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Abstract. The tensile behavior of secondary general single crystal superalloy DD6 with low Re was
investigated at 1070°C. In this study, orientation of the specimens was selected along the [001]
direction and the evolution of microstructure and dislocation configurations were analyzed by SEM
and TEM in detail. The results reveal that the stress—strain curves exhibit a curved feature, and
fracture mechanism shows dimple model. After the tensile deformation at 1070°C, the y' phase
morphology of DD6 alloy was maintained cubical. Due to the dissolution of y' phase and tensile stress
loaded at 1070°C, the matrix channel is broadened. Consequently, the main deformation mechanism is
that dislocations slip in matrix channels, and overcome the y' phases through by-passing process.

Introduction

Nickel-based single crystal superalloys are widely used for the fabrication of critical components of
aero-engine such as turbine blades and vanes because of their excellent resistance to high temperature
deformation [1-5]. The outstanding high temperature mechanical strength of these alloys benefits from
the additions of a number of refractory alloying elements. The main advance in this field was the
introduction of Rhenium (Re) as a new alloying element, leading to exhibit improved creep, fatigue and
tensile properties as compared to the first generation single crystal alloys, which do not contain Re
addition [6]. The DD6 alloy was developed for the applications of turbine blade on aero-engine.
Although the properties of the alloy are equivalent to those of other second generation single crystal
superalloys, DD6 alloy is a low cost second generation single crystal superalloy with only 2 wt.% Re[7,
8].

The purpose of this study is to evaluate the tensile behavior and deform mechanism of DD6 alloy
with low Re at high temperature. In this work, we concentrate on the evolution of the microstructures
and the dislocation structures during the tensile test, and try to explore the deformation mechanism of
secondary generation single crystal superalloy with low Re at high temperature.

M aterial and Experiment procedure

The material investigated in this work is DD6 single crystal superalloy. The nominal chemical
composition (weight fraction, %) of the DD6 alloy used in this work was : Cr4.3 , Co9 , Mo 2 , W

8, Ta7.5,Re2,Nb0.5, Al5.6 , Hf0.1 , C0.006 , NiBal.[7, 8]. The single crystal bars of DD6

alloy were directionally solidified in a Bridgman furnace using seed technique. The initial orientation of
the single crystal bars was determined by the X-ray diffraction. In this study, Longitudinal orientation
of the specimen was within 5° deviation from the [001] direction.

The single crystal bars received a standard heat treatment, which is listed as follow: 1290°C/1hour +
1300°C/2hours + 1315°C/4hours/AC + 1120°C/4hours/AC + 870°C/32hours/AC. Fig. 1 is the
microstructures of DD6 alloy after this heat treatment. The y' partials exhibit optimized size and
distribution; and the mean width of matrix channel is 0.08um. After this standard heat treatment, the
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tensile specimens were machined from bars with the gauge length of 25mm and the diameter of Smm.
Then the tensile tests were performed at the temperature of 1070°C by the reference of HB 5195.

The microstructure and dislocations of a specimen that had been stretched to rupture was analyzed
as a function of the distance to the fracture surface in longitudinal and transverse sections.
Microstructures of tensile specimen were examined by scanning electron microscope (SEM). Thin foil
for transmission electron microscopy (TEM) analysis was prepared by twin-jet polishing method. TEM
analysis was focused on cross-sectioned parallel to low-index crystallographic near and remote area
comparing to the fracture surfaces. The resulted foil was examined by a FEI Tecnai G20 TEM operated
at 200k V.
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Fig. 1 Microstructure of DD6 alloy after heat treatment

Result and discussion

Tensile behavior. Fig. 2 shows stress-strain curves acquired at the 1070°C temperature. The flow
stress of DD6 alloy exhibit a curved feature, and the alloy did not show a well-defined yield point. The
stress increased dramatically to the peak point, and then slightly dropped. The stress-strain curves of
DD6 alloy in tensile at the 1070°C exhibits similar features with other alloys, which contain 4.2 wt.%
Re [9]. According to the stress-strain curves, the DD6 alloy with low Re possesses excellent strength
and plasticity at high temperature. The ultimate tensile strength and yield strength of DD6 alloy are
572MPa and 455MPa, respectively. The elongation of DD6 alloy after tensile is 20.5%.
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Fig. 2 Stress-strain curve of DD6 alloy at 1070°C
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Fracturesurface. Fig. 3(a) and 3(b) show the fracture surface of DD6 alloy along [001] direction after
the tensile at 1070°C. The necking can be observed near the fracture surface. The morphology of the
fracture surface indicated that the fracture of DD6 alloy at high temperature is the dimple fracture
mode, as shown in Fig. 3(a). The numerous cracks can be observed on the fracture surface, as shown in
Fig. 3(b). The cracks appeared as rectangular, planar features, and the majority of cracks are associated
with micro-pores. Fig. 3(c) shows the morphology of the necking region near the fracture surface in
longitudinal section. It can be observed that the cracks generated from the micro-pores, and extended
along with the interfaces of the y/y' phases, which also indicates that the cracks are associated with
micro-pores.
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Fig. 3 Fracture surface and morphology of longitudinal section of DD6 alloy after the tensile at
1070°C
(a) Fracture surface, (b) enlarged image of (a); and (c) morphology of longitudinal section

Evolution of microstructure. Fig. 4 shows the microstructures on the cross section and longitudinal
section of DD6 alloy after the tensile at 1070°C. In Fig. 4(a) and 4(b), the morphology of y' phase in
DD6 alloy was maintained cubical. Since the y' phase slightly dissolved at 1070°C, the matrix channels
are broadened.

Fig. 4 Microstructures of DD6 alloy after the tensile at 1070°C
(a) Cross section, and (b) longitudinal section

Fig. 5 shows the SEM images of dendrites on the longitudinal sections with different distances to the
fracture surface in the ruptured specimen of DD6 alloy after the tensile at 1070°C. With the distance to
fracture surface decreased, the vertical matrix channels which are parallel to load axis remained the
same; while the width of horizontal matrix channels which are perpendicular to load axis are increased.
The width of horizontal matrix channels and vertical matrix channels on a longitudinal section of the
failed specimen are plotted as functions of distance to the fracture surface, as shown in Fig. 6. It can be
measured that the mean width of vertical matrix channels is 0.115um. The width of horizontal matrix
channels is increased from 0.118um to 0.203um, as the distance is closed to fracture surface.
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Compared to the width of vertical matrix channels, the width of horizontal matrix channels are
gradually increased because of the load of tensile stress.
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Fig. 5 Microstructure of longitudinal section of DD6 alloy as functions of their distance from the
fracture surface
(a) Imm, (b) 4mm, (¢) 11mm, (d) 18mm, (e) 31mm, and (f) 40mm

0.20 - —m— Vertical matrix channel
—e— Horizontal matrix channel

Width (um)

o

-

)]
T

e —
T~nu n o——

0 5 10 15 20 25 30 35 40 45

Distance to fracture surface (mm)

Fig. 6 Width of matrix channel as function of their distance to fracture surface

Evolution of didocation. Fig. 7(a) and 7(b) show the dislocation configuration of cross section about
18mm and 4mm away from the fracture surface, respectively. For the distance of 18mm away from the
fracture surface, numerous dislocations can be observed in the y matrix channel, but no dislocations in
the y' phase, as shown in Fig. 7(a). The microstructure of this area of the failed specimens can be
regarded as the initial stage of the tensile behavior. For the distance of 4mm away from the fracture
surface, network of dense dislocation can be observed in the y/y' interfaces, but nearly no dislocations
in the y' phase, as shown in Fig. 7(b). The dislocation configuration of DD6 alloy after the tensile at the
1070°C exhibits similar features with other secondary general single crystal superalloys. In previous
studies of secondary general single crystal superalloys [10-13], it has been demonstrated that the
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Burgers vector of dislocations in matrix channels is a/2<011>, which indicated that the
<011>{111}-type slip systems were activated during tensile tests of DD6 alloy at high temperature.
The network of intensive dislocation on y/y' interfaces can effectively prevent the dislocation from
cutting through y' phases. Due to the y' phase dissolution and the stress load, the matrix channels are
broadened, as shown in Fig. 4-6, which assisted the movement of the dislocations slip in the matrix
channels. Therefore the main deformation mechanism is dislocations slip in matrix channels and
overcome y' phases through by-passing process according to the dislocations configuration.

Fig. 7 TEM images of DD6 alloy after the tensile at 1070°C
(a) 18mm to fracture surface, and (b) 4mm to fracture surface.

Conclusions

In this study, the tensile curve and microstructure of DD6 alloy along [001] orientation after the
tensile at 1070°C were investigated. Several conclusions can be drawn from this study as follows:

(1) The stress—strain curves of DD6 alloy tensile at 1070°C exhibit a curved feature, and fracture
mechanism is dimple model.

(2) The y' phase of DD6 alloy was slightly dissolved at 1070°C. The matrix channels are broadened
because of the dissolution of y' phase and the loaded stress.

(3) Network of dense dislocation is observed in the y/y' interfaces, and no dislocations in the y' phase,
therefore the dominate deformation mechanism is dislocations slip in matrix channel and overcome v'
phases through by-passing process.
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