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Abstract: Cast polycrystalline superalloys are widely used for critical components in aerospace and
automotive industries, such as turbine blades or turbocharges. Therefore, their fatigue endurance
belongs to one of the most essential mechanical characteristics. Full-scale testing of such components
involves great technical difficulties and requires significant experimental effort. The present study
evaluates the effects of microstructural parameters with respect to representative fatigue testing of a
cast turbine blade by separately cast specimens. For that purpose, the cast polycrystalline MAR-M 247
Ni-based superalloy was investigated in the following conditions: (i) specimens extracted from a real
gas turbine blade; specimens separately cast into the mould with (ii) top or (iii) bottom filling systems.
Obtained diverse microstructures allowed us to assess the effect of grain size, porosity, and texture on
fatigue performance. The tests were held at a symmetrical loading regime at temperature 800 °C
in laboratory air. The results indicate that the level of porosity is a dominant structural parameter
determining the fatigue endurance, while grain size and texture effects were of minor importance
contributing mainly to fatigue life scatter.

Keywords: high-temperature fatigue; nickel-based superalloy; investment casting; metallography;
turbine blade

1. Introduction

Nickel-based superalloys are a vast class of the materials, essential for the aerospace, automotive,
and power generation industry, which are recognized for an excellent combination of strength,
structural stability at high temperatures, and very good corrosion resistance. Although single-crystal
superalloys are used in modern gas turbines or jet engines, polycrystalline investment cast superalloy
blades still find a wide array of applications thanks to less demanding fabrication processes and
better affordability. Therefore, the investigation of fatigue performance and the effect of the structural
imperfections naturally inherited by casting technologies still attracts interest [1-3].

Before the integration of a blade into a turbine, the assessment of design and fatigue endurance
is essential and of great interest for aerospace and power generation industries. These components
experience severe service conditions comprising mechanical loading (low and high cycle fatigue,
creep), high temperatures, and corrosion environments, which may result in catastrophic failure.
Since the geometrical complexity of the blades inevitably presents locally different casting conditions,
such as temperature gradient and solidifications rate, the microstructure of various sections can differ
significantly [4]. These variations are reflected by the diversity in grain size, primary and secondary
dendritic arm spacing, distribution and size of carbides, shrinkages, and gas pores. Microstructural
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deviations result in locally dependent susceptibility to failure by different loading conditions within a
blade. For instance, high cycle fatigue (HCF) damage processes are very localized and susceptible
to local stress concentrators such as shrinkages and gas pores [5,6]. Contrary to that, creep and low
cycle fatigue (LCF) damage mechanisms are affected by other microstructural aspects such as the
distribution and the size of brittle phases [7,8], topologically close-packed phases, and /)’ eutectics [9].
Moreover, the microstructures with various phase constituents accommodate plastic deformation in a
different manner reflected by different crack initiation and propagation mechanisms [2]. Therefore,
the relationship of processing technology-microstructure-mechanical properties at severe service
conditions possesses a high level of complexity and represents the important subject of an intensive
effort for academia and industry.

Isothermal mechanical testing provides an essential experimental data for the determination of
expected total operational lifetime of a turbine blade. Moreover, mechanical testing is essential for
the maintenance interval optimization, which presents cost- and time-wise undesirable shut-downs.
One of the possible approaches for fatigue and creep tests is the utilization of real full-scale blades.
An undeniable advantage is that test blades undergo the identical manufacturing processes and
possess the same microstructure and dimensions as the blade utilized in a real turbine. However,
full-scale experiments are financially very demanding, time-consuming, and require a unique laboratory
facility [1,10,11]. Another setback of such an approach is the inability to isolate the individual effects
of various mechanical loadings, which makes the experimental data analysis difficult. Therefore,
the finite element (FE) and crystal plasticity modelling [12] of turbine blades under various loading
conditions is regarded as an important supplementary approach to analyse such complex engineering
challenges [1,13-15]. Experimental results carried out on small-scale specimens extracted from various
blade sections can be utilized as a data input or a verification basis of the models. This approach can
bring a better understanding of mechanical property variations with respect to local microstructure
and texture heterogeneity stemming from different solidification conditions [16-18]. A few small-scale
specimen studies [19,20] were carried out in the past and have shown their worthiness by presenting
significant dependence of the fatigue endurance, hardness, and tensile properties on a blade section.

The present study aims to highlight the important factors of high-temperature fatigue testing
within the framework of the HCF performance assessment of a gas turbine blade. The fatigue tests
were carried out using fatigue specimens produced by two casting processes varying in different mould
filling setups. Acquired microstructures and related fatigue life are discussed and compared with the
fatigue performance of the specimens extracted from three locations of a gas turbine blade.

2. Materials and Methods

The cast polycrystalline MAR-M 247 superalloy, provided by the company PBS Velka Bites, a.s.,
was processed by investment casting in three variants: (i) real blade casting, (ii) casting of semi-finished
specimens by a mould with top filling (further entitled as TF), and (iii) with bottom filling (BF).
Figure 1 shows the schematics with the highlighted flow of the molten metal during the casting.
Different moulds were utilized in order to obtain various microstructures and to minimize porosity:
eight cylindrical bars in an approximate shape of fatigue test specimens were attached to the top
(Figure 1b) or the bottom radial running system (Figure 1c). The BF mould also contained the TF
system, which was left just as a reinforcement to ease the handling. The casting was performed
under vacuum 10~* Pa, whereas pouring temperature was 1385 + 15 °C and mould temperature was
1050 °C. After the end of solidification, the bars were extracted from the pattern and subsequently
underwent hot isostatic pressing (HIP) procedure (1200 °C/4 h/100 MPa/argon) and two-step heat
treatment consisting of a solution annealing at 1200 °C/2 h/air cooling followed by a precipitation
annealing at 870 °C/24 h/air cooling. Several bars cast by the TF mould were left without HIP to assess
the effect of this process on the porosity and resulting fatigue life. Subsequently, the semi-finished
specimens were machined into final specimen geometry.
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Figure 1. Schemes of the utilized casting setups: (a) real blade cast by the top filling system, (b) the

10 cm

10 cm

b)

mould with the top radial filling system, and (c) the pattern with the bottom radial filling system.
The melt flow during pouring is depicted by arrows.

Besides the mould castings, the cylindrical bars dedicated for fatigue specimen fabrication were
extracted by electrical discharge machining from three sections of the blade—further referred to as
root, shank, and airfoil. From the reason of insufficient cross-blade dimensions, it was not possible to
acquire specimens from the airfoil above cross-section III. The positions of bar extraction are depicted
in Figure 2a and specimen geometry in Figure 2b. Due to complex geometry, the microstructure of
the blade varied significantly. To examine this microstructural diversity, large-scale metallographic
samples were prepared. The positions of sectioning, labelled I-1V, are depicted in Figure 2a, and the
sample micrographs are shown in Figure S1 (available in the Supplementary Materials).
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Figure 2. Schemes of (a) the blade cutting plan with indicated positions of extracted fatigue specimens
(highlighted as red circles) and metallographic sample sections; (b) the specimen geometry.

A resonant testing machine Amsler with 100 kN force range was used for fatigue tests under
load control regime in fully reversed loading (R = —1). The fatigue tests were performed at frequency
121 + 2 Hz in laboratory air. The experimental temperature 800 °C was achieved by an electric furnace
with resistance heating. The tests were terminated, while the loading frequency decreased by 5 Hz or
in the case of specimen rupture. Fatigue limit, of, was defined as a stress amplitude value at which a
minimum of three specimens reached 2 x 107 cycles without failure.

The metallographic sections of blade, perpendicular to blade axis, and the sections of fatigued
specimens, cut longitudinal to the loading direction, were carefully ground by sandpapers
with increasing grit number and subsequently polished by 1 pm diamond paste. The final
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chemical-mechanical polishing by colloidal silica slurry provided the surface quality sufficient
for the electron backscatter diffraction (EBSD) measurement. Etching by a solution of 100 mL H,O,
4 mL HNO;3, and 2 mL HF was used to reveal grain boundaries. Initial light microscopic (LM) analysis
was performed using a stereomicroscope Leica S9i, whereas fracture surfaces and longitudinal sections
were observed by a scanning electron microscope (SEM) Tescan LYRA 3 XMU (Tescan Orsay Holding,
a.s., Brno, Czech Republic). The EBSD observations were performed with an electron beam operating
at 20 kV by a NordlysNano EBSD camera (Oxford Instruments, Abingdon, UK). The EBSD data were
analysed by the CHANNEL 5 software (Oxford Instruments, Abingdon, UK). Secondary dendritic arm
spacing (SDAS) measurement were performed by light microscope Olympus GX51 (Olympus, Tokyo,
Japan) on polished and etched metallographic samples. For that purpose, the linear intercept method
was employed, and presented values are the result of 60 measurements for each alloy variant.

Nominal chemical composition of the MAR-M 247 superalloy is given in Table 1. The alloy has a
typical cast structure with coarse dendritic grains of average size ranging between hundreds of microns
and a few millimetres. The microstructure, see Figure 3, contains strengthening coherent precipitates of
¥’ phase heterogeneously distributed in y matrix. Areas of fine y” phase with cuboidal shape (~0.4 pm)
and areas of coarse )’ phase with more complicated morphology (~1.6 pm in diameter) were present.
The investigations of Harris et al. [21] and Janowski [22] revealed the volume fraction of y” phase of
approximately 60%. Numerous carbides and y/y’ eutectics were located along grain boundaries and
interdendritic areas.

Table 1. Chemical composition of MAR-M 247 superalloy (in wt. %).

C Cr W Co Al Ti Ta Hf Mo Nb B Ni
015 837 992 991 542 101 3.05 137 067 0.04 0015 bal

Figure 3. Microstructure of MAR-M 247 superalloy.

3. Results

3.1. Microstructural Characterization

Microstructures in the gauge part of the specimens extracted from all three blade positions are
shown in Figure 4. Corresponding average grain size and secondary dendrite arm spacing (SDAS) are
given in Table 2. Since grain size strongly varies, minimum and maximum values are also included.
The significant scatter of grain size among the blade positions stems from the variations in local
blade thickness and geometry. The root of the blade consists of large equiaxed grains owing to bulky
character of the section resulting from slow solidification of the melt. The shank section consisted of
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distinctly finer dendritic structure. Further grain refinement was observed in the lower part of the
airfoil. Since the specimens were fabricated from rather thick parts of the blade, equiaxed grains were
dominant over columnar grains. In summary, distinct grain size refinement in the direction of the
blade axis towards the blade tip is associated with the local blade thickness. This fact is also reflected
by the decrease in the SDAS parameter, which is, together with the primary dendritic arms spacing,
proportionally related to the temperature gradient G and the growth rate of the solidification front v
represented by the following equation [23]:

M v AGT2 1)

SHANK AIRFOIL

BLADE AXIS

Figure 4. Structure of the specimen gauge sections extracted from three different positions of a gas

turbine blade.
Table 2. Basic microstructural parameters.
Average Grain Area Grain Size Scatter SDAS
[mm?] [mm?] [um]
Root 491 0.1-51.21 136 + 39
Shank 4.35 0.02-30.62 105 + 24
Airfoil 1.46 0.01-19.36 101 + 27
Top filled mould without HIP * 0.33 0.01-5.76 33+5
Top filled mould with HIP 0.36 0.02-6.14 34+8
Bottom filled mould 2.45 0.02-18.66 39+8

* Hot isostatic pressing (HIP).

Therefore, it can be assumed that the bulky blade positions solidify by lower rates, resulting in
coarse grain structure with large SDAS, whereas the slender parts of the blade airfoil undergo faster
solidification leading to finer dendritic microstructure and lower SDAS.

Figure 5 shows the structures of the TF mould cast specimens (TF specimens) without or with
subsequent HIP processing and the BF mould cast specimens (BF specimens). Microstructural
characterization was performed on metallographic samples from the specimen gauge cut parallel to
the specimen axis. Utilized mould filling setups resulted in different structures in terms of grain size,
grain columnarity, and porosity. As shown in Table 2, the average grain size of the BF specimens was
notably larger as well as grain size scatter and SDAS parameter. These findings distinctly indicate
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that BF casting microstructure stems from the slower solidification due to the additional bottom radial
running system, which adds a significant molten metal mass. Columnar grain structure was found
within the TF specimens. Any distinct effect of the HIP on grain size was not found, which complies
well with available literature [24,25].

TOP FILLED MOULD ~ TOP FILLED MOULD  BOTTOM FILLED MOULD
NON-HIP HIP

Figure 5. Dendritic structures of the specimen gauge sections.

The porosity assessment was carried out on the fracture surfaces of all fatigued specimens based
on the assumption that the primary fatigue crack originates from the most serious structural defect of
the specimen gauge. This assumption is deemed to be generally valid for HCF loading regime known
for high sensitivity on structural imperfections and essential effect on the fatigue crack initiation [26,27].
The examination of fracture surfaces revealed that the BF specimens exhibited low porosity level with
isolated pores in size range 30-70 pm, whereas the TF mould casting resulted in the microstructure
containing the shrinkages with the average size 770 pm. The effect of the HIP process, evaluated on a
series of the TF specimens left without this treatment, was found to be essential. Shrinkages and pore
clusters of average size 3040 pm were found. The analysis of the blades in each position revealed fine
pores; therefore, it can be concluded that, with respect to typical grain size observed in each of the
blade sections, the porosity was negligible. The principal defects of each tested specimen characterized
by Feret diameter are shown further in Figure 8 of Section 3.2.

The texture analysis of the blade shank section and both filling systems are shown in Figure 6.
The pole figures acquired by the EBSD measurement were performed over a large area of the specimen
gauge section depicted in Figure 5. High intensities within corresponding {001} pole figures were
caused by coarse microstructures where individual grains cover a significant area fraction of an EBSD
map. This is especially distinct in the case of the blade shank, which possessed the largest grain
size within the examined microstructures. Despite this fact, any preferential grain orientation was
not found.

In summary, the microstructures of specimens cast by three casting setups resulted in distinct
differences in grain size and porosity, while the random texture of grains was retained.
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Figure 6. (001) pole of longitudinal specimen gauge sections obtained by three different casting
conditions depict random crystallographic orientation. High intensities are caused by coarse grains.

3.2. Fatigue Life

Stress-life (S-N) data from the fatigue tests carried out on the specimens originating from three
blade positions are shown in Figure 7. Despite distinct microstructural variation among individual
positions (see Figure 4), the results indicate a negligible effect of the grain size on HCF performance.
Therefore, all experimental data are fitted by a single fatigue life curve, and a fatigue limit of 230 MPa
was identified for the blade regardless of the specimen position. In contrast to the similarities of the
HCEF performance, the scatter of fatigue data varies among the blade positions. Figure 7 indicates that
the highest scatter is observed for the airfoil, the section possessing the finest microstructure. It is
important to note that a limited number of tests was performed for the airfoil section, since only one
specimen could be extracted per blade. Therefore, the experimental data for this particular section
are not fully statistically sound in terms of fatigue performance assessment but can give sufficient
insight into observed significant fatigue life scatter. Microstructural examinations of several specimen
gauge sections revealed that the airfoil part of a blade is sensitive on inevitable fluctuations in casting
conditions and in the solidification process. The occasional occurrence of individual coarse grains
was confirmed in several specimens. Such microstructural variations can be the source of this fatigue
data scatter.
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Figure 7. Stress-life (S-N) diagram for individual blade positions cycled at 800 °C.
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The fatigue life curves of the specimens cast into the TF and the BF moulds are plotted in
Figure 8. The diagram includes Feret diameter measurements of the casting defects detected on the
fracture surface of each specimen and which were responsible for the fatigue crack initiation. The
specimens with no apparent pores or shrinkages to trigger the fatigue crack initiation are the data
points without number, which was a domain for the BF specimens. Metallographic samples and
fracture surfaces of this casting variant revealed a low level of porosity with isolated gas pores and
rare shrinkages. SEM fractographs of typical fracture surfaces for specimen variants is shown in
Figure S2 (available in Supplementary Materials). Corresponding fatigue life curves show distinct
differences, which directly correspond with the degree of porosity. The castings with a lower content
of microstructural defects exhibit better HCF performance. The results reflect the positive effect of
the BF pattern casting. Even larger influence than type of the filling system can be attributed to
the HIP treatment, which resulted in fatigue life enhancement by more than two orders. Contrarily,
the structure without HIP manifests the HCF performance of the alloy with initial shrinkages and gas
pores created during solidification. With respect to the Feret diameter of the casting defects, the gauge
area cross section is severely reduced leading to increased local peak stresses compared to applied
macroscopic stress. Therefore, the fatigue crack initiation within favourably oriented grains adjacent to
a large shrinkage is significantly accelerated as well as crack propagation, displayed clearly by strong
fatigue life reduction. Fatigue limits were measured just for the HIPed alloy variants. The BF mould
casting provides the fatigue limit by 30 MPa higher compared to 190 MPa of the TF mould casting.
In summary, Figure 8 demonstrates the dominant effect of the porosity on HCF performance.
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Figure 8. S-N diagram of particular batches of pre-cast specimens cycled at 800 °C. The numbers of
each data point represent the Feret diameter of a casting defect (in um) responsible for the fatigue
crack initiation.

3.3. Fractographic Analysis

Figures 9-11 show micrograph compilations of selected failed specimens representing each casting
variant. A fracture surface with a detail of the crack initiation site and an EBSD map of the grains in
the fracture surface vicinity are depicted. The EBSD analysis was carried out on longitudinal sections
of specimen gauge, which were cut to intersect the crack initiation site. The sectioning is highlighted
by a yellow dashed line in each figure.
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grain 1:

(111)[T01] SF 0.481
-------- (111)[101] SF 0.456
— = - (11T)[011] SF 0.188

grain 2:

(111)[101] SF 0.498
-------- (T11)[101] SF 0.484
— = - (117)[011] SF 0.290
| grain3:

(111)[101] SF 0.451
-------- (111)[101] SF 0.442
— — - (117)[011] SF 0.430
001 [001]//LD

FATIGUE CRACK
INITIATION AT SHRINKAGE

LOADING
DIRECTION

Figure 9. Fracture surface of top filling (TF) hot isostatic pressing (HIP)ed specimen (g, = 280 MPa,
Nf=0.752 % 10° cycles) (a). Fatigue crack initiated from large complex shrinkage situated in gauge
length interior (b). The blue dashed line highlights the “fish-eye” representing the fatigue crack
propagation period prior to reaching a specimen surface. The white dashed line refers to the final stage
of crack propagation before final failure. The yellow line represents the plane of longitudinal section
for electron backscatter diffraction (EBSD) analysis underneath the surface (c).

grain 1:
—— (111)[101] SF 0.475
........ (T11)[101] SF 0.465
+ (117)[011] SF 0.400
grain 2:
= (111)[I01] SF 0.348
........ (117)[01T] SF 0.255
- =« (1T1)[017] SF 0.228
grain 3:

(111)[T01] SF 0.435
........ (T11)[101] SF 0.432
— — . (117)[0T1T] SF 0.424
o1 [001])//LD

LOADING
DIRECTION

m

FATIGUE CRACK
INITIATION SITE

Figure 10. Fracture surface of bottom filling (BF) specimen (g, = 300 MPa, Ny = 1.438 X 10° cycles)
(a). Fatigue crack initiated from small shrinkage (b). The blue dashed line highlights the fish-eye area
representing fatigue crack propagation prior to reaching specimen surface. The white dashed line
depicts the final stage of the crack propagation before final failure. The yellow line represents the plane
of longitudinal section for EBSD analysis underneath the surface (c).
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grain 1:
(111)[101] SF 0.463
-------- (T11)[101] SF 0.451
— = - (117)[011] SF 0.129
grain 2:

(111)[T01] SF 0.470
. (T11)[017] SF 0.397
4 — — - (117)[101] SF 0.385

001 [001)//LD

LOADING
DIRECTION

- eSS

101

FATIGUE CRACK INITIATION SITE
FATIGUE CRACK PROPAGATION

Figure 11. Fracture surface of blade shank specimen (o, = 300 MPa, Nf =10° cycles) with surface crack
initiation highlighted by a red rectangle (a). The white dashed line highlights final stage of the crack
propagation before final failure. Detail of the crack initiation site is depicted in (b). The yellow line
represents the plane of longitudinal section for EBSD analysis underneath the surface (c).

Figure 9 depicts the fracture surface of the TF HIP treated specimen. LM fractography, Figure 9a,
revealed complex shrinkage in the sample interior identified as the crack initiation site. Large facets
belonging to a single grain, namely grain 2, was found in the vicinity of the crack initiation site shown
in Figure 9b. The early stage of the fatigue crack propagation without oxidation assistance is clearly
visible as an area with markedly different fracture surface appearance, so-called “fish-eye”, highlighted
by the light blue dashed line. The further crack propagation until failure (white dashed line highlight)
was characterized by pronounced fracture surface roughness closely related to the dendritic character of
the microstructure. Carbide particles, y/)” eutectics and small pores were found on the fracture surface
in this area indicating interdendritic crack propagation, see Figure S3 (available in Supplementary
Materials). Slip trace analysis, Figure 9¢, confirmed that the facet in the place of fatigue crack initiation
was of a crystallographic nature, namely the slip plane of type {111} with the highest Schmid factor (SF).
The cyclic loading forced the crack initiation along the slip plane with subsequent crack propagation in
crystallographic stage I mode until the grain boundary with grain 1 was reached. Therefore, it can
be assumed that the stress concentrations induced by the complex shrinkage promoted slip activity
along the most suitably oriented slip plane of grain 2. The cyclic loading forced the crack initiation
along the slip plane with subsequent crack propagation in crystallographic stage I mode until the
grain boundary with grain 1 was reached. Afterwards, the crack driving energy was high enough to
propagate further by non-crystallographic stage II mode via structurally weak spots such as carbides
and y/y’ eutectics. The slip trace analysis of grains 1 and 3 confirmed that the crack did not follow the
high SF slip planes, i.e., non-crystallographic crack propagation was active.

As noted in the previous section, the porosity level dropped significantly by using the BF casting
setup. As a result, the crack initiation was frequently observed along the favourably oriented slip
systems of large grains, without distinct effect of porosity, and from the specimen surface. However,
Figure 10 depicts fractographic analysis of the only crack initiation from the pore agglomeration
documented in the BF mould castings. Due to suitable grain 1 orientation, the pores were capable of
introducing cyclic slip activity on the slip plane with the highest SF. The crack initiation and early crack
propagation were under crystallographic stage I mode, while the character of the fracture surface in
grains 1 and 3 indicate a transition to non-crystallographic stage Il mode. The fish-eye feature is again
apparent on the fracture surface indicating oxidation unassisted crack propagation.
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The notably different appearance of the fracture surface is presented for the failed specimen of the
blade shank part. Since the porosity was nearly absent in the blade castings, the surface crack initiation
was predominantly observed. The small facet within the grain 1, shown in Figure 11b, was identified
as the fatigue crack initiation site. The crystallographic crack propagation was active only in grain
1. The fracture surface roughness, Figure 11c, gradually increased with the crack length in the same
manner for TF and BF specimens. That indicates that the crack path led via fatigue weak areas such as
interdendritic areas, as it was already documented by Figure S3 (available in Supplementary Materials).

4. Discussion

Small-scale fatigue specimens testing with the aim to characterize the fatigue performance of a
real blade has been studied in the works of Yan et al. [20,28]. Attention was predominantly focused
on the influence of specific blade geometry features and the local stress gradients on HCF and LCF
life. However microstructural variability was not considered. The present study is focused on the
microstructural characterization enabling subsequent evaluation of the dominant structural parameters
affecting HCF, such as grain size, texture, and porosity. For that purpose, the fatigue specimens were
prepared by two different mould filling setups in order to obtain diverse microstructures. In parallel,
the additional set of specimens was extracted from the gas turbine blade in three positions, as it has
been presented in Section 2.

The fatigue performance of the material extracted from all blade positions (shown in Figure 7) was
similar; however, the fatigue life scatter exhibits variations, especially in the airfoil. The microstructure
of this blade position consisted of finer dendritic grains with the occasional appearance of individual
coarse grain. Since the level of porosity was negligible in the blade castings, coarse dendritic grains act
as a fatigue hot spots where the cyclic deformation mechanisms were facilitated and subsequently a
fatigue crack initiation can occur, as it has been described by Miao et al. [29]. The planar character of the
cyclic plasticity, typical for superalloys even at a wide range of temperatures as shown by Sulék et al. [30],
benefits from coarse grains in terms of dislocation slip activity along feasible crystallographic planes
over long distances, uninterrupted by grain boundaries. Moreover, the damage mechanisms can be
further accelerated by the occurrence of stress concentrators such as carbides and fine gas pores [31].
For instance, Du et al. [32] demonstrated the synergistic detrimental effect of structural casting defects
and coarse grains, and their location with respect to the specimen surface. Furthermore, the fatigue
crack growth rate is higher in coarse grain structure due to the lack of grain boundaries acting as a
crack inhibitor [33,34]. Thus, the fatigue data scatter is attributed to the occurrence of coarse grains in
some of the specimens. This conclusion implies that grain size variation, in the range found in this
study, can contribute to increased fatigue data scatter. To significantly alter the fatigue lifetime, it is
assumed that the grain size change would have to be in a considerably larger magnitude, as it was
demonstrated by study of Du et al. [32].

It has been proposed by several studies [35,36] in the past that the crack initiation and early
propagation in nickel-based superalloys occur by a slip decohesion mechanism with at least two active
planes. This distinctly crystallographic mechanism implies that grain orientation will play an important
role. Moreover, Liu et al. [34] have reported that grains with <001> direction parallel to the loading
axis exhibit rapid crack propagation. The fracture surfaces, shown in the present work, possess distinct
features of the crystallographic cracking in the form of facets; however, studied microstructures do
not possess any preferential orientation, as shown by pole figures in Figure 6. The authors believe
that the necessity of favourable grain orientation for fulfilling the condition of multiple active slip
systems are bypassed by the local effect of defects in terms of induced stress concentrations. In such
case, even secondary slip systems with lower SF will be activated. Therefore, the grain orientation will
presumably play a less important role as the fatigue life determining microstructural parameter in
comparison with porosity.

The fatigue life curves of the specimens cast by two different filling systems, shown in Figure 8,
manifest the effect of casting defects, such as gas pores and shrinkages, on HCF performance. In general,
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any of the casting processes are commonly accompanied by some degree of porosity [37] and present the
major factor for mechanical properties, mainly fatigue performance. The occurrence of a gas pore or a
shrinkage depends on (i) the partial pressure of gas dissolved in a melt, (ii) the volume reduction during
solidification, and (iii) the casting conditions [38]. Therefore, various types of filling systems will result
in different casting soundness. Itis generally regarded that the BF setup leads to less turbulent melt flow
and consequently in a higher quality of the final component [39]. The mould with TF setup represents
technologically easier process, but the melt flow is abrupt and turbulent and, therefore, prone to higher
porosity and generally lower quality of a cast, as it was documented in the past [40]. The porosity
measurement from the fracture surfaces for each filling system, shown in Figure 8, is in good agreement
with these findings. Murakami [41] has proposed that material defects generate a stress intensity
factor dependent on given defect size. The shrinkage-induced stress intensity factor introduces local
stress concentrations leading to increased dislocation slip activity on some of the octahedral {111}
planes. Such localization of cyclic plastic deformation can trigger the crack initiation in the vicinity of a
defect followed by the crack propagation, which has been experimentally confirmed by digital image
correlation investigations [31] or by EBSD [2]. In summary, a casting defect size, inherently induced
by selected casting setup, has serious implications on the HCF performance of an alloy, which is
reflected by presented fatigue data and has been confirmed also in different Ni-based superalloys [5],
Ti-alloys [42], Al-alloys [43,44], and others [45]. The effect of porosity is further showcased by a set
of specimens cast by TF setup without subsequent HIP treatment. Such a cast structure contained
enormous shrinkages leading to accelerated fatigue damage process, which resulted in shorter fatigue
life. Shrinkages of such extent led to a significant reduction in the specimen nominal cross-section,
which increased applied stresses and intensify the stress concentrations. As a consequence, the fatigue
crack initiation and propagation are accelerated. However, it has to be noted that the results contain
several inconsistencies of the specimen containing a large shrinkage, which exhibited longer fatigue
life than the specimen with smaller critical casting defects. Authors ascribe as a main source of such
disparity: (i) relative position of a shrinkage with respect to the specimen surface and (ii) the character
of microstructure in vicinity such as crystallographic orientation of adjacent grains.

Figure 12 depicts the concluding comparison of the fatigue data acquired by testing of specimens
produced by both mould filling setups and the specimens extracted from the blade. Due to the
comparable porosity level, the BF pattern specimens represent well the fatigue performance of the
blade, supported by similar fatigue limit.

The fracture surfaces of all batches of specimens exhibited similar features. The vicinity of
initiation sites frequently contains facets indicating crystallographic stage I mode of the fatigue crack
growth. Facets are a direct consequence of intensive strain localization into favourably oriented slip
planes, which are promoted by stress concentrators such as pores, shrinkages, carbides, and y/y’
eutectics. In cast alloys, it is generally accepted that shrinkages and pores are the most critical structural
defects [42,46]; therefore, the position of a fatigue crack initiation site is closely related to a position of
casting defect, as it was already shown in the previous study [6]. In the case of a defect-free structure,
the fatigue crack initiation from the fracture surface is the most frequent. This fact correlates well
with the porosity measurements of the fatigued specimens presented in Figure 8 and the fracture
analysis, shown in Figures 9-11 and S2. The turbine blade specimens or the BF specimens exhibited
the negligible level of porosity resulting in the transition of the fatigue crack initiation on specimen
surface where a contribution to the crack initiation stemming from hot corrosion can be expected.
Contrary to this finding, TF specimens (with or without HIP) contain a considerable degree of casting
defects especially in specimen interior which result in interior fatigue crack initiation and subsequent
propagation. With further crack growth, the fracture surface becomes more rugged and a fatigue
crack propagates via interdendritic areas containing a high amount of carbides and y/)y” eutectics,
see Figure S3.

The results confirm the dominant effect of casting defects on fatigue life, whereas grain size and
texture are of minor effect. The separate casting of specimens for fatigue tests, aiming to avoid complex
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full-scale testing of blades or tedious and time-demanding extraction of test specimens from a blade,
can deliver representative fatigue data under the condition of a similar level of porosity. Such a method
of the fatigue tests can provide rapid and representative fatigue data for the design and manufacturing
of a blade.
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Figure 12. Comparison of high cycle fatigue (HCF) performance of the blade and the specimens cast by
two different mould filling setups.

5. Conclusions

The results of this study indicate that the HCF life of polycrystalline cast MAR-M 247 superalloys
at 800 °C is closely related to the retained porosity after the casting process and the HIP treatment.
This finding presents a possibility for representative HCF testing of turbine blades by a set of separately
cast specimens using standard laboratory fatigue testing systems. It has been concluded, based on
the tests of three different series of specimens with diverse microstructural characteristics, that the
determining parameter is the porosity size. The grain size and texture show only a minor effect on the
overall HCF endurance and contribute most to the fatigue life scatter.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/11/1460/s1,
Figure S1: Macrostructure of the alloy in selected sections of the blade labelled according to the scheme shown
in Figure 2a, Figure S2: Fractographs of (a) TF specimens without HIP, (b) TF specimen with HIP and (c) BF
specimen, Figure S3: Backscattered electron micrograph of the fracture surface showing the presence of carbides
and gas pores, favourable sites for the fatigue crack propagation.
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