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This work establishes a temperature-controlled sequence function, and a new multi-phase-field model, for liquid—
solid—solid multi-phase transformation by coupling the liquid—solid phase transformation model with the solid—solid phase
transformation model. Taking an Fe—C alloy as an example, the continuous evolution of a multi-phase transformation is
simulated by using this new model. In addition, the growth of grains affected by the grain orientation of the parent phase
(generated in liquid—solid phase transformation) in the solid—solid phase transformation is studied. The results show that
the morphology of ferrite grains which nucleate at the boundaries of the austenite grains is influenced by the orientation
of the parent austenite grains. The growth rate of ferrite grains which nucleate at small-angle austenite grain boundaries is
faster than those that nucleate at large-angle austenite grain boundaries. The difference of the growth rate of ferrites grains
in different parent phase that nucleate at large-angle austenite grain boundaries, on both sides of the boundaries, is greater
than that of ferrites nucleating at small-angle austenite grain boundaries.
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1. Introduction

The observation and quantitative characterisation of the
microstructure of steel and iron materials is both a focus, and
a difficulty, in the field of materials science and engineering.!!!
The microstructure of a material determines its mechanical
properties, while phase transformation parameters control the
morphology and affect the material properties.[>! The forma-
tion of most iron and steel materials involves multiple phase
transformations; however, during the forming of iron and steel
materials, many parameters need to be controlled, accompa-
nied by the many difficulties caused by their opacity, size, and
the high temperatures involved. For this reason, it is not possi-
ble to observe, and quantitatively characterize, the evolution of
microstructure in phase transformation by experimental meth-
ods. With the development of computer technology, numerical
simulation provides a new method for researchers. By simulat-
ing the formation and evolution of microstructure at the grain
size scale, quantitative relationships between the parameters
and final microstructure are obtained,*! and applied in ac-
tual production to optimize the process and thereby improve
industrial output. In materials science and related areas, the
phase field method is widely used as a powerful computational
method to simulate the formation of complex microstructures
during solidification and solid-state phase transformation of
metals and alloys. The phase field method does not need to
keep track of the location of interfaces and overcomes the dis-
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advantages of MC and CA methods. With these unique ad-
vantages in material microstructure simulation, the phase field
method has therefore been widely used in iron and steel mate-
rial microstructure research. [0-21]

However, the phase field simulation of the microstructural
evolution during the phase transformation of alloys mainly
focuses on the simulation of the single phase transformation
process.[0-10:14-221 For example, Feng!®°! simulated the den-
dritic growth process of multiple grains during isothermal so-
lidification, Huang,[14] Loginoval,[ls] and Mecozzil'® simu-
lated y—o phase transformation by the phase field model. As
a matter of fact, alloy materials generally have to undergo
multiple phase transformations including solidification trans-
formation and solid-state transformation during their forma-
tion. For example, the formation of Fe-C alloy usually en-
tails phase transformation from liquid state to an austenite
phase (the solidification process) together with the later phase
transformation from austenite to ferrite!'*2%! or from austen-
ite to pearlite (the solid state phase transformation). Phase
field simulation of a single phase transformation is not able
to characterise the continuous evolution of alloy microstruc-
tures including solidification and solid state phase transforma-
tion and the influences of the former on the latter. Simulation
of multi-phase transformation can not only predict the char-
acteristics of the microstructure of grains but can also con-
trol and optimise the microstructure and mechanical proper-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 51661020, 11504149, and 11364024).

Corresponding author. E-mail: fenglils @lut.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

080504-1


http://dx.doi.org/10.1088/1674-1056/26/8/080504
mailto:fenglils@lut.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 8 (2017) 080504

ties of metal materials.[?>>#! To simulate better the evolution
of alloy microstructure during the forming process using the
phase field method, and therefore control the microstructure
and macroscopic properties of materials, we need to simu-
late multi-phase transformations of the alloy in solidification,
and the solid state transformation, by using a multi-phase-field
method.

In this work, a new multi-phase field model is established
for liquid—solid—solid multiple phase transformation by cou-
pling the solidification transformation model with a solid state
phase transformation model. Taking an Fe—C binary alloy
as an example, the authors analyze the continuous evolution
mechanism of microstructure in the formation of the alloy and
the influences of the previous solidification transformation on
the later solid state transformation.

2. Multi-phase-field model
2.1. Model equation
2.1.1. Phase field equation

The authors establish a sequence function which is con-
trolled by temperature. Based on the multi-phase field model
for a single phase transformation,!>! the phase field equation
is re-characterised with the aid of that sequential function[%%]
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where ¢; and ¢; are the phase field parameters of different
phases, representing different phase structures, S;; is the space
step function, M;; is the interface migration rate, I represents
the system free energy, and K is the time sequence function. K
is similar to the definition of the space step function S, and is a
function relating to system temperature and free energy. In ad-
dition, m is the number of phase transformations undergone in
the process. The subscripts i and j respectively represent the
new phase and parent phase in the solidification phase trans-
formation and solid state transformation while the subscripts
o and B respectively represent solidification phase transfor-
mation and solid-state phase transformation in multiple phase
transformations. The definition of the sequence function X is
as follows:
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where, T represents the system temperature, and 7°¢ repre-
sents the temperature at the beginning of the phase transfor-
mation.

Both solidification phase transformation and austenite-
ferrite phase transformation in an Fe—C alloy are nucleation-
growth induced phase transformations,?”! so they have con-
sistent structure implicit in their multi-phase-field governing
equations. However, the volume change in liquid—solid phase

transformation is unable to change the free energy at the in-
terface, but the volume change in a solid—solid phase transfor-
mation will lead to a change in the free energy of the system.
So they have different definitions of free energy, the specific
definitions are as follows:

F /fGB_,'_fCH_’_fEL_‘_fT’ @)
Q

where, fOB, fCH and fEL denote the interfacial, component,
and elastic free energy densities, respectively; fT represents
free energy density relating to a specific temperature,?® and
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where, o3, 1ij, Wij, f'(ci), C/¥, and € represent the interfa-
cial energy, interface thickness, potential-well function, com-
ponent free energies of solute c in phase i, the effective elastic-
ity matrix, and the phase-field gradient coefficient. In addition,
G™¢ denotes the Gibbs free energy, W is the double well poten-
tial, and Wg(¢) is the excess free energy. In the middle of this,
h(9) = 9°(69> — 156 +10), g(9) = 9>(9> — 29 + 1). To sim-
plify the model, in this research the influence of the stress and
strain fields is ignored in the composition of F. In this way,
the free energy F changes to the form given by formula (9)
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2.1.2. Solute control equation
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where, D (c,¢) is the solute diffusion coefficient, and f, and
fec are the first- and second-order partial differential equations
of free energy density
_ dfi(c;)  dfi(c;)

fC(Ca(P) dCi - de ) (11)

1(ci) - fle(ey)
cc Ca = i . b) (12)
Jecle:9) [1—h(9)] fee(cj) +h(9) fic(ci)

where, the subscripts i and j respectively represent the newly

generated phase and parent phase in the solidification phase
transformation or solid state transformation.
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2.1.3. Temperature control equation
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where, Dy, Cp, L, L', T, and c represent the heat diffusion co-
efficient, specific heat, latent heat of the solvent, latent heat
of the solute, temperature, and concentration of the solute
elements. 2]

2.2. The grain nucleation of solid-state phase transforma-
tion in multiple phase transformations

It is found that there are two nucleation mechanisms in
the formation process of crystal nucleus: spontaneous homo-
geneous nucleation and non-spontaneous heterogeneous nu-
cleation. In this work, the authors adopt non-spontaneous,
and spontaneous, nucleation for the solidification transforma-
tion and the solid-state phase transformation. In the solid state
phase transformation, the free energy of the system is!?’]

AG = —Vg(AGy — AG¢) +Ag0yp — AGa, (14)

where, Vs, AGvy, AGg, A B> Oap> and AGy are the volume of the
B-phase, free energy change per unit volume of B-phase, the
strain energy per unit volume, the area of the phase interface,
the interfacial energy per unit volume, and the energy released

density is calculated by using Eq. (15).
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where N* and AG* represent the critical nucleation rate and
critical free energy barrier of nucleation, Ny is the number of
atoms per unit volume, kg is the Boltzmann constant, and 7 is
the absolute thermodynamic temperature. ']

2.3. Phase field parameters and physical parameters
2.3.1. Phase field parameters

When liquid—solid phase transformation, the phase field
equation is

19 €(0)
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The expression of the migration rate My of the liquid—solid

phase transformation is

at defects during nucleation. To simplify the model, the ef- » gg 1 .y
fect of strain energy on free energy is ignored; the nucleation My = oV2W (DC (eL, ¢S )> ? a7)
site of a grain is calculated by its free energy. The nucleation Ao
rate of the solid-state phase transformation follows a Gaussian & = 55 (18)
distribution, the number of solid cores can meet a certain rela- 6.6 G'
tionship given a certain degree of cooling, and the nucleation W= R (19)
|
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afr terface migration rate of the y—o transformation in low-carbon
e -] 0 20)). e migration rate of the ¥
acr steels, interface thickness, interface energy, and phase field pa-

The expression for the migration rate Mg of the solid—solid
phase transformation is

20
Ky (23)
6v2 '
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rameters, respectively.

The growth of isotropic ferrite grains is very difficult to
bring about in practical materials. In this work, the influence
of anisotropy is considered on the basis of the solid-state phase
transformation model established by Huang et al.l'* As the
solidification transformation and solid-state transformation of
Fe—C alloy are a continuous process, the former influences the
latter. While growing in parent grains of different orientations,
ferrite shows anisotropy due to the difference in its grain orien-
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tation and the orientation of the parent phase. The anisotropy
affects the interfacial energy and then acts on the phase field.
In the solid-state phase transition model, the anisotropy of the
interface is adjusted by the energy gradient coefficient. The to-
tal free energy F is the functional of the phase-field variables:

P= [ [mhoton oo 90+ X aR]av. @D

The corresponding local functional is

f0(¢17¢27~~~7¢n Z(_)—’_ZZ’}«P; (P] . (28)
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Considering the influence of orientation field on interfacial en-
ergy, gradient coefficient kK and phenomenological parameter
v are expressed as
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where, k; ; and ¥; ; are obtained by using the following formu-
lae:
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where, 6qy represents the orientation angle between the par-
ent phase austenite grain and the newly-generated phase’s
ferrite grain. In any grain, ¥ = kp = 0.25 x 107% J/m and
Y= % = 1.5. In the interfacial region between grains with

orientations i and j, kK = k; ; and y = y;.13!!

2.3.2. Physical parameters of the material

The physical parameters of the material used in our cal-
culations are summarized in the following Table 1.

Table 1. Physical parameters of the material.[10:14.22]

Parameter

C-0.6 wt%

Solid-liquid and solid—solid interface energy ¢

Liquid—solid phase transition and solid—solid phase transition temperature T

Liquid phase and solid phase solute diffusion rates
Diffusion rates of austenite and ferrite

Gas constant R

Latent heat L of solidification

Thermal diffusion coefficient

Specific heat capacity at constant pressure

Molar volume V

0.204 J/m?, 1 J/m?

1780 K, 1048 K

2.0 x 10~8m?%/s, 6.0 x 10~° m2/s
6.0 x 1079 m%/s, 3.284 x 10~ 14 m?/s
8.314 J/(mol-K)

277.5)/g

1.277 x 1073 J/g

0.75 J/(g-K)

7.7 x 107° m3/mol

3. Numerical calculation of the model
3.1. Disturbance

To simulate the random fluctuations upon disturbance
during the real solidification process, a disturbance term needs
to be added to the calculation. In this research, an artificial
random disturbance is added in the phase field equation:

261 99
1|5 =5+ 16500, 63)

where ¥ is a random number from —1 to 1, and @ is the time-
dependent disturbance intensity factor associated.!®!

3.2. Initial boundary conditions
Assuming that the initial nucleation (solidification phase
change) radius is R:
x2 +y 2 S R27
4y >R

9=1,
9=0,

T=T,—AT, (34)
T=T,—AT, (35)
where x and y represent the abscissa and ordinate, respectively,

T is the dimension temperature, Ty, is the melting point tem-
perature, and AT is the degree of undercooling. The nuclei are

randomly distributed in the simulated region, and the number
of nuclei is less than the maximum number for nucleation. On
the boundary of the simulated region, ¢ and c use the adiabatic
boundary condition, i.e., a zero-Neumann boundary condition.

3.3. Numerical calculation method

The explicit finite difference method is used to solve
Egs. (1), (10), (13), and (14) at the same time step Az. The
time step At and the space step Ax (space step Ax = Ay =
1 x 1078 m) need to meet the following stability condition:

At < min {A¥*/(4Dg), A /(4Dy))} , (36)

where Ar; and Afy denote the time steps for the growth of
austenite and ferrite, respectively. At is the time step used for
calculation in the transition period from the previous liquid—
solid transformation to the later solid—solid transformation,
and Dy is diffusion coefficient of the solute in the parent phase:
the physical property parameters are summarised in Table 1.
The phase field simulation is affected by the interface
thickness. In addition, the computational grids are very small,
resulting in an onerous calculation workload. To ensure the
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convergence and stability of all numerical calculations, small
computational grids are needed to match such small time steps.
In the process of alloy solidification and solid state transfor-
mation, the time required for phase transformation is not long,
given sufficient phase-transformation driving force; however,
Fe—C alloy has a large temperature difference from solidifi-
cation to its solid-state phase transformation, and thus needs
a long cooling time. If small time steps are used, it calls for
remarkable amounts of calculations. To facilitate the simula-
tion, the solute diffusion was controlled in the transition period
from the end of the liquid—solid transformation to the begin-
ning of the solid—solid transformation by using the solute dif-
fusion equation given by Fick’s law with time step Aty (At
is the enlarged time step). In the transition period between the
two phase transformations, no phase transformation occurs,
so the spatial step size of the simulation is no longer affected
by the interface thickness in the phase transformation. Larger
time step sizes and larger space step sizes can then be used
to calculate the solute diffusion and temperature diffusion. So
At was used to simulate both solute, and temperature, diffu-
sion in the transition period from the end of the liquid—solid
transformation to the beginning of solid—solid transformation.

4. Results and analysis
4.1. Solidification phase transformation

A 12001200 two-dimensional grid is employed, the ini-
tial nuclei are set to a grid of 20 spheres, the coordinates of
the nuclei are given randomly in the grid, but the number of
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800 ) oms. 800
600 : §:ﬁm 600
400 oys 400

200

200 |

%

500 1000 500

nuclei is less than the value calculated by Eq. (15). The initial
temperature is 1754 K, anisotropy is 0.06, figure 1 shows the
simulation results of growth process of multiple grains in non-
isothermal solidification. In the early stage of the growth, the
grains are spherical. In time, due to the effect of anisotropy, the
morphology of the grains changes from star-like to dendrite
shape; by the end, the morphology of the grains had become
complex as austenite dendrite (Figs. 1(a)-1(d)). In Fig. 1(b)
the white lines on grains A, B, and C are projections of the
normal to the {111} plane of austenite grains onto the simu-
lation region. In Figs. 1(b) and 1(c), the black lines on grains
A, B, C, D, and E are parallel to the optimal growth direction
({100)) of the grains. The angle between two black lines is
the angle between two optimal grain growth directions, and is
equal to that of the normals to the {111} plane and equal to that
made by the {111} planes therewith. For example, the angle
between the optimal growth directions of grain A and grain B
is the angle between the {111} planes of the two grains. Here,
this is defined as @45. Also, Qag, QPac, Psp, and Ppg are simi-
lar to @ap. Angle @4c (the angle between the (100) directions
of grain A and grain C), @pp (the angle between the (100) di-
rections of grain B and grain D), and @pg (the angle between
the (100) directions of grain D and grain E) are very small, so
they are considered negligible here. In the simulation experi-
ment, @4p and Q4 are larger angles, while @4c, ¢pg, and @pp
are smaller, so the grain boundaries between grains A and B,
as well as those between A and E are large-angle grain bound-
aries, while those between A and C, D and E, and B and D are
small-angle grain boundaries.
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500 1000

1200
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800
600
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1000 500 1000
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Fig. 1. (color online) Simulation of the growth morphology of multiple grains for (a) t = 0At1, (b) t = 3000At;, (c) t = 6000A¢;, (d) t = 12,000A¢1, (e)

t = 5x 103 Aty (f) grain boundary morphology.
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With the growth of grains, the whole simulation region is
gradually filled with austenite, as shown in Fig. 1(e). At this
time, the @-value of the whole simulation area is 1 (where 1
represents the case where all of the simulated area is in a solid
state). Grain boundaries cannot be observed in the phase field
map when the simulation area is filled with austenite, therefore
the grain boundary morphology, as shown in Fig. 1(f) which il-
lustrates the grain orientation field corresponding to Fig. 1(e),
was used. The figure describes various austenitic grain bound-
aries in Fig. 1(e). By denoting different grains with dissim-

1200 1200

1000
800

=~
600
400

200

500 1000

ilar colours, the shape and boundary of the grains are distin-
guished. It is convenient to study the nucleate position and its
influence on the growth morphology of ferrite.

Figure 2 shows the distribution of solute at corresponding
times to those in Fig. 1. It can be seen that the dendrite inter-
face preface is the brightest, which suggests the highest solute
concentration. Due to the redistribution of solute, the solute is
enriched at the solidification interface preface. In addition, the
solute is found at a high concentration between the secondary
and tertiary dendrite arms.

1200

1000

800

600

400

200

500 1000
%

Fig. 2. (color online) Distribution of solute in the growth of multiple grains for (a) t = 3000At;, (b) r = 6000Az(, (c) t = 1.2 x 10*Ary, (d) 5 x 10°Aty, (e)

5% 108At1, () 5 x 10%As;.

Figure 2(d) shows the solute distribution corresponding
to Fig. 1(e). It can be seen that, when the whole simulation
area is filled with austenite, the solute still gathers near the
grain boundaries, showing an uneven distribution. The simu-
lation region did not reach the conditions (temperature, criti-
cal nuclear energy, and solute concentration) required for fer-
rite nucleation. In time, the temperature gradually decreases
and the solute became uniformly diffused, which enabled fer-
rite nucleation. After the entire simulation area was filled
with austenite, if the solute diffusion was simulated in accor-
dance with the original time step, it would require a signifi-
cant amount of computational effort; to facilitate simulation
while reducing the calculation time, the method proposed in
Subsection 3.3, using an enlarged time step Azj; was used in
the simulation region filled with austenite, so as to simulate
the diffusion of both solute and temperature. That is to say,

the diffusion of solute in the whole region is simulated by

using the control equation for solute diffusion of Fick’s law
while keeping the morphology of the austenite unchanged, so
that the solute in the austenite can spread faster and more uni-
formly while using a larger time step. The results are shown
in Figs. 2(e)-2(f).

The multi-phase-field model in the study is a sequence
function controlled by temperature: the temperature is the key
to simulating the continuous evolution of microstructure in
multiple phase transformations. The temperature gradient is
not linear during phase transformation. However, in the simu-
lation, due to the small simulation area, it is considered that the
temperature gradient is linear in the simulation region. As the
cooling rate is generally 10~ K/s to 10 K/s orders of magni-
tude during solidification of medium and small castings at nor-
mal speeds,[*’! a temperature gradient of 5 K/mm and a cool-
ing rate of 5 K/s at the boundaries were added to the model.
It is speculated that the heat is transferred from the bottom
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up. As can be seen from Fig. 3 (the calculation conditions are
the same as Fig. 1), the simulation results show that the tem-
perature of the solidified area is higher than the area which
is not solidified, and the solidification interface preface con-
stantly releases latent heat. Similar to solute diffusion, when
the whole simulation area is filled with austenite, based on
the Fourier conduction equation, simulating the temperature
changes at an enlarged time step Af; accelerates the calcula-

1200 1 .

1200

800 : Hml 800

= 600 5 8 52 600

wo g™ * 4 HE 400

200 g B 52 200
500 1000

tion of temperature drop in the temperature field. As a result,
the temperature conditions for ferrite nucleation are achieved
faster. After a certain time, the heat transfer in the temperature
field tends to be stable, when the temperature of the whole
simulation area is close to the phase transformation tempera-
ture, as shown in Fig. 3(d). The temperature difference of the
simulation area is caused by the added temperature gradient
and cooling rate at the boundaries.

1200
1000
800
F2 S 600
400

500 1000
% %

Fig. 3. (color online) Simulation of temperature variation in a non-isothermal phase field for (a) t = 3000Az;, (b) t = 6000A?t;, (¢) t = 1.2 x 10*Ary, (d)

5x 101 A

4.2. Solid-state phase transformation

With the decrease in the temperature of the simulated re-
gion, ferrite begins to nucleate when the temperature (1048 K)
decreases to that at which austenite is transformed to ferrite.
The ferrite nucleation sites are dictated by the free energy of
the whole simulation region, and the density of nucleation sites
is governed by Eq. (15). The simulation results of solid-state
phase transformation are shown in Fig. 4. It can be seen from
Fig. 4(a) that ferrite nucleates at austenite grain boundaries.
This is because, as the temperature drops, the interface struc-
ture becomes loose, that is, the phase angle increases at the
grain boundaries. This lowers the energy barriers (activation
energy) which need to be overcome by atoms in the parent
phase to enter new phases after crossing the interface through
thermal activation. At the same time, the average distance
moved by each atom is reduced due to the increasing num-

1200 1200
1000 . 1000
800 g 800
= 600 = ™ 600
400 ’f: 400
200 & 200

500 1000 500 1000

K3 K2

ber of defects. There is a higher critical nucleation energy
seen at grain boundaries, which make it easy for nucleation to
occur. The nucleation phenomenon in Fig. 4(a) is consistent
with the nucleation theory of Cahn. 30] Figures 4(b)—4(d) show
the growth in ferrite nucleation. It can be seen that grains nu-
cleate at grain boundaries and different nucleation sites have
different morphologies. Due to the anisotropic effect, differ-
ent ferrites grow at different rates in different directions, that
is, grains have different growth rates in different parent phases.
In Fig. 4(c), grain H grows faster in the parent austenite (grain
B) than in grain A, because the habit plane of ferrite grain H
is the austenite grain plane (111). The existence of the habit
plane means that the new phase ferrite, which shows a good
lattice match to its mother phase austenite, grows faster. This
is similar to grains such as 7, J, K, and L, and the phenomenon

is consistent with the K-S relationship. 7]
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Fig. 4. (color online) Simulation of the growth of ferrite grains for (a) 1000Az,, (b) S000Az,, (c) 1 x 10*Aty, (d) 2 x 10%At,.

The orientation field of grains affects the interfacial en-
ergy, while the growth rate of grains is controlled by the in-
terfacial energy. Grain / in Fig. 4(d) grows faster than grain
H, because the angle between the austenite grains A and B is
larger than that between grains A and C (Fig. 1(b)), that is,

grain [ has a better lattice match with its parent phase. Thus,

it was concluded that the smaller the angle between austenite
grains, the faster the rate of growth rate of ferrite grains in this
nucleation scenario. According to the theory of phase trans-
formation, the transformation always tries to consume less en-
ergy, so ferrite always grows along the direction consuming

the least energy, which is parallel to the close-packed plane
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of atoms with a low index. It helps to reduce the interfacial
energy thereat. The grid number occupied by grains is used
to express the growth of ferrite grains, as shown in Fig. 5,
in which the slope of the curve represents the growth rate of
grains. For examples, the black and the red lines represent the
growth of grains H and /. It can be seen that curve [ inclines
more obviously than curve H, that is to say, the growth rate
of grain [ is greater than that of the grain H. To analyze this
phenomenon from the perspective of crystallography, the phe-
nomenon characterized by the simulation results accords with
the theory dictating that grain boundaries affect the y—c¢¢ phase

transformation. (3234
1.4
1.2}
—=— grain-H
» 10 L —— grain—I
S —a— grain-J
E 0.8f —v— grain-K
4 —e—grain-L
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Fig. 5. (color online) Rates of growth of ferrite grains.
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Grain / in parent grains A and C shows a smaller differ-
ence in growth rate than grain H in parent grains A and B, as
shown in Fig. 4(d). This is because the angle @45 between the
austenite grains A and B is greater than that between grains A
and C (@ac). The difference of the rate of growth of ferrite
in different parent phase grains that nucleates at large-angle
austenite grain boundaries on both sides of the boundaries is
greater than that at small-angle austenite grain boundaries: this
can be explained by the grain growth relationship K-S*”1 and
the theory governing boundaries affecting the y—a phase trans-
formation kinetics. 3234

Figure 6 shows the distributions of solute corresponding
to Fig. 4 (different color scales in the figure represent different
concentrations). It may be seen that the over-saturated car-
bon atoms dissolved from the ferrite phase are transferred to
the austenite phase, and contribute to carbon enrichment at the
ferrite—austenite interface. With a continuously increasing car-
bon concentration, a concentration gradient of carbon atoms is
formed on one side of the austenite. Driven by this concen-
tration gradient, the ferrite becomes coarsened through carbon
diffusion and transformation of grain structures. Figure 6(d)
shows that the carbon concentration at grain boundaries is the
highest when grains J and K meet. With the growth of ferrite,
the carbon transfers, and contributes, to a uniform concentra-
tion thereof in the side containing the austenite phase.

1200 1200
1000 1000
800 800
~ 600 HE S 600
400 S 400
200 200

500 1000 500 1000

1 1

Fig. 6. (color online) Distribution of solute in ferrite grains for (a) 1000A#,, (b) S000Az,, (c) 1 x 10%At,, (d) 2 x 10%Ar.

5. Conclusions

This research establishes the sequence function with tem-
perature as its independent variable, and a new multi-phase-
field model for liquid—solid—solid multi-phase transformation
by coupling the liquid—solid phase transition model with the
solid—solid phase transition model. Taking an Fe—C alloy as
an example, the continuous evolution of a multi-phase trans-
formation is simulated.

Ferrite grains, which nucleate at the boundaries of the
austenite grains, grow at different rates in parent austenite
grains with different orientations. The ferrite grains nucleat-
ing at small-angle austenite grain boundaries have a greater
rate of growth than those nucleating at large-angle austenite
grain boundaries. The difference of the growth rate of ferrite

grains in different parent phases that nucleate at large-angle

austenite grain boundaries on both sides of the boundaries is
larger than that of grains nucleating at small-angle austenite
grain boundaries.

While being transformed from austenite to ferrite, the
over-saturated carbon atoms transit to the austenite phase,
and this therefore results in carbon enrichment at the ferrite—

austenite interface.
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