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I. Introduction

As the US Air Force fleet continues to age, a greater portion of its budget will be required to ensure
safe and effective operations beyond the design service life. In fact, for various military vehicles
and platforms, the recommended service life for safe operation is projected to increase by a factor
of 1.5to 5 (AFRL, 2014). The high demand for safety and cost reduction culminates in the case of
materials systems operating under extreme environments such as turbine blades made of Ni-based
single crystal superalloys. Turbine blades are used in the hot section of the engine and are,
therefore, subjected to multiaxial high-temperature viscoplastic deformations, namely, creep and
dwell/fatigue, due to both their complex geometry and their advanced design, e.g., internal cooling
channels aimed to increase the exhaust-gas temperature during in-service operations. Uniaxial
thermo-mechanical environments have already been shown to lead to phase transformations (le
Graverend et al., 2010), microstructure gradients (Ignat et al., 1993), and lattice rotations
(Ardakani et al., 1999) which dramatically alter the mechanical properties. So, the following
question is raised: how does in-service thermo-mechanical loading modify the kinetics of
microstructural instabilities? The development of predictive deformation and damage models
tailored for such extreme conditions are necessary and has recently been emphasized through the
Digital Twin (DT) paradigm for future NASA and Air Force vehicles (Glaessgen and Stargel,
2012; Tuegel et al., 2011). Therefore, synergetic experimental and modeling approaches are
required to step toward a fully integrated computational materials engineering. The project aimed
at investigating the effects of multiaxiality and anisotropy on the kinetics of microstructural
instabilities in single-crystal metals and alloys under creep.

II. Summary of Accomplishments

Key results of the project included 1) correlating damage and topological inversion depending on
the volume fraction of the strengthening phase (Harikrishnan and le Graverend, 2018), 2)
determining the role played by the lattice misfit and the microstructural state on the internal
stresses (le Graverend and Harikrishnan, 2019, 2021), 3) modeling the effect of oxidation on
lifetime (le Graverend and Lee, 2020a; le Graverend and Lee, 2020b), 4) developing a damage
model for non-isothermal loading (le Graverend, 2019), 5) determining the effect of multiaxiality
on stress redistributions and lifetime (Harikrishnan et al., 2021), 6) formulating a crystallography-
sensitive phase-field model (Harikrishnan and le Graverend, 2021), 7) formulating a phase-field-
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informed vectorial modeling of rafting in Ni-based single crystal superalloys (le Graverend and
(Harikrishnan, 2021). Results from each of these studies are summarized in the next sections.

II.1 PREDICTION OF TOPOLOGICAL INVERSION VIA DAMAGE-COUPLED PHASE-FIELD
SIMULATIONS

A phase-field framework has been modified to mimic the effect of dislocations on the y’ phase to
predict the topological inversion that occurs in the tertiary creep stage. The study aimed at better
predicting the microstructural evolution of Ni-based single crystal superalloys during high-
temperature/low-stress creep experiments using a newly proposed Creep-Damage Phase-Field
Model that accounts for microstructural degradation as damage. In this context, for the first time,
the complete microstructural evolution, including the topological inversion, is simulated using a
phase-field model.

A damage density function, M evolving from 0 (undamaged state) to 1 (fully damaged state),
can be interpreted as the amount of dislocations in the strengthening phase y’ and not as a
conventional mechanical damage. According to the effective stress concept, the constitutive
equations of any damaged material can be obtained by replacing the Cauchy stress in the
constitutive equations of the corresponding undamaged material with an adequately defined
effective stress, related to the surface that effectively resists the load. In practice, the damage
density function implemented in the phase-field model modifies the 7y’ stiffness matrix that
becomes softer with the increase of damage. It was, indeed, assumed that the topological inversion
is related to the softening of the y’ precipitates. Phase-field simulations were carried out from 1000
to 1200°C with an unconstrained lattice misfit and parameters that are relevant for the CMSX-4
alloy (Figure 1).
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Figure 1: Cuboidal microstructures obtained by the modified phase-field model for different temperatures.
The volume fraction obtained depending on the temperature is consistent with experimental observations.
The y’ phase is shown in black color and y phase in white transparency.

The results from the original phase-field model (MPF) and the creep-damage phase-field model
(CDPF) are compared to show the capabilities of what was developed (Figure 2). For clarity of
comparison, all the simulation timesteps are normalized by the rupture timestep of the
corresponding creep-damage phase-field simulations (Tr). The value of Tr from each CDPF
simulation is calibrated using the creep curve from a macroscopic crystal-plasticity framework
with a coupled plasticity-damage formulation. The MPF calculations were continued for longer
durations to see if the model was capable of predicting the loss of microstructure coherence.
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Figure 2: Comparison of simulations from The MPF model and the CDPF model at1000°C/200 MPa. The
load is applied along the x-direction and TF is the time to rupture for the CDPF model.

The loss of microstructure coherence is predicted only in the CDPF simulation that shows
a destabilized microstructure at the transition between the secondary and tertiary creep

stages.
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Figure 3 shows the microstructure evolution during creep in context.
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Figure 3: Macroscopic crystal plasticity curves for 1050°C/150 MPa. CDPF microstructures at various
points on the curves are added.

The experimental studies on the effect of volume fraction on topological inversion revealed that
topological inversion only happens for superalloys with y’ volume fractions higher than 50% (see
Figure 4), which is in agreement with the experimental findings in the literature.
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Figure 4: Summary of the conditions investigated and when topological inversion was observed.

I1.2 A PHASE-FIELD-INFORMED MICRO-MECHANICAL APPROACH ON THE EFFECT OF
LATTICE MISFIT IN NI-BASED SINGLE CRYSTAL SUPERALLOYS

As a step towards realistic modeling and to leverage the maximum capability of two separate
successful mesoscale frameworks already used for Ni-based single-crystal superalloys, namely
multi-phase field model (Harikrishnan and le Graverend, 2018; Steinbach et al., 1996) and finite-
element crystal plasticity (le Graverend et al., 2014b; Méric and Cailletaud, 1991), we present a
bottom-up scale-bridging strategy to better understand the effect of the microstructural state on
macro-scale performance of a (001)-oriented Ni-based single-crystal superalloy. Here, instead of
artificially sketching idealized microstructures for FE calculations, several realistic 3D phase-field
microstructures with the right y’ volume fraction, as well as shape and distribution of the
precipitates at the envisioned temperature/stress conditions, are simulated (using accurate
thermodynamic descriptions and heat treatment conditions). Subsequently, the initial cuboidal and
rafted microstructures are imported into an FE crystal plasticity framework. After that, the
mechanical response of these 3D statistically volume elements (SVE) assigned with different
materials properties for each phase is compared for a strain-controlled tensile test up to 2% strain
and cyclic test with Ae = 2% at a strain rate of £ = 1073 s71,

For the sake of demonstrating the effect of precipitate shape on the macroscale response, six
different natural lattice misfits similar to experimental findings at high temperature were used (Van
Sluytman and Pollock, 2012) to generate six differently-shaped cuboidal microstructures (Figure
Sato f): 6 =-0.2%,-0.25%, -0.3%, -0.35%, -0.4%, and -0.5%. The aging conditions were simulated
from explicit seeding of spherical nuclei using a quasi-random placement of nucleation sites and
periodic boundary conditions that are maintained throughout the simulations. The simulation
boxes are large enough to accommodate up to two orders of magnitude increase in the size of
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precipitates. The different rafting stages are named based on a percentage of the primary creep
stage with respect to time. For instance, 20% complete corresponds to a microstructure that was

obtained at a time step that is 20% of the time step necessary to form the stabilized microstructure,
namely the 100% complete.

Figure 5: Microstructures obtained by phase field simulations. Different lattice misfits: (a) -0.2%, (b) -
0.25%, (c) -0.3%, (d) -0.35%, (e) -0.4%, and (f) -0.5%. Different stages of rafting: (g) 20% complete, (h)
40% complete, (i) 60% complete, and (j) 100% complete. The blue region represents the y phase and the
red one the y’ phase.

The y-phase was considered as a continuous medium while an Eshelby tensor was employed for
the v’ precipitates. The crystal-plasticity model employed was lattice-misfit dependent via an
isotropic hardening variable depending on the value of the lattice misfit (unconstrained and
constrained).

Figure 6a shows the simulated macroscopic stress-strain curves obtained on cuboidal
microstructures having natural lattice misfits ranging from -0.2% to -0.5%. It is observed that the
larger the natural lattice misfit is, the softer the mechanical response. This result is consistent with
what was found in the discrete dislocation dynamics (DDD) simulations by Gao ef al. (Gao et al.
2015).
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Figure 6: (a) Simulations of a monotonic tensile test at 10~ s™' at 1050°C up to 2% for the six natural lattice
misfits investigated. At 1% (b) and at 2% (c), the maximum, the minimum and the averaged triaxiality
values are provided for each natural lattice misfit.

Figure 7 shows the accumulated plastic strain distribution in the SVEs with different natural lattice
misfit at 2% macroscopic total deformation, i.e., after 20 seconds. One can notice the spread of
plastic deformation to the y’ phase increasing with the lattice misfit value. Simulations were also
performed for different stages of rafting and highlighted that the triaxialities decrease with the
percentage of rafting completion, which would mean that rafting brings more ductility. This is in
contradiction with Pessah-Simonetti ef al. (Pessah-Simonetti et al., 1993), but one should keep in
mind that topologically-close packed phases are experimentally formed (Rae et al., 2000) and are
not taken into account in the simulations.

Five strain-controlled cycles at 107 s™! and with Ae, = 2% were simulated for six different
SVE realizations having different natural lattice misfit values. It was showed that the average stress
triaxiality in the volume during the five cycles depends on the natural lattice misfit value. Here,
the realization with a natural lattice misfit of -0.3% produced the least average triaxiality in the
volume, which is consistent with what Zhou et al. (Zhou et al., 2004) obtained at 1100°C on TMS
alloys.

It was also pointed out that a 60% rafting developed the smallest average stress triaxiality value
amongst the investigated case (the overall smallest is reached at 56% based on the trendline). It is
because the 60% case is the only one for which one of the cycles develops a negative stress
triaxiality, which slows down the damage process (Briinig et al., 2018). This result was consistent
with experimental results obtained by Ott and Mughrabi (Ott and Mughrabi, 1999) on the effect
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of microstructural states on the cyclic deformation curves of CMSX-4 and CMSX-6 at 950°C and
for Ag; = 1.2%.
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Figure 7: Accumulated plastic strain distribution at 2% total deformation after a monotonic tensile

loading at 1050°C and ¢ = 10735~ for the six natural lattice misfits: (a) -0.2%, (b) -0.25%, (c) -0.3%,
(d) 0.35%, (¢) -0.4%, and (f) -0.5%.

I1.3 MODELING THE ROLE OF OXIDATION ON CREEP LIFETIME

High-temperature components in jet and turbo engines are exposed to harsh corrosive
environments that are detrimental and modify the mechanical behavior and lifetime. Indeed,
oxidation comes with a depleted zone (Akhtar et al., 2005; Dryepondt et al., 2005), vacancies
injection, and acceleration of diffusion processes while forming an oxide scale. The growth of fast-
growing cationic-type oxides during the interdiffusion enables a continuous injection of vacancies
due to interfacial reactions. The vacancies in excess may be reinjected into the material and,
therefore, alter the mechanical behavior either by producing deformation pores or by coarsening
with already existing pores, namely solidification and homogenization pores (Deacon et al., 1985;
Dunnington et al., 1952; Engell and Wever, 1957). So, oxidation has a permanent or ‘static’’
effect on creep rate with enhancing microstructure degradation, and a ‘‘dynamic’’ effect with the
acceleration of dislocation motion. These two effects are coupled and lead to higher creep rates
and shorter times to rupture.

A crystal plasticity framework already described in (le Graverend, 2019; le Graverend et al.,
2014b) was employed. The model follows a micro-macro approach. The developed function
allows accounting for the coupling between surface roughness, which depends on the amount of
plasticity, and oxidation kinetics. A Lorentzian function was found to better depict what was
experimentally obtained by Pei ef al. (Pei et al., 2018) who showed the correlation between surface
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Creep strain (%)

roughness and oxidation kinetics. The effect of plasticity on the oxide thickness was demonstrated
by Reuchet et al. (Reuchet and Remy, 1983) who showed that the higher the stress amplitude
during mechanical cycling, the thicker is the oxide scale at 900°C

Figure 8 highlights that the simulated oxidation kinetics is similarly affected by the surface
roughness to what was obtained by Pei et al. Having higher mass gain or oxide thickness for higher
temperatures is consistent with what was obtained by Hussain et al. (Hussain et al., 1995). The
magnitude of eox is compatible with the magnitude found by Bensch et al. (Bensch et al., 2012) for
the Renee N5 at 980°C.
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Figure 9: Comparison between the evolution of the mass gain obtained by Pei et al. at 1000°C for a Ni-
4.0Cr-5.7Al single crystal superalloy for different surface roughnesses, namely 19, 90, 182, and 509 nm,
and the evolutions of the oxide thickness at 1150°C and predicted by the model presented in the previous
section.
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Figure 8: (a) Comparison between the experimental results in air and in ArH2 and the simulations
performed with the model presented in the previous section. The curves are normalized by the time to
rupture in air. The experimental results are adapted from Dryepondt et al.. (b) Evolution of e.x and the
damage density function D with and without oxidation. t. is the time to rupture for the simulation
considered.

The increase of the plastic strain rate in the secondary creep stage is perfectly reproduced by
the model without modifying the amplitude of the primary creep stage (Figure 9a). The oxidation
for the hydrogenated argon (ArH2) environment was obtained by considering what Dryepondt et
al. (Dryepondt et al., 2005) got by TGA analyses under hydrogenated argon (ArH2) and synthetic
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air at 1150°C. The model predicts a longer lifetime than the experimental result for ArH2. It is
because the oxide thickness is smaller leading to less softening of the mechanical behavior and,
therefore, to a longer lifetime. The curve for a creep test at 1150°C/80 MPa in vacuum was also
added to show the maximum reachable lifetime predicted by simulation. Figure 9b shows how
evolves eox as well as the damage density function with and without oxidation. Oxidation acts as
if a higher stress was applied which increases the non-linearity of the damage evolution. It is
consistent with the physics of oxidation that creates a depleted zone and, therefore, decreases the
cross-section area leading to higher effective stresses, as predicted by the Continuum Damage
Mechanics.

The effect of plastic deformation on the oxidation kinetics was also investigated by considering
four pre-plastic deformations on the mechanical behavior and lifetime during creep tests at
1150°C/80 MPa. As expected, pre-deformations led to shorter lifetime during creep, as shown in
(Ayrault, 1989; Nathal and Mackay, 1987). Thus, the effect of plasticity on oxidation kinetics is
qualitatively consistent with previous experimental results.

I1.4 DAMAGE DENSITY FUNCTION FOR NON-ISOTHERMAL LOADING

Damage prediction has always been a subject of great importance for the accurate and realistic
modeling of inelastic deformation and failure behavior of engineering materials. It is why many
damage models have been already proposed to analyze the fracture behavior of metals (Needleman
and Tvergaard, 1984; Stoughton and Yoon, 2011; Tvergaard, 1982; Wierzbicki et al., 2005). Two
main approaches can be distinguished. The first one is a micromechanics-based damage model
that was originally proposed by Gurson (Gurson, 1975). The other approach to damage analysis is
Continuum Damage Mechanics (CDM). CDM was initially developed in (Kachanov, 1958; Rice
and Tracey, 1969). Prime examples of the CDM limitations are: the improvement of the creep
lifetime at 1050°C when a unique thermal jump from 1050°C to 1200°C for 30s is introduced (le
Graverend et al., 2014a), longer thermal jumps lead to longer lifetimes (Cormier et al., 2007, 2008),
and cyclically cooling specimens leads to increase the plastic strain rate and to shorten the lifetime
(Raffaitin et al., 2007; Viguier et al., 2011). These counter-intuitive results can not be predicted by
the usual constitutive and continuum damage models that fail to consider transient behaviors and
are based on hotter is shorter.

The hereby-developed phenomenological model acknowledges the role played by the
microstructure in the damage evolutions by using microstructure-sensitive hardening variables. It
still uses an effective stress concept (the load-carrying capacity is decreased by the degraded
microstructure, i.e., the microstructure that does not have the same initial mechanical property
anymore). The coupling of damage and inelastic deformation has been extensively done already
for macro- (Lemaitre, 1985; Roy Chowdhury and Roy, 2018; Voyiadjis and Park, 1999) and micro-
scale models (Ekh et al., 2004; Potirniche et al., 2007; Zghal et al., 2016). However, a few have
been done for non-isothermal conditions (Cormier and Cailletaud, 2010; Egner, 2012) and only
recently Mattiello et al. (Mattiello et al., 2018) have proposed a rate-sensitive threshold for the
damage process to occur in a microstructure-sensitive framework.

The developed damage model was implemented in the PI’s viscoplastic microstructure-
sensitive phenomenological model written in a crystal plasticity framework (le Graverend et al.,
2014b). The presented damage model was validated with isothermal/non-isothermal
uniaxial/multiaxial monotonic/cyclic experiments performed on a first-generation Ni-based single
crystal superalloy that shows a strong anisotropic and non-linear mechanical behavior. The
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developed damage density function was also implemented in an anisotropic damage formulation.
As shown in Figure 10, the developed damage model can also predict the lifetime scattering of
creep tests depending on the initial volume fraction of pores Fyo.
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Figure 10: Simulations showing the sensitivity of the new model to the initial volume fraction of voids
provided by the parameter Fv0.

It can be noticed that there is a non-linear accumulation of damage with the new damage parameter
(see Figure 11): the higher the stress is, the more abrupt the damage evolution is (Chaboche, 1978).
Contrary to a Rabotnov-Kacahnov model, the non-linear accumulation is intrinsically taken into
account and does not require extra functions or calibrations, as Chaboche did (Chaboche, 1974).
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Figure 11: Evolution of the new damage variable D as a function of the time fraction t/tr at 1050°C for the
simulated curves. tr is the simulated time at rupture.

Clearly, the new formulation better describes what is happening when a thermal jump from
1050 to 1200°C is introduced in the creep life (see Figure 12). For instance, the Rabotnov-
Kachanov model predicts a failure during the thermal jump in Figure 12b and c, contrary to the
new formulation. Despite a steep improvement brought by the new model, the residual lifetime is
still smaller for a 90s thermal jump compared to a 30s thermal jump while the opposite was shown
in (Cormier et al., 2007), the 90s thermal jump experimentally leads to a very large strain jump
that is not described by the model (Figure 12b), and the plastic strain rate is increased subsequently
to a thermal jump while it was shown that it is not always the case (le Graverend et al., 2014a).
This last goes against what is known about when a particle is sheared or by-passed (Mohles et al.,
1999) and is not correctly understood for now.
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Figure 12: Creep tests at 1050°C/140 MPa for which a thermal jump of (a) 30s and (b) 90s has been
introduced after 206h of testing. In (c), the 90s thermal jump has been introduced after 120h. (d) is the
evolution of the damage density function for the simulated curves in (a) and (b).
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Figure 13: Simulation of a tension dwell/fatigue test (blue diamond) and a compression dwell/fatigue
test (red triangle). The “New Damage Model” has been used for simulating the two tests (red and blue

lines) while the “Rabotnov-Kachanov” model has only been used for simulating the dwell/fatigue test in
tension

Contrary to the Rabotnov-Kachanov model, the new model can predict the lifetime of fatigue
loading. Figure 13 exhibits that the new damage model respectively predicts a failure after 16.6h
and 29.3h in tension and compression, whereas the experimental specimens failed after 15.7h and
22.8h. The Rabotnov-Kachanov model does not predict a failure even after 50h in tension because
it does not accumulate damage in compression, contrary to the present damage model. One can
argue that the simulated shapes of the curves are not consistent with the experimental ones. The
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damage model cannot be taken responsible for it, the flow rule can. Despite a not-perfect prediction
of the mechanical behavior in dwell/fatigue, the difference in terms of lifetime between tension
and compression as well as the final predicted lifetimes are in good agreement.

0.113 0.238
0.103 0.218
0.094 0.198
0.085 0.178
0.075 0.158
0.066 0.138
0.056 0.118
0.047 0.098
0.036 0.080
0.028 0.060
0.019 0.040
0.009 0.020
0.0 0.0
evcum, p damage, D

Figure 14: (a) Accumulated plastic strain and (b) damage distribution at rupture (Nepredicted=855) for a tube
subjected to tension/torsion at 1050°C/Gmises=113 MPa.

A FE simulation has been performed for tension/torsion at 113 MPa with the anisotropic damage
that gave a lifetime of 855 cycles which have to be compared to the experimental one of 706 cycles
(see Figure 14). Even if the simulation overestimates the number of cycles to failure, the lifetime
is shorter than the pure torsional case having a higher von Mises stress applied. Therefore, as
already mentioned, the current damage formulation which utilizes the kinetics of the hardening
variables takes well into account the strong interactions between loading types.

I1.S EFFECT OF MULTIAXIALITY ON MICROSTRUCTURE EVOLUTION AND LIFETIME

A vast majority of the engineering components used for high-temperature applications contain cut
sections, holes, notches, and cooling channels. These geometrical features create regions of stress
concentrations and multiaxial stresses, making the durability of these components most critical.
Therefore, the microstructural instability associated with these regions needs to be well-understood
before coming up with complex damage models and life predictions of Ni-based single crystal
superalloys. Conducting a uniform state of triaxial stress requires a complex experimental setup.
However, this problem could also be tackled through straightforward laboratory experiments by
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axial tensile loading on circumferentially notched specimens (Hayhurst and Felce, 1986). The
notch promotes stress concentration and changes the stress state from uniaxial to multiaxial (Lukas
et al., 2001b). Further, by varying notch geometries, different multiaxial stress states were
carefully investigated. Previous studies in the literature suggest that a notch could either have a
weakening or a strengthening effect depending on the notch geometry and loading conditions.
Studies on multiaxial creep deformation of single crystal superalloys previously demonstrated an
order of magnitude increase in the lifetime of single crystal superalloys, but at an intermediate
temperature and high stresses (Basoalto et al., 2000). However, creep testing at very low
temperatures and very high stresses reduces the effect of notch sensitivity. Therefore, three
triaxialities for four different stress conditions (160 MPa, 180 MPa, 200 MPa, 230 MPa) at 1050°C
were investigated. Previous multiaxial experimental studies utilized double-notch Bridgman creep
specimens (Basoalto et al., 2000; Cao et al., 2020). The advantage of such a design is that one of
the notches that is still intact after the creep rupture can be utilized for better microstructural
characterizations at failure. However, the two notches should sufficiently be apart to avoid stress
field interference and it is also not economically viable. Using the Bridgman’s criterion, three
triaxialities, viz. 0.5, 0.84, and 1.0, were designed. As there is a heterogeneous strain distribution
at different parts of the specimen similar to what was documented in (Cao et al., 2020), total
engineering strain (AL/Lg) of the specimens was plotted against the elapsed time. Here, L is the
original gauge length of the specimen. All the experiments were performed on (001)-oriented
specimens.
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Figure 15: Comparison of the different stress investigated at 1050°C for T= (a) 0.5, (b) 0.84, and (c) 1.
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A significant notch-strengthening effect can be observed in the creep data obtained from a
triaxiality of 0.84 (see Figure 15b and Table 1 to compare the creep lifetime and rupture strains).
Immediately after loading, an elastic/plastic stress distribution is established; as time progresses,
the creep and damage formation cause stress redistribution in the notch (Hayhurst and Felce,
1986). Alternatively, in other words, the stress and rate of deformation are the highest initially and
relax over time as a steady-state is reached. Simultaneously, the plastically deformed regions in
the notch root get constrained by an elastic core due to which the strain-controlled creep relaxation
phenomenon dominates the subsequent plastic flow (Law and Blackburn, 1980). In polycrystal
alloys, it was found that the increased strain rates during tertiary creep will cause the axial stresses
to redistribute (Hayhurst et al., 1978). However, this could not be true in the case of steep tertiary
creep observed in MC2 superalloys and could explain why there was no notch-strengthening effect
in the case of $1050°C/230 MPa for specimens with triaxiality 1. According to Hayhurst et al.
(Hayhurst et al., 1978), magnitudes of the effective stresses and the magnitude of the multi-axial
stress-state that causes damage determines the degree of stress redistribution. Therefore, the
magnitude of rupture strain depends on the degree of stress redistribution that is governed by the
sensitivity of the notch.

The notch-strengthening may be due to the constraint effect of the notch where some regions
in the creeping notched specimen constrain each other leading to stress redistribution (Lukas et al.
2001a). However, it is interesting to note that, among all the specimens tested at 1050°C/230 MPa,
there is a notch strengthening for the specimen with triaxiality 0.84 and a notch weakening for the
triaxialities 0.5 and 1. However, for a lower stress condition (1050°C/180 MPa), a notch-
strengthening effect was observed for both specimens with triaxialities 0.84 and 1.0 (see Figure
15b and ¢). This comparison also sheds light on the sensitivity of the loading conditions for the
notch strengthening/weakening effect. This can be further explained only by post-mortem EBSD
analysis of the specimens to gauge the effect of lattice rotations on the creep damage in the notched
specimens.

Table 1: Experimental uniaxial and multiaxial creep data for the investigated conditions. Time to rupture is
denoted as ¢,

T=0.3 (Uniaxial) T=0.5 T=0.84 1
Conditions t, rupture t, rupture t, rupture t, rupture
COMPa) | () [ e(®) | ) | &% | (0 | e | ) | &%)
1050/230 15.4 15.8 11.0 6.0 16.2 32 11.9 33
1050/200 43.9 10.9 25.8 5.5 77.1 2.7 66.4 3.4
1050/180 63.3 7.5 35.2 5.0 105 3.1 209.0 1.7
1050/160 143.1 6.0 43.5 5.2 269.5 3.3

Crystal-plasticity simulations were carried out with the damage density function developed in
(le Graverend, 2019). Figure 17 shows the results for 180 MPa. What was found experimentally,
namely that there is a notch weakening for T=0.5, is not numerically obtained. In addition, the
simulations predict that the longest lifetime should occur for T=0.84, which was not obtained at
180 MPa but at 200 and 230 MPa. Even if the simulations predict that a cylindrical notch improves
the lifetime, as obtained experimentally, it overestimates the lifetime too much. It can be attributed
is to the pseudo-cubic slip systems that were neglected.
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0.02530 0.01835 0.01213 0.01154
0.02249 0.01631 0.01078 0.01026
0.01968 0.01427 0.00943 0.00898

0.01687 0.01223
0.01406 0.01020
0.01125 0.00816

0.00809 0.00769
0.00674 0.00641
0.00539 0.00513

i 0.00843 0.00612 0.00404 0.00385
R 0.00562 0.00408 0.00270 0.00256
0.00281 0.00204 0.00135 0.00128

t, =56.2h t, = 195.2h t, = 276.3h t, = 250.3h

Figure 16: Accumulated plastic strain distribution at rupture for a creep test at 1050°C/180MPa: (a)
uniaxial, (b) T=0.5, (¢) T=0.84, and (d) T=1.

I1.6 CRYSTALLOGRAPHY-DEPENDENT PHASE-FIELD MODEL AND EVALUATION OF
PERFORMANCE

Controlling the single crystal orientation in a low modulus (001) direction and maintaining it
parallel to the centrifugally loaded blade axis also minimizes the thermal stresses and improves
the thermal fatigue resistance (Ardakani et al., 1999). However, in reality, the intricate internal
cooling channels and the strain grain formation near the single-crystal seed region (Yang et al.,
2005) result in casting inaccuracies leading to slight deviations from perfect [001]-orientations (Li
et al., 2008). Furthermore, attaining a perfect parallel alignment of the blade axis with the
centrifugal load is not always practically possible (Matan et al., 1999a). Even though
misorientations up to 15° for certain applications (Mattiello, 2018) are within the permissible level,
since each blade has a varying degree of misorientation, the mismatch between loading and
crystallographic axes leads to a significant scatter in properties resulting in a mistuned-bladed
assembly inside the aircraft engine (Rajasekharan and Petrov, 2019; Rajasekharan and Petrov,
2018).

At the microstructural level, the pattern and orientation of y’ precipitates in the cuboidal state
are different for each crystallographic orientation. In (001) -oriented specimens, depending on the
sign of natural lattice misfit and applied stress, the rafts are formed either perpendicular (negative
misfit/positive stress and positive misfit/negative stress) or parallel (negative misfit/negative stress
and positive misfit/positive stress) to the loading axis (Pollock and Argon, 1994). However, the
orientation of precipitates and directional coarsening is at 45° to the applied stress axis in (011)
as compared to (001) (Gaubert et al., 2015). The platelet-like rafts in (001), the 45° rod-like rafts
(Gaubert et al., 2015; Sass and Feller-Kniepmeier, 1998) in (011), and the irregular rafts (Caron
et al., 1988; Desmorat et al., 2017) in (111) suggests the sensitivity of microstructure evolution to
crystallographic orientations. Despite knowing that different orientations have different types of
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rafting in Ni-based single-crystal superalloys, not many studies were dedicated to understanding
the sensitivity of microstructural evolution due to variation in crystallographic orientations
(Ardakani et al., 1998; Sass and Feller-Kniepmeier, 1998). Therefore, the objective of this study
was to understand the microstructural gradients associated with the change in the orientation and
quantify their direct effect on the mechanical performance.

In this work, for the first time, a crystallographic-sensitive phase-field method was developed
to study the effect of crystalline orientations on the evolution of y’ precipitate and y channel
morphology during aging and high-temperature/low-stress tensile creep. The study using realistic
3D phase-field simulations delved into elucidating the microstructural evolution and their stability
depending on the crystallographic orientation.

The employed phase-field framework was the same as in (Harikrishnan and le Graverend,
2018; le Graverend and Harikrishnan, 2019, 2021). However, a 3D rotation matrix (R) depending
on the three Euler angles was introduced. Once the Euler angles were known for a particular
orientation, the corresponding rotation matrix was used to rotate the stiffness and Eigen strain
matrices. Here, only the three crystallographic orientations at the corner of a stereographic triangle,
i.e.,, (001), (011) and (111) were considered. The figure below Figure 17 shows the initial
microstructural state of those three orientations at 1050°C and for a natural lattice misfit of -0.003.

Figure 17: Phase-field simulations to form (a) (001)-, (b) (011)-, and (¢) (111)-oriented cuboidal
microstructures at 1050°C and for a natural lattice misfit of -0.003.

Figure 18: Phase-field simulation of a creep test at 1050°C/180 MPa on the (011)-oriented RVE presented
in the previous figure.
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Figure 18 shows the evolution of the y’ precipitates when the (011)-oriented SVE 1is subjected to
180 MPa. In a similar fashion as what happens when a (001)-oriented SVE is deformed, there is a
directional coarsening of the y’ precipitates along 45° planes, which is consistent with the literature.

To compare the effects of different crystallographic orientations on the macroscale
performance, 3D phase-field microstructural configurations were exported as statistical volume
elements (SVE) into a finite-element (FE) crystal plasticity model. Strain-controlled tensile tests
up to 2% total strain at a strain rate of € = 1073 s~ were carried out in the 3D phase-field SVEs
having cuboidal and rafted states with different crystallographic orientations. Figure 19 shows the
results of the monotonic tensile simulations as a function of the crystallographic orientation and
the microstructural states
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Figure 19: Crystal-plasticity finite-element simulations of a monotonic tensile tests at 107 s

1050°C for different orientations and microstructural states.

Stress[MPa]

I1.7 PHASE-FIELD-INFORMED VECTORIAL MODELING OF RAFTING IN NI-BASED SINGLE
CRYSTAL SUPERALLOYS

The directional coarsening of the y’ phase, also known as rafting, cannot be avoided above 850°C.
The rafting kinetics has been experimentally investigated (Epishin et al., 2000; Matan et al., 1999b;
Véron and Bastie, 1997; Zhang et al., 2019) and numerically studied either with phase-field
(Boussinot et al., 2009; Cottura et al., 2012; Gaubert et al., 2010) or constitutive (Cormier and
Cailletaud, 2010; Desmorat et al., 2017; Fedelich et al., 2012; le Graverend et al., 2014b; Svoboda
and Lukas, 1998; Tinga et al., 2009) modeling. However, the vast majority of the constitutive
models accounting for rafting on the mechanical behavior only introduce a scalar parameter to
describe the width of the y channels, except Tinga et al. (Tinga et al., 2009) who introduced a
vector and by Desmorat et al. (Desmorat et al., 2017) who introduced a tensor. Even if Desmorat’s
model is based on a thermodynamic framework and is able to overall predict the evolution of the
v channels in the three directions and for different crystallographic orientation, the model is
restrained to negative lattice misfit and some results do not seem physical, such as piecewise
evolutions without any saturations.

Using a scalar makes the modeling restricted to the (001) orientation and to uniaxial loading.
However, blades are rarely perfectly (001) oriented (Matticllo, 2018) which leads to mechanical
response scattering (Rajasekharan and Petrov, 2018), are subjected to multiaxial loading, and can
experience lattice rotations (Ardakani et al., 1998; Ghighi et al., 2012; Ghosh et al., 1990; le
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Graverend et al., 2018; MacLachlan et al., 2001). Amongst the few constitutive models that take

into account the effect of rafting on the mechanical behavior, only two also consider the dissolution
precipitation of the y’ phase and the occurrence of fine y’ precipitates in the y (Cormier and
Cailletaud, 2010; le Graverend et al., 2014b).

The work was, therefore, dedicated to formulating a phenomenological vectorial expression
modeling the evolution of the y channels in the three directions due to thermo-mechanical loading
and for any crystallographic orientations. This formulation was built on the one developed by le

Graverend et al. (le Graverend et al., 2014Db). It considers octahedral and pseudo-cubic slip systems
and takes into account isothermal and non-isothermal modifications of the microstructural state.
However, how to calibrate such model since it is impossible to follow in situ the evolution of the
v channels even with X-ray and neutron diffractions that provide numerous information, such as

the vy’ volume fraction (le Graverend et al., 2012), the constrained lattice misfit (Diologent et al.,
2003; Jacques et al., 2004), and the Young’s modulus of both phases (Coakley et al., 2017)? It is

why phase-field simulations for different stress levels and different crystallographic orientations

were employed to calibrate the model.
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Figure 20: Evolution of the y channel width during creep tests at 1050°C and (a) 140, (b) 180, and
(c) 230 MPa applied along the x direction. The crystal-plasticity-obtained channel widths are
compared with the y channel widths obtained by phase field simulations.

Contrary to octahedral slip, the isotropic hardening for the cubic-slip systems is not Orowan
dependent. Indeed, based on their mode of propagations, dislocations moving by cross-slipping
should be less sensitive to the Orowan stress. Chen et al. (Chen et al., 2019) performed atomistic
modeling of dislocation cross-slip in nickel. They found that cross-slip is independent of obstacle
spacing for high resolved shear stress. Additionally, Sass et al. (Sass et al., 1996) found that [Tl 1]
orientation promotes a reduction of the plastic strain rate contrary to [001] and [011] that show
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softening due to rafting. Therefore, it seems that the pseudo-cubic slip systems do not depend on
the Orowan stress.

The 3D rafting model is sensitive to 1) the value of the natural lattice misfit to predict N or P-
type rafting, 2) the difference in microstructure kinetics depending on the sign of the load, i.e., if
the load is in tension or compression, 3) the accumulated plastic strain (usually defined as a scalar)
in each direction of the crystal or “Natural Anisotropy Basis”, as defined by Desmorat et al.
(Desmorat et al., 2017). Also, the pseudo-cubic slip systems contribute to rafting, contrary to what
was done by Fedelich et al. (Fedelich et al., 2009) and Desmorat et al. (Desmorat et al., 2017).
Indeed, it was shown in (Hong et al., 2011; Sugui et al., 1999) that (001)-oriented samples with a
negative lattice misfit subjected to tension display vertical y channels with compression stresses.
dislocation motion has a larger resistance so that the dislocation moves a shorter distance in a mode
of cross-slip. Thus, the closing of vertical y channels is tied to cross-slip mechanisms. Pseudo-
cubic slip systems occur in near [111]-oriented specimens. These structures have been interpreted
as resulting from alternating cross-slip on two octahedral planes between the opposite y/y’
interfaces of the screw segments trailed by mobile dislocation loops (Bettge and Osterle, 1999;
Volkl et al., 1994). For the reasons, previously expressed, pseudo-cubic systems contribute to
rafting, especially because Zhang et al. (Zhang et al., 2005) also observed cross-slip in the
horizontal channels of TMS-138.
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Figure 21: Simulated channel width evolutions for a creep test at 1050°C starting with a (a) compressive/(b)
tension stress at -140 MPa/140 MPa along the z direction. The load is switched to a tension/compression stress
at 140 MPa/-140 MPa after 100,000s. The samples are predicted to fail after 3.395¢+05s and not fail even after
1,6e+6 s, respectively.

Figure 21 highlights the capacity of the model to predict microstructure evolutions even when the
load is reversed. The fact that the model predicts that starting with traction leads to a longer lifetime
compared to starting with compression is consistent with what was already obtained in the
literature (Ayrault, 1989; Nathal and Mackay, 1987).
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