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Abstract: In order to satisfy the requirements of aerospace field for rapid preparation of high strength and toughness complex
titanium alloy parts, new Ti-5321 (Ti-5A1-3Mo-3V-2Zr-2Cr-1Nb-1Fe) alloy with high strength and high toughness was prepared by
laser cladding forming, which possesses the superiority of rapid prototyping, high efficiency, and good formability. Through single
annealing and multiple heat treatment (f -annealing with slow cooling and aging, BASCA) on Ti-5321 alloy, the microstructure
evolution was revealed, and the influence of different microstructures on the fracture toughness was explored. Results show that after
single annealing, the alloy morphology presents the basket-weave structure consisting of elongated lamellar o phases. Its ultimate
"2 After BASCA heat treatment, the elongated lamellar a phase

changes to coarse lamellar o phase and ultrafine needle-like o phase. Thus, the ultimate tensile strength increases to 1309 MPa,
12

tensile strength is 1102 MPa, and fracture toughness is 68.1 MPa-m
whereas the fracture toughness reduces to 45.5 MPa-m . BASCA heat treatment can enhance the strength but degrade the toughness
of alloys. This is because the elongated lamellar a phase in basket-weave structure can greatly increase the crack growth resistance
and aggravate the tortuous degree of crack growth path, thus improving the alloy toughness. Coarse lamellar a phase after BASCA
heat treatment has a certain degree of directionality, and the cracks only deflect when passing through the coarse lamellar o phase of
different 4 grains. Crack propagation mainly occurs in the ultrafine needle-like a phase. However, due to the extremely small size of
ultrafine needle-like a phase, it cannot hinder the development of crack path or deflect the cracks. Thus, the toughness of coarse
lamellar structure becomes more inferior after BASCA heat treatment.
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Because of its advantages of high strength, good corrosion
resistance, and high plasticity, titanium alloy with high
strength and high toughness is widely used in aerospace,
medical equipment, and petrochemical fields"!. Currently, the
basic definition of high strength and high toughness for
titanium alloys is that the ultimate tensile strength (UTS) is
higher than 1000 MPa and the fracture toughness is greater
than 55 MPa-m"?”, Therefore, titanium alloys with high
strength and high toughness mainly include the near f

[3-4]

titanium alloy” ", metastable f titanium alloy”, and « + f

titanium alloy. For example, Ti-5553 alloy"” is designed

based on BT22 alloy™, Ti-55531 alloy™, Ti1300 alloy"”, Ti-
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62222s alloy", and TC21 alloy™ "\
normally used in the manufacture of new aircraft. Referring to
the element composition of Ti-1300 and TC21 alloys, a new
titanium alloy with high strength and high toughness, Ti-5321
(Ti-5A1-3Mo-3V-2Zr-2Cr-1Nb-1Fe) alloy, has been designed
and developed"*'”. Ti-5321 alloy is a metastable titanium
alloy with a large range of structure and property regulation.
With the development of industrial technology and the
improvement in industrial requirements, higher requirement is

These alloys are

proposed for the application of titanium alloys with high
strength and high toughness: rapid manufacture. Traditional
manufacture techniques of titanium alloys with high strength
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and high toughness have the disadvantages of high cost, long
processing cycle, and low precision.  Additive
manufacturing (AM) 2% such as selective laser melting
(SLM) P"* laser melting deposition™, and laser cladding
forming (LCF), can solve the shortcomings of traditional
processing methods. LCF of Ti-5321 alloy cannot only rapidly
form complex components, but also satisfy the design
requirements of lightweight, convenience, and efficiency.
Additionally, the unique thermal cycle and processing
characteristics of titanium alloys may control the
microstructures and properties”!. Through heat treatment™ >,
the alloy microstructure can be further optimized to achieve
equivalent or better performance””. For example, after
annealing at 500 ° C, Ti-5553 (Ti-5SAl-5Mo-5V-3Cr) alloy
prepared by SLM technique has the microstructure of S phase
matrix and uniformly dispersed lamellar o phase, and its UTS
increases to 1600 MPa"™. Similarly, bimodal and bi-lamellar
microstructures can be obtained after certain heat treatments:
Ti-55531 alloy after heat treatment possesses significantly
refined primary a phase precipitates within the § grains. SLM
technique is expected to eliminate the anisotropy and to
improve the corrosion resistance of Ti-55531 alloy™. Similar
to Ti-5553 alloy, Ti-55511 (Ti-5Al-5Mo-5V-1Cr-1Fe) alloy is
also very sensitive to the heat treatment mechanism due to the
microstructure evolution and fracture toughness. The increase
in aging temperature results in coarser a phase, reduces its
content, deflects the crack, and consumes additional energy,
thus improving the fracture toughness. Liu et al®” proved that
the microstructure evolution and fracture toughness of Ti-
55511 alloy are very sensitive to the multiple heat treatment
mechanism. Multiple heat treatment is an extension of single
annealing heat treatment, and it is one of the main methods to
adjust the microstructure of titanium alloys. Furuhara et al®"
improved the strength-toughness balance of f-Ti-15-3 alloy by
a specially designed high-low temperature two-step aging
treatment. Although the heat treatment methods and their
influence on titanium alloys are similar, the relationship
among heat treatment, microstructure, and fracture toughness
should be further investigated. In this research, the effect of
heat treatment on the microstructure of Ti-5321 alloy was
investigated, and the effect of different microstructures on the
mechanical properties and fracture toughness of the alloy was
analyzed. This research provides reference for the subsequent
investment of titanium alloys with high strength and high
toughness.

1 Experiment

The raw material for LCF manufacture was Ti-5321 alloy
powder, and its chemical composition is shown in Table 1.
The phase transformation temperature is 865 ° C. The mor-
phology of Ti-5321 alloy powder was observed by scanning
electron microscope (SEM). Fig.1 shows SEM morphologies
of Ti-5321 alloy powder. No binding or agglomeration
phenomenon exists in the powder. No “satellite powder” can
be observed, and all powder particles maintain good
sphericity. The surface of alloy powder is free of holes,

Table 1 Chemical composition of Ti-5321 alloy powder (wt%)

Al Mo \% Zr Cr Nb Fe O Ti
5.05 296 296 1.88 199 096 0.99 0.091 Bal

Fig.1 SEM surface (a) and interior (b) morphologies of Ti-5321
alloy powder

cracks, or any other defects, and the interior of alloy powder is
compact. The particle size of alloy powder was measured by
Image Pro Plus 6.0 software, The particle diameter is mainly
80110 pum, and the median particle diameter is 100 pm.

Ti-5321 alloy was prepared by LCF equipment. LCF
equipment is composed of laser device, powder feeder, water
cooling device, control cabinet, powder feeding nozzle,
forming workbench, and protective atmosphere. LCF
preparation parameters are shown in Table 2.

In order to reduce the residual stress in the component, the
as-prepared components should be immediately heat-treated.
The single annealing process was conducted at 530 °C for 1 h
with air cooling (AC). The multiple heat treatment involved
the processes of heating to 880 °C, holding at 880 °C for 1 h,
cooling to 800 °C in the two-phase zone at furnace cooling
rate of 0.5 °C/min, then AC to room temperature, and finally
aging at 580 °C for 6 h with AC. This multiple heat treatment
is also denoted as f-annealing with slow cooling and aging
(BASCA) treatment. Thus, the Ti-5321 alloy specimens after
single annealing and multiple heat treatment are named as S-A
and S-B specimens, respectively. The tensile properties at

Table 2 LCF preparation parameters

Parameter Value
Laser power, P/kW 6-8
Scanning speed, v/mm-min™' 800—1200
Powder feeding speed, v/g-h”' 1000-1200
Overlap ratio, /% 30-50




972 Liu Guozheng et al. / Rare Metal Materials and Engineering, 2024, 53(4):970-977

room temperature and fracture toughness of S-A and S-B
specimens were tested, and the effect of microstructure on the
mechanical properties and fracture toughness of the alloy was
analyzed by optical microscope (OM) and SEM. Tensile test
at room temperature was conducted by Instron 1195 universal
electronic testing machine. The fracture toughness test was
conducted by MTS 370.10 low-cycle fatigue testing machine.
The fatigue crack with length of about 1.5 mm was
prefabricated with stress ratio of R=0.1. Fig. 2 shows the
specimen position and dimension.

2 Results and Discussion

2.1 Microstructure

OM morphology of S-A specimen is shown in Fig.3a. The
intragranular o phase has thin long needle-like lamellar
morphology, and it is interlaced and woven into basket shape,
namely basket-weave structure. Fig. 3b shows OM mor-
phology of S-B specimen, which consists of elongated o
phase. The needle-like o phase completely disappears and
changes into thick lamellar o phase. The coarse lamellar «
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Fig.2 Schematic diagrams of specimen position (a), tensile

specimen (b), and fracture toughness specimen (c)

Fig.3 OM microstructures of S-A (a) and S-B (b) specimens

phases have certain directionality, but the coarse lamellar o
phases in different £ grains have nonuniformity.

Fig. 4a shows SEM microstructure of S-A specimen. The
black elongated needle-like or lamellar o phase is uniformly
distributed on the white f phase matrix, forming the basket-
weave structure. Fig. 4b shows SEM microstructure of S-B
specimen. With large size and uniform orientation, the
discontinuous lamellar o phase remains parallel in £ grains.
Ultrafine needle-like a phases exist between coarse lamellar a
phases. The width of ultrafine needle-like o phase is only 0.1
um, resulting in high brittleness, which may cause great
damage to the fracture toughness of the organization.

2.2 Mechanical properties

After conducting tensile tests at room temperature, the
tensile properties of S-A and S-B specimens are shown in
Table 3. Three groups of tensile tests were conducted, and the
group with the largest deviation of test data was eliminated to
reduce the error caused by the inhomogeneity of AM
organization. The yield strength of S-A specimen is 1032
MPa, UTS is 1102 MPa, the elongation after fracture is
13.5%, and the area reduction is 26%. The yield strength of
S-B specimen is 1228 MPa, UTS is 1309 MPa, the elongation
after fracture reduces to 6.5%, and the area reduction is 13%.
Fig.5 shows the engineering stress-strain curves of S-A and
S-B specimens. Compared with that of S-A specimen, the
strength of S-B specimen greatly improves, which is attributed
to the significant increase in yield strength and UTS. Besides,
the plasticity, elongation, and area reduction all decrease after

Fig.4 SEM microstructures of S-A (a) and S-B (b) specimens

Table 3 Tensile properties of S-A and S-B specimens

. UTS/ Yield strength/  Elongation/ Area
Specimen )
MPa MPa % reduction/%
S-A 1102 1032 13.5 26
S-B 1309 1228 6.5 13
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Fig.5 Engineering stress-strain curves of S-A and S-B specimens at

room temperature

BASCA treatment.

Fig.6 shows SEM morphologies of S-A and S-B specimens
after tensile fracture. It can be found that the fracture types of
the two specimens are similar. The fracture is characterized by
ductile fracture, and the fracture area can be divided into
fibrous zone and shear lip zone. There are a lot of microvoids
in the dimple, and the micropores are free of inclusions. Thus,
it can be judged that the fracture mechanism is microporous
aggregation fracture. The fibrous zone shape of S-B specimen
is regular, and many cleavage surfaces and large size dimples
exist on the S-B specimen. The shear lip zone is smoother and
the dimples are smaller, which indicates that S-B specimen
has brittle fracture characteristics. The strength of S-B
specimen is higher than that of S-A specimen, but the
toughness of S-B specimen is worse.

2.3 Fracture toughness

In the fracture toughness tests, the specimens with small
thickness were selected to measure the fracture toughness.

Table 4 shows the fracture toughness of S-A and S-B speci-
mens. Among them, 2.5(F/R,,,)’ represents effective tough-
ness criteria, 7, is the stress field strength factor, R,,,is the
yield strength, and a is the crack length. The fracture tough-
ness K, of S-A and S-B specimens is 68.1 and 45.5 MPa'm'”,
respectively. S-A specimen has higher fracture toughness. It is
inferred that the size and morphology of a phase can affect the
strength and toughness of Ti-5321 alloy.

Fracture toughness is closely related to the crack
propagation. The tortuous crack path reduces the effective
crack driving force on the crack tip, increases the crack
propagation resistance, and improves the fracture toughness.
The fracture morphology of S-A specimen has two typical
regions: the pre-crack region (PR) and the unstable crack
propagation region (UCPR), as shown in Fig. 7a. The crack
propagation path in PR is relatively straight and the area is
small and flat. Obvious smooth cleavage surface can be
observed. Ductile bands and shear lips can be observed in
UCPR of S-A specimen. The crack propagation path is
tortuous and undulating. The fracture morphology of S-B
specimen is more gentle. No significant transition region
exists between PR and UCPR, and the shear lip zone is small,
as shown in Fig.7b.

Fig.8 shows SEM morphologies of S-A and S-B specimens
after fracture. The fracture morphologies can be divided into
three typical areas: PR, UCPR, and transition region. The
appearance typical  fatigue fracture
characteristics. A large number of cleavage steps, river

overall shows
patterns, and small secondary cracks can be observed in PR.
The front end of the transition region is characterized by
cleavage surface and microcracks, which form a clear
boundary with the tearing edge and the dimples of UCPR at
the rear end. Larger and deeper tearing edges appear and the

et
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Fig.6.  SEM morphologies of S-A (a) and S-B (d) specimens after tensile fracture; magnified images of area 1 (b) and area 2 (c) in Fig. 6a;

magnified images of area 3 (e) and area 4 (f) in Fig.6d
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Table 4 Fracture toughness of S-A and S-B specimens

Specimen Fracture toughness, KQ/MParm”2 Effective toughness criteria, 2.5(F Q/RPO'Z)Z/mm Crack length, a/mm
S-A 68.1 11.59 10.106
S-B 455 3.40 9.797
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Fig.8 SEM microstructures of S-A (a—c) and S-B (d—f) specimens after fracture along the crack propagation direction

secondary cracks cause rough surfaces. These phenomena
present the complete static tensile fracture characteristics. As
shown in Fig.8d, the fracture morphology of S-B specimen is
also composed of three areas: PR, UCPR, and transition
region. However, PR of S-B specimen has more cleavage
surfaces and cleavage steps, and the size of the secondary
cracks is larger. The transition region is less obvious. UCPR
presents more obvious brittle fracture characteristics, which is
basically composed of cleavage surface, cleavage steps, and a
large number of the secondary cracks with large size. Obvious

dimples cannot be observed in the S-B specimen. These
results also prove that the toughness of S-B specimen is
inferior.
2.4 Discussion
2.4.1 Microstructural morphology

Fig.9 shows the size of a phases in S-A and S-B specimens.
The length of the lamellar a phase in S-A specimen is 2—4 um,
the width is 0.4—0.6 um, and the aspect ratio is about 5. The
length of the lamellar a phase in S-B specimen is 10—-30 pm,
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Fig.9 Length (a, ¢) and width (b, d) of lamellar a phase in S-A (a—b) and S-B (c—d) specimens

the width is 1-3 um, and the aspect ratio is about 10. It can be
seen that the size and aspect ratio of a phase in S-B specimen
are much larger than those of S-A specimen.

During the multiple heat treatment process of Ti-5321 alloy,
the insulation treatment in the single S phase zone completely
dissolves the lamellar o phase, forming the metastable f
phase. When the alloy slowly cools from the g single phase
zone to the a+f dual-phase zone, the cooling rate is small, the
cooling time is short, and the undercooling degree is small.
The crystal nuclei are firstly formed at the grain boundary and
then connected, forming the continuous grain boundaries. The
o phase gradually grows into the crystal, forming coarse
lamellar a phase. During the subsequent long-term aging
process, a large amount of ultrafine needle-like o phase is
precipitated.

2.4.2 Load-displacement curves

Load-displacement (F-V) curves of S-A and S-B specimens

are as shown in Fig.10. For S-A specimen, there is an obvious
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Fig.10 Load-displacement curves of S-A and S-B specimens

“burst” platform. This is because the crack tip is unstable and
the cracks are propagated firstly. The surface layer produces
plastic deformation, forming a plastic zone at the crack tip,
which causes the crack growth in the center. It is necessary to
apply more load to destroy the plastic zone, so the load needs
to be increased to promote the crack growth. These results
show that S-A specimen has good toughness. However, the
F-V curve of S-B specimen does not have such platform, and
no plastic deformation zone occurs at the crack tip, indicating
that toughness of S-B specimen is inferior.
2.4.3 Crack propagation path

The crack propagation path of S-A specimen is shown in
Fig. 11a. The crack growth path in PR is relatively smooth,
whereas the crack growth path in UCPR greatly fluctuates.
The secondary cracks can be observed in UCPR. Intragranular
crack propagation mainly has three forms: segment 1 (S1)
along the a phase extension; segment 2 (S2) of oblique pro-
pagation through o phase; segment 3 (S3) of vertical propa-
gation through a phase. According to Fig. 1le and 11f, there
are three types of crack propagation segments in S-A and S-B
specimens, respectively, which mainly include the S2 and S3.
The crack propagation segments of S-A specimens are com-
posed of continuous S1, S2, and S3. When the crack crosses
different a phases, it deflects to a certain extent. Therefore, the
crack propagation path has many small twists and turns, and
the crack propagation is hindered, improving the toughness. In
S-B specimen, the crack propagation mainly occurs in the
ultrafine needle-like a phase. The crack propagation path is
smooth without twists and turns, as shown in Fig.11d. This is
because the ultrafine needle-like o phase cannot hinder the
crack growth, therefore degrading the alloy toughness. Only
when the crack is propagated to the coarse lamellar o phase,
the crack deflects to a certain degree. In this case, the crack
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Fig.11 Crack propagation paths of S-A (a) and S-B (b) specimens after tensile fracture; magnified images of area I (c) and area II (d) in Fig.11a;

magnified images of area I (e) and area II (f) in Fig.11b

Fig.12 Schematic diagrams of crack propagation of S-A (a) and

S-B (b) specimens during fracture process

propagation is hindered, improving the alloy toughness.

According to the morphologies and crack propagation path
of S-A (basket-weave structure) and S-B (coarse lamellar
structure) specimens, the crack propagation models of Ti-5321
titanium alloy prepared by LCF technique are established, as
shown in Fig.12. The cracks in the basket-weave structure are
propagated through a phase. When the cracks are propagated
between different a phases, they deflect at a certain angle.
Thus, the resistance against crack propagation is large and the
fracture toughness is good. In the coarse lamellar structure,
when the cracks cross through the ultrafine needle-like a
phase, the crack propagation has no deflection. When the
cracks cross through the coarse lamellar a phase, the crack
propagation has a certain degree of deflection. Therefore, the
toughness of coarse lamellar structure is inferior.

3 Conclusions

1) After single annealing process, the Ti-5321 alloy
prepared by LCF technique has basket-weave structure, which
is composed of elongated lamellar o phase. After multiple heat

treatment, the microstructure of Ti-5321 alloy consists of
coarse lamellar o phase and ultrafine needle-like a phase.

2) After single annealing process, the plasticity and
toughness of Ti-5321 alloy are enhanced. After multiple heat
treatment, the plasticity and toughness of Ti-5321 alloy
decrease, but the strength significantly increases.

3) After single annealing process, the plastic zone of crack
tip is generated during the crack propagation, which increases
the resistance against the crack propagation, thereby hindering
the crack propagation. After multiple heat treatment, there is
no plastic zone at the crack tip, and Ti-5321 alloy exhibits
brittle fracture characteristics.

4) After different heat treatments, the crack propagation
modes are similar: through a phase and along a phase. The
morphology and size of a phase affect the alloy toughness.
After single annealing process, deflection occurs when the
cracks cross through different a phases. The crack propagation
path has more twists and turns, and the crack propagation
resistance increases, which improves the toughness of Ti-5321
alloy. After multiple heat treatment, crack propagation mainly
occurs in the ultrafine needle-like o phase. But the ultrafine a
phase is brittle and cannot prevent the crack growth. Thus, the
toughness of Ti-5321 alloy is inferior.

5) This research provides reference for the rapid
manufacture of new titanium alloys with high strength and
high toughness, presenting guidance for the control of
microstructure and properties.
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