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Abstract: Nickel-based single-crystal superalloys are widely used in aeroengine hot-end components,
owing to their unique crystal structure and outstanding high-temperature mechanical properties. In
the present study, round rod specimens of different sizes were subjected to high temperature creep
tests at 980 ◦C/300 MPa of a second-generation nickel-based single crystal superalloy. The effect of
size on the creep behavior of nickel-based single-crystal superalloys was studied with reference to
the creep curves and microstructure morphologies. Creep interruption tests of 3-mm micro-round
rod specimens were performed for 30, 60, and 90 h until creep fracture occurred. It was found that
for nickel-based single crystal superalloys, the smaller the diameter of the specimen, the longer
its creep life. Furthermore, the creep fracture morphology showed obvious creep cavitation in the
fracture region. The law of organization evolution was used to analyze the rafting phenomena
during the creep process. A typical “N”-type drifting strip structure was found during the creep
process. Meanwhile, the width of the γ-phase channel increases continuously with creep, and the
rate of change of the width of the matrix phase was fastest at the earliest stage of creep, slowing
significantly during the middle and late stages of creep with the completion and appearance the
rafting phenomenon.

Keywords: nickel based; creep fracture; single crystal; superalloy; high temperature; low cycle fatigue

1. Introduction

The breakthrough of Ni-based single-crystal alloy turbine blade technology has been
crucial for the development of aero-engines. This has resulted in great advancements in
the temperature-bearing capacity of blade materials and engine performance [1–3]. After
decades of development, many milestones have been achieved in the study of the me-
chanical properties of Ni-based single-crystal high-temperature alloy materials [4–6]. The
microstructure of these single crystals exhibits unique morphological characteristics and
positional relationships between the γ phase and the γ matrix. The composition of the
reinforcing γ phase is the metal compound Ni3Al, which is stable at high temperatures and
has a strengthening effect on the mechanical properties of the material [7,8]. Compared
with conventional high-temperature alloys, Ni-based single crystals show eliminated grain
boundaries, reduced regions of crack initiation, and good resistance to high temperatures,
corrosion, fatigue, and oxidation. These properties enable them to be used in large quanti-
ties in the manufacture of aero-engine blades [9]. Ni-based single crystals are anisotropic
materials that exhibit a sensitive crystal orientation dependence [10]. Under unidirectional
stress, they form interesting relationships between crystal orientation, temperature, tensile
state, and strain rate. These properties are different from those of conventional materials;
therefore, new mechanical characterization and modeling methods must be investigated.
To improve the overall performance of aero-engines, it is necessary to increase the reserve
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of mechanical properties of materials and improve their production and processing levels.
In addition, size effects, including sample size [6], grain size [11], contact size [12], and
microstructure characteristic length [13], on the mechanical properties of materials are also
a topic of interest for researchers at present. In terms of mechanics, research to date has
largely focused on creep and fatigue properties. Prastiti [4] and Karamitros [5] studied the
fatigue crack nucleation and crack propagation mechanism of nickel-based single crystal
based on crystal plasticity theory. The model proposed in the literature can accurately
identify the crack nucleation position and predict the crack growth rate and path.

Because aero-engines, especially their hot-end components, are exposed to high tem-
peratures for long periods of time, creep deformation of the material occurs. In a simple
analysis, the accumulation of time at constant temperature and load conditions slowly
leads to the complete deformation of the material [14]. The extraordinary creep properties
of Ni-based single crystals significantly impact the safety index and driving reliability of
aero-engines and are an important reason for their use as engine materials. The properties
of these materials must be studied separately because their mechanical behavior differs
from that of conventional materials.

The creep process of Ni-based single crystals is divided into three main phases [15]:
a short deceleration phase, a steady-state phase, and an accelerated creep phase. The
first and second stages are prolonged when the temperature is lowered or the stress is
reduced, but the three phases of the creep curve remain [16]. There is a close causal
relationship between the creep behavior of Ni-based single crystals and the morphology
of their microstructures. Under prolonged temperature stress, the γ′ phase undergoes
directional coarsening and selectively grows in a given direction according to a certain
pattern, which is a phenomenon specific to the creep of Ni-based single crystals known
as rafting [17]. The rafting phenomenon is an important factor affecting the creep–fatigue
life of nickel-based single crystals. Pollock et al. experimentally investigated the high-
temperature creep properties of CMSX-4 characterized by the directional coarsening of the
γ′ phase, proposed fine-scale factors affecting rafting, and established a relevant rafting
model [18]. Numerous studies have shown that rafting in Ni-based single crystals is closely
related to the magnitude of the test temperature and stress value [19].

Another study noted that the microstructural evolution of Ni-based single crystals
is closely related to both the dislocation structure and dislocation motion of the γ′ phase,
where the edge portion of the γ′ phase grows preferentially and expands slowly to connect
with the surrounding phases, forming a raft-like structure [20]. By observing the kinematic
evolution of a Ni-based single-crystal structure, Pearson et al. found that the directional
diffusion of alloy elements accompanied the raft structure process and that the stress
gradient influenced the alloy creep. It was also noted that the elements within the matrix
and reinforced phases diffused in opposite directions [21]. According to the currently
accepted model, the motion of dislocations during the creep process causes a nonuniform
stress distribution accompanied by a decrease in the energy of the system, and this driving
force is responsible for the directional coarsening of the γ′ phase [22]. Changes in the
structure and morphology of the γ phase strongly influence the creep properties of the
material and determine the macroscopic properties of single-crystal blades in the service
environment [23]. Pearson et al. [21] considered rafting as a hardening process that favors
the properties of Ni-based single crystals and inhibits dislocation. It has also been suggested
that the change in the structure of the γ phase during rafting is softening behavior [24].

Several factors affect the creep properties of Ni-based single-crystal materials. Nu-
merous studies have found that temperature and stress of different magnitudes, crystal
orientation in the principal stress direction, and lattice mismatch play important roles in the
microstructural evolution of Ni-based single crystals [25,26]. Reed et al. conducted creep
tests with different temperature stresses, finding that the γ phase underwent directional
coarsening and rafting only at low-stress states at temperatures greater than 900 ◦C [27].
It was concluded that Ni-based single crystals are more prone to raft deformation at high
temperatures and low stresses, which reduces the critical stress for atomic diffusion. There
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is also a correlation between the crystal orientation and rafting, with significant differences
in the form of creep rafting for the three orientations of Ni-based single crystals [001], [011],
and [111] under uniaxial stress conditions [28–30].

At this stage, most studies on the mechanical behavior and characterization of Ni-
based single crystals, and creep mechanisms in particular, are based on tests conducted
on standard-size specimens. This experimental method outlined in this study provides
an effective analysis route to study the evolution of the creep–fatigue microstructure
of Ni-based single-crystal materials and their creep–fatigue damage life. Unfortunately,
experimenting with standard parts is not economical due to the high cost of Ni-based
single-crystal materials. Nevertheless, it is necessary to develop a creep–fatigue study
method for Ni-based single crystals based on miniature specimens. The reason for this is
that in the strength assessment of some engine blades, specimens need to be cut directly
from the turbine blades, and there are significant dimensional differences between the cut
samples and standard parts. When the Ni-based single-crystal turbine blades are sampled
again, the specimens obtained are often very small. In this study, a small specimen creep
technique was developed based on a domestic single-crystal superalloy. By conducting
high-temperature creep tests, the microstructure of Ni-based single-crystal materials and
its evolution under creep loading were investigated, and the effect of specimen size on
creep performance was analyzed. Furthermore, the creep failure mechanism of differently
sized specimens was revealed from a microscopic perspective. The overarching aim of this
study was to prevent the occurrence of catastrophic events by promoting the development
and application of Ni-based single-crystal materials in China by studying their mechanical
properties and service life at a reduced test cost.

2. Experimental Materials and Methods
2.1. Test Material

The test material used was a second-generation Ni-based single-crystal high-temperature
alloy commonly used in engine turbine blades. The master alloy was melted in a vacuum in-
duction furnace, re-melted in a vacuum directional solidification furnace, and subsequently
poured into a single-crystal test bar. The parent alloy was supplied in the cast state and
subjected to standard heat treatment methods (1290 ◦C, 1 h; 1300 ◦C, 2 h; 1315 ◦C, 4 h/AC;
1120 ◦C, 4 h/AC; 870 ◦C, 32 h/AC), with the crystal orientation in the [001] direction
and the deviation of the crystal orientation controlled to within 10◦. The main elemental
components are listed in Table 1.

Table 1. Composition of the used Ni-based single-crystal superalloy (mass %).

Element C Cr Ni Co W Mo Al Ti Ta Re Nb B Si Hf

Content 0.015 4.0 Excess 9.0 8.0 2.0 5.7 ≤0.10 7.0 2.2 1.0 ≤0.02 ≤0.20 1.0

The initial composition observed by scanning electron microscopy is shown in Figure 1.
The mosaic region in Figure 1a is the γ´ reinforced phase of the alloy, whose main com-
ponent is the metal compound Ni3Al, which is the predominant reason for the excellent
properties of the alloy. The γ´ phase is sterically ordered and co-grid in the γ phase. Us-
ing Image-J image processing software, the volume fraction of the γ’ phase, size of the
reinforced phase, and width of the γ matrix were calculated to be approximately 66%,
0.4–0.6 µm, and 50 nm, respectively. Figure 1b shows the unit cell diagram of Ni-based
single crystal superalloy. Figure 1c indicates a single crystal structure for the samples which
includes a strong peak with a distinct crystalline diffraction line. Figure 1d shows the EDS
composition results.
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Figure 1. Nickel-based single crystal superalloy original sample. (a) microstructure, (b) unit cell, (c) 

XRD patterns, and (d) EDS composition results. 

2.2. Test Method 

A series of round bar specimens of varying sizes were used for the creep tests, which 

were divided into standard round bar specimens, round bar specimens, and miniature 

round bar specimens, with diameters of 5.0, 3.0, and 2.5 mm, respectively. The specific 

dimensions of the specimens are shown in Figure 2a–c, and the physical drawings of the 

three different round rod specimens are presented in Figure 2d. 
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Figure 1. Nickel-based single crystal superalloy original sample. (a) microstructure, (b) unit cell,
(c) XRD patterns, and (d) EDS composition results.

2.2. Test Method

A series of round bar specimens of varying sizes were used for the creep tests, which
were divided into standard round bar specimens, round bar specimens, and miniature
round bar specimens, with diameters of 5.0, 3.0, and 2.5 mm, respectively. The specific
dimensions of the specimens are shown in Figure 2a–c, and the physical drawings of the
three different round rod specimens are presented in Figure 2d.
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Figure 2. Test pieces of different sizes. (a) Standard test piece with a diameter of 5 mm, (b) round
bar test piece with a diameter of 3 mm, (c) miniature test piece with a diameter of 2.5 mm, and
(d) comparative photograph of the three kinds of test pieces.

The test was conducted in full accordance with the Metal Tensile Creep and Dura-
bility Test Method (GB/T2039-1997), and all creep tests were completed on a CSS-2910
(SINOTEST, Changchun, China) high-temperature creep machine. The entire creep test was
conducted in a high-temperature furnace. The test took place in air, and thermocouples
were used for temperature acquisition. The temperature difference within the specimen
was controlled to within 0.5 ◦C to reduce the test error. Each test started 30 min after the
target temperature was reached.

The test conditions were tailored for the purpose of this study. The effect of specimen
size on the creep properties of Ni-based single crystals was investigated and uniaxial tensile
creep tests were performed at 980 ◦C/300 MPa on three different sizes of specimens with
diameters of 2.5 mm, 3 mm, and 5 mm, respectively, and the corresponding creep curves
were plotted. In particular, the evolution of the microstructure during high-temperature
creep was studied, and creep interruption tests were performed on the 3-mm specimens for
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periods of 30, 60, and 90 h at 980 ◦C. Full-life tests were also performed on 3 mm specimens
at 980 ◦C until specimen fracture occurred.

After the test, small squares and specimen fractures were cut by wire, polished with
sandpaper, and then machine-polished until smooth. Subsequently, the corrosion solution
was prepared, containing a fixed ratio of concentrated HNO3 solution, hydrofluoric acid
(HF), and propanetriol. Finally, the changes in the microstructure and characteristics of the
fracture morphology were observed using a Zeiss scanning electron microscope (SEM, Carl
Zeiss AG, Oberkochen, Germany).

3. Experimental Results and Discussion
3.1. Effect of Size on Creep of Ni-Based Single Crystals

High-temperature creep tests were conducted on specimens of domestic second-
generation single-crystal superalloys of different diameters (2.5, 3, and 5 mm) at 980 ◦C
and 300 MPa. The test conditions and methods were kept the same, and only the specimen
diameters were varied. The creep test results, including creep life, creep fracture strain, and
cross-sectional shrinkage, are listed in Table 2.

Table 2. Creep test results of three sizes of specimens at 980 ◦C/300 MPa.

No. Specimen
Diameter (mm) Creep Life (h) Strain at Break

(%)
Fracture

Shrinkage (%)

A1
2.5

139.22 36.4 26.1
A2 134.19 35.2 24.8
A3 132.34 42.2 25.5

B1
3.0

122.93 43.3 25.6
B2 125.42 42.7 25.3
B3 128.66 38.9 24.4

C1
5.0

108.33 44.6 24.7
C2 111.27 43.4 26.4
C3 109.51 43.8 23.9

From the test results (Table 2 and Figure 3), it can be seen that the miniature specimen
exhibits the longest creep life for constant temperature stress, i.e., 980 ◦C/300 MPa. All
dimensions were tested in triplicate. For the specimen with a diameter of 2.5 mm, the creep
life is 139.22 h, 134.19 h, and 132.34 h, respectively, with little difference. The strains at
break are 36.4%, 35.2%, and 42.2%, respectively, and the strain at break of A3 is larger. The
fracture shrinkage rates are 26.1%, 24.8%, and 25.5%, respectively, with a small difference;
for the specimen with a diameter of 3.0 mm, the creep life is 122.93 h, 125.42 h, and 128.66 h,
respectively. The strains at break are 43.3%, 42.7%, and 38.9%, respectively, and the strain at
break of B3 is smaller. The fracture shrinkage rates are 25.6%, 25.3%, and 24.4%, respectively,
and the difference is small; for the specimen with a diameter of 5.0 mm, the creep life is
108.33 h, 111.27 h, and 109.51 h, respectively. The strains at break are 44.6%, 43.4%, and
43.8%, respectively. The fracture shrinkage rates are 24.7%, 26.4%, and 23.9%, respectively,
and the fracture shrinkage rate of C2 is larger. To sum up, in general, the difference between
the test results is small and within the acceptable range.

The average creep life was found to be approximately 125.67 h, whereas the average
creep life of the 5 mm specimen was approximately 109.7 h. The maximum difference in
creep life between the three specimens was 25.55 h, indicating a clear correlation between
the size of the specimen and its creep life under these test conditions. Overall, the smaller
the specimen size, the longer its creep life. It was also observed that at this temperature
stress, the average strain at fracture of the 2.5-, 3- and 5-mm specimens was approximately
37.9%, 41. 6%, and 43.9%, respectively. This result indicated that the larger the size of the
specimen, the larger the creep fracture strain. In general, the size of the specimen had
no significant effect on the creep fracture strain. After calculating the average shrinkage
rate of each specimen after creep, it was found that there was no significant difference
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in the shrinkage rate of the three different sizes of round bar specimens, which were all
approximately 25%, and obvious necking occurred.
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Figure 3. Creep test results of three sizes of specimens at 980 ◦C/300 MPa, where No. A, B, and C
represent tests with specimen diameters of 2.5, 3.0, and 5.0 mm, respectively.

It can be seen from Figure 4 above that the creep curves of all three specimen sizes
show exponential growth at the same temperature stress (980 ◦C/300 MPa). The analysis
shows that the specimen with a diameter of 2.5 mm exhibits three obvious stages of
creep deformation, first presenting a typical initial creep stage, also called the deceleration
creep stage. In this stage, an obvious hardening of the creep process occurs, the creep
strain is generated instantaneously with the loading of the stress, and the creep strain
rate decreases dramatically until it reaches a minimum value. This stage was very short,
lasting approximately 1.5 h, before rapidly entering the second stage of creep. The second
stage is the steady-state creep stage, in which the creep rate remained stable and can be
approximated as a straight line with a gradient of approximately 3.86 × 10−3/h. This stage
lasted approximately 120 h, accounting for 88% of the total creep life, but the strain only
increased by ~0.18. Subsequently, the third stage of creep was entered with a higher creep
rate and shorter time, also known as the accelerated creep stage.
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The creep strain rate increased monotonically, with strain increasing to a maximum
value of 35.2%, at which point the specimen showed damage failure. By analyzing the
creep curve for a diameter of 3 mm, it was found that the behavior was still in agreement
with standard creep characteristics. The same short deceleration creep stage was observed,
quickly followed by the stable second stage. This second stage involved ~115 h of slow,
uniform growth, accounting for 90% of the total creep time. In the very short third stage,
the creep strain rate was found to change dramatically in a sharp upward trend and finally
increased to 42.7% at the point of fracture. Analysis of the 5-mm creep curve diameter
shows that the creep strain in the first 5 mm of the third stage is significantly smaller
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than the other two sizes tested. Moreover, there is no obvious first stage, meaning direct
entry into the second stage, when the creep rate is very slow and smooth, with a rate of
approximately 2.41 × 10−3/h. The total time spent in this stage was ~99 h, accounting
for 89% of the total creep time. When entering the third stage, the creep strain increased
significantly from 18% in the second stage to 43.4%, i.e., by a factor of almost 2.4. The creep
strain rate also showed a sharp increase, which finally led to the fracture of the specimen.

Figure 5 shows the microstructural morphology of round bar specimens with diame-
ters of 2.5, 3, and 5 mm near the point of high-temperature creep fracture at 980 ◦C/300 MPa.
Figure 5a shows the microstructural morphology of the 2.5-mm diameter specimen, where
the initial cubic γ phase evolves into a slender strip-like raft structure in the horizontal
direction after creep (i.e., the classical “N” type raft structure). At this point, the γ matrix
phase channels in the vertical direction were found to almost completely disappear and
those in the horizontal direction fused, forming a single piece with increasing width. The
two adjacent γ phases in the horizontal direction were further elongated and thickened
in the horizontal direction owing to the disappearance of the matrix phase between them,
and the γ′ phases fused on meeting. After approximately 134 h of creep, a small part of the
raft-like structure fractured into fragments. The creeping raft-like structure gradually lost
its ability to resist deformation and appeared to be delaminated, which finally manifested
as macroscopic damage and destruction of the alloy material.
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Figure 5b shows the SEM images of the 3-mm creep specimen, from which it can
be seen that a creep rafting phenomenon is also evident; however, the coarsening length
of the γ phase in the horizontal direction is larger than that of the former. Although the
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changes in microstructure were similar, the creep time of the specimen was approximately
125 h. The occurrence of the raft shape also accompanies creep fracture, but the degree is
much weaker than that of the former, and there are only a few scattered raft disintegration
structures. Figure 5c shows the microstructure of a standard specimen with a diameter of
5 mm under the same test conditions. The creep life of this specimen was approximately
111 h. Compared with the first two microstructure images, the extension size of the γ phase
along the horizontal direction increased. Furthermore, the connection formed a complete
raft-shaped strip structure with almost no interruption, and the reinforced phases were
connected in bunches and strips. There was no fragmented structure observed, indicating
that the raft shape had not yet formed. Other defects are also visible, such as inclusion
cracks, which are often responsible for creep damage and lead to a significantly shorter
creep life and faster damage.

Figure 5 shows that, for specimens of different sizes, the microscopic morphology
after creep rupture is the key to dominating the creep behavior. For the sample with a
diameter of 2.5 mm (Figure 5a), the strengthening phase γ’ did not completely connect
into a plate shape, and the degree of rafting is small. The channel of the matrix phase γ

is narrow, and its life is longer. For the sample with a diameter of 5.0 mm (Figure 5c), the
strengthening phase has a high degree of rafting, which has been approximately completely
connected into a plate shape. The width of the matrix phase γ channel is wider and there
are obvious holes, which accelerate the creeping, Therefore, larger size specimens have
shorter creep life.

These results indicate that under the given conditions at 980 ◦C, the creep life of
Ni-based single crystal alloys decreases with increasing specimen size. This, in turn,
leads to the difference in the presence and shape of rafts for each size specimen. Thus, it
can be concluded that the size of the specimen is closely related to the morphology and
microstructure of the alloy, and more closely related to the creep persistence performance.

SEM was used to observe the microstructural morphology around the creep fracture
of the superalloy at 980 ◦C/300 MPa, where a large number of crack sources could be seen.
A large, elliptical hole defect can be seen in Figure 6a, and the γ phase near this region has
been oriented and coarsened to form a thinly striped raft-like structure, i.e., an “N”-shaped
raft. The presence of the hole defect interrupts the continuity of the γ phase, resulting in
the raft-like γ phase around the hole being significantly distorted. The hole was identified
as a casting defect in the material that severely disrupted the continuity of the tissue and
thus affected the creep life of the Ni-based superalloy. Similarly, many defects can be seen
in Figure 6b, including cracks, inclusions, and holes. Casting defects are one of the most
important influencers of creep life. Microdefects gradually expand and extend with creep,
leading to a decrease in the effective bearing area of the specimen and an increase in the
actual stress in the cross-section, which eventually leads to creep fracture.
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Figure 7 shows that after a long period of high-temperature creep testing, the surface
of the Ni-based alloy underwent severe oxidation, and a thick oxide layer with bright white
color was formed on the surface of the specimen. A large number of pores and cracks
were observed near the oxide layer, causing a reduction in the finite cross-sectional area.
However, the deformation resistance of the oxides (for example, Al2O3) in the oxide layer
is not equal to that of the base alloy, and the deformation rate of the oxide layer is smaller.
The uncoordinated deformation during creep causes cracks in the oxide layer, which in turn
results in the fracture of the Ni-based single crystal and leads to a reduction in creep life.
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In summary, it can be concluded that under the same test conditions, the smaller the
size of the specimen, the longer its creep life. In addition to the errors caused by the test
process, such as the error of the testing machine, test operation, dispersion of test data,
dimension processing, and the analysis of the causes of such differences in test results from
the perspective of creep damage, there are two main influencing factors. First, the casting
defects of the material itself, including cracks, holes, and inclusions, cause a reduction in the
effective bearing area during creep and eventually lead to specimen fracture. The 2.5-mm
specimen, owing to its smaller volume and surface area, benefits from a reduced effective
bearing area caused by the volume of the high-stress area. The possibility of defects or weak
points is reduced, which in turn leads to the creep life of this specimen being extended.
The second is the loss of the effective cross-sectional area due to oxidative corrosion on
the specimen surface, leading to creep fracture due to the incompatible deformation of the
oxide layer and the base alloy. Compared to standard specimens, miniature specimens are
smaller in size, volume, and surface area, and have a smaller area for oxidation loss defects;
therefore, in general, the smaller the specimen size, the longer the creep life.

3.2. Creep Process of Ni-Based Single Crystals at 980 ◦C/300 MPa

Creep interruption tests for periods of 30, 60, and 90 h and complete tests up to
the point of fracture were carried out on Ni-based single-crystal superalloy specimens
at 980 ◦C/300 MPa. These specimens were [001] oriented round bars with a diameter
of 3 mm, whose full creep life curves are shown in Figure 8. The creep deformation is
characteristically divided into three stages. In the first stage, the creep deformation rate
decreased rapidly for a short time, typical of the creep deceleration stage. Contrast analysis
of this creep process showed that this stage, the process of hardening and recovery of
softening in a smooth state, accounts for a large percentage of the overall creep life. This is
followed by a rapid transition to the second stage of creep. During the second stage, the
creep strain grew smoothly and slowly, and the creep rate remained almost constant. At
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a creep time of 60 h, the creep strain was only 0.12. Finally, the third stage of creep was
entered, which is the accelerated creep stage. At this point, the creep rate and creep strain
suddenly and rapidly increased. The fracture occurred at approximately 125 h, at which
point the strain reached 0.43. This additional value was relatively large, which finally led
to the failure and destruction of the specimen.
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Numerous studies have shown that the excellent properties of Ni-based single-crystal
high-temperature alloys arise from their unique crystal structure, which changes during the
creep process. To study the evolution of the microstructure during creep, the morphology
of the specimens was observed and analyzed by scanning electron microscopy (SEM) for
different periods of creep: 30, 60, and 90 h, and the final fracture moment.

Figure 9 shows the microstructure morphology of the Ni-based single-crystal super-
alloy at different time points during creep at 980 ◦C/300 MPa test conditions. Figure 9a
shows the microstructure morphology at the beginning of the second stage of creep—that
is, the steady-state creep stage. It can be seen that the γ phase starts to change shape at this
time; it is no longer the original uniform co-grid of the γ phase, and the initial raft shape
occurs. The two γ-reinforced phases that are partially adjacent to each other are intercon-
nected and show a trend of directional coarsening along the horizontal axis. Although the
reinforced phase γ maintains a block-like structure, its grain size gradually increases, and
the matrix phase passages start to widen. At this time, the size of the reinforced phase γ was
approximately 0.5–0.6 µm. Figure 9b shows the microstructure of the superalloy during the
middle stage of steady-state creep at 60 h. The two-phase structure is clearly deformed, the
matrix phase channel in the horizontal direction slowly thicker, and the matrix channel in
the vertical direction gradually became thinner or disappeared completely. The grain size
of the γ′ phase has grown to 1.2–1.4 µm, and the surrounding cubic γ′ phase is passivated
and has become round and elliptical. The position of the γ phase is disordered, and a
raft-like structure was observed.

When the creep enters the end of the steady-state phase at 90 h, as shown in Figure 9c,
the degree of deformation of the two γ/γ′ phases intensifies and significant rafting can be
seen to have occurred. The two γ′ phases fuse together, join to form a strip, and continue
to grow in the horizontal direction. The matrix channels in the vertical direction have
completely disappeared, and the coarsening of the matrix phase channels in the horizontal
direction has continued to expand severely, forming a typical “N”-type raft structure. From
the above analysis, it can be seen that when the specimen was in the steady-state creep
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stage, the creep strain and creep rate were very low, and the microstructure indicated
that the initial rafting phenomenon was not very obvious. Only the outcrop and γ phase
morphology did not change significantly, meaning that good creep performance can be
maintained for a long period of time. While rafting was observed in the middle of the
steady-state creep stage, the width of the reinforced phase morphology and the matrix
phase changed significantly; at the end of the steady-state stage, the γ phase coarsened
to form a plate, the rafting phenomenon was complete, and the third stage of creep was
about to be entered. As shown in Figure 9d, the microstructure of the specimen at the point
of fracture was a partially fractured γ phase raft-like strip structure, in which there were
many scattered points. The matrix phase channel almost entirely disappeared.
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The above analysis shows that the width of the γ-phase channel continuously increases
with the extent of creep during the high-temperature creep process. The γ-phase channel
widths in the microstructural diagrams of the specimens for each process were statistically
calculated using ImageJ image processing software. The statistical results showed that the
sample values of the γ-phase channel widths at different creep moments obeyed a log-
normal distribution. The γ-phase channel widths under tensile creep at 980 ◦C/300 MPa
were fitted according to the mean value combined with the data processing software results,
as shown in Figure 10. It can be observed that the rate of change of matrix phase width
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is fastest at the early creep stage, and this rate of increase slows down significantly in the
middle and late creep stages with the appearance and completion of rafting. The analysis
of the curves shows that the width of the matrix phase channel during creep exhibits a fast
and then slow overall evolution.
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Figure 10. Variation of matrix phase channel width at 980 ◦C/300 MPa.

The creep fracture of the specimen at 980 ◦C/300 MPa is shown in Figure 11. The
low-magnification morphology of the creep fracture of the material is shown in Figure 11a,
where the fracture surface is relatively rough and oxidation is more severe. The deformation
mechanism is mainly a diffusion creep mechanism with the directional diffusion of atoms
and vacancies. This can be seen more clearly in the high-magnification image in Figure 11b:
there is obvious creep cavitation in the fracture area with a large number of tough nests of
different sizes. The center of these tough nests is often accompanied by many small holes,
which are generally thought to be the source of crack budding, leading to creeping damage.
Cracks sprout from the defect at the hole and expand radially, sometimes also causing the
appearance of secondary cracks. The material collapses from the inside and finally shows
the fracture pattern of holes and tough nests.
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Figure 11. Creep fracture of the ‘micro’ specimen. (a) Low-magnification creep fracture and (b) High-
magnification creep fracture.

During high-temperature creep, a large number of dislocations slip or climb up the
alloy matrix. Some dislocations shear into the reinforced phase, resulting in many holes
near the interface between the matrix and reinforcing phases. This causes cracks to sprout
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and extend to form tough nests. Oxygen is able to enter from the holes and tough nests
and subsequently react with Ni, Al, and other elements during oxidation, destroying the
microstructure of the alloy and thus reducing its creep resistance. The cracks connect and
extend towards each other, gradually forming tearing ribs in the direction of maximum
shear stress, and finally, macroscopic fracture occurs in the late creep stage.

The microstructure morphology near the point of creep fracture of the Ni-based single-
crystal superalloy was observed using SEM, and a large number of crack sources were
found in the creep fracture region of the specimen. As shown in Figure 12a, the cracks
were formed by the expansion of the original casting defects or initial microcracks during
creep. Their expansion direction was perpendicular to the direction of the tensile axis, and
the crack length was approximately 11.3 µm. At this point, the γ/γ phase exhibited an
“N”-type raft structure. The γ phase striped raft structure was partially fractured, with
many scattered points, and the matrix phase passages almost entirely disappeared. The
rafting phenomenon was clearly present. Figure 12b shows the local enlargement of the
crack tip, which is small in size and has a large stress concentration. The raft-like γ phase
in this region is violently deformed with a large degree of tilting, the orientation of the
raft-like γ phase is more disordered, and some small cracks exist in the region surrounding
the crack.
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4. Conclusions

In this study, creep tests were performed on three different sizes of Ni-based single-
crystal specimens under the same test conditions of 980 ◦C/300 MPa. The effect of size on
the creep properties of specimens was analyzed based on the test results and microstructure
morphology observed by SEM. Finally, creep interruption tests were performed at different
time points as well as full-life tests to the point of fracture on another round bar specimen
with a diameter of 3 mm to investigate the evolution of the microstructure during high-
temperature creep. The main conclusions are as follows.

1. Under the same test conditions, the effect of different specimen diameters on the creep
life of Ni-based single crystals followed a clear trend. The smaller the diameter of the
specimen, the longer its creep life. From the perspective of creep damage, the reason
for this difference is that a reduction in specimen size equates to a smaller volume and
surface area, and thus a smaller number and lesser extent of casting and oxidation
loss defects are present. This results in a longer creep life.

2. Microstructure analysis of Ni-based single crystals at different time points during
high-temperature creep shows that the γ phase thickens in the direction perpendicular
to the stress axis, forming a typical “N”-type rafting strip structure. Meanwhile, the
width of the γ-phase channel increases continuously with creep, and the rate of change
of the width of the matrix phase was fastest at the earliest stage of creep, slowing
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significantly during the middle and late stages of creep with the completion and
appearance the rafting phenomenon.

3. The creep fracture morphology showed obvious creep cavitation in the fracture
region of the Ni-based single crystal, and the material started to fail from the inside,
eventually showing holes and a tough-nest fracture morphology.
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