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Abstract: Effects of heat treatment processing on the microstructure and mechanical properties of Ti—6A1-4V—10Nb alloy were
investigated. The microstructures were investigated by SEM, TEM and XRD, and the mechanical properties were evaluated by
tensile tests at room and elevated temperatures. The results indicate that the lath-like and globular primary a phase, secondary a
phase and S phase are obtained after forging and heat treatment processing. The size of secondary « phase is much smaller than that
of primary o phase. After heat treatment, the volume fraction of primary a phase is decreased, and that of secondary a phase is
increased. With the increase of solution temperature, the volume fraction of primary a phase is gradually decreased, and that of
secondary o phase is obviously increased. The yield strength and tensile strength of Ti—6Al-4V—10Nb alloy are significantly

enhanced with the solution temperature increasing.
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1 Introduction

Owing to the light weight, high strength, good creep
resistance and oxidation resistance, titanium (Ti) alloys
have been regarded as ideal materials in many fields,
such as aerospace, automotive, military and biomedical
applications [1,2]. Among various Ti alloys, Ti—6Al-4V
alloy, one typical duplex alloy containing a phase and j
phase, exhibits great advantages over other Ti alloys in
properties, which is related to the optimum micro-
structure and volume ratio of a phase and f phase [3].
Therein, o phase is the predominant strengthening phase
and different morphologies of a phase have different
strengthening effects. Previous researches indicate that
the refinement of a lath leads to the improvement of
mechanical strength [4], and the formations of globular a
phase and fine S grain contribute significantly to the
increase of plasticity of Ti alloy [5].

In recent years, with respect to Ti—6A1—4V alloy,
considerable attention is focused on adding alloying
elements [6,7] to refine microstructure and enhance

mechanical performance, as well as the adjustment of
thermo-mechanical processing parameters [8,9]. Nb, a S8
stable element, has a positive effect on the microstructure
refinement, including a lath, globular a phase and prior f
phase, which conduces to improve the mechanical
properties of Ti alloy [10,11]. Moreover, the presence of
Nb is beneficial to slowing down the process of recovery,
recrystallization and dislocation climb and glide with
high melting point and low rate of diffusion [12]. This is
beneficial for Ti alloy to serve in high temperature
environment for a long time. To some extent, Nb element
is supposed to have a more obvious optimization
effect on the Ti—6Al-4V alloy compared with other
elements.

Ti alloy has allotropic modification. f phase with
body-centered cubic (bcc) structure is stable at high
temperature, and a phase with hexagonal close packed
(hep) structure is stable at low temperature. When the
temperature is high enough, the phase transformation
from a to f would occur. Therefore, the microstructure
of Ti alloy is sensitive to the thermo-mechanical
processing parameters, such as deformation temperature,
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deformation time and cooling rate. The effect of heat
treatment on the microstructure and mechanical
properties of Ti alloy has been reported [13—15]. LI
et al [13] investigated the effect of heat treatment on the
microstructure evolution and mechanical properties of Ti
alloy. It was found that the comprehensive property of
aged alloys is better than that of other heat treated alloys,
which benefits from the precipitation of fine secondary a
phase.

However, the effect of different solution
temperatures on the microstructure and mechanical
properties of Ti—6Al-4V alloy with Nb addition has not
really been clear yet. On the basis of our previous studies,
adding 10 wt.% Nb to the Ti—6Al-4V alloy significantly
decreases the size of a phase and f phase. Therefore, in
this work, the relationship between the microstructure of
o phase and the mechanical properties of forged and
aged Ti—6Al-4V—10ND alloys was studied and discussed
in details, as well as the size and volume fraction of
phase. The size and morphology of a phase were studied
by SEM. The microstructure of o phase was investigated
by TEM and HRTEM. The phase compositions were
analyzed by XRD. In addition, tensile properties were
evaluated by tensile tests at room and -elevated
temperatures.

2 Experimental

The Ti—6Al1-4V—10Nb alloy was prepared by
mixing appropriate amounts of high-purity Ti rod
(99.99%), Al piece (99.99%) and intermediate alloys
(Al1-60V and Ti—50Nb). The mixtures were melted
under a high-purity argon atmosphere in a vacuum
consumable arc melting. The actual chemical
compositions are listed in Table 1 and the initial
microstructure is shown in Fig. 1. The S transus
temperature obtained by differential scanning calorimeter
(DSC) for the Ti—6Al-4V—10Nb alloy was about 900 °C.
The ingot casting was produced by heat forging at
1000 °C (in the f phase field) and then at 870 °C (in the
o+f phase field) to refine grain size. Subsequently, the
sample was annealed at 750 °C for 1 h. The alloy
produced after annealing was known as forged alloy.
Following this, the sample was subjected to a series of
heat treatments, as illustrated in Fig. 2, including solution
treatment and aging treatment. The samples were
solution treated at 780 °C or 880 °C for 1 h, respectively.
And then, these specimens were quenched into water to
room temperature. Subsequently, all the specimens were
aged at 500 °C for 3 h. Finally, these specimens were air
cooled to room temperature. Generally speaking,
solution treatment above f transus temperature would
tend to result in the coarsening of grains and the

brittleness of the alloy. Therefore, the solution treatment
temperature was set in the two-phase field.

Table 1 Actual chemical compositions of Ti—6Al-4V—10Nb
alloy (wt.%)

Al V. Nb Fe Si C N O H T
6.0 4.1 92 0.03 0.02 0.01 0.01 0.05 0.001 Bal

Fig. 1 SEM image of as-cast Ti—6A1-4V—10Nb alloy
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Fig. 2 Heat treatment processing of forged Ti—6A1-4V—10Nb
alloy
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The size and morphology of a phase in forged and
aged Ti—6Al-4V—10Nb alloys were measured and
observed by scanning electron microscopy (SEM). The
microstructural characterization was investigated by
transmission electron microscopy (TEM), and the phase
compositions were analyzed by X-ray diffraction (XRD).
XRD and SEM specimens were prepared by a standard
metallographic preparation method, and subsequently,
SEM specimens were etched by Kroll’s reagent. TEM
specimens were prepared by mechanical grinding to
about 50 pum in thickness and then punched into 3 mm
TEM discs. The TEM discs were etched by a twin-jet
electro-polishing machine using 34 vol.% methanol,
60 vol.% n-butyl alcohol and 6 vol.% perchloric acid
polishing solution under 15-20 V at 233 K.

The mechanical properties of forged and aged
Ti—6Al-4V—10Nb alloys have been evaluated by tensile
tests at room temperature (RT) and elevated temperature
(455, 550 and 650 °C) with a nominal strain rate of
0.5 mm/min in a universal electronic material testing
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machine. The rod-shaped specimens for tensile tests were
cut from forged and aged alloy with a gauge length of
50 mm and a diameter of 5 mm.

3 Results and discussion

3.1 Microstructure and phase

Ti—6Al-4V—10Nb alloys

Since a phase is the predominant strengthening
phase, the microstructure of o phase is detailedly
analyzed. Therein, o phase contains primary and
secondary a phases. Figure 3 shows the SEM images and
corresponding enlarged micrographs of forged and aged
Ti—6A1-4V—10NbD alloys. As shown in Figs. 3(a, c, e),
certain amount of lath-like and globular primary a phases
marked by the black arrows are precipitated in S
transformed This indicates that the
microstructure of forged and aged alloys is a duplex
structure. It can also be seen from Figs. 3(a, c, e) that

composition of

matrix.

Primary  phase {4

Primary « phase &

both the size and the amount of primary o phase
containing lath-like and globular primary a phases are
decreased after heat treatment, and with the increase of
solution temperature, those of primary o phase are
gradually decreased. In Figs. 3(a, c, e), the average
thicknesses of lath-like a phase are about 1.75, 1.52 and
1.23 pm, respectively, and the mean sizes of globular «
phase are about 2.66, 2.42 and 2.13 pm, respectively.
The enlarged micrographs in Figs. 3(b, d, f) reveal that a
large number of dispersively distributed secondary o
particles are precipitated around primary a phase in the
matrix as marked by the black arrows. The mean sizes of
secondary o phase in Figs. 3(b, d, f) are about 0.14, 0.11
and 0.07 um, respectively, which are much finer than
those of lath-like and globular primary o phases. It can
be seen clearly from Figs. 3(b, d, f) that compared with
the forged alloy, the size of secondary a phase is
decreased and the amount of secondary a phase is
increased in aged alloys. With the solution temperature

Fig. 3 SEM images (a, c, ) and corresponding enlarged micrographs (b, d, f) of Ti-6Al-4V—10Nb alloys: (a, b) Forged alloy;
(c, d) Alloy solution-treated at 780 °C; (e, f) Alloy solution-treated at 880 °C
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increasing, the size of secondary o phase is gradually
decreased, and the amount of secondary o phase is
obviously increased. The amount of primary o phase is
mainly affected by solution treatment processing. And
the secondary a phase is precipitated during aging
treatment. It is worth mentioning that solution treatment
processing can increase the stability of the matrix and
provide the driving force of secondary a phase formation
during subsequent aging treatment [16,17]. Therefore,
the amount of primary « phase is decreased and the
amount of secondary a phase is increased after heat
treatment. The high annealing temperature causes the
growth of secondary a phase in forged alloy. While the
growth of the secondary a phase precipitated after heat
treatment cannot occur because of the low aging
temperature. Therefore, the size of secondary a phase is
decreased after heat treatment.

The relationship between the morphology of a
phase and mechanical properties of Ti—6Al-4V—10Nb
alloy may be related to the microstructure of a phase.
Therefore, the effects of microstructure of o phase on
performance are studied and discussed with aged
Ti—6A1-4V—10Nb alloy solution-treated at 880 °C as an
example, considering that the effects of a lath on
mechanical property of these three alloys are similar, as
well as the effect of globular a phase. Figure 4 shows the
TEM images of a phase in the alloy. Figures 4(a) and (b)
show the TEM images of micro-structure of o lath and
Fig. 4(c) shows the TEM image of microstructure of
globular a phase. Figure 4(a) shows the existence of
dislocation in the alloy. Some are distributed in o phase
(marked by white arrows), and some are accumulated at
o/ff interface (marked by red arrows) which hinder the
movable dislocation and in turn enhance the mechanical
strength of the alloy [5,13]. Moreover, a lath can make
dislocation movement more difficult by intertwining
with each other (see Fig. 4(a)), and such a lath
boundaries which have high energy barrier increase the
resistance of dislocation motion and prevent the
formation of dislocation cell by orientating parallel to
each other (see Fig. 4(b)) [18]. Therefore, the dispersive
distribution of o lath is beneficial to enhancing
mechanical strength of the alloy. As seen in Fig. 4(c), the
density of dislocation distributed in globular a phase and
at grain boundary is less than that in o lath and o/f
interface of Fig. 4(a). Moreover, the thickness of grain
boundary in Fig. 4(c) is decreased compared with that in
Fig. 4(a). Therefore, the formation of globular o phase is
a result of dislocation movement and re-arrangement,
and is also a process of recrystallization. This
configuration reveals the minimum strain energy for a
given dislocation content. In other words, the formation
of globular o phase is a process involving release
of strain energy, which contributes significantly to the

o

-~
- A,

.

Fig. 4 TEM and HRTEM micrographs of a phase in aged
Ti—6A1-4V—10NbD alloy solution-treated at 880 °C: (a, b) a lath;
(c) Globular a phase

increase of plasticity of the alloy [19]. There exists a
large number of defects on the grain boundaries, making
it the preferred position for the nucleation of primary a
phase; whereas it is relatively difficult for the primary a
phase to precipitate in the interior of grains. Therefore,
lath-like primary o phases tend to precipitate along the
grain boundaries of prior f, and a small amount of
globular primary a phases tend to precipitate inside the
grains. The primary a phase in as-cast alloy is coarse.
Forging processing is employed to break down those
coarse a phases and introduce strain energy [20]. The
strain energy would provide the driving force for the
subsequent recrystallization process. The alloy then
possesses a large number of fine lath-like and globular
primary a phases. Subsequently, the alloy could attain
secondary a phase during heat treatment, where the size
of secondary o phase is much smaller than that of
primary o phase (see Fig. 3). Therefore, the forged and
aged alloys contain lath-like and globular a phases. From
the above results, it can be concluded that coexistence of
a lath and globular o phase makes the alloy exhibit better
mechanical strength and higher ductility.

In order to further investigate the effect of solution
temperature on the microstructure of Ti—6A1-4V—10Nb
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alloy, the volume fraction of each phase is calculated.
Figure 5 illustrates the XRD patterns of forged and aged
Ti—6Al-4V—10ND alloys. As shown in Fig. 5, these three
alloys are all comprised of a phase and S phase.
According to XRD patterns, the volume fractions of a
phase and f phase in the three alloys are calculated.
Therein, o phase contains primary and secondary o
phases. In addition, according to the different
morphologies of primary a phase in Fig. 3, the volume
fractions of lath-like and globular primary a phases are
measured. Variation of the volume fraction of each phase
in the three alloys is plotted in Fig. 6. As seen in Fig. 6,
the volume fraction of o phase is much more than that of
f phase in the three alloys. After heat treatment, the
volume fraction of a phase is increased and that of S
phase is decreased. With the solution temperature
increasing, the volume fraction of a phase is obviously
increased and that of f phase is gradually decreased. It
can also be seen from Fig. 6 that the volume fractions of
lath-like and globular primary « phases in aged alloys are
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Fig. 5 X-ray diffraction patterns for Ti—6Al-4V—10Nb alloys:
(a) Forged alloy; (b) Alloy solution-treated at 780 °C;
(c) Alloy solution-treated at 880 °C
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Fig. 6 Volume fractions of § phase, o phase, primary a phase,
globular and lath-like primary o phases in forged and aged
Ti—6Al-4V—10Nb alloys at different solution temperatures

decreased with the increase of solution temperature, and
are less than those in forged alloy, which is consistent
with Fig. 3. From Fig. 6, it can be clearly seen that the
volume fraction of secondary a phase in aged alloys
shows a rising tendency with the increase of the solution
temperature, and is much more than that in forged alloy,
which is also in accordance with Fig. 3. Moreover, the
volume fraction of secondary a phase is more than that
of primary o phase in the two aged alloys. The volume
fraction of secondary a phase is less than that of primary
a phase in forged alloy, which can be seen from Fig. 6.
However, low solution temperature increases the stability
of the matrix further and reduces the driving force of
secondary o phase formation during subsequent aging
treatment, because the o phases precipitated after
solution treatment pin the grain boundaries of prior S
phases and hinder their mobility [16,17]. Therefore, low
solution temperature is beneficial to retaining more
primary a phase after heat treatment processing. The
amount of secondary a phase precipitated during aging
treatment is relatively less because of low solution
temperature. From the above, high solution temperature
(880 °C) could result in the precipitation of more fine
secondary o phase, while the volume fraction of primary
a phase would be relatively decreased after aging
treatment.

3.2 Tensile properties
3.2.1 Tensile properties at room temperature

Figure 7 shows the tensile properties at room
temperature of Ti—6Al-4V alloy, forged and aged
Ti—6Al-4V—10ND alloys. SEN et al [7] reported that the
yield strength (YS), ultimate tensile strength (UTS) and
total elongation (TE) of Ti—6Al—4V alloy are 833.9 MPa,
900 MPa and 6%, respectively. As seen in Fig. 7, the two
aged alloys exhibit superior tensile strengths to
Ti—6Al-4V alloy and forged Ti—6Al1-4V—10Nb alloy,
which can be attributed to the precipitation of a large
number of fine secondary o phase and the formation of a
large number of dislocation density accumulated at
lath-like a/f interface. Moreover, with the increase of
solution temperature, the YS and UTS are obviously
enhanced, owing to the increase of the volume fraction
of fine secondary a phase. It can also be seen from Fig. 7
that compared with the Ti—6Al-4V alloy, the YS of
forged Ti—6Al-4V—10Nb alloy has no significant
variation. The UTS and TE of the forged Ti—6Al—
4V—10ND alloy are larger than those of the Ti—6Al-4V
alloy. In particular, the TE of forged Ti—6Al-4V—10Nb
alloy exhibits relatively high values. The TE of forged
Ti—6A1-4V—10ND alloy is about 10.9%. These might be
related to the Nb addition, since Nb can act as S
stabilizer and grain refiner in the Ti alloy [10], as well as
the grain refinement by forging technology. After heat
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treatment, the TE is decreased. With the increase of
solution temperature, the TE deteriorates significantly,
due to the decrease of volume fraction of § phase and
globular primary o phase. Therein, the TE of aged
Ti—6Al-4V—10Nb alloy solution treated at 780 °C is
about 7.5%, which is higher than that of the Ti—6Al-4V
alloy. The aged Ti—6Al-4V—10ND alloy solution treated
at 780 °C has superior comprehensive performance at
room temperature, including YS, UTS and TE.
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alloy alloy (780°C) (880°C)

Fig. 7 Tensile properties of Ti—6Al-4V alloy, forged and aged
Ti—6A1-4V—10Nb alloys with different solution temperatures
at room temperature

3.2.2 Tensile properties at elevated temperature

Based on the operating temperature (455 °C) of
Ti—6Al1-4V alloy, three tensile temperatures (455, 550,
650 °C) are designed. Figure 8 shows the tensile
stress—strain curves measured at various temperatures
(455-650 °C) for the forged and aged Ti—6A1-4V—10Nb
alloys. As shown in Fig. 8, the mechanical strengths
containing YS and UTS in aged alloys show a rising
tendency with the increase of the solution temperature,
and are much larger than those in forged alloy at all
tensile temperatures; while the TE is decreased after heat
treatment. With the increase of solution temperature, the
TE is gradually decreased. From the above results, we
can conclude that the aged Ti—6A1-4V—10Nb alloy with
high solution temperature (880 °C) has Dbetter
comprehensive performance at elevated temperature,
including YS, UTS and TE.

It is seen from Figs. 7 and 8 that the Ti—6Al-4V
alloy with 10 wt.% Nb addition has superior mechanical
properties after heat treatment, which is mainly attributed
to the microstructural characteristics. The mechanical
strength and the size of a phase follow Hall-Petch
strengthening mechanism [7]. According to Hall-Petch
model, the mechanical strength is inversely proportional
to the size of a phase:

-& Forged at 455 °C

—e- Forged at 455 °C+solution-|
treated at 780 °C

-0~ Forged at 455 °C+solution-|
treated at 880 °C

& Forged at 550 °C

-o- Forged at 550 °C+solution-
treated at 780 °C

—o- Forged at 550 °C+solution-
treated at 880 °C

-=- Forged at 650 °C

-o- Forged at 650 °C+solution-
treated at 780 °C

—o- Forged at 650 °C+solution-
treated at 880 °C

1000 |
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Stress/MPa
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Fig. 8 Tensile stress—strain responses of forged and aged
Ti—6Al-4V—10Nb alloys with different solution temperatures
at elevated temperature

o=cstKd ' (1)

where ¢ is the mechanical strength (MPa), oy is the single
crystal yield strength (MPa), d is the size of a phase (um),
and K is a constant related to the material.

According to the microstructure evolution of
Ti—6Al-4V—10NbD alloys before and after heat treatment,
the volume fractions of lath-like and globular primary a
phases are decreased and the volume fraction of
secondary o phase is increased after heat treatment. With
the increase of solution temperature, the volume
fractions of lath-like and globular primary o phases are
gradually decreased and the volume fraction of
secondary a phase is obviously increased. Moreover, the
volume fraction of secondary o phase is higher than that
of primary a phase in two aged alloys, while the volume
fraction of secondary a phase is less than that of primary
a phase in forged alloy. Compared with the sizes of
lath-like and globular primary a phases, the size of
secondary o phase is obviously smaller. Therefore, the
mechanical strength can be increased after heat treatment,
and with the increase of solution temperature, the
mechanical strength is significantly enhanced. The
relatively high strength can be attributed to the formation
of a large number of fine secondary « particles [21,22]. It
is also known that a large number of dislocations are
accumulated at lath-like o/f interface, impeding the
movable dislocation and enhancing the mechanical
strength of Ti alloy. Additionally, a lath which
intertwines with each other or distributes parallel to each
other could increase the resistance to dislocation motion
and improve mechanical strength. The volume fraction
of total a lath containing primary and secondary lath-like
a phases is increased after heat treatment and is
significantly increased with the solution temperature
increasing. The increase of the volume fraction of total «
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lath results in the increase of the number of lath-like o/
interface. These can further impede the movement of
dislocation and conduce to obtain higher strength. From
the above, heat treatment processing is beneficial to
refining the microstructure and improving the
mechanical performance of Ti alloy.

4 Conclusions

(1) Certain amount of lath-like and globular primary
o phases are precipitated in S transformed matrix.
Meanwhile, a large amount of dispersively distributed
secondary a particles are precipitated around primary o
phase in the matrix. Therein, the size of secondary a
phase is much smaller than that of primary a phase in the
three alloys.

(2) The volume fraction of primary a phase is
decreased and the volume fraction of secondary o phase
is increased after heat treatment. With the increase of
solution temperature, the volume fraction of primary o
phase is gradually decreased, and the volume fraction of
secondary a phase is obviously increased.

(3) The mechanical strengths of Ti—6Al1-4V—10Nb
alloy could be improved after heat treatment and
significantly enhanced with the increase of solution
temperature at all tensile temperatures. The aged
Ti—6A1-4V—10Nb alloy solution treated at 780 °C has
superior strength and ductility at room temperature.
Better strength and ductility at elevated temperature are
obtained for the aged Ti—6Al-4V—10Nb alloy solution-
treated at 880 °C, owing to their unique microstructures.
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AL T IEXT Ti—6A1-4V-10Nb 5 &
TR LR FOH B BEBY =2 M

Fhoa B KR, xRk, ka3 RK Y, FAF Y, A%

1. RERY KAITEARESREEZFE MK E, KiE 300072;
2. RERYE REWMMEE S SR E SR E, KiE 300072;
3. FEBERE SETAYETTRAT, &0E 230031

B . PTRHAEEEFEX Ti-6AI-4V—-10Nb &4 B SR A2 RE R . KA gt B0 A X ot
LRATHHON & & SR GUAT I T, 85 B iR I L s A iR A M AT WA . S5 IR R, HOE B
5 K 3 FH LU RERRYI A a M RAE o MEFT B M. IRA o AHIGDRSE BT RN FAIAE o MRS Bk,
WA a AR BOR D>, AR o TR B8N . B AR T s, W04 o AHIAREU: B0 Baskb, Ik
A o MRORAR S B0 B3N . BEE EA IR T, Ti-6Al-4V—10Nb 4 41 8 IR 50 AT hnim g ) B4 & .
FEHEE: Ti—6AI-4V—-10Nb &4 #HUbH; SRS, PIE a Ml WA a Ml T

(Edited by Bing YANG)



