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Phase selection and microstructure evolution of the undercooled eutectic Ti-Si alloy were systematically investigated by the
electromagnetic levitation method, and the maximum undercooling achieved was 318 K (0.2TE). The migration of the liquid-
solid interface was in-situ detected by a high-speed camera system.When the undercooling is smaller than 140 K, the liquid-solid
interface is smooth. Once the undercooling arrives at 230 K, the liquid-solid interface is irregular, which reflects the growth
transition from the solute control to the combined controls of solute and thermal. The eutectic growth velocity increases as an
exponential function of undercooling. The electromagnetic stirring effect makes it difficult to increase undercooling, but plays an
important role in accelerating the eutectic reaction velocity at low and moderate undercoolings. Primary dendritic β-Ti phase
appears in the solidified alloy from 63 to 176 K undercoolings, and the microstructure is completely composed of eutectic once
the undercoolings increase up to 230 K. When the undercoolings exceed 273 K, the microstructure consists of uniformly
distributed irregular eutectic. For the drop tube experiments, the microstructures composed of a large amount of dendritic α-Ti
phase and eutectic phase are found in a wide range of diameters from 69 to 725 μm. As the decrease of diameter, the solubility of
Si in the dendritic α-Ti phase dramatically increases from 6.80% to 10.73%, and the ratio of the area occupied by the dendritic α-
Ti on a cross-section of solidified alloy obviously increases from 23.52% to 41.02%, which result from the combined effects of
high undercooling and large cooling rate.
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1 Introduction

The phase selection and microstructure evolution are of great
importance in the field of materials science [1–5]. After the
undercooled melt completes the phase selection, the solid
phase starts growth, which finishes before the microstructure
formation. For the alloy systems with different properties,
the inherent dendrite growth manner may be different [6,7].
By applying the properties of the alloy melt, the alloys with
the same composition could produce different growth char-
acteristics [8,9]. For a long time, the LKT/BCT model has
achieved positive results in explaining the dendrite growth

velocity with undercooling [10–13]. However, there is a
large deviation between the calculated value and the ex-
perimental value under a high undercooling condition
[10,14], which could attribute to the large deviation between
the actual experimental conditions and the model, especially
when the internal flow of the melts is very large and the
external cooling rate is rather large. It is necessary to un-
derstand the process of dendrite growth from a new per-
spective so as to control the final microstructure. A common
feature among the various dendrite growth phenomena is that
the dendrite growth contains complicated physical reactions
and chemical reactions [15,16]. It should be scientifically
feasible to explain nucleation and dendrite growth. The
prelude of dendrite growth is nucleation, and the nucleation
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of the primary phase depends on the phase selection within
the alloy melt. The regulation of microstructure is not only
inseparable from the processes of nucleation and dendrite
growth, but also inseparable from the phase selection.
Therefore, the studies of phase selection and dendrite growth
process are helpful to deeply understand the microstructure
formation, and the microstructure evolution in turn deepens
the understanding of the phase selection and dendrite growth.
As is known, the chemical reactions involve the breaking

of old bonds and the new bonds formation. The process of
forming new bonds is the key to nucleation and dendrite
growth. Recent studies have shown that the nucleation pro-
ceeds through an iterative and reversible process between
ordered and disordered states [17]. According to the che-
mical reaction mechanism, there will be a transition state in
the process of forming the final product. In the transition
state, the valence bonds of the molecules need to be rear-
ranged to form the transition state when the reacting mole-
cules are close each other [9,18,19]. The process of
nucleation and phase selection can be considered as the
process of reacting molecules forming a transition state and
crossing the transition state. An in-depth understanding of
the transition state is conducive to controlling nucleation,
phase selection, dendrite growth and microstructure forma-
tion. As such a transition state is unstable and not easy to
retain to room temperature under normal conditions, it is
possible to retain it under extraordinary conditions, such as
high undercooling or large cooling rate condition. Im-
portantly, it is necessary to choose an appropriate alloy
system in order to achieve the above research purpose.
The eutectic alloy is sensitive to competitive nucleation,

phase selection and microstructure formation, which is
conducive to the study of the above-mentioned scientific
problems [20,21]. Additionally, high temperature alloys are
of great importance in aviation and automotive industries,
including the Ti-based alloys, Ni-based alloys and Nb-based
alloys, and hence, they are listed as research candidates due
to their engineering applications [22–27]. As a typical eu-
tectic alloy, Ti-Si alloy has excellent casting characteristics
as well as good oxidation resistance and creep resistance.
Therefore, Ti-Si eutectic composition is selected as the re-
search object. Under normal conditions, it is difficult to
obtain high undercooling and large cooling rate, because the
heterogeneous nucleation produced by contact with the
container makes the undercooled liquid phase unable to
achieve high undercooling [28]. Therefore, the containerless
state was used to create extraordinary conditions of high
undercooling and large cooling rate to achieve the rapid
solidification of undercooled liquid Ti-Si alloy [14,29].
In this paper, in order to understand how the phase selec-

tion and the microstructure formation process of undercooled
Ti-Si eutectic melt change with the undercooling and cooling
rate, it is necessary to further study the rapid solidification of

the highly undercooled Ti-Si alloy melts. Therefore, the so-
lidification of Ti86.33Si13.67 eutectic alloy is conducted by
using the extraordinary conditions of electromagnetic levi-
tation and drop tube methods. In addition, the dendrite
growth kinetics, phase selection and the microstructure for-
mation of the Ti86.33Si13.67 eutectic alloy are studied for the
purpose of exploring the eutectic growth kinetics, phase
constitution and microstructure evolution.

2 Experimental

2.1 Electromagnetic levitation experiment

The eutectic Ti86.33Si13.67 master alloys were prepared by
melting pure Ti (99.999%) and Si (99.999%) in an arc
melting furnace which was pumped to about 1.0×10−4 Pa
firstly and then backfilled to 1.0×105 Pa. And then, the
master alloy samples of about 6 mm diameter were melted
and cooled using an electromagnetic levitation technique,
which was backfilled with a mixture of high-purity argon and
helium gas to 1.0×105 Pa after it was evacuated to
1.0×10−4 Pa. The samples were also overheated to about
200 K by the induction heating device and highly under-
cooled by cooling helium gas to get different undercoolings
when the temperature curves were simultaneously measured
by a Raytek Marathon MR1SCF infrared pyrometer, which
was also calibrated on the basis of the eutectic reaction
temperature TE of the Ti86.33Si13.67 alloy. In order to in-situ
detect the migration process of the liquid-solid interface, a
high-speed camera system was conducted to record the re-
calescence images in 256 × 192 pixels at a frame rate of
10000 frames per second.

2.2 Drop tube experiment

Drop tube experiment can obtain larger cooling rate [30,31]
compared with the electromagnetic levitation method. The
rapid solidification experiments of the Ti86.33Si13.67 alloy
were carried out through a 3 m drop tube technique. The
alloy sample with a mass of 1 g was placed inside a quartz
tube which was fixed on the top of drop tube technique, and
quartz tube had an orifice about 0.5 mm in radius at the
bottom. The drop tube was evacuated to about 1.0×10−4 Pa
and then backfilled with the mixed gas of helium gas and
argon gas with a ratio of 0.6 to 1.0×105 Pa. The alloy sample
was melted to a liquid and overheated to about 200 K by
electromagnetic induction heating. And then, the liquid
sample alloy was ejected out from orifice and atomized into
many tiny droplets by high pressure helium gas. The ato-
mized tiny droplets were rapidly solidified benefiting from
the cooling helium gas.
The solidified alloys were polished and then etched with a

solution consisted of 1 mL HF + 1 mL HNO3+ 8 mL H2O.
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The solidified microstructures were analyzed by a Verios G4
scanning electron microscopy (SEM) and an optical micro-
scopy (OM) as well as an Oxford energy dispersive spec-
trometer (EDS). The corresponding phase constitutions were
determined by a Rigaku D/max 2500 X-ray diffractometer
(XRD) and a FEI Talos F200X transmission electron mi-
croscope (TEM) as well as a double Cs corrector transmis-
sion electron microscope (DC-TEM).

3 Results and discussion

3.1 Rapid solidification process

Liquid eutectic Ti86.33Si13.67 alloy was undercooled under the
electromagnetic levitation condition and the maximum un-
dercooling ΔT obtained was 318 K (0.2TE). In order to in-situ
monitor the nonequilibrium phase transition process, the
typical heating and cooling curves of the electromagnetically
levitated alloy were simultaneously measured, as shown in
Figure 1. In Figure 1(a), the first exothermic peak represents
the phase change of L (liquid phase) to β-Ti phase and the
second peak represents the phase change of L to β-Ti + Ti5Si3
phases. The third peak which represents the phase change of
β-Ti to α-Ti appears on the cooling curves of the samples,
and there is an obvious time interval between the first peak
and the second peak. However, there is almost no time in-
terval between the exothermic peaks of L to β-Ti phase and L
to β-Ti + Ti5Si3 phases at the 176 K undercooling, as dis-
played in Figure 1(b). Only two exothermic peaks which
represent the L to β-Ti + Ti5Si3 phases and β-Ti to α-Ti
respectively are found at the 318 K undercooling, as seen in
Figure 1(c). The average cooling rate Rc is calculated by
dividing the difference ΔTh from the maximum temperature
of the overheated melt to the eutectic recalescence tem-
perature by the corresponding time difference Δts. The
average diameter of the sample is D, the average eutectic
reaction time and liquid-solid transition velocity is tE and V,
respectively. Therefore, V = D/tE, and Rc = ΔTh/Δts. Ob-
viously, Rc calculated from the cooling curves is less than
100 K/s under the electromagnetic levitation conditions. The

difference between the three exothermic peaks at low un-
dercoolings and the two exothermic peaks at high under-
coolings reflects the change of solidification path.
Additionally, the eutectic reaction time reduces from 1.365 to
1.247 s in an undercooling range of 100 K from 75 to 176 K,
while that reduces from 1.247 to 0.01684 s from 176 to
318 K undercooling.
To observe the liquid-solid interface during the eutectic

reaction, a high-speed camera system was employed to re-
cord the growth process, as shown in Figures 2 and 3. The
dark area stands for the undercooled liquid phase while the
light area denotes the solid phase due to the release of latent
heat during solidification. As for ΔT =140 K, the liquid phase
begins to nucleate and grow from the lower right corner. The
liquid-solid interface is smooth in Figure 2. Multiple areas
begin to nucleate and grow with the advance of the initial
solid-liquid interface. Multiple solidified areas are connected
together to form a larger solid-liquid interface. This larger
liquid-solid interface is still smooth which is also convex to
the liquid phase. The migration time lasts 0.763 s.
As ΔT =230 K, the liquid phase begins to nucleate and

grow from the upper right corner, and the liquid-solid in-
terface is not regular and smooth once the recalescence time
exceeds 0.02 s as shown in Figure 3. There are regions
leading to the growth of the solid-liquid interface, and this
implies that the process of this eutectic reaction is simulta-
neously controlled by solute diffusion and thermal diffusion
at the 230 K undercooling. Compared with the multiple re-
gions which nucleate and growth at the 140 K undercooling,
there is only a large nucleation and growth region. The re-
calescence time reduces from 0.763 to 0.07 s as the under-
cooling increases from 140 to 230 K, which demonstrates
that the high undercooling accelerates the rapid eutectic
growth and dominates the growth transition from solute
control to thermal control. Additionally, when the time is
before 20 ms and after 48 ms, the solid-liquid interface ad-
vances more slowly, which implies the eutectic growth ve-
locity is non-constant at 230 K undercooling, showing the
characteristics of slower growth at the beginning and end
stages, the faster growth at the middle stage.

Figure 1 Heating and cooling curves of the electromagnetically levitated Ti86.33Si13.67 alloy. (a) ΔT = 75 K; (b) ΔT = 176 K; (c) ΔT = 318 K.
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3.2 Phase characterization

Due to non-equilibrium solidification, phase composition is
required to clarify the solidification path. During the solidi-
fication, there are envelopment reaction (β-Ti phase + Ti5Si3
phase→ Ti3Si phase) and eutectoid reaction (β-Ti phase→
α-Ti phase + Ti3Si phase) at the composition of Ti86.33Si13.67
alloy in the binary Ti-Si equilibrium phase diagram [32].
Based on the thermodynamic theory, Ti3Si phase is most
likely to be produced in the highly undercooled liquid phase.
Therefore, both the XRD and TEMwere used to analyses the
solidified microstructure. As displayed in Figure 4, the XRD

results indicate that the alloy consists of α-Ti, Ti5Si3 and
Ti3Si phases.
According to the thermodynamics, if Ti3Si phase pre-

cipitates from the liquid phase, it is most likely to precipitate
at higher undercoolings. Figure 5 shows the TEM results of
rapidly solidified Ti86.33Si13.67 alloy under the electro-
magnetic levitation condition at 318 K undercooling. Both
the diffraction spots in Figure 5 (c) and (d) show there is only
one phase. The diffraction spots in Figure 5(c) indicate the
matrix phase is α-Ti phase, while Figure 5(d) indicates the
black rod-shaped phase is Ti5Si3 phase. The atomic percen-
tage contents of Si in α-Ti phase and Ti5Si3 phase are (1.02 ±

Figure 2 Interface of solid phase and undercooled liquid phase inside the electromagnetically levitated alloy at ΔT = 140 K. (a)–(h) Captured results at
different time.

Figure 3 Interface of solid phase and undercooled liquid phase inside the electromagnetically levitated alloy at ΔT = 230 K. (a)–(h) Captured results at
different time.
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0.476)at.% and (36.34 ± 2.72)at.%, respectively, which are
consistent with the TEM results. The results of TEM and
XRD indicate that the alloy solidified at the 318 K under-
cooling consists of α-Ti phase and Ti5Si3 phase, while the

Ti3Si phase is not found, which imply that the solid phase
transition corresponding to the last exothermic peak on the
cooling curves shown in Figure 1 is the transformation of β-
Ti to α-Ti phase.
Meanwhile, the TEM results of rapidly solidified Ti86.33-

Si13.67 alloy through the drop tube experiment at D = 193 μm
are shown in Figures 6 and 7. As shown in Figure 6(a)–(c),
there are three phases in the microstructure which is com-
posed of Ti and Si elements. Figure 6(d) shows a partial
enlarged view of the Figure 6(a). It is shown that there are
gray dotted phases in the black rod-shaped phase in addition
to the dendritic phase. The selected diffraction spots of the
dendritic phase shown in Figure 6(e) are confirmed to be the
α-Ti phase. The selected diffraction spots of the black rod-
shaped phase are shown in Figure 6(f), while the main dif-
fraction spots are determined to be Ti5Si3 phase. As seen in
Figure 7(d), the size of gray dotted phase is about 20 nm, and
the crystal structure of the gray dotted phase cannot be di-
rectly determined by the diffraction spots in Figure 6(f). In
order to get more information about the gray dotted phase
shown in Figure 6(d), the high resolution TEM (HRTEM)
and EDS analysis are conducted through a double Cs cor-
rector transmission, as illustrated in Figure 7. The EDS re-
sults indicate that the content of Si in matrix α-Ti phase,
Ti5Si3 phase and gray dotted phase in Figure 7(a) are (2.94 ±
0.71)at.%, (36.6 ± 6.02)at.%, and (27.52 ± 5.04)at.%, re-
spectively. It should be noted that the matrix α-Ti phase here
is the α-Ti phase in the eutectic rather than the dendritic α-Ti
phase transformed from the primary dendritic β-Ti phase.
The HRTEM of the region composed of the Ti5Si3 phase

and gray dotted phase is shown in Figure 7(d) where B region
and the whole region defined as the A region are selected for
fast Fourier transform (FFT). The FFT results of the B and A
region are shown in Figure 7(e) and (f), respectively. Ob-
viously, Figure 7(e) indicates there is only one phase to be
confirmed as the Ti5Si3 phase. Figure 7(f) shows there are
two sets of diffraction spots to be determined as the Ti5Si3
phase and Ti3Si phase. Combined with the EDS results, it is
confirmed that the gray dotted phase is Ti3Si phase. It is
worth noting that the crystal plane (101) of the Ti5Si3 phase
with the zone axis [121] and the crystal plane (101) of the
Ti3Si phase with the zone axis 〈111〉 agree well. Moreover, it
is interesting that the Ti5Si3 phase is embedded in matrix α-Ti
phase while the Ti3Si phase is also embedded in Ti5Si3 phase,
while the Ti3Si phase is neither found in the matrix α-Ti
phase nor found in the dendritic α-Ti phase. The fact that the
Ti3Si phase appears inside the Ti5Si3 phase indicates the Ti3Si
phase does not match the way where the Ti3Si phase is
generated in the binary Ti-Si phase diagram. The Ti3Si phase
is most likely to be produced from the Ti5Si3 phase through a
solid-state phase change. The reason for the solid-state
transition may be that the Ti5Si3 phase formed by rapid so-
lidification has high solid solution Ti atoms at high tem-

Figure 4 (Color online) Phase constitutions of solidified Ti86.33Si13.67 al-
loy at different undercoolings.

Figure 5 (Color online) TEM results of Ti86.33Si13.67 alloy solidified at
318 K undercooling. (a) Brightfield image of TEM sample; (b) the interface
of α-Ti phase and Ti5Si3 phase; (c) selected area electron diffraction of α-Ti
phase; (d) selected area electron diffraction of Ti5Si3 phase; (e) EDS
mapping of Ti element; (f) EDS mapping of Si element.
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Figure 6 (Color online) TEM results of Ti86.33Si13.67 alloy solidified at D = 193 μm. (a) HAADF image of TEM sample; (b) EDS mapping of Ti element;
(c) EDS mapping of Si element; (d) partial enlarged view of (a); (e) selected area electron diffraction of α-Ti phase; (f) selected area electron diffraction of
Ti5Si3 phase.

Figure 7 (Color online) HRTEM and EDS analyses of the gray dotted phase in the Ti5Si3 phase. (a) HAADF image of a selected region; (b) EDS mapping
of Ti element; (c) EDS mapping of Ti element; (d) HRTEM of the region of Ti5Si3 phase and Ti3Si phase; (e) FFT result of B region shown in (d); (f) FFT
result of A region shown in (d).
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peratures. As the temperature decreases, the high solid so-
lution Ti atoms combine with Si atoms from the parent phase
to nucleate and grow into Ti3Si phase.

3.3 Eutectic growth kinetics

Combined the in-situ cooling curves with high-speed cam-
era, the eutectic growth velocities of the undercooled
Ti86.33Si13.67 alloy are obtained at different undercoolings as
shown in Figure 8.
The average velocity vME of the eutectic reaction is ex-

pressed as the alloy diameterD to the whole eutectic reaction
time t. The vME can be fitted as an exponential increase re-
lationship with the increasing undercooling, as is shown in
Figure 8. The fitting expression about the average eutectic
reaction velocity can be expressed as

v T T= 11370 × exp 4.72 × 10 , (1)ME

8

2

where T is the alloy temperature. It is generally believed that
the growth velocity of dendrites increases with the increasing
undercooling. Although the relationship between the average
eutectic reaction velocity and the undercooling can be fitted
by eq. (1), it is worth noting that the average reaction velocity
has almost no change when ΔT < 200 K. A reasonable ex-
planation needs to be given to this phenomenon. Considering
the alloys are undercooled and solidified in a changing ex-
ternal electromagnetic field, the effect of the external elec-
tromagnetic field on the alloy melt could not be ignored. It is
conceivable that the most direct effect caused by the ex-
ternally changing electromagnetic field is the electro-
magnetic stirring effect (EMSE) which accelerates the
internal flow of liquid metal. More importantly, EMSE
promotes the uniform distribution of the solute inside the
undercooled liquid. Compared with the low solid solution
phase, which is very beneficial for the formation of high
solid solution phase. A finite element method (FEM) is used
to simulate the flow field, the calculation formulars can refer
to the ref. [33], and the results are shown in Figure 9. The
physical parameters of the liquid Ti86.33Si13.67 alloy are listed
in Table 1 [34,35], which are estimated by the linear super-
position of pure Ti and Si elements.
With the increase of undercooling, the internal melt flow

velocity decreases. This is mainly due to the increase of
liquid viscosity at the macro level, which is manifested as an
increase in the interaction among atoms. Though the liquid
alloy is undercooled to 350 K, there is still a certain EMSE
inside the alloy. At low and moderate undercooling, the eu-
tectic reaction velocity has a hardly increase tendency with
the increase of undercooling, which can be explained by the
decrease of electromagnetic stirring effect. The increase
trend of the eutectic reaction velocity weakens with the
weakening of the EMSE, indicating that EMSE may play a
key role in accelerating the eutectic reaction in this process.

However, as the undercooling increases further, the eutectic
reaction velocity increases exponentially though there is a
certain EMSE in liquid metal, indicating the changes in the
intrinsic properties of liquid metal caused by high under-
cooling have played a major role. Setting E as the critical
nucleation work of solid phase precipitated from the under-
cooled liquid phase [36]:

E T
1 , (2)2

substituting formula (2) into eq. (1):

v a E
RT= × exp , (3)

b

ME 1

1

where a1 and b1 are the constants, and R the gas constant.
According to the empirical relationship between chemical

Figure 8 Average eutectic growth velocity of electromagnetically levi-
tated Ti86.33Si13.67 alloy at different undercoolings.

Figure 9 Internal flow velocity within electromagnetically levitated
Ti86.33Si13.67 alloy melt at different undercoolings. (a) ΔT = 0 K; (b) ΔT
= 150 K; (c) ΔT = 250 K; (d) ΔT = 350 K. The diameters of the alloy melts
are set as 6 mm at the same place, and the left and right semicircles denote
streamline field and velocity field, respectively.
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reaction constant K and temperature [37]:
K Z E RT= × exp[ / ], (4)a

where Z is a constant, and Ea the activation energy in a
chemical reaction. The larger the K value, the faster the
chemical reaction rate. Comparing eq. (4) with eq. (3), the
growth velocity of the eutectic has a strong positive corre-
lation with the chemical reaction constant, indicating that the
eutectic growth can be explained from a perspective of
chemical reaction.

3.4 Microstructure evolution

The microstructures solidified at 63, 90, and 176 K under-
coolings are shown in Figure 10. For the convenience of

expression, the α-Ti phase transformed from the primary
dendritic β-Ti phase which primarily precipitates from the
undercooled liquid phase and exists at the high temperature
is called as the dendritic α-Ti phase, and the α-Ti phase in the
eutectic is called as the matrix α-Ti phase. The figure in the
right column is a partial enlarged view of the figure in the left
column. It can be seen from Figure 10(a1) and (a2) that the
microstructure consists of the dendritic α-Ti phase and eu-
tectic at the 63 K undercooling, and the content of the den-
dritic α-Ti phase is obviously small, which shows that the
first small exothermic peak on the cooling curve shown in
Figure 1(a) is the transformation of L phase into β-Ti phase,
and the second large exothermic peak is the transformation
of L phase to eutectic phase. With the undercooling in-

Table 1 Physical parameters of the liquid Ti86.33Si13.67 alloy used for calculation [33,34]

Physical parameter
Undercooling ΔT (K)

0 150 250 350

Density ρ (g/cm3) 3.742 3.779 3.804 3.828

Viscosity η (mPa s) 4.007 4.912 5.768 6.948

Electrical conductivity σ, 106 (S/m) 0.691 0.753 0.801 0.8562

Figure 10 Microstructure of solidified alloy at different undercoolings. (a1), (a2) ΔT = 63 K; (b1), (b2) ΔT = 90 K; (c1)–(c3) ΔT = 176 K.

1594 Luo Z C, et al. Sci China Tech Sci July (2022) Vol.65 No.7



creasing to 90 K, it is found the solidified microstructure is
composed of the dendritic α-Ti phase and eutectic, and the
difference with the microstructure at the 63 K undercooling
is that the α-Ti phase is dispersed throughout the sample, as
shown in Figure 10(b1) and (b2). However, once the un-
dercooling arrives at the 176 K, the microstructure is divided
into two parts where one part is composed of the dendritic α-
Ti phase and eutectic phase, and the other part is composed
of eutectic phase which is shown in Figure 10(c1)–(c3).
Synthesizing the changes from the microstructure solidified
at 63 K undercooling to that at 176 K undercooling, the
content of the dendritic α-Ti phase has a process of first
increasing and then decreasing when the undercooling in-
creases from 63 to 176 K. What needs to be further explored
is how the microstructure will change as the undercooling
increases further.
Since the optical microscope mode can see the difference

in microstructure solidified at the 230, 273, and 318 K un-
dercooling, several optical metallographic photos are used,
which is shown in Figure 11. Firstly, eutectic reaction ve-
locity at the middle stage is the fastest, and eutectic growth
velocities at the beginning and last stages are relatively slow,
which is also confirmed in Figure 3. The microstructure in

Figure 11(a1)–(a3) further reflects the eutectic reaction
process displayed in Figure 3.
As is shown in Figure 11(a1)–(a3), the figures in second

column are partial enlarged views of the figures in the first
column, while the figures in third column are partial enlarged
views of the figures in the second column. The cluster-like
microstructure mainly corresponds to the middle stage of
eutectic reaction, i.e., the microstructure in the fast-grow
area, while the microstructure between the cluster-like mi-
crostructure mainly corresponds to the last stage of growth.
Whether it is the cluster-like eutectic microstructure or the
microstructure between the cluster-like eutectic micro-
structure, the dendritic α-Ti phase has disappeared in those
microstructures. With the undercooling increasing to 273 K,
as displayed in Figures 10(b1)–(b3) and 11(b1)–(b3), the
microstructure generated through the fast grow almost oc-
cupies the whole alloy compared with that on the 230 K
condition. The slow-grow areas are so small that they are
almost invisible, and the morphology of the microstructure in
the slow growth area is very similar to the microstructure in
the fast grow area. It is noting that the microstructure is
composed of the irregular eutectic under the 273 K under-
cooling condition, and the size of the irregular eutectic is

Figure 11 Microstructure of solidified alloy at high undercoolings. (a1)–(a3) ΔT = 230 K; (b1)–(b3) ΔT = 273 K; (c1)–(c3) ΔT = 318 K.
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greatly refined. With the undercooling increasing to 318 K,
the microstructure is composed of uniformly irregular eu-
tectic, as shown in Figure 11(c1)–(c3). It can also be seen
from the cooling curve shown in Figure 1(c) that the entire
eutectic reaction process consists of a uniform recalescence
process.
Analyzing the whole solidification process, it can be found

that the microstructure is composed of dendritic α-Ti phase
and eutectic when the undercooling is lower than 176 K. The
microstructure is only composed of eutectic when the un-
dercooling exceeds 230 K while the microstructure consists
of irregular eutectic when undercooling is higher than 273 K.
However, even at the 90 K undercooling where there is a
large amount of dendritic α-Ti phase, the volume fraction of
the dendritic α-Ti phase in the entire phase that composes the
microstructure is still very small. Moreover, the solid solu-
bility S of Si in the dendritic α-Ti phase is shown in Figure
12. It can be seen that the solid solubility of Si in the den-
dritic α-Ti phase fluctuates around the average value at five
different undercoolings. However, at 130 K undercooling,
there are more dendritic α-Ti phase where the solid solubility
of Si is slightly larger than that at the other four under-
coolings.
As shown in Figure 13, the microstructures of solidified

droplets with different diameters D are obtained in the drop
tube experiments. The figures in the first column reflect the
profile of the solidified alloy, and the figures in second
column are partial enlarged views of the first column figures.
Microstructures consisting of a large amount of dendritic α-
Ti phase and eutectic phase are found in a wide range of D
from 69 to 725 μm. As seen in Figure 13, regardless of the
particle size, the dendritic α-Ti phase is surrounded by one
phase that is the Ti5Si3 phase, which is convinced from the
analysis in Figure 6. Compared with the content of the
dendritic α-Ti phase on the electromagnetic levitation con-
dition shown in Figure 10, the content of the dendritic α-Ti
phase has been significantly improved through the drop tube
experiment. Moreover, as the particle diameter decreases, the
content of the dendritic α-Ti phase obviously increases.
In order to characterize the cooling rate of the alloy droplet

in the drop tube experiments, the calculated equation is ex-
pressed as

R C D T T h T T= 6 ( ( ) + ( )), (5)c
P L

4
a
4

a

where ρL is the liquid alloy density, CP the heat capacity of
liquid alloy, ε the surface emissivity, σs the Stefan-Boltzmann
constant, Ta the ambient temperature and h the heat transfer
coefficient whose calculation formula can be seen in refs.
[38,39]. The physical parameters used for calculating the
cooling rate of the liquid Ti86.33Si13.67 alloy are listed in Table
2 [40], and the parameters of the liquid alloy are also esti-
mated by the linear superposition of pure Ti and Si elements.

The cooling rate of the liquid alloy under the electromagnetic
levitation condition is usually less than 1.0 × 102 K/s, and
that is large than 3.0 × 103 K/s when the diameter of the alloy
is smaller than 700 μm, and the cooling rate is as high as 2.6
× 105 K/s when the alloy droplet diameter is 70 μm. The
cooling rates of liquid alloys of different diameters are dis-
played in Figure 14(a) where it can be seen the cooling rate
of the liquid alloy increases as a power function with the
decrease of diameter.
As is shown in Figures 10 and 11, increasing the under-

cooling cannot increase the content of the dendritic α-Ti
phase. On the contrary, it will reduce the content of the

Figure 12 The solubility S of Si in the dendritic α-Ti phase.

Figure 13 Microstructure of solidified alloy with different diameter D
under drop tube conditions. (a1), (a2) D = 725 μm; (b1), (b2) D = 128 μm;
(c1), (c2) D = 69 μm.
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dendritic α-Ti phase. Therefore, combining the results of
Figures 10, 11, and 13, in addition to the appropriate un-
dercooling, the drastically increased cooling rate is the main
reason for obtaining more dendritic α-Ti phase. Since the
volume of the phase in the three-dimensional space cannot be
accurately known, the ratio f of the area occupied by the
dendritic α-Ti on a cross-section is used as a parameter to
characterize the content of dendritic α-Ti, and the results are
shown in Figure 14(c). In order to further study the effect of
the increased cooling rate on the dendritic α-Ti phase, the
solid solubility S of Si in the dendritic α-Ti phase are ana-
lyzed for the solidified alloys prepared through the electro-
magnetic levitation and drop tube methods, and the result is
displayed in Figures 12 and 14(b), respectively. As seen in
the Figure 12, the average value of the S at different under-
coolings is 4.06, and the S values under different under-
coolings fluctuate up and down the average value under the
electromagnetic levitation condition. However, the S in-
creases dramatically with the decreasing D in the drop tube
experiment, and the smallest S value shown in Figure 14(b)
in the drop tube experiment is larger than the S value in
Figure 12 under electromagnetic levitation condition.
Therefore, the increase of S is positively correlated with the
increased content of the dendritic α-Ti phase, which enriches
the connotation of dendrite growth and microstructure con-
trolling. From the views of the physical reaction and che-
mical reaction, it is easier to form a transition state of a

disordered solid solution with high solubility in an under-
cooled liquid, because the energy required to form such a
disordered solid solution is lower and the resistance is lower.
Moreover, the EMSE is conducive to maintaining a uniform
distribution of solutes in the undercooled liquid, creating an
environment conducive to form solid solutions with high
solubility. With the help of the large cooling rate and ap-
propriate undercooling as well as the EMSE, a dendritic α-Ti
phase with high solubility was obtained at the room tem-
perature, which is proven by the solidification results
through the electromagnetic levitation and drop tube extra-
ordinary experiments.

4 Conclusions

The rapid solidification of the liquid eutectic Ti86.33Si13.67
alloy was accomplished with the help of electromagnetic
levitation and drop tube techniques, and the maximum un-
dercooling achieved by electromagnetic levitation method
was 318 K (0.2TE). When the undercooling is smaller than
140 K, the liquid-solid interface is smooth, and the eutectic
growth is controlled by solute diffusion. When the under-
cooling arrives at 230 K, the liquid-solid interface is irre-
gular, and the eutectic growth is controlled by solute
diffusion and thermal diffusion. The eutectic growth velocity
increases as a power function of undercooling. The electro-
magnetic stirring effect weakens the undercooling, and plays
an important role in accelerating the eutectic reaction velo-
city at low and moderate undercoolings.
In the case of 63 to 176 K undercoolings, primary dendritic

β-Ti phase appears within the undercooled liquid alloy.
When the undercoolings increase up to 230 K, there is no
dendritic α-Ti phase in the microstructure which is com-
pletely composed of eutectic. As the undercoolings are
higher than 273 K, the microstructure consists of irregular
eutectic which is distributed uniformly. The alloys solidified
in the electromagnetic levitation experiment are composed of
α-Ti phase and Ti5Si3 phase, while the Ti3Si phase is found
inside the Ti5Si3 phase in a solidified alloy with 193 μm

Figure 14 The cooling rate of the alloy, the S and the content of dendritic α-Ti phase under the drop tube condition. (a) The cooling rate; (b) the solid
solubility S in the dendritic α-Ti phase; (c) ratio of the area occupied by the dendritic α-Ti on a cross-section.

Table 2 Physical parameters of the liquid Ti86.33Si13.67 alloy used for
calculation [40]

Physical parameters Value
Liquidus temperature TE (K) 1618

Density ρL (g/cm
3) 3.742 × 10−4−2.467 × 10−4

(T−TE)
Surface emissivity ε 0.29

Specific heat of liquid CP (J kg
−1 K−1) 752

Specific heat of mixed gas CPM (J kg−1 K−1) 3324
Stefan-Boltzmann constant σS (10

−8 W m−2 K−4) 5.67
Ambient temperature Ta (K) 293

Relative speed of droplet liquid V0 (m/s) 2
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diameter in the drop tube experiment.
Microstructures consisting of a large amount of dendritic

α-Ti phase and eutectic phase are found in a wide range of D
from 69 to 725 μm in the drop tube experiment. As D de-
creases from 725 to 69 μm, the solid solubility of Si in the
dendritic α-Ti phase increases dramatically from 6.8% to
10.73%, and the ratio of the area occupied by the dendritic α-
Ti on a cross-section of solidified alloy increases obviously
from 23.52% to 41.02%. The main reason for the increase of
Si solid solubility in the dendritic α-Ti phase and the increase
of dendritic α-Ti phase in the solidified alloy are the com-
bined effects of the appropriate undercooling and large
cooling rate.
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