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Abstract 
 

IN100 is one of the workhorse nickel-base superalloys of the 
current fleet of turbine engines owned and operated by the US Air 
Force.   Many of the life-limited locations on fracture critical 
IN100 components are associated with locations of stress 
concentrations, e.g. bolt holes, fillets, balance flange scallops, etc.  
The prior work by Jha, Caton, and others [1-3] examining the 
fatigue variability of nickel-base superalloys found a link between 
the minimum fatigue life and fracture mechanics. That is, the 
minimum fatigue life was predicted assuming immediate crack 
initiation and growth of a small crack. This prior work only 
examined the fatigue behavior of smooth fatigue bars.  The 
current effort determined that the link between minimum fatigue 
life and fracture mechanics is applicable even when only a small 
volume of the material at the root of a notch is subject to the high 
stress conditions.   
 
 

Introduction 
 

Most fracture critical locations in structural components are 
associated with stress concentrations, bolt holes, fillets, broach 
slots, etc.  There has been considerable work to assess the 
likelihood of fatigue failure at these locations since the early work 
of Neuber [4].  It is clear that the stress-strain response of the 
notch drives the crack initiation and growth and this is often 
treated in an empirical manner [5]. After a small crack is initiated, 
the growth of the crack is affected by the notch plasticity and 
changes in the crack closure [6-8].  Recent work has considered 
the importance of small crack growth during the critical period 
between crack initiation and detection at an engineering size [8-
10].  However, all of these approaches consider crack initiation 
and growth as two distinct, damaging processes that occur at the 
notch location.  

The present work is based on the fundamental hypothesis 
that the minimum fatigue life is based on the initiation of a fatal 
crack on the first cycle and that the entire fatigue life is spent 
propagating that crack to a critical size. This hypothesis has been 
repeatedly demonstrated by Jha, Caton and others, [1-3].  The 
important steps are to: 1) determine the mechanism of crack 
initiation and determine the distribution of initiation sizes, 2) 
measure [11] or model [12] the growth rate of the small crack that 
grows from the initiation size to a size large enough where linear 
elastic fracture mechanics (LEFM) is applicable, and 3) use 
LEFM to grow the crack to a critical size – failure. This 
hypothesis has been shown to hold for a number of materials at 
various test temperatures, but only under the conditions of a 
uniform stress, Kt = 1, and simple fatigue cycling.  

The demonstration of the linkage between the minimum 
fatigue life, the usable life, and fracture mechanics means that life 

management philosophies can be simplified [13].  Furthermore, 
the development of new materials or the application of existing   
materials to new applications can be realized with a reduced 
fatigue data set as minimum fatigue allowables could be 
calculated using the three steps outlined above with minimal test 
data.  

This paper goes through the steps to assess the minimum 
fatigue life for a notched test bar and verifies the prediction with 
sufficient test data to validate the approach.  

 
 

Material and Experimental Procedures 
 
The material is powder metal supersolvus heat treated IN100 

that is identical to the material in [2]. The sources of crack 
initiation and their sizes have been well characterized in this 
material making it an ideal material to assess the influence of 
stress concentrations on the fatigue variability.  The sources of 
crack initiation are predominately clusters of pores and 
nonmetallic particles, which lead to the minimum fatigue life [l]. 
Therefore, the distributions of these material characteristics from 
Reference [2] can be used directly in this study.  

Double edge notch specimens having an elastic Kt of 1.89 
were subject to fatigue at a stress ratio of 0.05, temperature of 
650°C, and 20 cycles per minute (0.33Hz). Figure 1 shows the 
geometry of the specimen. Button-head grip ends were used to 
ensure accurate alignment thereby eliminating the influence of the 
mechanical test system on the fatigue variability.  Specimens were 
heated to the test temperature of 650°C using a resistance furnace 
controlled by thermocouples welded to the shoulder of the 
specimen.  The temperature at the notch of the sample was 
correlated to that on the shoulder using an instrumented dummy. 
The initiation sites were identified and measured on the fractured 
specimens using SEM. Several small crack tests were conducted 
having nominally 40 x 20 µm 3-D micro-notches machined using 
focused ion beam (FIB) in the geometric center of the two 
notches.  These micro-notches act as crack starters to enable the 
monitoring of the small crack growth rate using cellulose acetate 
replication. In these tests, the cycling was interrupted at a 
predetermined cycle, the load was ramped to the minimum level, 
and power to the furnace was cut.  The specimen cooled to room 
temperature in approximately 1 hour and the replication was 
conducted with the specimen at 75% of the maximum load to 
open the crack(s).   The replicas were mounted on glass slides and 
the crack lengths were identified and measured using an optical 
microscope. 

The tests were conducted with a maximum applied net 
section stress of 800 and 900 MPa with the intent of maintaining 
the same fatigue life range as the Kt=1 tests from [2].  Loading to 
these levels resulted in elastic stresses at the notch tip 
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substantially higher than yield in the first cycle, thereby 
necessitating an elastic-plastic stress analysis of the specimen. 

 

 
 

Results and Discussion 
 

Notch Stress Analysis 
 

Accurate modeling of the stresses on the plane of the crack in 
the notch is critical to accurately calculate the stress intensity 
factor for the growing cracks.  A one-eighth model of the notch 
specimen was developed in ABAQUS having refined mesh 
spacing at the notch root of 50 µm.  The plasticity model was a 
nonlinear mixed isotropic-kinematic hardening law based on the 
stabilized cyclic strain response. The model parameters were 
determined using the ABAQUS fitting procedure and strain 
controlled, stabilized hysteresis loops from fully reversed, Rε = -1, 
and fully tensile, Rε = 0, experiments. The ABAQUS model 
resulted in stabilized hysteresis loops after ~8 cycles.  Figure 2 
shows the axial stress field at the notch root for a net section stress 
of 800 MPa after 8 loading cycles. Since the material at the 
surface of the notch yields, the maximum stress is slightly 
subsurface and drives deeper with an increase in the maximum net 
section stress.  

 
Stress Intensity Factor Estimation 
 

The stress intensity factor was estimated for cracks growing 
in the notch using AFGROW [14].  First, the elastic stress field, 
figure 3, from an ABAQUS run was used to determine the applied 
maximum and minimum K during the cycle – consistent with the 
requirements for linear elastic fracture mechanics.  The plasticity 
was incorporated by calculating a static K from the residual stress 
after plastic cycling, figure 4. This residual stress was 
incorporated in AFGROW as a superposition of a mean stress and 
the cyclic stress. Different residual stress profiles were used for 
the two stress levels as the depth and level of plasticity was 
dependant on the load level as shown in figure 5. It should be 
noted that the low stress grind (LSG) machining residual stress 
profile was measured on a representative specimen using x-ray 
diffraction, figure 5, and was found to be shallow compared to the 
plasticity induced residual stress and hence was not used in 
estimating the stress intensity factor. Also shown in that figure is 
the initiation size distribution which tends to be as deep as the 
machining residual stress. 
 

 

 

 

 
Figure 4. Stabilized stress at minimum load from elastic-plastic 
ABAQUS analysis for a maximum net section stress of 800 MPa. 
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Figure 3. Normalized elastic stress distribution on the minimum 
section notch plane (1 = net section stress).  
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Figure 2. Axial stress at the notch for a net section stress of 800 
MPa – a one-eighth model was used.   

 
Figure 1. Double edge notch specimen, (dimensions in mm). 
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The stress intensity factor was determined using AFGROW and a 
simple surface crack in a rectangular bar that matched the net 
section of the notched samples. The notch stress gradient, figure 
3, was introduced as the cyclic stress and the plasticity induced 
residual stress, figure 4, were superposed to produce an effective 
stress intensity.  AFGROW was run with a simple Paris Law 
material model as the goal was to determine the stress intensity 
factor not the crack growth rate.  Figure 6 shows the stress 

intensity factor range as a function of crack length for the two 
stress levels and the K’s on the surface, c, and the depth, a, 
directions.  Since there is a significant stress gradient, the crack 
will tend to grow with an aspect ratio, a/c of less than 1.  These 
K’s were used for the subsequent data analysis and crack growth 
predictions. 
 
Fatigue Variability 
 

Figure 7 shows the cumulative distribution of fatigue life for 
notched test bars compared to smooth test bars from reference [2].  
The maximum net section stress levels of 800 and 900 MPa 
produce mean fatigue lives similar to smooth bars tested at 1000 
and 1100 MPa indicating that notch strengthening is taking place, 
as expected.  The bulk of the notch testing was conducted at a 
maximum stress of 800 MPa to produce lives that are more 
representative of structural components.  Overall, it is apparent 
that the variation in life is similar for the two test geometries.  In 
fact, the variability in life is greater for the notch specimens tested 
at a maximum stress of 800 MPa which may be a result of the 
vastly different interrogation volumes for the two geometries.  
The notch specimens have a high stress volume no larger than 20 
mm3 while the smooth bars are interrogating over 280 mm3 each. 
Even if only the outer skin (0.5 mm) of the smooth test bars is 
considered the critical failure location (due to environmentally 
enhanced crack growth), the volume would be ~ 130 mm3. Since 
the initiation sites for crack initiation in this material under these 
loading conditions are predominately clusters of pores and 
nonmetallic particles [2], the probability of having a large 
initiation source in the highly stressed volume will not be as high 
as for the smooth geometry.  This would result in some notch 
specimens having a longer life than smooth bars.  However, if a 
large initiation source is in the highly stressed volume, then the 
life would be much shorter in the notched specimen than that in a 
smooth bar.  Hence the increase in scatter seems to make physical 
sense. 
 

 

 
Figure 7. Cumulative distribution function of fatigue life for 
specimens having Kt = 1 [2] and 1.89.  
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Figure 6. Stress intensity factor range, ∆K versus crack depth and 
half surface length for specimens subject to maximum applied 
stresses of 800 and 900 MPa. 
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Figure 5. Machining residual stress profile and notch plasticity 
residuals as a function of depth from the notch surface.  

-1200

-1000

-800

-600

-400

-200

0

200

400

0.00 0.10 0.20 0.30 0.40

Notch root (LSG) - XRD
Notch Root Plasticity

(σmax = 800MPa)
Notch Root Plasticity

(σmax = 900MPa)
Initiation Size Dist.

R
es

id
ua

l S
tr

es
s 

(M
Pa

)

Depth (mm)

IN100 DEN(T) Geometry

145



Examination of the fracture surfaces of the failed specimens 
in the SEM found that typically a single crack initiated and grew 
to failure from one of the notches.  The source of crack initiation 
was found to be a nonmetallic particle or cluster of trapped gas 
pores that are common in powder metallurgy materials. The 
majority of the initiation sites were near the surface of the notch. 
The maximum depth of the initiation site was 557 µm for a 
specimen that failed from a nonmetallic particle. Only nonmetallic 
particles were found at deep initiation sites indicating that they are 
rare relative to the gas pores and also, that they must have a 
tensile residual stress around them, CTE induced, that aids in their 
crack initiation potency.  A comparison of the initiation source 
and its size (equivalent circle diameter) is shown in figure 8 with 
the results of smooth specimens [2].  

 

 
 
In both cases, the largest initiation site does not necessarily result 
in the shortest fatigue life.  However the notched specimens had 
generally smaller initiation sizes than the smooth bars.  This must 
be due to the greater potency of a smaller defect near the root of 
the notch. The stress intensity factor would be substantially 
greater there resulting in faster growth even at smaller crack sizes.  
 
Small Crack Growth 
 

The key to enable the prediction of the minimum fatigue life 
is understanding the growth rate of the small crack as it extends 
beyond the initiation site. To this end several tests were conducted 
with artificial FIB crack starters in the notch and replicated to 
measure the small crack growth rates.  This also allows a 
comparison of the small crack growth rate for cracks in the Kt = 
1.89 stress field to cracks growing in a uniform stress field [2]. 
Cracks initiated readily at the crack starter but due to the 
concentrated stress some cracks also initiate naturally.  Figure 9 
shows the crack growth rate for the artificially and naturally 
initiated small cracks growing in the Kt=1.89 specimens along 
with conventional long and small crack growth rate data from [2]. 
(The growth rates and K’s are for surface cracks.)  It can be seen 
that overall, the small crack growth rates for the two conditions 
are similar with the Kt=1.89 growing slightly faster and 
demonstrating slightly more variability in crack growth rate. The 
slight increase in growth rate is likely due to the different stress 
conditions for the small cracks. The notch specimens have a 
global stress ratio of 0.05 but have a local stress ratio in the notch 

that is location specific but on the order of -0.4 to -0.5.  This 
negative stress ratio could contribute to the growth rate.  Small 
cracks tend to have low levels of crack closure.  But small cracks 
growing in a notch stress field are predicted to have higher levels 
of crack closure [6].  However, careful measurements of the 
closure levels of small cracks growing in strain controlled 
specimens demonstrate that the opening load is low and can, in 
fact, be negative [15].  The lowest initial closure (negative) was 
found in the 0 to maximum strain cycle where the first cycle yield 
resulted in a compressive minimum stress. This is similar to the 
first cycle yield in the present notch specimens.  

Another source of faster growth rates in the notch specimen 
is the merging of a primary crack with a secondary crack resulting 
in a jump in the crack length.  Figure 10 shows snapshots of a 
growing, naturally initiated crack. In front of the initial small 
crack, arrow, a larger crack initiates and grows faster than the 
original crack. Note that the maximum stress is slightly sub 
surface, so a larger initiation source may be located just below the 
surface to initiate the second crack.  This growth process will also 
lead to the greater variability in crack growth rate for the notch 
specimens observed in figure 9. Additionally the data analysis 
technique will increase the variability of the notch crack growth 
rates. The da/dN for the notch specimens was calculated using a 
simple secant method while the smooth bar data was regressed 
using a sliding 3 or 5 point polynomial. 
 

 
 

The similarity in small crack growth behavior between 
smooth and notched specimens is encouraging but also highlights 
that model approaches are needed to predict the stress ratio effects 
in small cracks like those in use for long crack fatigue [16].  Small 
crack growth also has greater inherent variability and methods are 
needed to predict this variability for use in probabilistic models. 
There are interesting model approaches that are being developed 
[12] and more work in this area could be fruitful. 

 

 
Figure 9. Crack growth rate versus stress intensity factor for long 
cracks, small cracks growing in a uniform stress field, Kt=1 [2] 
and cracks growing in the notch stress field, Kt=1.89. 
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Figure 8. Crack initiation source and size versus number of 
cycles to failure for smooth [2] and notched specimens. 
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Probabilistic Minimum Fatigue Life Prediction 
 

The minimum fatigue life for the notched bars was simulated 
using the Monte Carlo (MC) method [1, 17]. The distributions of 
crack initiation size and the variation in small crack growth Paris 
Law parameters, C and m were used.  Briefly, the small crack 
growth data were fit to the Paris Law and the resultant 

distributions of C and m values were placed in a joint probability 
distribution for Monte Carlo sampling.  The initial crack size was 
modeled as a lognormal distribution [17] of only the nonmetallic 
particles since these were the largest initiation sources. The K 
versus crack length relation, figure 6, was used to update the 
stress intensity factor of the simulation. The cracks were then 
grown to failure. The methodology is described in more detail in 
References 1and 17.  The cumulative distribution function of life 
from 10,000 MC runs using the smooth bar small crack growth 
rates from reference 2 is shown in figure 11.  The 1/1000 life 
(B0.1) for the two applied stresses are 7200 cycles for a net 
section stress of 800 MPa and 5790 cycles for a net section stress 
of 900 MPa.   These compare reasonably well with the minimum 
observed lives of 7414 and 5262 cycles, respectively.  However, 
these values are slightly anti conservative especially considering 
the limited number of tests conducted and the relatively small 
volume of material (and initiation sites) interrogated.  

 
 

A second set of 10,000 MC runs was conducted using the 
small crack growth rates as measured on the notch test bars, 
shown in Figure 12.  The predicted distributions of minimum 
fatigue lifetime for the notched specimens are in better agreement 
with experimentally observed minimum lifetimes. The predicted 
B0.1 lifetimes were 4430 and 3750 cycles compared to the 
previously mentioned minimum observed lives of 7414 and 5262 
cycles at 800 and 900 MPa net section stress, respectively. These 
predictions use the same initiation distribution of nonmetallic 
particles seen in a greater number of smooth specimens, Figure 8, 
in order to account for the full distribution in crack initiation size 
if more volume was sampled. However, since the present 
experiments have smaller crack initiation sizes, the predictions 
should be and are conservative with respect to these particular 
experimental points. 

These probabilistic calculations demonstrate that the method 
based on fracture mechanics is promising in terms of capturing the 
minimum fatigue life population even in the case of notched 
specimens. 

 
Figure 11. Probabilistic prediction of minimum fatigue life for 
Kt=1.89 using smooth bar small crack growth rates. 
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Figure 10 Replica images showing the variability in small crack 
growth for a specimen tested at 650°C/0.33Hz/R=0.05/ σmax = 
800 MPa/Kt = 1.89. a) 550 cycles, b) 1550 Cycles, c) 2250 
cycles. Dominant crack in a) marked with ↑. 
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Conclusions 
 

The variability of fatigue at 650°C in identical notch test bars 
of powder metallurgy IN100 was studied and the minimum 
fatigue life was accurately predicted using fracture mechanics.  
The following general conclusions were found in this study. 
• The mechanisms of crack initiation are the same in smooth 

and notched test bars for the conditions tested.  
• The small crack growth rates in smooth bars are slightly 

lower than the rates for cracks growing in notched bars. 
• The minimum fatigue life is accurately predicted using the 

fracture mechanics provided that the actual small crack 
growth rates are incorporated. 
These results also indicate that the small interrogated volume 

in notch specimens is sufficient to express the scatter in notch 
fatigue using only a handful of specimens.  Furthermore, if the 
small number of notch bars captures the minimum fatigue life, 
then a turbine engine disk having a number of life limiting, stress 
concentrations should find a minimum fatigue condition in each 
component.  This further indicates that the US Air Force is 
currently operating a redundant lifing philosophy [13] wherein 
both safe life and damage tolerance are concomitantly required for 
all locations in fracture critical components.  A single lifing 
requirement incorporating this probabilistic fracture mechanics 
approach may lead to improved component life utilization and a 
reduction in the data requirements for new materials or systems. 
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Figure 12. Probabilistic prediction of minimum fatigue life for 
Kt=1.89 using notched bar small crack growth rates. 
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