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a b s t r a c t

Studies on solidification of equiatomic multi-component alloys are essential in developing melt-route
processing of high entropy alloys. The extent of undercooling during processing controls microstruc-
ture evolution. In this study, we present solidification studies on undercooled equiatomic FeCuNi alloy
carried out using melt fluxing technique. The alloy shows a two-phase (FCC þ FCC) microstructure even
at deep undercooling of more than 200 K. The dendrite growth velocity measured using high-speed
video imaging shows a nonlinear increase in growth velocity with the increase in the extent of under-
cooling. A modified dendritic growth model was able to predict the growth velocity. The segregation
behaviour and microstructures at different extents of undercooling can be predicted using phase field
simulation.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Development of multi-component alloys with equiatomic
composition has seen rapid growth in recent years due to the
search for remarkable properties [1e3]. Multi-component equia-
tomic alloys are designated as high entropy alloys based on the
configurational entropy of a random solid solution of the constit-
uent elements. Understanding the solidification behaviour of
equiatomic multi-component alloys can improve upon the design
of high entropy alloys. This is because segregation during solidifi-
cation can lead to undesirable precipitates that could limit the
application of an alloy arrived through combinatorial designs and
equilibrium thermodynamic estimates.

Solidification studies using the extent of undercooling as a
control parameter are useful in determining microstructure evo-
lution during manufacturing processes including those that involve
non-equilibrium conditions such as additive manufacturing [4].
The number of studies on phase selection kinetics or morphological
changes in the multicomponent alloys during undercooled condi-
tions is limited in the open literature [5e7].

The ternary equiatomic alloys such as CoCrNi gained attraction
due to their mechanical properties and unique mechanisms [8,9].
Alloying with titanium, carbon [10] and tungsten [11] have shown
improvement in strength and other properties of this alloy.
).
However, studies on the effects of undercooling on ternary alloys
are limited to the corners of the respective phase diagrams [12e14].
Given the rapid growth in the number of studies on equiatomic
multicomponent/high entropy alloys, undercooling studies on al-
loys at the centre of the phase diagram need exploration to aid in
the development of novel microstructures.

The data on dendrite growth velocity as a function of under-
cooling can be used to predict the underlying mechanisms of
microstructure formation during solidification. The dominance of a
particular component of undercooling (from thermal, solutal, cur-
vature and kinetic components) often provides insights into the
mode of solidification. The growth velocity as a function of
undercooling can be predicted based on the material parameters
including thermodynamic and kinetic data using established
dendrite growth models [15e17]. The prediction of microstructural
evolution using phase field modelling can be used to identify the
segregation of elements in regions away from the tip of the
dendrite. Studies have shown that phase field simulations match
experimental results in case of ternary NieAleZr system in the
undercooled condition [14]. Quantification of segregation could
help avoid conditions that lead to the formation of undesirable
intermetallic compounds while designing high entropy alloys. An
integrated approach that combines thermodynamic and kinetic
calculations guiding the experiments could help in the design of
novel high entropy alloys [18].

Functional applications such as the giant magnetic resistance
(GMR) have used the FeCuNi system with non-equiatomic com-
positions [19]. Undercooling studies on binary systems Fe-Cu [20]
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and CueNi are reported in the literature [21e23]. The studies on
CueNi and FeeNi systems show different grain refinement mech-
anisms in different undercooling regimes [24,25]. The FeeCu sys-
tem shows a submerged miscibility gap leading to metastable
liquid phase separation at critical undercooling. This phenomenon
is sensitive to the composition of the alloy system. The under-
cooling studies on CueNi system show the transition from den-
dritic to equiaxed grains and the effect of recrystallisation during
solidification is also studied [23]. From the high entropy alloy re-
ports, it can be concluded that the HEAs with Fe, Cu, Ni elements
are studied mainly in multiphase as well as eutectic alloy devel-
opment [26e28]. Alloy systems such as FeCoNiCuNb [27], FeCo-
NiCuMn [26] and FeCoNiCuCrAl [29] are reported in literature. The
equi-atomic FeCuNi ternary is a derivative in these systems. The
undercooling studies on FeCoNiCuCr system showed growth ve-
locity of the order of ~2m/s at an undercooling of 200 K [30] which
is lower than Ni based alloys. There exists a controversy whether
the growth rates in equiatomic multicomponent alloys is sluggish
or not. On the way to understand the growth kinetics in multi-
principle element alloy with several components, we need to
explore ternary equiatomic systems as well. Undercooling studies
on ternary equiatomic systems will help in understanding growth
kinetics as well as microstructure evolution in HEAs with multiple
elements.

In this study, the equiatomic alloy FeeCueNi was chosen to
understand the solidification behaviour and growth velocity as a
function of undercooling. Data on the growth velocity as a function
of undercooling were measured experimentally and correlated
with dendritic growth models. Multi-phase field approach was
used to predict the segregation pattern in the alloy during the
undercooled condition.

1.1. Experimental details

As-cast sample was prepared using a vacuum arc melting
technique with tungsten as a non-consumable electrode. The
starting materials were high purity elements (>99.99) and melted
in an inert atmosphere. The alloy was remelted several times flip-
ping each time to homogenise the composition across the sample.
The remelted alloy sample of 25 g weight was sectioned using
electric-discharge machining to obtain samples of required weight
for metallographic preparation and undercooling study. The
undercooling experiments using melt fluxing technique were car-
ried out under argon atmosphere. The flux usedwas boron trioxide.
The born trioxide flux will cover the sample and this liquid/amor-
phous layer will avoid the contact of sample with the container and
thereby prevents any nucleation sites from being available to the
melt. By avoiding nucleation sites, the melt is able to undercool
below the liquidus temperature before crystallization could initiate.
During the experiments, the sample holding temperature was
around 200 K above the liquidus before quenching with the inert
gas to obtain undercooling. The thermal profile of the solidifying
sample was captured using a two-colour infrared pyrometer
(Impac®) to an accuracy of ±5 K. The high-speed video images
(Photron FASTCAM® (SA4) with SIGMA® lens attachment) were
captured from the sample during solidification at a frame rate of
105 per second. Thermal contrast was adequate in determining the
recalescence speed by image analysis using PFV® (Photron FAST-
CAM Viewer) software.

The metallographic preparation was performed using emery
polishing followed by colloidal silica solution. The structural char-
acterisation was carried out using X-ray diffraction (XRD) (using
X'pert Pro PANalytical® with Cu-Karadiation of wavelength
l¼ 0.154056 nm). The microstructure characterisation included
scanning electron microscopy (InspectF® and Quanta400®, FEI
make) in backscattered electron mode, local composition mea-
surements using energy dispersive spectroscopy (EDS) (using Ox-
ford EDAX®), and transmission electron microscopy (using Tecnai-
FEI® with EDAX® attachment) for an independent phase confir-
mation. DSC (SETARAM Labsys®) measurements were carried out
using an as-cast sample of 55mg weight and heating is done by a
rate of 10 K/min.

1.2. Simulation details

Microstructure simulation of solidification after different ex-
tents of undercooling was performed using MICRESS® software
that implements a multi-phase field model. The simulation pa-
rameters used are shown in Table 1. The use of thermodynamic data
in the simulation was by enabling TQ coupling with Thermo-Calc®
software. The input diffusion data assumed the primary phase to be
a solid solution of Fe. The microstructural simulation was carried
out using a reduced multiphase field equation for solidification
[14,31,32] as shown below
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where F is the phase field order parameter, m*ð n!Þ is the anisotropic
interfacial mobility, h is the diffuse interface thickness, s*ð n!Þ is the
anisotropic interfacial energy, and DG is the Gibbs energy as driving
force. The realistic simulation was achieved due to the TQ coupling
with the thermodynamic database (TCHEA 2). The simulated
segregated profiles taken as virtual line EDS were validated against
the experimentally determined line-scan profiles.

2. Results and discussion

2.1. As-cast microstructure

The phase evolution predicted by using Thermo-Calc® (TCHEA 2
database) in Scheil's regime is shown in Fig. 1a. This confirms the
formation of FCC single phase as also observed in the as-cast
microstructure. The DSC curve shown in Fig. 1b confirms the liq-
uidus temperature viz., 1638 Kwhich is close to the thermodynamic
prediction of 1623 K. The error in the measured and predicted
liquidus temperature was around 1% which could indicate further
improvement in database is necessary for a more accurate predic-
tion. The SEM-EDS image shown in Fig. 1c shows that the as-cast
microstructure consists of FeeNi rich primary dendritic phase
and Cu rich interdendritic region. The EDSmap shows the complete
depletion of Fe from the Cu rich region and Cu from the FeeNi rich
region. This is expected from the largely positive enthalpy of mixing
and resultant immiscible nature of Fe and Cu. The TEM micrograph
shown in Fig. 2a and b confirms that Cu rich region and FeeNi rich
region are dis-ordered FCC phase. Composition measured by EDS
was shown in Table 2. The Cu rich region consists of nanoscale
precipitates shown in the inset image. The presence of fine FeeNi
rich precipitates is of significance to applications related to GMR
effect [19]. The role of metastable extended solid solution and
subsequent phase separation leading to the nanoscale Fe pre-
cipitates cannot be ruled out. The precipitations in FeeCu alloys due
to undercooling (which is also common in fast processes such as
laser scanning) are reported earlier [33,34]. The precipitates are
local segregation of elements e ie., iron in copper-rich regions and
copper in iron-rich region. Such microstructures are known from
alloy systems that exhibit submerged miscibility gap. Also, there
are several studies that have established copper segregation in
steels and their role in improving the strength [35,36]. From the



Table 1
Parameters used for phase field simulation.

Parameter Value and Unit

Diffusion constant of Cu in the melt 2.4� 10�5 cm2/s
Diffusion constant of Cu in the dendrite 2.4� 10�10 cm2/s
Diffusion constant of Ni in the melt 6.01� 10�6 cm2/s
Diffusion constant of Ni in the dendrite 6.01� 10�10 cm2/s
Kinetic coefficient (m) between phases, liquid and primary dendritic phase [cm4/(Js)] 30.00000� 10�04

Surface energy between phases, liquid and primary dendritic phase [J/cm2] 1.00000� 10�05

Domain size, Grid size 600� 600 mm, 0.3 mm

Fig. 1. a) Scheil's solidification pathway predicted by Thermo-Calc®, b) Differential Scanning Calorimetry (DSC) curve shows the liquidus temperature of alloy, c) Scanning electron
microscopy (SEM) image with EDS mapping of as cast sample.
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length scale of these precipitates, we believe that these are formed
in solid state during the cooling portion of the thermal cycle.
2.2. Thermal profile characteristics

Fig. 3 shows a superposition of thermal profiles of different
undercooling experiments. The extent of undercooling is estimated
as the difference between the liquidus temperature and the reca-
lescence temperature. The rise in temperature due to latent heat
evolution is not sufficient to raise the temperature above the liq-
uidus temperature at undercooling DT > 95 K. The thermal profiles
show only one recalescence event which corresponds to the pri-
mary FeeNi rich dendrite phase. The plot also confirms that there is
no other phase transformation at different levels of undercooling.
2.3. Characterisation of undercooled samples

Fig. 4 shows the microstructures of samples solidified at
different extents of undercooling (DT). At low undercooling regime
(DT< 36 K) the microstructure consists of FeeNi rich dendritic
structure with Cu rich interdendritic region. The dendritic structure
was primarily due to diffusion-controlled growth during solidifi-
cationwhere the dendritic growth velocity expected to be lower. At
higher undercooling, the microstructure exhibits a refinement. The
microstructure consists of FeeNi rich primary phase and Cu rich
interdendritic region in all undercooling regimes.

In the undercooling range 36 K< DT < 62 K, the primary FeeNi
rich regions show polycrystalline morphology. This appearance is
due to the dendritic remelting that occurs during the recalescence.
Thermo-solutal remelting of dendrites is also likely e given the
formation of finally solidified Cu rich region surrounding the FeeNi
rich region. If the liquid fraction during the remelting is more than
0.8, it could cause the remelting of the initially formed dendritic
skeleton and lead to refinement of the microstructure [25]. In the
case of Fee30Ni, the liquid fraction is more than 0.8 in the regime of
undercooling less than 100 K. The morphology variation in a
different regimes is reported for CueNi system [24].

In the regime of undercooling 62 K <DT < 211 K, the micro-
structure shows columnar dendritic morphology. In this regime,
the dendrite remelting is not expected because of higher under-
cooling. The proportion of liquid will be less than 80% as in FeeNi
system reported in the literature [25]. At an undercooling of DT
>211 K, the microstructure consists of grain morphology which is
possibly due to recrystallisation following an increase in strain
during solidification and dendrite distortion. The volume change
during solidification could lead to increased stored energy in the
solid and result in recrystallisation. This type of grain refinement
was observed in Fee30Ni as well as CueAg and Ni-based alloys
[24,25,37]. Reduced segregation of Cu at the grain boundaries
corroborates such a possibility. The transformation may be due to
the dominance of thermal and kinetic undercooling in higher
undercooling regime compared to the solute diffusion dominated
lower undercooling regime.

The microstructure did not exhibit liquid phase separation un-
like in undercooled binary FeeCu systems [20]. The extended so-
lution of Ni in both Fe and Cu in elevated temperature may result in
the avoidance of submerged miscibility gap even in higher under-
cooling conditions. At high undercooling, the length scale of the Cu
rich interdendritic region decreased due to the solute trapping
unlike in the case of FeeCu system. From this microstructure



Fig. 2. Transmission electron microscopy (TEM) bright field image shows a) FeeNi rich
FCC phase with SAED pattern of zone axis [�ı12] in the inset, b) Cu rich FCC phase with
SAED pattern of zone axis [�ı12] in the inset and the red rectangle shows the magnified
regionwith precipitates, The EDS composition of different regionwas shown in Table 2.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 2
Composition of different phases measured by EDS.

Elements FeNi rich phase (atomic %) Cu rich phase (atomic %)

Fe 39.68 9.20
Ni 37.03 10.46
Cu 23.29 80.34

Fig. 3. Thermal profile of undercooling experiments.
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evolution, one can state that the FeeCueNi equiatomic alloy ex-
hibits two-phase microstructure without metastable phase sepa-
ration. The morphological changes suggest dominated by two
different grain refinement mechanisms at low and high under-
cooling regimes.

Structural characterisation using XRD (Fig. 5) confirms the FCC
phase in the as-cast as well as deeply undercooled samples. The Cu
rich phase has a lattice parameter close to that of FeeNi rich phase
and leads to an overlap of peaks in the XRD pattern.

2.4. Dendrite growth velocity

The growth velocity was calculated based on the high-speed
video imaging by tracking the motion of the recalescence front
(Fig. 6a and b). The thermal contrast images show that in the low
undercooling regime, the recalescence front is angular and at
higher undercooling regime the recalescence front is smooth
(spherical) in morphology. Such a transition from angular to
smooth recalescence front was known in the Ni system [38] and is
applicable in the FeeCueNi system as well. The transition from
angular recalescence front to a smooth recalescence front was at
the undercooling range of 140 Ke162 K.

The dendritic growth velocity exhibits the expected trend of an
increase with undercooling. The velocity shows a steep increase in
the high undercooling regime and is attributed to the dominant
thermal undercooling contribution. High velocity in higher
undercooling regime leads to polycrystalline or grain morphology
of microstructure. Grain morphology due to recrystallisation was
reported in FeeNi system when the growth velocity is more than
25m/s [25]. In the equiatomic FeeNieCu alloy, the grain
morphology was observed at undercooling (DT> 211 K) that cor-
responds to a velocity of more than 25m/s condition. It is possible
that the mechanism for grain morphology is similar in this system
too. The growth velocity obtained was comparable to the Ni and Fe
based alloys [21,39]. The variation of growth velocity (V) can be
fitted to a nonlinear function of undercooling as follows

V¼ 0.00889(DT)1.48

The bulk undercooling obtained experimentally is a sum of
contributions from solutal, thermal, curvature, and kinetic under-
cooling. In the low undercooling regime the solutal effect is
dominant, and in the high undercooling regime the kinetic and
thermal contribution is dominant. This can be observed in other
binary [40,41] as well as ternary systems, in case of NieFeeSi sys-
tem, it was reported that the diffusion-controlled growth was
prominent at lower undercooling which is due to solutal under-
cooling. The collision controlled growth is dominant at the higher
undercooling condition which is due to kinetic and thermal
undercooling [42]. FeeGe system shows that the fraction of solutal
and curvature undercooling was more than 0.6 around 150 K
undercooling which suggested that diffusion is more prominent in
the lower undercooling regime [43]. The models used for each
undercooling contribution are described in detail elsewhere [43].
The formulation used in the current studies is presented briefly
here.

The bulk undercooling achieved by the sample can be written as

DT¼DTt þ DTs þ DTk þ DTr (1)

Where each termwill the contribution to the total undercooling.
Thermal undercooling which is dominant at higher undercooling
regionmainly due to the temperature gradient with the solid-liquid
interface and the rest of the sample can be written as

DTt¼DThypIv(Pt) (2)



Fig. 4. Scanning electron microscopy- Backscattered electron images of undercooled sample at various level of undercooling a) DT¼ 36 K, b) DT¼ 62 K, c) DT¼ 95 K, d) DT¼ 119 K,
e) DT¼ 158 K, f) DT¼ 262 K and g) EDS mapping of DT¼ 262 K sample at higher magnification.

Fig. 5. XRD pattern of as cast and undercooled samples.

Fig. 6. a) Shows growth velocity variation with respect to undercooling from experi-
mental data and dendritic growth theory. b) High speed video imaging shows the
solid-liquid interface where bright area is solid and dark area is liquid (At DT¼ 27 K the
diameter of sample is 10.0176mm and at DT¼ 214 K the diameter of sample is
5.0403mm).
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Where the terms DThyp is hypercooling ¼ (DH/Ci), DH is latent heat
of fusion and Ci is heat capacity of liquid, Iv(Pt) is the Ivantsov
function, the thermal Peclet number is expressed as Pt. The
undercooling due to solute rejection at the interface can be
expressed as solutal undercooling

DTs ¼ mCo
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where liquidus slope is m, was obtained from the phase diagram
generated using Thermo-Calc® with TCHEA2 database and m0

¼ slope of kinetic liquidus can be found from the equilibrium
partition coefficient and k is the velocity-dependent partition co-
efficient and solutal Peclet number expressed as Pc. The under-
cooling due to the curvature of the dendritic tip can be expressed as
curvature undercooling

DTr¼ 2G/ r (4)
Where G is Gibbs-Thomson coefficient and r is the dendritic tip
radii.

A modification in the kinetic undercooling contribution of the
dendrite growth model allowed for a closer correlation with the



Fig. 7. a) Variation of partition coefficient of Cu as function of undercooling from ex-
periments and pseudo-binary partition coefficient from dendritic growth theory, b)
Contribution of different factors in undercooling to the total/bulk undercooling as
predicted by dendritic growth theory.
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measured variation of growth rate as a function of undercooling.
The non-linear kinetic contribution similar to an earlier study [43]
is taken as follows:

DTk ¼ m

�
v

vC

�p

The model assumed a pseudo-binary approach considering
mainly Fe(Ni) as the primary solution phase and Cu as the major
segregating element. The parameters used for the calculation are
shown in Table 3. The extent of non-linearity modelled using the
parameter p given in the kinetic undercooling termwas taken to be
0.7 for this system, and Vc is the maximum growth rate at the
infinite driving force, and m is the kinetic coefficient. The hyper-
cooling value was calculated from Thermo-Calc® database TCHEA2
using the latent heat of solid and liquid at the liquidus and specific
heat of liquid at the liquidus. The estimation of the pseudo-binary
partition coefficient of Cu was from the compositions in the as-
cast sample. Solute diffusivity values were taken from the litera-
ture, and remaining parameters are optimised to fit with the
experimental results [43,44]. The discrepancy between the pre-
dicted growth rates and experimentally measured data could be
attributed to the original dendrite growth model being for dilute
alloys, apart from uncertainties in different parameters. However,
the qualitative agreement indicates that solidification of under-
cooled equiatomic alloys could also be modelled using dendrite
growth models. The trend of the effective partition coefficient
(Fig. 7a) as a function of undercooling is similar to the experimental
values but the pseudo-binary approach seems to overestimate the
increase in the partition coefficient. This discrepancy highlights the
need for non-equilibrium models for dendrite growth of concen-
tratedmulti-component alloys [14,42] that will also be found useful
by the rapidly growing high entropy alloy community.

Fig. 7b shows the contribution of undercooling as a function of
the total undercooling obtained. The effect of curvature and solutal
undercooling was prominent up to an undercooling of ~125 K
where the dendritic microstructure was prominent. In this domain,
the primary dendritic growth was controlled by the diffusion of
elements. Above an undercooling of 125 K, the growth was
controlled mainly by the collision-controlled growth where the
thermal contribution to the undercooling is dominant. This obser-
vation is in contrast to the growth of ordered intermetallics and
suggests the random solid solution of the primary phase.

2.5. Phase-field simulation

The phase field simulation using multiphase field approach was
able to predict the segregation profile as shown in Fig. 8. Here the
primary FCC phase is assumed to be a solid solution of Fe, and the
diffusion of elements to the Fe was considered for calculation. The
Fig. 8 shows the expected segregation pattern, namely, the dendrite
phase is rich in Ni and the interdendritic region is mostly Cu. The
Table 3
Values of parameters used in the dendrite growth model.

Kinetic Coefficient (K) 1011 Present work
Super cooling (K) 384 From Thermo-Calc®
Thermal Diffusivity (m2/s) 1.7e�5 Present work
GibbseThomson coefficient (Km) 2.825e�7 Present work
Velocity Sound (m/s) 2000 Present work
Partition Coefficient 0.294 From experiment
Composition (at%) 33.333 From experiment
m0 (liquidus slope) (K/at%) �2.54 From Thermo-Calc®
Diffusion Velocity (m/s) 5 Present work
Interface Diffusion Velocity (m/s) 5 Present work
Solute Diffusivity (m/s) 2.24e�9 Present work
same was also observed in experimental samples. Fig. 8 shows the
segregation profiles at undercooling conditions, and it suggests that
the nature of elemental segregation is similar in all levels of
undercooling. Ni has miscibility with Cu, and its segregation profile
shows that enrichment of Ni in the primary phase was limited. Cu
has a positive enthalpy of mixing with Fe and its immiscible nature
results in segregation in the interdendritic region predominantly.
Fig. 9 shows the EDS measurement taken in the solidified sample
after an undercooling of 95 K. The virtual EDS show the elemental
variation across the interdendritic liquid in the simulated micro-
structure. The virtual EDS and the experimental EDS scan shows
good agreement in the Ni and Cu distribution trend as well as the
interdendritic scale for Cu segregation.

Fig. 10a shows the phase field map with increasing extent of
undercooling. At this stage, the mobility data for phase field
parameter were not calibrated against the experimental growth
rates. Hence, a quantitative comparison of the growth rates ob-
tained from phase field simulation with the experimental data was
not taken up. An increase in undercooling shows the formation of
secondary dendritic arms. At 100 K undercooling, the microstruc-
ture formation includes the formation of tertiary dendritic arms
too. The comparison of morphology was keeping the numerical
parameters such as time step the same. Fig. 10 b shows the phase
field simulation result with multiple dendrites which can able to
simulate the real microstructure formed during the undercooled
condition. The correlation of the simulated and experimental
microstructure can be seen from the line EDS taken in the inter-
dendritic region.

There is a close comparison of microstructure and elemental
segregation away from the dendrite tip. In equiatomic alloy systems
where such segregation could lead to the formation of detrimental
intermetallic compounds, these simulations could possibly reduce
experimental trials. This can be achieved by performing a follow-up
thermodynamic estimate of phase formation on the segregated
alloy with compositions taken from the phase field simulations
using process conditions that are appropriate for the intended melt



Fig. 8. Simulated segregation patterns of Ni and Cu of undercooled sample of undercooling 100 K and 105 K at a time period of 0.3 s where the colour legends represents the atomic
percentage of corresponding elements (simulation details shown in Table 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 9. Line EDS measured from the simulation and experimental sample with an undercooling of 95 K.
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processing technique. Segregation is an important aspect that
should be brought in as one of the criteria for the design of multi-
component equiatomic alloys and high entropy alloys, particularly
for processes such as casting, welding, and additive manufacturing.



Fig. 10. a) Phase field plots at different undercooling temperatures taken at a solidification time of 0.1 s showing the morphology changes as function of undercooling (simulation
details are in Table 1), b) Comparison of microstructure obtained by using multiple dendrite simulation with the experimental micrograph (DT¼ 95 K), the experimental and virtual
EDS trends are matching (The simulation was for a solidification time period of 0.9 s).
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3. Conclusion

Undercooling studies on FeeCueNi system shows a transition
from dendritic microstructure, equiaxed grain structure, columnar
microstructure with increasing undercooling. At an undercooling
more than 211 K, the microstructure is characterised by grain
morphology. Two types of mechanisms are predominant in grain
refinement such as dendritic remelting at lower undercooling
regime and recrystallisation or distortion of dendrite at the high
undercooling regime. The growth velocity, fitted by a modified
dendritic growth model increased nonlinearly with undercooling
and the velocity obtained was around 20e30m/s at 200 K. This
confirms that the growth kinetics in this ternary equi-atomic alloy
is not sluggish. Partition coefficient indicated solute trapping with
increasing undercooling, but segregation of Cu was present even in
deep undercooling. The microstructure simulations and segrega-
tion profiles compare well with the experiments suggest the
applicability of phase field model in equiatomic multi-component
systems.
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