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Abstract

The phase equilibrium evolution resulting from the interdiffusion of atoms in single
crystals of nickel-based superalloys was studied with the aid of microstructural,
chemical composition, and micromechanical property investigations. The experimen-
tal observation methods—optical microscopy, scanning electron microscopy,
transmission electron microscopy, energy-dispersive spectroscopy, microchemical
analyses, X-ray diffraction, hard cyclic viscoplastic deformation, and nanoindentation
—were combined to obtain new insights into the phases’ chemical composition and
micromechanical properties’ characterization that depend on strain-stress levels
which are induced by tension-compression cycling in viscoplastic conditions at room
temperature. The test samples with differences in the strain-stress parameters were
received on the tension-compression stepped sample with four different cross-section
areas. The strains with four levels of intensivity were added by using strain ampli-
tudes of 0%-0.05%, 0%-0.2%, 0%-0.5%, and 0%-1% for 30 cycles, respectively.
Microstructural investigations show that dendrite length decreased significantly in
samples with minimal cross-section and accordingly at maximal strain-stress
amplitudes. The main dendrites of the (001) direction were separated by (y + v')-
eutectic pools. The length of newly formed dendrites depends on cumulative strain-
stress amplitudes. The chemical composition and micromechanical properties of
phases were changed as a result of the atoms’ interdiffusion between different phases.
These changes were influenced on the phases” equilibrium evolution of the single-

crystal superalloy during testing.

Keywords: phase equilibrium, evolution, nickel-based superalloys, atom interdiffu-

sion
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Superalloys

1. Introduction

Cast single-crystalline (SC) Ni-based superalloys are promising high-strength refractory
materials for manufacturing turbine blades (Figure 1) and vanes of turbojet engines as well as
power gas turbine blades and polycrystalline turbine discs.

‘_3"'-"/ [Channels for air cooling |

Figure 1. Air-cooled and thermal barrier-coated high-temperature turbine blade for turbojet engine Al31-F.

It is well-known that these materials possess extraordinary strength [1-3], high fracture
toughness at fretting failure [4], good resilience under thermomechanical fatigue [5-8], low-
cycle fatigue (LCF) [9], and high-cycle fatigue (HCF) [10, 11] as well as high oxidation resistance
[12, 13] in gas environments at high temperatures during long-term exposures. The excellent
creep-rupture lifetime properties of superalloys are presented in a large number of investiga-
tions [14-17]. These excellent exploitation properties of the superalloys depend on the chemical
composition [1, 18, 19], solidification parameters [20-22], and casting conditions [23] of the
manufacturing process. The dendrite microstructures of SC Ni-based superalloys differ based
on their withdrawal, solidification, and cooling rates. The withdrawal rate and temperature
gradient have effects on the dendritic microstructure evolution in directionally solidified SC
of superalloys. The primary dendrite arm spacing for some commercial superalloys depends
on the temperature gradient and withdrawal velocity, and their spacing varied from 50 to 550
pm for a number of commercial superalloys [20-22]. The withdrawal rate and melt overheating
temperature, as well as cooling rate, also influence the primary dendrite length [22]. Therefore,
the tensile and creep properties of these materials are not simply a function of the withdrawal
rate. Usually, the withdrawal rates varied from 50 to 350 mm/h [20-22]. The primary and
secondary dendrite arm spacing decreases with increasing withdrawal rate [21, 22]. The fine
dendritic structure can lead to increased mechanical properties and higher solution and
liquidus temperatures [21]. The cooling rate increase influences both the solidification behavior
and the resultant structural and increased chemical microheterogeneity of the as-cast structure
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of superalloys [23]. As a result, the creep and fatigue strengths were increased by chemical
microheterogeneity increases. Therefore, the number of solidification defects, like silvers and
freckles in castings, can possibly be decreased by the addition of C, B, and N [18]. Therefore,
for superalloys the selection of elements is an importance. The major constituent of commonly
cast superalloys is nickel (Ni) and the main alloying elements are Cr, Co, Mo, Nb, Ta, Ti, Fe,
V, W, Ru, Re, Ir, Hf, B, C, and Al [1, 20]. These elements have BBC, HCP, and FCC crystal
structures (Figure 2). The listed elements with atomic numbers have the highest melting
temperatures (Figure 3) and the lowest normalized activation energies for diffusion (Figure
4). To provide the best exploitation properties (lowered creep, high resistance to thermome-
chanical fatigue, and so on) for turbine blades, the elements can have high activation energies
for high-temperature creep [24, 25] and activation energy for self-diffusion [25, 26], as shown
in Figure 5. Diffusion in SC Ni-based superalloys under viscoplastic deformation at room
temperature is studied in [27, 28]. The elements (W, Ta, Nb, and Re) with the needed higher
activation energies for self-diffusion control mass transport via diffusion on the scale of the
microstructure of the superalloy. In contrast, Ti has the lowest activation energy (Figure 5) for
diffusion, high-temperature creep, and is not a suitable alloying element for casting SC
superalloys [28]. The Al forms high-temperature intermetallic compounds in y’-phase with Ni
as well with other alloying elements (Ti, Ta, and Nb). Metal carbides (MC) [29] are formed on
the base of C, with Nb and Ta or Ti and Ta.
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|
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Figure 2. Correlation of the crystal structures of the transition metals (position in the periodic table) used for SC super-
alloy casting. Adapted from reference [1].

It is shown that MC is beneficial for creep property improvement, but transformed to M,C,
provides micropore formation, crack initiation, and led to final fracture. Thus, the choice of
temperature regime for solution/homogenization heat treatment is the key to achieving the
best properties for SC cast superalloys [30]. The historical development of superalloys (during
75 years) from their emergence in the 1940s is important [1]. The turbine entry temperature
(TET) was improved from 700°C (wrought, uncooled) to 1850°C (SC, cooled, thermal barrier
coated) at present (Figure 1). During this period, the high-temperature capability increased as
the production technology was improved from wrought to conventional casting, to directional
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Figure 3. Alloying elements (with increased font, red-colored, mainly used for SC Ni-based superalloy casting, Fe was
used for polycrystalline superalloys) melting temperatures for corresponding atomic number. Data taken from refer-

ence [1].
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Figure 4. Normalized activation energies of diffusion for the various crystal classes. Adapted from reference [1].

solidification and then to single-crystal superalloy casting in directional solidification instal-
lation under high vacuum [20-23, 28-30].

2. Review of conventional high-temperature test methods

During exploitation, the gas turbines experience different temperature cycles and the turbine-
entered temperature (TET) varies from +60°C at ground idle during relative short time [1] up
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Figure 5. Correlation between the high-temperature creep activation energy and the activation energy for self-diffu-
sion for several elements. Adapted from reference [1].

to 1850°C during the take-off and climb to cruising altitude during a typical flight cycle.
According to the turbine blade and disc materials, with single crystalline and polycrystalline
microstructures, respectively, mainly are studied at high temperatures. The high-temperature
creep [31-33] and metallurgical failure [34] of turbojet turbine rotor blade materials under
mechanical tension, vibration, buffeting, and thermal tension-compression loadings at
centrifugal forces during rotation are some of the most important problems in aircraft engines.
Gas turbine rotor blades generally experience thermomechanical fatigue [6, 7] as well stresses
at differentlocations in the turbine blade body under loadings in gaseous surroundings at high
temperatures. Under low cycle fatigue (LCF) testing conditions at strain control regimes, the
fatigue performance depends on the loading axis direction to crystal orientation (Figure 6).
The yield stress at tension is maximal for the (001) direction of crystal orientation. The yield
stress in tension depends on the temperature and exceeds that of compression. The strain
softening of materials increase as temperatures increase. Determining all these influences
during the viability testing of a blade material is complicated. Therefore, the test method that
is currently used to determine the mechanical properties of Ni-based superalloys is creep
testing at elevated temperatures and during very long (100-1000 h) exposure times [14-17,
31-33]. The high-temperature creep testing of superalloys is typically performed at
800°C-1100°C under tension load of 600-200 MPa, respectively. Usually, increased tempera-
tures used lowered tension stresses. The microstructural aspects of high-temperature defor-
mation of mono- or single crystalline nickel-based superalloys are well studied by Mughrabi
[31]. The resulting creep dislocations help to form a raft structure (Figure 7), which is elastically
unstable. The rafts forming direction depends on the stresses in PDA or SDA of dendrites and
the orientations of rafts are “N” or “P” type (Figure 8). Thus, the rafts” orientation also depends
on various Y’ volume fractions.
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Figure 6. Effect of crystallographic orientation on fatigue hysteresis loops for an experimental SC superalloy at 980°C
+Figure 6. Effect of crystallographic grientation on fatigue hysteresis loops for an experimental SC superalloy at 980°C
and wﬂEn%I%\(’,% Agﬁ’ 3. 6/?& T @(Eé ake (frotrrrg teference m‘

ata taken m rererence

SDA PDA

Figure 7. The y/y’-microstructure in the dendrite arms of CMSX-4 rafted during annealing at 1100°C under denritic
stresses. Dendritic stresses estimated at 1100°C by FE modelling are shown by arrows. Adapted from reference [35].
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Figure 7. The y/y’-microstructure in the dendrite arms of CMSX-4 rafted during annealing at 1100°C under denritic
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Figure 8. Microstructure of y/y’-phase in initial state (a) and at creep deformation formed different raft types. Adapted

. from reference [15]. C . .
Figure 8. Microstructure of y/y’-phase in initial state (a) and at creep deformation formed different raft types. Adapted
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at ground idle for relatively short times. Some new methods have been developed for SC NI-
based superalloys testing [44, 45] and the different gradually shaped specimens were used.
Therefore, in this chapter, we studied the tension-compression stress amplitudes in the field

of viscoelastic as well viscoplastic deformation during low number and low frequency of cycles

me en ure

at room temperature. By this method, the cyclic stresses influenced the interdiffusion of
elements and atoms between different phases. This method of SC Ni-based superalloy testing
is called hard cyclic viscoplastic (HCV) deformation [28, 39, 44, 46]. We estimated the micro-
structure evolution, phase equilibria shifts, chemical composition phase changes, and changes
in the micromechanical properties of different phases in SC Ni-based superalloys during HCV
deformation at room temperature.

3. Materials and experimental procedures

3.1. Casting of SC Ni-based superalloy

The test material that was subjected to HCV deformation was the commercially available SC
Ni-based superalloy ZS32-vi (Russian standard), which had the following composition (in at.
%) of main elements: 12.1% Al, 5.3% Cr, 9.4% Co, 0.8% Nb, 0.9% Ta, 0.7% Mo, 2.5% W, and
0.7% Re, with the remainder being Ni. No Ti was present in this superalloy. The casts of the
SC Ni-based superalloy samples were produced by NPO “A. Lylka-Saturn” via an electro-
magnetic induction melting technique in a directional solidification furnace under high
vacuum. The withdrawing rate was ~3.4 mm/min, which yielded solid casts with dendrites of
up to ~4.5 mm in length. The as-received SC cast rods were 15 mm in diameter and ~160 mm
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in length. We speculate that all of the cast test parts of samples possessed identical micro-
structures and properties before HCV deformation testing; as they were produced using
identical technological parameters of casting [see 20-23].

3.2. Initial microstructure of SC cast Ni-based superalloy

The as-cast optical microstructure is shown in the longitudinal (001) direction in Figure 9 and
in cross-section in Figure 10a, whereas the y/y’ microstructure of a cast SC Ni-based superalloy
7532-vi sample is presented in Figure 10b. The microstructure mine constituent’s parts or
details are shown in Figure 9 by arrows. As shown, the primary dendrites’ length is about 4.5
mm and dendrite arm spacing is about 400-500 pm. The eutectic pools are situated near the
primary dendrite axis and in the interdendritic region. Therefore, metal carbides with high
concentrations of Nb/Ta content situated near eutectic pools (Figure 12 a) and metal carbides
with lower Nb/Ta content in interdendritic region (Figure 12 b) between primary and secon-

dary dendrite axis with y/y’ microstructure. The phases under consideration in this study are
presented in Figure 11. These phases are listed in Figure 11b: (a) primary dendrite axis (PDA)
in (001) direction; (b) interdendritic region (IDR) with C-Nb/Ta-arrows (Figure 10); (c)
secondary dendrite axis (SDA); (d) eutectic pools (EUT) with partly single y’-phase in
interdendritic region; and (e) Nb/Ta-rich metal carbides (MC) near EUT.

Figure 9. Microstructure of as-cast SC Ni-based superalloy ZS32-vi in longitudinal (001) direction. The microstructure
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4. Proposed test methods and results
4. Proposed test methods and results
4.1. Hard cyclic viscoplastic deformation

4.1. Hard cyclic viscoplastic deformation
HCV deformation was done using an Instron 8516 materials testing installation at room temperature in the Materials

TeshhG ValRiRARA U DEpARNLANG: Mstoiea B gRERG P T AGHRERES SPFEERGOIS A SR 1A QR BRent

temperature in the Materials Testing Laboratory at the Department of Material Engineering
of Tallinn University of Technology, Estonia. In the present chapter, we studied the behavior
of single crystalline Ni-based superalloy ZS32-vi for turbine blade application in aircraft
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turbojet engine AL-31-F. The SC material was tested at room temperature. We estimated the
shift in the phase equilibria of an SC Ni-based superalloy during HCV deformation. The
method we used was based on the Bauschinger effect. The objective of the present work was
to study the role played by the deformation-assisted interdiffusion of atoms among different
phases in shifting the phase equilibrium, which was characterized based on the evolving
chemical composition and micromechanical properties of each investigated phases (see Figure
11 b). In my opinion, such an investigation can provide realistic information concerning the
shifts in the phase equilibria of SC Ni-based superalloys under HCV deformation in start-up
regime at ground idle temperature (+60°C) of turbine blades of turbojet engines. The specimens
for HCV deformation were cut with stepped cross-sectional areas from the SC casts with
dimensions of 16 mm in diameter and ~160 mm in length. The cross-sectional areas of the
tension-compression specimens for HCV deformation (Figure 13) were 200 mm?, 154 mm?, 77
mm?, and 38.5 mm? for test samples S1, S2, S3, and 54, respectively. The test parts were 12 mm
long with a radius of 3 mm. The extensometer that was used to measure the true strain had a
base length of 10 mm and was mounted on the test part (54) with the smallest cross-section
(38.5 mm?). The stress values for the other cross-sections were calculated and found to decrease
proportionally with the increase in the cross-section (Figure 14).

Figure 13. Scheme of the sample for HCV deformation. Designations in mm. Adapted from references [44, 46].

The cross-sections for samples 54, S3, and S2 increased twice as much per step relative to the
next section. The HCV deformation tests were conducted using tension/compression-strain
amplitudes of 0%—0.05%, 0%—0.2%, 0%—0.5%, and 0%—1% for 30 cycles at each strain amplitude.
After such straining, the samples were fractured at tension strain of 1.5%. The cycling fre-
quency was 0.5 Hz and remained constant for all strain amplitudes. The strain rates increased
with increasing strain amplitudes. These strain amplitude values were experimentally chosen.
The specimen length for HCV deformation was identical before and after cycling. Because the
test sample (see Figure 13) has gradually shaped cross-sections, the stress and strain ampli-
tudes decrease proportionally to increases in the cross-sectional areas. The collected maximal
stress amplitude curves in sample 54 of testing for all strain amplitudes in Figure 15 are
presented. As shown in the graphs at strain amplitudes of 0%-0.05%, 0%-0.2%, and 0%-5%, the
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Figure 14. Maximal stress amplitude values (calculated) at tension and at compression for corresponding strain ampli-
tudes in samples S1, S2, S3, and 54, respectively. Adapted from reference [3]

maximal stress values decrease slightly but the material shows fully viscoelastic behavior. The
hysteresis loops were not formed as previously seen during conventional test method, which
is presented in Figure 6. By increasing the strain amplitude, the stress amplitude increased
proportionally. By increasing the strain amplitude to 0%-0.5%, the stress at tension increased
up to 770 MPa at the first cycle and then decreased to 745 MPa at the end of cycling. The stress
amplitudes decreased slightly under constant strain. This result indicates that the material
does not harden due to an increase in the dislocation density. This standpoint (dislocation
density increase) was presented by a large number of works listed in the references [36-38]. A
discrete dislocation dynamic model [36, 37] was used to characterize the mechanical defor-
mation and softening of the Ni-based superalloys SC. This model shows that the precipitates
sheared by super dislocations were responsible for softening the SC Ni-based superalloy. Such
softening behavior is presented in Figure 15b, d, and f. At maximal strain amplitude of 0%-1%,
the tension stress at first cycle was maximal and then decreased during 2-3 cycles. Afterward,
the stress amplitude maximal values do not decrease during the following cycles. The time-
stress curves at strain amplitude of 0%-1% for the first, second, and 30 cycles are shown in
Figure 16, and the summarized strain-stress curves are shown in Figure 17.

Experimental works [39, 44] demonstrate an identical behavior for SC Ni-based superalloys
7532-vi during HCV deformation. During the first cycle of the present study (Figures 17 and
18), sample S4 was plastically elongated during the tension cycle starting at a strain of 0.65%
to a strain of 1.03%. After this plastic elongation, sample S4 was compressed to zero (to the
initial length) using a ~500 MPa stress. The curves for 0-1, 0-1I, and 0-IIT overlap, and the material
demonstrates a fully viscoelastic behavior. The plastic elongation (PL) of the material during
viscoelastic cycling occurs from strains from 0.65% to 1.03%. For the first three test series (0-I,

181
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Figure 15. The strain amplitudes at 0.05%, 0.2%,

0.5%, and 1% (a, ¢, e, and g, respectively), and corresponding to the

stress amplitudes (b, d, f, and h, respectively) in the SC of Ni-based superalloy ZS32-vi.

Figure 15. The strain amplitudes at 0.05%,

0.2%, 0

5%, and 1% (a, c, e, and g, respectively), and corresponding to the

stress amplitudes (b, d, f, and h, respectively) in the SC of Ni-based superalloy ZS32-vi.
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Figure 16. Maximal stress values evolution of 30 cycles measured in sample S4 for tension-compression strain ampli-
tudes of 0%-0.05%, 0%-0.2%, 0%-0.5%, and 0%-1%, respectively. Adapted from reference [46].
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Figure 18. The graph summarizes the strain-stress curves of the SC Ni-based superalloy for the 38.5 mm? cross-section
during the HCVD testing. The definitions are as follows: 0-, stress-strain curve at a strain amplitude of 0%-0.05% for
30 cycles; 0-II, at 0%-0.2%; 0-IIL, at 0%-0.5%; 0-IV, the portion of the tension curve during the first tension cycle at a
strain of 1%; and IV, cycles 2-30-stress-strain curves at a strain amplitude of 0%-1%; AS, ~0.03% strain is the system
error; Set-1 = Set-2, part of the plastic deformation during the first compression cycle in the fourth series; PL, propor-
tional limit; EL, elastic limit; and “m”, starting point of the material compression. Adapted from references [28, 39, 44].

Figure 19. The absolute (summarized) reduction of the tension-compression stress amplitude for strain amplitudes
from 0% to 1% for sample S4 during HCV deformation. Adapted from reference [44]
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0-IL and O-III), all of the stress-strain curves overlap and exhibit a linear dependence; therefore,
the material is showing a fully elastic behavior and Young’s modulus does not change.
Increasing the tension strain of the first cycle from the start of the plastic deformation, 0.65%,
elongates the sample (in the center, which is a cross-section of 38.5 mm) up to a strain of 1.03%.
The extra 0.03% (over 1%) is shown in the graph as AS in Figure 18. The curve decreased from
point “m” to the stress axis once the sample was compressed using ~500 MPa during the first
cycle. The absolute (summarized) tension-compression amplitude reduction is shown in
Figure 19. At the first two cycles and at the end of three cycles, the summarized stress amplitude
decreases sharply, which indicates the softening behavior of SC materials at these cycles.

4.2. Nanoindentation: Micromechanical properties of phases

The micromechanical properties of the phases were characterized using a nanoindentation
device from the NanoTest NTX testing center (Micro Materials Ltd.). This installation is
presented in Figure 20. A diamond Berkovich tip with a three-sided pyramid apex angle of
142.3° and a radius of 100 nm was used for these measurements. This installation was equipped
with an optical microscope to search for nanometer measurements of indented points on the
diamond-ground surfaces of the samples. The nanoindentation tests were conducted on
diametric sections of the samples. The following phases were investigated via scanning
electron microscopy in combination with the energy-dispersive spectrometry system and
nanoindentation: fine y/y’, coarse y/Y’, eutectic y-y’, and metal carbide (MC) phases. The MC
phases contained Nb/Ta intermetallic compounds. The nanoindentation tests were conducted
on diametric sections of the samples. The samples were mechanically ground and etched to
indicate the dendrite direction.

Figure 20. Nanoindentation setup NanoTest NTX testing center (Micro Materials Ltd.) used for phase micromechanical
property measurements in this investigation.

An optical image of the as-cast microstructure is presented in Figure 9. The microstructures
with corresponding indent points of phases in the testing regions of the samples are presented
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in Figure 21a, b, ¢, and d. In one study [3], 100 indents were made in all samples in a row with
a 20-um step over a distance of 2 mm using a load of 15 mN. The rows of nanoindentation are
perpendicular to the (001) direction of the cast. The micromechanical properties of the phases
were studied for all 400 test points (100 points per sample) from the SEM pictures of micro-
structures across all four samples. The maximal- and plastic depths of the indents were
measured with high-precision installation (see Figure 20). The micromechanical properties
were calculated automatically by computer according to the Oliver-Pharr method and
presented in tables. According to table dates, the corresponding graphs of micromechanical
properties of phases were built and are presented in Figures 22, 23, and 24, respectively.
Changes in the microstructure occur under the viscoplastic strain conditions (shown in Figure
28). The micromechanical properties and their ratios from both before and after the HCV
deformation study are shown [3] to demonstrate how the micromechanical properties of the
phases were changed by the interdiffusion of various atoms (studied below). The nanoinden-
tation test results show (Figure 22a) that the maximal and plastic indentation depths of the
phases decreased with increases of the collected strain in samples, which depends on stress
amplitude increases (see Figure 14). The mean of the micromechanical properties for all of the
phases across all samples were calculated and are presented in Figures 22, 23, and 24. The
micromechanical properties of the investigated phases were calculated according to the
received/measured maximal and plastic indentation depths under a 15 mN load. Our previous
work [3] showed that, for nanoindentation, the results depend on the load used. Therefore,
the results of nano- and microindentation measurements (see in [3], Figure 9a and b) show
approximately identical distributions of hardness values for all analyzed phases. The depend-
ence of the nanoindentation test results on the applied load was previously studied by
Neumeier et al. [43], Schoberl et al. [47] and Kommel et al. [3]. The mean (M) nanohardness
(Figure 22b) shows that it increased stepwise with increasing cumulative strain (decrease of
indentation depth; Figure 22a). The nanohardness and elastic modulus also increased for all
of the samples and phases (Figures 23b and 24a). Additionally, the plastic and elastic work of
the indentation (Figure 23b), elastic recovery parameter (Figure 24a), and contact compliance
parameter (Figure 24b) all decreased.

The micromechanical properties and elemental ratios of the samples and phases were initially
studied in [3]. The microhardness of the coarse y/y’-phase increased sharply relative to the
fine y/y’-phase microhardness. The microhardness ratio decreased from 1.3 to 1.09 as the
hardness of the coarse y/y’-microstructure increased. This increased hardness was predicted
by the increase in the y-y’-eutectic pools surfaces at higher strain (shown below). For example,
increasing the nanohardness decreased the contact compliance parameters but significantly
increased the plastic and elastic portions of the indentation work. The elastic recovery
parameter (Figure 24a) decreased during the HCV deformation similar to the elevated
temperatures measured during microindentation in [39]. The results from this nanoindenta-
tion (Figure 23a) indicate that the modulus of elasticity (E,) increased because the cumulative
sample strain increased. The mean E, increased from 200 GPa in as-cast SC to ~340 GPa and
mean nanohardness from 12.8 GPa to 16 GPa after HCV deformation. The micromechanical
properties and their ratios before and after the HCV deformation study are presented to
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vi with a dendrite spacing of 350-400 um and dendrite length of up to 4 mm, respectively, was
used (see Figures 10-13). The width of a y-phase channels was about 100-200 nm in the PDA
region and about 300-400 nm in the ID region (see Figure 21a and b), respectively. During HCV
deformation (at room temperature) the atoms interdiffusion between different phases was
induced and the dendrite measures decreased (Figure 26 and 27).
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Figure 25. Some commercial superalloys’ primary dendrite arm spacing with the combination G'?v"*, where G is the
temperature gradient and v is the withdrawal velocity. Adapted from references [1, 47].

Figure 26. Optical micrographs of the SC Ni-base superalloy Z532-vi dendrites measure stepwise decreases in samples
52, §3, and S4 during HCV deformation. The corresponding stress-strain amplitudes are presented in Figure 14.
Adapted from reference [46]

The number and area of the y-y’-phase eutectic pools relative to the microstructure increased
stepwise: S1, 1.05%; S2, 1.14%; S3, 1.86%; and S4, 2.06%. This development of the y-y’-phase
eutectic pools is presented in Figure 27. The formation and distribution of these pools were
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Figure 26. Optical micrographs of the SC Ni-base superalloy ZS32-vi dendrites measure stepwise decreases in samples

S2, S3, and S4 during HCV deformation. The corresponding stress-strain amplitudes are presented in Figure 14.
Adaped from efstence [46]
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S4, respectively, as a result of atom interdiffusion during HCV deformation. Adapted from reference [46 (a and
S4, respectively, as a result of atom interdiffusion during HCV deformation. Adapted from reference [46 (a and d)].

investigated on the 3 mm? surfaces of all samples. Starting from sample S2, the new y-y’-phase
eutectic pools took form with increasing strain amplitudes. As shown in the figure, the primary
axes of samples S3 and S4 were crossed with new y-y’-phase eutectic pools (Figure 27c and
d), which formed the finer microstructure of the primary dendrites (Figure 26¢). Such micro-
segregation-induced inhomogeneity in the y-y’-phase eutectic pools has been found to occur
in Ni-based SC superalloys at high temperatures [26]. There are two approaches to studying
the diffusion and melting processes in SC superalloys: the absolute reaction-rate theory and
the dynamic theory of diffusion [27]. These theories indicate that the diffusive motion of atoms
primarily depends on the amplitudes of oriented vibrations and the surroundings. The
diffusion activation energy varies with the size, atomic weight, and charge of the diffusing
species. Hence, it is different for different elements (see Figures 2-5). In this study, this
activation energy was provided by HCV deformation at room temperature and was expected
to vary with the strain amplitude.
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4.4. Elemental concentration analysis

The changes in the elemental concentrations of the coarse y/y’- phase (a), y/y’-fine phase (b),
v-Y'-eutectic phase (c), and Nb/Ta-rich MC phase (d) are plotted in Figure 28. The Al concen-
tration was higher in the coarse y/y’-phase (Figure 28a) than in the fine y/y’-phase (Figure
28b). The increase in the Al content of the coarse y/y’-phase can be attributed to Al that
originated from the y-y’-eutectic phase (Figure 28c) and the MC phase (Figure 28d), and was
transported into the coarse y/y’-phase through the increase in the cumulative strain. Cr, Co,
and Mo possess lower activation energies than Al, and their concentrations increased primarily
in the y/y’-eutectic phase (Figure 28c), also originating from the coarse y/y’-phase and the MC
phase (Figure 28d).
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Figure 28. Elements concentration changes in coarse y/y’-phase (a), in fine y/y’-phase (b), in y-y'-eutectics phase pools
Figure280 Bléhpntsesddrehtatiphestidn§2sSh) eodrSé raggeiudselfa), in fine y/y'-phase (b), in y-y'-eutectics phase pools

(c}, and in MC phases (d) of samples S1, S2, S3, and S4, respectively. . o
t is well known that an increase in Re and W content can increase the hardness and elasticity

modulus of the y-phase matrix [48]. The changes in the Nb/Ta concentration in the MC phase
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investigations demonstrated that Al diffused along the dendrite axis, whereas Re and W diffused from the coarse y/y'-
phase into the fine y/y'-phase and partly into the y-y'-eutectic phase pools. Therefore, the Al diffused into the dendrite axis
from the y-y’-phase eutectic pools. Cr, Mo, and Co diffused into the y-y’-phase eutectic pools, whereas the MC, Ta, and

Nb diffused into the fine y/y’-phase. The elemental concentrations of phases changed as a result of interdiffusion. Orlov
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Figure 29. Mine directions of atom diffusion between phases in a cross-section of the primary axis is shown. Adapted
from reference [46]

this investigation, the diffusion directions of various elements are shown in the sample cross-
sections by the arrows in Figure 29. A large number of energy-dispersive spectrometry
investigations demonstrated that Al diffused along the dendrite axis, whereas Re and W
diffused from the coarse y/y’-phase into the fine y/y’-phase and partly into the y-y’-eutectic
phase pools. Therefore, the Al diffused into the dendrite axis from the y-y’-phase eutectic
pools. Cr, Mo, and Co diffused into the y-y’-phase eutectic pools, whereas the MC, Ta, and Nb
diffused into the fine y/y’-phase. The elemental concentrations of phases changed as a result
of interdiffusion. Orlov [49] previously detected such atomic interdiffusion among different
phases and also found that diffusion pores form during the high-temperature heat treatment
of superalloys (Figure 29). Such elemental motion at high temperatures changes the chemical
compositions and micromechanical properties of the phases. In the present study, because of
increased cumulative strain increase (or increased interdiffusion), small pores were formed in
the coarse y/y’-phase or the interdendritic region of the superalloy. Such pores formed as a
result of the high, unbalanced diffusion rate of Al in the Ni-based solid solution. It is well
known from previous work [49] that diffusion pores form in metals during heat treatment or
during long-term exposure at high temperatures because of the Kirkendall effect. Thus, the
interdiffusion of elements during heat treatment as well as during HCV deformation at room
temperature has identical mechanisms. As a result of the absence of balanced interdiffusion
during HCV deformation, diffusion micropores (Figure 30a) and phase/grain boundaries
could be formed (Figure 30b).

Such elemental motions change the chemical composition and micromechanical properties of
the phases. At an increased cumulative strain and with the absence of balanced interdiffusion,
the formation of small pores and phase boundaries (Figure 30) in the interdendritic region of
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Figure 30. Diffusion micropore (a) and phase/grain boundaries (b) forming in SC as a result of the absence of balanced
interdiffusion during HCV deformation.
Figure 30. Diffusion micropore (a) and phase/grain boundaries (b) forming in SC as a result of the absence of balanced

interdifftisiobdwingdd@logetormbtiomduced. Such defects form as a result of the high diffusion rate for
Al in the Ni-based solid solution [47-49].
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in Figure 31. The changes of elemental content in the phases during HCV deformation have
4.5. SEMEPS-andX&A dnalysie fhrmicioskd dtiFare 28). The coarse and fine y/y’-phases (Figure 31a)

contain these same elements but in different concentrations ( Comrpare aandb Ogjaé)hs in Figure
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is high (see Figure 22b) in MC phase near eutectic pools and in the MC phase in the coarse y/
v'-phase. The PDA and SDA regions don’t contain MC phase.

The X-ray investigations (Figure 32) of the initial SC superalloy (51) showed only one large
reflection at 74° on the 2-theta scale and a smaller reflection at 117.7° (d = 0.899; not shown) on
the 2-theta scale. These results indicate that the material has a single crystalline microstructure
with no grain boundaries or structural defects. The reflection at 74° on the 2-theta scale was
significantly decreased at a very low increase of strain-stress influence on the microstructure
in the SC sample (S2). Increasing the stress amplitude of the sample (S3) allowed X-ray
reflection to occur at 50.6° in the 2-theta scale along with smaller reflections from the tantalum
carbide (TaC) compound at lower 2-theta values. Increasing the strain-stress loading formed
new peaks and increased the intensity at 50.6° (d = 1.797). The XRD shows that Ni3AIC,
Mo0.57Re0.43, and W0.15Ni0.85 formed at the maximum stress-strain loading (S4). The XRD
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had a plaid microstructure (Figure 33b), which was driven symmetrically to tensile compres-
Figure 3201Xdayediffractiothdidgfams atf sampiesnew] B o193 dhidSHaferatiitfateHi comuintive ddinaifbe Adépted from
referencéqslpide phase was mainly rifled in the same direction as the lines. The development of rafted
structures strongly influences the mobility of the dislocations and twins [44] and then the rate
of strain accumulation especially at relatively low applied stress amplitudes. Deformation
The X-ray investigations (Figure 32) of the initial SC superalloy (S1) showed only one large reflection at 74° on the 2-

theta scale and a smaller reflection at 117.7° (d = 0.899; not shown) on the 2-theta scale. These results indicate that the
material has a single crystalline microstructure with no grain boundaries or structural defects. The reflection at 74° on the
2-theta scale was significantly decreased at a very low increase of strain-stress influence on the microstructure in the SC
sample (S2). Increasing the stress amplitude of the sample (S3) allowed X-ray reflection to occur at 50.6° in the 2-theta

scale along with smaller reflections from the tantalum carbide (TaC) compound at lower 2-theta values. Increasing the
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Figure 32. X-ray diffraction diagrams of samples S1, S2, S3, and S4 for different cumulative strains. Adapted from ref-
erence [3].

twinning and twinning-related fracture [44] in nickel-based single-crystal superalloys during
HCV deformation (Figure 34a) and during thermomechanical fatigue cycling in [6, 7, 51] was
studied (Figure 34b). During HCV deformation, a small number of rafts and twins were formed
before fracture (Figure 34, a). Such deformation twinning and its related fracture during TMF
cycling of Ni-based SC superalloys was studied previously by Zhang et al. [7, 51]. The fracture
crack lies by twins formed during TMF cycling (Figure 34b). Analysis of fractured surfaces
(after HCV deformation) of tensile specimens show that PDA in the center (Figure 35a) is one
of the principal sites for crack initiation in (001) direction, as illustrated in Figure 35b. It is well
known that in samples of plastic metals at tension, necking take place with diameter (or cross-
section) decrease. In HCV-deformed and tension-fractured samples, necking occurs for each
primary dendrite in the core center in the direction of (001). The large number of such
longitudinal cracks were formed in fracture surfaces. As a result of interdiffusion, the center
part of the dendrite core of PDA has a lowered concentration of Ni and high concentration of
Al, and the material has a brittle nature. We believe that such observations have not been shown
before. The fracture crack at tension was formed by y/y’-phase and by y-y’-eutectic phase in
the interdendritic region of SC (Figure 36a and b, respectively). As is shown in Figure 36a, the
square y-phase channels were rounded at fracture of the prefatigued SC superalloy. The crack
lies mainly by interdendritic zone of secondary dendrites (Figure 37).

As was shown before [10, 11] the damage and fracture of SC Ni-based superalloys are main-
ly studied by high cycle fatigue testing at elevated temperatures. For testing, smooth and
matched specimens are used. In our studies [3, 28] we show that the damage and fracture
depend on phases’ chemical content as well phases” micromechanical property changes dur-
ing testing.
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Figure 35. PDA in cross-section (a) and fracture of a preliminarily HCV deformed SC by PDA in (001) direction.
Adapted from reference [28]

Figure 35. PDA in cross-section (a) and fracture of a preliminarily HCV deformed SC by PDA in (001) direction. Adapted
from reference [28]
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Adapted rom reference [28] '

Figure 36. Fracture surface after HCV deformation and tension in y/y’-phase (a) and in y-y’-eutectic phase pool (b).
Adapted from reference [28]
Figure 36. Fracture surface after HCV deformation and tension in y/y’ phase (a) and in y-y -eutectlc phase pool (b).

SDA an

tension lies at the interdendritic region between secondary dendrites. Adapted from reference [28].
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1. The as-cast microstructure of single-crystal nickel-based superalloys, which contain coarse dendrites in the

(001) direction with length up to 4.5 mm, were separated by (y + y")-eutectic pools, which significantly reduced
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1. The as-cast microstructure of single-crystal nickel-based superalloys, which contain
coarse dendrites in the (001) direction with length up to 4.5 mm, were separated by (y +
v')-eutectic pools, which significantly reduced the length of the newly formed fine
dendrites and, as a result, superalloys with a fine microstructure were formed.

2. The area and number of (y + y’)-eutectic pools in superalloys increased by more than
twofold.

3. The interdiffusion of alloyed elements and atoms among the phases changed their
micromechanical properties by changing their chemical compositions.

4. These changes differed by elements and depend on the activation energy of elemental
diffusion during HCV deformation.

5. Atincreased strain amplitudes and number of cycles, the SC superalloy softened, and very
small diffusion micropores formed in the interdendritic region.

6. The fracture at tension of damaged materials takes place in the interdendritic region and
necking by primary dendrites.

7. The results of this investigation provide realistic information concerning shifts in the
phase’s equilibria evolution and on the changes in the micromechanical properties of
phases in SC Ni-based superalloys.

8. Such changes in the phase equilibrium in the SC Ni-based superalloys were influenced
by atomic interdiffusion between different neighbor phases by diffusion paths.

We propose that such an investigation can provide realistic information concerning the shifts
in phase equilibria of SC Ni-based superalloys, their viability evolution and properties change
as well as their fracture mechanisms at increased cumulative strain during HCV deformation.
We believe that some results in this chapter have not been reported before.
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