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Abstract: Nickel-based single crystal superalloy blades have excellent high-temperature performance
as the hot end part of the aero-engine turbine. The most important strengthening phase in the
single crystal blade is the γ’ phase, and its morphology and size distribution directly affect the high
temperature performance of the single crystal blade. In this work, scanning electron microscopy
(SEM) was used to obtain the microscopic images of the γ’ phase in multiple large continuous
fields of view in the transverse sections of single crystal blades, and the quantitative statistical
characterization of the γ’ phase was performed by image segmentation method based on deep
learning. The 20 µm × 20 µm region was selected from the primary dendrite arm, the secondary
dendrite arm, and the interdendrite to statistically analyze the γ’ phases. The statistical results show
that the average size of the γ’ phase at the position of the interdendrite is significantly larger than the
average size of the γ’ phase at the position of the dendrite; the sizes of the γ’ phase at the primary
dendrite arm, the secondary dendrite arm and the interdendrite all obey the normal distribution;
about 3.17 × 107 γ’ phases are counted in 20 positions in the 5 transverse sections of the single crystal
blade in a total area of 5 mm2, and the size, geometric morphology and area fraction of all γ’ phases
are respectively counted. In this work, the quantitative parameters of the γ’ phases at 4 different
positions of the section of the single crystal superalloy DD5 blade were compared, the size and area
fraction of the γ’ phases at the leading edge and the trailing edge were smaller, and the shape of the
γ’ phase of the leading edge and the trailing edge is closer to the cube.

Keywords: single crystal superalloy blade; DD5; γ’ phase; quantitative characterization; U-Net

1. Introduction

The nickel-based single crystal superalloy blade is widely used as the hot end part
of the aero-engine and gas turbine [1–3]. Its research and development and manufac-
turing level is an important reflection of national core competitiveness to measure na-
tional economic development and national defense security. The single crystal superalloy
produced by directional solidification has excellent fatigue resistance [4–6] and good
high-temperature mechanical properties [7,8], and its most important microstructure is
composed of γ phase and γ’ precipitated phase [9,10]. The γ’ phases are dispersedly
distributed in the γ matrix. Studies have shown that the excellent performance of single
crystal materials is mainly due to the strengthening effect of the γ’ precipitated phase.
Parameters such as the size, morphology, and area fraction of the γ’ phase are closely
related to the process and properties of the alloy [11–13].
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The shape of the nickel-based single crystal hollow turbine blades is complex, which
leads to a complicated process of directional solidification of single crystal blades [14,15].
The complexity of the blade shape and the solidification process makes the uneven distri-
bution of the microstructure inevitably formed during the production process [16,17]. The
structure of the material determines the performance of the material, and the distribution
of the γ’ phase structure of the single crystal superalloy has a significant effect on the high
temperature performance of the single crystal blade. There are differences in the height
and size of the transverse section of the single crystal blade from the crown to the tenon,
resulting in the morphology and size of the γ’ phase in different parts of the single crystal
blade [18]. Therefore, the detailed quantitative analysis of the γ’ phase distribution in
different parts of the blade has important guiding significance for the solidification process
of the blade.

Chen [19] established the corresponding relationship between the area fraction and
position of γ’ through the quantitative characterization of the γ’ phase in the typical
regions of transverse sections with different heights, and studied the evolution and damage
degree of the microstructure of different parts of the leaf. However, this process only
selects 5 images in each region as representative, which cannot represent the characteristic
information of the entire region.

Guo [20] studied the evolution of the microstructure through the area fractions and
morphology changes of γ and γ’ phases. In order to obtain the size parameters of the γ/γ’
phase in the SEM image, a method for identifying and extracting the γ and γ’ phases was
developed through an image segmentation method based on image binary processing.
However, with common image processing methods, segmentation parameters need to be
manually defined and adjusted, which makes it difficult to stably process a large number
of feature images with complex backgrounds. Ref. [21] developed an image processing
program to automatically identify the length and width of each γ’ phase. However, this
method also cannot quickly process a large number of images with complex backgrounds.

The quantitative characterization of γ’ phase usually selects a small amount of γ’
phases in the typical field of view for statistical analysis, and the γ’ phase is usually
extracted manually. However, there are few research studies on the automatic quantitative
statistical characterization distribution of γ’ phase in the large-scale area of the single
crystal superalloy blade section. The manual extraction and quantitative characterization
of γ’ phase require a large amount of work, so only a small amount of γ’ phase can
be extracted. More importantly, the subjective error of the manual extraction process is
difficult to remove. It is difficult to reflect the true distribution of γ’ phases in the full field
of view by using the distribution of part of the γ’ phase in a small amount of field of view.
Therefore, the rapid quantitative extraction and statistical distribution characterization of
the γ’ phase in the high-precision image of the large-size sample is of great significance for
the study of the microstructure inhomogeneity of the single crystal blade.

This work uses the semantic segmentation network U-Net [22] based on deep learn-
ing [23,24] to quantitatively and statistically characterize the distribution of γ’ phases in a
large area of different transverse sections and different parts of the second-generation single
crystal blade DD5. The use of deep learning-based methods to achieve the quantitative sta-
tistical analysis of the microstructure has been widely used in a variety of materials [25–27].
The U-Net network structure uses a completely symmetrical encoding-decoding structure,
and uses skip connections to fuse the feature information of each layer in the encoding
process into the corresponding layer feature in the decoding process. This method uses a
feature extraction network to extract features, and automatically corrects feature extraction
parameters in the iterative process, avoiding the subjective error of manually defining
features, and the entire segmentation process is implemented in a highly parallel neural
network, which greatly improves the calculation speed.
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2. Experimental Data and Methods
2.1. Materials and Experimental Data

The test material is the second-generation heat-treated nickel-based single crystal
superalloy DD5 blade independently developed by CISRI-GAONA (High Temperature
Materials Research Department, Central Iron and Steel Research Institute). The design
composition of the single crystal blade is shown in Table 1. The heat treatment process
is 1300 ◦C/2 h air quenching + 1800 ◦C/4 h air cooling + 900 ◦C/4 h air cooling. The
structure of single crystal blades is complex, and the differences in the blade structure at
different positions lead to differences in the solidification rate, which in turn causes the
uneven distribution of γ’ phase. In order to study the distribution of γ’ phases in different
parts of the blade, five transverse sections were selected sequentially from the blade crown
to the tenon, as shown in Figure 1. Moreover, 400, 800, and 1200 mesh sandpaper were
selected to grind the sample, and then polished with 2.5 µm alumina polishing paste. Four
areas are selected to collect the microscopic images of the single crystal blade from each
transverse section, and the selected positions are leading edge, trailing edge, suction side,
and pressure side, as shown in Figure 2. The size of each acquisition area is 5mm × 5mm,
and a total of 20 areas are acquired in 5 transverse sections. The Navigator-OPA high-
throughput scanning electron microscope is used to acquire 784 high-resolution images
in each acquisition area. A total of 15,680 γ’ phase SEM images were collected in 20 areas,
and the size of a single image was 2048 × 2048 pixels. The γ’ phase SEM images collected
in each section are shown in Figure 3.

Table 1. DD5 single crystal blade design composition (wt/%).

C Cr Co W Al Ta Mo Hf B Re Ni

0.04–0.06 6.75–7.25 7.00–8.00 4.75–5.25 6.00–6.40 6.30–6.70 1.30–1.70 0.12–0.18 0.003–0.005 2.75–3.25 Bal.

Figure 1. Schematic diagrams of typical sectional positions of the single crystal blade. (a) Single
crystal superalloy blades and selected sectional positions, S1–S5, are the selected sectional positions;
(b–f) are the corresponding sections of S1–S5, respectively.
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Figure 2. The collection area of the transverse section of the single crystal blade. The positions L, T, S,
and P represent the area selected from leading edge, trailing edge, suction side, and pressure side,
respectively.

Figure 3. SEM images of γ’ phase in each section of single crystal blade. (a–e) are the SEM images of
the γ’ phase in the S1–S5 transverse section, respectively.

2.2. Intelligent Identification and Extraction of γ’ Phase and Quantitative Statistical Analysis
Method

The size, morphology, area fraction and other parameters of γ’ phase are directly
related to the performance of single crystal blades. In this work, high-throughput data
acquisition and calculation are used to quickly obtain γ’ phase SEM images and to count
the relevant parameters of each γ’ phase in the full field of view. The Navigator-OPA
high-throughput field emission scanning electron microscope was used to collect 784 SEM
images in a 0.5 mm × 0.5 mm area selected from the blade section, and all γ’ phases in the
full field of view were extracted. Finally, the γ’ phase extracted from the full field of view
is quantitatively characterized and analyzed. The flow of experimental data collection,
processing and statistical analysis is shown in Figure 4. In this process, U-Net, an image
segmentation network based on deep learning, is used to quickly extract γ’ phase features,
and the network architecture is shown in Figure 5.

In this experiment, the size, geometric shape factor, and area fraction of the γ’ phase
are used as quantitative standards to count and compare the inhomogeneity of the mi-
crostructure. The calculation methods of each parameter are as follows.

Figure 4. The SEM image collection, identification extraction and quantitative statistical analysis process of γ’ phase in
single crystal blades.



Crystals 2021, 11, 1399 5 of 13

Figure 5. Image segmentation network architecture.

The two-dimensional transverse section of the γ’ phase is equivalent to a square, and
the side length of the square is taken as the equivalent size of the γ’ phase. The calculation
equation is:

D =
√

S (1)

where D is the size of the γ’ phase, and S is the sectional area of the γ’ phase.
The geometric factor G is a quantitative index describing the geometric shape of the γ’

phase, which is determined by the perimeter and area of the section of the γ’ phase. The
calculation equation is:

G =
P2

16S
(2)

where G is the geometric shape factor of the γ’ phase, P is the sectional perimeter of the
γ’ phase, and S is the sectional area of the γ’ phase. When G is closer to 1, the sectional
geometry of the γ’ phase is closer to a square.

The area fraction is obtained by calculating the proportion of γ’ phase in γ’/γ, so it is
necessary to extract the γ’ phase and the γ matrix separately from the field of view, which
can be obtained by:

R =
Sγ′

Sγ′ + Sγ
(3)

where R is the area fraction of the γ’ phase, Sγ′ is the area of the γ’ phase, and Sγ is the
area of the γ matrix.

The parameters of the γ’ phase are calculated and quantitatively counted in multiple
large-scale areas, providing comprehensive data information for further in-depth analysis
and mining of the distribution of γ’ phase and finding the corresponding relationship
between microstructure and performance.

3. Results

The γ’ phase and γ matrix in all the fields of view were identified and extracted by the
trained U-Net network, as shown in Figure 6. Figure 6a is the original SEM image of one
field of view, of which the size is 10 µm × 10 µm; the result is shown in Figure 6b. The red
feature in Figure 6b is the γ’ phase, and the green feature is the γ matrix. The size of the γ’
phase in the field of view is counted, and its distribution follows the normal distribution,
as shown in Figure 7. According to Equations (1)–(3), all relevant parameters of the γ’
phase in the field of view are calculated and counted. The statistical results are shown in
Table 2. Moreover, 15,680 SEM images in 20 areas of 5 sections were processed by the same
model and calculation method. The 3.17 × 107 γ’ phases extracted from 20 regions were
quantitatively analyzed, and the statistical results were visualized based on the original
position of the γ’ phase.
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Figure 6. γ’ phase identification and extraction results, (a) is the original SEM image, (b) is the
recognition result, the red feature is the γ’ phase, the green feature is the γ matrix, and the blue area
is the unidentified interference.

Figure 7. The γ’ phase size distribution in the 10 µm × 10 µm field of view.

Table 2. Statistical results of related parameters of γ’ phase in 10 µm × 10 µm field of view.

Area/µm2 Number Average Size/µm Area Fraction/% Geometry Factor

58.16 316 0.415 60.34 1.15

3.1. γ’ Phase Distribution of Primary Dendrite Arm, Secondary Dendrite Arm and Interdendrite

The γ’ phases are distributed in both the dendrite arms and the interdendrite. In order
to study the uniformity of γ’ phase distribution, three regions with sizes of 20 µm × 20 µm
were selected from the primary dendrite arm, secondary dendrite arm, and interdendrite
position respectively, as shown in Figure 8. The dendrites of single crystal have obvious
characteristics in the optical image. Therefore, the positions of primary dendrite, secondary
dendrite and interdendrite were determined through the optical image in this work, and
then the corresponding local SEM images were selected from the full-field SEM image
corresponding to the optical image, as shown in Figure 9.
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Figure 8. Typical positions selected for quantitative statistics of γ’ phase distribution.

Figure 9. SEM image collection area and 3 typical locations. (a) The optical image of the single crystal
blade, the red frame is the SEM image collection area (b) the SEM image corresponding to the position
of the optical image, (c) Three typical positions determined based on optical images, where A, B and
C correspond to primary dendrite arm, secondary dendrite arm and interdendrite, respectively.

The dendrite microstructures have obvious characteristics in the optical image, so the
positions of the primary dendrite arm, the secondary dendrite arm and the interdendrite
are determined by the optical image. The SEM images of the typical regions are selected
from the full-field SEM image corresponding to the optical image, as shown in Figure 8.
The SEM images at each position are shown in Figure 10(a1–c1). It can be seen that the γ’
phases at the interdendrite are larger than those at the primary and secondary dendrite
arms, as shown in Figure 10(a2–c2). The sizes of all γ’ phases at three different positions
are calculated and visualized, as shown in Figure 10(a3–c3). The quantitative results show
that the large-size γ’ phases of the interdendrite are obviously more than the other two
positions. The corresponding conclusion can also be seen from the size distribution of
all γ’ phases in the three fields of view, as shown in Figure 11. Figure 11 also shows that
the size of the γ’ phase at the primary dendrite arm position is the most concentrated,
while the size of the γ’ phase at the interdendrite position has the largest dispersion. The
average sizes of the γ’ phase at the primary dendrite arm, secondary dendrite arm and
interdendrite are 0.27, 0.29 and 0.32 µm, respectively, as shown in Table 3.
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Figure 10. The SEM image of each typical region and the visualized image of the size of the γ’
phase. (a1–c1) represent the original SEM images of primary dendrite arm, secondary dendrite arm
and interdendrite, respectively, (a2–c2) are the corresponding magnified images of the γ’ phase,
(a3–c3) are visual images of the size of the corresponding γ’ phase, respectively.

Figure 11. The γ’ phase size distribution in the typical region of the single crystal blade section. (a) Primary dendrite arm,
(b) Secondary dendrite arm, (c) Interdendrite.

Table 3. The average size of the γ’ phase extracted at different positions of the single crystal blade.

Position Prime Dendrite Arm Secondary Dendrite Arm Interdendrite

Average Size (µm) 0.27 0.29 0.32

A large number of γ’ phases are distributed in the primary dendrite arms, secondary
dendrite arms and interdendrite positions, but the sizes of the γ’ phases at different
positions are not the same. Figure 11 shows the statistical results of different sizes of γ’
phases in three small fields of view. In order to avoid the statistical deviation caused by
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sampling in a small field of view, the size distribution of the γ’ phase in a 0.5 mm × 0.5 mm
area is quantitatively and statistically characterized, and the characterization results are
shown in Figure 12. Figure 12a is the original full-field SEM image of the γ’ phase, and
Figure 12b is the size distribution of the γ’ phase in Figure 12a. It can be seen that the
distribution of γ’ phase in Figure 12b has a clearer unevenness. Among them, the γ’ phase
at the position of the dendrite arm is smaller, and the larger γ’ phase is more distributed in
the interdendrite. Figure 12c is the line distribution of the γ’ phase of the line AB passing
through the primary dendrite arm, the secondary dendrite arm and the interdendrite at
the same time in Figure 12b. The size of the γ’ phase near the primary dendrite arm is the
smallest, and the size of the γ’ phase between the dendrites is obviously larger than the
size of the γ’ phase at the dendrite arm, as shown by the red star mark in Figure 12c.

Figure 12. γ’ phase size all-view scene distribution and special position line distribution. (a) Original SEM image of full
field of view (0.5 mm × 0.5 mm); (b) γ’ phase size distribution in the full field of view; (c) The line distribution of the γ’
phase corresponds to the line AB in (b). The blue star is the size of the γ’ phase at the primary dendrite arms, the black
star is the size of the γ’ phase at the secondary dendrite arms, and the red star is the size of the γ’ phase between the
dendrite arms.

3.2. Microstructure in the Transverse Sections of the Single Crystal Blad

Figure 13 shows the SEM images of γ/γ’ in transverse section S1–S5. It can be clearly
shown that the size of the γ’ phases at different positions is not the same. The γ’ phases
at the Pressure side position are obviously larger than the γ’ phases at other positions.
In order to accurately compare the distribution differences of the γ’ phases at different
positions of the blade, all the γ’ phases at each position are quantitatively and statistically
characterized, and the characterization results are shown in Figure 14. It can be seen that
the size distribution of γ’ phases present a regular uneven distribution. In accordance
with the distribution pattern shown in Figure 12, Figure 14 also shows that the γ’ phases
of the dendrite arms are smaller, and the γ’ phases in the interdendrite are larger. The
distribution of γ’ phases at different positions of the blades is also not uniform. It can be
clearly shown that the size of the γ’ phase at the suction side of the blade and the pressure
side is larger than the γ’ at the leading edge and trailing edge. In addition, the distribution
of the γ’ phase in different sections is also uneven, and the γ’ phases at the tenon are larger
than the γ’ phases at other positions.

The heat treatment process can significantly increase the degree of cubization of the γ’
phase in the single crystal blade, and the excellent high temperature performance of the
single crystal blade is closely related to the degree of cubization of the γ’ phase. In this work,
we calculated the geometric factor of the γ’ phase according to Equation (3) to quantify the
degree of cubization of the γ’ phase, as shown in Figure 15. In Figure 15A–C are typical
geometric morphologies, where A, B, and C are γ’ phase features with rectangular, square,
and circular sections, respectively. Among the three selected γ’ phases, B is the most cubic
γ’ phase. Calculate the geometric factors of A, B, and C as 1.51, 1.02, and 0.87, respectively.
Equation (3) and Figure 15 show that when the geometric factor is closer to 1, the cubic
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degree of the γ’ phase is better. Calculate the geometric factors of all γ’ phases at each
position in the five cross-sections by Equation (3).

The average values of the size and geometric factor of the γ’ phases in a total
of 20 regions on the five sections are calculated, and the result is shown in Figure 16.
Figure 16a shows that the γ’ phases at the leading edge and trailing edge of the blade are
smaller than the γ’ phases at the suction side and pressure side positions, and the γ’ phases
of the blade body section are smaller than the γ’ phases of the tenon section. Figure 16b
shows that the γ’ phases at the positions of the leading edge and trailing edge of the blade
are closer to the cube than the γ’ phases at the suction side and pressure side positions. In
addition, we calculated the area fractions of the γ’ phases of five different sections, and the
calculation results are shown in Table 4. The results show that the area fractions of theγ’
phases at the leading edge and trailing edge are smaller than the area fractions of the γ’
phases at the other two positions.

Figure 13. SEM images of γ/γ’ microstructures at leading edge, trailing edge, suction side and
pressure side of transverse sections 1–5 of the blade.
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Figure 14. The size distribution of the γ’ microstructure at the leading edge, trailing edge, suction
side and pressure side in the section S1–S5 of the single crystal blade.

Figure 15. The γ’ phases of typical geometric shapes and their geometric factors. GA, GB and GC are
the geometric factors of the γ’ phase corresponding to A, B, and C, respectively.
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Figure 16. The quantitative results of the characteristic parameters of the γ’ phase in the typical
positions of the single crystal blade section S1–S5, and S1–S5 are the section positions. (a) Size,
(b) Geometry factor.

Table 4. Area fraction of γ’ phase in all regions.

Position Leading Edge Trailing Edge Suction Side Pressure Side

S1 64.77% 66.66% 68.05% 68.75%
S2 63.20% 61.86% 65.12% 64.02%
S3 62.71% 63.08% 67.97% 72.48%
S4 60.11% 62.18% 68.14% 71.55%
S5 65.82% 64.95% 67.74% 68.80%

The quantitative statistical results show that the γ’ phases at the blade body are smaller
than the γ’ phases at the tenon, and the γ’ phases at the leading edge and trailing edge are
smaller than the γ’ phases at the suction side and pressure side. In addition, the γ’ phases
at the leading edge and the trailing edge are more cubed than the γ’ phases at the other
two positions, and the area fractions are smaller. Among the various sections of the blade,
the average geometry factor at the pressure side position is the largest, which indicates that
most of the γ’ phases appearing at this position are rectangular.

4. Conclusions

1. A total of 3.17 × 107 γ’ phases distributed in different parts of the leaf in 20 areas
with a size of 5 mm × 5 mm were quickly identified and extracted by the U-net
segmentation algorithm and quantitatively counted, which took 1h in total.

2. The γ’ phases at the primary dendrite arms, secondary dendrite arms and interden-
drite have different sizes. Among them, the size of the γ’ phase appearing at the
primary dendrite arms is the smallest, and the size of the γ’ phase appearing at the
interdendrite is the largest.

3. The sizes of the γ’ phase distributed at the interdendrite and the dendrite arms all
follow the normal distribution. Among them, the γ’ phase size distribution is the
most concentrated at the primary dendrite arm, and the γ’ phase size between the
dendrites is the most dispersed.

4. The γ’ phases at the leading edge and trailing edge are smaller in size, and have a
more cubic geometry. The γ’ phases at the blade body are smaller than the γ’ phases
at the tenon.
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