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Abstract: At temperatures ranging from 760 to 1100 °C, the tensile properties of a nickel-based third generation single crystal
superalloy DD9 with [100], [120] and [110] orientations were studied. The microstructures and fracture surfaces were observed by
OM, SEM and TEM. Results show that the tensile strength of [100] specimen is higher than that of [120] and [110] specimens at 760
and 850 °C; while at the temperatures higher than 980 °C, the tensile strength of all specimens has little difference. The fracture
mechanisms of [100], [120] and [110] specimens are the same at 760 and 980 °C. At 1100 °C, the fracture surfaces of [100] and [120]
specimens are characterized by dimple features; while [110] specimen shows mixed quasi-cleavage and dimple featured fracture
surfaces. At 760 °C, obvious superlattice stacking faults (SSFs) are observed only in [100] specimen; while at 1100 °C, the
dislocation configurations of all specimens are similar. The difference in the number of potential active slip systems in [100], [120]
and [110] specimens during the tensile deformation process is the main reason for the transverse tensile anisotropy.
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1 Introduction

Nickel-based single crystal superalloys are the
main materials for turbine blades in advanced aero gas
turbine engines due to their superior comprehensive
properties [1-3]. Single crystal turbine blades in
advanced aero engines have to withstand high service
temperatures and stresses, and the principal stress axes is
usually parallel to [001] orientation of the single crystal
turbine blade. Meanwhile, the stress state in the rabbet is
complex, and the rabbet would sustain tensile stress
which is perpendicular to the [001] orientation. However,
in most turbine blade castings, the [100] orientation,
which is the direction perpendicular to the [001]
orientation, is neither specified nor controlled during the
manufacturing process [4]. Therefore, the [100]
orientation for a given blade castings becomes a random
variable.

Numerous research works have been done
concerning the tensile properties of nickel-based single
crystal superalloys. Most of the previous studies have
focused on the [001] orientation [5—7]. The yield
strength is observed to be nearly constant or increase as

the temperature increases to a peak temperature and then
decreases with the temperature increasing. The tensile
anisotropy of single crystal superalloys has also been
investigated [8—11]. It is reported that the tensile
anisotropy drops as the temperature increases. Some
work has been done about the effect of secondary
orientation ([100] or [010] orientation) on the
longitudinal tensile properties [12,13]. It was predicted
that the [100] orientation optimization could be a
potential way to further improve the mechanical
properties of single crystal turbine blades.

Till now, there are a few studies about the transverse
tensile properties of the single crystal superalloys.
The transverse tensile properties of the second
generation single crystal superalloy DD6 have been
investigated [14,15]. However, the transverse tensile
anisotropy is seldom reported in the open literature, yet
this is still one of the important research aspects to assure
the quality of the single crystal superalloy turbine blades.
DD9 alloy is a third generation single crystal superalloy,
which is developed by Beijing Institute of Aeronautical
Materials (China) for advanced aero engine blade
applications [2]. The primary goal of this work is to
report the transverse tensile anisotropy of DD9 alloy at
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temperatures ranging from 760 to 1100 °C. This could
provide both the scientific basis and the technical support
for the structural design and microstructure optimization
of DD single crystal turbine blades.

2 Experimental

The chemical compositions of DD9 alloy are (wt.%):
3.5Cr, 7 Co, 2 Mo, 6.5 W, 5.6 Al, 7.5 Ta, 4.5 Re, 0.1 Hf,
0.5 Nb, 0.008 C and Ni balance. The master alloy was
melted in a vacuum induction furnace with commercially
pure raw materials. Single crystal superalloy slabs with
dimensions of 15 mm X 80 mm X 120 mm were cast in a
directional solidification vacuum furnace using seed
crystal method. The orientations of the single crystal
slabs were determined with X-ray technology, and the
slabs with [001] orientation deviating from the
longitudinal direction within 10° were chosen.

The schematic of the single crystal slab and the
transverse specimen is shown in Fig. 1. Three kinds of
seeds were used. The longitudinal orientations of all the
seeds were [001], and the transverse orientations of the
seeds are [100], [120] and [110], respectively.
Consequently, three kinds of transverse specimens were
obtained. As seen in Fig. 1, top view A shows the
transverse specimen with a regular [100] orientation,
while top view B and C shows the [100] orientation
deviating from the regular [100] orientation by an angle
o in (001) plane. If a=26°, the transverse specimen is
[120]-orientated, and the transverse specimen is
[110]-orientated if o=45°. The initial
orientation of the specimens was then verified by the
X-ray technology. The tensile axis orientations of the
specimens are shown in Fig. 2. It can be seen that almost
all specimens orientated near the [100]—-[110] boundary.
Type A specimens have transverse orientations close to
the [100] pole of the standard stereographic triangle,
while Type C specimens have transverse orientations
close to the [110] pole. Type B specimens have
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Fig. 1 Schematic of single crystal slab and transverse specimens

transverse orientations within 20°-26° of the [100]
direction. Therefore, these three kinds of transverse
specimens can be denoted to be [100] specimen, [120]
specimen and [110] specimen, respectively.

All specimens received a heat treatment regime as
follows [2]: pre-heat treatment + (1340 °C, 6 h), AC +
(1120 °C, 4 h), AC + (870 °C, 32 h), AC. Then, the
specimens were machined into tensile test specimens
with a gauge length of 25 mm and a diameter of 5 mm.
The tensile test was performed in air at 760, 850, 980,
1070 and 1100 °C, respectively.

The fracture surfaces of tensile ruptured specimens
were examined by SUPRA 55 field emission scanning
electron microscopy (FESEM). The ruptured specimens
were then cut along the longitudinal sections which were
parallel to the tensile axis, and the sections were also
perpendicular to the [001] orientation of the grasp side of
the tensile ruptured specimens, as shown in Fig. 3. The
microstructures of the sections were observed by optical
microscopy (OM) and FESEM. Samples for OM and
SEM observation were polished and etched with a
chemical etchant of 100 mL H,O + 80 mL HCl + 25 g
CuSO,+ 5 mL H,SO, for 5-10 s. The 0.4 mm thin foils
for transmission electron microscopy (TEM) analysis
were cut parallel to the stress axis and about 5 mm apart
from the fracture surface. They were mechanically
ground to 50 um and finally electro-polished at —30 °C
in a solution of 10% perchloric acid + 90% ethyl alcohol,
and then they were observed on JEOL JEM—2100F TEM
operating at 200 kV.

3 Results and discussion

3.1 Microstructures of specimens

Figure 4 illustrates the microstructures of the as-cast
[100], [120] and [110] specimens. The dendrites are
well-arranged, and the [100] orientations of the
specimens are different from each other, while the [001]
orientations are almost the same. Figure 5 shows the
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microstructure of fully heat-treated specimens. It can be
seen that the microstructures consist of y phase and y’
phase. The y' phases distribute uniformly in the y matrix
with an average size of about 0.4 um, and the cuboidal
form of them is well-developed.

3.2 Tensile properties

Figure 6 shows the elastic modulus of [100], [120]
and [110] specimens at various temperatures, which is
obtained from the tensile test. As can be seen, [100]
specimens possess the lowest elastic modulus and the
elastic modulus of [110] specimens is the highest. The
elastic modulus of [100] specimens exhibits apparent
decreasing with the increase of temperature, and the
elastic modulus of [120] specimens decreases at firstly
and then almost remains unchanged with the increase of
temperature, while that of [110] specimens drops firstly
and then increases a little as temperature increases.
The atom arrangements along different orientations
are different and the orientation dependence of the
elastic modulus is similar in other single crystal
superalloys [16,17].

The yield strength (YS) and ultimate tensile strength
(UTS) of [100], [120] and [110] specimens at different
temperatures are presented in Fig. 7. When the
temperature is above 850 °C, the YS and UTS of all the

(b) (c)

Fig. 4 OM images of dendrity morphologies of as-cast specimens: (a) [100] specimen; (b) [120] specimen; (c) [110] specimen

- 200 nm.

Fig. 5 Typical microstructures of specimens after heat treatment: (a) SEM; (b) TEM
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Fig. 7 Yield strength (a) and ultimate tensile strength (b) of

[100], [120] and [110] specimens at different temperatures

specimens decrease monotonically with the rise of
temperature. At 760 and 850 °C, the YS of [100]
specimen is higher than that of [120] and [110]
specimens, while at 980 °C the YS of [120] specimen is
the highest. When the temperature is above 980 °C, there
is little difference among the YS of all specimens. The
UTS of [100] specimen is the highest from 760 to 980 °C,
while the UTS of all specimens is almost the same at

1070 and 1100 °C. In general, the tensile strength of [100]
specimen is higher than that of [120] and [110]
specimens at 760 and 850 °C; while as the temperature is
higher than 980 °C, the tensile strength of these three
types of specimens has little difference.

Stress—strain curves at 760 and 1100 °C are shown
in Fig. 8. At 760 °C, all specimens exhibit an apparent
strain-hardening effect. [100] specimen does not show a
well-defined yield point, while [120] and [110]
specimens do. After the yield point, the flow stress of
[100] specimen increases immediately; however, the
flow stress of [120] specimen remains stable firstly and
then increases, and the flow stress of [110] specimen
drops a little to a serrated stage and then increases
gradually. All three flow stress curves almost become a
flat platform before rupture. At 1100 °C, the flow stress
of all the specimens does not show a significant
strain-hardening effect, and they all own a double-stage
feature. In the second stage of the curve, the stress
increases dramatically to the peak point and then drops
gradually until rupture.
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Fig. 8 Stress—strain curves of [100], [120] and [110] specimens
at different temperatures: (a) 760 °C; (b) 1100 °C

3.3 Tensile fracture
Figures 9—11 show the tensile fracture surfaces
and longitudinal photographs of [100], [120] and [110]
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Fig. 9 Tensile fracture surfaces and longitudinal morphologies of specimens at 760 °C: (a, b) [100] specimen; (c, d) [120] specimen;

(e, ) [110] specimen

specimens at 760, 980 °C and 1100 °C. At 760 °C, the
fracture surfaces of all the specimens are similar. The
fracture surfaces are almost circular, and there are river
patterns on the fracture surfaces. The neck-down of the
specimens is not obvious near the fracture surfaces. It
can also be seen from Figs. 9(b, d, f) that there are slip
bands parallel to the fracture surfaces. This means that
the fracture occurs along the {111} plane, which is
usually observed to be the cleavage plane in the tensile
fracture of single crystal superalloys [18]. The fracture
surfaces are all characterized by quasi-cleavage
features, which is similar to other single crystal
superalloys [10,11,14,15].

At 980 °C, the fracture surfaces of [100] and [120]
specimens are almost circular, and there are facets on the
fracture surfaces. At the same time, dimple features can
be found on the other part of the fracture surfaces.
Therefore, the fracture surfaces of [100] and [120]
specimens display mixed quasi-cleavage and dimple
features. There is slight neck-down of both [100] and
[120] specimens near the fracture surfaces. As for [110]

specimen, the fracture surface at 980 °C is composed of
many small planes with tear ridges between them, and
dimple features can also be observed on the fracture
surface (Fig. 10(e)). Besides, it can be seen that there is
an apparent neck-down of the specimen near the fracture
surface (Fig. 10(f)). The fracture surface of [110]
specimen shows both quasi-cleavage and dimple
features.

At 1100 °C, the fracture surface of [100] specimen
is circular and that of [120] specimen is a little elliptical,
while that of [110]
Meanwhile, a slight neck-down of [100] specimen can be
observed near the fracture surface, and [120] specimen
shows no obvious neck-down, while the fracture surface
of [110] specimen exhibits a severe neck-down. There
are dendrites characteristic and dimple features on the
fracture surfaces of the [100] and [120] specimens, and
the fracture surfaces of them are characterized by dimple
features. However, the fracture surface of [110]
specimen is apparently different from the other two types
of specimens. Besides dimple features, single planes can

specimen is more elliptical.
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Fig. 10 Tensile fracture surfaces and longitudinal morphologies of specimens at 980 °C: (a, b) [100] specimen; (c, d) [120] specimen;

(e, ) [110] specimen

also be observed on the fracture surface. Therefore, [110]
specimen shows a mixed quasi-cleavage and dimple
featured fracture surface at 1100 °C.

3.4 Microstructures of specimens after tensile rupture

Figure 12 shows morphologies of the longitudinal
section of ruptured [100] specimens at 760, 980 and
1100 °C. It can be seen that no microcrack is found on
the longitudinal section at 760 °C. However, microcracks
can be observed inside the specimens as well as on the
outer surfaces of the specimens at 980 and 1100 °C. It is
also obvious that there are more microcracks on the
longitudinal section at 1100 °C than at 980 °C. The
above phenomenon of microcracks is similar for
longitudinal sections of [120] and [110] specimens from
760 to 1100 °C.

Figure 13 illustrates the microstructures of the
longitudinal sections near the fracture surfaces of
ruptured [100], [120] and [110] specimens at 760, 980
and 1100 °C. At 760 °C, the y' phases remain cubic and
slip bands can be observed in all specimens. At 980 °C,

the y’ phases remain cubic for all specimens. Two
intersectional slip bands can be found near the fracture
surface of [100] specimen, while there is only one kind
of slip bands in [120] and [110] specimens. However, it
is worthy to note that for [110] specimen, plenty of y’
phases get truncated by curved slip bands and the
arrangement of )’ phases is affected near the fracture
surface (Fig. 13(h)). At 1100 °C, shapes of the y’ phases
in [100] and [120] specimens become irregular because
the diffusion process is faster at the high temperature.
The y' phases are also slightly dissolved and the y matrix
channels become broadened under the tension load. For
[110] specimen, the y' phases in the highly deformed
regions get elongated along the direction of the external
stress, while the y’ phases in the undeformed regions are
still relatively cubic (Fig. 13(i)).

Figure 14 shows the dislocation configurations of
the longitudinal sections near the fracture surfaces of
ruptured [100], [120] and [110] specimens at 760 °C. It
can be seen that there are dislocations distributing
parallel with each other in the y matrix channels for all
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Fig. 12 Morphologies of longitudinal section of ruptured [100] specimens at different temperatures: (a) 760 °C; (b) 980 °C;

(c) 1100 °C

specimens. This indicates that the deformation
mechanism of the alloy at 760 °C is mainly the single
slip. Besides, the superlattice stacking faults (SSFs) are
obviously observed to transverse the whole y' particles in
[100] specimen, as indicated by arrows in Fig. 14(a),
which is similar to the dislocation configuration of DD9
alloy with [001] orientation [11]. However, no obvious
SSFs are found in [120] and [110] specimens. The SSFs
are usually formed by the dissociation of y/y’ interfacial
a/2(110) matrix dislocation via reaction /2 [101] —

a/3[211]+ SSF + a/6[112], the a/3(112) superpartial
dislocation enters the ' phase that creates an SSF,
while the a/6(112) partial dislocation remains at y/y’
interface [19,20].

Figure 15 shows the dislocation configurations of
the longitudinal sections near the fracture surfaces of
ruptured [100], [120] and [110] specimens at 1100 °C.
The dislocation configurations of all specimens at
1100 °C are similar. It can be observed that the
dislocations are tangled and dislocation networks form.
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Fig. 13 Microstructures of longitudinal sections near fracture surfaces of ruptured [100], [120] and [110] specimens at different
temperatures: (a) 760 °C, [100] specimen; (b) 980 °C, [100] specimen; (c) 1100 °C, [100] specimen; (d) 760 °C, [120] specimen;
(e) 980 °C, [120] specimen; (f) 1100 °C, [120] specimen; (g) 760 °C, [110] specimen; (h) 980 °C, [110] specimen; (i) 1100 °C, [110]
specimen
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Fig. 14 Dislocation configurations near fracture surfaces of ruptured [100] (a), [120] (b) and [110] (c) specimens at 760 °C

Meanwhile, the shapes of the y’ phases become irregular, and the reaction between different slip systems is strong.
which is consistent with the result of the SEM (Fig. 13). The activation of more slip systems at high temperatures
These results indicate the occurrence of multiple slips results in dislocations intersection between different slip
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systems, then the dislocations tangle and dislocation
networks form, and they can act as barriers to dislocation
movement through the y’ phases [21,22].

Sl )

A

B RS
G e
i Ny

Fig. 15 Dislocation configurations near fracture surfaces of

ruptured [100] (a), [120] (b) and [110] (c) specimens at
1100 °C

3.5 Correlation of microstructure and tensile
behavior
The results above show that the tensile deformation

behaviors of [100], [120] and [110] specimens are not the

same, which means that the transverse tensile properties
are anisotropic. However, the tensile anisotropy becomes
weaker as the temperature increases.

3.5.1 Medium temperatures

At relatively low temperatures, the diffusion rates of
the elements are low and the activity of the atoms is
weak, and the activated slip systems are limited. It is
shown that the slip system of the alloy at 760 °C is
mainly {111}(110). The fracture surface is characterized
by quasi-cleavage feature at 760 °C. It can be seen from
Figs. 9(b, d, f) that the normal directions of the fracture
surface to the stress direction of [100], [120] and [110]
specimens are about 57°, 49° and 40°, respectively.
However, the angles between the {111}(110) slip
systems and the externally applied stress axis of [100],
[120] and [110] specimens are theoretically calculated to
be about 54.7°, 39.2° and 35.3°, respectively, which are
smaller than the results in this study. This may because
there are misorientation angles between the [001]
orientation of the specimens and the longitudinal
direction. Thus, the [001] orientation of the specimens is
not completely perpendicular to the externally applied
stress axis.

There are twelve octahedral {111}(110) slip
systems, and the Schmid factors of {111}(110) slip
system in [100] and [110] specimens are the same (0.41).
However, when the external stress is parallel to [100]
direction, the number of potential active slip systems is
eight and there are only four potential active slip systems
in [110] specimen as the external stress is parallel to
[110] direction [17,23]. As for [120] specimen, the
number of potential active {111}(110) slip systems is
twelve. However, only (111)[011] and (111)[011] slip
systems have the maximum Schmid factor (0.49), and six
of other {111}(110) slip systems have the Schmid factor
of 0.24. Therefore, [120] specimen has the largest
Schmid factor among [100], [120] and [110] specimens,
and [120] specimen exhibits lower yield strength and
higher elongation at 760 °C, as seen in Fig. 7(a) and
Fig. 8(a). This is consistent with the result of other single
crystal superalloy [24].

Besides, it is well accepted that the deformation
mechanism at intermediate temperature is the y’ phase
cut by a/2(110) dislocation on octahedral slip
systems [25]. The presence of SSFs in y’ phase is the
result of the reaction of dislocation and y’ phase, and the
SSFs can act as resistance to dislocation movement.
After being tensile-ruptured at 760 °C, SSFs are
obviously found in [100] specimen; however, no obvious
SSFs are found in [120] and [110] specimens, as shown
in Fig. 14. This may be a result of more slip systems
operated in [100] specimen, thus making dislocation
cutting y’ phase more easily. Therefore, [100] specimen
does not possess a well-defined yield point and the flow
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stress increases after yield (Fig. 8(a)). However, the
serration part after the yield point of the flow stress of
[110] specimen (Fig. 8(a)) may be as well related to less
slip systems activated. Similar phenomenon has also
been reported in René N4 alloy [9].

3.5.2 Elevated temperatures

As the temperature becomes higher, the activation
energy to initiate the slip systems becomes lower and
more slip systems are activated, including the octahedral
{111}(110) slip systems and the cubic {001}(110) slip
systems [26]. Thus, the tensile anisotropy is weak as the
temperature is higher than 980 °C. However, the fracture
surfaces of [110] specimens at high temperatures are
apparently different from those of [100] and [120]
specimens. The fracture surfaces of the latter at higher
temperatures are mainly characterized by dimple features,
just as [001] orientation single crystal superalloys
exhibit [10,11,14], and the neck-down near the fracture
surfaces is not obvious. For [110] specimens, there are
fewer dimple features on the fracture surfaces and an
apparent neck-down near the fracture surfaces can be
observed. The fracture surfaces show an obvious shape
change from cylindrical to elliptical during tensile tests.
Considering the microstructures of the longitudinal
sections near the fracture surface of [110] specimen,
many y' phases get truncated by curved slip bands at
980 °C (Fig. 13(h)), and the y’ phases in highly deformed
regions get elongated while the ' phases in the
undeformed regions remain in relatively cubic
morphology at 1100 °C (Fig. 13(1)).

Among [100], [120] and [110] specimens, the
Schmid factor of {100}¢110) slip system in [110]
specimen is the largest (0.35) and there are four potential
active slip systems, which are (100)[011], (100)[011],
(010)[101] and (010)[101]. However, the angles of the
normal direction of the fracture surface to the stress
direction in [110] specimens at 980 and 1100 °C are
about 38° and 46°, respectively, as seen in Fig. 10(f) and
Fig. 11(f). This implies that the {111}(110) slip systems
are dominant in [110] specimens at high temperatures.
Therefore, the potential slip systems of [110] specimen
are limited compared to those of [100] and [120]
specimens, and [110] specimen has to twist itself to
initiate more slip systems during the tensile test. As a
result, the fracture surfaces of [110] specimen exhibit
distinct elliptical shape. The elliptically shaped fracture
surface has also been observed after tensile rupture of the
SRR99 alloy, and it has been associated with crystal
lattice rotation during the plastic deformation [17], which
is consistent with the results in this study.

4 Conclusions

(1) The tensile strength of [100] specimen is higher

than that of [120] and [110] specimens at 760 °C and
850 °C; while as the temperature is higher than 980 °C,
the tensile strength of all the specimens has little
difference.

(2) The fracture surfaces of [100], [120] and [110]
specimens are characterized by quasi-cleavage features
at 760 °C, while they all display mixed quasi-cleavage
and dimple features at 980 °C. At 1100 °C, the fracture
surfaces of [100] and [120] specimens are characterized
by dimple features, while [110] specimen shows mixed
quasi-cleavage and dimple featured fracture surfaces.

(3) At 760 °C, high densities of parallel dislocations
are found to distribute in the y matrix channels of [100],
[120] and [110] specimens, and obvious SSFs are
observed to remain in y’ particles in [100] specimen. At
1100 °C, the dislocation configurations of all specimens
are similar, the dislocations are tangled and dislocation
networks form as a result of the activation of more slip
systems.

(4) The difference in the number of potential active
slip systems in [100], [120] and [110] specimens during
the tensile deformation process is the main reason for the
transverse tensile anisotropy.
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