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A B S T R A C T

The thermophysical properties and rapid solidification mechanism of Fe-19 wt%Si alloy were investigated by electrostatic levitation aboard China Space Station and
terrestrial drop tube techniques. All the solidification events neither favour the retention of the metastable Fe2Si phase nor induce the decomposition of the Fe5Si3
phase. The density was determined to be a linear decreasing relationship with temperature, in which the liquid density at eutectic temperature was determined to be
6.19 g cm�3. The surface tension and viscosity were measured to be 1.44 N m�1 and 29.8 mPa s at liquid state. Because space environment suppresses the gravity-
driven liquid flow required for solidification feeding, the space shrinkage was significantly higher than the ground condition. The Fe3Si and Fe2Si phases only dis-
played a divorced eutectic growth mode in the ground-based experiments, while the coupled growth appears under the space condition due to the suppression of long-
range solute transport. The crystal grain size of Fe3Si phase in space condition was larger than that on the ground.
1. Introduction

For metallic materials, the final performances are largely dependent
on their solidification microstructures. The morphological evolution of
microstructures during solidification has attracted significant attention
from both academic research and industrial applications [1]. The current
studies indicate that the convection induced by gravity has a strong effect
on the microstructure and chemical segregation [2,3]. When the
gravity-driven phenomena such as sedimentation, natural convection,
and hydrostatic pressure are suppressed, the conditions become favour-
able for investigating purely diffusion-controlled solidification [4,5].
Eutectic alloys, in which solidification heavily relies on solute diffusion,
have been the focus of numerous studies in microgravity experiments,
especially in the context of directional solidification [5–8]. Under
directional solidification in space, eutectic spacing is reduced due to the
suppression of mass transport in the melt [2]. The eutectic growth di-
rection tends to tilt towards the downstream side of the fluid flow [6].
Both rod-like and lamellar eutectics have been observed during direc-
tional solidification in space [7]. Moreover, the original coupled growth
of eutectic phases has unexpectedly been found to exhibit a decoupled
growth mode when undercooling reaches 18% of the eutectic tempera-
ture TE [8]. Therefore, the influence of microgravity on solidification
requires further investigation, particularly in the context of space
exploration.

The Fe-Si alloys, which possess excellent soft magnetic properties,
have been widely applied in energy-saving transformers and electric
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motor vehicles [9]. As a compound-forming system, they exhibit several
distinct solid solution and intermetallic phases [10]. In the Fe-19%Si
eutectic alloy, the ordered solid solution Fe3Si and the intermetallic Fe2Si
phase are derived from the eutectic reaction, with both phases demon-
strating good ferromagnetic performance. However, whether the soft
ferromagnetic Fe2Si intermetallic phase can be retained through rapid
solidification requires further experimental investigation [11]. The in-
fluence of microgravity on the microstructure of Fe3Si and Fe2Si phases
has not yet been explored. Additionally, accurate thermodynamic prop-
erties are important for the silicon steel and ferrosilicon alloy production
chain [12].

In this work, we investigated the solidification mechanism of the Fe-
19%Si eutectic alloy using electrostatic levitation (ESL) experiments
conducted aboard the China Space Station (CSS) and on the ground. The
thermophysical properties were measured aboard the CSS to provide
fundamental data [13–16].

2. Experimental procedure

The Fe-19%Si alloy samples, with diameters of approximately 2.7 mm
(~70 mg in mass), were prepared from high-purity component metal
slugs: Fe (99.95% purity) and Si (99.9999% purity), both sourced from
Alfa Aesar, using the arc-melting method. The alloy samples were then
sent to the CSS aboard the Tianzhou spacecraft. More details about the
ESL experiments conducted aboard the CSS are available elsewhere [8,
17]. To ensure the comparability of experimental results, terrestrial ESL
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experiments [13,18,19] were conducted using the same batch of samples
as those used in the CSS experiments. The samples were melted using
focused laser beams and then allowed to cool naturally by turning off the
laser power. The sample temperature was monitored using a two-colour
pyrometer. A CCD camera, coupled with a UV backlight, was employed to
capture the projection of the sample. The density ρwas determined using
the formula ρ ¼ m/V, where m is the sample mass. Mass loss can be
ignored during the ESL experiments. Details on the determination of V
can be found in Ref. [20]. The density was also measured under terres-
trial conditions. The surface tension σL and viscosity ηL of the liquid alloy
were determined using the droplet oscillation method under ground ESL
conditions [14].

The drop tube technique was also adopted to explore the rapid so-
lidification mechanisms under much higher undercooling and cooling
rate than ESL. The cooling rate and diameter of alloy droplets are about
103~104 K/s and 10–1000 μm, respectively. To investigate the solidifi-
cation shrinkage behaviour, a Zeiss Xradia 620 Versa high-resolution 3D
X-ray tomography microscope was used to detect the porosity of samples
solidified under different conditions [21]. Phase transitions were studied
using a Netzsch DSC 404 differential scanning calorimeter (DSC) at a
constant heating rate of 20 K/min. Following the ESL and drop tube
experiments, the samples were sectioned and polished according to
standard metallographic procedures. The microstructure was analysed
using an FEI Sirion200 scanning electron microscope (SEM) equipped
with an Oxford energy disperse spectroscopy (EDS) and Nordlys electron
backscattered diffraction (EBSD) system. The phase constitution was
confirmed using a Bruker D8 X-ray diffractometer (XRD).
Fig. 1. Phase constitution analysis of Fe-19%Si alloy: (a) Selection of alloy composit
and ground samples.
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3. Results and discussion

3.1. Electrostatic levitation processing aboard CSS

According to the latest Fe-Si binary alloy phase diagram [11] shown
in Fig. 1a, two kinds of ordered solid solution phases with different
crystal structures exist: α0-FeSi (B2 type) and α00-Fe3Si (D03 type). In
addition, the Fe-19%Si eutectic alloy undergoes three phase transition
processes. First, the liquid phase undergoes an invariant eutectic reaction
L→Fe3Si þ Fe2Si at 1475 K. This is followed by a eutectoid decomposi-
tion Fe2Si→Fe3Si þ Fe5Si3 at 1321 K. Subsequently, a second eutectoid
reaction occurs, Fe5Si3→Fe3Si þ FeSi at 1099 K. The final microstructure
should consist of Fe3Si and FeSi phases. However, the DSC analysis
(Fig. 1b) detects only the eutectic reaction at TE ¼ 1472 K and the first
eutectoid decomposition at 1281 K. The microstructure shown in Fig. 1c
and the XRD pattern (Fig. 1d) of the master alloy indicate that, under
near-equilibrium conditions, the microstructure is composed of Fe3Si and
Fe5Si3 phases. The Fe2Si eutectic phase is completely consumed, and the
eutectoid decomposition of the Fe5Si3 phase does not occur. Further-
more, under ESL conditions aboard the space station and on the ground,
and under drop tube condition, the phase constitutions at various
undercoolings and cooling rates are consistent with those of the master
alloy. This suggests that, for the Fe-19%Si alloy, rapid solidification from
the undercooled liquid state neither favours the retention of the soft
ferromagnetic Fe2Si phase nor induces the decomposition of the Fe5Si3
phase. The preservation of Fe2Si phase may need a much higher cooling
rate or undercooling.
ion; (b) DSC curve; (c) Microstructure of master alloy; (d) XRD patterns of space



Fig. 2. Space solidification process of Fe-19%Si alloy: (a) Electrostatic levitation setup aboard space station; (b) Cooling curve aboard space station; (c) Cooling curve
on the ground; (d) Shrinkage porosity under different conditions.
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Fig. 2 presents three pairs of electrodes and a typical temperature
curve illustrating the undercooling and solidification processes. By
varying the degree of superheating, the liquid alloy was undercooled to
different levels. Due to the limited surface charge and its propensity to
dissipate during the melting of the Fe-Si alloy, achieving a superheated
liquid state in space is challenging. Consequently, the maximum under-
cooling obtained in space ΔT ¼ 27 K is only half of that achieved on the
ground (ΔT ¼ 56 K). Both temperature curves in Fig. 2b and c reveal the
eutectic reaction L→Fe3Si þ Fe2Si. However, the subsequent eutectoid
decomposition is not reflected in the cooling curves due to the minimal
heat release during this process. Furthermore, the average cooling rates
in the liquid and solid-states (Fig. 2b) are calculated as 20 K/s and 18 K/s,
respectively. These rates are slightly lower than the corresponding
cooling rates of 36 K/s and 31 K/s observed on the ground (Fig. 2c).

3.2. Thermophysical properties of liquid alloy

As shown in Fig. 3a and b, the densities in both the liquid and solid-
states, measured aboard the space station (ρL1 and ρS1) and on the ground
(ρL2 and ρS2), decrease linearly with increasing temperature:

ρ ¼ ρ0 þ
dρ
dT

ðT � TEÞ; (1)

where ρ0 is the density at TE, and dρ/dT is the temperature coefficient.
For the liquid alloy, the ρ0 values measured in space and on the ground
are 6.19 and 6.17 g cm�3, respectively. These values are very similar;
however, the dρ/dT value in space (1.48 � 10�3 g cm�3 K�1) is larger
than that on the ground (7.36 � 10�4 g cm�3 K�1). Fig. 3a also indicates
that the superheated temperature range on the ground is much larger
than that in space, leading to a higher undercooling. As shown in Fig. 3b,
the ρ0 values for the solid-state are 6.40 g cm�3 in space and 6.24 g cm�3
3

on the ground. The relative solidification shrinkage δ can be calculated
by [22].

δ¼ðVL �VSÞ =VL; (2)

where VL and VS are the sample volumes at TE temperature for the liquid
and solid-states, respectively. The δ for the sample solidified in space is
3.28%, while that for the sample on the ground is 1.12%.

Furthermore, the surface tension σL (Fig. 3c) also shows a linear
decrease with increasing temperature, described by

σL ¼ σ0 þ dσ
dT

ðT � TEÞ: (3)

The σ0 of the liquid alloy at TE and its temperature coefficient dσ/dT
are derived to be 1.44 N m�1 and -4.35 � 10�4 N m�1 K�1, respectively.
As shown in Fig. 3d, the dependence of liquid viscosity ηL on temperature
follows the Arrhenius equation [14,23].

ηL ¼ η0 exp
�
Q
�
RgT

�
; (4)

where η0 is a constant, Rg is the gas constant, and Q is the activation
energy, which was determined to be 34.9 kJ/mol. Consequently, the
liquid viscosity at TE was measured to be 29.8 mPa s.

3.3. Microstructure and solute distribution

The X-ray tomography analysis in Fig. 2d reveals the internal porosity
of the final sample after solidification, followed by a eutectoid decom-
position. As shown in the insert images, notable cavities are distributed
within the samples. The porosity percentage of the arc-melted master
sample is approximately 1%. In comparison, ESL-solidified samples
exhibit a higher porosity percentage (1–4%). Under containerless



Fig. 3. Thermophysical properties of Fe-19%Si alloy measured in space versus ground results: (a) Liquid density; (b) Solid density; (c) Liquid surface tension; (d)
Liquid viscosity.

Fig. 4. Structural morphology of Fe-19%Si alloy solidified aboard space station: (a) Surface microstructure; (b) Enlarged view of frame A; (c) Internal microstructure;
(d, e) Internal microstructure of frame B and C; (f) Partial enlarged view of frame C inserted with EBSD pattern of phase distribution.
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conditions, solidification typically begins at the sample surface, which
experiences the highest temperature gradient, resulting in shrinkage
cavities retained within the sample. Furthermore, the porosity percent-
age of the sample solidified in space is 3–4% significantly higher than
that of the sample solidified on the ground (1–2%). These results align
well with the solidification shrinkage data derived from the density
measurements in Fig. 3. It is suggested that the internal porosities are
mainly caused by solidification shrinkage, while solid-state trans-
formations contribute only a small proportion of the porosity [21].
Additionally, the space environment suppresses the gravity-driven liquid
flow required for solidification feeding, leading to a higher percentage of
porosity [24].

Figs. 4 and 5 present the microstructure and EBSD analyses of the
phase distribution in the sample solidified at ΔT ¼ 27 K in the space
station and ΔT ¼ 30 K on the ground, respectively. As observed in the
surface microstructure in Fig. 4a and the enlarged morphology in
Fig. 4b–a distinct dual-phase microstructure of Fe3Si and Fe5Si3 is
formed. However, the interior microstructure in Fig. 4c exhibits two
typical morphologies. In the interior region, there are coarse crystal
grains of Fe3Si with a small amount of interdendritic Fe5Si3 (Fig. 4d). The
region near the free surface (Fig. 4e and f) shows a distinct coupled-
growth manner. According to the inserted EBSD phase map, where the
blue and red phases represent Fe3Si and Fe5Si3, respectively, the fraction
of the Fe5Si3 phase reaches 33%. More importantly, there are a small
amount of Fe3Si inside the Fe5Si3 grains, which results from the
decomposition of Fe2Si phase. Thus, it is the evidence for the coupled
growth of Fe3Si and Fe2Si phases.

However, the situation on the ground is markedly different. As shown
in Fig. 5a and the enlarged image in Fig. 5b, the microstructure on the
free surface of the ground-based sample is characterised by numerous
equiaxed dendrites of Fe3Si. The interior microstructure in Fig. 5c further
indicates that Fe5Si3 distributes in the interdendritic regions, similarly to
Fig. 5. Structural morphology of Fe-19%Si alloy solidified under ground ESL and dro
Internal microstructure inserted with EBSD pattern of phase distribution; (d, e, f) In
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the master alloy (Fig. 1c) and the interior region of space sample
(Fig. 4d). This suggests that Fe3Si solidified as the primary phase, after
which the residual liquid solidified into a small amount of Fe2Si phase
through a process of divorced eutectic growth. Based on the EBSD results,
Fe5Si3 phase with a relative fraction of only 13% is detected.

Fig. 6 presents the solute distribution of two different regions in the
sample solidified at ΔT ¼ 27 K in the space. It can be seen from the line
scanning result of line A (Fig. 6c) that the content fluctuation appears at
the region near the surface (Fig. 6a). In the interior region in Fig. 6b,
according to the line scanning of B (Fig. 6d) and mapping of Si in Fig. 6e,
the fluctuation happens in the grain boundary, while no signification
fluctuation of Si can be detected inside the Fe3Si grain. Moreover, the Si
content inside Fe3Si grain was measured to be about 31%, which agrees
well with the composition in Fe3Si phase after a eutectoid reaction at T¼
1321 K in phase diagram (Fig. 1a). The derived 38% atomic percent of Si
in grain boundary confirms the existence of Fe5Si3 phase.

Furthermore, as shown in Fig. 5d–f, the alloy droplets solidified in
drop tube exhibit similar morphology to the master alloy and ground ESL
sample. According to the calculated undercooling and cooling rate in
Fig. 7a, the ΔT and Rc of the smallest alloy droplets (D~150 μm) are
obtained to be 113 K and 3.1 � 104 K/s, respectively. Even under such
high undercooling and cooling rate, the metastable phase Fe2Si still
cannot be retained in the final microstructure. Moreover, the coupled
growth morphology of Fe3Si and Fe5Si3 cannot also be found. Therefore,
the Fe-19%Si eutectic alloy still solidifies into Fe3Si and Fe2Si as a
divorced growth manner under such high undercooling and cooling rate
conditions.

3.4. Eutectic growth mechanism in space

According to the classic nucleation theory and themodels for dendrite
and eutectic growth [25,26], the nucleation rates I and growth velocity v
p tube conditions: (a) Surface microstructure; (b) Enlarged view of frame D; (c)
ternal microstructures of alloy droplets with three different diameters.



Fig. 6. Component distribution of Fe-19%Si alloy solidified aboard space station: (a, b) Internal microstructure of the sample at ΔT ¼ 27K; (c, d) EDS analysis along
line A and B; (e) EDS mapping of solute element Si of enlarged view in (b).

Fig. 7. Crystal nucleation and growth mechanisms: (a) Calculated undercooling and cooling rate under drop tube condition; (b) Calculated nucleation rate of Fe3Si
and Fe2Si; (c) Calculated dendrite and eutectic growth velocity; (d) Grain size distribution of Fe3Si under space and ground ESL conditions.
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were calculated to reveal the divorced eutectic growth mechanism. It can
be inferred from Fig. 7b that the Fe3Si phase, whose nucleation rate is 1-5
orders of magnitude higher than that of Fe2Si, acts as the priority
nucleation phase in the range of undercooling obtained by experiments.
Moreover, the Fe3Si dendrite apparently grows more rapidly than the
Fe2Si dendrite and Fe3Si þ Fe2Si eutectic phase (Fig. 7c). As shown in
Fig. 7c, according to the measured recalescence time in Fig. 2b and c, the
dendrite growth velocity of primary Fe3Si under the space and ground
conditions can be estimated to be 54 mm/s (ΔT¼ 27K) and 61 mm/s (ΔT
¼ 56K). Therefore, from the perspective of growth kinetics, the Fe3Si
dominates the crystal growth process. These theoretical analyses explain
the cause of phase constitution in as-cast alloy, and the samples solidified
by ground-based ESL and drop tube well.

Nevertheless, the characteristic divorced eutectic growth is no longer
the only mechanism in the space condition, while the coupled growth
appears especially on the sample surface. The totally different surface
microstructure from ground sample in Fig. 4a and the dual-phase struc-
ture in Fig. 4f can prove this point. Under the space ESL condition, nat-
ural convection is significantly suppressed [27], and the uniform heating
configuration of four lasers further reduces thermal convection. The
growth of the primary Fe3Si phase is restrained due to the significant
influence on long-range solute transport. Eutectic growth, which requires
only short-range solute diffusion, becomes more pronounced, leading to
the formation of a coupled growth microstructure in the surface region.
As solidification progresses into the internal region, convection within
the sample becomes stronger than at the surface. This results in a
microstructure similar to that observed in the terrestrial experiment.
These two distinct morphologies therefore underscore the significant
effect of convection on eutectic growth.

Another obvious difference between space and ground ESL experi-
ments is the grain size d of Fe3Si equiaxed dendrites. As seen from grain
size distribution in Fig. 7d, the most probable size and the average size of
the sample solidified at ΔT¼ 27 K in the space are larger than the sample
solidified at ΔT ¼ 30 K on the ground. It should be attributed to the
suppress of natural convection, which is favourable for the diffusion-
controlled grain growth.

4. Conclusions

The thermophysical properties and solidification mechanism of Fe-19
wt%Si eutectic alloy were investigated by ESL in space, ground-based
ESL and drop tube techniques. The main conclusions are as follows.

(1) All the solidification processes under space and terrestrial condi-
tions neither favour the retention of the metastable Fe2Si phase
nor induce the decomposition of the Fe5Si3 phase.

(2) The density was determined to be a linear decreasing relationship
with temperature through space station experiments, in which the
liquid density at eutectic temperature was derived to be 6.19 g
cm�3. The liquid surface tension and liquid viscosity at TE were
measured to be 1.44 N m�1 and 29.8 mPa s.

(3) The shrinkage porosity percentage of the sample solidified in the
space station is significantly larger than that observed on the
ground, as the suppression of gravity-driven liquid flow required
for solidification feeding.

(4) According to the microstructure and calculations on nucleation
rate and growth velocity, the eutectic alloy solidified into Fe3Si
and Fe2Si as a divorced growth manner.

(5) Apart from divorced growth, the coupled growth appeared under
the space condition due to the suppression of long-range solute
transport. Meanwhile, the crystal grain size of Fe3Si phase also
increased.
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