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Abstract: In-situ tensile tests were conducted on a chemically corroded third-generation single-crystal superalloy DD9 at 980 and
1100 °C. The phase transformation in the surface areas during the tensile process was analyzed using field emission scanning electron

microscope, energy dispersive X-ray spectroscope, electron probe X-ray microanalysis, and transmission electron microscope. The

phase transformation mechanism on the surface and the influence mechanism were studied through observation and dynamic

calculation. During tensile tests at elevated temperatures, chemical corrosion promotes the precipitation of topologically close-packed

(tcp) 1 phase and o phase on the alloy surface. Both the precipitation amount and size of these two phases on the surface at 1100 °C

are greater than those at 980 °C. The precipitation of tcp phase on the alloy surface results in the formation of an influence layer on the

surface area, and the distribution characteristics of alloying elements are significantly different from those of the substrate. The depth

of the influence layer at 1100 °C is greater than that at 980 °C. The precipitation of tcp phase prompts the phase transition from y

phase to y’ phase around the tcp phase.
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1 Introduction

Single-crystal superalloys are critical materials for
advanced aircraft engine turbine blades due to their
exceptional high-temperature performance” *. Crystal defects,
such as stray grains®®, freckles”™, and low-angle grain

boundaries™

, are inevitable to appear during the preparation of
single-crystal turbine blades. The crystal defects undermine
the crystal integrity of single-crystal turbine blades. Therefore,
chemical corrosion is commonly employed to detect these
defects. However, chemical corrosion can also alter the
surface structure of single-crystal turbine blades, which may
affect the microstructure evolution of single-crystal turbine
blades under service environments and further affect their
performance. Many researchers have conducted research on
the effects of chemical corrosion on single-crystal superalloys,
mainly including the effects of chemical corrosion on surface

[10-12 [13]

morphology, microstructure!*'”, and mechanical properties
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Therefore, it is of great significance to research the
influence of corrosion on single-crystal superalloys. However,
there is little research on the evolution of surface
microstructure of single-crystal superalloys after chemical
corrosion under high temperature and stress conditions, which
is of great importance for the application of single-crystal
superalloys. In this research, in-situ tension of a single-crystal
superalloy after chemical corrosion was conducted to reveal
the phase transformation in the corroded alloy surface during
the tensile process at elevated temperatures.

2 Experiment

The material used in this research was the third-generation
single-crystal ~ superalloy DD9, and its chemical
composition? is 3.5wt% Cr, 7.0wt% Co, 2.0wt% Mo,
6.5wt% W, 7.5wt% Ta, 4.5wt% Re, 0.5wt% Nb, 5.6wt% Al,
0.1wt% Hf, 0.008wt% C, 0.001wt% Y, and balanced Ni. Test
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plates with the length of 100 mm, width of 40 mm, and
height of 10 mm were prepared using the seed crystal
method. The standard heat treatment (pre-treatment+1340 °C/
6 h/air cooling+1140 °C/6 h/air cooling+870 °C/32 h/air
cooling) was conducted on the as-cast test plates, and then
the samples for in-situ tensile tests (Fig.1) were taken from
the test plates after heat treatment. The samples were ground
and polished, followed by chemical etching at 25 °C using
the reagent of 200 mL H,0+160 mL HCI+50 g CuSO,+10
mL H,SO,. The etching time was 20 s. Afterwards, the
samples were rinsed with purified water. After etching, the
samples were subjected to in-situ tensile tests at 980 and
1100 °C using the Zeiss Sigma300 field emission electron
microscope (FESEM). The loading rate for the in-situ tensile
test was 20 N/s. Observation and analysis were conducted on
the microstructure evolution of the alloy during the tensile
process. Dynamic calculations were also applied through
JMatPro software.

After in-situ tensile tests, FESEM and energy dispersive X-ray
spectroscope (EDS) were used near the fracture surfaces, and
the element distribution was characterized through electron
probe X-ray microanalysis (EPMA) in a JXA-iHP200F
analyzer. The samples for transmission electron microscope
(TEM, Tecnai G* F20) observation were prepared: a thin slice
with a thickness of 0.4 mm was cut from the cross-section of
the sample with about 5 mm away from the fracture surface;
then, the thin slice was ground until the thickness was less
than 50 pm. After that, the thin slice was punched into a disk
with a diameter of 3 mm for electrolytic twin-jet through an
electrolyte of 10vol% HCIO, ethanol solution.

3 Results

3.1 Initial phase composition
The phase structure of the samples before in-situ tensile test

is shown in Fig.2. The initial microstructure shows cuboidal y’
precipitates (approximately 0.342 pm) in y matrix.
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Fig.1 Schematic diagram of in-situ tensile sample
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Fig.2 Phase composition of sample before in-situ tensile test

3.2 Phase evolution during in-situ tensile test

Fig.3 shows the phase evolutions during tensile tests at 980
and 1100 °C. The y' phase that maintains cubic and dispersed
point-like phase can be observed at 267 MPa under the
temperature of 980 °C. As the stress increases to 600 MPa,
there is no significant change in the morphology of the y and
y' phases, and the number and size of the point-like
precipitates increase. Numerous white phases are precipitated
when the stress reaches 167 MPa under the temperature of
1100 °C . The precipitates can be divided into two types:
spherical-like and needle-like. The number of the spherical-
and needle-like precipitates decreases slightly while the size
increases when the stress increases to 600 MPa, which
conforms to the precipitation growth model of Ostwald
Ripening"”. In addition, the contrast of the y matrix phase
fades obviously. This is due to the element diffusion.
Therefore, the number and size of the precipitates at 1100 °C
are greater than those at 980 °C. The precipitation of these
abovementioned phases on the surface is rarely reported
during the tensile tests in other alloys"®.

EDS analyses in Fig. 4 identify these precipitates as
topologically close-packed (tcp) phases: the spherical-like u«
phase and the needle-like o phase!” .

The sample after the in-situ tensile test at 1100 °C is ground
slightly, followed by polishing and corrosion for FESEM
observations. The resultant microstructure is shown in Fig.5.
The y' phase still maintains a certain cubic shape, but it is
elongated along the direction of tensile stress. The tcp phase
cannot be observed, which means no tcp phase precipitation
occurs beneath the surface. Therefore, precipitation of tcp
phase occurs only on the surface during the tensile process at
elevated temperatures.

3.3 Effects of tcp phase precipitation on alloying element

distribution

The precipitation of tcp phase in single-crystal superalloys
can affect the alloy properties™ . To investigate the effect
of the precipitation of tcp phase on the alloy surface, the
cross- and longitudinal-sections of the samples after in-situ
tensile fracture at 980 and 1100 °C were observed and
analyzed.

Fig.6a and 6b show the microstructures of the longitudinal-
section near the fracture surface of the alloy after in-situ
tension at 980 and 1100 °C, respectively. A certain number of
slip bands and micropores can be observed. In Fig. 6a, tcp
phase presents as a clustering distribution. It is noteworthy
that the y phase disappears in the clustering areas of tcp phase.
Furthermore, micropores tend to form in the areas of tcp phase
clusters. However, as shown in Fig.6b, tcp phase is uniformly
distributed in the alloy surface rather than in the clusters. The
morphologies of the y/y" phase cannot be distinguished. The
distribution of micropores is not significantly related to the
position of the tcp phase.

To analyze the depth of the influence layer resulting from
the precipitation of tcp phase on the surface, the cross-
sections of samples after in-situ tensile fracture at 980 and
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Fig.3 Microstructure evolution of alloy surface during tensile tests under different conditions: (a) 980 °C/267 MPa; (b) 980 °C/600 MPa;

(¢) 1100 °C/167 MPa; (d) 1100 °C/600 MPa

Fig.4 FESEM image and EDS point analyses of spherical-like u

phase and needle-like o phase

Fig.5 Microstructure beneath sample surface after tensile test at
1100 °C

1100 °C were ground, polished, and observed. The results are
shown in Fig.7. There are brighter areas near the surface, and
the contrast area at 1100 °C (approximately 0.5 pm) is wider
than that at 980 °C (approximately 0.3 um), which indicates
that the precipitation of tcp phase on the alloy surface causes
a larger influence layer on the alloy surface at 1100 °C. But
the thickness of influence layer under both conditions is less

than 1 um. The cross-section of samples after in-situ tensile
fracture at 1100 °C was selected for further analysis of the
effect of abnormal tcp phase precipitation on the alloy.

Fig.8 shows EDS line scanning analyses of area near alloy
surface after in-situ tensile test at 1100 °C . There are
pronounced distinctions in the element contents of different
areas. An irregular layer with different element distributions
exists in the surface area of the alloy. Moreover, the
distribution characteristics of alloying elements are not
completely consistent in the irregular layer. A concentration
gradient of alloying elements exists. For example, Re and W
contents are decreased with the decrease in depth from the
surface, as shown in the green areas in Fig. 8¢ — 8d.
Additionally, the distribution of alloying elements is relatively
uniform along the depth direction of the alloy, as shown in the
yellow areas in Fig.8c—8d.

4 Discussions

It is indicated that the precipitation of tcp phase occurs on
the corroded alloy surface during the in-situ high-temperature
tensile process. The precipitation of tcp phase can cause a
certain influence on the microstructure of the alloys.

4.1 Precipitation mechanism of tcp phase

The consequence of the corrosion of the alloy surface by
the reagents used in this study is that y’ phase dissolves in the
reagents and it is corroded, while y phase remains on the
surface, as shown in Fig. 2. Therefore, corrosion results in
variations of the chemical composition of the alloy surface.
The chemical composition of the polished surface and
corroded surface is determined, as shown in Fig.9a and 9b,
respectively. The results demonstrate that the corrosion
promotes an increase in content of elements, such as W and
Re, on the surface, which is beneficial to the precipitation of
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Fig.8 EDS line scanning images (a—b) and analyses (c—d) of area near alloy surface after in-situ tensile test at 1100 °C: (a, c) low magnification;

(b, d) high magnification

tcp phase, according to Fig.4 and the results in Ref.[29-30].
Furthermore, dynamic calculations were performed to analyze
the effect of the alteration of chemical composition induced
by corrosion on the precipitation of tcp phases, as shown in
Fig.9¢—9d. It can be seen that 0.5vol% u phase and o phase are
precipitated in the single-crystal superalloys. Thus, it is
concluded that the corrosion on the alloy surface promotes the
precipitation of tcp phases.

In addition, the precipitation of tcp phase cannot be
observed during the in-situ tensile test of the electrolytically

[16]

corroded single-crystal superalloy"®. 7' phase remains on the

surface, while y phase dissolves after electrolytic corrosion!®,

which is opposite to the results in this research. Therefore, one
reason for the precipitation of tcp phase on the alloy surface
during the tensile process at elevated temperature is that the
chemical corrosion dissolves the y’ phase, leaving the y phase
in the surface area of the alloy. However, the elements
forming tcp phases, such as Re and W, are segregated in the y
phase, triggering an increase in content of elements forming
tcp phases, and eventually resulting in the abnormal
precipitation of tcp phases on the alloy surface under high

temperature and stress conditions.
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Fig.9 SEM images with EDS analysis results (a—b) and dynamic calculations of tcp phase precipitation (c—d) of polished surface (a, ¢) and

corroded surface (b, d) of samples

4.2 Influence of tcp phase precipitation on alloying
element distribution

To investigate the influence of tcp phase precipitation on
alloying element distribution, TEM was performed on the
samples after in-situ tensile fracture at 1100 °C, as shown in
Fig. 10. It is indicated that the precipitation of tcp phases
consumes elements, such as Re and W, and expels y’ phase-
forming elements, such as Ni and Al, to the surrounding areas,
thereby promoting the formation of y’ phase around the tcp
phases. This process may also cause the clusters of tcp phase
without y phase, as shown in Fig. 6a. Furthermore, EPMA
analysis was conducted to study the element distribution of
the clusters of tcp phase in the sample after tensile test at
980 °C, as shown in Fig. 11. Fig. 11 demonstrates that the
elements, such as Re and W, are enriched in the tcp and y
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phases, while the y" phase and the abnormal areas around tcp
phases are enriched with the elements Ni, Al, and Ta. This
result is similar to the precipitation mechanism of tcp phases
in Ref.[24].

According to the results in Fig. 8, Fig. 10, and Fig. 11, the
precipitation of tcp phase on the surface can absorb the tcp
phase-forming elements, such as Re and W, from the surface
and the regions beneath the surface. The precipitation of tcp
phases on the surface results in the depletion of the tcp phase-
forming elements, such as Re and W, on the surface, which
generates a gap in element concentration between the surface
and region beneath the surface. The gap of element
concentration brings about element diffusion of the tcp phase-
forming elements towards the alloy surface under elevated
temperatures™. In the meantime, the precipitation of tcp
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Fig.10 TEM image (a) and corresponding EDS line scanning results (b) of tcp phase in sample after tensile test at 1100 °C
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Fig.11 EPMA analysis of alloy after in-situ tensile test at 980 °C

phases consumes the elements, such as Re and W, giving rise
to the phase transformation of y phase— )" phase. The growth
of tcp phases further consumes the tcp phase-forming
elements. The diffusion of alloying elements induced by the
phase transition results in the specific characteristics of
element distribution, as mentioned in the green and yellow
areas in Fig. 8¢ — 8d. According to Fig. 9, the precipitation
tendency of tcp phases in the alloy at 1100 °C is greater than
that at 980 °C . Therefore, the influence layer caused by
precipitation of tcp phases at 1100 °C is thicker than that at
980 °C, as shown in Fig.7.

Additionally, the phase transformation of y phase—y" phase
induced by precipitation of tcp phases causes the formation of
the clusters of tcp phase without y phase, and the y phase on
the alloy surface are hardly observed with the increase in
content of tcp phase, as shown in Fig. 3. Furthermore, the
elements, such as Re and W, consumed by the precipitation of
tcp phases are solid-solution-strengthening elements in the
alloy™". The precipitation of tcp phases may lead to a decrease
in strength of the areas surrounding them. Therefore,
micropores are prone to appearance around the tcp phase on
the alloy surface during tension at 980 °C, as shown in Fig.6a.
However, the micropores do not exhibit a significant
positional tendency during tension at 1100 °C. This is because
numerous tcp phases are dispersedly distributed on the alloy
surface without the clusters of tcp phase. Hence, the
micropores on the alloy surface display an inconspicuous
tendency in position, as shown in Fig.6b.

5 Conclusions

1) Corrosion applied on the single crystal superalloy
samples for in-situ tensile tests dissolves y' phase, while y
phase remains on the surface. The increase in content of
elements, such as Re and W, on the surface promotes the tcp

phase precipitation, including ¢ phase and o phase, on the
alloy surface during tensile processes at elevated temperatures.

2) The precipitation of tcp phase in the surface consumes
the tcp phase-forming elements, such as Re and W, which
prompts the phase transformation from y phase to y' phase
around the tcp phase, resulting in the disappearance of y phase
during the tensile tests. Furthermore, the precipitation of tcp
phase on the alloy surface results in the formation of an
influence layer with the thickness less than 1 pm, and the
distribution  characteristics of alloying elements are
significantly different from those of the substrate.

3) The amount and size of the tcp phase precipitated on the
surface at 1100 °C are greater than those at 980 °C, leading to
a deeper degree of phase transformation from y phase to )’

phase and a thicker influence layer during the tensile test.
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