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Abstract. The microstructural evolution of a SCN-ACE alloy in a temperature gradient is studied by
cellular automaton (CA) modeling and in situ experiments. The initially columnar dendrites gradually
evolve to a completely solid region with a planar solid/liquid interface. The CA simulations and in situ
observations present the migration of secondary dendrite arms and liquid pockets due to temperature
gradient zone melting (TGZM), and the movement of the interface between a mushy zone and a fully
liquid zone. The CA simulations show that the interface movement toward the lower temperature region
is caused by the increasing concentration of the fully liquid region. Through updating the concentration in
the fully liquid zone to the initial concentration in the CA simulation for mimicking the efficient stirring
in liquid, the movement of the interface between the mushy zone and the fully liquid zone is hindered. The
simulated liquid fractions and mean concentrations throughout the mushy zone decrease with time, which
agree well with the analytical predictions. The simulated concentrations in the resolidified mushy zone
are not higher than the temperature-dependent solidus concentrations, implying that no supersaturation
remains after the mushy zone fully solidifies.

1 Introduction

When the mushy zone of an alloy is situated in a tempera-
ture gradient, simultaneous melting and solidification pro-
cesses lead to a series of complex phenomena, e.g., liquid
film migration (LFM) and dendrite coarsening [1]. These
processes influence the microstructure and concentration
distribution in the mushy zone of an alloy significantly,
and hence receive much attention in the fields of produc-
tion of thermoelectric materials [2], synthesis of pure inter-
metallic phases [3], measurement of thermophysical prop-
erty [4,5], and crystal growth [6]. During holding in a tem-
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perature gradient, the local liquid concentrations in the
mushy zone can be assumed to approximately follow the
temperature-dependent local liquidus concentrations [7,
8]. As a result, a macroscopic concentration gradient is
generated in the liquid throughout the mushy zone, giv-
ing rise to solute transport toward higher temperatures [8–
10]. The solute transport is accompanied by simultaneous
melting and solidification processes in the mushy zone,
and the interaction between these physical processes is a
prominent research topic in academia [11–17]. In particu-
lar, the local melting and solidification lead to either liq-
uid pockets or secondary dendrite arms in the mushy zone
moving towards higher temperature, and this phenomenon
is termed temperature gradient zone melting (TGZM) [1,
18]. The mechanism of TGZM can be found elsewhere for
detail [18], and the essence is briefly described here. For a
liquid pocket in the mushy zone during temperature gra-
dient holding, local solute enrichment and depletion oc-
cur at the hotter and colder solid/liquid (S/L) interfaces,
respectively, driven by the directional solute transport.
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The solute enrichment causes local melting of the hot-
ter solid/liquid interface of the liquid pocket, while the
solute depletion leads to local solidification of the colder
solid/liquid interface. As a result, the liquid pockets show
the moving behavior toward the high-temperature direc-
tion. Since liquid pockets locate in the middle of neigh-
boring secondary dendrite arms, the TGZM effect de-
scribed above for liquid pockets is equivalent to that a
sequence of secondary dendrite arms migrate towards the
high-temperature direction.

Salloum-Abou-Jaoude et al. [14] carried out in situ ex-
periments observing the mushy zone evolution of an Al-Cu
alloy in a static temperature gradient by means of syn-
chrotron X-ray radiography. In the in situ experiments,
the evolution of the concentration distribution in the liq-
uid and of the dendritic microstructure is characterized.
However, due to the difficulties of quantitatively measur-
ing solute concentrations in the solid and liquid phases in
real time, the behavior of melting/solidification and so-
lute transport for an initially dendritic microstructure in
a temperature gradient has not yet been characterized ex-
haustively in experimental studies.

Theoretical models were developed to describe the
melting/solidification processes and mushy zone dynamics
in a temperature gradient [7,19]. A one-dimensional (1-D)
analytical model was proposed by Combeau-Appolaire-
Seiler (CAS) [7] to predict the evolution of liquid fraction
and local mean concentration in the mushy zone. In this
model, the assumption of instantaneous thermodynamic
equilibration at the solid/liquid interfaces was adopted,
and the results are continuous functions of the position in
the mushy zone. The CAS model predicts that the mushy
zone with a constant length completely solidifies in the
final stage, and the final mean concentrations are equal
to the temperature-dependent local solidus concentration.
Pan et al. [19] proposed a 1-D analytical model to describe
the migration of liquid regions due to TGZM, providing
the location and migration velocity of a moving liquid re-
gion in the mushy zone. However, this model is not de-
signed to predict the evolution of quantities such as liquid
fraction and local mean concentration along the mushy
zone. Overall, the above analytical models both neglect
the curvature effect, and thus are unable to reproduce the
evolution of a dendritic microstructure in the mushy zone
during holding in a temperature gradient.

In addition to the experimental observations and the-
oretical analyses, numerical modeling provides an alter-
native tool to study the microstructural evolution during
alloy solidification [20–27]. Regarding the study of mushy
zone dynamics in a temperature gradient, Boussinot and
Apel [28] performed phase-field simulations of the mi-
crostructural evolution from an initially dendritic mor-
phology to a planar S/L interface. The simulation results
indicate that the interface between mushy zone and fully
liquid zone moves towards lower temperatures, and the
mushy zone becomes shorter than the predicted by cal-
culations using equilibrium phase diagram data (liquidus
and solidus temperatures) and the temperature gradient.
Some of the present authors applied a cellular automaton
(CA) model involving both solidification and melting to

simulate the microstructural evolution of columnar den-
drites and equiaxed grains in a temperature gradient [29].
The migration of the secondary dendrite arms and liquid
pockets in the mushy zone due to TGZM was visualized.
The simulated holding time in the CA calculations was
too short to reach the final planar S/L interface.

In the present study, a recently proposed CA model
that includes both solidification and melting [29,30] is ap-
plied to simulate the microstructural evolution of colum-
nar dendrites of a SCN-ACE alloy during holding in a
temperature gradient. A comparison of the simulated mi-
crostructures and in situ experimental observations is pre-
sented. As compared to the previous work of the present
authors [18], the computation domain in the present study
is large enough to cover the entire mushy zone, and the
physical time for the CA simulation of temperature gradi-
ent holding is much longer. The microstructural evolution
from columnar dendrites to a planar interface during reso-
lidification of the mushy zone is analyzed in detail. The
movement mechanism of the interface between the mushy
zone and the fully liquid zone is investigated by the CA
simulations. The simulated evolution of the liquid fraction
and concentration distribution throughout the mushy zone
is compared with analytical predictions.

2 Cellular automaton model and in situ
experimental observation

The CA model has the capability to quantitatively sim-
ulate melting and solidification of alloys simultaneously,
which has been validated in the previous articles [18,30].
According to the local composition equilibrium approach
in the CA model, during a given time step, the increment
of the solid fraction in an interface cell is calculated by

Δfs = g · (Ceq
l − C∗

l )
Ceq

l (1 − k)
, (1)

where g is a geometrical factor for reducing the artificial
anisotropy (the detailed algorithm for calculating g can be
found elsewhere [18,30]); k (= 0.1) is the partition coeffi-
cient for SCN-ACE; Ceq

l and C∗
l are the local equilibrium

liquid concentration and local actual liquid concentration,
respectively. Equation (1) denotes that the kinetics of so-
lidification and melting is determined by the difference
between Ceq

l and C∗
l . Ceq

l is calculated by

Ceq
l =

T ∗ − Tm

ml
+

ΓKf(ϕ, θ0)
ml

, (2)

where T ∗ is the local interface temperature, Tm (=
58.081 ◦C) is the melting point of pure SCN, ml (=
−2.8 ◦C/wt.%) is the slope of the liquidus in the SCN-
ACE phase diagram. Γ (= 6.48 × 10−8 ◦C · m) is the
Gibbs-Tomson coefficient, K is the local curvature evalu-
ated from the solid fraction gradient at the S/L interface,
and f(ϕ, θ0) is a function accounting for the anisotropy
of the interfacial energy. Apparently, the first term on the
right-hand side of eq. (2) is the temperature-dependent
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liquidus concentration, and the second term represents the
contribution of the curvature undercooling. C∗

l is deter-
mined by solving the diffusion equation

∂C

∂t
= ∇ · (D(fs)∇(C/p(fs))) , (3)

where C = Csfs + Cl(1 − fs) is the mean concentration,
D(fs) is the diffusion coefficient evaluated by D(fs) =
kDsfs + Dl(1− fs), where Ds (= 3× 10−13 m2/s) and Dl

(= 3 × 10−9 m2/s) are the diffusivities of solute ACE in
the solid and liquid phases, respectively. The conversion
coefficient function, p(fs), is calculated by p(fs) = kfs +
(1− fs). A zero-flux boundary condition is adopted on all
walls of the two-dimensional domain. In the CA model, the
evolution time and the spatial length are both physical.

In addition to the CA simulation, in situ experimental
observations of the microstructural evolution in the mushy
zone of a transparent organic SCN-ACE alloy were car-
ried out using a Bridgman-type solidification set-up. The
experimental set-up is described in detail elsewhere [18].
In the in situ experiments, the microstructural evolution
of the columnar dendrites occurred in a rectangular glass
tube with a thin cavity (∼ 200μm). The rectangular glass
tube was placed horizontally and kept stationary. In the
process of temperature gradient holding, the convective
flows caused by the buoyancy effect and glass tube move-
ment can be neglected. The experiments were performed
in two stages. In the first stage, directional solidification
of a SCN-1.5 wt%ACE alloy was conducted to obtain
columnar dendrites, under the conditions of a tempera-
ture gradient of G = 4.5 ◦C/mm and a pulling velocity of
Vp = 17.7μm/s. The pulling of the sample was stopped
when the columnar dendrites were growing in a steady
state, and the columnar dendrites were held in the tem-
perature gradient. The microstructural evolution was ob-
served and recorded by an optical microscope equipped
with a CCD camera.

3 Results and discussion

3.1 Microstructural evolution from columnar dendrites
to a planar S/L interface

In situ experiments and CA simulations including both
local melting and local solidification are performed for
a SCN-1.5 wt%ACE alloy to study the microstructural
evolution in the mushy zone. Figure 1 exhibits experi-
mental micrographs of the microstructures of the SCN-1.5
wt%ACE alloy during holding in a temperature gradient
of G = 4.5 ◦C/mm, taken at 20 s, 134 s, and 320 s after
stopping pulling the sample. The micrographs in fig. 1
are processed digitally in order to better display the mi-
crostructural features. Due to the limitation in the field
of view of the optical microscope, fig. 1 only covers a por-
tion of the mushy zone. As shown in fig. 1(a), after a 20 s
holding period, the side branches of the columnar dendrite
still can be identified clearly. After 134 s (fig. 1(b)), how-
ever, the profiles of the secondary dendrite arms become

Fig. 1. In situ experimental observation of microstructural
evolution of columnar dendrites of a SCN-1.5 wt%ACE alloy
in a temperature gradient of G = 4.5 ◦C/mm. The photos were
taken at (a) t = 20 s, (b) t = 134 s, and (c) t = 320 s after
stopping pulling the sample.

obscure. As marked by the red boxes in fig. 1(a) and (b),
it can be seen that the side arms migrate towards higher
temperatures. The migration of the side arms is due to
TGZM, which has been discussed in detail elsewhere [18].
In fig. 1(c), it is observed that the secondary dendrite
arms cannot be distinguished any more, and long liquid
channels between the former primary trunks have formed.
Moreover, fig. 1 shows that the tip region of the former
primary trunks gradually evolves to a nearly planar inter-
face. As indicated by the dotted lines in fig. 1(b) and (c),
the interface between the mushy zone and the bulk liquid
region moved towards lower temperatures. As a result, the
fully liquid region expands, while the length of the mushy
zone shrinks during holding in the temperature gradient.

The CA model is applied to study the mushy zone dy-
namics of a SCN-1.5 wt%ACE alloy in a temperature gra-
dient of G = 10 ◦C/mm. The somewhat higher gradient
was chosen to limit the calculation time until the mushy
zone is fully solidified. The initial dendritic microstruc-
ture and concentration field are generated by simulating
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Fig. 2. Simulated evolution of columnar dendrites (shown by the concentration field) of a SCN-1.5 wt%ACE alloy in a temper-
ature gradient of G = 10 ◦C/mm: (a) t = 0 s; (b) t = 120 s; (c) t = 3000 s; (d) t = 4000 s; (e) t = 7650 s. C in panels (c)–(e) is
the mean concentration of the bulk liquid region. The red and black boxes mark the secondary dendrite arms and liquid pockets
at different times, respectively. The evolution of the columnar dendrites can also be seen in the supplementary video 1.

directional solidification of the SCN-1.5 wt%ACE alloy in
a temperature gradient of G = 10 ◦C/mm and a pulling
velocity of Vp = 50μm/s. Then, the pulling velocity is as-
signed as Vp = 0, and thus the columnar dendrites are held
in the static temperature gradient. In the CA simulation,
the computation domain consists of a 1310×240 mesh with
a mesh size of Δx = 3μm. Figure 2 presents the simu-
lated microstructural evolution in the mushy zone (shown
in the concentration field) during holding in the tempera-
ture gradient (see also the supplementary video 1). It can
be seen that the initially dendritic microstructure gradu-
ally transforms into a solid region with a planar interface
towards the fully liquid region. As shown in fig. 2(a), the
position of the solidus temperature (Ts = 16.08 ◦C) is at
x = 0mm, while the liquidus temperature (Tl = 53.88 ◦C)
of the initial composition is at x = 3.78mm, which is close
to the position of the tips of the columnar dendrites. After
a 120 s holding period (fig. 2(b)), in the low temperature
region the primary trunks of the former columnar den-
drites can still be identified, whereas the outlines of the
former side arms become invisible. Moreover, small solute
enriched liquid pockets have formed in the space between
the former dendrite arms. In the high-temperature region,
it can be seen that the dendrite arms become coarser. As
indicated by the red boxes in fig. 2(a) and (b), the sec-
ondary dendrite arms migrate towards higher tempera-

tures due to TGZM, which is identical to the experimen-
tal observation in fig. 1 and our previous study [18]. On
the other hand, as shown by the dotted lines in fig. 2(a)
and (b), the tips of the primary dendrites remelt, and
the S/L interfaces of the primary dendrite tips move to-
wards lower temperatures. In fig. 2, it can be seen how
the columnar dendrites gradually evolve to a fully solid-
ified zone with a planar S/L interface, which agrees well
with the experimental observation in fig. 1. As marked
by the black boxes in fig. 2(c) and (d), the liquid pockets
in the solid matrix migrate towards the high-temperature
direction due to TGZM, and finally enter the fully liquid
zone. During the migration of the liquid pockets, they may
coalesce with neighboring ones, and their shapes and con-
centrations change with time. In fig. 2(e), no liquid pockets
remain in the solid zone. Evidently, due to solute partition-
ing at the S/L interface the concentrations of the liquid
pockets are higher than those of the solid phase. Thus,
the migration of the solute enriched liquid pockets due to
TGZM transports the solute towards higher temperatures.
This contributes to an increase of the mean concentration
in the bulk liquid region (C in fig. 2(c)–(e)) with time.
Apparently, solute enrichment is formed in the bulk liquid
zone. In addition, it can be seen in fig. 2 that the mushy
zone/bulk liquid region interface moves towards lower
temperatures, leading to a gradually shorter mushy zone.
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Fig. 3. Simulated evolution of columnar dendrites (shown by the concentration field) of a SCN-1.5 wt%ACE alloy in a temper-
ature gradient of G = 10 ◦C/mm with resetting the concentrations in the fully liquid zone to the initial concentration at each
time step: (a) t = 0 s; (b) t = 120 s; (c) t = 3000 s; (d) t = 4000 s; (e) t = 7650 s. The red and black boxes mark the secondary
dendrite arms and liquid pockets at different times, respectively. The evolution of the columnar dendrites can also be seen in
the supplementary video 2.

In order to investigate the effect of solute enrichment
on the movement of the mushy zone/bulk liquid region in-
terface, the CA simulation was carried out with resetting
the concentrations in the fully liquid zone to the initial
concentration (C0 = 1.5 wt% ACE) at each time step.
This could be considered to mimic the efficient stirring in
the fully liquid zone, e.g. the experimental studies where
long samples are heated by induction that causes forced
convection [9]. The other simulation conditions are the
same as those of fig. 2. Figure 3 displays the evolution
of the concentration field of the initially dendritic mi-
crostructure during holding in the temperature gradient
(see also the supplementary video 2). Similar to the case of
fig. 2, the mushy zone gradually solidifies, and the migra-
tion of the secondary dendrite arms and of solute enriched
liquid pockets due to TGZM are also observed in fig. 3.
However, with increasing holding time, the interface be-
tween the mushy zone and the fully liquid region remains
at the position of the liquidus temperature. Figure 3 in-
dicates that the movement of the interface between the
mushy zone and the fully liquid zone is hindered by elim-
inating the solute enrichment in the bulk liquid region.

3.2 Evolution of liquid fraction and concentration
distribution in the mushy zone

In addition to the microstructural evolution shown in
figs. 2 and 3, the simulated liquid fraction and local mean
concentrations in the mushy zone at different holding
times are plotted and compared to the CAS model pre-
dictions. According to the CAS model, the liquid fraction,
fl, can be calculated by [7]

∂fl

∂t
= −Dl

G

(Tl − Ts)[1 − (1 − k)x/lT ]
∂fl

∂x
, (4)

where t and x are the holding time and the 1-D position
in the mushy zone, respectively; lT is the mushy zone
length calculated according to the liquidus and solidus
temperatures, and the temperature gradient, which is
lT = (Tl−Ts)/G = 3.78mm in the present study. Figure 4
presents the comparison of liquid fractions varying with
the position in the mushy zone (and thus temperature) af-
ter different holding times, obtained from the CA simula-
tions and the CAS model. The symbols and lines represent
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Fig. 4. Comparison of local liquid fractions at different hold-
ing times between the CA simulations (symbols) and the CAS
model predictions (lines) [7]: (a) CA simulation in fig. 2; (b) CA
simulation in fig. 3; (c) data in the mushy zone of x ≤ 3.0 mm
in figs. 2 and 3.

the CA simulation results and the CAS model predictions,
respectively. The simulation results are obtained by aver-
aging the data over the rectangular regions (180×720μm)
along the mushy zone. The simulated data in fig. 4(a)
and (b) correspond to the CA simulations without and
with resetting all concentrations in the fully liquid region
to the initial concentration (figs. 2 and 3), respectively.
As shown in fig. 4, the simulated liquid fractions are sub-
ject to fluctuations. The reason is that the liquid pockets
exhibit non-uniform spatial distribution throughout the
mushy zone, as seen in figs. 2 and 3. For each holding time,
the simulated data and the CAS model predictions show
how the liquid fractions increase with increasing mushy
zone temperature. As indicated in fig. 4(a), the liquid frac-
tions at different positions of the mushy zone decrease with
time, but the simulated liquid fractions in the expanding
fully liquid region are equal to unity. Nevertheless, it is
considered that the simulated data agree well with the
solution of the CAS model in the regions that are not
included in the fully liquid region. In fig. 4(b), the influ-
ence of the expanding fully liquid region is excluded. It is
seen that in the high-temperature region the liquid frac-
tions are still in good agreement with the CAS model.
Figure 4(c) presents the comparison of the liquid frac-
tions in the mushy zone of x ≤ 3.0mm, where x is the
distance from the solidus, obtained from the CA simula-
tions of figs. 2 and 3 and the CAS model, at the holding
times of 120 s and 4000 s, respectively. It is found that the
simulated liquid fractions have negligible differences in the
cases with and without updating the concentrations in the
fully liquid region.

Figure 5 shows a comparison of the local mean concen-
trations varying with mushy zone position (and tempera-
ture) after different holding times, obtained from the CA
simulations and the CAS model. At each temperature,
the CAS model prediction of the mean concentration is
obtained by C̄(T ) = Ceq

Sol(T ) · [1−fl(T )]+Ceq
Liq(T ) ·fl(T ),

where Ceq
Sol(T ) and Ceq

Liq(T ) are temperature-dependent
solidus and liquidus concentrations, respectively. Similar
to fig. 4, the simulated data display fluctuations, while
the CAS model predictions are continuous functions. It
is seen in fig. 5 that the simulated local mean concen-
trations at different mushy zone positions decrease with
time. In fig. 5(a), however, the simulated local mean con-
centrations in the fully liquid region are found to increase
with time. The decrease of the mean concentrations in the
solid quantifies the solute transport out of the mushy zone,
while the increase of the simulated local mean concentra-
tions in fig. 5(a) in the high-temperature region shows that
the solute is incorporated in the fully liquid zone and thus
causes solute enrichment. In fig. 5(b), the solute transport
out of the mushy zone without solute enrichment in the
fully liquid region is shown. Figure 5(c) presents the com-
parison of the local mean concentrations in the mushy zone
of x ≤ 3.0mm obtained from figs. 2 and 3 and the CAS
model, at the holding times of 120 s and 4000 s, respec-
tively. Similar to fig. 4(c), the local mean concentrations
have negligible differences in the CA simulations with and
without updating concentrations in the fully liquid region.
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Fig. 5. Comparison of local mean concentrations after different
holding times between the CA simulations (symbols) and the
CAS model predictions (lines) [7]: (a) CA simulation in fig. 2;
(b) CA simulation in fig. 3; (c) data in the mushy zone of
x ≤ 3.0 mm in figs. 2 and 3.

Fig. 6. Comparison of the simulated solid concentrations along
the solidified mushy zone obtained from the CA simulations
corresponding to figs. 2(e) and 3(e), respectively. The solidus
line is also plotted.

In order to study the effect of mimicked stirring on the
concentration of the solid phase after the mushy zone has
completely solidified, fig. 6 presents the comparison be-
tween the simulated solid concentration distribution and
the solidus line. As shown, the solid concentrations at
different positions in figs. 2(e) and 3(e) are almost su-
perimposed, indicating that the effect of mimicked liquid
stirring on the solid concentrations is negligible. In the
low-temperature region, the solid concentrations are lower
than the solidus concentrations. The solid concentrations
gradually approach to the solidus line as the tempera-
ture increases. The simulated solid concentrations show
that there is no supersaturation remaining after the mushy
zone has fully solidified. Since a concentration gradient is
produced in the solid phase, solid diffusion will occur until
the solid phase finally reaches a stationary state with a ho-
mogeneous concentration. However, since the solid diffu-
sivity is three orders of magnitude smaller than the liquid
diffusivity, it is expected that the holding time for reach-
ing the final stationary state will not be reached employing
the currently available computing power.

In the present work, the CA simulations are per-
formed in two dimensions. It is expected that the quan-
titative data obtained from the three-dimensional simula-
tions should be closer to reality. Due to the differences of
local melting/solidification kinetics and diffusion spaces,
there might be some deviations of the liquid fraction and
solute concentration distributions in the two- and three-
dimensional cases, which still require future study.

4 Conclusions

The microstructural evolution of an initially columnar
dendritic structure of a SCN-ACE alloy due to simulta-
neous melting and solidification in a temperature gradi-
ent is studied by CA simulations and in situ experimental
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observation. The simulation results show that the mushy
zone gradually evolves to a fully solid region with a planar
S/L interface, which compares well with the in situ exper-
imental observation. During holding in the temperature
gradient, the migration of secondary dendrite arms and
liquid pockets toward higher temperatures due to TGZM
are exhibited in the CA simulations and in situ experi-
mental observation. The CA simulations also reproduce
the coalescence and morphological changes of the solute
enriched liquid pockets, which enter the fully liquid region,
and hence contribute to the increase of the concentration
of the fully liquid region. The CA simulation and in situ
experimental observation reveal how the interface between
the mushy zone and the fully liquid region moves towards
lower temperatures, and the mushy zone length decreases
with time. This is caused by solute enrichment in the fully
liquid zone. The CA simulation with resetting all concen-
trations in the fully liquid zone to the initial concentration
indicates that the movement of the interface between the
mushy zone and the fully liquid zone can be hindered by
eliminating the solute enrichment in the bulk liquid region.

The CA simulated distributions of the local liquid frac-
tion and local mean concentration in the mushy zone are
analyzed and compared to CAS model predictions. With
increasing holding time, the liquid fractions and mean con-
centrations at different positions decrease with time. The
decrease of the mean concentrations is due to the solute
transport out of the mushy zone. After the mushy zone
has completely solidified, the mean solid concentrations
at different positions are not higher than the temperature-
dependent solidus concentrations, denoting that there is
no supersaturation remaining in the solid matrix. The CA
simulations reveal that mimicked stirring has little influ-
ence on the phase fractions and mean concentrations in the
mushy zone. The simulated evolution of the local liquid
fraction and local mean concentration distribution agrees
well with the CAS model predictions.
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