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Abstract

The high temperature creep and long-term aging tests of the second-generation (DD6) and the third-generation (DD9)
single crystal superalloys with different Re contents were carried out. The effects of Re, dislocations, TCP phases and their
interaction on creep properties and microstructure evolution were researched. The third-generation single crystal superalloy
has the more compact and uniform two-phase structure and the better creep properties. The rafting rate in dendrite is higher
than that in interdendrite. The ¥’ phases connect into a stripline, the y phases on the strip line are truncated, and the TCP
phase is precipitated along the stripline. The element Re carries out the pipe diffusion and the vacancy diffusion at the high
temperature. The TCP phase precipitates in the region with many dislocations and vacancies. Re hinders the movement
of dislocations and promote the precipitation of TCP phases. The movement of dislocations promotes the diffusion of Re
and the precipitation of TCP phases. TCP phases promote the diffusion of elements and accelerate the rafting of y’ phases.

Keywords Re - Rafting - TCP phase - Dislocation - Single crystal

1 Introduction

Nickel-based single crystal superalloys have been widely
used in the hot part of the aero-engine because of their excel-
lent high temperature creep resistance and oxidation resist-
ance [1-4]. At present, almost all aero-engines use nickel-
based single crystal superalloys as the blade materials, and
the nickel-based single crystal superalloys have developed
to the fifth generation (TMS-162). For every 55° increase in
the temperature bearing capacity of the turbine blade of the
aero-engine, the efficiency can be increased by 10% [5]. At
present, the aero-engine turbine blade materials in service
are mostly the second-generation and the third-generation
single crystal superalloys, and the temperature bearing
capacity of each generation is about 30° higher than that
of the previous [2, 6]. Conducting researches on high-tem-
perature properties and basic theory of nickel-based single
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crystal superalloys to accelerate the upgrading of single-
crystal materials has great significance to the development
of the aviation industry.

In the development of single crystal superalloys, the refrac-
tory element Re has the greatest effect on improving the
mechanical properties [7]. 3% Re and 6% Re are almost the
main features and differences of the second-generation and the
third-generation single crystal superalloys. The addition of Re
can significantly improve the temperature bearing capacity of
single crystal superalloys [8—11]. Taking a typical two-genera-
tion single crystal in the United States as an example, the third-
generation single-crystal CMSX-10 (6% Re) has the advantage
of 36 °C and 25 °C temperature bearing capacity over the
second-generation single-crystal CMSX-4 (3% Re) with 1%
creep strength at 207 MPa and 138 MPa, respectively [12].
However Re is a strategic scarce element, and the addition of
1% Re doubles the casting cost of single crystal superalloys.
Micropores are also prone to appear in the directional solidifi-
cation and solid solution treatment [13]. It has great theoreti-
cal and engineering significance to find out the strengthening
mechanism and alternative element of Re to reduce the casting
cost. Y. Ru et al. [14] tried to replace Re with Mo in single
crystal superalloys but still lacked engineering application
verification. In view of this, some scholars have studied the
strengthening mechanism of Re on single crystal superalloys.
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P. Wollgramm et al. [15] believed that the strengthening mech-
anism of Re was due to the short-range order Re clusters in
the y phase. However, A. Mottura et al. [16] had an opposite
conclusion, that Re clusters did not exist in the y phase, and
weren’t the reason for the strengthening of Re on single crystal
superalloys. Re can promote the reverse distribution of other
elements in the y phase and y’ phase, reduce the distribution
proportion of part elements in the y’ phase and inhibit the
growth of the y* phase [17, 18]. The large volume fraction of
v’ phases causes the supersaturation of Re in y phases [19].
But the strengthening mechanism of the interaction between
Re and y’ phases is still unclear. The addition of Re promotes
the formation of dense dislocation networks at the y/y’ phase
interface, block the dislocation from cutting into the y’ phase,
reduce the lattice misfit of y/y’ phases, lower the rafting rate
of y’ phases, and improve the creep properties of single crystal
superalloys [18, 20]. The lattice misfit has an important effect
on the rafting direction and rafting rate of y’ phases [21]. R. C.
Reed et al. [2, 22, 23] believed that Re improved the properties
of single crystal superalloys by solution hardening. K. Chen
et al. [24, 25] considered that Re enhanced the temperature
bearing capacity and creep resistance of single-crystal supeal-
loys by strengthening the y/y’ phase interface. S. Y. Ma et al.
[26] thought that the blocking effect of Re on dislocations was
stronger than that of W and Cr, and Re had a stronger alloying
effect in single crystal superalloys. At present, there is still no
unified understanding of the strengthening mechanism of Re
on the performance of single crystal superalloys.

Re is mainly segregated in dendrite [27]. The increase of Re
content increases the density of alloys and reduces the working
efficiency of the engine. At the same time, TCP phases precipi-
tate during the high-temperature long-term aging or endurance
tests in the dendrite [28], and the spatial arrangement and the
shape of the TCP phase are influenced by the stress/strain [29].
The precipitation of TCP phases consumes a large amount of
refractory elements [30, 31], blocks the rafting y’ phase, and
then seriously weaken the strengthening effect of Re on single
crystal superalloys. So far, there is still no complete and unified
understanding of the formation mechanism of TCP phases and
the segregation mechanism of Re in TCP phases.

In this paper, the high temperature creep and long-term
aging experiments of the second-generation and the third-
generation single crystal superalloys with different Re contents
were carried out. The effects of Re, dislocations, and TCP
phases and their interaction on creep properties and micro-
structure evolution were researched.

2 Experiments

The materials considered here are the second-generation
and the third-generation single crystal superalloys with dif-
ferent Re contents. The chemical compositions are listed
in Table 1. All test samples were prepared from the [001]
oriented bar which was cast in a directional solidification
vacuum furnace under a high thermal gradient. The crys-
tal orientation was examined by X-ray Laue back diffrac-
tion. The heat treatment regime of DD6 is given as follows:
1290 °C, 1 h+1300 °C, 2 h+ 1315 °C, 4 h, air cooling
(AC)+1120 °C, 4 h, AC+870 °C, 32 h, AC. The heat
treatment regime of DD9 is given as follows: 1340 °C, 6 h,
AC+1120°C,4 h, AC+870 °C, 32 h, AC. The geometrical
details of the creep specimen are shown in Fig. 1 along with
the major dimension. The specimen for the long-term aging
test is a cube of 7 X5 X3 mm, in which 7 mm X 5 mm is the
[001] plane.

The creep tests were performed on a CSS-RDL 100
creep testing machine. The loading rate was 1 kN/min, and
the loading direction was in line with the [001] axis. The
uniaxial constant load creep tests along the [001] direc-
tion were conducted in air at 1100 °C and 140 MPa. The
temperature was monitored using a thermocouple with an
error of +3 °C. The temperature approached the target value

0

n

Fig. 1 Geometry of creep test specimen (mm)

Table 1 Chemical composition of nickel-based single crystal superalloys / Mass%

Alloy C Cr Co W Mo Al Ta Nb Re Hf Ni
DD6 0.001-0.04  3.8-4.8 8.5-9.05 7.0-9.0 1.5-25 52-62  6.0-8.5 0-1.2 1.6-2.4  0.05-1.5  Balance
DD9 0.0-0.04 1.5-5.0 5595 6.0-8.5 05-3.0 52-62 5590 0.0-15 3.5-5.0 0.0-0.5  Balance
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and was maintained for 0.5 h before the experiment. After
the creep test, the sample was cut, mechanically ground,
polished and chemically corroded using 5 ml nitric acid,
10 ml hydrofluoric acid and 15 ml hydrogen peroxide for
the scanning electron microscopy (SEM) analysis. The SEM
investigation was performed using a JSM-6390 working at
30 kV with energy-dispersive X-ray spectroscopy (EDS).
The spot size was 40 pm. The size and volume fraction of
the y phase and the y' phase were measured by the software
Image J after a binary processing, taking the average value
for ten measurements. An FEI Talos F200X field-emission
transmission electron microscope (TEM) was used to study
the morphology of dislocations after the creep. To avoid the
influence of necking on the dislocation, we cut the sample
for TEM at a position approximate 3 mm from the necked
region. After mechanically grinding below 50 um, TEM
foils were double spray electrolytic thinning in a solution
of 10 ml perchloric acid and 90 ml ethanol at — 40 °C and
— 30 mA. The TEM bright field (BF) photos of dislocations
are taken with the operation vector g= <020 > and the zone
axis B=[001].

3 Results
3.1 Creep properties

The creep curves of DD6 and DD9 at 1100 °C and 140 MPa
are shown in Fig. 2. Compared to DD6, DD9 has a longer
creep life and the larger strain at the same temperature and
stress. The initial creep stage of DD6 is relatively short, and
the steady creep stage starts after 0.93 h. This means the
steady creep stage starts almost after the elastic deformation,
and the creep strain is 2.18%. The initial creep stage curve
of DD9 is similar to that of DD6. The steady creep stage of
DD?9 starts after 1.1 h, and the creep strain is 1.91%. The
creep time and strain in the initial creep stage of DD6 and
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Fig.2 The creep curves of DD6 and DD9

DDO are similar. The creep strain of DD6 and DD?9 increases
at a constant rate in the steady creep stage. The tertiary creep
stage of DD6 starts after the steady creep 98.42 h, and the
creep strain is 3.33%. The tertiary creep stage of DDO starts
after the steady creep 114.43 h, and the creep strain is 2.93%.
In the steady creep stage, the creep time of DD9 is greater
than DD6, and the creep strain is less than DD6. In the ter-
tiary stage, the creep time of DD6 and DD?9 is 27.44 h and
28.24 h, and the creep strain is 14.78% and 17.76%, respec-
tively. The creep life and creep strain of DD6 are less than
that of DD9.

3.2 Microstructure

The morphologies of DD6 and DD9 before and after the
creep tests are shown in Fig. 3. Compared Fig. 3a, b, it can
be seen that DD6 and DD9 with different Re contents have
different microstructures. The size and distribution of y
phases and the cubic y’ phases in DD9 are more uniform,
but the size of a single y’ phase in DD6 is larger. Before the
creep test of DDG6, the width of the y phase and the y' phase
are 0.1243 pm and 0.4375 pm, respectively, and the volume
fraction of y’ phases is 66.55%, as shown in Fig. 3a. Before
the creep test of DD9, the width of the y phase and the y’
phase are 0.1186 pm and 0.3628 pm, respectively, and the
volume fraction of y’ phases is 65.32%, as shown in Fig. 3b.
After the creep test, it can be seen from Fig. 3c, d that the
vy’ phases in DD6 and DD9 raft completely, and the rafting
dissolves is occurred in the DD6. The width of the y phase
and the y' phase of DD6 are 0.6651 pm and 1.8062 pm,
and the width of the y phase and the y' phase of DD9 are
0.48 pm and1.0987 pm, respectively, as shown in Fig. 3c,
d. The changes in the width of the y phase and the y’ phase
of DD6 are 0.5408 pm and 1.3687 pm. The changes in the
width of the y phase and the y' phase of DD9 are 0.3614 pm
and 0.7359 pm. The widths of the y phase and the rafting y’
phase of DD6 are larger than that of DD9, and the change of
size difference is consistent with the above. The rafting and
rafting dissolution of DD6 are thoroughly. The y phase and
the rafting y’ phase of DD9 are more ordered.

3.3 Morphologies of TCP phases and y/y’ phases

The morphologies of TCP phases of DD6 and DD9 are
shown in Fig. 4. Compared Fig. 4a, b, there are great differ-
ences in the growth direction and the number of TCP phases
between DD6 and DD9 after the creep tests.

The morphologies of DD9 with different aging times are
shown in Fig. 5. The y’ phase is still cubic with aging for
10 h, as shown in Fig. 5a. Compared to Fig. 3b, it can be
seen from Fig. 5a that the cubic y’ phase changes slightly,
and no TCP phase is precipitated. Some regions connect into
a strip, as shown in the red rectangles in Fig. 5a. After aging
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Fig. 4 The morphologies of TCP phases of DD6 and DD9: (a) DD6, (b) DD9

for 15 h, many TCP phases are formed, and the y' phases are
still approximately cubic except the region near the TCP
phase, as shown in Fig. 5b. After aging for 40 h, the number
of TCP phases increase, and the y' phases are still cubic,
as shown in Fig. 5c. After aging for 80 h, some of the y’
phases have already began to raft, and the y’ phases far from
the TCP phase are still cubic, as shown in Fig. 5d. From
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Fig. 5a—d, it can be seen that the y’ phases are approximately
cubic except the region near the TCP phase. The shape of the
v’ phase near the TCP phase has a big change.

After aging for 100 h, the y’ phases distribute uneven and
cannot remain intact cubic. A small amount of y' phases
connect to each other, the rafting quickening and the y phase
coarsening, as shown in Fig. Se. After aging for 150 h, part
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Fig. 5 The morphologies of DD9 at different aging times: (a) 10 h, (b) 15 h, (¢) 40 h, (d) 80 h, (e) 100 h, (f) 150 h, (g) 200 h, (h) 400 h, (i)

600 h, (j) 800 h

of the y phases are consumed and the rafting of y’ phases is
further, as shown in Fig. 5f. During the long-term aging for
80-150 h, the cubic y' phases gradually disappear and the
whole rafting begins. Compared Fig. 3d and Fig. 5f, it can
be seen that the rafting rate of creep test is higher than that
of the long-term aging test at a similar test time. The applied
stress can quicken the rafting.

After aging for 200 h, the two-phase structure is
destroyed, a larger number of TCP phases are formed, many

vy phases are consumed, and a large number of y' phases con-
nect into one, as shown in Fig. 5g. After aging for 400 h, the
two-phase structure is destroyed completely, and no cubic y’
phase is found, as shown in Fig. Sh. After aging for 600 h,
the rafting of y' phases has been basically completed, as
shown in Fig. 5i. After aging for 800 h, many y phases con-
nect into a sheet, as shown in Fig. 5j. Compared to Fig. 3d,
the rafting of the long-term aging test is more chaotic. The
comparative analysis on Fig. 5b—j shows that TCP phases
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Fig.5 (continued)

have been precipitated in the early stage and grow along
with two approximately perpendicular directions at different
aging times.

Figure 6 shows the interdendritic morphologies of
DD9 with different aging times. After aging for 80 h, only
a small amount of y' phases connect to each other in the

1pm

X10,000

\

5um

interdendrite, as shown in the red rectangles of Fig. 6a. After
aging for 800 h, the y/y’ two-phase structure is still obvious,
as shown in Fig. 6b, which is similar to the dendritic mor-
phology after aging for 100 h in Fig. Se, indicating that there
is a great difference in the micromorphology between the
dendrite and the interdendrite. No TCP phase is precipitated

X10,000

Fig.6 The morphologies of DD9 at different aging times in the interdendrite: (a) 80 h, (b) 800 h
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in the interdendrite. From 80-800 h, it can be seen that the From Table 2 it can be seen that Re mainly segregates
microstructure in interdendrite evolves slowly. in the dendrite. The Re content of y phase in the dendrite

The EDS spots of DD9 before the test are given in Fig. 7. is 31.28% higher than that of y phase in the interdendrite.
The average content of Re in percentage for three measure-  The Re content in the y" phase is close to zero.

ments with a low dispersion is given in Table. 2.

Fig. 7 The EDS spot in dendrite/interdendrite: (a—c) dendrite, (d—f) interdendrite
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Table 2_ The Re. coptent of y/ ?{I Region Phase Spot 1 Spot 2 Spot 3 Average
phases in dendrite/interdendrite
mass% Re Error Re Error Re Error Re Error
Dendrite Y 4.99 0.23 4.46 0.27 4.66 0.24 4.70 0.25
Y 0.21 0.28 0.40 0.29 0 0 0.20 0.19
Interdendrite Y 3.68 0.26 4.01 0.21 3.06 0.28 3.58 0.25
Y 0.53 0.30 0 0 0 0 0.18 0.10

4 Discussions
4.1 The effect of Re on creep properties

At the same temperature and stress, DD9 has the longer
creep life and creep strain than that of DD6, indicating that
DD?9 has the better creep property at 1100 °C and 140 Mpa.
This is related to the content of Re, and the evolution of
the microstructure occurs diffusion controlled [32]. In the
initial creep stage, the creep curves of DD6 and DD9 are
similar, which indicates that DD6 and DD9 have a similar
elastic property. we think this is related to the same two-
phase microstructure and the similar element composition.
It can be deduced that the effect of Re on the elastic property
of DD6 and DD?9 is slight. The addition of Re increases the
diffusion activation energy of other elements. The study [17]
shows that the diffusion activation energy of Al increased
from 2.072 eV to 3.438 eV after adding the element Re. The
increase of diffusion activation energy means the increase
of binding energy between atoms. Therefore, DD9 contain-
ing more Re has greater creep time and smaller creep strain
in the steady creep stage. A large number of TCP phases
are precipitated in the steady creep stage, which consumes
the element Re, seriously reduce the plasticity of the single
crystal superalloy and the hindrance on dislocations [33,
34]. Therefore, the creep strain increases rapidly in the ter-
tiary stage. Due to the more precipitation of TCP phases,
the creep strain of DD9 (17.76%) in the tertiary creep stage
is greater than that of DD6 (14.78%).

4.2 The strengthening effect of Re
on microstructure

In the section 3.2 , we know that the microstructure (size,
volume fraction and size difference of y and y’ phase) are
different. High levels of Re can reduce the size of y phase
and y’ phase, and make the distribution of y phases and y’
phases more uniform. At the same time, the finer and more
uniform y' increases the y/y’ phase interfacial area, improves
the hindrance of the y/y’ interface to the motion of disloca-
tions, and then enhances the interfacial strengthening effect.
The initial fine and uniform y' phase of DD9 makes the raft-
ing more orderly, and the distribution of y phases and y’
phases is more uniform after the rafting. The low diffusion
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rate of Re reduces the rafting rate of y' phases. After the
creep, the changes of the y phase and the y’ phase of DD6
are greater than that of DD9, which are corresponding to the
changes of creep strain. The microstructure of DD9 is more
stable than that of DD6.

Compared Fig. 3d and Fig. 5f, the rafting is more thor-
oughly and the evolution of microstructure is more drastic
in the creep test than that of the long-term aging test. This
is because stress can provide higher migration energy and
promote the directional migration of elements. Therefore,
the applied stress can promote the rafting of y' phases. In
the long-term aging test, an obvious result of the directional
migration of Re is the precipitation of TCP phases in the
dendrite due to the higher Re content. The precipitation of
TCP phase consumes Re in the dendrite, seriously weak-
ens the strengthening effect of Re on the microstructure,
enhances the overall diffusion rate of elements, and speeds
up the rafting. From Table 2 and Fig. 5b it can be known that
the segregation of Re makes the precipitation of TCP phase
in dendrite easily. Due to no Re is consumed by TCP phase
in the interdendrite, the strengthening effect of Re is obvious
in the interdendrite. The diffusion rate and rafting rate are
smaller, and the y’ phases are less rafted. With the influence
of Re, the rafting rate in dendrite is much higher than that
of interdendrite, as shown in Figs. 5 and 6. Therefore, the
interdendrite is “stronger” than the dendrite [35].

4.3 The effect of TCP phase on microstructure

As shown in Fig. 4, the number of TCP phases in DD9 is
higher than that of DD6, which indicates that the increase
of Re content destroys the microstructure stability in some
ways, mainly manifests the precipitation of TCP phase. After
a long-term aging for 10 h, no TCP phase is precipitated,
some of the y’ phases are connected into a stripline along
the diagonal direction, and the y phases on the strip line
are truncated, as shown in the red rectangles of Fig. 5a. It
can be predicted that the TCP phase will be precipitated in
this stripline. After long-term aging for 15 h, many TCP
phases are formed, which indicates that the temperature has
an important effect on the precipitation of the TCP phase. At
the high temperature, the effect of stress on the precipitation
of TCP phases is decreased. The TCP phase grows along
with the two perpendicular diagonal directions of the y’
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phase, which is consistent with the above predicted growth
direction. It can be determined that the elements of the y
phase are consumed in the initial stage of the precipitation of
the TCP phase. The y’ phases connect into a stripline and the
vy phases on the strip line are truncated. At this time, no TCP
phase is found. With the continuous high-temperature aging,
the refractory elements such as Re continually get together
along the stripline, and the TCP phase is precipitated along
the stripline, as shown in Fig. 5b.

when aging for 15 h, many TCP phases are precipitated.
It can be deduced that the precipitation of TCP phase is in
the early stage of the long-term aging test and sensitive to
the high temperature. With the increase of the aging time,
the two-phase structure constantly changes. The y’ phase
rafts continuously, and the y phase is truncated. The two-
phase structure near the TCP phase firstly disappears and
the y* phase near the TCP phase raft firstly, indicating that
the precipitation of the TCP phase can promote the ele-
ment diffusion. It can be known that the precipitation of the
TCP phase greatly destroys the two-phase structure and the
microstructure stability. The research shows that the TCP
phase is unstable, in where cracks usually initiate and propa-
gate [33].

4.4 Dislocation movement and element diffusion

The plastic deformation is performed by the movement of
dislocations which are thought as line defects. The disloca-
tion motion is related to the migration of atoms. There is
a strong interaction between the solute atoms and disloca-
tions. By the research on a second-generation single crystal
Ni-based superalloy ERBO1, X. X. Wu et al. [36] thought
that diffusion of solutes from the y matrix into the y’ phase
along the dislocation line (pipe) could explain the solute seg-
regation at the dislocations after creep in the y’ phase. The
solute atoms are often attracted to diffuse around the dislo-
cation lines to form the Cottrell gas mass in the movement
of dislocations. Therefore, the diffusion activation energy
of the atom along the pipe is about 1/2 of the bulk diffusion,
with a higher diffusion rate. The movement of dislocation
is affected by a resistance which comes from many fields,
can be written as

a=60+aGbp% M

where o) is the P-N stress, G is the shear modulus, b is the
value of the Burgers vector, p is the movable dislocation
density, a is the material-dependent constant and usually in
the range of 0.2-0.5. The expression of the crystal strain and
the dislocation movement is as follows

y =<m > pbx )

The strain rate is

e=E:<m>pb§:<m>pb9 3)
where y is the shear strain, < m > is the average orientation
factor, b is the value of the Burgers vector, p is the movable
dislocation density, x is the average movement distance of
dislocations and v is the average movement rate of disloca-
tions. However, formula (1) doesn’t consider the effect of
thermal activation on stress. In fact, the temperature and
strain rate have a certain influence on the resistance of the
dislocation motion, so the resistance can be expressed as

c=or+o0g 4

where o is the part related to the temperature or the strain
rate, o is the part independent of the temperature or the
strain rate, o is the resistance resulting from the intersec-
tion of the sliding dislocation and the dislocation forest, o
is the elastic internal stress between dislocations. After a
transformation, the resistance of dislocation motion can be
written as

Up~KT Ine / pbdy
o+ 2 /obdv

v T<T
— =T, 5
¢ T>T, )
oG
And
UO
T =0
T “kine/pbdy, ©)

where U, is the activation energy without the intersection of
external forces, V is the activation volume, T is the tempera-
ture, d is the dislocation width and v, is the natural vibration
frequency of the dislocation line. From formulas (5) and (6),
it can be seen that the variation of shear modulus with the
temperature can be ignored when the strain rate is constant
[37]. The greater the strain rate is, the greater the critical
temperature 7, is. When the test temperature is greater than
the critical temperature, the thermal activation makes the
intersection easily and no longer hinders the dislocation
movement, at which time the dislocation movement only
needs a small stress. The dislocations are generated in the
high temperature (1100 °C) creep of the second-generation
and the third-generation single crystal superalloys, as shown
in Fig. 8. At this time, the dislocations mostly confined to
the y matrix channel, the dense dislocation networks are
formed at the y matrix channel and the y/y’ interface. There
are dislocations cut into the y’ phase. The possible forma-
tion of Re clusters in the y matrix channel may hinder the
dislocation motion. However, the Re clusters were neither
detected by atom probe probe tomography nor by extended
X-ray absorption fine structure researches [16, 38, 39]. At
the y/y’ interface, Re accumulates near dislocation cores and
block their motion [40]. Meanwhile, Re segregates to the
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Fig.8 The TEM BF photos of dislocations after the creep test at 1100 °C and 140 MPa: (a—b) DD6 [33], (c) DD9

dislocation inside the y’ phase. The Re content at disloca-
tion is higher than that of the surrounding y’ phases, which
is related to the pipe diffusion. In the presence of a dislo-
cation cutting into the y’ phase and connecting the y and
the y’ phase, the solute exchange can be expected to take
place along the dislocation line having a well-defined pipe
cross-section [36]. Due to the larger atomic size and low
diffusivity, Re segregation to dislocations blocks the motion
of dislocations. Based on the above, we tend to think that
the strengthening effect of Re is related to its blocking on
dislocations and the pipe diffusion of Re relieve the energy
caused by the blocking, the process of which is dynamic
equilibrium. The researches show that the pipe diffusion
is contribution to the precipitates [41, 42]. The literature
[33] inferred that the enrichment of Re in the TCP phase
is the result of short circuit diffusion. In the combination
of literature [36] and the long-term aging test in Fig. 5, we
infer that the dislocation diffusion and vacancy diffusion all
contribute to the precipitation of TCP phases. The vacancy
diffusion should be the main reason for the precipitation of
TCP phase because of the precipitation of TCP phases in
the long-term aging test without dislocations. The moving
dislocations should be absorbed by the region containing
TCP phase, as shown in Fig. 5a.

There are a certain number of vacancies and a certain
vacancy equilibrium concentration at a certain temperature
in the crystal. The higher the temperature is, the greater the
vacancy concentration is. The crystal with a certain vacancy
concentration at a certain temperature is stable. At a high-
temperature creep, due to the increase of vacancy concen-
tration, the elements not only diffuse along dislocations but
also carry out the vacancy diffusion. The vacancy diffusivity
can be written as

) AS* + AS, AH* + AH,
D = aa“vexp —x )P\ @)

The diffusion activation energy can be given as
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Q=AH"+ AH, (8)

where « is the geometric factor related to the crystal struc-
ture, a is the lattice constant, v is the frequency of the atoms
vibration to the vacancy, T is the temperature, AS* is the
activation entropy, AS, is the vacancy formation entropy,
AH* is the activation enthalpy, and AH, is the vacancy for-
mation enthalpy [43, 44]. At the high-temperature creep,
when the temperature is stable, the entropy value reaches the
maximum, and the activation entropy and vacancy formation
entropy decrease. Because of the high temperature, the value
of exp(—%) and the frequency of atoms vibration to
vacancies increase. According to formulas (7) and (8), the
diffusion coefficient increases and the diffusion activation
energy decreases. The element Re easily carries out the
vacancy diffusion at the high temperature. The migration of
Re destroys the inherent structure and affects the properties
of the alloy, which is directly manifested in the strengthen-
ing effect and the precipitation of TCP phases. The enrich-
ment of Re in TCP phase of the long-term aging test is the
vacancy diffusion. In general, the vacancy and the disloca-
tion are formed at the defect site. The dislocations and the
vacancies themselves are also crystal defects. Therefore,
it can be inferred that where the higher the crystal defect
content, where the easier to precipitate the TCP phase. The
element Re can hinder the movement of dislocations and
promote the precipitation of TCP phases. The movement of
dislocations can promote the diffusion of Re and the precipi-
tation of TCP phases.

5 The role of Re on the development
of single-crystal superalloys

The strengthening effect of Re on single-crystal superalloys
in service is obvious, and the side effect of Re on the micro-
structure stability can also not be ignored. It is significantly
and necessary to study the effect of Re on the development
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of single-crystal supealloys. In the future, we think that the
development of single crystal superalloys may be able to
seek breakthroughs in the following: (1) The strengthening
mechanism and migration law of refractory elements such
as Re in the single crystal superalloy still need to be further
studied; (2) Looking for the alternative elements, such as
Mo, to maintain or improve the comprehensive properties of
single crystal superalloys while reducing costs; (3) The solu-
tion strengthening mechanism for material preparation need
to be optimized by adjusting the Re content; (4) Adjusting
the type and content of elements, such as the content of Re
and Ru, to inhibit the precipitation of TCP phase, stabilize
the microstructure and optimize the mechanical properties
of single-crystal superalloys.

6 Conclusions

The effects of Re, dislocations, TCP phases and their interac-
tion on creep properties and microstructure evolution were
researched. The internal relations of element diffusion, dis-
location movement and microstructure evolution were inves-
tigated. Some related conclusions can be drawn as follows:

(1) The third-generation single crystal superalloys with
a higher Re content have better creep properties at
1100 °C and 140 MPa than that of the second-gener-
ation single crystal superalloys. The precipitation of
TCP phase is the main reason why the creep property
of DDY isn’t enhanced obviously more than that of
DDe6.

(2) With the higher Re content, the third-generation sin-
gle crystal superalloy has a more compact and uniform
two-phase structure, a lower rafting rate, and the size
of the single y’ phase is smaller. The microstructure of
the third-generation single crystal superalloy is more
stable than that of the second-generation single crystal
superalloy. The rafting rate in dendrite is much higher
than that in interdendrite.

(3) The higher the Re content, the more TCP phases are
precipitated. In the initial stage of the TCP phase pre-
cipitation, the y’ phases connect into a stripline, the
vy phases on the strip line are truncated, and the TCP
phase is precipitated along the stripline. TCP phases
can promote the diffusion of elements and accelerate
the rafting of y’ phases.

(4) High temperature can promote the movement of dis-
locations, form more vacancies in the crystal, increase
the diffusion coefficient, reduce the diffusion activa-
tion energy, and accelerate the diffusion of Re. The ele-
ment Re carries out the pipe diffusion and the vacancy
diffusion at the high temperature. The TCP phase is
precipitated in the region with a large number of dislo-

cations and vacancies. The element Re can hinder the
movement of dislocations and promote the precipitation
of TCP phases. The movement of dislocations can pro-
mote the diffusion of Re and the precipitation of TCP
phases.
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