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1. Introduction

Ni-based superalloys have been widely used for high-temperature applications in aerospace,
automotive, and power plants due to their superior creep resistance and excellent high-temperature
strength [1-3]. Since the development of the first Ni-based superalloys in the 1940s, these materials
have been in continuous development to optimize the creep, fatigue, and corrosion resistance for
service at temperatures of above 1100 °C [4-7].

Ni-based superalloys consist of ordered L1, y' precipitates and disordered face-centered cubic
(FCC) y matrix. The y’ precipitates are embedded in the y matrix, and the two phases share coherent
interfaces. This unique dual-phase microstructure contributes to excellent mechanical properties of
Ni-based superalloys during long-term thermal exposure, which is related to the inhibition of
dislocation motion originating from dense dislocation networks at the y/y" interface. The control of
microstructure parameters in Ni-based superalloys can be achieved by the grain boundary
engineering and the changing of volume fraction, size, and shape of ¥’ phase.

In addition to Ni and Al, Ni-based superalloys also contains a series of other alloying elements,
such as Ta, Ti, Co, Cr, Mo, Re, W, and Ru. Cr, Co, Mo, W, Re, and Ru prefer to partitioning into
the y matrix, which can be referred to as y-stabilizing elements, whereas Ta and Ti tend to partition
to the y' phase. With rational composition design, the improvement of high-temperature
performance can achieve by tailoring the precipitate microstructure and intrinsic parameters of the
v and y’ phases, such lattice misfit, anti-phase boundary (APB) energy, stacking fault energy, elastic
modulus, and solidus and liquidus temperatures. Therefore, understanding the relationship between
chemical composition, microstructure, and high-temperature performance is essential for the design
of new-generation superalloys with higher-temperature capabilities. This chapter systematically
reviews the microstructures, alloying effects, thermal stability, and creep resistance of Ni-based
superalloys.

2. Microstructure
2.1. Precipitate microstructure

Ni and Al are the two basic elements in Ni-based superalloys. In the binary Ni-Al phase
diagram, NizAl can form as a second precipitate phase. Figure 1a shows the crystal structure of the
v’ and y phases. The y’-NizAl phase has a L1, structure, which can be coherent with the y phase.
During the coarsening process, the ¥’ precipitate form a cuboidal morphology to minimize the strain
energy by aligning the interfaces parallel to the elastically soft <100> directions [8]. The typical y/y’
microstructure of Ni-based superalloys is displayed in Fig. 1b [9]. The two phases share coherent
interfaces, and the y matrix is in narrow parallel channels between the y' cuboids. The volume
fraction of ¥’ phase is usually in the range of 60-80% [10]. Considering the solubility of Al in Ni is
15 at.% at 1100 °C [11], other y'-forming elements, such as Ti and Ta, are often added to promote
the formation of y' phase. To improve the high-temperature performance, refractory elements, such
as W, Mo, Re, and Ru, are often added to Ni-based superalloys. Figure 1c shows the elemental
distribution in a Ni-based superalloy [9]. Cr, Re, Co, and Mo prefer to partition into the y matrix,
whereas Al, Ta, and Ti tend to partition to the y' precipitates.
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Fig. 1. Microstructures of Ni-based superalloys. (a) Schematic diagram of the L1, and FCC
structures., (b) morphology of the y/y" microstructure, and (c) elemental distributions. [9]

As compared with the y or y' single phase, the y/y" dual-phase structure exhibits a better creep
performance. The minimum creep rate of the y, " and y/y" dual-phase structures in a series of Ni-
based superalloys is shown in Fig. 2, and the chemical compositions of the alloys are listed in Table
1 [12-18]. Under the same applied stress, the minimum creep rate of the y/y’ dual-phase structure is
much lower than that of the single-phase structures, illustrating the superior creep resistance of the
v/y" dual-phase microstructure. The low minimum creep rate of the dual-phase microstructure is
related to the interfacial dislocations at the y/y" interface [19]. The dislocations propagate at the y/y’
interface, leading to the dense dislocation networks. In the secondary creep stage, the interfacial
dislocation networks become stable, which effectively impede the dislocation motion. As a result,
the minimum creep rate decreases. Studies show that adding Ru and Mo results in a large misfit
between the y and ' phases, which leads to the formation of dense dislocation networks at the y/y’
interface[20, 21].
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Fig. 2. The minimum creep rates of the vy, y', and y/y' structures in Ni-based alloys [12].



Table 1. Chemical compositions and microstructure of the Ni-based alloys in Fig. 2 [13-18].

Label  Chemical composition Type of microstructure
1 Ni-2W (wt%) Y

2 Ni-26.5Cr-4.4A1-3.3W-0.6Mo-18.3Co (at%) Y

3 Ni-12.4Al1 (wt%) Y

4 Ni-2.2Cr-18.8A1-2.4Ti-1.7Ta-1.5W-5.7Co (at%) Y

5 Ni-5.78Al-1.22Ti-10.14W-1.09Mo-8.5Cr-3.3Ta (wt%) y+y

6 Ni-3.7A1-4.2Ti-4Ta-0.5Nb-6 W-1.5Mo0-9Cr-7.5Co (Wt%)  y+7v'

7 Ni-6A1-4.5Cr-12.5Co-0.16Hf-6.3Re-7Ta-5.8W (wt%) y+y

2.2. Grain structure

To obtained enhanced creep properties, the grain structure of Ni-based superalloys has been
developed from equiaxed-grained to columnar-grained and to single crystal structures. In the early
days, superalloys were fabricated via a wrought and conventional casting method, so the appearance
of grain boundaries in these superalloys are inevitable [22]. Due to the grain-boundary sliding and
the formation of shrinkage porosity at high temperatures, the equiaxed-grained superalloys is
difficult to achieve a desired creep performance [23]. To reduce the detrimental effects of grain
boundaries at high temperatures, two major strategies have been developed. The first strategy is to
introduce stable carbides to the grain boundaries for inhibiting the grain-boundary sliding and
enhancing the creep resistance, but the benefits are limited [22]. The second strategy is to eliminate
the formation of grain boundaries by preparing single-crystal superalloys, which is used for
fabricating turbine blades at the present time. The creep curves of the Mar-M200 superalloys with
equiaxed-grained, columnar-grained, and single-crystal structures are shown in Fig. 3. The single-
crystal superalloy achieves much better creep performance than the columnar-grained and equiaxed-
grained superalloys.
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Fig. 3. Creep curves of the Mar-M200 superalloys with equiaxed grains, columnar grains and single

crystals [10].

3. Chemical composition and alloying effects

The intrinsic parameters, such as lattice misfit, elastic properties, stacking fault energy of y
matrix, and APB energy of y’ precipitates are very sensitive to the alloy composition, and alloying
additions play an important role in controlling the high-temperature properties of superalloys. In the



following section, the effects of alloying elements on the microstructure and mechanical properties
of Ni-based superalloys are briefly reviewed.
(1) y'-forming element

The y'-forming elements, such as Ti and Ta, prefer to partition to the y' precipitates and occupy
the Al sublattice. Adding y'-forming elements to Ni-based superalloys can influence the
strengthening effect by affecting the intrinsic properties of the y’ phase, such as the APB energy.
Generally, the dislocations move into the L1,-ordered y' phase by forming APB with the Burger’'s
vector of a<110>, while the dislocations in the y phase travel across the matrix with the formation
of stacking faults with the Burger’s vector of a/2<110> [24]. The increased length of the Burger's
vector indicates that a full dislocation in the Yy’ phase is equivalent to two full dislocations in the y
phase. In addition, the APB energy of Ni3Al is 172 mJ/m? [25], higher than the intrinsic stacking
fault energy of Ni (121 mJ/m?) [26]. High APB energy hinders the movement of dislocations in the
NizAl-type v’ phase. Therefore, the slip deformation in the Ni-based y’ phase is more difficult than
that in the y phase, contributing to the strengthening effect of the y' phase. The effects of Ti on the
APB energy of Ni-based superalloys are shown in Fig. 4a [11]. The Ti additions monotonically
improve the APB energy, contributing to a high stress rupture life [27]. However, excessive Ti
additions may lead to the coarsening of y’ phase and the formation of Ni3Ti, which deteriorates the
mechanical properties of superalloys [28, 29]. Figure 4b shows the effect of Ta on the APB energy
of Ni3Al(.yTay alloys [11]. The APB energy increases with the increased Ta/Al ratio and reaches a
peak of approximate 600 mJ/m? at the Ta/Al ratio of 0.2. Ta is more effective than Ti in improving
the APB energy of v’ phase. Experimental observations also show that Ta has a higher strengthening
effect than Ti [30].
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Fig. 4. (a) Effect of Ti on the APB energy of Ni-based superalloys as a function of Ti/Al ratio, and
(b) effect of Ti on the APB energy of Ni3Al(i.»Ta, alloys as a function of Ta/Al ratio.

(2) y-forming element

The y-forminng elements, such as Cr, Co, Mo, W, Re, and Ru, prefer to partition to the y matrix,
which improve the mechanical properties of Ni-based superalloys by inducing solid solution
strengthening, decreasing the stacking fault energy, increasing melting temperatures, and/or
decreasing diffusion rate [9, 31, 32].

As for the solid solution strengthening, solute elements with larger atomic sizes than Ni can
induce the lattice misfit and/or change the elastic modulus, increasing the resistance to the
dislocation movement and improving the mechanical strength [33, 34]. The effects of lattice misfit



and elastic modulus on the solid solution strengthening of Ni-based superalloys are shown in Fig. 5
[35]. The change of lattice misfit and elastic modulus can be obtained by evaluating the volumes
and moduli of Ni-based alloys with different alloying additions. Figure Sa shows the shear modulus
of Ni-based superalloys decreases linearly with the increased volume, indicating that the change of
shear modulus strongly correlates with the lattice misfit. Figure 5b reveals that the 0.2% flow stress
increases with the decreasing of the Young’s modulus. Considering that the Young’s modulus and
shear modulus have an near-linear relationship in Ni-based superalloys, the change of lattice misfit
by adding large solute elements in Ni dominate the solid-solution strengthening effect [35].
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Fig. 5. Effects of lattice misfit and elastic modulus on the solid-solution strengthening of Ni-based
superalloys: (a) the relationship between shear modulus (G) and volume (V) and (b) the
relationship between Young’s modulus (£) and 0.2% flow stress [35].

In the y matrix, a full dislocation a/2<1 1 0> is decomposed into two partial dislocations, which
are separated by a stacking fault width. This process can be expressed as a/2[-110] — a/6[-12-1] +
a/6[-211] [36]. The stacking fault energy can be described as the additional energy required for the
formation of a partial dislocation of unit area. A small stacking fault energy contributes to a large
stacking fault width, restraining the movement of dislocations in the y matrix so as to improve the
creep strength of alloys [37, 38]. The evolution of the stacking fault energy with solute concentration
in dilute Ni—X alloys is summarized in Fig. 6 [39]. The results indicate that the y-forming elements,
including Cr, Co, Mo, W, Re, and Ru, decrease the stacking fault energies of dilute Ni—X alloys with
the increased solute concentration. In addition to the theoretical calculations [40], experimental
measurements also reported similar findings [41, 42].
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[39].

Considering that Ni-based superalloys are frequently employed in aggressive service

environments at high temperatures for long-term periods, a high melting temperature is required for

maintaining the high thermal stability and mechanical properties [43, 44]. It is crucial to add certain

amounts of refractory elements, such as Co, Re, W, and Ru, to improve the solidus and liquidus

lines of Ni-based superalloys. The solidus and liquidus lines of Ni-X binary alloys with different

contents of alloying elements are shown in Fig. 7 [11]. The results show that W, Co, Ru, and Re can

increase solidus and liquidus temperature, while Mo and Cr lead to an opposite trend. In addition,

the concentration of alloying elements should be controlled. For example, the maximum

concentrations of Mo and Cr in the Ni-based superalloys are 12.3 and 26.5 at.%, respectively [11].
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Solute diffusion plays an important role in controlling the strength and creep resistance of Ni-
based superalloys. On the one hand, solute elements can influence the coarsening rate of '
precipitates in the y matrix. Figure 8 shows the coarsening rate constant of y’ precipitates in different
Ni-based superalloys at 1000 °C [45]. Re and Ru significantly decrease the coarsening rate constant,
while Co promotes the precipitate coarsening rate. Because the diffusion coefficient of Re and Ru
is smaller than that of Co in the y matrix, the low diffusion coefficient hinders the coarsening of y’
precipitates, thereby improving the creep resistance [9, 46]. On the other hand, the solute elements
with a low diffusion coefficient exhibit a high melting temperature, as shown in Fig. 8(b) [44].
Generally, the refractory metals with high melting temperatures, such as W and Mo, have a
significant impact in slowing down the coarsening kinetics and improving the mechanical strength
[41,47].
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Fig. 8. (a) The coarsening rate constant of y’ precipitates in Ni-based alloys at 1000 °C [45], and
(b) the relationship between the diffusion coefficient of elements in Ni at 727 °C and their melting
temperature [44].

(3) Re effect

Re plays a critical role in controlling the creep performance of Ni-based superalloys [48]. For
example, the creep rupture life of third-generation superalloys with 4 at.% Re is approximate 180 h
at 1010 °C under 248 MPa, while that of the Re-free superalloys is just 20 h [49]. Although extensive
efforts have been made to study the origin of Re effects on mechanical properties, the conclusive
understanding is still incomplete.

In the early days, good creep resistance was obtained by doping Re in the first-generation
superalloys of CMSX-2 and PWA-1480 [50]. One explanation is that the Re clusters exist in the y
matrix, which act as strong obstacles to hinder the movement of dislocations [51]. For validating
the mechanism, experimental and theoretical studies have been performed, but some results
contradict each other. For example, Riising et al. [52] found that Re can form clusters with the size
of approximately 1 nm in the Ni-Al-Ta-Re alloys by using three-dimensional atom probe
tomography. However, no Re cluster was found in the binary Ni-Re system by analyzing the X-ray
absorption data [53]. Theoretically, Zhu et al. [54] showed that Re atoms have a tendency to form
clusters in both the y and y’ phases by using molecular dynamics calculations. This contradicts the
findings of by Mottura et al, who reported that the Re-Re nearest neighbor pair has a strong
repulsion [55]. Therefore, the formation of Re clusters may be related to the other solute elements



in Ni-based superalloys, which needs further investigation. In addition, in-situ observations of
dislocation motion around the Re clusters provide important evidence for revealing the effect of Re
clusters on the creep resistance of Ni-based superalloys.

The second effect of Re on improving the mechanical properties of Ni-based superalloys is
attributed to the co-segregation of Re with other alloying elements at the y/y" interface. Figure 9.
shows the dislocation structure and elemental distribution at the y/y" interface [56]. The EDS
mapping provides the evidence for the co-segregation of Re with Cr, Co, and Mo at the y/y’ interface.
This phenomenon also provides indirect evidence that other solute elements may contribute to the
formation of the Re clusters. This co-segregation can pin dislocations at the y/y’ interface, thereby

hindering the dislocation motion.

Fig. 9. (a) High resolution HAADF-STEM image of the dislocation core structure at the y/y’
interface. (b) Elemental distribution map at the y/y’ interface [56].

The low diffusion rate of Re in the y matrix influences the creep behavior of Ni-based
superalloys. The diffusion coefficients of some refractory elements (Ta, W, and Re) in Ni at different
temperatures is shown in Fig. 10 [57]. It it evident that Re has the slowest diffusion rate among the
three elements [57]. First-principles calculations indicate that the slow diffusion rate of Re is due to
the bonding characteristics of the d electrons [58]. The slow diffusing of Re can influence the
vacancy diffusion in y matrix, slowing down the dislocation motion and improving creep resistance
at high temperatures [59]. In addition, Re also has solid solution strengthening effect, which

originates from a larger atomic size of Re than that of Ni [9].
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Fig. 10. Diffusion coefficients of Ta, W, and Re in Ni at different temperatures [57].

(4) Ru effect

Excessive Cr, Re, W, and Mo additions lead to the formation of topologically closed packed
(TCP) phases, which have detrimental effects on the high-temperature performance of Ni-based
superalloys [60]. On the one hand, the formation of TPC phases consumes refractory elements in
the y matrix, decreasing solid-solution strengthening effect. On the other hand, the TCP phases are
brittle. Irregular TCP phases in the y matrix causes a large stress concentration, which is likely to
serve as the site for microcrack initiation and propagation. Thus, controlling the distribution and
composition of TCP phases are very important for the design of high-performance superalloys.
Intriguingly, Ru additions have been found to suppress the formation of TCP phases [61]. To reveal
the underlying mechanisms of the Ru effect, extensive attempts have been made. One important
finding is that Ru additions reduces the partitioning of refractory elements to the y matrix, which is
also called reverse partitioning [62, 63]. Figure 11a compares the partition ratios of Cr, Mo, W, and
Re in the Ni-based superalloys without and with Ru additions, denoted as ORu and 3Ru, respectively
[63]. The addition of 3% Ru in the Ni-based superalloys significantly reduces the partition ratio of
Re. Thus, the reduced Re concertation in the y matrix inhibits the formation of TCP phases, as shown
in Figs. 11b and c. However, no such reverse partitioning behavior is observed in some superalloys
containing Ru, while the effect of inhibiting the formation of TCP phases still exists [64]. Thus,
another possibility for the inhibition of TCP phases is that the Ru addition increases the lattice misfit
between the TCP phase and y matrix, leading to an increased elastic strain energy and hence raising

the energy barrier for the nucleation of TCP phases [65].
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(5) Evolution from the 1st to the 6th generation Ni-based single-crystal superalloys

Ni-based single-crystal superalloys have been developed from the 1st to the 6th generation, and
the temperature capabilities have increased from 1000 to 1120 °C. The development of high
temperature performance cannot be realized without the progress of alloy design. The chemical
compositions of some typical Ni-based superalloys from the 1st to the 6th generation are shown in
Table 2 [66]. The 1st generation Ni-based single crystalline superalloys mainly contain Ni, Cr, Mo,
W, Co, Al, Ti, and Ta. Considering the strengthening effect of Re on the creep properties, 3 wt.%
Re was added to the 2nd generation, and the service temperature increases by about 30 °C [67]. In
the 3rd generation, the Re content further increases to about 5 wt.%. However, excess Re additions
lead to the formation of TCP phases, which have detrimental effect on the mechanical properties of
Ni-based superalloys. To hinder the formation of TCP phases, 2 wt.% Ru was added in the 4th
generation. In the latest S5th and 6th generations, the Ru content increases to above 5 wt.%.
Considering the possibilities of synthetic effects between Ru, Re and other elements in the Ni-based
superalloys, chemical compositions still have a lot of space to explore.

Table 2. Chemical compositions of some typical Ni-based superalloys from the 1st to the 6th
generation (wt%) [66].

Generation  Alloy Ni Co Cr Mo W Al Ti Ta Re Ru
Ist CMSX-2 Bal. 46 80 06 80 56 10 92 - -
PWA1480 Bal. 5.0 10.0 - 40 50 15 12 - -
SRR99 Bal. 50 8.0 - 100 55 22 30 - -
2nd CMSX-4 Bal. 90 65 06 60 56 10 65 3.0 -
ReneN5S Bal. 80 7.0 20 50 62 - 70 3.0 -
PWA1484 Bal. 100 50 20 60 56 - 90 30 -
3rd TMS-75 Bal. 120 3.0 20 6.0 6.0- - 60 50 -
CMSX-10 Bal. 30 20 04 50 57 02 80 60 -
ReneN6  Bal. 125 42 14 60 57 - 72 54 -

4th PWA1497 Bal. 165 20 20 60 55 - 82 59 3.0



MC-NG Bal. - 40 50 10 60 05 50 40 4.0
T™MS-138 Bal. 58 32 29 59 58 - 56 50 20

5th TMS-162 Bal. 58 3.0 39 58 58 - 56 49 6.0
TMS-196 Bal. 5.6 46 24 50 56 - 56 64 5.0
6th TMS-238 Bal. 65 46 11 40 59 - 76 64 5.0

4. Thermal stability and Creep performance
(1) Evolution of y/y" microstructure in the three stages of creep process

The creep resistance and high-temperature strength of Ni-based superalloys are closely related
to the dislocation motion and evolution of the y'/y microstructure [68, 69]. Generally, the creep
curves are divided into three stages, and the creep rate can be used for evaluating the creep resistance,
as shown in Fig. 12. In the primary creep stage, dislocations start to multiply in the y channels and
at the y/y' interface, leading to the high creep rate at the beginning of this creep stage [70]. With the
enhancement of dislocation activities, dense dislocation networks at the y/y" interface gradually
suppress the movements of dislocations. At the end of the primary creep stage, the creep rate
decreases to a minimum value. In this stage, the y/y’ interface is regular. During the second creep
stage, the creep rate reaches a balanced state and keeps a constant rate until the end of this stage.
Considering the low creep rate among the creep processes, this stage accounts for most of the creep
life. In this stage, the dislocation networks around raft y’ precipitates increases in number and
gradually reaches a steady state [71]. In the tertiary creep stage, the creep rate starts to increase due
to the degenerate of the y/y’ microstructure, and finally the creep rupture occurs [72].

Strain

Stage 1 Stage 2 Stage 3

Time

Fig. 12. Schematic diagram of strain as a function of time under constant temperature and stress

during creep process.

(2) Volume fraction of y' phase

The y' phase acts as a barrier to prevent dislocations from penetrating during the creep
deformation. Under moderate temperatures and stresses, the increased volume fraction of y’ phase
with optimized structures makes dislocations overcome the y’' phase by Orowan bowing, and this
significantly enhances the creep resistance [73]. In addition, experimental observation has shown
that the creep resistance of y’ structure is higher than that of y structure [12]. However, excessive Y’
phases reduce the creep rupture life [74]. This is because the y channels provide sites for the
formation of dense dislocation microstructures, which inhibits the dislocation motion [75]. More y'
phases lead to the less and thinner y channels. Consequently, controlling a suitable range of volume



fractions of y' is very important to obtain excellent creep resistance.

The relationship between the creep rupture life and volume fraction of y’ phase in two Ni-based
superalloys is shown Fig. 13 [76]. First, the volume fraction of y' phase with the longest creep
rupture life is temperature-dependent. The y' volume fraction with the longest rupture life is 70% at
900 °C and 55% at 1100 °C. Second, alloy compositions also influence the y’ volume fraction with
the longest rupture life. At 900 °C, the creep performance of the TMS-75 superalloy is superior to
that of the TMS-82+ superalloy at all of the y' volume fractions. Anyhow, the volume fraction of y’
phase should be controlled in an appropriate range, generally from 50% to 70% for single-crystal
superalloys [77].
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Fig. 13. Influences of y' volume fraction on creep rupture life in two Ni-based superalloys [76].

(3) Size and shape of y’ precipitates

The size and shape of y' precipitate play an important role in controlling the creep resistance.
The relationships between the creep rupture life and the size and shape of the initial y' precipitates
are shown in Fig. 14 [78]. Three precipitate morphologies are considered, including the spherical,
cubic and irregular raft structures. It is evident that the shape of Y’ precipitates evolves from spherical
to cuboidal and to irregular raft shape during the coarsening of y’ precipitates. This transition of
morphology depends highly on the coherency strain, which is associated with the lattice misfit
between the y’ and y phases [77]. The y' precipitates with a cuboidal shape exhibit the highest creep
life among all morphologies, and the optimal initial size of the cuboids is 0.35~0.45 mm. The control

of size and shape of y’ precipitates can be achieved by the optimization of heat treatments [79, 80].
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Fig. 14. Relationship between the creep properties and initial ¥’ size. The symbol of Ts, Tt, and Tf

denote the time to the start of secondary creep stage, the time to the start of tertiary creep stage,

and the time to failure, respectively [78].

5. Summary

The fundamental understanding of the effect of alloying elements on the intrinsic parameters,

microstructures, and mechanical properties is essential for the design of advanced Ni-based

superalloys. The major characteristics are summarized as follows:

1.

The Ni-based superalloys consist of Ni-type y phase and NizAl-type and y' phase. The ¢’
precipitates are coherent with the continuous y matrix in the form of cuboidal shape. The dual-
phase structure exhibits more effective creep resistance than the single-phase one, which is due
to dense dislocation networks at the y/y" interface. Grain boundary has detrimental effects on
the high-temperature performance, and single-crystal superalloys can achieve superior creep
resistance.

Ti and Ta prefer to partitioning into the y’ precipitates. Adding small amounts of Ti and Ta to
the vy’ phase significantly increases the APB energy. A high APB energy contributes to inhibiting
the motion of dislocations in y’ phase, thereby enhancing the strengthening effect.

Cr, Co, Mo, and W prefer to partitioning into the y matrix. The main contributions of these
solutes to the strengthening can be threefold. First, the misfit between these solutes and the y
matrix dominates the solid solution strengthening. Second, the stacking fault energy decreases
with additions of these alloying elements, leading to a larger stacking fault width and hence
restraining the dislocation motion in the y matrix. Third, the low diffusivity of solutes inhibits
the coarsening of y' precipitates.

Re has a strong tendency to partition to the y matrix. Re plays a more effective role in the creep
performance than Cr, Co, Mo, and W, while the strengthening mechanisms are still under debate.
There are two popular viewpoints. One is that the Re clusters form within the y matrix, which
act as strong obstacles to hinder the movement of dislocations. The other is that the co-
segregation of Re with other alloying elements at the y/y’ interface contribute to the pinning of
dislocations at the y/y" interface, thereby hindering the dislocation motion. In addition, the Re
effect is also related to other mechanisms, such as the solid-solution strengthening and low
diffusivity.

Excessive Cr, Re, W, and Mo additions lead to the formation of TCP phases, which have



detrimental effects on the high-temperature performance. Ru prefers to segregate into the y
matrix, which significantly suppresses the formation of TCP phases. Two possible mechanisms
are used to explain the phenomena. The first is that the Ru additions significantly reduce the
partitioning ratio of Re in the y matrix, inhibiting the formation of TCP phases. However, in
some Ru-containing superalloys, the y matrix can contain a high Re content, while the formation
of TCP phases is still inhibited. A possible explanation is that Ru increases the lattice misfit
between the TCP phase and y matrix, leading to an increased elastic strain energy and hence
raiseing the energy barrier for the nucleation of TCP phases.

6. The microstructure parameters, including the volume fraction, size, and shape of y’ phases, play
an important role in controlling the high-temperature performance. The volume fraction of y’
phase should be controlled in an appropriate range, generally from 50% to 70% for single-
crystal superalloys, and the optimal initial size of the y' cuboids is 0.35~0.45 mm.
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