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Abstract

microcracks, and simulation of the material stress state
using the corresponding 2d map of grain orientation
information. The simulation is achieved via a fast
Fourier transform (FFT) technique [4,5] providing a
full-field model of the elastic stress response.

A preliminary investigation into the microstructural factors potentially associated with fatigue crack initiation
along coherent twin boundaries in the nickel-based superalloy LSHR is presented. Cracks appear to initiate
predominantly along twin boundaries. Electron Back
Scatter Diffraction (EBSD) maps, coupled with calculations of the local elastic stress point to an influence of
the Schmid factor. The length of the twin appears, however, to be more strongly correlated with the tendency
to crack.

The specimens are 3 mm wide, flat dog bone samples
of the advanced disk alloy LSHR [6]. The nominal
composition of LSHR in weight percent is 3.5Al, 0.03
B, 0.03C, 20.7Co, 12.5Cr, 2.7Mo, 1.5Nb, 1.6Ta, 3.5Ti,
4.3W, 0.05Zr, bal Ni. The processing consisted of
atomization in argon, atomized powder being passed
through screens of -270 mesh to give powder particle diameters of no more than about 55 µm. The
powder is then sealed in a stainless steel container,
hot compacted, and extruded at a reduction ratio
of 6:1. Rods of 0.5 inch diameter and about 6 inch
length were induction heated in the middle region
above the gamma prime solvus temperature to produce a supersolvus, coarse grain structure.
Thin
(approximately 1 mm thickness) specimens were then
EDM-machined from these rods. Average grain size
in the coarse-grained and fine-grained regions were
about 23 and 4 µm respectively. A secondary electron
image of the microstructure showing gamma prime, as
well as an example of a surface microcrack, is depicted
in Fig. 1. Figure 2 depicts a grain size distribution.
This distribution was calculated by fitting ellipses to
a map of the microstructure, and plotting the results
based on the length of the major axes. Note that the
fitted line in this and later cumulative probability plots
represents an exactly normal distribution, given as
comparison to the experimental distribution. The test
specimens received an electropolish and were fatigued
in tension-tension under conditions sufficient to generate surface cracks (test parameters are give in Table I).
Among potential crack initiation sites, as indicated by
sample replications, four surface cracks were selected
for characterization and analysis. One of the test
specimens was sectioned in support of future efforts
to characterize and analyze the three-dimensional
microstructure. The large-area EBSD mapping of these

Introduction
Nickel-base superalloys are important engineering materials, particularly in the demanding application in various parts of gas turbines for aerospace and, increasingly, the ground-based energy production which will
become more important as more electrical energy productions shifts from fossil-based to less-steady renewable sources. The continuing performance and efficiency
increases demanded by these applications require operation at higher temperatures and expectations of longer
fatigue lifetimes. Fatigue failures depend not only on
crack growth rates but also crack initiation, therefore
predicting and extending fatigue life requires not only
the implementation of crack growth models from fracture mechanics, but also a better understanding of the
relationship between microstructure and the initiation
of small fatigue cracks at the length scale of individual
grains [1-3].
Approach
The overall approach of the present work is to characterize fatigued nickel-base superalloy specimens,
identify fatigue microcracks in the surface, and combine
orientation data with a simulation of the stress response to investigate any trends in the microstructures.
Initial work is limited to two-dimensional automated
electron backscatter diffraction (EBSD) mapping of
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Figure 1: Secondary electron image of a microcrack on
the surface of an electropolished fatigue test specimen.

Figure 2: A typical distribution of grain sizes, measured
by fitting ellipses to the grains and taking the length of
the major ellipse axis. The fitted line in this cumulative
probability plots represents an exactly normal distribution, given as comparison to the experimental distribution.

Table I: Test Parameters
maximum stress
stress ratio, R
frequency
temperature
number of cycles, N

1050 MPa
0.05
10 Hz
23 ◦ C
37,500

have been shown to compare favorably to finite element
simulations [7].

surface cracks provided the orientation information
necessary for both the boundary analysis, a description of which follows, and as input for the elastic
FFT simulation. For comparison, a simple Schmid
factor calculation, assuming a constant stress state
everywhere, is also presented. The spectral method
is an alternative to finite element modeling, used in
this instance because of its convenience and speed.
The FFT-based elastic simulation code was developed
by R. Lebensohn [5], based upon a simulation model
developed by Moulinec and Suquet [4] for the analysis
of composite structures. This simulation approach
was adopted in the present study due to a number
of important features. First, most characterization
techniques yield microstructural data on a discretized
grid. The FFT-based approach takes an orientation
map as direct input, precluding the need for a mesh
generation procedure as with finite element-based simulations. In addition, improvements in characterization
techniques, specifically in 3D characterization, have led
to increasingly large datasets requiring more efficient
simulation techniques. The FFT-based approach is
much less computationally intensive, with results which

The simulation of elastic stress response imposes
a strain boundary condition, and the reported stress
values will of course depend on the amount of strain.
As it is a purely elastic calculation with no regard for
the yield stress, the relative values of stress on different
systems, as affected by the elastic anisotropy, are of
importance rather than the absolute values.
The boundary analysis consists of grain segmentation using the commercial TSL EBSD analysis
software, followed by segmentation and smoothing of
boundary segments using in-house code which sorts
boundaries by type according to their coincident site
lattice (CSL) Σ designation. The Σ3 boundaries were
further sorted into a list of likely coherent boundaries
by calculation of the surface trace normal. Schmid
factors were calculated, for those grains that are
adjacent to coherent Σ3 boundaries, not by taking
the maximum value from amongst all available face
centered cubic (fcc) slip systems (as for example in
Fig. 3, but by selection of the maximum value from only
the boundary-parallel slip planes. An example is depicted in Fig. 4, with the maximum crack-neighboring
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Figure 3: A typical distribution of maximum Schmid
factor values, taking the maximum from all 12 possible
slip systems.
Figure 5: Secondary electron image of a microcrack on
the surface of an electropolished fatigue test specimen.
The crack occurs along a coherent Σ3 boundary.

Figure 4: A distribution of maximum Schmid factors from amongst coherent Σ3 boundary-parallel slip
planes, with the maximum crack-neighboring value
highlighted by the dashed line.
value highlighted by the dashed line. These plots are
shown for comparison to the more refined calculation
of maximum resolved shear stress along coherent Σ3
boundary parallel planes, calculated by combining
the segmented boundary list with the corresponding
simulated stress field data.
Figure 6: EBSD map of the region surrounding the
crack depicted in the previous figure. The arrow indicates the loading direction. The crack boundary is
circled near the center of the image.

Results and Analysis
The observed cracks occur along likely coherent Σ3
boundaries, oriented favorably for slip along boundary
parallel slip directions. Figure 5 depicts one of the
cracks, and the corresponding EBSD map appears
in the following figure (Fig. 6), with the horizontal
direction corresponding to the specimen tensile axis.

The segmentation by boundary type is given in Fig. 7,
with Σ3 boundaries in yellow, coherent Σ3 boundaries
in red, and general boundaries in blue (note: the PDF
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Figure 8: The same region is depicted with Σ3 boundaries colored according to the value of the maximum
Schmid factor chosen from amongst Σ3 boundaryparallel slip planes.

Figure 7: A segmentation map of the region depicted in
Figure 6, colored by boundary type as described in the
text.

likely to be due to a combination of factors, with
long, favorably-oriented twin boundaries favored, but
more work is needed to develop a mechanism for
crack initiation, establish greater statistical certainty
and test models that are consistent with the thus-far
observed trend. Despite their ostensibly low grain
boundary energies, these coherent boundaries might
offer a greater opportunity for slip due to their plane
orientation relative to the loading axis, and the longest
of these boundaries may be susceptible to a greater
accumulation of dislocation pileups and resulting stress
concentrations. Although this might account for the
unexpected initiation of cracks along such boundaries,
a more rigorous statistical analysis of the relative
importance of RSS versus boundary length is required.

file on the accompanying CD should be examined to
see the colors). In order to visualize the distribution of
resolved shear stresses (RSS), the coherent boundaries
are colored according to the maximum calculated
value from either side of the boundary in Fig. 8. Other
researchers have described a combination of microstructural features associated with surface crack initiation
in similar alloys under similar test conditions [8-11],
namely the presence of Σ3 twins, favorably oriented for
slip, with some indication that grain size also plays a
role. Initial results presented here support this same
combination of microstructural features. Cracks were
observed along candidate coherent Σ3 boundaries.
However, such boundaries make up approximately 30%
by length of all surfaces characterized. Microcracks also
occurred along those boundaries favorably oriented for
slip, at least to a first order, as indicated by a constant
stress state assumption (i.e. Schmid factors). Here
again, this appears to be a necessary but not sufficient
condition for crack initiation. Although a full-field
simulation of the elastic stress response does indicate
relatively high RSS values for crack-adjacent grains in
a few instances, there is a broad spread of RSS values
even for this small sampling of cracks. In terms of
boundary length, crack-initiating boundaries do fall in
the upper tail of the distribution.

Cumulative probability plots summarizing the results for the four crack regions characterized are
depicted in the following figures. Plots of maximum
RSS values, from grains adjacent to coherent Σ3
boundaries, are depicted in Fig. 9, with a cumulative
probability plot of RSS values for all regions combined
given in Fig. 10. Crack-adjacent values are indicated
by vertical lines in each figure.The boundary length
distribution of Σ3 boundaries is depicted in Fig. 11, in
which data from all four crack regions are combined.
Summary
After observation of fatigue crack initiation along Σ3
twin boundaries, and simulation of the tensile loading

Initiation of LCF cracks in these specimens is
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Figure 9: Cumulative probability plots of maximum resolved shear stress in Σ3 boundary-adjacent grains, for each
of four different microcrack regions. Vertical lines indicate values for the crack-adjacent grains. The fitted lines in
these cumulative probability plots represent an exactly normal distribution, given as comparison to the experimental
distribution.
elastic response of fatigued nickel-base superalloy specimens, the resolved shear stress along such boundaries
has been estimated. The initial results point to the
potential importance of boundary length for those coherent twin boundaries favorably oriented for slip activity. Aside from obtaining additional evidence to support
this analysis, future work will employ full-field elastoviscoplastic simulation of the stress response under fatigue test conditions, as well as simulations based on
orientation data from a three-dimensional volume. Not
only will the three-dimensional microstructure improve

the stress field simulation, it will provide additional microstructural metrics such as grain boundary area, and
allow for the testing of more refined models for the initiation of microcracks in these materials.
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Figure 10: Cumulative probability plot of the combined
EBSD data from the previous figure. Vertical lines indicate values for the crack-adjacent grains, with solid red
lines corresponding to the larger, dashed blue lines the
smaller, of the values from either side of a given crack.
The fitted line represents an exactly normal distribution, given as comparison to the experimental distribution.

Figure 11: Cumulative probability distribution of coherent Σ3 boundary lengths, for the combined EBSD data
of four surface crack regions, with crack boundaries indicated by vertical lines. The fitted line represents an
exactly normal distribution, given as comparison to the
experimental distribution.
acterization of the Advanced Disk Alloy LSHR”
(NASA/TM-2005-213645, 2005).
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