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Abstract: The impact toughness of a high-strength metastable f titanium alloy (Ti-5Cr-4Al-4Zr-
3Mo-2W-0.8Fe) with two typical microstructures is studied by Charpy impact tests. The bimodal
microstructure (BM) and the lamellar microstructure (LM) are obtained by the solution and aging
treatments and the {3 annealing, slow cooling and aging treatments, respectively. In the impact crack
initiation process, the deformation capacities of the primary « () phase, secondary « (as) phase
and transformed P () matrix in the BM are very different, and the stress gradient at the interface
of the three causes the crack initiation. The lamellar « («]) phase and B in the LM satisfy the BOR
relationship, and the effective slip transfer between « and 3 phases slows down the crack initiation.
Meanwhile, the appearance of deformation twins in the LM improves the crack initiation energy. In
the crack propagation process, the lack of coordinated deformation between the & and 3 phases in
the BM leads to rapid crack propagation. In the LM, the deformation of & and (3 is relatively more
coordinated, so the severe plastic deformation is only concentrated near the crack and at the interface.
The secondary crack initiation and the crack propagation along the twin boundary reduce the stress
concentration at the crack tip. The deformation twins and zigzag propagation path can improve the
crack propagation energy. To summarize, the alloy with LM exhibits better impact toughness than
the alloy with BM.

Keywords: metastable 3 titanium alloy; impact toughness; bimodal microstructure; lamellar

microstructure; crack initiation and propagation

1. Introduction

Titanium alloys have been widely developed in the aerospace field due to the advan-
tages of high-specific strength, low density, excellent corrosion resistance and satisfactory
crack resistance [1-3]. In particular, metastable 3 titanium alloys have achieved many
successful applications in the manufacturing of aircraft structural parts due to their quality
hardenability, strong cold working ability, optimum matching of high strength and strong
plasticity. With proper heat treatment, metastable {3 titanium alloys can be applied in a
wide range of strengths. Therefore, the microstructure tailoring has great influence on the
mechanical properties of alloy; the coordinated deformation between the « and 3 phases
strongly depends on the morphology and quantity of equiaxed and lamellar « phases and
the distribution and size of primary and secondary « phases [4-7].

In the past, material scientists have focused on increasing the strength of titanium
alloys to meet the more demanding application requirements on structural materials for
the long term [8,9]. However, through the analysis of many engineering failure cases, it has
been discovered that the ability of materials to resist crack propagation after damage is also
worthy of attention. The impact toughness is used to characterize the crack propagation
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resistance of materials under dynamic loads, and the energy absorbed per unit area of the
surface during a fracture can be obtained by the Charpy impact test as an index to measure
the toughness of the material [10,11]. Huang et al. [12] studied the effect of oxygen content
on the impact toughness of « titanium alloy and found that the reduction of oxygen content
increases the dislocation activity and the number of deformation twins and improves
the resistances of crack initiation and propagation. Buirette et al. [13] investigated the
impact toughness of the Ti-6Al-4V alloy with bimodal microstructure (BM) and lamellar
microstructure (LM) and pointed out that the prismatic slip in the shear band near the crack
tip is conducive to the improvement of toughness; the coarse LM can effectively extend the
crack propagation path, thus improving the impact toughness. Chi et al. [14] studied the
effect of heat treatment on the impact toughness of an extruded tube of Ti-6Al-4V-Mo-Zr
alloy and suggested that solution and aging treatments reduce the impact toughness of
the alloy with LM. Lei et al. [15] analyzed the impact toughness of the two-phase alloy
TC21 with different microstructures and found that the crack initiation energy accounts for
most of the total impact energy, and the high-angle interface of the LM leads to the zigzag
propagation of crack and increases the crack propagation energy. Xu et al. [16] observed the
microstructure evolution of a Ti-17 alloy with LM under impact load after pre-deformation
and heat treatment and found that the increase of the spheroidization rate reduces the
impact toughness. Yang et al. [17] further studied the effect of aging treatment on the
impact toughness of hot-rolled Ti-17 alloy and found that the « phase coarsening after aging
changes the crack propagation path and improves the impact toughness. Yao et al. [18]
investigated the effect of deformation twins on the impact toughness of the Ti-15Mo alloy
and believed that the appearance of deformation twins increases the energy dissipation, and
the dynamic grain refinement and twins’ plane promote the deflection of crack propagation
path. The titanium alloys involved in the above studies have relatively lower strength
than some new metastable 3 titanium alloys. Therefore, the impact toughness of high-
strength metastable 3 titanium alloys with different microstructures and the corresponding
deformation and fracture behaviors under impact load need to be further studied.

In this work, a new high-strength metastable (3 titanium alloy, Ti-5Cr-4Al-4Zr-3Mo-
2W-0.8Fe (Ti-54432), was selected to study the relationship between typical microstructures
and impact toughness. The BM and LM were obtained by the solution and aging treatments
and the 3 annealing, slow cooling and aging treatments, respectively. Through uniaxial
tensile and Charpy impact tests, the strength and toughness of the alloy with BM and LM
were compared. The microstructure, fracture morphology and crack propagation path
were observed, and the deformation coordination mechanism between & and 3 phases
under impact load and the crack initiation and propagation in different microstructures
were analyzed.

2. Experimental Procedure
2.1. Material Preparation

The Ti-54432 alloy used in this work is a new high-strength metastable {3 titanium alloy
independently developed by Northwest Institute for Nonferrous Metal Research, China.
Table 1 lists the chemical composition of this alloy. To obtain the two target microstructures
studied here, the alloy was subjected to a series of thermal-mechanical treatments. The
alloy ingot was forged twice above the (3 transition temperature (Tg = 860 °C) and then
once below Ty to obtain the forged billet to be heat-treated. The forged billet was cut into
two pieces, one of which was solid solution treated at 880 °C (in 3 phase region) for 1 h
and then furnace cooled (FC) to 600 °C for aging of 6 h to obtain the LM; the other piece
was solid solution treated at 830 °C (in « + {3 phase region) for 1 h and air-cooled (AC) to
room temperature and then heated to 600 °C for aging of 6 h to obtain the BM. Figure 1
shows the schematic diagram of the two heat treatment processes.
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Table 1. Chemical composition of the Ti-54432 alloy (wt.%).
Al Cr Zr Mo W Fe o Ti
4.10 5.33 3.99 2.63 2.09 0.83 0.08 Bal.

(600°C for 6 hy

Temperature
Temperature

Time Time -
Figure 1. Schematic diagram of the heat treatment processes to obtain two target microstructures:
(a) BM; (b) LM.

2.2. Uniaxial Tensile and Charpy Impact Tests

Uniaxial tensile tests were conducted by an INSTRON-5975 (INSTRON® Products,
Norwood, MA, USA) universal material testing machine with a tensile speed of 2 mm/min
at room temperature. The gauge part of the tensile testing specimen is 50 mm in length
and 10 mm in diameter. Charpy impact tests were carried out at room temperature by an
NI300C 300 J (NCS Ltd., Beijing, China) pendulum impact tester equipped with a data
acquisition system. The size of the Charpy impact testing specimen with a V-notch is
10 mm x 10 mm x 55 mm. Figure 2 shows the shape and dimension of the specimens for
uniaxial tensile and Charpy impact tests. To ensure the reliability of the data, both the tensile
and impact tests were repeated several times to obtain better repeatable testing results.
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Figure 2. Shape and dimension (unit: mm) of specimens for the uniaxial tensile test (a) and the
Charpy impact test (b).

2.3. Microstructure Characterization

The fracture morphology of the tensile and impact specimens was observed by a
JSM-6460 (JEOL Ltd., Showa, Tokyo, Japan) field emission scanning electron microscopy
(SEM), and the crystallographic orientation of grains in the area around the crack was
analyzed by electron backscatter diffraction (EBSD) combining HKL Channel 5 (Oxford
Instruments, Witney, UK) software. The microstructure characterization was performed on
a JEM-200 CX (JEOL Ltd., Showa, Tokyo, Japan) transmission electron microscopy (TEM).
The TEM thin film specimens were cut from the impact testing specimens parallel to the
loading direction; they were sanded down to about 40 pm thickness and blanked into discs
with 3 mm diameter, which were, subsequently, twin-jet electropolished at ~58 V for 20 s in
the mixed solution of 94 vol% glacial acetic acid and 6 vol% perchloric acid (HCIOy).
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3. Results
3.1. Initial Microstruture

Figure 3 shows the initial morphology of the BM and LM in the Ti-54432 alloy before
deformation and impact. For the alloy with BM, due to the solid solution treatment in the
o + 3 phase region, the equiaxed and rod-like primary « (&) phases form, while the grain
boundary o (xgp) phases precipitate on the original 3 grain boundary in a discontinuous
chain shape. In the subsequent aging process, the fine secondary o (os) phases uniformly
precipitate in the transformed ( (f¢) matrix [19]. For the alloy with LM, after the solid
solution treatment in the 3 phase region and furnace cooling, the lamellar « () phases
generate in the coarse equiaxed {3 grain, and the xp is distributed on the 3 grain boundary.
Due to the low rate of furnace cooling, most & phases nucleate at the 3 grain boundary
and grow inwards to the interior of the grain, forming «; colonies with different orientation
and larger thickness. Moreover, the enhanced atomic diffusion results in a more complete
[3— o transition, and many « stable elements participate in the formation of «;. After aging,
only a small amount of short needle-like & phases precipitate in the 3; matrix,

Figure 3. SEM images of the Ti-54432 alloy with different microstructures before deformation and
impact: (a) BM; (b) LM.

3.2. Uniaxial Tensile Properties

Table 2 lists the tensile properties of the Ti-54432 alloy with different microstructures
at room temperature. The alloy with BM has higher strength but lower elongation. This
indicates that the equiaxed oy, and fine s are beneficial to the improvement of strength,
but their contribution to plasticity is limited. In contrast, the alloy with LM has lower
strength and higher elongation. Figure 4 displays the fracture morphology of the Ti-54432
alloy with different microstructures after uniaxial tensile tests. For the alloy with BM, the
overall morphology of the fracture shows the characteristics of the ductile fracture, with
obvious necking and a relatively flat fracture plane. There is a wide range of shear lip area,
consisting of shallow dimples, as shown in the illustration in Figure 4a. At the same time, a
large number of fine dimples are densely distributed in the fibrous and radial areas [20].
The microvoids nucleate at the edge and bottom of the dimple, and the microcracks are
mainly formed by the coalescence of the grown microvoids [21]. For the alloy with LM, the
fracture plane is fluctuant, and the shear lip area is relatively irregular, consisting of larger
dimples, as shown in the illustration in Figure 4d. From the magnified view of the fracture,
there are characteristics of cleavage fracture [22], which has many cleavage planes.

Table 2. Tensile properties of the Ti-54432 alloy with different microstructures at room temperature.

Microstructure UTS/Mpa YS/Mpa Elongation/% Area Reduction/%

BM 1292 1262 10 26
LM 1125 1093 13.5 22
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Figure 4. SEM images of the fracture morphology of the Ti-54432 alloy with different microstructures
after uniaxial tensile tests: (a) overall appearance of the BM; (b) microcrack of the BM; (c) microvoid
of the BM; (d) overall appearance of the LM; (e) cleavage plane of the LM; (f) microcrack of the LM.

3.3. Charpy Impact Properties

Figure 5 represents the load —displacement curves of the Ti-54432 alloy with different
microstructures in the impact tests. The impact energy is generally the sum of the crack
initiation energy (W) and crack propagation energy (Wp). In Figure 5a,b, the Fy, point can
be found, which corresponds the value of the maximum load and divides the whole curve
into the crack initiation segment and crack propagation segment. When the load reaches
the maximum critical value Fy,, the crack propagates rapidly, leading to the specimen
fracture. According to the curves, for both the BM and LM, the crack initiation segment is
longer than the crack propagation segment. This indicates that it takes a relatively long
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time for the alloy to go from damage-free to crack initiation; thereinto, the crack initiation
displacement of the alloy with LM is about 0.4 mm longer than that of the alloy with BM.
Once formed, the crack propagates rapidly in both microstructures. In the BM, the load
drops rapidly to 0 after reaching the peak, while in the LM, the deformation can remain for
a period after the load reaches the peak, showing that the displacement increases while
the load remains unchanged. It is related to the occurrence of stress-induced twins in the
LM under impact load, which will be discussed in detail later. The results obtained by
integrating the two parts of the load—displacement curves also indicate that the crack
initiation energy and crack propagation energy in the LM are higher than those in the
BM [23]. In the crack initiation process, the LM absorbs more energy and has stronger
crack propagation resistance. Moreover, in the crack propagation process, the small crack
propagation energy in the BM indicates that the crack will choose the propagation path
with low consumption, and the propagation speed is very fast. Besides the impact energy,
the impact toughness (KCV) of the alloy with BM and LM can be respectively determined
as 24 J-cm~2 and 36 J-cm ™2, which also indicates that the alloy with LM has better crack
propagation resistance. It is also worth explaining that the impact toughness of the Ti-54432
alloy is relatively low, whether it has BM or LM, especially compared to some steels with
excellent crack propagation resistance [24,25]. The addition of several alloying elements
makes the metastable {3 titanium alloy obtain better solution strengthening, but the plastic
deformation ability is relatively poor [10]. Once a crack begins to propagate in high-strength
alloys, the low dislocation mobility, limited twins and other deformation modes cannot
effectively support the plastic deformation [15]. Especially under dynamic loading, there
is no time to activate more movable dislocations. Ti-54432 is such a high-strength alloy,
which has poor plasticity compared with other medium-strength titanium alloys, and has
few mechanisms conducive to preventing rapid crack propagation. Therefore, it is more
meaningful to improve the limited impact toughness by microstructure tailoring.
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Figure 5. Load —displacement curves of the Ti-54432 alloy with BM (a) and LM (b) in impact tests;
comparisons of absorbed energy evolution (c) and crack initiation energy and crack propagation
energy (d).
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Figures 6 and 7, respectively, show the fracture surface morphology of the Ti-54432
alloy with BM and LM after impact tests. The impact fracture surface can be divided into
three zones [24], namely, the crack initiation zone, containing dimple and cleavage plane;
the crack propagation zone, containing dimple, cleavage plane, tearing edge and secondary
crack; and the final fracture zone, containing shear lip. For the alloy with BM, the impact
fracture is relatively flat, and the shear lip is composed of fine dimples. The narrow crack
initiation zone and large number of shallow dimples distributed within are consistent with
the characteristics of a ductile fracture [26]. Many microvoids nucleate at the interface
between the crack initiation zone and the crack propagation zone, and some transgranular
microcracks extend into the propagation zone. For the alloy with LM, the impact fracture is
relatively rough and contains many equiaxed {3 grains. The crack initiation zone is wide,
and there are partial cleavage planes. The microvoids at the interface between the crack
initiation zone and propagation zone are relatively few. The steps at the grain boundaries
and colony interfaces are favorable locations for the microvoid nucleation and microcrack
extension, indicating that there is a low energy consumption path for the intergranular
propagation. Compared with BM, dimples in the LM are generally larger, showing better
toughness of the alloy with LM.

Figure 6. SEM images of the fracture surface morphology of the Ti-54432 alloy with BM after impact
tests: (a) overall appearance; (b) microvoids; (c) dimples; (d) crack.
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Figure 7. SEM images of the fracture surface morphology of the Ti-54432 alloy with LM after impact
tests: (a) overall appearance; (b) cleavage plane; (c) crack; (d) dimples.

Figures 8 and 9, respectively, display the fracture profile microstructure of the Ti-54432
alloy with BM and LM after impact tests. For the alloy with BM, as the stress concentration
caused by dislocation pileup at grain boundary provides a favorable nucleation location
for microvoids, the crack initiates at the op grain boundary with many microvoids and
propagates along the grain boundary. Meanwhile, the slip band formed in the o, grain also
enables the crack to propagate in the form of transgranular. For the alloy with LM, the crack
propagates zigzag in the form of intergranular and transgranular alternation. The xgp is
an important crack propagation path with low energy consumption [27]. With the increase
of deformation, the increase of microcracks alleviates the local stress concentration, reduces
the crack growth rate and consumes more energy. Within a grain, the lamellar colonies with
different orientations have different deformation modes due to their various relationship
between geometric orientation and stress axis, resulting in the crack propagating along
the «; colony boundary or shearing the colony. The junction of different colonies is also
the preferred position for microvoid nucleation. The (3 phase is kinked to coordinate the
local stress concentration caused by the surrounding o« and achieve the effect of stress
redistribution [28].
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Figure 8. SEM images of the fracture profile microstructure of the Ti-54432 alloy with BM after impact
tests: (a) overall appearance; (b,c) crack initiation zone; (d) crack propagation zone.

Figure 9. SEM images of the fracture profile microstructure of the Ti-54432 alloy with LM after impact
tests: (a) overall appearance; (b,c) crack initiation zone; (d) crack propagation zone.
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4. Discussion
4.1. Deformation Behavior under Impact

Figure 10 represents the TEM images of the Ti-54432 alloy with different microstruc-
tures after the impact tests. For the alloy with BM, few slip lines and dislocation tangles
appear in o grains, and dislocation pileup at the &, grain boundaries indicates that the
grain boundary as well as phase interface are the preferred locations for microvoid nu-
cleation and crack propagation. The existence of subgrain boundaries in the rod-like o,
grains indicates that the cumulative misorientation caused by grain rotation generates
in various positions in the interior of grains during deformation. For the alloy with LM,
the dislocation pileup at the grain boundary and the uneven stress distribution on the
lamellar long edge lead to the inhomogeneous deformation in the x; grain, resulting in the
formation of grooves and a shear band on the lamellar boundary. Finally, the « grain is
broken into several small grains. The formation and growth of grooves are affected by the
cumulative density of interfacial dislocations [29]. The reason for the above dislocation
pileup is that part of the transgranular slip transfer is blocked by the grain boundary, either
between two adjacent o« grains or between o and {3 grains. In addition, deformation twins
appear in the hard-oriented o grains, which are small and grow from the grain boundary
to the grain interior. The appearance of the deformation twins makes up for the lack of
strain in the c-axis direction of hard-oriented grains and also plays a role in coordinating
deformation and alleviating stress concentration in the o grains [30]. The nucleation and
growth of twins at the crack initiation stage indicate that the alloy undergoes severe plastic
deformation and consumes a large amount of energy. The presence of twin boundaries
increases the interface area in the microstructure and plays a role in grain refinement. Mean-
while, as a potential crack propagation path, the twin boundary increases the possibility of
zigzag crack propagation [18]. The deformation twins in the crack tip plastic zone relieve
stress concentration and consume more energy, and the twin boundaries passivate the
crack tip and improve the deformation capacity of the crack tip zone [31]. Based on the
above analysis, it can be concluded that due to the larger plastic zone at the crack tip in the
lamella, the impact toughness of the alloy with LM is better than that of the alloy with BM.
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Figure 10. TEM images of the Ti-54432 alloy with different microstructures after impact tests:
(a) dislocation pileup in the BM; (b) slip lines in the BM; (c) groove on «; in the LM; (d) deformation
twins in the LM.

4.2. Crack Propagation under Impact

Figure 11 shows the IPF maps and KAM maps near the fracture profile of the Ti-
54432 alloy with different microstructures after impact tests. The grains with similar
crystallographic orientation show the same color in the IPF maps, and the KAM value can
measure the stress concentration degree inside the material [32]. For the alloy with BM,
in the 3¢ matrix, the dislocation density is large and the stress concentration is obvious,
which is consistent with the TEM image analysis. The dislocation density in the &y, grain
is small but at the grain boundary is high, and a certain stress gradient is formed from
the grain interior to the grain boundary. For the alloy with LM, the high KAM values are
concentrated near the crack, grain boundaries and phase interfaces, indicating these areas
have severe inhomogeneous deformation during the deformation process [33].
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Figure 11. EBSD images near the fracture profile of the Ti-54432 alloy with different microstructures
after impact tests: (a) IPF maps of the BM; (b) KAM maps of the BM; (c) IPF maps of the LM; (d) KAM
maps of the LM.

Figures 12 and 13 exhibit the Schmid factor (SF) maps and distributions of various
slip systems in the « and (3 phases of the Ti-54432 alloy with BM and LM after impact
tests, respectively. For the <1120> basal slip system and {1010}<1210> prismatic slip system,
their SF value distribution range is from 0 to 0.5, while for the (1011} <1210> pyramidal
slip system, its SF value distribution range is from 0.3 to 0.5. The peak value of the SF
appears in the prismatic and pyramidal slip systems because the c/a ratio of Ti lattice
(1.587) is lower than that of ideal hexagonal close-packed lattice (1.633), resulting in the
easy activation of the prismatic and pyramidal slip systems [34,35]. The SF value of the
oscillation indicates that the misorientation of the grains is accumulated when they rotate
about the c-axis during the deformation; thus, the activation of the slip systems in the
grains is affected. The activation of the pyramidal slip system and the high SF value prove
that the grains near the crack deviate from the uniaxial stress state due to the action of
the high-speed impact load. Together, the geometrical orientation and local stress state
of the grain affect the deformation mechanism and, thus, affect the SF distribution [36].
Although the calculation accuracy of the SF may be reduced due to large differences in
crystallographic orientations and strong anisotropy of alloy mechanical properties, the SF
law still applies to most slip analyses [37]. The SF values of the slip systems in the 3 phase
are higher than those in the « phase, indicating that the BCC structure can easily activate
the slip systems or even multiple slip systems to coordinate the deformation [38]. It is
worth noting that the «l phase and f3; phase usually maintain the BOR relationship [39],
which favors the slip transfer and the activation of {110}<111> slip system in the LM [5].
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Figure 12. SF maps and distributions of the various slip systems in the « and 3 phases of the Ti-54432
alloy with BM after impact tests: (a—c) <1120> direction of the « phase; (d—f) <111> direction of
the 3 phase.
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Figure 13. SF maps and distributions of the various slip systems in the « and 3 phases of the Ti-54432
alloy with LM after impact tests: (a—c) <1120> direction of the « phase; (d—f) <111> direction of
the B phase.

5. Conclusions

The tensile properties and impact toughness of the high-strength metastable {3 titanium
alloy Ti-54432 with two typical microstructures were compared with the uniaxial tensile and
Charpy impact tests, and the results show that the alloy with LM has the better matching
of strength, plasticity and impact toughness than the alloy with BM. The evolution of the
two microstructures under impact load and their influences on impact toughness were
characterized and analyzed. The main findings can be drawn as follows:

1.  In the process of tensile deformation, for the alloy with BM, the inhomogeneous
deformation between the o, phases and (3¢ matrix, the uniform precipitation of the
os phases on the 3; matrix and the high-density dislocation pileup at the interface
all contribute to the improvement of strength, while for the alloy with LM, due to
the satisfaction of the BOR relationship between «l phase and 3t matrix, the slip
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transfer promotes the increase of effective slip length, which is not conducive to the
improvement of strength.

2. In the process of impact crack initiation, the crack initiation energy of the BM is
lower than that of the LM. In the BM, the severe inhomogeneous deformation and
the stress gradient among the «;, phases, s phases and (3¢ matrix make the interfaces
where a crack easily initiates while in the LM, the coordinated deformation of the
oy phases and f+ matrix, the rotation and kinking of the oy phases, the occurrence
of deformation twinning and the slip transfer at interfaces together reduce the crack
initiation tendency and consume more energy.

3. Inthe process of the impact crack propagation, the crack propagation energy of the BM
is lower than that of the LM. In the BM, the crack propagates along the interface of the
o and 3 phases, and the fine o phase cannot effectively deflect the crack propagation
path, so the relatively straight propagation path and low energy consumption are
not conducive to the improvement of impact toughness; however, in the LM, the
deformation twins, shear band and secondary crack in the lamella effectively deflect
and extend the propagation path and increase the energy consumption, resulting in
the intergranular and transgranular mixed propagation.

The above findings are helpful to improve the limited crack propagation resistance
of high-strength metastable {3 titanium alloys under impact load and achieve optimum
matching of strength, plasticity and impact toughness. Based on these, the influences of
temperature, the size and volume fraction of the lamellar phases in the LM and equiaxed
phases in the BM on the impact toughness may be of interest for further study.
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