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Abstract: The creep properties of nickel-based single crystal superalloy with [001] orientation was investigated at different test
conditions. The microstructure evolution of y" phase, TCP phase and dislocation characteristic after creep rupture was studied by
SEM and TEM. The results show that the alloy has excellent creep properties. Two different types of creep behavior can be shown in
the creep curves. The primary creep is characterized by the high amplitude at test conditions of (760 °C, 600 MPa) and (850 °C, 550
MPa) and the primary creep strain is limited at (980 °C, 250 MPa), (1100 °C, 140 MPa) and (1120 °C, 120 MPa). A little change of y’
precipitate morphology occurs at (760 °C, 600 MPa). The lateral merging of the )’ precipitate has already begun at (850 °C, 550
MPa). The y phase is surrounded by the y’ phase at (980 °C, 250 MPa). The y phase is no longer continuous tested at (1070 °C, 140
MPa). At (1100 °C, 120 MPa), the thickness of y phase continues to increase. No TCP phase precipitates in the specimens at (760 °C,
600 MPa), (850 °C, 550 MPa) and (980 °C, 250 MPa). Needle shaped TCP phase precipitates in the specimens tested at (1070 °C,
140 MPa) and (1100 °C, 120 MPa). The dislocation shear mechanism including stacking fault formation is operative at lower
temperature and high stress. The dislocation by-passing mechanism occurs to form networks at y/y’ interface under the condition of

high temperature and lower stress.
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1 Introduction

Nickel based superalloy single crystals have
superior mechanical properties at elevated temperatures,
which makes them the most suitable materials for the
manufacture of turbine blades in aero engines. The
temperature capability of the turbine blade has increased
significantly for the past several decades. Some of the
advances have been achieved through improving the
content of refractory alloying elements [1-4]. For
example, the mass fraction of refractory elements in the
single crystal superalloys from the first generation to the
third generation, such as CMSX-2, CMSX-4 and
CMSX-10, is 14.6%, 15.4% and 20.7%, respectively [5].
The Re content in the third generation single crystal
superalloys CMSX-10 [1] and RenéN6 [2] is 5.4% and
6%, respectively, which is higher than 3% in the second
generation single crystal superalloys CMSX-4 and
RenéN5 [5], so the temperature capability of the
CMSX-10 and RenéN6 alloys has been improved by

about 30 °C. However, the superalloys with high fraction
refractory elements are susceptible to the precipitation of
deleterious topologically close packed (TCP) phases
[6,7], and the creep properties decrease as a result of the
TCP formation [8,9]. The temperature and stress will
influence the precipitation of TCP. Moreover, the turbine
blades bear various work conditions from start to stable
and undergo the processes from medial
temperature to high temperature. The single crystal
superalloys with various compositions display different
creep behavior [10]. Although a large amount of
investigations have demonstrated the creep behavior of
nickel based single crystal superalloys only at
intermediate temperatures or at high temperature [10—13],
few references report that the creep feature and
deformation mechanisms of the alloys from medial
temperature to high temperature. In this study, the creep
properties of the single crystal superalloy with [001]
orientation were investigated at different conditions. The
microstructure evolution of 9 phase, TCP phase
precipitation and dislocation characteristic after creep
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rupture were studied by SEM and TEM. The purpose of
the investigation is to promote the development of new
generation single crystal superalloy with high creep
properties.

2 Experimental
Pure raw materials were used in this experimental

study. A Ni—Cr—Co—Mo—W-Ta—Nb—Re—Al
single crystal with [001] orientation was cast by means

system

of crystal selection method in the directionally solidified
furnace with the temperature gradient of 80 °C/cm. The
nominal chemical compositions dimension of the alloy
are listed in Table 1. The crystal orientations of the
specimens were determined with Laue X-ray back
reflection method, and the crystal orientation deviations
of the specimens were maintained within 10° from the
[001] orientation. The single crystal specimens received
standard heat treatment comprising of solution treatment
(1340 °C, 5 h, AC) and two-step aging treatment
(1120 °C, 4 h, AC) + (870 °C, 24 h, AC). The standard
cylindrical specimens for creep tests were machined after
heat treatment, and the creep tests were conducted at
(760 °C, 600 MPa), (850 °C, 550 MPa), (980 °C, 250
MPa), (1100 °C, 140 MPa) and (1120 °C, 120 MPa) in

air using DST-5 testing machine with furnace attachment.

The samples were etched with solution of 5 g CuSO,+
25 mL HC1 + 20 mL H,O + 5 mL H,SO, which dissolved
the y’ phase. Microstructures of the creep ruptured
samples were examined by S4800 scanning electron
microscope (SEM). Foils for transmission electron
microscopy (TEM) analysis were obtained by cutting 0.2
mm-thick discs perpendicular to the tensile axis of the
specimens using electric discharge machine. Thin foils
were prepared by twin-jet thinning electrolytically in the
solution of 10% perchloric acid and 90% ethanol
(volume fraction) at —10 °C using liquid nitrogen.

Table 1 Nominal chemical compositions of experimental alloy
(mass fraction, %)

Cr Co Mo w Ta
2-4 7-10 2-5 6-9 7-10
Re Nb Al Hf Ni
3-5 0.5-1.5 5-6 0.1-0.5 Bal.

3 Results and discussion

3.1 Microstructure after heat treatment

Figure 1 shows the microstructure of the single
crystal superalloy after standard heat treatment. It can be
seen that the primary »' and p/y’ eutectic dissolve

completely after the high temperature solution treatment.
The cubical y' phase is regularly arranged along [100]
direction. The average length of the )’ precipitates edge is
about 0.45 um, the width of the y matrix channel is about
0.05 pm, and the volume fraction of the y’ phase in the
alloy is more than 60%.

Fig. 1 Microstructure of single crystal superalloy after standard

heat treatment

3.2 Creep behavior

The creep curves of the nickel-based single crystal
superalloy at different test conditions are shown in Fig. 2
and the corresponding creep properties are listed in Table
2. It can be seen that the alloy has long creep life at
different test conditions, which indicates that the alloy
has excellent creep properties. However, two different
types of creep behavior can be shown by the creep
curves. The first one is characterized by the high
amplitude of primary creep and another is characterized
by the limited primary creep strain. At (760 °C, 600
MPa) and (850 °C, 550 MPa), the primary creep strain
which is about 4% and 3% accounts for 20% and 16% of
total strain, respectively. The primary creep stage
amplitude is dramatically smaller at (980 °C, 250 MPa),
(1100 °C, 140 MPa) and (1120 °C, 120 MPa), less than
0.3%. The secondary creep stage is quite long and the
main part of the creep life corresponds to the long
secondary creep stage.

3.3 Microstructure of ruptured specimens under SEM

The microstructure on the longitudinal section in the
ruptured specimens of the alloy at different conditions
was observed by SEM. Figure 3 shows the
microstructure apart from fracture surface 1 cm of the
ruptured specimens. It can be seen from the observation
that a little change of y' precipitate morphology occurs at
the condition of (760 °C, 600 MPa) (Fig. 3(a)). The
vertical y matrix becomes thinner and horizontal y matrix
becomes thicker slightly. No appreciable thickening of '
precipitates seems to have taken place. The lateral
merging of the y' precipitates has already begun along the
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Table 2 Creep properties of single crystal superalloy at
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different conditions

Condition Total time Total time R1.1pture Rupture
to 1%/h to 2%/h life/h strain/%
6706001\;(;;; 218 317 10585.6 20.0
5855001\;%3 18 26 983.1 18.6
295%01;[%21 293 354 567.8 29.1
12(7)(;\;5; 282 352 576.3 273
382\;53 265 367 487.3 13.7
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! Fig. 2 Creep strain curves of alloy at
different test conditions: (a) 760 °C, 600
MPa; (b) 850 °C, 550 MPa; (c) 980 °C,
250 MPa; (d) 1070 °C, 140 MPa;
(e) 1100 °C, 120 MPa
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direction of the applied stress at the condition of
(850 °C, 550 MPa) (Fig. 3(b)). The lateral extension of
y'precipitates is well under way. Its thickness along the
direction of the applied stress increases slightly, but the
striking point is the drastic thickening of the y phase. The
y phase is surrounded by the ¢’ phase and forming wavy
and branching platelets at condition of (980 °C, 250
MPa) (Fig. 3(c)). The feature is that the y phase is no
longer continuous at condition of (1070 °C, 140 MPa)
(Fig. 3(d)). It forms islands and is thus entirely
surrounded by the y’ phase. At condition of (1100 °C, 120
MPa), the thickness of y phase continues to increase and
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is generally thicker than a micron (Fig. 3(e)).

The cubic y' phase gradually changes into raft
structure because of the directional diffusion of the
elements. In the process, the diffusion and redistribution
of the alloying elements in the )’ and y phases have
occurred [13]. With the action of the applied stress and
the misfit stress at high temperature, the forming
elements Al, Ta, Nb and Hf of y' phase diffuse to the
vertical channels to promote the j' phase growth
perpendicular to [001] direction. At the same time, the
forming elements Cr, Co, W, Mo and Re of y phase

diffuse to the horizontal channels in the reverse
orientation to increase the width of the y matrix. Under
the condition of temperature and stress, the y' rafted
structure is gradually formed. The higher the temperature
is and the faster the atoms diffuse, the faster ' phase
grows and rafts. So with the increase of temperature, the
thickness of y’ rafts turns bigger.

The phase stability is the key issue for the single
crystal superalloys at elevated temperatures [14].
Figure 4 shows the microstructure with TCP phase
near fracture surface of the ruptured specimens. No TCP

Fig. 3 Microstructures of creep
ruptured specimens at different
conditions: (a) 760 °C, 600 MPa;
(b) 850 °C, 550 MPa; (c) 980 °C,
250 MPa; (d) 1070 °C, 140 MPa;
(e) 1100 °C, 120 MPa

Fig. 4 TCP precipitates in creep ruptured specimens at different conditions: (a) 1070 °C, 140 MPa; (b) 1100 °C, 120 MPa
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phases is observed in the ruptured specimens tested at
conditions of (760 °C, 600 MPa), (850 °C, 550 MPa),
(980 °C, 250 MPa). The specimens tested at (1070 °C,
140 MPa) and (1100 °C, 120 MPa) exhibit the presence
of TCP phases, as shown in Fig. 4. This is caused by
micro-segregation which still exists even after
homogenization due to the low diffusivity of refractory
elements with high melting point, such as W and Re. In
addition, it is found that the TCP phase precipitates and
grows along fixed direction. The chemical compositions
of the TCP phase in the stress ruptured specimens tested
at (1070 °C, 140 MPa) and (1100 °C, 120 MPa) are listed
in Table 3, respectively. It is shown that Re and W are
enriched in the TCP phase. The formation of the TCP
phase in Ni-base single crystal superalloys has generally
been attributed to the super-saturation of the refractory
elements (Re, W) within the disordered y phase [15]. The
crystal structure of the TCP phase is extremely complex
and the size of the unit cell is much larger than the lattice
of the y and y’ phases. So a large nucleation barrier serves
to prevent the formation of the TCP phase in the
microstructures [16]. When the TCP phase forms in the
alloys, it nucleates preferentially on close-packed planes
to form a semi-coherent interface, and exhibits
distinctive orientation relationships with the parent
crystal [17].

g [020]

Table 3 Chemical composition of TCP phase in ruptured
specimens (mass fraction, %)

Condition Al Cr Co Mo Re Ta W Ni

1070 °C,
4.18 2.12 6.84 3.18 19.29 6.11 9.51 Bal
140 MPa

1100 °C,
5.03 2.84 7.69 320 20.19 5.65 12.38 Bal.
120 MPa

3.4 Microstructure of ruptured specimens under

TEM

The creep ruptured specimens were observed by
TEM. Figure 5(a) shows TEM image of creep specimen
deformed at (760 °C, 600 MPa). It can be seen that a
large amount of stacking faults form within the 9" phase.
Super lattice intrinsic stacking faults (SISFs) are the
major features of the deformation microstructure of
single crystal superalloys at this condition. The high
density of stacking faults indicates that cutting of y’
phase plays an important role in creep deformation under
this test condition. These stacking faults lie in {l111}
planes and result from the shearing of the )" precipitates
by a/3[112] dislocations [18]. A large amount of work
has been done to study the mechanisms of stacking fault
form process. A commonly observed reaction might be
given by [18]
a/2[011]+a/2[101]—>a/6[112]+SISF+a/3[112] 1)

Fig. 5 TEM images of creep ruptured specimens at different condition: (a) 760 °C, 600 MPa; (b) 850 °C, 550 MPa; (c) 980 °C,

250 MPa; (d) 1100 °C, 120 MPa
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Figure 5(b) shows the TEM image of creep
specimen deformed at (850 °C, 550 MPa). It can be seen
that the stacking fault density is low and shearing of the
y' precipitates does not seem to be the creep deformation
controlling mechanism at this test condition. Some
dislocations are piled up in the y matrix channels and the
interfacial regions of y/y' phases. In some places they
have formed the dislocations tangles. And a few
dislocations cut into the y’ phase.

Figures 5(c) and (d) show the morphologies of y/y’
interfacial dislocation of creep ruptured specimens at
(980 °C, 250 MPa) and (1100 °C, 120 MPa), respectively.
It can be seen that the hexagonal array of dislocation
networks are obviously formed at interfaces for different
specimens. At high temperature, dislocations and
interfaces provide increased diffusion promoting
by-passing of the y' phase by climbing [19]. The
deformation feature of the alloy is the movement of
1/2[110] dislocations on the octahedral slip systems in
the matrix channels [20]. The dislocation networks in
matrix result from the reaction of two sets dislocations
with different Burgers vectors during creep. These
dislocations exist in the different slip plane. Once these
dislocations move to the same slip plane to come across
each other, the three-dimensional networks may be
formed by the reaction of dislocation, as shown in Fig. 6.
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(b)

Fig. 6 Schematic diagram of dislocation networks formed by

reaction [15]: (a) Before formation of dislocation networks;
(b) Dislocation networks

The dislocations b; and b, meet and react to form
dislocation b3;. Because of the line tension, the three sets
of dislocations exist at an angle of 120° at the
equilibrium state of the networks. The dislocation
reaction occurs at the network as follows [20]:

a/2[110]+a/2[011]—>a/2[101] )

The dense y/y" interfacial dislocation networks can
be a sessile dislocation substructure which provides
strengthening by affecting the strength of the y/y’
interface and by interacting with mobile dislocations.
They can effectively prevent the dislocation from cutting
into y’ phase in the creep process [21]. In the later creep
process, the deformation feature of the alloy is the
shearing of y’ rafts by dislocations from the interfaces
where networks are damaged. It can be seen in Figs. 5(c)
and (d) that some dislocations cut into the y’ phase.

The TCP phase precipitating in creep ruptured
specimen at (1100 °C, 120 MPa) was investigated by
TEM. The selected area electron diffraction (SAED)
patterns were used to determine the lattice cells (for the
identification) of the TCP phases, as shown in Fig. 7. The
crystal structure of TCP phase in the alloy is determined
to be the ¢ phase, which precipitates and grows along
fixed direction, [112],//[001],and (110), //(220),.

(b) (220)

¥

(110),

‘) (100),

(000)
(111),

Fig. 7 SAED pattern of TCP phase in creep ruptured specimen
at (1100 °C, 120 MPa)
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4 Conclusions

1) Two different types of creep behavior can be
shown in the creep curves. The primary creep was
characterized by high amplitude at (760 °C, 600 MPa)
and (850 °C, 550 MPa), and the primary creep strain is
limited at test conditions of (980 °C, 250 MPa), (1100 °C,
140 MPa) and (1120 °C, 120 MPa).

2) A little change of y' precipitate morphology
occurs at (760 °C, 600 MPa). The lateral merging of the
y' precipitate has already begun at (850 °C, 550 MPa).
The y phase is surrounded by the y’ phase at (980 °C, 250
MPa). The y phase is no longer continuous at (1070 °C,
140 MPa). At (1100 °C, 120 MPa), the thickness of y
phase continues to increase. With the rise of temperature,
the thickness of y’ rafts turns bigger.

3) No TCP phase precipitates in the specimens
tested at (760 °C, 600 MPa), (850 °C, 550 MPa) and
(980 °C, 250 MPa). Needle shaped TCP phase
precipitates in the specimens tested at (1070 °C, 140
MPa) and (1100 °C, 120 MPa). TCP phase is identified
as o phase which is mainly composed of Re and W.

4) The dislocation shear mechanism including
stacking fault formation is operative at lower temperature
and high stress. The dislocation by-passing mechanism
begins to form networks at p/y’ interface under the
condition of high temperature and lower stress.
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