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Abstract: Accurate evaluation of permeability (K) in the mushy zone is essential for simulating macrosegregation during
casting processes, yet it remains difficult due to the complex interface morphology. In this study, time-resolved X-ray
tomography (4D-CT) was used to observe the solidification in Al - 10mass%Cu alloys under various cooling conditions,
enabling in situ three-dimensional reconstruction of dendritic structures. To enhance the quantitative analysis of
solid-liquid interfaces, a phase-field-based image filter was applied to suppress high-frequency noise and accurately
extract parameters such as interfacial area and curvatures. Based on these, machine learning models were trained to
predict permeability from solid fraction and cooling rate, with the random forest model achieving the highest accuracy.
This approach supports more reliable permeability estimation for casting simulations.

Keywords: dendritic structure, solidification interface; permeability; time-resolved X-ray tomography; machine learning;
Al-Cu alloy; mushy zone; phase field model

1 Introduction 2 Experimental Methods

Macrosegregation caused by solute redistribution in the 2.1 Experimental Setup

mushy zone severely affects the mechanical properties of Al-10mass%Cu samples (10 mm dia.) were solidified
under various cooling conditions using time-resolved
interior tomography (interior 4D-CT) at the BL20B2
beamline (SPring-8) -9 (Figs. 1 and 2) Phase-field
filtering was applied to reduce artifacts induced in the
Bl In this study, we employed time-resolved X-ray reconstructed data. The morphological parameters,
tomography (4D-CT) to visualize the solidification of including solid fraction, specific interface area (interface
area per unit volume), and curvatures were extracted for

cast alloys [l. Accurate estimation of permeability (K),
which governs fluid transport in the dendritic networks,

is critical for simulating and mitigating macrosegregation

Al-10 mass%Cu alloys under various cooling rates. A

phase-field-based image filter was applied to reduce quantitative analysis of permeability using  the
Kozeny-Carman model -81:

1— 3
accuracy of morphological analysis. The extracted K =%
keSsfs (1

where k. is a shape factor and S is the specific
interface area of the solid-liquid interface. Evaluation of
solid-liquid interface area, S5, as a function of solid

noise in the reconstructed images and improve the

parameters were used to predict permeability using
machine learning, contributing to the reliable simulation

of solidification phenomena.

Since permeability is a key input for Darcy-based flow fraction is advantageous because it is impossible to
models in mushy zones, its accurate prediction enables measure S from the microstructure observation after
more realistic numerical simulation of liquid flow solidification. The reliable estimation through the
through the dendritic network and solute transport advanced imaging technique and the prediction modeling
during solidification, which are essential for assessing is essential for accurate permeability prediction ).

macrosegregation behavior.
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Fig. 1. Schematic of the experimental setup for time-resolved
X-ray tomography
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Fig. 2. Schematic of Interior CT [1*-12]

The solidification processes under various cooling
conditions were studied to investigate the effect of
cooling conditions on the permeability and the interface
morphology. The cooling scenarios included:

1. Continuous cooling at constant rates of 8 K/min, 16
K/min, 20 K/min, 30 K/min, and 40 K/min.
Multi-step cooling, where the cooling rate was adjusted
during solidification (e.g., 16 K/min — 4 K/min —
16 K/min).

2.2 Phase-Field Filtering and Image Processing 131!
To
extraction, we adopted a phase-field model-based image

improve the accuracy of interfacial property

processing technique (PFF). This method uses the
curvature-driven evolution of the phase field variable ¢
to smooth noisy 3D reconstructions obtained from
4D-CT imaging. The evolution is governed by the
following time-dependent equation [ 171;
Ap =— 3V205(MAL) ¥¢(1 —¢)
. @)
+ (1= )1~ 20)w - 729

This expression allows the computation of the
temporal evolution of ¢ by setting values for interfacial
energy o, interface thickness &, radius 7, interface
mobility M, and time step At. Here w is a coefficient
controlling the depth of the potential well.

As shown in Fig.3, this filtering procedures significantly
reduced artifacts and enabled accurate curvature and

972

interface area quantification.

(a)

(b)

Fig.3 Example of 4D-CT observation of solidification in Al-Cu

alloy (reconstructed image)

(a) Before PFF processing (b) After PFF processing

3 Results and discussion

3.1 Quantitative Analysis of permeability at different
cooling conditions 1311

The permeability ( K ) was evaluated using the
Kozeny-Carman equation, incorporating the measured
Fig.4 the
time-dependent changes in K for different cooling rates.

morphological ~ parameters. shows

Higher cooling rates resulted in lower permeability
due to the finer dendritic structures. This finding,
obtained by the direct observation, agrees with the
previous studies on the the relationship between cooling

rate and microstructure.

W T T T q

Cooling Rate

N . 16K/min—hold—15K/min
wE ® 16K/min—4K/min—16K/min| 3

™ . e 18K/min—hold—15K/min

. 16K/min—hold—15K/min

16K/min—4K/min—18K/min|

Permeability / m
L ]

04

Solid Fraction, fs

06

Fig.4 Permeability (K) as a function of solid fraction for various
cooling rates

3.2 Machine Learning Model for Predicting Permeability
Our previous studies have attempted to model the time
evolution of physical properties using empirical or
semi-empirical time-evolution equations.

While this formulation fits experimental data, it
requires many noise-sensitive parameters, especially in
early stage of solidification.

In this study, to further improve the predictive
understanding of permeability, a machine learning
approach (Random Forest technique) was introduced P71,
It is known for its robustness against overfitting, ability
to handle non-linear relationships, and low sensitivity to
feature distribution. Using the time-series data extracted
from 4D-CT observations, permeability (K) was modeled
as a function of solid fraction and morphological features.

The evolution and

of predicted experimental
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permeability with solid fraction is shown in Fig.5. The
model captures the sharp drop in K at low fs and its
gradual stabilization at higher fg, which reflects the
connectivity transition in the dendritic network.

As shown in the validation metrics, RF achieved high
R? values for permeability across multiple folds (e.g.,
0.992, 0.940), with very low mean absolute errors (on the
order of 10° m?), confirming its predictive accuracy. The
evolution of predicted and experimental permeability
with solid fraction is shown in Fig.5. The model captures
the sharp drop in K at low f5 and its gradual
stabilization at higher fs, which reflects the connectivity
transition in the dendritic network.

In contrast to time evolution equations that require
empirical parameter fitting, the machine learning model
(RF) provides a flexible, data-driven solution adaptable
to non-linear and multi-condition cases. The result
suggests its applicability for enhancing macrosegregation
simulations.
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Fig.5 Model fitting result of permeability after Machine Learning

4 Conclusions

This study demonstrated the utility of the time-resolved
X-ray tomography and the phase-field filtering for
observing solidification morphology in Al-Cu alloys. By
combining the quantitative morphological analysis? and
machine learning, permeability under varying cooling
rates was successfully predicted, supporting improved
simulation accuracy in casting processes.
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