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Abstract: The microstructural evolution and precipitation location of the secondary phase of an as-cast Ti—25V—15Cr—0.3Si
titanium alloy were investigated via isothermal compression experiments and heat treatment. The average aspect (length-to-width)
ratio, average area and size of the grains at different heat treatment temperatures and holding time were analyzed and the effects of
deformation and annealing time on the grain area and size were considered. It was found that the grain size was strongly influenced
by the height reduction and holding time. Grain growth was significant when annealing time increased from 10 min to 2 h at 950 °C
and height reduction of 30%; however, grain growth was minimal at annealing time between 2 and 4 h. Many dispersion particles
were observed to form in continuous chains; the precipitation location was confirmed to be along initial grain boundaries, and the
dispersion particles were identified to be TisSi; phase by TEM.
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1 Introduction

Ti—V—Cr-series burn-resistant titanium alloys have
attracted increasing attention because of their ability to
avoid “titanium fire” and, in 1996, the Northwest
Institute for Nonferrous Metal Research of China
developed the alloy Ti—25V—-15Cr—0.3Si as a new
Ti—V—Cr burn-resistant titanium alloy [1]. However, it is
difficult to obtain a fine S-grain microstructure through
hot deformation in Ti—25V—15Cr—0.3Si, possibly due to
the pile-up of dislocation near the alloying element,
which is present in high levels (up to 40%). To develop
Ti—25V-15Cr-0.3Si alloy with fine p-grain micro-
structures, it is necessary to study the static
recrystallization (SRX) behavior and the effect of heat

treatment parameters on microstructure evolution.
IVASISHIN et al [2] studied the precipitation and
recrystallization behavior during continuous heat
treatment of three § Ti alloys with different molybdenum
equivalents (VT22, Ti-15-3 and TIMETAL-LCB). They
found that precipitation velocity of the omega and alpha
phases in the highly-alloyed materials (TIMETAL-LCB
and Ti-15-3) was slower than that in VT22. SEMIATIN
et al [3—8] studied SRX of Ti—-6Al-4V and developed a
model to predict properties of that alloy after
deformation and annealing at different temperatures.
ZHEREBTSOV et al [9] studied the spheroidization
behavior of a colony microstructure in a Ti—6Al-4V
alloy during warm working and subsequent annealing at
600 and 800 °C. XU et al [10] examined the effects
of hot deformation on the microstructure of -C titanium
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alloy during heat treatment, and deemed that the
deformed specimens heat-treated at 800 °C for 70 min
and then air-cooled consist of fine grains which may
improve mechanical properties of this alloy. LI et al [11]
analyzed the effects of heat treatment parameters on the
microstructure of Ti—5A1-2Sn—2Zr-4Mo—4Cr alloy, and
pointed out that the volume fraction of primary a phase
decreased and the amount and width of the secondary a
phase increased with the increase of heating temperature.
Recently, FANG et al [12] have studied the effect of
cyclic heat treatment on microstructures of as-cast
Ti—46Al1-6Nb alloy, and found that the extending
holding time and increasing the cyclic times of heat
treatment can effectively eliminate the f-segregation at
the grain boundary and the interlamellar position. SONG
et al [13] investigated the precipitation of @, phase in
annealed TiAl alloys containing high Nb, and pointed out
that the average size and volume fraction of w, phase
increased accordingly with the increase of Nb addition.
Thus, it is effective to research the precipitation location
of the secondary phase by means of heat treatment.

In general, deformed f grains can be recrystallized
by performing an additional heat treatment, to produce a
finer microstructure in g Ti alloys. Performing an
additional heat treatment may also produce a recovered
microstructure in which precipitates may be more
uniform than that in the deformed condition [14]. It is
necessary to study SRX behavior of the Ti—25V—-15Cr—
0.3Si alloy to understand the effects of deformation and
heat treatment parameters on microstructural evolution.
Isothermal compression and heat treatment tests were
used to study the effects of deformation and heat
treatment parameters on microstructure evolution of the
Ti—25V—15Cr—-0.3Si alloy. The aspect (length-to-width)
ratio, areas and sizes of the recrystallized grains were
measured at different heat treatment temperatures and
holding time. The results enable to optimize the
processing parameters and control the microstructure
under various processing conditions.

2 Experimental

In present investigation, the Ti—25V—-15Cr-0.3Si
alloy ingot with a diameter of 160 mm was provided by
the Northwest Institute for Nonferrous Metal Research,
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China, and its £ transus temperature was calculated to be
approximately 454.7 °C using the phase transformation
temperature formula in Ref. [15]. The initial micro-
structure consisted of a single coarse f phase with thin
grain boundaries and an average grain size greater than
0.5 mm, as shown in Fig. 1. Cylindrical specimens with
10 mm in diameter and 15 mm in length were machined
from the ingot.

To study the SRX behavior of the as-cast
Ti—25V—15Cr—0.3Si alloy, isothermal compression tests
were performed on a Gleeble 1500 thermal simulator in a
deformation temperature range of 950—1050 °C with
50 °C interval, at a strain rate of 0.1 s and in a
reduction range of 30%—60% with an interval of 15%.
Specimens were heated to the required temperature at a
rate of 5 °C/s and held at this temperature for 6 min prior
to starting isothermal compression experiments to obtain
a uniform deformation temperature. The specimens after
isothermal compression were submitted to the heat
treatment experiments which were performed at 950,
1000 and 1050 °C and the holding time was 5 min,
10 min, 30 min, 1 h, 2 h and 4 h, respectively. After heat
treatment, the specimens were quenched in water to
preserve the high-temperature microstructure. The
quenched specimens were ground, polished and corroded
to produce metallographic specimens suitable for
observation with an Olympus/PMG3 optical microscope.
Details of the experimental process are shown in Fig. 2.

To accurately determine the fractions of SRX, the
metallographic image (Fig. 3(a)) should be processed.
Firstly, each metallograph was converted into a black-

Heat treatment
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Fig. 2 Details of experimental process
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Specimens 7: 950, 1000, 1050 °C

T: 950, 1000, 1050 °C
Time: 5 min, 10 min, 30 min,
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Fig. 3 Image processing procedure (a—c) and grain parameters output (d)

and-white image using image processing software
(Adobe Photoshop (APS)) to enhance the grains and
grain boundaries, as shown in Fig. 3(b). Secondly, the
black-and-white images were imported into a
quantitative image analysis software (Image-pro Plus
(IPP) 5.0), the scale was set, parameters (such as aspect
ratio, area and size) were chosen and each grain was
numbered (Fig. 3(c)). Finally, for each grain, parameters
such as grain length, width, area and aspect ratio were
exported into a text file (Fig. 3(d)). The aspect ratio, area
and size of each grain at all of the heat-treatment
temperatures and holding time were calculated.

3 Results

3.1 Microstructural evolution after isothermal

compression

Figure 4 shows the microstructure evolution of
specimens after isothermal compression at height
reductions of 30%, 45% and 60% and the deformation
temperature of 1000 °C. After plastic deformation, the
large S grains were elongated and became flatter, the
grain boundaries were widened, and the fine-
recrystallization grains were present at grain boundaries.
LU et al [16] analyzed the dynamic recrystallization
behavior of Ti—25V—-15Cr—0.2Si alloy, and found that
many dynamic recrystallization grains formed a

“necklace” structure along the original grain boundaries.

When the height reduction increased from 30% to 60%,
the width of the grain boundaries increased from 3—7 pm
to 20—-53 pm and the number of recrystallized grains
increased. However, the degree of recrystallization was
low during isothermal compression of the as-cast
Ti—25V-15Cr-0.3Si  alloy. For example, the
recrystallization fraction was determined to be
approximately 10% at a height reduction of 60% by the
method in Fig. 3. The slow recrystallization during
isothermal compression suggested that the deformation
energy was stored in the form of distortion energy.

Figure 5 shows the microstructure evolution of
specimens after isothermal compression at a height
reduction of 60% and deformation temperatures of 950,
1000 and 1050 °C. As the temperature increased, wider
and more irregular grain boundaries were formed and
finer grains were observed along grain boundaries. The
degree of recrystallization did not change significantly
with increasing temperature, but the grain size increased,
which indicated that the temperature had a more
significant effect on the grain size rather than the
dynamic recrystallization did.

The microstructures observed in Figs. 4 and 5
indicated that the dynamic recrystallization was minimal
and recrystallized grains were small after isothermal
compression. Therefore, it is difficult to achieve optimal
recrystallization via isothermal compression, which
implies that the heat treatment needs to be employed.
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Fig. 4 Microstructural evolution of specimens after isothermal
compression at deformation temperature of 1000 °C and
different height reductions: (a) 30%; (b) 45%; (c) 60%

3.2 SRX behavior of as-cast Ti—25V—15Cr—0.3Si alloy
after annealing at 950 °C

The microstructure of the materials is significantly
influenced by the heating temperature and holding time.
Investigating microstructural evolution of materials
during  different  heating  processes facilitates
understanding of the SRX mechanisms [17]. The
microstructural evolution of the Ti—25V—-15Cr—0.3Si
alloy deformed to a height reduction of 30% at 950 °C
and then annealed at 950 °C for different time is shown
in Fig. 6. The microstructure morphology shows marked
changes as the holding time increased. After 10 min,
necklace-shaped grains with large aspect ratios
precipitated along the grain boundaries (Fig. 6(a)). The
aspect ratio of grains decreased and the grain size
increased for a holding time of 1 h (Fig. 6(b)). With the

(a)

100

Fig. 5 Microstructural evolution of specimens after isothermal

compression at height reduction of 60% and different
deformation temperatures: (a) 950 °C; (b) 1000 °C; (c) 1050 °C

holding time from 2 h (Fig. 6(c)) to 4 h (Fig. 6(d)), the
number of recrystallized grains decreased and the size of
recrystallized grains increased obviously, indicating that
the recrystallized grains began to grow with increasing
the holding time. And the grain boundaries were
smoother than the initial irregular boundaries. Figure 6
demonstrated that both the degree of recrystallization and
the size of the recrystallized grains increased as the
annealing time increased.

In addition, the secondary phases have been shown
to precipitate from the £ matrix if the Ti—25V—
15Cr—0.3Si alloy is held at high temperatures for a long
time [18]. Therefore, it is impossible that the pinning
effect of the secondary phases limited dislocation glide
and caused dislocation pile-up (Fig. 7), and then a region
of high dislocation density, i.e., a high-energy region,
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Necklace-shaped grains

Fig. 6 Microstructural evolution of Ti—25V—15Cr—0.3Si alloy deformed at 950 °C, height reduction of 30% and then annealed at
950 °C for 10 min (a), 1 h (b), 2 h (c) and 4 h (d)

Slip bands

Dislocation along
grian boundary
.2 pm

Fig. 7 Slip bands and dislocation pile-up caused by pinning
effect of precipitates

was formed, which created an opportunity for dislocation
pile-up nucleation. Initial grain boundary bulging
nucleation is an example of dislocation pile-up
nucleation and can be observed in Fig. 6(d). ZHAO
et al [19] also observed a similar phenomenon.

Figure 8 shows the microstructural evolution of
specimens deformed to different height reductions and
annealed at 950 °C for 1 h. At a height reduction of 30%
(Fig 8(a)), the recrystallized grains formed mainly at
triple-point grain boundaries. A large number of
necklace-shaped recrystallized grains were present along
grain boundaries at a height reduction of 45% (Fig. 8(b))
and these newly recrystallized grains at the grain
boundaries expanded toward the grain interior by
merging with smaller grains at a height reduction of 60%

Initial grain boundary bulging nucleation

(Fig. 8(c)). Thus, the initial grain boundaries were
replaced by new, fine-recrystallized grains and, as the
degree of recrystallization increased, the microstructure
became more homogeneous.

4 Discussion

4.1 Effects of deformation and heat treatment

parameters

Figure 9 shows the effects of height reduction,
temperature and heating time on the average aspect ratio,
average area and size of the recrystallized grains. With
increasing the height reduction, temperature and heating
time, the average area and size of the recrystallized
grains increased, whereas average aspect ratio of the
recrystallized grains decreased. As the height reduction
increased from 30% to 60%, the average grain area
increased from 2.1x10* to 7.4x10* umz and the average
recrystallized grain size increased from 87-227 to
211-404 pm (Fig. 9(a)). This suggested that the height
reduction significantly influenced grain area and grain
size because sufficient deformation is the impetus for
recrystallization [20]. As annealing time increased
(Fig. 9(b)), the size of the recrystallized grains increased
from less than 100 pm at 10 min to 200—400 um at 4 h,
i.e., the grain growth was significant as annealing time
increased. However, as shown in Fig. 9(c), the grain area
did not increase significantly at annealing time between
2 and 4 h, which implied that the annealing time did not
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Fig. 8 Microstructural evolution of Ti—25V—15Cr-0.3Si alloy
deformed at height reductions of 30% (a), 45% (b), and 60% (c)
and then annealed at 950 °C for 1 h

have a significant effect on the grain area when the alloy
was deformed to a height reduction of 30% at 950 °C
and subsequently annealed at 950 °C for more than 2 h.
From Fig. 9, we concluded that the effects of height
reduction, temperature and annealing time on aspect ratio
of the grains were minimal, while their effects on grain
area and grain size were significant. FAN et al [21]
investigated the static recrystallization during reheating
the TA1S titanium alloy, and pointed out that the
microstructure can also be refined by decreasing
annealing temperature.

4.2 Precipitation location of secondary phase

By means of the microstructure observation after
hot compression (Fig. 5) and previous study [22], it was
found that the prior beta grain boundaries were replaced
by the new fine dynamically recrystallized grains.
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Fig. 9 Effects of height reduction, temperature and heating time
on average aspect ratio, area and size of grains for specimens
annealed under different conditions: (a) 1000 °C, 1 h; (b) 60%,
0.5 h; (c) 950 °C, 30%

Moreover, many dispersion particles were observed and
these particles were present in a continuous chain, which
is analogous to a grain boundary, as shown in Fig. 10.
Furthermore, TEM observation identified the particle
with hexagon and sheet morphology, as shown in
Fig. 11(a). The electronic diffraction pattern showed that
the secondary phase was TisSi; phase (Fig. 11(b)), and
its crystal structure was hexagonal structure. ANKEM
et al [23] researched the silicide formation in Ti—3Al—
8V—6Cr—4Zr—4Mo alloy ($-C) and pointed out that the
silicide (Ti, Zr)sSi; formed in S-C alloy and other similar



Yan-chun ZHU, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1521-1529 1527

titanium alloys. FERRERO et al [24] also observed the
similar phenomenon in B-C™. ZHAO et al [18,25]
studied the secondary phase extensively in Ti40 alloy
after high temperature exposure for a long time, and
found that the precipitated dispersion particles were
TisSi; phase.

To verify the precipitation location of particles, the
microstructures of the deformed specimens (950 °C,
45%) and deformed/annealed sample ((950 °C, 45%) +
(950 °C, 2 h)) were compared, as shown in Fig. 12. It is
easy to find out that the black dispersion particles in
continuous chain precipitated along the prior f grain

Fig. 10 Dispersive particles observed and present in continuous
chain boundaries. Moreover, the precipitates were coarsened

(b)

(311) TisSiy,  (200) TisSis

"
(111)Ti55i3»:
- -

Fig. 11 TEM micrographs of silicide in Ti—25V—15Cr—0.3Si alloy heat-treated at 1000 °C for 10 h: (a) TEM bright field image;
(b) SAD pattern and indexing

Initial specimen Specimen after isothermal compression

Deformed at 950 °C and 45°/>o

Cutting into two parts

Microstructure observation

after annealing at 950 °C for 2 h Microstructure observation

Fig. 12 Procedure used to determine precipitation location of secondary phase by comparing microstructures between sample
deformed at 950 °C and 45% (a) and sample deformed at 950 °C and 45% following by heat treatment at 950 °C for 2 h (b)
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and the size of precipitates increased with increasing the
heat treatment time, as shown in Fig. 13. It can be seen
from Fig. 13 that the quantity of precipitate particles also
increased with the increase of heating time. WU
et al [26] analyzed the amount and distribution of the
precipitates for a weathering steel microalloyed with
vanadium and pointed out that the precipitates distributed
over the grain boundaries, sub-grain boundaries,
dislocation lines, deformation bands and other crystal
defects.

(a) Precipitate particles

Fig. 13 Dispersive particles precipitated at 950 °C for different
heating time: (a) 1 h; (b) 10 h

5 Conclusions

1) Dynamic recrystallization was minimal and the
recrystallized grains were small during isothermal
compression of the as-cast Ti—25V—15Cr—0.3Si alloy;
the deformation energy was stored in the form of
distortion energy.

2) Under the deformation condition of 950 °C and
30% height reduction, grain growth was high as the
annealing time increased from 10 min to 2 h; grain
growth was minimal for annealing time between 2 and
4 h. Larger grain area and size as well as a more
homogeneous microstructure were obtained when the
height reduction increased from 30% to 60%.

3) The effects of height reduction, temperature and
annealing time on the aspect ratio of the grains were
minimal; the height reduction had a significant effect on
grain area and grain size, while the effects of annealing

time and temperature were minimal.

4) Many dispersion particles were observed to form
a continuous chain; the particles which precipitated along
the initial grain boundaries were identified to be TisSi;
phase.
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Wi. 2R, SR RS2 TE EAR K R R, 7E 950 °C. IR RN 30%. 4B K [E A 10 min BE/N
2 hE, ERARKK; TSR KBy 2~4 h B, SRR, thAk, SRR K& IREUR 5 DUE S8
RIFAE, EAALLINEER TEM RTEHIERE 0 TR S5 JEUUA & AT H AR BROBR A58 TisSis AR
KHEIA: Ti-25V-15Cr-0.3Si thE4: FamEdh: DMALEA: SRR ZU00l: friihiE
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