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Abstract: Liquid Fe;sCussSisg alloy has achieved the maximum undercooling of 328 K (0.2471) with glass fluxing method, and it
displayed triple solidification mechanisms. A critical undercooling of 24 K was determined for metastable liquid phase separation. At
lower undercoolings, a-Fe phase was the primary phase and the solidification microstructure appeared as homogeneous well-defined
dendrites. When the undercooling exceeded 24 K, the sample segregated into Fe-rich and Cu-rich zones. In the Fe-rich zone, FeSi
intermetallic compound was the primary phase within the undercooling regime below 230 K, while FesSi; intermetallic compound
replaced FeSi phase as the primary phase at larger undercoolings. The growth velocity of FeSi phase increased whereas that of FesSis

phase decreased with increasing undercooling. For the Cu-rich zone, FeSi intermetallic compound was always the primary phase.

Energy-dispersive spectrometry analyses showed that the average compositions of separated zones have deviated substantially from

the original alloy composition.
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1 Introduction

Liquid—liquid phase separation usually occurs in
monotectic alloy system, which is immiscible in
equilibrium. When a monotectic alloy melt is cooled into
the miscibility gap, the homogeneous liquid alloy
separates into two distinct liquids [1-3]. In the past few
years, various research results have been published
regarding the metastable liquid—liquid phase separation,
which can be achieved only by undercooling the alloy
melt. This phenomenon is the case for some peritectic
alloy systems, such as Co—Cu [4,5] and Fe—Cu [6,7]. Up
to now, the quantitative information and systematic
analysis are limited for the phase selection and
microstructural evolution during the metastable liquid
phase separation of ternary alloys.

A third component was added into the binary alloy
system to control the liquid phase separation [8,9].
Previous work reported that the addition of element Si
into binary Fe—Cu alloy significantly affects the stability
of liquid phase separation [10—12]. Binary Fes,Cusg
alloy exhibits a metastable phase separation process
beyond a certain undercooling threshold, as reported in

Ref. [6]. Nevertheless, the addition of 4%—26% Si into
binary FesoCusy alloy induces a stable liquid phase
separation, according to the liquidus projection of ternary
Fe—Cu—Si alloy, as shown in Fig. 1 [13]. Meanwhile, it is
reasonable to predict that a metastable liquid phase
separation exists within the composition range of
0—4% and 26%—x% Si (x is a little more than 26) (mole
fraction) added into binary FesoCus, alloy. Therefore, the
ternary Fe—Cu—Si alloy system is well suited for
studying the influence of metastable liquid phase
separation on the phase selection and microstructural
evolution.

As mentioned above, metastable liquid phase
separation takes place in undercooled alloy melts. In
such a case, a large driving force for crystal growth is
generated from the difference in Gibbs free energy
between the metastable liquid phase and the solid phase.
Consequently, rapid solidification takes place even with
a slow cooling rate. Some distinct phenomena may occur
during rapid solidification, for instance, competitive
growth [14,15], microstructure refinement [16,17], solid
solubility extension [18,19] or metastable phase formation
[20]. Therefore, any investigation into metastable liquid
phase separation under the non-equilibrium condition
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should take into account the effect of rapid solidification.
High undercooling can be obtained by several methods,
such as glass fluxing [21], drop tube [22],
electromagnetic levitation [23], and -electrostatic
levitation [24]. Among them, the glass fluxing method
has the advantages of convenient operation, extensive
applicability and obtaining substantial undercoolings for
really bulk alloy melts.

In this work, the selected alloy is formed by adding
30% Si into binary Fes,Cus, alloy to achieve metastable
liquid phase separation. The chemical composition of
Fe;5Cu;5Si30 alloy lies outside the scope of the stable
liquid phase separation [13], as presented by point 4 in
Fig. 1. The substantial undercooling of this alloy is
achieved by the glass fluxing method. As expected, the
undercooled Fe;sCussSis alloy experiences a metastable
liquid phase separation. The objective is to investigate
the characteristics of liquid phase separation and
subsequent dendritic growth within undercooled
Fe;5Cu;5Si;0 alloy. These investigations help to reveal the
solidification mechanism of undercooled multi-
component alloys with metastable immiscible gap.
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Fig. 1 Original composition and separated compositions of
ternary Fe;sCu;sSi; alloy at different undercoolings

2 Experimental

Ternary Fes;sCussSisg alloy was arc melted from Fe
(99.99% pure), Cu (99.99% pure) and Si (99.999% pure).
The sample mass is about 1 g. An alloy sample was
firstly placed in an alumina crucible, and then some
Duran glass was used to cover the sample. The
experiments were performed in a high-vacuum chamber.
The alloy sample was heated by electromagnetic
induction. After being superheated for 10—60 s, the alloy

melt was naturally cooled. The temperature was recorded
by an infrared pyrometer, while the recalescence time
was determined by a high-sensitivity photodetector.

After being sectioned and polished, the solidified
samples were etched with a mixing solution of 5 g FeCl;
5 mL HCI and 20 mL H,O for about 15 s. The
microstructure was investigated by a Zeiss Axiovert 200
MAT optical microscope (OM) and an FEI Sirion 200
scanning electron microscope (SEM). The phase
identification was performed by a Rigaku D/max 2500
X-ray diffractometer. The solute distribution profile was
detected by an Oxford INCA Energy 300 energy-
dispersive  spectrometer. Besides, the liquidus
temperature of ternary Fe;sCu;sSizp alloy was measured
by a Beif WCR-2B differential thermal analysis
calorimeter.

3 Results and discussion

3.1 Liquid phase separation and solute macro-
segregation profile

Due to the lack of thermodynamic parameters for
ternary Fe;sCussSiz alloy, differential thermal analysis
(DTA) was firstly performed. The liquidus temperature
Ty of ternary Fes;sCussSizg alloy is determined as 1395 K
on the basis of the heating curve. In addition, no trace of
liquid phase separation is found on both the cooling
curve and the solidification microstructure of DTA
sample. The undercooling AT is defined as AT=T;— Ty,
where Ty is the nucleation temperature of the primary
solid phase. Accordingly, the undercooling of DTA
sample is determined to be 22 K. That is, liquid phase
separation does not occur in the ternary Fe;sCussSisg
alloy if the undercooling is smaller than 22 K. This
deduction is verified by the results in the glass fluxing
experiments.

During the glass fluxing experiments, the achieved
maximum undercooling for liquid Fe;sCu;sSizo alloy is
up to 328 K (0.2471). The alloy solidified at the
undercooling of 22 K displays a dendritic morphology,
which is shown in Fig. 2(a). If the alloy is undercooled to
24 K, liquid phase separation takes place. A small
amount of Fe-rich liquid phase firstly separates from the
homogeneous liquid and then gathers together at the
sample bottom to form a Fe-rich zone, as illustrated in
Fig. 2(b). Therefore, the undercooling threshold for
metastable liquid phase separation can be taken as 24 K.

As the undercooling continues to increase, serious
structural segregation takes place. The alloy melt
separates into a Fe-rich liquid zone and a Cu-rich liquid
zone. The Fe-rich liquid gradually floats toward the
sample top, while the Cu-rich liquid sinks down to the
sample bottom, as displayed in Figs. 2(c) and 2(d).
Apparently, the evolution of macrosegregation is mainly
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caused by the Stokes motion [25,26]. Figure 2(d) shows
the macrostructural morphology of the alloy sample
solidified at the maximum undercooling of 328 K.
Clearly, the interface of the two segregated zones has
evolved to be very smooth. This suggests that the extent
of liquid phase separation has been improved at large
undercoolings.

(a) (b)
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(d)

Cu-rich
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Fig. 2 Macrostructures of ternary Fe;sCu;sSi;, alloy solidified
at different undercoolings: (a) AT7=22 K; (b) AT=24 K;
(c) AT=62 K; (d) AT=328 K

Due to the metastable liquid phase separation, the
solute distribution within Fe;sCussSizp  alloy melt
gradually varies with the enhancement of undercooling.
The energy-dispersive spectrometry (EDS) analysis was
performed to explore the solute redistribution profiles of
macrosegregated alloy samples. In the present
experiments, the undercooling range of these samples is
from 62 to 328 K. The experimentally determined
compositions of the Fe-rich and Cu-rich zones are
marked by hollow circles and diamonds in Fig. 1,
respectively. It is obvious that the separated
compositions have deviated substantially from the
original alloy composition. A segregation degree Sy is
introduced to characterize the solute segregation of
phase-separated zones:

s, = ()

where ¢, is the actual solute content of the phase-
separated zone, while ¢, is the solute content of the
original alloy. Figure 3 shows the solutal segregation
degree at different undercoolings. For the Fe-rich zone,
the Sy of solute Si maintains a value of about 1.28 in the
experimental undercooling range, while the Sy of solute
Cu shows a declining tendency from 0.40 to 0.32 with
increasing undercooling. In the Cu-rich zone, both the
segregation degrees of solutes Si and Fe reduce with the
enhancement of undercooling. In the experimental
undercooling range of 62-328 K, the Sy of solute Si

reduces from an initial 1.0 to 0.86, while the Sy of solute
Fe decreases from 0.47 to a minimum value of about
0.37. The decrease of segregation degree demonstrates
that macrosegregation becomes increasingly obvious as
undercooling increases. Besides, the Si concentration has
been increased in the Fe-rich zone whereas reduced in
the Cu-rich zone during the liquid phase separation.
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Fig. 3 Solutal segregation degree of macrosegregated zones

versus undercooling: (a) Fe-rich zone; (b) Cu-rich zone

Based on the results displayed in Fig. 1, a-Fe solid
solution should be the primary phase of homogeneous
liquid Fe35Cus5Sis alloy. Nevertheless, FeSi intermetallic
compound will replace a-Fe phase as the primary phase
if  the Therefore, the
solidification process of undercooled Fe;sCussSis alloy

macrosegregation  occurs.
is significantly influenced by the variation of solute
concentration, which is induced by liquid phase
separation. X-ray diffractometry (XRD) analysis was
performed to examine the phase constitution of the bulk
alloy solidified after liquid phase separation. The XRD
patterns are displayed in Fig. 4(a), in which @ is the
diffraction angle. As a consequence, all of the
phase-separated samples of ternary Fe;sCussSis alloy are
composed of three phases: (Cu) solid solution, FeSi and
FesSi; intermetallic compounds.
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Fig. 4 XRD patterns (a) and typical cooling curves (b) of
ternary Fe;sCu;sSis alloy

3.2 Dendritic
evolution

solidification and microstructural

Dendritic growth velocity is a very important
parameter for investigating the solidification process.
Since the primary phase of undercooled Fe;sCussSis
alloy will change when the undercooling exceeds a
certain value, it is necessary to quantitatively measure
the dendritic growth velocity of the primary phase.

Dendritic growth velocity v equals the ratio of the
growth distance L and the recalescence time f,, that is,
v=L/t,. During the solidification of homogenous liquid
alloy, the dendritic growth initiates from the sample
bottom and travels all over the sample, as illustrated in
Fig. 2(a). In this case, L could be taken as the sample
length. For phase-separated alloy, the nucleation site is
always at the segregation boundary and the Fe-rich zone
is firstly solidified. At this point, L should be
approximately regarded as the Fe-rich zone length.

As a critical parameter in the determination of
growth velocity, recalescence time f,, can be obtained
from the cooling curve of alloy sample. Figure 4(b)
displays the cooling curves of ternary Fe;sCu;sSi;q alloy

at three typical undercoolings. At the small undercooling
of 22 K, there are four obvious recalescence peaks on the
cooling curve. Based on the phase diagram and
solidification = microstructure, these four peaks
correspond to the primary a-Fe phase growth, the second
FeSi phase growth, the peritectic transition and the
solidification of (Cu) phase, respectively. At the
undercooling A7=62 K, there are also four recalescence
peaks on the cooling curve. Liquid phase separation
takes place at 7=1373 K, corresponding to the first peak.
The following recalescence peak represents the rapid
solidification of the primary FeSi phase starting at
7=1333 K. The following two peaks represent the
peritectic transition and the formation of (Cu) phase,
respectively. For the cooling curve of the largest bulk
undercooling, AT,,,=328 K, there are only three obvious
recalescence peaks. According to the solidification
microstructure, these three peaks should represent the
liquid phase separation, the rapid growth of FesSi; phase
and the solidification of (Cu) phases, respectively.

Figure 5 gives the measured growth velocity v of
primary phases in undercooled Fe;sCus5Si;, alloy. When
the undercooling is smaller than 24 K, a-Fe phase is the
primary phase of homogeneous liquid Fe;sCussSisq alloy.
Its dendritic growth velocity rises almost linearly with
increasing undercooling and obtains a value of about
17 mm/s at the undercooling of 23 K. The relationship of
growth velocity versus undercooling is fitted as

Vyre =11.17+0.11AT )
240 AT=233 K
300 - AT=230 K L v=274 mm/s

T0x=299 mm/s
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Fig. 5 Measured dendritic growth velocity of primary phases

If the undercooling exceeds 24 K, the FeSi
intermetallic compound replaces a-Fe phase as the
primary phase. This change is reflected by a slight
reduction of growth velocity. At AT=24 K, the growth
velocity of the primary FeSi phase is only about 8 mm/s.
Then, it rises rapidly with the enhancement of
undercooling. At AT=230 K, the growth velocity reaches
the maximum value of 299 mm/s. In the undercooling
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ranges of 24-230 K, the growth velocity of the primary
FeSi phase follows a power law with undercooling:

Vpesi = 1.76+2.22 % 1075 AT32 3

However, the growth velocity changes drastically
once the undercooling exceeds 230 K. The growth
velocity abruptly drops to 274 mm/s at the undercooling
of 233 K, and subsequently decreases with increasing
undercooling. In this case, the decreasing tendency of
growth velocity can be expressed as

Veesi, =1.71x10*AT 07 4)

The reason for the sudden variation of growth
velocity is that FesSi; phase replaces FeSi phase as the
primary phase when the alloy is undercooled beyond
230 K. This is supported by the cooling curves shown in
Fig. 4(b) and the solidification microstructure displayed
in Fig. 6(c). The FesSi; phase directly grows from the
Fe-rich liquid as the primary phase in highly undercooled
melts. Therefore, the measured dendritic growth velocity
within the undercooling range of 230—328 K is actually
that of FesSi; phase. A possible explanation for the
decrease in growth velocity is that the growth of FesSi;
phase is principally controlled by solutal diffusion. The
solute diffuses more slowly at larger undercoolings.

It can be deduced from the measured results of
dendritic growth velocity that the crystal growth within
macrosegregated Fe;sCujsSizp alloy is very complex.
Hence, the investigation of solidification microstructure
is focused on the macrosegregated samples, the
undercoolings of which are from 62 to 328 K in the
present experiments.

Figure 6 presents the microstructural morphologies
of the Fe-rich zone. When the undercooling is 62 K, the
solidification microstructure of the Fe-rich zone is
composed of FeSi, FesSi; and (Cu) phases. Obviously, it
is a typical peritectic-type morphology, as shown in
Fig. 6(a). The peritectic transformation has proceeded to
a large extent so that only a small quantity of primary
FeSi phase remains in the peritectic FesSi; phase. The
latter appears as coarse grains without discernible
dendrites. The (Cu) phase is randomly distributed inside
the Fe-rich phase matrix. At A7=203 K, the growth
velocity of FeSi phase has increased to about 217 mm/s.
Influenced by the rapid growth of FeSi phase, the
peritectic FesSi; phase appears as vermicular dendrites,
as presented in Fig. 6(b). This demonstrates that
remarkable microstructural refinement has taken place
during rapid solidification. When the undercooling has
increased to 328 K, the Fe-rich zone only consists of
FesSi; and (Cu) phases, as seen in Fig. 6(c). The
peritectic solidification is suppressed completely and the
primary FesSi; phase directly grows from the Fe-rich
liquid. Subsequently, the (Cu) phase crystallizes within

the residual liquid phase. In this case, the microstructural
morphology of FesSi; phase also shows vermicular
dendrites.

Fig. 6 Microstructural morphologies of Fe-rich zone at
different undercoolings: (a) AT=62 K; (b) AT=203 K; (c) AT=
328 K

Table 1 gives the phase compositions of the Fe-rich
zone at three typical undercoolings. It is obvious that
FeSi phase has a lower Cu content than FesSi; phase.
The former has a value of only about 0.6%, while the
latter is close to 3.0%. It is also noted that there is no
distinct difference in Cu content between the peritectic
Fe;Si; phase and the primary FesSi; phase. For the (Cu)
solid solution phase, its Fe content rises from 1.89% to
3.96% when the undercooling ranges from 62 to 328 K,
while the content of solute Si keeps a value of about
13.4%. Therefore, the solubility of solute Si was much
more than that of solute Fe in the (Cu) phase.

Figure 7 displays the microstructural evolution of
the Cu-rich zone. Clearly, the Cu-rich zone of
macrosegregated Fe;sCussSizy alloy is characterized
by peritectic solidification at all undercoolings. At the
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Table 1 Phase compositions of Fe-rich zone at different undercoolings (mole fraction, %)

AT=62 K AT=203 K AT=328 K
Composition - - - - -
FeSi FesSis (Cu) FeSi FesSis (Cu) FesSis (Cu)
Fe 51.84 61.01 1.89 49.37 59.37 2.18 59.23 3.96
Cu 0.60 2.56 84.75 0.55 2.99 84.34 3.05 82.60
Si 47.56 36.43 13.36 50.08 37.64 13.47 37.72 13.34

Fig. 7 Microstructural morphologies of Cu-rich zone at
different undercoolings: (a) AT=62 K; (b) AT=203 K; (c) AT=
328K

undercooling AT=62 K, there still are a lot of primary
FeSi phases remaining in the peritectic FesSi; phase. The
FesSi; intermetallic compound appears as polygonal
structure, as shown in Fig. 7(a). When the undercooling
reaches 203 K, the FesSi; phase is characterized by
lath-like dendrites and a small number of spheres, as
displayed in Fig. 7(b). Besides, only a trace amount of
FeSi phase can be found in the FesSi; phase. This means
that the extent of the peritectic transformation has been
improved. At the maximum undercooling AT},,,=328 K,
the FesSi; phase still grows as a peritectic product, as
illustrated in Fig. 7(c). This is different from the growth
manner in the Fe-rich zone. The morphology of FesSi;

phase appears as spheres and lath-like dendrites.

The phase compositions of the Cu-rich zone are
illustrated in Table 2. Obviously, all of the FeSi, FesSi;
and (Cu) phases display an extended solute solubility
under substantial undercoolings. As the undercooling
increases from 62 to 328 K, the Cu content of FeSi phase
increases from 1.87% to 2.71%, and that of Fe;Si; phase
rises from 2.56% to 4.60%. For the (Cu) solid solution
phase, the content ranges of the solutes Fe and Si are
1.24%-1.90% and 14.52%—17.12%, respectively.

Based on the experimental results, the solidification
pathway of undercooled Fe;sCussSiz, alloy may be
assumed as follows. It is divided into three stages
according to the difference in alloy undercooling.

The first stage is 0—24 K undercooling. Below the
critical undercooling of about 24 K, ternary Fe;sCussSizg
alloy solidifies as just like a normal homogenous alloy
and a-Fe is the primary phase.

The second stage is 24—230 K undercooling. In this
stage, the FeSi intermetallic compound is the primary
phase. At the beginning, liquid phase separation occurs,
that is, L—L(Cu)+L,(Fe). The L(Cu) and L,(Fe) phases
gradually gather together to form Cu-rich and Fe-rich
zones, respectively. The Fe-rich zone solidifies firstly
and plays a crucial role during the solidification of bulk
alloy. The FeSi phase primarily nucleates and grows
within the Fe-rich zone, and then reacts with the
surrounding liquid to form Fe;Si; phase. The peritectic
transformation cannot be completely fulfilled under the
non-equilibrium condition. Therefore, some primary
FeSi phases remain in the peritectic FesSi; phase, and the
remnant liquid solidifies into (Cu) phase within
interdendritic spacings. The Cu-rich zone solidifies in the
same way as the Fe-rich zone.

The third stage is 230—328 K undercooling in the
present work. In this solidification stage, the peritectic
transformation is completely suppressed in the Fe-rich
zone. The primary FesSi; phase directly nucleates and
grows from the Fe-rich liquid, and the remnant liquid
solidifies into (Cu) phase.

4 Conclusions
1) Liquid Fe;5CussSiso alloy has been undercooled

by up to 328 K (0.247}) by the glass fluxing method, and
it displays triple solidification mechanisms.
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Table 2 Phase compositions of Cu-rich zone at different undercoolings (mole fraction, %)

. AT=62 K AT=203 K AT=328 K
Composition - - - - - -
FeSi FesSis (Cu) FeSi FesSi; (Cu) FeSi FesSis (Cu)
Fe 49.97 61.87 1.24 49.20 58.31 1.73 50.00 57.49 1.90
Cu 1.87 2.56 84.24 2.60 3.64 81.89 2.71 4.60 80.98
Si 48.15 35.58 14.52 48.20 38.05 16.38 47.29 37.91 17.12

2) A small undercooling of 24 K is sufficient to
induce a metastable liquid phase separation process.
Then, the alloy melt separates into a Fe-rich top zone and
a Cu-rich bottom zone. The average compositions of the
separated zones deviate largely from the original alloy
composition, which significantly influences the
solidification process.

3) In the Fe-rich zone, FeSi intermetallic compound
is the primary phase in the moderate undercooling
regime below 230 K. The growth velocity of the primary
FeSi phase rises with increasing undercooling, and its
maximum value attains 299 mm/s. In this case, the
solidification characterized by
peritectic-type morphology. If the undercooling exceeds
230K, the peritectic solidification is suppressed
completely and FesSi; intermetallic compound directly
grows from the Fe-rich liquid as the primary phase. The
growth velocity of the primary FesSi; phase reduces with
increasing undercooling, since its growth is principally
controlled by solutal diffusion.

4) In the Cu-rich zone, FeSi intermetallic compound
is always the primary phase at all of the undercoolings.
The morphology of the Cu-rich zone appears as
polygonal structures in the condition of small
undercooling, whereas it is characterized by spheres and
lath-like dendrites in the highly undercooled regime.

5) EDS results indicate that FesSi; phase has a
larger Cu content than FeSi phase. For the (Cu) solid
solution phase, the solubility of solute Si is much more
than that of solute Fe.

microstructure  is
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b Tl K2 N R, 78% 710072

B OE. RIS EBRTTR T =78 FeysCussSisg &4 B SR A KEHME. SeibaRB okt
FER 328 K (0.24Ty). SR KW, G&MERTAFMTRA=ZFEEIH . MR ENT 24K, o-Fe 7{‘97'9%]]95
. BEREHLUN S AR . W ERIE 24K 25, 85 r BN E Fe XfIE Cu X . TEIIA KT 230
K G, FeSi &BIEMLAYINE Fe XIIWIAM; Ml EET 230 K I, FesSi; 48 4L &5 YEUR FeSi AH
BONE Fe XM, BE S SR ENIIN, FeSi MIMAKERZEH T 5, 1M FesSiz AH KA K M R 81 %
Ko 7E% Cu X, WIHEAHIRLN FeSi BRI EY . BeBE TR, & Fe XAE Cu X 13 RLsr 35 O™ E AR LS
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