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Abstract: The deformation and fracture of a third-generation single crystal superalloy during in-situ tension at room temperature were

investigated at multiple scales by scanning electron microscope, electron back-scattered diffractometer, and transmission electron

microscope to reveal the deformation and fracture mechanism during tension. The proportion of low angle boundaries (LABs) with

angles from 2.5° to 5.5° increases during tension. The change in LABs is particularly pronounced after elongation over 7%. The

initiation of microcracks is caused by {111} <110> slip systems. After initiation, the crack size along the stress direction increases

whereas the size extension along slip systems is suppressed. The fracture mode of the alloy is quasi-cleavage fracture and the slip

lines near the fracture are implicit at room temperature.
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1 Introduction

Ni-based single crystal superalloys are widely used in
advanced aero-engines as turbine blades materials due to their
excellent comprehensive properties' *. Mechanical properties
of single crystal superalloys are significant for turbine blades.
Therefore, it is of great significance to research the
deformation and fracture mechanism of single crystal
superalloys under external load for the development and
application of advanced aero-engines.

Heretofore, research on the deformation and fracture
mechanism on single crystal superalloys under external load is

mostly conducted after mechanical tests'*""!

, namely ex-situ
analysis, where researchers can only acquire the process of
deformation and fracture during mechanical tests by inference.
To analyze the deformation and fracture in real time under
external load and to achieve more accurate mechanism of
deformation and fracture of single crystal superalloys, many
researchers pay attention to the in-situ research. Zhou et al'"?
studied the impact of hole diameter on the tensile properties of

DD33 alloy by analyzing the strain distribution around holes
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during in-situ tension at room temperature of the alloy with
holes of different diameters (0.5 —0.9 mm). Zhang et al’”
studied the effects of the structure of cooling holes on the
tensile behavior of a single crystal superalloy using in-situ
tension test. Ma et al'* conducted an in-situ tension test at
high temperature on a second-generation single crystal
superalloy to obtain the microstructure evolution and fracture
mechanism. Liu et al'” analyzed the microstructure evolution
of single crystal superalloy with different composition under
in-situ tension at room temperature to study the influence
mechanism of Re and Ru on tensile fracture mechanism of the
alloys. Zhang et al"” analyzed the microstructure evolution,
including grain boundaries, grain orientations, and texture, by
in-situ electron back-scattered diffraction (EBSD) during

tension test of nickel-based superalloys. Ding et al"”

analyzed
the mechanism of Re influence on the properties of single
crystal superalloy under tensile stress by in-situ scanning
electron microscope (SEM) and transmission electron
microscope (TEM) analyses. Guo et al'® investigated the

effects of secondary orientation and temperature on the
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evolution of slip bands of a single crystal superalloy in in-situ
tension test and proposed a model to simulate slip band
evolution. Gupta et al™” studied the relationship between
plastic heterogeneity and crystal orientation of superalloys
during in-situ tension tests using digital image correlation.
The third-generation single crystal superalloy is a key material
for advanced aero-engine turbine blades. However, the
deformation and fracture mechanisms of the third-generation
single crystal superalloy are rarely reported.

In this research, a third-generation single crystal superalloy
was studied through in-situ tension at room temperature. The
evolution of microstructures and microcracks of the alloy
under tensile stress was investigated.

2 Experiment

The composition of the third-generation single crystal
superalloy used in this research was 3.5Cr-7Co-2Mo-6.5W-
7.5Ta-4.5Re-0.5Nb-5.6A1-0. 1Hf-0.008C-0.001Y-Ni (wt% ) ©.
The single crystal test plates of 100 mmx40 mmx10 mm were
produced by the seed crystal method in an investment casting
mold. The schematic diagram of test plate is shown in Fig. 1.
Standard heat treatment (pre-treatment+1340 °C/6 h/air cooling
+1140°C/6h/aircooling+870°C/32 h/aircooling) was conducted
on the as-cast test plates, and then the samples for in-situ
tension tests were cut from the heat-treated test plates.

The size of sample for in-situ SEM and EBSD analyses is
shown in Fig.2. The surface was chemically corroded before
the tensile test by 10vol% HCIO, ethanol solution. In-situ
SEM and EBSD analyses were conducted at room
temperature with the loading rate of 20 N/s by SEM Zeiss
Sigma 300 with an in-situ tension tester to analyze
microstructure evolution, initiation and propagation of
microcracks, as well as the evolution of low angle boundaries
(LABs) of the third-generation single crystal superalloy
during tension process. The map of grain boundary within a
fixed region was measured using in-situ EBSD during the
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Fig.2 Schematic diagram of sample for in-situ SEM and EBSD

analyses

tensile process, and the angles of grain boundary were
statistically analyzed from the map data. Grain boundary data
were obtained at a certain deformation degree.

The size of the sample prepared by focused ion beam (FIB)
with two tensile working sections for in-situ TEM analysis is
shown in Fig.3. In-situ TEM was conducted with the loading
condition of 2 nm/s at room temperature by TEM Talos
F200X G’ to study crack initiation and fracture mechanism.

3 Results

3.1 Tensile property

The stress-strain curve of in-situ tension at room
temperature for the superalloy is shown in Fig. 4, and the
property results are shown in Table 1.

The in-situ tension is a displacement-controlled process,
which lasts for 774 s. The process for in-situ tension is as
follows: obvious yielding occurs after elastic deformation, and
then the continuously (stable plastic
deformation) until fracture. The stress relaxation phenomenon
occurs during the pause for SEM observation, resulting in the

stress  increases

change points in the stress-strain curve. It can be seen that the in-
situ tensile properties in this research are comparable to the
conventional test results of other single crystal superalloys™ ",
3.2 Microstructure evolution

Fig.5 shows the surface evolution of the superalloy under
different elongations during in-situ tension. When the
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Fig.3 Schematic diagram of sample for in-situ TEM analysis
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Fig.4 Stress-strain curve of superalloy during in-situ tension at room

temperature

Table 1 In-situ tensile properties of superalloy (MPa)

Upper yield strength  Lower yield strength
792 773 1073

Tensile strength
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Fig.5 Surface evolution of superalloy under different elongations during in-situ tension: (a) initial, (b) 3%, (c) 5%, (d) 7%, (e) 9%, and (f) 12%

(the inset in Fig.5b shows the projection of octahedral slip system on (100) plane)

elongation of the sample reaches 3%, a few slip lines with an
angle of 45° to the stress direction with [001] orientation at
the initial state occur. The slip lines are along {111}<110> slip
systems, as shown in the inset of Fig. Sb. In addition, no
obvious necking can be observed during tension, suggesting
that the deformation of the entire sample is relatively uniform.
The fracture direction (Fig.5f) is consistent with the direction
of the slip system. A similar fracture morphology can be
observed in other alloys'.

LAB is a kind of crystal defect in single crystal superalloys.
LABs exceeding a certain degree can affect the mechanical
properties of alloys™ . Fig. 6 shows the evolution of the
grain boundary angle of the superalloy during tension. The
angles of LABs in the initial state are mainly 1.5°. The
proportion of LABs of 1.5° decreases, whereas the proportion
of LABs of 2.2°-5.5° increases slightly during tension. This
change is particularly pronounced after elongation over 7%,
which indicates a non-uniform local rotation of orientation in
the sample during tension.

Fig.6 Misorientation angle distributions of LABs in superalloy under

different elongations

3.3 Initiation and propagation of microcracks

Initiation and propagation of microcracks are the key
processes that are directly related to the deformation and
fracture of single crystal superalloys. Fig. 7 shows the
initiation and propagation of microcracks during in-situ
tension. Microcracks are mainly initiated at the edge of
micropores, as shown in Fig.7a,. Several microcracks can be
initiated from one single micropore. The initiation of
microcracks occurs along the slip systems, as shown in Fig.7a,
and 7b,. After initiation, the microcrack size along the stress
direction increases whereas the size extension along slip
systems is suppressed. In addition, slip lines can be observed
at the crack tips.

51 found that a microcrack formed at the

Liu et al
intersection of two sets of slip lines in a Ni-Al model single
crystal superalloy. The observed microcrack presents two
crack tips resulting from the coupling effect of two different
slip systems. The microcrack in this research has only one
certain crack tip because no coupling effect of different slip
systems occurs during the initiation of cracks.

TEM analysis of the superalloy during in-situ tension at
room temperature was conducted to further study the initiation
and propagation of microcracks. Fig. 8 and Fig. 9 show the
initiation and propagation of microcracks. In Fig.8a—8b, two
slip bands with an angle of 70° can be observed, and each slip
band presents an angle of 35° to [001] orientation (stress
direction), which infers that the microcrack is along
{111} <110> slip systems, as shown in Fig. 8c. Additionally,
cross slip occurs during the microcrack initiation.

Fig.9 shows the fracture morphologies and the propagation
path of microcracks of TEM samples after in-situ tension. It
can be seen that the fracture morphologies of the two
working sections are similar despite the difference in fracture
positions in the sample. The crystallographic planes are
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serrated with an angle of 70°.
3.4 Fracture

Fig. 10 shows the fracture morphologies of the superalloy
after in-situ tension. It can be seen that the fracture is roughly
composed of two planes. A large number of crystallographic
planes can be observed. The fracture morphology shows the
characteristics of quasi-cleavage fracture, which is composed
of crystallographic planes.

4 Discussion

LABs occur inevitably in the preparation process of single
crystal superalloys™. There are a certain number of LABs
with an angle of 1.5° in the superalloy used in this study. The
orientation difference between both sides of LAB causes the
inequality in the Schmidt factor™
leading to a relative rotation that increases the angles of

LABs. Hence, the proportion of LABs of 2.2°-5.5° increases,

within local regions,
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as shown as in Fig. 6. The region of relative rotation is
increased with further tension because of the enhancement in
tensile stress. Besides, the increase in the proportion of LABs
of 2.2°-5.5° is more evident after elongation over 7%.

There is usually a certain degree of stress concentration at
the crack tip due to the sudden change in the cross-section,
which results in a plastic deformation zone within a certain
range at the crack tip to alleviate the stress concentration™.
Slip lines at the crack tips in Fig.7 indicate the occurrence of
plastic deformation. The plastic deformation reduces stress
concentration, restraining the further microcrack propagation
along the slip lines. However, the initiated microcracks are
pulled laterally under external stress, evolving into the
morphology in Fig.7. This microcrack propagation mode of
the superalloy contributes to the uniform deformation in Fig.5.
The universality of the microcrack propagation mode may
result in the fine elongation, as shown in Fig.4.

Micropores

S'pm

: (//Sl/lp lines

5 pm!

Fig.8 TEM images of microcrack initiation and propagation with zone axis of [110] (a—b); projection of octahedral slip system on (110) plane (c)
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Fig.9 TEM fracture morphologies of superalloy after in-situ tension with zone axis of [110]

There is a competitive relationship between slip and
cleavage”” during the tensile deformation of single crystal
superalloys. As shown in Fig. 10, the fracture shows the
characteristics of cleavage. However, slip characteristics are
observed throughout the whole tensile process. When the
cracks propagated on different slip planes meet each other,
the step morphology in Fig. 10c — 10d can be observed.
Furthermore, the superalloy presents fine plasticity,
according to Fig.4. Therefore, the fracture mode for tension
at room temperature of this superalloy is quasi-cleavage
mode.

The fracture characteristics of the alloy in this study are
similar to those of other alloys*** during in-situ tension at

room temperature. However, slip lines can barely be observed

near the fracture area of the superalloy, which is significantly
different from the massive slip lines near the fracture region of
the third-generation single crystal superalloy DD33 with a
preset hole, as shown in Fig. 11", The preset hole with a
diameter of 5 mm was obtained by drilling on a smooth
sample in the middle of the gauge length to investigate the
tensile behavior of the alloy with a preset hole™. The preset
hole induced obvious stress concentration. Furthermore,
necking phenomenon occurred near the preset hole and finally
resulted in fracture (Fig. 11). Therefore, in this study, the
relative uniform deformation in the smooth superalloy leads to
implicit slip lines and necking phenomenon near the fracture
(Fig.5f and Fig.10b).

Fig.10 Fracture morphologies of superalloy after in-situ tension: (a—b) overall fracture morphologies; (c) enlargement of region I in Fig. 10a;

(d) enlargement of region II in Fig.10a
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Fig.11 In-situ tension test results of DD33 alloy with a preset hole™*

5 Conclusions

1) The proportion of LABs with the angle from 2.5° to 5.5°
increases during tension, and the increment is particularly
pronounced after elongation over 7%.

2) The microcracks are initiated along {111} <110> slip
systems. After initiation, the microcrack size along the stress
direction increases, whereas the size extension along slip
systems is suppressed by the slip near the crack tips. The
propagation mode of microcracks is one of the reasons
contributing to the fine plasticity of the superalloy.

3) The fracture mode of superalloy after tension at room
temperature is quasi-cleavage mode. The deformation of the

superalloy is relatively uniform during tension.
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