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Abstract: This study investigated the effect of Si addition on the microstructure and the silicide precipitation behavior
in a novel near-f# titanium alloy. The results show that coarse and continuous silicides were preferentially precipitated at
the grain boundary during the solidification process, and the § grain size of the as-cast alloy was refined. Dynamic
recrystallization occurs under isothermal compression, and the silicide could inhibit the growth of recrystallized grains.
The element redistribution and dislocation accumulation during hot deformation promote the dynamic precipitation of
silicide, resulting in a discontinuous distribution of silicides at the grain boundaries. This work provides insight into
how silicide dynamic precipitation will affect the microstructure and plastic deformation behavior of metal alloys.
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1 Introduction

Titanium (Ti) and titanium alloys are widely
used in aerospace, military, biomedical, and other
fields because of their high specific strength,
corrosion resistance, and excellent biocompatibility,
which are known as “light structural material,”
“advanced functional material,” and “future metal”
[1-4]. In particular, high-strength near-f titanium
alloys have attracted much attention because of
their high strength, good hardenability, and
excellent workability [5,6]. However, high-strength
near-f titanium alloys face the problem of coarse
grains and poor mechanical properties of the as-cast
alloys. In recent years, many attempts have been

made to improve the microstructure and mechanical
properties of high-strength near-f titanium alloys.
Generally, these approaches can be categorized into
two types: one obtained via specific processing
techniques and the other through alloy composition
modifications [7]. In processing technology,
appropriate thermal-mechanical treatments, cold
deformation processes, and heat treatment
processes are often used [5,8,9]. In the realm of
composition design, various innovative f titanium
alloys have been continuously proposed and
explored [10—12].

The stability of the f phase is often predicted
by the molybdenum equivalent number ([Mo]cq)
[13]. LI et al [14] optimized the a+f microstructure
and found a trade-off between strength and toughness
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based on [Mo]s, and d-electron theory. And the
strength increases by 12%, while the toughness
only decreases by 4%. The [Mo]eq of £ titanium
alloy is not less than 8 [15]. Mo, Cr, and V are often
added as fS-stable elements in near-f and £ titanium
alloys [5]. By adding V to change the S phase
content and o phase morphology, SUN et al [16]
found that a/f interface dislocation slip activation
could promote the discontinuous yield of titanium
alloys during tensile at room temperature. As a
neutral element, Zr has high solubility in both a and
f titanium alloys. Adding Zr can reduce the
solubility of Si in the matrix and promote silicide
precipitation [17—19]. The addition of Si has a
positive effect on grain refinement, and according
to the growth-restriction factor (Q) theory, Si is the
second only to O in terms of the growth-restriction
effect [20]. SUN et al [21] studied the Ti—5Al-
5Mo—5Cr—3Nb—2Zr alloy with Si addition. They
found that the TiSi phase precipitated in the
microstructure after solution aging, and the tensile
strength of the alloy was improved when the Si
content exceeded 0.2 wt.%.

In recent years, many studies have focused on
high-temperature titanium alloys containing Si
prepared by ingot metallurgy [22]. Still, there have
been few studies on high-strength titanium alloys
containing Si, especially those with high Si content.
The reports on controlling silicide precipitation and
precipitation mechanisms in high-strength titanium
alloys are limited. It is well known that if the
content of Si in p titanium alloy prepared by
conventional ingot metallurgy processes exceeds
0.5 wt.%, the ductility will be significantly affected
by the coarse eutectic S2 phase silicide precipitation
at grain boundaries. However, some studies have
shown that hot deformation and dislocation
accumulation will accelerate the diffusion of
elements, resulting in the redistribution of Zr and Si
elements, thus promoting the dynamic precipitation
of silicides [23—26]. Therefore, by tailoring the
dynamic precipitation of silicide, the coarse and
continuous silicide precipitated from the grain
boundary of the f titanium alloy is expected to be
broken. So, it is necessary to study the tailoring
mechanism of silicides in high-strength near-f
titanium alloys to solve the problem that high Si
content £ titanium alloy prepared by conventional
ingot metallurgy processes precipitates coarse
and continuous silicides at grain boundaries. In

particular, the near-£ titanium alloy modified with a
high Si content for high performance is of great
significance. At the same time, titanium, a metal
with high-stacking fault energy, is prone to dynamic
recovery (DRV) during hot deformation but not to
dynamic recrystallization (DRX) [27]. Moreover,
high-strength near-f titanium alloys are also
sensitive to deformation temperature. Therefore, it
is necessary to study the evolution of micro-
structures during hot deformation.

Based on the grain refinement effect of adding
Si to titanium alloy, as well as a dearth of research
into the silicide precipitation and tailoring
mechanisms of high-strength near-f titanium alloy,
the novel near-f titanium alloys with nominal
composition Ti—4Al-7Mo—4V—-3Cr—3Zr—xSi (x=0,
0.4, 0.8, 1.2, wt.%) were designed and prepared by
ingot metallurgy in this study. The microstructure of
the alloy, the formation of silicide precipitates
during solidification, and the manipulation of
silicide precipitation during hot deformation were
studied. It provides insights into using silicides to
enhance the properties of high-strength near-f
titanium alloys.

2 Experimental

2.1 Materials and method

In this study, an alloy with a nominal
composition of Ti—4Al-7Mo—4V-3Cr—3Zr (wt.%)
was designed. The value of [Mo]e, is 10.48,
suggesting the alloy is a near-f titanium alloy. The
respective metal (Ti, Al, Cr, Zr) and intermediate
alloy (Al-Mo, Al-V) ingots or blocks and single-
crystalline silicon were charged in a vacuum
induction furnace in a water-cooled copper crucible,
as per the compositions of Ti—4Al-7Mo—4V—-3Cr—
3Zr—xSi (x=0, 0.4, 0.8, 1.2, wt.%). The ingots were
melted at least three times to ensure uniform
composition. Each button ingot had a mass of 50 g,
and the compression samples were taken from the
center of each button ingot.

The uniaxial hot compression tests were
carried out at 850, 900, 950, and 1000 °C on a
Gleeble—3800 thermal simulation test machine. The
test specimen size was d8 mm x 12 mm. The
samples were heated at a ramp rate of 5 °C/s and
held for 5 min before the test. The height reduction
during compression was 70%, and the strain rate
was 0.01 s”!. The temperature was measured with a
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thermocouple inserted at the mid-span of the
sample. After the compression test, the deformed
samples were immediately quenched in water to
maintain the deformation microstructure.

2.2 Characterization of microstructure and
properties

The specimen for optical microscopic (OM)
observations was mechanically ground with 80 to
2000 grit SiC papers, followed by electro-polishing.
The electro-polishing solution contained perchloric
acid, n-butyl alcohol, and methanol, with a volume
ratio of 1:3:6. After polishing, the surface of the
specimen was etched with Kroll’s reagent. The
observed surface of the hot compression specimen
was the central region parallel to the compression
direction. The optical microstructure was
characterized by a DM4M Leica OM. The Zeiss
Geimini—300 scanning electron microscope (SEM)
with an energy dispersive spectrometer (EDS) was
used to characterize the SEM microstructure.
The JEOL-JSM-IT500 field emission environmental
SEM with an electron backscattered diffraction
(EBSD) system was used for the EBSD
characterization. The EBSD analysis was performed
on the electro-polished cross sections. The EBSD
characterization step size was 2 um. The average
equivalent diameter was calculated using Image-Pro
Plus software. The FEI Tecnai F20 transmission
electron microscope (TEM) was used for the TEM
analysis. The TEM specimen with a diameter of
3mm was cut from the central area of the
compressed specimen parallel to the compression
direction, and the thickness was mechanically
ground to 40 pm, followed by ion-beam thinning.
Phase analysis was carried out using Empyrean
X-ray diffraction (XRD). The diffraction angle (26)
changed from 30° to 80° with a scanning step of
0.02°.

The room-temperature compression experiments
were conducted on an Instron—5969 -electronic
universal material testing machine. The specimen
size was d4 mm x 6 mm, and the crosshead speed
was 0.5 mm/min. Each sample was tested three
times. The Vickers hardness tester HVS—1000A was
used to test the Vickers hardness of the material
with a load of 4.9 N for 15s. Six readings from
various locations were taken, and the average value
of these 6 readings was reported as hardness.

3 Results

3.1 Microstructure of as-cast alloys with different

Si contents

Figure 1 shows the XRD patterns of the as-cast
alloy, presenting a single S-Ti phase in all the
samples. Due to the small size or low quantity,
silicide phases were not observed in XRD.
Nevertheless, the magnified XRD pattern shows
that the (110)4.1i peak shifts to a higher angle due to
the addition of Si. The dissolved Si atoms are
known to reduce interplanar spacing, resulting in
the distortion of the f phase lattice [28].
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Fig.1 XRD patterns of as-cast Ti—4Al-7Mo—4V—
3Cr—3Zr—xSi alloys (a) and magnified patterns (b) for
area marked in (a)

Figure 2 shows the SEM—EDS results of
as-cast alloys with different Si contents, and OM
images are shown in the lower left corner of the
SEM images. As can be seen from the SEM images
in Figs. 2(b) and (e), the alloy has no silicide
precipitation with 0.4 wt.% Si. However, when
0.8 wt.% Si is added to the as-cast alloy, coarse and
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No silicide precipitates
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Fig. 2 SEM images of as-cast alloy with different Si contents (a—d), high-magnification SEM images (e—g), and EDS

mappings of as-cast alloy with 0.8 wt.% Si (h—o)

continuous silicides are distributed at the grain
boundaries, and fine dot-shaped silicides are
distributed in the grain interior (Figs. 2(c), (f), and
(g)). However, the distribution of silicides in the
grain interior is heterogeneous and gathers near the
grain boundary. It can be seen from Fig. 2(d) that
more silicides precipitate, and the silicides are
thicker at the grain boundaries when 1.2 wt.% Si is
added to the as-cast alloy. Figures 2(h—0) show the
EDS results of the 0.8 wt.% alloy. It can be seen
that Si and Zr elements are enriched in the
precipitates, which proves that the precipitates are
silicides containing Ti, Zr, and Si. In addition, it can
be seen from the OM images that the § grain size
decreases with the increase in Si content. The

average [ grain size of Ti—4Al-7Mo—4V—-3Cr—3Zr
alloy was about 513.17 um. When 0.4 wt.% Si,
0.8 wt.% Si, and 1.2 wt.% Si were added, the average
[ grain size was about 406.91, 230.37, and 141.86 pum,
respectively. This is due to the growth-restriction
effect of Si addition [29].

3.2 Hot deformation behavior

It is well known that the precipitation of coarse
and continuous silicides at grain boundaries will
reduce the ductility of materials. Considering the
precipitation and distribution of silicides in as-cast
alloys, it is necessary to study the hot deformation
behavior of the alloys. We selected 0.4 wt.% Si and
0.8 wt.% Si alloys for the hot compression test
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to analyze the microstructure evolution, silicide
precipitation, and  distribution under  hot
deformation, respectively. Figure 3 shows the true
stress—strain curves of the as-cast alloys with
0.4 wt.% Si and 0.8 wt.% Si addition under hot
compression at different temperatures, respectively.
It can be seen that the peak stress of the material is
higher under hot compression at 850 °C, mainly
because the material has high deformation
resistance at low temperatures and high dislocation
density. Beyond the yield point, the sample
experiences a competing softening and hardening
phenomenon, finally reaching a dynamic
equilibrium (a long strain plateau). When the
deformation temperature increases, the process of
reaching dynamic equilibrium will be accelerated.
This is because as the temperature increases, the
deformation resistance of the material decreases,
the dislocation density generated by deformation
decreases, and the work hardening rate decreases,
so the small deformation amount makes it easy to
achieve dynamic equilibrium [30,31].
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Fig. 3 True stress—strain curves under hot compression at
different temperatures: (a) 0.4 wt.% Si alloy; (b) 0.8 wt.%
Si alloy

The hardening of the material deformation
process is mainly due to the increased dislocation
density, and the existence of the precipitated phase
in the microstructure will also hinder the dislocation
movement and increase the deformation energy.
The softening effect is due to deformation heat,
DRV, and DRX, which cause the dislocations to
rearrange and annihilate [30]. The higher the hot
compression deformation temperature, the lower
the peak stress, the shorter the dynamic softening
interval, and the larger the dynamic equilibrium
interval. In addition, the flow stress of the 0.4 wt.%
Si alloy is lower than that of the 0.8 wt.% Si alloy
because of the strengthening effect of Si and
the higher volume fraction of silicide in the
microstructure, which increases the strength and the
deformation resistance.

Figure 4 shows the OM images of the as-cast
alloys with 0.4 wt.% Si and 0.8 wt.% Si added
under hot compression at different temperatures,
respectively. It can be seen from Fig. 4(a) that for
the 0.4 wt.% Si alloy under hot compression
deformation at 850 °C, S grains are eclongated
perpendicular to the compression direction, and
some silicides are precipitated, but the distribution
of silicides is heterogeneous. The upper right corner
of Fig. 4(a) is the OM image of the 0.4 wt.% Si
as-cast alloy after heating to 850 °C for heat
preservation and then water quenching without
deformation. The comparison of the microstructure
before and after deformation shows that most
of the silicides observed after hot compression
at 850 °C should be precipitated in the process of
the hot compression deformation. The diffusion,
redistribution, and segregation of Si elements
are caused by high-temperature deformation
and accumulated dislocation, which promote the
dynamic precipitation of some silicides [23]. For
the 0.8 wt.% Si alloy, after 850 °C hot compression
deformation, more silicides are dispersed in the
grain interior (Fig. 4(e)).

In addition, with the increase in deformation
temperature, the number of silicides precipitated
decreases due to the high solubility of Si at
high temperatures. At the same time, the high
deformation temperature promotes DRX. It can be
observed from Fig. 4(c) that there are obvious
DRX grains under hot compression deformation at
950 °C. This is due to the increased recrystallization
nucleation and growth rate when the temperature
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rises [30]. The recrystallized grains of the
0.4 wt.% Si alloy grow significantly under 1000 °C
hot compression deformation, and the silicide is no
longer visible under the OM image (Fig. 4(d)). It
can be seen from Fig. 4(g) that in the 0.8 wt.% Si
alloy after hot compression deformation at 950 °C,

Fig. 4 OM images under hot compression at 850 °C (a, e), 900 °C (b, f), 950 °C (c, g), and 1000 °C (d, h): (a—d) 0.4 wt.%
Si alloy; (e—h) 0.8 wt.% Si alloy

some wavy f grain boundaries appear and some
DRX grains form. The 0.8 wt.% Si alloy after
1000 °C  hot compression deformation shows
obvious DRXed grains, the quantity of silicides
is significantly reduced, and the distribution is
heterogencous (Fig. 4(h)). In addition, compared
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with the 0.4 wt.% Si alloy, the recrystallized grain
size of the 0.8 wt.% Si alloy is smaller because
silicides inhibit the growth of DRX grains by
hindering grain boundary migration.

Figure 5 shows the SEM images of 0.4 wt.%
Si alloy under hot compression at different
temperatures. It can be seen from Fig. 5(a) that after
hot compression deformation at 850 °C, dot-shaped
silicides are distributed at the grain boundaries and
within the grain interior. The size of silicides at the
grain boundaries is larger than that within the grain
because Si is easy to enrich at the grain boundary,
and silicide is preferentially precipitated at the
grain boundary and grows up [24]. It can be seen
from the SEM images that with the increase in
deformation temperature, the size of the silicide
increases and the quantity decreases. This is
because the dislocation density in the deformed
microstructure is low at high temperatures, which
leads to a decrease in the nucleation site of silicides
[22]. However, as the deformation temperature
increases, the increased size of silicides may be
due to their coalescence and growth at high
temperatures. It can be seen from Fig. 5(d) that
after hot compression deformation at 1000 °C,
dot-shaped silicides are distributed at the grain
boundaries, while almost no silicides are
precipitated in the grain interior, which is due to
the low content of Si added and the large solid

solubility at high temperatures.

Figure 6 shows TEM images of the 0.4 wt.%
Si alloy under 950 °C hot compression deformation.
It can be seen from Figs. 6(a) and (b) that the
precipitate is silicide, and it is rich in Zr and Si. It
can be seen from Fig. 6(c) of selected area electron
diffraction (SAED) that the matrix is £ phase with
the BCC structure. The precipitated phase is a
hexagonal S2-type silicide. Figure 6(d) also shows
dislocation aggregation, where S2 is present, and
DRX grain formation in the microstructure.

Figure 7 shows SEM images of the 0.8 wt.%
Si alloy under hot compression at different
temperatures. It can be seen from Fig. 7(a) that after
hot compression deformation at 850 °C, dot-shaped
silicides are distributed in the grain interior. In
contrast, the silicides at the grain boundaries are
larger at the grain boundaries. Due to the high
content of Si added and the presence of the original
silicide at the grain boundaries of the as-cast alloy,
the volume fraction of silicide at the grain
boundaries remains high after the diffusion and
redistribution of Si and Zr elements under hot
deformation. However, the silicide’s continuous
distribution at the grain boundary is broken after
hot compression deformation compared with the
as-cast state. This may be because, on the one
hand, a part of the original silicides dissolve at
high temperatures; on the other hand, the residual

Fig. 5 SEM images of 0.4 wt.% Si alloy under hot compression at different temperatures: (a) 850 °C; (b) 900 °C;

(¢) 950 °C; (d) 1000 °C
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Fig. 6 TEM images of 0.4 wt.% Si alloy under hot compression at 950 °C: (a, d) Bright-field image; (b) EDS mappings
in (a); (¢) SAED pattern of white circle area in (a)

Fig. 7 SEM images of 0.8 wt.% Si alloy under hot compression at different temperatures: (a) 850 °C; (b) 900 °C;
(c) 950 °C; (d) 1000 °C



Peng-kun GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1803—1821

original silicides hinder the dislocation movement
in deformation, resulting in stress concentration,
and the continuous silicides are broken by force.
The silicide morphology is different from the
0.4 wt.% Si alloy in that the length—diameter ratio
is increased.

It can be seen from Fig. 8 that the size of
intragranular  dot-shaped silicides during hot
compression deformation of the 0.8 wt.% Si alloy is
smaller than that of the 0.4 wt.% Si alloy. This
is because silicide precipitation and growth are
compete [25]. The 0.8 wt.% Si alloy has a higher Si
content, and the presence of the original silicide
results in a higher dislocation density the during
the deformation. Therefore, silicides have more
nucleation sites and constitutional undercooling
under hot deformation, which is beneficial to
the nucleation of silicides. More diffusion of Si
elements is used for nucleation, so more silicides
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are precipitated, and the size is smaller.

Figure 9 shows the TEM images of 0.8 wt.%
Si alloy under 950 °C hot compression deformation.
It can be seen from Figs. 9(a) and (b) that some
silicides are precipitated and are rich in Zr and Si. It
can be seen from Fig. 9(c) that the precipitated
phase is a hexagonal S2-type silicide. As can be
seen from Fig. 9(d), S2 is distributed at the grain
boundaries and within the grain, and there are high
dislocation densities around S2, as well as the
formation of dislocation walls, which are typical
recovery features. Figures 9(e) and (f) show the
high-resolution TEM (HRTEM) and corresponding
inverse fast Fourier transform (IFFT) images at the
interface of S2 and matrix § phase. It can be seen
that the interface of S2 and S phase is not coherent,
and due to the larger deformation of S phase
compared with S2, there are a large number of
dislocations and lattice distortions in /5 phase (Fig. 9(f)).
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Fig. 8 Size distribution of silicides in grains of 0.4 wt.% Si (a—c) and 0.8 wt.% Si (d—g) alloys after hot compression at
different temperatures: (a, d) 850 °C; (b, e) 900 °C; (c, f) 950 °C; (g) 1000 °C
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S I/nm

Fig. 9 TEM images of 0.8 wt.% Si alloy under hot compression at 950 °C: (a, d) Bright-field image; (b) EDS mapping
of (a); (c) SAED pattern of white circle area in (a); (e, f) Corresponding HRTEM and FFT images of white circle area in

(d), respectively

The crystal face spacing of S phase (011) is
0.229 nm. The crystal face spacing of S2 phase
(1211) is 0.252 nm.

As can be seen from the EBSD maps of the
0.8wt.% Si alloy under hot compression in
Fig. 10(a), DRV and partial continuous dynamic
recrystallization (CDRX) mainly occur under hot
deformation at 850°C. As can be seen from
Fig. 10(b), obvious grain boundary serrations are
formed under hot compression deformation at
900 °C. When the alloy is hot-compressed at
950°C, in addition to CDRX, significant
discontinuous dynamic recrystallization (DDRX)
occurs (Fig. 10(c)). However, at 1000 °C of hot
compression, DRX grains appear to grow due to the
high temperatures (Fig. 10(d)). It can be seen from
kernel average misorientation (KAM) diagrams that
the degree of grain accumulation strain decreases
with the increase in deformation temperature
(Figs. 10(e—h)). As can be seen from Figs. 10(i—1),
when the deformation temperature increases,
low-angle grain boundaries (LAGBs) transform into
high-angle grain boundaries (HAGBs) with DRX,
and the number of LAGBs decreases. Because at

low temperatures the deformation of the material
is dominated by DRV, and the dislocation
rearrangement forms subgrains, there are a large
number of LAGBs in the microstructure. With the
increase in deformation temperature, DRX occurs
continuously, and the deformed grains are replaced
by recrystallization grains, so the LAGBs decrease
and the HAGBs increase.

3.3 Mechanical properties

As can be seen from the Vickers hardness
results in Fig. 11(a), with the increase in Si content,
the Vickers hardness of the alloy keeps increasing.
As the Si content increases from 0 to 1.2 wt.%,
Vickers hardness rises from HV 289.50 to
HV 333.16 due to the refining of grains, the
strengthening of solid solutions, and the
strengthening of silicide precipitation [28]. As can
be seen from the compressive stress—strain curves
in Fig. 11(b), as the Si content increases from 0 to
0.4 wt.%, compressive yield strength (092) at room
temperature increases from 680 to 832 MPa. As
the Si content increases from 0.8 to 1.2 wt.%,
the compressive yield strength at room temperature
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increases from 931 to 1075 MPa, but the plastic
strain (&) to fracture decreases from 24.5% to 18.6%
(the strain of the elastic stage was subtracted from
the total strain). This is because 0.8 wt.% Si and
1.2wt.% Si alloys have silicide precipitation
at the grain boundary, decreasing alloy plasticity
and specimen fracture during room-temperature
compression. The existence of the coarse and
continuous silicides at the grain boundary makes
the moving dislocation accumulate in the grain
boundary. It is easy to generate micro-cracks at the
grain boundary, and micro-cracks expand rapidly
along the grain boundary, resulting in the fracture of
the sample [32].

4 Discussion

4.1 Grain refinement and silicide precipitation

behavior

According to the experimental results in Fig. 2,
the grain size of the as-cast alloy is refined after Si
is added, and the grain size decreases with the
increase in Si content. It is generally believed that
after adding alloying elements, the effect of grain
refinement can be achieved through two aspects:
one is that there is a potent nucleus in the
microstructure to assist nucleation; the other is that
the solute atoms cause the constitutional
undercooling [20]. According to the Ti—Si binary
phase diagram [33,34], the maximum solid
solubility of Si in S-Ti is 3 wt.%, and the maximum
solid solubility in a-Ti is 0.45 wt.%. In this study,
the maximum content of Si was 1.2 wt.%. During
the solidification process, silicides do not form
before forming the S phase. LIAN et al [25] found
by quenching at 1220 °C that silicides were all
dissolved. This indicated that silicides did not exist
at a high temperature, and silicides were formed
during the cooling process of the alloy after
solidification, so the refined grains lay in the second
aspect, that is, the constitutional undercooling of Si.
The partition coefficient of Si in titanium alloy is
0.333. Si is excluded from the front of the
liquid/solid interface during the initial solidification
process, which leads to solute aggregation and
constitutional undercooling, making the liquid/solid
interface unstable [29,35]. This increases the
driving force of grain nucleation in the melt at the
front of the interface, which promotes the
nucleation of S grains and refines grains.

This effect of Si on grain refinement by
causing constitutional undercooling is also known
as the growth-restriction theory; that is, solute
aggregation promotes melt nucleation in the
undercooled region while limiting the growth of
grains that have already been nucleated [36]. For
the binary phase diagram, the undercooling effect
caused by solute atoms can be evaluated by the
growth-restricting factor O, which is calculated as
follows [37]:

O=m(k—1)Co €8

where m is the slope of the liquidus, & is the solute
partition coefficient (k&=Cs/Cr, where Cs and Cp
denote the solute concentrations at both fronts
of the solid/liquid interface in the equilibrium
state, respectively), and Cp is the initial solute
concentration. For multi-component alloys, GREER
et al [38] and TAMIRISAKANDALA et al [36]
showed that the growth-restriction effect of multi-
component alloys is equal to the superposition of
the growth-restriction effect of each solute. Table 1
lists the growth-restricting factors for different
solutes calculated using the binary phase diagram
[20,39]. Si exhibits a higher growth-restriction
factor than Fe. The larger the growth-restricting
factor, the faster the undercooling development and
the quicker the nucleation at the interface.

Table 1 Related parameters of growth-restricting factors

Element m k m(k—1)

Al -1.7 —1 —0
v -2 —1 —0
Zr 23 —1 —0
Cr -8.1 0.65 2.8
Mo 6.5 2 6.5
Si —28 0.333 18.7
Fe —18 0.38 11.1
B —65 —0 65

A model [40,41] was developed for predicting
grain size change in the Al-Mg system, which
included the influence of solutes and potent nuclei.
EASTON and STJOHN [41] used the model to
explain the experimental data and showed the
relationship between the grain size and growth-
restricting factor Q. The equation is as follows:

d=a+b/0 )
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where d is the grain size, a is the constant related to
the number of activated nucleant particles
(a=(p-f)', where p is the density of the nucleant
particle, and f is the faction of the activated
nucleant particle), and b is a constant related to the
potency of the nuclei (b=biAT,, where b; is the
constant, and A7, is the undercooling necessary
to stimulate nucleation). Figure 12 shows the
relationship between the grain size and 1/Q in this
study; the linear fitting is carried out, and the
data are in good agreement. As the addition of Si
increased, the growth-restricting factor Q increased,
and the grain size d of f§ grain decreased.

Figure 13 shows the precipitation mechanism
of silicide during the solidification process. During
solidification, the liquid phase transforms into the
solid phase, and the £ phase is first formed. In
addition, Si has a low partition coefficient in
titanium alloys, Si enrichment at the liquid—solid
interface in the initial solidification stage, and a
high defect density at the grain boundary of the
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solid phase, so Si element segregation is easy to
occur. Then, in the later cooling process, the solid
solubility of Si decreases with the decrease in
temperature, and the silicide is precipitated in the
Si-enriched area. According to the experimental
results in Fig. 2, when 0.4 wt.% Si is added, there is
no silicide precipitation in the as-cast alloy, whereas
when 0.8 wt.% Si and 1.2 wt.% Si are added to
the as-cast alloy, silicide precipitation is mainly
distributed at the grain boundary, which is
continuous and coarse.

Many factors promote the precipitation of
silicide. The neutral element Zr, which has a large
solid solubility in pure titanium and has a similar
size and valence state to Ti atoms, can freely
replace Ti. Adding the Zr element can reduce the
solid solubility of the Si element in the matrix,
reduce the nucleation activation energy of silicide,
and promote silicide precipitation [19,42]. XRD
results in Fig. 1 indicate that adding Si will cause
lattice distortion and f-Ti peak shift, and certain
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Fig. 12 Grain size of as-cast alloys with different Si contents (a) and change of grain size of as-cast alloys with 1/Q (b)
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Fig. 13 Schematic diagram of silicide precipitation mechanism during solidification process
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distortion energy will be stored in the matrix,
providing favorable conditions for silicide
precipitation [21]. There are more defects at the
grain boundary than in the grain, and the energy of
the solute atom at the grain boundary is lower than
that in the grain, so the solute atom is easy to
diffuse and cause segregation at the grain boundary.
The grain boundary storage energy is high, reducing
the nucleation power of the precipitated phase and
promoting silicide precipitation at the grain
boundary.

4.2 Recrystallization behavior and dynamic
precipitation of silicide during hot
deformation
Figure 14 shows the local EBSD maps of

the as-cast alloys with 0.8 wt.% Si under hot

compression deformation at 1000 °C. Figures 14(a)

and (b) are the magnified maps of Region R1 in

Fig. 10(d). It can be seen that the HAGBs show

Peng-kun GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1803—1821

serration shapes with raised segments and DRX
nucleation, which are typical of DDRX. The yellow
arrow in Fig. 14(b) shows the nucleation of DDRX
at the HAGBs. Figure 14(d) shows the magnified
image of Region R2 in Fig. 10(d), which reveals the
formation of a large number of subgrains in the
deformed grains. Figure 14(e) shows the correlated
misorientation from C to D in Fig. 14(d), and it
can be seen that the misorientation from C to D
continues to increase. In contrast, the misorientation
of adjacent subgrains is relatively close. It can also
be seen from Figs. 14(f) and (g) that there are close
grain orientations between adjacent subgrains,
while the grain orientations change continuously
along the CD direction. This is typical of CDRX,
and recrystallization is brought about by the
rotation and growth of subgrains [43]. The DDRX
mechanisms associated with HAGBs migration and
the CDRX mechanisms associated with subgrain
rotation [44] are depicted in the diagram in Fig. 15.
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Fig. 14 EBSD maps of as-cast alloy with 0.8 wt.% Si under hot compression at 1000 °C: (a) Magnified IPF map of
Region R1 in Fig. 10(d); (b) Magnified KAM map of Region R1 in Fig. 10(d); (c) Correlated misorientation from A to
B as indicated in (a); (d) Magnified IPF map of Region R2 in Fig. 10(d); () Correlated misorientation from C to D as
indicated in (d); (f, g) Corresponding IPF and PF maps of (d), respectively



Peng-kun GUO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1803—1821

The hot deformation process can promote the
precipitation of silicides. LIAN et al [25] found that
silicides were diffusely distributed in the matrix of
a-titanium alloy after isothermal multidirectional
forging, and the volume fraction of silicides
increased as the forging temperature decreased.
After hot compression of the 0.8 wt.% Si alloy, the
discontinuous distribution of silicides is obtained at
the grain boundaries, and more dot-shaped silicides
are precipitated in the grain interiors (Fig. 7). In hot
deformation, the original continuous and coarse
silicides at the as-cast alloy grain boundary are
broken and dissolved. Zr and Si elements redissolve
into the matrix under high temperature and
thermal stress, diffusing from the grain boundary
to the grain interior depending on the dislocation
and nucleating again at the defects, such as
the grain boundary and dislocation. The dynamic
precipitation of silicide under hot deformation
improves the size and distribution of silicide.

The precipitation of silicides during hot
deformation and its effect on the microstructure are
described in the schematic diagram in Fig. 15. The
silicide precipitation is inseparable from the
diffusion of Zr and Si elements. During the hot
deformation process, Zr and Si elements diffuse and
redistribute due to the high diffusion coefficient of
solute atoms at high temperatures. In addition, the
dislocation generated in the deformation process
provides nucleation sites for silicide nucleation and
promotes silicide precipitation [22—24]. Figure 9(d)
shows a high dislocation accumulation around the
silicide. The diffusion rate of Si atoms along the
dislocation is much higher than that of the bulk
diffusion rate, and the low solubility of Si at a low
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p Element
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S~ ©® o
T
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temperature promotes silicide precipitation [23].
In addition, at a high deformation temperature,
the silicide has larger growth dynamics, so the
preferentially precipitated silicide shows a growing
trend, making the size of the precipitated silicide
heterogeneous. On the other hand, with a high
defect density at the grain boundary, the solute is
easy to segregate. With a low nucleation barrier
at the grain boundary, silicides are generally
preferentially precipitated at the grain boundary,
followed by dislocations, so the size of silicides at
the grain boundary is larger [24]. In addition, the
recrystallized grain size in the silicide aggregation
region is smaller than that in the silicide barren
region because of the silicide pinning effect.

4.3 Strengthening mechanisms

According to the experimental results in
Fig. 11, the compressive strength of as-cast Ti—
4Al-TMo—4V—-3Cr—3Zr—xSi alloys is significantly
improved after Si is added. Some of the Si added to
the alloy is solute atoms in a solid solution in the
matrix, and there is also an interaction between
solute atoms and dislocation, which has a solid
solution strengthening effect. In addition, due to
the growth-restricting effect of Si, the £ grain is
continuously refined. Grain refinement increases
the applied force required to activate adjacent grain
dislocation sources. The strengthening effect caused
by grain refinement can be described using the

Hall-Petch equation [45]:
AO—HP:ky(d;l/z _d(;l/z) (3)

where ky, denotes the constant of grain boundary
effect on strength, do and dy are the grain sizes of

Grain boundary
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90955

T Dislocation
D Sub-grain rotation
<:> CDRX grain

Fig. 15 Schematic diagram of microstructure evolution during hot compression deformation
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the as-cast Ti—4Al-7Mo—4V—3Cr—3Zr alloy before
and after adding Si.

Due to the high strength and hardness of
silicide, the presence of silicide is a strengthening
phase of the alloy. According to the TEM
characterization in Fig. 9(e), it is found that the
interface  between silicide and matrix s
non-coherent, and silicide particles will hinder the
cutting of dislocation in the deformation process,
thus hindering the dislocation movement. The
0.8 wt.% Si and 1.2 wt.% Si alloys precipitate dot-
shaped silicides in the grain interior, which can
impair the dislocation movement and provide a
strengthening effect. This strengthening effect can be
described using the Ashbye—Orowan equation [46]:
A = 2 I @)
where Gn and b denote the shear modulus and
magnitude of Burgers vector of the matrix,
respectively, and r is the radius of the precipitated
silicides. The spacing A of the precipitated silicide
can be expressed as

A=2r{(2V) 1] &)

where V; is the volume fraction of the precipitated
silicides.

The strengthening effect at room temperature
results from the superposition of various
strengthening mechanisms, and the silicide also
significantly affects the mechanical properties at
high temperatures. According to the experimental
results in Fig.3, 0.8 wt.% Si alloy has a higher
peak stress than 0.4 wt.% Si alloy at the same
deformation temperature. In high-temperature
deformations, the dot-shaped silicide in the grain
interior can hinder the dislocation movement,
resulting in dislocation accumulation and improved
strength. The TEM results in Fig. 9(d) show a large

amount of dislocation accumulation around silicides.

In addition, silicide at the grain boundary will
strengthen the grain boundary and have a
strengthening effect.

5 Conclusions
(1) The f grains of the Ti—4Al-7Mo—4V-

3Cr—3Zr—xSi (x=0, 0.4, 0.8, 1.2, wt.%) as-cast alloy
were continuously refined with the addition of Si,

which was attributed to the growth-restricting factor
of Si. Coarse and continuous silicides were
precipitated at the grain boundaries when the Si
content was 0.8 wt.% and 1.2 wt.%, respectively.
Intragranular, fine, dot-shaped silicides were
precipitated and distributed heterogeneously.

(2) From 850 to 1000 °C, the amount of silicide
precipitated by hot compression decreased, but the
size increased. At the same time, the precipitated
silicide could inhibit the growth of recrystallized
grains.

(3) After the hot compression deformation of
as-cast alloys with Si contents of 0.4 wt.% and
0.8 wt.%, alloying elements spread rapidly, and the
hot deformation promoted the dynamic precipitation
of silicide. The discontinuous distribution of
silicides was obtained.

(4) The Vickers hardness and room-temperature
compression strength of the Ti—4Al-7Mo—4V—
3Cr—3Zr—xSi as-cast alloy increased with the
addition of Si, which was attributed to the effects of
grain refinement, solid solution strengthening, and
silicide precipitation strengthening.
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