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Multiphase Field Modeling of Dendritic Solidification
of Low-Carbon Steel with Peritectic Phase Transition

YIMING YANG, SEN LUO, PENG WANG, WEILING WANG, and MIAOYONG ZHU

In the present study, an improved multiphase field model with taking into consideration the S/L
interface anisotropy is proposed to simulate the dendritic growth with peritectic transition of
low-carbon steel, and a new random heterogeneous nucleation method is proposed to treat the c
phase nucleation during the peritectic solidification process. The c phase growth around the
dendrite (the single dendrite and polycrystalline ferrite) and the subsequent peritectic
transformation during the peritectic solidification are simulated. The results show that when
the temperature reaches the c phase nucleation temperature, c nuclei suddenly nucleate at the d/
L interface, and laterally grow with the movement of L/c/d triple point around the d/L interface
of d dendrite. After the d dendrite is fully wrapped by the continuous intervening c phase, the c
phase continues to grow with direct phase transformation from both d phase and liquid phase.
With the increase of melt undercooling, more d phase and liquid phase are consumed to form c
phase, and the intervening c phase between the d dendrite and liquid phase becomes more and
more thick, but the d dendrite arm becomes more and more thin. During the dendritic
solidification process, the solute would be rejected from dendrite trunk with the dendritic
growth and enriched at the dendrite boundary, especially at the dendrite root. The solute
enrichment at the dendrite root would inhibit the c phase growth at the dendrite root and thus
the thickness of intervening c phase at the dendrite root is thinnest around the dendrite.
Moreover, the solute concentration in c phase is among the d phase and liquid phase, because
the carbon solubility in c phase is higher than that in d phase, but lower than that in liquid
phase.
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I. INTRODUCTION

DURING the continuous casting process, the peri-
tectic steel usually suffers from serious surface quality
problems, such as deep oscillation mark, surface depres-
sion, crack, and even breakout, because of the signifi-
cant volume shrinkage induced by the peritectic
solidification.[1–4] Peritectic solidification involves two
distinct stages[5]: the peritectic reaction (L+ d fi c)
occurs at the three phase contact point (liquid+ d-fer-
rite+ c-austenite) just below the peritectic temperature,
resulting in the separation of liquid and d-ferrite by the
lateral growth of c-austenite around the d/L interface.
Subsequently, the peritectic transformation starts with

the thickening of c-austenite layer behind the advancing
tip of c-austenite towards both the liquid side and
d-ferrite side. This complicated peritectic phase transi-
tion during the steel solidification process closely
depends on the steel composition and cooling rate and
finally affects the steel quality. Therefore, lots of works
have been performed to shed light on the fundamental
knowledge of peritectic solidification of steel with the
pursuit high quality of continuous casting of peritectic
steel in the past few decades.[6–9]

The development of high-temperature laser-scanning
confocal microscopy (HTLSCM) by Yin et al.[10]

enables high-resolution in-situ observation at elevated
temperature of phase transitions in peritectic steel.
Shibata et al.[11] first conducted in-situ dynamic obser-
vation experiments on the peritectic solidification pro-
cess of Fe-C alloys using HTLSCM, and concluded that
the peritectic reaction is not controlled by carbon
diffusion, but by either a massive transformation to
c-austenite or solidification of c-austenite direct from the
liquid. Griesser et al.[12,13] used a combination of
HTLSCM and concentric solidification technology to
study the peritectic transition mechanism during the
solidification of Fe-C alloys and Fe-Ni alloys under
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conditions close to chemical and thermal equilibrium.
The results revealed that the peritectic transition process
is controlled by solute diffusion and it was found that
the partial remelting of the d phase is also affected by
solute diffusion. Liu et al.[14] used the HTLSCM
technology to study the peritectic phase transition
process of Fe-C alloys under different cooling rates.
The results showed that the c phase nucleates and grows
at the interface between the d phase and the L phase,
and the c phase separates them rapidly. It was concluded
that as the cooling rate increases, the carbon enrichment
increases at interface inhibits the nucleation of c phase.
Moreover, X-ray imaging has a big advantage over
HTLSCM to study the three-dimensional microstruc-
ture under the surface. The development of X-ray
imaging by Yasuda et al.[15] enables high-resolution
in-situ observation of dendritic solidification for pure Fe
and peritectic steels in low contrast between solid and
liquid phases at elevated temperature. The results
revealed that there is the specific massive-like transfor-
mation during the solid phase transformation (d fi c).
Nishimura et al.[16] used the X-ray imaging technology
to study the kinetic behavior of peritectic transforma-
tion of the Fe-C-Mn-Si alloy, and further showed that
the interface movement rate is only affected by the
interface elastic energy and solute distribution coeffi-
cient. Although the experimental methods including
HTLSCM and X-ray imaging are powerful instruments
for in-situ observation of the phase transition at elevated
temperature, they are high cost and time-consuming
experiments.

Due to the rapid rise of computer technology,
numerical simulation method becomes an alternative
method to study the phase transition during the peri-
tectic steel solidification process. The progress of com-
putational methods in mesoscopic modeling of
microstructure evolution in steel is recently reviewed
by Xiao et al.[17], and it seems that both cellular
automata model (CA) and phase field model (PF) are
prosperous stochastic methods to predict the
microstructure evolution during the solidification pro-
cess of steel. Spittle and Brown[18] first predicted the
dendritic structure evolution during the solidification
process of alloy by introducing the solute diffusion into
the CA model. Yamazaki et al.[19] determined the
position of the solid/liquid interface and d/c interface
according to solid/liquid diffusion mass conservation
and local equilibrium at the solid/liquid interface, and
established a CA model of peritectic solidification. The
simulation results showed that the number of initial c
grain is determined by the nucleation mechanism during
the peritectic reaction. Su et al.[20] simulated the peri-
tectic phase transformation behavior of C-Mn steel in a
multi-component system, based on Scheil model. Ogawa
et al.[21] proposed the 2D/3D CA model including d/c/L
phases and simulated the c grain coarsening and the
evolution of microstructure. Fan et al.[22] proposed a
CA model for simulating the peritectic transformation
in the peritectic solidification process. They found that
the simulation results are consistent with the experi-
mental measurement data and showed that as the
temperature decreases, the driving force for c phase

increases. However, the CA method has a weak physical
foundation with respect to multiphase solidification, and
it is greatly affected by the grid size. Compared with the
CA model, PF model has a solid physical background
and becomes more popular to predict the phase tran-
sition during the solidification process of peritectic alloy.
On basis of Ginzburg-Landau theory, the phase field

method introduces changing order parameters to
express the evolution of the diffusional solid/liquid
interface and the solid/solid interface. Steinbach et al.[23]

proposed the generalized multi-phase concept and
established a phase field model of the multi-phase
system based on the lowest free energy theory. This
PF model was applied to predict the peritectic and
eutectic solidification process of alloys, but a larger
artificial interface width would reduce the accuracy of
the phase field model. Later, Karma et al.[24,25] further
introduced an anti-trapping current into the model. The
results revealed that the multi-phase model can be used
to simulate the solute distribution in the solid phase
more reasonable. Ode et al.[26] established a multi-field
coupled multi-phase field model with the assumption of
local equilibrium at the phase interface based on the
KKS model,[27–29] and studied the effect of interface
energies on the advancing distance of the triple point
during the peritectic solidification of Fe-C alloys. Ohno
et al.[30] developed a quantitative multi-phase field
model and investigated the effect of solute diffusion
and interface energy on the peritectic solidification
process of Fe-C alloys. Sadly, the arbitrary values of
the solid diffusivities and interfacial energies were
applied to this multi-phase field model. Pan et al.[31,32]

proposed a quantitative multiphase field with the
introduce of a modified step function to treat the
multi-phase interface, and a good agreement between
the predicted multiphase interface growth velocity and
solute concentration field and experimental data are
achieved. Moreover, the present authors[33] also used a
combination of in-situ observation and phase field
simulation to study the mechanism of the solidification
process of peritectic steel. It was concluded that the
peritectic transition is controlled by carbon diffusion,
and the simulated results were in good agreement with
experimental data. However, the above mentioned
works mainly focused on the advancing triple point
around the d/L interface and thickening of c-austenite
platelet during the peritectic solidification process with-
out taking into consideration dendritic growth. Luckily,
many researchers realized that the multiphase interface
does not simply advance around the flat interface for the
most solidification process of steel, especially the con-
tinuous casting process, usually the dendritic solidifica-
tion with multiphase transition is most observed
phenomenon. Yang et al.[34–37] established a multi-field
coupling model for the solidification of Fe-C alloys, and
simulated the dendritic growth and peritectic transfor-
mation during the solidification of polycrystalline ferrite
with two different thickness of primary austenite. The
formation mechanism of microstructure and micro-seg-
regation was analyzed, and the reason for the produc-
tion of microscopic liquid channels and melting pools
was explained by solute diffusion. Alves et al.[38–40]
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quantitatively investigated on the peritectic phase trans-
formation during the isothermal solidification of Fe-Mn
alloys using the phase field simulations. Feng et al.[41]

investigated the relation between the rate of peritectic
reaction and the curvature of the nucleation site of c
phase based on multi-phase field model. Although many
studies on the mechanism of peritectic solidification
have been carried out through phase field simulation
methods, the fundamental knowledge of dendritic solid-
ification with peritectic transition during the peritectic
steel solidification process is lack and further works are
still needed to be performed.

In this study, based on our previous work,[33] an
improved multiphase field model is proposed to investi-
gate the dendritic solidification with the peritectic transi-
tion of the low-carbon steel and the motions of the d/L
interface and the c/L interface are synchronous. Solidifi-
cation interface anisotropy is introduced into the present
multiphase field model to consider the dendrite morphol-
ogy, and a new random heterogeneous nucleation method
is proposed to consider the c phase nucleation at the d/L
interface. Later, the present multiphase field model is
adopted to investigate the c-phase growth around the
solid/liquid (S/L) interface of dendrite and the single/multi
dendritic growth with peritectic transition during the
solidification of Fe-0.83 mol pct C binary alloy, and also
the effect of undercooling on the dendritic growth with
peritectic transformation are studied.

II. MULTIPHASE FIELD MODEL

A. Model Description

Peritectic solidification of commercial steel is a typical
multiphase reaction system, where the d-ferrite,
c-austenite and liquid would coexist beneath the peri-
tectic temperature, and can be described by the multi-
phase field model proposed by Steinbach et al.[23] In the
peritectic system, three phase field variables with /i 2[0,
1] are adopted to denote different phases (i = 1 for
d-ferrite, i = 2 for c-austenite and i=3 for liquid) and
should satisfy the following normalization condition

X3

i

/i ¼ 1 ½1�

The time evolution of phase field variables during the
peritectic solidification process is defined by the follow-
ing time-dependent Ginzburg-Landau equation[42]

@/i

@t
¼ �M /j

� �� � dF
d/i

����P
/j¼1

; ½2�

where M({/j}) is the mobility which depends on the
phase field, t is the time and F is the free energy func-
tion of the peritectic system. Using a Lagrange multi-
plier, the functional derivative of F on the right-hand

side of Eq. [2] with imposing the constraint of Eq. [1]
is expressed as

dF
d/i

����P
/j¼1

¼ dF
d/i

� 1
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X

j

dF
d/j

: ½3�

Thus, the time evolution of the phase field variables in
the multiphase system given in Eq. [2] can be rewritten
as the following form

@/i

@t
¼ � 2

N

X

j6¼i

sisjMij
dF
d/i

� dF
d/j

 !
; ½4�

where Mij is the mobility of i/j interface, N ¼
P
i

si and
si is a step function, which represents the exist status
of phase i (phase i exists, si = 1. Otherwise, si = 0),
and can be determined by the modified interface field
method proposed by Pan et al.[31] The difference
dF=d/i�dF

�
d/j is the total driving force of phase

transition between the phases i and j, and the func-
tional derivative of F is composed of interface energy
driving force dFI=d/i and chemical driving force
dFC=d/i, and given by

dF
d/i

¼ dFI

d/i

þ dFC

d/i

½5�

and the first term dFI=d/i at the right-hand side of
Eq. [5] can be described as[31]

dFI

d/i

¼ � 1

2
e2r2/i þ xij/ið1� /iÞð1� 2/iÞ; ½6�

where e and xij are, respectively, the gradient energy
coefficient and potential height of i/j interface. In order
to introduce the effect of interface anisotropy on the
interface morphology, the gradient energy coefficient e
in Eq. [6] is replaced by e(h) and given by

e hð Þ ¼ e 1þ m cos khð Þð Þ; ½7�

where m is the magnitude of anisotropy and k is 4 for
four-hold anisotropy. h is the angle between normal
direction of interface and x-axis, h = arctan /iy

�
/ix

� �
.

Therefore, the Laplacian term on the right-hand side
of equation (6) evolves into three terms, when the
interface anisotropy is considered

e2r2/ ) r e2 hð Þr/
� �

� @

@x
e hð Þe0 hð Þ @/

@y

� 	

þ @

@y
e hð Þe0 hð Þ @/

@x

� 	
; ½8�

where e0 hð Þ represents the derivative of gradient energy
coefficient e with respect to h.
According to the equilibrium diffusion potential

theory proposed by the KKS model,[27–29] the chemical
driving force term with the dilute solution approxima-
tion can be expressed as
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dFC

d/i

¼ fj � lccj �
RT

Vm
�cjk;e þ ckj;e � cj


 �
; ½9�

where R is the universal gas constant, T is the temper-
ature, Vm is the molar volume, cj is the solute concen-
tration in phase j, ckj,e is the solute concentration in
phase j in equilibrium with phase k, and phase k corre-
sponds to a reference phase. In the present study, the
liquid phase is chosen as a reference phase.

Peritectic solidification of commercial steel is a three
phase system (d-ferrite, c-austenite and liquid), any two
phase field variables are firstly calculated by Eq. [4] and
the third phase field variable can be determined by
Eq. [1]. Here, the time evolution of the phase field
variables for both d-ferrite and c-austenite are given by

@/d
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¼ � 2

N
sdsLMdL

dF
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:
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The solute diffusion in the multiphase system satisfies

the Fick’s second law and is rewritten as

@c

@t
¼ r

XN

i

Di/irci

 !
; ½12�

where c is an average solute concentration, Di is the
solute diffusivity in phase i, and ci is the solute concen-
tration in phase i.

Moreover, interface perturbation has a great effect on
the dendrite branch. Here, a noise term is introduced
into the multiphase filed model to simply treat dendrite
branch, and thus the phase field governing equation
Eq. [2] is rewrote by

@/i

@t
¼ @/i

@t
þ 16/2

i 1� /ið Þ2v-; ½13�

where v is a random number between � 1 and 1, - is
the time-dependent intensity factor.

B. Phase Interface Parameters

The phase grows with the interface evolution in the
peritectic system, thus the phase interface parameter is
very important for the multiphase simulation. Here, the
gradient energy coefficient, e, and the potential height,
xij, between phase i and phase j can be expressed as
follows[31]

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
ffiffiffi
2

p
rijWij

q
; ½14�

xij ¼ 3
ffiffiffi
2

p rij
Wij
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where rij is the interface energy, and Wij is the thick-
ness of the i/j interface.
According to the thin-interface limit analysis,[27–29]

the mobility Mij is given as follows

Mij ¼
15

4
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where Tm,ij is the transition temperature between i and
j phases of pure Fe, a2 is a constant and the recom-
mend value is 0.6276.[30] vij is a parameter associated
with the composition field at the i/j interface and it is
given as 0 in the present study.

C. Heterogeneous Nucleation Model

When the temperature is lower than the peritectic
temperature during the peritectic solidification process,
c-austenite would nucleate and grow. In fact, the
nucleation process of c-austenite is a complicate ther-
modynamic phenomenon in the nano-scale and diffi-
cultly treated by traditional phase field modeling.
Therefore, a random heterogeneous nucleation model
is proposed to simplify the nucleation process of
c-austenite in peritectic system. The flowchart of the
nucleation process of c-austenite is shown in Figure 1.
When the temperature reaches the nucleation tempera-
ture of c-austenite, a random number, Pvðx; yÞ2[0, 1],
generates and a threshold value for the nucleation k is
introduced to determine whether the pre-nucleation
successes or not. If Pvðx; yÞ>k, pre-nucleation of
c-austenite successes, and artificial c nucleus is set as
circle with a radius of R. Otherwise, it is not. Moreover,
in order to avoid the overlap of random c nuclei, an
additional step function Nu x; yð Þ is introduced in the
present multiphase model

Nu x; yð Þ ¼ 0 /c>0
� �

or /c ¼ 0 and /c xþ nx; yþ nyð Þ>0
� �

1 otherwise

�

½17�
If Nu x; yð Þ¼0, c-austenite nucleation is allowed.

Otherwise, it is not allowed. The detailed determination
of the step function Nu x; yð Þ is schematically shown in
Figure 2. The red and yellow solid lines, respectively,
represent the isolines of /d = 0.01 and /d = 0.99, the
black dash line represents the isoline of /d = 0.50, the
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green solid circle is the c-austenite nucleus and the center
is placed on the black dash line. Among them, the black
open circle indicates the possible nucleation position.
When Pvðx; yÞ>k, this point becomes the point of
pre-nucleation (the pink solid circle). Whether the
pre-nucleation point becomes active or not, it depends
on whether there is c phase in the scanned area with size
of nx� ny. If there is no c phase already in the scanned
area, the pre-nucleation point becomes active (in other
words, the c-austenite nucleation successes). Otherwise,
the pre-nucleation point becomes invalid.

D. Computational Details

The governing equations for present multiphase field
model are discretized with explicit finite difference
method and coding with C++. In order to assure the
stability of numerical calculation, the simulation time
step Dt is less than Dx2/(5.0DL). Here, time step Dt is
7.62 9 10�8 s and the interface thicknessWdL is given as
WdL = 3Dx, the thicknesses of the c/L and c/d are
calculated by WcL = WdLrdL/rcL and Wcd = WdLrdL/
rcd. In addition, the calculation domain is meshed with
NX 9 NY cells and the Neumann boundary condition
is set at the calculation domain boundary, if not
otherwise specified. In the present study, the commercial
low-carbon steel is simplified into a Fe-0.83 mol pct C
binary alloy, and the basic thermodynamic parameters
can be directly determined by the equilibrium Fe-C
binary phase diagram, as shown in Figure 3, such as:
peritectic temperature, equilibrium concentration, liq-
uidus slope, equilibrium partition coefficient, and so on.
The specified thermodynamic parameters and other
model parameters in the present study are listed in
Table I.

Fig. 1—The flowchart of the nucleation process of c-austenite.

Fig. 2—The schematic diagram of c-austenite nucleation.

Fig. 3—The equilibrium Fe-C binary phase diagram.
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E. Mesh Sensitivity

In order to ensure that the present multiphase field
model has eliminated the mesh dependency, the results
should achieve convergence while refining the mesh size.
Then, the solidification of Fe-0.83 mol pct C binary
alloy under constant temperature of 1776 K is simulated
and the calculation domain is defined as 120 9 120 lm2.
At the beginning of the simulation for the dendritic
growth, a circular d phase nucleus with a radius of
0.4 lm is placed in the certain of the square domain and
the initial concentration of the nucleus is given as
cd

0 = kdLÆc0. Moreover, the Neumann boundary con-
dition is adopted in this section and the time step Dt is
given as 5.8 9 10�8 s, which is satisfied with the stability
condition in Section II–D. Figure 4 shows the calculated
d phase dendrite tip velocity as a function of mesh size,
Dx, during the isothermal solidification of Fe-C alloy. It
is evident that tip velocity tends to stabilize at about
3.25 9 10�3 m s�1, if the mesh size is refined to be less
than 0.08 lm. Therefore, the mesh size of 0.08 lm is
adopted in the present study.

III. RESULTS AND DISCUSSION

A. c Phase Growth Around the d/L Interface

In order to predict the peritectic reaction of Fe-0.83
mol pct C binary alloy, a square domain with 400 9 400
cells is firstly employed to simulate the c phase growth
around the solid/liquid (S/L) interface of dendrite. It
should be mentioned that a nucleus of d phase is firstly
placed at the left bottom of simulation domain, and
grows freely until the temperature reaches the
T0 = 1765.4 K, which is 3 K lower than the equilibrium
peritectic temperature. In order to highlight the peritec-
tic reaction process, the recording time starts at t0, which
is slightly ahead of the occurring time of peritectic
reaction. The evolution of the phase field and the
concentration field during the peritectic reaction of
isothermal solidification at 1765.4 K are, respectively,
shown in Figures 5 and 6, where the recording evolution
time is expressed by nDt, and n is the iteration steps. It
can be seen that when the temperature just reaches the
peritectic reaction temperature, only two phases (d
phase and liquid phase) coexist in the calculation
domain, and the d phase is a quarter dendrite at the
left bottom of the calculation domain as shown in
Figure 5(a). Then, based on the nucleation assumption
in Section II–C, many c nuclei are suddenly nucleated at
the d/L interface of the quarter dendrite, as shown in
Figure 5(b). After the c nuclei nucleation succeeds on the
d/L interface, the c phase begins to laterally grow with
the movement of L/c/d triple point around the d/L
interface of d dendrite. The advancing of L/c/d triple
point is very fast and some adjacent c nuclei begin to
connect together at very short time, as shown in
Figure 5(c). With the growth of all c nuclei at the d/L
interface, a continuous c phase forms between the d
dendrite and liquid and finally the d phase and liquid are
totally separated by the intervening c phase, as shown in
Figure 5(d). Here, it should be mentioned that all the c

nuclei form at the d/L interface have the same crystal-
lographic orientations as the d dendrite. Therefore, after
the d dendrite totally wrapped by the continuous c
phase, the c phase simultaneously grows into the liquid
phase and d phase and retains the original morphology
of d dendrite. Moreover, the growth rate of the c phase
at the d dendrite root is slowest than any other positions
at the dendrite interface, and thus the thickness of c
phase is thinnest around the dendrite shape, as shown in
Figure 5(d), because the solute enrichment inhibited the
c phase growth at the dendrite root, as show in Figure 6.
Before the peritectic reaction occurs, the d dendrite
grows into the liquid with solute rejection and enrich-
ment at the d/L interface, as shown in Figure 6(a). Later,
c nuclei with initial concentration of cc

0=cLÆkcL ran-
domly nucleate at the d/L interface, as shown in
Figure 6(b), and peritectic reaction starts with
L+ d fi c. The solute enrichment induced by the
advancing of L/c/d triple point around the d/L interface
leads to the partial remelting of d phase close to the L/c/
d triple point, as shown Figure 6(c), and it has been
experimentally observed in peritectic solidification of
Fe-C alloy using HTLSCM by Griesser et al.[12,13] When
the d dendrite is totally separated by the c phase, only
the peritectic transformation occurs with d fi c and
L fi c, and solute enriches at the L/c interface, espe-
cially for the dendrite root.

B. Single Dendritic Growth with Peritectic Transition

During the solidification process of peritectic steel, the
dendrite inevitably grows with peritectic transition,
which is composed of peritectic reaction and peritectic
transformation. Usually, peritectic reaction and peritec-
tic transformation are unseparated phase transition
process and simultaneously occur with c phase growth.
In order to emphasize the difference between the
peritectic reaction and peritectic transformation and
the dendritic solidification with peritectic transition of
peritectic steel, the single dendritic growth with peritec-
tic reaction and peritectic transformation are, respec-
tively, numerically investigated in this section.

1. Single dendritic growth with peritectic reaction
The single dendritic growth with peritectic reaction

and the c phase growth around the single d dendrite are
simulated on a calculation domain with 1500 9 1500
cells. All the simulation conditions are same as those
mentioned in Section III–A, except that the initial
position of d nucleus. In order to obtain a more
developed dendrite morphology, a noise term is intro-
duced into the multiphase field model in Eq. [2], and a
preset d nucleus grows freely at the center of simulation
domain until the temperature reaches 1765.4 K at the
time of t0. Figure 7 shows the evolution of the phase
field during the dendritic solidification of isothermal
condition at T0 = 1765.4 K, respectively. As shown in
Figure 7(a), there is a d dendrite at the center of the
simulation domain, and with the influence of noise term,
some secondary dendrite arms develop on the primary
dendrite arms. Then, a large number of c nuclei
instantaneously nucleate at the d/L interface of d
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dendrite as shown in Figure 7(b). With the growth of the
c phase, the liquid and d phase are gradually separated
by the intervening c phase, and thus some thin sec-
ondary dendrite arms of the d phase are totally wrapped
by the c phase, and then the d phase gradually transform
into c phase by peritectic transformation. However, due
to the large circumference of d dendrite and short
evolution time, the intervening c phase is still discon-
tinuous at the d/L interface of d dendrite, as shown in
Figure 7(c). With the further progress of solidification,
the d dendrite and liquid are totally separated by the
continuous intervening c phase, and the c phase grows
with c/L interface and c/d interface, respectively, moving
towards liquid and d phase, resulting in the c phase
thickening, as shown in Figure 7(d). Due to larger solute
diffusion coefficient in liquid than that in d phase, the c/
L interface moves quickly than the c/d interface, and the
c phase grows faster into the liquid than the d phase.
Moreover, the dendritic growth with peritectic

transition still maintains the d dendrite morphology,
and most of the secondary d dendrite arms completely
transform into c phase. But most of the primary d
dendrite arms are still untransformed, because of the
lower phase transformation velocity of d fi c and high
solute enrichment at the solidification front. Figure 8
shows the evolution of the solute concentration field
during the dendritic solidification of isothermal condi-
tion at T0 = 1765.4K, respectively. It can be seen that
due to the lower carbon solubility in d phase, the solute

Table I. Physical and Thermodynamic Properties of Fe-C Alloy[30]

Symbol Definition Units Value

R gas constant J mol�1 K�1 8.314
Vm molar volume m3 mol�1 7.7910-6

mdL liquidus slope of d phase K (mol pct)�1 � 1828
mcL liquidus slope of c phase K (mol pct)�1 � 1399
rdL interfacial energy of d/L interface J m�2 0.204
rcL interfacial energy of c/L interface J m�2 0.319
rcd interfacial energy of c/d interface J m�2 0.370
kdL partition coefficient of d/L interface — 0.179
kcL partition coefficient of c/L interface — 0.334
kcd partition coefficient of c/d interface — 1.866
Tm,dL melting temperature of pure d-Fe K 1811
Tm,cL melting temperature of pure c-Fe K 1801
Tm,cd c/d transition temperature of pure Fe K 1667
Tp temperature of the peritectic point K 1768.4
Dd diffusion coefficient in d phase m2 s�1 5.2 9 10�7exp (� 5.0 9 104/(RT))
Dc diffusion coefficient in c phase m2 s�1 1.27 9 10�6exp (� 8.3 9 104/(RT))
DL diffusion coefficient in L phase m2 s�1 7.61 9 10�6exp (� 13.7 9 104/(RT))

Fig. 4—The effect of mesh size on the tip velocity.

Fig. 5—The phase field evolution during the growth of c-phase at
T0 = 1765.4 K ((a) through (d) are at t = 0Dt, 1Dt, 10,000Dt,
19,000Dt, respectively).
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would be rejected from dendrite trunk with the dendritic
growth and enriched at the root of primary and
secondary dendrite arms, as show in Figure 8(a). After
the c phase nucleation at the d/L interface of d dendrite,
the c phase grows with the consumption of d phase and
liquid. Although the carbon solubility in c phase is
higher than that in d phase, it is lower than that in
liquid. Therefore, with the growth of c phase, the solute

is also rejected from the solidified c phase and enriched
at the c/L interface, and solute concentration in c phase
is higher than that in d phase, as shown in Figures 8(b)
through (d). Moreover, another important phenomenon
should be pointed out the solute enrichment at the root
of primary and secondary dendrite arms inhibits the c
phase growth, resulting in thinner c phase at the
dendrite root, as shown in Figure 7(d).

2. Single dendritic growth with peritectic
transformation
As mentioned above, after the d dendrite is totally

wrapped by the c phase, there are only two phase
transformation processes during the c phase growth in
the three phase coexistence system, namely: the solid
transformation (d fi c) and the solidification of the
liquid (L fi c). Here, the single dendritic growth with
peritectic transformation is simulated in a square
domain with 1500 9 1500 cells. A nucleus of d phase
is also firstly placed at the center of the simulation
domain and grows freely until the temperature reaches
T0, 1765.4 K. The evolution of the phase field during the
single dendritic growth with peritectic transformation of
isothermal solidification at T0 is shown in Figure 9. It
should be mentioned here that the initial d dendrite
grows in an undercooled melt of Fe-0.83 mol pct C
binary alloy and stops grow at t0 with sudden formation
of c phase film at the d/L interface of d dendrite, as
shown in Figure 9(a). As the simulation process pro-
gresses, the thickness of the c phase film continues to
increase in two ways. One way is that the d phase
directly contact with the c phase film transforms into the
c phase, and the c/d interface moves towards the d
phase. Another way is that the liquid phase directly

Fig. 6—The solute concentration evolution during the growth of
c-phase at T0 = 1765.4 K ((a) through (d) are at t = 0Dt, 1Dt,
10,000Dt, 19,000Dt, respectively).

Fig. 7—The phase field evolution during the growth of c phase around the single d dendrite at T0 = 1765.4K ((a) through (d) are at t = 0Dt,
1Dt, 10,000Dt, 19,000Dt, respectively).

Fig. 8—The solute concentration evolution during the growth of c phase around the single d dendrite at T0 = 1765.4K ((a) through (d) are at
t = 0Dt, 1Dt, 10,000Dt, 19,000Dt, respectively).
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transforms into the c phase through solidification
process, and the c/L interface moves towards the L
phase, as shown in Figures 9(b) and (c). It can be seen
from Figure 9(d) that almost all the secondary d
dendrite arms transform into c phase and the c phase
film becomes more and more thick. Because the crys-
tallographic orientation of the c phase film at the
dendritic solidification front is artificially set as the d
dendrite, c phase grows with the same dendrite mor-
phology of d phase. The concentration field during the
single dendritic growth with peritectic transformation of
isothermal solidification at T0 is shown in Figure 10. It
should be mentioned that before the nucleation of c
phase at the d/L interface, the d phase grows into the
undercooled melt with dendritic morphology and solute
enriches at the dendritic solidification front, especially
the highest solute enrichment at the dendrite root. At
the beginning of peritectic transformation, c phase film
with the initial concentration of cc

0= cLÆkcL forms at the
d dendrite boundary, as shown in Figure 10(a). With the
c phase growth, both the d phase and liquid phase
transform into c phase, and the solute gradually enriches
at the c/L interface, as shown in Figures 10(b) through
(d). Furthermore, the solute concentration in c phase is
among the d phase and liquid phase, because the carbon
solubility is different in d phase, c phase and liquid
phase, and carbon solubility in c phase is higher than
that in d phase, but lower than that in liquid. No matter
what phase forms directly from liquid, the solute would

be rejected from the dendrite trunk with dendritic
growth and enriched at the dendrite boundary, espe-
cially at the dendrite root.

Fig. 9—The phase field evolution during the single dendritic growth with peritectic transformation at T0 = 1765.4 K ((a) through (d) are at
t = 1Dt, 2000Dt, 8000Dt, 20,000Dt, respectively).

Fig. 10—The concentration field evolution during the single dendritic growth with peritectic transformation at T0 = 1765.4 K ((a) through (d)
are at t = 1Dt, 2000Dt, 8000Dt, 20,000Dt, respectively).

Fig. 11—The schematic diagram of phase field initialization for
peritectic transformation simulation.
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In order to investigate the effect of undercooling on
the peritectic transformation process (d fi c), a numer-
ical simulation is performed on a square domain with
150091500 cells. The initialization configuration for the
dendritic growth with peritectic transformation at dif-
ferent undercooling is schematically shown in Figure 11.
A d dendrite locates in the calculation domain and thus
calculation domain is divided into three zones, namely d
phase (/d> 0.99), d/L interface (0.01</d< 0.99) and
liquid phase (/d< 0.01). Then, the c phase nucleates at
the d/L interface, and the three phases begin to coexist in
the calculation domain. The initial concentrations of
three phases are cd

0 = 0.45mol pct, cc
0 = 0.85 mol pct

and cL
0 = 2.50 mol pct, respectively.

Figure 12 shows the dendritic growth with peritectic
transformation at different undercooling for same evo-
lution time t = 10,000Dt. It can be seen that with the
increase of undercooling, the intervening c phase
between the d dendrite and liquid phase becomes more
and more thick, but the d dendrite arm becomes more
and more thin, because the difference between the initial
solute concentration and the equilibrium concentration
becomes larger, and the driving force of the phase
transition increases with the increase of undercooling.
Therefore, the moving velocities of both c/d interface

and c/L interface are higher for the higher undercooling,
and the more d phase and liquid phase are consumed to
form c phase. It is found from Figure 12(e) that almost
all the secondary d dendrite arms transform into the c
phase under the high undercooling condition. More-
over, due to the of c/L interface anisotropy, dendrite
morphology is basically retained during the dendritic
solidification process with peritectic transformation. On
the contrary, the c/d interface has no anisotropy, and the
shape of the c/d interface tends to be plane.

C. Multi Dendritic Growth with Peritectic Transition

In order to predict the c phase growth of the
polycrystalline ferrite system, a square domain with
1600 9 1600 cells is employed, and the periodic bound-
ary condition is applied in the present simulation. It
should be mentioned that eight nuclei of the d phase
with random crystallographic orientation are randomly
placed in the simulation domain, and grow freely in the
undercooled melt of T0 = 1765.4 K. The recording time
starts at t0, where the c phase nucleation and peritectic
transition begin. Figure 13 shows the evolution of the
phase field during the peritectic transition at T0, and
some typical solidification phenomena are marked by

Fig. 12—The phase field distribution during the peritectic transformation with different undercoolings below the equilibrium peritectic
temperature at t = 10,000Dt: (a) 3 K, (b) 5K, (c) 8 K, (d) 12 K and (e) 15 K.

Fig. 13—The phase field revolution during the peritectic solidification of polycrystalline ferrite at T0 = 1765.4 K ((a) through (d) are,
respectively, at t = 1Dt, 5000Dt, 9000Dt, 25,000Dt).
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boxes. It should be mentioned that the enlarged zones I,
II and III are not same position in the simulation
domain, but mainly emphasize some important solidi-
fication phenomena. It can be seen that the c phase
heterogeneous nucleation firstly occurs at the d/L
interface of d dendrite and many c nuclei can be easily
found at the solidification front in the zone I enlarged
from the square box as shown in Figure 13(a). Later, the
c phase grows around the d/L interface of d dendrite and
thus d phase and liquid are separated by the intervening
c phase at some positions of d dendrite boundary. But
the intervening c phase is not long enough to wrap the
whole d dendrite boundary and there are some left d/L
interfaces, which can be clearly found in zone II.
Moreover, the intervening c phase between the d phase
and liquid phase gradually becomes thick with the
consumption of both d phase and liquid phase, as shown
in Figures 13(b) and (c). After the c phase completely
wrapping the d phase, only the dual interface movement
(L fi c and d fi c) occurs in the polycrystalline ferrite
system as shown in Figure 13(d). The c phases growing
from different c nuclei connect together and finally form
continuous c phase film, which can be clearly seen in
zone III. In addition, the c phase at the dendrite root
grows slowly and the intervening c phase is thinner than
any other positions around the dendrite boundary,
because of the inter-dendritic solute enrichment.

IV. CONCLUSIONS

In this paper, an improved multiphase field model
with a new random heterogeneous nucleation model for
c phase is proposed and adopted to study the dendritic
peritectic solidification of low-carbon steel by introduc-
ing the anisotropy into the present model. The main
results are concluded as follows:

1. When the temperature reaches nucleation tempera-
ture of c phase, many c nuclei suddenly nucleate at
the d/L interface of the d dendrite, and begin to lat-
erally grow with the movement of L/c/d triple point
around the d/L interface of d dendrite. Finally, the d
dendrite are fully wrapped by the continuous inter-
vening c phase, and peritectic transformation starts
with the c/L interface and c/d interface, respectively,
moving towards liquid phase and d phase. The den-
dritic growth with peritectic transitions always
maintains the d dendrite morphology, but the c/d
interface is plane during the dendritic solidification
process, because anisotropy of solid phase interface
(c/d interface) is not taken into consideration in the
present study.

2. Due to carbon solubility in solid phase (d phase and c
phase) lower than that in liquid phase, the solute
would be rejected from the dendrite trunk with den-
dritic growth and enriched at the dendrite boundary,
especially at the dendrite root. The solute enrichment
at the dendrite root would inhibit the c phase growth
at the d dendrite root and thus the thickness of c
phase is thinnest around the d dendrite boundary.
Moreover, the solute concentration in c phase is

among the d phase and liquid phase, because the
carbon solubility in c phase is higher than that in d
phase, but lower than that in liquid.

3. Because the driving force of the phase transition in-
creases with the increase of undercooling, more d
phase and liquid phase are consumed to form c
phase, and the intervening c phase between the d
dendrite and liquid phase becomes more and more
thick, but the d dendrite arm becomes more and more
thin.
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