JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:8922-8933

JOURNAL OF MATERIALS
RESEARCH AND TECHNOLOGY

= Oabm

Available online at www.sciencedirect.com

jmr&it

Journal of Materials Research and Technology

journal homepage: www.elsevier.com/locate/jmrt meterlstodsy

Phase field simulation of eutectoid microstructure ]

Check for

during austenite-pearlite phase transformation

Shaojie Lv %, Hong-Hui Wu “>“", Kaiyang Wang °, Chaolei Zhang “*"",
Jiaming Zhu “%, Shuize Wang “*""", Guilin Wu *°, Junheng Gao *°,
Xu-Sheng Yang ¢, Xinping Mao *"

2 Beijing Advanced Innovation Center for Materials Genome Engineering, Research Institute for Carbon Neutrality,
University of Science and Technology Beijing, Beijing 100083, China

® Institute of Steel Sustainable Technology, Liaoning Academy of Materials, Shenyang 110004, China

¢ Institute of Materials Intelligent Technology, Liaoning Academy of Materials, Shenyang 110004, China

4 School of Civil Engineering, Shandong University, Jinan 250061, China

€ Department of Industrial and Systems Engineering, The Hong Kong Polytechnic University, Hong Kong, China

ARTICLE INFO

ABSTRACT

Article history:

Received 16 June 2023

Accepted 20 September 2023
Available online 24 September 2023

Keywords:

Phase-field simulation
Austenite-pearlite transformation
Cooling rate

Isothermal temperature

Mn content

Pearlitic steel, known for its superior strength, plasticity and wear resistance, is widely
used in diverse applications including light rail, spring production, wire manufacturing,
high-rise constructions, etc. The pearlite phase transformation involves a complex
transformation process of three phases and two interfaces, and its phase transformation
process and complex physical nature necessitate further exploration and study. In this
work, the austenitic-pearlite transformation in Fe-0.77C wt.% binary alloys and Fe-0.7C-
xMn (x = 0.1, 0.2, 0.3) wt.% ternary alloys were examined by using a CALPHAD-based
multicomponent multi-phase-field model. The effects of isothermal transformation
temperature, cooling rate, and Mn content on the microstructure evolution during the
austenite-pearlite transformation were discussed. Furthermore, the multi-component
diffusion is captured by phase-field modeling of the lamellar pearlite growth. The cur-
rent findings offer a novel perspective for investigating the pearlite microstructure in
relation to varied compositions and heat treatment processes.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Pearlite is a product of the eutectoid transformation of
austenite, typically presenting alternating lamellar arrange-

process is characterized by the cooperative growth of ferrite
and cementite, each sharing a phase boundary with austenite.
Given the compositional inhomogeneity and energy fluctua-
tion in supercooled austenite, the regions deficient in carbon
and those rich in carbon may serve as nucleation locations for

ments of cementite and ferrite [1-4]. This transformation
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Table 1 — The values of relevant parameters used in the
multi-phase-field model.

Symbol Parameter Value Unit
dx = dz Simulation size 50 pum

Nx = Nz Grid number 500 /

Ax Grid resolution 0.1 um

n Interface thickness 5Ax um
Vin(y) Molar volume 7.18 x 107° m3-mol~*
Vim(a) 7.27 x 107°

Vin(6) 7.0 x 107

Ty Interface energy 7.6 x 107* J-m—2
Oy o 7.2 x 107t

Gy 0 6.7 x 107*

Ou, o 7.6 x 10 ¢

Guy 0 7.1 x 107t

Go, o 7.6 x 107 ¢

My, 4 Kinetic coefficient 1.0 x 1072 m* !
Ly, o 1.0 x 107

ty, 0 1.0 x 1071

He, o 1.0 x 107

) 1.0 x 107

Ha, 0 1.0 x 107

cementite and ferrite, respectively. Predominantly, the for-
mation of pearlitic crystal nuclei occurs at the boundaries of
austenite grains [5—7]. In light of the broad applicability of
pearlitic steels, pearlite phase transformation has been a
key subject of extensive research for several decades,

encompassing both experimental and theoretical in-
vestigations into eutectoid decomposition in steels [8—14].

Numerous studies have been conducted to experimentally
investigate the pearlitic phase transformation. For instance, to
scrutinize the concentration distribution at the austenite/
pearlite interface, Aranda et al. [15] analyzed the C and Mn
diffusion mechanism during the pearlite phase trans-
formation process. The results demonstrated that the Mn
content within the cementite and ferrite phases increases as
the austenite-to-pearlite growth process progressed. In a
separate study, Miyamoto et al. [16] explored the influences of
C content and phase transformation temperature on the
microstructure of high C steel during isothermal phase
transformation, specifically focusing on the Fe-1Mn-(0.75,1.05)
C wt.% ternary alloy. Despite these extensive studies, accu-
rately measuring the nucleation rate through experiments
poses substantial difficulties, rendering the study of pearlite
nucleation and growth a subject of continued debate.

The phase-field model, based on the Ginzburg-Landau free
energy functional theory, is primarily utilized to investigate the
temporal and spatial evolution of microstructures, and predict
the emergence of complex morphologies [17—25]. This method
has proven to be a powerful research tool in capturing the solid-
state phase transformation process [26—31] and has been used
in pearlite phase transformation [9,32—35]. To study the coop-
erative growth of eutectoid steel pearlite, Nakajima et al. [32]
simulated lamellar spacing and growth rates under various
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Fig. 1 — Microstructure evolution during the austenite-pearlite transformation under the influence of varied isothermal

temperatures: (a) 710 °C, (b) 700 °C, and (c) 690 °C.
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supercooling conditions by considering the C diffusion in
austenite and ferrite. The simulation found that C diffusion in
ferrite and the growth of cementite from the ferrite enhance the
growth kinetics of the pearlitic transformation by a factor of four
as compared to the growth rate of cementite from austenite. To
study the C diffusion along grain boundaries of the pearlite
growth rate, Yamanaka [36] et al. employed a phase-field
method and calculated the pearlite transformation accompa-
nied by C diffusion in Fe-C-Mn ternary alloys. The results sug-
gested that C diffusion at grain boundaries can enhance the
cooperative growth between the ferrite phase and cementite
phase, thereby determining the growth rate of the pearlite
phase. However, phase-field simulations of the austenite-
pearlite transformation have so far been limited to single crys-
tals, and no systematic investigations having been carried out
on the austenite-pearlite transformation process in polycrystals
of pearlitic steel.

The cellular automata method enables the integration of
local concentration changes into nucleation or growth func-
tions, and the use of hexagonal grids can better simulate
isotropic phenomena, resulting in a more natural and realistic
model. However, the cellular automata model has certain lim-
itations, such as the neglect of interfacial energy effects on
phase transformation and the complexity associated with rep-
resenting and displaying hexagonal grids. The Monte Carlo
approach offers the advantage of being less constrained by
geometric conditions, possessing convergence speed indepen-
dent of problem dimensionality, and having a relatively simple
program structure for ease of implementation. Conversely, this
method can suffer from slow convergence speed and potential
probabilistic errors, which may limit its application in certain
scenarios. The phase field model couples the phase field with
temperature, solute fields, and other external influences effec-
tively bridging the micro and macro scales. A particular strength
of the phase field model is its ability to easily handle solute ag-
gregation and second-phase precipitation on grain boundaries,
as it does not require the tracing of grain boundary locations.

In the current study, the austenite-pearlite transformation
process of Fe-0.77C wt.% binary alloy and Fe-0.7C-xMn (x =0.1,
0.2, 0.3) wt.% ternary alloys in a polycrystalline context of
pearlitic steel was simulated by a multi-phase-field model
[37—39]. The effects of isothermal temperature, phase trans-
formation cooling rate, and Mn concentration on the micro-
structure evolution and phase transformation kinetics were
analyzed. Furthermore, the physical phenomenon of compo-
nent diffusion was captured through phase-field simulations
of lamellar pearlite growth. The objective of this study is to
further elucidate the mechanism of the austenite-to-pearlite
transformation and the influence of alloy diffusion on the
phase transformation kinetics. By extending the current
study, a variety of pearlitic microstructures with different
compositions and heat treatments can be predicted.

2. Simulation methodology
2.1.  Model formulations

The current work employs a multi-phase-field (MPF) model,
integrated with thermodynamic databases (TCFE 10) and

extended to include linear elasticity. The expression form of
the MPF model [39—47] can be divided into chemical free en-
ergy density contribution (feem) and the grain boundary en-
ergy density (fint),

Fo / (Forem + fin) AV (1)

The chemical free energy density contribution is defined as
follows,

n n

fchem: Z(l’nfa(ca) +M<C_ Z(Paca) (2)
a=1 a=1

where f,(c,) indicates the bulk free energies of phase «, which

is dependent on the phase concentrations c,, n indicates the

number of phases in the simulated system, and u represents

the generalized chemical potential.
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Fig. 2 — Characteristics of microstructure evolution during
the austenite-pearlite transformation, (a) evolution curves
of ferrite and cementite phase volume fractions with
respect to isothermal temperature during austenite-
pearlite phase transformation, (b) interlamellar spacing of
pearlite as a function of both isothermal temperature and
evolution time.
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Fig. 3 — Temporal evolution of carbon concentration at various isothermal temperatures, (a) 710 °C, (b) 700 °GC, (c) 690 °C.

The contribution of the grain boundary energy density is,

" g (M
fine= Z w(wz |V, Vo) JrWaﬁ) 3)
a,f=la#8

where 0,5 denotes the phase interface energy, or the grain
boundary energy between grains with different orientations.
14 Tepresents the interface thickness of « and g phase, W,4.
= ¢,p is the phase transformation potential function, and the
phase interface energy divided by the interface width is
defined as the volumetric energy density [48—50],

The kinetic equations governing the phase field variable
based on free energy functional can be expressed as,

atpa = .
= 3 () (F)Kes 4 AGES™ @
aFf
2 2 w
Kus = (0.V205 — 0,V 0,) +n7(% - 95) (5)
a
afchem

09,

chem _ __ afchem _ — —
AG™ = = —falca) +f3(cs) + pu(ca —c5) (6)

004

where uaﬁ represents the interfacial mobility between adjacent

phases, 7 is the interface orientation, o, Tepresents the inter-

facial energy, K,; denotes the generalized curvature operator of

the interface, AG;’;;’" denotes the chemical driving force, and f,

denotes the chemical free energy density within the « phase.
The diffusion equations of the concentration c is,
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c= Z ?.Ca (8)

where D, denotes the diffusion coefficient of the phase «,
while the c represents a concentration mixture of different
phases. c, denotes the concentration of a specific phase a.

Equations (4) and (8) are solved utilizing an explicit finite-
difference method. These equations are solved using the
commercial software MICRESS® (the microstructure evolu-
tion simulation software).

2.2. Simulation methodology

The current work studies the eutectoid transformation of
polycrystalline Fe-0.77C wt.% binary alloys and Fe-0.7C-xMn
(x=0.1,0.2, 0.3) wt.% ternary alloys via MPF simulation. In the
MPF model, the concentration field is coupled with the phase
field, meanwhile, periodic boundary conditions are applied.
The simulation dimension is set at dx = dz = 50 um, with a grid
resolution of 0.1 um, and an interface thickness of 5Ax. The
initialization of the microstructure is random, and the
austenite, ferrite, and cementite within the simulation
domain are isotropic. Considering the interaction force be-
tween each phase, the nucleation positions of ferrite and
cementite are set to interface nucleation, with austenite as the
reference phase. In our current study, Thermo-Calc has been
employed to facilitate the coupling with the thermodynamic
database, thereby enabling us to use the phase diagram over a
wide temperature range. We do not explicitly prescribe the

number of phases nucleation. Instead, we leverage a ‘shield-
ing effect’ to modulate nucleation propensity [23,51,52]. This
approach involves a shielding time of 1.0 s and a shielding
distance of 1.0 pm. We have also designated a time interval of
0.25 s. The minimum supercooling is set to 5 °C, employing an
automatic-limited time step and utilizing the fd-correction
method for numerical calculation [53,54]. To ensure the sta-
tistical reliability of the pearlite interlamellar spacing during
the austenite-pearlite phase transformation process, a fixed
austenite phase boundary was strategically selected for sta-
tistical analysis within this research. The analysis consisted of
six different data sets, with respect to distinct isothermal
temperatures and cooling rates. For each data point within
these sets, we conducted at least three individual counts to
enhance the accuracy of our findings, and error bars were
incorporated to transparently convey the potential variability
in the data collection process. The values of relevant param-
eters in the MPF model are presented in Table 1.

3. Numerical results and discussion

3.1 Influence of isothermal temperature on austenite-
pearlite transformation

To examine the effect of isothermal temperature on the
austenite-pearlite transformation, the microstructure evolu-
tion of Fe-0.77C wt.% binary alloy during the austenite-
pearlite transformation at 710 °C, 700 °C, and 690 °C is

Temperature decrease

=667 °C

The cooling rate increases (°C/s)

I Austenite

Crseee—
7=607 °C

Ferrite Cementite

Fig. 5 — The effect of cooling rate v of (a) 1 °C/s, (b) 3 °C/s, (c) 6 °C/s on the microstructure of the austenite-pearlite

transformation.
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illustrated in Fig. 1. When the isothermal temperature during
austenite-pearlite transformation is kept a constant, pearlite
grows in a lamellar manner over time, with minor divergence
occurring during the growth process. When the evolution time
is constant, it is observed that the driving force for pearlite
transformation amplifies with decreased isothermal temper-
ature. Consequently, the transformation dynamics, and the
phase volume fraction of the pearlite both increase. These
simulation results underscore the significant influence of
isothermal temperature on the microstructural evolution
during the pearlite transformation.

As illustrated in Fig. 2(a), the evolution curves for the phase
volume fraction of ferrite and cementite are plotted against
both isothermal temperature and phase transformation time
during the austenite-pearlite transformation process. All
three sets of isothermal temperatures selected in the simu-
lation are all below the eutectoid temperature. Therefore,
ferrite and cementite will start to nucleate at the onset of the
isothermal stage. As the isothermal temperature decreases,
the driving force of the austenite-pearlite transformation in-
creases, accelerating the transformation rate. At an
isothermal temperature of T = 690 °C, the phase volume
fraction of cementite and ferrite achieves its maximum,
completing the phase transformation within t = 60 s.
Conversely, as the isothermal temperature increases to
T = 710 °C, the evolution time required for the phase trans-
formation's completion extends to t = 115 s.

Fig. 2(b) shows the evolution curve of pearlite interlamellar
spacing with respect to different isothermal temperatures and
evolution time. The results reveal that the distribution range
of pearlite interlamellar spacing is 0.70—0.73 um at the tem-
perature T = 690 °C, representing the smallest spacing at the
selected isothermal temperatures. As the isothermal tem-
perature rises to T = 700 °C and T = 710 °C, the distribution
range expands to 0.76—0.80 pm and 0.745—0.805 pm, respec-
tively, wherein the pearlite interlamellar spacing fluctuates
with the increase of phase transformation evolution time. The
current work suggests that the evolution time of the phase
transformation will cause a slight increase in the interlamellar
spacing of pearlite. This study shows that under identical
austenitizing conditions, the interlamellar spacing of pearlite
reduces as the austenite-pearlite isothermal temperature
decreases.

Fig. 3 illustrates the distribution of C concentration in
austenite, ferrite, and cementite under isothermal tempera-
tures of 710 °C, 705 °C, and 700 °C, wherein the bright, dark blue,
and purple parts represent the distribution of C concentration in
cementite, ferrite, and austenite, respectively. The simulation
results indicate that, at a specific phase transformation tem-
perature, the C concentration in cementite increase as the
austenite-to-pearlite transformation progresses. Moreover, at a
given phase transformation time, a reduced isothermal tem-
perature accelerates the austenite-pearlite phase trans-
formation, resulting in a richer distribution of C concentrations.

To elucidate the diffusion of C concentration in austenite-
pearlite transformation, Fig. 4 presents the evolution curves of
the average distribution of C concentration in the austenite
and ferrite phases as a function of transformation time and
various isothermal temperatures. Our findings indicate that
the average C concentration in austenite initially increases

and then subsequently decreases, with this change being
more pronounced at lower isothermal temperatures. As
depicted in Fig. 4(a), with the decrease of isothermal temper-
ature from 710 °C to 690 °C, the peak value of C concentration
in austenite reaches 0.79 wt.%, 0.815 wt.%, and 0.845 wt.%,
respectively. During the initial stage of the austenite-pearlite
transformation (0—20 s), the C concentration within the
austenite phase surges, and then starts to decline with the
phase transformation time further increases. At lower
isothermal temperatures, the austenite-pearlite trans-
formation rate accelerates, thereby leading to a rapid decrease
of the C concentration in austenite. As illustrated in Fig. 4(b),
with the decrease of isothermal temperature, the peak value
of C concentration in ferrite reaches 0.0177 wt.%, 0.0171 wt.%,
and 0.0168 wt.%, respectively. At lower isothermal tempera-
tures, the driving force for the austenite-pearlite trans-
formation increases, which accelerates the transformation
rate and leads to the rapid diffusion of C concentration from
the ferrite phase into the austenite phase. Consequently,
during the austenite-pearlite transformation process at low
isothermal temperatures, the average C concentration in
austenite exhibits a larger evolutionary trend, whereas the
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evolutionary trend of C concentration in ferrite is less
pronounced.

3.2 Influence of cooling rate on austenite-pearlite
transformation

To study the effect of cooling rate on the austenite-pearlite
transformation, Fig. 5 demonstrates the microstructural evo-
lution of pearlite at three different cooling rates, namely
u=1°C/s,v=3°C/s,and v = 6 °C/s. The results reveal that at
constant cooling rates during pearlite transformation, the
nucleation and growth of pearlite, i.e., the ferrite and
cementite phases, proceed from the austenite interface. At the
phase transformation temperature of T = 487 °C, a complete
pearlite microstructure composed of interlamellar ferrite and
cementite is formed, as illustrated in Fig. 5 (c4). As depicted in
Fig. 5 (a), at a constant phase transformation temperature, a
slower cooling rate during the austenite-pearlite trans-
formation (v = 1 °C/s) yields a smaller temperature gradient,
promoting easier nucleation of the pearlite transformation.
Conversely, as shown in Fig. 5(c), an increase in the cooling
rate from 1 °C/s to 6 °C/s necessitates a higher degree of
undercooling for pearlite nucleation, consequently prolonging
the time required to complete the austenite-pearlite
transformation.

Fig. 6 presents the austenite-pearlite transformation ki-
netics and pearlite interlamellar spacing. Fig. 6(a) depicts the
kinetic curve of pearlite phase volume fraction (comprising
ferrite and cementite) as a function of the cooling rate and
phase transformation temperature. The calculation results
indicate that at cooling rates of v = 1 °C/s, v = 3 °C/s, and
v = 6 °C/s, the corresponding phase transformation temper-
atures after the pearlite phase transformation are 662 °C,
600 °C, and 500 °C, respectively. Upon completion of the
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Fig. 9 — The influence of Mn content, (a) Fe-0.7G-0.1Mn wt.%, (b) Fe-0.7C-0.2Mn wt.%, (c) Fe-0.7G-0.3Mn wt.%, on the
evolution during the austenite-to-pearlite transformation under a cooling rate of v = 1 °C/s.

pearlite transformation, the ferrite and cementite phase vol-
ume fractions are 0.855 and 0.145, respectively, rendering a
phase volume ratio of ferrite to cementite 5.6. Fig. 6 (b) out-
lines the variation in pearlite interlamellar spacing as a
function of the cooling rate and phase transformation tem-
perature. The results suggest that the pearlite interlamellar
spacing decreases as the cooling rate of pearlite trans-
formation increase.

Fig. 7 illustrates the evolution of the C concentration as a
function of transformation temperature at cooling rates of
v=1°C/s,v=3°C/s,and v =6 °C/s. The bright, dark blue and
purple areas correspond to the distribution of C concentration
in cementite, ferrite, and austenite, respectively. The simu-
lation results reveal that at a given phase transformation
temperature, an escalation in the cooling rate results in an
enhanced C element within the cementite phase. Under a
fixed cooling rate, the concentration of the C element diffuses
between austenite and pearlite as the phase transformation
temperature decreases. This diffusion process continues until
the pearlite phase transformation reaches its equilibrium
state and concludes.

Fig. 8 illustrates the average distribution curves of C con-
centration in austenite and ferrite at cooling rates of v =1°C/s,
v =3 °C/s, and v = 6 °C/s. Fig. 8(a) represents the average
distribution of C concentration in austenite, which increases
during the initial stage of pearlite transformation. With the
temperature decrease, the C concentration in austenite in-
crease first and then decreases, with the peak values of C
concentrations corresponding to different cooling rates of
1°C/s,3°C/s,and 6 °C/s are 0.91 wt.%, 1.20 wt.%, and 2.18 wt.%,
respectively. Furthermore, the peak of C concentration shifts

towards lower temperatures direction as the cooling rate in-
crease. Fig. 8(b) presents the average distribution of C con-
centration in ferrite. During the preliminary stages of pearlite
phase transformation, a slight decrease in C concentration
within the ferrite phase is observed. With the cooling rate
increase, the peak C concentration in ferrite is recorded as
0.0171 wt.%, 0.0162 wt.%, and 0.0159 wt.%, corresponding to
phase transformation temperatures of 700 °C, 673 °C, and

1.0
o
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g
b5 —=—TFe-0.7C-0.1Mn wt.%
£ o6r ——Fe-0.7C-0.2Mn wt.%
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0.0
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Fig. 10 — The evolution curves depicting the changes of
cementite and ferrite phase volume fractions with respect
to different Mn content during the austenite-pearlite
transformation.
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Temperature decrease

The content of Mn element increases (°C/s)

Fig. 11 — The effect of Mn content, (a) Fe-0.7C-0.1Mn wt.%, (b) Fe-0.7C-0.2Mn wt.%, (c) Fe-0.7G-0.3Mn wt.%, on the temporal

evolution of C concentration.

643 °C, respectively. In other words, as the cooling rate in-
creases, the peak value of C concentration in ferrite decreases
whereas that in austenite increases, and the C concentration
in ferrite is about 0 wt.% after the austenite-pearlite
transformation.

3.3. Influence of Mn content on austenite-pearlite
transformation

The microstructural evolution of the austenite-pearlite trans-
formation in polycrystalline materials was examined using a
Fe-0.7C-xMn (x = 0.1, 0.2, 0.3) wt.% ternary alloy. Fig. 9 illus-
trates the influence of the Mn element on pearlite phase
transformation behavior at a cooling rate v = 1 °C/s and
different transformation temperatures. The results indicate
that pearlite (an integration of ferrite and cementite) nucleates
at the boundaries of austenite. Initially, the phase trans-
formation rate of the austenite-pearlite transformation is rapid.
However, as the temperature decreases, the interfacial mobility
decreases significantly, resulting in a deceleration of the phase
transformation process. The austenite-pearlite transformation
in the Fe-0.7C-xMn wt.% ternary alloy yields a divergent pearlite
structure. An increase of Mn content tends to lower the
austenite-pearlite transformation temperature, extend the
phase transformation incubation period, and subsequently
delay the transformation process.

Fig. 10 presents the evolution curve of cementite and ferrite
phase volume fractions in relation to different Mn content

during the austenite-pearlite transformation process. Obser-
vations indicate that the phase transformation temperature of
pearlite decreases from 712 °C to 702 °C as the Mn content
increased from 0.1 wt.% to 0.3 wt%. At a given pearlite
transformation temperature, the phase volume fractions of
ferrite and cementite are found to decrease with the increase
of the Mn element. Upon reaching a pearlite transformation
temperature of 590 °C, the austenite-pearlite phase trans-
formation concludes and the volume fraction of each phase
stabilizes.

Fig. 11 illustrates the evolution of C concentration under
varied Mn contents at a cooling rate v = 1 °C/s. The brighter
regions in the figure represent the distribution of C in
cementite, the dark blue regions indicate C concentration in
ferrite, and the remaining purple areas denote C concentra-
tion distribution in austenite. The results reveal that under a
constant Mn content, a C concentration segregation in the
cementite phase occurs as the austenite-pearlite trans-
formation progresses. Additionally, the diffusion of C from
ferrite to the austenite phase is observed during this process.
At a given austenite-pearlite transformation temperature, the
austenite-pearlite phase transformation temperature de-
creases with an increase of Mn content. However, the C con-
centration in cementite remains relatively stable.

To study the effect of Mn concentration on elemental
redistribution during pearlite phase transformation,
Fig. 12 shows the distribution of average C concentration
within austenite and ferrite during the austenite-pearlite
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steel. Specifically, the influence of pearlite phase trans-
formation isothermal temperature, cooling rate, and Mn
concentration on the microstructure evolution were studied.
The transformation of pearlite interlamellar spacing and
phase volume fraction with temperature were calculated
under various influencing factors. The primary conclusions
drawn from this study can be summarized as follows:

(1) With a given austenitizing conditions of isothermal
temperature, the decrease in the isothermal tempera-
ture of the austenite-pearlite transformation from
710 °C to 690 °C results in a reduction in pearlite inter-
lamellar spacing, which from 0.805 um to 0.73 um.

(2) As the phase transformation cooling rate increases
from v =1 °C/s to v = 6 °C/s, the pearlite interlamellar
spacing was refined from 0.83 pm to 0.60 pm, and the
peak values of C concentration in the austenite phase
was elevated from 0.91 wt.% to 2.18 wt.%.

(3) The addition of Mn from 0.1 wt.% to 0.3 wt.% lowers the
pearlite transformation temperature from 712 °C to
702 °C, and extends the incubation period of the pearlite
transformation from 15 °C to 25 °C.
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Fig. 12 — The distribution of average C concentration in
austenite and ferrite phases at different Mn contents,

(a) the average C concentration in the austenite phase, and
(b) the average C concentration in the ferrite phase.

transformation. The statistical analysis reveals that the
average C concentration in austenite initially increases, fol-
lowed by a subsequent decrease, with the maximum con-
centration peak at 1.48 wt.%, 1.33 wt.%, and 1.45 wt.%,
respectively (as illustrated in Fig. 12(a)). During the initial
stage of austenite-pearlite transformation, fluctuations in the
concentration of C in ferrite are observed. As the trans-
formation temperature decreases, the C in ferrite diffuses
progressively into the austenite phase (Fig. 12(b)). The
research results show that the C concentration in austenite
and ferrite in the process of austenite-pearlite transformation
shows a trend of increasing first and then decreasing.

4, Conclusions

In the present work, a multi-phase-field simulation was
employed to explore the microstructure evolution of
austenite-pearlite transformation in polycrystalline pearlite
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