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a b s t r a c t

In the present study, dual-energy micro-computed tomography (Micro-CT) imaging was employed to
overcome the difficulty of low absorption contrast due to the low difference in density among the
primary α phase, secondary α phase, and β phase of the annealed microstructure (annealing at 800 °C for
2 h followed by air cooling) of TC6 titanium alloy. The three dimensional microstructure model of TC6
titanium alloy was first achieved by laboratory X-ray microtomography, and then analyzed quantitatively.
It is found that the volume fractions of the primary α phase, secondary α phase and β phase are 28.32%,
47.78% and 23.90%, respectively. Some complex microstructural features of TC6 titanium alloy such as
spatial distribution, shapes, and interconnectivities that can hardly be described by the conventional two
dimensional microscopy technique were successfully captured. In three dimensional space, the primary
α phase is composed of discrete equiaxed grains and interconnected grains, and the fraction of the in-
dividual equiaxed grains is up to 50% and the average diameter is about 10 mm; the secondary α phase
interconnects with β phase forming a completely interconnected network.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Owing to its attractive properties such as high specific stiffness
and strength, excellent anti-fatigue performances, and resistance
to crack propagation compared with other lightweight alloys and
steel and nickel alloys; dual-phase (αþβ) titanium alloys have
found many key applications in aerospace and industry [1,2]. It is
widely recognized that the properties of the alloys strongly de-
pend on the microstructure features of each constituent phase,
such as volume fraction, size, and morphology [3,4]. Hence,
quantitative three-dimensional (3D) characterization of the mi-
crostructures is fundamental. However, using traditional metallo-
graphic techniques, the complex microstructural features includ-
ing the spatial distribution, intrinsic shape, and interconnectivities
of the existing phases can hardly be described by the observation
of two-dimensional (2D) planar sections [5,6]. With the estab-
lishment of serial sectioning method [7,8], the 3D microstructure
model in a wide variety of materials can be reconstructed via the
controlled repetition of 2D sectioning techniques. However, the
nce and Engineering, Beijing
widespread use of metals and alloys is limited, owing to the in-
volvement of various surface finishing operations, such as grind-
ing, polishing, corroding, and metallographic observation, which
not only destroys the inherent microstructural morphology, but
also makes the process tedious and time consuming [9,10]. With
considerable improvements in the quality and performance of
X-ray tubes, as well as high-resolution flat-panel matrix detectors,
X-ray microtomography capable of high-resolution, non-destruc-
tive, and high-efficiency imaging techniques has become an ac-
cepted tool for the acquisition of 3D microstructure images of
materials [11,12]. Based on the difference in X-ray source, X-ray
microtomography can be divided into two categories: synchrotron
and laboratory. Recently, synchrotron X-ray microtomography,
which possesses the significant advantages of a monochromatic
and parallel beam with high brilliance, has been applied for the
acquisition of 3D microstructure images of metals and alloys.
Maire [13], Vanderesse [9], and Singh [14] obtained the 3D mi-
crostructure images of the constituent phases of 5182 aluminum
alloy, TA6V dual-phase titanium alloy, and 7075 aluminum alloy
by synchrotron X-ray absorption tomography. Clearly, laboratory
X-ray microtomography gives much wider availability and acces-
sibility than synchrotron X-ray microtomography. It has been used
in rocks and porous ceramics [15–19] as well as composites [20–
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22]. In addition, Tammas-Williams [23] used the laboratory X-ray
microtomography to study the size, volume fraction, and spatial
distribution of the pores in Ti–6Al–4 V components manufactured
by selective electron beam melting. As the mass densities of con-
stituent phases in dual-phase titanium alloys are very similar, it is
difficult to distinguish the microstructure characteristics of the
constituent phases from each other just by density thresholding.
Fortunately, dual-energy micro-CT imaging has been recently
proposed to distinguish the microstructure characteristics of the
constituent phases, which is based on the difference in the X-ray
absorption coefficient with different X-ray photon energies by
materials [24]. Moreover, it has been widely applied in the bio-
medical field [25–27]. Hence, in the present study, dual-energy
micro-computed tomography (Micro-CT) imaging was applied to
obtain the 3D annealed microstructure images of TC6 dual-phase
titanium alloy.
Fig. 1. Size and shape schematic of Micro-CT scanning specimen.
2. Material and methods

The chemical composition of as-received TC6 titanium alloy
(Baoji Nonferrous Metal Works forged product, Baoji, China) is
presented in Table 1. The main chemical compositions (wt%) are as
follows: α-phase stabilizing element 6Al and β-phase stabilizing
elements 1.5Cr, 2.5Mo, and the bal. Ti.

In this study, specimens of TC6 titanium alloy for scanning
electron microscope (SEM) and energy dispersive spectroscopy
(EDS) were annealed at 800 °C for 2 h followed by air cooling. The
surface perpendicular to the rolling direction was prepared with
conventional metallographic grinding and polishing steps, and
then etched with Kroll's reagent (2%HF, 10% HNO3, and 88%H2O)
for a few seconds. The specimens designated for electron back
scattered diffraction (EBSD) measurement must have a flat highly
polished (mirror-finish) surface. In addition, the residual stress of
the surface, owing to mechanical polishing, was removed via
electro polishing at a voltage of 25 V, for �30 s, in a solution of 6%
per chloric acid (HCl4), 34% butan-1-ol (C4H9OH), and 60% me-
thanol (HNO3) at 25 °C. The image processing and analysis soft-
ware, CTAn V1.13 (Bruker microCT, Kontich, Belgium) was em-
ployed to perform 2D quantitative analysis of microstructure of
TC6 titanium alloy. Furthermore, these experimental results serve
as a reference to verify the accuracy of the following 3D micro-
structure model of TC6 titanium alloy obtained by laboratory X-ray
microtomography.

The specimen of TC6 titanium alloy for X-ray tomogram was
machined by wire electrical discharge machining. The shape and
size are shown in Fig. 1, the top portion is the cylindrical scanning
area with Ø0.5�1 mm, and the bottom portion is a cylinder with
Ø4�4 mm performing as a supportive platform. It should be no-
ted that the axial direction of the cylinder specimen is paralleled
to the rolling direction in this study.

The dual-energy Micro-CT acquisition was performed by scan-
ning the specimen twice with different X-ray filters and applied
tube voltages. The specimen should not be moved between scans,
whereas the image magnification and resolution should be the
same [24]. The X-ray tomograms were performed using the Sky-
Scan 1172 high-resolution desktop X-ray microtomography system
(Bruker microCT, Kontich, Belgium). The main scanning measure-
ment processes are shown in Fig. 2. Initially, the X-ray tube was
Table 1
Chemical composition of as-received TC6 titanium alloy (wt%).

Al Cr Mo Fe Si C N H Ti

6 1.5 2.5 0.5 0.3 o0.07 o0.03 o0.01 Bal.
moved toward the specimen as close as possible to get a high
resolution, and then a proper supply of voltage and current to the
X-ray tube, as well as a filter, was set to obtain a high-contrast
projection image. The specimen was placed on a rotary stage be-
tween the charge coupled device (CCD) detector and the X-ray
tube, so that a projection image could be taken by the CCD de-
tector at each angular position with step-by-step rotation of the
specimen. Finally, a series of projection images with different an-
gles were obtained.

The projection images was reconstructed by NRecon V1.6.10
(Bruker microCT, Kontich, Belgium) on the basis of the principle of
Feldkamp back projection algorithm [11]. The reconstruction
process produced a set of trans-axial greyscale 2D Micro-CT slices
of the specimen. Then, the Micro-CT slices with different X-ray
filters and applied tube voltages were imported into dual-energy
Micro-CT imaging program Dehist (Bruker microCT, Kontich, Bel-
gium) to enhance the absorption contrast between each con-
stituent phase. Next, the processed Micro-CT slices with high-
contrast and low-noise annealed microstructure of TC6 titanium
alloy were imported into the Simpleware (Simpleware Ltd, Exeter,
UK) to obtain the 3D microstructure of each constituent phase in
TC6 titanium alloy. Eventually, the 3D microstructures of each
constituent phase in TC6 titanium alloy was analyzed quantita-
tively by CTAn V1.13.
3. Results and discussion

The annealed microstructure of TC6 titanium alloy obtained by
SEM is displayed in Fig. 3. It is observed that the annealed mi-
crostructure consists of α phase (dark gray) with hexagonal close-
packed (hcp) crystal structure and β phase (bright white) with
body-centered cubic (bcc) crystal structure. The magnification of
the frame-selected area in Fig. 3(a) is shown in Fig. 3(b). The α
phase is composed of equiaxed primary α phase and secondary α
phase. Moreover, the secondary α phase and β phase tangle
together.

3.1. 2D quantitative analysis of microstructure and composition of
TC6 titanium alloy

3.1.1. Area fraction and grain size distribution of the primary α and β
phases of TC6 titanium alloy

It is feasible to separate the primary α phase from the sec-
ondary α and β phases based on the difference in shape and gray



Fig. 2. The main process of scanning measurement.

Fig. 3. SEM of annealed microstructure of TC6 titanium alloy.

Fig. 4. Image binarization processing: (a) original SEM of TC6 titanium alloy; (b) image after binarization processing.

Fig. 5. Frequency distribution of the equivalent grain diameter of the primary α
phase grains.
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value. Fig. 4(a) shows the SEM of TC6 titanium alloy. The dark gray
region indicates the α phase mixing with the primary and sec-
ondary α phases, and the bright white region indicates the β
phase. The binary image of TC6 titanium alloy is obtained by the
image processing software Photoshop, as shown in Fig. 4(b), and
the corresponding operations are as follows. First, the SEM image
was converted to 8-bit gray scale one. Second, smoothing filter
(Gaussian Blur, R¼4) as well as shrinking and expand tools was
applied on the 8-bit gray scale image to separate the primary α
phase from the secondary α phase. Third, the magic wood tool
(tolerance value of 5) was performed to select the primary α
phase. In the end, the gray value of selected area for primary α
phase was set to direct 255(white), while the gray value of the rest
area was set to 0 (black). In this way, the SEM image of TC6 tita-
nium alloy was converted into the binary image. The white region
indicates the primary α phase with an area fraction of 23.7%,
whereas the black region represents the secondary α and β phases.

CTAn V1.13 was employed to obtain the primary α phase grain
size distribution histogram. As shown in Fig. 5, with the increase in
the equivalent grain diameter of the primary α phase grains, the
corresponding frequency initially increases and then decreases.
About 76% of the grains were 4–12 mm in diameter, whereas the
corresponding frequency ranging from 0 to 4 mm is the lowest,
approximately 5%. Further analysis shows that the average
equivalent grain diameter is 9.41 mm.

The secondary α phase and β phase of TC6 titanium alloy in
SEM, as shown in Fig. 4(a), tangle together, making it hard to



Fig. 6. Phase distribution map of EBSD of TC6 titanium alloy: the red region in-
dicates the α phase composed of the primary and secondary α phases, and the blue
region indicates the β phase. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Frequency distribution of the equivalent grain diameter of the β phase.

Table 2
Element weight percentage and density of each constituent phase in TC6 titanium
alloy.

Constituent phase Al (wt%) Cr (wt%) Mo (wt%) Ti (wt%) Density (g/
cm3)

Primary α phase 7.12 0.81 0.82 91.25 4.47
Secondary α phase 6.44 1.35 1.94 90.27 4.56
β phase 3.62 2.7 5.71 87.97 4.86

Table 3
Dual-energy Micro-CT Scanning parameters of TC6 titanium alloy.

Voltage (kV) Current (μA) Filter Rotation
step (°)

Resolution
(μm)

59 167 0.5 mmAl 0.6 0.6
100 100 0.5 mmAlþ0.5 mmCu 0.6 0.6
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separate them by means of image processing. However, as EBSD
technology typically yields the microstructure of alloys based on
the difference of crystal structure types, it was applied to distin-
guish the β phase from the secondary α phase in TC6 titanium
alloy. Fig. 6 shows the phase distribution map of EBSD image of
TC6 titanium alloy, the blue region indicates the β phase with an
area fraction of 21.7% and the red region represents the mixture of
the primary and secondary α phases. On the basis of the area
fractions of the primary α phase and the β phase, the area fraction
(54.6%) of the secondary α phase is deduced.

The frequency distribution of the equivalent grain diameter of
the β phase was obtained using CTAn V1.13. As shown in Fig. 7,
Fig. 8. EDS analysis sections of TC6 titanium alloy by SEM: the region in rectangular fra
secondary α phase, and the region in ellipse frames represents the β phase.
with an increase of the equivalent grain diameter of the β phase,
the corresponding frequency shows a descending trend gradually.
The frequency of the equivalent grain diameter ranging from 0 to
2.4 mm peaks at 71.1%, whereas the corresponding frequency ran-
ging from 4.8 to 9.6 mm is the lowest, approximately 3.4%. Further
analysis shows that the average equivalent grain diameter of the β
phase is 2.34 mm.

3.1.2. Quantitative analysis for chemical composition of each con-
stituent phase of TC6 titanium alloy

The density difference among the constituent phases of TC6
titanium alloy needs to be verified as the computer 3D visualiza-
tion of Micro-CT is based on the density contrast of materials. The
sections of EDS analysis by SEM are shown in Fig. 8. Numbers 1–3,
4–6, and 7–9 represent the sections of EDS analysis in the primary
α phase, secondary α phase, and β phase, respectively.

The average weight percentages of the main elements in the
corresponding constituent phase were obtained by the ones in the
relevant positions of EDS analysis. Then, they were imported into
Eq. (1) to obtain the mass density of each constituent phase:

∑ρ ρ= × ( )w 1phase i i

ρphase is the density of the constituent phase, wi is the weight
percentage of the element i, and ρi is the density of the element i.
In this study, the densities of the elements of aluminum, chro-
mium, molybdenum, and titanium are 2.694, 7.18, 10.20, 4.53 g/
cm3, respectively.

The weight percentages of the main elements and the densities
of the corresponding constituent phases are presented in Table 2.
In the primary α phase, the weight percentage of low-density
element aluminum is higher (up to 7.12%), whereas that of the
mes represents the primary α phase, the region in rhombus frames represents the



Fig. 9. Projection images with different X-ray tube voltages: (a) 59 kV; (b) 100 kV.

Fig. 10. Micro-CT slices with pre- and post-dual-energy imaging: (a) unprocessed images (59 kV); (b) unprocessed images (100 kV); (c) processed images.
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high-density elements such as chromium and molybdenum are
lower (just 0.81% and 0.82%, respectively); hence, its density is the
lowest. In the β phase, however, the weight percentages of high-
density elements, such as chromium and molybdenum, increase to
2.7% and 5.71%, respectively; hence, its density is the highest
among all the constituent phases. The density of the secondary α
phase is 2.01% more than the primary α phase, but is 6.6% less than
the β phase. From the above results, it is concluded that the pri-
mary and secondary α phases have the more similar absorption
coefficients. Therefore, it is hard to obtain the 3D microstructures
of constituent phases in TC6 titanium alloy by traditional single
scan Micro-CT. In order to overcome the difficulty, dual-energy
Micro-CT imaging was employed in this study to enhance the
absorption contrast among the constituent phases of TC6 titanium
alloy.

3.2. 3D microstructural reconstruction and quantitative character-
ization of TC6 titanium alloy based on dual-energy Micro-CT
technique

Any given material will have different absorption coefficients
when imaged by Micro-CT technique at low and high X-ray en-
ergies, resulting in a predictable change in the absorption when
imaged by two known X-ray energies [24]. Dual-energy Micro-CT



Fig. 11. Schematic of selecting the interesting volume in Micro-CT slices.

Fig. 12. (a) VOI Micro-CT slices after image processing; (b) the corresponding representative Micro-CT slice.

Fig. 13. Frequency distribution of the equivalent grain diameter of the constituent phases in TC6 titanium alloy between traditional microscopy and representative Micro-CT
slice for: (a) primary α phase; (b) β phase.
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imaging program Dehist is based on the above principle to dis-
tinguish the constituent phases of TC6 titanium alloy with similar
absorption coefficients on the same X-ray energy but different
chemical compositions from one another by analyzing their en-
ergy dependent changes in absorption.
3.2.1. Dual-energy X-ray tomography
In Table 3, two sets of scanning parameters with the same ro-

tation step of 0.6° and resolution of 0.6 mm are shown with the
following conditions: the X-ray tube voltages are 59 kV and 100 kV
and the applied X-ray filters are 0.5 mm Al and 0.5 mmAlþ0.5 mm
Cu for set 1 and set 2, respectively. The projection images of the



Table 4
The area fractions and the average equivalent grain diameters and their corre-
sponding errors for the primary α and β phases between traditional microscopy and
representative Micro-CT slice.

Phase Area fraction (%) Absolute
deviation
(%)

Average equivalent
grain diameter (μm)

Absolute
deviation
(μm)

CT slice Micrograph CT
slice

Micrograph

Primary
α
phase

24.8 23.7 1.1 9.21 9.41 0.2

β phase 22.6 21.7 0.9 2.27 2.34 0.07

Table 5
The quantitative analysis results of the 3D microstructure model of TC6 titanium
alloy.

Phase Volume (μm3) Surface area
(μm2)

Volume
fraction (%)

Surface-vo-
lume ratio
(μm�1)

Primary α
phase

6.61�105 3.11�106 28.32 0.66

Secondary α
phase

1.12�106 1.09�106 47.78 0.98

β phase 5.58�105 1.18�106 23.90 2.12

Fig. 15. Frequency and spherical factor of the equivalent grain diameter of primary
α phase.
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specimen with high and low voltages are shown in Fig. 9.
Fig. 10 shows the Micro-CT slices of the specimen with pre- and

post-dual-energy imaging. The projection images with different
voltages, shown in Fig. 10, were imported into NRecon to obtain
the corresponding Micro-CT slices. The low energy Micro-CT slices
have more noise, but show the constituent phases with better
contrast (seeing Fig. 10(a)), whereas the high energy ones show
clearer borders, but lower contrast (seeing Fig. 10(b)). In addition
to independent evaluation of the separate energy-level slices, it is
possible to mathematically mix the two energy-level slices to yield
a single “blended” slices [28–30] that therefore balance the ad-
vantages and disadvantages of both low and high energy slices
according to the attenuation difference between the constituent
phases in TC6 titanium alloy. The process enhancing the absorp-
tion contrast between each constituent phase in TC6 titanium al-
loy by dual-energy Micro-CT imaging program Dehist [31] is as
follows: once the two datasets of Micro-CT slices at different filter
and voltage settings were loaded both at the same crossection
level, segmentation lines should be applied to the dual-energy
gray histogram plot. Placing the T-bar (segmentation lines are in a
“T” shape) between appropriate regions (thresholds: 71–33, slope:
311.184°) in the dual energy plot would achieve the dual energy
Fig. 14. 3D microstructure model of each c
segmentation. Thereof, a third weighted-average Micro-CT slices
(seeing Fig. 10(c)) was reconstructed from both single-energy da-
tasets of slices (seeing Fig. 10(a and b)). Then, the slices with dif-
ferent voltages were imported into dual-energy Micro-CT imaging
onstituent phase in TC6 titanium alloy.



Fig. 16. Morphology of primary α phase in the 3D microstructure model and SEM: (a) primary α phase in 3D space; (b) SEM of TC6 titanium alloy.
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program Dehist to enhance the absorption contrast between each
constituent phase (seeing Fig. 10(c)). A Micro-CT slice was taken
from the middle of trans-axial of the specimen to give a better
indication of the differences between pre- and post-dual-energy
imaging. It is obvious that the post-dual-energy imaging Micro-CT
slice exhibits higher contrast and signal-to-noise ratio compared
with the pre-dual-energy imaging ones.

3.2.2. Reliability verification of Micro-CT slices
Considering the efficiency of the following data processing, the

volume-of-interest (VOI) of the Micro-CT slices (seeing Fig. 10(c))
was selected initially. As is shown in Fig. 11, a total of 380 slices
were selected in the z-axis direction (through trans-axial direc-
tion), whereas a region of 228 mm�228 mm was selected in the xy
plane (frame-selected area).

Then, these VOI Micro-CT slices were imported into CTAn to
perform image processing, such as filtering, smoothing and noise
reducing. Fig. 12(a) is the VOI Micro-CT slices after image proces-
sing. Fig. 12(b) is the representative Micro-CT slice taken from the
center of the VOI Micro-CT slices: the white, gray, and black re-
gions indicate the β phase, the secondary α phase, and the primary
α phase, respectively.

Then, the 2D quantitative analysis for area fraction and size
distribution of each constituent phase was performed and com-
pared with the micrographic results in Section 2. 1. As shown in
Fig. 13, the results reveal good agreement. For the primary α phase,
the frequency difference of the equivalent grain diameter between
the representative CT slice and SEM ranges from 0.3% to 3%; for the
β phase, the frequency difference is limited to less than 4%.

Table 4 displays the area fractions and average equivalent grain
diameters of constituent phases of the micrograph and re-
presentative Micro-CT slice and their corresponding absolute de-
viations. The absolute deviations of area fraction are 1.1% and 0.9%
for the primary α phase and β phase, respectively. Correspond-
ingly, the abstract deviations of average equivalent grain diameter
are 0.2 mm and 0.07 mm, respectively. Therefore, the reliability of
Micro-CT slices could be confirmed.

3.2.3. Quantitative characterization of the 3D microstructure model
The Micro-CT slices processed by dual-energy imaging were

imported into the Simpleware to reconstruct the 3D micro-
structure of each constituent phase in TC6 titanium alloy. As
shown in Fig. 14, the size of the 3D microstructure model is
120�100�100 mm. To analyze the 3D microstructure character-
istics of TC6 titanium alloy at a finer scale, one eighth of the model
was selected and the 3D models of primary and secondary α
phases as well as β phase were displayed independently. The
primary α phase is composed of discrete equiaxial grains and in-
terconnected grains; the secondary α phase and β phases form a
completely interconnected network in 3D space. The reason for
the 3D microstructure of the secondary α phase appearing as an
interconnected network instead of a lamellar structure is related
to the heat treatment process of TC6 titanium alloy. In this study,
the specimen was achieved by annealing at 800 °C for 2 h followed
by air cooling. During the holding stage, the secondary alpha phase
dissolves, and nucleates back at grain boundaries or inside the β
grains [32,33] during air-cooling down to the room temperature
from βþα region, and interconnects with the retained β phase
forming a completely interconnected network.

Table 5 gives the quantitative analysis results of the 3D mi-
crostructure model such as the volume, surface area, volume
fraction, and surface-volume ratio (SVR) of each constituent phase
in TC6 titanium alloy. For the volume fraction, the secondary α
phase is the highest, 47.78%. The primary α phase takes the second
place, 28.32%, and the β phase is the lowest, 23.90%. Moreover, for
the SVR, the β phase is the highest, 2.12 mm�1, whereas the pri-
mary α is the lowest, 0.66 mm�1. It is obvious that the above in-
formation can hardly be obtained in traditional 2D microscopy
technology.

For further analyzing the morphology and connectivity of the
primary α phase in 3D space, the histograms of frequencies as well
as spherical factors with different equivalent sphere diameter
ranges are shown in Fig. 15. With the increase in the equivalent
sphere diameter, the corresponding frequency quickly reaches the
peak at 43.2% in range of 9–11 mm, and then decreases gradually.
Similarly, the spherical factor also increases initially, and then
decreases. The average spherical factors are 0.75 and 0.78, re-
spectively, in the equivalent sphere diameter range of 7–9 mm and
9–11 mm, which means that the microstructure of primary α phase
exists in the form of discrete equiaxed grains in range of 7–11 mm.
As the equivalent sphere diameter increases, the spherical factor
decreases gradually from 0.78 to 0.18, revealing that the micro-
structure of primary α phase at larger grain sizes exists in the form
of interconnected grains.

Fig. 16 shows a direct comparison of the morphology of the
primary α phase between the 3D microstructure model and SEM.
In Fig. 16(a), the primary α grains exist with three forms: in-
dividual equiaxed grain (I), two grains with overlapping edges (II),
and multiple grains with overlapping edges (III). The correspond-
ing phenomenon is also illustrated in Fig. 16(b) (see the white
rectangles: I, II, and III).
4. Conclusions

In the present study, Micro-CT slices with high-contrast and
low-noise annealed microstructure of TC6 titanium alloy were
achieved by laboratory X-ray microtomography by employing
dual-energy Micro-CT imaging. It overcame the difficulty of low
absorption contrast on account of the similarity in density be-
tween the primary α and β phases in TC6 titanium alloy. Fur-
thermore, the validity of Micro-CT slices of TC6 titanium alloy was
proved by comparing the results between a representative Micro-
CT slice and a traditional microscopy image. Then, the 3D
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microstructures of each constituent phase in TC6 titanium alloy
were reconstructed and a quantitative analysis was done. The re-
sults show that the primary α phase was composed of individual
equiaxed grains and interconnected grains, and the fraction of the
individual equiaxed grains was up to 50%; the secondary α phase
formed a completely interconnected network in 3D space instead
of a lamellar structure with the highest volume fraction of 47.78%,
as it nucleates and grows from the β phase matrix in large quan-
tities during the process of annealing; the morphology distribution
of β phase was similar to the secondary α phase, forming a com-
pletely interconnected network in 3D space, and its volume frac-
tion is the lowest, 23.90%.
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