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Abstract

The transition of solidified phases in Fe—Cr—Ni and Fe—Ni alloys was investigated from low to high growth rate ranges using a Bridgman
type furnace, laser resolidification and casting into a substrate from superheated or undercooled melt. The ferrite—austenite regular eutectic
growth, which is difficult to find in typical production conditions of stainless steels, was confirmed under low growth rate conditions. The
transition velocity between eutectic and ferrite cell growth had a good agreement predicted by the phase selection criterion. Which of either
ferrite or austenite is easier to form in the high growth range was discussed from the point of nucleation and growth. Metastable austenite
formation in stable primary ferrite composition was mainly a result of growth competition between ferrite and austenite. For a binary Fe—Ni
system, a planar metastable austenite in the steady state, simultaneous growth such as eutectic and banded growth between ferrite and

austenite in an initial transient region are confirmed. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Stainless steels are still expanding in their uses for various
applications to meet customers’ demands. In a solidification
processing expected to produce sound casts in a shape
possibly close to that of the required products, their structure
control is of great importance in accordance with the
performances requested and reduction in production cost.
To understand and control the solidification microstructures
of stainless steels, two aspects are discussed: peritectic or
eutectic transformation in low growth rate regimes; and
metastable phase formation due to rapid solidification
processing such as twin drum casting.

The phase diagram in the Fe—Cr—Ni ternary system is
shown in Fig. 1(a). The monovariant line, which is the
boundary between the ferrite and the austenite liquidus
surfaces, shows the peritectic reaction near to the iron rich
corner. However, for higher composition of chromium and
nickel of over 15 mass% Cr and 10 mass% Ni, this mono-
variant line makes a eutectic trough. As shown in Fig. 1(b),
which presents a transverse section of the phase diagram cut
along the 70 mass% Fe constant line, the primary ferrite
near to the eutectic monovariant line transforms to austenite,
decreasing with temperature [1]. There are many reports
about solidification microstructures formed in Fe—Cr—Ni
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stainless steels with the composition on both sides of the
eutectic trough. The alloys on an austenite liquidus surface
show the simple microstructures of austenite matrix grown
as a primary phase and ferrite intermatrix, as expected from
the solidification path. The ferrite primary solidification is
more complicated, because the solid-state transformation
occurs from ferrite to austenite with subsequent cooling
after solidification shown in the phase diagram [2,3].
Ferrite—austenite eutectic is expected at the primary ferrite
or primary austenite boundaries when the liquidus compo-
sition reaches the monovariant eutectic trough, according to
the solidification path. However, there are few reports refer-
ring to this ferrite—austenite eutectic, especially in coupled
growth. Therefore it is quite natural to ask why this eutectic
has rarely been observed under normal solidification con-
ditions. It is important to understand this eutectic reaction
and to obtain its growth parameter, because of not only
interest in the reaction itself, but also because of the dis-
tribution of austenite phase in the eutectic, which works as a
starting point of the ferrite to austenite transformation in the
normal solidification of primary ferrite composition. In the
first of this report, the microstructure of unidirectionally
solidified Fe—Cr—Ni alloys, of which the composition is
located near to the eutectic trough, has been observed to
confirm the ferrite—austenite coupled growth, and to investi-
gate the conditions of this coupled growth.

In recent years large-scale rapid solidification processing
of materials such as the strip casting of stainless steels has
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Fig. 1. Phase diagram in Fe—Cr—Ni system and composition of samples:
(a) liquidus projection; (b) 70 mass% Fe transverse section and composition
of typical samples used.

gained much interest [4]. Such processes lead to solidifi-
cation velocities of up to several cm/s [5]. In such processes
localization of diffusion and non-equilibrium phenomena
and/or undercooling before solidification become important.
Therefore a metastable phase may form instead of a stable
phase. In 18-8 stainless steels under such rapid solidification

conditions metastable austenite phase is easy to form [6]. A
dendrite model including such growth conditions has been
developed [7,8] and it has been shown to be of reasonable
accuracy [9—11]. In this report the formation of metastable
phases is discussed from the viewpoint of nucleation
competition and growth competition between ferrite and
austenite.

2. Primary phase estimation by the phase selection
criterion

2.1. Interface response function of single phase

For analysis of the kinetically most stable phase/micro-
structure, the growth temperatures of all possible phases and
growth morphologies must be known. These interface
temperatures, which, for a given alloy, are a function of
composition, growth velocity and temperature gradient,
are called interface response functions. The relevant growth
morphologies in the context of this discussion for single-
phase directional solidification are plane front, cells and
dendrites.

2.1.1. Single phase plane front growth

The growth temperature of a single-phase plane front
assuming linear attachment kinetics and dilute solutions is
given by [8,12,13]

T, =Ty + Cim, — (RyTR/AS)OVIV,, (1)

where T, is the melting temperature of the pure component,
C; = Cylk, is the composition of the liquid at the interface,
k, is a velocity dependent distribution coefficient [14], m, is
the velocity-dependent liquidus slope defined by Boettinger
and Coriell [12], R, is the gas constant, AS; is the molar
entropy of fusion, and V| is the limit of crystallization,
which has an upper bound equal to the velocity of sound.
At steady state, T, corresponds to the solidus temperature
for the initial composition C. For more details of the calcu-
lations see Ref. [8].

The plane front temperature, 7}, is constant at low velocity:
T, = T(eq) = solidus temperature. At high V, T, first
increases due to solute trapping, reaches a maximum close
to T, of the alloy and then decreases because atom attach-
ment kinetics become dominant (third term in the RHS of
Eq. (1)). The maximum of 7, corresponds to the limit above
which the plane front becomes unconditionally stable.
Below this critical velocity, plane front growth is stable
only when V <V, = GD/AT,, the limit of constitutional
undercooling. Between V. and the absolute stability limit,
V., = ATo(V)D/kG, the plane front is morphologically
unstable and it is replaced by a cellular/dendritic front.
Between V, and the maximum of the plane front tempera-
ture, banding occurs [15,16].
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2.1.2. Dendritic/cellular growth
The growth temperature of dendrites can be written as
[7,8]:

Ty =Ty — IK + C'my — (RT/AS)V/IV, (2)

I' is the Gibbs—Thomson coefficient, K is the curvature of
the dendrite tip, and C 1* can be evaluated from the Ivantsov
solution as Cj = Co/[1 — (1 — k)I(P,)] [7]. Here P, is the
solutal Peclet number.

According to Burden and Hunt [17] the tip temperature
for the low velocity regime where cells appear can be
obtained from the following undercooling term:

AT. = GDIV. 3)

It has been shown that this is a good approximation for
cell growth undercooling [18,19]. The complete growth
curve for directional cellular and dendritic growth can there-
fore be written as:

T, =T — AT,, “)

where T3 is obtained from Eq. (2) with G equal to zero [7],
the effect of the temperature gradient in the low velocity
regime being introduced through AT..

For rates between V, and V,, the velocity range where the
dendritic/cellular growth temperature is higher than that of
the plane front, the growth temperature in the cellular
regime first increases with V, then a transition to dendrites
is observed which happens close to the maximum in 7. In
the dendritic regime solute rejection of the tips increases
with V, leading to increased undercooling. At even higher
V, a dendrite-to-cell transition is observed [18] and finally,
at the limit of absolute stability, V,, the cells disappear.

The alloys used in this report are essentially based on
ternary Fe—Cr—Ni and more precise calculations were
performed with the multi-component models [11,20,21].

2.2. Eutectic interface temperature calculation

The undercooling of ferrite—austenite eutectic coupled
growth and microstructure spacing were calculated for a
composition range near to the monovariant eutectic in the
Fe—Cr—Ni ternary system. The interface temperature of the
coupled growth, with a plane front interface, was calculated
by subtracting this undercooling from the solidus tempera-
ture, i.e. the boundary between the monovariant liquid and
related two-phase solids, corresponding to the initial
composition.

2.3. Primary phase estimation by the phase selection
criterion

A primary phase for the composition range on the
70 mass% Fe constant line in the Fe—Cr—Ni system was
estimated. In this composition range, primary phase was
expected among of ferrite, austenite, and coupled growth
of these phases on monovariant eutectic as seen in the

phase diagram. Primary phase was estimated by selecting
the phase that has the highest interface temperature among
the calculated interface response functions of all competi-
tive phases. The data for calculation relating to the phase
diagram were obtained using Thermo-Calc. Other proper-
ties for calculations are shown in Refs. [10,11].

2.4. Phase selection model

Egs. (1) and (4) have to be solved numerically for all
phases that compete in the process. For a given directional
solidification condition, the kinetically most stable phase
is then selected by the maximum growth temperature
criterion. This approach leads to results for, for example,
the three type of ferrite, austenite, and coupled growth of
these phases in the Fe—Cr—Ni system.

3. Experimental procedure

Three types of solidification experiment were performed;
unidirectional solidification of comparatively low growth
rate using the Bridgman furnace; laser resolidification; and
casting into a substrate from superheated or undercooled
melt. Three compositions near to the eutectic trough for
70 mass% Fe of Fe—Cr—Ni alloys were prepared, as
shown in Fig. 1(b) to investigate a unidirectional solidifi-
cation structure map. The compositions used for other types
of solidification experiment are very similar to those used
for unidirectional solidification. Hypo-peritectic compo-
sition alloys of the binary Fe—Ni system are used to inves-
tigate formed phases, 8, vy, simultaneous and banded growth
between & and <y with planar morphology, considering
the change from an initial transient to a stable state. The
chemical compositions of Fe—Ni alloys are indicated as
broken lines in the phase diagram, Fig. 1(c).

Unidirectional solidification was performed in an Ar
atmosphere. The moving rate of the sample was changed
from 1 to 500 wm/s and the temperature gradient at the
solidification temperature range of the sample was 17 K/
mm. The inner diameter of the alumina crucible is 6 and
8 mm for Fe—Cr—Ni and Fe—Ni alloys, respectively.

For a rapid solidification range, the following experi-
ments were done: resolidification from a laser irradiated
molten surface zone of steels; and an early stage of solidifi-
cation cast into a substrate from undercooled or superheated
melt. The capacity of the CO, laser machine was 3 kW. A
single mode of irradiation was used with a power of 0.5, 1.0
and 1.5 kW and with a defocusing distance of 7.5-40 mm.
The sample traveling speed was changed from 100 to
2000 mm/min.

An apparatus for melting by levitation or in a crucible and
subsequent casting was set up. About 1 (3) g was levitation
melted (in a silica tube), subsequently followed by cooling,
generally: (i) to undercool from the liquidus temperature to
some extent (hereafter called undercooled casting); (ii)
in some cases to cast into a substrate before reaching the
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Fig. 2. Experimental results and estimated primary phase map by calculat-
ing the interface response function.

liquidus temperature (hereafter called superheated casting).
A high response two-color eye thermometer and/or high-
speed video camera monitored the undercooled melt. The
undercooled melt before solidification or superheated melt
was cast into a substrate in which the surface temperature of
the steel through a hole (diameter 0.5 mm) was measured by
a high response thermometer.

To detect the phases solidified, a standard metallographic
technique was performed using 10 mass% sulfuric acid
solution for electrolytic etching, and the solute distribution
was measured by EPMA.

4. Experimental results

4.1. Unidirectional solidification microstructure in
Bridgman furnace

Fig. 2 shows the solidification microstructure obtained
under steady-state conditions. The indicated areas including
solid line boundaries show solidification microstructures
estimated by the phase selection criterion and interface
response function calculation.

Solidification interface morphologies of a composition on
the ferrite liquidus surfaces of sample No. 1 (Fe—18.5Cr—
11.5Ni) are shown in Fig. 3. Fig. 3(a) shows an optical
micrograph of a longitudinal section at a growth rate of
17 pm/s. At this growth rate, ferrite was solidified as
primary phase with dendrite morphology. Austenite phase
was occupied the space between ferrite dendrites. Ferrite
transformed to austenite by solid state transformation with
subsequent cooling, not by a peritectic reaction. Fig. 3(b)
shows the microstructure of 2.5 wm/s, in which primary
ferrite morphology changed to the cell structure as the
growth rate became slower. Austenite appeared at the cell
boundaries, and increased in volume fraction in the same

Fig. 3. Optical micrograph of unidirectional solidified Fe—18.5 mass% Cr—
11.5 mass% Ni alloy. Growth rate: (a) 17 pm/s; (b)2.5 pm/s; (c) 1 pm/s;
(d) 2.5 wm/s, transverse section of (b); (e) 1 wm/s; transverse section of (c).

way as for the case of higher growth rate. For lower growth
rate, ferrite—austenite coupled growth at 1 pm/s was
observed, as shown in Fig. 3(c).

It is clearer to see the difference between ferrite cell and
coupled growth eutectic by observation of a transverse
section cut near to the solidification macro solid/liquid inter-
face. Fig. 3(d) is ferrite cell microstructure of 2.5 pm/s
corresponding to Fig. 3(b). The solidification macro inter-
face was convex along the temperature field of the appara-
tus. Thus in Fig. 3(d), the left side of this micrograph, the
periphery of the transverse section of the rod sample, shows
the microstructure quenched from liquid. The right side of
this micrograph shows the perfectly solidified microstruc-
ture near to the center of the sample. Therefore, it is clear
from this micrograph that ferrite was grown at first with cell
structure, then austenite was grown at the cell boundary.

Fig. 3(e) shows the transverse section of 1 wm/s corre-
sponding to Fig. 3(c), where ferrite and austenite phases
both appear at the same time. It is noted that austenite
takes a rod structure at this growth rate, as contrasted with
the ferrite primary cell structure of 2.5 wm/s shown in Figs.
3(b) and (d).
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The solidification microstructure was changed with
growth rates, e.g. ferrite dendrite, ferrite cell, rod eutectic
structure, as mentioned before. Fig. 4 shows the spacing of
these microstructures. The microstructure spacing became
smaller with an increase of the growth rate in the ferrite
dendrite solidification range. When the microstructure was
changed from dendrite to cell, the spacing became a little
smaller, as reported by Lu and Hunt [18]. For a lower growth
rate range, when the microstructure was changed to eutectic
structure, the eutectic spacing became smaller, about 1/3 as
compared to cell spacing. The calculating eutectic spacing is
also inserted in Fig. 4. The value of 100 wm of this rod
structure had a good agreement with the value of 72 pm
as calculated using the Jackson and Hunt theory [22].

The one reason among several why coupled growth in this
system could only be observed under limited conditions,
such as those in this report, and eutectic structures could
not be observed at the inter-dendritic region, is assumed to
be because of the large spacing of the eutectic. The eutectic
rod spacing obtained, as large as 100 wm at a growth rate of
1 wm/s, is relatively large compared with the primary
dendrite spacing of ferrite or austenite, and is a half to
one-third of them, i.e. there is no space for the eutectic
structure to form when the primary dendrite or cell has
been grown, even though the conditions for eutectic growth
are satisfied. The reason of this large eutectic spacing is
related with the narrow eutectic composition range, as
seen in the phase diagram. If the spacing of this monovariant
eutectic could be estimated by the Jackson and Hunt method
[22], which is, however, originally only applicable to binary
eutectic, the large eutectic spacing in this system can be
explained because this spacing is inversely proportional to
the square root of the eutectic reaction isotherm.

4.2. Solidification microstructure in laser resolidification

Figs. 5(a)—(c) show the results of interface response func-
tion calculation for unidirectional solidification and laser
resolidification. The transition velocity to appear as eutectic
was estimated from Fig. 5(a), in which the transition
between ferrite cellular growth and eutectic occurred, and
this transition velocity had a good agreement with the
experimental results as shown in Fig. 2. Contrarily, in the
No. 2 sample shown in Fig. 5(b), the primary <y is stable.
However, Although the eutectic was predicted, planar vy was
formed, as shown in Fig. 2. This is probably due to a small
temperature difference between y and eutectic phases that
results in difficulty of the & nucleation necessary for the start
of eutectic. At present, a nucleation event is difficult to
predict.

Fig. 5(c) shows predicted interface temperatures of 8 and
v, and compares them with experimental results for laser
resolidification. The prediction was fairly good in this case,
however, for some samples the predictions were not good.
These discrepancies are not well understood at the present
time and some reasons are considered such as improper
estimation of growth rate, choice of physical properties
according to changing of alloy composition and lack of
data on calculating the phase diagram.

4.3. Casting into substrate from superheated and
undercooled melts

Figs. 6(a) and (b) show micrographs of ingot surfaces
obtained by casting from superheated and undercooled
melts of Fe—18.5 mass% Cr—11.5 mass% Ni alloys, respect-
ively. A superheat casting happens to form a metastable y
phase zone at the vicinity of the surface and transforms to a
stable & phase above this zone. This phenomenon was
already reported by Mizukami et al. [6] in which undercool-
ing over about 20°C at a surface forms a metastable v, as
shown in Fig. 7. Metastable y formation, therefore, is a
result of phase selection due to growth competition between
6 and 1.

An undercooled casting produces a mixed structure of &
and vy which is observed at the surface zone and transforms
to & completely with decrease of growth rate (Fig. 6(b)). A
substrate surface gives preferable sites to nucleate meta-
stable y because the undercooled melt of this composition
prefers & nucleation, shown in [23,24]. Therefore, mixed
nucleation of & and vy shows no nucleation competition
between d and .

Another aspect for phase selection between 8 and vy of this
composition must be considered, i.e. d — <y transformation.
If a tip temperature T~ is below Ty(8/7y), which can easily
happen because its line (surface) is located on a high enough
temperature, already formed & can transform to -y massively
and rapidly. In this case visible vy is difficult to distinguish
between <y transformed from original 8 and originally
nucleated and grown v. Thus & — <y transformation is
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another possible candidate for the metastable y formation
mechanism along with growth competition.

4.4. Planar microstructures of hypo-peritectic Fe—Ni
alloys, initial transient to steady state

Fig. 8 shows micrographs of 4.19 at% Ni alloy obtained
by changing the quenching distance from an initial transient
to a steady state under the growth rate of 1.5 pwm/s. On this
slow growth rate and high temperature gradient, a stable
phase & with a planar morphology crystallizes in the range
of a shorter growth distance within an initial transient,
shown in Figs. 8(a) and (b). Cellular vy is formed subse-
quently by the solid transformation in accordance with a
temperature fall after & planar solidification, and grows
toward the &/liquid interface. A longer growth distance
from the beginning of solidification promotes a pile-up of
solutes in front of a solid/liquid interface, which in turn

results in decrease of the & interface temperature and
increase of the & interface composition. As solidification
progresses the vy tip temperature behind the d/liquid inter-
face increases owing to the change of the d/liquid interface
with a growth, indicated by the phase diagram and the

Fig. 6. Microstructures of casting into substrate from: (a) superheated melt;
and (b) undercooled melt; of Fe—18.5 mass% Cr—11.5 mass% Ni alloy.
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distance between fronts of 3 and <y being closer. At a
distance of 48 mm where a steady state attains, & phase
forms. Therefore at this hypo-peritectic composition a
phase with higher interface temperature is selected, simply
because a planar front temperature of the steady state is
solidus and the solidus temperature of vy is higher than
that of 8. Slower growth rates of 1.0 wm/s than that of
Figs. 8 exhibits similar morphologies (Figs. 9(a) and (b))
but another type of morphology: simultaneous growth of &
and vy shown in Fig. 9(c). Fig. 10 shows a banded structure
between  and .

A change of interface morphologies with growth distance
and growth rate is summarized in Fig. 11. The morphologies
are still changing over a distance of 4D/kV estimated as an
initial transient range, where D is the diffusion coefficient in
the liquid, k is the equilibrium partition ratio and V is the
growth rate. Simultaneous growth morphologies and banded
structures are found just before steady growth starts.

1 mm

Fig. 8. Microstructures from an initial transient to a steady state of Fe—4.19 at% Ni alloys at a growth rate of 1.5 pm/s. Distance from the beginning of

solidification; (a) 38 mm; (b) 44 mm; and (c) 48 mm, respectively.
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Fig. 9. Change of formed phases and its schematic illustration for Fe—4.19 at% Ni alloys at growth rate of 1.0 wm/s from the beginning of solidification

(a) 42 mm; (b) 46 mm; and (c) 50 mm; respectively.

Nucleation of second phase on a planar primary phase is
caused by two origins: (i) second phase nucleates on the
primary phase at the solid/liquid interface; (ii) second
phase starts to grow before nucleation when the tip of the
transformed second phase catches up and is exposed on the
solid/liquid interface as the initial transient advances.

A quantitative prediction as to which mechanism is domi-
nant in terms of the nucleation of y is made as follows. The
Main assumptions are: (i) a nucleation temperature of vy on
the &/liquid interface, T, is given; (ii) the tip temperature of
v is determined by the supersaturation for the transform-
ation from 8 to v, (2.

T, is evaluated as Eq. (5) from the reference of peritectic
temperature, 7T}

s

— AT, 5)
msg I’I’Ly

T,—T,=

The tip temperature of vy, i.e. T;, when the distance between

a cellular tip y and a planar &/liquid interface is zero, is
defined as Eq. (6) by using (2:

-1
n—g:nm{i_— 1) . (©)

Mgy Mgty

The selection of the growth mode is assumed to be deter-
mined by the higher temperature of 7, or 7.. If T, > T, v
does not catch up to the interface until the y phase nucleates
on the interface and starts to grow. This condition is
expressed as Eq. (7):

n>(l__ ; ) L )

Mg Mgy ) My —my AC

On the other hand, when T, > T,, the vy phase does not
nucleate on the interface until the tip of -y phase transformed
from & phase catches up to the interface and the (y phase
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Fig. 10. Banded structure and its schematic illustration; Fe—4.24 at% Ni, growth rate of 1.7 um/s, and a growth distance of 26 mm.

starts to grow. This condition is satisfied as Eq. (8):

Q<(L_ 1 ) my ATy ®
ms

Mgy Mgd+y/y —my AC

Parameters except supersaturation, {2 and undercooling for
v phase nucleation, AT,,, are evaluated from the phase
diagram. For eutectic of Fe—18.5Cr—11.5Ni (wt%) alloy, (2 =
0.025AT,,, is obtained, from which y phase transformed from
d phase does not catch up to the interface unless the super-
saturation for solid- transformation is very small. In fact Okane
and Umeda [11] showed that eutectic does not begin to grow
until vy nucleates on the &/liquid interface. For the Fe—Ni
system, on the other hand, 2 = O.72AT,W is obtained and )
isevaluated to be 0.5 from the data of Vandyoussefi [25]. From
this knowledge, unless undercooling for y on the & interface
is comparatively smaller by 0.7 K, +y solidification does not
occur to follow the (y nucleation. When the undercooling
necessary for vy on the 3 interface is larger than 0.7 K, grow-
ing <y transformed from & catches up with the d/liquid inter-
face at a later stage of initial transformation and vy starts to
solidify. From observation of the simultaneous growth
between & and y shown in Fig. 9, although in the peritectic
system, and confirmation of the y phase catch-up with the &/
liquid interface in Figs. 8 and 9, it can be concluded that
simultaneous growth like that of lamella eutectic originates
with the transformed cellular y growth. At the same time,
when y nucleation occurs to small degree on the &/liquid
interface, a banded structure as shown in Fig. 10 may form.

5. Conclusions

To investigate the solidification microstructures selection
of Fe—Cr—Ni and Fe—Ni alloys, three type of solidification

experiment: low growth rate range using a Bridgman type
furnace; high growth rate range obtained by laser resolidifi-
cation; and casting into a substrate from superheated or
undercooled melt; were performed.

1. Unidirectional solidification was performed to investi-
gate the transition of the steady-state solidification
microstructure of Fe—Cr—Ni alloys with growth rate.
For the composition on the ferrite liquidus surface near
to the monovariant eutectic line, ferrite—austenite eutectic
is confirmed in the low growth rate range, and its
transition velocity agreed well with that estimated by
the phase selection criterion and calculation of interface
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Fig. 11. Change of solidified phases and microstructures during an initial
transient of Fe—4.19 at% Ni alloys.
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response function. Eutectic follows nucleation of -y on the
d/liquid interface.

2. Metastable austenite occurs by phase selection due to
growth competition between austenite and ferrite. Criti-
cal undercooling or growth rate for transition from stable
d to metastable g is well fitted with predictions.

3. Various kinds of microstructures of hypo-peritectic Fe—
Ni alloys — planar/cellular/dendritic, peritectic/simulta-
neous (eutectic like), simultaneous/banded, stable/meta-
stable — are formed according to the growth conditions.
When nucleation events are specified, solidification-
microstructures selection is quantitatively possible to
predict from the standpoint of growth kinetics. Simul-
taneous growth is originated with y catch-up with the
d/liquid interface and banded growth is caused by -y
nucleation on the 8/liquid interface.
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