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Quantitative simulation of microstructure evolution during heat-treatment of alloys under external mag-
netic field represents a severe challenge. In the present work, the Gibbs free energy contribution from
external magnetic field is considered and the experimental Fe-C phase diagram under magnetic field
is well reproduced by a thermodynamic model including that contribution. This energy in conjunction
with bulk Gibbs energy, demagnetizing field energy and interfacial energy are involved in a developed
phase-field model to further bridge the gap between experimental findings and simulative investigations,
which is then employed to simulate the microstructure in Fe-C alloys with or without magnetic field.
It indicates that the experimental two-phase microstructure (ferromagnetic ferrite @ and paramagnetic
austenite y) accompanying the chemically-driven phase transformation in Fe-0.4 and Fe-0.6 wt%C alloys
under magnetic field can be quantitatively described by the present phase-field simulation. The predicted
phase fraction of ferrite in Fe-C system, which agrees reasonably with the experimental one, is an exam-
ple to highlight the importance of thermodynamics in tailoring microstructure and properties of realistic
alloys with applied magnetic field. This work demonstrates that CALPHAD coupled phase-field model can
describe microstructural evolution quantitatively and provides an effective approach for the simulation of

corresponding phase transition with external field.

1. Introduction

With the development of superconducting magnets, strong
magnetic fields have become easier to achieve and are being uti-
lized in various fields of materials science and engineering. Conse-
quently, a lot of new phenomena have been found by using exter-
nal magnetic fields during heat-treatment of a variety of materials,
and many investigations [1-7] have demonstrated that the applica-
tions of external magnetic field can obtain microstructures which
are unattainable without magnetic field and thus enhance prop-
erties and performance of the materials. Wu et al. [1] reviewed
on the magnetic-field-assisted arc welding process and concluded
that the external magnetic field could produce positive impacts
on arc shape, arc stability and the droplet transfer, improving the
microstructure and properties of the arc-welded joint. Recently, a
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new welding approach with magnetic-field-assisted laser was ap-
plied to investigate the weldability of medium-Mn nanostructured
steel by Chen et al. [2], who demonstrated that external mag-
netic field significantly enhances the ultimate strength by 43.9%
and dramatically turns the brittle fracture into ductile with a more
than tripled elongation rate during uniaxial tension tests. Li et al.
[3] reported that preferential (0 0 1) orientation and perpendic-
ular anisotropy can be obtained in L1, FePt films by using mag-
netic field annealing, which could be one of promising methods
to improve the perpendicular anisotropy for the applications of
ultrahigh density magnetic recording media. As a tool to control
solidification process, magnetic field can manipulate macroscopic
segregation and orientation phenomena [4,5] through magneto-
thermodynamics effect, which could effectively avoid defects and
inclusions within material [6]. Recently, Hou et al. [7] investigated
the influence of axial magnetic field on the structure of direc-
tionally solidified Ni-Mn-Ga alloys experimentally. A unique com-
posite structure, which consists of columnar and equiaxed grains,
was obtained by them using magnetic-field-assisted directional so-
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lidification [7]. It should be mentioned that it is extremely diffi-
cult to obtain such a unique composite structure without exter-
nal magnetic field. This obtained structure enhances mechanical
performance, which indicates that the combination of magnetic-
field-assisted solidification and subsequent compressive loading
can produce dedicated microstructure for the sake of optimizing
material properties.

Different kinds of magnetic fields have been utilized in exper-
imental investigations of microstructure and properties optimiza-
tion [8-13] in several materials. For example, applying a static
magnetic field during thermal treatment does alter the microstruc-
ture, in particular reduce the width of the long-period stacking
ordered laths and thus increase the compression strength of Mg-
Al-Gd alloys according to Cai et al. [8]. Traveling magnetic field
is considered to be a promising way to control the flows of con-
ductive fluids and the heat/species transport in the melt, and it is
thus adapted to explore the microstructure evolution in direction-
ally solidified peritectic Fe-Ni alloys [9]. Under a low growth rate,
a rotating magnetic field results in a more uniform eutectic phase
distribution and a smaller dendrite arm spacing in solidified Al-7
wt%Si alloy in comparison with the solidification without external
magnetic field [10].

To date, researchers mainly focus on experimental aspect of
external magnetic fields to search for a desirable combination of
alloy composition and heat treatment schedule in order to ob-
tain desired structure for the target materials, while the effect
and mechanism of magnetic field on microstructure evolution and
mechanical property are poorly understood. Experimentally tai-
loring the microstructure and properties response of the mate-
rial under external magnetic fields is costly and extremely time-
consuming since many combinations of alloy composition, heat
treatment schedule and applied external magnetic field are needed
when searching for the best combination. In order to decrease the
frequency of trial-and-error experiment as much as possible, most
recently, simulations of phase transformations under external mag-
netic fields have been carried out mainly by means of phase-field
approach applied to real materials [14-18]. For example, Koyama
and Onodera [14] performed phase-field simulation of twin mi-
crostructure evolution in Ni;MnGa under both stress and magnetic
fields. Subsequently, the same group of authors presented phase-
field simulations for the modulated structure changes during ther-
momagnetic treatment and step aging of Fe-Cr-Co alloy [15]. Re-
cently, the modulated microstructure in Alnico alloys reported by
Mishima [19] as early as in 1931 was investigated by Sun et al.
[16] using both experiment and phase-field method. The total free
energy of a system under an applied magnetic field usually in-
cludes bulk Gibbs energy of the phase, interfacial energy, elastic
energies (in the case of solid state phase transition) and magnetic
energy. To the best of our knowledge, in almost all of the previous
phase-field simulations, the energy contribution from the magnetic
field to the Gibbs energy is not considered since no treatment for
such a contribution is available in the literature. This motivates us
to focus on the thermodynamic modeling under an external mag-
netic field and then apply it to phase-field simulation of one target
system.

In the present work, the Fe-C alloy is selected as the target
system. Extensive experimental investigations [20-25] for this sys-
tem under magnetic field have been performed on various phase
transitions due to its special importance for iron and steel. It
is an ideal system to show the effect of magnetic field on mi-
crostructure evolution since austenite () is paramagnetic and fer-
rite (o) is ferromagnetic below Curie temperature. Maruta and
Shimotomai [20,21] demonstrated that the aligned y was ob-
tained by heating via a reverse-transition from lath martensite
to (¢+y) two-phase region in Fe-0.1 wt%C and Fe-0.6 wt%C al-
loys under the application of a magnetic field. Afterwards, Oht-

suka et al. [22] also confirmed that alignment along the direc-
tion of applied magnetic field for Fe-0.4 wt%C alloy is associ-
ated with the reverse-transformation. Since no realistic phase-field
simulation for microstructure evolution under external magnetic
fields has been performed so far, in the present work, a phase-
field model linked to CALPHAD (CALculation of PHAse Diagrams)-
type thermodynamic parameters considering the effect of magnetic
field on Gibbs energy was developed to simulate the morphologi-
cal evolution during phase transformation of ferrite—austenite in
Fe-C alloys. Section 2 details the establishment of a phase-field
model under an external magnetic field. In particular, an expres-
sion to account for the energy contribution of an external magnetic
field to Gibbs energy is described in detail. In Section 3, the phase-
field simulations for isothermal growth of austenite particle and
morphological evolution in Fe-C alloys with and without external
magnetic field are conducted by means of the developed phase-
field model. These simulations are compared with corresponding
experimental findings. In addition, the role of thermodynamics un-
der external magnetic field for the sake of tailoring microstructure
and property is discussed. Section 4 presents the conclusions from
the present work.

The main innovation of our work is to model the Gibbs energy
contribution from magnetic field and employ this realistic energy
to the phase-field simulation for a real system. To the best of our
knowledge, such a kind of work is not reported in the literature.
The present work not only provides an in-depth understanding
of the microstructure evolution in Fe-C system under an external
magnetic field, but also establishes a theoretic approach for design-
ing desirable microstructure under external magnetic field through
quantitative phase-field simulations.

2. Phase-field model under external magnetic field
2.1. Derivation of the phase-field model

Phase transformation is generally driven by minimization of the
total free energy, which consists of bulk Gibbs energy (also named
as chemical free energy), interfacial energy and external field en-
ergy (such as magnetic energy under an external magnetic field)
and so on. In the present work, a new phase-field model, which
couples phase-field equations to realistic thermodynamic data un-
der magnetic fields is established, in which the bulk chemical en-
ergy, magnetic energy and interfacial energy are considered. Since
the use of three energy terms (bulk chemical energy, magnetic en-
ergy and interfacial energy) can account for the experimentally
observed microstructure [20,22] under external magnetic field, as
will be described later, we did not include the elastic contribution
to the free energy functional in the phase-field model. It is true
that elastic energy does influence the shape of phases involved in
solid phase transformation. Our simulation, however, demonstrated
that a special shape of the austenite and ferrite phases under the
external magnetic field is mainly driven by the magnetic energy.
The effect of magnetic field on the shape of austenite and ferrite
phases is the main focus of the experimental measurement. Com-
paring the measured microstructure with/without magnetic field,
our phase field simulation results indicate that this kind of di-
rectional alignment is formed mainly via external magnetic field.
Thus, the elastic contribution to the free energy functional is ig-
nored in the present phase-field simulation.

Two-phase system composed of ferromagnetic ferrite (o) and
paramagnetic austenite () phases is considered in the model de-
velopment. The phase-field and concentration field variables are
introduced in the present model. Fig. 1 schematically shows the
individual free energy terms and the formation of magnetically
aligned microstructure in Fe-C alloys. According to Garcke et al.
[26], the total free energy density Fsys over the domain  for the
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Fig. 1. Flow chart for the phase-field simulation of the aligned microstructure in Fe-C alloys with and without external magnetic field.

target Fe-C system under an external magnetic field can be de-
scribed as follows:

EWS = fQ (fintf + f(¢v C) + fmag)dQ
= Jo (sa(9. V) + L)(9) + F($,©) + finag)dQ

where the energy-density contributions from the interfaces and
bulk phases are denoted as fi,; and flg, c), respectively. ¢ is a
phase-field variable which presents phase fraction in the present
work, and c is the concentration of carbon. fme represents the
magnetic energy-density induced from the external magnetic field.

It can be seen that the interface contribution comprises of a
gradient energy term (¢, V¢) and penalising potential w(¢) in
Eqg. (1). The gradient energy is expressed with Eq. (2):

Y.
ca(p.Vo)=c ) o B2 | pa Vs — BV’ (2)
Ot</3
where ¢ is a length scale parameter related to the thickness of
the diffuse interface. y,g and mg,g are dimensionless interfacial
energy densities and mobility coefficient, respectively. aiﬂ de-
pends on the orientation of the interface, and aéﬁ =1 means the

isotropic phase boundary applied in the present work.

The potential w(¢) ensures that the value of phase-field is con-
stant at each end of the diffuse interface. In our cases, an obstacle-
type potential, as described in Eq. (3), is employed due to its nu-
merical efficiency [27]:

L@ = Y Mugapbaty t 1 Y Vopsdabpts ()

a<f a<f<8

(1)

where y s means the higher term of interfacial entropy densities
to suppress third phase in two-phase interface and usually approx-
imately takes 10 times of y 4.

The energy contribution of the bulk phases f{¢, c¢) in Eq. (1),
which is interpolated with phase field parameter ¢;, is constructed
as a mixture of Gibbs energies for « and y phases. And it is ex-
pressed in Subsection 2.1.2. The Subsection 2.1.1 will detail the de-
scription of the magnetic energy fmqg induced by the external mag-
netic field.

The temporal evolution equation [28] for non-conserved phase-
field variable is derived by the variational approach and written as:

0 1 (8fsys  Ofsys
Tt z*(&pi - 5¢yy> )

in which N is the total number of locally active phases and it
is 2 within the interfacial regions for the two-phase system in
the present simulation, and 7 an anisotropic kinetic coefficient
with 7 = 7(¢, V¢). For the isotropic case, it becomes 7 = 7(¢) =

%L‘m with the reciprocal mobility 74, of the interface be-
a<y Yo

tween the phases « and y.
The evolution equation of the conserved concentration field
variable is given by means of Cahn-Hilliard [29] equation:

ac; £ 8 fiys
m:V.(jX%L,,V( 86{ )) (5)

i =1,...,K means different components. The superscript K stands
for the number of components, and the concentration of com-
ponents should fulfill the constraint Zf:] ¢i =1 during the evo-
lution. L (i, j=1,...K) is the mobility coefficient and defined
as Ljj = R D(¢>)cl(8u —¢;). The diffusion coefficient is formulated
as a linear interpolation across the phases: D(¢) = Zﬁ:l D g,
where D;g is the diffusivity of component i in the 8 phase. For
the Fe-C system, component number K is taken as 2 with car-
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bon (i=1) and iron (i=2), and diffusion coefficient is given by
D(¢) = DijqPa + D) ¢y for component i in the two-phase (x+y)
system.

2.1.1. Magnetic energy

The total magnetic energy for a ferromagnetic bulk phase under
an external magnetic field includes four parts: external magnetic
field energy (also named as Zeeman energy), magnetic exchange
energy, magnetic anisotropic energy and demagnetizing field en-
ergy. The expressions for these four energy terms are given else-
where [16]. For the paramagnetic austenite, the total magnetic en-
ergy is set to zero due to its weak magnetization at high tem-
peratures. For the ferromagnetic ferrite, external magnetic field
energy is involved in the Gibbs energy, which will be described
in next subsection. The magnetic anisotropic and magnetic ex-
change energy are omitted in the present simulation since they do
not play important role for the aligned microstructure. Magnetic
anisotropy is the energy required to deflect the magnetic moment
from the easy magnetization direction to hard magnetization di-
rection. The easy and hard magnetization axes of ferrite are not
distinguished and thus are not considered. Under such a treat-
ment, magnetic anisotropic energy is zero. While for the materi-
als which display noticeable magnetic-crystalline anisotropy, mag-
netic anisotropic energy mainly affects the variant rearrangement
for phase. In the late case, this energy term cannot be ignored.
The short-range dipole interactions of magnetic moment are de-
scribed by magnetic exchange energy, which is determined solely
by the spatial variation of the magnetization orientation. For the
present case, the magnetic moments are perfectly aligned in the
same direction of the external magnetic field. This means that
this exchange energy could be ignored. As will be described in
Subsection 2.1.2, the external magnetic field energy can be added
to bulk Gibbs energy. Consequently, except for external magnetic
field energy, only demagnetizing field energy is considered in the
present work, since it has been understood that the phase trans-
formation associated with the generation and annihilation of the
magnetic pole is mainly accounted by the demagnetizing field en-
ergy [30]. This kind of field originates from the magnetization, and
its direction is opposite to that of the magnetization. When a finite
size sample is magnetized by an external magnetic field, a mag-
netic flux appears inside the sample. It will produce an additional
magnetic energy contribution, which is named as demagnetizing
field energy. This energy term is represented by an equation of the
form:

g = ~ 5 HoHaM($) (6)

where o and H; are the vacuum permeability and demagnetiz-
ing field strength, respectively. M(¢) is a magnetization, which de-
pends on temperature and phase-field parameter. For the isother-
mal simulation, M(¢) only varies with phase-field values at a fixed
temperature. According to magnetic charge method [31], the de-
magnetizing field strength can be expressed in terms of scalar
magnetism potential 1:

Hy=-Vy (7)
and the scalar potential satisfies Poisson’s equation:
Vi =—p (8)

wherein p = —V « M(¢) is the magnetic charge density. The driv-
ing force (‘Zf%"g) from the demagnetization field can be calculated

through Eq. (9), which is derived from Eq. (4). It should be noted
that only ferromagnetic o phase contributes to the magnetization

for the Fe-C system.

3 fma 1 IM(¢) 9H,
ot = —5Wo(Ha g2’ +M(e) g )

= —3o[- VY - G + M(9) 55 ] (9)
= Jo VY- e M) 55

Assumptions are made that the saturation magnetization M;
and the Curie temperature T in the two-phase region are lin-
ear with the content of o phase ¢,, and are represented as
Mg = My o and Te = T% ¢y, respectively. Besides, the effect of car-
bon content on magnetization and Curie temperature for o phase
is neglected due to the small solubility of carbon in « phase.
Therefore, the magnetization is given by the following equation:

M(¢.T) = Msm(I") (10)

where m(I") is the reduced magnetization and obtained as an ana-
lytical form, as shown with Eq. (11), on the basis of Weiss molec-
ular field theory [32] which well describes the magnetization of
ferromagnetism. I" is a dimensionless temperature normalized by
TcasT' = % and approximately described as the following format

according to Barsan and Kuncser [33].

m[T) = (1 —2exp (—%))\/ﬁ

x (1+0.60683T — 0.090480I"2 + 5.9531T"
— 117051 + 13.9500" — 8.8174I"® +2.2928T"7)(I" < 1)
=0 (=1 (11)

% should be provided in order
oM

to calculate the magnetic driving force. o could be easily com-
puted and expressed in Eq. (12). As for V¢ and %, it is neces-
sary to solve Poisson equation to get the scalar magnetic potential
under the assumption that the direction of magnetization is the
same as that of the external magnetic field.

oM om
36a :Ma<m—ar,>r T=<1
=0 (r'>1) (12)

The parameters % Vi and

2.1.2. Gibbs energy under an external magnetic field

As mentioned before, one innovation of the present phase-field
model is to consider Gibbs energy contribution from the external
magnetic field for the first time. Such a treatment is not reported
in the literature. The Gibbs energy f(¢, c) of the target system is
interpolated with phase-field variables and constructed as a mix-
ture of Gibbs energies for & and y phases expressed in Eq. (13).

f(¢,C) = ¢afa +¢Vf)/
= ¢ot(OTfa+Bfa) +¢y0Tfy

The Gibbs energies of o and y include two parts: the Gibbs en-
ergy without external magnetic field (°7f;) and that due to external
magnetic field (Bf;). 9Tf; can be obtained from a thermodynamic de-
scription of the Fe-C system [34]. It is worth mentioning that the
magnetic field was considered to only affect the Gibbs free energy
of o phase since this phase is in ferromagnetic state and the mag-
netic effect on o phase is more significant than that on param-
agnetic y phase. The contribution of the magnetic field to Gibbs
energy for o phase is described by means of Eq. (14):

Bext

Bf, =— M(T, B)dB (14)
0

where B is magnetic flux density and M the magnetization. M de-
pends on temperature and magnetic field B, and it is calculated

(13)
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according to Weiss molecular field theory [32].

_ AT om(F N e, - Lotn®

M_NAm[ 3 coth( 7] )a, 2Jcothzj]/v,11 (15)
_ m(B+AM)

Y=l (16)
_ 3VnJksTc

wherein N, represents Avogadro constant and m denotes atomic
magnetic moment. J is the quantum number related to the angu-
lar momentum of an atom. A is the molecular field constant, Vj,
denotes the molar volume, T¢ Curie temperature and kg the Boltz-
mann constant. Numerical fitting was employed for the calculation
of magnetic free energy owing to the difficulty of solving complex
implicit Brillouin functions.

For almost all of the phase-field simulations under an external
magnetic field reported in the literature, the Gibbs energy in the
phase-field model only involves the Gibbs energy without exter-
nal magnetic field (°7f). Such a treatment is not physically sound.
In the present work, we have proposed a method to describe the
contribution of the external magnetic field to the bulk Gibbs en-

ergy.
2.2. Procedure for the phase-field simulation

The “Parallel Algorithms for Crystal Evolution in 3D” (PACE3D)
framework, which provides a combined solution with a wide range
of easy to use extensible models to solve multi-physics application
in a parallel and efficient manner [35], is utilized in the present
simulation. Solver [36-40] structure in PACE3D contains diffuse in-
terface approaches, grain growth, grain coarsening, solidification,
fluid flow, mechanical forces, and electrochemistry and so on. The
framework allows the implementation of new phase-field models
for describing different processes. In the present work, the calcula-
tion of driving force from the demagnetizing field is implemented
for the related simulation, as shown in the chart flow illustrated in
Fig. 1.

A two-dimensional simulation box with 100 x 100 cells along
the x and y directions is firstly considered to study the effect of
magnetic field on the microstructure of solid phase transformation.
The little circular inclusion of the productive particle will grow
in the parent ferrite o matrix under the integrated driving force
from chemical energy, interfacial energy and magnetic field energy
if magnetic field is turned on. After that, the CALPHAD type data
for the Fe-C system with or without magnetic field was applied in
order to describe the microstructure evolution quantitatively. For
numerical efficiency, the Gibbs free energy data are parabolically
approximated and then the fitted Gibbs free energy was applied
to the further simulation of the two-phase microstructure in the
absence of or with magnetic field in a 2D domain of dimensions
300 x 300. The initial structure is generated using a voronoi tes-
sellation based on a random set of points. It is noteworthy that
periodic boundary conditions were applied along both x and y
directions. Table 1 summarizes the model parameters employed
in the present simulation. Temperature and alloy composition are
chosen according to experimental information. Curie temperature
and magnetic moment for « phase are taken as the correspond-
ing values of pure Fe in view of the very small solubility of C in «
phase. Grid cell size Ax takes 5, and time step width At is set as
0.1(Ax)2. Length scale parameters ¢ is 3.5Ax. Anisotropic kinetic
coefficient 7 and interfacial energy density y,g depend on tem-
perature for simulation at different temperatures and are taken as
1.066 x 10—3T and 3.2 x 1076T, respectively.

Table 1
Numerical parameters used in the present phase-field simulation

Parameters (Unit) Symbol  Value

Temperature (K) T 1023 1018
Composition 0.4 wtsC 0.6 wt%C
Magnetic field (Tesla T) B 10 8
Simulation domain 300 x 300
Curie temperature for o phase (K) T¢ 1043
Magnetic moment for o phase My 2.22
Anisotropic kinetic coefficient T 1.066 x 1073T
Length scale parameter (m) e 1.75 x 10-°
Time step width At 2.5

Grid cell size (m) Ax 5x 1076
Interfacial energy density (J/m?) Yap 3.2 x 10°6T

3. Results and discussion
3.1. Simulation of isothermal growth of an austenite particle

To successfully reproduce the aligned microstructure evolution
with the effect of magnetic field by means of the presently devel-
oped phase-field model, we first simulated the isothermal growth
of a circle austenite particle in 100 x 100 domain at 1023 K. This
kind of preliminary calculation could provide reasonable parame-
ters for the more complex simulation with a larger domain. The
first row displayed in Fig. 2 is the o«—y phase transformation
without magnetic field, and second row shows the correspond-
ing microstructure evolution under the influence of magnetic field.
For both simulations, the input parameters, apart from those as-
sociated with magnetic field, are similar to ensure comparability.
Hereafter, the time unit in this figure denotes dimensionless time.
It can be obviously seen that the austenite y phase expands with
an isotropic pattern in the absence of magnetic influence, while it
grows ellipsoidally-shaped and finally aligns perfectly in the direc-
tion of magnetic field. It indicates that the simulated directionally
aligned two-phase microstructure owing to magnetic field agrees
with the experimental observation.

As shown in Figs. 3(a) and (b), which characterize the growth
of austenite in horizontal and vertical directions corresponding to
y=50 and x=50 (The black lines in Fig. 2) without magnetic field,
respectively, we can see that diffuse interface moves simultane-
ously in both x and y axis with the same rate in the absence of
magnetic field. The same rate in both x and y directions means
that austenite particle grows isotropically. In the case of the calcu-
lations under the impact of magnetic field, as shown in Figs. 3(c)
and (d), it is indicated that austenite particle grows much slower
perpendicular to the magnetic field direction than the one in the
direction of magnetic field. A possible explanation for this phe-
nomenon could be that additional demagnetizing field energy of
ferrite in the direction of magnetic field destabilizes ferrite more
than that in perpendicular direction, which accelerates the phase
transition parallel to the magnetic field. Figs. 2-3 indicate that the
application of magnetic fields during the o—y isothermal trans-
formation in Fe-C alloys develops a two-phase microstructure with
the paramagnetic y phase aligned in the matrix of the ferromag-
netic o phase along the direction of applied magnetic field. Con-
sequently, it is expected that the experimentally observed aligned
microstructure could be accounted for by means of phase-field ap-
proach using the three energy terms of bulk chemical, magnetic
and interfacial energies.

3.2. Morphological evolution in Fe-C alloys with and without
external magnetic field

In order to increase the numerical efficiency for large-scale
phase-field simulations, the thermodynamic parameters which de-



Y. Zeng, T. Mittnacht, W. Werner et al.

(a) Initial =5s’ )=20s’

0000
- 00008

)=40s’ =592.5s’

Fig. 2. The growth of an austenite y particle inside the ferromagnetic ferrite o against time with/without magnetic field. The first row shows the calculations without
magnetic field and the second with the magnetic field applied to the direction parallel to y axis.
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Fig. 3. The grow rate of austenite particle along X=50 and Y=50. Without magnetic field (a) X axis, Y=50 and (b) Y axis, X=50; with magnetic field (c) X axis, Y=50
(perpendicular to the magnetic field) and (d) Y axis, X=50 (along the direction of magnetic field).

scribe the Gibbs energies of « and y phases were not used directly
in the simulations, but parabolic format of the energy for target
phases is employed [34].

Fig. 4 displays the Gibbs energy of o phase under the mag-
netic field of 10 T (Tesla) including Eq. (13) together with the en-
ergy of y phase at 1023 and 1018 K. The calculations indicate that
magnetic field decreases the energy of o phase and the tendency
increases with increasing magnetic field. Many experiments [41-
43| have confirmed that a magnetic field reduces the free energy
of o phase in steels, being consistent with the present calculations.

The concentrations of carbon in « and y will increase with ap-
plied magnetic field according to common tangent principle. It has
been clarified that the driving force of a transformation depends
on the Gibbs free energy difference between the product and the
parent phases. The application of magnetic field increases the total
Gibbs free energy difference between o and y which means that
the equilibrium temperature lines between « and y in the phase
diagram moves to high temperature side. And the solubility of C in
both o and y would increase, even though the sharp boundary line
between « and o+y phase regions causes the unobvious increased
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data [44], and black dots indicate the location of the samples.

C solubility of « from the phase diagram. On the other hand, the
magnetic contribution to Gibbs free energy for both y and cemen-
tite is ignored. As a result, the driving force for transformation
from y to cementite is not affected by the applied magnetic field.
Hence the equilibrium line between cementite and y remained un-
changed. Consequently, the phase equilibrium of the Fe-C system
under a magnetic field will be different from that without mag-
netic field. Fig. 5 demonstrates the calculated Fe-C phase diagram
under 0 and 10 T together with experimental data [44], including
the compositions of target alloys also. It can be seen that samples
Fe-0.4 wt%C and Fe-0.6 wt%C are located in (@+y) two-phase re-
gion. It is indicated that the magnetic field alters volume fractions
of the phases according to lever rule and solubility of carbon at
two-phase equilibrium, and also shifts the eutectoid composition
to higher carbon content.

The Gibbs energy curves in Fig. 4 are approximately expressed
in second order polynomial, which is an established method
in phase-field model to capture concentration dependent energy
characteristics. For the phase-field simulation of microstructure
in the Fe-C alloys, the employed model parameters are listed in
Table 1. Two-dimensional simulations of microstructure develop-
ment in Fe-0.4 wt%C at 1023 K and Fe-0.6 wt%C at 1018 K without
or with external magnetic field are shown in Figs. 6 and 7, respec-

tively. The sequence of phase transformation and microstructure
evolution are represented from (a) to (e). It manifests the tempo-
ral evolution of the phase field ¢; together with the experimental
microstructure [20-22], and the blue and yellow regions denote o
and y phases, respectively. The temporal development of carbon
concentration is similar to that in Figs. 6-7, which is displayed in
Figs. 8-9 and facilitates the understanding of carbon distribution
within the two phases.

The left columns displayed in Figs. 6 and 7 are the morphologi-
cal evolution in Fe-0.4 wt%C and Fe-0.6 wt%C alloys without mag-
netic field. At an initial state, supersaturated ferrite & and seeds of
austenite y are given. During aging, supersaturated ferrite trans-
forms into austenite due to the decrease of total energy, and the
volume fraction of y phase increases from (a) to (e). y phase
grows gradually in each direction, which is accompanied by co-
alescing behavior with increasing aging time. The right rows in
Figs. 6 and 7 show the phase-field simulated microstructure de-
velopment in Fe-0.4 wt%C under 10 T and Fe-0.6 wt%C under 8
T, respectively. The applied magnetic field is in vertical direction.
The figures demonstrate that the simulated two-phase microstruc-
ture formed under the influence of magnetic field are in reason-
able agreement with experimental observation [20-22]. Supersatu-
rated ferrite transformed into austenite and the produced austen-
ite phase grows faster in the direction of magnetic field. This kind
of alignment is considered to be induced by the dipolar interac-
tions between matrix and precipitate [20,21,23]. The correspond-
ing evolution of carbon profile is presented in Figs. 8 and 9 for
Fe-0.4 wt%C and Fe-0.6 wt%C, respectively. As the diffusion of car-
bon, which is not directly affected by magnetic field since car-
bon is nonmagnetic, the demagnetizing field energy expressed by
Eq. (6) only depends on local phase fraction ¢, since o phase con-
tributes to Curie temperature and magnetization of the two-phase
system. And the influence from magnetic field on the diffusion be-
havior of carbon is reflected through the phase-field variable since
the mobility coefficient in governing equation is defined with ¢;.

After extended periods of annealing, simulations would reach
equilibrium under the cooperation of chemical and magnetism,
which influence diffusion, equilibrium compositions and driving
force. For Fe-0.4 wt%C alloy, the volume fraction Vy of austenite
without magnetic field reaches the equilibrium value faster than
that under 10 T. And the increasing rate of volume fraction for the
simulation without magnetic field is larger than the one consider-
ing the effect of magnetic field, which means that magnetic field
influences the rate of phase transformation. Additionally, the vol-
ume fraction and carbon concentration in « and y phases simu-
lated by phase-field method for Fe-0.4 wt%C alloy are quantita-
tively compared with thermodynamic calculation for the equilib-
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Fig. 6. The evolution of microstructure in Fe-0.4 wt%C aging at 1023 K with 10 T and without the influence of magnetic field. No magnetic field: (a1-e1); magnetic field:

(a2-e2). Figs. f1 and f2 are reproduced from Ref. [22].

Table 2

Comparison of a+y two-phase equilibrium between thermodynamic calculation and phase-field simulation*

Sample Thermodynamic calculation Phase-field simulation
No magnetic field With magnetic field No magnetic field With magnetic field
1023 K x(er,C)= 0.00078 x(or,C)= 0.00088 x(er,C)= 0.00081 x(er,C)= 0.00082
0.4 wt%C x(y.C)= 0.02748 x(y.C)= 0.03032 x(y.C)= 0.02780 x(y.C)= 0.02895
V(y)=0.66 V(y) 0.60 V(y)=0.59 V(y)=0.60
x(C) = 0.01831 x(C)= 0.01831 x(C)= 0.01673 x(C)= 0.0174
1018 K x(a,C)= 0.00080 x(a,C)= 0.00085 x(a,C)= 0.00078 x(a,C)= 0.00079
0.6 wt%C x(y.C)= 0.02890 x(y.C)= 0.0305 x(y.C)= 0.02917 x(y.C)= 0.02936
V(y)=0.94 V(y) 0.89 V(y)=0.94 V(y) 0.90
x(C)= 0.0273 x(C)= 0.0273 x(C)= 0.0273 x(C)= 0.0264

* 10 and 8 T are applied for the thermodynamic calculation of Fe-0.4 wt%C and Fe-0.6 wt%C alloys, respectively. x(«,C) and x(y,C) mean the mole fraction
of carbon in @ and y phases, respectively. x(C) denotes the alloy composition, and V(y) is the volume fraction of y phase.

rium state, which is demonstrated in Table 2. As for the simulation
of Fe-0.6 wt%C without magnetic field, the V; of austenite is taken
the same value from thermodynamic result, and the correspond-
ing distributions of carbon data are used as the equilibrium data
since ferrite would vanish with V; more than 0.94 for austenite
in phase-field simulation. It can be seen that the modeled volume
fractions of austenite and ferrite agree well with thermodynamic
calculation results, and that of austenite in Fe-0.6 wt%C alloy is

larger than that in Fe-0.4 wt%C, which can be easily understood
in view of lever rule. The content of carbon in ferrite and austen-
ite increases with the effect of magnetic field due to the chemical
effect from the application of magnetic field, which can be com-
prehended from the phase diagram.

The present work demonstrates that the phase-field model con-
sidering the contribution of external magnetic field to Gibbs energy
can not only reproduce the phase diagram, but also describe mi-
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crostructure in Fe-C alloys quantitatively under the external mag-
netic field for the first time.

3.3. The role of thermodynamics in tailoring microstructure and
property under magnetic field

Thermodynamics under magnetic field is important for the
magnetic-field-assisted experimental investigation since phase
transformation has a strong influence on the mechanical property
of alloys, such as high entropy alloy (HEA) and steel. As for AlCoCr-
FeNi HEA, mechanical behavior is significantly affected by compo-
sition and heat treatment temperature, and the utilization of mag-
netic field at specific temperature can lead to the energy difference
among ferromagnetic Bcc, paramagnetic Fcc and o phases and thus
change the phase fractions of these phases. According to Zhao et al.
[45], an excellent combination of saturation magnetization, elec-
trical resistivity, yield strength, ultimate compressive strength and
compressive plastic strain was achieved when applying 6 T mag-
netic field at heat-treatment temperature of 1200 °C for AlCoCr-
FeNi HEA. Precipitation behavior of transition carbides in steel con-
trols material property. The introduction of magnetic field can ef-
fectively change their stability by altering their free energy lev-
els due to their magnetization degrees. These studies [46,47] have
revealed that the applied magnetic field effectively promotes the
precipitation of y-FesC, iron carbide, compared to the usual &-
Fe,C and n-Fe,C iron carbides, because the higher magnetization
resulted in the remarkable reduction of free energy for x-FesC,
carbide.

The magnetic field increases the carbon solubility in ferrite
which has been discussed in Subsection 3.2 and thus enhances the
hardness for ferrite. The hardness values of ferrite formed under
10 T showed consistently higher values compared to that with-
out magnetic field according to the work from Choi et al. [48].
As demonstrated in Fig. 5, a magnetic field would shift the eu-
tectoid composition to higher carbon content, which indicates the
increase of carbon content without hypereutectoid transformation,
and thus provides the possibility of improving mechanical prop-
erties since increased carbon content is associated with strength-
ening and hardening. On the other hand, hypereutectoid primary
cementite decreases ductility. Fig. 10 presents the calculated phase
fraction of o in Fe-0.6 wt%C sample against the temperature un-
der magnetic field together with the experimental data [20]. It can
be seen that the calculation agrees well with experimental obser-
vation except for the calculated result under 8 T. The calculations
associated with 8 T also can be accepted since the temperature dis-
crepancy between calculation and experiment for the phase transi-
tion y —y +a is generally within 5 °C. It is clear that magnetic field
increases the phase fraction of ferrite and eutectoid temperature,
which indicates that austenite to pearlite transformation occurs at
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Fig. 9. The evolution of carbon profile in ferrite and austenite in Fe-0.6 wt%C aging at 1018 K with and without the influence of magnetic field. No magnetic field: (al-e1);
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Fig. 10. Calculated phase fraction of ferrite o in Fe-0.6 wt%C alloys versus temper-
ature under magnetic field in comparison with the experimental data [20]. Along
the solid lines, there are equilibria between « and y phases.

higher temperature. The austenite to pearlite transformation is dif-
fusional and involves the cooperative formation of carbon-depleted
ferrite and carbon-enriched cementite. The inter-lamellar spacing
of the pearlite depends on the diffusion distance of the carbon. The
higher formation temperature allows greater carbon diffusion and
then increases the inter-lamellar spacing, thus modifies mechan-
ical properties. Fig. 10 demonstrates that thermodynamic calcula-
tion for Fe-C alloy under magnetic field can predict the phase frac-
tion for specific magnetic field and alloy composition, which pro-
vides the possibility to obtain the desirable combination of heat-
treatment schedule and alloy composition with the assessment of
magnetic field for the sake of material design.

4. Conclusions

The present work is the first attempt to consider the Gibbs en-
ergy contribution from magnetic field and apply it to simulate the
microstructure evolution of realistic Fe-C system under external
magnetic field by means of phase-field approach. The main con-
clusions are as follows:

» The Gibbs energy contribution from magnetic field for ferro-
magnetic o phase is calculated based on Weiss molecular the-
ory. The computed Fe-C phase diagram under magnetic field
agrees reasonably with the experimental data. The thermody-
namic description under magnetic field is utilized in phase-field
model for Fe-C system for the first time.
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» The microstructure formed during thermomagnetic treatment
for Fe-0.4 wt%C and Fe-0.6 wt%C alloys are quantitatively per-
formed by phase-field method combined with CALPHAD type
thermodynamic data, and the simulated microstructure is in
reasonable agreement with the experimental investigation. The
structural alignment of («+y) microstructure under the influ-
ence of magnetic field indicates that modeling microstructure
developments with the frameworks of phase-field approach is
a very effective strategy to analyze complex microstructure.
In particular, the phase-field simulation coupled with realis-
tic thermodynamic database is quite helpful to design the mi-
crostructure in realistic alloys.

The increased carbon solubility in ferrite and eutectoid temper-
ature under the influence of magnetic field enables researchers
to enhance the property of steel. This explains the important
role of thermodynamics in tailoring microstructure and prop-
erty under magnetic field.
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