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Abstract:  To predict the microstructures of steels, direct coupling of phase-field method and Calculation of Phase
Diagrams (CALPHAD) databases is desirable. However, such direct coupling is challenging even for
the binary Fe—C system. The first difficulty is that the local equilibrium condition becomes an implicit
function, resulting in extremely high computational costs. The second difficulty is that the relationship
between phase composition used in phase-field method and site fraction employed in CALPHAD meth-
od is nonlinear. In this study, a phase-field model for the Fe—C system is developed by combining Direct
CALPHAD Coupling (DCC) model, which explicitly solves the local equilibrium condition, with a chain-
rule formulation that links phase composition to site fractions. Numerical tests for 0 phase solidification
and y phase peritectic transformation demonstrated that the proposed model satisfies the local equilibrium
condition with errors small enough to have no impact on the simulation results and accurately reproduces
phase diagram at equilibrium condition. The developed approach provides a framework for simulating
microstructure evolution directly coupled with CALPHAD databases for steels containing interstitial ele-
ments such as carbon and nitrogen.
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Development of a CALPHAD-coupled Phase-field Model for Predicting Microstructure Evolution in Fe—C Steels
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Fig. 1. Schematic illustration of (a) FCC and (b) BCC structure
of the Fe—C system. White circles indicate Fe atoms,
and black circles indicate C atoms or vacancies.
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Table 1. Numerical parameters.

Properties Value
Diffusivity in liquid D, (m*/s) 1.0x107
Diffusivity of C in solid Dy (m’/s) 1.0x107"
Interface energy o (J/m’) 0.2
Molar volume ¥,, (m’/mol) 1.0x10°7°
Interface mobility m (s mol/J) 0
Strength of anisotropy in dendritic solidification 0.03
simulation & (-)
Grid resolution Ax (m) in 1D simulation 1x107
Grid resolution Ax (m) in 2D simulation 2x107
Interface thickness ¢ (m) 5x1077
Discrete time width in 1D simulation At (s) 3.3x10°
Discrete time width in 2D simulation Az (s) 8.0x10°°

Boundary condition (-) Zero Neumann

Floating-point precision Double precision
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Table 2. Comparison of equilibrium phase fractions and
compositions between PyCalphad and DCC model
during solidification from liquid to J phase.

Fraction of Phase composition Phase composition
liquid, N, of Cin liquid, ¢, of Cind, ¢,
PyCalphad 0.71221 0.65516 mol% 0.11602 mol%
DCC model 0.71309 0.65454 mol% 0.11591 mol%
Relative error 1.23x10°° -9.42x10™* -9.34x10"*
a b
10
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L
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Fig. 2. Compositional distribution of C (a) at the beginning
of the simulation (1800 K), (b) after 0.06 s (1798.8 K),
(c) after 0.2 s (1796 K), and (d) after 0.4 s (1792 K) in
the calculation of dendrite growth of 6 phase in Fe—C
system. (Online version in color.)
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Fig. 3. Distribution of the absolute error in the equal diffusion
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exceed 1.0x107%) for the microstructures shown in
Fig. 2(b)—(d). The boxplots represent the distribution of
the data: the box spans the interquartile range (Q1-Q3),
the orange line inside the box indicates the median, and
the whiskers denote the minimum and maximum values.
(Online version in color.)



kL §H Tetsu-to-Hagané Vol. 112 (2026), No. 6

Table 3. Comparison of equilibrium phase fractions and
compositions between the PyCalphad and DCC model
during phase transformation from liquid + J to .

Fraction of ~ Phase composition Phase composition
liquid, N, of Cin liquid, ¢, of Ciny,c,
PyCalphad 0.29155 2.7262 mol% 0.91076 mol%
DCC model 0.29181 2.7254 mol% 0.91042 mol%
Relative error ~ 9.02x10°™ -2.97x10"* -3.73x10™"
0.035
0.025
0.015
0.005
F C (mol%)

Fig. 4. Compositional distribution of C (a) at the beginning of
the simulation (1763 K), (b) after 0.04 s (1761 K), (c)
after 0.112 s (1757 K), and (d) after 0.4 s (1743 K) in the
calculation of peritectic reaction from liquid + J to y
phase in Fe—C system. (Online version in color.)
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Fig. 5. Distribution of the absolute error in the equal diffusion
potential condition, ‘ Jo=15 ‘, evaluated in the interfacial
regions (pixels where two or more phase-field variables
exceed 1.0x107%) for the microstructures shown in
Fig. 4(b)—(d). The boxplots represent the distribution of
the data: the box spans the interquartile range (Q1-Q3),
the orange line inside the box indicates the median, and
the whiskers denote the minimum and maximum values.
(Online version in color.)
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