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ABSTRACT

The Ni-38 wt% Si alloy whose eutectic products are two stoichiometric inter-
metallic compounds (i.e., NiSi and NiSi,) was undercooled by the melt fluxing
technique. After in situ observations of the recalescence processes using a high-
speed camera and by electron back-scattering diffraction analysis of the solidi-
fication microstructures, the crystal growth velocities, phase selection, and
microstructure evolutions were studied. Due to a growth-controlled mechanism,
the primary phase changes from the NiSi to the NiSi, phase at a critical
undercooling AT ~ 48 K. Even in the absence of the driving force of chemical
superheating, the transition from regular eutectics to anomalous eutectics hap-
pens. The reason is that the single-phase dendrite of NiSi, phase solidifies firstly
and then the NiSi phase grows epitaxially to form an uncoupled eutectic-den-
drite at high undercooling. The present work provides further experimental
evidences for the dual origins of anomalous eutectics (e.g., uncoupled eutectic-
dendrite growth during the recalescence stage and coupled lamellar eutectic
growth at low undercooling during the post-recalescence stage) and is helpful
for understanding of non-equilibrium phenomena in undercooled melts.
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Cu [8, 9], Co-Si [10, 11], Co-5Sn [12-14], and Ni-Sn
[15-18] alloys), the mechanism of which has been

Introduction

Eutectic alloys are of major practical importance
ascribing to their good casting, wetting, and
mechanical properties [1]. Due to different solidifi-
cation conditions, physical properties, and volume
fractions of eutectic phases, an extensive variety of
eutectic morphologies exhibit [2-7]. Taking the case
of undercooling as an example, a well-known non-
equilibrium phenomenon is the transition from reg-
ular eutectics to anomalous eutectics (e.g., in the Ag—

studied extensively [12-21].

In the undercooled Ag—Cu eutectic alloy, two types
of eutectic microstructures, i.e., “lamellar” and
“anomalous” eutectics, were found by Powell and
Hogan [19]. The anomalous eutectics were suggested
to be formed by a repeated nucleation of Cu-rich
solid-solution phase ahead of the growing matrix of
Ag-rich solid-solution phase. In the undercooled Ni-
Sn eutectic alloy, Kattamis and Flemings [17] found
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that the anomalous eutectics were of a “dendrite-like”
morphology. After successively polishing and
examining the microstructures of parallel sections,
both phases in the anomalous eutectics were found to
be interconnected along a polyhedral network.
Accordingly, they suggested that the initial “den-
drite-like” microstructure should be a precipitation of
supersaturated single o-Ni solid-solution phase,
subsequent decomposition of which during the post-
recalescence stage forms the anomalous eutectics
with ¢-Ni and -NizSn phases. In contrast, Jones [20]
found neither dendritic branching nor continuous
network of both phases in the undercooled Ag-Cu
eutectic alloy and attributed the formation of
anomalous eutectics to uncoupled eutectic growth.
Such mechanism was followed by Li et al. [12] who
ascribed uncoupled eutectic growth to extremely
diverse linear kinetic coefficients of eutectic phases.
Wei et al. [21], however, proposed that the two
eutectic phases nucleated independently and grew
cooperatively, i.e., coupled eutectic-dendrite growth
should be responsible for the formation of anomalous
eutectics.

According to their experimental results in the
undercooled Ni-Si, Co-Sb, and Ni-Al-Ti eutectic
alloys, Goetzinger et al. [23] suggested that the frag-
mentation of primary eutectic lamellae with the
reduction of interfacial energy as the driving force
leads to the formation of anomalous eutectics. Based
on the in situ observations of the recalescence pro-
cesses in which a double recalescence was found
during spasmodic growth, Clopet et al. [9] ascribed
the origin of anomalous eutectics in the undercooled
Ag—Cu alloy to re-melting of eutectic-dendrites. Li
et al. [22] supposed that the anomalous eutectics are
formed by both coupled and uncoupled eutectic
growth in the undercooled Ni-Sn eutectic alloy. At
low undercooling, anomalous eutectics are formed by
fragmentation and ripening of lamellar eutectics. At
high undercooling, uncoupled eutectic growth (or re-
melting of the primary single dendritic phase and
subsequent crystallization of the second phase from
the inter-dendritic liquid) gives rise to the anomalous
eutectics. Such a mechanism of dual origins was
proved further by in situ observations and electron
back-scattering diffraction (EBSD) analysis of under-
cooled Ni-Sn eutectic alloy [15].

In the very recent work of Wei et al. [4], the re-
melted fraction of primary eutectics was analyzed
systematically according to the eutectic-dendrite
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growth theory and was suggested to be an indicator
of the tendency for the formation of anomalous
eutectics. After a comparison among three represen-
tative binary eutectic alloys (i.e., Ag-39.9 at.% Cu,
Ni-19.6 at.% P, and Pd-16.0 at.% P alloys whose
eutectic products are solid solution-solid solution,
solid solution—stoichiometric com-
pound, and stoichiometric intermetallic compound-
stoichiometric intermetallic compound, respectively),
it was concluded that anomalous eutectics are formed
by re-melting of primary solid during solidification of
undercooled eutectic alloy melts. The dominative
driving force for re-melting should be the chemical
superheating regardless of whether the primary solid
consists of a single-phase or eutectic microstructure.
The reduction of interfacial energy plays a role when
superheating-induced re-melting takes place and
promotes the fragmentation during the post-recales-
cence stage. The recent work above [4, 9, 15, 22, 23]
shows that re-melting is the primary mechanism for
the formation of anomalous eutectics. However,
whether the dominative driving force for re-melting
is the reduction of interfacial energy because solids
attempts to minimize its surface areas via heat and
solute diffusions [23] or the chemical superheating [4]
because the non-equilibrium supersaturated primary
solid evolves to the equilibrium state by excluding
redundant solute is still an open problem.

In the present work, rapid solidification of under-
cooled Ni-38 wt% Si alloy whose eutectic products
are two stoichiometric intermetallic compounds (i.e.,
NiSi and NiSi,) was carried out. The reasons for
choosing this alloy system are as follows: (I) The
composition of stoichiometric intermetallic does not
change with undercooling, thus eliminating the
chemical superheating effect and leaving the reduc-
tion of interfacial energy as the only driving force for
re-melting [4]. (II) According to the Ni-Si phase dia-
gram [24], there are no phase transformations except
for the eutectic solidification. Consequently, the pri-
mary eutectic microstructure during the recalescence
stage and/or re-melting process during the post-re-
calescence stage could be retained to the room tem-
perature. After in situ observations using a high-
speed camera and by EBSD analysis of the solidifi-
cation microstructures, phase selection between the
NiSi and NiSi, phases was found to be due to a
growth-controlled mechanism. The present work
shows that the transition from regular eutectics to
anomalous eutectics happens even in the absence of

intermetallic
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the driving force of chemical superheating and pro-
vides further experimental evidences for the dual
origins of anomalous eutectics [22], e.g., uncoupled
eutectic-dendrite growth during the recalescence
stage and coupled lamellar eutectic growth during
the post-recalescence stage.

Experimental

A high-purity ingot with a weight of 50 g of Ni-
38 wt% Si eutectic alloy was prepared by the pure
nickel (99.99 %) and silicon (99.999 %). The master
alloy was re-melted for at least three times to ensure
chemical homogeneity in the arc furnace facility
under a high-purity Ar atmosphere. The final mass
loss was found to be within 0.3 %.

The melt fluxing technique was applied to under-
cool the Ni-38 wt% Si eutectic alloy. A quartz glass
crucible, which was rinsed previously in an alcoholic
solution by an ultrasonic cleaning machine, was
chosen as the container. The sample with a weight of
about 2 g was cut from the master alloy and put into
the quartz glass crucible with a certain quantity of
glass flux of boron oxide. The melt fluxing of boron
oxide was used to restrain heterogeneous nucleation
within the melts by removing impurities and surface
oxides away from the sample and isolating the melts
from the surface of the crucible. The quartz glass
crucible was located within the high-frequency
induction coil of a chamber which was evacuated
firstly to a pressure of 3 x 10~> Pa and then back-
filled by a high-purity Ar gas to a pressure of
5 x 10> MPa.

The sample was heated firstly to 500 K for about
30 min, which is higher than its melting point of
boron oxide but lower than the eutectic temperature
of Ni-38 wt% Si alloy 1239 K. Then, the sample
covered by the melt fluxing was overheated to
100250 K above the eutectic temperature and held
for about 20 min. Each sample was cyclically super-
heated and cooled down until a desired undercooling
was obtained. The cooling history was recorded by a
one-color pyrometer with a response time of 1 ms.
The recalescence process was captured using a high-
speed camera (OLYMPUSI-Speed 3 MONO). The
frame rate was set to be 400-1500 fps according to the
duration of recalescence. With the help of software (i-
SPEED Software Suite), the average crystal growth
velocities were measured by dividing the total
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traveling distance of the growth front by the solidi-
fication time." The as-solidified sample was mounted
in Bakelite and carefully polished. After etching in a
solution of 10 mL H,0,, 10 mL HCI, and 50 mL H,0O,
the sample was observed by an optical microscopy
(Olympus GX71). The grain orientations were mea-
sured using a scanning electron microscope (TES-
CAN VEGA 3 LMU) with an EBSD analysis system
after polishing the sample with the SiO, colloidal
suspension in a vibratory polisher.

Results
Cooling histories

Figure 1 shows the cooling histories of samples with
different undercooling AT =~ 3K, AT =~ 15K,
AT ~ 31K, AT ~ 51K, and AT ~ 74K. For
AT =~ 3 K, the sample solidifies under a near-equi-
librium condition and only one thermal plateau that
corresponds to eutectic solidification is available. For
AT ~ 15K, the superheated melt cools down to
1224 K and then heats up to the eutectic temperature
of 1239 K. After a thermal plateau of about 21 s, the
temperature decreases monotonously. When the
undercooling becomes much larger, e.g., AT ~ 31K,
AT ~ 51 K and AT ~ 74 K, two recalescence events
are available in the cooling history. For all the three
undercooling, the second recalescence seems to occur
within the first recalescence process. Regarding that
the onset temperature of second recalescence is
higher than that of the first one, the undercooling
AT in the present work is defined as the difference
between the onset temperature of first recalescence
and the eutectic temperature. The measured cooling
curves (Fig. 1) suggest possibly that two rapid
solidification processes that correspond to the two
recalescence events happen in relative high under-
cooled Ni-38 wt% Si eutectic alloys. It should be
pointed out that the critical undercooling for the
onset of two recalescence events is AT ~ 20 K
(Fig. 3).

! Tt should be mentioned that in recent work by Binder et al.
[25], the high-speed video data with the help of POV-Ray were
fitted assuming a reasonable overall shape of the growing
phase (e.g., a spherical envelope) to obtain the growth velocity.
Such a method should be more reliable than but is not adopted
by the current work.
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Figure 1 Cooling histories of solidification of Ni-38 wt% Si
eutectic alloys with different undercooling: a AT =~ 3 K,
b AT ~ 15K, c AT ~ 31 K,d AT ~ 51 K, e AT ~ 74 K.

Recalescence behaviors and crystal growth
velocities

Figure 2 shows a typical series of high-speed video
camera images of the recalescence processes for
AT = 51 K. The initial (nucleation) points for the first
and the second recalescence processes are marked by
solid circles. Although the second recalescence seems
to occur within the first recalescence process
according to the cooling history (Fig. 1), growth of
the recalescence front during the first recalescence
process has completed before the onset of second
recalescence (Fig. 2). For each recalescence process,

(a)

141ms
(b)

1324ms 1421ms 1487ms

Figure 2 High-speed video camera images showing the recales-
cence fronts on the surface of Ni-38 wt% Si eutectic alloy with an
undercooling of AT &~ 51 K: a The first recalescence, b the
second recalescence. The dark part and light part correspond to
the undercooled liquid and recalescing solid, respectively. The
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the recalescence front migrates across the sample
surface from one side to the other side, and the
solidification microstructures show directional char-
acters at low and high undercooling (see the follow-
ing section), indicating that it is reasonable to obtain
the crystal growth velocity quantitatively by tracking
the loci of the recalescence front recorded in the video
images at different moments [15]. The determined
crystal growth velocities of two recalescence pro-
cesses are summarized in Fig. 3. For the first
recalescence process, an abrupt increase happens at
AT ~ 40 K, whereas for the second recalescence
process, the growth velocity increases monotonously
with undercooling and changes from a power law to
a linear law [26] at AT ~ 40 K. The regions -V are
defined according to the solidification microstruc-
tures in which the cases of a-e marked by the open
circles are shown in the next section, i.e., Fig. 4.

Microstructures and EBSD analysis

Figure 4 shows the optical micrographs of samples
with AT ~ 3K, AT =~ 15K, AT =~ 31 K, AT ~ 51K,
and AT = 74 K that correspond to a—e in the regions
I-V of Fig. 3, respectively. For AT ~ 3 K (or region I),
the microstructure is a typical thin regular lamellar
eutectics. For AT ~ 15 K (or region II), a primary
directional granular structure of NiSi phase is sur-
rounded by the thin regular lamellar eutectics. For the
region III, e.g., at AT =~ 31 K, the primary NiSi phase
is surrounded by a coarse eutectic structure, and the

169ms 186ms

1604ms

1693ms

1731ms

initial (nucleation) points for the first and the second recalescence
processes are marked by solid circles. With the help of software (i-
SPEED Software Suite), the average crystal growth velocities for
the first and the second recalescence processes are determined as
40.03 and 20.56 mm/s, respectively.
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Figure 3 Crystal growth velocity versus undercooling of solid-
ification of Ni-38 wt% Si eutectic alloys. The solid squares and
solid circles correspond to the first and the second recalescence
processes, respectively. The regions -V are defined according to
the microstructures in which the cases of a—e marked by the open
circles are presented in Fig. 4. The solid line and the dotted line
are drew qualitatively for the growth of the NiSi and NiSi, phases,
according to which the critical undercooling for the transition of
primary phase from the NiSi to the NiSi, phase is found to be at
the critical undercooling AT ~ 48 K.

rest is the thin regular lamellar eutectics. For
AT =~ 51 K (or region IV), strip-shaped NiSi struc-
tures and dendritic NiSi, phase are found together

J Mater Sci (2016) 51:10990-11001

with the thin regular lamellar eutectics. At the maxi-
mal undercooling obtained in the present work
AT = 74 K (or region V), NiSi and NiSi, eutectic-
dendrites are prevailed. In some regions, the eutectic-
dendrites are fragmented into anomalous eutectics. It
should be pointed out that all the microstructures
consist solely of the NiSi and NiSi, phases according to
the XRD and EDS results. In order to show the mech-
anism of microstructure evolutions, EBSD analysis
was carried out, and the results are shown as follows.

The EBSD orientation maps and the {100} pole
figures (PFs) of the Ni-38 wt% Si eutectic alloy
solidified at AT ~ 3 K are shown in Fig. 5a—d. The
NiSi (Fig. 5a) and NiSi, (Fig. 5¢) phases have almost
one single color. From the PFs, only one main ori-
entation can be found for the NiSi (Fig. 5b) and the
NiSi, (Fig. 5d) phase, being consistent with coopera-
tive growth of lamellar eutectics. Figure 6 shows the
EBSD orientation maps and the {100} PFs for the case
of AT ~ 15 K. Three main orientations are found for
the NiSi phase, even though the differences between
the orientations are not that large. Because the gran-
ular structure and the surrounding regular lamellar
of NiSi phases share the same orientation, the
lamellar eutectics should be formed by an epitaxial
growth mechanism. Correspondingly, the regular
lamellar of NiSi, also has three main orientations.

Figure 4 Typical optical micrographs corresponding to the regions I-V defined in Fig. 3: a AT =~

d AT ~ 51 K, e AT ~ 74 K.
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Figure 5 EBSD analysis of regular lamellar eutectic microstruc-
ture of the Ni-38 wt% Si eutectic alloy with an undercooling of
AT ~ 3 K. a EBSD orientation map and b {100} pole figure of
NiSi phase. ¢ EBSD orientation map and d {100} pole figure of
NiSi, phase.

Although only one recalescence event can be found in
the cooling history (Fig. 1), two transformation pro-
cesses can be distinguished from the solidification
microstructures, i.e., the primary crystal growth of
NiSi phase and the second lamellar eutectic growth of
NiSi and NiSi, phases.2 Furthermore, the granular
structure of NiSi might be formed by an initial strip-
shaped structure which is fragmented during the
post-recalescence stage.

Figure 7 shows the EBSD orientation maps and the
{100} PFs for the case of AT ~ 31 K. For the NiSi
phase, only one main orientation is available, indi-
cating that both the coarse eutectic structure and the
thin regular lamellar eutectics are formed by an epi-
taxial growth mechanism. For the NiSi, phase, how-
ever, three main orientations are found, the
orientation differences between which are rather
large. Furthermore, the green grain shares one

% This is similar to the work by Li et al [27], in which the Co-
61.8 at.% Si eutectic alloy was undercooled by both an
electromagnetic levitator and an electrostatic levitator. At
low undercooling, only a single recalescence event can be
found but the microstructure consists of primary CoSi phase
and CoSi—CoSi, eutectics. In subsequent work by Zhang et al.
[11], the recalescence behaviors of undercooled Co-61.8 at.% Si
eutectic alloy are much more complex; please see their Fig. 1.
All these results indicate that the transformation process and
the recalescence behaviors may not follow the one-to-one
relationship.

(b)
{100}

o

Figure 6 EBSD analysis of primary granular NiSi structure and
regular lamellar eutectic microstructure of the Ni-38 wt% Si
eutectic alloy with an undercooling of AT ~ 15 K. a EBSD
orientation map and b {100} pole figure of NiSi phase. ¢ EBSD
orientation map and d {100} pole figure of NiSi, phase.

(a) (b)

{100}

D

(d)
{100}

Figure 7 EBSD analysis of primary granular NiSi structure
surrounding successively by a coarse eutectic structure and a thin
lamellar eutectic of the Ni—38 wt% Si eutectic alloy with an
undercooling of AT =~ 31 K. a EBSD orientation map and
b {100} pole figure of NiSi phase. ¢ EBSD orientation map and
d {100} pole figure of NiSi, phase.

concentrated pole with the blue and the pink grain in
the PF (Fig. 7d), indicating the orientation relation-
ships for cooperative growth could be diversified. An
explanation of such phenomenon is however out of

@ Springer
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(b)
{100}

d
{100}

~

Figure 8 EBSD analysis of primary strip-shaped NiSi structures
and NiSi, dendrite of the Ni-38 wt% Si eutectic alloy with an
undercooling of AT ~ 51 K. a EBSD orientation map and
b {100} pole figure of NiSi phase. ¢ EBSD orientation map and
d {100} pole figure of NiSi, phase.

the scope of the present work. In the case of
AT ~ 31 K, two recalescence events are found in the
cooling history (Fig. 1a). It is quite reasonable to
speculate that the first (second) recalescence corre-
sponds to the formation of primary granular struc-
ture of NiSi phase and subsequent growth of NiSi
phase in the coarse eutectic structure (epitaxial
growth of NiSi, phase in the coarse eutectic struc-
ture). The thin lamellar eutectic is solidified during
the post-recalescence stage.’

Figure 8 shows the EBSD orientation maps and the
{100} PFs for the case of AT ~ 51 K. For both the NiSi
and the NiSi, phases, only one main orientation can
be found. In this case, the coarse strip-shaped NiSi
structure and the NiSi, dendrite coexist, both of
which could be the primary phase that is crystalized
during the first recalescence stage. Integrating with
the experimental results of AT ~ 74 K (Figs. 9, 10),
however, the NiSi, dendrite should be the primary
phase that forms in the first recalescence stage and

® 1t should be noted that for coupled growth, the lamellar
spacing of eutectic formed at high undercooling should be
smaller than that formed at low undercooling. The present
coarse eutectic is formed by uncoupled growth but not coupled
growth. Therefore, it is not strange that the lamellar spacing of
the present coarse eutectic formed at high undercooling is
larger than that of the thin lamellar eutectic formed at low
undercooling.
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(d)

Figure 9 EBSD analysis of the region of eutectic-dendrite (NiSi
and NiSiy) of the Ni-38 wt% Si eutectic alloy with an undercool-
ing of AT =~ 74 K. a EBSD orientation map and b {100} pole
figure of NiSi phase. ¢ EBSD orientation map and d {100} pole
figure of NiSi, phase.

(a) p g (b)
) 9 {100} |

Figure 10 EBSD analysis of the region of fragmentation of
eutectic-dendrite (NiSi and NiSi,) of the Ni—38 wt% Si eutectic
alloy with an undercooling of AT &~ 74 K. a EBSD orientation
map and b {100} pole figure of NiSi phase. ¢ EBSD orientation
map and d {100} pole figure of NiSi, phase.

then the coarse strip-shaped NiSi structure is crys-
tallized epitaxially during the second recalescence
stage. The remained liquid solidifies finally as the
thin regular lamellar eutectics during the post-re-
calescence stage.
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For the case of AT ~ 74 K, the EBSD orientation
maps and the {100} PFs are shown in Figs. 9 and 10.
Besides some random orientations, only one main
orientation can be found for both the NiSi and the
NiSi, phases. For the eutectic-dendrite region, the
NiSi, phase is of a well-developed dendritic
microstructure, while the NiSi phase grows epitaxi-
ally to form a eutectic-dendrite. This kind of eutectic-
dendrite grows by not a coupled but an uncoupled
mechanism in which the primary NiSi, dendrite is
formed during the first recalescence stage, and the
NiSi phase is solidified during the second recales-
cence stage.” In the inter-eutectic-dendrite region,
fine eutectic structures can be observed. For the
region with fragmentation, the characters of orienta-
tions are similar except that the random orientations
become more. For the NiSi, phase, the dendrites are
re-melting into strip-shaped and coarse granular
structures. For the NiSi phase, fragmentation is also
prevailed. For the NiSi, and NiSi phases with the
interfacial energy as the only driving force for re-
melting, the re-melting process cannot take place so
adequately that the fragmentation does not have the
time and the chance to be moved far away from their
origins and rotated with large angles (Figs. 9a, c, 10a,
c). Consequently, the intermediate fragmentation
process can be retained to show the mechanism and
the origin of anomalous eutectics.

Discussion
Mechanism of phase selection

In the undercooled Ni-38 wt% Si eutectic alloy, the
primary phase changes from the NiSi to the NiSi,
phase with the increase of undercooling, i.e., phase
selection occurs. In a similar Co-61.8 at.% Si eutectic
alloy in which CoSi is a non-stoichiometric inter-
metallic compound and CoSi, is a stoichiometric
intermetallic compound, a transition from the CoSi to

4 Butectic-dendrite can be defined as a dendrite on the whole,
the solids of which are formed by eutectic solidification. There
are two kinds of eutectic-dendrite according to the growth
mechanism, i.e., by coupled and uncoupled eutectic growth.
For the former, other alloy element should be added to the
eutectic alloy or a negative temperature gradient should be
improved to the eutectic interface to make the interface
unstable to a dendritic morphology. This is the physical basis
for the current eutectic-dendrite growth theory [2, 23, 28]. For
the latter, the primary dendrite phase is followed by solidifi-
cation of a second phase.
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the CoSi, phase occurs [10, 11, 25]. Li et al. [25]
expected that the two intermetallic compounds have
a similar short-range diffusion-controlled growth
mechanism at the solid/liquid interface because the
CoSi and CoSi; phases share the same simple cubic
lattice structure. Since the melting temperature of
CoSi phase (1460 °C) is much larger than that of
CoSi, phase (1326 °C) and the interface energies are
roughly proportional to the melting temperature, the
interfacial energy of CoSi phase should be higher
than that of CoSi, phase. Regarding that the critical
nucleation barrier is proportional to the cube of the
interfacial energy, nucleation of CoSi, phase is pre-
ferred at high undercooling. Yao et al. [10] found that
the CoSi, phase has a lower nucleation rate than that
of the CoSi phase but grows faster over a wide range
of undercooling. Recently, Zhang et al. [11] calculated
the critical work of nucleation and found that the
CoSi, phase has lower critical work of nucleation
when the undercooling is larger than the critical
undercooling where the transition of primary phase
happens. All the previous work [10, 11, 25] shows
that phase selection in undercooled Co-61.8 at.% Si
eutectic alloys are nucleation controlled.

Actually, phase selection is quite a common non-
equilibrium phenomenon in undercooled melts and
the mechanisms can be classified into two categories,
i.e.,, nucleation controlled and growth controlled
[27, 29, 30]. In the present work, the NiSi phase is of
an orthogonality primitive lattice structure (0P8) with
a space group Pnma, and the NiSi, pase is of a face-
centered cubic lattice structure (cF12) with a space
group Fm3 m. According to the Ni-Si phase diagram
[24], the melting temperature of the NiSi phase is
1265 K, but the melting temperature of the NiSi,
phase cannot be obtained directly because of the
peritectic transformation L + Si — NiSi,. According
to the thermodynamic assessment of the Ni-Si sys-
tem [31], the melting temperatures of the NiSi and
NiSi, phases are calculated to be 1258 and 1282 K,
respectively. If the Ilattice structure difference
between the NiSi and NiSi, phase is omitted and the
viewpoint of Li et al. [27] is followed, the difference
between the melting temperatures 24 K is so small
that the nucleation-controlled mechanism should not
play a dominative role in phase selection.

In the present work, the crystal growth velocities
are measured for both the first and the second
recalescence processes (Fig. 3). At low undercooling,
the primary phase is the NiSi phase, and the growth
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velocity of the first recalescence is larger than that of
the second recalescence. Taking the case of
AT = 31 K as an example, the NiSi and NiSi, phases
are crystallized in the first and the second recales-
cence processes, respectively. The growth velocity of
NiSi phase is larger than that of the NiSi, phase. At
high undercooling, the primary phase is the NiSi,
phase, and the growth velocity of the first recales-
cence is larger than that of the second recalescence.
Taking the case of AT ~ 74 K as an example, the
NiSi, and NiSi phases are crystallized in the first and
the second recalescence processes, respectively. The
growth velocity of NiSi, phase is larger than that of
NiSi phase. At the intermediate undercooling, the
increase of growth velocity in the second recalescence
is much faster than that in the first recalescence, and
the growth velocities of the first and the second
recalescence processes could coincide nearly with
each other (Fig. 3). In other words, phase selection
between the NiSi and the NiSi, phase is growth
controlled. In order to show the growth-controlled
mechanism more clearly, a solid line and a dotted
line are drawn qualitatively for the growth of the NiSi
and NiSi, phases in Fig. 3, and the critical under-
cooling for the transition of primary phase is found to
be at AT ~ 48K. For phase selection and
metastable phase formation in undercooled Ni-Si
alloys with different eutectic compositions, special
attention should be paid to the work by Mullis et al.
[32-35].

Driving force for re-melting

As already mentioned in the introduction, re-melting
has been regarded to be the primary mechanism for
the formation of anomalous eutectics. For the driving
force of re-melting, Goetzinger et al. [23] proposed
that it is the reduction of interfacial energy. Such
viewpoint is an extension of the grain refinement
theory of dendrite of single solid-solution phase in
which a mushy zone exists during the post-recales-
cence stage [36-38]. In other words, minimization of
surface areas happens by heat and solute diffusions
in liquid. For regular lamellar eutectic where there is
no mushy zone, re-melting cannot happen. In this
case, coarsening happens [39], but this process
should be quite slow because minimization of surface
areas happens by solute diffusion in solid. For
undercooled melts, the negative thermal gradient
ahead of the eutectic front can make the interface
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unstable to eutectic cells or eutectic-dendrite [8]. In
this case, the mushy zone forms and thus re-melting
happens. For uncoupled eutectic-dendrite growth at
high undercooling (e.g., Figs. 9, 10), re-melting of the
primary phase is similar to that of single-phase
dendrite [36-38]. Solidification (and re-melting) of the
second phase then forms the coarse anomalous
eutectics.

In contrast, Wei et al. [4] proposed that the chem-
ical superheating should be the dominative driving
force and the reduction of interfacial energy should
be the secondary one. In the case of Pd-16.0 at.% P
alloy whose eutectic products are two stoichiometric
intermetallic compounds, there is no chemical
superheating and thus no anomalous eutectics. For
the present Ni-38 wt% Si eutectic alloy whose prod-
ucts are also two stoichiometric intermetallic com-
pounds, anomalous eutectics are formed even in the
absence of chemical superheating. Such contradictory
results are actually understandable. For the Pd-
16.0 at.% P alloy, lamellar eutectic growth happens at
high undercooling; please see Fig. 11 in Ref. [4].
There is therefore no mushy zone during the post-
recalescence stage and no re-melting by reduction of
interfacial energy. For the present Ni-38 wt% Si
eutectic alloy, single-phase dendrite of NiSi, phase is
solidified firstly and then the NiSi phase grows epi-
taxially to form an uncoupled eutectic-dendrite at
high undercooling (Fig. 9). In this case, re-melting
happens with the reduction of interfacial energy as
the only driving force (Fig. 10). Combining the pre-
sent work with those by Wei et al. [4] and Goetzinger
et al. [23], one can see that the dominative driving
force for re-melting could be either the chemical
superheating, or the reduction of interfacial energy,
or both. For both the cases of coupled growth with
mushy zone (e.g., coupled eutectic-dendrite) and
uncoupled growth (e.g., primary single-phase den-
drite or uncoupled eutectic-dendrite), one cannot
distinguish absolutely which driving force is the
dominative one if both driving forces are present. It
should be pointed out that Wei et al. [4] themselves
also did not exclude re-melting of primary single-
phase dendrite (please see Fig. 5 in Ref. [4]), even
though their work is based on the theory of coupled
eutectic-dendrite growth.

One can see that there are three kinds of anomalous
eutectic, i.e., chemical superheating-induced, reduc-
tion of interfacial energy-induced, and chemical
superheating-induced and reduction of interfacial
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energy-induced anomalous eutectics according to the
driving forces. Form origins, there are two kinds of
anomalous eutectic: uncoupled eutectic-dendrite
growth-formed and coupled lamellar eutectic
growth-formed anomalous eutectics. For uncoupled
eutectic-dendrite growth, the driving force is the
reduction of interfacial energy and the chemical
superheating or only the reduction of interfacial
energy if the supersaturated primary solid cannot
form during rapid solidification. For coupled lamellar
eutectic growth without the mushy zone, the chemi-
cal superheating is the only driving force. In the
present work, lamellar/granular eutectic is available
in the inter-eutectic-dendrite region (Figs. 9a, ¢ and
10a, c), re-melting of which could also form the sec-
ond kind of anomalous eutectic from origins, if there
is the driving force of chemical superheating. There-
fore, the dual origins of anomalous eutectics [22] are
also supported by the present work.

Conclusions

Rapid solidification of undercooled Ni-38 wt% Si
alloy whose eutectic products are two stoichiometric
intermetallic compounds was observed in situ using
a high-speed camera. The crystal growth velocities
were measured, and the as-solidified microstructures
were analyzed by EBSD. Our main conclusions are as
follows:

1. When AT < 20 K, there is only one recalescence
event, whereas when AT > 20 K, there are two
recalescence events. For the former, the recales-
cence corresponds to either eutectic solidification
or solidification of primary NiSi phase. For the
latter, the first and second recalescence processes
correspond with crystallization of NiSi and NiSi,
phase at low undercooling (NiSi, and NiSi phases
at high undercooling), respectively. Phase selec-
tion between the NiSi and the NiSi, phases is
growth controlled, and the critical undercooling
for the transition is AT ~ 48 K.

2. With the increase of wundercooling, the
microstructure changes in sequence from thin
lamellar eutectics, primary granular structure of
NiSi phase surrounded by thin regular lamellar
eutectics, primary NiSi phase surrounded suc-
cessively by coarse eutectics and thin regular
lamellar eutectics, dendritic NiSi, phase
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surrounded by strip-shaped NiSi phase, and thin
regular lamellar eutectics to uncoupled eutectic-
dendrites and anomalous eutectics.

3. EBSD analysis shows that the NiSi and the NiSi,

phases share only one or some main orientations
and the random orientations are limited even
when anomalous eutectics form at high under-
cooling, indicating that the primary eutectic
microstructure during the recalescence stage
and/or re-melting process during the post-re-
calescence stage can be retained to the room
temperature.

4. The transition from regular eutectics to anoma-

lous eutectics happens even in the absence of the
driving force of chemical superheating because
the single-phase dendrite of NiSi, phase is solid-
ified firstly and then the NiSi phase grows
epitaxially to from an uncoupled eutectic-den-
drite at high undercooling. The dual origins of
anomalous eutectics [22], e.g., uncoupled eutec-
tic-dendrite growth during the recalescence stage
and coupled lamellar eutectic growth at low
undercooling during the post-recalescence stage,
are supported by the present experimental
results.
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