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ABSTRACT
Ru is crucial in improving creep properties in Nickel-based single-crystal superalloys. The effect of
Ru content on the creep behavior of nickel-based single-crystal superalloy was studied. Ru exhibits
unprecedented mechanical properties, increasing the creep life at 1120 °C but decreasing it at 1180
°C. This is due to the competition in the stress concentration formedbetween the topologically close-
packed phases and the creep cavity. They are both related to the dissociation of the γ

′
phase. The

effect of oxidation caused by the addition of Ru is lower than these two factors. This work helps to
recognize the comprehensive effect of Ru and can provide guidance for alloy design in the future.

IMPACT STATEMENT
The study first revealed that adding Ru can reduce the creep life at high temperatures. The competi-
tionmechanism between the topologically closed-packed phase and the creep cavity is established.
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1. Introduction

Nickel-based single-crystal superalloys are widely used
for turbine blades [1,2]. When used in turbine blades,
superalloys are subjected to continuous centrifugal forces
and high temperatures. Therefore, creep resistance is
important for these alloys [3–5]. Among the alloying
elements, Re and Ru are crucial elements used for this
purpose [6,7]. Re is an effective strengthening element,
with a 30K increase in endurance temperature for 3 wt.%
Re addition, as observed in the first three generations
of superalloy. Ru is one of the defining elements that
separates third from fourth generation superalloys. For
example, the addition of 3 wt.% Ru is found to increase
creep life at 1100 °C/137MPa condition by 100%, from
164 h to 321 h [8].
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This is mainly due to its inhibiting the precipitation of
topologically close packed (TCP) phases [9]. The precip-
itation of the brittle TCP phases can significantly reduce
the creep life [10,11]. The effect of Ru on inhibiting the
precipitation of TCP phases is attributed to three main
factors: (1) Ru improves the solid solubility of refractory
elements[12,13], (2) Ru reduces the segregation coeffi-
cient of refractory elements between the γ and γ

′
phases,

a phenomenon known as the ‘reverse partition effect’
[14], and (3) Ru increases the lattice strain energy of the
TCP/γ phase interface [15].

The commercial used second and third-generations
Nickel-based superalloys typically serve at 1100 °C [16].
With the addition of Ru, the endurance temperature of
the alloys can be higher [17,18]. It is generally known that
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the γ
′
phase dissolves, thus reducing its volume fraction

at higher service testing temperatures [19]. The dissolu-
tion of the γ

′
phase will change the composition of the γ

phase. More specifically, it will reduce the concentrations
of the TCP phase-forming elements, thus lowering the
tendency for their formation. In addition, Ru facilitates
the growth of the oxide layer and results in the degrada-
tion of mechanical properties [20,21]. In summary, the
effect of Ru in Nickel-based superalloys is complex and
multi-faceted and varies with different testing (service)
conditions. This work compares the creep life of two
Nickel-based single-crystal superalloys with different Ru
contents.

2. Experiment

The fourth-generation superalloy produced by the Bei-
jing Institute of Aeronautical Materials is chosen as the
base alloy. To investigate the effect of Ru content on
the creep life, an alloy with different contents of Ru ele-
ment was also adopted. Their nominal compositions are
shown in Table 1, no minor elements were added in
these two alloys, only containing different Ru contents,
denoted 3Ru and 5Ru. The two alloys were fabricated
by means of directional solidification investment casting
into cylindrical single crystal bars of �16mm × 75mm
with a [001] axial orientation. The bars were solution
treated at 1345 °C for 4 h in argon atmosphere to dis-
solve the low-melting inter-dendrite eutectic structure
into the matrix to ensure compositional homogeneity,
followed by air cooling (AC) with the cooling rate of
approximately 200 °C/min. After the solution treatment,
the alloy was aged in two steps at 1120 °C/4 h (AC) fol-
lowed by 870 °C/30 h (AC). The higher-temperature step
encourages high-rate nucleation of the γ

′
phase, and the

lower-temperature step ensures the steady growth of the
γ

′
phase to achieve good cubicity and size uniformity.

After the aging treatment, the 3Ru and 5Ru alloys were
manufactured into samples in cylindrical dumbbell shape
with a gauge section dimension of �5 × 27mm and
a [001] orientation along the axial direction. The creep
tests were conducted under a 100MPa tensile stress at
two different temperatures: 1120 and 1180 °C. Study of
microstructure and morphology using FEI Quanta 650F
field emission scanning electronmicroscope operating at
20 kV, with a resolution of 1 nm. Scanning transmission

Table 1. Nominal composition of experimental superalloy
(wt. %).

Type Ru Re Mo W Cr Co Al Ta Ni

3Ru 3.0 5.0 1.5 7.0 4.0 9.0 6.0 7.0 Bal.
5Ru 5.0 5.0 1.5 7.0 4.0 9.0 6.0 7.0 Bal.

electron microscopy (STEM) analysis was performed
on a FEI Talos F2000X electron microscope (200 kV)
equipped with an energy dispersive X-ray spectroscopy
(EDS) spectrometer. Using a screening current of approx-
imately 250 nA, with a magnification of approximately
230 k and a point resolution of approximately 0.25 nm,
for 10min for EDS collection. For quantitative EDS anal-
ysis, the Velox software equipped with an electronmicro-
scope is used to measure it.

3. Results and discussion

Figure 1(a) shows the creep lives of the two alloys tested at
1120 °C/100MPa and at 1180 °C/100MPa. The creep life
is 888 h for the 3Ru alloy and 1628 h for the 5Ru alloy at
1120 °C. However, when the creep temperature increases
to 1180 °C, the creep life is reduced to 139 h for the 3Ru
alloy and 48 h for the 5Ru alloy. It is seen that the 5Ru
alloy outperforms the 3Ru alloy in creep life at 1120 °C
but underperforms it at 1180 °C. Figures 1 (b) ∼ (e)
show the relationship between creep strain rate and strain
rate during the creep process, and the creep strain rate is
denoted by its logarithmic values. It can be seen that all
curves have three creep stages. The minimum creep rates
of the two alloys are relatively close at 1120 °C.At 1180 °C,
the creep rate of both alloys is higher than 1120 °C. And
at this point, the 5Ru alloy exhibits a higher minimum
creep rate.

Figure 2 shows the microstructures of the two alloys
before and after the creep tests. Figures 2(a) and (b) are
the initial microstructures of the 3Ru and 5Ru alloys
before creep testing, respectively. They both consist of
the standard γ

′
cuboidal – γ channel microstructures.

Figure 2(c) shows the size distributions of the γ
′
cuboids

in the two alloys. The average γ
′
cuboid size is 307 nm

for 3Ru and 249 nm for 5Ru. Figures 2(d) and (e) are the
cross-section views of the microstructures of the sam-
ples after the creep test at 1120 °C/100MPa. The samples
were taken just under the creep surface within the neck-
ing zone. In the 3Ru alloy, needle-shaped precipitates of a
TCP phase and some creep cavities have appeared within
the γ

′
/γ matrix. In comparison, the 5Ru alloy contains

only the creep cavities. The density of the creep cavities
appears to be higher in the 5Ru alloy. The creep cavi-
ties are spatially distributed in three dimensions. Thus,
they exhibit different contrast for the different magni-
tudes of secondary electrons for the various depth. And
they are in sphere and square shape, whichmay be caused
by the competition between the interface and strain ener-
gies during their formation. Figures 2(f) and (g) are the
microstructures at a higher magnification of Figures 2(d)
and (e), to show the TCP phases, the creep cavities and
details of the γ

′
/γ matrix.
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Figure 1. Creep data of the 3Ru and 5Ru alloys creep tested at 1120 and 1180 °C under 100MPa tensile load. (a) Creep lives of the 3Ru
and 5Ru alloys; (b) ∼ (e) Strain rate versus strain curves of 3Ru and 5Ru alloys in different states.

Figure 2. Microstructures of the two alloys under different conditions. (a) and (b) the 3Ru and 5Ru alloy in the initial state, respectively;
(c) size distributions of the γ

′
cuboids in the two alloys; (d) and (e) the 3Ru and 5Ru alloy after creep testing at 1120 °C/100MPa, respec-

tively; (f ) and (g) the microstructures at a higher magnification of (d) and (e), respectively; (h) and (i) the 3Ru and 5Ru alloy after creep
testing at 1180 °C/100MPa; (j) and (k) volume fractions of the γ

′
phase and densities of the creep cavity in the two alloys, respectively.
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Figure 3. The microstructures of the two alloys after the creep interruption experiment with 48 h at 1180 °C/100MPa. (a) and (b)
microstructures of 3Ru and 5Ru alloys, respectively; (c) microstructure of 5Ru alloy at 6mmbelow the fractured surface; (d) EDSmapping
surrounding the creep cavity in 5Ru alloy; (e) the volume fractions of γ

′
phase and densities of the creep cavities; (f ) structure of oxide

scale; (g) the depth of the diffusion layer.

Figures 2(h) and (i) show the microstructures of the
cross-section views of the samples after the creep test at
1180 °C/100MPa. In this case, the TCP phases are only
formed in the 3Ru alloy but in a lower volume fraction
than at 1120 °C/100MPa. The density of the creep cavi-
ties seems to be higher in the 5Ru alloy. Figure 2(j) shows
the volume fractions of the γ

′
phase in the two sam-

ples. The volume fraction of the γ
′
phase decreased after

the creep tests. The magnitude of the reduction is higher
in the 5Ru alloy. Figure 2(k) shows the densities of the
creep cavity in the samples. At both testing temperatures,
the density is higher in the 5Ru alloy than in the 3Ru
alloy.

The other sample of the 3Ru alloy was tested for 48 h
at 1180 °C/100MPa without creep. Figures 3(a) and (b)
show the cross-section views of the microstructures of
the two samples taken just under the necked regions. The
3Ru alloy exhibits TCPphases and creep cavities, whereas
the 5Ru alloy shows only creep cavities. In addition, the

density of the creep cavities is also much higher in the
5Ru alloy than in the 3Ru alloy. Figure 3(c) is the cross-
section view of the microstructures of the sample taken
at 6mm below the fractured surface in 5Ru alloy. The
density of the creep cavity is much lower than the region
adjacent to the fracture, as shown in Figure 3(b). This
indicates the creep cavity is promoted with higher defor-
mation. Figure 3(d) shows EDS element mapping in one
square-shaped creep cavity. There is no element segrega-
tion in the region. Figure 3(e) shows the volume fractions
of the γ

′
phase and the densities of the creep cavity. The

reduction of the volume fraction of the γ
′
phase is larger

in 5Ru than in 3Ru. The density of the creep cavity is also
higher in the 5Ru alloy.

Figures 3(f) show the oxide layer structure. It con-
sists of the NiO, Ni(Al, Cr)2O4 and Al2O3 oxide layers
and the diffusion layer in the metal. The oxide layers
are easy to peel off, and the depth of the diffusion layer
is positively correlated with the thickness of the oxide
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Figure 4. Morphologies of dislocation networks and element distributions around dislocations. (a) ∼ (d) The morphologies of disloca-
tion networks; (e) ∼ (h) size distributions of the dislocation cell; (i) EDS element mapping around a dislocation in the 3Ru alloy after the
creep test at 1120 °C/100MPa.

scale [22,23]. Therefore, the depth of the diffusion layer
is used to investigate the difference in oxidation degree,
as shown in Figure 3(g). The diffusion layer is found to
increase with temperature and the addition of Ru. This
is similar to the observations in the literature [24,25], the
addition of Ru leads to accelerated oxidation of the alloy.
However, the deviation caused by adding Ru is less than
∼ 5μmat any temperature. Considering the thickness of
the oxide layer is twice the diffusion layer, the deviation
can estimate to be ∼10 μm. This is in the same magni-
tude as one creep cavity. In this regard, the difference in
creep life caused by oxidation is far less than that caused
by creep cavities.

Dislocation network spacing is also generally consid-
ered to influence the creep lives of Nickel-based single-
crystal alloys [26,27]. Figure 4 shows a TEM examination
of the dislocation networks in the four creep samples.
All four samples exhibit dislocation networks contain-
ing <110> and <100> dislocations, as evident in
Figures 4(a) ∼ (d). Figures 4(e) ∼ (h) show the size
distributions of dislocation cells. They are all similar at

∼ 30 nm. Figure 4(i) shows the EDS element mapping
around a dislocation in the 3Ru alloy after the creep test
at 1120 °C/100MPa. Table 2 presents the quantitative
chemical analysis of the dislocation and its surrounding
γ matrix. The dislocation line is rich in Co, Cr and Re,
poor in Al and Ni, and neutral for Ta and Ru. In addi-
tion, the 5Ru alloy appears to have lower partition ratios
for the Co, Cr and Re elements between the dislocation
and the matrix.

The 5Ru alloy showed a longer creep life than the 3Ru
alloy at 1120 °C/100MPa but a lower creep life at 1180
°C/100MPa. This is attributed to two reasons. First, no
TCP phases is formed in the 5Ru alloy at both tempera-
tures. This is attributed to the effect of Ru in reducing the
volume fraction of the γ

′
phase. A higher volume frac-

tion of the γ phase can accommodate (or dilute) more
TCP phases forming elements, thus suppressing its for-
mation. This is consistent with the lower partition ratios
for the Co, Cr and Re between the dislocation and the
matrix in the 5Ru alloy. The formation of TCP phase
needle precipitates decreases the creep life by causing
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Table 2. Chemical composition measurement of matrix and dislocation (wt. %).

Alloy Position Co Cr Re Al Ni Ta Ru

3Ru dislocation 10.3±.080 2.7±0.02 4.6±0.11 4.5±0.41 45.1±0.42 30.9±0.60 2.0±0.21
matrix 8.2±0.05 1.3±0.03 1.5±0.09 5.9±0.26 49.9±0.54 31.1±0.52 2.2±0.15
ratio 1.26 2.07 3.06 0.76 0.90 0.99 0.90

5Ru dislocation 9.5±0.12 2.5±0.10 2.7±0.14 4.5±0.36 49.1±0.35 28.7±0.72 3.0±0.29
matrix 8.2±0.08 1.4±0.13 1.5±0.11 5.2±0.29 50.6±0.39 29.6±0.61 3.6±0.18
ratio 1.15 1.78 1.80 0.87 0.97 0.97 0.84

local stress concentrations and internal cracking. This
explains the longer creep life of the 5Ru alloy at 1120
°C/100MPa. At 1180 °C, the advantage of 5Ru alloy in
inhibiting the precipitation of the TCP phases decreases
as the dissociation of the γ

′
phase is enhanced. This is

also the reason why there are fewer TCP phases precip-
itates in the 3Ru alloy at 1180 °C/100MPa than at 1120
°C/100MPa. Second, a lower volume fraction of the γ

′

phase in the 5Ru alloy makes it exhibit a higher strain
as the plasticity of γ

′
phase is lower than the γ phase

[28,29]. This leads to a higher density of creep cavities
formed in the 5Ru alloy. The creep cavities cause local
stress concentrations and promote internal cracking.
This contributes to the lower creep life of the 5Ru alloy at
1180 °C/100MPa.

After excluding the influence of oxidation. This study
suggests that the creep mechanism of the alloy is still
consistent with the conventional dislocation motion and
diffusion mechanisms [30,31]. For example, under creep
conditions of 1180 °C/100MPa, the dislocation move-
ment and diffusion of the alloy intensify. At this point,
the creep life of the alloy will be significantly reduced.
However, this study observed that the dislocation net-
work spacing remained basically unchanged for different
Ru contents. Therefore, the movement and morphology
of dislocations are not the main reasons for the differ-
ences in creep performance at the same temperature. Fur-
thermore, during creep, both the TCP phase and creep
cavities originate from diffusion behavior. Therefore, the
TCP phase and creep cavities are weak links in the alloy
during service.

4. Conclusion

The creep life of the 5Ru alloy is longer than that of
the 3Ru alloy at 1120 °C/100MPa. This is attributed to
the effect of Ru in preventing the formation of the TCP
phases. The creep life of the 5Ru alloy is shorter than
that of the 3Ru alloy at 1180 °C/100MPa. This is mainly
attributed to the higher density of the creep cavity. They
are both caused by decreased volume fraction of γ ′

phase
with temperature. The difference in creep life caused by
oxidation is far less than that caused by creep cavities as
the dimension only match the magnitude of one creep
cavity.
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