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Abstract: Nickel-based superalloys exhibit pronounced elastic anisotropy and, hence, the local grain
orientation strongly affects the stress and strain distribution in the material under mechanical load-
ings. Therefore, the crack initiation and failure behaviour of components made from nickel-based
superalloys are complex and hardly predictable. A better fundamental understanding of the phenom-
ena that occur in nickel-based superalloys under a quasistatic and cyclic load is therefore desired.
Previously, a continuum mechanics-based model has been successfully developed, considering the
grain structure, the elastic anisotropy, and the Schmid factor, based on data from electron backscatter
diffraction (EBSD). The E-m model was confirmed by the finite element method (FEM) simulations
and experimental observations regarding the resulting average stresses and strains in the individual
grains as well as the formation of slip bands under a quasistatic load with few restrictions. The
behaviour under cyclic loadings has been investigated in this work to correlate the mechanical
behaviour, simulated by the previously developed FE models, with the local stiffness and Schmid
factors considering fatigue failure. For this purpose, the fatigue behaviour of Inconel 617 samples
was characterised up to the high-cycle fatigue (HCF) regime, accompanied by EBSD measurements
for stress amplitudes that resulted in strains close to the elastic—plastic regime. The EBSD data were
used to create digital twins of the samples to simulate the mechanical reaction to a displacement
similar to the associated strain of the fatigue tests. An analysis of the fractured samples by scanning
electron microscopy was performed to retrace the location of the crack initiation supported by the
EBSD measurements before and after fatigue testing. Two samples were investigated in detail that
showed different fracture types. Sample 1 showed transcrystalline failure in a grain that showed a
high Young’s modulus, Schmid factor, and resolved shear stress that indicates a failure due to the
properties of the grain itself. In contrast, an intercrystalline failure was observed for sample 2 that
showed large differences in the orientation and, hence, largely different mechanical properties in
the area of failure as well. The observed failure types, the resulting stresses and strains calculated
by the FE model, and the consideration of the E-m model showed an agreement of all the methods.
Therefore, the findings of this work complement previous investigations of the mechanical behaviour
of coarse-grained anisotropic nickel-based superalloys with a focus on the orientations of the grains
towards the loading direction.

Keywords: nickel-based superalloys; anisotropic deformation; high-cycle fatigue; finite element
simulations; E-m model; EBSD measurements

1. Introduction

Nickel-based superalloys provide adequate mechanical properties at temperatures
permanently exceeding 500 °C and long-term stability [1]. Applications include aero
engine or power plant turbine blades for cast alloys and turbine rotors for wrought alloys.
Sheet material, such as the Inconel 617 alloy studied here, is used for high temperature
ducts, combustion cans, or hot gas transition liners [2]. Cast components, e.g., turbine
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blades, are manufactured by three different routes resulting in single crystals, directionally
solidified structures, or randomly oriented polycrystals that can be thermally treated to
induce coherent Niz(AlTi) v’ precipitations for an increase in mechanical strength [3,4].
Regardless of the individual manufacturing, all nickel-based superalloys have anisotropic
Young’s moduli that can vary from 130 GPa to 330 GPa depending on the orientation of the
loading direction to the [011] lattice orientation [5]. The resulting anisotropy factor of more
than 2.5 strongly affects the resulting shear stresses in the slip systems [6] and causes high
scattering of the material data. To compensate for this scattering, high security factors are
used during the design of components, which causes an oversizing of the components [7].
To allow for a more efficient design of components, the loadings and material reactions that
affect the fatigue behaviour of the material must be fundamentally understood [8,9].

Numerous investigations of the deformation characteristics of nickel-based superal-
loys, exploring a range of parameters and observing phenomena across macro-, micro-,
and nanoscales [6,8—-12], revealed a correlation between the strain and the formation of
slip bands or twins, consistently associated with local plastic deformation under static or
cyclic loading. In other studies [6,8], the influence of the local grain orientation on the crack
initiation behaviour of the coarse-grained nickel-based superalloy René80 was investigated
with a focus on the maximum Schmid factors under consideration of the most favourable
slip system that favoured fatigue failure. Additionally, FE models were developed to
simulate material reactions on mechanical loadings based on artificial samples including
elastic [9] and elastic—plastic [11] properties, both showing failure in areas with largely
different properties.

These mostly theoretical findings have been observed and quantified through tech-
niques such as digital image correlation combined with electron backscatter diffraction
(EBSD) [13-16]. To further support the understanding of these phenomena, simulations
were conducted using the finite element method (FEM). These simulations involved arti-
ficially created grain structures subjected to uniaxial loadings, taking into account local
stiffness tensors and Schmid factors, and provided valuable insights, aligning with the
E-m model [6,8,12,17,18]. Schmid’s law was employed to describe the resulting shear stress
(Tres) under uniaxial tensile loadings (¢). This law considers the slip systems of crystalline
material, factoring in the angles of the slip plane that are normal (A) and the slip direction
() with respect to the tensile axis. These angles are combined to form the Schmid factor
(m) [18].

Tres = 0-cos(A)-cos(k) = o-m (1)

Providing context for the subject matter of this research, the overarching findings
of the abovementioned previous investigations related to E (Young’s modulus) and m
(Schmid factor) can be summarised as follows:

e Grains with a low E exhibit increased elastic deformation [19,20] and significant
elongation before plasticity sets in [20].

o  Conversely, grains with a high E-m are associated with elevated shear stress [17,18],
plastic deformation, and the formation of slip bands [6,12].

e Additionally, the presence of markedly different E-m values between adjacent grains
results in stress concentrations [9,17], potentially acting as initiation sites for fatigue
cracks [6,8].

In contrast to conventional deterministic approaches, which often involve high safety
factors in component design, researchers previously constructed a model based on experi-
mental data and FEM simulations using artificial samples to develop a probabilistic model
for lifetime prediction [6,10,11]. These investigations took into account the local Young's
moduli and Schmid factors concerning the phenomena outlined above. The research
presented in this article concentrates on the mechanical behaviour of the nickel-based su-
peralloy Inconel 617 under a cyclic tensile load. The analysis was conducted experimentally
through fatigue tests accompanied by electron backscatter diffraction (EBSD) measure-
ments. EBSD data were utilised to create digital twins of the respective grain structures for
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the FEM simulations replicating the same loading scenario on the samples with their actual
grain morphology. Additionally, the EBSD data were used to calculate the local stiffness,
Schmid factors, and their product E-m. In previous work on the deformation behaviour
under quasistatic loading, a continuum mechanics-based, elasto-plastic FE model has been
developed for Inconel 617, considering the grain structure and the elastic anisotropy. This
model was successfully validated up to the onset of plastic deformation and confirmed the
abovementioned results of the E-m model for a quasistatic load [21]. In the work presented
here, these methods were transferred to cyclic loadings, accompanied by much smaller
total deformations.

2. Materials and Methods

The alloy Inconel 617 finds widespread application in turbine components [3]. It
was selected for this investigation owing to its grain structure, which can be effectively
approximated using Voronoi tessellation [22]. This facilitates a relatively straightforward
identification of grains and the easy interpretation of results due to the presence of distinct
and straight grain boundaries. The chemical composition, as provided by the distributor,
is detailed in Table 1. Notably, the lower Al and Ti contents in comparison to cast alloys
like René80 (approximately 3 wt% Al and 5 wt% Ti) [23] suggest limited Ni3(ALTi) v’
precipitation hardening, simplifying plastic deformation.

Table 1. Chemical composition of Inconel 617 in wt% [23].

Ni Cr Co Mo Fe Al Ti C Mn S Si Cu
min. 4450 20.00 10.00 8.00 0.80 0.05
max. 24.00 15.00 10.00 3.00 1.50 0.60 0.15 1.00 0.015 1.00 0.50

Data processing and analysis are based on a two-dimensional approach, based on
EBSD measurements, as described in [21]. To achieve an approximately two-dimensional
grain structure of the samples, a coarsening thermal treatment of Inconel 617 sheets with a
thickness of 3 mm and an average grain size of ~100 um (see Figure 1a,b) was performed at
1200 °C for 170 h in air. Afterwards, the final sample geometry with a thickness of 0.5 mm
and an average grain size of ~450 um was manufactured by milling (see Figure 1c,d),
approximately fulfilling the two-dimensional approach of the experiments. The thermal
treatment created approximately 0.1 mm thick oxide layers on all sides of the samples
and, hence, has to be performed before the final sample geometry is manufactured. After
milling, the samples were finally polished and gradually etched by Adler-etchant until the
grain structure was visible by light microscopy.

Fatigue testing was performed at room temperature (20 °C) using the electro dynamic
fatigue testing machine “TA Instruments EletroForce LM2 TestBench” that was operated
with force-controlled sinusoidal loadings at a frequency of 20 Hz and a load ratio of R = 0.1.
Figure 2 shows a sample that was clamped and loaded in the fatigue testing machine
as an example. The gauge section, marked by blue lines, exhibits a roughened surface
due to plastic deformation that slightly exceeds the measurement gauge into the sample
shafts. This roughening occurs immediately after starting the experiment for all the load
levels. During the further load cycles, the average displacement of the testing machine
remained constant during the whole experiment, except for the last cycles before the final
rupture. Hence, cyclic creep, commonly observed for different materials, e.g., refs. [24,25],
can be excluded.



Crystals 2024, 14, 356

40f 10

*éverag”e gra*tn’sme* o 00 Hm. ":‘, — |

Figure 1. Characteristics of the samples showing (a) the initial sheet, (b) the initial microstructure,
(c) the finally milled sample geometry, and (d) the final microstructure after thermal treatment
and milling.

initial polished surface

deformed surface

Figure 2. Clamped sample during fatigue testing.

Electron backscatter diffraction (EBSD) mappings of the whole gauge section were
achieved by a Tescan Gaya III Dual-Beam FIB with an integrated EDX-EBSD system with
an EBSD camera-type Hikari Plus at 20 kV acceleration voltage. Approximately one million
data sets per sample were acquired. All the samples were polished before the EBSD
measurements and investigated in the initial state and after rupture without further surface
treatment. Due to the surface deformation, surface-sensitive EBSD measurements could
only be performed for stress amplitudes resulting in small plastic strains. Additionally,
ruptured samples were investigated by scanning electron microscopy (SEM) using an FEI
Quanta 600 device to observe the fractured surfaces. The EBSD data were only gained
on one side of the sample. Hence, the FE model and the analysis of the stiffness and
Schmid factors considering the E-m model are based on a two-dimensional approach. The
EBSD data were transferred to an FE model in several steps using MTEX 5.8.1, gmsh 3.0.6,
Python 3.6.0, and Dassault Simulia Abaqus 2022 using the workflow developed in previous
work [21]. The EBSD data underwent initial processing within the MATLAB toolbox MTEX,
as per the guidelines provided in [26]. This involved indexing the data based on the
measured grain orientations, identifying and recalculating the grain geometries, filling
the non-indicated areas within the grains, and smoothing the grain boundaries to ensure
smooth transitions, which is crucial for the subsequent FEM simulation. The recalculated
grain geometries were exported into a geometry file (*.geo) for meshing in the subsequent
step using gmsh. A Python script facilitated assigning the measured orientations to the
individual grains. The FEM simulations included continuum mechanics-based plastic
deformation but no explicit crystal plasticity model. Therefore, the results are only valid
up to the onset of plastic deformation. The basic setup of the FE model is illustrated in
Figure 3: The whole gauge length of the sample is simulated including separate grains and
their associated crystal orientations, previously determined by EBSD. An arbitrary grain is
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highlighted and magnified as an example, also showing the tetrahedral mesh (C3D6), that
was applied in the model. The arrows at each side of the model indicate the direction of the
static displacement of 45 um, equivalent to 0.3% total strain, that was applied according
to the maximum strain of the fatigue tests on the samples that have been characterised by
EBSD. The material properties implemented into the model are listed in Table 2 [21].

1 mm
I

Figure 3. The FE model of the sample gauge with an indicated direction of static displacement of
45 pum, equivalent to 0.3% strain, by arrows at the sides of the sample and a magnified grain showing
the mesh.

Table 2. Material properties used in the FE model.

Density [23] 8.5t/m3
280 191 191
191 280 191
191 191 280
Stiffness matrix in GPa [27] 127
127
127
Yield stress in MPa Plastic strain in %
200 0
Relation between stress and
plastic strain [21] 400 0.53
470 2.0
500 3.3

3. Results and Discussion
3.1. Fatigue Experiments

Figure 4 shows the results of the fatigue experiments in the form of an S-N curve.
The pronounced elastic anisotropy combined with the relatively large grain size causes
considerable scatter. However, the general fatigue lifetime behaviour up to a cycle number
of about 10® can be assessed from these results. The focus of this work is the investigation
of the crack initiation site regarding local stresses, strains, stiffness, and Schmid factors
in comparison to the deformation behaviour under quasistatic loading based on EBSD
data [21]. Attempts to perform EBSD measurements on samples subjected to stress am-
plitudes of 110 MPa and above failed due to the surface roughness induced by the plastic
deformation that caused an insufficient indication of the EBSD measurements. Hence, the
samples loaded with stress amplitudes of approximately 100 MPa were chosen, which
underwent only small cyclic plastic deformation. These samples exhibited sufficiently
smooth surfaces after fatigue loading to reach indications of around 60% in the relevant
area around the fracture site, which allowed for the comparison to the EBSD measurement
in the initial state. Two specimens, indicated as sample 1 and sample 2 in Figure 4, have
been characterised in detail to identify the correlations between the simulated stresses
and strains, local stiffnesses, and Schmid factors as well as the crack initiation sites in
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comparison to the behaviour under quasistatic loadings. The respective grain structures in
the gauge length before fatigue loading are illustrated in Figure 4b,c.
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Figure 4. S-N behaviour of the Inconel 617 samples, including the number of cycles to failure Ny on
the x-axis and the stress amplitude ;; on the y-axis (a), and EBSD data from sample 1 (b) and sample
2 (c) before fatigue testing.

3.2. Fracture Analyses and EBSD Measurements

Using SEM images of the fracture surfaces (see Figure 5(1a,2a)), the region of fatigue
crack propagation was separated from the final rupture where necking and/or extensive
plastic deformation was seen. The area of fatigue failure shows the characteristic features
of the fatigue crack initiation marked by the dashed lines in the sideview in Figure 5(1b,2b)
and in Figure 5(1c,2c) on the fracture surface. The EBSD data of the samples in the initial
state and after failure were additionally used to accurately identify the crack initiation
region (see Figure 5(1b,2b)). Moreover, it was concluded from the EBSD images that
sample 1 showed transcrystalline failure in the grain marked by the dashed black lines
in Figure 5(1b), while sample 2 showed intercrystalline fatigue crack initiation. The two
dashed lines in Figure 5(2b,2c) highlight the respective grain boundary in sample 2.

3.3. FEM Simulations and E-m Model

Both the FEM simulations and the E-m model are based on the EBSD data of the
samples in their initial state. Figure 6 shows the results of the FE model in comparison
to the stiffness and Schmid factors to explain the fatigue failure initiation in the samples
observed. The before identified areas where fatigue failure occurred are highlighted
by dashed lines for sample 1 in Figure 6(1a-1h) and for sample 2 in Figure 6(2a—2h).
The different appearance in the images is caused by the processing of the original data
sets depending on the investigations. The original EBSD data are shown in Figure 6a.
The calculated Young’s moduli, Schmid factors, and their product E-m are depicted in
Figure 6¢,d. For better visibility, only a section of the measurement gauge is displayed. The
simulated strains and stresses are mapped in Figure 6e—g and the resolved shear stress in
the active slip system, calculated by the multiplication of the stress tensor and the modified
Schmid factor of the most favourable slip system [17], is shown in Figure 6h. All the
simulation results were achieved at an implemented strain in a loading direction of 0.3%
(see Figure 3). The direction of the loading is indicated in Figure 6(1e).



Crystals 2024, 14, 356 7 of 10

final rupture é

B

fatigue !

fatigue-

1000 pm

initi@tion

Figure 5. Analysis of the fatigue failure of sample 1 (1a-1c) and sample 2 (2a-2c): view on the fracture
surface (a,c) and on the sample surface (b) supported by EBSD measurements (b); the dashed lines in
(a,b) mark the transition between the areas of fatigue failure and final rupture while the dashed lines
in (c) highlight the area of crack initiation.

Figure 6. Sections of the measurement gauge of sample 1 (1) and sample (2): original EBSD data (a),
Young’s modulus E (b), Schmid factor m (c¢) and E-m (d), local simulated strain (e), plastic strain (f),
normal stress (g), and resolved shear stress (h).
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Sample 1 showed a rather low Young’s modulus E, very high Schmid factor m, and,
respectively, high E-m in the highlighted grain that showed transcrystalline failure. Consis-
tent with the E-m model, described in the introduction, the low Young’s modulus resulted
in a pronounced elastic strain and nearly no plastic strain [20]. However, the high E-m
value resulted in an elevated resolved shear stress [17,18] that matches with the transcrys-
talline failure. In contrast, sample 2 showed intercrystalline failure in the highlighted area.
The original EBSD data in Figure 6(2a) reveal distinctly different orientations between the
adjacent grains in the highlighted region. Consequently, the stiffness E and Schmid factor m
varied within short distances, indicated by a high Young’s modulus in the one lower and a
very low Young’s modulus E in the upper region of the highlighted area. The Schmid factor
differs less with values between 0.43 and 0.46, but, due to the large differences in stiffness,
the E-m varied from 60 GPa in the lower and 100 GPa in the upper region. The simulation
revealed, in accordance with the E-m model, locally high strains without plasticity in the
regions of low local stiffness [19,20,28]. Moreover, the largely different properties of the
adjacent grains cause high normal stress as well as high resolved shear stress that caused
the intercrystalline failure of sample 2 [8,9,12,17,18].

4. Summary and Conclusions

The fatigue behaviour of the nickel-based superalloy Inconel 617 has been investigated
by the cyclic tensile loading of thin samples with an average grain size of ~450 pum in an
electro dynamic testing device with a frequency of 20 Hz up to the regime of high-cycle fa-
tigue. EBSD measurements have been performed in the initial state and after fatigue failure.
The plastic deformation affected the quality of the surface-sensitive EBSD measurements.
Therefore, sufficiently accurate measurements were performed for stress amplitudes of
~100 MPa that result in maximum strains of 0.3% close to the elastic limit, resulting in a
sufficiently accurate indication of the texture that allowed for retracing the locations of fail-
ure. Sample 1 showed transcrystalline failure and sample 2 showed intercrystalline failure,
consistent with previous investigations on the fatigue behaviour of Inconel 617 [29]. Both
samples have been investigated in detail considering the texture and associated mechanical
properties or mechanical behaviour under load, respectively. Despite locally different me-
chanical properties and observed fracture types, both samples showed a failure behaviour
consist with the E-m theory [6,8,12,17,18]. However, it is noticeable that sample 1 showed
transcrystalline failure due to the properties of the actual grain in which the fatigue crack
initiated, whereas sample 2 showed intercrystalline failure due to the complex relation of
the adjacent grains with largely different orientations and mechanical properties, respec-
tively. In previous work on the quasistatic deformation behaviour of the same material, the
area of rupture was clearly separated from the other regions, showing higher local stresses
and a localised onset of plastic strain in the simulations [21]. For lower deformation during
fatigue testing close to the elastic—plastic regime, the relations were less explicit. The grains,
which eventually failed in the load cycle regime of 10° cycles, showed conditions that have
been observed at many other locations in the scope of these investigations. Additionally,
the quasi-two-dimensional approach was only roughly fulfilled in these experiments, and it
is possible that the microstructure below the material surface affected the fatigue behaviour,
hidden from the EBSD measurements. Therefore, the parameters considered in this work
may not be fully sufficient to explicitly explain the reason for the failure in these certain
grains. However, the result of this work confirmed the widely spread theories on the
correspondence between mechanical properties, the texture, and the reactions on loading
and showed the processing of real EBSD data sets to an FE model to calculate the materials
reactions, confirming the results of the numerous previous works on artificial samples.
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