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A B S T R A C T

Phase-field simulation serves as an effective tool for quantitative characterization of microstructure evolution in
single-crystal Ni-based superalloys during solidification nowadays. The classic unit cell is either limited to γ
dendrites along < 001 > crystal orientation or too ideal to cover complex morphologies for γ dendrites. An
attempt to design the unit cell for two-dimensional (2-D) phase-field simulations of microstructure evolution in
single-crystal Ni-based superalloys during solidification was thus performed by using the MICRESS
(MICRostructure Evolution Simulation Software) in the framework of the multi-phase-field (MPF) model,
and demonstrated in a commercial TMS-113 superalloy. The coupling to CALPHAD (CALculation of PHAse
Diagram) thermodynamic database was realized via the TQ interface and the experimental diffusion coefficients
were utilized in the simulation. Firstly, the classic unit cell with a single γ dendrite along < 001 > crystal
orientation was employed for the phase-field simulation in order to reproduce the microstructure features.
Then, such simple unit cell was extended into the cases with two other different crystal orientations, i.e., < 011 >
and < 111 > . Thirdly, for < 001 > crystal orientations, the effect of γ dendritic orientations and unit cell sizes on
microstructure and microsegregation was comprehensively studied, from which a new unit cell with multiple γ
dendrites was proposed. The phase-field simulation with the newly proposed unit cell was further performed in
the TMS-113 superalloy, and the microstructure features including the competitive growth of γ dendrites,
microsegregation of different solutes and distribution of γ′ grains, can be nicely reproduced.

1. Introduction

Nickel-based superalloys, which own a typical coherent structure
with dispersed γ′ (fcc_L12) precipitates uniformly distributing in the γ
(fcc_A1) matrix phase [1–3], usually possess excellent mechanical
properties and are thus widely used as high-temperature structural
materials in aerospace. After more than 70-years' development, atten-
tion has been focused on the directionally solidified single-crystal Ni-
based superalloys with which the complete elimination of the grain
boundaries and the increase of serving temperature can be achieved
[4]. The alloy performance strongly depends on the microstructure
properties resulting from the entire preparation process of the single-
crystal Ni-based superalloys, including solidification, homogenization
and aging heat treatment [1,5,6]. Solidification is the first step for alloy
preparation, and thus the microstructure formation during solidifica-
tion is of great interest for the subsequent procedure [7]. For the past

several decades, numerous experimental and theoretical investigations
have been devoted to microstructure characterization in Ni-based
superalloys during solidifications. In general, the experiments mainly
focus on the influence of the temperature gradient at solid/liquid
interface, withdrawal rate and addition of refractory elements on the
solidified microstructure [8–11]. While the principal theoretical in-
vestigations lie in predicting the relationships between local solidifica-
tion conditions and the resulting solidification microstructures [12–
14]. Wang et al. [14] employed a combined cellular automaton-finite
difference model to simulate solidification process in a binary Ni-Al
alloy controlled by solute diffusion with a range of withdrawal velocities
and nucleation conditions. By means of MICRESS (MICRostructure
Evolution Simulation Software) [15] coupling with the CALPHAD
thermodynamic database [16], Warnken et al. [17,18] performed a
phase-field simulation of microstructure evolution in nickel-based
superalloys (i.e., mainly Ni-Al-Cr-Ta-W system) during directional
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solidification. In their two-dimensional (2-D) phase-field simulations, a
square unit cell with a single dendrite was introduced. With such
square unit cell, the solute distribution, solute segregation and dendrite
morphology can be generally described, and the computation efficiency
can be improved. Following the similar strategy, Lopez-Galilea et al.
[19] performed a 2-D phase-field simulation in single-crystal Ni-based
superalloy LEK94 during directional solidification, and the microse-
gregation behavior as well as the formation of secondary phase
observed in the experiments was nicely reproduced in the simulation.

One of the key factors largely affecting the solidified dendritic
morphology and microsegregation and ultimately the mechanical
properties of the superalloys, is the crystal orientation of primary γ
dendrites. For example, dendritic morphologies of transverse section
with preferred < 001 > crystal orientation have the usual four-fold
symmetry due to side-branching [20]; the longitudinal section of
dendrites with < 011 > crystal orientation shows “V” and “W” pat-
terns, while dendritic morphologies of transverse section align in
lines [20]; and dendritic morphologies of transverse section with <
111 > crystal orientation present a certain angle and look like scissors
[21]. Besides, the primary dendrite arm spacing along different
crystal orientations are significantly different. Liu et al. [22] found
the primary arm spacing of a second generation of Ni-based super-
alloy without Re element gradually reduced in the order of [111, 011]
and [001]. Craton et al. [23] proposed that the CMSX-4 superalloy
with different crystal orientations had different creep strengths. Sass
et al. [24] pointed out that the creep strength of CMSX-4 superalloy
gradually reduced by the order of [001, 011, 111]. Therefore,
quantitative characterization of microstructure evolution for differ-
ent crystal orientations in single-crystal Ni-based superalloys during
solidification is critical for optimizing or even designing alloy
composition and preparation process.

The phase-field simulation may serve as an effective tool for
quantitative characterization of microstructure evolution for different
crystal orientations in single-crystal Ni-based superalloys during
solidification. However, the classic square unit cell with single γ
dendrite proposed by Warnken et al. [17,18] is limited to 2-D dendrites
along < 001 > crystal orientation. Moreover, even in the case with <
001 > crystal orientation, the γ dendritic orientation, i.e., the angle
between the γ dendrite growth direction and the unit cell boundary was
also found to influence the microstructure and microsegregation [19],
which has not been well understood yet. Another arising question lies
in whether such simple unit cell is too ideal to cover different
morphologies for γ dendrites. Consequently, there is an urgent need
to design the unit cell for 2-D phase-field simulations of microstructure
evolution in single-crystal Ni-based superalloys with different crystal
orientations during solidification, which is the major task in the present
work. The TMS-113 (Ni-6.56Al-11.9Co-2.9Cr-0.1Hf-1.99Mo-6.0Re-
5.96Ta-5.96W, in wt%) superalloy is chosen as the target system here.
The MICRESS coupling with the reliable thermodynamic database is to
be employed to achieve the quantitative phase-field simulation.

In the following section, we will first describe the multi-phase-field
(MPF) model, which has been already incorporated in MICRESS. In
Section 3, the coupling technique to CALPHAD database, and the input
of thermophysical and numerical parameters are briefly introduced.
After that, the unit cell with single γ dendrite will be applied in phase-
field simulation of microstructure evolution in single-crystal Ni-based
superalloy with < 001 > , < 011 > , and < 111 > crystal orientations.
Afterwards, a new unit cell of multiple γ dendrites is designed to
reproduce the experimental microstructure features. Finally, the con-
clusions are drawn in Section 5.

2. Model description

For the solidification process, the total free energy functional
consists of interfacial energy f intf and chemical energy f chem[25,26]
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where N = N(x) is the local number of phases. ϕα is the phase-field value
of α phase/grain and the sum constraint ϕ∑ = 1α N α=1,..., is always
fulfilled. σαβ is the interfacial energy between phases/grains α and β. It
may be anisotropic with respect to the relative orientation between the
phases. ηαβ is the interfacial width and is treated to be identical for all

interfaces. h ϕ( )α is a monotonous coupling function. f c( )α α
i is the bulk

free energy density of the individual phase, which depends on the
phase concentrations cα

i , and can be obtained from the reliable
thermodynamic database. μ∼i is the diffusion potential of component i
introduced as a Lagrange multiplier to conserve the mass balance
between the phases c ϕ c= ∑i

α N α α
i

=1,..., .
Based on the free energy functional shown in Eqs. (1)–(3), the

governing equation for phase field can be derived as follows [25–27]:
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μαβ is interfacial mobility between phase α and β. Δgαβ is the local
deviation from thermodynamic equilibrium given as
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It should be noted that the chemical driving force Δgαβ can be
obtained by linking to the real CALPHAD thermodynamic databases
[16,28]. While Dα is the chemical diffusion coefficient in phase α and
can also be directly obtained from experimental data for the given
concentrations and temperatures [29–31].

Meanwhile, the solid-liquid interface energy and interface mobility
between γ primary phase and the liquid phase are strongly anisotropic,
and thus the anisotropy during the growth process of γ phase needs to
be discussed. The general anisotropic formulation of interface energy
and interface mobility between liquid and γ primary phase in 2-D can
be expressed as:

X X k nΘ= ⋅ (1 − ⋅ cos( ))0 (7)

where X is the interface energy or mobility, k is the static or kinetic
anisotropy coefficient, n depends on the symmetry (for instance, n = 4
for cubic, and n = 6 for hexagonal symmetry ), and Θ is the relative
orientation of the interface normal to the anisotropic grain. Here, the γ
primary phase is cubic which means the anisotropy of energy and
mobility present four typical branches in the dendrite. During the
phase-field simulation, X should be not lower than 0, and not larger
than X0. Thus, k nΘ1 − ⋅ cos( ) should be not lower than 0, and not larger
than 1. It means that the anisotropic coefficient k should be chosen in
the range of [0,1]. A series of trial-and-error tests indicate that the
anisotropy coefficients for interfacial energy and mobility can be
respectively set to be 0.5 and 0.3 in order to reproduce the morphology
of primary γ dendrites.

In fact, Eq. (4) cannot be directly derived from the free energy
functional, instead of a so-called antisymmetric approximation, which
resigns from thermodynamic consistency at the multiple junctions
[25,26]. This is commonly done in most of the simulations using the
MPF model [25] and has been incorporated in MICRESS. Moreover,
due to the neglect of higher order terms, the computation efficiency for
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