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本論文は rFatigue Properties of Nickel-base Superalloy at Elevated TemperaturesJ (Ni基超合金の
高温疲労特性に関する研究〉と題し， 7章から構成されている.

第 1章では， Ni基超合金の特徴，分類，そして優れた各種特性に関連した広範な用途と実用

的重要性について記述している.そして，これまでの本合金の機械的性質に関する研究の成果
特に疲労特性に関する現状を説明し，材料開発と強度設計さらに保守の点から本研究の位置付

けと目的を明確にしている.

第2章では，室温大気中で回転曲げ疲労試験を行い，本合金の高温疲労特性を検討する際の
基礎となる室温での疲労特性について調べ，本合金の平滑材の疲労限度は微小き裂の伝ぱ限界
で決まること，有限寿命域においては全寿命のほとんどが 1mm 以下の微小き裂の伝ぱ寿命で
占められ，疲労限度だけでなく破断する際も微小き裂の伝ぱが重要であることを指摘してい
る.

第3章では，まず本合金の疲労強度が高温環境下で-上昇する特異な現象を示すことを明らか
にし，高温下における微小き裂の発生及びその伝ぱの詳細な観察を通じて，高温環境の影響を
素材の機械的性質の変化と高温酸化の点から検討し，そのメカニズムの解明を行っている.

第4章では，本合金のき裂伝ぱ抵抗の温度依存性について調べ，温度の上昇に伴いき裂伝ぱ
抵抗は低下することを明らかにしている.また，高温での微小き裂伝ぱの評価さらに疲労寿命

の予測に微小き裂伝ぱ則が有効であることを示している.

第5章は，切欠材の疲労限度に及ぼす温度の影響を，き裂発生限界に対する疲労限度とき裂
伝ぱ限界に対する疲労限度にわけで調べたものであり，高温における本合金の切欠感度は線形
切欠力学で評価できることを明らかにしている.

第6章では，本合金は難削材の一つであること，そのような難削材に対してCBN加工が有
効であること，さらに実際に機械加工のままで使用されることを考慮し，疲労強度特に高温で
の疲労強度に及ぼすCBN研削加工の影響を硬さと材質の変化，表面組さおよび残留応力の点
から検討している.

第7章では，以上の各章で得られた結論を要約している.
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Chapter 1 Introduction 

1.1 A brief knowledge of nickel-base superalloys 

Superalloys is a tenn appeared shortly after World War Two to describe a group of heat­
resistant alloys developed for high temperature services such as the use in turbosupercharger and 
aircraft-turbine engines. In addition to high strength at high temperature, superalloys also exhibit 
excellent oxidation and corrosion resistance. 

There are many types of superalloys including iron-base, cobalt-base and nickel-base 
superalloys. Some of superalloys contain chromium for resistance to oxidation and corrosion and 
some contain other elements for strength at high temperature. Superalloys can be strengthened in 
different ways such as solid-solution strengthening, precipitation hardening and oxide-dispersion 
strengthening. The high temperature applications of superalloys are extensive, including 
components for aircraft, chemical-plant equipments as 'well as nuclear power plant equipments. 
The increasing significance of superalloys in today's commerce is typified by the fact that the 
percentage of the parts made of superalloys in the total weight of an aircraft turbojet engine has 
risen several times during these 40 years comparing to that (approximately 10%) in 1950s. 

Nickel-base superalloys are the most widely used alloys of all the classes of superalloys and 
can be generally classified into two types: one is the solid-solution strengthened nickel-base 
superalloys and the other is the precipitation hardened nickel-base superalloys. The nickel-base 
superalloys were first developed in the middle of 1940s by International Nickel Co. (U.S .A.) and 
Mond Nickel Co. (U .K.) separately, for the purpose of producing more cheaper alloys providing 
them with high strength comparable to the nichrome alloy, which was the only alloy then 
possessing good elongation, ductility and oxidation resistance at high temperature up to 1100°C. 
Since then, many new alloys have been developed and the properties of the alloys have been 
improved greatly. The main alloying elements used in the various fonnulations of nickel-base 
superalloys and the effects of these additives are readily available in the literature(l). 

Inconel 718 is a precipitation hardened nickel-base superalloy (2) that maintains a stable 
microstructure, corrosion resistance property and high strength up to 650°C. Due to these 
outstanding characteristics and other mechanical properties, Inconel 718 has found extensive 
applications in the modem nuclear and aerospace industries such as the use in the critical structural 
components of jet engine, rocket engine as well as gas turbine engine of nuclear power 
generation(3),(4), in which the high strain-stressed, lerosive and/or corrosive conditions of 
components are quite common and in many cases components have to be employed for prolonged 
periods of design life. Therefore, the creep property and fatigue behavior of the alloy, especially 
at elevated temperature, is necessary to be clarified and cmy variable that might alter the properties 
of Inconel 718 must be accounted for. 
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Chapter 1 Introduction 

1.2 A review of the previous studies on Ineonel 718 

In the past several decades, a great deal of attention has been drawn to the creep and low cycle 
fatigue behavior of Inconel 718. Some researchers intended to explore the optimum heat treatment 
conditions which consist of a solution treating and a two-stage aging, in order to obtain the best 
combination of mechanical properties and creep and fatigue properties such as ductility, tensile 
strength, fracture toughness and crack growth resistance at elevated temperature, through 
controlling the microstructural variables, e.g. grain and precipitate sizes, grain boundary structure 
and matrix precipitate morphology(5)-(1l) . 

For instance, it was observed that the coarse-grained specimen exhibits shorter low cycle 
fatigue life than the fine-grained one, despite the slower clack growth rates it has(12),(13). A similar 

study revealed the effect of grain size on the near-threshold crack growth rate and flKth (threshold 
value of stress intensity factor range), it was found that increasing the grain size results in a 

decrease of crack growth rate and an increase of flKth due to the intensified roughness-induced 

crack closure at greater grain sizes(14),(15). The morphology and volume fraction of y' and y" 
precipitates play important role in determining the strength of Inconel 718 and finer precipitates 
lead to slower long crack growth rate and longer low cycle fatigue life (13),16) . It is interesting to 

note that the coarsening of y" precipitate particles are able to alter the mechanism of dislocation 
motion from one involving the shearing of precipitate particles to that of bypassing by the Orowan 
process(17),(18) . 

The crack growth process of Inconel 718 is affected appreciably by the testing conditions, i.e. 

stress ratio R (R= Omax/Omin, where Omax and Omin are the maximum and minimum stress 
amplitudes respectively), loading frequency, wave shape, holding time, temperature and 
environment (e.g. the presence of hydrogen). The detailed results are readily available in the 
literatures(l), (19). (20), in which the interactive influence of each of these operating parameters on the 
crack growth rate was correlated with the nature of the crack tip zone. 

Besides providing fundamental infonnation related to the behavior of a material, the creep and 
low cycle fatigue data may be applied to predict the life of engineering components which 
subjected to a similar straining history as simulated in a laboratory. Moreover, in many 
applications, components have to be in service for extended lifetime, therefore, a knowledge of the 
material behavior beyond the normal design service exposures as well as the establishment of the 
residual life evaluation method are urgently required in practice. In the middle of 1980s, the 
concept of damage tolerance design was developed which allows the existence of flaws or defects 
with a size corresponding to the detecting limit of the nondestructive inspection technique in 
structural components when they enter into service. These flaws or defects are then assumed to 
act as propagating cracks and their rates of propagation are established on the basis of fracture 
mechanics principles, using the experimental crack growth rate data. This approach, which 
extends the useful life in existing components by retaining them in service until a crack has indeed 
been detected, replaces the previous design method which is based on the statistical data of creep­
fatigue experiments in which a component that had some useful lifetime remaining to crack 
initiation was retired from service. Clearly, the safe use of this approach depends on two factors: 
the ability to predict accurately crack growth rate and the reliability of nondestructive inspection 
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technique. For this purpose, numerous life assessment models and nondestructive detection 
methods(21)-(27) were reported for elevated temperature components, yet no method has been 
widely accepted as a design code for high temperature application because each model or method 
was only capable of predicting life in a certain range of testing conditions. 

In 1975, Pearson (28) discovered that small fatigue cracks grow faster than and below the 

threshold t1K of long cracks under nominally equivalent cyclic stress intensities, since then the 
importance of the small crack growth behavior have been emphasized in many literatures(29),(30). 
For instance, it has been found in many metals that the substantial fraction of fatigue life in a plain 
specimen is occupied by the growth life of small cracks, especially the cracks smaller than 1-2 
mm(31)-(33), meaning that the assessment of crack growth rate for small cracks takes a significant 
role in the life prediction of materials. Meanwhile, the validity of applying the linear elastic 
fracture mechanics, which concerns the growth of long cracks under the condition of small scale 
yielding, to describe the growth behavior of small cracks is questioned because high stress levels 
are necessary to propagate small cracks, such that the condition of small scale yielding is 
exceeded. Therefore, the evaluation based on the elastic-plastic fracture mechanics must be used. 
For Inconel 718, the majority of previous studies in small crack growth pertains to creep and low 
cycle fatigue testing, in which small crack growth rate was evaluated in terms of either the range of 

effective stress intensity factor t1Keff or the range of J integral t1J in an attempt to consolidate the 
growth rate of small cracks with that of long cracks(19),(20),(34),(35). However, in the case of high 
cycle, fatigue, the initiation and propagation behavior of small cracks is not clear, though it is 
essential to the life prediction of members being used in their prolonged period of service or 
approaching to the end of design life. 

Because Inconel 718 is used extensively in nuclear and aerospace industries, the accurate 
fatigue test data is necessary to meet the needs of design for reactors and engines, where safety is 
extremely important. On the other hand, the great progress in modem manufacturing techniques 
makes the design criteria and techniques used for high technology structures changed and 
increased in complexity, in order to satisfy the increasing requirements of nuclear and aerospace 
industries. For example, the design of gas turbine engines may be one of the most difficult design 
from the viewpoint of structure design and life prediction. Besides the high temperature in 
service, gas turbine engines have complex shapes accompanied with numerous stress 
concentrations. These stress concentrations will induce local yielding, lead to the initiation of 
microcracks and reduce the fatigue strength of materials considerably. Consequently, the 
deteriorative effect of stress concentrations on the fatigue strength, or the notch sensitivity must be 
investigated, especially at elevated temperature (3) • 

Despite some exceptions, most of fatigue cracks initiate from the surface of materials. 
Therefore, the surface sensitive mechanical properties such as creep, fatigue, and stress corrosion 
cracking are easy to be influenced by the conditions of machined surfaces. It was reported (36) that 
machining not only produces specified dimensions, tollerances and surface roughness but also 
generates residual stress and plastic deformation in the surface region, initiates surface and 
subsurface cracks and forms surface cavities. Moreover, the components in service are generally 
employed in machined condition, hence a knowledge of the influence of surface integrity on the 
fatigue strength of machined components will provide very valuable information for determining 
the service life of machined components. On the other hand, however, Inconel 718 is one of the 
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difficult-to-machine materials because it is extremely hard and has a tendency to clog and gum up 
the grinding wheel during grinding due to its low thenmal conductivity. This will manifest in 
higher forces and heat generation and in tum accelerate the wheel wear rate and worsen the surface 
integrity. For this reason, many previous researches gathered in the machining efficiency and 
method, surface integrity including surface roughness and residual stress, and tools and tool 
wear(37)-(40), but less attention has been attracted to the influence of machining on the fatigue 
strength of Inconel 718(41). 

Recently, Cubic Boron Nitride (CBN) wheels have been frequently used to grind the materials 
like Inconel 718 which is difficult to machine using conventional machining tools. CBN abrasive 
have superior physical properties to the conventional abrasive in terms of its hardness (only 
second to the diamond) and ultra high thenmal conductivity. It has been reported that with the help 
of high-efficiency deep grinding technique, several hundred times of removal rate can be reached 
as that by conventional grinding technology, accompanied with low grinding wheel wear, low 
surface temperature as well as high compressive residual stress arose in the surface region(42\ the 
latter is more interesting because the compressive residual stress existed in the surface layer is 
considered to be favorable to the improvement of fatigue strength. By these reasons, a large 
amount of components made of Inconel 718 are grindilng finished before putting into use, the 
knowledge of the influence of CBN grinding on the fatigue strength of Inconel 718, especially the 
fatigue strength at elevated temperatures, is very important and essential to the machine designers. 

1.3 Objectives 

Since the first application of nickel-base superalloys, almost fifty years have been passed 
during which great deal of efforts have been made in order to improve the physical properties and 
the creep and fatigue strengths of the alloys and to extend their applications in modem industries. 
In the case of Inconel 718, as mentioned in the above review, a large amounts of studies were 
carried out focused on the creep and low cycle fatigue behavior of the alloy, but the data of high 
cycle fatigue behavior is far not enough and many problelms were left unclear. 

Therefore, in the present thesis, rotating bending fatigue tests were carried out for Inconel 718 
at room and elevated temperatures in order to clarify the fiollowing problems: 

(1) Fatigue properties at room temperature 

(2) Effect of temperature on the initiation and early propagation of small cracks 

(3) Evaluation of fatigue crack growth rate and fatigue crack growth resistance at 

elevated temperatures 

(4) Strength prediction for the notched specimens and the notch sensitivity at elevated 

temperatures 

(5) Influence of CBN grinding on the fatigue strength at elevated temperatures. 
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1.4 Contents of the dissertation 

The dissertation is composed of seven chapters and the concise description of the content of 
each chapter are as follows. 

Chapter 1 is an introduction which contains a brief knowledge of the physical characteristics 
and engineering applications of nickel-base superalloys, a review of the previous researches and a 
description of the objectives and features of the dissertation. 

The fatigue properties at room temperature is investigated in chapter 2. The initiation and 
growth behavior of small cracks are observed directly under a scanning electron microscope 
(SEM) or under a optical microscope using the plastic replica method. The significance of the 
fatigue limit in a plain specimen is discussed according to the result of successive observation of 
small cracks. The crack growth rate of small cracks and the fatigue life of plain specimens are 
evaluated on the basis of the small crack growth law. 

In chapter 3, the fatigue strength at elevated temperatures is investigated and the influence of 
temperature on the fatigue strength is examined in terms of the crack initiation, the early growth of 
small cracks and the crack arresting phenomenon at the fatigue limit of the plain specimen. Then, 
the results are discussed from the interaction between the softening of matrix and the surface 
oxidation of specimen at elevated temperatures. 

The fatigue crack growth resistance at elevated temperatures is clarified in chapter 4 by using the 
specimen with a small blind hole (0.3 mm in diameter and depth). The crack growth rates at 
elevated temperatures are assessed either by the Paris' law or by the small crack growth law and 
the limiting stress levels for the applicability of each law are proposed. The change of the fatigue 
crack growth resistance with the increase of temperature is elucidated depending on the small crack 
growth law with the consideration of the decrease of static strength of the alloy. 

In chapter 5, the fatigue strength of notched specimen is investigated at room and elevated 
temperatures using the 60 degree V -grooved specimens which have different notch radius and 
notch depth. The notch sensitivity of the alloy is evaluated in terms of the notch sensitivity at the 
fatigue limit for crack initiation and that for crack growth respectively, based on the linear notch 
mechanics. The results are discussed from the viewpoint of the effect of temperature. 

Chapter 6 concerns the fatigue strength of CBN ground specimen. The effect of CBN grinding 
is investigated by comparing the fatigue strength of CBN ground specimens with those of electro­
polished and emery paper polished specimens. The results are discussed from the viewpoints of 
residual stress, surface roughness and work-hardening in the surface region of specimens. 

Chapter 7 is a summary presenting the principle conclusions obtained in this dissertation. 
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Chapter 2 Fatigue Properties at Itoom Temperature 

2.1 Introduction 

The increasing demands of machine designs such as high strength, excellant corrosion 
properties and good creep and fatigue resistance at high temperature have led to the rapid 
development of various new kinds of heat-resistant matedals. Hence, the studies of the strength 
characteristics of these materials as well as the influences of environmental variables have been 
often reported(1)-{3). 

Nickel-base superalloys, as mentioned in chapter 1, are widely used in the aerospace and 
nuclear industries because of their high strengths at high temperature and other excellent 
mechanical properties, to replace the conventional heat-resistant materials, e.g., the stainless 
steels. Therefore, many studies(4)-(9) have been perfonned by focusing on the metallurgical design 
of the alloys, and recently the studies of the creep properties and low cycle fatigue behavior of the 
alloys have been increased as well. Nevertheless, very Little has been known or published about 
the high cycle fatigue strength properties of nickel-base superalloys at both elevated and room 
temperatures. 

In this chapter, rotating bending fatigue tests are carried out in order to investigate the fatigue 
properties of nickel-base superalloy Inconel 718 at room temperature, because the fatigue 
properties at room temperature is necessary not only in the machine designs but also for the 
comprehension of the fatigue properties of the alloy at elevated temperatures. The initiation and 
propagation behavior of a small fatigue crack will be observed successively and the fatigue 
properties of Inconel 718 will be examined in tenns of the fatigue limit, the behavior of the small 
fatigue crack and the resistance to fatigue crack growth. 
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2.2 Material and experimental procedur{~s 

The material used was a rolled round bar (13 nun in diameter) of Inconel 718 whose chemical 
composition is shown in Table 2.1. The material was solution treated at 982D C for 1 h, water 
quenched, then aged at 720DC for 8 h, furnace cooled to 621 DC and aged at 621 DC for other 8 h 
followed by air cooling. The mechanical properties at room temperature and the microstructure 
after heat treatment are presented in Table 2.2 and Fig. 2 .1, respectively. The average grain size is 

about 9 flm. 

Figure 2.2 shows the shape and dimensions of specimens. Fig. 2.2 (a) shows the plain 
specimen. To localize the crack initiation site, the mid-surface of specimens was partially notched 
(5 mm at radius and 0.2 mm in depth) with silica carbide papers or blindly drilled (0.3 nun both at 
diameter and in depth) by using a high speed precision bench drill. The details of the partial notch 
and the small blind hole are shown in Fig. 2.2 (a) and (b), respectively. The specimens with a 
partial notch were used to examine the initiation and early growth behavior of a small fatigue 
crack. The fatigue limits (the limiting stresses for specimens not to fracture after the stress 
repetitions of 107 cycles) of plain and partially notched specimens were 490 and 450 MPa, 
respectivel y. This means that the decrease of the fatigue strength due to the partial notch was less 
than 10 %, or in other words, the strength reduction factor, Kf, is close to unity. Hence, the 
behavior of a small fatigue crack in partially notched sp~ecimens can be used to simulate that in 
plain ones and partially notched specimens will be mentioned as plain specimens, hereafter. While 
those with a blind hole will be mentioned as drilled specinlens and used to evaluate the small crack 
growth resistance in the alloy. 

Prior to fatigue testing, all the specimens were electropolished to remove the worked surface 

layer by about 40 flm in diameter for plain specimens and 20 flm for drilled ones. The observation 
of fatigue surface damage and the measurement of crack length were conducted directly under 
Scanning Electron Microscope (SEM) or under an optical microscope using the plastic replica 
technique. The crack length, i, was measured along the circumferential direction on the surface 
including the 0.3 mm diameter of the hole in the case of drilled specimens. The stress value 

referred to is the nominal stress amplitude, Oa, at the lninimum cross section by ignoring the 
existence of the partial notch and the hole. 

The fatiue tests were carried out at room temperature in air using an Ono-type rotating bending 
fatigue machine with a capacity of 15 N'm operating at a frequency of 50 Hz. 

9 
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Table 2.1 Chemical composition 
(wt. %) 

C Si Mn P S Ni Cr Mo Co eu Ai Ti Fe B Nb+Ta 

0.03 0.05 0.06 0.008 0.002 Bal. 18.5 3.08 0.27 0.02 0.55 0.96 19.18 0.004 5.03 

Table 2.2 Mechanical properties at room temperature 

0.2 % proof stress 

(JO .2 ( MPa) 

1320 

Tensile strength True breaking stress 

(JB ( MPa ) (JT ( MFa ) 

1461 2320 

10 

Reduction of area 

1V(%) 

70 
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(a) Longitudinal section (b) Cross section 

I 20 /-till I 

Fig. 2.1 Microstructure of Inconel 718. 
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(b) Drilled specimen 

Fig. 2.2 Shape and dimensions of (a) plain and (b) drilled specimens (in mm). 
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2.3 Results and discussion 

2.3.1 S-N curves 

Figure 2.3 shows the S-N curves of plain and drilled specimens. In the case of plain 
specimens, the life for a crack to grow up to 0.1 mm, N O.1' is also plotted by dotted line in addition 
to the fatigue life, Nt, which is denoted as the number of cycles to failure. A knee point appears 

around the number of 106 cycles in the S-N curve of plain specimens, which means that Inconel 
718 has a definite fatigue limit at room temperature. Moreover, the inclinations of two S-N curves 
in the finite life region are nearly the same. This will be dliscussed later because it is related to the 
small crack growth property of the alloy. 

2.3.2 Initiation and propagation mechanism of a small fatigue crack 

Figure 2.4 shows the surface change of a plain specimen with stress repetitions under rugh 

stress level, ao = 750 MPa, which caused the final fracture of plain specimens. In the case of 
Inconel 718, a fatigue crack usually initiates from the surface slip bands near grain boundaries, 
this can be seen more clearly from the SEM microphoto in Fig. 2.5, in which the typical 
morphology of fatigue crack initiation at room temperature is presented. After growing up to some 
length, the crack propagates transgranularly with the steady formation of striations (Fig. 2.6). 

Figure 2.7 shows the crack growth curves of plain specimens at room temperature, in which 
the logarithm of crack length, l, is expressed as a function of the ratio N/Nt , where N is the 
number of cycles correlated to l. As seen in Fig. 2.7, the fatigue cracks initiates in the early stage 
of stress repetitions (about 0.2 Nt) and coalesces frequently throughout the crack growth process. 
A great part of fatigue life is occupied by the growth life of small cracks, especially the growth life 
of small cracks in the length below 1 mm, which takes ahnost 70 % in the whole fatigue life. 

2.3.3 Significance of the fatigue limit at room t~emperature 

The change of surface state with stress repetitions is shown in Fig. 2.8, at the fatigue limit of 

plain specimen awo (awo = 450 MPa) by a group of replica microphotos. Similarly, a fatigue crack 
initiates from the slip bands near grain boundary and propagates transgranularly up to about 21 

~m, there it is arrested from further propagating till the end of 107 cyCles. The number of cycles 

related to the commencement of crack arresting is about 106 cycles and in a good correspondence 
to the life at the knee point in S-N curve of plain specimens, as seen in Fig. 2.3. 

However, when the specimen is stressed up to higher stress level, e.g., awo -+ 750 MPa (Fig. 

2.9), the arrested small crack propagates again and leads to the final fracture of the specimen. This 
shows that the arrested small crack in Fig. 2.8 is the mlajor crack in the specimen. The crack 

growth curves of the major crack under the stress levels of the fatigue limit Gwo = 450 MPa and the 

higher stress ao = 750 MPa, is shown in Fig. 2.10. 

13 
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Figure 2.3 S-N curves of plain and drilled specimens. 
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Fig. 2.5 Morphology of initiated surface crack. 

Fig. 2.h SEM photograph of fractured surface (Striations). 
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Fig. 2.7 Crack growth curves. 
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To confirm that the arrested crack in Fig. 2.8 is not slip bands but a non-propagating crack, the 
opening and closure phenomena of a similar arrested crack is investigated under static over stress 

condition (e.g., aa = 900 MPa) using another specimen prepared under the stress level of the 

fatigue limit at room temperature after the stress repetitions of 107 cycles. 

Figure 2.11 shows the replica microphotos of the arrested crack under (a) the maximum tension 

(omax= 900 MPa) and (b) the minimum compression (amin= --900 MPa) conditions. It is seen that 

the crack tips of the arrested crack opens under the maximum tension, meaning that the arrested 
crack is really a non-propagating crack. 

Therefore, it can be concluded that the fatigue limit of Inconel 718 at room temperature is not 
the limiting stress for crack initiation but the limiting stress for small crack growth, the same 
property as found in irons and steeis(lO),(ll) . 
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Fig. 2.11 Opening and closure states of a non-propagating crack at room temperature. 
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2.3.4 Small crack growth behavior 

As above mentioned that in the finite fatigue life region, most of the fatigue life in a plain 
specimen was occupied by the growth life of cracks smaller than 1 mm. This fact and that the 
fatigue limit is determined by the limiting stress for crack growth imply that the propagation 
behavior of small cracks takes a very important role in the life prediction and strength evaluation of 
Inconel718. 

Figure 2.12 shows the relationship of crack growth rate, dl/dN, with crack length, I, in the case 
of drilled specimen. Some results of plain specimens are plotted in Fig. 2.12, either. It can be 
seen that the crack growth curves of both specimens coincide well with each other in the regime 
dominated by mechanical factors, in which the growth behavior of a small fatigue crack is less 
influenced by the microstructure of materials. This means that the steady crack growth behavior of 
a small fatigue crack in plain specimens can be estimated from that in drilled ones. Furthermore, 
in the log-log diagram, this relation can be linearly approximated under all the stress levels. 

However, the inclinations of the approximated lines took two different values according to the 
stress levels, that is, under high stress levels the value is nearly 1 and the crack growth rate is 

proportional to crack length, dl/dN ex I ; while under low stress levels the value is about 2 and the 

crack growth rate is nearly proportional to the square of crack length, dl/dN ex 12. 

In Fig. 2.13, the crack growth rate of drilled specimens is correlated to the stress intensity 

factor range 11K (approximated by (2/ n)11 a,J (n 1/2) , ~a: the range of stress amplitude). Under 

low stress levels, the crack growth rate was determined uniquely by 11K (Paris Law (12) , dl/dN ex 

11Km, m: constant), meaning that the Paris Law holds for the cracks growing under low stress 
levels. Under high stress levels, however, the Paris Law was not valid any longer because the 
stress dependence of crack growth rate was recognized, which indicates that the evaluation based 

on the linear elastic fracture mechanics (e.g. 11K) is not applicable to the cracks growing under 
high stress levels because the small scale yielding condition is exceeded. 

The log-log relation between stress amplitude and crack growth rate is shown in Fig. 2.14, in 
which only the data at the crack length of 1 mm is employed, for instance. It is clear that the 

relation between a a and dl/dN can be linearly approximated and the slope of approximated line is 

about 5. Similar relation is available for any other cracks in the range of crack lengths from 0.5 

mm to 1~2 mm in which the relation of dl/dN ex I holds, growing under high stress levels. 

The results in Figs. 2.12 and 2.14 can be summarized as follows: for cracks growing under 

high stress levels, the crack growth rate can be determined by the term of a anI, or in other words, 

the crack growth rate can be evaluated by the following small crack growth law(13). 

dl/dN = Ca nl a (n= 5) (2-1) 
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where C and n are constants. As seen from Fig. 2.15, the crack growth rate is detennined 

uniquely by the tenn of a a 5l. 

Therefore, the reason why the S-N curves of both plain and drilled specimens (Fig. 2.3) took 
almost the same value of inclination in the finite life region is because most of fatigue life in a plain 
or a drilled specimen was occupied by the growth life of small cracks and the growth rate of small 

cracks was detennined uniquely by the tenn of a a 51 . 

Consequently, the crack growth rate in Inconel 718 at room temperature can be predicted by the 
small crack growth law under high stress levels and by Paris law under low stress levels. The 
limiting stress for the applicability of each law is empirically decided by the ratio of nominal stress 

amplitude a a to the yield stress as or 0.2 % proof stress aO.2 of the alloy. That is, in the range of 

a a/a s < 0.5, the Paris law holds; while in the range of a a /a s > 0.6, the small crack growth law 

is valid, a result that has been testified by many kinds of materials under various testing 
conditions(13), (14) . 

2.3.5 Fatigue life prediction based on small crack ;growth law 

By rewriting Eq. (2.1) as Eq. (2.2) and integrating both sides of Eq. (2.2) with respect to N 
and I, respectively, we have 

dN = 

N
t
_

t 
I 2. 

or 

N = f 

1 dl 
I 

1 12 
--In-
Ca n 11 

a 

1 12 
In-

n 11 aCaa 

(2-2) 

aNf (2-3) 

(2-4) 

where a is the ratio of the crack growth life N t _ t from the length of lJ to 12 , to the fatigue life Nt, 
1 2 

and C and n are constants. 

For example, in the case of plain specimen, a is about 0.70 when 11 and 12 are assigned as 0.01 
nun and 1 mm respectively (Fig. 2.7), while C and n are constants and can be calculated using the 
least square method from the relations shown in Fig. 2.15 and 2.14, individually. It is known that 

C= 2.9537x10-19, n = 5. 
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Therefore, the life prediction for plain specimens can be easily conducted using Eq. (2.4). The 
predicted and measured S-N curves are shown in Fig. 2.Jl6. The precision of life prediction 
based on small crack growth law is quite satisfied. 
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Fig. 2.16 Life prediction for plain specimens based on the small crack growth law. 
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2.4 Conclusions 

Rotating bending fatigue tests were carried out for Inconel 718 at room temperature. The 
fatigue behavior of small cracks were investigated through the observation of crack initiation and 
crack propagation. The conclusions obtained are as follows. 

(1) A fatigue crack in the plain specimens propagates transgranularly accompanied with the 
formation of striations after being initiated from slip bands near grain boundary. 

(2) The fatigue limit of the alloy at room temperature is determined by the limiting stress for 
small crack growth; this feature is similar to that found in irons and steels. 

(3) In the finite fatigue life region, a fatigue crack initiates in the early stage of stress 
repetitions and most of the fatigue life in a plain specilnen is occupied by the growth life of 
cracks smaller than 1 mm. 

(4) The crack growth rate can be evaluated by the Paris law (dl/dN ocL1Km) under low stress 

levels (0 a /00.2 < 0.5) and by the small crack growth law (dl/dN oc 0 anI) under high 

stress levels (0 a/OO.2 > 0.6). 
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Chapter 3 Initiation and early growth behavior of a 
small fatigue crack at elevated temperatures 

3.1 Introduction 

For materials employed in the aerospace and nuclear applications, the severe operating 
conditions such as the heavy load, corrosive environment and high temperature are quite routine 
and the influence of environmental parameters on the fatigue s1Iength of the materials as well as the 
behavior of a small fatigue crack in the materials is an important factor to be mastered by both the 
machine designers and material manufacturers. 

As mentioned previously, nickel-base superalloys are usually applied as the critical components 
of jet engines and gas turbines and a great deal of attentions has been given to their creep 
properties(I), fatigue characteristics at high temperature (2)-(7) and strength estimation at corrosive 
environment. However, as regard the initiation of a small fatigue crack in nickel-base superalloys, 
many mechanisms have been reported including the transgranular or intergranular slips on the 
surface(8), precipitates cracking(9), shrinkage (10) as well as the interiors fracture under the oxide 

films at elevated temperature (11), indicating that the initiation mechanism of a small fatigue crack 
differs with the kinds of alloys, the stress levels and the environmental conditions. Particularly, 
the crack initiation becomes more complicated at elevated telnperatures because the influence of 
surface oxidation must be taken into account(11),(12)-(14) besides the change of mechanical properties 
of materials. Consequently, the behavior of a small fatigue crack at elevated temperatures is 
necessary to be thorough! y clarified for each alloy in order to satisfy the needs of material selecting 
in practice. 

In chapter 2, the behavior of a small fatigue crack at rOOlTI temperature was investigated and 
some important conclusions were obtained. Continuously, in this chapter, the effect of 
temperature on the behavior of a small fatigue crack, especiially the initiation and early growth 
behavior, is to be examined through rotating bending fatigue tests at the elevated temperatures of 
300

D
C, SOODC and 600DC. Testing at room temperature is also perfonned for comparison. The 

effect of temperature will be discussed from the interaction of the softening of matrix with the 
increase of temperature and the oxidation on the surface of specimens at elevated temperatures. 
While the effect of temperature on the behavior of small crack growth in steady stage propagation 
will be investigated in chapter 4. 
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3.2 Material and experimental procedures 

The material used was the same as in chapter 2. Table 3.1 shows the mechanical properties of 
the material at all the tested temperatures. 

The observation of the fatigue behavior of small crack initiation and its early propagation, the 
partially notched specimens were employed (Fig. 3.1). However, the decrease of the fatigue 
strength owing to the partial notch was very small, in fact, the strength reduction factors at all the 
tested temperatures were less than 1.1 (Table 3.2), so that the partially notched specimens can be 

dealt with as the plain ones. The stress amplitude, 0a, is determined by the nominal stress of net 
area with the existence of the partial notch ignored. 

The preparation of specimens, the observation of fatigue process as well as the measurement of 
crack length were conducted in the same way as mentioned in chapter 2. The formation and the 
variation of oxide films on the specimen surface were analyzed using the Electron Spectroscopy 
for Chemical Analysis (ESCA) technique. For the tests performed at the elevated temperatures, 
the fatigue process was monitored by stopping machine at the specified intervals of stress 
repetitions, cooling down the specimen to take the plastic replicas, then heating up the specimen 
again to continue the next interval of the tests. However, the influence of the repetitious heating 
and cooling process on the fatigue life of specimens was almost not recognized. 

The tests were carried out at room temperature and the elevated temperatures of 300D C, 500D C 
and 600 D C using the Ono-type rotating bending fatigue testing machine for high temperature 
purpose with a capacity of 100 N·m operating at about 55 Hz. The stress repetitions were 
commenced one hour later after the established temperature on the specimen surface was reached. 
The temperature was detected by a thermocouple with the front of sensor fixed 3 mm apart from 
the specimen surface and was preserved at the precision of ± 3D C by a Proportional-Integral­
Differential (PID) controller. 
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Table 3.1 Mechanical properties at all the temperatures 

0.2 % proof stress Tensile strength True breaking stress Reduction of area 
Temperature 

00.2 (MFa) OR (MFa) °T(MFa) 1/1(%) 

R.T. 1320 1461 2320 70.0 

3000 e 1127 1335 1987 44.0 

5000 e 1050 1254 1734 38.4 

6000 e 1070 1226 1848 45.0 

Table 3.2 Strength reduction factors at all the temperatures 

Fatigue limit of Fatigue limit of Strength 

Temperature plain specimen partially notched specimen reduction factors 

0wo (MPa) Ow (MPa) K t = °w%w 

R.T. 500 460 1.09 

3000 e 610 600 1.02 

5000 e 700 680 1.03 

6000 e 630 610 1.03 
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3.3 Experimental results 

3.3.1 Fatigue strength at elevated temperatures 

Figure 3.2 shows the S-N curves at all the temperatures. The fatigue strength decreases with 
increase of temperature in the short life region. In the long life region, however, the fatigue 
strength increases inversely at the elevated temperatures, especially near the fatigue limit. For 
example, the fatigue limit at 5000 C, the highest one among all the tested temperatures, values 680 
MPa comparing to 460 MPa at room temperature and is about 50 % up in the fatigue strength. In 
other words, the fatigue strength of Inconel 718 varies considerably with the change of 
temperature and the peak value of fatigue limit exists between SOO°C and 600°C. 

It is well known that the fatigue life of a material is generally consisted of the initiation life and 
the growth life of small cracks. Meanwhile, larger portion of the fatigue life in a plain specimen is 
controlled by the growth life of small cracks, especially the cracks smaller than 1~2 mm. The 
growth life of small cracks can be further divided into the early growth life of microstructural small 
cracks and the steady crack growth life of larger cracks. Therefore, this chapter mainly concerns 
the influence of temperature on the crack initiation and its early propagation. While the influence 
of temperature on the steady crack propagation will be discussed in chapter 4. 

3.3.2 Initiation and early growth behavior of a small fatigue crack at elevated 
temperatures 

The changes in surface state with stress repetitions at all the temperatures are compared under 

the same stress level of 0a = 800 MPa, as shown in Fig. 3.3. The crack tips are indicated by 
arrows in Fig. 3.3, and the same below. At each temperature, a fatigue crack initiates at the early 
stage of stress repetitions from surface slip band near the grain boundary. The fatigue damage 
increases with temperature and the initiated cracks tend to propagate in the direction vertical to the 
stress axe at higher temperature. 

However, the influence of temperature on the fracture mechanism of the alloy is not recognized 
because the striations on the fracture surface of specimens are observed at all the temperatures, as 
shown in Figs. 2.6 and 3.4. Furthermore, the stress dependence of the fracture mechanism is not 
recognized. 

Figure 3.5 shows (a) crack growth curves and (b) crack growth rate curves at room temperature 

and 5000 C, under the high stress level, Oa = 700 MPa, under which the fatigue strength was 
increased to be higher at elevated temperature than at room temperature. Figure 3.6 shows the 
crack growth curves at each temperature for specimens which have very close fatigue life to the 
number of 4 x 105 cycles. The results in Figs . 3.5 and 3.6 can be summarized as the follows: 

(1) The effect of temperature on the crack initiation is small though a fatigue crack tends to initiate 
earlier at higher temperature. However, the difference between the elevated temperatures is 
small. 
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(2) At the elevated temperatures, a small fatigue crack is arrested temporally from further 

propagating after growing to about 20~ 30 ~m and the period of crack arresting extends at 
higher temperature and under lower stress level with a peak observed between 500

a
C and 

600a C. However, the commence of crack arresting and the length of arrested cracks are 
nearly the same. After the arresting of small crack growth, the crack continues propagation 

and grows more faster at higher temperature after growing beyond about 50 ~m. 

(3) At the elevated temperatures, the crack growth rate at steady growth process after the crack 
growth suppression is higher at higher temperature. 

(4) Therefore, as a result of (1) to (3), the ratio of fatigue life for a crack growing through the 
steady growth process to the whole fatigue life decreases at higher temperature, especially the 
growth life of cracks smaller than 0.1 mm occupies about 90 % of the total fatigue life. 
Considering this fact and that the least crack length that can be detected by means of modem 
detecting techniques, e.g. the ultrasonic detecting technique, is merely about 0.25 mm(15), the 
detection of cracks or flaws which are less than 0.25 mn1 in dimension is nearly impossible 
in practical services such as high temperature and low stress, and is of less significance to 
find out such cracks or flaws if reminding the very less life ratio occupied by such cracks or 
flaws in the total fatigue life. Therefore, special attention is necessary in the design of 
machines and structures which use Inconel 718 as a critical material and service at high 
temperature environment. 

The crack growth curves under high stress levels under which fatigue strength decreases with 
increase of temperature are shown in Fig. 3.7, near the fatigue life Nt = 4 x 104 cycles at room 
temperature, 300a C and 500a C for comparison. The suppression of crack growth at elevated 
temperature which happens under low stress levels (Fig. 3.6) is not observed and the effect of 
temperature on the crack initiation and crack propagation is extremely small. It is also clear that 
larger amount of fatigue life is occupied by the growth life of cracks smaller than 1 mm. 

3.3.3 Significance of fatigue limit at elevated temp{~ratures 

Figure 3.8 shows the change of surface state under the stress level of fatigue limit at 500ae 
(awo = 680 MPa). After growing to about 23 ~m, the small t:ltigue crack is arrested from further 
propagating. However, as seen from Fig. 3.9 that the arrested crack grows again under higher 

stress level of 0a = 750 MPa and causes the final fracture of the specimen. The crack growth 
curve of the arrested crack is shown in Fig. 3.10. 

The opening and closure phenomena of such a kind of arrested crack were investigated in the 
same way as described in chapter 2 and it was found that the arrested crack opened under the 
maximum tension. These facts indicate that the arrested crack in Fig. 3.8 is really a non­
propagating crack. Similar phenomena were also recognized at the other elevated temperatures. 
Considering the result at room temperature (chapter 2, section 2.3.3), it can be concluded that 
although a fatigue crack in Inconel 718 initiated at the early stage of stress repetitions, it was 
arrested from further propagating and became a non-propagating crack after growing up to about 
20-30!lm on the surface of specimen, signifying that the fatigue limit of plain specimen in Inconel 
718, irrespective of temperature, is determined by the limiting stress for small crack growth. 
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3.3.4 Stress dependence of small crack initiation and its early growth 

The crack growth curves at room temperature and 500aC are shown in Figs. 3.11 and 3.12 
respectively, under different stress levels. In the figures, the fatigue life at the fatigue limit is 
designated as Nf= 107 cycles. 

Figure 3.13 shows the replica microphotos of surface non-propagating cracks observed on the 
surface of specimens tested under the stress levels of fatigue linlits at (a) room temperature and (b) 

SOOac, and that tested at sooac under 0a= 500 MPa, the stress near the fatigue limit of plain 

specimens at room temperature. 

The results in the above figures and photos can be concluded as follows. 

(1) At both temperatures, a fatigue crack initiated very early after the commence of stress 
repetitions and the stress dependence of crack initiation is larger at room temperature than at 
SOODC. 

(2) At 500DC, as mentioned before, a small fatigue crack is arrested after growing up to about 
20--30/-lm on the surface except for the short life region. The lower the stress level, the 
longer the crack arrest. This is the reason why the fatigue strength increased at elevated 
temperature. Furthermore, the ratio of cycles number for a crack to propagate from 20-30 

/-lm to the fracture of a specimen, to the total fatigue life, decreases with the decrease of stress 
level. 

(3) The fatigue limit at each temperature is determined by the limiting stress for crack growth. 
However, considering the results at SOODC, it can be found that the non-propagating cracks 

behaved very similarly under the stress levels in the range of OW RT < Oa < OW SOODC (~ RT 

and OW SOODC are the fatigue limits of plain specimens at room temperature and SOODC, 
respectively), even though the difference in stress and further the difference in the quantity of 

oJl is large. But the fatigue damage is more severe at SOODC than at room temperature due 

to the softening of matrix. Moreover, in the case of SOODC, the fatigue damage is more 
severe under higher stress. 

Consequently, the influence of temperature on the fatigue behavior of Inconel 718 is more 
remarked in the early growth process of small cracks than in the crack initiation process. 

Figure 3.14 shows the relation of crack length with the life ratio, (N-No.os)/(Nf-No.os), in the 

steady growth process of cracks larger than about 50 ,...,In, at (a) SOODC and (b) all the 

temperatures. In Fig. 3.14, No. os is the growth life for an initiated crack to grow to 50 ,...,m. It can 
be seen that in the relation of I versus (N-No.os)/(Nf -No. os), the effect of stress level as well as 
that of temperature are almost ignorable, a result corresponding to the fact that the stress 
dependence of crack growth rate is nearly the same and values about 5 at each temperature (chapter 

4, Fig. 4.7). This means that for cracks larger than 50 ,...,m, the growth life will approximately 
follow the linear cumulative law, irrespective of the changing of the stress and the temperature. 
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3.4 Discussion 

At elevated temperature, the softening of matrix or the decrease of the resistance to slipping and 
the oxidation on the surface of specimen are two important factors that must be considered in the 
research into the effect of temperature on crack initiation and crack propagation. And the change 
of fatigue strength with the temperature and stress level, as shown in Fig. 3.2, can be concerned 
as a result of the interaction of these factors. In the following discussion, the effect of temperature 
on crack initiation and its early propagation will be examined in terms of these two factors. 

3.4.1 The effect of temperature on the crack initiation 

As known from the previous chapters that in the case of Inconel 718, the fracture is usually 
caused from the propagation of fatigue cracks initiated on the surface of specimens (Fig. 3.3) and 
the fatigue limit is detennined by the limiting stress for crack growth of small surface cracks, 
irrespective of the temperature. However, the suppression of slipping due to the oxide films 
formed on the surface of specimens is also possible to occur at elevated temperatures so long as 
the oxide films grow thick and are strong enough. In fact, it has been reported(16) that fisbeye 
fracture (a 1cind of interior fracture) happened in the long life fatigue of a low -alloy steel SCMV2 
which fractured from surface damages in the short life fatigue, because the surface slipping or 

surface crack initiation was suppressed by the oxide films thicker than 1 ~m. Similar interior 
fracture was also observed in an dispersion-strengthened nickel-abase superalloy MA 758(11) . 

In the oxidation process of nickel-base superaUoys at elevated temperature, however, the rate of 
increase in thickness of the oxide films will decrease with heating time because the oxides formed 
on the surface are fine in structures and good in protective, and the oxidation rate decreases 
following the parabolic law of oxidation. 

The thickness variation of surface oxide films with heating 1time was investigated at 500°C by 
ESCA using a small piece of specimen (8 mm in diameter and 3 mm at height) under zero load 
condition (Table 3.3). The time was measured when the specimen was put into the attached 

furnace of the fatigue testing machine, the temperature in the furnace was preserved at 500 ±3°C. 

The thickness of oxide films was estimated by the oxygen analysis on the basis of Ar+ etching rate 
(about 0.017 nm/s) (17). 

Table 3.3 Growth of surface oxide filnls at 500°C 

Heating Time (s) 180 3600 21600 

Thickness (~m) 0.34 0.48 0.73 
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The thickness of oxide films increases rapidly to be about 0.34 f.lm in merely 3 minutes after the 
beginning of heating, but it is only about twice as much as that in the early heating even being 
heated continuously for 6 hours, the time corresponding to dhe repetitions of 106 cycles in the 
fatigue tests. However, the thickness of oxide films is estimated to be able to increase to about 1 

~m when heated for about 60 hours, the time equal to the repetitions of 107 cycles. 

Similar research has been carried out by Lenglet et al. (18) at high temperatures of 800°C, 900°C 
and 1000°C under zero load condition. It was found that oxide films formed quickly on the 
surface of Inconel 718 and then grew slowly, but the fillns became more thicker at higher 

temperature (e.g., about 1 f.lm when heating up to 1000°C). 

The effect of oxide films on crack initiation was investigated for the specimen which was 
cyclically stressed for 107 cycles at the fatigue limit at 600°C. The oxide films was lightly 
removed by electro-polishing. The change of surface state of the specimen during the fatigue 
process and after electro-polishing are presented in Fig. 3.15. 

It can be seen that besides the slip bands and the non-propagating crack (denoted as A in Fig. 
3.15) observed before and after electro-polishing, a slip band or subcrack (denoted as B in Fig. 
3.15) which is concealed by the oxide films during the fatigue process, appeares on the specimen 
surface after electro-polishing. This provides a evidence that the growth of slip bands or 
subcracks is suppressed by the oxide films. 

On the other hand, because the oxides formed on the surface of Inconel 718 are chemically 
stable and easy to be reproduced when broken, therefore, it is possible that the initiated slip bands 
or cracks may be concealed from observing by the subsequently formed oxide films. However, 
no sign in Fig. 3.15 shows the disappearance or haziness of slip bands or cracks (e.g., crack A) 
which initiate in the early stage of stress repetitions. Similar phenomenon was observed at the 
other temperatures. 

Figure 3.16 shows SEM photographs of fractured surfaces at 500°C and 600°C. At each 
temperature, the crack initiation occurs from the surface of specimens and the interior fracture is 
not observed even at 500°C. However, as the softening of matrix will proceed more seriously and 
the oxide films will grow more thicker at higher temperature, the possibility of interior fracture 
could not be negated. 

Consequentl y, it can be concluded that the effect of temperature on the crack initiation in 
Inconel 718 can be evaluated from two contradictory ways, one is the suppression action due to 
the oxide films formed on the surface of specimens and the other is the promotion action owing to 
the softening of matrix. 

The surface fracture and the earlier initiation of small fatigue cracks at the elevated temperatures, 
however, can be explained as a result that the oxide films formed on the surface of specimens was 
too thin to suppress the crack initiation efficiently. 
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(a) 5000 C 

20 ~m 
~ 

20~m 
r---1 

Figure 3.16 Top view of fracture surfaces at (a) 500°C and (b) 600°C. 
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3.4.2 The effect of temperature on the early crack growth 

As above mentioned, the softening of matrix at elevated temperature leads to the reduction of 
fatigue crack growth resistance or the increase of crack growth rate (for details refer to chapter 4). 
Meanwhile, the growth of small cracks is remarkably suppressed in their early propagation 
process at elevated temperature and this is a fact contradicting with the softening of matrix and has 
to be explained by the decrease of crack propagating force. 

Two important factors are considered to be responsible for the suppression of small crack 
growth. One is the crack closure caused by the oxidation on crack faces and the other will be the 
compressive residual stress generated on the surface of nrlatrix due to the difference in the 
coefficient of thermal expansion between the oxides and the matrix. Regarding to the crack 
closure, it can be seen from Table 3.3 that the oxide films fOITn rapidly in the early heating and can 

grow up to nearly 1 ~m in thickness, a sufficient thickness for the crack closure of small cracks in 

the length of 20-30 ~m growing at 10-9-10-8 m/cycle, hence decrease the small crack growth rate. 

However, the propagation after the small crack suppression at elevated temperatures can not be 
explained only by the phenomenon of crack closure. The action of compressive residual stress on 
the surface of matrix is necessary to be considered. 

It has been reported (8), (18) that at elevated temperatures, the oxides on the surface of Inconel 718 
are mainly composed of the oxides of Fe, Ni and Cr and the coefficient of thermal expansion of 
these oxides are smaller than that of matrix, so that a compressive residual stress creates on the 
surface of matrix. The combined suppressive effect of these two factors, therefore, hinder the 
early propagation of small cracks at elevated temperatures. But the compressive residual stress 
will release gradually with the stress repetitions at elevated temperature, hence the crack 
propagating force will increase. If the crack propagating force is great enough to overcome the 
suppressive force, then the suppressed small cracks will propagate again and become macro cracks 
and lead to final fracture. Otherwise, they will become the non-propagation cracks. The shorter 
stagnation at higher stress levels is then concerned to be relative to the faster releasing of the 
compressive residual stress. 

Therefore, the phenomena of crack suppression in the early crack propagation at elevated 
temperature can be explained as a result of the fonnation of oxide films on the surface of specimen 
which promotes the crack closure and the generation of compressive residual stress and then 
reduces the crack growth rate. 

To ascertain the above hypothesis, the following experiment was perfonned in which the effect 
of temperature can be evaluated from the effect due to the oxide films and the effect due to the 
softening of matrix, separately. The experiment was carried out at room temperature under the 

stress level of Oa = 700 MPa using two pieces of electro-polished specimens: one was surface 
oxidized at room temperature and the other was surface oxidized at 500a C for 2 hours. 

Figure 3.17 shows the crack growth curves for two specimens, in which the crack growth 
CUrve at 500a C is also included for comparison. As seen froJm the data at room temperature, the 
delation of crack initiation is observed in the case of specimen which was surface oxidized at 
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sooac but the difference is very small, indicating that the slLlppressive effect of the oxide films 
formed by heating at 500aC for 2 hours is too less to be mentioned. On the other hand, however, 
the steady crack growth behavior in the two specimens is almost the same no matter which kind of 
oxide films formed on their surfaces (if the experiment were performed under lower stress levels, 
the suppression of early crack growth due to the oxide films formed at elevated temperature would 
had happened). 

That is, at room temperature, the remarked suppression of early crack growth observed in the 
fatigue tests at elevated temperatures will not happen because the compressive residual stress 
generated at room temperature can be nearly neglected. Similarly, the acceleration of steady state 
crack growth observed at elevated temperature will not occur because the matrix is not softened. 

Although the above inquiry is half-quantitative because the results were obtained at room 
temperature and the influence of oxide films will be intensified at elevated temperature, there will 
not be any change in the tendency in general. 

Consequently, it can be concluded that the elevated temperature affects the early growth of 
small cracks in two contradictory ways, one is the acceleration action due to the softening of 
matrix and the other is the suppression action due to the formation of oxide films on the surface of 
specimen. Which action is dominant will depend on the conditions of temperature and stress 
levels. 
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Figure 3.17 Effect of oxide films on the crack growth behavior under Ga= 700 MPa. 
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3.4 Conclusions 

The initiation and early growth behavior of a small fatigue crack in Inconel 718 was 
investigated at the elevated temperatures of 300°C, 5000 e and 600°C. The influence of 
temperature was discussed from the viewpoints of the softening of matrix and the surface 
oxidation at elevated temperatures. The following conclusions were obtained. 

(1) The fatigue limit of a plain specimen is determined by the limiting stress for small crack 
growth, irrespective of the temperature. 

(2) Except for that in the short life region, the fatigue strength of plain specimens increases 
with the increase of temperature. Especially, the fatigue limit of plain specimens is much 
higher at elevated temperatures than at room temperature. 

(3) The initiation and propagation of a small fatigue crack are promoted at the elevated 
temperatures owing to the softening of matrix. 

(4) The initiation and the early propagation of a small fatigue crack, especially the small 

cracks at the length of 20-30 ~m, are suppressed at elevated temperatures owing to the 
formation of oxide films on the surface of specimens. The suppression of small crack 
growth is remarked at higher temperature. 

(5) Most of the fatigue life of a plain specimen is occupied by the growth life of cracks 
smaller than 1 mm, at all the temperatures. At elevated temperatures, however, about 
90 % of the crack growth life is spent in the growth process of cracks smaller than 20-30 

~m. This and (4) explain the reason of (2). 

(6) The relation of I versus NINt changes enormously with the increase of temperature and the 
change of stress. However, on the relation of I versus (N -No. 05 )/(N J-N 0.05) in which 
only the growth lives of cracks larger than 0.05 mm are compared, the effect of both the 
stress and the temperature are extremely small. 
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Chapter 4 Fatigue crack growth resistance at elevated 
temperatures 

4.1 Introduction 

The significance of the estimation of small crack growth rate in the life assessment has been 
emphasized in many materials(1-3) by pointing out that the growth behavior of a small fatigue crack 
is a vital problem that must be aware of by the engineers in the fields of machine design, 
equipment maintenance and new material development. 

However, in the case of nickel-base superalloys, it seems very confused about the effect of 
temperature on the crack growth behavior. For example, it has been reported that the crack growth 
resistance in nickel-base superalloys increased (4),(5), decreased (6) or almost did not change (7) at 
high temperature, and the united explanation has not been achieved yet. Furthermore, when a 
crack is small, the crack growth is easy to be influenced by the microstructure of materials and the 
estimation of crack growth rate will become more complicated" especially at elevated temperature. 

In chapter 4, the fatigue behavior of small cracks in steady state growth process is investigated. 
The crack growth rate will be evaluated on the basis of Paris law under low stresses and the small 
crack growth law under high stresses, respectively. The effect: of temperature on the fatigue crack 
growth resistance will be assessed by considering the strength degeneration at elevated 
temperature. 

4.2 Experimental procedures 

The specimen with a small blind hole (0.3 mm at diameter and in depth) at the center of 
specimen was used to estimate the fatigue crack growth resistance in Inconel 718. Figure 4.1 
shows the shape and dimensions of specimen which will be: mentioned as the drilled specimen 
hereinafter. The small blind hole was established for the convenience of crack measuring. The 
observation of fatigued surfaces and the measurement of crack length were conducted by an optical 
microscope using the plastic replica method. The crack length, i, is measured along the 
circumferential direction on the specimen surface including the 0.3 mm diameter of the hole. The 

stress amplitude, Oa, is defined as a nominal stress on the net area of specimen by ignoring the 
existence of the hole. The tests were carried out at room temperature and the elevated temperatures 
of 300aC, sooac and 600aC. The machine used and the experimental procedures conducted are 
the same as those mentioned in chapter 3. 
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Figure 4 .1 The shape and dimensions of drilied specimen (in mm). 
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4.3 Results and discussion 

4.3.1 S-N curves 

The S-N curves of drilled specimens are shown in Fig. 4.2, in which the results of partially 
notched specimen are illustrated by dotted lines for comparison. Differing from the results of 
partially notched specimen, the fatigue strength of drilled specimen decreases with increase of 
temperature. However, the inclination of each S-N curve of drilled specimen is nearly the same as 
that of partially notched specimen at room temperature. In the case of drilled specimen, because 
almost the whole of fatigue life is occupied by the growth life of fatigue cracks, so that the results 
in Fig. 4.2 implies that the decrease in fatigue strength with increase of temperature is probably 
caused by the decrease of crack growth resistance at elevated temperature. 

4.3.2 Small crack growth rate at elevated temperatures 

At all the tested temperatures, the fatigue cracks always inlitiate immediately from the edges of 
small blind hole after the commence of stress repetitions, as shown in Fig. 4.3 in which the 
morphologies of crack initiation at (a) room temperature and (b) 500°C are presented. Moreover, 
the half elliptic beach marks were observed over the fracture surface of specimens at each 
temperature, which means that there is a certain relation between the fatigue crack growth rates of 
cracks observed on the surface and those propagated into the matrix. Therefore, the temperature 
dependence of crack growth resistance can be estimated by the fatigue growth property of surface 
cracks. For this reason, the following discussion will depend on the results of surface cracks. 

Figure 4.4 shows the crack growth curves (a) under the stress level of Oa = 700 at all the 
temperatures and (b) under different stress levels at 500°C, for instance. With the increase of 
temperature, the crack growth is accelerated considerably and this in turn leads to the decrease of 
fatigue life at elevated temperature, corresponding to the temperature dependence of S-N curves in 
Fig. 4.2. On the other hand, when a crack is small (e.g. smaller than 1 to 2 mm) and the stress 

level is high (e.g. qJOO.2 > 0.6), the relation between the logarithm of crack length, Inl, with the 
number of cycles, N, can be approximated linearly. That is 

In I ex: N (4-1) 

By differentiating Eq. (4-1) with respect to N, the crack growth rate can be expressed as the 
following 

dl/dN ex: I (4-2) 
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Fig.4.3 Morphologies of crack initiation from the edge of hole notch at (a) room temperature and (b) sooae (oa = 700 MPa). 
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Equation (4-2) holds for all the small cracks growing under high stresses at all the tested 
temperatures. 

The relation of crack growth rate with crack length is sho\~n in Fig. 4.5, at room temperature 
and 500°C. Some results of the partially notched specimens are plotted in Fig. 4.5 too, for 
comparison. The proportional relation between the crack growth rate and the crack length is 
recognized in the small crack growth region at both temperatures, but the stress dependence of the 

relation is also observed, i.e. dl/dN ()( I 2 under low stress levels and dl/dN ()( I under high stress 
levels. Meanwhile, the crack growth rates of both the drilled and partially notched specimens are 
found in a good correspondence relation. Consequently, the crack growth evaluation based on the 
results of drilled specimen is reasonable for cracks growing in steady-state. 

In Fig. 4.6, the crack growth rate is evaluated by the stress intensity factor range, LtK, 

(approximated by the term of 2. Lia ~ nl , L\aa : the range of nominal stress amplitude), using 
n a 2 

the data in Fig. 4.5. When the stress level is high, the stress dependence is recognized ill the 

relation of dl/dN versus .1K at each temperature, meaning that the evaluation based on Paris' Law 

is invalid. While under low stress levels, dl/dN is determined uniquely by .1K, that is, dl/dN ()( 

!JKm (m = 4), indicating that the Paris' Law holds. 

Similar results were also obtained at 300°C and 600°C. Therefore, the stress dependence of 
crack growth rate exists under high stress levels at all the teInperatures and the Paris' Law is not 
applicable to the evaluation of crack growth rate for cracks growing under high stress levels. In 
the following discussion, the crack growth rate under high stress levels was evaluated by the small 
crack growth law. 

Figure 4.7 shows the stress dependence of crack growth rate for cracks in the length of 1 mm, 
for example. At each temperature, the logarithmic relation of crack growth rate with the nominal 
stress amplitude can be linearly approximated and the inclina1tion of each line is nearly the same. 
That is 

In (dl/dN) ex: n In Ga (4-3) 

in which n is a constant corresponding to the inclination of approximated lines in Fig. 4.7 and 
values about 5. Hence 

(n= 5) (4-4) 
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Fig. 4.7 Stress dependance of crack growth rate under high stress levels. 
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Combining Eqs. (4-2) and (4-4), Equation (4-5) can be derived. 

(4-5) 

in which C 1 and n are constants determined by material parameters and testing conditions (8). 

Although the Eq. (4-5) was derived from the results of cracks in the length of 1 mm, it is 
applicable to any crack for which the linear relation of crack growth rate with crack length holds. 
In the present testing conditions, for example, the limitation of the applicability of Eq. (4-5) or the 
small crack growth law, is from 0.5 mm to 1-2 mm (Fig. 4.5) due to the dimensional effects of 
the small blind hole and the boundary of specimens. 

In fact, as shown in Fig. 4.8, the crack growth rate is determined uniquely by the term of Ga
n[ 

at each temperature, irrespective of crack leng+th. 

4.3.3 Life prediction at elevated temperatures 

The crack growth curves based on the life ratio NIN! is sho'wn in Fig. 4.9, at room temperature 
and 5000 C. About 70 % of whole fatigue life is controlled by the growth life of cracks from an 
initial size, e.g. 0.5 mm (a critical size for cracks to propagate beyond the affected area of the 
drilled hole)to 1--2 mm, within which the relation of crack growth rate with crack length can be 
linearly approximated and the small crack growth rate can be estimated by Eq. (4-5). Hence, the 
fatigue life of drilled specimen can be predicted. 

For instance, let [1 and [2 represent the lower and upper critical lengths of the applicability of 
Eq. (4-5), and N1 and N2 the growth lives relative to [1 and 12, respectively. It is known that n= 5 
at each temperature and C1 is a constant varying with the temperature, as shown in Table 4.1 
which was obtained from Fig. 4.7 by using the least square method. 

Table 4.1 The values of constant C1 at all the temperatures 

Temperature R.T. 

2.95x10-19 5.56x10-19 8.13x10-19 1.09x10-18 
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By integrating the both sides of Eq. (4-5) with respect to N and l from N 1 to N 2 or I1 to I2 
respectively, it gives 

1 12 
--In-
C n I 

lOa 1 

(4-6) 

Because a Nf = (N 2 -N1) and a = 0.7, so that the fatigue life of drilled specimens can be 
predicted by Eq. (4-7). 

N = f 

In addition, Eq. (4-7) can be further written as 

0: N f = constant 

(a = 0.7) (4-7) 

(4-8) 

Meanwhile, the S-N curves in Fig. 4.2 can be approximated by the following equation at each 
temperature. 

n ' 
Oa N f = constant (4-9) 

In Eq. (4-9), n I is a constant relative to the inclination of S-N curves in their finite life regions. 

Comparing the Eqs. (4-8) and (4-9), it can be seen that the stress dependence of fatigue life is 
reflected by the exponent of n I and n I can be estimated by n. Furthermore, n is the same at all the 
temperatures. This explains the reason why the S-N curves in Fig. 4.2 almost parallel each other 
in the short life region. 

The temperature dependence of C1 and Nf , standardized by the results at room temperature C1 

RT and NfKr respectively, are shown in Fig. 4.10. The temperature dependence of C1 is in a good 
correspondence with that of Nf. 
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4.3.4 Fatigue crack growth resistance at elevated tlemperatures 

In general, the static strength of metals decreases with the increase of temperature. Therefore, 
this decrease of the static strength needs to be taken into account when surveying the variation of 
fatigue crack growth resistance with temperature. For this purpose, an approximate evaluation 

method(9),(1O) was suggested by substituting Ga in Eq. (4-5) with the ratio of Ga 1GB' 

dl/dN C2 (::r I (4-10) 

which has been verified to be valid with many materials, especially in the comparison of crack 
growth resistance between the different materials having different strength or for the same material 
serviced under different environmental conditions under which the static strength of the material 
changes greatl y. 

Clearly, Eq. (4-10) holds for cracks smaller than 1~2 nun propagating under rugh stress levels 

(Ga 10 0.2 > 0.6). 

Supposing Ga =GB , 1= 1 mm, then C2 equals to the crack growth rate in the length of 1 mm 
and the reciprocal of C 2 represents the crack growth resistance in a material. Although the above 
hypothesis is unrealistic, the value of C2 will not be changed by different hypotheses because it is 

a material constant and is independent of the stress level and crack length, or in other words, if the 

same ratio of Ga 1GB and the same crack length I are available at all the temperatures, then the 

variation of crack growth resistance with temperature can be simply investigated using the term of 
l/C2 or C2 because constant n is independent of the temperature . 

Figure 4.11 shows the influence of temperature on (b) the cTack growth resistance 1/C2 and (a) 

the static strength OB in Inconel 718, respectively. Even the decrease of the static strength GB is 
considered, the crack growth resistance in Inconel 718 is still decreased with the increase of 
temperature. 
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4.4 Conclusions 

The influence of temperature on the fatigue crack gro'"'rth resistance in Incone1 718 was 
investigated using the drilled specimen at room temperature and the elevated temperatures of 
300D C, 500D C and 600D C. The results obtained is as the follows. 

(1) The fatigue strength of drilled specimens decreases with the increase of temperature. The 
inclinations of S-N curves at all the temperatures equals to each other in their finite life 
region. 

(2) In the case of drilled specimen, most of fatigue life is occupied by the growth life of small 
cracks and the small crack growth rate can be evaluated by the small crack growth law, 

dl/dN= C1Ganl = Cz(oa/oBtl, under high stress levels or by Paris' law, dl/dN= CL1K m, 

under low stress levels, irrespective of the temperature. 

(3) The stress dependence of fatigue life in the finite life region, i.e., the exponent n in the 
small crack growth law, takes the same value of 5 at aU the temperatures. This and (2) 
form the reason of (1). 

(4) The crack growth resistance in Inconel 718 decreases 'with the increase of temperature, 
even though the degeneration of static strength is considered. 
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Chapter 5 Notch sensitivity at elevated temperatures 

5.1 Introduction 

It is well known that a fatigue crack is generally iilltiated from the stress concentrations such as 
defects induced in material processing, notches designed in structures and/or flaws after 
machining. The fatigue strength of a component will be reduced significantly due to the existence 
of stress concentrations. In fact, a recent fatigue damage(l) was reported in the critical component 
of H2 rocket engine caused by the stress concentrations. For this reason, many researches have 
been reported in and several methods have been suggested to estimate the fatigue strength of 
notched specimens, but none has been accepted widely because each of them was effective only in 
a narrow range of tested conditions. 

Because Inconel 718 is frequently used as a chief structure rnaterial in the critical components of 
jet engines and gas turbines where heavy load must be suffered at high temperature and the fatigue 
reliability of components must be secured, the deterioration of fatigue strength due to stress 
concentration or the notch effect of the alloy is of great importance in practice. However, most of 
the previous researches were carried out at room temperature and the information at elevated 
temperature is almost not available(2)-(6). 

In general, a material becomes notch sensitive with the increase of tensile strength. 
Furthermore, both the crack iilltiation and its early propagation in Inconel 718 are easily affected 
by the surface oxidation at elevated temperature (chapter 3). Therefore, the influence of 
temperature on the notch sensitivity of Inconel 718 needs to be clarified. 

In the present chapter, the notch sensitivity of Inconel 718 is investigated by using 60 degree V­
grooved specimens. The effect of temperature on the fatigue strength of notched specimens is 
examined from the effect on crack iilltiation and crack propagation. The notch sensitivity of the 
alloy is evaluated based on the Linear Notch Mechanics (LNM)(7) which has been verified with 
many kinds of metals at various loading conditions(8)-(lO) . 

5.2 Material and experimental procedures 

The material used was Inconel 718 whose chemical composition (Table 5.1) differes a little 
from that (Table 5 .2) used in the previous chapters. Through the similar heat treatments described 
in cbapter 2, the material was machined into the specimens. The mechanical properties after heat 
treatments are listed in Table 5.3. 
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Figure 5.1 shows the shape and dimensions of (a) plain specimen and (b) notched specimen. 

Prior to testing, the surface of specimen was electro-polished after machining by about 20 !-lID for 

plain specimens and 10 !-lm for notched specimens. The observation of fatigue damage was 

conducted directly under an optical microscope. The stress amplitude Oa was determined by the 
nominal stress amplitude at the minimum cross section area. 

The tests were carried out at room temperature and the elevated temperatures of 300°C, 500°C 
and 600°C using the same Ono-type rotating bending fatigue testing machine as described in 
chapter 3. 

Table 5.1 Chemical composition of Inconel 718 used in chapter 5 

(wt. %) 

C Si Mn P S Ni Cr Mo Co Cu AI Ti Fe B Nb+Ta 

0.02 0.11 0.12 0.009 0.001 52.64 18.67 3.09 0.09 0.01 0.66 0.90 Bal. 0.004 5.12 

Table 5.2 Chemical composition of Inconel 718 used in chapters 2, 3 and 4. 

(wt. %) 

C Si Mn P S Ni Cr Mo Co Cu AI Ti Fe B Nb+Ta 

0.03 0.05 0.06 0.008 0.002 52.26 18.5 3.08 0.27 0.02 0.55 0.96 Bal. 0.004 5.03 
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Table 5.3 Mechanical properties at all the temperatures 

0.2 % proof 
stress 

00.2 (MPa) 

1147 

1089 

1050 

1008 

Tensile 
strength 

°B(MPa) 

1372 

1292 

1236 

1159 

83 

Tnle breaking 
stress 

°T(MPa) 

2073 

1956 

1876 

1858 

Reduction 
of area 

'ljJ(%) 

38.1 

39.7 

40.9 

44.0 
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5.3 Results and discussion 

5.3.1 S-N Curves 

The S-N curves of (a) plain and (b) notched (p = 0.05 mm, t = 0.5 mm) specimens are shown 
in Fig. 5.2 at all the temperatures. In the case of plain specirnens, the fatigue strength is higher at 
elevated temperature than at room temperature, except for those under high stress region. The 
effect of temperature on fatigue strength is more marked under low stress levels and long life 
region. The fatigue limit of plain specimen is 510 MPa at room temperature, 640 MPa at 300°C, 
710MPa at 500°C and 630 MPa at 600°C, respectively. 

In the case of notched specimens, however, the fatigue strength decreases with the increase of 
temperature in the short life region and the effect of temperature is more remarked under higher 
stress levels. But the reduction of fatigue limit due to the increase of temperature is so little as 
could be neglected if comparing with the great increase in plain specimen at elevated temperatures. 

5.3.2 Significance of the fatigue limit in notched specimens 

Figure 5.3 shows the optical micrographs of a non-propagating crack viewed over (a) the 

surface of notch root and (b) the cross section of a notched specimen (p = 0.05 mm, t = 0.5 mm). 

The notched specimen was cyclically stressed at 500D C for 107 cycles under the stress level of OW2 

= 370 MPa (OW2: the limiting stress for crack growth). A large mount of black powders which are 
considered to be the debris resulted from the "fretting" action during the crack growth process, are 
observed along the growth path of the non-propagating crack around the notch root. Similar non­
propagating cracks were also recognized in the other notched specimens having different notch 
dimensions or tested at the other temperatures. Therefore, in order to clarify the effect of 
temperature on the fatigue limit of a notched specimen, it is necessary to distinguish the fatigue 
limit for crack initiation with the fatigue limit for crack propagation and the effect of temperature on 
the fatigue limit for crack initiation as well as that on the fatigue linllt for crack propagation need to 
be investigated individually. 

5.3.3 Evaluation of notch sensitivity based on the Linear Notch Mechanics 

The fatigue limits of OWo, OWl and OW2 at all the temperatures and the notch parameters of p and 

t are shown in Table 5.4, in which OWo is the fatigue limit of a plain specimen, Owl is the limiting 

stress for crack initiation and Q:v2 is the limiting stress for crack growth. Since the judgement of 

crack initiation is not easy, Owl is defined as the limiting stress under which the same degree of 
fatigue damage (e.g. the existance of non-propagating cracks in the same surface length) as 

observed on the surface of a plain specimen at Owo occurs on the surface of notch root after the 

stress repetitions of 107 cycles. While, OW2 is determined as the limiting stress for a specimen not 

to fracture after the stress repetition of 107 cycles. The stress concentration factor, K t , is 
calculated using the Body force method(ll) . 
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Table 5.4 Fatigue limits of Ow 0, Ow 1 and Ow 2 at all the temperatures 

Temperature °B t P K t 
owl °w2 

Ktow l/Ow 0 K t o w 2 / o w 0 
MFa mm nun MFa MPa 

- CD 1 510 - 1 -

1.0 1.72 420 - 1.42 -

0.5 0.1 4.16 230 390 1.88 3.18 

R.T. 1372 0.05 5.67 180 390 2.00 4.34 

1.0 1.85 380 - 1.38 -

1.0 0.1 4.83 200 320 1.89 3.03 
0.05 6.65 150 320 1.96 4.17 

- CD 1 640 - 1 -

3000 e 1292 
1.0 1.72 450 - 1.21 -

0.5 0.1 4.16 250 350 1.63 2.28 
0.05 5.67 190 350 1.68 3.10 

- CD 1 710 - 1 -
1.0 1.72 460 - 1.11 -

0.5 1.0 4.16 260 370 1.52 2.17 
5000 e 1236 0.05 5.67 200 370 1.60 2.96 

1.0 1.85 450 - 1.17 -
1.0 0.1 4.83 220 310 1.50 2.11 

0.05 6.65 170 310 1.59 2.90 
- CD 1 630 - 1 -

6000 e 1159 
1.0 1.72 410 - 1.12 -

0.5 0.1 4.16 220 360 1.45 2.38 
0.05 5.67 170 360 1.53 3.24 
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Fig. 5.2 S-N curves of plain specimens at all the temperatures. 
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Fig. 5.3 S-N curves of notched (p = 0.05 mm, t = 0.5 mm) specimens at all the temperatures. 
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(a) Notch root surface (b) Cross section 

-------11..-- Axial direction 20 !-!m 
I ~ 

Fig.S.4 Non-propagating crack in notched specimen (p = 0.05 mm, t = 0.5 nun) 

at the fatigue limit for crack growth (OW2 = 370 MPa) at sooac. 
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To give a example, the dependance of fatigue limits on the temperature is shown in Fig. 5.5 by 

using the data of plain specimen and a notched specimen (p= 0.1 mm, t = 0.5 mm). As mentioned 

before that Owo increases significantly with increase of temperature. This is correlated with the 
facts that the fatigue strength at each temperature is determined by the limiting stress for crack 
growth and that the crack growth of microstructural small cracks is suppressed remarkably at 

elevated temperatures (chapter 3). Similar increasing tendency can be found in the relation of Owl 

versus T, though the increase is quite small compared with that in OWo. But CW2 decreases a little 
at elevated temperatures and this may be explained as a result of the interaction of (1) the softening 
of matrix at elevated temperature which causes the decrease of crack growth resistance(12

) and then 

the decrease of OW2, and (2) the oxide-induced crack closure which is reinforced at higher 

temperature and promotes the crack arresting action(2), then checks the decrease of Ow2. 

Figure 5.6 shows the relationship between the fatigue limits and the stress concentration factor 
based on the data obtained in the notch depth of t = 0.5 mm. Compared to the large difference at 

owo between room temperature and the elevated temperatures, the difference at either Owl or OW2 is 

extremely small despite the great change of temperature. At all the tested temperatures, CW2 keeps 

almost unchanged but Owl decreases gradually with the increasing of K t . The notch radius at the 

branch point of curves Owl-Kt and CWrKt in the ascending order of temperature are 0.50, 0.30, 
0.40 and 0.45 mm, lower at elevated temperature. This means that the notch sensitivity of the 
alloy is higher at elevated temperature than at room temperature. 

In the following discussion, the notch sensitivity of the alloy will be evaluated quantitatively 
based on the Linear Notch Mechanics (LNM)C7) at each temperature. However, as discussed 
previousl y, the phenomena of crack initiation and crack propagation are more complicated at 
elevated temperature than at room temperature. For instance, the oxide films formed on the 
surface of specimen will suppress the surface slipping or crack initiation at elevated temperature (13

) 

and the oxidation on the cracked surfaces will reinforce the crack growth arresting of small cracks 
or crack closure effect(2). That is, the applicability of lNM to the evaluation of fatigue limits of a 
notched specimen is questioned at elevated temperature. In fact, the study based on lNM has not 
been reported at elevated temperature until now. But, as can be comprehended from the physical 
signifivance of LNM, the fatigue limits of a notched specimen is determined uniquely by the 

maximum stress at the notch root, Omax (=Kt Ga ), and the notch radius p so long as the small scale 
yielding condition is satisfied, irrespective of the temperature. 

To testify the above description, the data in Table 5.4 at both room temperature and soooe are 

chosen and rearranged depending on the LNM. In Fig. 5.7, the stress ratios of KtOwllOWo and K t 

owllOwo, representing the notch sensitivities to crack initiation and crack growth respectively, are 

correlated to the reciprocal of notch radius, lip. The maximum stresses at the notch root KtOwl 

and K t Gw2, are standardized with the fatigue limit of plain specimens, Gwo, in order to compare the 
notch sensitivity between different materials and the notch sensitivity of a material at different 
temperatures. 
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It is clear that the fatigue limits of notched specimens can be evaluated uniquely by the 

maximum stress o,nax (= KtOwl or K tOw2) and the notch radius of p at each temperature, 
independent of the notch depth, t. This confirms the validity of LNM at elevated temperature. 

By the way, in Fig. 5.7 and the Figures those follow, a lower value in the stress ratio of K t Owl/ 

OWo or KtOwl/OwO means a higher notch sensitivity and the reverse is the same. 

Figures 5.8 and 5.9 show the notch sensitivities at crack initiation and crack propagation in 
Inconel 718 at all the temperatures respectively, depending on the data at the notch depth of t = 0.5 
rom in Table 5.4. For comparison, the results of a relative notch insensitive material: the annealed 
carbon steel S10C(14) and a relative notch sensitive material: the quenched and tempered carbon 
steel S50C(15) are dotted in the figures too. 

It is seen that the notch sensitivity of Inconel 718 is relative low at both the crack initiation and 
the crack propagation considering its higher static strengths at all the temperatures. The alloy is 
especially notch insensitive at room temperature and beCOInes a little notch sensitive at higher 
temperature. 
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5.4 Conclusions 

The fatigue strength of notched specimen and the influence of temperature on the notch 
sensitivity of Inconel 718 was investigated at room temperature and the elevated temperatures. 
Following results are concluded. 

(1) Both the fatigue limit of plain specimen Diva and the fatigue limit for crack initiation in 

notched specimen OWl increase with the increase of tennperature up to sooae ~ 600ae 
while the fatigue limit for crack growth in notched specimen OW2 decreases reversely. 

(2) The Linear Notch Mechanics is applicable to the estimation of the fatigue limits of notched 
specimens not only at room temperature but also at elevated temperature, so long as the 
small scale yielding condition is satisfied. 

(3) The notch sensitivity of Inconel 718 is relative low considering its high static strength at all 
the temperatures, but it becomes a little notch sensitive at higher temperature. 
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Chapter 6 Influence of CBN grinding on the fatigue 
strength 

6.1 Introduction 

Recently, Cubic Boron Nitride (CBN) grinding technology has been extensively applied for the 
machining of high strength alloys including Inconel 718 which is known as one of such difficult­
to-machine materials because of its high hardenability, less thermal conductivity, high chemical 
reactivity with tools and the containment of hard carbides. CBN abrasive has many excellent 
properties such as the extremely high hardness that is second to the diamond, the high heat 
resistance and the inactivity with Ferrite, and most of all it can be manufactured at a moderate 
price. Many studies indicated that CBN wheel is superior to the general abrasive wheels in many 
ways: machinability, grinding efficiency, tool life as well as surface integrity of workpieces, the 

latter is considered to affect the fatigue property of materials(1}-(3). 

On the other hand, CBN grinding generally induces a compressive residual stress in the worked 
surface region, which is considered to be contributive to the increase of fatigue strength, so that 
CBN grinding could be an excellent machining process even from the viewpoint of material 
strength. Nevertheless, the study of the influence of CBN grinding on the fatigue strength of 

Inconel 718, especially its fatigue strength at elevated temperature, was rarely reported(4). 

In chapter 6, rotating bending fatigue tests are carried out at: both room temperature and 500°C. 
The results of CBN ground specimens are compared with those of electro-polished and emery 
paper polished specimens. The influence of CBN grinding on the fatigue strength of Inconel 718, 
especially the fatigue strength at elevated temperature, is investigated from the viewpoints of 
residual stress, surface roughness and hardness in the ground layer. 

6.2 Material and experimental procedures 

The material used was Inconel 718 whose chemical composition and the mechanical properties 
at room and the elevated temperatures are the same as shown in Tables 2.1 and 3.1, respectively. 

Figure 6.1 shows the shape and dimensions of specimen. A. dull circumferential notch of 5 mm 
radius was made at the center of specimen. The notch was CBN ground directely or cut with a 

bite of 5 mm at radius, followed by electro-polishing to remove about 10 ~m from surface. 

CBN grinding was performed at 31 m/s of wheel velocity and 0.1 mls of feed speed using a 
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CBN wheel CB170N7SVNSGP (CB: CBN abrasive, 170: mesh size, N: grade, 75 : concentration, 
V: vitrified bond, N5GP: symbol of specific bond, manufacturer: NORITAKE Co., Ltd) with an 
emulsion type coolant supplied. For some specimens, the notch was lightly scratched by two 
kinds of emery papers (120 and 600 mesh sizes) after electro-polishing in order to assess the effect 
of surface roughness on the fatigue strength. 

The observation of fatigue damage in the CBN ground specimens was conducted directly under 
an optical microscope. The residual stress in the ground layers was detected using a X-ray 

diffraction device (XRD-6000 SHlMADZ, Cu-Ka ray, the w'avelength A = l.S4178A, the angle 

of diffraction 2{) = lSS.6° and the area of irradiation = 1x10 mm 2). The surface hardness was 
measured by a Vickers' micro durometer (AKASHI, load w = 50 g). The distributions of residual 
stress and hardness under the surface of specimens were investigated by removing off the surface 

layer at several ~m after each measurement. The stress, Oa, was defined as the nominal stress 
amplitude of net area. 

The tests were carried out using the Ono-type rotating bending fatigue testing machines with a 
capacity of lSN"m operating at about SO Hz for the tests at room temperature and lOON om, 55 Hz 
at sooac. 

6.3 Results and discussion 

6.3.1 Fatigue strength at room temperature 

Figure 6.2 shows the S-N curves of both the electro-polished and CBN ground specimens at 
room temperature. The fatigue strength of CBN ground specimen is much higher than that of 
electro-polished specimen. For instance, the fatigue limit of CBN ground specimen is 6S0 MPa 
while that of electro-polished specimen is 500 MPa, about 30 ~7'o up in the fatigue strength through 
CBN grinding. Therefore, CBN grinding is really an excellent machining process for Inconel 718 
not only because the superior perfonnance in machining but also from the viewpoint of the fatigue 
strength of the alloy. 

6.3.2 Fatigue strength at elevated temperature 

Figure 6.3 shows the S-N curves of electro-polished and CBN ground specimens at sooac. 
The fatigue strength of CBN ground specimens is a little lower than that of electro-polished 

specimens under all the stress levels except near the fatigue liInit, the fatigue limit of CBN ground 
specimen is nearly equal to or a little higher than that of electro--polished specimen. 

6.3.3 Significance of fatigue limit in CBN ground specimens 

Figure 6.4 shows the surface state of CBN ground specimen after the stress repetitions of 107 

cycles at the fatigue limit of CBN ground specimen (owo = 6S0 MPa). Non-propagating cracks are 
recognized among the ground flaws. 
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Fig. 6.4 Non-propagating cracks on notch root surface among ground flaws 
in CBN ground specimens at (a) room temperature and (b) sooac. 
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Although the detailed observation is necessary for the crack initiation and crack propagation in 
CBN ground specimens, it may be concluded that the fatigue limit of CBN ground specimen is 
similarly determined by the limiting stress for crack growth as that of electro-polished specimen 
(chapter 3), considering the fact that non-propagating cracks was recognized in the emery paper 
polished specimens(5). 

6.3.4 Discussion 

In the following discussion, the effect of CBN grinding 011 the fatigue strength of the alloy at 

both room and elevated temperatures are examined from the variation of hardness and surface 

roughness, the change of microstructure as well as the residual stress generated in the CBN 
ground layer. Figure 6.5 shows the hardness distribution over the cross section beneath the notch 
root in the CBN ground and electro-polished specimens. The ordinate is the ratio of the hardness 
measured in the grinding affected layer, H', to that of inner matrix, H, the latter is almost not 

affected by CBN grinding. The abscissa is the distance from the surface. It can be seen that the 

surface layer of CBN ground specimen is hardened through CBN grinding, which may be 

explained by the remarked plastic deformation in the ground layey(6). The hardened surface layer 
is considered to be contributive to the increase of high cycle fatigue strength. 

The typical surface profiles around the notch root in the (a) electro-polished, (b) CBN ground 

and (c) and (d) emery paper polished specimens, are shown in Fig. 6.6. The surface roughness 
referred to is the maximum height roughness, Ry. As seen from Fig. 6.6, the mean value of Ry in 

CBN ground specimens is about 1.5 f.!m. 

The influence of surface roughness on the fatigue limit of Inconel 718 is shown in Fig. 6.7, in 
which m designates the ratio of the fatigue limit of emery paper polished or CBN ground 

specimens (owpp or OwCBN) to that of electro-polished specimens (OwEP)' As can be seen from the 
results of emery paper polished specimens in which the machining effect was extremely eliminated 
and can be overlooked except for the effect of surface roughness, that the decrease of fatigue limit 

caused by surface flaws is too little to be mentioned within the range of Ry < 2 f.!m. This means 
that the influence of surface roughness on the fatigue strength of CBN ground specimens is very 

small at the present CBN grinding condition, i.e. (Ry = 1.5 f.!In). Similar results(7) were obtained 
for Inconel 718 at elevated temperature as well, though the chemical composition of the alloy is a 
little different. 

It is known that a tensile residual stress is usually resulted in the conventional abrasive 

grinding, while reversely in CBN grinding, a compressive residual stress is usually generated in 

the ground surface layey(3),(4),(6). Figure 6.8 shows the change of residual stress distribution over 
the cross section beneath the notch root of CBN ground speciInen (a) before and (b) after heating 

at 500°C for one hour under zero load condition are illustrated. The compressive residual stress is 
generated in the surface layer of CBN ground specimen, with the minimum compressive residual 

stress appears on the outer side. 
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But once heated at elevated temperature, both the magnitude and the range of distribution of the 
compressive residual stress reduce considerably. 

In general, the influence of residual stress on the fatigue strength can be evaluated similarly as 
that of mean stress (8)-(10) which was recognized primarily in the fatigue crack growth process(ll), 
(12). Therefore, considering that the small crack growth behavior plays a rather important role not 
merely in the finite life region but also at the fatigue limit of Inconel 718 (chapter 3), it is evident 
that the main reason for the improvement of fatigue strength of CBN ground specimen at room 
temperature is due to the presence of the great compressive residual stress in the CBN ground 
layer. This assumption is supported by the results of an annealed carbon steel S4SC(13) in which a 
considerable compressive residual stress was generated in the CBN ground layer and the fatigue 
strength was increased remarkably, though the surface of specimen was softened after CBN 
grinding. 

Therefore, it can be concluded that (1) the reason of the increase of fatigue strength in CBN 
ground specimen at room temperature is probably because that the small crack growth is 
effectively suppressed by the compressive residual stress induced by CBN grinding, and (2) the 
big difference between the fatigue strengths of CBN ground specimen at room temperature and at 
sooac can be explained by the decrease of both the compressive residual stress and the crack 
growth resistance of the alloy at elevated temperature (14) • 

Figure 6.9 shows the effect of temperature on the fatigue strength of (a) electro-polished and 
(b) CBN ground specimens. In the case of electro-polisbed specimen, although the fatigue 
strength under high stress levels is lower at sooac than at room temperature, the fatigue limit is 
much higher at sooac than at room temperature. While in the case of CBN ground specimen, the 
fatigue strength decreases through almost whole stress levels due to the elevated temperature and 
the fatigue limits at both temperatures are nearly the same. This means that the improvement of 
fatigue strength by CBN grinding can not be expected at elevated temperature. Moreover, because 
the alloy is mainly used at high temperature condition, so that it is not useful to apply the CBN 
grinding technique to increase the fatigue strength of the alloy at elevated temperature, though the 
CBN grinding does improve the surface integrity and the grinding efficiency. Nevertheless, the 
fatigue strength of CBN ground specimen at elevated temperature is still much higher than that of 
electro-polished specimen at room temperature, and this is caused by the growth suppression of 

small cracks at the elevated temperatures, especially cracks srrtaller than 20 - 30 ~m (Chapter 3), 
due to the oxide films formed at elevated temperatures. 
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4 Conclusions 

In this chapter, rotating bending fatigue tests were carried out on Inconel 718 at room 
temperature and 500aC. The results of CBN ground speciInens were compared with those of 
electro-polished speciInens and emery paper polished specimens. The influence of CBN grinding 
on the fatigue strength of Inconel 718, especially at elevated t,emperature, was examined from the 
effects of residual stress, surface roughness and surface hardening. The conclusions obtained are 
in the follows. 

(1) The surface layer of CBN ground speciInen is hardened through CBN grinding. 

(2) A great compressive residual stress is generated in the CBN ground layer. However, both 
the magnitude and the range of distribution of the compressive residual stress reduce 
considerably after heated at elevated temperature. 

(3) In the case of room temperature, the fatigue strength of Inconel 718 is increased largely by 
CBN grinding, because the crack growth is effectively suppressed by the compressive 
residual stress generated in the CBN ground layer. However, siInilar improvement is not 
recognized at elevated temperature, because both the compressive residual stress and the 
crack growth resistance of the alloy are decreased at elevated temperature. 

( 4) The effect of surface roughness on the fatigue strength of the alloy is very small in the 
present testing conditions. 
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Chapter 7 Summary 

Rotating bending fatigue tests were carried out at room temperature and the elevated 
temperatures of 300°C, SOO°C and 600 c C in order to investigate the high cycle fatigue properties 
of nickel-base superalloy Inconel 718 at elevated temperatures. 

The behavior of small fatigue cracks and the fatigue damage on the surface of specimens were 
observed successively under an optical microscope using the plastic replica method or directly 
under scanning electron microscope. The influence of temperature on the fatigue properties of 
Inconel 718 was examined in terms of the initiation and propagation behavior of small fatigue 
cracks, the fatigue strength including the fatigue limit, the resistance to small crack growth as well 
as the notch sensitivity by comparing the results at elevated temperatures with those at room 
temperature. The results were discussed from the competition between the softening of matrix and 
the surface oxidation of specimens at elevated temperatures. 

Because Inconel 718 is difficult to machine using conventional machining tools and CBN 
grinding is proved to be useful for the machining of Inconel 718, so that the effect of CBN 
grinding on the fatigue strength of Inconel 718, especially the fatigue strength at elevated 
temperatures, was also investigated from the viewpoints of H~sidual stress, surface roughness and 
work-hardening in the surface region of specimens through the comparison of the fatigue strength 
of CBN ground specimens with those of electro-polished specimens and emery paper polished 
specimens. 

The conclusions obtained can be drawn as the follows. 

(1) At all the temperatures, a small fatigue crack in a plain specimen usually initiates from slip 
bands near a grain boundary in the early stage of stress repetitions, then propagates transgranularly 
accompanied with the formation of striations. Most of fatigue life in a plain specimen is occupied 
by the growth life of cracks smaller than 1 mm. However:, the influence of temperature on the 
mechanism of both small fatigue crack initiation and its propagation is not recognized. 

(2) At the fatigue limit of plain specimens, the major small fatigue crack in a plain specimen is 
arrested from further propagating and becomes a non-propagating crack after growing up to about 

20~30 J-lm on the specimen surface, irrespective of the temperature. This means that the fatigue 
limit of a plain specimen is determined by the limiting stress for small crack growth instead of that 
for small crack initiation, at all the temperatures. 

(3) Owing to the oxide films formed on the surface of specimens at elevated temperatures, the 
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initiation and the early propagation of the small fatigue crack, especially at the length of 20-30 !-lm, 
are suppressed at elevated temperatures. The suppression of small fatigue crack growth is more 
remarked at high temperature and under low stress level. FlOr this reason and the fact that most of 
fatigue life in a plain specimen is occupied by the growth life of small cracks, especially at elevated 
temperatures about 90 % of the growth life of small cracks is spent in the growth process for a 

initiated small fatigue crack to grow up to 20-30 !-lm, the fatigue strength of plain specimens, 
except for that in the short life region, increases with the increase of temperature. This increase of 
fatigue strength can be seen more clearly at the fatigue limit of plain specimens, at which the 
fatigue limit of plain specimens is much higher at elevated temperatures than at room temperature 
with the peak value of fatigue limit appears between 500°C-600°C. 

The suppression of small fatigue crack growth can be explained as a result of the intensified 
oxide-induced crack closure effect and the compressive residual stress generated on the surface of 
matrix due to the big difference in coefficient of thermal expansion between the matrix and the 
oxides formed on the specimen surfaces. 

( 4) On the other hand, owing to the softening of matrix, the initiation and propagation of the 
small fatigue crack are promoted at the elevated temperatures. For this reason, at high 
temperature, the small fatigue crack tends to initiate earlier and grows faster after growing longer 

than 50 !-lm. The fatigue strength of all the specimens including plain, drilled and notched 
specimens decreases monotonously with the increase of temperature in their short life regions. 
The fatigue crack growth resistance decreases with the increase of temperature too, even the 
degeneration of static strength of the alloy at elevated temperatures is considered. 

(5) Consequently, it can be concluded that the elevated temperature affects the initiation and 
propagation of the small fatigue crack in two contradictory ways, one is the acceleration action due 
to the softening of matrix and the other is the suppression action due to the formation of oxide 
films on the surface of specimen. Which action is dominant 1Nill depend on the temperature and the 
stress levels. 

(6) At all the temperatures, the crack growth rate of the small fatigue crack can be evaluated 

by Paris' law, dl/dN = CL1K m ( C and m: constants), under low stress levels (e.g. Oa/00.2 < 0.5) 

or by small crack growth law, dl/dN = C1 oanl ( C1 and n: constants), under high stress levels (e.g. 

Oa /00.2 > 0.6). In the present study, constant n takes almost the same value of 5 at all the 
temperatures, indicating that the stress dependence of fatigue crack growth rate under high stress 
levels at each temperature is similar to each other. Considering that nearly all of the fatigue life of 
a specimen was occupied by the growth life of the small fatigue crack, these consist the reason 
why the inclinations of S-N curves of drilled specimens at all the temperatures and that of plain 
specimens at room temperature are almost the same, in the short life region. 

(7) Both the fatigue limit of plain specimen OWo and the fatigue limit for crack initiation in 

notched specimens OWl increases with the increase of temperature up to 500°C- 600°C, however, 

the fatigue limit for crack growth in notched specimens OW2 decreases slightly at elevated 

temperatures. The fatigue limits of notched specimens, i.e. OWl, OW2, can be estimated by the 
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Linear Notch Mechanics not only at room temperature but also at elevated temperatures, so long as 
the small scale yielding condition is satisfied. The notch sensitivity of Inconel 718 is relative low 
considering its high static strength at all the temperatures:, but it becomes a little more notch 
sensitive at elevated temperatures than at room temperature. 

(8) The fatigue strength of Inconel 718 was increased largely at room temperature by means 
of CBN grinding because the small fatigue crack growth is effectively suppressed by the 
compressive residual stress generated in the CBN ground layer. However, similar improvement 
in fatigue strength is not recognized at elevated temperatures because both the compressive residual 
stress and the fatigue crack growth resistance decreases at elevated temperatures. The effect of 
surface roughness on the fatigue strength of Inconel 718 is very small in the present testing 
conditions. 
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