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Abstract: The microstructural effect, including y” precipitate morphology and twin grains, of dwell
fatigue behavior in a powder metallurgy nickel-based superalloy, was studied using crystal plasticity
modeling. Strain rate and dwell sensitivities of 923 K were quantitatively investigated. The strain
accumulations, under normal and dwell fatigue loading, showed y’ precipitate size-dependence.
Strong load shedding can be observed between parent and twin grains, which was attributed to local
plastic heterogeneity. Local stress and strain evolution are both faster than the macroscopic values,
which threatens the safety of engine components.
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1. Introduction

Powder metallurgy (PM) nickel-based superalloys have been widely used in aero-
engine disks, owing to their excellent creep and fatigue resistance at high temperatures [1-3].
The mechanical performance of these alloys is fundamentally related to the morphology of
the solution strengthening precipitates. The FGH96 superalloy, for example, demonstrated
different creep behaviors and fracture mechanisms resulting from differing v’ precipi-
tate sizes [4]. Precipitate distribution within the alloy can be controlled by designing an
appropriate solution treatment route [5] to achieve better macroscopic properties.

The stress-bearing components in the engines are generally subjected to low cycle
dwell fatigue (LCDF) loading conditions. This results in a serious lifetime reduction of the
components compared to normal fatigue and pure creep. Dwell sensitivity was initially
investigated for titanium alloys [6—10], but not for superalloys. The explanation for early
crack formation under dwell fatigue is that stress redistribution, namely load shedding
amongst crystallographic soft-hard grain combinations occurring during the dwell pe-
riod, [11] arises from the remarkable anisotropy observed in the hexagonal close-packed
structure. A significant amount of plasticity accumulated in the soft grain by the mani-
festations of strain rate sensitivity (SRS) leads to stress concentrations in the neighboring
hard grain and, eventually, causes facet crack formation. Nickel-based superalloys also
experience a strong strain rate and dwell sensitivity, similar to titanium alloys, although
the underlying failure mechanism may differ. On the one hand, the crystal structure in the
superalloys is mainly face-centered cubic, hence, the crystallographic anisotropy is weaker
than titanium. On the other hand, there is no evidence indicating that facets can be formed
in superalloys under dwell fatigue.
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Nevertheless, the rate dependence of plasticity has been demonstrably affected by
the microstructures in both alloys [12-14]. In particular, the creep behavior of PM nickel-
based superalloys has shown strong correlations with the v’ precipitate morphology [4].
The different creep rates, with respect to the vy’ precipitate’s size, can be documented
using the crystal plasticity (CP) model [15]. However, the mechanistic effect of the y’
precipitate on dwell fatigue responses, especially at critical locations, e.g., twin boundaries,
remains elusive.

Investigations into the microstructural effects of plastic deformation, especially plas-
ticity localization near twin boundaries in nickel-based superalloys, have been launched
in recent years. Stinville and co-authors [16,17] characterized the local strain and strain
heterogeneities under fatigue loadings by employing the high-resolution digital image cor-
relation (DIC) technique. They observed that the strain concentration at grain boundaries,
induced due to the resistance to slip transmission, can be up to eight times higher than
the nominal strain. More recently, Latypov et al. [18] found that the extent and intensity
of strain localizations are governed by grain shape and orientation using an integrated
microstructure-based CP modeling and DIC characterization method. Zhang et al. [19]
focused on crystallography and elastic anisotropy at twin boundaries in nickel superal-
loy under fatigue conditions. The results suggested that twin boundaries may lead to
strongly elevated locally stored energy densities, which is argued to drive fatigue crack
nucleation. The aforementioned evidence indicates that plasticity localizations near twin
boundaries are crucial prerequisites for fatigue responses in nickel-based superalloys and,
therefore, these microstructural features need to be explicitly represented in order to capture
this phenomenon.

This study focuses on the fatigue responses of PM nickel-based superalloys with
different precipitate sizes by employing a microstructure-based crystal plasticity modeling
approach in which the grain morphology is explicitly represented, aiming to shed light on
the mechanistic basis of the dwell fatigue failure.

2. Materials and Crystal Plasticity Finite Element Framework

The material of interest here is an FGH96 alloy manufactured using the powder met-
allurgy technique. The specimens were solution-treated following four different cooling
rates in the air to generate four different v’ precipitate sizes, i.e., 46.3 nm, 49.7 nm, 68.7 nm,
and 88.8 nm. The volume fractions of the vy’ precipitates are 49.7%, 49.6%, 48.8%, and
45.4%, respectively. For convenience, the corresponding specimens are named in con-
junction with the v’ precipitates’ sizes as S1, 52, S3, and 54, respectively. The detailed
heat-treatment routes can be found in ref. [4]. To characterize the grain morphology and y’
precipitate distributions, electron back-scattered diffraction (EBSD) and a high-resolution
scanning electron microscope (HR-SEM) were used upon the four specimens. Additionally,
high-temperature stress-relaxation tests were conducted using specimens with different
Y’ precipitates to evaluate their strain rate sensitivities. The loading temperature for both
the experiment and simulation in this study was 650 °C. Cylindrical dog-bone-shaped
specimens with a gauge length of 32 mm and a diameter of 5.5 mm were machined. The
material was uniaxially stretched, from a strain-free status to a constant engineering strain
rate of 2.5 x 107471, up to 4%, followed by a strain-hold period at the maximum value
for 540 s where stress relaxation can be observed due to creep behaviors. The stress-strain
curves and microstructure characterizations are summarized in Figure 1.

The crystal plasticity finite element modeling utilized in this work is a rate-dependent
framework based on a realistic microstructure. Since there is no significant difference at
the grain level, including grain shapes and textures, for these specimens, as shown in
Figure 1, one of the EBSD maps was used to construct the geometry of the model. All
the critical microstructural features, including twin grains and crystal orientations, were
replicated in the morphology model, as shown in the inset of Figure 1. The model size is
75 um x 75 pm X 5 um, which consists of 139 grains and was meshed by 27,420 C3D20R
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elements. The grains were extruded along the thickness direction and a plane stress
condition was applied.
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Figure 1. Calibrations of the stress-relaxation results for the superalloys with four different v
precipitate sizes using crystal plasticity based on realistic microstructures.

The slip rule of the crystal plasticity model was developed based on the dislocation
thermally activated escaping from pinned obstacles by considering both forward and
backward jumps [20]. The resolved crystallographic plastic slip rates on each slip plane (i)
is given by

0 — ) av
() _ ) g2 any (o
Y = pmbvp exp( T > sinh T (1)

where p; = 10 um~? is the mobile dislocation density, b = 0.254 nm is the Burgers vector,
vp = 101 571 is the Debye frequency, k = 1.381 x 1072% J/K is the Boltzmann constant,
)

7() and 7" are the resolved and critical resolved shear stress (CRSS) on slip system i,
respectively, AF is the activation energy, and AV is the activation volume. The considered
temperature is T = 923 K, which is the typical in-service temperature of FGH96 turbine
disks. There are 12 available slip systems {111}(110) to be activated for the FCC structure.
The hardening behavior of the superalloy is recorded via the evolution of the statisti-
cally stored dislocation (SSD) density, which is accumulated with plastic strain given by

Pssp = Pssp + Ystpdt )

where ¢ is the hardening coefficient and p is the accumulated effective plastic strain rate.
The evolution of CRSS is thus captured by

o) = Tc(é) + Gb\/pssp + pGND 3)
(i)

where 7 is the strain-free CRSS for slip system i, G is the shear modulus, and pcnp is
the geometrically necessary dislocation density which can be computed using the Nye’s
dislocation tensor [21].

3. Results and Discussion

The modeling parameters can be determined for each specimen by calibrating against
stress-relaxation results since the plastic strain rate was changing during the relaxation
period. The determined activation energy and volume are AF = 2.50 eV and AV = 27.56b3
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for all four specimens. This indicates that the strain rate sensitivity does not vary with the
size of v’ precipitates, which is also evidenced by the same stress relaxation magnitude and
speed in Figure 1. Similarly, since the hardening rates during the load-up periods are also
similar to each other, an identical hardening coefficient s = 2500 can be determined. On
the contrary, the CRSS for specimens S1 to S4 are calculated as 30 MPa, 60 MPa, 75 MPa,
and 90 MPa, respectively, which results in a classical Hall-Petch relationship [22,23]. It is
worth noting that the v’ precipitate size effect is accounted for and reflected by different
CRSS values of slip systems in the CP model. In other words, the size effect is homogenized
at the grain lengthscale. The strain heterogeneity can be captured with respect to grain
morphology and crystal orientations, but it requires a smaller scale modeling technique
(e.g., discrete dislocation plasticity) to simulate the local accumulation of plastic strain
caused by precipitates.

Another important feature observed from the stress relaxation tests is that reducing the
v’ precipitate size can only enhance the strength of the superalloy, but does not contribute to
the strain rate sensitivity. In other words, the gliding of dislocations is significantly affected
by the v’ precipitates, but the effects on the thermal activation events from obstacles are
negligible. The strain rate sensitivity coefficient m is calculated by extracting the 0.2% offset
yield stress under different strain rates according to

m = dlnoy,/dIne 4)

Uniaxial tensions at constant strain rates were applied to the CP model, and the
considered strain rates ranged from 1 x 107 s~! to 1 s~!, with an interval of 10 times. An
identical value of m = 0.057 was obtained from the specimens as a result, as shown in
Figure 2a).
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Figure 2. Strain rate sensitivity and creep responses for the superalloy. (a) yield stress under different
strain rates; creep strain accumulations of (b) S1 and (c) S4; (d) creep rate after 300 s.

Although the SRS is identical for all the specimens, creep behavior may vary due to
the differences in yield strength. Creep analysis was carried out using four different stress
levels, i.e., 839 MPa, 886 MPa, 932 MPa, and 979 MPa, which, respectively, correspond
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to 0.90, 0.95, 1.00, and 1.05 times the yield strength of specimen 51, extracted from the
experimental stress-strain curve. The accumulated strain against creep time for specimens
51 and S4 are shown in Figure 2b,c. Apparent strain accumulations are observed for both
specimens. The accumulation rate is higher for high-stress levels. As summarized in
Figure 2d, the material with smaller vy’ precipitates shows less dependency on the stress
level within the considered range due to their strong impediment for dislocation motion.

In order to validate the model, a creep strain at t = 600 s under the stress level of
932 MPa was extracted for the four specimens and compared with experimental measure-
ments under the same conditions, as shown in Figure 3. The creep experiment was repeated
three times for each microstructure to obtain reproducible results. The results display an
acceptable agreement between the modeling and experiment, where the total strain gener-
ated within 600 s creep loading decreases with the reduction of the size of v’ precipitates.
Although the overall trends displayed in Figure 3 seem to corroborate this, there is still
a mismatch in the strain values that need to be acknowledged, which could arise from
specimen conditions that were not documented in the model, such as the inhomogeneity of
dislocation and strain before applying loadings.
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Figure 3. Creep strain at t = 600 s under the stress of 932 MPa.

The significant creep results in the differences between normal fatigue and dwell
fatigue. To understand the effect of y’ precipitates on the fatigue responses under different
loading conditions, normal fatigue and dwell fatigue boundary conditions were applied to
the CP model. The rise and fall time for both fatigue profiles are 1 s, while the stress-holding
period is 60 s for dwell fatigue. The strain accumulation with cycles for the specimens with
the largest (S1) and the smallest (S4) v’ precipitates are compared in Figure 4. The first
observation is that faster strain accumulations occur for dwell fatigue loading, exemplified
by the deformation during the dwell period. Higher amounts of applied stress result in a
faster strain accumulation, which is consistent with the creep results in Figure 2b—d, and
leads to noticeable differences between the two fatigue types. The dwell sensitivity is also
affected by the v’ precipitates where the 54 specimen experienced lower sensitivity. It is
worth noting that the influence of maximum applied stress in 54 is also smaller, especially
for normal fatigue, while the total strain is almost the same.



Crystals 2022, 12, 269 60f8
(a) 0.035 (b) 0.035
S1 0upp = 839 MPa S1 0app = 979 MPa
0.030 0.030
0.025 0.025
—dwell fatigue el Tl

—_ o —dwell fatigue
70.020 — . +0.020
= omiEge ]l =
5 g
®0.015 ® 0.015

0.010 0.010

0.000 0.000

0 5 10 15 20 0 5 10 15 20
cycles, N cycles, N
(c) 008 S 839 MP (d)osse o 979 MP
Oapp = a Oapp = a
0.030 0.030
0.025 0.025
—dwell fatigue —dwell fatigue

:0'020 —normal fatigue :0.0ZO —normal fatigue
£ £
[ s
®0.015 ® 0.015

0.010 0.010

0.000 0.000

0 5 10 15 20 0 5 10 15 20
cycles, N cycles, N

Figure 4. Strain evolutions under normal and dwell fatigue with different stress magnitudes. Speci-
men S1 under (a) 839 MPa and (b) 979 MPa; specimen S4 under (c) 839 MPa and (d) 979 MPa.

In addition to the macroscopic behaviors, the local stress and strain evolutions were
investigated. A grain containing two columellar twins was selected, as shown in Figure 5,
for detailed analysis. The crystal orientations of the parent and twin grains are schematically
illustrated in the figure where the parent grain is relatively easy to deform, while the twins
are hard-oriented with respect to the loading direction. The material properties in this
model were chosen to represent the smallest v’ precipitates, i.e., the S4 specimen, and the
maximum applied stress is 839 MPa. The stress distribution along the loading direction
under the dwell fatigue loading conditions at the onset of stress-hold of the first cycle
and at the end of stress-hold of the twentieth cycle are shown in Figure 5a,b. Remarkable
stress heterogeneity after 20 cycles was captured by the model. A large amount of plastic
strain was generated in the parent grain under dwell fatigue, and strong slip bands were
formed against the twin boundary, as indicated by the arrow in Figure 5c,d. The strain
heterogeneities introduced near the twin boundaries under fatigue at 650 °C in nickel-based
superalloys have been quantitatively measured experimentally by Stinville, et al. [24], using
a combination of SEM and DIC techniques. They also have observed strain concentration
along twin boundaries due to the development of highly localized slip bands. The strong
slip bands, which developed at the boundary, redistributed stress to the twins, i.e., load
shedding in parent-twin pairs. To quantitively study the load shedding, stress distributions
along the path through the twin-parent boundary, before and after the first dwell period, are
plotted in Figure 5e. During the first cycle, peak stress increased by ~100 MPa. With further
loading cycles, the peak stress kept increasing, but the rate at which this occurred gradually
reduced, as shown in Figure 5f. The local plastic strain evolution next to the twin boundary
in the parent grain is also plotted in Figure 5f. Compared to the macroscopic strain
accumulation under pure creep (Figure 2c), and dwell fatigue (Figure 4c), the plasticity
accumulated much faster in critical regions. As a result, the local stress evolves rapidly
under dwell fatigue conditions which threatens the integrity of the superalloy components.
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4. Conclusions

The effect of the v’ precipitates on the rate-dependent plasticity and dwell fatigue
behaviors in a PM nickel-based superalloy have been investigated using crystal plasticity
finite element modeling, in which the realistic grain morphology is explicitly represented.
The reduction in the size of vy’ precipitates does not alter the strain rate sensitivity, but only
enhances the strength of the material. Under the same loading conditions, the specimen
with smaller v precipitates show a lower creeping rate and weaker dwell sensitivity. Load
shedding between the soft parent and hard twin grains is captured by the CP model. It has
been observed that the local plastic strain accumulation in the soft grain and the peak stress
evolution are much faster than the macroscopic measurement.
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