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Abstract: The primary carbide in high carbon chromium bearing steels, which arises from solute
segregation during non-equilibrium solidification, is one of the key factors affecting the mechanical
properties and performance of the related components. In this work, the effects of carbide forming
element diffusion, primary austenite grain size, and the cooling rate on solute segregation and carbide
precipitation during the solidification of an Fe–C binary alloy were studied by the phase-field method
coupled with a thermodynamic database. It was clarified that increasing the ratio of solute diffusivity
in solid and liquid, refining the grain size of primary austenite to lower than a critical value, and
increasing the cooling rate can reduce the solute segregation and precipitation of primary carbide at
late solidification. Two characteristic parameters were introduced to quantitatively evaluate the solute
segregation during solidification including the phase fraction threshold of primary austenite when
the solute concentration in liquid reaches the eutectic composition, and the maximum segregation
ratio. Both parameters can be well-correlated to the ratio of solute diffusivity in solid and liquid, the
grain size of primary austenite, and the cooling rate, which provides potential ways to control the
solute segregation and precipitation of primary carbide in bearing steels.

Keywords: phase-field method; solidification; Fe–C alloy; solute segregation; primary carbide

1. Introduction

As one of the most important components of many kinds of machines, bearings have
been widely used in major equipment (such as high precision machine tools, large mining
machinery, and metallurgical equipment) and emerging industries (such as aerospace,
rail transit, and wind power generation). The key ring and roller materials used in all
kinds of bearings are mainly GCr15 series high carbon chromium bearing steels, and the
main factors affecting the service life of bearing steels are non-metallic inclusions and
microstructure uniformity [1–3]. The non-metallic inclusions have been gradually reduced
and refined by the current technology to control the O content in bearing steels [4], and
brittle and hard inclusions like Al2O3 can be modified into other types that are insensitive
to the rolling contact fatigue life of bearings by adding Ca [5] or rare earth elements [6–8].
Therefore, the influence of carbides in steels on the service life of bearings has emerged and
even been a key factor to determine the performance of bearing steels. The primary carbide,
which precipitates from melt during the solidification of steels, is the largest, most harmful,
and most difficult to eliminate, and to control the morphology, distribution, and size of the
primary carbides is an important pathway to improving the service life and reliability of
bearings [9,10].

The precipitation and growth behavior of primary carbides has been revealed to
stem from the solute segregation of bearing steels during solidification, which depends on
several key factors including the diffusion of carbide forming elements, the grain size of
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primary austenite, and the cooling rate [11–13]. The diffusion of carbon and chromium was
indicated to be a controlling factor for primary carbides in GCr15 bearing steels [14,15]. By
characterizing the microstructure at different locations in the ingot, it was found that the
size of the primary carbides varied with the center segregation in continuous casting [12].
Furthermore, the size of the primary carbides in the central region with a slower cooling
rate was the largest, while that in the marginal region was the smallest [16]. The austenite
grain could also be refined by adding rare earth elements, thus leading to the further
refinement of primary carbides [3,14].

Although previous studies have clarified several factors affecting the precipitation of
primary carbides in steels, the underlying mechanism was not clear due to the limitations
of traditional experimental methods, particularly for an in-depth understanding of the
solidification of high temperature steel melt. In the last few decades, the phase-field method
has been developed to become one of the most powerful tools to investigate the dynamics of
microstructure evolution during the solidification of metallic alloys [17–21], which has been
widely used in the study of complex phase transitions in multi-component and multi-phase
alloys [22–25]. The advantage of the phase-field method is to introduce the concept of
a diffusive interface to represent different phases by uniform order parameters, which
avoids the intractable problem of explicitly tracking the solid–liquid interface. Through a
variety of advanced numerical methods such as adaptive finite element method [26–28]
and GPU (Graphics Processing Unit) parallel computing [29,30], the spatial scale of the
quantitative phase-field simulation has been increased to the centimeter scale with thou-
sands of grains [28], which is consistent with the actual solidification experiments observed
in situ and in real-time by synchrotron X-ray radiography [31–33]. The above models and
algorithms provide a feasible path to study the solidification of steels and the underlying
physical mechanism. In the present work, the phase-field model coupled with a thermo-
dynamic database [23,24] was used to simulate the solidification of an Fe–C binary alloy,
and vectorized, parallel, and GPU-accelerated algorithms were developed to improve the
computational efficiency of large-scale phase-field simulation for polycrystalline solidifica-
tion. We studied the solute segregation and several affecting factors including the solute
diffusion, the grain size of the primary austenite, and the cooling rate. Several potential ap-
proaches are proposed to improve the solute segregation and primary carbide precipitation
during the solidification of steels based on the results of the phase-field simulations such as
increasing the ratio of the diffusivity of the solute in solid and liquid, refining the grain size
of primary austenite to lower than a certain threshold, and increasing the cooling rate.

2. Model Description and Numerical Implementations
2.1. Phase-Field Model for Alloy Solidification

The kinetic governing equations of the phase-field variables for a multi-phase system
are given as [23,24]:

∂φα

∂t
=

ṽ

∑
β = 1
β 6= α

Mαβ

ṽ

[
ṽ

∑
γ=1

(σ̃βγ − σ̃αγ)

(
∇2φγ +

π2

η2 φγ

)
+

π

η

√
φαφβ

∆Gαβ

Vm

]
(1)

where φα (the subscript could be α, β, and γ, representing different phases, respectively) is
the volume fraction of the α phase; Mαβ and σ̃αβ are respectively the anisotropic interface

mobility and energy between the α and β phases; ṽ =
v
∑

α=1
sα is the number of phases that

are locally coincident (i.e., ṽ = 1 in bulk phases, ṽ = 2 in dual interfaces, ṽ = 3 in triple
junctions, and so on); sα is a step function; η is the interface width; ∆Gαβ is the chemical
driving force; Vm is the molar volume. The anisotropy is applied to the interface mobility
and energy by using the two-dimensional cubic anisotropy function as:

Mαβ(n) = µαβaµ(n) = µαβ

[
1 + δµ cos(4θ)

]
(2)
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σ̃αβ(n) = σαβaσ(n) = σαβ[1− δσ cos(4θ)] (3)

where n is the interface normal vector with θ = arctan(φy/φx). The constants µαβ, σαβ, δµ,
δσ are the interface mobility, interface energy, and the corresponding anisotropy coefficient,
respectively. The step function is defined as sα = 1 when the sum of φα in its four nearest
grids is between ς and 1 − ς, otherwise the value is zero. The effect of the numerical
parameter ς on the interface stability was investigated by Kim et al. [22], and it was
revealed that stable interface and good repeatability could be obtained when 0.01 < ς < 0.05.
The calculation of the phase transition driving force is the key to phase-field simulations,
and to solve the chemical driving force term in Equation (1) with acceptable time and
accuracy, the extrapolation method [23] was employed, in which the chemical driving force
could be expanded by the Taylor’s theorem as follows:

∆Gαβ ≈
n−1

∑
i=1

∂∆Gαβ

∂ci,eq
α/β

(
ci
α/β − ci,eq

α/β

)
+

∂∆Gαβ

∂Teq (T − Teq) (4)

where the superscript eq represents the equilibrium state, and the equilibrium composi-
tion of all the components in each phase at different temperatures can be calculated by
Thermo-Calc® with the corresponding TCFE8 thermodynamic database.

The diffusion equations for multi-component alloys, with the anti-trapping current [34]
to eliminate the abnormal interface kinetic effects arising from arbitrary interface width,
are given as:

∂ci

∂t
= ∇ ·

[
v

∑
α

φαDα∇ci
α +

v

∑
α 6=L

η

π

(
ci

L − ci
α

)√
φLφα

∂φα

∂t
∇φα

|∇φα|

]
(5)

where ci is the concentration of the ith component; Dα is the solute diffusivity in the α phase;
ci
α is the concentration of the ith component in the α phase. The solute composition in

each phase can be calculated by solving the quasi-equilibrium condition [23] at all interface
grid cells in every time step, which is very time-consuming. Therefore, in order to improve
the computational efficiency of phase-field simulations, we adopted the practice in [23],
that is, we did not carry out the thermodynamic calculation at each time step, but instead
only after a certain recalculation interval (0.1 K in the present work), and extrapolated the
quasi-equilibrium data in-between. It should be noted that the solute diffusivity in solid
(DS) in Fe–C binary alloys varies with the composition and temperature, and DS is about
2.5× 10−9 m2/s for the Fe-1.0 wt.% C alloy at the liquidus temperature, which is calculated
by the Thermo-Calc® with the corresponding MOBFE3 mobility database. However, as the
effect of solute diffusion on segregation was studied in this work, we set a certain range of
DS, as listed in Table 1. Moreover, although for most metallic alloys the solute diffusivity in
liquid (DL) is 3~4 orders of magnitude larger than that in solid, DL in this work was set
to be 1 order of magnitude larger than DS, considering that the carbon in austenite is the
interstitial atom.

The interface mobility was calibrated through the same method as in the literature [35],
that was, the crystal growth rate did not increase with the increase in the interface mobility,
meaning that the solidification was dominated by the diffusion of the solute rather than
the interface kinetics. The interface energy was also obtained by Thermo-Calc® and the
corresponding TCFE8 thermodynamic database. The anisotropy strength of the interface
mobility and energy was set at a relatively large value to make the primary dendritic
arm easy to develop. In the phase-field simulation, a small grid size of ∆x = 0.25 µm
was used so that the fine and complex microstructure in the interdendritic region could
be reproduced. The mesh size was 1024 × 1024 ∆x2, which corresponded to a physical
domain size of 256 × 256 µm2. The time step was determined by the diffusion equation
as ∆t = 0.8∆x2/(4DL). All of the material and numerical parameters used in the present
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phase-field simulations are listed in Table 1. Furthermore, all of the phase-field simulations
in the present work started with the liquidus temperature, which was determined to be
1735 K by using the Thermo-Calc® and the corresponding TCFE8 thermodynamic database.

Table 1. Parameters used in the phase-field simulations.

Parameter Meaning Value

DL Diffusivity of C in liquid 1 × 10−8~4 × 10−8 m2/s
DS Diffusivity of C in solid 1 × 10−9~4 × 10−9 m2/s

µL/γ Interface mobility 1 × 10−10 m4/(J·s)
σL/γ Interface energy 0.06 J/m2

δµ Kinetic anisotropy coefficient 0.05
δσ Static anisotropy coefficient 0.05

Vm Molar volume 6.7 × 10−6 m3/mol
η Interface width 1.0 µm

∆x Grid resolution 0.25η
∆t Time step 0.8∆x2/(4DL)

2.2. Thermodynamic Description of the Fe–C Binary System

Since only the growth of the primary austenite (γ) during the solidification of the Fe-1.0
wt.% C binary alloy was of concern, the phase transition involved was the precipitation of
austenite from the liquid phase (L). A one-sublattice model (Fe, C)1 can be used to describe
the Gibbs free energy per formula unit for the liquid phase as follows:

GL = xC
◦
GL

C + xFe
◦
GL

Fe + RT(xC ln xC + xFe ln xFe) + GL
ex (6)

where xFe and xC are the mole fraction of Fe and C;
◦
GL

Fe and
◦
GL

C are the molar Gibbs free
energy of pure substances; R is the ideal gas constant; T is the temperature. The excess
Gibbs energy representing the degree of deviation from the ideal solution is given by

GL
ex = xCxFeLL

C,Fe (7)

with the Redlich–Kister polynomial being

LL
C,Fe = ∑

k=0

kLL
C,Fe(xC − xFe)

k (8)

A two-sublattice model (Fe)1(C, Va)1, with Fe on the first sublattice and C and va-
cancies on the interstitial sublattice, was employed to describe the Gibbs free energy of
austenite as follows:

Gγ = yC
◦
Gγ

Fe:C + yVa
◦
Gγ

Fe:Va + RT(yC ln yC + yVa ln yVa) + Gγ
ex (9)

where yC = xC/(1 − xC) and yVa = 1 − yC are the site fraction of C and Va in the interstitial
sublattice, and

◦
Gγ

Fe:C and
◦
Gγ

Fe:Va are the Gibbs free energy of the hypothetical compound
of Fe and C as well as Fe and Va. The excess Gibbs energy, analogously, is given as:

Gγ
ex = yCyVaLγ

Fe:C,Va = yCyVa ∑
k=0

kLγ
Fe:C,Va(yC − yFe)

k (10)

The thermodynamic evaluation of the Fe–C binary system has been studied for several
decades, and the specific parameters in Equations (6)~(10) have been optimized using the
CALPHAD (CALculation of PHAse Diagram) method, which is summarized in Table 2 for the
liquid phase and austenite [36]. The Gibbs energies of pure Fe as liquid and solid (FCC), and
those of pure C as liquid and solid (graphite), can be referred to the SGTE (Scientific Group
Thermodata Europe) database for pure substances [37]. In addition, it should be noted
that the contribution of magnetic order–disorder transition is not considered in the above
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thermodynamic model, because the solidification process takes place at a temperature that
is much higher than the Curie temperature of the Fe–C binary alloy [36].

Table 2. Evaluated thermodynamic parameters for the Fe–C binary system [36].

Phase Thermodynamic Parameters

Liquid
(C, Fe)1

0LL
C,Fe = −124, 320 + 28.5T

1LL
C,Fe = 19, 300

2LL
C,Fe = 49, 260− 19T

Austenite
(Fe)1(C, Va)1

0Lγ
Fe:C,Va = −34, 671

◦
Gγ

Fe:C = 77, 207− 15.877T +
◦
Gγ

Fe +
◦
Ggra

C◦
Gγ

Fe:Va =
◦
Gγ

Fe

2.3. Numerical Implementations

The phase-field simulations were performed on two-dimensional uniform finite differ-
ence grids with an explicit Euler time scheme. A standard five-point Laplacian operator
was applied for solving both the phase-field and solute diffusion equations. To reduce
the simulation consumption time, the anti-trapping current term in Equation (5) was only
calculated near the solid–liquid interface where

∣∣∇φ2
L

∣∣ ≥ 1× 10−8. The simulation of
phase transition during solidification with solute diffusion leads to a huge amount of
computation. Therefore, a vectorized and GPU-accelerated numerical solving code, which
was based on the Parallel Computing Toolbox of MATLAB®, was developed to greatly
reduce the computing time. All calculations were performed on a single workstation
with an Intel® Core i7-11700K CPU (Central Processing Unit) (16 processers, 3.60 GHz), a
NVIDIA® GeForce RTX 3060 Ti GPU (4864 CUDA (Compute Unified Device Architecture)
cores, 1.41 GHz, 8 GB graphic memory), and 64 GB RAM (Random Access Memory). The
simulation with the longest computing time took no more than 48 h when the concentration
in liquid exceeded the eutectic composition, and then the simulation was stopped as the
eutectic reaction was not considered.

3. Results and Discussion
3.1. Effects of Solute Diffusivity on Segregation

The diffusion of solute elements, especially carbide forming elements, during solidifi-
cation is one of the most important factors affecting segregation and carbide precipitation.
The equiaxed dendrite structure and solute segregation in the phase-field simulations
with different diffusivity of the C element in solid are shown in Figure 1, from which it is
clear that the solute diffusivity in solid has a significant influence on the solute segrega-
tion during solidification. According to Figure 1(a1–a3), the residual liquid with a high
concentration of C at late solidification is greatly reduced when the solute diffusivity in
solid increases, which means that the volume fraction of the primary austenite at the same
undercooling will be larger with a higher solute diffusivity in solid (Figure 1(b1)).

The maximum solute concentration in liquid against the fraction of austenite is plotted
in Figure 1(b2), and the prediction by the lever rule and the Gulliver–Scheil equation is also
given. In equilibrium solidification, the solute concentration in liquid at late solidification
is much lower than the eutectic composition (cE), and therefore no cementite is precipitated.
However, in Scheil solidification, when the primary austenite fraction reaches about 0.9,
the solute concentration in liquid reaches cE, and then cementite begins to precipitate. The
results of the phase-field simulations were between the predictions by the equilibrium lever
rule and non-equilibrium Gulliver–Scheil equation, which are the two limiting cases of the
actual solidification process [38]. It should be noted that the maximum solute concentration
in liquid during early solidification was higher than the predictions by the Gulliver–Scheil
equation and the lever rule, since these two analytical models assume that the composition
in liquid is uniform and that there is no solute segregation. With the increase in the
solute diffusivity in solid, the maximum solute concentration in liquid in the phase-field
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simulations gradually transitions from the Gulliver–Scheil equation to the lever rule. In
other words, increasing the solute diffusivity in solid will enlarge the primary austenite
fraction when the liquid composition reaches cE at late solidification, which means that the
solute segregation and the amount of cementite precipitated will both be reduced.
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Figure 1. Segregation during the solidification of primary austenite in Fe-1.0 wt.% C alloy at different
diffusivities of C in solid. (a1–a3) Solute concentration at late solidification at the undercooling
∆T = 300 K. (b1–b4) The phase fraction of primary austenite, maximum solute concentration in liquid,
solute profile along the diagonal of the computational domain (as the yellow dashed line in (a1)), and
the segregation ratio, respectively.
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In order to clearly compare the solute segregation at late solidification with different
diffusivity of C in solid, the distribution of C along the diagonal of the computational
domain at undercooling ∆T = 300 K was plotted, as seen in Figure 1(b3). It is obvious that
not only was the volume fraction of the residual liquid reduced, but more importantly, the
solute concentration of the residual liquid significantly decreased with an increase in the
solute diffusivity in solid. Moreover, the reduced solute segregation with a larger solute
diffusivity in solid could also be seen from the segregation ratio (Figure 1(b4)).

Two characteristic parameters were further introduced to quantitatively evaluate
the segregation at late solidification. The first was the volume fraction threshold of the
primary austenite (f S*) when the liquid concentration reached the eutectic composition,
and the other was the maximum segregation ratio (SR,max). A higher f S* or a lower SR,max
indicates that the segregation at late solidification is reduced, thus leading to less cementite
precipitation. Interestingly, the values of both two parameters had a clear relationship
with the ratio of the solute diffusivity in solid and liquid (DS/DL), rather than only the
diffusivity itself in solid or liquid (Figure 2).

Metals 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

Two characteristic parameters were further introduced to quantitatively evaluate the 
segregation at late solidification. The first was the volume fraction threshold of the pri-
mary austenite (fS*) when the liquid concentration reached the eutectic composition, and 
the other was the maximum segregation ratio (SR,max). A higher fS* or a lower SR,max indi-
cates that the segregation at late solidification is reduced, thus leading to less cementite 
precipitation. Interestingly, the values of both two parameters had a clear relationship 
with the ratio of the solute diffusivity in solid and liquid (DS/DL), rather than only the 
diffusivity itself in solid or liquid (Figure 2). 

  

Figure 2. Relationship of (a) the phase fraction of primary austenite when the solute concentration 
in liquid increases to the eutectic concentration and (b) the maximum segregation ratio with differ-
ent diffusivity of C in solid and liquid. The black dots are results of the phase-field simulations, and 
the red lines are fitting lines. 

It has been revealed that the phase fraction threshold of the primary austenite can be 
approximately correlated to DS/DL as a logistic function (Figure 2a), while the maximum 
segregation ratio varied with DS/DL as an approximate power law (Figure 2b). The value 
of fS* increased rapidly with the increase in DS/DL, and when DS/DL was about 0.2, the 
phase fraction threshold of primary austenite was close to 1, indicating that there was 
almost no cementite precipitation at this condition. In addition, the value of SR,max de-
creased with increasing DS/DL, which also clarifies that a higher DS/DL is beneficial to re-
duce solute segregation and cementite precipitation. In the actual metallurgical industry, 
the diffusivity of carbon could be reduced by adding rare earth elements [3,14], but the 
quantitative evaluation of the diffusivity of carbon in solid and liquid after the addition 
of rare earth elements is still unknown, which is expected to be calculated by first-princi-
ple methods. 

  

0.0 0.2 0.4 0.6 0.8 1.0
0.90

0.92

0.94

0.96

0.98

1.00

So
lid

 fr
ac

tio
n 

th
re

sh
ol

d

Ratio of diffusivity, DS/DL

Logistic fitting 

y = A2 + (A1 − A2)/[1 + (x/x0)
p]

A1 = 0.9072
A2 = 1
x0 = 0.07641
p = 5.453
R2 = 0.9942

(a)
0.0 0.2 0.4 0.6 0.8 1.0

2.0

2.5

3.0

3.5

4.0

4.5

5.0
M

ax
im

um
 se

gr
eg

at
io

n 
ra

tio
, S

R
,m

ax
 

Ratio of diffusivity, DS/DL

Power fitting
y = axb

a = 2.339
b = −0.2304
R2 = 0.9470

(b)

Figure 2. Relationship of (a) the phase fraction of primary austenite when the solute concentration in
liquid increases to the eutectic concentration and (b) the maximum segregation ratio with different
diffusivity of C in solid and liquid. The black dots are results of the phase-field simulations, and the
red lines are fitting lines.

It has been revealed that the phase fraction threshold of the primary austenite can be
approximately correlated to DS/DL as a logistic function (Figure 2a), while the maximum
segregation ratio varied with DS/DL as an approximate power law (Figure 2b). The value of
f S

* increased rapidly with the increase in DS/DL, and when DS/DL was about 0.2, the phase
fraction threshold of primary austenite was close to 1, indicating that there was almost no
cementite precipitation at this condition. In addition, the value of SR,max decreased with
increasing DS/DL, which also clarifies that a higher DS/DL is beneficial to reduce solute
segregation and cementite precipitation. In the actual metallurgical industry, the diffusivity
of carbon could be reduced by adding rare earth elements [3,14], but the quantitative
evaluation of the diffusivity of carbon in solid and liquid after the addition of rare earth
elements is still unknown, which is expected to be calculated by first-principle methods.
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3.2. Effects of Grain Size on Segregation

In addition to solute diffusion, another important factor affecting segregation and
carbide precipitation is the grain size of primary austenite. An intuitive understanding of
the effect of grain size on solute segregation is that the residual liquid at late solidification
will not form complex channels when the grain of the primary austenite is small, thus
hindering the long-distance diffusion of solute elements [14]. The grain morphology and
solute distribution in the phase-field simulations with different sizes of primary austenite
are shown in Figure 3. When the grain size of primary austenite is large, there is apparent
residual liquid phase channels of solute enrichment at late solidification (Figure 3(a1–a3)),
and therefore the cementite can easily precipitate and grow in a larger size.
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grain sizes of primary austenite. (a1–a3) Solute concentration at late solidification at the undercooling
∆T = 300 K. (b1–b4) The phase fraction of primary austenite, maximum solute concentration in liquid,
solute profile along the diagonal of the computational domain, and the segregation ratio, respectively.
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Similarly, the volume fraction of primary austenite, the liquid concentration, and
the solute segregation were plotted, as shown in Figure 3(b1–b4). The results of phase-
field simulations were still between the lever rule and Gulliver–Scheil equation. With the
decrease in the grain size of primary austenite, the simulated results changed from close to
the Gulliver–Scheil equation to close to the lever rule. In the cases of a larger grain size,
refining the grain of primary austenite has no significant effect on the volume fraction
of austenite (Figure 3(b1)) and liquid concentration (Figure 3(b2)) at late solidification.
However, the liquid concentration could be reduced by further refining primary austenite
grains, and even when the number of grains is sufficiently large (N = 4096 in Figure 3(b2)),
the austenite phase fraction is close to 1 when the liquid concentration reaches cE. Moreover,
the solute concentration in solid is relatively higher and more uniform with a small grain
size of primary austenite (Figure 3(b3)), resulting in a decrease in the segregation ratio
(Figure 3(b4)).

The results in Figure 3 clarify that reducing the grain size of primary austenite is
beneficial to reducing solute segregation and cementite precipitation at late solidification.
However, from a quantitative point of view, the influence of the grain size on solute
segregation becomes significant only when the grain size of primary austenite is lower
than a certain critical value (D* ≈ 100 µm as shown in Figure 4a), and otherwise, the
segregation will be even slightly more severe with a decrease in the grain size of the
primary austenite. In contrast, the relationship between the maximum segregation ratio
and the grain size is monotonic, in which SR,max decreases in an approximate linear manner
as the grain of primary austenite is refined (Figure 4b). Therefore, only when the grain
size of primary austenite is reduced to a certain threshold can further grain refinement be
helpful in reducing solute segregation and cementite precipitation.
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Figure 4. Relationship of (a) the phase fraction of primary austenite when the solute concentration in
liquid increases to the eutectic concentration and (b) the maximum segregation ratio with different
grain sizes of primary austenite. The black dots are results of the phase-field simulations, and the red
lines are fitting lines.

3.3. Effects of Cooling Rate on Segregation

It has been revealed from the above discussion that the grain size of primary austenite
has a significant influence on the solute segregation and carbide precipitation at late
solidification. In actual solidification, the grain of primary austenite can be refined in
several ways such as by adding an external nucleating substrate (inoculation treatment) or
breaking coarse dendrites to form fragments (electromagnetic stirring). One way to obtain
a higher nucleation rate is to increase the cooling rate during solidification, in which the
thickness of the solute boundary ahead of the solid–liquid interface is small, to reduce
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the inhibition of nucleation. However, the effect of the cooling rate on solute segregation,
regardless of that on the nucleation rate, has not been clearly concluded. Therefore, the
solidification of Fe-1.0 wt.% C binary alloys at the same grain number of primary austenite
but different cooling rates was simulated (Figure 5).
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Figure 5. Segregation during the solidification of primary austenite in the Fe-1.0 wt.% C alloy
at different cooling rates. (a1–a3) Solute concentration at late solidification at the undercooling
∆T = 300 K. (b1–b4) The phase fraction of primary austenite, maximum solute concentration in liquid,
solute profile along the diagonal of the computational domain, and the segregation ratio, respectively.
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On the whole, the solute distribution was more uniform at a lower cooling rate
(Figure 5(a1–a3)) because the solidification time was relatively longer, and the solute had
enough time to diffuse evenly. In addition, the cooling rate had a significant influence
on the phase fraction of primary austenite and the solute concentration in liquid during
early solidification, but this effect becomes very slight at late solidification (Figure 5(b1,b2)),
which can also be verified by the fact that the composition of residual liquid is almost
the same (Figure 5(b3)). However, unlike the concentration in residual liquid, the solid
composition in solid at late solidification is higher and more uniform when the cooling rate
is slower, resulting in a lower segregation ratio (Figure 5(b4)).

Although the cooling rate had a slight effect on the solute segregation (Figure 5(b2)),
quantitatively speaking, there was indeed a good relationship between the cooling rate and
the phase fraction threshold of primary austenite when the liquid concentration reached the
eutectic composition. Specifically, the phase fraction threshold increased in an approximate
power function as the cooling rate (Figure 6a), which indicates that increasing the cooling
rate can indeed reduce the solute segregation at late solidification. Moreover, the maximum
segregation ratio could also be correlated to the cooling rate in an approximate power
manner (Figure 6b). However, as above-mentioned, the increase in SR,max indicates the non-
uniform distribution of the solute in solid and liquid, but there was no direct correlation
to the enrichment of the solute in the residual liquid and carbide precipitation at late
solidification. It is again emphasized that the effect of the cooling rate on solute segregation
in this work was discussed based on the absence of its influence on the nucleation rate,
which is generally inconsistent with actual solidification.
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Figure 6. Relationship of (a) the phase fraction of primary austenite when the solute concentration in
liquid increases to the eutectic concentration and (b) the maximum segregation ratio with the cooling
rate. The black dots are results of the phase-field simulations, and the red lines are fitting lines.

4. Conclusions

In this work, the effects of the solute diffusion, the grain size (or grain refinement)
of primary austenite, and the cooling rate on the solute segregation of an Fe-1.0 wt.% C
binary alloy during solidification were studied by the phase-field method coupled with a
thermodynamic database. It was revealed that the solute segregation and primary cementite
precipitation could be reduced by several effective ways including increasing the ratio
between solute diffusivity in solid and liquid (DS/DL), decreasing the grain size of the
primary austenite to smaller than a certain threshold, and increasing the cooling rate. The
main conclusions are summarized as follows:
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(1) By increasing the ratio of solute diffusivity in solid and liquid, the phase fraction
threshold of primary austenite when the solute concentration in residual liquid reaches
the eutectic composition increases as a logistic function, and the maximum segregation
ratio decreases as a power function, both indicating that the solute segregation and
cementite precipitation will be reduced.

(2) By decreasing the grain size of primary austenite, the phase fraction threshold of
primary austenite increases dramatically only when the grain size is lower than a
certain value (revealed to be about 100 µm here), while the maximum segregation
ratio is decreased monotonically in an approximate linear manner, and therefore the
grain size of primary austenite must be reduced to small enough to improve the solute
segregation and inhibit carbide precipitation by grain refinement.

(3) By increasing the cooling rate (artificially ignoring the effect of the cooling rate on
the nucleation rate), the phase fraction threshold of the primary austenite increases
as a power function, indicating that even without considering the change in grain
size, a higher cooling rate is still helpful to reduce solute segregation and carbide
precipitation. However, although the segregation ratio increases with an increase
in the cooling rate, the underlying reason is that the short solidification time leads
to the heterogeneous solute distribution in solid, rather than the aggravating solute
enrichment in liquid.
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