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Abstract: In this study, the microstructural evolution, distribution, morphology, and change mecha-
nism of an as-rolled Ti, AINDb alloy were quantitatively analyzed by X-ray diffraction and electron
backscatter diffraction (EBSD). The results show that after solution treatment at 900 °C, the content
of the O phase alloy decreased by 2%, which provided space for the nucleation of the &, phase, the
content of which increased by 2%. After aging treatment at 760 °C, large quantities of acicular O
phase and o, phase were precipitated in the B2 matrix, and the content of the o, phase increased. As
the aging temperature increased to 840 °C, the elongated o, phases were connected to each other at a
specific angle along the grain boundary, extending to the interior of the grain. The hardness reached
its maximum value of 402 HV at 760 °C. This study deepened our understanding of the formation
of the «y phase in the microstructure of rolled Tip AIND alloy, and investigates the effect of «; phase
content on the hardness of the alloy in more depth.

Keywords: Ti; AIND alloy; microstructure; heat treatment; mechanical properties

1. Introduction

Titanium alloy has great development and application potential in aerospace equip-
ment such as aircraft and rockets, and its excellent properties, such as high strength, low
density, and good corrosion resistance, play an important role [1,2]. For a long time,
researchers have been pursuing titanium alloys with excellent performance and higher
usage temperatures (above 700 °C). Nowadays, nickel-based superalloys are widely used
as high-temperature structural materials in the aerospace field because of their superior
high-temperature strength and outstanding creep resistance. However, high density is the
Achilles heel of nickel-based superalloys; it leads to low thrust/weight ratios and high fuel
consumption. Therefore, the research on and development of lightweight, high-strength,
and high-temperature structural materials is of great significance.

Low-density op-TizAl-based alloys have excellent thermal stability and high specific
strength, but are brittle at room temperature. Banerjee added some Nb elements to Tiz Al
to obtain ordered orthogonal O phase [3]. The obtained Ti; AINb-based alloy had better
specific strength, oxidation resistance, and creep resistance than traditional titanium al-
loys. However, the brittleness and inoperability of Ti; AINb-based alloy sheets limit their
application [4-6].

According to its characteristics, the microstructure of Tip AINb alloy is divided into lath,
equiaxed and bimodal structure [7]. The equiaxed «; phase and O phase are distributed
on the (/B2 matrix as equiaxed structures. The equiaxed «;/O phase can be obtained by
isothermal forging in the &, + B2 + O or O + B2 phase regions followed by recrystallization
annealing. The lath structure without equiaxed «; phase can be obtained by isothermal
forging in the B2/ 3 single-phase region and then processing in the O + B2 two-phase region.
The advantages of equiaxed and lath structures are reflected in the bimodal structure, and
the equiaxed «y phase content does not exceed 40%. The bimodal microstructure can be
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obtained by plastic deformation after heating in the ay + B2/3 two-phase region. The
growth of B2 grains is inhibited by the pinning effect of the «, phase. The crystal structure
of the ; phase (TizAl) is HCP-D019 type, and its space group is P63/mmc. The B2 phase is
a body-centered cubic (BCC) structure with a space group of Pm3m. The structure of O
(TiAIND) is ordered orthogonally, and the space group is Cmcm [8]. The Tip AINb alloy has
the highest volume fraction of the B2 phase, so the B2 phase is the matrix phase. Most of
the microstructure of Tip AINb-based alloys is based on the B2 phase. At high temperatures,
the ordered B2 phase transforms to the disordered 3 phase, and the second-order phase
transition occurs.

Alloying Tip AINDb-based alloys can significantly improve their properties. By adding
other elements, such as Mo, V, Zr, and others, the shortcomings of the alloy can be mitigated.
By studying the microstructure and phase transformation during quenching and cooling,
it was concluded that O dissolves during solution treatment, and that the Widmanstatten
structure O + B2 is refined during heat treatment in B2 phase region [4,9]. Hagihara
et al. [10] studied the effect of W on the mechanical properties of Ti-22A1-27Nb alloy. They
found that W alloying lowers the phase transition temperature of the Ti; AINDb alloy, which
is conducive to precipitation of the O phase. This can improve the strength and creep
resistance of the Tip AINDb alloy [10]. The addition of the element Mo improves the creep
resistance and tensile properties of Ti, AINb-based alloys [11-13].

Tip AINb-based alloys have been studied considerably because of their attractive
performances in high-temperature conditions. However, due to its complex structure,
there are still some deficiencies in the quantitative analysis of the heat treatment process
of the Ti; AIND alloy containing low Nb. Therefore, this paper intends to improve the
data research in this field by solution and aging treatment of the Ti; AINb alloy containing
low Nb; quantitatively analyzing the changes in the phase content, phase transformation
mechanism, and appearance; and summarize the effects of the changes in each phase along
with the heat treatment process on the mechanical properties of the alloy.

2. Materials and Methods

In this experiment, a rolled alloy sheet with nominal composition of Ti-22A1-23 (Nb,
Mo, V, Si) was used as the experimental material. The alloy’s composition is shown in
Table 1. Mo and V reduced the overall density of the alloy, and a small amount of Si
increased the high-temperature oxidation resistance and high-temperature strength of the
alloy. The microstructure of the Ti AIND alloy, rolled by different heat treatment processes,
was observed using a metallographic microscope. The microstructure was observed and
analyzed by scanning electron microscope backscatter (BSE). The detailed solution and
aging parameters used in this study are shown in Table 2.

Table 1. Chemical composition of Tip AINb.

Composition Ti Al Nb Mo v Si Miscellaneous
wt.% Bal. 10.80 11.38 11.79 1279  0.04 0.12

Table 2. The heat treatment parameters adopted in this study.

Sample Solution Cooling Aging Cooling
Number Condition Way Condition Method
1 — — _ —

2 900°C/1h WwWQ — -

3 900°C/1h WQ 760 °C/6 h FC

4 900°C/1h WwWQ 840 °C/6 h FC

WQ, water cooling; FC, furnace cooling; —, None.

In this experiment, the as-rolled Ti; AINDb alloy was treated at 900 °C. The effect of
solution treatment on the phase content and phase transformation mechanism of Ti; AINb
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rolled alloy was studied, and its Vickers microhardness was measured. Then, the alloy,
after solution treatment at 900 °C, was aged at 760 °C and 840 °C for 6 h. The precipitation
mechanism of the alloy phase after aging treatment and the effects of different phase
contents on the hardness of the alloy were studied, and the evolution of the alloy structure

was summarized. The temperature-time diagram of the heat treatment process is shown
in Figure 1. Figure 2 shows the phase diagram of the Ti-22Al-xNb alloy [14], drawn by

Boehler et al., which provides a basis for the study of the heat treatment process of the
Tip AINb-based alloys in different phase regions.
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Figure 1. Heat treatment process diagram.
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Figure 2. Vertical section phase diagram of Ti-22Al-XNb ternary alloys at variable temperatures [14].

Firstly, the cut samples were polished with 300, 8004, 12004, 15004, and 20004 sand-
paper. After the sample was mechanically polished, it was cleaned with alcohol, dried
with a hairdryer, and then electrolytically polished on an electrolytic polishing platform.
The voltage was controlled at 40 V, the current was controlled at 0.8 A, and an appropriate

amount of standard polishing liquid (polishing liquid ratio: 5 vol.% HCIO4 + 35 vol.%
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CH; (CHj))30H + 60 vol.% CH30H) was added to the beaker. Since the polishing was
carried out at a lower temperature (—40 °C), an appropriate amount of liquid nitrogen
was added to reduce the temperature before polishing. The polishing time was 50 s. After
polishing, the sample was rinsed with anhydrous ethanol, and then rinsed again in an
ultrasonic cleaner with anhydrous ethanol for 2 min. After the sample was dried using
a hair dryer, the etching process was conducted using a Kroll solution of 60 vol.% H,O,
37 vol.% HNOj3, and 3 vol.% HF. The etching time was about 35 s. Immediately after the
corrosion was complete, the sample was rinsed with anhydrous ethanol, then rinsed again
in an ultrasonic cleaner for 2 min and blow-dried with a hairdryer. The microstructure of
the samples after corrosion was observed by a metallographic microscope and scanning
electron microscopy.

The phase constituent of the Ti AINb-based alloy was determined by an X-ray diffrac-
tion (XRD, Bruker D8 Discover) technique, using with Cu K« radiation. The XRD was
performed with a step size of 0.01° and a scanning range of 20°~100°. The microstructure
of the Ti; AINb-based alloy was observed by scanning electron microscopy (EISS Gemini
SEM 300). Electron backscatter diffraction (EBSD, 20 kV, 20 nA) experiments were further
carried on the scanning electron microscopy equipment. For the scanning step of EBSD
mapping, 0.1 um was selected. The room-temperature Vickers microhardness was obtained
under a 0.2 kg load and held for 15 s.

The effect of the heat treatment process on the microstructure was quantitatively
analyzed by OM, SEM, XRD, EBSD, and other analytical methods, and then the hard-
ness, as measured by Vickers hardness tester, was used to study the effect of different
microstructures on the hardness [15]. Image-Pro Plus6.0 image analysis software was
used to quantitatively analyze the volume fractions and grain sizes of the «;, B2, and O
phases in the sample. The grain sizes were measured using the intercept method, and the
phase volume fraction was measured using the microstructure measurement method for
titanium alloys, established by Wang [16,17]. To ensure statistical accuracy, five different
regions, with a total area of more than 200,000 um?, were randomly selected for calculation.
In addition, EBSD technology was also used to analyze the phase composition, because
sometimes the grain boundaries of the needle-like O phase and the B2 phase were difficult
to distinguish in BSE images.

3. Results and Discussion
3.1. Microstructure of Rolled TipAINb Alloy

It can be seen from the microstructure of the XRD pattern of the rolled Tip AIND alloy
in Figure 3a that the alloy was composed of three phases: x; + B2 + O. The diffraction peak
of the B2 phase was the strongest, followed by the O phase, and the o, phase is the weakest.
Rolling promotes the dissolution of O lath, but accelerates the precipitation of the acicular
O phase.

In the metallographic structure of Figure 3b, the grains were equiaxed and elongated,
and the grains had become fine due to rolling. Figure 3c,d are the microstructure images of
the Tip AIND alloy.

The grain sizes of the equiaxed &, phase were measured by Image-Pro Plus6.0 software
to be about 2 um, and some «, was long-strip. During the air-cooling process after rolling,
the O phase precipitated from the matrix B2 phase in the form of lamellae, and, finally,
was uniformly distributed in the B2 matrix at different needle sizes, lathed, and equiaxed.
Through observation and analysis, it was found that the «, phase was dark black, the O
phase was light gray, and the B2 phase was bright white.

Figure 4 shows the phase diagram and grain characteristic diagram of the Ti, AINb
alloy. Due to the fast cooling rate of water after rolling, the x; phase and O phase had
not grown, as showed in Figure 4a, so the sizes were small and evenly distributed in the
B2 matrix.
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Figure 3. (a) XRD patterns of the rolled Ti;AND alloy, (b) metallographic structure of the alloy,

(c) low-magnification BSE image of the alloy, (d) high-magnification BSE image of the alloy.
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Figure 4. EBSD phase (a) and grain orientation (b—d) maps of a rolled Ti, AIND alloy.

The volume fraction of B2/ {3 phase was the largest, at 67.3%. Figure 4b showed that
the o; phase and O phase was densely distributed in the matrix B2 phase. It can be seen
from the grain characteristic diagram of the O phase in Figure 4c that the grain size of the O
phase in the matrix B2 phase was small and evenly distributed near the grain boundary [18].
The volume fraction of the O phase was 16.3%, as measured by Aztec Crystal. Because the
alloy was rolled, the grain boundary was not obvious. According to the grain characteristic
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diagram of the «, phase in Figure 4d, it can be seen that o, was distributed in the grain
interior in the form of long strip and equiaxed, and that some small particles with a volume
fraction of 16.4% were distributed along the grain boundary [19,20]. Due to the pinning
effect of the «; phase, the grain growth of the rolled Ti; AIND alloy was limited, and the
size was 0.79 pm. Therefore, the grain size can be controlled by controlling the «; content,
thereby improving the mechanical properties of the alloy.

3.2. Microstructure Evolution of TipAINb Alloy after Solution Treatment

Figure 5 shows the microstructure and XRD pattern of the Tip AIND alloy after solution
treatment at 900 °C. From Figure 5a, it can be seen that the phase of the alloy after heat
treatment was still composed of three phases, x; + B2 + O, but the intensity of the O
phase diffraction peak had weakened, while the intensity of the «; diffraction peak had
increased, causing the intensity of the B2 phase diffraction peak to increase [21,22]. From
the metallographic photos in Figure 5b, it can be observed that after corrosion at the same
time as the rolled alloy, the color of the alloy after heat treatment was darker, the original
rolled alloy was more prone to corrosion, and the equiaxed and long strip grains increased
significantly, linearly distributed in one direction.

(a) ¢

intensity (a.u.)

DR R

0 0 4 o 6
26 (Deg.)

Figure 5. (a) XRD patterns of the alloy after solution treatment at 900 °C, (b) Metallographic structure
of alloy, (c) Low-magnification BSE images of alloys, (d) High-magnification BSE image of alloys.

When the rolled Ti; AINb alloy was treated at 900 °C, it entered the oy + B2 + O
three-phase region. The O phase in the microstructure of the alloy dissolved in the B2
matrix, and the O — B2 transition occurred. The «; phase did not decompose due to its
high stability at low temperatures. However, due to the increase in temperature, the Nb
element diffused, some O phases were transformed into «; phases, and O — «; transition
occurred, resulting in an increase in the content of ; phases and a decrease in the content
of O phases.

From the low-magnification observation and analysis of the microstructure, due to
the heat treatment temperature in the «; + B2 + O three-phase region, the fine O phase
first dissolved, the O — B2 transition occurred, and the content decreased, while the
primary «y phase did not dissolve [23,24]. The «; phase was further equiaxed. Due to the
inclusion reaction of oy + B2 — O, a rimO phase existed around the x; phase. From the
local magnification of the microstructure in Figure 5d, it can be seen that the fine O phase
dissolved in the B2 matrix and disappeared. The undissolved O phase grew, was equiaxed,
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and then was evenly distributed inside the grain. In addition, there were &, nuclei in the
equiaxed O phase, forming a spherical oy phase in which the dark black area represented
the x; phase, the light ash area indicated the O phase, and the needle-like O phase also
formed inside the lath O phase [25]. Due to the change in Nb element content after heat
treatment, O — o transformation occurred. The lath-shaped O phase was precipitated at
the grain boundary, while the thin-layer O phase was precipitated inside the grain, and the
B2 — O transition occurred in this region. The undissolved O phase was coarser than the
O phase precipitated from the B2 matrix at the B2 grain boundary due to its growth and
high diffusivity. Due to the low energy configuration of the specific plane between the B2
and O phase boundaries, the thin O phase was precipitated inside the grain, and the grain
size was refined after heat treatment.

Figure 6 shows the phase diagram and grain characteristic diagram of the alloy after
solution treatment at 900 °C. It can be seen from Figure 6a that part of the oy phase O
phase was still distributed around the grain boundary, and the alloy was still based on
the B2 phase. The small O phase dissolved and the number decreased. Since the rimO
phase was decomposed into B2 and «;, the content of the equiaxed «; phase increased, and
the unchanged o, phase was distributed in this region [26]. It can be seen from Figure 6b
that the B2/f3 phase was still densely distributed around the «; phase and the O phase,
but the grain orientation changed after heat treatment. From Figure 6¢, it can be seen that
the fine O phase dissolved, the content was reduced, and the volume fraction was 13.4%,
while the undissolved O phase transitioned to a rough state and the grain orientation also
changed. Part of the O phase aggregated to form a block that was then dispersed in the B2
matrix [27,28]. From Figure 6d, it can be seen that due to the weak diffusion of Nb in the
primary o phase, the decomposition of the o, phase was inhibited. The granular «; phase
nucleated at the grain boundary, which is called the grain boundary &, phase. The solid
solution in the &y + B2 + O three-phase region led to the B2 — o reaction, the Nb content
changed, and the o, phase was also precipitated inside the grains. The volume fraction of
the oy phase was 18.4%. The undissolved o, and O phases grew and were equiaxed. The
grain size of the alloy was 0.89 um, higher than that of the rolled alloy.

Shyam, 2 D — - Soun” “’“"L-;@,A!

I 1T s or g 100

Figure 6. EBSD phase of the alloy after solution treatment at 900 °C (a), and grain orientation
(b—d) maps.
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3.3. Microstructure Evolution of TipAINb Alloy after aging Treatment

Figure 7 shows the microstructure and XRD pattern of the Ti AIND alloy after solution
treatment at 900 °C and aging at 760 °C. It can be seen from the XRD pattern of Figure 7a
that the diffraction peak intensity of O phase and «; phase was stronger than that of a
900 °C solid solution, and the intensity of the B2 diffraction peak was weakened. From the
metallographic structure diagram in Figure 7b, it can be seen that the grain size remained
basically unchanged compared with the solid solution at 900 °C, and the content of the
equiaxed a; phase and O phase in the grain increased.

(a) M +B2

%0,
vO

intensity(a.u.)

20 30 4 50 6 70 SO 9 100
20 (Deg.)

Figure 7. (a) XRD patterns of the alloy after solution treatment at 900 °C and aging treatment
at 760 °C; (b) metallographic structure of the alloy; (c) low-magnification BSE images of alloys;
(d) high-magnification BSE image of alloys.

As can be seen from Figure 7c,d, the ay phase was equiaxed, while the O phase
was short, rod-like, and disorderly distributed in the B2 matrix. The rod-like O phase
precipitated irregularly and sparsely due to aging in the x; + B2 + O three-phase region,
and the adjacent primary O phase was connected in a spherical structure, similarly to the
spheroidization of o. This was due to the termination of migration and Ostwald ripening,
resulting in rod-like O static spheroidization. Due to the long aging time, the «, phase
decomposed, and the &; — o + O transition occurred [29,30]. Some equiaxed «; phases
with smaller sizes were transformed into equiaxed O phases. Compared with the solid
solution at 900 °C, except for the transformation of «; into the O phase, more O phases were
precipitated from the B2 matrix, and the primary lath O phase did not change with age. It
was found that the sizes of the primary lath O phase and the secondary acicular O phase
were different, and the x; phase precipitated in the grains in equiaxed and long strips.

Figure 8 shows the phase diagram and grain characteristic diagram of the Ti; AINDb
alloy after 900 solution treatments and aging at 760 °C. It can be seen from Figure 8a that the
primary lath O phase, secondary acicular O lath, and equiaxed O/ «; phase were dispersed
in the B2 matrix. In order to reduce the system’s energy, the O phase and the «; phase were
uniformly distributed in the B2 matrix. Compared with the solid solution at 900 °C, the
grain size was 0.73 pm, and did not change much.
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Figure 8. EBSD phase of the alloy after solution treatment at 900 °C and aging treatment at 760 °C
(a); grain orientation (b—d) maps.

It can be seen from Figure 8b that the grain orientation changed greatly compared with
the solid solution at 900 °C. Since the precipitation of the «; phase and O phase in the B2
matrix led to an increase in their content, the volume fraction of the B2 phase decreased to
44.2%. From Figure 8¢, it can be seen that the grain orientation of the O phase precipitated
in the crystal was obviously different from that in the grain boundary distribution, which
was due to the different formation mechanisms. The O phase near the grain boundary
was generated by «; + B2 — O, partly due to the lattice distortion of the x; phase into
the O phase. The volume fraction of the O phase was significantly higher than that of
900 °C solid solution, which was 23.9%. From Figure 8d, it can be seen that the phase
transition of O — B2 and O — o occurred in the three-phase region during the aging of the
alloy, resulting in a denser distribution of the x; phase [31,32]. When the alloy was aged
in the three-phase region, B2 — o and O — « transformation occurred. Due to the me-
chanical displacement, O — «; transformation occurred, resulting in an increase in the o
phase content.

Figure 9 shows the microstructure picture and XRD pattern of the Ti AND alloy after
solution treatment at 900 °C and aging at 840 °C. From the XRD pattern shown in Figure 9a,
it can be seen that the diffraction peak intensity of the x; phase was weakened, and the
diffraction peak intensity of the O phase was enhanced. There were O, xp, and B2 phases
present in the aging process, and the phases were balanced.
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(a)

intensity(a.u.)

Figure 9. (a) XRD patterns of the alloy after solution treatment at 900 °C and aging treatment
at 840 °C; (b) metallographic structure of the alloy, (c) low-magnification BSE image of the alloy,
(d) high-magnification BSE image of the alloy.

From Figure 9b-d, it can be seen that the microstructure of the alloy was composed
of fine lath a; and O phases, an acicular O phase, an equiaxed and long-strip «; phase,
and a matrix B2 phase, and the aging microstructure was a double-sized lamellar O phase.
With the increase in aging temperature, needle-like phases with different widths appeared
inside the B2 grains, and the secondary needle-like O became shorter and thicker than that
aged at 760 °C. This was due to the improvement of the B2 grain boundary’s diffusion
ability and the growth of the residual O phase. The distribution of the O phase was more
dense, and the content was greatly increased. The «, phase was precipitated from the
B2 matrix in a needle shape 1~2 um in size, but its content was reduced. This is due to
the dissolution of the o« phase during furnace cooling, for which the alloy was kept in
the «p + B2 + O three-phase region and then annealed in the oy + O two-phase region,
resulting in the decomposition of the «; phase and the precipitation of the O phase [33,34].
The coarse, long-strip &, phase was distributed along the grain boundary and extended
continuously along it. Its growth stopped when it met other phases. There were a large
number of needle-like O phases around it, which provided conditions for the nucleation of
the O phase, which was also the reason for the substantial increase in O phase content. Due
to the existence of the «; phase, the grain size changes little.

Figure 10 shows the phase diagram and grain characteristic diagram of the Ti AINb
alloy after solution treatment at 900 °C and aging at 840 °C. It can be seen from Figure 10a
that as the aging temperature increased to 840 °C, and the sample was based on the O
phase, which dispersed with the «; phase and B2 phase. From Figure 10b, it can be seen
that the B2 phase was dispersed into fine equiaxed grains, and the volume fraction was
significantly lower than that achieved by aging at 760 °C, which was 19.5%.
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Figure 10. EBSD phase of the alloy after solution treatment at 900 °C and aging treatment at 840 °C
(a); grain orientation (b—d) maps.

From Figure 10c, it can be seen that the alloy structure was composed of numerous
needle-like O phases with different matrix sizes. The morphology of the O precipitates was
quite different from that of the 900 °C solid solution state [35]. The xy phase changed to
the O phase due to lattice distortion. At the same time, the secondary acicular O phase
further precipitated from the B2 matrix with the increase in aging temperature, and the
volume fraction increased to 68.9%. Due to the interconnection, it was difficult to obtain
size statistics [20]. From Figure 10d, it can be seen that compared with aging at 760 °C, the
equiaxed «; phase disappeared, the O phase matrix was finely distributed, it was dispersed
and aggregated in different regions, and the volume fraction reduced to 11.6%. The grain
size of the alloy was 0.70 pm, and it changed little with the increase in aging temperature.

The phase volume fraction and average grain/particle size of the Ti; AINDb alloy under
rolling and heat treatment conditions are shown in Table 3.

Table 3. The phase volume fraction and the average grain/particle size of the phase in the Tip AIND alloy.

Test Specimen B2/B (%) O (%) 2 (%) Grain Size (um)
Rolled plate 67.3 16.3 16.4 0.79
ST900 68.3 13.4 18.4 0.89
ST900 + AT760 442 239 319 0.73

ST900 + AT840 19.5 68.9 11.6 0.70
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3.4. Hardness of Ti)AINb Alloy after Heat Treatment

Figure 11 shows the Vickers hardness of the Ti;AINDb alloy. It can be seen from
the figure that the hardness of the original rolled Ti AIND alloy was 348 HV. After solid
solution at 900 °C, the lath O phase dissolved in the B2 matrix, but the brittle, hard «;
phase precipitated from the B2 matrix. The volume fraction of the O phase decreased by
2.9%, while the volume fraction of the «; phase increased by 2%. At this time, the Vickers
microhardness of the alloy increased, and the hardness value was 400 HV. It can be seen
that the increase in the hardness of the «; phase relative to the alloy was higher than that
of the O phase.

450
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0 1 1 4 1 ~ 1
rolled alloy 900°C /Th/WQ 900°C /Th/WQ+760°C /6h/FC 900°C /1h/WQ+840°C /6h/FC
Sample number

Figure 11. Effect of heat treatment on the alloy’s microhardness.

The hardness of the Ti; AIND alloy after 900 °C/1 h/WC + 760 °C/6 h/FC was 402 HV.
Compared with the solid solution treatment at 900 °C, the volume fraction of the brittle O
phase increased by 10.5%, and the volume fraction of the brittle ot phase increased by 13.5%
after aging treatment. The secondary fine acicular «; /O phase was uniformly distributed in
the matrix, and the Vickers hardness of the alloy increased [36]. The undissolved o, phase
and O phase were equiaxed, which strengthened the matrix and increased the hardness.

With the increase in aging temperature, the hardness decreased due to the change in
the phase composition after aging treatment. When the aging treatment was carried out
in the «y + O + B2 three-phase region, as the aging temperature increased from 760 °C to
840 °C, the atomic diffusion rate increased, and the O phase and «; phase were formed in
the alloy. After the heat preservation grew, the grain size became larger and the hardness
of the alloy decreased.

The secondary acicular O phase precipitated during aging treatment had a better
strengthening effect. With the precipitation of more secondary acicular O phases, the alloy
treated in the &y + B2 + O three-phase region showed greater microhardness after aging
treatment. In addition, due to the formation of the secondary needle-like O phase, the
microhardness of the alloy was restored to its original strength. Compared with the direct
solid solution alloy, the hardness was significantly improved. The alloy with the O phase
had a higher microhardness value than that with the B2 phase.

4. Conclusions

In this study, the influences of heat treatment, including solution and aging, on the
microstructure and mechanical properties of rolled Tip AINb were systematically studied.
The major results and findings were as follows. After solution treatment at 900 °C, the O
phase and «; phase of the rolled Tip AINb alloy were transformed into the B2 phase, and
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the volume fraction of the B2 phase gradually increased. The undissolved «,/O phase
was equiaxed and subsequently grew, and the B2 phase grains were recrystallized and
subsequently grew.

After solution treatment at 900 °C (in the «; + B2 + O three-phase region), the alloy
was aged at 760 °C and 840 °C, respectively, and the acicular O phase was precipitated from
the B2 matrix. The microstructure mainly included the secondary precipitated acicular
O phase, the equiaxed x; phase, and the B2 matrix. The size and volume fraction of the
secondary precipitated acicular O phase were dependent upon the aging temperature. The
number of pre-nucleated particles in the secondary acicular O phase depended on the
previous solution’s temperature. When the aging temperature was 840 °C, the precipitation
phase size was at its largest, while the aging treatment at 760 °C yielded the smallest
precipitation size. With the increase in the aging temperature, the volume fraction of the
secondary precipitated needle O phase increased, while the coarse primary lath O phase
formed during the solid solution process was almost unaffected by the aging temperature.
There were many very fine xy phases in the sample after solutioning at 900 °C and aging at
760 °C. When the aging temperature was increased to 840 °C, the number of fine lath «;
phases was small, and the grain boundary «; phase lath was coarse. At the same aging
temperature, with the increase in the solution’s temperature, the fine O phase was reduced.
With the increase in the aging temperature, the hardness of the alloy decreased, as the
O — B2/0 — «ay phase transformation consumed the O phase that produced the precipi-
tation hardening effect. The coarse O phase lath was caused by the increase in the grain
boundary diffusion ability of the B2 phase and the growth of the residual O phase. The
residual strain energy of the alloy disappeared after solution treatment, and the order
of the O phase was broken. During the aging process, coarse O laths appeared due to
Ostwald ripening. The length of the coarse O slab was different, and the width remained
basically unchanged with the increase in temperature. In order to reduce the energy of
the system, the multi-shaped O phase was uniformly distributed in the matrix, and the
needle-like O phase was coarsened due to the greater amount of active energy provided by
the higher temperature.
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