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Abstract: A range of annealing treatments were implemented to regulate the microstructure and mechanical properties
of Ti—6Al-4V forging. The results show that both the as-forged and as-annealed microstructures exhibit a bimodal
structure composed of equiaxed primary a phase (ap) and transformed S phase (f;). With the increase of annealing
temperature, the secondary a (as) phase precipitates from the f phase. There is no obvious texture and the crystal
orientation is uniformly distributed. Meanwhile, strength initially increases and then decreases, whereas ductility
remains largely unaffected. The alloy annealed at 860 °C has an excellent combination of strength and ductility, due to
the larger content of the fine as phase. All fracture surfaces contain massive dimples, which is a typical ductile fracture
feature. The characteristics of microcracks, microvoids, and kinked ap/o; (equiaxed ap and lamellar a phase) phases are
found near the fracture.
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1 Introduction

Owing to low density, high specific strength,
and excellent corrosion resistance, titanium alloys
are extensively used to manufacture aero-engine
components such as fans, compressor disks, and
blades [1-3]. Selecting high-performance titanium
alloy to replace steel or nickel-based superalloy can
reduce the engine weight, raise the thrust-to-weight
ratio, and improve the reliability [4].

As a medium strength o+f titanium alloy,
Ti—6Al-4V alloy can be used up to 400 °C
for a long time [5]. The alloy has excellent
comprehensive mechanical properties and has

drawn considerable attention in the past decades. It
is one of the most widely used titanium alloys, and
has mature processes, and large application, as the
workhorse of o+f titanium alloys [6,7]. Generally,
Ti—6Al-4V alloy is mainly supplied as bars or
forgings, used in mill annealed state, or strengthened
by solution and aging treatment. As is well known,
titanium alloy can produce various microstructures
through different thermal-mechanical histories [8,9].
The microstructural parameters, such as morphology,
and size, can affect strength, ductility, and other
mechanical properties [10]. Consequently, the
microstructure of Ti—6Al—4V alloy can be tailored
by thermomechanical processing (TMP) to obtain
ideal mechanical properties [11]. Among them, heat
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treatment is one of the most important approaches
to eliminating residual stress, stabilizing micro-
structure, and improving mechanical properties.
The effect of heat treatment on the microstructural
evolution and mechanical behavior of Ti—6Al-4V
alloy has been extensively studied. In the case of
the same thickness, grains were gradually refined
with the decrease in rolling temperature and the
dislocation density increased. At the same time, the
J phase was broken and refined under shear stress,
which was beneficial to improving the hardness and
strength [12]. Considering the same annealing
temperature, a higher cooling rate can refine the
microstructure, leading to an increase in the
strength, hardness, and fatigue life [13]. Increasing
the annealing time from 30 to 120 min does not
obviously influence strength, but the ductility
constantly decreases. It can be related to the growth
of lamellar o thickness [14]. Solution treatment can
change the content of constituent phases. The
volume fraction of the equiaxed primary a phase
decreased with the increase of solution temperature,
leading to the improvement of the fatigue crack
growth resistance, while the strength increased first
and then decreased [15]. JHA et al [16] emphasized
that the highest elongation in the equiaxed micro-
structure was caused by coarse a-lath lamellae and
o'-lath lamellae, due to the short slip length. LIU
et al [17] studied the microstructure and dynamic
tensile properties of Ti—6Al—-4V alloy processed by
selective laser melting (SLM). They found that
when the heat treatment was carried out below the S
phase transition temperature (7p), the strength
decrecased and the ductility increased with the
increase of heat treatment temperature. The best
properties were obtained at 925 °C in the o+f phase
region. SINGH et al [10] studied the effect of
solution treatment on Ti—6Al—4V alloy produced by
extrusion. After f quenching and aging treatment,
the grains grew up and the microstructure
mainly contained metastable martensite a phase.
The lamellar microstructure was obtained after
quenching and aging treatment in at+f phase
region. The microstructure and properties of hot
isostatically pressed powder Ti—6Al—4V alloy were
studied by LU et al [18]. The cooling rate ranged
from 5 °C/min to 200 °C/min by jet cooling mode.
With the increase of the cooling rate, the transition

from S phase to a phase became violent. More of
the fine lamellar a phases were precipitated in the
residual S phase, leading to an increase in tensile
and fatigue strength. In addition, the deformation
temperature and deformation rate can influence the
flow stress, microstructure morphology, and phase
constitution [19].

It is clear that there have been many previous
in-depth researches on the microstructure and
mechanical properties of Ti—6Al-4V alloy, with a
focus on the influence of equiaxed a phase and
lamellar o phase on the properties. However, there
are less reports on the effect of the secondary a
phase in the transformed /S phase on tensile
properties and fracture mechanism of Ti—6Al-4V
alloy. The transformed S phase can be adjusted by
heat treatments. Among them, annealing treatment
has attracted interest as a promising way to improve
ductility and stabilize microstructure [5]. Herein,
the author took the Ti—6Al-4V forging as the
research object, and designed a series of annealing
processing to investigate the influence of annealing
temperature (in a+f phase region) on micro-
structure and tensile behavior. Furthermore, the
relationship among processing, microstructure, and
properties was established. The results in this
work will provide new insights for a deeper
understanding of the microstructural evolution
laws and the regulation of tensile properties for
Ti—6Al-4V alloy, so as to broaden its engineering
application in aero-engines.

2 Experimental

2.1 Materials

Ti—6Al-4V alloy ingots were prepared with a
triple vacuum arc remelting process. The ingots
were cleaned and the surface defects were removed
to prevent cracking during the forging process.
Then, the alloy was processed by multi-pass
multi-directional forging. The multi-directional
forging process and sample cutting position are
demonstrated in Fig. 1. Firstly, the ingots were
forged at 1190 °C, and then forged at 940 °C for
multi passes. Eventually, the square billets with
the dimension of 100 mm X 100 mm % 1000 mm
were obtained. The chemical
Ti—6.2A1-4.3V (wt.%).

composition is
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2.2 Heat treatments and tensile tests
The o+f—f transition
Ti—6A1-4V alloy was measured by a conventional
metallographic method, and the f transition
temperature (7p) was determined to be about 990 °C.
Tensile specimens were machined along the
longitudinal direction (LD) of Ti—6Al-4V forging
by electrical discharge machining (EDM). All
specimens were annealed in the a+f phase region,
with the annealing temperatures in the range of
780—880 °C, an interval of 20 °C, and a soaking
time of 1 h, followed by air cooling (AC). Tensile
specimens were processed into M12 mm x 71 mm,
with a gauge length of d5 mm X 25 mm. Standard
tensile specimens and analysis samples of TEM,
EBSD, and SEM are displayed in Fig. 2. Tensile
tests were performed till fracture at room
temperature with Instron 5887 tensile machine.

temperature  of

2.3 Microstructure and fracture mechanism
characterization
Metallographic specimens with the dimension

50% deformation
at 1190 °C

Multi-directional forging
for multi passes at 940 °C

Rotate

=
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of 10 mm x 10 mm x 10 mm were prepared by
rough grinding, fine grinding, mechanical polishing,
and chemical etching. Etchant comprises 5% HF,
10% HNOs, and 85% H,O. Microstructure, fracture
morphologies, and dislocation structures were
characterized by optical microscope (OM, Zeiss),
scanning electron microscope (SEM, Sigma 350),
electron backscatter diffraction (EBSD, Sigma 350),
and transmission electron microscope (TEM, Talos
F200 X), respectively. The foils with a thickness of
0.5 mm were cut near the tensile fracture, and then
mechanically thinned to 40 pm. TEM samples were
prepared by twin-jet polishing using an etchant of
perchloric acid, n-butanol, and carbinol (with the
ratio of 6:34:60). EBSD samples were prepared by
vibration polishing method, and the microstructures
of initial state, heat treatment state, and longitudinal
section of the tensile fracture were observed by
means of EBSD. The relationship between crack
propagation behavior and microstructure was
established by analyzing morphologies of the
longitudinal section.
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=
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Fig. 1 Schematic diagram of multi-directional forging process and sample cutting position for Ti—6Al-4V alloy
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Fig. 2 Schematic diagram of tensile specimen: (a) Dimension of tensile specimen; (b) Photo of tensile specimen;

(c) Analysis samples of TEM, EBSD and SEM
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3 Results and discussion

3.1 Microstructures

The initial microstructure is shown in Fig. 3. It
can be seen from Fig. 3(a) that the microstructures
in different directions (transverse direction and
longitudinal direction are represented by TD and
LD) are similar. Figure 3(b) shows the SEM image
of the cross-sectional microstructure. Obviously,
the as-forged microstructure is a typical bimodal
microstructure, composed of equiaxed primary a
(ap) phase with an average size of around 15 um
and transformed £ (f;) containing lamellar a (o)
phase. Among them, the equiaxed o, phases are
originated from heavily deformed particles, which
are the majority phase of the microstructure and
distribute =~ homogeneously  throughout  the
microstructure. It is also proven that the final
forging process is in the a+f phase region.
Figure 3(c) shows the inverse pole figures (IPF)
image. Different colors in Fig. 3(c) represent
different orientations. It can be seen from the IPF
image that there is no noticeable texture. And
crystal orientation distribution is relatively uniform.
The selected area electron diffraction (SAED)
patterns in Fig. 3(d) demonstrate that the equiaxed
phase, lamellar phase, and matrix phase correspond
to ap, a1, and f phases, respectively. The results are
consistent with SEM images. The element analysis
results by energy dispersive spectroscopy (EDS) are
given in Table 1. The results indicate that the S

5 1/nm

phase is richer in V and lean in Al than the o, phase.
The difference of V and Al contents in a and S
phases suggests that alloying element partitioning
between the a phase and £ phase occurs.

Table 1 Element contents of o, and f phases (wt.%)

Phase Ti Al \Y
ap 90.79 7.39 1.82
p 81.98 3.97 14.05

Figure 4 shows the SEM images of the
as-annealed microstructure. It is evident that the
as-annealed microstructure is similar to the
as-forged microstructure, so-called bimodal micro-
structure, consisting of equiaxed a, and f.. As can
be seen from Fig. 4, the size of the equiaxed o,
phase gradually decreases with the increase of
annealing temperature due to high temperature
dissolution, which indicates that a—f phase
transition occurs during annealing process [20,21].
But it is difficult for the equiaxed a, phase to
dissolve during the annealing process in the a+f
phase region, only achieving the purpose of
stabilizing microstructure. When the annealing
temperature is higher than 800 °C, the metastable f
phase decomposes and transforms into fine as
phase (Figs. 4(b—f)). While the alloy is annealed at
780 °C, there is no precipitation of a5 phase from f
(Fig. 4(a)). In the meantime, there is no obvious f
grain in the microstructure, due to the weak atomic
diffusion capacity. The content and the size of the

Fig. 3 Initial microstructures of Ti—6Al-4V alloy: (a) OM images; (b) SEM image; (c) IPF image; (d) Bright-field

image and SAED patterns of o and f phases
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fine o, phase increase gradually with the increase of
annealing temperature. Elemental contents of Al
and V in o, and S phases are summarized in Table 2,
and element mappings of V obtained after different
annealing temperatures are shown in Fig. 5. The
results show that the Al content in f; phase
increases with the increase of annealing temperature,
while the V content decreases. Table 2 also
indicates that Al and V contents in the o, phase do
not change much. The difference in Al content
between the o, and f; gradually decreases with the
increase of annealing temperature, which is
consistent with the results of CHONG et al [22]. As
to the microstructure annealed at 880 °C, as shown
in Fig. 4(f), the content of f; is the largest, which is
a result of initial § phase expansion and is related to
V diffusion during the annealing process [23].
Additionally, the increase of fine as phase is directly
related to the increase of f; content, and the larger
volume fraction 1is caused by the higher
transformation kinetics. The coarsening of the as
phase is a thermally activated process [24]. Thus,
the fine a5 phase coarsens obviously at 880 °C
(Fig. 4(f)). Meanwhile, as seen in Figs. 4 and 5, the
interface between f; and a, appears bright,
indicating a higher content of V. The precipitation
of the fine o, phase may take place within the S
rather than at the op/f; interface. It is consistent with
the observation in SEM images that no o, phase is
formed at the o,/f; interface. Figure 6 shows the IPF
maps of Ti—6Al-4V alloy with annealing
treatments at different temperatures. Obviously, it
can be found that the microstructures of annealing

states have no significant texture, and crystal
orientation distribution is random. At the same time,
it can be found that a part of the o phase is
dissolved at a high annealing temperature.

Table 2 Elemental contents of Al and V in o, and f;
phases (wt.%)

Temperature/ Al \

°C ap B Op B

780 7.48 4.18 1.89 11.52
800 7.35 4.55 1.90 9.90
820 7.21 4.71 2.21 9.72
840 7.24 4.85 1.97 9.21
860 7.23 5.40 2.05 7.09
880 7.39 5.62 1.83 6.40

An important conclusion can be summarized
as the content and the size of ap,, ai, and as phases
are affected by annealing temperature. The f—a
transformation process in Ti—6Al-4V alloy can
occur through diffusion controlled by a nucleation
and growth process [25]. In this study, annealing is
performed in the o+f phase region. When cooled at
a high temperature, a higher initial temperature
leads to a larger cooling rate, which can induce a
higher nucleation rate of the as phase [8], so the
content and the size of the fine o, phase increase.
The change of the content and the size of o, and o
phases are opposite to those of the fine as phase.
The microstructural evolution of Ti—6Al—4V alloy
with different annealing processes is schematically
summarized in Fig. 7.

Fig. 4 Microstructures of Ti—6A1—4V alloy after annealing treatment at different temperatures: (a) 780 °C; (b) 800 °C;

(c) 820 °C; (d) 840 °C; (e) 860 °C; (f) 880 °C



Shi-shuang LIU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1864—1877 1869

Fig. 5 Element mappings of V obtained after annealing treatment at different temperatures: (a) 780 °C; (b) 800 °C;
(c) 820 °C; (d) 840 °C; (e) 860 °C; (f) 880 °C

Fig. 6 IPF maps of Ti—6Al-4V alloy after annealing treatment at different temperatures: (a) 780 °C; (b) 800°C;
(c) 820 °C; (d) 840 °C; (e) 860 °C; (f) 880 °C

As-forged Low-temperature annealing

Fig. 7 Schematic diagram of microstructural evolution for Ti—6Al—4V alloy
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3.2 Tensile properties

Uniaxial tensile tests were conducted to figure
out the effect of annealing temperature on
mechanical properties. Figure 8 shows the tensile
engineering stress—strain curves of Ti—6Al-4V
alloy. All stress—strain have similar
characteristics, including four typical stages, i.e.,
elastic stage, yield stage, hardening stage, and
necking stage. As presented in the curves, slopes
are the same at the elastic stage; that is to say, the
elastic modulus is the same. In the hardening
stage, work hardening is not obvious, which results
from wvast dislocation tangle and dislocation
multiplication at the deformation stage [26].
Interestingly, when the curves reach the top point,
all groups of specimens go through a necking
process instead of breaking immediately. The
relationship between tensile properties and annealing
temperatures is displayed in Fig. 9. The ratio of
yield-to-tensile strength is in the range of 85%—
92%. The ultimate tensile strength (UTS), yield
strength (YS), elongation (EL), and reduction of
area (RA) of the unannealed alloy are 955.7,
880.7 MPa, 18.4%, and 50.0%, respectively. The
as-annealed alloy reveals the characteristics of high
ductility and medium strength. It can be seen from
the tendency of tensile curves that an upward trend
appears in UTS and YS at an annealing temperature
below 860 °C. UTS increases from 983.7 to
1041 MPa and YS increases from 837.3 to
937.7 MPa, which represents a significant
improvement of 5.8% and 12.0%, respectively,
compared to the annealed state at 780 °C. As the
annealing temperature continues to rise to 880 °C,
UTS and YS show a slightly downward trend. To
sum up, tensile strength increases first and then
decreases. Thereby, the annealing temperatures are
divided into two regions, that is, Region I
(780—860 °C) and Region II (860—880 °C). EL and
RA have no apparent fluctuation. EL is above
15.8% and RA is above 44%. Tensile ductility is
less affected by annealing temperature. The strength
and ductility of Ti—6Al—4V alloy are well matched
when annealed at 860 °C, and the average values of
UTS, YS, EL, and RA are 1041 MPa, 937.7 MPa,
16.0%, and 45.6%, respectively. Table 3 summarizes
the tensile properties of Ti—6Al—4V alloy prepared
by different TMPs such as rolling, forging, extrusion,
hot isostatic pressing, and wire and arc additive
manufacturing. It is evident that Ti—6A1-4V alloy
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Fig. 9 Room-temperature tensile properties of Ti—6Al—

4V alloy: (a) Strength; (b) Ductility

processed by multi-directional forging and
annealing treatment has higher strength and better
ductility.

Through above results, it can be drawn that
microstructure morphologies have a significant
influence on tensile properties. Although slip in
the £ phase is beneficial to tensile deformation, the
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Table 3 UTS and EL of Ti-6Al-4V alloy treated by
different TMPs

T™P UTS/MPa  EL/%
i B R
Hot isostatic pressing [27] 939 20.1
Selective laser melting [28] 1035 9.6
Rolling [29] 1027 11.5
Mill annealing [16] 1019 7.8
Rolling [13] 971 6.4
Forging—additive hybrid [30] 945 14.1
Wri;:nﬁ‘ica’[ﬁiiidég;e 1033 >3
Hot isostatic pressing [18] 980 17.0
Extrusion [10] 1056 4.9

contribution of very low S phase content to the
ductility is negligible. So, the majority of ductility
is accommodated by the o phase which has limited
slip systems [31]. The strength of titanium alloy is
closely related to secondary phase precipitation,
namely the fine as phase precipitation. The larger
content of the as phase can stabilize microstructure
and properties, playing a strengthening role. The
competitive relationship between the softening
caused by the coarsening of the o5 phase and the
strengthening caused by the increase of the fine
os phase content is the fundamental reason for
the initial increase and subsequent decrease in
strength [5]. When annealed at 780 °C, the a;, phase
content is the highest and the effect of alloying
element distribution is the highest. f phase is the
weaker phase, which will be strengthened by the
secondary phase formed in the f phase [18]. The
strength is the lowest due to the absence of fine o
phase precipitation in f phase. When the annealing
temperature increases from 800 to 860 °C, the
thermal activation energy of second phase
precipitation increases. So, much fine o5 phase is
generated in the f phase, which can hinder the
dislocation movement, playing a strengthening
role [18,32]. The strengthening effect of the fine o
phase is greater than the weakening effect of
alloying element distribution. And the precipitation
strengthening plays a leading role [5,33]. More fine
os phase can provide more o/f phase interfaces,
which can act as obstacles for dislocation slip and
inhibit dislocation motion. Simultaneously, these

results lead to the shortening of the dislocation slip
distance [34]. So, the strength increases. As the
annealing temperature rises to 880 °C, the o, phase
obtains sufficient growth driving force, and its
content and size increase. The coarsening of the as
phase leads to a decrease in the number of a/f
phase boundaries and an increase in the slip
distance of dislocation, which can reduce the
dislocation slip resistance and weaken the
strengthening effect of the o, phase. Thus, the lower
annealing temperature results in a higher strength,
which is the same as the conclusion of CHEN
et al [35]. Consequently, the size and the number of
0s phase in f phase have a great influence on the
mechanical properties of Ti—6Al-4V alloy. The
dispersed o5 phase not only exhibits relatively high
precipitation strengthening effect to improve the
strength, but also causes deformation match and
deformation compatibility which contribute to a
higher ductility [8]. The (860 °C, 1 h, AC) is found
to be the best heat treatment in this study.

3.3 Fracture behaviors

Representative fractures of the alloy annealed
at 780, 820, and 860 °C were selected to analyze
fracture morphologies. Figure 10 shows the whole
and local fracture morphologies of cross sections.
Each subfigure in Figs. 10(a—c) contains three
illustrations: (1) macroscopic fractures, (2) amplified
images of the crack source region (Position I in
macroscopic fracture), and (3) amplified images of
shear lip region (Position II in macroscopic
fracture). Macroscopic fracture surfaces are rough
and cup-cone-shaped. The fracture is silver-gray
with a visible necking feature, which conforms to a
typical ductile fracture. Fracture surfaces are made
up of three regions, i.e., crack initiation region
(center rough fiber region), crack propagation
region (radiation region), and edge shear lip region.
Cracks are initiated in the central fiber region and
then propagate to the edge of the specimen. As
shown in micro-morphologies, the fracture surfaces
have ductile fracture characteristics with numerous
dimples of different sizes and shapes. The crack
initiation area is formed by shallow and equiaxed
dimples. There are secondary cracks in dimples,
which can absorb a part of energy. It can reduce the
stress concentration during tensile deformation,
leading to obtaining high ductility. The shear lip
region consists of deeply equiaxed and shear dimples.
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Macroscopic fracture

820°C,1h, AC 780 °C,1h, AC

860 °C, 1 h, AC

Crack source region

Shear slip region

Fig. 10 Transverse fracture morphologies of tensile specimens annealed at different temperatures: (a) 780 °C;

(b) 820 °C; (c) 860 °C

The proportions of the three regions for all tensile
fractures are similar, and so does the ductility.
Small pores can also be seen in the dimples, which
may be caused by strain mismatch between a,
and S phases. As mentioned above, fractographies,
fracture modes, and stress—strain curves all reveal
that as-annealed alloy primarily exhibits a ductile
fracture with good ductility.

It should be noted that tensile fractures have
the same fracture surface (mode), and so does the
fracture mechanism. A representative fractured
specimen, annealed at 800 °C, was selected to
analyze the microstructure morphologies and crack
propagation of the longitudinal section. Figure 11
illustrates the deformed microstructures and
crack propagation paths. There are some main
characteristics. Micropores are observed in the area
of stress concentration [36], i.e., the interior of the
op phase, which may be induced by unstable
necking stage [26]. Microcracks are approximately
45° from the tensile direction (Figs. 11(b, c)), since
the principal shearing stress along 45° is the
greatest. The cracks propagate across a, and o

phases. And it can be clearly seen that equiaxed o
phases are evidently elongated. Besides, some o
and o; phases are kinked towards the tensile
direction, indicating that op/on phases have
undergone the large plastic deformation before the
final fracture (Fig. 11(c)). The microstructure far
away from the fracture is illustrated in Fig. 11(d),
showing a slight elongation.

As widely accepted, there are three types of
available slip systems with a (1120) Burgers vector
(a-type), including basal {0001}, prismatic {1010},
and first-order pyramidal {l011} planes [37]
Figure 12 depicts the kernel average misorientation
(KAM) map, image quality (IQ) map, Schmid
factor distribution map, and IPF map. Among them,
the KAM map is an indirect measure to represent
the arrangement and distribution of dislocations. As
observed in the KAM map, the strain accumulation
is higher at the ay/f phase interfaces, which can
make it easier to form the dislocations and slip
bands. The Schmid factor as a relevant indicator of
the local plastic activity can determine the favorable
slip system [38]. Some dislocation lines (marked
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with white arrows) are observed within a, grains
(Figs. 12(a—d)). These locations present higher
basal or prismatic Schmid factors. This indicates
that the basal or prismatic slip system in elongated
ap grains is activated. The value of Schmid factor in
prismatic (@) slip system is higher than that of basal
(a) slip system (Figs. 12(c,d)). The higher the
Schmid factor is, the easier the slip system is to be
activated. This is because the critical resolved shear

irsction

stress (CRSS) of the prismatic {(a) slip system is
lower than that of the basal {(a) slip system [38].
The preferential deformation modes in the a, phase
happen on the prismatic and basal slip systems,
showing a feature of multiple slips. Crystallographic
orientations of cracked a, grains are presented in
Fig. 12(e) and marked by the schematic 3D crystal
cell. The orientations of the crack propagation path
are random. The cracks cross through the whole a,

r Jamellarla

\ vy

Fig. 11 Longitudinal fracture morphologies of tensile specimen annealed at 800 °C: (a) Macroscoplc morphologies;

(b, ¢) Crack propagation pathways (across equiaxed oy, across lamellar a, features of elongated o, and kinked ay/a);

(d) Microstructure far away from fracture

(00011} (11208

5@@@®f

IR
‘ '. 14 15 17 18

Fig. 12 EBSD analysis results of longitudinal section of tensile specimen annealed at 800 °C: (a) KAM map; (b) 1Q
map; (c) Basal slip; (d) Prismatic slip; (e) IPF maps of a phase crack tip by 3D crystal viewer
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grains instead of bypassing the grains, which is
consistent with the results in Fig. 11.

For further wunderstanding the fracture
mechanism, dislocation morphologies of tensile
fracture of the alloy annealed at 800 °C were
thoroughly investigated by the TEM method. The
zone axis b is [1120] and reciprocal lattice vectors
(expressed by g) are g=0002 and g=1010,
respectively. According to the visible law (g-5=0)
of dislocation types in o phase, when g=1010,
a-type dislocation is visible; when g=0002, c-type
dislocation is visible, and (a+c)-type dislocation is
visible when g=0002 and g=1010 [39]. The majority
of dislocations are estimated as a-type and c-type
dislocations (Fig. 13). Meantime, it can be found
that high-density dislocations were stacked at phase
inter-faces (including the interfaces of a,/f and ai/f3)
as well as within the £ phase. It is clear that the
interfaces act as an obstacle to prevent the dislocations
from entering the o phase. Most of the mechanical
properties are related to the movement/interaction
of dislocation [16]. The resistance of dislocation

movement is related to the average free path/slip
length. In the bimodal microstructure of Ti—6Al-4V
alloy, slip length is closely related to the size of o,
and o phases. As a result, when the annealing
temperature is between 780 and 860 °C, with the
increase of annealing temperature, the content of as
phase increases, leading to the increase of the phase
interfaces. These changes can effectively reduce the
slip distance of dislocations. The dislocations are
pinned at the phase boundaries to hinder the
deformation, which makes the strength increase [30].
When annealed at 880 °C, the size of the as
phase increases, and the resistance to dislocation
movement and the strength decrease compared with
the alloy annealed at 860 °C.

Based on the aforementioned analysis, including
microstructure morphologies, strain distribution,
slip system, and dislocation morphologies, a

complete picture of the deformation behaviors
of bimodal microstructure (from initial micro-
structure to fractured microstructure) can be drawn,
as illustrated in Fig. 14.

Fig. 13 Dislocation morphologies of tensile fracture of alloy annealed at 800 °C: (a) Bright-field image of dislocations

in op phase; (b) Dark-field image of same area shown in (a); (c) Bright-field image of dislocations in o, phase; (d) Dark-

field image of same area shown in (c)
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“\ Microcrack

& Microvoid

Fig. 14 Schematic diagram of tensile fracture mechanism of Ti—6Al-4V alloy

4 Conclusions

(1) The as-forged microstructure is composed
of equiaxed a, and f; phases. The microstructure
with annealing treatment below 7} is similar to the
as-forged microstructure. Meanwhile, all micro-
structures have no obvious texture and the crystal
orientation distribution is uniform.

(2) With the increase of annealing temperature,
tensile strength increases first and then decreases,
but the ductility has no significant fluctuation. It is
found that strength and ductility are best matched
under 860 °C, 1 h, AC condition, in which UTS=
1041 MPa, YS=937.7MPa, EL=16.0%, and
RA=45.6%, respectively. It can be ascribed to the
combined action of a larger content of fine lamellar
0 phase.

(3) Fracture has typical ductile fracture mode
for annealed samples due to the dominated dimples.
The characteristics of microcracks, microvoids, and
kinked op/0; phase are found near the fracture.
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