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The creep behaviors of NijAl-based single crystal alloy IC6SX with [001] and [111] orientations under the condition of
850°C/450 MPa were investigated. The effect of crystal orientation on the creep lives, fracture morphology, fracture mechanism,
and dislocation evolution of the alloys with different orientations was analyzed systematically. The results showed that the creep
lives of the alloy were closely related to the crystal orientation under the condition of 850°C/450 MPa. The creep lives of the
single crystal alloys with [001] and [111] orientations were 56.3 h and 126.9 h, respectively. Moreover, the fracture morphologies
of the two alloys with [001] and [111] orientations were different. The results showed that some holes formed at the fracture
surface of the alloy with [111] rather than [001] orientation. Furthermore, the surface near the fracture of the two alloys with
[001] and [111] orientations was serrated. Therefore, the fracture mechanism of the single crystal alloys with [001] and [111]
orientations was ductile fracture. In addition, a large number of dislocations cut into the p’ phase. Therefore, the cutting

mechanism of dislocations in the alloys with [001] and [111] orientations was the creep deformation mechanism.

1. Introduction

With the development of the turbine vanes of aero-engines,
the working temperature and content of precious metals of
superalloy turbine blades are increased continuously [1-6].
Ni,Al-based single crystal alloy has the following advantages,
such as low density, strong oxidation resistance, stable struc-
ture, and strong creep resistance. Therefore, the alloy has
become the most potential material for turbine blades [7-13].

Gui found that the creep resistance of Ni-based single
crystal alloy with [111] orientation was better than that with
[001] orientation from 1000°C to 1100°C [14]. Other studies
showed that the creep resistance and creep rate of Ni-based
single crystal alloys with different orientations were different
[15-20]. The creep properties of single crystal alloy DD6
were studied by Wang et al. [21]. They pointed that, under
the same test condition, the creep life of single crystal alloy
DD6 decreased in order of [111], [001] and [011] orienta-

tions at 760°C, which was consistent with alloy DD499 under
the condition of 1040°C/165 MPa [22]. Su and Tian showed
the effect of the crystal orientation on the microstructure of
Ni-based single crystal alloy. It was found that the y’ phases
of the single crystal alloys with [001], [011] and [111] orien-
tations were transformed into N-type rafted structure, stripe-
like rafted structure, and mesh-like rafted structure under
1040°C/137 MPa, respectively [23, 24]. It has also been found
that the dendrite morphologies, fracture mechanism, and
dislocation evolution of Ni-based single crystal alloys with
different orientations were different [25-30]. It is necessary
to investigate the creep lives, fracture morphology, and dislo-
cation evolution of the single crystal alloy IC6SX with differ-
ent crystal orientations.

In this paper, the relationship between creep properties
and crystal orientation of Ni,;Al-based single crystal alloy
IC6SX at 850°C/450 MPa has been explored. The fracture
mechanism, microstructure, and dislocation evolution of
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the NijAl-based single crystal alloys with different orienta-
tions were investigated, providing a theoretical basis for the
application of Ni,Al-based single crystal alloy IC6SX.

2. Experimental

The material used for the present study was a Ni;Al-based
single crystal alloy IC6SX, with a nominal composition of
Ni-7.4~8.0A1-13.5~14.3M0-0.02~0.03B (wt%). The single
crystal alloy test bars with different crystal orientations were
produced by screw selection crystal method in the DZG-
0.025 directional solidification furnace. All the test bars were
calibrated for crystal orientation by X-ray backscattering
Laue method. The bars with orientation deviation less than
10° and without defects were selected for experimental study.

Figure 1 shows that the single crystal alloy was processed
into a high-temperature creep specimen after the heat treat-
ment under the condition of 1260°C/10h + 870°C/32 h. The
uniaxial constant load tensile creep tests for the single crystal
alloys with [001] and [111] orientations were carried out
under the condition of 850°C/450 MPa by the GWT504
high-temperature durable creep testing machine.

The microstructure of creep specimens was analyzed by
the ZEISS Axio Imager A2m optical microscope (OM) and
ZEISS SUPRAS55 scanning electron microscope (SEM). The
dislocation morphology of creep specimens was investigated
by the Tecnai F30 transmission electron microscope (TEM).

3. Results and Discussion

3.1. Effect of Crystal Orientation on Creep Properties of Single
Crystal Alloy. Figure 2 shows the creep curves of the single
crystal alloy IC6SX with [001] and [111] orientations at
850°C/450 MPa, and the partial enlarged graph of the region
marked by the arrow is shown in the top left corner.

It can be seen from Figure 2 that the creep curves of the
single crystal alloy IC6SX were composed of the transient pri-
mary creep stage, steady creep stage, and accelerating creep
stage. The initial strain of the single crystal alloys with
[001] and [111] orientations at 850°C/450 MPa were 0.44%
and 0.14%, respectively. The creep lives of the single crystal
alloys with [001] and [111] orientations were 56.3h and
126.9h, respectively. The minimum steady creep rate of the
alloys with [001] and [111] orientations were 1.03 x 107>
and 1.04 x 107°, respectively. The elongation of the alloys
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FIGURE 2: Creep curves of the single crystal alloy IC6SX with [001]
and [111] orientations at 850°C/450 MPa.

with [001] and [111] orientations were 31.0% and 19.5%,
respectively. Compared with the single crystal alloy with
[001] orientation, the creep life of the alloy with [111] orien-
tation was obviously increased, while the elongation was
obviously decreased.

3.2. Fracture Morphology and Longitudinal Section
Microstructure of Single Crystal Alloys with Different
Orientations after Creep Test

3.2.1. Single Crystal Alloy with [001] Orientation. Figure 3
shows the sample photo and the fracture morphology of the
single crystal alloy IC6SX with [001] orientation after being
crept for 56.3 h and then up to fracture at 850°C/450 MPa.
Figure 3(a) shows that positions A, B, C, and D were the
exposed core, transition section B, transition section C, and
gauge length of the creep specimen, respectively. As shown
in Figure 3(a), in the three positions A, B, and C which were
outside the gauge length, there was no obvious deformation.
However, a certain degree of the plastic deformation
occurred in position D. The surface of the specimen was
slightly black and green, which indicated that the surface of
the specimen had a slight degree of oxidation in the process
of creep. In Figure 3(b), the fracture shape of the specimen
changed from circle to ellipse, with the ellipticity (major
axis : minor axis) of 1.5. Figure 3(c) is a partial enlarged pic-
ture of position A in Figure 3(b), showing a certain number
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F1GURE 3: Sample photo and SEM images of the fracture morphology of the single crystal alloy IC6SX with [001] orientation after being crept
for 56.3 h and then up to fracture at 850°C/450 MPa. (a) Fracture specimen photo; (b) low multiple fracture morphology; (c) partial enlarged
image of position A from (b).

F1GURE 4: Microstructures of the fracture longitudinal section of the single crystal alloy IC6SX with [001] orientation after being crept for
56.3h and then up to fracture at 850°C/450 MPa. (a) Macroscopic metallographic structure (OM image); (b) fracture surface cracks (OM
image); (c1) microcracks in the interior of the matrix (OM image); (c2) microcracks in the interior of the matrix (SEM image); (d1)
secondary crack on the axial surface (OM image); (d2) secondary crack on the axial surface (SEM image).

of cracks on the fracture surface, as shown by the arrow in  orientation after being crept for 56.3h and then up to
Figure 3(c). fracture under the condition of 850°C/450 MPa. It can be

Figure 4 shows the microstructures of the fracture longi-  seen from Figure 4(a) that creep fracture edge of the single
tudinal section of the single crystal alloy IC6SX with [001] crystal alloy with [001] orientation was approximately
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FIGURE 5: Sample photo and SEM images of fracture morphology of the single crystal alloy IC6SX with [111] orientation after being crept for
126.9h and then up to fracture at 850°C/450 MPa. (a) Fracture specimen photo; (b) low multiple fracture morphology; (c) partial enlarged

image of position A from (b).

perpendicular to the stress axis. The analysis of the macro-
scopic metallographic structure showed that a large number
of microcracks existed at the region near the fracture in the
interior of the specimen. In addition, the microcracks, which
were distributed along the growth orientation of [001],
formed at Ni-rich and Mo-rich phases in the interdendrite
region. With the increase of the distance to the fracture
surface, the number and size of microcracks decreased
gradually. Furthermore, there were a certain number of
secondary cracks on the axial surface, and the length of
the secondary cracks decreased gradually from the surface
near the fracture to the interior of the specimen. More-
over, the directions of microcracks and secondary cracks
were perpendicular to the stress axis. From Figure 4(b),
it was found that the surface near the fracture was ser-
rated, showing ductile fracture, and the surface cracks near
the fracture propagated along the Ni-rich and Mo-rich
phases from the fracture to the interior of the alloy.
Figures 4(c1) and 4(c2), respectively, show the optical image
and SEM image of microcracks within the matrix near the
fracture. In addition, Figure 4(c1) indicates that microcracks
formed in the interior of the alloy near the fracture. These
microcracks generated, connected, and grew at the interface
between the Ni-rich, Mo-rich and the matrix, as shown in
Figure 4(c2). Figures 4(d1) and 4(d2) show the optical image
and SEM image of the surface secondary crack near the frac-
ture, respectively. It can be seen from Figure 4(d1) that under
the action of tensile stress the secondary cracks along the
axial surface were perpendicular to the stress axial and prop-
agated to the interior of the specimen. Due to the existence of
Ni-rich and Mo-rich phases near the axial surface in the
alloy, the direction of the secondary cracks changed. More-
over, the secondary cracks connected with the microcracks
around the Ni-rich and Mo-rich phases, as shown in
Figure 4(d2).

3.2.2. Single Crystal Alloy with [111] Orientation. Figure 5
shows the sample photo and the fracture morphology of the
single crystal alloy IC6SX with [111] orientation after being
crept for 126.9h and then up to fracture at 850°C/450 MPa.

It can be seen from Figure 5(b) that the fracture shape of
the specimen was approximately circle, and the enlarged
photo of position A is shown in Figure 5(c). Figure 5(c) indi-
cates that there were some holes in the fracture surface, as
shown by arrow B in Figure 5(c).

Figure 6 indicates the microstructures of fracture longitu-
dinal section of the single crystal alloy IC6SX with [111] ori-
entation after being crept for 126.9 h and then up to fracture
at 850°C/450 MPa. It can be seen from Figure 6(a) that the
angle between the creep fracture edge of the alloy and the
stress axis was about 45°. The analysis of the macroscopic
metallographic structure showed that within the specimen a
certain number of microcracks existed at the region near
the fracture. In addition, the microcracks formed in the inter-
dendritic region of the Ni-rich and Mo-rich phases and were
distributed diffusely. The number and the size of micro-
cracks decreased gradually from the fracture surface to
the interior of the specimen. There was a certain angle
between the direction of the microcracks and the stress
axis. A few secondary cracks with the small length existed
on the axial surface. Figure 6(b) is the enlarged picture of
region A in Figure 6(a). Figure 6(b) indicates that the surface
near the fracture was serrated, which was a ductile fracture.
In addition, the surface crack near the fracture propagated
to the interior of the specimen along the Ni-rich, Mo-rich
phases and dendritic arm. Figures 6(c1) and 6(c2) show the
optical image and SEM image of internal microcracks within
the matrix near the fracture surface, respectively. In addition,
Figure 6(c1) indicates that a few microcracks formed in the
alloy near the fracture, and Figure 6(c2) shows that the cracks
generated, connected, and grew at the interface between the
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FIGURE 6: Microstructures of fracture longitudinal section of the single crystal alloy IC6SX with [111] orientation after being crept for 126.9 h
and then up to fracture at 850°C/450 MPa. (a) Macroscopic metallographic structure (OM image); (b) fracture surface cracks (OM image);
(c1) microcracks in the interior of the matrix (OM image); (c2) microcracks in the interior of the matrix (SEM image); (d1) secondary
crack on the axial surface (OM image); (d2) secondary crack on the axial surface (SEM image).
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FiGure 7: Dislocation configuration of the single crystal alloy with different orientations after creep rupture at 850°C/450 MPa: (a) [001]

orientation; (b) [111] orientation.

Ni-rich, Mo-rich phases and the matrix. Figures 6(d1) and
6(d2) show the optical image and SEM image of the surface
secondary cracks near the fracture, respectively. Moreover,
Figure 6(d1) indicates that under the action of tensile stress,
there were secondary cracks along the surface. It can be seen
from Figure 6(d2) that the crack propagated along the direc-
tion perpendicular to the stress axial to the interior of the
specimen, and the crack tip was obviously oxidized, causing
passivation of the crack tip.

3.3. Evolution of Dislocations during Creep of Single Crystal
Alloys with Different Crystal Orientations. Figure 7 shows
the dislocation configuration of the single crystal alloys
with [001] and [111] orientations after creep rupture at
850°C/450 MPa. It can be seen that the dislocation configura-

tion of the single crystal alloy with [001] orientation was sim-
ilar to that with [111] orientation after creep fracture. In
addition, a large number of dislocations generated in the y
channels, cutting into the y’ phase. Consequently, the cutting
mechanism of dislocations in the alloys with [001] and [111]
orientations under high stress was the main creep deforma-
tion mechanism.

3.4. Analysis and Discussion. Due to the low temperature and
high stress, the dislocations move in slip mode. However, in
addition to the relative displacement of the slip plane, the sin-
gle crystal slip is often accompanied by the rotation of the
crystal planes, leading to the elliptical deformation of the
alloy. Owing to primary NiMo phase and (NiMo).C phase



with incomplete solid solution which are both the hard brittle
phase existed within the single crystal alloys with different
orientations, the dislocations will pile up and result in stress
concentration when reaching the hard brittle phase. When
the stress concentration reaches a certain level, the cracks
form in and around the primary NiMo phase and (NiMo),C
phase. Moreover, under the action of the tensile stress, the
cracks connect with each other and extend to the interior of
the specimen.

Therefore, within the gauge length, due to the large defor-
mation of the specimen, a large number of dislocations pile
up at the interdendritic interface between the primary NiMo
phase and matrix phase or between the (NiMo),C phase and
matrix phase near the fracture, causing the crack formation
around the interface. In addition, the elongation direction
of the cracks is approximately perpendicular to the stress
axis. However, the cracks hardly form in the gauge length
away from the fracture. At the same time, a certain number
of secondary cracks are also found on the surface near the
fracture of the specimen, and there are hard and brittle
phases at the crack tip. Due to the high temperature during
creep, the surface of the specimen is easy to oxidize. Under
the action of the tensile stress, dislocations are easy to pile
up near the hard and brittle oxides, resulting in stress con-
centration. When the stress concentration reaches a certain
level, the microcracks form and further propagate to the inte-
rior of the specimen in the direction perpendicular to the ten-
sile stress. When extending to a certain extent, the cracks
meet with the microcracks which were formed around the
hard and brittle phases between dendrites, which accelerate
the microcrack propagation, further leading to the fracture
of the specimen.

Because the fracture shape of the alloy with [001] orien-
tation changes from circle to ellipse, the deformation degree
of the alloy with [001] orientation is larger than that of the
alloy with [111] orientation within the gauge length. A cer-
tain number of cracks of the two alloys with [001] and
[111] orientations form at the interface between the primary
NiMo phase or (NiMo),C phase and the matrix phase near
the fracture. However, the total number of cracks of the alloy
with [001] orientation is obviously larger than that of the
alloy with [111] orientation. Therefore, the creep life of the
alloy with [001] orientation is shorter than that of the alloy
with [111] orientation. In addition, it is found that the sur-
faces near the fracture of the [001] and [111] orientations
are serrated. Therefore, the fracture mechanisms of the two
alloys are ductile fracture.

4. Conclusion

(1) The creep life of the single crystal alloy IC6SX with
[111] orientation is longer than that of the alloy with
[001] orientation. In addition, the cracks form at the
interdendritic interface between the primary NiMo
phase and the matrix or between the (NiMo),C phase
and the matrix phase near the fracture, with the elon-
gation direction of the cracks approximately perpen-
dicular to the stress axis
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(2) Under the condition of 850°C/450 MPa, the fracture
morphology of the single crystal alloy with [001] ori-
entation is ellipse, while that with [111] orientation is
circle. The fracture mechanisms of the two alloys
with [001] and [111] orientations are ductile fracture

(3) Under the condition of 850°C/450 MPa, the creep
deformation mechanism of dislocations is mainly
dislocation cutting mechanism in the alloys with
[001] and [111] orientations
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