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Abstract: The effect of the Mo contents of 1.0 wt.%, 1.5 wt.%, 2.0 wt.%, and 3.0 wt.% on the microstruc-
tures and mechanical properties of the polycrystalline superalloy with a high W content was studied.
The typical dendrite morphology was observed in the high-W superalloy with different Mo contents,
containing γ matrix, γ′ phase, eutectic, and MC carbide. After the heat treatment, the primary MC
carbides were decomposed into M6C carbides, while a needle-like topologically close-packed (TCP)
phase was formed in the alloy with high Mo content, in contrast to the other three alloys with low
Mo content. The Mo addition increased the lattice parameter of the γ and γ′ phases and also changed
the lattice misfits of the γ and γ′ phase lattice misfits towards a larger negative. The addition of
Mo improved the yield strength at room temperature due to the solid solution strengthening and
coherency strengthening. The improvement of the stress rupture lives at 975 ◦C/225 MPa was due
to the combination of the suppressed propagation of the microcracks by the carbides and a more
negative misfit. When the Mo content reached 3.0 wt.%, the TCP phases formed and decreased the
ultimate tensile strength and the stress rupture lives as a result.

Keywords: high-W superalloy; Mo content; TCP phase; mechanical properties

1. Introduction

Ni-based cast superalloys have become the preferred materials for turbine blades of
aerospace engines because of their excellent comprehensive properties at high tempera-
ture [1–3]. In recent years, the service temperature of turbine blades has been getting higher
due to the increasing thrust-to-weight ratio of aero-engines. Hence, the contents of solid
solution strengthening elements, i.e., W and Mo, and precipitation strengthening elements,
i.e., Al and Ti, continue to increase [4–7]. Recently, high W-content, Ni-based superalloys
have been widely used in the production of engine turbine blades because of their low cost
and high temperature-bearing capacity [8,9].

High-W superalloys, such as Mar-M 247, ЖC6У, and K416B, possess complex com-
position traits, containing a large amount of refractory element W, which acts as a solid
solution strengthener and increases the fraction of fine γ′ precipitates [10,11]. Furthermore,
the diffusion ability of W solute is very low due to the large atomic radius and atomic mass,
which could suppress the diffusion of the other strengthening elements in the alloy, improv-
ing the structural stability and the creep resistance [12,13]. Meanwhile, the inexpensive
metal W could replace Re and Ru to a certain extent, which would reduce the cost of the
superalloys. However, macrosegregation is prone to appear in the high-W superalloys due
to the large solidification segregation coefficient of the W element, which would lead to the
phenomenon of uneven composition in the alloy, especially in the large-size ingots during
the industrial production process, while it is difficult to eliminate the macrosegregation
of the alloy through the heat treatment process because of the low diffusion coefficient of
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W [14,15]. In addition, it is easy to precipitate the W-rich phase, such as α-W and M6C
during the solidification process, which would consume a large amount of W in the alloy,
resulting in the reduction in the solid solution strengthening ability of W [16].

As compared with W, Mo has a similar strengthening effect, while Mo tends to
distribute in the γ phase and promote the denser γ/γ′ interfacial dislocation networks
during the high temperature creep test, which is beneficial to the improvement of the
creep properties [17,18]. Furthermore, Mo has lower density relative to W, and substituting
Mo for W would contribute to the decrease in the density of the superalloys, which
could be conducive to the improvement of the thrust-to-weight ratio of advanced aero-
engines. Hence, some new types of Mo-rich superalloys were developed, and it was also
found that the microsegregation of the alloying elements and the tendency of the forming
freckle during solidification could be decreased by substituting Mo for W [19,20], while
the topologically close-packed (TCP) phases were usually precipitated in the single-crystal
superalloys with high Mo content during the creep test, which would degrade the creep
properties of the superalloys. Some researchers explored the optimal content of the Mo
element for the different types of single-crystal superalloys [21–24]. However, there is
little further detailed and systemic research on the effect of Mo on the polycrystalline
superalloy with high W content. The target of this research is to provide more information
for developing high-strength, high-W superalloys.

2. Materials and Methods
2.1. Materials Preparation

In this paper, the master ingot of high-W superalloy without the Mo element was
prepared by vacuum induction melting (VIM), and then, during the casting process, Mo
was added into the alloy with four different concentrations: 1.0 wt.%, 1.5 wt.%, 2.0 wt.%,
and 3.0 wt.%. The chemical composition is listed in Table 1, and the alloys with different
Mo contents are labeled as Alloy I, II, III, and IV; the other elements, except Mo, were
equivalent in the four high-W superalloys. Then, the equiaxed crystal bars were obtained.
Subsequently, the cast bars were subjected to the solution heat treatment at 1210 ◦C for 4 h,
followed by air cooling. Meanwhile, in order to determine the lattice misfit of the high-W
superalloy with different Mo contents, the single-crystal bars were also produced by the
Bridgman high-rate solidification technique under a high thermal gradient in a vacuum
furnace using the same chemical compositions.

Table 1. Chemical compositions of experimental alloys (mass fraction, wt.%).

NO. W Mo Al Co Cr Nb Ti Zr B C Ni

Alloy I 10 1.0 5.5 10.0 9.3 1 2.5 0.03 0.015 0.18 Bal.
Alloy II 10 1.5 5.5 10.0 9.3 1 2.5 0.03 0.015 0.18 Bal.
Alloy III 10 2.0 5.5 10.0 9.3 1 2.5 0.03 0.015 0.18 Bal.
Alloy IV 10 3.0 5.5 10.0 9.3 1 2.5 0.03 0.015 0.18 Bal.

2.2. Microstructural Observation

A cylindrical specimen was cut from the cast and heat-treated bars and then mechani-
cally ground, polished, and chemically etched in a solution of 20 g CuSO4 + 100 mL HCl +
5 mL H2SO4 + 80 mL H2O for microstructural observation. The microstructures of the
high-W superalloys with different Mo contents were observed by Gemini SEM 300 field
emission scanning electron microscope (FE-SEM) with the Ultimax 65 detector. Specimens
with a diameter of 5 mm and a height of 3 mm were prepared for SEM observations. Thin
slices were cut for TCP phase observation by a transmission electron microscope (TEM).
The slices were first mechanically ground to 50 µm thick, then twin-jet thinned in a solution
of 10% perchloric acid and 90% alcohol at −20 ◦C by Tenupole-5. TEM observation was
performed on TECNAI F20. The intensity profiles of the (004) reflection of the single-crystal
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superalloys were measured by the Bruker D8 Discover. The lattice parameters and misfit of
the γ and γ′ phases were calculated.

2.3. Mechanical Properties

In order to evaluate the effect of the Mo content on the mechanical properties, the
tensile tests performed at room temperature and the stress rupture tests performed at
975 ◦C/225 MPa in air were conducted. Specimens with a diameter of 5 mm and a gage
length of 30 mm were machined for the tensile tests, and specimens with a diameter of
5 mm and a gauge length of 25 mm were machined for the stress rupture tests. Three
specimens were tested for each alloy for statistical significance. After mechanical tests,
the fracture surfaces were examined by SEM to analyze the fracture mode. Longitudinal
section samples with a length of 10 mm, a width of 4 mm, and a thickness of 1 mm were
cut from the fractured specimens. After grinding, polishing, and chemical etching, the
longitudinal sections were observed by SEM to study the microstructure evolution and
deformation mechanism of the superalloy.

3. Results and Discussion
3.1. Microstructures

The cast microstructures of the high-W superalloys with different Mo contents are
shown in Figure 1. The typical dendrite morphology was observed in the alloy which
contained γ matrix, γ′ phase, eutectic, and MC carbides. With the increase in the Mo
content, the amount of carbides in the alloy increased slightly, which was because that Mo
element is the MC carbide-forming element, as shown in Figure 1f. The γ′ phase was fine
in the dendrite core, while the γ′ phase was coarse in the interdendritic region. There was
little change of the size of γ′ phase with the increase in Mo content, and it was ~1.3 µm
in the dendrite core. Generally, the content of eutectic in the alloy is related to the degree
of segregation of the elements during the solidification process [25]. Due to the increased
Mo element that formed the carbides or dissolved into the matrix, the forming elements
of the eutectic Al or Ti in the interdendritic region were not affected. Thus, the number of
eutectics in the alloy did not change significantly with the increase in Mo content.
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Figure 1. Microstructures of the as-cast high-W superalloys with different Mo content: (a) Alloy I,
(b) Alloy II, (c) Alloy III, (d) Alloy IV, (e) magnified image of Alloy IV, (f) EDS result corresponds to
the point A in (e).

Figure 2 shows the microstructures of alloys with different Mo content after heat
treatment. The microstructures contained fine γ′ phases, the gray-contrast MC carbides,
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and the white-contrast M6C carbides in the heat-treated alloys. Generally, the MC carbide
can be decomposed into M6C carbides during the heat-treatment process because MC
carbide is less stable than M6C carbide at high temperature [26]. In addition, the primary
MC carbides were enriched in the high levels of Ti, Mo, Nb, and W, while the M6C carbides
were enriched in the high levels of W and Mo, as shown in Figure 2e,g,h. As can be
seen from Figure 2d, a new phase was formed in Alloy IV in contrast to the other three
alloys with low Mo content after the heat treatment, which was a needle-like structure in
morphology and enriched in W and Mo elements. The selected area diffraction pattern
(SADP) (Figure 2d) identified that it was a µ phase. It was also found that the TCP phases
usually formed at the interdendritic region, as indicated by the arrows in Figure 2d.
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Figure 2. Microstructures of the heat-treated alloys with different Mo content: (a) Alloy I, (b) Alloy
II, (c) Alloy III, (d) Alloy IV, (e,f) magnified images of Alloy IV alloy; (g,h,i) EDS results corre-
spond to the points A, B, and C in (e,f). (The inset in (f) corresponds to the selected area electron
diffraction pattern).

The elemental segregation behavior between the dendritic and interdendritic regions
in the high-W superalloys with various Mo was characterized. The values of the elemental
segregation coefficient (k) were defined as the ratio of the average concentration of the
alloying elements in the dendrite core to that in the interdendritic region:

k =
xi,Dendrite

xi, Interdendritic
(1)

where xi,Dendrite and xi,Interdendritic are the concentrations of each specific element for the
dendrite core and the interdendritic region. A k value of less than 1 indicates segregation
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to the interdendritic region, while a k value of greater than 1 indicates segregation to the
dendrite core [27]. It is seen that the segregation behaviors of the different elements in
the alloys are obviously different, as shown in Figure 3. There was a slight segregation of
the Cr, Co, and Ni elements. In contrast, Al, Ti, Nb, and Mo tended to concentrate in the
interdendritic region, and W tended to segregate in the dendrite core. It was also found that
the degree of segregation of the W element that typically partitioned to the dendrite core
decreased when molybdenum was added to the alloy. Similar results were also reported in
the previous work [27]. The segregation coefficient of the elements was decreased after the
heat treatment, as shown in Figure 3b.
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Generally, the TCP precipitates are easily formed in the microstructures of Ni-based
superalloys during the high-temperature, long-term aging or creep tests, which is essentially
caused by the element diffusion and has a great relationship with temperature, time, and
stress [28,29]. W, Mo, and the other refractory elements are usually enriched in the γ matrix,
and the segregation of the above elements on the dendrite core cannot be completely
eliminated during the solid solution treatment, thus the TCP phases precipitate in the
dendrite core [30,31]. In contrast, the TCP phases formed at the interdendritic region in
Alloy IV with 3.0 wt.% Mo content after the heat treatment in this work, which could be
explained by the following reasons:

Mo is the strong forming element for the TCP phase; thus, the formation tendency
of the TCP phases increased with the increase in Mo content. While no TCP phase was
observed in the cast microstructure of Alloy IV, perhaps due to the Mo segregated in the
interdendritic region, the W segregated in the dendrite core, as shown in Figure 4a, and
the refractory elements saturation limit for the formation of TCP was not exceeded. The
W element diffused to the interdendritic region during the heat-treatment process, and
the refractory concentration exceeded the saturation limit for the formation of TCP, which
induced the formation of TCP phases in the interdendritic region, as shown in Figure 4b.
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The lattice parameter of the γ and γ′ phases of the high-W superalloys with different
Mo contents were determined by XRD. The (004) two-phase reflection was chosen for
deconvolution and determination of the lattice parameters of the two phases because of the
better signal-to-noise ratio and higher detected data accuracy provided by the high-order
peaks [32]. Figure 5 shows the (004) diffraction reflections of the high-W superalloys with
different Mo contents. The sharp diffraction peak exhibited in Figure 5a indicates a strong
overlap between the individual phases of γ and γ′, demonstrating a low misfit between
the γ and γ′ phases in Alloy I [33]. With the increase in the Mo content, the width of
the diffraction peaks increased gradually, which indicated that the misfit between the γ

and γ′ phases increased gradually. Furthermore, the diffraction peaks shifted to the left,
which demonstrated that the lattice parameter of the γ and γ′ phases increased gradually,
as shown in Figure 5b–d. The lattice parameter of the γ and γ′ phases for the high-W
superalloys were calculated by the Bragg equation, and the results are shown in Figure 6a.
It was found that the lattice parameter of the γ and γ′ phases increased gradually with the
increase in the Mo content. In contrast to the γ′ phase, the lattice parameter of the γ phase
increased quickly, which indicated that the misfit between the γ and γ′ phases increased
gradually. The misfit (δ) between the γ and γ′ phases could be calculated by the following
equation [34]:

δ =
2
(
aγ′ − aγ

)
aγ′ + aγ

(2)

where aγ′ and aγ are the lattice parameters of the γ′ and γ phases, and the calculated results
are shown in Figure 6b. It could be seen that the misfit between the γ and γ′ phases was
negative, which is the same as for the other Ni-based superalloy [35].
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3.2. Mechanical Properties

Figure 7 shows the yield strength, ultimate tensile strength, and elongation of the
high-W superalloys with various Mo contents tested at room temperature. It was found
that with the increase in the Mo content, the yield strength of the alloys increased and the
elongation decreased, while the ultimate tensile strength increased first and then decreased,
with the maximum value occurring at 2 wt.% Mo. The fracture surfaces of the high-W
superalloys are shown in Figure 8. It was clearly seen that the dendrite morphology could
be observed in the fracture surfaces, which suggested that the cracks mainly propagated
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along the interdendritic region during the tensile test, as shown in Figure 8a–d. As can
be seen from Figure 8e–h, the cracks initiated from the eutectic and propagated along the
interdendritic region.
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The increase in yield strength of the high-W superalloys with the increase in the Mo
content at room temperature was mainly attributed to the solid solution strengthening and
coherency strengthening. The solid solution strength of the γ matrix contributed by each
element can be given as [36,37]:

Sγ
i = βγ

i
(
xγi

)1/2 (3)

where βγ
i is a constant related to the atom radius and modulus of the element i, and xγi

is the content of element i in the γ matrix. Thereby, the contribution of the solid solution
strength to the yield strength would be enhanced with the increase in the Mo content
dissolved in the matrix. The strengthening effect arising from the lattice misfit (τcoh) was
used to determine the coherency strengthening, using Equation (4) [38]:

τcoh = αµ|δ|3/2
[

f r
b

]1/2
(4)

where δ is the lattice misfit, r is the average precipitate radius, and α is a constant. As the
absolute value of δ was increased with the addition of the Mo element, the contribution of
the coherency strengthening was enhanced. The strengthening mechanism in the ultimate
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tensile strength was similar to the yield strength. Furthermore, more Mo elements were
segregated in the interdendritic region with the increase in the Mo content; thus, the
ultimate tensile strength of the alloy was improved to a certain extent as the strength of the
interdendritic region improved. However, a large number of TCP phases precipitated in
the microstructures with the Mo content increase to 3.0 wt.%, consuming the solid solution
strengthening elements W and Mo, which resulted in the decrease in the strength of the
interdendritic region. The micro-cracks were more likely to form and propagate at the
interdendritic region during the tensile test, which resulted in the premature failure in
Alloy IV.

The stress rupture tests of the high-W superalloys with various Mo contents were
carried out at 975 ◦C/225 MPa, and the results are shown in Figure 9. The stress rupture
lives exhibited a very steep peak as a function of the Mo content, with the maximum in
stress rupture life of 60 h occurring at about 2.0 wt.% Mo. However, as the Mo content
continued to increase to 3.0 wt.%, the stress rupture life sharply decreased to 36 h. It could
be inferred that the addition of Mo improved the stress rupture properties of the high-W
superalloy but that it will reduce the stress rupture properties when excessive Mo is added.
The reasons for the differences in the stress rupture properties of the high-W superalloys
with various Mo contents are explained below.
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Figure 10 shows the fracture surfaces and longitudinal microstructures of the stress
rupture samples tested at 975 ◦C/225 MPa. As seen from the Figure 10a–d, there was no
obvious dendrite morphology on the fracture surface of the alloy, which indicated that
the crack was not formed and propagated at the interdendritic region during the stress
rupture. The SEM image of the longitudinal microstructures of the alloy showed that
the crack initiated and propagated at the grain boundary and thus caused intergranular
failure of the superalloys. Therefore, the stress rupture properties were attributed to the
strength and stability of the grain boundary. Microcracks in Alloy I exhibited the tendency
to connect with each other to form long intergranular cracks, which would deteriorate
the stress rupture properties. In contrast, the microcracks in Alloy II and Alloy III were
hard to get connected to form the long cracks, as shown in Figure 10f,g. The number of
the carbides near the grain boundary increased with the addition of Mo, which would
restrain the extension of microcracks and improve the stress rupture life of the high-W
superalloys. Furthermore, the increase in Mo content led to a larger negative misfit of
the γ and γ′ phases in the high-W superalloys. The previous research reported that a
large magnitude of misfit would induce dense γ/γ′ interface dislocation networks and
reduce the minimum creep rates during the creep tests at high temperature [39,40]. In
addition, the γ and γ′ microstructures became rafted as the creep deformation continued,
and no TCP phase was found in the microstructures in the high-W superalloys with low Mo
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content, which indicated that the microstructures of the superalloys were relatively stable
during high-temperature deformation, while a large number of needle-like TCP phases
were precipitated in Alloy IV after the heat treatment, which would promote the initiation
and propagation of the crack due to the stress concentration at the tip of the TCP phases
during the deformation process, as shown in Figure 10h; similar results were also reported
by Tian [41]. Meanwhile, a large number of TCP phases precipitated in the microstructures,
consuming the solid solution strengthening elements W and Mo, which resulted in the
decrease in strength [42].
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4. Conclusions

In summary, the effects of Mo addition on the microstructures and mechanical proper-
ties of high-W superalloys were investigated in this work. The following conclusions can
be obtained:

(1) A needle-like TCP phase was formed in the alloy with high Mo content in contrast
to the other three alloys with low Mo content. The Mo addition increased the lattice
parameter of the γ and γ′ phases and also changed the lattice misfit of the γ and γ′ phases
towards a larger negative.

(2) The mechanical property analysis indicated that the addition of Mo improved the
yield strength at room temperature due to the solid solution strengthening and coherency
strengthening. The precipitated TCP consumed the solid solution strengthening elements
W and Mo, which deteriorated the ultimate tensile strength.

(3) The improvement of the stress rupture lives at 975 ◦C/225 MPa was the result of
the combination of the carbides suppressing the link-up and extension of the microcracks
and a more negative misfit with the increase in Mo content. The TCP phases precipitated
and deteriorated the strength of the interdendritic region of Alloy IV, which resulted in the
decrease in the stress rupture lives.

Author Contributions: Conceptualization, S.S. and N.S.; methodology, Q.Q., S.S., J.D. and J.C.;
formal analysis, G.H. and Y.Z.; funding acquisition, J.L. and X.S.; writing—original draft, S.S. and
N.S.; writing—review and editing, J.L. and X.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by IMR Innovation Fund, China (2021-PY16); the project was
funded by the China Postdoctoral Science Foundation, China (2021M703275), and the Special Research
Assistant Program of Chinese Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 7509 11 of 12

References
1. Reed, R.C. The Superalloys: Fundamentals and Applications; Cambridge University Press: Cambridge, UK, 2008.
2. Guo, C.; Yu, J.; Liu, J.; Sun, X.; Zhou, Y. Tensile deformation and fracture behavior of nickel-based superalloy DZ951G. Materials

2021, 14, 2250. [CrossRef] [PubMed]
3. Wei, B.; Lin, Y.; Huang, Z.; Huang, L.; Zhou, K.; Zhang, L.; Zhang, L. A novel Re-free Ni-based single-crystal superalloy with

enhanced creep resistance and microstructure stability. Acta Mater. 2022, 240, 118336. [CrossRef]
4. Fleischmann, E.; Miller, M.K.; Affeldt, E.; Glatzel, U. Quantitative experimental determination of the solid solution hardening

potential of rhenium, tungsten and molybdenum in single-crystal nickel-based superalloys. Acta Mater. 2015, 87, 350–356.
[CrossRef]

5. Sun, J.; Liu, J.; Liu, L.; Zhou, Y.; Li, J.; Sun, X. Effects of Al on microstructural stability and related stress-rupture properties of a
third-generation single crystal superalloy. J. Mater. Sci. Technol. 2019, 35, 2537–2542. [CrossRef]

6. Ru, Y.; Zhang, H.; Pei, Y.; Fu, Y.; Li, S.; Gong, S.; Xu, H. New type of γ′ phase in Ni based single crystal superalloys: Its formation
mechanism and strengthening effect. Mater. Des. 2018, 145, 181–195. [CrossRef]

7. Yang, F.; Liu, E.; Zhi, Z.; Tong, J.; Ning, L. Influence of Ti content on microstructure, mechanical properties and castability of
directionally solidified superalloy DZ125L. Mater. Des. 2014, 61, 41–49. [CrossRef]

8. Guth, S.; Doll, S.; Lang, K.-H. Influence of phase angle on lifetime, cyclic deformation and damage behavior of Mar-M247 LC
under thermo-mechanical fatigue. Mater. Sci. Eng. A 2015, 642, 42–48. [CrossRef]

9. Sun, S.; Sheng, N.; Fan, S.; Ma, Y.; Cao, X.; Sang, Z.; Hou, G.; Li, J.; Zhou, Y.; Sun, X. Abnormal feather-like grains induced by the
thin-wall effect in a polycrystalline nickel-based superalloy. J. Alloys Compd. 2022, 901, 163581. [CrossRef]

10. Ritter, N.C.; Sowa, R.; Schauer, J.C.; Gruber, D.; Goehler, T.; Rettig, R.; Povoden-Karadeniz, E.; Koerner, C.; Singer, R.F. Effects
of solid solution strengthening elements Mo, Re, Ru, and W on transition temperatures in Nickel-based superalloys with high
γ′-volume fraction: Comparison of experiment and CALPHAD calculations. Metall. Mater. Trans. A 2018, 49, 3206–3216.
[CrossRef]

11. Guo, X.; Antonov, S.; Lu, F.; Zheng, W.; Yuan, X.; Cormier, J.; Feng, Q. Solidification rate driven microstructural stability and its
effect on the creep property of a polycrystalline nickel-based superalloy K465. Mater. Sci. Eng. A 2020, 770, 138530. [CrossRef]

12. Baler, N.; Pandey, P.; Palanisamy, D.; Makineni, S.K.; Phanikumar, G.; Chattopadhyay, K. On the effect of W addition on
microstructural evolution and γ′ precipitate coarsening in a Co–30Ni–10Al–5Mo–2Ta–2Ti alloy. Materialia 2020, 10, 100632.
[CrossRef]

13. Liu, S.; Wang, C.; Yan, P.; Yu, T. The effect of Ta, W, and Re additions on the tensile-deformation behavior of model Ni-based
single-crystal superalloys at intermediate temperature. Mater. Sci. Eng. A 2022, 850, 143594. [CrossRef]

14. Zhu, Y.P.; Sheng, N.C.; Xie, J.; Wang, Z.J.; Xun, S.L.; Yu, J.J.; Li, J.G.; Yang, L.; Hou, G.C.; Zhou, Y.Z.; et al. Precipitation behavior of
W-rich phases in a high W-containing Ni-based superalloys K416B. Acta Metall. Sin. 2021, 57, 215–223.

15. Hua, H.Y.; Xie, J.; Shu, D.L.; Hou, G.C.; Sheng, N.C.; Yu, J.J.; Cui, C.Y.; Sun, X.F.; Zhou, Y.Z. Influence of W content on the
microstructure of nickel base superalloy with high W content. Acta Metall. Sin. 2020, 56, 161–170.

16. Li, Q.; Xie, J.; Yu, J.; Shu, D.; Hou, G.; Sun, X.; Zhou, Y. Solidification behavior and segregation characteristics of high W-content
cast Ni-Based superalloy K416B. J. Alloys Compd. 2021, 854, 156027. [CrossRef]

17. Ai, C.; Li, Q.; Zhang, J.; Su, H.; Yang, W.; Liu, L.; Ru, Y.; Zhang, H.; Song, Y.; Chen, Y.; et al. Effect of substituting Mo for W on
γ/γ′ partitioning behaviors of alloying elements in heat-treated second generation Ni based single crystal superalloys: An atom
probe tomography study. Intermetallics 2021, 134, 107198. [CrossRef]

18. Zhang, J.; Li, J.; Jin, T.; Sun, X.; Hu, Z. Effect of Mo concentration on creep properties of a single crystal nickel-base superalloy.
Mater. Sci. Eng. A 2010, 527, 3051–3056. [CrossRef]

19. Ai, C.; Liu, L.; Zhang, J.; Guo, M.; Li, Z.; Huang, T.; Zhou, J.; Li, S.; Gong, S.; Liu, G. Influence of substituting Mo for W on
solidification characteristics of Re-containing Ni based single crystal superalloy. J. Alloys Compd. 2018, 754, 85–92. [CrossRef]

20. Ai, C.; Xi, L.; Wang, B.; Sun, Y.; Zhang, J.; Su, H.; Yang, W.; Liu, L.; Sun, Z.; Chen, Y. Investigation on solution heat treatment
response and γ′ solvus temperature of a Mo-rich second generation Ni based single crystal superalloy. Intermetallics 2020, 125,
106896. [CrossRef]

21. Liu, X.G.; Wang, L.; Lou, L.H.; Zhang, J. Effect of Mo addition on microstructural characteristics in a Re-containing single crystal
superalloy. J. Mater. Sci. Technol. 2015, 31, 143–147. [CrossRef]

22. Chen, J.; Chen, J.; Wang, Q.; Wu, Y.; Li, Q.; Xiao, C.; Hui, X. Mutation in TCP phases and superior stress rupture life led by W/Mo
ratio in Ni-based single crystal superalloys. Mater. Lett. 2022, 312, 131656. [CrossRef]

23. Liang, Y.; Li, S.; Ai, C.; Han, Y.; Gong, S. Effect of Mo content on microstructure and stress-rupture properties of a Ni-base single
crystal superalloy. Prog. Nat. Sci. Mater. 2016, 26, 112–116. [CrossRef]

24. MacKay, R.A.; Nathal, M.V.; Pearson, D.D. Influence of molybdenum on the creep properties of nickel-base superalloy single
crystals. Metall. Trans. A 1990, 21, 381–388. [CrossRef]

25. Gong, L.; Chen, B.; Du, Z.; Zhang, M.; Liu, R.; Liu, K. Investigation of solidification and segregation characteristics of cast Ni-base
superalloy K417G. J. Mater. Sci. Technol. 2018, 34, 541–550. [CrossRef]

26. Yang, J.; Zheng, Q.; Sun, X.; Guan, H.; Hu, Z. Morphological evolution of MC carbide in K465 superalloy. J. Mater. Sci. 2006, 41,
6476–6478.

http://doi.org/10.3390/ma14092250
http://www.ncbi.nlm.nih.gov/pubmed/33925527
http://doi.org/10.1016/j.actamat.2022.118336
http://doi.org/10.1016/j.actamat.2014.12.011
http://doi.org/10.1016/j.jmst.2019.05.003
http://doi.org/10.1016/j.matdes.2018.02.053
http://doi.org/10.1016/j.matdes.2014.04.059
http://doi.org/10.1016/j.msea.2015.06.055
http://doi.org/10.1016/j.jallcom.2021.163581
http://doi.org/10.1007/s11661-018-4730-0
http://doi.org/10.1016/j.msea.2019.138530
http://doi.org/10.1016/j.mtla.2020.100632
http://doi.org/10.1016/j.msea.2022.143594
http://doi.org/10.1016/j.jallcom.2020.156027
http://doi.org/10.1016/j.intermet.2021.107198
http://doi.org/10.1016/j.msea.2010.01.045
http://doi.org/10.1016/j.jallcom.2018.04.301
http://doi.org/10.1016/j.intermet.2020.106896
http://doi.org/10.1016/j.jmst.2013.12.019
http://doi.org/10.1016/j.matlet.2022.131656
http://doi.org/10.1016/j.pnsc.2016.01.006
http://doi.org/10.1007/BF02782418
http://doi.org/10.1016/j.jmst.2016.11.009


Materials 2022, 15, 7509 12 of 12

27. Caldwell, E.C.; Fela, F.J.; Fuchs, G.E. Segregation of Elements in High Refractory Content Single Crystal Nickel Based Superalloys.
In Proceedings of the 10th International Symposium on Superalloys, Champion, PA, USA, 19–23 September 2004; pp. 811–818.

28. Zhang, Z.; Yue, Z. TCP phases growth and crack initiation and propagation in nickel-based single crystal superalloys containing
Re. J. Alloys Compd. 2018, 746, 84–92. [CrossRef]

29. Sun, J.; Liu, J.; Li, J.; Chen, C.; Wang, X.; Zhou, Y.; Sun, X. Dual effects of Ru on the microstructural stability of a single crystal
superalloy. Scripta Mater. 2021, 205, 114209. [CrossRef]

30. Rehman, H.U.; Durst, K.; Neumeier, S.; Parsa, A.B.; Kostka, A.; Eggeler, G.; Göken, M. Nanoindentation studies of the mechanical
properties of the µ phase in a creep deformed Re containing nickel-based superalloy. Mater. Sci. Eng. A 2015, 634, 202–208.
[CrossRef]

31. Grudzień-Rakoczy, M.; Rakoczy, Ł.; Cygan, R.; Chrzan, K.; Milkovič, O.; Pirowski, Z. Influence of Al/Ti ratio and ta concentration
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