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Multi-principle element alloy FeCoNiCu with varying Sn addition was undercooled using the meltfluxing tech-
nique to illustrate the dependence of growth kinetics on Sn addition. The alloy FeCoNiCuSng s shows morpho-
logical variation in the microstructure from dendritic to equiaxed grain morphology with the increase in
undercooling. The alloy FeCoNiCuSns shows dendrite morphology with undercooling. The dendritic growth

velocity was sluggish with solute addition,i.e., at an undercooling of 200 K, the growth velocity decreased from
~25 m/s to 6 m/s while varying Sn concentration from 0.5 to 5 at % suggesting solute drag effect. The
microhardness improvement could be correlated to the microstructure refinement achieved during undercooling.

1. Introduction

Multi principle element alloys— often referred to as high entropy
alloys or complex concentrated alloys — have gained attention in recent
times due to their remarkable properties [1]. Some of these alloys have
exhibited improved mechanical properties than their commercially
established alternatives making them attractive for future applications
[2-4]. Studies on microstructure stability in this class of alloys show a
strong dependence on the processing route adopted for the synthesis of
these alloys [5]. The single phase solid solution formation in these alloys
is attributed to several core effects that includes sluggish diffusion [6].
However, recent reports show that solute diffusion cannot be assumed to
be sluggish because of the increase in configurational entropy [7,8]. The
tracer diffusion reports in FeCoNiCrMn system suggest that diffusion
behaviour depends upon the type of atoms in the alloy [7]. There are no
studies on the effect of solute on the growth kinetics during solidification
in this class of alloys.

In melt processing routes a faster cooling rate or solidification rate
usually involves a deeper undercooling of the melt. Studies on solidifi-
cation microstructure using undercooling as a control parameter provide
insights into the phase selection and formation of metastable micro-
structures [9,10]. Measurement of the speed of recalescence front during
solidification is often used to quantify the growth kinetics in under-
cooled alloys. The high speed video analysis was used in various
research groups to quantify the growth kinetics and thereby understand
the material behaviour at undercooled condition [11]. The studies on
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Fe—Co system shows that the imaging techniques are able to capture the
double recalescence event in the system as well as the growth kinetics
measured can be used to verify the current dendritic growth theories
[12]. The growth kinetics with in situ observation was reported for
intermetallic compounds like Ni-Zr system shows lower growth velocity
[13]. The growth velocity calculated from in situ measurements can give
idea about the mechanism of growth which is reported in Ni-Zr system
where dendritic growth is changed to a coupled growth [14]. The re-
ports on Fe-based alloys and Ni-based alloys suggest that solute addition
plays a vital role in the growth kinetics of the alloys in undercooled
condition [15,16]. In Fe-based alloys, Co addition was shown to increase
the growth velocity, whereas Si addition decreases the growth velocity
[15]. Fe based multicomponent alloy shows the use of rapid solidifica-
tion by giving undercooling for improving the microhardness by grain
refinement and also the reports suggest the decrease in growth velocity
with addition of solute in Fe [17]. Decrease in velocity was observed in
Fe-Cu system compared with pure iron due to the addition of Cu [18].
The effect of Cu addition on Ni and stress induced recrystallization were
reported in Ni—Cu system [19]. Analytical prediction have shown that
small amount of impurity will increase the growth velocity at lower
undercooling regime [20]. The growth velocity calculations on Ni-based
alloys show that the increase in Zr addition will slow down the growth
kinetics [16]. While there are studies on elemental segregation during
solidification of high entropy alloys that form a single phase, there are
no studies that document solute drag effect in these alloys.

There are only a few studies that present growth kinetics of HEAs in
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undercooled condition [21,22], but those do not use in situ observations
of recalescence front motion similar to the ones on conventional alloys
and functional materials [10,23]. Deep undercooling was shown to have
a significant effect on the microstructure and properties of alloys. The
increased hardness in Fe-based alloy due to undercooling was prominent
compared to solid solution strengthening [15]. Morphological variation
with respect to undercooling was reported in Fe-Ni [24] and Cu-Ni al-
loys [25]. Liquid phase separation was observed in undercooled or high
cooling rate condition in Co-Cu [26,27] and Fe—-Cu [18] binary alloys. In
this study, we have chosen the alloy FeCoNiCuSny to study the effect of
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solute addition by comparing alloys containing Sn of 0.5 and 5 atomic
percentages.

2. Experimental details

The alloys are prepared from high purity elements (99.9%) in
required proportions and melted using vacuum arc melting technique.
The homogeneity of the button sample was ensured by melting 6 times
and flipping each time. Samples for metallography and undercooling
were taken from the button using electrical discharge machining. The

(a)

4 6
Distance (um)

(b)

ZA[011]

Fig. 1. a) BSE- SEM images, EDS elemental mapping and line scan at interdendritic region of as-cast FeCoNiCuSng s, b) BSE-SEM image, EDS elemental mapping and

Phase identification using TEM of as cast FeCoNiCuSns as-cast alloy.
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sample was placed in a boron trioxide flux, and the undercooling
experiment was carried out in Argon atmosphere. The in situ thermal
profile was captured using a two-colour pyrometer. The speed of reca-
lescence front motion during solidification of the undercooled sample
was captured by using high-speed video imaging operating at 10° frames
per second. The thermal contrast was adequate to record the reca-
lescence front motion. The microstructures of as-cast and undercooled
samples were taken using scanning electron microscopy in back-
scattered electron mode. The compositional analysis was carried out
using energy dispersive spectroscopy, and elemental maps were
collected for elemental distribution between phases. The as-cast FeCo-
NiCuSns sample was characterised using transmission electron micro-
scopy with EDS attachment to confirm the phases. Independently, the
phases of the as-cast and undercooled samples were also identified by
XRD (presented in supplementary file, Fig. S3). The hardness variation
with respect to undercooling was studied using microhardness testing
with a force of 500 gf and a dwell time of 10 s.

3. Results and discussion

Fig. 1la shows the as-cast microstructure of FeCoNiCuSngs alloy
consisting primary dendritic phase with interdendritic segregation. The
nominal and measured composition of as-cast sample is shown in
Table 1. The EDS mapping confirms that the primary phase was enriched
with the Fe, Co and Ni, and the interdendritic region is enriched with Cu.
The compositions of the primary phase and interdendritic region are
listed in Table 2. The structure was confirmed as FCC from the XRD
measurements (supplementary file, Fig. S3). This could be attributed to
the negative enthalpy of mixing of Fe with Co and Ni as well as zero
enthalpy of mixing between Co-Ni. The large positive enthalpy of
mixing of Cu with Fe, Co, Ni could explain the segregation in the
interdendritic region [28]. Sn is segregated in between the Cu rich
interdendritic region, and FeCoNi rich primary phase as confirmed by
the EDS mapping and the corresponding line scan. This is expected from
the positive enthalpy of mixing of Sn with Fe, Co, and Cu. Fig. 1b shows
the as-cast microstructure of FeCoNiCuSns alloy; SEM BSE image shows
a primary dendritic phase with the interdendritic region. The EDS
mapping confirms that the primary phase is enriched with Fe, Co, Ni and
the interdendritic region consists of two phases — one rich in Cu-Ni-Sn
and the other rich in Cu. The TEM micrograph with SAED pattern con-
firms that the three phases are of FCC structure. Table 2 shows the
composition of different phases taken from EDS.

Microstructure evolution FeCoNiCuSngs alloy with respect to
undercooling is shown in Fig. 2a. At lower undercooling regime (AT <
74 K) the microstructure shows dendritic morphology with interden-
dritic region enriched with Cu and Sn segregation. Columnar dendritic
morphology was observed at an undercooling range of 74 <AT < 111 K
and distorted dendritic morphology was observed between 111 K to 177
K. At higher undercooling regime (AT > 200 K) the sample shows
equiaxed grain morphology, which can be confirmed by the Cu segre-
gated surrounding the Fe-Co-Ni rich phase. The equiaxed grain
morphology is similar to what is reported in Ni—Cu alloy, where it was
attributed to recrystallization [29]. Microstructure evolution of

Table 1
Composition of as-cast alloys.
Elements  FeCoNiCuSns FeCoNiCuSng s
Nominal Measured Nominal Measured
composition composition composition composition
(at %) (at %) (at %) (at %)
Fe 23.75 26.36 = 0.11 24.875 27.5 £ 0.15
Co 23.75 25.03 £ 0.11 24.875 26.06 + 0.15
Ni 23.75 22.86 + 0.05 24.875 23.73 £0.11
Cu 23.75 21.33 £0.15 24.875 22.23 £ 0.40
Sn 5 4.4 £ 0.05 0.5 0.43 + 0.05
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Table 2
Composition of phases (in atomic percentage) of as-cast sample using EDS
analysis.

Elements FeCoNiCuSng FeCoNiCuSng 5

FeCoNi rich Cu rich CuNiSn rich FeCoNi rich Cu rich

phase phase phase phase phase
Fe 31.41 5.83 5.00 27.88 6.63
Co 32.29 6.45 6.31 28.62 7.13
Ni 23.66 10.5 23.61 24.67 11.45
Cu 11.79 69.65 43.27 18.71 71.23
Sn 0.85 7.56 21.81 0.12 3.57

undercooled FeCoNiCuSns was shown in Fig. 2b where the dendrite
morphology was observed in the entire undercooling regime studied
here. The Cu-Ni-Sn rich phase and Cu rich phases are present in the all
level of undercooling. The EDS analysis in each phase (supplementary
file, Fig. S6) confirms that the composition in FeCoNi rich primary phase
and Cu-Ni-Sn rich phase have similar values in all levels of under-
cooling. The Cu rich phase shows decrease in Cu amount at highest
undercooling while increase in Fe, Co, Ni amounts in interdendritic re-
gion may attribute to the trapping of Cu in the primary phase. Solute
trapping was observed in FeCoNiCuSng 5 which can be confirmed by the
increase in Cu amount in FeCoNi rich primary phase with respect to
increase in undercooling (supplementary file, Fig. S7). The microstruc-
ture was refined at the higher undercooling, and the XRD results (sup-
plementary file, Fig. S3) confirm that there is no formation of any
additional phase in these samples. The deconvoluted XRD peak shows
the three phases formed with a close lattice parameter.

Growth velocity was determined as a function of undercooling by
tracking the recalescence front motion in the undercooled sample. The
recalescence front was seen to be of angular morphology at the lower
undercooling and spherical morphology at higher undercooling regime
(supplementary file, Fig. S4). Such a variation was also reported in
undercooled Nickel [30]. The growth velocity variation with respect to
undercooling for the currently studied alloys is shown in Fig. 3. The
growth rate is higher at deeper undercooling within the range of
undercooling explored in this study. The growth rates were significantly
different for the two alloys suggesting that solute addition plays an
essential role in the growth kinetics of these alloys. The plot of growth
rate illustrates that the velocity was sluggish when Sn addition was
increased from 0.5 to 5 at %. At undercooling of 200 K, the growth
velocity of ~25 m/s was observed in FeCoNiCuSng 5 alloy whereas it was
only ~6 m/s for FeCoNiCuSns alloy. We believe that this decrease in
growth velocity can be attributed to the solute drag effect. The FeCo-
NiCuSny 5 alloy shows the maximum velocity of ~65 m/s at an under-
cooling of 270 K, which is comparable to Fe or Ni-based alloys or pure
metals. A minute addition of boron in Ni showed the same effect where
the velocity drastically decreased with increase in boron content [31].
This high velocity in higher undercooling domain suggests that the alloy
behaves like dilute alloys where the growth kinetics is fast unlike what is
expected from the presence of multiple principal elements in the alloy.

The growth velocity data was fit using an exponential function V.= A
exp (BAT) where A will depends on solute concentration, and diffusion
and B will depend on the heat generation due to dendrite formation
[15]. The bulk undercooling obtained in the sample consists of contri-
butions from solutal undercooling, curvature undercooling, kinetic
undercooling and thermal undercooling [32]. Studies on most metallic
alloys have shown that at low undercooling regime, the contribution
from solutal and curvature undercooling is dominant as the growth is
diffusion controlled. At higher undercooling, the thermal and kinetic
undercooling is dominant as the growth is typically collision controlled.
The data in this study were fit to a high value for the constant A for
FeCoNiCuSny s alloy (A = 3.146) compared to FeCoNiCuSns (A = 1.328
x 107°) alloy. This high value of A shows that the effect of solutal
undercooling is dominant in the FeCoNiCuSngs compared to the
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Fig. 2. a) Microstructure variation of undercooled FeCoNiCuSng s sample with respect to undercooling shows morphological variation from dendrite to columnar
dendrite and equaxied grains, b) Microstructure variation of undercooled FeCoNiCuSns sample with respect to undercooling shows stable dendritic morphology even
in higher undercooling (Black colour shows the porosities or shrinkage defects generated during solidification).
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Fig. 3. Growth velocity variation of undercooled alloys with respect to

undercooling where the continuous line shows the exponential fit and symbols
show the experimental data points.

FeCoNiCuSns alloy. The constant B is of the same order of magnitude for
both alloys which further indicates that the driving force for solidifica-
tion is more significant at FeCoNiCuSns because of the comparatively
high B value, but still, its growth velocity is sluggish.

The increase in growth velocity leads to refinement in the micro-
structure, which could lead to an improvement in mechanical property
such as microhardness. Fig. 4a shows the microhardness variation of
alloys in as-cast and undercooled condition. The microhardness was
taken such a way that the values obtained are due to the contribution of
multiple phases. Since all the phases in the FeCoNiCuSns system are of
FCC structure large deviation between the phases are not expecting
which is accounted with multiple readings and the corresponding error
bar provided. The increasing trend with respect to undercooling was
observed in both cases. The FeCoNiCuSngs hardness was increased
approximately to a maximum of 21% of the as-cast sample, which is due
to the refinement of microstructure. Fig. 4b shows the secondary den-
dritic arm spacing, which confirms that secondary dendritic arm spacing
decreases with respect to undercooling, and can explain the increase in
the hardness through the Hall-Petch relationship. The hardness of as-
cast FeCoNiCuSns alloy was increased by 20% of as-cast
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Fig. 4. a) Microhardess variation with respect undercooling for the studied alloys, b) inter dendritic arm spacing with respect to undercooling for the studied alloys

(Here the as-cast sample value shows as the first data point).

FeCoNiCuSng 5 alloy mainly attributed to the solid solution strength-
ening as well as the presence of multiple phases. The hardness of the
FeCoNiCuSns alloy increased 19% of the as-cast alloy mainly attributed
due to microstructure refinement. The microhardness of FeCoNiCuSnsg
alloy increased by 33% compared to FeCoNiCuSn 5 alloy at an under-
cooling of ~75 K. This is possibly due to the combined effect of solid
solution strengthening and microstructure refinement due to
undercooling.

This study shows that addition of Sn rather than Cu leads to the so-
lute drag effect. This is verified by comparing with the growth velocity
measurements of FeCoNiCu system (supplementary file, Fig. S5) which
confirms that even 0.5 at % addition of Sn slows down the kinetics. From
the literature, it is known that the elements that have a low equilibrium
partition coefficient (ke«1) will promote the solute drag effect. This can
be explained by the loss of driving force due to the solute drag as per
Equation (1) [31,33].

L0 Li2

AGH :RT(XZXLOX ) D
here, X™° is the initial composition of the parent phase, X' is the
composition of liquid phase near to interface, T is the temperature, and R
is the universal gas constant. Equation (1) shows that the decrease in
free energy is proportional to (X2°- X%, which is larger in case of systems
having low partition coefficient. In this system, Sn has a low value of
partition coefficient compared to Cu so it will cause a reduction in the
energy available for interface motion, which in turn reduce the growth
kinetics. In the case of the Ni-B system, the growth velocity drastically
reduced with increase in boron, which is characterised by a low value of
partition coefficient [31]. The same effect can be observed in Ni-Zr
system where an increase in Zr above 0.5 at% caused a reduction in
growth kinetics due to solute drag effect [16]. In the FeCoNiCuSng 5 the
partition coefficient of Sn (kg,) is 0.033 whereas for Cu (k) is 0.262,
which is significantly larger than the partition coefficient of Sn. In
FeCoNiCuSns alloy the kg, = 0.038 whereas ke, = 0.169. In the Si-As
system [34] solute drag effect was not observed and the partition coef-
ficient in that system is large.

4. Conclusions

From this study, we propose that addition of Sn leads to solute drag
effect and a decrease in the growth kinetics of undercooled FeCoNi-
CuSny. The microhardness improvement is attributed to the solid solu-
tion strengthening as well as the microstructure refinement due to
undercooling. The morphological variations in the undercooled condi-
tion of FeCoNiCuSngs suggests that one can extend the concept of
microstructure variation using undercooling from traditional alloys to
the high entropy alloys too.
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