may consider that Vickers hardness HV is not the only parameter to evaluate 

the fatigue of material having defect or inclusion which is investigated by Murakami and Endo 

[12, 13] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 S-N curves 

 

7.3.2 Crack growth behavior of smooth specimen 

 Figure 7.4 shows the crack growth curve. Figure 7.4(a) shows the crack growth curve on linear 

scale, and Figure 7.4(b) shows the crack growth curve on a semi-logarithmic scale. In the case of 

linear scale, it is difficult to distinguish the initial crack growth behavior, so in this study semi-

logarithmic scale was used to evaluate the crack growth behavior. 

The horizontal axis of the figure uses the relative number of cycles N/Nf made dimensionless 

by the number of times of fracture from the viewpoint of evaluating the relationship between stress 

amplitude and fatigue life in a unified manner. It can be seen from Figure 7.4 that the semi-

logarithmic scale can be used in a small crack length range and the crack growth curve can be 

evaluated in detail. There are variations in the crack initiation size, and the crack length l0 at N≈0 
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differs depending on the individual specimen (The crack growth curve is different at each stress 

level). Figure 7.5 shows an example of a fish-eye type pattern starting from an inclusion observed 

on the fracture surface. This pattern is not formed on the surface of the specimen, rather slightly 

inside from the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Crack propagation curve; (a) Crack length l0 vs. relative number of cycles N/Nf, (b) 

lnl0  
vs. N/Nf 

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6

7

8

9

10

320MPa
305MPa
290MPa
275MPa
260MPa

C
ra

c
k

 l
e
n

g
th

 l
 [

m
m

]

N/Nf

0 0.2 0.4 0.6 0.8 1
10-3

10-2

10-1

100

101

320MPa
305MPa
290MPa
275MPa
260MPa

C
ra

c
k
 l

e
n

g
th

 l
 [

m
m

]

N/Nf

(a) 
(b) 



 

83 
 

 

 

 

 

 

 

 

 

Figure 7.5 Example of observation of fracture surface (σ＝260MPa, Arrow shows inclusion) 

 

 

Figure7.6 Observation of crack initiation and growth; (a) a = 260MPa, (a1) l0 = 0.0mm and 

N/N
f
=0.03, (a2) l0 = 0.004mm, N/N

f 
=0.059, (a3) l0 = 0.008mm, N/N

f
=0.089, (a4) l0 = 0.013 mm, 

N/N
f
=0.177; (b) a = 320MPa, (b1) l0 = 0.0mm, N/N

f
=0.003, (b2) l0 = 0.019mm, N/N

f
=0.068, (b3)  

l0 = 0.032mm, N/N
f
=0.102, (b4) l0 = 0.038mm, N/N

f
=0.170. 
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In the specimen (stress amplitude 260MPa) where this fracture surface was observed, the crack 

initiation length l0 was smaller than the average pearlite grain size (15μm) and ferrite grain size 

(19μm), and the cracks initiated from the inside of the specimen. The length at which is reached is 

measured as l0. Figure 7.6 is an example of observation of crack growth behavior. Fig. 7.6(a) shows 

the case of the same specimen as in Fig. 7.5, where l0 is below the average grain size on the surface 

due to the expansion of cracks from the inside. In Fig. 7.6(b), cracks were observed with a length 

of about 50μm, which is similar to the largest grain size shown in Fig.7.1 of the specimen. It can 

be confirmed that such variations in the crack initiation length cause variations in the crack growth 

curve in Fig. 7.4. According to the experiment by Nishitani et al. [8], the crack growth rate dl/dN 

of a small crack in a smooth specimen of carbon steel is 

dl/dN = C1 σ
n l                              (7.3) 

It is known that C1 and ‘n’ in Eq. (7.3) are material-dependent constants. Since the form of the 

equation is simple when the stress ratio is -1, we also study the crack growth behavior in Eq. (7.3) 

without using the stress intensity factor in this experiment. By transforming Eq. (7.3) and 

integrating, the following equation is obtained. 

lnl = C1 σ
n N + C2              (7.4) 

C2 is a constant, and it can be seen from this equation that if σ = constant, a semi-logarithmic scale 

can be made and the crack length l and the number of repetition cycles N have a simple linear 

relationship. When the initial crack length at the number of repetitions N=0 is l0 and the crack 

length at immediately before fracture N ≈ Nf is lf, the constants C1 and C2 in Eq. (7.4) can be 

determined. 

C2 = lnl0,   

C1 = {ln (lf /l0)}/σn ・(1/Nf)                            (7.5) 

Next substitute the values of C1 and C2 from Eq. (7.5) in Eq. (7.4), we obtained  

lnl= {ln (lf /l0)} (N/Nf) + lnl0            (7.6) 

It can be seen that the crack growth curve in Fig. 7.4(b) is approximated by Eq. (7.6). Also, Eq. 

(7.3), can be transformed as  

(dl/dN)/l =C1σ
n              (7.7) 
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Substituting C1 from Eq. (7.5) into this yields the dimensionless crack growth rate. 

(dl/dN)/l = {ln (lf /l0)}. (1/Nf)                              (7.8) 

It follows that if lf and l0 are fixed to a certain value, the dimensionless crack growth rate is 

inversely proportional to Nf and becomes a function of stress amplitude σ. 

Therefore, reviewing Fig.7.4(b) of this experimental result, and suppose that for the application of 

all stress amplitudes, different size of crack initiation length (due to the presence of defect or 

inclusion) become same size at a single point ‘D’ in Fig. 7.7(a), l0 = 12 µm (average grain size) 

after the application correction method [11]. The crack length was approximated from the crack 

growth curve as lf = 2.0 mm to create a temporary crack growth curve with little variation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 Correction of crack initiation length; (a) Method of correction of the crack growth 

curve, (b) Corrected crack growth curves 
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Figure 7.7(a) is the correction method, and Figure 7.7(b) is the corrected result. The symbols 

A, B, C, D, etc. in Fig. 7.7(a) are the end points of the crack growth curve that were taken into 

consideration when the correction was performed, and detailed description is omitted. Note that 

equation (7.4) can be transformed into the following equation. 

ln l0 = C1'N/Nf + C2  

Here, C1
' = C1σ

nNf = constant. This equation shows an approximate equation for the crack growth 

curve in Fig.7.4(b), and Eq. (7.4) itself is related to the S-N curve (σnNf = constant can be 

approximated). 

Table 7.3: Coefficients for prediction of S-N curve from crack growth curves (l0=12μm, lf 

=2.0mm). 

 

 

 

 

 

As a method of correcting the crack growth curve [11], if the crack initiation length l0 for each 

stress amplitude is longer than 12μm, the fatigue life is extended and Nf is corrected to N’f =(1+

β) Nf. In that case, the arbitrary number of repetition cycles is N'=N+βNf. If l0, which is assumed 

from the crack growth curve, is shorter than 12 μm, the fatigue life is shortened and corrected, so 

β becomes a negative value. Table 7.3 shows some of the above correction factors for each 

specimen.  

Fig. 7.8 shows the relationship between the dimensionless crack growth rate (dl/dN)/l and the 

stress amplitude σ using the corrected number of cycles to failure N’f. The value of (dl/dN)/l was 

calculated from the value of Nf corresponding to σ from Eq. (7.8). It can be seen from Fig. 7.8 that 

the crack growth law can be expressed by Eq. (7.7). 

Here, Eq. (7.7) is transformed into the following equation. 

σ, MPa β Nf N'f  = (1+β) Nf 

320 0.050 2.9 x 104 3.1 x 104 

305 0.150 4.0 x 104 4.6 x 104 

290 - 0.180 6.8 x 104 5.6 x 104 

275 - 0.050 8.9 x 104 8.5 x 104 

260 - 0.180 1.7 x 105 1.4 x 105 
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dl/l = C1 σ
n dN 

From the crack growth curve corrected from Fig. 7.8, the coefficient in the above equation is n = 

7.0, C1 = 6.0 x 10-22. The crack length when N=0 is l0 and the number of failure cycles is Nf. 

Integrating the above equation with the crack length as lf. 

ln (lf /l0) = C1σ
nNf              (7.9) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8 Relationship between corrected (dl/dN)/l vs. stress amplitude σ 

 

Based on the corrected crack growth curves in Fig.7.7 and 7.8, if l0 = 12 μm, lf = 2 mm, n =7.0, 

and C1 = 6.0 x 10-22, the S-N curve in the finite life range given by the following equation; (In this 

case, N'f in Table 7.3 is changed to Nf). 

σ7.0 Nf = 8.5 x 1021                           (7.10) 

These results are shown in Fig. 7.9. The plotted points in Fig. 7.9 are the experimental values 

for smooth specimen, and the solid line is the predicted value from the corrected crack growth 

curve in the finite life region. In the case of this experiment, there is little variation in the 

experimental data, and the experimental values and the predicted values agreed relatively well. It 

is considered that the reason is that, although the crack initiation length at each stress amplitude 
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varies, there is no significant variation between the crack length l until the fracture and the relative 

number of cycles N/Nf. 

In the case of this experiment, the S-N curve in the finite life region could be predicted with 

relatively good accuracy from the corrected average crack growth curve. However, due to the 

presence of inclusions and microdefects, it is assumed that the crack growth curve may not be 

conveniently predicted by an average relationship as in Eq. (7.3). In such a case, we considered 

how to evaluate (predict) the fatigue life and fatigue limit by the S-N curve as shown in the next 

section. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9 S-N curve which predicted from crack growth curves 

 

7.3.3 Evaluation of S-N curve and fatigue limit due to difference in crack initiation length 

From the viewpoint of investigating the relationship between the crack initiation length and 

the fatigue life and fatigue limit, the relationship between fatigue crack growth behavior and 

fatigue life was investigated compared to the holed specimen. Figure 7.10 shows the crack growth 

curve of the holed specimen. Since the crack growth curve in Fig. 7.10 can be approximated by 

almost the same straight line regardless of the stress level, n = 13.9 and C1 = 2.0 x 10-38 when the 

coefficient value of Eq. (7.9) is calculated. 
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Based on these values and Fig. 7.10, assuming that l0 = 0.15 mm and lf = 3 mm, equation (7.9) 

can be expressed as the following equation. 

13.9 Nf = 1.5 x 1038            (7.11) 

The S-N curve obtained from the crack growth curve and the experimental results shown in the 

plot are coincided well. The crack initiation length was set to l0 = 0.15 mm from Fig. 7.10, but as 

shown in Fig.7.2, the hole diameter d and the depth h were 0.2 mm. The crack initiation size and 

the critical defect size of the material do not necessarily relate to the fatigue life. From the shape 

shown in Fig.7.2, the projected area of the hole is ‘Area’ = 33991 μm2, and when the average 

Vickers hardness HV = 170 is substituted into Eq. (7.2), the fatigue limit is σw = 174 MPa. This 

value is a little bit lower than the experimental value of fatigue limit σw = 185 MPa, and this 

predicted value of fatigue limit seems to be effective from the viewpoint of safety. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.10 Crack growth curves of holed specimen, l0=0.15mm, lf ＝3.0ｍｍ.  
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Based on the fact that the crack initiation size and the size of defects or inclusions that affect 

the fatigue limit and fatigue life do not necessarily matched, the fatigue strength of the smooth 

specimen in the previous section and the S-N curve assumed on the safe side were examined. The 

fatigue limit of smooth specimen may be evaluated by Eq. (7.1), but since it is empirical, it is not 

necessary to consider according to the predicted value. Also, in the case of Eq. (7.2), it is an 

empirical value that HV is used as the resistance value of the material, but it takes into account the 

fracture mechanics parameter [5]. 

Therefore, in this study, we examined whether it is possible to evaluate the fatigue limit on the 

safe side using Eq. (7.2) or not. Murakami and Endo [8] investigated the fatigue limit reduction of 

specimens with artificial holes (which is considered as defects) in various fatigue tests. From the 

results, tensile and compression fatigue test of S45C at R = -1, it is considered that the fatigue  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11 S-N curve and evaluated fatigue limit from Eq. (2) for holed specimen 

 

limit of the specimen with artificial hole does not decrease compared to the smooth specimen if 

the diameter and depth of the hole is 35μm or less. Murakami [10] also considers the relationship 
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between the critical size of such artificial holes and cracks that affect the fatigue limit and the 

microstructure. 

The area of the artificial hole (defect) is 1041 μm2. Therefore, in this study, the hole is regarded 

as a semi-circular initial crack with a surface length of l0 = 50 μm (area = 982 μm2), and the fatigue 

limit and the crack growth from the crack based on that crack are considered. The fatigue life was 

examined. Note that l0 = 50 μm is almost on the order of the length of the pearlite and ferrite 

microstructure shown in Fig.7.1. If the crack initiation length l0 is 50 μm and the crack growth 

curve at each stress amplitude is corrected by the method shown in the previous section, each 

coefficient can be obtained as shown in Table 7.4. In other words, if l0=50 μm, lf=2.0 mm, n=7.4, 

C1=6.0 x 10-23, the following S-N curve is obtained from the corrected crack growth curve. 

7.4 Nf = 6.1 x 1022            (7.12) 

Table 7.4: Coefficients for prediction of S-N curve from crack growth curves (l0=0.05mm, lf 

=2.0mm). 

 

 

 

 

 

Also, substituting area = 982 μm2 and average hardness HV = 170 into Eq. (7.2) gives σw = 

234 MPa. Figure 7.12 compares σw using Eq. (7.2) and (7.12) with the experimental values shown 

in the plot. The correction value for finite fatigue life is given on the safe side compared to the 

experimental value. It is also considered that the fatigue limit can be evaluated on the safety side 

by adopting a value 10% lower than the predicted value by Eq. (7.2) with l0 = 50 μm. 

The crack growth law based on Eq. (7.3) and (7.9) is equivalent to the fatigue life law in the 

finite fatigue life region, and the effect of stress amplitude that contributes to fatigue life is 

evaluated by the value of their exponent n, and the S-N curve. The gradient of the curve is 

approximated (note that, the crack initiation size and the crack growth curve of the experiment at 

σ, MPa  Nf N'f = (1+) Nf 

320 - 0.26 2.9 x 104 2.2 x 104 

305 - 0.18 4.0 x 104 3.3 x 104 

290 - 0.37 6.8 x 104 4.3 x 104 

275 - 0.32 8.9 x 104 6.1 x 104 

260 - 0.36 1.7 x 105 1.1 x 105  
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each stress level are different but summarization by Eqs. (7.3) and (7.9) become effective by 

utilizing the average value of crack initiation size. It is necessary to be careful about that.) 

In this study, since the effect of inclusions on crack growth is negligible, there is no significant 

difference on the logarithmic scale between the experimental data shown in Fig. 7.9 and the 

predicted value of fatigue life. However, when there are relatively large inclusions, the crack 

initiation size increases, and this effect appears in the fatigue life. In the case of smooth specimen, 

it is better to set the crack initiation length larger than the average value when predicting fatigue 

life and fatigue strength, or when evaluating the safe design using by obtained data. In that case, it 

may be better to consider the prediction on the safety side, taking into consideration the factors 

that affect the value of ‘n’ and the initial crack length l0. In addition, it is also effective to check 

the fatigue life and fatigue strength tendency of defective materials for strength evaluation of 

smooth materials. There is a limit to the size of a defect that reduces the fatigue limit. In this study, 

if the fatigue life and fatigue limit are predicted by focusing on that limit, the life of the smooth 

specimen may be evaluated on the safe side. The possibility that there is considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12 Evaluation of fatigue life and fatigue limit of a plain specimen with initial crack 

(l0=50μm). 
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In the case of rolled carbon steel, it may be possible to measure on the safe side by the size of 

the layer of microstructure and the size of maximum inclusions. In the future, we would like to 

investigate a method to evaluate the fatigue life from the value of the gradient ‘n’ of the standard 

S-N curve when the initial size of the crack generated by inclusions and defects differs. 
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7.4 Conclusion 

In this study, we examined one method to evaluate the fatigue life and fatigue limit on the safe 

side at the basic experiment level in the fatigue test of materials with variations in crack initiation 

length. The main results obtained are as follows. 

(1) In the material of this experiment with relatively small inclusion size, it is possible to predict 

the S-N curve from the crack growth curve by predicting the crack growth curve using the 

crack initiation size of the average grain size. 

(2) It was possible to estimate the safe fatigue limit by using the critical initial crack size and 

Vickers hardness HV that do not affect the fatigue limit of the smooth or plain specimen. 

(3) Since the critical initial crack size and the initial crack size generated at an arbitrary stress 

amplitude are different, assuming that the initial crack size is the same as the critical crack 

size, it is possible to set the S-N curve on the safe side.  

(4) The method of this study may be applied to the evaluation of the fatigue life of smooth 

materials in the presence of relatively large defects or inclusion. 
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Chapter Eight 

Conclusion 
 

The fatigue mechanism has been investigated in this dissertation. Many fracture accidents are 

related to the fatigue fracture of engineering materials. Fracture accident should be arrested to save 

human life. This dissertation has been concluded considering the literature reviewed in the 

preceding chapters are concluded in the following manner. The conclusion reviews on the 

respective topics are included in each of the respective topics.   

(1) The investigation of detection of fatigue crack initiation, crack growth behavior, and 

subsequent fatigue life of materials due to application of unexpected overload and 

underload while the machine is in running condition or the structures are in loading 

condition has been concluded.    

(2) Fatigue phenomena of carbon fiber reinforced epoxy composite and aluminum-carbon 

fiber composite have been studied. This study has shown promising result with some 

conditional aspect.  

(3) Prediction of fatigue life and fatigue limit of material having pre-defect and inclusion 

beyond the permissible crack initiation length and outcomes have been well agreed to 

researches conducted by many researchers earlier.    

 

The conclusion of subsequent chapter was summarized as follows: 

 

Chapter Two 

A Method for Detecting an Unexpected Application of a Hazardous Load During Operation 

 The method of detecting application of an unexpected load which leads to the acceleration of 

fatigue crack growth. The main results obtained are as follows: 

(1) The acceleration of fatigue crack growth occurred when the tensile residual stress created 

in front of the crack tips and the crack opening and closing stresses reached a lower level. 

(2) The shapes of stress – strain loops were changed when the crack growth rate was changed 

due to applying an unexpected load. 



 

98 
 

(3) The crack opening and closing stresses could be easily measured by using the relationship 

between the stress and the strain function which was proposed by Kikukawa et al. 

(4) Monitoring for the detection of an application of a dangerous load can continuously be 

performed by using the waveform of the stress and the strain function. 

 

Chapter Three 

Method of Detecting Unexpected Load Leading by Using Strain Information 

 The method of detecting whether an unexpected load which leads to the acceleration of fatigue 

crack growth was applied or not is done by using strain data. The variation tendency of the local 

strains in the vicinity of the crack was affected by whether acceleration or deceleration occurred 

due to the crack opening and closing behavior. By considering that behavior, two types of strain 

functions were proposed for detection of unexpected load. Even if the load data was not measured, 

the unexpected load which leads to the acceleration of fatigue crack growth can be detected by the 

strain functions proposed in this study. The following outcomes have been found from this study: 

(1) Crack growth acceleration or deceleration were observed depending on the condition of 

overlaod and underload compared to the baseload i.e. without applying any overload or 

underload.  

(2) By analyzing the shape of the waveform of strain information, whether an unexpected 

overlaod or underlaod was applied or not can be detected/predicted. 

(3) The value of ‘λ’, which is the ratio of effective cyclic strain range, is an important 

parameter which can be used as a qualitative measurement tool of the variation of the strain 

function. 

 

Chapter Four 

Effect of Fiber Direction and Stress Ratio on Fatigue Property in Carbon Fiber Reinforced 

Epoxy Composites  

The purpose of this study was to examine the influence of the anisotropy due to the 

characterization of the material by superimposing unidirectional long carbon fiber sheets and local 

fracture behavior of fiber on fatigue strength.  The following results obtained are as follows: 

https://eow.alc.co.jp/search?q=fiber&ref=awle
https://eow.alc.co.jp/search?q=reinforced&ref=awle
https://eow.alc.co.jp/search?q=epoxy&ref=awle
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(1) A higher fatigue limit was obtained when the alignment of all carbon fibers was in the 

loading direction. 

(2) For composite materials with long fibers, it is expected that the fatigue limit of smooth 

specimens can be predicted from the results of slit specimens. 

(3) The crack initiated from the epoxy region. Then the crack grew by shear mode and the 

crack cut fiber by shear mode. This mechanism can be applied in the present cases. 

(4) The ratio of fibers in the loading direction is expected to be related to the fatigue limit. 

(5) The results obtained in the present experiment will be applied to a repair method for 

damaged carbon composites which will be investigated in future. 

 

Chapter Five 

Fatigue and Fracture Mechanism of Aluminum-Carbon Fiber Reinforced Hybrid Composites  

In this study, the effect of incorporating of aluminum foil and aluminum plate with the woven 

carbon fiber cloth in hybrid composites by using both sides slit specimen was investigated. The 

main results obtained are as follows: 

(1) The higher fatigue limit were obtained in the case of A type specimen when all the carbon 

fibers were in the loading direction. Also, mechanical strength of the carbon fiber in the 

loading direction is higher than that of aluminum foil and aluminum plate at R = -1. The 

strength also differ due to the variation of thickness of the woven carbon fiber, aluminum 

foil and aluminum plate.    

(2) The fracture behavior are different for different types of specimen as the composition and 

the number of woven carbon fiber cloths are different. The fracture behavior depends on 

the interfacial bonding between the woven carbon fiber cloth and aluminum foil in B type 

specimen or between woven carbon fiber cloth and aluminum plate in C type specimen. 

The property of the specimen could be improved by improving the inter laminar bonding 

between the woven fiber cloth and aluminum foil or plate. 

(3) For the application of tension-tension loading condition, A type and C type specimen have 

shown almost the same fatigue limit even though reduced number of carbon fiber sheet 
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have been used.  

 

Chapter Six 

Effects of Existence of Unexpected Defects on Fatigue Strength 

Fatigue limit and crack behavior were investigated in a commercially sold carbon steel. After 

annealing, three types of specimen were machined. That is, the smooth specimen, partial notch 

specimen and holed specimen. The results obtained are as follows, 

(1) The fatigue limit of the smooth specimen shows clearly a lower value than the evaluated 

value from Vickers hardness. 

(2)  The fatigue limit of the holed specimen had almost the same value as the evaluated value 

from Vickers hardness and projected area of the hole in the axial direction of specimen. 

(3)  Fatigue limits for the smooth specimen and the holed specimen had almost the same value. 

That is related to the crack initiation behavior. Because, the material used has large size 

defects and a section in which distances of defects are very short, the crack initiation size 

was larger than 0.1 mm in the case of the smooth specimen and partial notch specimen. 

The existence of such defects and the crack growth behavior is related to the fatigue limit. 

(4) The material used is not expected to be produced for use in machine equipment. It is good 

such kind of material is sold with a warning about the existence of defects. 

 

Chapter Seven 

A Method for Prediction of Fatigue Limit and Life in Carbon Steel 

In this study, we examined one method to evaluate the fatigue life and fatigue limit on the safe 

side at the basic experiment level in the fatigue test of materials with variations in crack initiation 

length. The main results obtained are as follows. 

(1) In the material of this experiment with relatively small inclusion size, it is possible to 

approximate the S-N curve from the crack growth curve by approximating the crack growth 

curve using the crack initiation size of the average grain size. 

(2) It was possible to estimate the safe fatigue limit by using the critical initial crack size and 

Vickers hardness HV that do not affect the fatigue limit of the smooth or plain specimen. 
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(3) Since the critical initial crack size and the initial crack size generated at an arbitrary stress 

amplitude are different, assuming that the initial crack size is the same as the critical crack 

size, it is possible to set the S-N curve on the safe side. 

(4) The method of this report may be applied to the evaluation of the fatigue life of smooth 

materials in the presence of relatively large defects or inclusion. 

 

 

 

 

 


