Effect of a Large Population of Seeded Alumina Inclusions on Crack Initiation and Small Crack Fatigue Crack Growth in Udimet 720 Nickel-Base Disk Superalloy
J. Telesman*[footnoteRef:1], T.P. Gabb1, P.T. Kantzos2, P.J. Bonacuse1, R.L. Barrie3, C.A. Kantzos1 [1: *jack.telesman@grc.nasa.gov (216)-433-8811] 

1NASA Glenn Research Center, Cleveland, OH 44135, USA
2Ohio Aerospace Institute, Brook Park OH 44142, USA, currently with Honeywell Int., Phoenix, AZ
3US Army, Huntsville 35808, Al, USA
Abstract
Crack initiation, crack coalescence and small crack growth behavior were monitored for over 400 seeded inclusions during interrupted low cycle fatigue testing conducted on the P/M Udimet 720 nickel disk alloy at 650°C. Two types of seeded alumina inclusions with average sizes of 54 µm and 122 µm were used in the study performed at varying loading conditions resulting in LCF lives ranging from 2,000 cycles to over 1,000,000 cycles. The fatigue behavior was sub-categorized into four groups. Visual maps detailing inclusion size/cycle history were developed. The effect of surface residual stresses on the fatigue life was also investigated. 
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1. Introduction
Crack initiation and crack growth from naturally occurring non-metallic inclusions (NMIs) is a well-known phenomenon which can limit the fatigue life in engineering components such as Ni-based powder metallurgy (P/M) turbine disks utilized in gas turbine engines. These brittle inclusions typically originate from the ceramic crucible or nozzle components used in the P/M manufacturing processes. The NMI’s provide a path for early fatigue crack initiation, fatigue crack growth and premature failure of the components. This is of particular concern in critical gas turbine engine components, such as turbine disks, which are subject to high cyclic stresses, operate at high temperatures and can only tolerate relatively short cracks before experiencing catastrophic failure upon reaching the materials fracture toughness limits. Further, the rapidly growing use of powders for additive manufacturing has refocused the need to understand and model the effect that the presence of inclusions can have on the durability of a wide range of aerospace components.
The mitigation of the catastrophic failures from inclusions has been achieved through continuous improvements in powder processing and handling by powder manufacturers (1). Marked improvement in powder cleanliness has made the presence of large inclusions in a component a rare event. However, the presence of such inclusions is still a major concern for life prediction since the volume of highly stressed regions is large in rotating components. To study these rare and random events would require testing of prohibitive large number of specimens. Instead, an artificial seeding study can be used so that the behavior of large populations of inclusions could be characterized under realistic high temperature conditions.
Life prediction of the fatigue debit due to the presence of inclusions is a complex process which requires an understanding of the numerous factors which control various aspects of fatigue life. In the course of the development of probabilistic type prediction methodologies, it is important to understand how given populations of defects will react under different loading conditions. The percentage of inclusions initiating cracks and the subsequent behavior of such crack populations is needed as an input to the probabilistic life prediction codes such as DARWIN (2) in order to improve the models predictive capabilities. One outstanding need to improve such predictive capabilities is for databases containing large populations of the small crack growth behavior of cracks initiating at inclusions under realistic test conditions. 
High magnification observations and characterization of the behavior of a large number of inclusion defects also helps to understand the details of the actual crack initiation, crack coalescence and early crack growth processes. As is the case with most natural processes, the behavior of individual inclusions and cracks emanating from them will vary and thus only by studying large populations can such events be more fully characterized. 
Interesting work by Huron and Roth (3) on René 88DT disk alloy showed that seeding of P/M Ni-powders with a controlled amount of ceramic inclusions had a varying effect on the subsequent LCF lives depending on the test temperature, strain range and the type of seeded inclusion. The fatigue debit was much more pronounced at 650°C with most failures occurring from inclusions than at 204°C where the percentage of failures from inclusions was much smaller. Caton and Jha (4) performed interrupted LCF testing at high temperature on an IN100 disk alloy. They showed that inclusion initiated cracks occur very early and that the majority of the LCF life is consumed in crack propagation. Similar observations were made by Jiang et al (5) who observed cracking within the inclusion after two cycles. They determined that crack initiation from an inclusion can occur either through a decohesion process at the inclusion/matrix interface or through crack growth into the matrix from a cracked inclusion.
The fatigue behavior of cracks emanating from inclusions appears to be dependent on the relative length of the cracks in relationship to the surrounding microstructural parameters. The crack growth behavior of cracks initiating at inclusions has been shown to be highly influenced by the surrounding microstructure (6-9). For cracks smaller than the surrounding grains, grain orientation and inhomogeneous deformation plays a large role in controlling the crack growth behavior. Some of these small cracks are arrested at grain boundaries while others can penetrate adjacent boundaries and continue their growth through the matrix depending on grain boundary orientation and the accumulation of crack tip strains and stresses (8, 9). 
Since crack initiation and propagation from inclusions is in essence a probabilistic life prediction problem due to the large variability of the size and geometry of inclusions within a volume of material, large populations of inclusions need to be examined in order to determine statistically significant relationships. Test data also needs to be obtained at realistic test conditions since temperature and the applied stress/strain range are known to influence both the type and location of the crack initiation mechanisms (3, 10).
The current study involved seeding the metal powder with a controlled number of inclusions of similar type and chemistry as the naturally occurring NMI’s in order to obtain robust statistical populations of inclusions on specimen surfaces.   This was done to determine the influence these inclusions have on crack initiation and propagation behavior. Interrupted testing was performed at high temperature so that the fatigue behavior of individual inclusions could be tracked as a function of the applied loading cycles at conditions relevant to turbine disk applications. Over 400 individual inclusions were tracked during the interrupted testing and their crack initiation and propagation behavior were recorded and analyzed. 
This paper will focus on the interrupted LCF testing to characterize the relationship between the crack initiation and crack propagation events in terms of the correlation between inclusion size, shape and their effect on LCF behavior. Small crack growth rates emanating from these inclusions will be compared to long crack growth behavior. Also the effect of near-surface residual stresses on crack initiation and propagation will be discussed. This study was part of a larger program which evaluated the effect on inclusions on fatigue behavior of disk alloys. The other parts of the program have been published previously (1, 11-13), however the work on interrupted testing has not been published in detail.
2. Experimental
2.1 Material Processing and Inclusion Characterization
The material used for the study was a P/M alloy Udimet 720. The composition of the alloy is shown in Table I. The details of the powder processing and the seeding procedures are found in previously published papers (1, 11). In summary, the Udimet 720 powder was produced and handled using state-of-the-art full-scale production practices to minimize contamination. 
Table I. P/M alloy Udimet 720 Composition (wt. %)
	Cr
	Co
	Mo
	W
	Ti
	Al
	Ni
	Minor

	16.2
	14.7
	3.1
	1.3
	5.1
	2.5
	Bal.
	C,B,Zr



The powder was sieved through -270 mesh screen and divided into three lots, with two of the portions seeded with alumina inclusions while the third lot contained unseeded powder (11, 13). One lot was seeded and fully blended with Ram90 crucible paste sieved at –270+325 mesh. These inclusions were crushed and sieved to produce an approximate median diameter of 54 µm and median projected area of approximately 2300 µm2. The Ram90 represented friable Type II inclusions at a size distribution typical of production powder used for disk alloys. The larger inclusions sieved at -140+170 mesh consisted of AlcoaT64, common crucible material, are representative of hard blocky Type I inclusions at a size distribution representing a possible contamination event and represents the upper limit of defects expected in production powder (1). The median diameter of the AlcoaT64 inclusion was 122 µm with a projected area of 11,700 µm2. The two types of inclusions prior to blending are shown in Fig. 1. The seeding rates of 325 seeds/cm3 for Ram90 and 70 seeds/cm3 for AlcoaT64 were selected to produce approximately 10 seed intersections per fatigue bar surface to allow for observing large enough samples of surface inclusions to obtain valid statistical distributions of behavior. 
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			a)						b)
Fig. 1. a) Ram90 54 µm average size alumina inclusions and b) T64 122 µm average size inclusions.
Both seeded and unseeded powder were consolidated into pancake forgings approximately 17.5 cm in diameter by 4 cm thick. All forgings were subsequently given a subsolvus heat treatment at 1120°C, followed by oil quench and a two-step aging treatment of 760°C/8h+650°C/24h. This produced a microstructure with an approximate grain size of ASTM 11, or 8 µm for all seeded and unseeded forgings. 
2.2 Mechanical Testing 
LCF specimen blanks were machined from the seeded pancake forging into large cylindrical fatigue bars with a 10.2 mm gage diameter and a 31.8 mm long gage section. The specimens were machined using typical machining steps used for these type of alloys with the last steps consisting of low stress grinding and longitudinal polish operation to insure a uniform surface finish (with final polishing marks parallel to the loading direction). The large volume specimen geometry was used for the testing of seeded material to increase the probability of fatigue crack initiation from surface seed inclusions. 
Interrupted testing was performed for a subset of the large volume specimens to monitor the crack initiation and crack propagation processes. For this set of seeded specimens, prior to testing, the fatigue bar surfaces were examined in a JEOL 6100 scanning electron microscope (SEM) using a specially in-house designed stage to map the surface intersecting inclusions. The system, shown in Fig. 2, systematically rotates and translates the cylindrical specimens while the surface is continuously monitored at high magnification using back scatter electron imaging. The location of each inclusion observed on the surface is stored in the computer and the image of it is recorded. The specimens were then removed from the translation stage and inserted into a standard servo-hydraulic test machine and tested for a specified number of cycles. After re-insertion of the specimens into the SEM rotation stage, the system allowed for rapid return to the previously mapped inclusion location for further imaging. 
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Fig. 2. Rotating stage mounted in the SEM used to map and monitor surface inclusions and the associated cracking processes. 
The pertinent geometrical characteristics of each inclusion monitored were determined using in-house developed MATLAB-based image analysis software which allowed for measurement of such parameters as surface area, minimum and maximum width and the Ferret diameter. Similar software was used to measure geometrical parameters of inclusions present on the fracture surface of the specimens after test completion.
All interrupted testing was performed at 650°C. The initial cycling was performed in strain control at 0.6% and 0.8% strain ranges at initial strain ratios Rε=0 and Rε=-1 for seven test/inclusion seed combinations. Four interrupted LCF tests were performed per each condition. The only condition for which no interrupted testing was performed was the 0.6% strain range at Rε=-1 containing 54 µm Ram90 inclusions. The first ten cycles were performed at 0.02 Hz to minimize serrated yielding after which the frequency was changed to 0.333 Hz. All the tests were interrupted after the first 250 cycles for inspection in the SEM. After the first inspection, the tests were restarted in load control using the stabilized stress levels achieved after 250 cycles. Previous strain control testing has shown that the material very quickly reaches the stress saturation values and thus the transition to load control using stabilized stresses and load ratios was thought to have a negligible effect on fatigue life. The test conditions and the average stabilized stresses and stress ratios which were used in the test program for the interrupted testing are shown in Table II.
Table II. Test Conditions and Average Stabilized Stresses
	Seeded Condition
	Test Temperature
	Strain Range
	Initial Strain Range Ratio, Rε
	Average Stabilized Max Stress (MPa)
	Average Stabilized Min Stress (MPa)
	Stabilized Stress R ratio

	T64; 122 µm
	650°C
	0.80%
	0
	1093
	-377
	-0.35

	T64; 122 µm
	650°C
	0.80%
	-1
	741
	-754
	-1.02

	T64; 122 µm
	650°C
	0.60%
	0
	1023
	-89
	-0.09

	T64; 122 µm
	650°C
	0.60%
	-1
	555
	-559
	-1.01

	Ram90; 54 µm
	650°C
	0.80%
	0
	1094
	-368
	-0.34

	Ram90; 54 µm
	650°C
	0.80%
	-1
	744
	-748
	-1.01

	Ram90; 54 µm
	650°C
	0.60%
	0
	1048
	-70
	-0.07



The cyclic intervals were selected so that anywhere from 3 to 6 interruptions were performed for each test. The number of cycles per intervals varied depending on the test condition and the anticipated cyclic life. The cyclic intervals were adjusted based on the experience gained during the testing program. For selected specimens, the final examination and measurement of crack lengths emanating from the monitored surface inclusions occurred after the specimens had failed. The subsequent fractographic analysis was completed on all failed specimens to determine the location and the internal dimensions of inclusions leading to the failure of the specimens. The crack growth data obtained from the interrupted tests was analyzed by the use of the  ASTM E647 secant method (14) assuming a semi-circular crack shape in order to determine the ΔK crack driving force parameter corresponding to the given crack growth increment.
Companion long crack growth testing was performed using blanks extracted from the same Udimet 720   forgings to characterize the crack growth behavior of the alloy at 650°C and 0.333 Hz frequency. The testing was performed in air using Kb surface geometry specimens at three stress ratios, R (-1, -0.25, and 0.5). The long crack FCG data was used for comparison to the small crack growth behavior measured during the interrupted testing.
Mechanical tensile testing of the Udimet 720 alloy in the unseeded and seeded conditions used in the study were also performed at 650°C per ASTM E-21 (15).  For the seeded condition, tensile testing was performed only on material containing 122 µm T64 inclusions since the large seeds were thought to have the largest possible influence on tensile properties.  
The effect of the near-surface residual stresses created by the machining processes and the effect of subsequent testing on these stresses were measured using X-ray diffraction (XRD).   Residual stresses were measured by Lambda Technologies of Cincinnati, Ohio. The (311) reflection of Mn radiation was used for the measurements. To obtain residual stress profiles, surface layers were electropolished away with the change in residual stresses caused by material removal accounted for by a standard procedure (16).
In order to determine the effect of near-surface residual stresses on the crack initiation and crack propagation behavior, LCF testing was performed on electropolished test samples. Small subset of specimens was electro-polished prior to testing to remove the very shallow machining residual stresses. Approximately 25 to 50 µm of the surface layer were removed which is greater than the 10-15 µm depth of residual stresses imposed by the final low stress grinding and polishing. 
3. Results and Discussion
3.1 Comparison of baseline unseeded and seeded tensile and LCF test results 
The tensile results from the tests conducted on both seeded and unseeded condition are shown in Table III. No discernible differences were noted in tensile properties between the two material conditions.
Table III. Tensile Properties at 650°C for Seeded and Unseeded Udimet 720
	Material
	Yield Strength at 0.2% Offset - MPa
	Ultimate Strength – MPa
	Elongation - %
	Reduction in Area - %

	Unseeded
	1151
	1430
	12.1
	18.0

	Seeded
	1131
	1419
	14.5
	20.2



The results of the baseline uninterrupted LCF testing for the unseeded Udimet 720, and those seeded with 54 µm and 122 µm seeds are shown in Fig. 3 for tests performed at 650°C at an initial strain ratio, Rε, of 0. The baseline tests were conducted at strain ranges extending from a high of 1.2% to a low of 0.6%. The open symbols in the figure represent surface initiations while the closed symbols represent internal initiations. As shown, the data trends are dependent on the applied strain range, inclusion size and the location of the crack initiation sites. 
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Fig. 3. Baseline and interrupted test LCF results for unseeded and seeded specimens tested at 650°C at a strain ratio of 0.
At the highest strain range the fatigue lives for all specimens were in the 1,000 cycle range and thus did not differ significantly for either unseeded or seeded specimens. It should be noted that unseeded specimens also mostly failed from small naturally occurring alumina inclusions. As the applied strain range decreased, differences in the fatigue lives between the three types of specimens became more apparent. The fatigue lives of the seeded specimens started showing a considerable LCF life debit in comparison to the unseeded specimens. At 0.8% strain range, the fatigue lives of the seeded specimens of either smaller or larger inclusion seeds were in the 2,000 to 3,000 cycles range while the unseeded specimen failed after approximately 50,000 cycles. At 0.7% and 0.6% strain ranges the LCF life differences between the smaller and larger seeded specimens became significantly larger. For example, at the 0.6% strain range, the average life of the unseeded specimens was approximately 400,000 cycles, while for the smaller 54 µm seeds the LCF life was closer to 40,000 cycles and finally for the 122 µm seeds the average life was approximately 10,000 cycles. 
As has also been documented by other researchers (3,10), the location of the crack initiation sites shifts from the specimen surface at the higher strains to internal initiations for tests conducted at lower strains. It is further evident from Figure 3, that this transition is not only a function of the applied strain but also of the size of the inclusions. Thus, for unseeded specimens the transition to internal failure occurred at the 0.8% strain range, while for the 54 µm seeds the internal failures occurred only at the strain range of 0.6%. For the largest inclusions, even at 0.6% strain range, four out the five specimens tested still failed from surface inclusions. Another way of describing the change in the failure location phenomena is to note that, with one exception, all specimens which exhibited fatigue lives of approximately 20,000 cycles or higher failed from internal inclusions no matter what the inclusion size was. A more detailed discussion of the effect of inclusions on the location of the initiating cracks leading to failure will be presented during the discussion of the interrupted testing. 
3.2 Interrupted LCF Testing
3.2.1 General Trends
Figure 4 shows the comparison of fatigue lives of seeded uninterrupted and interrupted specimens tested at various conditions. A shown, the lives of the interrupted specimens are comparable to the uninterrupted tests thus any test procedures differences did not appear to have an effect on the fatigue lives. 
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Fig. 4. Comparison of fatigue lives for the seeded specimens for interrupted and uninterrupted tests at both R ratios tested showing no discernible difference in LCF lives. 
The overall LCF results for all the interrupted tests are detailed in Table IV for the T64 122 µm inclusion specimens and in Table V for the Ram90 54 µm inclusion specimens. The tables show the test conditions, LCF life, total number of inclusions monitored and the location of the inclusion resulting in the final failure. For the interrupted tests, a relationship between the measured size of the inclusions on the fracture surfaces versus the fatigue life is shown in Fig. 5 for both types of inclusions for tests conducted at 0.8% strain and Rε=0. As expected, the increase in size of the inclusions reduced the fatigue life.
Table IV. LCF Results for the T64 122 µm Inclusion Interrupted Tests
	Specimen ID
	Strain Range
	  Strain Range Ratio, Rε
	Cycles to Failure
	Inclusions Monitored
	Inclusions Initiating Cracks
	Initiation Location

	5776C-L17
	0.80%
	0
	2,402
	19
	17
	Surface

	5776-J-L22
	0.80%
	0
	2,361
	18
	17
	Surface

	5776-D-L3
	0.80%
	0
	1,960
	15
	14
	Near-surface

	5776-H-L21
	0.80%
	0
	2,084
	15
	14
	Surface

	5776-C-L2
	0.80%
	-1
	5,665
	16
	16
	Surface

	5776-D-L18
	0.80%
	-1
	20,747
	12
	12
	Near-surface

	5776-H-L14
	0.80%
	-1
	9,962
	10
	10
	Surface

	5776-J-L5
	0.80%
	-1
	10,241
	15
	14
	Surface

	5776-C-L23
	0.60%
	0
	28,863
	10
	8
	Internal

	5776-J-L2
	0.60%
	0
	9,552
	8
	8
	Surface

	5776-H-L20
	0.60%
	0
	6,010
	12
	10
	Near-surface

	5776-D-L16
	0.60%
	0
	8,826
	13
	13
	Surface

	5776-J-L13
	0.60%
	-1
	1,158,720
	14
	14
	Internal

	5776-C-L20
	0.60%
	-1
	992,032
	15
	13
	Internal

	5776-D-L8
	0.60%
	-1
	500,546
	6
	5
	Internal

	5776-H-L9
	0.60%
	-1
	654,274
	21
	16
	Internal



Table V. LCF Results for the Ram90 54 µm Inclusion Interrupted Tests
	Specimen ID
	Strain Range
	Strain Range Ratio, Rε
	Cycles to Failure
	Inclusions Monitored
	Inclusions Initiating Cracks
	Initiation Location

	5440-A-L15
	0.80%
	0
	3,953
	22
	21
	Surface

	5440-A-L20
	0.80%
	0
	5,765
	15
	8
	Surface

	5440-B-L23
	0.80%
	0
	2,936
	11
	10
	Near-surface

	5440-E-L10
	0.80%
	0
	4,275
	14
	8
	Surface

	5440-F-L19
	0.80%
	-1
	28,863
	10
	8
	Near-surface

	5440-D-L18
	0.80%
	-1
	9,552
	8
	8
	Near-surface

	5440-C-L7
	0.80%
	-1
	6,010
	12
	10
	Near-surface

	5440-B-L6
	0.80%
	-1
	8,826
	13
	13
	Near-surface

	5440-F-L3
	0.60%
	0
	47,248
	19
	13
	Internal

	5440-F-L10
	0.60%
	0
	33,135
	20
	13
	Near-surface

	5440-C-L10
	0.60%
	0
	41,181
	13
	10
	Lost

	5440-D-L7
	0.60%
	0
	59,616
	14
	9
	Internal
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Fig 5. Relationship between inclusion areas measured on the fracture surface and LCF life at 0.8% strain and Rε=0 for both types of seeds. 
As will be shown in more detail shortly, majority of the inclusions monitored resulted in crack initiation. The cracks which formed can be further subdivided into four categories. For specimens which failed from surface connected inclusions, at least one inclusion exhibited rapidly increasing crack growth rates. Another type of cracking observed were cracks which grew at a relatively slow but increasing crack growth rates. The third group of cracks tended to grow at decreasing crack growth rates with many of these likely fully arresting their crack growth. The final group of cracks can be termed as “pop-in” cracks. These are very short cracks which were observed typically early on but showed very little to no growth during subsequent testing. In addition to these four crack growth categories, some inclusions did not initiate any cracking during the test duration. 
Figure 6 shows a comparison of crack growth behavior as a function of cycles applied for two T64 inclusions tracked on the same specimen which was tested at 0.8% strain range and 0 strain ratio.  Cracking was observed at 250 cycles for both inclusions. The inclusion shown in Fig 6a with a surface area of 1080 µm2  grew at a rapidly increasing crack growth rate as the test continued. The inclusion in Fig 6b with a 2290 µm2 surface area grew at a decreasing crack growth rate during the test duration.  Another inclusion, not shown in the figure, grew even faster and caused the specimen to fail. Also observed on the same specimen, Fig. 7, are two very small “pop-in” cracks which emanated from another inclusion and showed very little subsequent growth throughout the test.
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b)
Fig. 6. History of the development of cracks from two inclusions present on a specimen tested at 0.8% strain and strain ratio of 0; a) Fast growing crack; b) decreasing FCG rate. Test failed after 2402 cycles. 
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Fig. 7. Example of “pop-in” crack initiation behavior. These cracks usually appeared early in the life and showed either very little or no further crack growth. Inclusion shown was located on the same specimen as those shown in Fig. 6.
3.2. Inclusion Cracking History Maps
To visualize the behavior of all the monitored inclusions within a single test, maps of the entire gage section were developed which show the location, relative size and cycle history of each monitored inclusion. Examples of such maps are shown in Figures 8 for the T64 122 µm inclusions and in Figure 9 for the Ram90 54µm inclusions. If a location included a cluster of inclusions, or a fragmented inclusion, the sum of the areas was used. As depicted in these maps, the size of the inclusions is proportional to the equivalent circular diameter, based on the total area of inclusion. The map in Fig. 8a is for a specimen tested at a strain range of 0.8% and an initial strain ratio of 0. Examples of the four types of observed FCG behavior are identified. The map in Fig. 8b represents a test conducted at 0.8% strain with initial strain ratio of -1 while Fig. 8c shows a map for a 0.6% strain and strain ratio of 0 and Fig. 8d shows a map of 0.6% strain and Rε=-1. As is clearly observed, the severity of cracking is a function of the loading conditions with the specimen in Fig. 8a which failed after 2300 cycles exhibiting the largest number of fast propagating cracks. However, even in this specimen most cracks grew either at slowly increasing rates or exhibited decreasing FCG rates. For specimens shown in Figs. 8b and 8c, with LCF lives ranging from 8,000  to 10,000 respectively, most inclusions still initiated cracks, but these tended to exhibit mostly decreasing FCG rates. For the long-life specimen shown in 8d, among cracks that grew, only decreasing FCG rates were encountered. Similar trends are observed for the 54 µm inclusions shown in Fig. 9.  
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			c)						d)	
Fig. 8. Inclusion size/cyclic history maps of the specimen gage sections developed to visualize the evolution of cracking. T64 122 µm inclusions; a) 0.8% Rε=0, Nf= 2,402; b) 0.8% Rε=-1, Nf=10,241; c) 0.6% Rε=0, Nf=8,826 and d) 0.6% Rε=-1, Nf=1,158,720.
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			a)						b)
Fig. 9. Inclusion size/cyclic history maps of the specimen gage sections developed to visualize the evolution of cracking. Ram90 -54µm inclusions; a) 0.8% Rε=0, Nf=4,275 ; b) 0.8% Rε=-1, Nf=77,896.
As can be ascertained from these maps, most inclusions resulted in some kind of a cracking event. These cracks typically initiated early and were observed at the first 250 cycle interruption. This behavior was more pronounced for tests which exhibited a relative short LCF lives. For test specimens which resulted in fatigue lives of over 500,000 and which eventually failed from internal inclusions, over 50% of the cracks present were detected after 250 cycles.  
3.3 Quantitative Description of Cracking Events
A more quantitative summary of the number of inclusions which exhibited any type of cracking for the different test conditions performed is presented in a bar graph in Figure 10. As shown, for all test conditions as well as both sizes of seeded inclusions, most of the monitored inclusions initiated cracking. It should be noted that this data set represents, on the average, four tests conducted per each condition and thus each bar represents 40-60 monitored inclusions. For the larger T64 inclusions, the percentage of inclusions that initiated cracking ranged from 86% to 98%, with the lower percentage representing the 0.6% range with Rε=-1 strain ratio test results. All four of these specimens at that condition eventually failed from internal initiations and yet 86% of the monitored inclusions caused some kind of a crack initiation event. As shown in the figure, for the smaller, Ram90 54 µm inclusions, the percentage of inclusions causing cracking was slightly smaller ranging from 68% to 82%.
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Fig. 10. Percentage of inclusions initiating cracks for T64 122 µm and Ram90 54µm inclusions monitored in the tests performed at different conditions.
A detailed breakdown of the different categories of crack growth behavior for monitored inclusions is shown in Tables VI for the T64 122 µm inclusions and in Table VII for the Ram90 54 µm inclusions. The data in the tables categorizes over 400 inclusions which were tracked during the interrupted testing. As shown in Table VI for the 122µm inclusions, the distribution of the different categories of cracking observed was influenced by the loading conditions. Thus, for the tests conducted at 0.8% strain and strain ratio of 0, 13% of all monitored inclusions initiated cracks which grew at fast crack growth rates. Another 24% exhibited slowly increasing crack growth rates while 39% of cracks showed decreasing crack growth rates. For tests conducted under the same strain level but with a strain ratio of -1, the percent of cracks exhibiting both fast and slow increasing crack growth rates fell precipitously to 4% and 6% while the percent of cracks with decreasing FCG rates shot up to 76%. The 0.6% tests with Rε=0 showed similar breakdown in percentiles as the 0.8% with -1 strain range tests. This may not be that surprising since the fatigue lives for both conditions were similar as shown in the table. For the 0.6% at Rε =-1 condition, which resulted in all internal initiations and LCF lives in the excess of 500,000 cycles, no fast growing cracks were observed. The only crack which was categorized as slowly increasing was a crack which became visible only at the last interruption of 125,000 cycles and which grew less than 15 µm at that time. No measurement of that crack was made after failure and thus this categorization is based solely on one measurement and could be disregarded. The percent of inclusions which exhibited pop-in behavior ranged from 10 to 24% and did not appear to be clearly influenced by the loading conditions. The percent of inclusions for which no cracks were detected also was fairly low, ranging from 4 to 18% with the latter representing the 0.6% strain range at Rε=-1.
Table VI also shows the crack growth behavior comparison for an electropolished specimen which showed quite different trends than those shown above and which will be discussed in detail later.
Table VI. Quantitative Analysis of Different Categories of Observed FCG: T64 122 µm Inclusions 


	Inclusion Type; # of Tests
	Strain Range; Strain ratio
	Average LCF Life (cycles); Standard Dev
	Initiation Location
	Number of Inclusions
	Crack Growth Category

	
	
	
	
	
	Fast Crack Growth; Dominant (%)
	Slow Increasing da/dN (%)
	decreasing or arrested FCG (%)
	Pop-in (%)
	No Cracks (%)

	122 µm T64; 4
	0.8%; 0
	2202; 214
	Surface-3; Near Surface-1
	70
	13
	24
	39
	14
	10

	122 µm T64; 4
	0.8%; -1
	11654; 6414
	Surface-3; Near Surface-1
	51
	4
	6
	76
	10
	4

	122 µm T64; 4
	0.6%; 0
	13314; 10479
	Surface-2; Near Surface-1; Internal-1
	42
	5
	5
	60
	24
	7

	122 µm T64; 4
	0.6%; -1
	826393; 302036
	Internal-4
	57
	0
	2
	68
	12
	18

	122 µm T64; 1 Electropolished
	0.6%; 0
	6026
	Surface-1
	20
	15
	0
	20
	0
	65



The quantitative description of the crack growth behavior at the Ram90 54 µm inclusions shown in Table VII follows the same trends as the larger inclusions even though the magnitude of the differences in behavior as a function of the loading conditions is reduced. The highest percentile for both fast and slow increasing FCG categories was for the 0.8% strain ratio of 0 condition which also resulted in shortest LCF  lives. For the 0.8% with a strain ratio of -1 condition which exhibited the longest fatigue lives, the percent of cracks exhibiting decreasing FCG rates is the highest. No clear trend can be determined as a function of the applied mechanical loading conditions for either the pop-in cracks or for inclusions which did not initiate cracking.
Table VII. Quantitative Analysis of Different Categories of Observed FCG: Ram90 54 µm Inclusions 
	Inclusion Type; # of Tests
	Strain Range; Strain ratio
	Average Life (cycles); Standard Dev
	Initiation Location
	# of Inclusions
	Crack Growth Category

	
	
	
	
	
	Fast Crack Growth; Dominant (%)
	Slow Increasing da/dN (%)
	Decreasing or arrested FCG (%)
	Pop-in (%)
	No Cracks (%)

	54 µm Ram 90; 4
	0.8%; 0
	4232; 1170
	Surface-3; Near Surface-1
	63
	5
	8
	41
	16
	30

	54 µm Ram 90; 4
	0.8%; -1
	85307; 59320
	Near Surface-4
	65
	0
	3
	72
	3
	22

	54 µm Ram 90; 4
	0.6%; 0
	45295; 11161
	Near Surface-1; Internal-2; Unknown -1
	60
	0
	0
	52
	20
	28



3.4 Iceberg Effect
The size of the inclusion visualized on the specimen surface may not be a good representation of the overall size of that inclusion for which most of its volume may be present beneath the surface. An example of such phenomena is clearly shown in Fig. 11. The failure map for that particular specimen shows that the inclusion which initiated the crack leading to the specimen failure was much smaller than most of the others when compared in terms of the area observed on the specimen surface, Fig. 11a. However, as shown in Fig. 11b, fracture surface examination revealed that only a small tip of that large inclusion intersected the surface. This can be described as an “iceberg” effect when only a small portion of such inclusions are visible on the surface.
   
[image: ]
			a)						b)
Fig. 11. a) “Iceberg” effect as noted by a small surface area inclusion causing a large crack; b) same inclusion shown on the fracture surface reveals a large internal area. Tested at 0.8% Rε=0, Nf=2,361. 
The prevalence of such behavior was analyzed by comparing the inclusion size data for cracks which exhibited rapid increasing crack growth rates to all monitored inclusions. This analysis was performed for the four T64 122 µm inclusion specimens tested at 0.8% at Rε=0. As shown in the cumulative probability plot in Fig. 12, the inclusions causing longest cracks typically exhibited a smaller surface area than the average of all monitored inclusions. This should not be surprising since these inclusions likely contained the larger projected areas per the example shown in Fig. 11b.
[image: ]
Fig 12. Relationship between inclusion surface area and the probability of initiating large cracks.
Another interesting aspect of the “iceberg” effect is shown in Fig. 13. Here we see that after only 250 cycles, a relatively large, somewhat jagged crack has appeared on the surface, Fig. 13a. In Fig. 13b, the same crack is shown to be much longer after 7750 cycles. Also shown in Fig. 13b is the relationship of the surface intersecting regions of that inclusion to the view of the same inclusion on the fracture surface after the specimen failed at 10,241 cycles. As is clear from these images, only small portions of this large inclusion intersected to the surface. The initial jagged cracking present after 250 cycles represented the initiation of a crack along the perimeter of that inclusion which manifested itself as a jagged crack when it broke the surface. The crack growth direction became perpendicular to the loading direction after the crack grew away from the immediate vicinity of the inclusion. 
[image: ]
a)
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b)
Fig. 13. a) Relatively large jagged crack present after 250 cycles; b) Large inclusion with a small, protruded surface sections caused a crack to link up, creating jagged appearance. Specimen with T64 122 µm inclusions tested at 0.8%; Rε=-1.
3.5 Effect of Inclusion Geometry on Cracking 
The high magnification observations allowed for visualization of the location of crack initiation process along the perimeter of the inclusions. As shown in Figure 14 for the larger blocky type T64 inclusions, many of the crack initiation events tended to favor corners of the inclusions and other regions which are thought to produce higher local stress concentrations in the superalloy substrate neighboring the ceramic inclusions. These type of initiation events occurred for all monitored test conditions and suggest higher localized strains and stresses exist within the superalloy substrate due to the presence of the inclusion. Work by Jiang et al (8) supports these finding. Through High Resolution Digital Image Correlation (HR-DIC) and electron back-scattered diffraction (EBSD) analysis, they found that higher stress concentrations at the corners of inclusions create high local shear strains that increased dislocation densities and are sites for preferred crack initiations. 
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Fig. 14. Examples of cracking initiating at corners of the inclusions in the T64 122 µm specimens. 
For a smaller number of these T64 122 µm inclusions, the crack initiation event appeared to be related to the initial fracture of the ceramic inclusions which then led to the growth of these cracks into the metal substrate as demonstrated in Fig. 15. Some of the broken inclusions which led to this type of cracking into the matrix may have been broken during the material consolidation process. For few other inclusions no crack initiation events occurred at all during testing. Most of the inclusions which did not initate cracks tended to be small in size, however some exceptions were also noted.
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Fig. 15. Cracked inclusions lead to crack growth into the metal substrate (T64 122 µm inclusions).  
It is somewhat more difficult to ascertain the relationship between inclusion shape and the crack initiation event for the 54 µm Ram90 Type II inclusions. These inclusions consist mostly of an aggregate of small particulates and thus it is more difficult to pin point the exact origin of crack initiation events. As shown in Fig. 16, at least some of the locations of crack initiations in this type of inclusions also appear to be associated with corner-like regions of the inclusions which again most likely exhibit higher local stress concentrations.
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Fig. 16. Crack initiation near the corners of the Ram90 54 µm inclusions.
3.6 Specimen Failure Location
The location of the cracks which caused failure in the interrupted tests were a function of the applied loading conditions and the size of the seeded inclusions following the trends described earlier for the baseline specimens. The initiation location for each test condition is shown in Tables IV and V. At the higher strain of 0.8%, for both strain ratios, most of the failures for the larger T64 inclusions originated on the surface with the rest exhibiting near-surface failures. At 0.6% strain the failure location became a function of the applied strain ratio with all the Rε=-1 ratio specimens failing from internal initiations while for the 0 strain ratio all three types of failure locations were present. In all cases the lives of the internally failed specimens were much longer. 
The trends exhibited by the Ram90 54 µm specimens were fairly similar with three out of the four specimens failing from surface inclusions while the other specimen failing from a near-surface inclusion at 0.8% and Rε=0. For the 0.8% and -1 strain ratio, all four specimens failed from near-surface locations. At 0.6% strain tested at Rε=0, two of the three specimens failed from internal inclusions while the third specimen failed from a near-surface inclusion. No interrupted testing was performed at 0.6% with Rε=-1 condition.
Examples of the near-surface inclusion failure are shown in Fig. 17. As shown most of these failures initiated within a few microns of the surface. In total, eight out of nine of these inclusions were located within 20 µm of the surface while the last one was within 50 µm of the surface.  
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Fig. 17. Near-surface inclusions initiating cracks causing final failure in a) T64 122 µm specimen; b) 54 µm Ram90 specimen.
Thus, as has been shown by others (3, 10, 17), application of higher strains leads to the preferential failure in the surface/near-surface regions even though these regions represent a small volume fraction of the entire specimen. It has been argued that the reduction in constraint near the surface allows for slip mechanisms to become active earlier in life and thus increasing the probability of surface region initiations (10).  This is a reasonable argument considering enhanced plastic deformation in the surface regions due to the prevalence of plane stress. Stinville et al (17) also suggested that increase in environmental effects at higher test temperature combined with increase in applied stresses are factors favoring surface connected initiations. As will be discussed later, it is possible that the presence of compressive residual stresses induced by the specimen machining process may play a role in shifting the failure location from surface to near-surface locations. However, more detailed analytic models need to be developed in order to understand and predict these failure location transitions since they have a significant effect on the fatigue life.
3.7 Multiple Cracks From Same Inclusion
High magnification images reveal, Fig. 18, crack initiation, crack coalescence and early crack growth processes are highly complex as evident by frequent multiple initiations occurring from the same inclusion. These events, which occur at various locations around the inclusion perimeter, make it difficult to assess when and if a fully formed crack front actually has developed. To assess the crack growth behavior of these small cracks, fracture mechanics parameters are applied, however this methodology was developed for well-defined crack geometries and loading conditions. Thus, the application of fracture mechanics to study small individual cracks while the actual crack geometry is uncertain, can produce erroneous results. However, by examining a large number of such events, as was done in this study, real trends can be observed and better understanding of the early crack growth process can be achieved. 
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Fig. 18. Complex geometry of cracks as exemplified by multiple cracking occurring at the same inclusion.
3.8 Crack Growth Behavior 
For selected test conditions, fatigue crack growth rates were calculated in terms of the calculated stress intensity ranges. The crack growth rates were measured for individual inclusions using the secant method (14) based on the crack lengths measured on the surface after each interruption. The calculated stress intensity was determined using the Forman and Shivakumar formulation (18) for surface flaws in a cylindrical specimen assuming the flaw geometry to be semi-circular. As is customary, only the positive, tensile cyclic loading portion of the applied stress range was used to determine the stress intensity range.
The crack growth results from the four specimens tested at the 0.8% and Rε=0 are shown in Fig. 19. It is worthwhile remembering that after the 250 cycles in strain control, the rest of the testing was continued until failure in stress control to maintain the stabilized cyclic stresses present at the end of that first interruption. This equated for these four specimens to an average maximum stress of 1090 MPa and minimum stress of – 380 MPa (Table II). The data in Fig. 19a, denote the crack growth of combined sixty monitored inclusions with all the inclusions for each of the specimen represented by the same colored symbols. As shown in the figure, the crack growth data exhibits a typical small crack behavior, high initial da/dN at low stress intensities for many inclusions and large data scatter. Most of the cracks exhibit decreasing crack growth rates with only few cracks which exhibit increasing da/dN becoming dominant.  In contrast to the small crack effect, the crack growth scatter disappears for the dominant cracks as they all converged to form a typical Paris regime behavior. While all the cracks originating from the inclusions were grouped together in Fig. 19a, the crack growth behavior of cracks from the fourteen individual inclusions of one of these specimens is shown in Figure 19b. Here, the scatter in crack growth rates among individual inclusions in the small crack growth region can be seen more clearly. 
The cyclic crack growth data calculated for the first interrupted segment is somewhat problematic. For the purpose of the calculation it was assumed that the measured crack growth increment occurred over the entire 250 cycle length segment. Yet, it is not known when within the 250 cycle segment did these cracks initiate. Also, it is likely that some of the growth may have occurred only in the first few cycles during the “pop-in” phase and thus the data may not truly represent a sustained crack growth process. To eliminate that uncertainty, the crack growth data for these fourteen inclusions is shown in Fig. 19c with the 0-250 cycles segment omitted. Imposed on that data set are also the long crack growth results obtained on tests performed on Udimet 720 material procured and processed together with the seeded material. The long crack data represents two tests conducted at the same temperature and frequency as the seeded tests. The long crack tests were conducted at a load ratio R=-0.25 and covered both the Paris regime and the threshold region. An additional long crack data set shown in Figure 19c is for a test performed at R=0.5. The purpose of that test was to obtain a long crack growth data set which would not be significantly influenced by crack closure.
Some important trends emerge when the interrupted crack growth data is compared to the long crack data. First, it should be noted that with the first interrupted data set of 250 cycles omitted, there is considerably less scatter in the low stress intensity regime. However, most importantly, the sustained crack growth data set, Figure 19c, shows that the inclusion crack growth data is now almost fully bracketed by the threshold long crack growth data obtained at R=-0.25 on the right and the extrapolated R=0.5 long crack growth data to the left. Thus, most of the cracks emanating from inclusions still exhibit crack growth at stress intensities below that of the threshold stress intensity for long cracks, as is typically encountered in the small crack regime. However, these FCG rates do not exceed those which would be predicted to grow for long cracks at conditions with little or no crack closure present in the crack wake. The observed behavior is in agreement with much of the previous research (19-21) which indicated that once the crack lengths are longer than the pertinent microstructural parameters such as the grain size, which for this condition is approximately 8 µm, lack of significant crack closure in the crack wake increases the effective stress intensity, ΔKeff , and increases the crack growth rates. For the cracks which became dominant, as the cracks grew longer, crack closure increases and the FCG rates merge with those of the separately tested baseline long crack growth tests.
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Fig. 19. a) Apparent small FCG behavior of multitude of cracks in four T64 122µm inclusion specimens tested at 0.8% and Rε=0; b) FCG behavior of individual inclusions for one of the four specimens shown in Fig. a;  c) the 250 cycles FCG data set omitted for specimen shown in Fig 19b. Inclusion FCG data bracketed by long crack data at R=-0.25 and R=0.5. Long crack FCG data at R=0.5 correlated by ΔK parameter.
Same trends were observed to occur for specimens containing T64 122 µm inclusions tested at 0.8% strain with a strain ratio of -1, Fig. 20. The data set for fourteen cracks emanating from the monitored inclusions of one of the specimens is shown in Fig. 20a. This is a full data set including both the long crack growth results obtained at R=-1 as well as the previously mentioned extrapolated FCG rates for the R=0.5 long crack test.  Without removal of the data obtained from the  first interruption we again see a large scatter of the small crack FCG rates, with some FCG data being to the left of the extrapolated R=0.5 long crack test. After the removal of that problematic first segment, Fig. 20b, the small crack FCG data set is again bracketed by the two long crack data sets. The results could be interpreted using the same arguments used in the previous example.
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			a)							b)
Fig. 20. FCG behavior from inclusions for a T64 122 µm inclusion specimen tested at 0.8% strain at Rε=-1. a) all inclusion crack growth data with long crack FCG data at R=-1 in the threshold and Paris regimes. Also shown is long crack R=0.5 data correlated with ΔK. b) same data set with 0-250 cycles interruption data set removed.
The pertinent question of why so many cracks arrested will be discussed in the following section.
3.9 Effect of Residual Stresses on Small Crack Behavior
One of the intriguing results from the study was the large number of initiating cracks which exhibited decreasing crack growth rates and/or crack arrest during the test duration. Many examples of such behavior can be seen in the maps shown in Figs. 8 and 9. A specific example of such behavior is shown in Fig. 21 for a test performed on the T64 122 µm material tested at 0.6% strain and strain ratio of -1. The test eventually failed from an internal inclusion at over 1,000,000 cycles. As shown in the figure, a well-defined crack was present after only 250 cycles however this crack grew only an additional 60 µm during the subsequent 125,000 cycles. As was mentioned earlier, the uncertainties regarding the actual three-dimensional shape of the cracks may be an issue in such cracks, however another important mechanism can also have a significant effect.
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Fig. 21. Cracking from an inclusion from a T64 122µm inclusion specimen tested at 0.6%, Rε=-1. a) after 250 and b) after 125,000 cycles. 
The presence of compressive surface residual stresses is well known to have a substantial effect on LCF life and crack propagation FCG rates (22, 23).  In a previous publication detailing another aspect of this study on seeded Udimet 720, we demonstrated that the residual surface compressive stresses induced by shot peening of these specimens substantially increases their LCF life (13). 
Evolution of the residual stresses present in the near-surface region was determined before, during and after completion of the specimen testing. Low stress grinding followed by longitudinal polishing  were used as the last steps in machining of the LCF specimens to minimize near-surface microstructural damage imparted during the machining process and to produce a highly uniform surface finish. Yet, even this process produces residual stresses. As shown in Fig. 22, the residual compressive stresses in the untested condition at the surface are still high, in the order of -570 MPa, however they are very shallow so that at a 12 µm depth they fully disappear or become slightly positive (tensile). Thus, the depth of these residual stresses is considerably smaller than the average diameter of both the smaller and larger seeded inclusions utilized in the study. Comparable measurements were made on selected specimens after an application of 250 cycles and on other specimens tested at the same conditions after the specimen failure. The location selected for measurements on failed specimens was far away from the fracture surfaces to diminish the effect that the final failure event may have on residual stresses. 
As shown in Fig. 22, while there is some variability in the measurements, it is clear that surface residual stresses diminish significantly after onset of testing.  After an application of 250 cycles at temperature, the magnitude of the surface compressive stress has been reduced from approximately -570 MPa to  -400 MPa. Interestingly, the specimens tested to failure exhibit comparable residual stresses as those measured after the first interruption at 250 cycles. Similar to the as-machined condition, the residual stresses during and after testing diminish with depth very quickly so that at approximately 12 µm most of the compressive residual stresses have disappeared. 
[image: ]
Fig. 22. Residual stress profiles for untested specimens in the as-machined condition. Also shown are average stress profiles after 250 cycles for testing under all four test conditions. Shown also are residual stress averages of failed specimens tested at 0.6% and 0.8% with Rε=0.
Additional testing was performed to determine the effect of these residual stresses on LCF life and crack initiation and growth from inclusions. This part of the program consisted of electropolishing few specimens to remove the compressive residual stress layer imparted by the machining process. In a previous unpublished in-house study it was determined that the electropolished surfaces were free of residual stresses. The test condition selected for investigating the effect of electropolishing was 0.6% strain with Rε=0. It was thought that this condition is most sensitive to the effects of shallow residual stresses on crack growth behavior. Only the larger T64 122 µm seeded specimens were used in this study. 
On initial examination of the as-electropolished specimens, it was found that for a substantial number of the inclusions present on the surface, a small amount of the metal surrounding the inclusions was preferentially removed during electropolishing, Fig. 23. This removal likely results in a reduction of the local stress field.  Comparison of the LCF fatigue lives of the electropolished specimens to the standard machined specimens tested at the same condition is shown in Fig. 24a. While the data is limited, the fatigue life of the electropolished specimens averaged approximately 4,500 cycles while for the as-machined specimens the average LCF life was approximately 9,000 cycles. Interestingly, even though their fatigue life was substantially reduced, the fraction of inclusions which initiated cracks in the  electropolished specimens was considerably lower than in the as-machined specimens, Figure 24b. The number of inclusions initiating cracks in the electropolished condition was likely reduced by the preferential removal of metal surrounding the inclusions which should have decreased the local stress concentrations at inclusions. The inclusion size/cycle history map for one of these specimens is shown in Fig. 25. The two striking features of the map are the relatively large number of fast growing cracks and large number of inclusions which did not initiate any cracking.
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Fig. 23. Electropolishing of the surfaces removed all the final polish marks and also revealed preferential metal removal along the perimeter of the inclusions.
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			a)							b)
Fig. 24. a) Comparison of LCF lives of the as-machined and electropolished specimens tested at 0.6% Rε=0 condition; b) percent of inclusions causing cracking for the same specimens. 
[image: C:\Workarea\Papers\U720 Inclusion paper\Inclusion Paper Figures\Fig 25 ck.tif]
Fig. 25. Inclusion cracking history map for an electropolished specimen tested at 0.6% strain and Rε=0.
The quantitative evaluation of the type of crack growth behavior exhibited by this particular electropolished specimen is summarized in Table VI. A majority of the inclusions (65%) did not initiate cracks which is much higher in comparison to the as-machined specimens also shown in that table. The percentage of the overall inclusions exhibiting fast crack growth was 15% for the electropolished condition versus 5% for the as-machined condition tested under the same applied loading. The percentage of cracks exhibiting decreasing FCG rates was only 20% whereas for the as-machined condition it was 60%. 
Based on these results, we can surmise that while removal of the surface residual stresses decreases the number on cracks initiating at the inclusions, the cracks which do initiate must grow faster and result in shorter LCF lives. It is likely that the presence of the shallow machining-induced residual stresses is partly responsible for the decreasing FCG rates and crack arrest of so many cracks in the as-machined condition. Yet, decreasing FCG rates were still encountered in the electropolished condition, Table VI. Further research is needed to address this finding, but it is possible that these cracks represent the ongoing crack formation and coalescence steps which are hindered by the complexities of the three-dimensional inclusion geometry complexities as well as by local microstructural barriers. 
Presence of the shallow machining-induced residual stresses may also play a part in the transition from a surface failure mode to a near-surface mode as the magnitude of local strains and stresses decreases, Tables IV and V and Fig. 17. It may be more difficult for the very small cracks present at the surface to overcome the residual stresses at these lower applied stress ranges. This results in a gradual shift of the failure sites to the next group of inclusions slightly below the surface for which the requirement to overcome the machining induced residual stresses is no longer necessary. 
4. Summary
A study was performed examining the effect of inclusions on crack initiation and propagation behavior in an Udimet 720 P/M disk alloy. In order to obtain large populations of inclusions necessary to accurately quantify the observed behavior, the metal powders were seeded with two types of alumina inclusions with the average size of 54 µm and 122 µm respectively. Interrupted LCF testing was performed at 650°C under varied loading conditions to observe crack initiation and crack growth behavior emanating from these inclusions. The inclusion behavior was tracked over a wide range of LCF lives ranging from 2,000 cycles to over 1,000,000 cycles. Overall, more than 400 inclusions were monitored in order to establish statistically significant trends. The major findings are shown below:
1) Most monitored inclusions initiated cracks with a majority of these cracks present very early in the life of the LCF specimens. For the T64 122 µm average size inclusions, 86% to 98% initiated cracks depending on the loading conditions. For the Ram90 54 µm inclusions, 68% to 82% initiated cracks again depending on the loading conditions. Even under test conditions for which final failures occurred from  internal inclusions in excess of 500,000 cycles, a majority of surface inclusions still initiated cracks after only 250 cycles.
2) The crack growth from inclusions was categorized into four groups. For tests performed at higher loading conditions, the prevalence of fast growing cracks and more slowly growing cracks with still increasing FCG rates was greater than for lower loading conditions. The largest category for all test conditions were cracks which exhibited decreasing FCG rates and likely an eventual crack arrest. The fourth type of observed cracking behavior were the so-called “pop-in” cracks which were very short, typically appeared very early on, and exhibited very little to no further growth. 
3) Surface inclusions which initiated cracks causing eventual failure or exhibiting fast FCG rates, tended to display a so-called “iceberg” effect where their intersected surface area was smaller than that of the overall average inclusions visible on the surface.
4) Many of the inclusions exhibited multiple crack initiations along their perimeter. Corners of the inclusions and other higher stress locations were preferred sites for cracks to initiate. Cracks also grew from previously cracked inclusions. 
5) A transition from surface to internal failure initiation location was observed as a function of the applied strain, strain ratio and the size of the inclusions. Higher strain ranges and strain ratios favored surface or near- surface initiations while lower strain ranges, strain ratios, and smaller inclusions tended to favor internal initiations. 
6) Typical small crack growth behavior was noted for the cracks growing from individual inclusions exhibiting large scatter and crack growth rates below that of the long crack threshold. Most of these cracks arrested with few continuing their growth leading to failure.
7) The small crack behavior was typically confined to a region bounded on one side by long crack threshold and on the other side by extrapolated long crack growth data trends obtained from high R ratio tests. Results are explained by the lack of crack closure increasing the small crack FCG rates.  
8) The magnitude of the machining-induced compressive residual stresses is approximately -570 MPa  on the surface but extends only about 12 µm into the subsurface region. These residual stresses decreased to about -400 MPa in magnitude very early during testing. Even though they are very shallow, the removal of these residual stresses by electropolishing decreased the fatigue life by half and increased the crack growth rates from inclusions. 
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