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Abstract MC carbide particles (with Hafnium and/or
Tantalum as constituent metallic element, M) were
observed to crack extensively in a cast polycrystalline
nickel-base superalloy, MAR-M247, when subjected
to low-cycle fatigue loading at room temperature. High
resolution secondary electron images taken on the sur-
face of a double edge notch test specimen revealed that
approximately half the carbide particles cracked in the
highly-strained notch section of the specimen. These
images further illustrated that the average surface area
of cracked particles was approximately three times that
of the uncracked particles. Additional analysis illus-
trated that the cracks within a large number of parti-
cles aligned nearly perpendicular to the loading direc-
tion. However, high aspect ratio particles (with aspect
ratio >3) were prone to incubate cracks aligned along
its major axis, independent of the loading direction.
Additionally, forward-scattered imaging often showed
a high density of slip bands interaction with most of
the particles which cracked. The life limiting crack
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growth in MAR-M247 was observed to be crystallo-
graphic in nature, as the crack grew along slip bands
as measured by high-resolution electron backscatter
diffraction, even after spanning many grains. Statis-
tically representative microstructure models of MAR-
M247 were generated and used in the crystal plastic-
ity finite element simulations. As expected, there was a
significant variation in the computed stress state among
constituent carbide particles. The stress state of the car-
bide particles was found to be heavily influenced by the
stress in surrounding grains and the orientation of the
major axis of the particles with respect to applied load
direction. For particles that intersect the free-surface,
stress was found to be highly concentrated at the free
surface and a positive correlation between the magni-
tude of free-surface area and the maximum principal
stress was found. Additionally, high stress concentra-
tions were observed in regions where carbide particles
intersect grain boundaries.

Keywords Nickel-base superalloys - MC carbide
particles - Grain boundaries - Forward-scattered
imaging - HREBSD - Crystal plasticity - Microstructure

1 Introduction
Cast MAR-M?247 is a polycrystalline nickel-base super-
alloy well known for its high temperature strength,

ductility, fatigue and creep resistance (Nathal et al.
1982). Grain boundary strengthening and enhance-
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ment of ductility at high temperatures is achieved in
MAR-M247 through the formation of discrete MC car-
bide particles (with B1 lattice structure and constituent
metallic element, M, being Hafnium/Tantalum) and
M33Cg carbide particles (with FCC lattice structure and
constituent metallic element, M, being Chromium) dur-
ing solidification (Chen et al. 1998) and thermal aging
processes (Janowsk 1985), respectively. The mechani-
cal properties of MAR-M247 are greatly dependent on
the size, morphology, volume fraction, and distribution
of the carbide particles within the matrix of the material
(Gell and Leveran 1968; Kotval et al. 1972; Kaufman
1984).

Several studies have aimed at characterizing the
microstructure and identifying the mechanisms of
crack initiation and growth in polycrystalline MAR-
M247 (Kotval et al. 1972; Wawro 1982; Kaufman 1984;
Boismier and Sehitoglu 1990; Bor et al. 1999; Szc-
zotok et al. 2006; Szczotok and Rodak 2012; Smid
et al. 2014, 2016). While the Chromium rich M»3Cgq
particles present at the grain boundaries help resist
grain boundary sliding and increase ductility at high
temperature, previous studies have found that brittle
cracks initiated and contributed in providing a pre-
ferred path for crack propagation at the elongated
Hafnium and Tantalum rich MC type carbide parti-
cles (Kotval et al. 1972; Wawro 1982). Several studies
have used high-resolution electron backscatter diffrac-
tion (HREBSD) to calculate the evolution of disloca-
tion density, residual stresses, thermal and mechani-
cally induced strains in the vicinity of non-metallic
inclusions in nickel-based superalloys (Karamched and
Wilkinson 2011; Zhang et al. 2014, 2016, 2015; Jiang
et al. 2015). Although microscopy imaging, coupled
with HREBSD technique provides valuable informa-
tion regarding the deformation mechanisms leading to
crack incubation and initiation, along with the quanti-
fied state of micromechanical deformation in the vicin-
ity of carbide particles, they do not provide information
regarding the complex 3D stress state of the particles,
and the surrounding grains.

For early engineering applications, the effects of
microstructure on fatigue strength were implicitly con-
sidered. For example, efforts were directed toward
life prediction models (Sehitoglu and Boismier 1990;
Brindley etal. 2015) for MAR-M247 subject to thermo-
mechanical loading. Also, the effect of non-metallic
inclusions on fatigue strength has been extensively
studied with several empirical models now available
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(Murakami and Endo 1994). In these foundational stud-
ies, statistical distributions of inclusions were used to
predict fatigue strength and its scatter. In particular,
Murakami and Endo (1994) used the square root of
the particle’s projected area (normal to its maximum
tensile stress direction) as a geometrical parameter to
model the effect of inclusion size on fatigue strength.
Two inherent assumptions made therein are that inclu-
sions can be regarded as mechanically equivalent to a
crack and that the particle size, not shape, is statistically
significant.

More recent studies have provided additional
insights into the complexities of microstructurally-
small crack initiation at inclusions. Bozek et al. (2008)
studied a case where only a small percentage (< 10%) of
all second phase surface particles cracked in AA7075-
T651. Therein, crystal plasticity finite element (CPFE)
computations were used to illustrate the combined
effect of particle aspect ratio, local strain level, and
grain orientation surrounding the particle its stress
state. Predictions of particle cracking frequency and
aspect ratios were in agreement with experiment.
Shenoy et al. (2005) studied the effect of neighbor-
ing grain orientation on the variation of plastic strain
around an inclusion located close to a bi-crystal inter-
face in a nickel-superalloy. Zhang et al. (2009) studied
the influence of particle shape and the interface con-
dition between the particle and the matrix in a carbur-
ized and shot-peened martensitic steel. Przybyla et al.
(2010) studied the change in driving force for nucle-
ation in a near-surface inclusion with the growth in
oxide layer on the surface of a martensitic steel. Using
gradient-enhanced CPFE, Kartal et al. (2014) calcu-
lated the sub-surface residual stresses local to a car-
bide particle contained in a nickel superalloy single
crystal, thereby complementing the free-surface mea-
surements obtained from HREBSD. Salajegheh et al.
(2014), using elastoplastic finite element framework,
studied how the potency of crack nucleation at a non-
metallic inclusion in a martensitic gear steel changes
due to the existence of a neighboring inclusion. The
aforementioned CPFE studies have provided valuable
insights for inclusion-based fatigue crack initiation,
mainly in other alloys.

A progression towards modeling increasingly com-
plex details of nickel-based superalloy microstruc-
ture has also been made, where much focus has
been placed on studying fatigue crack initiation at
twin boundaries. Using microstructural computational
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models in combination with microscopy data, signifi-
cant insights have been made into understanding the
various factors that act in concert to drive fatigue
crack initiation at twin boundaries in various poly-
crystalline nickel-based superalloys like U720 (Sangid
et al. 2011a,b,c), RR1000 (Castelluccio and McDow-
ell 2012; Yeratapally et al. 2016), LSHR (Cerrone
et al. 2015) and René 88DT (Miao et al. 2009).
In contrast, fatigue crack initiation in cast MAR-
M?247, which does not have twin boundaries, occurs at
MC carbide particles. A similar study towards under-
standing various factors that contribute to MC car-
bide particle cracking, specifically in cast polycrys-
talline nickel-based superalloys like MAR-M247 is
warranted.

In the current work, microscopy data (secondary
electron and forward-scattered electron imaging) com-
bined with EBSD analysis was used to characterize the
statistics of crack incubation sites, and micromechan-
ics of deformation in the vicinity of cracked particles.
Further, fatigue experiments and microscopy analy-
sis were complemented with microstructural computa-
tional models. Virtual microstructures representative of
polycrystalline MAR-M?247 are used in a CPFE frame-
work to quantify the variability in the stress state of
the carbide particles. These are used to gain insights
regarding various factors contributing to the variabil-
ity in stress state of particles in the microstructure of
MAR-M247.
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The remainder of the paper is organized as fol-
lows. Section2 discusses the test specimen geometry,
fatigue test setup and microstructural characterization
of MAR-M?247. Section 3 includes results and discus-
sions based on (i) the observations from microscopy
scans and (ii) insights learned from CPFE simulations
regarding various factors contributing to the significant
variability in stress state within the carbide particles.
Conclusions are provided in Sect. 4.

2 Fatigue testing and microstructure
characterization of MAR-M247

The test specimens of MAR-M247 were sectioned lon-
gitudinally from a casting, as shown in Fig. 1a. Using
electro-discharge machining, a double edge notch is
introduced at the mid-plane of the specimen (as shown
in Fig. 1b, c¢) in such a way that the thickness at the cen-
ter of the notch is equal to the thickness of a previously
proposed thin, high-temperature component, which is
used in converting thermal energy into electrical energy
on a deep-space mission spacecraft (Bowman et al.
2004; Schreiber and Thieme 2008). The microstructure
of the component was produced to obtain optimal high
temperature creep and fatigue properties (Wood et al.
2005), which is critical for thin section components.
The double edge notch test specimen was subjected
to displacement-controlled low-cycle fatigue testing
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Fig. 1 a Top view of the casting. Samples were sectioned from the hollow cylinder casting, as shown by the slots in the cylinder. Also
shown is b front and ¢ side views of the test specimen with the double edge notch

@ Springer



82

S. R. Yeratapally et al.

$»

&

100 pm

-

K O
. g,'i
Gh Taa £ Pt‘ w 001

(b) 15

PERCENTAGE

101

00 100

200
GRAIN SIZE (in microns)

300 400

Fig.2 a EBSD scan of cast MAR-M247 taken in the polished section of the specimen and b grain size distribution of cast MAR-M247

at room temperature. Digital image correlation (DIC)
was used to determine a peak displacement such that
the highest strain in the thinnest section of the spec-
imen was 1.5%. Airbrush was used to deposit tita-
nium oxide paint speckles, which ranged from 10 to
50 pm in diameter. DIC parameters (including mag-
nification, resolution, speckle dimensions, and field
of view) were chosen with an intention of capturing
macroscopic strain in the region of interest, but not to
obtain heterogeneous strains due to the complexities
in the microstructure. Based on DIC strain measure-
ments, a peak displacement value of 0.1825 mm was
imposed. A stress ratio (R) of 0.1 was used to prevent
buckling of the specimens. A 10% load drop was used
as a fatigue test stop condition to observe cracks on the
surface of the sample before failure. Once the fatigue
test was stopped, the test specimen was analyzed using
a scanning electron microscope to identify and study
the crack incubation sites.

The notch area (Fig. 1b, c¢) was polished in progres-
sion of 30—15-6-3-0.5 pm diamond polishing solution
followed by 0.05 pwm colloidal silica solution to obtain
an EBSD quality surface. Subsequently, EBSD scans
were obtained over the entire notch width. Figure 2a
shows an EBSD scan taken at the notch region of the
specimen, while Fig. 2b shows the grain size distribu-
tion of cast MAR-M247 obtained from EBSD data col-
lected at the notch section of the specimen. Grain size
distributions obtained from processing the EBSD data
are shown in Fig. 2. The average grain size was approx-
imately 110 pm, with the size of the largest grain being
390 pwm. Further, it was observed that the material had
random texture.

Images were obtained to study the composition
and morphology of various types of carbide particles
using energy dispersive spectroscopy (EDS) and sec-
ondary electron imaging, respectively. It was deter-
mined through EDS analysis that the carbide parti-
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cles forming a continuous array along grain boundaries
were rich in chromium, Fig. 3a. The bulky carbide par-
ticles, Fig. 3b, are comprised of Hafnium and Tantalum
and are referred to as MC carbides. The coarser MC car-
bide particles are highly brittle in nature and provide
easy paths for rapid crack propagation thereby con-
tributing to the degradation of ductility in the material
(Kotval et al. 1972; Wawro 1982).

3 Results and discussion
3.1 Observations from electron microscopy

Results of the EDS analysis and microscopy observa-
tions illustrated that carbide cracking occurred exclu-
sively at Hafnium/Tantalum MC carbides in the notch
section. Consequently, the remainder of this study
was focused on crack incubation in Hafnium/Tantalum
MC carbide particles. Secondary electron images of
150 particles (80 uncracked and 70 cracked particles)
were collected to determine correlations between their
geometry and cracking. Geometric attributes consid-
ered were the free surface area, aspect ratios (calcu-
lated as the ratio between length of major and minor
axis of a best fit ellipse), and the angle made by the
crack (within the cracked particle) with respect to the
loading direction. All of the aforementioned metrics
were collected using an open source image processing
and analysis software, ImageJ (Schneider et al. 2012).

A correlation was found between particle cracking
and the area of the particle on the surface of the speci-
men. Figure 4 compares the free-surface area of cracked
and uncracked carbide particles as cumulative probabil-
ities. The average free-surface area of cracked carbide
particles was approximately three times that of the aver-
age free-surface area of particles that were still intact.
This increased probability of crack incubation in parti-
cles with greater free-surface area can be attributed to
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Fig. 3 a Secondary electron image and EDS analysis show-
ing Chromium rich M»3Cg particles which preferentially formed
along grain boundaries. Also evident are a few scattered Hafnium
and Tantalum rich particles that are larger than the Chromium rich
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Fig. 4 Overlay of cumulative distributions of free-surface areas
of cracked and uncracked carbide particles

many factors acting in concert, including but not limited
to higher driving stress and increased interaction with
slip bands resulting in the formation of more pileups at
the intersection sites of the particles and slip bands.
Approximately 10% of the particles that have free-
surface area greater than the average free-surface area
of cracked particles remained intact, see Fig.4. From
surface observations alone, it was not possible to unam-
biguously determine why some apparently-large par-
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M33Cg carbide particles. b Secondary electron image and EDS
analysis of a bulky MC carbide particle shows that the particle
has a high composition of Hafnium and Tantalum

ticles did not crack. Availability of 3D data would
help clarify any sub-surface effects that influence crack
incubation in carbide particles. However, due to lack of
3D data in the current study, synthetic 3D microstruc-
tures (discussed in Sect. 3.3) are instead used to deter-
mine various contributing factors to crack incubation
in these particles.

The angles made by several cracks with the loading
direction, 6, is plotted as a histogram in Fig.5a. It is
evident that most of the cracks aligned almost perpen-
dicular to the loading direction. This is particularly true
for most of the low aspectratio (aspectratio <3) carbide
particles. The cracks in high aspect ratio particles are
not perpendicular to the loading direction (Fig. 5a). In
these particles, cracks preferentially formed along the
major axis of the particle. This behavior is illustrated
in Fig.5b, which shows a low- and high-aspect ratio
cracked carbide particle and angles made by the cracks
with respect to the loading direction. From Fig. 5b, it
can be seen that in the low aspect ratio carbide particle,
the crack formed is almost perpendicular to the loading
direction, whereas in the high aspect ratio particle, the
crack is aligned along its major dimension.

Additionally, forward-scattered imaging was used to
capture the topographic contrast, which reveals infor-
mation of slip bands in the local neighborhood of the
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Fig.5 aOverlay of two histograms, with one showing the angles
measuring the inclination of cracks (with the load direction)
formed within 54 different carbide particles with aspect ratios
less than 3, and the other histogram showing angles measuring
the inclination of cracks (with the load direction) formed in 16

cracked particles. Forward-scattered electron images
were taken in the vicinity of 40 particles (out of the
150 particles whose size and shape metrics were eval-
uated from secondary electron images) to investigate
the presence of slip bands. The interaction of slip bands
with cracked carbide particles can be clearly observed
in the forward-scattered images shown in Fig.6. The
interaction between slip bands and the brittle carbide
particle causes dislocations to pile-up at the interac-
tion sites, locally raising the stress within the carbide
particle.

Slip bands were not observed at every cracked car-
bide particle. There were also cases where slip bands
were observed at carbide particles that did not incu-
bate cracks in particles. Based on these observations it
can be inferred that, although it is likely that the slip
bands on carbide particles influence the propensity of
crack incubation, it is not a necessary condition for
the observed carbide particle cracking. Table 1 sum-
marizes these observations. A specific example of each
case in Table 1 (except for case including both slip band
interaction and cracked particles as shown in Fig. 6) is
shown in Fig.7.

EBSD scans were taken in the vicinity of cracked
carbide particles (as shown in Fig. 8). The cracking of
particles located at grain boundaries could be driven
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carbide particles with aspect ratio >3. A schematic of a cracked
carbide particle is also shown to indicate the measurement of 6,
the angle between crack and applied load, b Sites 1 and 2 show a
low aspect ratio and a high aspect ratio cracked carbide particles,
respectively

due to localized elastic stress concentrations at grain
boundaries. Localized elastic stresses arise due to sig-
nificant differences in the elastic modulus of grains on
either side of a grain boundary (Margolin 1998; Neu-
mann 1999). In the current scenario, high localized
stresses arise at the interface of the carbide particles
with neighboring grains as there is lack of symmetry
in crystal structure (between MC carbide particle and
surrounding grains). Also, there is a significant differ-
ence in elastic moduli between anisotropic grains (with
cubic elastic constants Cy, Cj2 and C44 equal to 258.6,
167.0, 125.0 GParespectively (Kuhn and Sockel 1988),
and MC carbide particles (with cubic elastic constants
Ci11,Ci2 and Cyq equal to 480.0, 103.0, 177.0 GPa
respectively (Kamis et al. 2011).

3.2 Crystallographic crack growth in MAR-M247

Out of the 70 cracked particles that were investigated,
in only 10 cases did the cracks initiate, i.e. grow into
the matrix, and of those, 4 of them grew in an unam-
biguously crystallographic fashion, as shown in Fig. 9.
Examination of the life-limiting crack in the speci-
men, Fig. 10, showed the presence of cleaved carbides
in the crack path. This life-limiting crack spanned
over ten coarse grains. An EBSD analysis of the tip
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Fig. 6 Secondary electron Site
image and
forward-scattered images of
the neighborhoods of three
cracked carbide particles.
Forward-scattered images
show the topology of the
cracked carbide particles, 1
Y—Y’ matrix surrounding
the particle and the slip
bands interacting with the
carbide particles. In order to
add further clarity regarding ~ 25pm
slip bands, two slip band

Secondary electron image

traces are displayed using
red lines in site 1. The
loading direction and
specimen axis are horizontal
for all images

25 pm

/
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Table 1 Data obtained regarding interaction of slip bands and
particle cracking based on the investigation of forward-scattered
images collected at 40 different particles in the highly strained
region of the specimen

Slip band Number Number of

interaction of cracked uncracked
particles particles

Yes 29 3

No 4 4

of this macroscopic crack shows that crystallographic
cracking continues, suggesting that crack growth is
largely crystallographic at all stages of fatigue crack
growth. To show how the crack growth lines up with

localized deformation features, high resolution EBSD
(HREBSD) post processing was performed at this tip of
the life-limiting crack (Ruggles et al. 2016). HREBSD
analysis provides a map of geometrically necessary dis-
location structure at the same length scale as the EBSD
scan. Slip traces of the two slip planes involved in the
cracking, the (111) and the (111), are shown on an
HREBSD dislocation density map around the crack
tip in Fig. 11. The dislocation density is not homoge-
neously distributed, but rather accumulates into geo-
metrically necessary boundaries and slip bands with
similar saturation values of dislocation density (around
2.5 x 10'*m/m?). From this dislocation density map
shown in Fig. 11, it appears that plastic deformation
ahead of the crack tip accumulates in the form of
slip bands that facilitate crack growth. Crystallographic
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Fig.7 Secondary and Site
forward-scattered electron
images of / an intact carbide
particle at a grain boundary
interacting with slip bands,
2 a cracked carbide particle
with no trace of slip band 1
interaction, and 3 an intact
carbide particle with no
trace of slip band interaction

25 pm

10 pm

25 pum

Secondary electron image

Forward scattered electron image

25 pm

crack growth, even at a point when the crack has passed
through several grains suggests that it is inadequate
to use any crack growth model (for thin-walled spec-
imens made of cast MAR-M247) that does not take
into account the microstructure of the material. This
extended crystallographic growth could be a result of
the extremely thin specimen at the notch.

3.3 Crystal plasticity analysis to statistically study the
stress state of carbide particles

It was evident from microscopy observations that not
all the visible carbide particles cracked, cf. sites 1
and 3 shown in Fig.7. To predict crack incubation
frequency for this material in service, it is of inter-
est to understand the fundamental reasons why some
particles are more vulnerable to crack incubation than
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other particles. Although microscopic imaging coupled
with EBSD provided valuable information to correlate
carbide geometry and qualitative deformation mech-
anisms leading to crack incubation, it cannot provide
information regarding the complex 3D stress state of
the particles, and the surrounding grains. To study the
complex stress state in particles, itis necessary to model
the heterogeneous microstructure surrounding the car-
bides.

For this purpose, a CPFE framework was used to
statistically study the stress state of the carbide par-
ticles. Synthetic microstructure realizations were cre-
ated using DREAM.3D (Groeber and Jackson 2014),
based on the statistics of the microstructures: texture
and grain size distribution obtained from the analysis
of EBSD scans and particles sizes obtained from X-Ray
computed tomography (CT) data. Based on microscopy
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Fig. 8 Secondary electron Site

Secondary electron image

images and EBSD maps of
the local neighborhood of
cracked carbides particles.
Dark spots visible on the
secondary electron image
are the speckle pattern
applied to the sample for
DIC analysis. For all
images, the loading axis and
the specimen axis are in the
horizontal direction

111

001 101

Fig. 9 Crystallographic
crack growth observed for a
fatigue crack that initiated
within carbide. The location
of the carbide is shown
using a circle. The loading
direction is horizontal

observations, there was no evidence that second-order
geometrical irregularities present on carbide particles
specifically influenced cracking in particles. Hence, for
the purpose of the current study, while modeling MC
carbide particles in microstructures, the second-order
geometrical features (irregularities) were not consid-
ered, and the MC particles were modeled as smooth
ellipsoidal geometries. A moment invariant parameter,

111

001 101

Q3, in the ‘StatGenerator’ toolbox of DREAM.3D, was
assigned values close to 1, which helps eliminate sharp
irregularities on the particles, and dictates the geome-
try of the particles to be smoother in nature (MacSleyne
et al. 2008). Equivalent spherical diameter (ESD) was
calculated for all the particles, and was used as a size
metric. The mean size of carbide particles was com-
puted to be 9.90 wm, and the largest carbide particle
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Fig. 10 Secondary electron
image of a single large crack
formed in the notch section
of the specimen. Formation
of surface extrusions and
crystallographic crack
growth can be seen in the
enlarged images of a crack
tip. The loading direction is
vertical

Fig. 11 Slip traces depicted on a dislocation density map of the
region around the macroscopic crack tip for the a (111) and b
(111) slip planes. Note that the crack continues to grow crystallo-

had an ESD of 44.37 wm. Based on the X-ray CT data,
the carbide particle size was assigned a log-normal dis-
tribution with parameters . and o being 2.2738 and
0.5211, respectively. Beta distributions were assigned
to the aspect ratios (% and 7, where a is the length of
major axis, b and c are lengths of minor axes of a best
fit ellipsoid) of the particles. Both equiaxed and high
aspect ratio particles were created. For equiaxed par-
ticles, both the aspect ratios g and ¢ were assigned a
beta distribution with shape parameters o and f equal
to 15.75 and 1.70, respectively. For high aspect ratio
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graphically along slip bands of these two slip systems. The scale
bar of dislocation density (in m/m?) is shown in log scale. The
cracks are shown in white. The loading direction is horizontal

particles, both the aspect ratios % and ¢ were assigned
a beta distribution with shape parameters o and § equal
to 4.9896 and 27.2253, respectively.

Based on the analysis of multiple EBSD scans, it
was observed that cast MAR-M247 had a random tex-
ture. Hence, a random texture definition was assigned
to the synthetic microstructures by assigning random
orientations to grains in the microstructure. The grain
size distribution, shown in Fig.2b, was obtained from
the EBSD scan, Fig. 2a. Since 3D synthetic microstruc-
tures were used in the current study, three main assump-
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tions were made while transitioning the grain sizes
obtained from 2D EBSD scans to create representative
3D microstructures. First, based on the aspect ratios of
the grains calculated from multiple EBSD scans, it was
assumed that the grains were equiaxed. Since the pro-
cessing pedigree of the material, post casting, did not
involve rolling or pressing. Second, based on the obser-
vation that the grain size distribution in a wide variety
of metals and alloys follows a log-normal distribution
(Feltham 1957), it was assumed that the grain size in the
synthetic microstructures also followed a log-normal
distribution. Finally, a stereological scaling factor, %,
was applied to the 2D grain sizes obtained from the
EBSD scan to get an estimate of the 3D grain size dis-
tribution. By comparing the grain size data obtained
from a 3D microstructure (reconstructured from serial
sectioning data) of a nickel-base superalloy, IN100, to
the stereologically scaled 2D grain sizes obtained from
individual EBSD scans, Groeber (2007) showed that
there was <5% error between the two datasets. After
stereologically scaling the 2D grain sizes obtained from
EBSD scans (by a factor of %), a 3D grain size was
defined using a log-normal distribution with parame-
ters L and o being 4.7669 and 0.4925, respectively, with
W and o being the mean and standard deviation of the
associated normal distribution of the logarithm of grain
size parameter. Those parameters were obtained after
fitting a log-normal distribution to the stereologically
scaled 2D grain size distribution. The aforementioned
statistical attributes were then input into the ’StatGen-
erator’ toolbox of DREAM.3D to create three differ-
ent instantiations of the microstructure of MAR-M?247.
The two-sample Kolmogorov-Smirnov (KS) method
was employed (at 5% significance level) to test the null
hypothesis which states that there is an equivalence
between the stereologically scaled grain size distribu-
tions obtained from 2D EBSD scans and the grain size
distributions within the synthetic microstructures gen-
erated by DREAM.3D. A synthetic microstructure was
accepted as a MAR-M247 representative microstruc-
ture only after the two-sample KS test accepted the null
hypothesis. In one of the synthetic microstructures gen-
erated, the 3D grain size distribution obtained from the
microstructure was fit to a log-normal distribution. The
fitting parameters for the log-normal distribution,
and o, were 4.7344 and 0.5013, respectively, which are
close to the aforementioned parameters of log-normal
distribution that was fit to the stereologically scaled 2D
grain size distribution obtained from EBSD scans.

For the purpose of this study, synthetic microstruc-
tures were created considering only the Hafnium and
Tantalum rich MC carbide particles present at grain
boundaries, and ignoring the Chromium-rich M»3Cq
particles, due to the high frequency of cracking at MC
particles. Further, the Y’ precipitates were not explic-
itly modeled, such that the effect of the Y—y’ phase
was homogenized. The interface between MC carbide
particles and the Y—y' matrix was assumed to be per-
fectly bonded, as de-cohesion between particles and
matrix was never observed in microscopy images. Sur-
face meshes of all the features (grains and carbides)
comprising the two-phase polycrystalline microstruc-
ture were input into Gmesh (Geuzaine and Remacle
2009) to generate a tetrahedral volume mesh of the
microstructure. This volume mesh was then input into
an in-house finite element code, ScIFEi (Warner et al.
2016), to carry out the computationally-intensive sim-
ulations to solve for the heterogeneous stress and strain
state within the microstructure.

3.3.1 Crystal plasticity framework

A CPFE framework was used to solve for the heteroge-
neous stress state within the polycrystalline microstruc-
ture by combining anisotropic elasticity with rate-
dependent crystal plasticity kinetics. For the elas-
tic behavior, individual grains representing the Y—y’
matrix were assigned cubic elastic constants C11, Cy»
and Cy4 equal to 258.6, 167.0, 125.0 GPa respec-
tively (Kuhn and Sockel 1988), while the MC car-
bide particles were assigned isotropic elastic proper-
ties, with Young’s modulus equal to 255 GPa (Li and
Li 2010). This simplifying assumption precludes any
dependence on crystallographic orientations within the
carbides, but serves to reduce the number of variables
for a tractable study. Poisson’s ratio of the particles was
assumed to be 0.33. No plasticity model was applied
to the carbide particles, as it is well known that these
particles are brittle. Rate-dependent crystal plasticity
kinetics (flow rule and hardening law) were assigned
for the homogenized Y—y’ matrix. Since the experi-
ments were conducted at room temperature, it has been
assumed that the plastic flow occurs only through dislo-
cation glide on octahedral slip systems within the Y—y'
matrix, while cubic slip is not activated. The flow rule
used for describing incremental slip on the octahedral
slip systems is shown in Eq. 1
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, ey

where ¥* and 7° are the shear and reference shear rates
of slip system o, respectively, m is a shear rate sensitiv-
ity parameter, T* is the resolved shear stress acting on
a slip system o, and g” is critical resolved shear stress
representing the delay in the onset of plastic deforma-
tion.

The slip resistance, §%, shown in Eq.2 evolves
according to a gradient based evolution law obtained
from combining the hardening laws given by Beaudoin
et al. (2000) and Voce-Kocks relations (Kocks 1976)

Nss

S Z/(ﬁf;, ar) (o) |7

72(g" — g

=)

where g& and s are the initial and saturation resolved
shear strengths of slip system a, Ngg represents the
number of slip systems, H, and G,, are the direct hard-
ening coefficients, p = % (Cerrone et al. 2015), b is the
Burgers vector, fi, is the slip plane normal, |1 an elastic
constant equal to Ca4, A is the measure of dislocation
density and is calculated using the gradient of plastic
deformation as shown in Eq. 3,

2)

Ay = Ejleﬁ,k' 3)

In addition to the elastic constants, there are 6 cal-
ibrated parameters (Yo, m, Ho, Go, g and g?) in the
crystal plasticity model used in the current framework.
The parameters were iteratively tuned in order to fit the
macroscopic stress strain curve of MAR-M247 at room
temperature, obtained from Liao et al. (2010). The final
calibration parameters of the crystal plasticity frame-
work are shown in Table 2.

The CPFE simulations cannot resolve individual slip
bands, and hence, cannot be used to model explicitly
the interaction of slip bands with carbide particles,
which were observed in microscopy images (shown
in Fig.6). However, using the CPFE framework, it is
possible to study homogenized stress and strain fields
within the microstructure. In a CPFE framework, stress
and strain are interrelated through flow and harden-
ing laws. The stress state within the features (grains

@ Springer

Table 2 Calibrated parameters to fit the macroscopic stress
strain curve of MAR-M247 at room temperature

Parameter Value
Yo (571 0.98
m 0.045
H, (MPa) 412.3
G, (MPa) 415.2
2o (MPa) 320.2
g% (MPa) 375.2

and carbides) was chosen as the metric to study which
factors govern the propensity of driving crack incuba-
tion. Furthermore, since the MC carbide particles were
assigned an isotropic linear elastic material property
for which the principal strain axes coincides with prin-
cipal stress axis, and as there exists a simplistic relation
between stress and strain as per Hooke’s law, to elim-
inate redundancy, we chose to only present principal
stresses within the particles.

3.3.2 Polycrystal simulations

Three statistically representative polycrystal models
of the MAR-M247 microstructure were generated
to study the variation of particle stress state due
to variation in neighboring microstructure. One of
the microstructure models created using the work-
flow described in Sect.4.3 is shown in Fig.12. The
microstructure model (shown in Fig.12b, c¢) con-
sists of 120 grains and 115 carbide particles, which
were inserted at grain boundaries to be consistent
with experimental observations. The finite element
mesh of the microstructure model was discretized into
33,376,312 quadratic tetrahedral elements and con-
tained 45,377,865 nodes. The boundary conditions
applied on the microstructure model are described in
Table 3. A strain of 1.5% was applied to the synthetic
microstructures using displacement controlled loading.
Each of the three simulations were run in parallel on
1000 processors using NASA’s Pleiades supercomput-
ing cluster for about 40 hours.

To better understand the fundamental observation
that particles cracking appears stochastic, it is impor-
tant to investigate the factors responsible for variation
of stress state of the particles. For this purpose, four fac-
tors which serve to concentrate stress within the parti-
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(a)

Z X

Fig. 12 a 3D rendering of the specimen showing the coordi-
nate axis and the location at which the microstructure volume is
being modeled b a statistically representative polycrystal model
of MAR-M247, with MC carbide particles at the grain bound-
aries. This particular microstructure has 235 features (120 grains

Table 3 Model boundary conditions

Boundary face Boundary condition

-X Fix X displacement
+X Free

-Y Fix Y displacement
+Y Apply Y displacement
—Z Fix Z displacement
+Z Free

cles were considered in this study: (i) stress state of the
grains surrounding the carbide particles; (ii) location
of the particles w.r.t. the free surface; (iii) orientation
of the particle w.r.t. loading direction; and (iv) grain
boundary effects.

First, to study the influence of the stress state of
the neighboring microstructure on the stress state of a
carbide particle, average maximum principal stress was
computed for all the particles, and for their correspond-
ing grain neighbors. For each carbide particle, maxi-
mum principal stress was computed at every integration
point in its discretized volume. The average value of the
maximum principal stresses were then taken for each
grain and carbide region separately. This homogeniza-
tion method provides a convenient basis for investigat-
ing and illustrating the four stress-concentrating factors
stated above. From three unique synthetic microstruc-

and 115 carbide particles) in a volume of 200 x 200 x 2000 pwm,
with a resolution of 2 pwm per voxel. ¢ Opacity of the same
microstructure was adjusted to distinctly show all the carbide
particles inserted at grain boundaries

tures, the average stress state of 334 carbide parti-
cles, and the stress states of their immediate neighbor-
ing grains was collected, and the corresponding data
obtained is illustrated in Fig. 13. Each data point in
Fig. 13 corresponds to the average stress state of the
carbide particle and to that of the volume occupied by
the surrounding grains. There is an overall positive cor-
relation between the average stress state of the neigh-
boring grains and the average stress state of the carbide
particles. In addition to the correlation, there is also a
significant variation in the stress state of the carbide, for
a given average stress state of the carbide neighborhood
volume, occupied by its neighboring grains.

The homogenized average stress state of carbide par-
ticle provides no specific information regarding where
or in which direction a crack would incubate. To study
local heterogeneous stress concentration within carbide
particles, maximum principal stress was plotted on the
particle boundaries, see Fig. 14. For particles that reside
within the bulk of the microstructure, Fig. 14a and b, a
high concentration of maximum principal stress was
observed at locations where the particle intersected
with grain boundaries of neighboring grains. The devel-
opment of stress concentration at the aforementioned
location is driven due to a difference in lattice mis-
match between the grains in addition to a significant
differences in the elastic moduli between the grains
and the carbide particle. With high maximum principal
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Fig. 13 Scatter plot
overlaid on a density
contour plot to show a
correlation between the
average value of maximum
principal stress in carbide
particles and average value
of maximum principal stress
in the grains neighboring
each carbide particle. All
the stress data was obtained
at applied peak
displacement when the
macroscopic strain was
1.5%. Values on the color
bar represents frequency,
which is equivalent to the
height of the 3D surface plot
constructed from a bivariate
histogram created on a
rectangular grid, using the
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stresses concentrated, the intersection sites of carbide
particles with grain boundaries would be potential sites
where cracks incubate within the carbide particle, and
due to this the cracks within the particle can be favor-
able aligned with the grain boundaries. This is also in
line with the microscopic observations made earlier.
In particles that intersect the free surface, Fig. 14c,
d, stresses were observed to be most concentrated in
regions within the particle close to the free surface,
while showing a less pronounced stress concentration
at its intersection with grain boundaries. The defor-
mation and hence stress in carbide particles that reside
completely within the bulk of the microstructure is con-
strained by grains neighboring the particle. But, parti-
cles that intersect with the free surface are relatively less
constrained compared to particles completely within
the bulk of the microstructure. Consequently, the car-
bide particles intersecting with the free surface are sub-
ject to statistically higher deformations specifically in
regions close to the free surface, which lead to higher
stresses in those regions, as shown in Fig. 14d.
Surface area data collected using microscopy images
for both cracked and uncracked particles, shown in
Fig. 4, statistically showed that particles with larger free
surface area are more vulnerable to cracking. Hence, it
was of interest to study if the stress state of the particle
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would be influenced by the magnitude of its free surface
area. For this purpose, 24 carbide particles that inter-
sect with the free surface of the microstructure were
considered from the three virtual microstructures used
in this study. The free-surface area of the 24 particles
was calculated from their respective surface meshes.
In each surface mesh, the facets that lie on the free
surface were filtered out and the overall free surface
area was calculated by summing up the areas of indi-
vidual free-surface facets. Following the calculation
of free-surface area, the average maximum principal
stress was obtained for each of the 24 particles. The
average maximum principal stress was plotted against
the free-surface area of the particles, as shown in Fig. 15
using an error bar plot, where the error bars repre-
sent standard deviation in a particular bin. The vari-
ance in stress states of particles arise from various fac-
tors including heterogeneity neighboring microstruc-
ture and geometric attributes of the carbide particles
(orientation, aspect ratio etc.,). Overall, a positive cor-
relation was observed between the average maximum
principal stress and the free-surface area of particles,
implying that increased stress concentration is one of
influential factors behind the observed higher propen-
sity of crack incubation in particles with large free sur-
face area.
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Fig. 14 a 3D rendering of a carbide particle present within the
bulk of the microstructure, colored in such a way that each color
represent a different grain neighbor. The intersection of the par-
ticle’s surface with grain boundaries is shown using a thick black
line, b maximum principal stress value plot for the particle, ¢
3D rendering of a carbide particle that intersects with the free
surface, colored in such a way that each color represent a differ-
ent grain neighbor. The intersection of the particle’s surface with
grain boundaries is shown using a thick black line, d maximum
principal stress value plot for the particle. The visualizations of
the maximum principal stress states in both the carbide particles
were obtained at applied peak displacement when the macro-
scopic strain was 1.5%

In addition to the carbide neighborhood and free sur-
face effects, the influence of particle alignment with
respect to the load direction on the stress state of the
particle was also investigated. For the purpose of this
study, the orientation of a particle with the applied load
was calculated as the angle between the particle major
axis, determined by a best fit ellipsoid, and the applied
load direction. Orientations were obtained for all the
carbide particles from three microstructures, except for
the ones which intersect with the surfaces on which
boundary conditions were applied. The average maxi-
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Fig. 15 Average value of maximum principal stress in carbide
particles grouped by free surface area of particles. Error bars on
the plot represent standard deviation. The stress data for all the
particles was obtained at applied peak displacement when the
macroscopic strain was 1.5%

mum principal stress in the particles was plotted against
the orientation of the particles, see Fig. 16. It can be
inferred from the plot that particles with their major
axis aligned closely with the tensile load axis experi-
ence higher stresses relative to those particles whose
major axis is perpendicular to the load axis. MC car-
bide particles which belong to the latter category can
significantly improve the fatigue resistance and hence
contribute towards improving the fatigue life of the
material.

CPFE analysis helped gain insights into the various
factors that influence the stress state of carbide parti-
cles. Based on the analysis, it was shown that although
the free-surface area of particles is significant (as shown
in Fig. 15), the variability of the stress state of the par-
ticles is also affected by: (i) the geometric alignment
of the particles with respect to the loading direction,
(ii) stress concentrations developed by the interaction
of particles with grain boundaries and free-surface (as
shown in Fig. 14) and (iii) the variability in the local
microstructure surrounding the carbide particles (as
shown in Fig. 13). In addition to these first-order direct
correlations, determining the covariance matrix would
help ascertain the second-order effects, which would
be a beneficial extension of the current work.

Extension of this work toward prediction of car-
bide particle cracking would require validation of the
assumption that there is a direct relationship between
the carbide particle stress state and likelihood of crack
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Fig. 16 Average value of maximum principal stress in carbide
particles grouped by the angle made by the major axis of particles
with the load direction. The stress data for all the particles was
obtained at applied peak displacement when the macroscopic
strain was 1.5%

incubation. Such a validation would require either a
direct measurement of carbide particle stress state (via
strain measurement and assumption of linear elasticity)
or replicating the 3D geometry of the carbide particles
and computing stress (via CPFE). If valid, a comparison
of cracked and intact carbide particles would effectively
calibrate a particle strength to be used for prediction.

4 Conclusions

The following conclusions are drawn from this work:

e Fatigue cracks incubated extensively at large
Hafnium/Tantalum rich MC carbide particles, when
MAR-M247 was subject to low cycle fatigue at
room temperature.

e Analysis of secondary electron images showed
that the free-surface area of cracked particles was
approximately three times that of the uncracked
particles. Further, it was determined that the cracks
aligned nearly perpendicular to the loading direc-
tion in particles with aspect ratios <3, the cracks
predominantly aligned with the major axis, in par-
ticles with high aspect ratios.

e Through forward-scattered electron imaging, it was
observed that a significant number of slip bands
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interacted with a large number of carbide parti-
cles which cracked. Fewer particles were still intact
upon the interaction of slip bands.

e Microscopy analysis showed that a large life-
limiting crack grew crystallographically, even when
spanning the length of multiple grains. HREBSD
analysis showed that the crack grew along slip
bands of two active slip systems.

e Crystal plasticity finite element (CPFE) simula-
tions that were run using virtual microstructures of
MAR-M247 showed that there are four major con-
tributing factors which influence the stress state of
the carbide particles. (i) A strong positive correla-
tion was observed between the average maximum
principal stresses of the carbide particles and the
average maximum principal stress within the grains
neighboring the carbide. (ii) An inverse correlation
was observed between the angle made by major
axis of carbide particles with the load direction and
their average maximum principal stress. Particles
with their major axis aligned closely with the ten-
sile axis experienced higher stresses compared to
the particles whose major axis was perpendicular
to the tensile axis. (iii) For particles which intersect
with the free surface, the magnitude of their free
surface area has a direct correlation with the aver-
age maximum principal stress within the particles
and the regions of particles close to the free surface
experienced high principal stresses. (iv) Finally,
high stress concentrations were observed in regions
where the carbide particle intersected with the grain
boundaries.
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