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Abstract: The mechanical properties, microstructure and tensile fracture of Ti—6.5Al-1Mo—1V—2Zr large section bars produced by
three diffrent forging processes were investigated. The results show that when billet forging and finish forging were conducted by
means of fullering at high and low temperature of S-region, respectively; the microstructure of forged bar is coarse Widmanstaten
structure; the mechanical properties, especially the reduction of cross-sectional area, are poor, and the room temperature tensile
fracture presents a brittle feature. While billet forging was carried out by upset-fullering at high temperature of the f-region, and
finish forging was proceeded through fullering at (a+f)-region, the microstructure of forged bar was a duplex structure, the bar has
better comprehensive mechanical properties, and the room temperature tensile fracture reveals a ductile feature. In order to obtain
qualified Ti—6.5A1-1Mo—1V—2Zr alloy bar, it is the key that as-cast microstructure should be completely broken during billet
forging, and the forging temperature and deformation are also well controlled upon finishing forging.
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1 Introduction

Due to its high specific strength and good thermal
stability, Ti—6.5Al-1Mo—1V—2Zr alloy has been widely
used in aircraft industry. It is a near a titanium alloy
similar to Russia alloy BT20 with a combination of good
hot-working plasticity of (atf) titanium alloy and
excellent weldability of o titanium alloy. The as-annealed
structure composes of an o solid solution matrix and
about 6% S phase. This alloy is mainly used to
manufacture sheet bank, sectional bar and forging
workpiece [1].

The properties of a material are determined by its
microstructure, which in turn depends on the
encountered processing history. Thus, it is important to
understand the relationships among the deformation
process, microstructure and properties. In recent years,
extensive researches have been carried out on
Ti—6.5A1-1Mo—1V—2Zr alloy in China. The mechanism
of heat treatment strengthening and its effect on
microstructure and properties were discussed [2—5]. The
effect of multiple thermomechanical treatment on

microstructure and properties was investigated [6,7]. The
hot deformation behaviors at different temperatures and
strain rates were studied [8—11]. The dynamic
globularization kinetics during hot working of colony
microstructure was researched by WU et al [12]. ZHU et
al [13] and GUO et al [14] studied the influence of
deformation parameters on the microstructure and
mechanical properties. These work mainly focused on
laboratory theory research. However, the effect of
deformation process on the microstructure and properties
under practical industrial production conditions were
seldom reported [15,16]. In addition, the microstructures
of titanium alloys are complicated and sensitive to
deformation process. Therefore, more researches are
needed.

In this work, the microstructure and properties of
Ti—6.5AI-1Mo—1V—2Zr alloy bars manufactured by
different forging techniques during actual industrial
production were discussed.

2 Experimental

Ti—6.5AI-1Mo—1V—2Zr alloy ingot with diameter
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of 750 mm was remelted three times in an industrial
vacuum consumable electrode arc furnace. The chemical
composition of ingot in different positions (Fig. 1(a)) is
listed in Table 1. The forged bars were manufactured by
three different forging techniques, as listed in Table 2.
The as-forged bars were air-cooled to room temperature
and subsequently annealed at 800 °C for 1 h. The
mechanical properties were tested by universal material
testing machine at room temperature and 500 °C,
respectively. Metallographic samples were prepared as
shown in Fig. 1(b), and metallographic analysis was
carried out by a DM600 microscope. The JSM—7001
scanning electron microscopy (SEM) equipped with

(a)

INCA energy disperse spectroscopy (EDS) was used for
analyzing room temperature tensile fracture appearance,
microstructure and chemical composition of the forged
bars.

3 Results

3.1 Mechanical properties

The mechanical properties of forged bars produced
by different processes are listed in Table 3. It is seen that
the tensile strength, yield strength and impact toughness
of bar generated from process A meet the specified
requirements at room temperature, and the tensile

“dge

(b)

Fig. 1 Schematic diagram of sampling positions of chemical composition analysis of ingot (a) and metallographic observation in

cross-section of forged bar (b)

Table 1 Chemical composition of Ti—6.5A1-1Mo—1V—2Zr alloy ingot in different positions (mass fraction, %)

Alloying element

Impurity element

Ingot No.
Al Mo v C Fe Si (0] N H
Standard 5.5-7.0 0.5-2.0 0.8-2.5 1.5-2.5 0.10 0.25 0.15 0.15 0.05 0.015
1 6.54 1.59 227 221 0.012 0.03 0.01 0.11 0.005  0.001
Y126C—46 2 6.57 1.58 2.33 2.19 0.012 0.04 0.01 0.10 0.004  0.001
3 6.70 1.61 2.30 2.33 0.018 0.04 0.01 0.10 0.003  0.002

Table 2 Forging process scheme of Ti—6.5Al-1Mo—1V—2Zr alloy bar

Billet forging Finish forging
Process Starting forging Heat Forging Total Starting forging Heat Forging Total
temperature number process  deformation temperature number process deformation
At high temperature . At low temperature .
A i 3 Fullering >55% : 3 Fullering >50%
of f-region of f-region
At low temperature .
i 1 Upset-fullering
) of f-region
At high temperature . .
B . 3 Fullering >55% Near transformation >55%
of f-region . .
temperature in 3 Fullering
(a+p)-region
At high temperature ) At low temperature .
i 1 Fullering . 1 Fullering
of f-region of f-region
C ) >65% Near transformation >60%
At high temperature Upset- . .
i 2 i temperature in 3 Fullering
of f-region fullering

(a+p)-region
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strength and endurance meet the specified elevated
temperature performance requirements. But the area
reduction fails to meet the standard requirements. The
properties of bar from process B have a significant
improvement compared with that from process A and
meet the standard requirements at room temperature and
500 °C, respectively. The strength of bar from process C
is lower than that of from process B, but higher than that
from process A, and its plasticity gives the highest level.
It is obvious that the plasticity of bars keeps improved
from process A to process C, and the strength indexes of
bars satisfy the standard requirements. The bar produced
from process C has a better comprehensive performance.

3.2 Microstructure
Figure 2 shows the microstructures of bars produced
by different processes. It is evident that the bars from

Table 3 Mechanical properties of Ti—6.5A1-1Mo—1V—2Zr alloy bars

processes A and B have a similar microstructure, where
coarse prior f gains are not completely broken,
shaft-shape a exists in the grain boundaries, and bulky
lamellar clusters appear in the center of grain. This is
typical of Widmanstaten structure. The difference in
microstructure between processes A and B lies in the
bigger area of shaft-shape o phases in the grain
boundaries of process A. Meshy a phases distributing
continuously along grain boundaries appear in the center,
1/2 radius and edge of cross-section of forged bar.
However, the microstructure from process B is relatively
bulky, and the region of shaft-shaped « phase is narrower
than that from process A in the grain boundaries. Except
for continuous meshy a phases in the grain boundaries
appearing on the edge of cross-section, there is no a
phases network in the center and 1/2 radius of
cross-section. For all these, the microstructures from

Room temperature 500 °C
Process >
R, /MPa Ry02/MPa Al% ZI% oy /(J-em ) R, /MPa Endurance
Standard 930-1130 >855 >8 >20 >35 >570 >50h
A 948 865 8.5 14.3 48.5 650 >51h
B 1023 954 11.3 32 77 691 >51h
C 981 876 13.8 41.5 67 685 >51h
Process Center IR Edge
A
B
C

Fig. 2 Microstructures of Ti—6.5Al-1Mo—1V—2Zr alloy bars under conditions of different forging processes
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processes A and B can not meet the standard
requirements. The microstructure from process C is
significantly different from that from process A or B,
where initial § grains are completely broken, and the
microstructure is composed of equiaxial a phases and
transformed f phases. It is typical of a duplex structure.

In order to better understand the microstructure and
its corresponding phases of the forged bars, the
microstructure in cross-section of forged bars was
observed by SEM, as shown in Fig. 3. The SEM
observations reveal that lamellar clusters dominate the
white region in the center of grain and the black
precipitated phases form network along the grain
boundaries, and even black block phases exist in some
areas, as marked by arrows in Fig. 3(a). The average
grain size approximates 900 um. It can clearly be found
that the black areas around grain boundaries are
precipitated phases, and the white areas in the center of
grain are lamellar structure (Fig. 3(b)). The SEM image
from process C shows black globular particles and
skeletal from netting white substances exist among black
particles (Fig. 4). The basic phases are o and S in
microstructure of Ti—6.5AI-1Mo—1V—2Zr alloy. Using
EDS for semi-quantitative analysis of these phases, the
results show that Mo and V elements segregate in the
white phases, and Al element content is higher in the
black phases than in the white phase (Table 4). It
indicates that the white phase in the SEM is f phase, and
the black one is o phase. SEM analysis indicates that
there are significant differences in the morphology of
microstructure and phases under different forging
processes.

Fig. 3 SEM images of bars under condition of process A

Fig. 4 SEM images of bars under condition of process C

Table 4 EDS analysis corresponding to Fig. 4(b)
Position w(Al)/% w(Ti)/% w(V)/% w(Zr)/% w(Mo)/%

1 53 81.13 5.94 2.25 5.38
2 3.16 84.29 5.28 1.83 5.45
3 8.5 90.16 - 1.34 -
4 6.8 91.53 - 1.67 -
5 5.55 77.65 6.36 3.01 7.44

3.3 Fracture morphology

The morphologies of room temperature tensile
fracture of bars manufactured by three kinds of processes
are shown in Fig. 5. It is clear from Fig. 5 that there is no
apparent necking in the tensile fractures from processes
A and B. The morphology of fracture shows greatly
irregular, and there is no fiber area in the macro fracture.
It indicates a brittle fracture. The fracture microcosmic
morphologies from processes A and B are dominated by
dimples, and there are a small amount of cleavage planes
in their fracture. In addition, the size of dimple is uneven.
It is clear that the dimple size from process B is bigger
than that from process A. There is noticeable necking
phenomenon in the fracture from process C. The fracture
morphology is regular, which composes of distinct shear
lip on the edge and smooth center fiber zone in the center,
without apparent radiate zone. It indicates a ductile
fracture. The microscopic morphology of fracture from
process C is dimple without cleavage plane. The size of
dimple is uniform and the biggest in the three fractures.
Fiber holes are found in the fracture from process C. The
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Process Overall feature

Center Edge

Fig. 5 Feature of tensile fracture under conditions of different forging processes at room temperature

feature of fracture indicates that the plasticity of process
C is the best.

4 Discussion

The results manifest that the plasticity of forged
bars increases from process A to process C, while the bar
from process B has the highest strength value.
Therefore, process C has produced a better combination
of mechanical properties. The difference in properties of
forged bars is caused by different microstructures
generated under the different forging processes.

The forging process of materials remarkably
influences the microstructure, and further determines the
mechanical properties. Under process A, the higher
forging temperature and insufficient deformation cause
coarse grains and non-uniform microstructure in the
whole cross-section of forged bar. Initial S grains are not
fully broken, o phase appears in the grain boundaries and
networks form, and bulky lamellar clusters occur in the
center of the grains. This kind of microstructure greatly
deteriorates the mechanical properties of the bars under
process A, which causes poor plasticity particularly. The
research by WEI et al [17] also confirmed that the
network o phases in grain boundaries deteriorated the

plasticity of TB10 alloy. The mechanical properties
improve to a certain extent under process B, because one
heating-cycle upset-fullering practice has been carried
out at lower temperature of p-region during finish
forging, which increases effective deformation. At the
same time, the forging temperature decreases and the
deformation increases during finish forging, which
causes the microstructure broken in some degree, and the
network a phases in the center and 1/2 radius are
eliminated. Therefore, the mechanical properties are
improved. Under process C, the bars have been forged by
two heating-cycles upset-fullering at the stage of billet
forging, and the forging temperature further decreases
and the deformation increases in (a+f)-region at the
stage of finish forging, which makes the structure fully
broken, microstructure smaller, and it presents a typical
duplex structure. For duplex structure, shaft-shaped o
phases can enhance the resistance of crack initiation, and
the plasticity and impact toughness of titanium alloy are
improved. Lamellar structure can improve the resistance
of crack propagation, and the fracture toughness of
titanium alloy is enhanced too. Because the motion
direction change of crack in lamellar structure is more
frequent, crack bifurcates to form secondary cracks,
which causes the total crack length increasing, and needs
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more metal volume plastic deformation work done [18].
As a result, the comprehensive performance of forged
bars is the best under process C. Thus, in order to obtain
qualified microstructure and properties of forging bars,
as-cast structure should be fully broken during billet
forging, and the forging temperature and deformation are
controlled during finish forging.

It is visible from the room temperature fracture
appearance that the size and depth of dimple increase
from process A to process C. The size and depth of
dimple depend on the nucleation numbers and plastic
deformation ability during the materials fracture. The
much bigger and deeper dimples would bring materials
more plasticity [19]. Thus, process C results in the best
plasticity level in accordance with its fracture feature.

5 Conclusions

1) The high forging temperature and insufficient
deformation cause the Ti—6.5Al-1Mo—1V—2Zr forged
bars a typical Widmanstatten structure, which causes
poor performance, especially poorer plasticity. The room
temperature tensile fracture presents a brittle feature.

2) The duplex structure of forged bars is obtained
through fully broking initial structure during billet
forging, reducing forging temperature and increasing
deformation upon finishing forging. The resulted
mechanical properties are the best, and the room
temperature tensile fracture appears a ductile feature.

3) It is key that in order to obtain qualified
microstructure and properties of forged bars, as-cast
microstructure should be completely broken during billet
forging, and the forging temperature and deformation are
also well controlled during finishing forging.
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