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Abstract: A new type of nickel-based single-crystal superalloy was subjected to creep performance test, microstructure observation,
and composition analysis under the condition of 1100 °C/140 MPa. The variation characteristics of the creep rate during the creep

fracture process and the microstructure evolution before and after creep were investigated, thereby revealing the creep fracture
mechanism of the new nickel-based single-crystal superalloy. The results indicate that the creep life of the alloy is 104.5 h, and the
strain can reach 33.58%. The creep rate decreases first, then increases, and finally tends to be stable until fracture. At the initial stage

of creep, the creep rate decreases first, then rises and finally decreases again with time. Furthermore, the creep fracture microstructure

is composed of dimples and tearing edges without obvious slip planes. Oxides and recrystallized structures exist inside the fracture

surface, and the voids inside the fracture are elongated and perpendicular to the stress axis, showing a fracture mechanism of

microcrack accumulation.
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1 Introduction

Nickel-based single-crystal superalloys are the preferred
materials for manufacturing turbine blades in aerospace
engines and gas turbines’ . However, these blades often
experience creep damage due to centrifugal forces, which is
one of the main causes of failure”'". Therefore, the high-
temperature creep behavior of single-crystal superalloys has
attracted significant attention. To meet the increasing demands
for engine efficiency, turbine inlet temperatures are continu-
ously rising, leading to the gradual application of second-
generation nickel-based single-crystal superalloys with better

high-temperature resistance!'" "

. Thus, studying the creep
behavior of nickel-based single-crystal superalloys at 1100 °C
is of great significance. It is generally believed that at high
temperatures, dislocation cutting of the y’ phase in the rafted
structure reduces the creep resistance, resulting in an increas-
ing creep rate!”'”. Additionally, Reed et al*” proposed that in-
ternal casting pores and voids induced by topologically close-

packed phases at 1100 °C/100 MPa are responsible for
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fracture. Tian et al®" suggested that in the later stage of creep
at 1100 °C, continuous dislocation cutting of the y’ phase leads
to twisting and shearing of the y/y’ interfaces, resulting in the
formation of micropores at the interface, and subsequent crack
formation, and alloy failure. However, they did not consider
the influence of pre-existing casting pores on creep fracture.
Furthermore, the role of oxidation in creep fracture cannot be
ignored. This is because surface oxide layers and crack propa-
gation into the interior will reduce the effective load-bearing

area and accelerate fracture!™ ",

However, the previous
studies on creep fracture mechanisms of rod-shaped speci-
mens have rarely taken oxidation into account. Therefore, this
study investigates the creep fracture mechanisms of a second-
generation nickel-based single-crystal superalloy at 1100 °C,
aiming to provide a theoretical foundation for the safe and

stable use of nickel-based single-crystal turbine blades.
2 Experiment

The material used in this study is a novel nickel-based
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single-crystal superalloy, which is meticulously designed and
developed by our research group. The composition is detailed
in Table 1. Directional solidification was conducted using a
VIDF-10 model single-crystal furnace, employing the helical
crystal selection method at a withdrawal rate of 3.0 mm/min
to produce single-crystal castings with dimension of @15 mmx
210 mm. Subsequently, the crystal orientation was assessed
via electron backscatter diffractometer (EBSD) to ensure that
the deviation from the [001] direction remained below 6°, as
illustrated in Fig.1. Following this, the single-crystal test rods
underwent heat treatment in a Carbolite RHF14/35 high-
temperature furnace according to the following schedule:
1300 °C/4 h/air cooling (AC)+1330 °C/8 h/AC+1180 °C/4 h/
AC+870 °C/24 h/AC. The treated single-crystal rods were
subsequently machined into creep specimens as illustrated in
Fig. 2. Creep testing was performed on an electronic high-
temperature creep and durability testing machine (model
CTM504-B1) at an experimental temperature of 1100 °C with
temperature fluctuations maintained within +5 °C under a
stress of 140 MPa.

Following the completion of the creep fracture experiment,

Table 1 Chemical composition of nickel-based single-crystal

superalloy (wt%)""
Ctr Co Ti Al W Re Mo Ta Hf Nb Ni
30 95 03 60 90 35 1.1 6.0 0.1 04 Bal

001 101

Fig.1 Microstructure and EBSD diagram of nickel-based single-
crystal superalloy

U

Fig.2 Schematic diagram of dimension of creep specimen

the specimens underwent a series of preparatory procedures
including cleaning, embedding, grinding, and polishing. Sub-
sequently, they were subjected to etching with a solution con-
sisting of 20 mL HNO,, 100 mL HCI, 7 g FeCl,, 5 g CuCl,, and
100 mL H,O. The fracture surfaces of the specimens were then
examined under both a stereomicroscope and a scanning elec-
tron microscope (SEM) for detailed microstructural analysis.

3 Results and Discussion

3.1 Analysis of high-temperature and low-stress creep
curve

Fig. 3a shows the creep curve of the nickel-based single-
crystal superalloy at 1100 °C/140 MPa. It can be observed that
the creep life of the alloy is 104.5 h with a fracture strain of
33.58%. The creep behavior exhibits a typical rafting
mechanism, and the creep curve displays three distinct stages:
(1) an initial decelerating creep stage characterized by
significant work hardening, lasting for approximately 14 h
with a deformation of about 2.5%, as indicated by the black
arrow in Fig.3a; (2) a steady-state creep stage in the mid-creep
period, where the alloy experiences a balance between work
hardening and recovery softening, resulting in a longer strain
accumulation with relatively smaller strain, occupying around
60% of the total creep life; (3) an accelerated creep stage in
the later creep period, characterized by a rapid increase in
strain, lasting for approximately 20 h until fracture occurs.
Fig. 3b represents the creep rate-strain curve under the
condition of 1100 °C/140 MPa. Within the initial strain range
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Fig.3 Creep curve (a) and creep rate-strain curve (b) of nickel-
based single-crystal superalloy under the condition of 1100 °C/
140 MPa
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of 2.5%, the creep rate shows a decreasing trend,
corresponding to the decelerating creep stage observed in
Fig. 3a. After reaching the minimum point, the creep curve
enters the steady-state creep stage, and the creep rate increases
with increasing strain, indicating the transition to the
accelerated creep stage.

Fig. 4 presents the creep rate-time curve at 1100 ° C/140
MPa. It can be observed that within the initial 22 h of creep,
the creep rate undergoes three relatively distinct sub-stages: an
initial decrease, followed by a rebound, and then another
decrease. At the onset of creep, the native dislocations within
the y phase start sliding along the channels under the influence
of internal and external stresses. The dislocation density grad-
ually rises, and the stress within the horizontal y channels
starts to decline to alleviate the increasing dislocation density,
as depicted in stage A of Fig.4. As the dislocation density con-
tinues to escalate, dislocations in local areas begin to entangle
to a certain extent, resulting in an enhancement of local creep
resistance and a further reduction in strain rate. The creep
resistance 7, in this portion can be expressed as follows:

T, = au|b|/p M
where « is a material constant; x is the shear modulus, b is the
Burgers vector; p is the dislocation density™.

As creep proceeds, the elements that form the y phase in the
corner regions of the y’ phase accelerate diffusion along the
effective diffusion channels provided by dislocations under
the effect of the higher von Mises criterion, causing instability
in the corner regions of the y’ phase. Partial regions even un-
dergo a certain degree of coalescence, which reduces the creep
resistance of the single-crystal superalloy. Under this factor,
the creep rate increases with creep time, as shown in stage B
of Fig.4. With the continuous progress of creep, higher-den-
sity dislocations interact with each other, and the dislocation
network gradually forms. Simultaneously, the coalescence be-
havior of the y’ phase persists with the increase in dislocation
density. When creep reaches 22 h, the rafting of the y’ phase
and the dislocation network have been completed, leading to
another reduction in creep rate, as shown in stage C of Fig.4.

When with  the
accumulation of plastic strain, dislocations in local areas
continuously accumulate, and the generated back stress also

entering the steady-state creep,
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Fig.4 Creep rate-time curve under the condition of 1100 °C/140 MPa

steadily increases. The dislocation network in the local areas
gradually loses its regularity, as shown in stage II of Fig.4.
When entering the final accelerated creep stage (stage III in
Fig.4), a large number of dislocations shear into the y’ phase
from regions with higher internal stresses, resulting in a rapid
increase in creep rate. This causes an increase in pore size
within the creep microstructure of the single-crystal
superalloy, and crack propagation plastic
deformation until fracture.
3.2 Analysis of fracture morphology and microstructure
Fig.5a presents a side image of the creep fracture surface of
the nickel-based single-crystal superalloy. It can be observed
that there is an obvious necking phenomenon near the
fracture, suggesting that plastic deformation occurs in the

accelerates

specimen during the creep process. Meanwhile, numerous
stepped transverse cracks perpendicular to the stress axis are
generated on the outer surface of the fracture. From the side
view, the fracture surface is concave. Fig.5b depicts a cross-
sectional image of the sample fracture surface, which is
mainly composed of small circular ductile dimples, and no
distinct slip planes are observed, indicating that the fracture
process involves only plastic deformation and no shear
fracture along the slip planes. This precisely explains the
reason for the rapid increase in strain in the third stage in
Fig. 3a. Fig. 5c illustrates the longitudinal microstructure
adjacent to the fracture surface. It is evident that the
morphology of the y’ phase in this region exhibits significant
distortion and pronounced directional coarsening. This
phenomenon can be attributed to the combined effects of
elevated temperature and applied stress, which induce
deformation in the specimen. The longitudinal tensile stress
modifies the stress distribution surrounding the originally
cubic y' phase, leading to lattice distortion in both y and p’
phases. Consequently, a
dislocations occurs at this site, resulting in an increase in alloy

substantial accumulation of

Fig.5 Creep fracture morphologies of nickel-based single-crystal
superalloy: (a) side image; (b) cross-sectional image; (c) longi-

tudinal image



2798

Liang Xiangfeng et al. / Rare Metal Materials and Engineering, 2025, 54(11):2795-2801

strain energy at the interface between these two phases and
promoting diffusion of alloying elements. This process
ultimately facilitates the development of a raft-like micro-
structure following directional coarsening of the y' phase.

Fig.6a illustrates the local morphology of the cross-section
of the creep fracture. Evidently, there are distinct microvoids
at the center of the dimples, surrounded by a relatively flat
area. Prominent tearing edges are observed at the edges,
connecting with adjacent dimples. This indicates that the
necking and fracture phenomena observed in the specimen
during the accelerated creep stage are attributed to the
interconnection of microvoids within the material, forming
microcracks. These microcracks propagate and converge
along the rafting direction of the y' phase, forming larger
cracks. The entire fracture process does not exhibit slippage
along a specific crystal orientation. Hence, it can be inferred
that nickel-based single-crystal superalloys can enhance their
creep life by eliminating internal microvoids. Fig.6b presents
partial morphology of the longitudinal section of the fracture
containing microvoids. The depth of the microvoids
significantly exceeds their width, and a dense layer of
irregularly shaped oxides forms on the inner surface of the
voids. The morphology of these oxides is depicted in Fig.6c.
The elemental analysis results obtained by energy dispersive
spectroscope (EDS) reveal that the primary components are
metal oxides containing Ni, Cr, Al, Co, Ti, etc. This also
suggests that the creep fracture behavior of the alloy is
influenced not only by temperature and load but also by
material oxidation.

Fig.7a presents the longitudinal section morphology of the
creep fracture surface. The yellow dashed line represents the
orientation of the fracture surface cross-section, which is
nearly perpendicular to the stress axis. At a position

Intensity/cps

approximately 400 pm perpendicular to the yellow dashed
line, there exists a fracture step (indicated by the blue dashed
line in Fig. 7a). As depicted in Fig. 7b, a large number of
microcracks (indicated by the blue arrows) accumulate at this
location, which serves as a potential position for the fracture
surface. The directions of these microcracks are nearly
parallel, suggesting that the cracks produced in different cross-
sections (perpendicular to the stress axis) near the fracture
surface are relatively dense. As shown in Fig.7d, during the
creep process, the microcracks are on the verge of
convergence. Once the cracks within one or more cross-
sections complete the accumulation and penetrate the
specimen, the two sides of the cross-section separate, forming
the fracture surface. Fig.7c is an enlarged image of the crack
corner indicated by the black circle in Fig. 7a. It can be
observed from Fig.7c that cellular recrystallization structure in
area B consisting of fine irregular block-shaped y’ phase
emerges at the crack corner, which is protrusive and exhibits
cracking. This is attributed to the significant plastic deforma-
tion near the fracture surface, high accumulation of strain
energy, and the occurrence of recrystallization at 1100 °C. The
composition of this structure is shown in Fig.7e. Area C in
Fig.7c represents the outer surface of the creep specimen, and
an oxide layer with a thickness of up to 50 pm forms on the
specimen surface. The morphology of area C is completely
different from the recrystallization structure of area B. The
area C is relatively dense and flat, and its composition is
presented in Fig.7f. Both area A and area B contain oxides of
Cr and Al. Due to the poor density of oxides in area B, which
is prone to spalling, it will accelerate the oxidation damage of
the alloy and deteriorate the creep performance.
3.3 Evolution of pore morphology

Fig. 8 presents the various scanning positions of the
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Fig.6 Creep fracture morphologies of nickel-based single-crystal superalloys: (a) local cross-sectional morphology, (b) longitudinal section of

microvoids, and (c) surface oxides; (d) EDS result of area A marked in Fig.6¢
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Fig.7 Microstructural morphologies near the creep fracture surface (a—d) of nickel-based single-crystal superalloys: (a, ¢) longitudinal section

morphology; (b) microcracks; (d) microcrack propagation; EDS results of area B (e) and C (f) marked in Fig.7c

Fig.8 Locations of observation points on fracture surface of creep

specimen

fractured specimen. The microstructural morphologies at
points a, b, and c are illustrated in Fig. 9. The results
demonstrate that as the distance from the fracture location
decreases, the morphology of the voids exhibits a stepped
change. At a distance of 15 mm from the fracture surface, as

depicted in Fig. 9c, the void morphology appears as gourd-
shaped or irregular, and the long side of the void is
approximately perpendicular to the stress axis. Whereas at a
distance of 7 mm from the fracture surface, as shown in
Fig.9b, the void assumes a quasi-elliptical shape. At a distance
of 2 mm near the fracture surface, as indicated in Fig.9a, the
void takes on a large elongated shape, and the long axis of the
elongated void is perpendicular to the stress axis. It is widely
acknowledged that in the as-cast microstructure of nickel-
based single-crystal superalloys, the majority of voids assume
irregular shapes. After heat treatment, the voids exhibit a
spheroidizing trend, while during the creep process, they tend
towards quasi-elliptical forms™>". Epishin et al®® have
indicated that under the creep conditions of high temperature
and low stress, voids are prone to presenting hexagonal and
polyhedral configurations. The polyhedral voids are mostly
octahedral or dodecahedral. This is attributed to the fact that
under the combined effects of the temperature field and stress
field, a considerable number of vacancies within the alloy

50 um

Fig.9 Microstructural morphologies of voids at different locations in fractured specimen with a distance of 2 mm (a), 7 mm (b), and 15 mm (c)

from fracture surface
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gradually migrate and release towards the surface. The casting
microvoids remaining from the casting process precisely offer
the vacancies a space for movement, thereby resulting in an
increase in size of the voids. On the other hand, the
aggregation of vacancies at the surface of voids is more prone
to the {111} plane rather than the {001} plane, thereby
causing negative growth of the crystal at the void location.
Eventually, the {001} plane around the void is retained, and
the morphology of the void becomes closer to hexagonal,
octahedral, and dodecahedral shapes. Consequently, a large
number of elliptical-like voids can be observed in both
longitudinal and cross-sectional views, as depicted in Fig.9b.
Moreover, in the microstructure far from the fracture surface,
irregularly shaped void structures can be discovered. These
might be small voids generated during the casting or heat
treatment processes, which do not significantly increase in
size during the creep process, and their crystallographic
orientation characteristics are not obvious, as shown in Fig.9c.
It is noteworthy that near the fracture position, although the
voids appear in elongated shapes, they are still associated with
the original spherical pores, as indicated by the white arrow in
Fig.9a. This is due to the necking that occurs near the fracture
of specimen after creep fracture. As the distance from the
fracture surface gets closer, the tensile stress applied to
specimen gradually increases.

4 Conclusions

1) The creep life of the novel nickel-based single-crystal
superalloy is 104.5 h under the condition of 1100 °C/140 MPa
with a strain of 33.58%. The creep rate decreases first, then
increases, and finally tends to be stable until fracture with the
overall strain.

2) During the initial 22 h of creep for the novel nickel-
based single-crystal superalloy, the creep rate shows three
relatively obvious sub-stages with time, namely, a decrease
followed by a rise and then another decrease.

3) The creep fracture microstructure of the novel nickel-
based single-crystal superalloy is composed of dimples and
tearing edges without obvious slip planes. Oxides and
recrystallized structures exist inside the fracture surface, the
voids within the fracture are elongated, and the fracture
mechanism is presented as microcrack accumulation type.
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