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Abstract: Microstructure evolution and mechanical properties of Ti-1023 alloy during cooling from single-phase region
to dual-phase region with the cooling rate of 1 °C/min were systematically investigated. As the final cooling temperature
decreased, grain boundary a' martensite (a'gs), grain boundary o phase (ags), Widmanstatten grain boundary a phase
(awcs), and Widmanstatten intragranular o phase (awi) were sequentially precipitated. Correspondingly, mechanical
properties and deformation mechanisms of Ti-1023 alloy changed significantly. When the final cooling temperature was
higher than 700 °C, tensile curve showed an obvious double-yielding phenomenon with elongation >20%. Whereas the
final cooling temperature was lower than 700 °C, and the double-yielding phenomenon disappeared. This was mainly
attributed to the fact that f stability of Ti-1023 alloys was enhanced with the increase of a(a’) precipitated phases. And
the room temperature deformation mechanism gradually changed from stress-induced o” martensitic phase
transformation to dislocation slip. Furthermore, strengthening mechanism of Ti-1023 alloy was analyzed in combination

with grain size and precipitated phase effects.
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1 Introduction

Titanium and its alloys are increasingly attracting
attention due to their low density, high specific
strength, low thermomechanical processing cost,
good hardenability, and excellent formability [1-3].
Among them, metastable f titanium alloys
constitute one of the most versatile groups, with
applications  including engine  components,
orthopedic and dental implants, etc. Ti-1023 alloy, a
classic metastable f titanium alloy, is widely used
as structural components of Boeing series aircraft,
due to its good combination of high strength and
fracture toughness [4—6].

It is well known that the mechanical properties
of titanium alloys depend on their microstructures
while the latter was closely related to the thermo-
mechanical and heat treatment processes [7—10].

For the thermomechanical process, the effect of
processing  parameters  (including processing
temperature, strain rate, etc.) on microstructure and
mechanical properties of alloys has been widely
reported [11,12]. On the other hand, the heat
treatment process is another important factor to
determine the microstructure of alloys. For example,
ZHANG et al [13] uncovered that with the increase
in heating rate of Ti—6Al-4V alloy, the volume
fraction of primary a phase (a,) increased and more
secondary a phase (as) precipitated in f matrix, and
these would affect the final mechanical properties
of the alloy.

Besides the heating stage, the parameters in
the cooling stage of heat treatment process also play
an important role in the microstructure evolution
and mechanical properties of titanium alloys. In
general, when the titanium alloy is rapidly cooled
from high temperatures, a large number of § phases
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are retained due to the restricted diffusion of alloy
elements, and part of § phases may transform to
martensite, finally forming the heterogeneous
microstructure of martensite and metastable S
matrix [ 14]. While the titanium alloy is cooled from
high temperature at a relatively slow rate, some
diffusion transformation might occur, the grain
boundary a phase (ags), Widmanstatten grain
boundary « phase (awas), and Widmanstatten
intragranular o phase (awr) gradually precipitate and
grow by decomposing the metastable f matrix,
finally forming a stable o phase and residual f matrix
coexisting microstructure [15,16]. MAHENDER
et al [17] investigated the microstructures and
mechanical properties of near a titanium alloy IMI
834 at different cooling rates, they found that with
the decrease of cooling rate, the f grain size and the
thickness of a lamellar increased, while the strength
of the alloy decreased. WU et al [18] found bi-lamellar,
basket-weave, and metastable-f microstructures
formed in Ti-5321 alloy with the cooling rate
increasing. Compared with fast cooling, titanium
alloy undergoes a more complex microstructure
evolution during slow cooling processes, which has
a greater effect on the mechanical properties of the
alloy. SUN et al [19] investigated four stages of
microstructure evolution when TA15 alloy is slowly
cooled from high temperatures, including nucleation
of ags phase, growth of acs phase, nucleation
of awgs phase, and growth of awgs phase. TANG
et al [20] investigated the nucleation mode of awags
lamellar in Ti-7333 alloy during S slow cooling
process, and found that the awgs phase could not
only grow up from ags grains by inheriting the
orientations but also sympathetically nucleate at the
ogs/p interface. These works provide good support
for studying the phase transformation sequences
and microstructure evolution of different titanium
alloys during f slow cooling. However, up to now,
few studies have focused on the effect of these
precipitated phases on the mechanical properties of
the alloys and their roles in the deformation.

In this work, six different samples of Ti-1023
alloy were cooled from single-phase region to
different final cooling temperatures. Their micro-
structures, mechanical properties, and deformation
modes were carefully compared. The microstructural
evolution of Ti-1023 alloy during the slow cooling
process was systematically investigated. The effect
of grain boundary precipitated phases on the

mechanical properties of the alloys and their roles
in deformation were evaluated. This work provides
an experimental basis for designing heat treatment
routes for Ti-1023 alloy and provides a reference
for controlling microstructure and optimizing the
mechanical property of the metastable f titanium
alloy.

2 Experimental

A forged Ti-1023 alloy billet provided by
Hunan Goldsky Titanium Industry Technology Co.,
Ltd., China, with a chemical composition (wt.%) of
291 Al, 9.75V, 1.81 Fe, and Ti (balance) was used
in this study. The original microstructure of this
billet is shown in Fig. 1(a). The a/f transformation
temperature (73) of this billet is (810+10) °C by
using the metallographic method and thermal
analysis.

Temperature/ °C

Fig. 1 Original microstructure of as-received Ti-1023
alloy billet (a), and schematic diagram of heat treatment
route (b)

Some small samples cut from the forged billet
were solution treated at 900 °C for 2 h. Then, these
samples were cooled in the furnace at a controlled
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cooling rate of 1°C/min, followed by water
quenching after reaching a prescribed temperature
of 900, 800, 700, 600, 500°C, and room
temperature (25 °C), respectively. These obtained
samples are named SC900, SC800, SC700, SC600,
SC500, and SC25, respectively. The heat treatment
routes are shown in Fig. 1(b).

Some small blocks were cut from the core of
the heat-treated samples for the microstructure
characterization, and then these small blocks were
mechanically ground and electrochemically
polished in the Kroll’s solution (60% methanol,
35% butanol, and 5% perchloric) for 25 s. Scanning
electron  microscopy (SEM) and electron
backscatter diffraction (EBSD) observation were
conducted on TESCAN MIRA3 (FEI, Czech
Republic) electron microscopy equipped with an
EDAX detector, and the electron probe
microanalysis (EPMA) was conducted on a
JXA—-8530F (Japan) electron microscopy. Thin foils
for transmission electron microscopy (TEM) were
prepared by using a twin-jet electrolytic apparatus
(Denmar Struers A/S, Denmark) electropolished at
—23 °C with Kroll’s solution. As to the samples for
mechanical properties testing, dog-bones tensile
specimens with gauge dimensions of 26 mm x
10 mm x 1.5 mm were cut from the heat-treated
samples, and tensile tests were carried out by using
a CMT4204 mechanical testing machine (SUST,
China). The size of § grains and the content of the o
phase were statistically analyzed by using Image J
software.

3 Results

3.1 Initial microstructures

Figure 2 shows the microstructure of the
SC900 sample. In this condition, the sample
exhibits a typical microstructure with randomly
oriented f grains, and the average grain size is
~283 pm, as shown in Fig. 2(a). Figure 2(b) shows
a straight and clear grain boundary in the TEM
bright field (BF) image. And the inset in Fig. 2(b)
presents the selected area electron diffraction
(SAED) pattern taken from [113]; zone axis of the
right grain. Besides, the distinct diffraction of the f
matrix, some additional diffraction spots at 1/3 and
2/3{112} positions can be observed, indicating the
formation of athermal w phase within the f grains.
This is expected as the solution temperature is

higher than the S-transus temperature (~810 °C) and
the phase stability of Ti-1023 alloy is not
sufficiently high to inhibit the formation of athermal
o phase during water quenching. This result is also
similar to that of some other metastable f titanium
alloys [21,22].

u . 4
'y T.\&A’:&‘

Fig. 2 Microstructures of SC900 sample: (a) Inverse pole

o 22N B113]

figure (IPF) map; (b) TEM image at grain boundary and
corresponding selected area electron diffraction (SAED)
pattern along [113] zone axis

Figure 3 shows the microstructure of the
SC800 sample. As seen in Fig. 3(a), majority of f
phases are retained inside the grain, and few
precipitated phases can be seen in the interior of the
grain. However, many fine needle-like phases
precipitated near the grain boundaries, which is
different from that in the SC900 sample. A similar
microstructure has also been reported in a previous
study in Ti-1023 alloy, and it is recognized as a”
martensite [23]. However, further characterization
in our study suggests that these precipitated phases
might not have orthogonal lattice structures. As
shown in Fig. 3(b), a typical triangular grain
boundary with precipitated phases was selected for
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Fig. 3 Microstructures of SC800 sample: (a) Low magnification SEM image; (b) EPMA image; (c) EBSD IPF map at
grain boundary; (d, e) Corresponding phase map and PF of selected a'gs and S phases, respectively; (f) TEM image and

corresponding SAED pattern at grain boundary; (g) HRTEM image corresponding to red dashed rectangle in (f);

(h) Schematic of f—a' transition

elemental analysis. Interestingly, the composition
between the phase precipitated near the grain
boundary and S matrix was almost the same,
without visible elemental segregation. In other
words, this is not traditionally thought of ogs.
Furthermore, the crystal structure analysis by EBSD
shows that the precipitated phases have the same
hexagonal close-packed (HCP) structure as a phase
(Fig. 3(d)). The phase structure transition from

body centered cubic (BCC) to HCP implies that a
p—o' martensitic phase transformation may occur
near the grain boundaries during water quenching
in this condition, since a' martensitic phase and
a phase have an identical crystal structure and
lattice parameters. Figures 3(c) and (e) exhibit the
crystallographic orientation relationship between
grain boundary o' martensite phase (a'gs) and S
phase by IPF map and pole figure (PF). As can be



Hui MING, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3685—-3698 3689

seen, there are different orientations in different
a'se. We selected four a'gs with different
orientations and analyzed the orientation
relationships between them and f matrix. All the
four a'ss meet {0001}a'ss//{110}p, i.e., Burgers
orientation relationship (BOR). Furthermore, TEM
observations were used to characterize the more
microscopic morphology of the precipitated phases.
Figure 3(f) shows the morphology of the a'gs in
TEM bright field image. As shown in SAED pattern
of the insert figure, the £ grain was taken from [111]
zone axis. Figure 3(g) shows a high-resolution TEM
(HRTEM) image of the red dashed rectangle in
Fig. 3(f). Two different atomic configurations refer
to o' martensite phase and f phase, respectively.
Plane spacings of (110); and (1010),- are measured
to be 0.23 and 0.25nm, and the (1010), lattice

40 um

aGB3
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No aGB \’ \
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o
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planes have angles of approximately 5.3° deviating
from (110). Figure 3(h) shows the changes in
atomic arrangement of titanium alloy during f—a’
transition, and it can be seen that there is an angle
of 5.31° between (110); and (1010),, which is
consistent with what observed in Fig. 3(g). Note
that the o' martensite is rarely reported in Ti-1023
alloy. Herein, a reasonable speculation is that the
overlapping of stacking faults promotes the
precipitation of martensite, when the £ grain size is
sufficiently large [24].

Figure 4 shows the microstructure of the
SC700 sample. As shown in Fig. 4(a), some phases
with distinct protrusions and darker colors
precipitated at the grain boundaries, and some fine
needle-like phases precipitated near the grain
boundaries, which is similar to that in the SC800

0001 1120

Fig. 4 Microstructures of SC700 sample: (a) EPMA image at grain boundary; (b) IPF map; (c) Corrected phase map;
(d) IPF map of selected agei—acss; (¢) Corresponding PF of o', ags and f phases
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sample. The elemental analysis by EPMA shows
that the fine needle-like phases precipitated near the
grain boundaries have the same composition as the
J matrix, suggesting that they are the same o' phase
as that in the SC800 samples. However, the
dark precipitated phases show obvious element
segregation compared with f matrix. These phases
have more a-stable elements (Al) but fewer S-stable
elements (V and Fe), which can be inferred as o
phase. Furthermore, they can be distinguished into
oce and awcgs according to their positions. In
addition, the most S-stable elements and the fewest
o-stable elements are enriched and precipitate-free
zones are formed nearing the ogs and awcs
(Fig. 4(a)). It has been widely reported that f—a
transformation belongs to diffusional transition.
Wherein a-stable elements (Al) are enriched into a
phase or make a new a nuclei, and the fS-stable
elements (V and Fe) diffuse out of the a phase and
are enriched in the adjacent zone [25]. Figure 4(b)
shows many a's with different orientations, and
they all maintain a BOR with £ matrix (Fig. 4(e)),
as mentioned in the SC800 samples. Different acs
precipitates are extracted and illustrated in Fig. 4(d),
which can be seen that the grain boundaries mainly
exhibit the following three states: (1) No ags: No
precipitation of o phase at the grain boundary, the S
grains are contacted directly, as marked with black
dashed rectangles in Fig. 4(d); (2) Discontinuous
ocg: Several different orientations of agp alternately
are precipitated at the same grain boundary, such
as ogcps and acps between fB; and f3 grains; (3)
Continuous acp: Single oriented acp is precipitated
continuously at the grain boundary, such as the acs
between f; and f» grains. These three different
states of ags are mainly due to the fact that agp is
precipitated as spherical particles, followed by
variant selection according to crystallographic
adaptation, and different ags variants grow at
different rates during the cooling process [26].
Therefore, there are three cases of no acs, single
ogs variant, or multiple ocp variants covering
the grain boundaries during cooling process.
Furthermore, the ages and acps were selected to
analyze the orientation relationship of ags and f
grains. The PF in Fig. 4(e) indicates that agss only
keeps BOR with 3 and shows a weak relationship
with 1. However, acss shows BOR with f; and £
grains simultaneously, {0001} aacse//{110}4//{110}p,,
as these two f grains have a set of parallel {110}

planes. It is suggested that the ags maintains BOR
with one or two adjacent S grains.

When step cooling to 600, 500, and 25 °C, it
can be seen from Fig. 5 that the grain boundaries
are completely covered by o phase, and many
lamellar a phases are precipitated inside the grains.
The contents of a phase were determined to be
56%, 64%, and 65%, respectively, according to the
statistics results by Image J software. These results
clarify that the a phases are gradually precipitated
and grow during step cooling process, and majority

Fig. 5 SEM images at grain boundary of SC600 (a),
SC500 (b), and SC25 (c) samples
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of the a phases are precipitated when cooling to
500 °C, as the weak difference in microstructure
between the SC500 and SC25 samples. Some fine
needle-like a phases precipitated in the residual £
matrix were observed in the SC500 and SC25
samples, which is absent in other samples. In
addition, the thickness of ags phase also increased
with the decrease of quenching temperature.

3.2 Mechanical properties

Tensile tests were carried out on all the
samples to evaluate the effect of quenching
temperature on the mechanical properties. Figure 6
exhibits representative stress—strain curves of
different samples and correlation of ultimate tensile
strength (UTS) and elongation with final slow
cooling temperature. It can be seen that typical
double-yielding phenomena are exhibited in the
stress—strain curves of SC900, SC800, and SC700
samples, and these samples show better plasticity
and lower strength compared with other samples.
This is probably because when the quenching
temperature is higher than 700 °C, the micro-
structures of the alloy are mainly f phase with
low f stability, and stress-induced martensite
transformation occurs during deformation, finally
resulting in the high plasticity of the alloy [27,28],
and this phenomenon is also called as
transformation induced plastic (TRIP) effect. For
these three samples, the UTS and El also show
significant difference. Compared with the SC900
sample, the strength of SC800 sample decreased
from 845.99 to 790.82 MPa, while its plasticity
increased from 21.92% to 35.38%, with an increase
of about 61.41%. However, when the quenching
temperature is decreased further to 700 °C, the UTS
of this alloy increases but El decreases. From the
results in Section 3.1, it is reasonable to infer that
such a trend is related to the microstructure
evolution near grain boundaries. As for the SC600,
SC500 and SC25 samples, double-yielding
phenomenon is absent, and their strength is higher
than that in other samples. In contrast, the El shows
a significant decrease as the TRIP effect
disappeared with cooling proceeding further. The El
in the SC25 sample is decreased by 60.54%
compared with that in the SC800 sample. Such a
significant difference in El suggested the important
role of a phase in deformation.
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Fig. 6 Mechanical properties of different samples:
(a) Stress—strain curve; (b) UTS and El

3.3 Deformed microstructures

To analyze the role of different precipitated
phases on tensile deformation, the deformation
microstructures in the samples with tensile strains
up to 5% were observed by using SEM and TEM,
as shown in Figs. 7-11. Figure 7 shows the SEM
images of deformation microstructure of the alloy
in different cooling conditions. For the SC900
sample, some parallel deformation bands were
observed in the matrix (Fig. 7(a)). It is easy to find
that they initiated or terminated at grain boundaries,
which might cause local stress concentration at
grain boundaries or form micro-voids and kinks at
grain boundary [29]. As for the SC800 and SC700
samples, deformation bands were also observed in
the deformed samples, while these bands initiate or
terminate at the pre-precipitated a'cs instead of the
grain boundary (Figs. 7(b) and (c)). For the SC25
sample, there were no parallel deformation bands
observed in the £ matrix, and several small holes
appeared at the interface of a and g phases

(Fig. 7(d)).
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Fig. 8 TEM images of SC900 sample at strain of 5%: (a) BF image; (b) SAED pattern corresponding to red dashed
circle in (a); (c) DF image acquired using martensite reflection marked in (b)
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Fig. 9 TEM images of SC800 sample at strain of 5%: (a) BF image; (b) SAED pattern corresponding to red dashed
circle in (a); (c) Magnified view corresponding to red dashed rectangle in (a)
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Fig. 10 TEM images of SC700 sample at strain of 5%: (a) BF image; (b—d) SAED patterns corresponding to Regions b,
¢, and d in (a), respectively
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image corresponding to red dashed rectangle in (a)

To further understand the more microscopic compared. Figure 8(a) shows the BF image of
deformation mechanisms in different samples, TEM deformation bands in the deformed SC900 sample.
images in the deformation microstructure were According to the associated SAED pattern
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(Fig. 8(b)) along [010],//[011]s zone axis, these
deformation bands can be identified as
stress-induced a"” martensite. The presence of
stress-induced a"” martensite is more clearly
demonstrated by the corresponding dark field (DF)
image in Fig. 8(c), and the average width is about
60 nm. In addition, the w phases still exist in the
SAED pattern; however, the diffraction intensity is
weaker compared with the initial SC900 sample
(Fig. 2(b)), which suggests that some @ phases
maybe transform into other phases during
deformation. XIAO et al [22] reported that the
decrement in the content of w phase is attributed to
the reverse f-to-w transformation.

Figure 9(a) shows a typical microstructure at
grain boundary in the deformed SC800 sample. The
phase within the green dashed line can be identified
from the SAED pattern (Fig. 9(b)) as a’ phase. And
the phases within the yellow dashed line are parallel
to each other, with two different orientations.
According to Fig. 8, it can be easily identified as
stress-induced o” phase. Figure 9(c) shows an
enlarged view of the red dashed rectangle in
Fig. 9(a). As can be seen, the o' phase hindered the
further growth of the stress-induced a” phase, and
many dislocations piled up at the interface of o' and
o." phases.

For the deformed SC700 sample, o and o'
phases co-exist, and they can effectively strengthen
the grain boundary in deformation. The
stress-induced o” martensite was obstructed by
these phases, as shown in Fig. 10(a). Figure 10(b)
presents the SAED pattern taken within the red
dashed circle in Fig. 10(a), it is easy to know these
diffraction spots belong to [113] zone axis of f3
phase. Figure 10(c) shows the SAED result of the
interface between £ matrix and deformed bands,
which corresponds to the yellow dashed circle in
Fig. 10(a). A set of diffraction spots of [112], are
attached in the pattern of [T13]ﬂ zone axis,
indicating that these deformation bands are o”
martensite. Figure 10(d) shows the SAED pattern
corresponding to the green dashed circle in
Fig. 10(a). It can be found that these diffraction
spots are the pattern of a phase along [0001], zone
axis, and it also suggests that the phase in the green
circle is the o phase. Thus, it is easy to find that the

o phase also prevents the further growth of a” phase.

Moreover, a large number of dislocations piled up
around the o phase also can be observed clearly in

Fig. 10(a).

Figure 11 shows the TEM image of the
deformed SC25 sample. As shown in the insert
figure in Fig. 11(a), the SAED pattern indicated that
these diffraction spots belong to [2423] zone axis
of a phase. As can be seen from Fig. 11(a), lots of
dislocations pile-up inside the a phase and at the
o/f interface. Figure 11(b) shows HRTEM image of
the red dashed rectangle in Fig. 11(a), which
confirms the presence of a large number of
dislocations. Thus, it is reasonable to infer that the
dislocation slip is the most important feature in
such microstructures during deformation, and the
a/f interface will play an important role in
preventing dislocation slip.

4 Discussion

4.1 Microstructure evolution during f slow
cooling

The schematic drawing for the microstructure
evolution of Ti-1023 alloy during f slow cooling is
shown in Fig. 12. As mentioned above, the
microstructure of the Ti-1023 alloy was single S
phases with an average grain size of ~283 um after
solution treated at 900 °C for 2 h. When the alloy
was cooled from 900 to 800 °C, the grain size
increased to ~450 ym and some a'gs phase
precipitated. JUN and CHOI [30] reported that the
coarsening of § grain promoted the formation of o’
martensite phase with the increase in the number of
nucleation sites (overlapping of stacking faults) of
martensite. LEE et al [24] indicated that the
overlapping of stacking faults provided the
nucleation sites for the martensitic transformation,
and the reduction of stacking fault energy (SFE)
would promote the martensitic transformation.
Therefore, it could be inferred that the formation of
o' phases was due to the decrease of SFE with the
growth of f grains during cooling, which promoted
the formation of martensite in the water quenching.
When continued cooling to 700 °C, the alloying
elements diffused and the o stable elements
gathered at the grain boundary, forming ags and
owcs phases. In addition, as the consequence of the
increase of the f grain size, low SFE still promoted
the precipitation of o’ phase during water quenching.
When further cooled to lower temperatures, the
owcs phase grew up and finally formed lamellar
microstructures. In these conditions, since a large
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Fig. 12 Schematic diagram of microstructure evolution of Ti-1023 alloy during £ slow cooling

number of a stable elements diffused in the a phase,
the contents of £ stable elements in the f matrix
increased, and the f stability increased, there is no
o' phase precipitated during water quenching.
APPOLAIRE et al [31] reported that when the alloy
was cooled from the f phase field at a slow cooling
rate, acs and awgs phases would precipitate, and the
microstructure evolution can be divided into the
following stage: (1) the acs phase nucleated at
grain boundaries as the cooling temperature
decreased to atf phase field; (2) the acs phase
grew up and connected with adjacent acp phase
until covering the whole £ grain boundaries; (3) the
owcs phase precipitated near the acs phase and
grew into the f grain. In this work, the
microstructure evolution of Ti-1023 alloy cooling
from 800 to 700 °C at 1 °C/min shows a similar
evolution behavior. When cooled from 700 °C to
lower temperatures, some awr precipitated and grew
until distributed throughout the S grains, eventually
forming a lamellar microstructure.

4.2 Strengthening mechanism

As shown above, the variation of mechanical
properties mainly comes from the microstructure
evolution during f slow cooling. The strengthening
mechanisms of titanium alloys generally include
solid solution strengthening, second phase
strengthening, o phase lattice strengthening, grain
size effect, aging precipitation strengthening, and
crystallographic texture strengthening [32,33].
Herein, the f grain size and the precipitated phases
are the main reason for the difference in mechanical
properties of the different samples.

Based on the above principles, the yield stress
of Ti-1023 alloy can be expressed by the following
equation [34]:

0':0'/34'2(010'1 (D)

where ogp represents the strength of the f matrix, i
refers to the precipitated phase, ¢; represents the
volume fraction of phase #, and o; is the strength of
the precipitated phase i.

The op is related to the average size of f grain
by the classical Hall-Petch relationship [35]:

0,=0,+kyd, " )

where oo and ks represent the friction stress and
Hall—Petch coefficient for § phase, respectively, and
dp is the average diameter of f§ grain. There is no
doubt that the f grain size increases with the
increase of slow cooling time. While, the growth
rate of S grain is gradually slow with the decreasing
temperature during the cooling process. Therefore,
although the grain increases, the effect of grain size
becomes weaker, particularly when the quenching
temperature is lower than 800 °C. In contrast, the
effect of precipitated phases on the mechanical
properties of alloy is more obvious.

The o; can be expressed by the following
equation [7]:

o.= 3)

where ko is a material constant, and A; is the mean
spacing length of precipitated phase. According to
this equation, it is known that with the decrease of
Ai, the o; increases and its increase rate gets slower.
The wvariations in mechanical properties of
Ti-1023 alloy during cooling can be explained as
follows: When the alloy is cooled from 900 to
800 °C, the increase of S grain resulted in the
decrease of o and the increase of ductility. In
addition, the precipitation of &' martensite increases

Y @,0,; however, this is not sufficient to alter the
i
overall decrease in strength. As a result, the strength

of the alloy decreases while the ductility of the
alloy increases. When the alloy is cooled to 700 °C,
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the f grains continue to grow while the growth rate
decreases, which leads to only a little decrease in gp.
On the other hand, precipitation of the ags and awcs

phases caused a large increase in ) ¢, 0. Therefore,

the strength of the alloy increases lagain. In addition,
with the precipitation of the acs and awcs phases,
the enhanced g stability makes the TRIP effect
weaker, resulting in the decrease of ductility. With
further cooling, the growth of f grains is difficult
to continue, while the massive precipitation of the a

phase caused a sharp increase in ) ¢,0,. Thus, the

strength of the alloy increases sharf)ly. And with the
further precipitation of o phase, the deformation
mode changes from stress-induced a” martensite
transformation to dislocation slip with increasing S
stability, which results in a large reduction of
ductility. During further cooling to 25 °C, as the
precipitation and growth rate of a phase gets slower,

less »'¢,0, increases, resulting in only a slight

increase in the final strength of the alloy.

4.3 Deformation behavior

For the SC900 sample, as can be seen from
Fig. 8, martensite phases are produced during
deformation, which manifests the TRIP effects, and
it may be responsible for high plasticity in this
condition. The stress-induced martensite would
initiate or terminate at the grain boundaries, and the
shear stress that forms the stress-induced martensite
may cause the stress concentration at these
positions, further resulting in crack nucleation [29].
In addition, as the hard w particles are difficult to
cut through or bypass, dislocations easily pile-up at
the w/f interfaces, and the micro-voids more likely
nucleate at these positions [21]. With further
increase in the degree of deformation, these
micro-voids merge into micro cracks and finally
result in the failure of the alloy.

Similarly, for the SC800 and SC700 samples, a
large amount of martensite is also introduced during
deformation. However, unlike the SC900 sample,
the growth of a” phase is prevented by a'cs and
oacs. On the one hand, the amount of a'gs is more
than that of grain boundary, so the degree of stress
concentration is lower than that in SC900 sample.
On the other hand, the atomic arrangement, both at
the interfaces of f/o'cs and f/oce, is more regular
than that at § grain boundary, which might result in
the dislocation not easily accumulated here. Thus,

the plasticity of the SC800 and SC700 samples is
better than that of the SC900 sample.

For the SC600, SC500 and SC25 samples, no
widespread martensite will be induced and
dislocation slip is the most important feature during
deformation, while it is easily prevented by o/f
interface. The strength of alloy was determined by
the combination of the strength of a phase, f phase,
and their interface. With the increase in the width of
o lamellar, the role of a phase transforms from a
single strengthening effect to a combination of
strengthening and deformation effect. A large
number of dislocations are generated within a and
at the o/f interface to coordinate the deformation.
As the deformation process proceeds further, local
stress concentration will occur at «a/f interface,
which will form some micro-voids, and eventually
lead to the fracture of the alloy.

5 Conclusions

(1) During the slow cooling process of Ti-1023
alloy, the f grains grow up, and when cooling to the
temperature near 7, a's phase precipitates after
water quenching. Subsequently, ags and awcs
phases gradually precipitate and grow up. Then, awr
precipitates and finally distributes throughout the £
grains, forming a lamellar microstructure.

(2) The mechanical properties of step cooling
Ti-1023 alloys are affected by the f grain size, the
types and sizes of precipitated phases. With the
decrease in quenching temperature during step
cooling, the strength of Ti-1023 alloy decreases and
then increases, while its ductility shows an opposite
trend. The SC800 sample exhibits the highest
elongation of ~35.38% with limited UTS of
~790.82 MPa.

(3) With decrease of quenching temperature
during step cooling process, the main deformation
mode of Ti-1023 alloy would change. When the
cooling temperature is not lower than 700 °C, the
deformation of the alloy is dominated by the TRIP
effect. And when cooling to lower temperature, the
deformation of the alloy is dominated by
dislocation slip.
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