

  metals-13-00588




metals-13-00588







Metals 2023, 13(3), 588; doi:10.3390/met13030588




Article



Fatigue Crack Growth Behavior and Failure Mechanism of Nickel-Based Alloy GH4169 under Biaxial Load Based on Fatigue Test of Cruciform Specimen



Zhirong Wu 1,*[image: Orcid], Ying Pan 1, Hang Lei 2, Shuaiqiang Wang 1 and Lei Fang 1





1



College of Energy and Power, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China






2



AVIC Chengdu Aircraft Design and Research Institute, Chengdu 610041, China









*



Correspondence: zrwu@nuaa.edu.cn







Academic Editor: George A. Pantazopoulos



Received: 17 February 2023 / Revised: 9 March 2023 / Accepted: 12 March 2023 / Published: 14 March 2023



Abstract

:

Due to the complex geometry and various cyclic loads, aeroengine components are often in a multiaxial complex stress state during service. Multiaxial fatigue is a major cause of many air accidents. It is of great significance to study the fatigue failure mechanism of aeronautical materials. This paper carries out biaxial fatigue tests on cruciform specimens and uses the surface replication method to record the initiation and propagation process of crack. Based on these fatigue tests, this paper studies the multiaxial fatigue characteristics of nickel-based alloy GH4169 for aeroengines and analyzes the fatigue crack growth behavior and failure mechanism of nickel-based alloys under a complex multiaxial stress state.
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1. Introduction


1.1. Background


With the increase in thrust–weight ratio, an aeroengine’s working temperature and rotational speed are also improved. The working conditions of aeroengine components are very harsh. Due to the complex geometry and various cyclic loads, these components are often under a multiaxial stress state, and the durability and reliability evaluation of aeroengine parts under a multiaxial stress condition is becoming more and more prominent. Therefore, it is very meaningful to study fatigue characteristic, investigate fatigue crack initiation and growth behavior and develop a fatigue crack life analysis method for aeroengine materials under a complex multiaxial stress state.



Biaxial tension fatigue is one of the main, typical multiaxial fatigues. Many pieces of research on biaxial tension fatigue have been carried out to study fatigue crack initiation and propagation behavior under a multiaxial stress state. Wolf et al. [1] studied the influence of different loading phase differences and stress ratios on the fatigue crack growth behavior with cruciform specimens made of aluminum alloy and austenitic stainless steel, respectively. The results showed that, under the same loading phase, the crack path of austenitic stainless steel specimens was zigzag, and that of aluminum alloy specimens was almost straight. When the biaxial fatigue load was not in the same phase, the crack path was deflected. Additionally, the crack growth paths of austenitic stainless steel and aluminum alloy specimens were basically the same under different stress ratios. Meng et al. [2] studied the fatigue crack growth direction of magnesium alloy under different loading phase differences and stress ratios with cruciform specimens made of magnesium alloy. The results showed that, under different loading phase differences, the initial crack growth direction angle of the magnesium alloy was different. When the loading phase difference was 0°, the prefabricated crack expanded along a straight line. When the loading phase difference was 90° or 180°, the prefabricated crack expanded into two bifurcated cracks. In addition, the crack growth rate increased with the increase in stress ratio under the same stress intensity factor amplitude. Abecassis et al. [3] studied the fatigue crack behavior of a titanium-base alloy under biaxial fatigue loading with cruciform specimens and studied the interaction of material microstructure, crack path and fatigue crack growth rate. The results showed that the deflection of crack growth path caused by the material microstructure reduced the crack growth rate. Misak et al. [4] studied the influence of different stress ratios on the fatigue crack growth path with cruciform specimens made of aluminum alloy. The results showed that the crack growth area was basically parallel to the notch direction of the specimen when the biaxial fatigue load ratios were 0, 0.5 and 1. When the biaxial fatigue load ratio was 1.5, the crack growth area was within the area with an angle of 45° to the notch direction of the specimen.



The research on biaxial fatigue crack has mainly focused on the influence of different loading phase differences, stress ratios and angles of pre-crack on fatigue crack growth behavior. However, pieces of research on crack initiation behavior under biaxial fatigue loading are relatively few. In addition, most of the materials used in these studies were aluminum alloys. Studies on other alloys are limited.



Nickel-based alloy GH4169 is a kind of precipitation-strengthening alloy in China. Similar to Inconel 718, GH4169 has the advantages of high-cost performance, good formability and fatigue resistance [5,6,7]. It is widely used in various key parts of aeroengines. Therefore, it is meaningful to carry out research on the damage tolerance mechanism of GH4169, which helps to master the internal evolution behavior, and the rules of the fatigue damage process of GH4169 and form a calculation method for fatigue crack initiation life based on damage evolution theory and crack propagation life based on fracture mechanics theory. It reflects the major needs of the aviation industry and helps to improve aeroengine research and development.




1.2. Purpose


This paper takes nickel-based alloy GH4169 as the research object and studies its fatigue crack behavior under a complex stress state, which has important theoretical significance and engineering application value.



The purpose is to develop a fatigue crack life analysis method and damage tolerance design method for key aeroengine components. The biaxial fatigue test is carried out on a cruciform specimen specially designed to simulate the hole in the casing of an aeroengine under a multiaxial fatigue condition during service.





2. Experimental Procedures


2.1. Materials and Mechanical Properties


The material used in this investigation was nickel-based alloy GH4169. Nickel-based alloy GH4169 has good fatigue resistance, oxidation resistance and corrosion resistance and is widely used in aeroengine turbine disks, casing and other structural parts. The main chemical composition of nickel-based alloy GH4169 is shown in Table 1. The Young’s modulus, yield strength and ultimate strength of nickel-based alloy GH4169 at room temperature are 198 GPa, 1045 MPa and 1398 MPa, respectively. The microstructure of GH4169 is shown in Figure 1. The average grain size of GH4169 is about 16 μm, and it contains some inclusion defects.




2.2. Preparation of Specimens


Two kinds of cruciform specimens with different shapes of notch in the center area were designed in this paper. These specimens were center-thinned by equal thickness on both sides and had a circular notch or a 0° waist round notch in the central area. The total length of the test piece was 90 mm. The thickness of the central area was 0.8 mm. The four ends of the test piece were 10 mm thick and had circular holes with a diameter of 8 mm. The specific geometry and dimensions of the cruciform specimen are shown in Figure 2.




2.3. Fatigue Tests and Replication Method


The biaxial fatigue test was carried out on a uniaxial tensile testing machine in combination with a biaxial fixture device. The test temperature was room temperature. The loading waveform was sine wave. The loading frequency was 10 Hz. The loading amplitudes on both axes were the same. The stress ratio was 0.1. The maximum test load FA was 30 kN and 33 kN, respectively. A total of 9 specimens were tested, of which, 5 specimens were under intermittent loading with the surface replication (SR) method to record the initiation and propagation process of the crack in the central area. The other 4 specimens were under continuous loading without SR method. The detailed biaxial fatigue test conditions are shown in Table 2. The biaxial fatigue test device is shown in Figure 3.



Surface replication is one common crack monitoring method. Compared with other methods, such as the scanning electron microscope method and electric potential method, the SR method has the advantage of repeatable observation of a crack, which is helpful to determine the location of crack initiation and observe the behavior of crack initiation and early growth.



The replication material used in this paper was RepliSet, produced by Struers. This material is a fast-curing binary silicone rubber which can be replicated with a minimum length of 10~20 μm crack. The replication system used for spraying RepliSet is shown in Figure 4. The components of the replication system are manual applicator, RepliSet cylinder box, static mixing nozzle and nozzle head. The replication material is stored in the RepliSet cylinder box; it was sprayed on the specimen through the mixing nozzle and nozzle head. The cylinder box and nozzle are connected to the manual applicator to facilitate the operation.



The procedure of the test using the SR method was as follows [8]. Fatigue load was applied firstly. Then, the static tensile load was applied at 80% of the maximum fatigue load. After the static tensile load, the replication material was sprayed on the central area of the cruciform specimen and then a piece of paper with a size of about 35 × 25 mm2 was pasted on the replication material to facilitate its removal. After the material was completely dry, the paper with the material recording the path of the fatigue crack was removed from the cruciform specimen. The interval of the spraying operations was reasonably selected according to the results of the fatigue test without SR method to ensure that there were about 20 effective copies of each cruciform specimen during its whole fatigue life. As shown in Figure 5, the biaxial fatigue test was terminated when the fatigue crack in the central area of the cruciform specimen extended to the edge of the central area. The microscope shown in Figure 6 successively measured the crack length on each replica from back to front and recorded the relative position of the crack to obtain the biaxial fatigue crack initiation position and the biaxial fatigue crack propagation path. The fatigue fracture morphology of the cruciform specimen was analyzed by scanning electron microscope. The crack projection length obtained from the replica measurement was α, and the definition of crack projection length is shown in Figure 7.





3. Experimental Results and Discussion


3.1. Result of Fatigue Tests


The biaxial fatigue test results are shown in Table 3, where Nf is the full fatigue life of the cruciform specimen. Nini is the fatigue crack initiation life of the cruciform specimen (fatigue crack initiation life is defined as the cycle when the crack is first detected [9]). acrack-ini is the crack length when the first crack is first observed, and Nini/Nf is the ratio of fatigue crack initiation life to full fatigue life.



From the test results, it can be seen that the replication operation had no obvious effect on the biaxial fatigue life, and the fatigue life of the cruciform specimen with a circular notch in the central area was similar to that of the cruciform specimen with a 0° waist hole notch in the central area.



The test data relating to when the second crack appeared on the cruciform specimen are shown in Table 4, where Ncrack-2-ini is the fatigue life of the cruciform specimen when the second crack appeared. Ncrack-2-ini/Nf is the ratio of fatigue life when the second crack appeared to full fatigue life, and acrack-2-ini is the length of the second crack when it was observed for the first time.



From Table 4, it can be seen that the ratio of fatigue life when the second crack appeared to the full fatigue life of specimen 2 was about 52.7%, and the length of the second crack was about 100.7 μm. From Table 4, it can be seen that the ratio of fatigue life when the second crack appeared to the full fatigue life of specimen 7 was about 66.6%, and the length of the second crack was about 64.4 μm. The results of the other specimens were very close. To sum up, the ratio of the fatigue life when the second crack appeared to the full fatigue life was between 52% and 67%, which was similar for specimens with a circular notch in the central area or a 0° waist hole notch in the central area.



The final failure diagram of the cruciform specimen is shown in Figure 8, where (a) is the final failure diagram of the cruciform specimen with a circular notch in the central area, and (b) is the final failure diagram of the cruciform specimen with a 0° waist hole notch in the central area. From Figure 8, it can be seen that two cracks appeared in the central area of the cruciform specimen, and the propagation paths of the two cracks were basically symmetrical.



The crack naming method of the cruciform specimen is shown in Figure 9, where (a) is the crack naming method of the cruciform specimen with a circular notch in the central area, and (b) is the crack naming method of the cruciform specimen with a 0° waist round hole notch in the central area. In these methods, m and n are the specimen number. The black dot is the starting point of the fatigue crack propagation path. The angle between the crack path and the x-axis was measured with the use of ImageJ.



The details of the angle are shown in Table 5. From Table 5, it can be seen that the angle between the crack propagation path and the x-axis on the cruciform specimen with a circular notch in the central area was 42–46°. The angle between the crack propagation path and x-axis on the cruciform specimen with a 0° waist round hole notch in the central area was 40–48°. The starting point of the fatigue crack propagation path is the fatigue crack initiation point, which is also the fatigue dangerous point in terms of the physical mechanism of fatigue damage. The fatigue dangerous point of the cruciform specimen under biaxial equal proportion fatigue load was basically consistent with the position of the maximum principal stress point on the notch edge, which is consistent with Chaves et al.’s conclusions relating to the crack initiation point under torsional and proportional loading [10].



Figure 10 is a replica photo of crack 2-1’s crack initiation and propagation process; Figure 11 is the replica photos of crack 2-2’s crack initiation and propagation process. This group of photos shows the crack initiation and propagation path process of cruciform specimen 2 with a circular notch in the central area under biaxial fatigue load.



Figure 12 is a replica photo of crack 7-1’s crack initiation and propagation process; Figure 13 is the replica photos of crack 7-2’s crack initiation and propagation process. This group of photos shows the crack initiation and propagation path process of cruciform specimen 7 with a 0° waist hole notch in the central area under biaxial fatigue load.



From Figure 10a, it can be seen that crack 2-1 originated from the circular notch. When n = 9000 cycles, crack 2-1 was monitored for the first time, and the crack length was about 193.9 μm. From Figure 10b–h, it can be seen that, after crack 2-1 sprouted from the circular notch, the crack gradually expanded, and the crack path deflected many times during the crack propagation process. From Figure 11a, it can be seen that crack 2-2 originated from the circular notch. When n = 22,200 cycles, crack 2-2 was monitored for the first time. At this time, the crack length of crack 2-2 was about 100 μm. From Figure 11b–h, it can be seen that, after crack 2-2 sprouted from the circular notch, the crack gradually expanded, and the crack path deflected many times during the crack propagation process. From Figure 12a, it can be seen that crack 7-1 originated from the notch of the 0° waist hole. When n = 12,500 cycles, crack 7-1 was monitored for the first time, and the crack length was about 37.4 μm. From Figure 12b–h, it can be seen that, after crack 7-1 initiated from the notch of the 0° waist hole, the crack gradually expanded, and the crack path deflected many times during the crack propagation process. From Figure 13a, it can be seen that crack 7-2 originated from the notch of the 0° waist hole. When n = 23,000 cycles, crack 7-2 was monitored for the first time. At this time, the crack length of crack 7-2 was about 64.4 μm. From Figure 13b–h, it can be seen that, after crack 7-2 sprouted from the notch of the 0° waist hole, the crack gradually expanded, and the crack path deflected many times during the crack propagation process.



To sum up, the crack of the cruciform specimen initiated from the notch. After the crack initiation, the crack gradually expanded, and the crack propagation path deflected many times during the propagation process. There were different orientations between adjacent grains or small defects somewhere on the crack growth path, which may have led to the deflection of the crack growth path, which is consistent with the research on the fatigue crack growth mechanism of nickel-based alloy GH4169 under uniaxial tensile fatigue load by Zhu et al. [11].




3.2. Biaxial Fatigue Crack Growth Behavior


The variation of the fatigue crack length of the cruciform specimen with a circular notch in the central area is shown in Figure 14, where (a) is the variation diagram of fatigue crack length with the number of cycles, and (b) is the variation diagram of fatigue crack length with cycle ratio. The variation of the crack length of the cruciform specimen with a 0° waist round hole notch in the central area is shown in Figure 15, where (a) is the variation diagram of the fatigue crack length with the number of cycles, and (b) is the variation diagram of the fatigue crack length with cycle ratio.



From Figure 14a and Figure 15a, it can be seen that there is a critical crack length. When the crack length is less than this critical crack length, the crack propagation is very slow. When the crack length exceeds the critical crack length, the crack expands rapidly and leads to the failure of the cruciform specimen. Zhu et al. [12] considered that the critical fatigue crack length of nickel-based alloy GH4169 under uniaxial loading is about 500 μm when studying the small crack initiation and propagation mechanism of nickel-based alloy GH4169 using unilateral notch tensile specimens. Deng et al. [13] considered that the critical fatigue crack length of GH4169 under uniaxial tensile load is about 200 μm when studying the effect of grain size on the small crack initiation and propagation mechanism of nickel-based alloy GH4169. According to Figure 14a and Figure 15a, it can be seen that, under the biaxial fatigue load conditions adopted in this paper, the critical crack length of nickel-based alloy GH4169 under biaxial proportional fatigue load is about 300 μm.



The variation of the biaxial fatigue crack length with cycle ratio (N/Nf) of the cruciform specimen with a circular notch in the central area is shown in Figure 14b, and the variation of the biaxial fatigue crack length with cycle ratio (N/Nf) of the cruciform specimen with a 0° waist circle hole notch in the central area is shown in Figure 15b, where N is the number of fatigue loading cycles, and Nf is the full fatigue life.



From Figure 14b, it can be seen that the variation curves of the two crack lengths of specimen 2 and specimen 3 with the cycle ratio are almost coincident. The cycle times of the first crack of specimen 2 and specimen 3 when it changed from slow growth to rapid growth were about 25% of the whole fatigue life, and the cycle times of the first crack of specimen 5 when it changed from slow growth to rapid growth were about 55% of the whole fatigue life. The difference between them was caused by the magnitude of load. When the load is larger, the crack growth rate in rapid growth is faster, and the rapid growth’s proportion of the whole fatigue life is reduced. The cycle times of the second crack of specimen 2, specimen 3 and specimen 5 when it changed from slow propagation to rapid propagation were about 65% of the whole fatigue life. The difference between the first and second crack of specimen 2 and specimen 3 was because the existing crack could accelerate the growth rate of the second crack in rapid growth. From Figure 15b, it can be seen that the cycle times when the first crack of specimen 7 and specimen 9 changed from slow growth to rapid growth were about 65% of the whole fatigue life, and the cycle times when the second crack of specimen 7 and specimen 9 changed from slow growth to rapid growth were about 70% of the whole fatigue life. This difference was not that big because the shape of a waist circle hole notch is not as sensitive to load and crack sequence as that of a circular notch.



The secant method was used to calculate the crack growth rate:


      d a   d N     =   Δ a   Δ N   =    a  i + 1   −  a i     N  i + 1   −  N i     



(1)




where Δa is the difference of crack length, ΔN is the interval of cycle times, ai is the crack length at the number of Ni cycles, which is the average crack length, and    a ¯  =    a  i + 1   +  a i    / 2  .



The variation of the biaxial fatigue crack growth rate of the cruciform specimen with a circular notch in the central area is shown in Figure 16, where (a) is the change of crack growth rate with crack length, and (b) is the variation of crack growth rate with cycle ratio. The variation of the biaxial fatigue crack growth rate of the cruciform specimen with a waist hole notch in the central area is shown in Figure 17, where (a) is the variation of crack growth rate with crack length, and (b) is the variation of crack growth rate with cycle ratio.



Suresh [14] classified small cracks into microstructure small cracks, mechanical small cracks, physical small cracks and chemical small cracks. The length of physical small cracks is generally less than 0.5–1 mm. In this paper, the size of small cracks is defined as less than 1 mm. From Figure 16a and Figure 17a, it can be seen that the biaxial fatigue crack growth rate of the cruciform specimen fluctuated. In the early stage of small fatigue crack propagation, when the crack length was close to the grain size of the material, the crack propagation was affected by the microstructure properties such as grain orientation and grain boundary morphology. When the angle between the fatigue crack tip and grain boundary was small, the inhibitory effect on the fatigue crack propagation caused by grain boundary was relatively poor. When the angle was large, the inhibitory effect was intense and could even make the crack propagation stop. This is consistent with the conclusion reached by Zhu [11] and Wu [15] when studying the fatigue crack growth behavior of nickel-based alloy GH4169.



The fluctuation of fatigue long crack growth rate is related to the specimen structure, crack closure effect and crack deflection. The central area of the cruciform specimen selected in this paper had equal thickness thinning on both sides, and the thinning transition area of the cruciform specimen had a circular chamfer transition, that is, the thickness of the edge of the central area was larger than the thickness of the central area, which led to the phenomenon that the crack propagation rate decreased during the propagation of the long fatigue crack. The crack closure effect also led to the reduction or retardation of fatigue crack growth rate. Neerukatti et al. [16] found that crack closure reduced the fatigue crack growth rate when studying the fatigue crack growth of an Al7075-T651 cruciform specimen under biaxial tensile load. Elber [17] found through experimental research that, even if the far-field load is a tensile load, the fatigue crack is closed. Under the action of crack closure, the crack surfaces contact in advance, resulting in the arrest of fatigue crack growth.




3.3. Biaxial Fatigue Crack Deflection Behavior


Figure 18 is the relationship between the crack propagation path and the crack propagation rate of cruciform specimen 3 with a circular notch in the central area. The white dot is the crack deflection point, a is the crack length and da/dN is the crack propagation rate. Based on Figure 18a, the decrease in crack growth rate between points 1 and 2, 3 and 4, 5 and 7 and 10 and 13 was related to the deflection of the crack growth path. Based on Figure 18b, the decrease in crack growth rate between points 1 and 2, 3 and 4, 5 and 6, 7 and 8 and 9 and 12 was related to the deflection of the crack growth path. The reduction in crack growth rate under biaxial fatigue loading was related to the deflection of the crack growth path. The effective stress intensity factor of the deflection crack was less than that of a straight crack with the same projection length. When the loading amplitude is the same, the deflection behavior of the fatigue crack path significantly reduces the growth rate of the fatigue crack [18]. The conclusion that the deflection of crack propagation path leads to the reduction of crack propagation rate is consistent with the research results of Bui et al. [19,20] on crack bifurcation and crack deflection.




3.4. Fracture Morphology Analysis


The fatigue fracture morphology of the cruciform specimen with a circular notch in the central area was observed and analyzed by scanning electron microscope (SEM). The fatigue fracture morphology is shown in Figure 19, Figure 20, Figure 21 and Figure 22. Figure 19 is the overall morphology near the root of the circular notch in the central area of the cruciform specimen. Figure 20 shows the source area of fatigue crack initiation. From Figure 20, it can be seen that there were many crack initiation sources at the notch root of the cruciform specimen. Fatigue crack propagation can be divided into two stages: the first stage of fatigue crack propagation and the second stage of fatigue crack propagation. Figure 21 shows the characteristics of the first stage of fatigue crack growth. From Figure 21, it can be seen that the first stage of fatigue crack propagation of nickel-based alloy GH4169 presented a parallel, serrated section and a cleavage-like fracture plane. Figure 22 shows the characteristics of the second stage of fatigue crack growth. Fatigue bands can be found in Figure 22, which are perpendicular to the crack propagation direction. It is generally believed that one load cycle corresponds to one fatigue band. Therefore, some scholars [21] measure the fatigue band spacing to calculate the crack growth rate. The results show that this method can also effectively estimate the fatigue crack growth rate.





4. Conclusions


Based on the biaxial fatigue test results and the fatigue crack initiation and propagation process in the central area of the cruciform specimen monitored and recorded by the replica method, the crack propagation path, propagation behavior and deflection behavior of nickel-based alloy GH4169 under biaxial fatigue load were studied, and the fatigue fracture morphology was observed and analyzed by scanning electron microscope. The result can help to develop a fatigue crack life analysis method and damage tolerance design method for key aeroengine components. The conclusions are as follows:



(1) The crack of the cruciform specimen initiated from the notch. In the process of propagation, the crack propagation path deflected many times. In the early stage of small crack propagation, the crack propagation rate fluctuated greatly due to the influence of microstructure properties such as grain orientation and grain boundary morphology. At the stage of long crack growth, the crack growth rate fluctuated due to the specimen structure and crack deflection. The deflection of the crack propagation path reduced the crack propagation rate;



(2) Under biaxial proportional fatigue loading, the critical crack length of nickel-based alloy GH4169 during crack propagation is about 300 μm. When the crack length is less than 300 μm, the crack grows slowly, and when the crack length is larger than 300 μm, the crack propagates rapidly;



(3) There were many crack initiation sources at the notch root of the cruciform specimen. The propagation of a biaxial fatigue crack is divided into the first stage and the second stage. The first stage of fatigue crack propagation presents a parallel, serrated section and cleavage-like fracture small plane; the second stage of fatigue crack propagation presents fatigue bands, and the fatigue bands are perpendicular to the crack propagation direction;



(4) The method of combining a uniaxial tensile testing machine and biaxial fixture device has the advantage of low cost and easy access.
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Figure 1. Microstructural result of GH4169. 
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Figure 2. Geometry and dimensions of cruciform specimen (mm). (a) Cruciform specimen with circular notch in the central area. (b) Cruciform specimen with 0° waist circle hole notch in the central area. 
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Figure 3. Biaxial fatigue test device. 
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Figure 4. Replication system for surface replication. 
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Figure 5. Criterion of crack condition at termination of biaxial fatigue test. 
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Figure 6. Microscope for observing fatigue crack remodeling. 
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Figure 7. Crack projection length definition. (a) Crack projection length of circular notch specimen in central region. (b) Crack projection length of 0° waist circular hole notch specimen in central region. 
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Figure 8. Final failure diagram of cruciform specimen. (a) Cruciform specimen with circular notch in the central area. (b) Cruciform specimen with 0° waist circle hole notch in the central area. 
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Figure 9. Crack naming method of cruciform specimen. (a) Cruciform specimen with circular notch in the central area. (b) Cruciform specimen with 0° waist circle hole notch in the central area. 
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Figure 10. Crack 2-1 initiation and propagation process. 
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Figure 11. Crack 2-2 initiation and propagation process. 
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Figure 12. Crack 7-1 initiation and propagation process. 
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Figure 13. Crack 7-2 initiation and propagation process. 
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Figure 14. Variation of crack length of cruciform specimen with circular notch in the central area. (a) Variation of crack length with cycle number. (b) Variation of crack length with cycle ratio. 
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Figure 15. Variation of crack length of cruciform specimen with 0° waist circle hole notch in the central area. (a) Variation of crack length with cycle number. (b) Variation of crack length with cycle ratio. 
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Figure 16. Variation of crack growth rate of cruciform specimen with circular notch in the central area. (a) Variation of crack growth rate with crack length. (b) Variation of crack growth rate with cycle ratio. 
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Figure 17. Variation of crack growth rate of cruciform specimen with 0° waist hole notch in the central area. (a) Variation of crack growth rate with crack length. (b) Variation of crack growth rate with cycle ratio. 
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Figure 18. Relationship between crack growth path and crack growth rate. 
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Figure 19. Overall morphology near circular notch. 






Figure 19. Overall morphology near circular notch.



[image: Metals 13 00588 g019]







[image: Metals 13 00588 g020 550] 





Figure 20. Fatigue crack initiation source region. 






Figure 20. Fatigue crack initiation source region.



[image: Metals 13 00588 g020]







[image: Metals 13 00588 g021 550] 





Figure 21. Characteristics of the first stage of fatigue crack growth. 
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Figure 22. Characteristics of the second stage of fatigue crack growth. 
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Table 1. Main chemical composition of nickel-based alloy GH4169.
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	Element
	Nb
	Mo
	Ti
	Cr
	Fe
	Ni





	Wt/%
	5.67
	3.84
	1.40
	19.14
	17.20
	52.76
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Table 2. Test conditions of cruciform specimen.
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	Specimen
	Notch Shape
	Stress Radio
	FA, max (kN)
	Test Condition





	1
	circular notch
	0.1
	30
	Non-SR



	2
	circular notch
	0.1
	30
	SR



	3
	circular notch
	0.1
	30
	SR



	4
	circular notch
	0.1
	33
	Non-SR



	5
	circular notch
	0.1
	33
	SR



	6
	waist round notch
	0.1
	30
	Non-SR



	7
	waist round notch
	0.1
	30
	SR



	8
	waist round notch
	0.1
	33
	Non-SR



	9
	waist round notch
	0.1
	33
	SR
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Table 3. Biaxial fatigue test results of cruciform specimens.
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	Specimen
	Nf (Cycles)
	Nini (Cycles)
	acrack-ini (μm)
	Nini/Nf
	Number of Cracks





	1
	37,784
	/
	/
	/
	2



	2
	42,100
	9000
	193.9
	21.38%
	2



	3
	34,500
	7700
	193
	22.32%
	2



	4
	31,500
	/
	/
	/
	2



	5
	23,700
	7000
	42.4
	29.53%
	2



	6
	34,000
	/
	/
	/
	2



	7
	34,500
	12,500
	37.4
	36.23%
	2



	8
	21,500
	/
	/
	/
	2



	9
	24,900
	8500
	58.5
	34.14%
	2
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Table 4. Test data of cruciform specimen with the second crack.
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	Specimen Number
	Nf

(Cycles)
	Ncrack-2-ini

(Cycles)
	Ncrack-2-ini/Nf
	acrack-2-ini

(μm)





	2
	42,100
	22,200
	52.7%
	100.7



	3
	34,500
	18,500
	53.6%
	100.6



	5
	23,700
	12,800
	54.0%
	26.70



	7
	34,500
	23,000
	66.6%
	64.4



	9
	24,900
	13,000
	52.2%
	36.3
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Table 5. Angle between crack propagation path and x-axis in the cruciform specimen.






Table 5. Angle between crack propagation path and x-axis in the cruciform specimen.





	
Specimen Number

	
Crack Number

	
Angle






	
1

	
Crack 1-1

	
45.2°




	
Crack 1-2

	
44.3°




	
2

	
Crack 2-1

	
45.3°




	
Crack 2-2

	
43.3°




	
3

	
Crack 3-1

	
43.2°




	
Crack 3-2

	
45.5°




	
4

	
Crack 4-1

	
44.1°




	
Crack 4-2

	
42.3°




	
5

	
Crack 5-1

	
43.5°




	
Crack 5-2

	
44.3°




	
6

	
Crack 6-1

	
40.7°




	
Crack 6-2

	
42.9°




	
7

	
Crack 7-1

	
40.5°




	
Crack 7-2

	
41.4°




	
8

	
Crack 8-1

	
44.4°




	
Crack 8-2

	
47.5°




	
9

	
Crack 9-1

	
40.1°




	
Crack 9-2

	
42.6°
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